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Abstract

With the growing focus on energy and environmental issues in the world today, sig-
nificant efforts are being made in the automotive industry towards the development
of sustainable and clean technologies that can power automobiles. One of the most
promising engine technologies along these lines is homogeneous charge compression
ignition (HCCI). By using variable valve actuation (VVA) to trap a portion of the
exhaust gases and using this to increase the sensible energy of the reactant mixture
on the next engine cycle, HCCI allows fast compression ignition of a homogeneous
and diluted fuel-air mixture, leading to significantly better efficiency and emissions
characteristics in comparison to current technologies. However, due to the lack of a
direct combustion trigger, as well as the presence of cycle-to-cycle dynamics where the
trapped exhaust from one engine cycle influences combustion on the next, closed-loop
control is necessary for the operation of HCCI over a wide operating range.

This thesis presents a physical model-based control framework for controlling an
HCCI engine with exhaust recompression and direct injection of fuel into the cylinder.
A physical model is used to describe the HCCI process, with the model states being
closely linked to the thermodynamic state of the cylinder constituents. Simple linear
controllers based on this model are used to control the work output and the phasing
of combustion on a cycle-by-cycle basis with the use of variable valve timings as
well as variable fuel injection quantity. Experimental results from both single and
multi-cylinder engine testbeds are presented, demonstrating the value of a physical
model-based approach that allows an easy porting of the control structure from one
engine to another. The controllers are also seen to be useful in reducing the cyclic

variability of combustion at operating points with late combustion phasing, indicating
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the value of this framework in potentially expanding the operating range of HCCI.
Having validated the basic model structure with simple controllers, this thesis then
describes the expansion of the modeling framework to include a simple model for the
effects of fuel injection during recompression. This represents the first such model of
its kind, and it forms the basis for control strategies that use a split fuel injection, with
a variable pilot injection timing, to control the phasing of combustion. These include
a mid-ranging control scheme where constraints on a realistic implementation of valve
actuation such as cam phasers are taken into account. Finally a more comprehensive
control framework is developed based on the principle of model predictive control
(MPC). The predictive controller is designed for fast tracking of desired load and
phasing trajectories while respecting practical constraints on the different actuators
as well as other system variables such as air-fuel ratio. Experimental implementation
of the MPC scheme demonstrates the promise of this model-based control framework

as a practical tool for HCCI control.
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Chapter 1

Introduction

1.1 Background

Humanity in the past century has seen more change than ever before in its history.
Much of this has been impelled by the remarkable progress that has been made in
the fields of science and technology. Our reach has grown as the world has shrunk,
bringing us together in ways never envisaged before. One of the key elements of this
change has been the development of the automobile, which has facilitated the human
being’s fundamental need to grow, explore and form new social groups. Perhaps some
insight can be gained into how the automobile satisfies a certain intrinsic need in the
individual through the author E.B.White’s penetrating words - “Fverything in life
15 somewhere else, and you get there in a car.” From its modest beginnings in the
late 19th century, the automobile has today grown to become an essential part of our
lives; it has become a symbol of success, power and development; and its ubiquitous
dominance of the patterns of life in most cities and communities across the world is
unparalleled.

The 21st century, however, has brought with it global challenges that question
these very patterns of life. Two of the most significant issues relate to the consumption
of finite fossil fuel resources, and the pollution caused by using these fossil fuels as an
energy resource. With about 805 million cars and light trucks on the road worldwide

in 2007 [4], the automotive industry is a major contributor to these challenges. This is
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particularly true in the United States, home to the largest passenger vehicle market
of any country in the world. Figure 1.1 shows energy consumption in the US by
source and sector for 2007. Two important facts can be gleaned from this data - one,
petroleum today is the single largest energy resource in the US; and two, almost all

the energy used by the transportation sector (about 95%) comes from petroleum. The
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Figure 1.1: U.S. primary energy consumption by resource and sector for 2007
(quadrillion Btu), [2]

consumption of petroleum by the transportation sector has been steadily increasing
over the years, and the trend is expected to continue in the coming years, as seen in
Fig. 1.2.

The transportation sector is also the primary contributor to air pollution in the
US. In the last decade it has overtaken the industrial sector to become the leading
cause of C'Oy emissions as seen in Fig. 1.3. In spite of significant technological ad-
vances contributing to increasingly efficient engines and superior emissions-reduction
systems, automobiles still contribute heavily to global CO, NO, and hydrocarbon

emissions, as shown in Table 1.1 (based on data collected in Europe).
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Figure 1.2: Liquid fuels consumption by sector 1990-2030 (million barrels per day),

2]

The two keywords dominating automotive powertrain research today, therefore,
are efficiency and emissions - there is a strong push for cars that burn less fuel, and
emit fewer pollutants. Some of the technologies in the spotlight include fuel cells,
batteries, hybrid powertrains and advanced IC engine strategies. Though fuel cells
and battery technologies are very promising in the long-term future, they are cur-
rently more expensive and less practical than hybrid and advanced engine strategies,
and are expected to remain so in the near future. This is particularly true because
of technological advances that have made electronic control systems ubiquitous in to-
day’s automobiles and have enabled combustion strategies that would not have been
possible even a decade ago. One such advanced engine strategy that presents sig-
nificant opportunities for reduced emissions and higher efficiencies is Homogeneous

Charge Compression Ignition (HCCI).
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Figure 1.3: U.S. CO, emissions from energy consumption by end-use sector (million
metric tons COs), [3]

1.2 Homogeneous Charge Compression Ignition

HCCI is a combustion process where a well-mixed charge of fuel and air is compressed
until it autoignites. HCCI therefore has characteristics of both spark and compression
ignition strategies - the fuel and air are mixed well to form a homogeneous mixture,
as in spark ignition engines, but the combustion itself is initiated not by a spark
but through creating a high enough temperature that leads to autoignition. HCCI
engines have been shown to offer the dual benefit of high efficiency and good emissions.
In particular, they have dramatically low NO, emissions [5]. In some ways, HCCI
combines the best characteristics of spark-ignited (SI) and compression-ignited (CI)
engines. With low throttling losses and a typically fast combustion, it comes closer
to approximating the theoretical Otto cycle. This makes HCCI much more efficient
than conventional SI engines, and in fact almost as efficient as a diesel engine. At the
same time the formation of homogeneous reactant mixture and low peak temperature
that falls below the NO, threshold means that it has very low particulate and NO,

emissions.
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Table 1.1: Sources of major air pollutants in Europe, 2005 [1]

CO | NO, | HC
Gasoline vehicles | 90% | 52% | 40%

Houschold 5% | 3% | 2%
Power stations | 1% | 26% | <1%
Industry 4% | 11% | 56%

Other - 8% 1%

There are several ways in which HCCI can be achieved. The inducted air can be
heated or pre-compressed [6, 7] in order to increase its sensible energy. Alternately, hot
exhaust gases can be mixed with fresh charge to obtain a mixture with higher sensible
energy. Such a strategy is known as residual-affected HCCI. Residual-affected HCCI
can be achieved with a variable-valve actuation system in several ways. One method
is to use a delayed closing of the exhaust valve to reinduct some of the exhaust from
the exhaust manifold [5, 8]. Alternately, in what is known as exhaust recompression
HCCI, the exhaust valve is closed early, trapping some of the exhaust within the
engine cylinder. This trapped exhaust gets recompressed as the piston continues its
upward stroke [8]. Though HCCI can be achieved by any (or a combination) of these
various methods, this thesis focuses on the modeling and control of HCCI achieved

through exhaust recompression.

Auto Ignition Expansion Exhaust Recompression Induction Compression Q.uto Ignitio?
0 O ! O O
0 T 0 1

O

o

Figure 1.4: Processes in an HCCI engine cycle

A typical HCCI engine cycle with exhaust recompression can be described as
shown in Figure 1.4. Combustion happens through autoignition of a homogeneous
mixture of fuel, air and trapped residual, and therefore is a fast and fairly uniform

process. Subsequent to this, useful work is extracted from the engine as the piston
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moves down. Close to bottom dead center, the exhaust valve is opened, and a por-
tion of the products of combustion is pushed out into the exhaust manifold during
the upward stroke of the piston. The exhaust valve, however, is closed early enough
to trap a significant amount of the combustion products in the cylinder, which is
then recompressed as the piston reaches top dead center. With a direct fuel injection
system, the fuel is injected into the cylinder, usually towards the end of this recom-
pression stroke. The intake valve is then opened to induct fresh air that mixes with
the trapped exhaust from the previous engine cycle to form a homogeneous mixture.
This mixture is then compressed once the intake valve is closed, during the upward
stroke of the piston, culminating in combustion.

There are, however, significant challenges in implementing HCCI in practice, some

of which are listed below.

1. Unlike spark and compression ignition engines, where the combustion is initi-
ated respectively by a spark and the injection of Diesel fuel, the combustion in
an HCCI engine is more directly governed by the characteristics of the mixture
in the cylinder and reaction kinetics. Therefore there is no external combus-
tion trigger for the process, making it more difficult to ensure that combustion

happens at the desired timing, or at all.

2. In the case of residual-affected HCCI, the exhaust that is carried through from
one engine cycle to the next induces a cyclic coupling that complicates both
steady-state and transient operation. The combustion on any engine cycle in-

fluences the combustion on the next engine cycle.

3. HCCl is fairly sensitive to the thermochemical state of the reactant mixture, and
so is feasible over a narrower operating range than both spark and compression
ignition strategies. Upper load limits are imposed by high rates of pressure
rise, while limits at lower loads are imposed by the amount of dilution with hot

exhaust gases that the system can withstand.

Therefore, in order to achieve and maintain stable HCCI, as well as to expand

its range of operation, closed-loop control strategies are necessary. Without accurate
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control of the pressure and temperature conditions in the cylinder, there is a distinct
possibility of both misfires (which can lead to complete loss of combustion due to
the lack of hot exhaust gases) and excessive peak pressure or rate of pressure rise
during combustion (which can damage the engine). The work outlined in this thesis
shows the development of a physical model for HCCI that is designed specifically to
serve as a foundation for the development of such closed-loop controllers. Several
controllers based on this model are presented, and are seen to be effective in enabling

the operation of HCCI over a wide operating range.

1.3 Previous work

Since Najt et al’s seminal paper on HCCI in 1983 [9] outlined the achievement of
HCCI on a four-stroke engine for the first time, there has been significant research
done to understand and control the combustion process in HCCI. Much of the early
work in HCCI research focused on experimental tests run to investigate the feasibil-
ity, advantages and challenges in HCCI. Thring [10] extended Najt’s work by running
HCCI on a single cylinder engine and mapping out the operating region of HCCI in
terms of the equivalence ratio and EGR rates. Christensen et al [11] compared HCCI
performance with SI using three different fuels and showed its benefits in terms of
efficiency and NO, emissions. Lavy et al [12] presented experimental and numerical
studies of HCCI, including visualizations of the combustion process on an optical en-
gine. Law et al [8], Kaahaaina et al [13], Allen et al [14] and Wolters et al [15] studied
the use of variable valve actuation for achieving HCCI, either through exhaust rein-
duction or recompression. Marriott et al [16] presented an experimental investigation
of charge stratification in HCCI using a gasoline direct-injection (GDI) system, and
reported very low NO, emissions even with significant fuel heterogeneity. Zhao et al
[17] evaluated the performance of a hybrid SI/HCCI engine over the European NEDC
driving cycle, and showed significant improvements in efficiency and emissions when
operated in the HCCI range. All these studies therefore point to the promise of HCCI

as the next significant advance in automotive engine technology.
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1.3.1 HCCI modeling

A wide variety of approaches have been taken to modeling combustion in HCCI,
from simple zero-dimensional models to complex CFD models with detailed chemical
kinetics models. While the focus of the modeling work presented in this thesis is the
development of a simple model useful for controller development, it is worthwhile to
take a look at some of the other strategies adopted to simulate and understand the

combustion process in HCCI.

Higher order models

Much work has been done in the development of complex multi-zone and CFD mod-
els of HCCI that can simulate the combustion process with a high degree of fidelity.
These models typically have detailed fluid-flow models and moderately complex to ex-
tremely comprehensive chemical models. Babajimopoulos et al [18] described one such
approach where a multi-dimensional fluid mechanics code is combined with a multi-
zone thermo-kinetic model to capture the effects of variable valve timing in HCCIL.
Another similar segregated approach was presented by Aceves et al [19]. Kong et al
[20] combined detailed chemical kinetics and engine CFD computations to produce a
comprehensive model of HCCI that considers the interactions between the physical
and chemical process within the engine. A model of similar complexity was used by
Zhang et al [21] to study the role of turbulence in HCCI. A simpler quasi-dimensional
model developed by Fiveland et al [22] couples boundary layer description and crevice
model with a detailed chemical model.

Several researchers such as Tanaka et al [23] have also devoted their efforts to
developing reduced chemical kinetic models that still retain a fair level of accuracy
in predicting the combustion process in HCCI. Zheng et al [24] developed a skeletal
chemical kinetic model for HCCI combustion, that is comparatively simpler than
detailed kinetics models (but still uses tens of species and reactions) as a way to
include the chemistry of HCCI in CFD simulations. Another such kinetics model
utilizing 38 species and 69 reactions was presented by Jia et al [25].

Somewhat simpler approaches than these higher-order models have been taken as
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well, in an attempt to come up with a more tractable description of HCCI. Single
zone models such as those presented by Shaver et al [26] and Sun et al [27] are much
less computationally intensive while still providing valuable insights into the overall

dynamics of the HCCI process.

Control-oriented models

All the above modeling approaches have proved to be valuable aids in understanding
the nature of the physical and chemical processes that underlie HCCI. However, due to
their complexity, they are not very useful as tools for controller synthesis - their main
use from the control engineer’s perspective comes from being able to enumerate and
evaluate system inputs that could potentially be useful for control, and their relative
efficacy. Therefore the real advances in the development of HCCI control techniques
have come about only with the development of control-oriented models that focus
on the dynamic nature of the HCCI process as a whole and capture the relationship
between combustion on one cycle and the next. Several approaches have been taken
to modeling these dynamics. Bengtsson et al [28] used system identification tools
to generate a two-state model for HCCI that was shown to be useful for controller
development. Shaver et al developed one of the first physical dynamic models to
capture the cycle-to-cycle coupling in HCCI [29]. This has formed the basis for other
control-oriented approaches such as those presented by Jia et al [30] and Widd et al
[31]. Mayhew et al [32] used a similar methodology to develop a reduced order physical
model that focuses on the evolution of engine states in the presence of misfires. Choi
et al [33] used artifical neural networks and an ignition delay model to generate a fast
estimation algorithm for the phasing of combustion that was claimed to be potentially
useful for real-time HCCI control. Shahbakhti et al [34] presented a control-oriented
model based on a modified knock integral model and semi-empirical correlations for
gas exchange processes.

On the whole, physical models present several advantages when viewed from the
standpoint of controller design and implementation. By capturing a simple descrip-
tion of the actual processes governing combustion, these models provide a clear link

between design features of the engine (such as engine geometry) and possible control
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strategies. This can be advantageous, as the engine design process could be informed
by the needs of a good control strategy. Additionally, a physical model is much easier
to port across different engines than a model derived from system identification as it
is based on the underlying physics which are common across engines. Finally from
a broader viewpoint, grounding a control-oriented model in sound thermodynamic
principles serves as a bridge between the largely disparate fields of thermodynamics
and control and enables better collaboration between these two disciplines towards
the common goal of engine control. For these reasons, the focus of the first part
of this thesis is the development of a physical control-oriented model of HCCI. The
model takes as a starting point the work done by Shaver [29] in developing a control
model for HCCI. This model captured the behavior of a propane-fueled HCCI engine
with exhaust reinduction, and was shown to be suitable for designing controllers.
However, it is only applicable to the particular HCCI strategy being modeled, and
is not easily generalizable. Much of this is because the model states were defined in
terms of the outputs to be controlled (peak pressure and angle of peak pressure in an
engine cycle). The work presented in this thesis attempts to develop a more general
physical model of HCCI that is based on a state description that is closely linked to
the thermodynamic state of the in-cylinder mixture.

In addition to capturing the effects of injected fuel quantity and variable valve
actuation on HCCI, this model also incorporates a simple model for the effect of
fuel injected during the recompression process. While several researchers [35, 36,
37, 38] have conducted experimental studies on the effects of fuel injection during
recompression, there has been no work done to date in developing a simple model
of these effects that could be useful for controller development. Therefore the model
presented in this thesis provides the first such opportunity for the use of fuel injection

timing as a control input in HCCI.

1.3.2 HCCI control

Developing a framework for controlling HCCI over a wide operating region has been

the focus of HCCI engine research for some time now. Different inputs have been
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considered for control - these include control of the intake air temperature, compres-
sion ratio, external exhaust gas recirculation (EGR), internal EGR (through variable
valve actuation) and fuel injection. A brief overview of some of the approaches taken

to use each of these control inputs will be presented here.

Intake air heating

The application of heat exchangers to control the temperature of the intake air was
investigated by Martinez-Frias et al [6]. In general this approach is seen to be too
slow to meet control needs during transient operation, due to thermal inertia. How-
ever one technique that could potentially achieve cycle-by-cycle control was developed
by Haraldsson et al [39]. Called Fast Thermal Management, it varies intake charge
temperature by rapidly mixing hot and cold air streams. Widd et al [40] used this
technique in combination with variable valve actuation to control phasing of combus-

tion with a model predictive control strategy.

Variable compression ratio

Compression ratio can be a powerful knob to control HCCI combustion - a higher com-
pression ratio increases charge temperature during the compression stroke, thereby
advancing the phasing of combustion. Christensen et al [41] showed that variable
compression ratio gives an HCCI engine great flexibility in being able to operate with
almost any liquid fuel. Varying the geometric compression ratio on an engine real-time
however is a challenging proposition, and no practical devices exist to date to achieve
this. Effective compression ratio can be varied through actuation of the intake valve
- changing its closing location can be used to change the effective compression ratio.
This technique, in combination with control of the residual gas fraction, was used
effectively by Shaver et al [42] to control peak pressure and angle of peak pressure
in an engine cycle. However it should be noted that the range of achievable effective

compression ratios is limited by the geometric compression ratio of the engine.
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External and internal EGR

External EGR involves externally recirculating gases from the exhaust manifold back
into the intake stream. Shi et al [43] showed that external EGR can avoid the knock
combustion of HCCI at high load, and so is promising for expanding the high load
limit. The main advantage of external EGR is its simplicity - many production
vehicles use some form of EGR in order to meet current emissions standards. However
the thermal effect of this form of control is limited due to heat loss that occurs along
the EGR path. Additionally it has a slower response and so is not very useful for
cycle-by-cycle control during transients.

Internal EGR on the other hand has proved to be an extremely powerful control
input. The energy of the exhaust gases is captured either by closing the exhaust valve
early and trapping a portion of these gases in the cylinder [8], or by closing it late and
reinducting some of these gases from the exhaust manifold [5]. The latter method
was used by Shaver et al [42] to achieve and control HCCI. Kang et al [44] used
a combination of both internal and external EGR to get a robust HCCI controller
that could control mixture temperature as well as composition. This controller has
been implemented on a prototype HCCI vehicle at General Motors. In general these
approaches require significant authority over valve actuation in order to achieve cycle-
by-cycle control of the quantity of internal EGR. More practical approaches use cam
phasers that exist in some production vehicles, but have to sacrifice fast control of

transients due to the bandwidth limitations of cam phaser systems.

Variable fuel strategies

Some researchers have used dual-fuel strategies in HCCI control. Tanaka et al [23]
indicated that the ignition delay and the burn rate could be independently controlled
using various fuel mixtures and additives. Dual fuels with different octane numbers
were also used to control the combustion timing by Bengtsson et al [45]. Olsson et al
[46] demonstrated high load operation of a turbocharged dual-fuel HCCI engine.
Apart from varying the ratios of dual-fuel mixtures, total fuel quantity itself is

strongly linked to the total work output of the engine. Haraldsson et al [47], for
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example, used fuel quantity to vary work output while altering the ratio of two fuels
to affect the phasing of combustion.

When HCCI is achieved with exhaust recompression, the timing of fuel injection
can also be a powerful control input. Some researchers have pointed to the effects of
fuel injection during recompression [38, 35]. However there have been no closed-loop

control strategies developed that use this input to control the phasing of combustion.

Control approaches

Control approaches using any of the above actuators can broadly be divided into
two categories. The first set of methodologies are based on experimentally tuned
closed loop controllers. For example, Olsson et al. [48] demonstrated closed-loop
control of the combustion timing in HCCI using a gain-scheduled experimentally-
tuned PID controller. Agrell et al. [49] used a PID controller to control both negative
valve overlap and the intake valve closing (IVC) on a single-cylinder HCCI engine.
Killingworth et al [50] presented extremum seeking tuning as an effective way to tune
a PID controller for combustion phasing control.

In contrast to these experimentally tuned controllers, there are a number of ap-
proaches that use model-based controllers. Some of these control frameworks have
been based on models developed from an identification of the engine system, such
as those presented by Strandh et al [51] and Bengtsson et al [45, 52]. Other frame-
works use physical models such as those described earlier. This includes work done
by Shaver et al [42, 26] and Widd et al [40].

Due to advantages offered by physical models that were described earlier, the con-
trol strategies described in this thesis are all derived from the physical control-oriented
model developed here. The control strategies first use a combination of variable valve
actuation and variable fuel quantity to control the phasing of combustion and work
output. Simple controllers based on a split fuel injection strategy are then developed
in order to exploit the effects of fuel injection during recompression. Finally a model
predictive control framework is used to devise a strategy that uses all these different
inputs available to control HCCI, while also respecting system constraints that one

might expect in a practical implementation of HCCI.
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1.4 Thesis contributions

The work presented in this thesis has been motivated by the broad objective of making
HCCI practically realizable through the use of closed loop control. To this end, two

primary research goals were identified:
1. To develop a physical control-oriented cycle-by-cycle model of HCCI that
e captures the basic dynamics of the process through simplifying thermody-

namic assumptions

e is defined in terms of states that relate to the thermodynamic state of the

in-cylinder mixture

e captures the effects of various control inputs including variable valve ac-
tuation and variable fuel injection quantity and timing on the combustion

process
2. To apply this model to the synthesis of robust control techniques that
e cnable control of work output and combustion phasing on every engine
cycle

e extend the operating range of HCCI by enabling operation at conditions

that are otherwise unstable
e can be easily ported across different engine testbeds

The specific contributions this thesis has made towards each of these research

goals are enumerated below.

1.4.1 Control model development

1. A discrete-time nonlinear control-oriented model has been developed to describe
the basic behavior of HCCI. The model states are defined in terms of the tem-
perature and reactant concentrations of the in-cylinder mixture, providing a

link to the thermodynamic state of the mixture.
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2. The model captures the effects of varying the quantity of fuel injection as well

as the intake and exhaust valve closing timings on the combustion process.

3. Following an iterative process of model design, insights gained from the first
version of the model have been used to carefully define and locate the states at
the most appropriate point in an engine cycle to allow the design of simple but

accurate controllers and estimators.

4. The first simple model for the effect of fuel injection during recompression has
been developed and incorporated into the overall model structure. This model
considers a split injection strategy with a small pilot injection of fuel, the timing

of whose injection is varied in order to control the phasing of combustion.

1.4.2 Cycle-by-cycle control of HCCI

Several control strategies based on the model have been designed and implemented

in simulation and experiment.

1. An LQR controller based on the model has been used to control the peak
pressure and angle of peak pressure (proxies for work output and combustion
phasing) on a cycle-by-cycle basis on a single-cylinder engine. This controller is
also able to reduce cyclic variation of combustion at operating points with late

combustion phasing.

2. A simple control strategy that uses a combination of an empirical feedforward-
integral controller to control work output with fuel quantity, and a model-based
feedback controller to control phasing of combustion with valve actuation has
been implemented on both a single and a multi-cylinder HCCI engine. This
controller is able to track desired state trajectories accurately, and also improves

combustion stability at late combustion phasing points.

3. A model-based controller that uses the timing of a pilot injection to control

combustion phasing has been designed and implemented on the multi-cylinder
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engine. This control input enables steady operation at low loads, which are

otherwise difficult to operate at.

4. A mid-ranging controller has been designed that uses fuel injection to handle
fast transients, and more slow changes in valve timing to keep the pilot injection
timing in a range where it is most effective. This strategy represents the first
effort at cycle-by-cycle control of HCCI that does not require fully flexible vari-
able valve actuation, but can instead be achieved with a more slowly varying
cam phaser system. This is achieved by exploiting the power of fuel injection

as a high bandwidth control knob.

5. Finally, a model predictive control framework has been designed that can take
actuator range and bandwidth constraints into account explicitly. This scheme
also allows for the constraining of other variables not directly controlled, such as
air-fuel ratio. Experimental implementation indicates that this control approach
is extremely powerful as it enables fast tracking of outputs while respecting

realistic constraints on the system.

1.5 Thesis outline

The work presented in this thesis can broadly be divided into four key topics:

1. The development of a physical control-oriented model for HCCI, and the gen-
eration of simple controllers based on this model to control peak pressure and

angle of peak pressure in an engine cycle.

2. The description of a revised model based on insights gained from the first iter-
ation of the model, and its use in the synthesis of simple control techniques to

control work output and combustion phasing.

3. The expansion of the basic model to include a simple model for the effects of
fuel injection during recompression, and control of work output and phasing

using this control knob.
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4. The development of a model predictive control strategy that ties together all
the different control inputs and generates input commands to track desired load

and phasing trajectories, while respecting actuator and output constraints.

These topics are covered over seven chapters. Brief outlines of these chapters are
given below.

Chapter 2 presents a physical control-oriented model of exhaust recompression
HCCI that serves as the basis for the control results presented in this thesis. The
model is obtained by breaking a single HCCI cycle into several distinct stages, each
of which can be described on the basis of simple thermodynamic assumptions. Based
on these assumptions, this model provides a link between the thermochemical state
of the mixture on one engine cycle and the next. The model states are chosen such
that they capture key characteristics of the trapped exhaust gas that is carried over
from one cycle to the next. Control inputs considered by the model include intake
and exhaust valve timings as well as total fuel quantity, while the primary outputs are
the peak pressure and the angle of peak pressure within an engine cycle. Validation
of this model at an operating point is presented by comparing it with a more complex
simulation model developed by Shaver [53].

Chapter 3 then uses the above model to derive a simple controller for HCCI. As
the nonlinear form of the model is too complicated for direct controller synthesis,
an analytical linearization about a nominal operating point is performed. An LQR
controller based on the linear model is then used to control the peak pressure and
angle of peak pressure. A simple Luenberger observer is also used to estimate the
model states based on a measurement of the angle of peak pressure. The controller is
seen to work well at tracking desired output trajectories both in simulation and on a
single cylinder HCCI engine testbed. In addition, it is seen that the controller is able
to reduce the cyclic variability of combustion at operating points with a significantly
delayed combustion phasing. This suggests that the model is able to capture some of
the dynamics in these regimes that leads to the highly variable combustion typically
seen. Therefore these results serve to validate the process of model-based control

described in these two chapters.
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Chapter 4 takes a closer look at some of the insights gained during this process
of model and controller development. It focuses on specific choices made during the
model design process, their impact on the controller performance, and changes that
the results suggest. Based on these insights, several revisions are made to the model
- the state vector is expanded, and the definition of the states is moved to a different
location in the engine cycle; thermodynamic assumptions are made more realistic; and
measures of work output and combustion phasing are incorporated directly as desired
control outputs. A dynamic validation of the revised model is presented by comparing
state and output trajectories over step changes in inputs with the simulation model.

Chapter 5 describes the process of controller development based on the revised
model, and its implementation in simulation and experiment. Here an important
characteristic of the control outputs emerges - their separability with respect to the
control inputs. As work output is a strong function of the total fuel quantity, a
simple feedforward-integral controller commands the fuel in order to track a desired
load. A feedback controller based on the physical model is then used to control the
valve timings so as to track a desired combustion phasing. A standard Luenberger
observer is developed as before to estimate the states based on a measurement of the
combustion phasing. This simple control strategy is seen to accurately track desired
output trajectories both in simulation and experiment. The value of using a physical
model-based control scheme is emphasized by the easy porting of this controller from a
single to a multi-cylinder engine testbed with a very quick re-parametrization. Results
from these tests indicate that the controller could be very useful in balancing the
performance of different cylinders on a multi-cylinder engine. Again, the controller
is also able to stabilize combustion at operating points that are otherwise highly
variable, underscoring its potential for widening the operating range of HCCI.

Chapter 6 then expands the framework developed in the previous chapters to
include the effects of fuel injection during recompression. The inclusion of injection
timing as a control input is motivated both by its potential for increasing stability
at low loads, as well as the possible relaxation of bandwidth requirements on valve
actuation that it would allow. As the effects of fuel injection can be complex, the

modeling efforts are restricted to the consideration of a small pilot injection during
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recompression. It is seen that even this small quantity of fuel can have a significant
effect on combustion phasing as the timing of its injection is varied. It is seen that
the relationship between injection timing and combustion phasing can be separated
into a nonlinear, empirical component and a linear, analytical component that can
be easily assimilated into the linear control model. Experimental data that validates
the assumptions made in this process is also presented.

Chapter 7 presents two different controllers that implement a split fuel injection
strategy. The first controller uses injection timing alone to control combustion phas-
ing. Simulation and experimental results indicate that this is a very powerful control
input - albeit within a limited range. Therefore a second control strategy that also
uses valve actuation is developed. In addition, a first attempt is made to consider
the limitations of a practical cam phaser system in terms of speed of response. A
mid-ranging controller is designed where the pilot injection timing is used to respond
quickly during transients, while the exhaust valve timing is varied more gradually
and used to keep the injection timing within its range of effectiveness. This strategy
is seen to have a wide range of operation on the multi-cylinder HCCI engine, and
represents the first step towards a practical control design for HCCI.

Chapter 8 outlines the most complete control approach presented in this thesis.
A model predictive control (MPC) framework is used as the basis for this control
strategy. The control input is determined as the solution of a real-time optimization
problem that is solved every engine cycle. Within this framework, the range limita-
tions on injection timing and the bandwidth limitations on valve actuation are both
explicitly specified. Additionally, this approach provides an opportunity to specify
constraints on other system variables that are not directly controlled. As it is desir-
able to maintain the air-fuel ratio (AFR) within the engine cylinder within certain
bounds, a measure of AFR is incorporated into the model, and constraints are defined
within the optimization. Two different predictive controllers are then presented - one
that controls only phasing of combustion, and another that controls both the work
output and combustion phasing within the MPC scheme. The second controller is
seen to perform better in simulation, and therefore it is implemented on the engine

testbed. The experimental results obtained show that the controller is successful in
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achieving all the control objectives, including accurate output tracking as well as con-

straint satisfaction. This predictive controller therefore represents the most robust

and practical approach towards control of HCCI that has arisen from this work.
Chapter 9 summarizes the main insights of this thesis and points to some directions

for future work that it motivates.



Chapter 2

HCCI Control Model

The first step towards designing an HCCI controller is the development of a model
that captures all the relevant information about the dynamics of the HCCI process
and is amenable to controller synthesis. This chapter describes the development of
such a model based on a fundamental description of HCCI thermodynamics. The
model states are chosen so as to represent physical quantities critical in determining
the nature of HCCI combustion - reactant concentrations and temperature [29, 53].
Based on this, a recompression HCCI strategy with direct-inject gasoline is modeled.
As the trapped exhaust plays a critical role in establishing the cyclic coupling, the
states for the model are chosen as the moles of oxygen in the trapped exhaust and
the temperature of the trapped exhaust. A discrete time approach is used to model
HCCI dynamics from one engine cycle to the next, by breaking up a single HCCI cycle
into several well defined stages. The engine as a thermodynamic system is therefore
modeled from a controls perspective, providing a valuable tool for controller synthesis.
This nonlinear model is validated in simulation against a more complex continuous-
time model of HCCI developed by Shaver et al. [53].

2.1 Modeling assumptions

The primary objective of an HCCI control model is to be able to relate the dependence

of combustion on a particular engine cycle to the state of the in-cylinder mixture -

21
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which in turn depends on the characteristics of combustion on the previous engine
cycle, and the inputs applied to the system. This, therefore, calls for a discrete time
model, where the state of the mixture on each engine cycle can be related to the state

on the previous cycle.

Tr+1 = F(S% Uk) (2-1)

Furthermore, this dependence is derived by considering each cycle as composed of
several thermodynamically well-defined processes. Simplifying thermodynamic as-
sumptions are used to model each process. Fresh charge induction is assumed to be
adiabatic, and occurs at a constant pressure, the average pressure in the intake man-
ifold. The compression, expansion and exhaust processes are modeled as isentropic
processes. The combustion event itself, on account of the rapid nature of HCCI com-
bustion, is assumed to be a constant volume (instantaneous) event. It is assumed that
there is no early/pilot fuel injection, and consequently no possibility for fuel reactions
during the recompression.

With these assumptions, an HCCI cycle can be modeled through the following six

stages.

1. Adiabatic induction culminating in instantaneous mixing of fuel, air and trapped

exhaust at intake valve closure (IVC)
2. Isentropic compression from IVC to point of combustion
3. Isochoric combustion occurring instantaneously and uniformly

4. Isentropic expansion from the point of instantaneous combustion to exhaust

valve opening (EVO)
5. Isentropic blowdown and exhaust from EVO to exhaust valve closing (EVC)

6. Recompression of trapped exhaust from EVC to intake valve opening (IVO) in

the next cycle
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Figure 2.1: Stages in the HCCI cycle

Figure 2.1 shows these discrete stages with respect to the cylinder volume at any
given position of the crank. The figure also shows typical valve lifts for the intake
and exhaust valves. As seen, the exhaust valve closes significantly before top-dead
center (in this figure, at 720 CAD), thereby trapping some hot exhaust gases that

help initiate combustion on the subsequent engine cycle.

2.2 Definition of inputs, outputs and states

The inputs to the system in the model are assumed to be the following:

1. Moles of fuel injected in the current cycle, ns

2. Volume at intake valve closure, or the point at which instantaneous mixing

between air, fuel and trapped exhaust is assumed to occur, Viyc

3. Volume at exhaust valve closure, or the point at which the states of the system

are determined, Veyc i

The valve timings can be used to vary the relative amounts of air and trapped residual.

Specifically, the EVC timing determines the quantity of trapped exhaust, while the
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IVC timing determines the total quantity of the reactant mixture. A direct-inject
system gives independent control of the amount of fuel in the cylinder, and is therefore
a useful control knob.

In terms of the outputs of the model, what is ultimately desired is that the en-
gine produce the amount of work required, and that combustion occur at the desired
phasing. The outputs of the model are therefore chosen as quantities that are repre-
sentative of these values, but are also easily measurable on an actual engine test-bed.

These are

1. Peak pressure, Psj, which serves as a proxy for the net work output of the

engine (given a particular combustion phasing)

2. Angle of peak pressure, 8a3 ), which represents the phasing of the combustion

event

In order to describe the dynamics of the HCCI process based on the framework
laid down above, the states of the system need to be defined. The key thrust of this

modeling work is to determine states for the HCCI process that

1. Represent a complete set of variables sufficient to describe the system dynamics

to the desired level of detail for control

2. Have a physical /thermodynamic basis, ie, represent physical characteristics of
the system that, at the most fundamental level, determine the nature of com-

bustion in the engine

To this end, it would be of use to briefly examine combustion at the molecular level.
The process of combustion is essentially dictated by two characteristics of the reactant

mixture:

1. Concentrations of the reactants, which determines whether the reactant molecules

are close enough to have sufficient collisions

2. Temperature of the mizture, which determines whether the collisions are ener-

getic enough to cause a reaction
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Choosing a set of state variables, therefore, that in some way represent these quanti-
ties, would give a fundamental basis for an HCCI model. It is easy to see why mixture
temperature might play a significant role in HCCI combustion - a hotter mixture is
likely to combust earlier than a cooler mixture. As for reactant concentrations, the
fuel is an input to the system, and is directly controlled through the fuel injector.
Therefore a measure of oxygen concentration in the mixture is a strong candidate for
being a second state in the model.

The role of reactant oxygen concentration also becomes important when consid-
ering the effects of air-fuel ratio on HCCI combustion. In general HCCI is a lean
combustion process, and it is desirable to stay away from rich combustion regions
that would significantly degrade the fuel efficiency benefit of HCCI. Additionally, it
is also necessary to stay away from very lean conditions, as the combustion becomes
much more variable when fuel molecules are more scarce. Therefore any practical
control strategy needs to respect these constraints, which is possible only if the con-
troller state recognizes the oxygen concentration in the mixture. The development
of such a control strategy that can use an estimate of oxygen-concentration to stay
away from very lean and very rich regions will be presented in Chapter 8.

Apart from the physical reasons presented above, there is some empirical basis
as well for assuming a second order physical model. Bengtsson et al. [28] show,
through system identification techniques, that a model with two states captures the
basic behavior of HCCI with sufficient accuracy. Therefore a second order physical
model is a justifiable choice.

The final question in this regard is the decision of where exactly in the engine
cycle these two states should be defined. An answer to this question can be gleaned
by considering the pivotal role played by the trapped exhaust. It is the exhaust
retained from the previous engine cycle that is used to heat (and dilute) the fresh
charge for the current cycle, and is what induces the cycle-to-cycle coupling. This
trapped exhaust, therefore, is essentially what carries information about combustion
in one engine cycle through to the next.

Based on this, the states of the HCCI system can be chosen as those variables

that capture the temperature and amounts of reactants in the trapped exhaust. Of
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the two reactants (fuel and Os), the fuel is an input to the system, and is directly

controlled through the fuel injector. Therefore the states are chosen as:
1. Moles of oxygen in the products of combustion at EVC, no, »
2. Temperature of the trapped exhaust at EVC, T,

The subscript k& here denotes the k’th engine cycle, where an engine cycle is assumed
to start at EVC (end of exhaust, beginning of recompression).

Figure 2.2 shows a typical HCCI pressure trace, with the locations of the different
inputs, outputs and states within an engine cycle. Top dead center after recompres-

sion is taken as the 0 crank angle reference.
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Figure 2.2: States, inputs and outputs in the HCCI model

Using these state definitions, the various stages in an HCCI cycle can now be
described.
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2.3 Stepping through the control model

2.3.1 Adiabatic induction followed by instantaneous mixing

At the end of the exhaust process in the previous cycle, a certain portion of the
exhaust is trapped inside the cylinder by an early closing of the exhaust valve. Let
total moles of exhaust in the cylinder at the point where the exhaust valve is effectively
closed, EVC, be n.j. Then by ideal gas law

e = TP (2.2
where P, is the cylinder pressure at the end of the exhaust process. Here it is
assumed that there is no turbocharger, and therefore this pressure is equal to the
atmospheric pressure. The quantity of oxygen in the engine cylinder at the beginning
of induction is given by one of the states, no, r, as there is no mass transfer during
recompression (assuming no ring blowby). However, some heat transfer occurs, due to
which temperature at the beginning of induction is lower than that at the beginning
of recompression (7, ). The heat transfer during recompression can be modeled by
relating temperature of trapped exhaust at the end of recompression (IVO) to the

temperature at EVC by a simple zero-dimensional heat loss model:

Tl,e:ph = XTe,k (23>

where x is a constant factor determined empirically and T, is one of the states.
Therefore, at this point, where the exhaust valve is effectively closed, we know the
total moles of trapped exhaust as well as moles of oxygen (no,) in the cylinder,
and temperature of the entire mixture (7}). Individual concentrations of other con-
stituents are unknown. It is, however, sufficient to know just total moles in the
cylinder if we use bulk properties for the mixture, as opposed individual species prop-
erties in the thermodynamic calculations. This is a reasonable approximation because
thermodynamic properties (such as specific heats) are similar for Oy, COy, H2O, N

in the temperature ranges that are relevant [54].



CHAPTER 2. HCCI CONTROL MODEL 28

The fuel is injected into the cylinder at some point towards the end of recompres-
sion. The temperature of this fuel is assumed to be constant. Let the total moles of
fuel injected into the cylinder be ny. The fuel, once injected into the cylinder, vapor-
izes, and so removes an amount of energy equal to nghy, from the cylinder, where h gy
is the heat of vaporization of gasoline. Fresh air is then inducted into the cylinder
from IVO to IVC at a constant pressure and temperature. This is then assumed to
mix instantaneously at IVC with the trapped exhaust and fuel. To obtain the state
of the components of the cylinder after mixing, we apply the first law of thermody-
namics. A constant average specific heat for the entire mixture is used. We assume
that n, , moles of air enter the cylinder at a fixed temperature 7;. Total moles inside
the cylinder, are then given by o1 = Ngk + Nep +Np -

Applying the 1st law to the mixing process based on the above assumptions
Cp(na,kﬂ + Xne,kTe,k) - nf,khfg = Cp (na,k + Ne k + nf,k) Tl,k (24>

Here it is assumed that a part of the sensible energy is removed from the system
due to vaporization of the fuel.

Rearranging Eq. (2.4),

Nakli + XNerTer — Cingp

Ty =
Nak T Nek +Nyk

(2.5)

where Cy = hy,/C,.
Such a formulation also gives a very simple expression for the moles of air entering

the cylinder during the current cycle. Applying the ideal gas law,

PVive

2.6
RuTI,k ( )

Nak + Ne ke T NfEr =

Substituting for 7} ; from Eq. (2.5) and for n. from Eq. (2.2) and rearranging

_ PViver + RCingp — XPear VEVOk
Pak = R.T,

(2.7)
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Total moles of oxygen now present in the cylinder (after induction) are given by
nNo,1 = 0.21na,k + Noyk (28)

Using the ideal gas law and Eq. (2.7) an expression for 7T} is obtained in terms

of the state variables

T, = PViver

= 2.9
' Ru (na,k + ne,kz) ( )

Pressure and volume at this point are given by P, = F; and Vi, = Vives.

Therefore the state of the mixture at the start of compression is completely known.

2.3.2 Isentropic compression

Isentropic compression is assumed, and therefore

Ty, = (Yver HT 2.10

W Vas i b (2.10)
V v

Py = (—‘I/QVBC:) P, (2.11)

Here the term Va3 represents the volume of the cylinder at the point where
instantaneous combustion is assumed to occur. A model for determining the instant

of combustion is presented subsequently.

2.3.3 Isochoric combustion

Gasoline is assumed to have the formula C7;H3, representing the average stoichiom-
etry of regular gasoline fuel. The stoichiometric combustion reaction can then be

written as
CyHy3 + 10.2509 + 38.54Ny — 7C'O4 4+ 6.5H50 + 38.54 N, (2.12)

If, instead of a stoichiometric mixture, we have ny moles of fuel and n, moles of
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air, the reaction then is (assuming lean combustion, which is typical in HCCI)

nfC'7H13 + na<02 + 376N2) — 77Lf002 + 6.5an20
+  (ng —10.25n5)O4 + 3.76n, N, (2.13)

HCCI combustion is typically very fast, and therefore an instantaneous, constant
volume combustion can be assumed to occur. From Eq. (2.13) and (2.8), the com-

bustion equation in terms of just the reacting species can be written as

nf’kC7H13 + (0.21na7k + n027k)02 — 77’Lf7k002 + 6.5Tlf,kH20
+ (02100 — 1025015 + 10,1) O (2.14)

Therefore the total moles of oxygen left at the end of combustion is given by
N, 3k = NOg k T O.21na7k — 1025nf7k (215)

Applying the first law to the combustion reaction

du

s = Quomp — W (2.16)

As the combustion is assumed to occur at constant volume, the piston work,

W= pV, is zero. The first law then becomes:

m-— = Qcomb (217>

Integrating this expression yields

US - U2 - Qcomb (218>

Qcomp 18 a function of the energy release during combustion as well as the heat

transfer to the walls.

Qcomb = Qer - th (219)
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For the purpose of this first law analysis alone, combustion is assumed to be a sim-
ple heat addition process (without reaction), with the total energy release calculated

on the basis of the lower heating value (on an internal energy basis) of the fuel.
Qer = nf,kLHVf (220)

The heat loss during combustion is also taken as a fraction e of this fuel heating

value, where € is a parameter to be calibrated.
Qne = eng i, LHV (2.21)
Substituting Eq. (2.19), (2.20) and (2.21) in Eq. (2.18), the first law then becomes
Us—Us=(1—¢e)ns LHV (2.22)

Again, assuming that all constituents (except the fuel) have the same specific heat,

and substituting for U, and Us

(év,fnf,k + Cy (Nag + nek)) (Tog — Trey) = Co(325ns% + nag + ner) (T p — Trey)
- (1 - e)nﬁkLHVf (223)

where the total number of moles after combustion can be obtained from Eq. (2.14).
Rearranging,
anf,k + (@v,fnﬂk + év (na,k + ne,k)) Tg’k

To = - 2.24
3k Cv(325nf7k + Ng,k + ne,k) ( )

where Cy = (1 — €)LHV} + (3.25C, — Cyy ) Tres
Applying the ideal gas law before and after combustion,

PyVas
N, —
7 R
P
N, = DV (2.25)

- R,T;
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From inspection of the combustion reaction it is easy to see that % ~ 1. Therefore
Psp=Pop—— (2.26)

Rearranging Eq. (2.24) gives

C’v(3.25nf7k + UZN> + ne,k)Tg,,k — C2nf,k

T = _ -
2k (C’U,fnﬁk + C, (na,k + nak))

(2.27)

Substituting Eq. (2.27) and (4.5) in Eq. (2.26) gives an expression for the peak

pressure, which is one of the model outputs:

_ (2.28)

P, - (Vlvc,k)7 (Copnpr + Cy (o + ner)) PTs
Sk C’U(3.25nf,k + Nk + n@k)Tg,k — Can,k

To obtain an expression for the peak pressure in terms of the states and inputs,
we need to substitute for T3 in Eq. (2.28). A simplification can be made here, by
comparing the denominator in Eq. (2.27) with the first term in the denominator of

Eq. (2.28), and recognizing that nys; < n,x. We can then assume

A, = év {3.25nf7k + Nax + neyk}
~ C_(nynfak + C_’v (na,k + ne,k) (229)

Substituting Eq. (2.29) in Eq. (2.24) and (2.28)

_Congp + ATog

Ty =~ 2.30
3k a (2.30)
and V] 7 AP T:
P IVC,k) Y 5 31
o ( Vask ) ApTsy — Congp (2:31)

Substituting for T3 in Eq. (2.31) and rearranging, an expression for the output



CHAPTER 2. HCCI CONTROL MODEL 33

Ps 1 in terms of the states and inputs is obtained:

Cong i (P ViverTer + RuCingiTe ks — PeonVever(XTer — T5))

P. =
3’k AV TiT
y—1
(—V{/2V3C,;k> PVivepr (232)
+ ' .
Vas i
This gives one output equation in the state space form of the model.
2.3.4 Isentropic expansion
Isentropic expansion is assumed until the opening of the exhaust valve, and so
Vase )"
Tie = (‘;—“) Ty (2.33)
4.k
V Y
P = (=2£) Py (2.34)
I ‘/;17k I

2.3.5 Isentropic blowdown and exhaust

The exhaust process is modeled in two stages. First comes the blowdown process,

where the gas left in the cylinder expands isentropically to the pressure in the exhaust

Pexh ;1
T: = T,
5,k ( P4 B ) 4.k
1
Pezh v
= T 2.35
( P3k> 8.k (2.35)

After blowdown, as the piston moves up till the point of exhaust valve closure, a

manifold.

simple mass transfer occurs where a portion of the combustion products within the
cylinder are transferred to the exhaust manifold. During this mass transfer process,
it is assumed that the thermodynamic state of the mixture in the cylinder remains
the same.

Applying the ideal gas law at the beginning and end of the exhaust process, the



CHAPTER 2. HCCI CONTROL MODEL 34

number of moles of combustion products in the cylinder before and after exhaust are

obtained, the ratio of which gives an expression for the fraction of trapped exhaust,
B

Ns  ViPsTy
N, ~ ViR,

— (Pexh)i s (2.36)

Py ) Vas

From Eq. (2.14) and (2.36), the state update equation for ng, \ is obtained:
N0y k+1 = Br(0.21n, 1 — 10.25n¢ ) + 1o, k) (2.37)
and the temperature of trapped exhaust at EVC is equal to Tj
Tep1 =15 (2.38)

Substituting from Eq. (2.32) we get the state update equation for T, shown in
Eq. (2.39)

Te,k—i—l =73 (P6$h‘/237kETe7k)% .
AP VIverTer + RuCinpiTek — PeernVeves(XTex — Ti)}
Vi =1
{Ak ( ‘I/VC,k) PViver T, + Cong i BVive T 1+ (2.39)
23,k

O

Congp {R.CinyiTe s — PeaVevers(XTer — T5) }

This is the second state update equation.

2.3.6 Recompression
The total amount of trapped exhaust is given by

P..hVi
Nek+1 = }g—;;fk (2-40)
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where the cylinder pressure at the end of exhaust is assumed to be atmospheric.
As described earlier, the heat transfer during recompression is modeled by relating
temperature of trapped exhaust at the end of recompression to the temperature at

EVC by a zero-dimensional heat loss model.

T eanr1 = XTept1 (2.41)

Therefore the state of the trapped exhaust that influences combustion on the next

engine cycle is known completely.

2.3.7 Combustion phasing modeling

In order to develop a model to determine the phasing of combustion, a simple global
Arrhenius rate model is used, which has been shown to be adequate to capture the
dynamics affecting phasing [53]. The reaction rate for the overall combustion reaction
is given as

RR = Athe(ETE%)[C7H13]a[OQ]b (242)

where F, is the activation energy and A, is a pre-exponential factor. Values of E,, a
and b have been obtained from [55] and are, respectively, 30kcal/mole, 0.25 and 1.5.
Integrating this global Arrhenius rate equation from IVC to the point of combustion

gives an expression of the form

/ RR - / " e 55 (O Hogl O] (2.43)
Orve
Combustion can then be modeled to begin when this integral crosses a certain
threshold value, K;,. The point at which the peak in-cylinder pressure is reached, 6a3
is related to the point at which the threshold is crossed as 6y, = 033 — 66, where 66
is assumed to be constant as a consequence of approximating the combustion event
to be a function of the crank angle. This simplification is valid around an operating

point, especially as the engine speed is assumed to be constant.
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Figure 2.3: Effect of temperature and oxygen concentration on combustion phasing

The effect of oxygen concentration and temperature at the beginning of com-
pression on the phasing of combustion can be seen in Fig. 2.3, which simulates the
Arrhenius integral for a particular set of initial conditions, across a range of initial
mixture temperatures and oxygen concentrations.

The integration can be simplified by approximating the integrand by its value at
TDC, and beginning integration at this point, a justifiable assumption as the value
of the integrand is largest at TDC. In this case a linear expression for the phasing 0,3

is obtained in terms of the Arrhenius threshold:

A~

023759 (*7%) b
Ky = / Appe\FuTroc ) [Cr Hys) 7 pe Oa)rpedd fwy

Orve
(923 - HTDC' - 50)

_E
A~ AgeRTroc [C7H15)5pc[O2)7pe L

(2.44)

where wy, is the engine speed.
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Here

V; i
Trpc = <—Wc’k> Tk

Vrpe
n
(CrHuslrpe %
TDC
0.21na,k + No,y k
[OQ]TDC = ’ (2'45)

Vrpe

Substituting Eq. (2.45) and (2.9) in Eq. (2.44) and rearranging, an expression for

the combustion phasing is obtained, shown in (2.46)

Kin(Vrpe)*Tlwy,
b
Aun(ngr)*(0-21n4 k410, 1 )

~y—1
_Eq ( Vrpe ) {Pz‘Vzvc,kTe,kJrRuCWf,kTe,k*PethEvc,k<XTe,eri) }]

RBu \ VIvek PiVivekTiTe k

Oz =
A
+ Orpc + 00 (2.46)

This is the second output equation in the state space form of the model. With
this, there is now a closed form solution for the outputs in terms of the states and

inputs, and the time-update equations for the states.

2.3.8 Model summary

A two state model of the HCCI process is obtained in the following nonlinear state-

space form

Ty = Fag, ug)

The states, inputs and outputs are given by

nfk
N0,k Py,

2.48
I, (2.48)

Tk = suk = | Viver | Yk =

23,1
Veve
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Table 2.1: Engine parameters

Parameter Value | Units
Engine speed 1800 | rpm
Stroke 93.2 | mm
Connecting rod length | 147 mm
Bore diameter 81 mm
Compression ratio 13

The two state update equations are given in Eq. (2.37) and (2.39), and the two
output equations are given in Eq. (2.32) and (2.46).

2.4 Model comparison

The control model described above was validated in simulation against a continuous
time simulation model of HCCI combustion developed by Shaver et al [53]. This is a
ten-state model that includes much of the complex thermodynamics of the HCCI pro-
cess. Valve flows are modeled using compressible flow equations, heat transfer occurs
continuously throughout the engine cycle and is modeled by the extended Woschni
correlation [56], and the combustion event is of finite duration, and is captured by
a Wiebe function. This model is parameterized against an experimental setup, and
therefore serves as a virtual testbed for HCCIL.

To compare the two models, the properties of the cylinder contents at the end
of each of the stages in the HCCI cycle are obtained at a particular steady-state
operating condition. Of specific importance are the pressure and temperature in the
cylinder at each of these locations and the location of peak pressure. These quantities
are compared across the models.

The simulation is parameterized to a single cylinder engine. The base engine is
a 2001 model year five-cylinder Volvo diesel engine, where just one cylinder is used
for conducting tests. The other cylinders’ intake and exhaust ports are blocked. A
Bosch gasoline injector is used in place of the original diesel injector, to directly inject

gasoline into the cylinder. FEngine parameters and particular operating condition
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characteristics used in simulation are shown in Tables 2.1 and 2.2 respectively. Note

that all angles are referenced to 0 degrees at TDC before induction

Table 2.2: Operating point at which continuous simulation and simple control model
are compared

Parameter Value | Units
IVO 7 | CAD
IvC 195 | CAD
EVO 525 | CAD
EVC 645 | CAD
Mass of fuel injected per cycle 8 mg
Peak pressure 4350 | kPa
Angle of Peak Pressure 365 | CAD
4500 1
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Figure 2.4: Comparison of control model and continuous time simulation - in-cylinder

pressure
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temperature

The particular operating condition simulated has been chosen arbitrarily as one
of the test cases for which the complex simulation model was parametrized based
on experiments. Figures 2.4 and 2.5 show the evolution of in-cylinder pressure and
temperature respectively during one HCCI cycle as predicted by the continuous time
simulation. Values obtained from the simpler control model at several discrete points

are indicated on the plots. As seen, the control model accurately predicts

1. Peak pressure in the cycle

[\]

. Crank angle at which peak pressure occurs in the cycle
3. Temperature of trapped exhaust at EVC

4. Temperatures and pressures at other points in the cycle

This comparison therefore shows a good static match between the two models at
one operating condition. However a more accurate estimation of model fidelity would

require a dynamic comparison between the models, and this is presented in Chapter
4.
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2.5 Conclusion

The model presented in this chapter represents the first step in an approach to con-
trolling combustion in an HCCI engine. Although HCCI is inherently an extremely
complex process, the fundamental dynamics most important for control can be cap-
tured through a relatively simple two-state model. The model states were selected
so as to represent mixture temperature and reactant concentrations, which are the
key determinants of the nature of combustion. In addition, the trapped exhaust from
one cycle represents the fundamental agent of energy transfer to the next cycle - and
therefore the states for the model were chosen as moles of oxygen in, and temper-
ature of, the trapped exhaust at EVC. The model then relates these states to the
desired outputs on each engine cycle, here taken as the peak pressure and angle of
peak pressure, which are proxies for the work output and phasing of combustion.
As a physically motivated control model, therefore, it represents an ideal foundation
for the synthesis of a variety of model-based control strategies. The next chapter
describes one such simple controller structure derived from this model which is used

to control HCCI over a range of conditions.



Chapter 3

Control of Peak Pressure and

Angle of Peak Pressure

This chapter describes the process of controller synthesis from the model presented in
Chapter 2. A linearized version of this model is used as the basis for the development
of a linear controller. Since the states cannot be measured on an engine, an observer
is used to obtain an estimate of the states. This observer uses a measurement of the
angle of peak pressure (used as an ignition proxy) that is obtained from an in-cylinder
pressure sensor. The state estimates are then used by a reference tracking LQR con-
troller to track a desired system trajectory. This controller-observer system is first
tested in simulation and then in experiment. Results show qualitative agreement be-
tween the performance of the controller in simulation and experiment. It is seen that
the controller is able to track the desired trajectory around a nominal operating point
with an accuracy comparable to that achieved in simulation. Some steady state error
is seen in the tracking in both simulation and experiment for larger deviations from
this point. This demonstrates the region for which the linearization holds. The con-
troller is also seen to reduce the cycle-to-cycle variability of combustion significantly,

particularly at a late combustion phasing.

42
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3.1 Model linearization

Due to the highly nonlinear nature of the model, it is first linearized about an operat-
ing point, so as to allow the synthesis of linear controllers. Linear control around an
operating point is a first step towards more global HCCI control. The linearization
is performed analytically, with linear expressions being taken for any quantity a; of
the form

ap = ap + dk (31)

where a;, represents the value of the quantity a at the nominal operating condition,
and a, represents its deviation from that operating point. These expressions are
then substituted in the nonlinear state and output update equations (given in Eq.
(2.47)), and Taylor expansions to the first term give linear system equations around

the particular operating condition:

Ty = Az + By,

g = C%, + Diy, (3.2)

where A, B, C'and D are matrices. As the linearization is performed analytically, this
gives the form of a general linear model. Expressions for the matrices are functions of
the operating point at which the system is linearized, engine parameters, and physical

properties of the cylinder constituents.

3.2 Controller synthesis and implementation

The states of the system as chosen are not directly measurable. Therefore the first
step in the development of a control strategy is the synthesis an observer that can be
used to estimate the states. The state estimate can then be used by the controller to

track a desired system trajectory.
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3.2.1 Observer design

An estimator for the system can be designed using the linearized model. If the state

estimate for the state T, is 2y, the estimator dynamics are represented as
Tpy1 = ATy + Bug + L(Gk — Ux) (3.3)

where L is the estimator, 4y is the input (obtained from the controller), g is the
measured value of the output, and g, is the estimated value of the output.

From the output equation in Eq. (3.2), gx = C2y + Dy, and therefore

Tpr1 = AZp+ Bug + L(gk —Cz, + Dﬂk)
= (A - LC)i’k + (B - LD)ﬂk ~+ Ly (34)

The estimation is however complicated by the fact that the output C' matrix for
the linear system is poorly conditioned. This is due to the fact that of the two
outputs, the peak pressure value is a strong function of the amount of fuel injected
in the cylinder, which is an input. This is particularly true once the phasing of
combustion (the other output) is fixed. Therefore once the angle of peak and amount
of fuel injected are known, the value of peak pressure does not give much additional
information. A measurement of the net work output would suffer a similar limitation,
as it is directly related to the amount of fuel injected. Hence the observer uses only
the angle of peak measurement to estimate both states.

This redundancy of the peak pressure value as a measurement for this particular
control strategy has several implications. Peak pressure has been used in past work by
Shaver et al [42] as a reasonable substitute for work output. Control of work output,
therefore, is possible through controlling peak pressure and phasing. However, it
would appear that from the standpoint of estimation, peak pressure is not a very
useful measurement, given other information (such as the angle of peak pressure).

This limits the role of peak pressure as an indicator of HCCI combustion.
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3.2.2 Output controller design

To track a desired output trajectory, a reference input is used as described in [57].

The control input, then, is of the form
u=—K,x+ (N, + K, N,)r (3.5)

where 7 is the reference input (representing the desired output trajectory) and K,
is the controller. N, and N, are feedforward matrices obtained from the following

relation that specifies that the system respond with a zero steady state error to any

N o
AR

where I represents the identity matrix, and 0 the zero matrix.

constant input:
A-1 B
C D

Combining Eq. (3.4) and (3.5), we obtain the complete representation of the

controller-observer system:

— (A— LC — BK, + LDK,)& + Lj + (B — LD)(N, + K,N,)ry, (3.7)

Equation (3.7) then gives the closed loop valve commands necessary to track a de-
sired output trajectory. Note that all inputs determined by the controller represent
normalized deviations from the nominal operating point.

There are several control techniques that could be used to determine the control
matrix K,. Here an LQR controller is chosen as a representative controller. Only
two of the three available inputs are used for control - the fuel quantity and the EVC
timing. The LQR weights are set such as to prevent any changes in the IVC timing.
This is done so as to keep the engine at an operating point where there is maximum
flow into the engine through the intake valve (typically about 30-40 CAD after bottom
dead center during induction [28]), while using the exhaust valve alone to vary the

relative quantities of fresh air and hot exhaust. Also, the nominal conditions are
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Table 3.1: Operating point at which control model is linearized

Parameter Value | Units
IVO 80 | CAD
IvC 220 | CAD
EVO 480 | CAD
EVC 640 | CAD
Mass of fuel injected per cycle 7 mg
Peak pressure 4075 | kPa
Angle of Peak Pressure 367.7 | CAD

such that the mixture conditions are much more sensitive to the exhaust valve timing
- even small changes in EVC lead to significant changes in cylinder volume at the

beginning of recompression, leading to very different volumes of trapped exhaust.

3.2.3 Implementation in simulation

The controller-observer system is first tested on the continuous time simulation model
against which the control model was validated as described in Chapter 2. Table
5.1 shows the characteristics at the particular operating condition about which the
nonlinear control model has been linearized for the results shown. At this point, the
eigenvalues of the linearized open-loop system are located at (0.4213,0.3183). This
indicates that this operating point is stable, as both discrete-time eigenvalues lie
within the unit circle. This linearized model is then used as the basis for the observer
and controller synthesized and implemented in both simulation and experiment. With
the controller, the closed-loop system has its eigenvalues at (0.0013,0.0067) - and
therefore we expect the system to be much more stable around this point when run
closed-loop.

Figure 3.1 shows the tracking achieved in simulation for a series of step changes
in desired output conditions. The controller-observer system works well, with accu-
rate tracking being achieved. Some steady state error can be observed for larger step

changes, which can be attributed to the fact that the linearization of the model is
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Figure 3.1: LQR output controller implemented in simulation - tracking of outputs

a little more inaccurate as we move away from the nominal operating point. Con-
sequently, the estimation of the states is not completely accurate. This can be seen
in Fig. 3.2. It is also seen that the trapped exhaust temperature is estimated more
accurately than the oxygen content. This is because the phasing of combustion is a
stronger function of temperature than oxygen concentration. This is evident in Eq.
(2.43), where it can be seen that combustion phasing has an exponential dependence
on temperature, and a polynomial dependence on fuel and oxygen concentrations.
Therefore the angle of peak measurement, which is essentially a proxy for combustion
phasing, gives a more accurate estimate of the trapped exhaust temperature. Some
of the error in tracking also arises due to the fact that both states are being estimated

using just one measurement.
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Figure 3.2: Estimator performance in simulation - evolution of states
3.3 Experimental implementation

3.3.1 Experimental apparatus

The experiments described in this chapter were performed on a single cylinder engine.
The base engine is a 2001 model year five-cylinder Volvo diesel engine, where just one
cylinder is used for conducting tests. A spark plug has been added in the head for the
active cylinder. Additionally, a Bosch gasoline injector is used in place of the original
diesel injector, to directly inject gasoline into the cylinder. Fuel is delivered to the
injector at 1500 psig. The intake and exhaust valves (two each) for the active cylinder
are controlled with an electro-hydraulic variable valve actuation (VVA) system. The
VVA system allows fully flexible actuation of each valve independently.

The original diesel piston has been replaced with an aluminium one with a com-
pression ratio of 13:1. The piston geometry is nearly flat with a shallow 2 mm bowl
and valve cutouts that are about 0.5 mm deep. In-cylinder pressure is measured used
an AVL piezoelectric pressure transducer. This information is used to calculate the

outputs - peak pressure and angle of peak pressure - for control.
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Figure 3.3: Test apparatus - single-cylinder HCCI engine

The engine is operated in Matlab’s xPC-Target environment, with Simulink mod-
els used to run, control and collect information from the engine. All experiments
described below were performed at 1800 RPM.

3.3.2 Experimental results

Experimental results show that the controller performs fairly reliably over a range of
operating conditions around the nominal operating point. Some salient features of

the controller performance include

1. Reasonable tracking within a region around the nominal operating point with

an accuracy similar to that achieved in simulation

2. Some steady state error when moving further away from that point
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3. Rapid response to step changes - of the order of 4-5 cycles

4. Reduction in cyclic variability

Tracking performance
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Figure 3.4 shows the result of a particular test on the engine. The two plots on

top show the desired and actual outputs - peak pressure and angle of peak pressure

(LPP) - while the plots on the bottom show the commanded inputs - fuel quantity

and the crank angle at exhaust valve closure (EVC). Shaded areas show when the

controller is off. As seen the engine responds as soon as the controller is switched on,

and then subsequently follows the desired system trajectory. There is some steady

state error that we observe. The order of magnitude of the error is the same as in

simulation.

Also most of the cycle-by-cycle control is performed by the fuel injection, while the

valve control really becomes important only while switching from one point to another.
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This is because the input cost matrix in the development of the LQR controller was
set in such a way that changes in the exhaust valve timing were weighted much more

than changes in fueling.
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Figure 3.5: Speed of response of controller

Figure 3.5 shows a zoomed-in view of the response when the controller is switched
on. As seen, the response is extremely quick, and the engine reaches the new steady

state point in about 4-5 cycles.

Reduction in cyclic variability

One of the big advantages of applying cycle-by-cycle control to the HCCI process is its
effect on cyclic variability. Figure 3.6 shows the results from a test where the engine is
switched between open and closed-loop modes several times. This operating condition
is fairly unstable open-loop, particularly due to the late phasing of combustion. The

dynamics at this point are such that the combustion process is highly oscillatory from
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Figure 3.6: Reduction in cyclic variability

cycle to cycle, with early phasing on one cycle causing late combustion on the next
due to heat transfer effects, and vice versa. However, when the controller is switched
on, we see a drastic reduction in the peak-to-peak variability of both peak pressure
and angle of peak pressure. This is achieved through a minimum of control effort -
with practically no change in the exhaust valve timing, and just small variations in
fuel quantity. However, due to the predictive nature of model-based control, these
small variations in fuel quantity on a cycle-by-cycle basis are actually sufficient to
prevent the oscillatory behavior from setting in.

The effect of the controller on the net work output of the engine can be seen in
Fig. 3.7. Though this quantity is not directly controlled, there is a marked decrease
in the variation of the net mean effective pressure (NMEP) when the controller is
turned on. In open-loop, the coefficient of variation (COV) of the NMEP is 36.14%,
which the controller is able to reduce in closed-loop to a significantly lower value
of 2.27%. In addition, there are several instances in the open-loop case where the

engine is misfiring, as evidenced by the points showing a negative value of NMEP.
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Figure 3.7: Reduction in cyclic variability - NMEP
These instances are non-existent in closed-loop mode. Therefore the controller, by

reducing cycle-by-cycle variation, is actually able to prevent misfires at points that

are otherwise unstable, and therefore enables more steady operation at these points.
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Figure 3.9: Peak pressure lag plot - Closed loop

This effect of reducing process variation can also be seen in the lag plots shown
in Figs. 3.8 and 3.9. These plots show the peak pressure on cycle k as a function of
the peak pressure on cycle k£ — 1. In open loop, there is a lot more dispersion in these
values. There are also several points that lie right at the motoring peak-pressure
barrier of about 24 bar, which indicates misfires. In closed loop, however, there is
much less variation, and the engine does not misfire. Whatever variation exists is

centered around the mean peak pressure at this operating point, which is about 35
bar.

3.4 Conclusion

The results presented in this chapter show the value of model-based control in control-
ling the HCCI combustion process. The simple two state model presented in Chapter
2 is used as the basis for a linear control strategy, where state estimates generated by
a linear observer are used by an LQR controller to track a desired output trajectory
both in simulation and experiment. Performance is similar in both simulation and
experiment, validating the use of model-based control techniques. Additionally, the

model provides an insight into the redundancy of one of the measurements used by
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the observer - the peak pressure in an engine cycle. It is seen that a measure of work
output of the engine does not provide much information for state estimation once we
have a measure of the phasing of the combustion and the quantity of fuel injected.
Also, as phasing is a stronger function of the mixture temperature, the temperature
state can be estimated more accurately than the oxygen concentration.

The results demonstrate two significant benefits of applying cycle-by-cycle closed
loop control. First, the system is able to track a desired output trajectory reasonably
within a range of conditions. More importantly, though, the controller is able to
reduce the cyclic variation that is natural to HCCI, particularly at points that are
prone to misfires and unsteady combustion when run open-loop. This reduction
in combustion variability also prevents misfires. The controller is able to effect this
reduction in variation through a minimal amount of control effort. By enabling steady
operation at points that are otherwise unstable, the controller effectively widens the
HCCI operating range.

The performance of the controller presented here, though reasonable within the
range of operating conditions considered, is far from optimal. Subsequent controller
designs presented in this thesis will show improved performance, and move towards
more practical approaches that could be implemented on production vehicles.

Apart from the insights gained into the efficacy of this simple control structure,
there are some other subtler observations about model structure that were made
evident through this process of controller development. These observations, and the

model revisions that they suggest, will be the focus of the next chapter.



Chapter 4
Model Revisions

The modeling and control results presented in Chapters 2 and 3 demonstrate that
this process of physical model-based control is a useful approach for controlling HCCI
around an operating point. However there are several characteristics of the model
that warrant a closer look. This chapter focuses on some of these aspects of the
model, choices and assumptions made while designing the structure of the model,
whether they are justified, and what modifications might be called for in order to
achieve better results. In particular, it is seen that while the choice of temperature
and reactant concentrations as states is justified, the exact location in the engine cycle
where they are defined needs to be carefully determined. Based on these observations,
certain revisions made to the model are described. The work output and phasing of
combustion are now directly modeled as control outputs, in terms of the net mean
effective pressure (NMEP) and the point of 50 percent energy release (C'Asg). The
states are now defined at a fixed crank angle location after IVC, capturing the ther-
modynamic state of the reactant mixture just before combustion. Additionally, some
of the thermodynamic assumptions are made more realistic - compression, expansion
and exhaust processes are modeled as polytropic instead of isentropic; combustion
is assumed to have a finite duration instead of infinitesimal; and the description of
heat transfer during recompression is given a more physical basis by relating it to
the cylinder wall temperature. This modified model is then validated against the

more complex simulation model through a comparison of step responses to inputs in

26
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addition to the static validation presented in Chapter 2.

4.1 A closer look at the control model

1. State choices: Several possible state choices exist for a simple HCCI model.
The model developed by Shaver et al [53], for example, uses the control outputs
- peak pressure and angle of peak pressure - as model states themselves. This
model has been shown to be useful for control of exhaust-reinduction HCCI.
However a fundamental set of states, directly linked to the thermodynamic
state of the engine, is more desirable. As combustion is basically dictated by
two characteristics of the reactant mixture (reactant concentrations and mixture
temperature), the choice of oxygen concentration and temperature as states

gives a stronger physical basis to the model.

2. Location of the states in an engine cycle: Each cycle in the model is broken
up into several distinct processes. The exact location between these processes,
where the states are defined as representative of the entire cycle, therefore, is
quite important. The model presented here has its states defined at EVC. One
consequence of defining the states at EVC, which is also a controlled input, is
that the state then becomes very sensitive to the definition of EVC (especially
since, as an input, it can change from cycle to cycle). Figure 4.1 shows the
temperature profile (obtained from the continuous-time simulation) for two dif-
ferent exhaust valve closure conditions - 645 and 655 CAD. As seen, with a later
EVC, the temperature at any particular crank angle location is lower. However,
comparing the temperature at the actual commanded EVC for each condition,
the trend is actually reversed. This would then lead to an incorrect response to

a step change in EVC.
The problem, though, is really one of the definition of EVC. The flow through

the exhaust valve is effectively closed about 20-30 degrees before the actual

commanded EVC due to the gradual valve profile. Therefore, a more accurate
definition of EVC would be this “effective” EVC location. Defining the state
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at this location, as shown in Fig. 4.1, gives the right step response to a change

in EVC, and is therefore more representative of the state of the mixture.

The results presented earlier were obtained with the states defined at the “ef-
fective” EVC, and therefore this issue did not exist. However, this sensitivity of
the states to the definition of the input is undesirable. It is therefore preferable
to define the states at a fixed crank angle location rather than being tied to the

location of an input.

3. Ease of estimation: In addition to defining states at a fixed crank angle location,
it is also desirable to define them at a location where they are more closely tied to
the measured outputs. This would significantly simplify estimation strategies.
By defining the states close to EVC, the relationship between the states and
outputs becomes a function of the recompression and induction models. In order
to have a more direct link between the states and the outputs, they are now

defined at a fized location after IVC. The state of the reactant mixture after [VC
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is directly related to the phasing of combustion through the Arrhenius equation
(2.43). This therefore makes estimation easier and simple linear observers more

robust.

4. Direct input feed-through: With the definition of states as presented earlier,
there is a direct feed-through term from the inputs to the outputs. This man-
ifests as a non-zero D matrix in the linearized system, complicating controller
development. This is because of the fundamental model structure, where each
model cycle really corresponds to several definite stages within one engine cycle.
Due to this, the states at the beginning of each model cycle need to capture
not only all the relevant information about the mixture at that instant (the
oxygen concentration and temperature states defined earlier), but also the ef-
fects of inputs that occur earlier in the engine cycle that can independently
influence the output. Figure 4.2 gives a graphical picture of this with reference
to the in-cylinder pressure during successive engine cycles. As seen, each model
cycle begins at a fixed location after IVC. The outputs are determined after
combustion. Two of the inputs - the fuel quantity and the cylinder volume at
IVC - effect not just the states but also the outputs directly. Therefore the
state vector needs to be expanded to include these in order to avoid a direct

feed-through.

5. Control outputs: One of the important objectives of HCCI control research is
the development of strategies to control the work output and the phasing of
combustion. The results presented earlier demonstrate control of proxies for
these quantities - peak pressure and the angle of peak pressure. These however
are not solely related to work output and combustion phasing respectively. For
example, it is possible to have the same peak pressure for very different values
of work output by varying the phasing of combustion. Therefore it is desirable

to control these quantities directly instead of through proxies.

6. Linearizing the right things: In the process of linearizing a nonlinear model, it
is important to consider whether everything should be linearized, or whether

well-defined nonlinearities can be preserved. For example, the crank angle -
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cylinder volume relationship is a highly nonlinear relationship, but one that is
perfectly known. Defining inputs in terms of the cylinder volumes at intake and
exhaust valve closure, as done here, essentially takes the volume equation out

of the linearized model.

Linearizing the other processes in an HCCI cycle works because around an op-
erating point, these processes can be approximated as linear. Quantities of
trapped exhaust and fresh air are fairly linear with respect to the cylinder vol-
ume at EVC and IVC. The energy release is roughly proportional to the quantity
of fuel injected into the cylinder. Consequently, the temperature increase due
to combustion is also proportional to the fuel injected. Also, assuming lean
and complete combustion, the amount of oxygen left in the exhaust stream is a

linear function of the fuel injected. Heat transfer and combustion phasing are
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nonlinear over the HCCI operating region, but are locally linear. This justifies

the linearization of the model around an operating condition.

4.2 Revisions to the control model

Based on the above discussion several revisions were made to the control model. This
section gives an overview of the model, focusing on the changes made from the version

presented in Chapter 2.

4.2.1 Model states

The model states are defined at a fixed crank angle location after intake valve closure
- this represents a point where both valves are closed, and all the reactants are present
in the cylinder, ready for combustion. This point can be chosen as an arbitrary fixed
point after intake valve closure, and is here chosen as §,=300 CAD (60 CAD before

TDC-combustion). The particular states are chosen as

1. Concentration of oxygen at 0,5, O]

[\)

. Temperature of mixture at 05, Ty

3. Concentration of fuel at 6, [f]sx

W

. Cylinder volume at intake valve closure, Viyc, i

Of these states, the first two - oxygen concentration and mixture temperature - cap-
ture the essential dynamics of the HCCI process, as was shown earlier. The other
two states complete the description of the thermodynamic state of the cylinder, by
providing a measure of the quantity of fuel in the cylinder, and a proxy for the total
amount of reactants.

Cylinder volume at the point of state definition is designated as V;. The fuel
concentration state is directly related to the fuel input occurring in the previous model
cycle. Likewise, if the intake and exhaust valves are commanded independently, the

IVC volume state is equal to the input IVC determined on the previous cycle.
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A graphical picture of the model is shown in Fig. 4.3 with reference to the evolu-
tion of the cylinder pressure. The states, as seen, are defined at a fixed location after
the intake valve has closed, which is where the k’th cycle is assumed to begin. Each
of the stages in the model as detailed below are labeled above the plot from 1 — 7.

The main outputs of this model are measures of the work output and phasing of
combustion. In this work, the work output is quantified in terms of the net mean
effective pressure (NM EP) during an engine cycle. The phasing of combustion is
measured as the crank angle location where 50% of the energy from combustion
has been released, C'Asy. This choice is made as it gives a robust indication of the
combustion phasing - as the rate of energy release is maximum at the C'Asg, small
errors in the calculation of the point of 50% energy release lead to very small errors

in combustion phasing [58].
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4.2.2 Revised HCCI control model

As described earlier, a single HCCI cycle can be split into several distinct processes,
each of which can be easily modeled based on certain simplifying assumptions. The
states are defined at 65 on cycle k, with cylinder volume V;. The pressure P,y is a
function of the intake manifold pressure, P; and the IVC state, assuming polytropic
compression from IVC to 6. This is a more realistic assumption than an isentropic

compression model and captures the heat transfer during the compression process.

Py = (—%‘V/C’k) P, (4.1)
1

Here n. is the polytropic exponent. Using the ideal gas law, the total moles inside
the cylinder, and the number of moles of fuel and oxygen can be obtained from the

state values:

WA

N = 4.2
b RuTs,k ( )
ngik = [flsaVi (4.3)
no,ake = [O2skVi (4.4)

1. Polytropic compression: Instead of an isentropic assumption, compression from
65 to the point where combustion just begins, 05, is assumed to be polytropic.

Therefore at end of compression, pressure and temperature are given by

i\

Py = (ﬁ) Py, (4.5)
V Ne—1

Trr = (ﬁ) iy (4.6)

The amounts of various constituents in the cylinder remain the same during the

process as there is no gas exchange or reaction.

2. Phasing of combustion: The global Arrhenius rate equation presented in Fig.
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(2.43) is used to model the phasing of combustion. However instead of ap-
proximating the integrand by its value at TDC to get a simplified analytical
expression for the integral, it is preserved in its original form. On integrating

the equation from intake valve closure to the point of combustion,

Eq

/ RRdt = / Agne B) [0 H )2 [0,)0dt

02 1 By dt
= / Athe(m)[C%ng]“[Og]b@dQ

_ /95 Athe(m)[C7H13]a[O2]bd
Orve

w

Orve

6

Eq

[ a0
05

+ do (4.7)

w

where 0, is the crank angle location at start of combustion.

The first integral in the last equation ~ 0. This is because both the tempera-
ture and concentrations change relatively slowly during the initial compression,
and rapidly closer to top dead center (TDC). Therefore, especially due to the
exponential dependence on temperature, the integrand only becomes significant

in the later part of compression. The equation then reduces to

b2 A, o(7ir) a[O,]b
/ RRdt = / Aune BT |CrHisl*[Oo] (4.8)
0

w

s

When the integral in equation (4.8) crosses a threshold, Kj,, combustion is
modeled to have begun. The integral can be condensed into a map that gives
the phasing of combustion as a function of the reactant concentrations and
temperature at the point of state definition. This map is easier to handle than

the analytical expression for the integrated Arrhenius rate in its nonlinear form.

O = F1([O2]s 6y Ts ke [ fls k) (4.9)

3. Combustion over a finite duration: Combustion is now modeled as a finite
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duration event rather than an instantaneous one. The duration of combustion
in HCCT is a strongly monotonic function of the phasing of combustion [59].
Here this duration, Og,,, is approximated as a simple linear function of the
start-of-combustion crank angle location, 65 ;. This approximation is seen to be
valid around an operating point. The C Asg, then, can be calculated as being

half the combustion duration after the start of combustion:

CAso = 02 + 0.5040rn 1 (4.10)

This phasing of combustion is the main output of this model. The first law of
thermodynamics is applied as earlier to obtain the state of the mixture after
combustion, as well as the in-cylinder pressure and temperature. A lumped
heat transfer is assumed during combustion, modeled as a factor of the lower

heating value of the fuel.

4. Polytropic expansion: Polytropic expansion is assumed until the opening of the

exhaust valve, and so

V ne—1
Typ = (ik> Ty, (4.11)
Vi k
Vi)™
Py = (VL:) Py (4.12)
47

where n, is the polytropic exponent for the expansion process.

5. Polytropic blowdown and exhaust: The exhaust process is again split into two
stages - first, the blowdown, where the exhaust gases left in the cylinder are as-
sumed to undergo a polytropic process, and then a mass transfer to the exhaust
manifold (with no change in thermodynamic state). Based on this, temperature

at the point of exhaust valve closure is:

ne—1

Pezh e
Ts . = T,
5,k (P47k ) 4.k
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The fraction of trapped exhaust, § can be obtained from applying the ideal gas

law at the beginning and end of the exhaust process:

N5 VeverPeanTuk

Nyy Vi PaiTs 1

8

6. Recompression: During the recompression process, there is no inflow /outflow of
species as the valves are closed. The fuel is injected at the end of recompression.
This fuel vaporizes and takes away a portion of the energy of the cylinder con-
tents. It is assumed that there is no early /pilot fuel injection, and consequently
no possibility for fuel reforming or exothermic reaction during the recompres-
sion. The quantity of the fuel that is injected, 1y, is one of the inputs on this
cycle. Additionally, some heat transfer occurs to the walls. Assuming an aver-
age wall temperature of T, an average mixture temperature of 7;,, and using
the first law of thermodynamics, the internal energy of the cylinder constituents

before and after recompression can be related

Ustart - hAavg<Tavg - Tw)Atrecomp - nf,khfg,fuel = Uend (413)

The average temperature during recompression can be approximated by taking
the average of an isentropic temperature profile with no heat transfer. The time
for recompression, At,ccomp is a function of the valve timings and engine speed.
Equation (4.13) can then be used to solve for the temperature at the end of
recompression, Tg ;. Though the heat transfer during recompression is not a
linear process as might be suggested by using a single average temperature to
characterize the trapped exhaust, this simplified heat transfer model represents
a first attempt at including the effects of cylinder wall temperature and would

need to be further refined in future work.

7. Adiabatic induction: Fresh air is inducted into the cylinder from IVO to IVC at
a constant pressure (average pressure in the intake manifold, here assumed to

be atmospheric) and temperature. This is then assumed to mix instantaneously
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at IVC with the trapped exhaust and fuel. On mixing,
Ntotal = Nair T Ntr.exh + N fuel (414)

Also, applying the 1st law to the mixing process,

Usensible,before — Usensible,after

Using the ideal gas law,
PrpVa g

otal — 4.15
Niotal RuT'?,k ( )

where Prj (atmospheric pressure) and 77 are pressure and temperature of the
mixture at IVC. Here, the volume at IVC, V7 is the final input on this cycle.
These equations can be solved to obtain the amount of air inducted into the

cylinder, and the final temperature of the mixture.

8. Polytropic compression from IVC to 0,: Finally, the mixture is polytropically
compressed to 0, where the states are then updated. At this point, the next

cycle, k + 1, begins.

Vo)™

Piep1 = <VL’“) Pry (4.16)
1
V ne—1

Tigy = (%) T7 (4.17)
1

Stepping through the above processes gives a four state nonlinear state space
model that maps the inputs on one engine cycle to the outputs on that same cycle

through the states.

Tpy = Fag, ug)

v = Gl(xp) (4.18)
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The states, inputs and outputs are given by

[OQ]S,k’
7’Lf7k
Ts,k
T = suk = | Viver | Uk = [ C'Aso } (4.19)
la Vevek
Vive, k

This nonlinear model can be linearized as detailed in Chapter 3 to aid the synthesis
of a linear controller to control the phasing of combustion, C'Asy. The other quantity
of interest that needs to be controlled accurately is the work output of the engine, or
NMEP. The relationship between the states and NM EP can be derived from the
model based on the in-cylinder pressure at different points during the cycle. However,
the work output is strongly dependent on the quantity of fuel injected into the cylinder
when the engine is operating as desired. Therefore control of NM E P can be handled
based on an empirically derived relationship between fuel quantity and work output,
instead of through an explicit analytical relationship to the states of the nonlinear

model.

4.2.3 Model comparison

The nonlinear and linear control models are compared to the continuous time sim-
ulation model. Instead of the static validation presented in Chapter 2, a dynamic
validation is presented here in terms of the responses of the various models to input
changes.

Figure 4.4 shows the evolution of the oxygen and temperature states, as well as
the combustion phasing predicted by the three models (continuous-time simulation,
nonlinear control model and linear control model) with a step change in EVC. As
seen, all three models exhibit a similar characteristic during the step change. The
control model is seen to be more sensitive to the change in input than the simulation
model in terms of the change in state values. This is however not a significant issue
as the C'Asy change in all three models is very similar (the difference is well within

the range of the variance seen on the engine around a steady-state operating point).
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Figure 4.4: Comparison of control and simulation models over a step change in EVC

Additionally, the directionality of the response is more critical than the absolute
magnitude, which can be compensated for in feedback.

Figure 4.5 shows the response of the three models to a step change in fuel quantity.
Again, all models match reasonably well in terms of the magnitude and directionality

of response.

4.3 Conclusion

Though the original control model presented in this thesis enabled control of peak
pressure and angle of peak pressure around an operating point, there were several
aspects of its structure underscored in this chapter that needed modification. Most
importantly, it was seen that the states and their location in the engine cycle had to

be carefully designed to meet multiple requirements:

1. They should have a physical basis and link to the thermodynamic state
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Figure 4.5: Comparison of control and simulation models over a step change in fuel

2. They should capture the effects of inputs that independently influence the out-

puts on each engine cycle
3. Their definition should not be tied to a varying input

4. They should be closely linked to the measured output in order to simplify esti-

mation

These requirements motivated a four state model with the states defined at a fixed
location after IVC. Additionally some of the more simplifying assumptions in the
model were relaxed in favor of thermodynamically more realistic ones - compression
and expansion were assumed to be polytropic instead of isentropic, a finite duration
combustion event was assumed, and a more complex heat transfer model during
recompression was developed. The following chapter now discusses how this model
can be used to develop a controller that will directly control the outputs of interest -

work output and combustion phasing.



Chapter 5

Control of Work Output and

Combustion Phasing

This chapter presents results demonstrating control of work output and combustion
phasing based on the revised model described in Chapter 4. The two desired outputs
are seen to be separable with respect to the inputs. The work output is a very strong
function of the fuel quantity. The phasing of combustion, on the other hand, is
mostly related to the characteristics of the trapped exhaust - total quantity, oxygen
concentration and temperature. Therefore these outputs are controlled independently.
A simple feedforward map and integral controller command the fuel to achieve the
desired NMEP. A model-based feedback controller similar to the one presented in
Chapter 3 is used to control C'Asy. The states as chosen are not directly measurable
on an actual engine setup, and so an observer that generates an estimate of the states
based on the available measurements is also developed.

This controller is implemented first on a single-cylinder engine, where it effectively
tracks a series of desired step changes in NMEP and CAsg over a wide range. The
controller is also seen to compensate for some existing calibration errors in actuators
such as the fuel injector. The real value of this physical model-based control structure,
however, is brought out in its ease of portability across engine testbeds. A simple

re-parametrization enables the implementation of this controller on a multi-cylinder

71
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HCCI engine, where each cylinder is controlled independently of the others. Exper-
imental results indicate a similar level of performance as compared to tests on the
single-cylinder engine. The controller works over a fairly wide range of operating con-
ditions, despite being based on a linearization about a single point. This seemingly
surprising result can be clearly explained in terms of specific choices made during
the modeling process, which were discussed in Chapter 4. The controller is seen to
balance differences between the cylinders, bringing them all to the desired set-point
by commanding different inputs on each. In addition, like the controller presented in
Chapter 3, it is seen that the controller is able to stabilize combustion at points where
the combustion is otherwise highly unstable. This could potentially aid in enlarging

the operating range of HCCI.

5.1 Controller and observer synthesis

Two of the states in the four state model presented in the previous chapter - fuel
concentration, [f]sx and Cylinder volume at IVC, Viyc, x - are directly related to
inputs on the previous model cycle and therefore known. However the other two -
oxygen concentration, [Osls ) and mixture temperature, Ty - are not directly mea-
surable. Therefore a linear estimator similar to the one presented in Chapter 3 is
designed, which uses the measurement of C'Asq to estimate these two states. The
output equation used by the estimator is obtained from a local linearization of the

Arrhenius map described earlier.

5.1.1 Output controller design

The linear state space model can be used to design a feedback controller to track a
desired combustion phasing trajectory. The other quantity of interest that needs to be
controlled accurately is the work output of the engine, or NM EP. The relationship
between the states and NMEP can be derived from the model based on the in-
cylinder pressure at different points during the cycle. However, the work output is

strongly dependent on the quantity of fuel injected into the cylinder when the engine
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is operating as desired. Therefore control of NMEP can be handled based on an
empirically derived relationship between fuel quantity and work output.

In addition, the phasing of combustion on a particular engine cycle is seen to have
a negligible dependence on the amount of fuel injected on that cycle. This is easy to
see analytically from the Arrhenius expression in Eq. (2.43) - the dominant effect is
one of temperature (an exponential dependence), in addition to which the exponent
on the fuel concentration term is much smaller than that on the oxygen concentration
(a = 0.25 and b = 1.5, [55]). This result is borne out in experiment, as seen in Fig.
5.1 which shows the effect of fuel quantity on combustion phasing. The injected fuel
quantity is varied according to a uniform random distribution on each cycle. As seen,

there is almost no discernible effect on C' A5y on that cycle.
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Figure 5.1: Variation of combustion phasing with injected fuel quantity on current
cycle

However there is a significant effect of the fuel injected on the previous cycle on
the combustion phasing on the current cycle, as seen in Fig. 5.2. This is because the
quantity of fuel injected on one cycle affects the combustion and temperature of the

trapped exhaust on that cycle, which then influences the temperature of the reactant
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Figure 5.2: Variation of combustion phasing with injected fuel quantity on previous
cycle

mixture on the next cycle. This effect is also described by Fischer et al [60].

This separability between the two outputs to be controlled suggests a control
strategy where they are controlled independently. The quantity of fuel injected can
be used to control the work output of the engine, while the valve timings can be used
to control the phasing of combustion.

A simple feedforward-feedback controller is used to control the NMEP. A map
relating fuel quantity to N M E P derived empirically is the feedforward portion of this
controller. It should be noted that in general, NM EP also depends on combustion
phasing - however, for the range of C'Asy considered here, it is fuel quantity that has
the dominant effect on NMEP. A closed-loop integral controller is then added to
correct this map in feedback to get the exact NM EP desired.

To control the phasing with valves, the fuel and valve inputs need to be separated
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out in the linear model:

L%k—&—l = Ai‘k + Blalk + BQ@Q}C

g = Cay (5.1)

where w1, = 7y, which is commanded by the NMEP-fuel map controller, and

‘7
IVek ], which is used to control the combustion phasing. A reference
EVCk

input is used as described in Chapter 3. The matrices N, and N, are defined such

Ugy =

that in steady state, the output follows the reference, with a corresponding reference

state value.
Nor = g, Nyt = Ugg (5.2)
The control input, then, is of the form
o = — K (Th — Tss) + Uss = — KTt + (Ny + K Ny)1pe (5.3)

where 7 is the reference input (representing the desired output trajectory) and K, is
the controller gain matrix. N, and N, are obtained from the following relation that

specifies that the system respond with a zero steady state error to any constant input.

N, | | —Bm
e

where [ represents the identity matrix, and 0 the zero matrix. Equation (5.4) is
obtained from Eq. (5.1) using Eq. (5.2).

An integral controller based on the deviation in measured output is added to this

A—-1 By
C 0

closed-loop controller so as to compensate for any steady-state errors that would arise
due to linearization, such as those seen in the results presented in Chapter 3.

This controller can now be combined with the estimator to give a complete
controller-observer system, which can then be used to track a desired NMEP —C Ay

trajectory. The controller matrix K, can be designed using a variety of techniques
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that would give different weights to the different inputs. In all results described in
this chapter, a pole-placement controller is used. The poles for this controller have
been chosen somewhat arbitrarily and so are not optimized for any particular metric.
All the three available inputs (fuel quantity, IVC and EVC) are controlled, unlike the
controller presented earlier where only fuel quantity and EVC were used to control

peak pressure and angle of peak pressure.

5.2 Single-cylinder HCCI engine control

5.2.1 Simulation results

The control model is parameterized by matching it with the continuous time simula-
tion model at one operating condition as described earlier. The characteristics of the

operating point around which the system has been linearized are given in Table 5.1.

Table 5.1: Operating point at which control model is linearized

Parameter Value | Units

Engine speed 1800 | rpm

IVO 65 CAD

IvVC 205 | CAD

EVO 480 | CAD

EVC 640 | CAD

Mass of fuel injected per cycle | 10 mg
NMEP 2.5 bar

C Asg 363 | CAD

The characteristics of this operating condition can be substituted in the expres-
sions for the analytical linearization to obtain a specific linear model for this point.

The matrices that define this operating condition are shown in Eq. (5.5).
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C

043 —-1.16 —-0.27 —-0.11
-0.03 025 013 -0.37
0 0 0 0
0 0 0 0

0.02 190 -0.92
—-0.02 —-0.18 0.45
1 0 0
0 1 0

—-0.04 -0.34 —-0.0063 0O

7

(5.5)

As seen, the bottom two rows of the A matrix are zero, as the fuel and IVC states

depend purely on the inputs on the previous cycle. Additionally the output, C'Asg,

depends only on the first three states as seen from Eq. (4.10). Therefore, though

IV C does not directly affect the output, it affects the oxygen and temperature states,

which in turn influence C' A5y on the next cycle.

The nonzero eigenvalues of A are 0.56 and 0.12; and so the system is stable at

this point, which is borne out by experiments run on the engine at the same point.

This process of linearization and controller development is performed only at one

operating point. Once a set of controller/observer matrices are obtained, those are

taken as fixed and used at all other operating points.
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Figure 5.3: Controller implemented in simulation - outputs and inputs

The results from simulation of the linear controller are shown in Fig. 5.3. These
results are obtained by running the controller on the continuous time simulation. As
seen the controller is effective in tracking both the N M E P and C Ay, over a fairly wide
range of step changes. As the fuel-NM EP map is derived from the simulation (and
as there are no dynamics between fuel and NM EP), there is practically no steady-
state error in NM EP that the integral controller has to compensate for. When it
comes to the linearized model for C' A5y, however, there are naturally some errors when
compared to the nonlinear simulation, especially over such a wide range. Therefore
the integral controller here modulates the valve timings, thereby enabling tracking of

the desired phasing without any steady state error.
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5.2.2 Experimental results

Figure 5.4 shows the results from a test run on the single cylinder HCCI engine

testbed. As seen, when the controller is switched on, the engine accurately tracks the

desired NM EP — C A, trajectory through a series of step changes.
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Figure 5.4: Experimental control on single cylinder HCCI engine - outputs and inputs
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Figure 5.5: Experimental control on single cylinder HCCI engine - outputs

The inputs commanded by the controller are also shown in the same figure. When
the controller is initially switched on, the integral action on the fuel controller brings
the NMEP to the right steady state. This initial integral action is likely due to an
injector calibration error, which causes the fuel-N M E P map to command the wrong
amount of fuel when the controller is first turned on. However, once the integral
controller has effectively “learned” this calibration error, subsequent step changes
occur in the matter of a few cycles, and there is little integral action. Likewise, the
C Ay closed-loop controller commands step changes in the valve position in order to
track the desired phasing.

These experimental results show the controller’s efficacy in tracking the work
output. Figure 5.5 shows a series of step changes that span an NM EP range from
about 1.8-2.8 bar, with a phasing range of about 4 degrees. The controller also worked
well with load conditions as low as 1.6 bar NMEP, and at speeds from 1600-2000

rpm.
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5.3 Multi-cylinder HCCI control

One of the biggest advantages of a control framework based on a physical model is
the ease of porting the controller from one testbed to another. A control strategy
developed without a model would require a lot of tuning of controller gains in a
fairly unsystematic manner. If one used system-identification techniques to identify
an input-output model for a particular engine, this process would need to be repeated
for a new engine. A physical HCCI engine model such as the one used here, on the
other hand, is based on the fundamental thermodynamics of the HCCI process which
are quite similar from engine to engine. All that is required, therefore, to develop
a similar controller for another engine, is a re-parametrization of the control model
to this new engine. Most of these parameters are known engine hardware constants,
while a couple (such as the polytropic exponents and lumped heat transfer coefficient)
are tuned with steady-state data from a single operating condition.

To demonstrate the value of this framework in controlling different engine testbeds,
this controller was implemented on a multi-cylinder HCCI engine testbed with fully
flexible variable valve actuation on each cylinder. Each cylinder is independently
controlled, the engine essentially being treated as a series of single-cylinders. A very
rudimentary parametrization of both the simulation and control models at a fixed
operating condition was used. The primary objective, therefore, was not to develop
the best HCCI controller for this engine, but rather to demonstrate that this control
structure is robust to system changes, and modeling, parametrization and calibration
errors, and works well in spite of them. As the results on the single-cylinder engine
indicated that the phasing of combustion was more sensitive to the exhaust valve
closing time, only the EVC control input is used to control phasing in these tests.
IVC is kept fixed throughout these tests.

5.3.1 Experimental setup

The multi-cylinder engine testbed used to test the controller is a four cylinder General
Motors gasoline engine modified to run HCCI. The engine runs on a compression

ratio of 12:1. A common rail direct injection system is used to inject fuel directly
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Figure 5.6: Multi-cylinder HCCI engine testbed

into each cylinder. As on the single cylinder engine, the testbed is equipped with a
fully flexible VVA system that can be used to actuate the intake and exhaust valves
on each cylinder independently. Air is inducted at atmospheric pressure. Though the
intake system has a throttle, its position is kept fixed (at wide open) during these
tests. Cylinder pressure is measured with a Kistler 6125 piezoelectric transducer in
each cylinder. The software architecture used for sensing and control is similar to that
on the single cylinder engine, and is based on Matlab’s xPC-Target. All experiments

are again run at 1800rpm.
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Figure 5.7: Experimental control of multi-cylinder HCCI engine - outputs and inputs

5.3.2 Experimental results

The tracking performance of the controller implemented on the multi-cylinder HCCI
engine is shown in Fig. 5.7. Trajectories for each cylinder are shown in a different
color. In open loop, the four cylinders are at different steady state values in NMEP
and C'Ajg, for the same fueling rates and valve timings. This is commonly seen in
engines due to varying heat transfer and breathing characteristics in each cylinder.
Once the controller is switched on, however, all the cylinders converge to the right
steady-state value. Figure 5.7 also shows that the controller commands a different

fuel quantity and EVC on each cylinder, thereby balancing out the cylinders. Each
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cylinder is then able to track the desired step changes accurately. Again, calibration
errors lead to some effort on the part of the integral controller to compensate. Once

the controller is switched off, each cylinder goes back to its own steady state.
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Figure 5.8: Experimental control of multi-cylinder HCCI engine, large step change -
outputs

As on the single-cylinder engine, the controller works over a reasonably wide
operating range, and is effective in tracking fairly large step changes in work output.
This can be seen in Fig. 5.8, where a step change of about 0.6 bar is achieved at
constant combustion phasing. Also, after the first step, the desired steady-state value
of NMEP is not reached immediately. This is because of a fuel injector calibration
error, which caused the feedforward portion of the N M E P controller to be inaccurate.
Therefore the integral controller has to compensate for this. The slow time constant
of the integral action is due to a low integral gain.

The speed of controller response when turned on can be seen in Fig. 5.9, where
the output and EVC trajectories are plotted for cylinder 2. The closed-loop controller
responds almost instantaneously (due to the feedforward portion) when switched on.
The feedback then brings it to the appropriate steady-state within 3-4 cycles. This

speed of response is representative of the controller action on all cylinders.
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Figure 5.9: Speed of controller response on cylinder 2 - open loop to closed loop

Figure 5.10 shows the response to a step change in desired C'Asy while in closed
loop on cylinder 4. A slightly different controller with higher gains is used here.
Again, the controller reaches the new steady state within a few cycles. Also, some
overshoot is seen on the first cycle after the step change due to the higher controller
gain. This points to one of the drawbacks of designing a feedback controller by this
method of pole placement, and it might lead to controller commands that require
very quick changes in valve timing that might not be feasible on a production setup.
This issue will be addressed by controller schemes developed in later chapters.

The controller was able to track step changes over a fairly wide range of NMEP,
from as low as about 1.6 bar to as high as 3 bar (and over a 10 degree range in
C'Asp) even though it was tuned at just a single operating point, and the fuel-injector
calibrations were not entirely accurate. All these results point to the robustness of
this control scheme to modeling and calibration errors.

As with the first controller presented in Chapter 3, this control strategy also
provides a significant benefit in terms of combustion stabilization. Figure 5.11 shows

the results of a test where operation is switched successively between open and closed
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Figure 5.10: Controller response to step change on cylinder 4

loop modes at the same steady-state operating point. The two outputs and the EVC
control input are shown for one of the cylinders. A marked decrease in the level of
cyclic variability is seen at this late phasing point with the closed loop controller in
action (shown by the regions where the EVC varies every cycle). This behavior is
observed on all the other cylinders as well. This indicates that there is a systematic
nature to the variation at such points which is captured by the physical model and
hence corrected by the controller. Recent work done by Liao et al [61] and Jungkunz
et al [62] shows that this is so - when linearized around such a late phasing operating
point, the control model shows a distinct negative eigenvalue, which clearly points to

the kind of oscillatory behavior seen on the engine.

5.4 Conclusion

The model revisions described in Chapter 4 result in a framework that enables direct

control of work output and combustion that is robust to modeling and calibration
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Figure 5.11: Effect of controller on cyclic variability of combustion

errors and is easily portable across engines, as evidenced by the results presented in
this chapter. The recognition of the separability between the two control outputs in
terms of the effects of the control inputs provides an opportunity for using a simple
control structure. The fuel injection quantity is used to control the work output, while
a closed-loop tracking controller based on the model is used to control the phasing
of combustion through the valve timings. This control structure is seen to be useful
in tracking a desired output trajectory in simulation, and on both single and multi-
cylinder HCCI engines. It also balances out imbalances between different cylinders
on the multi-cylinder engine, enabling smoother operation. In addition the controller
is seen to reduce the cycle to cycle variability of combustion at certain points that
are otherwise very unstable in open-loop. This could potentially be important in
widening the operating regime of HCCI.

The results demonstrating the effectiveness of a simple linear controller on both

engines provide three key insights. First, a description of HCCI in terms of mixture
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temperature and reactant concentrations captures the underlying dynamics of the
process, and the four state model presented earlier represents a simple and effective
way of doing this. Second, though these dynamics are highly nonlinear, with appro-
priate state and input definitions, they can be linearized about a nominal operating
point without losing their basic character. Thirdly, the use of a physical model as
a basis for controller development is seen to be extremely valuable, as it enables an
easy porting of the controller from one testbed to another.

Having established the modeling and control framework as an effective approach
to HCCI control, the next chapter focuses on expanding this framework to include
another control input - fuel injection timing. A varying injection timing can be a
powerful, and relatively inexpensive, way of influencing the phasing of combustion,

and so including it in the modeling framework is extremely valuable.



Chapter 6
Modeling Recompression Reactions

The previous chapters presented a framework for modeling and controlling HCCI that
was seen to be very useful in modulating the work output and phasing of combustion.
This chapter expands that framework to include the effect of fuel injection during
recompression on the main combustion. The motivation for considering fuel injec-
tion during recompression as a possible input is twofold. First, though the results
presented earlier demonstrate that variable valve actuation and fuel injection quan-
tity are sufficient to achieve a desired NM EP and CAgg, the control approach used
requires step changes in valve timings on a cycle-by-cycle basis. This is achievable
on fully flexible valve actuation systems - but these suffer from significant cost and
packaging issues when implemented on vehicles on the road. Cam phasers represent
a viable control knob available on several production engines, but do not have the
bandwidth to achieve cycle-by-cycle control. Therefore there is a need for another
fast cycle-by-cycle control input - and control of fuel injection timing during recom-
pression has the potential for being such a control knob. This is so particularly on an
HCCI engine with exhaust trapping, where the exhaust valve is closed early in the
exhaust stroke to trap and recompress a portion of the hot combustion prodcuts. Fuel
injected into the moderately high pressure-temperature environment created in the
engine cylinder during recompression can undergo physical /chemical transformations
that affect the combustion on the subsequent engine cycle [38].

In addition to this, emissions and stability have both been shown to improve near

89
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the low-load limit by optimizing the timing of fuel injection [63, 37]. Therefore un-
derstanding the behavior of fuel injection during recompression is potentially useful
in controlling HCCI combustion at low loads. This is particularly important as there
can be significant cyclic variation in combustion, as well as cylinder-to-cylinder vari-
ation at low loads [64], which could be abated with cylinder-individual control of fuel
injection timing.

This chapter aims to study and model the effect of fuel injection during recom-
pression on HCCI combustion within the framework of the control model already
developed. As the effects of fuel injection can be complex, the model focuses on com-
bustion around a set of operating conditions. A split injection strategy is used, with
the injection timing of a small quantity of pilot fuel (1mg) used to control combustion
phasing, which is modeled with a global Arrhenius reaction rate equation as presented
earlier (Eq. (2.43)). Combustion can be modeled to begin when the integral of this
global reaction rate crosses a threshold value, designated as the Arrhenius threshold.
The effect of the pilot injection on combustion is captured as a change in this thresh-
old. It is seen that the relationship between injection timing and combustion phasing
can be separated into a linear, analytical component and a nonlinear, empirical com-
ponent. The assumptions behind this simple model are validated by experimental

data.

6.1 Modeling the effect of fuel injection timing

HCCT achieved with exhaust recompression involves closing the exhaust valve early,
well before the piston reaches top-dead-center (TDC), thereby trapping a portion
of the hot products of combustion within the engine cylinder. This mixture gets
compressed and expanded during recompression. This can be seen in Fig. 6.1 which

shows a typical in-cylinder pressure trace during this process.
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Figure 6.1: HCCI with exhaust recompression - in-cylinder pressure

Any fuel injected into the moderately high pressure and temperature environ-
ment that exists during recompression can undergo reaction and thereby affect the
characteristics of the main combustion event. The following section presents a brief
summary of some of the processes the fuel can go through, so as to facilitate the

development of a simple model and control strategy.

6.2 Physical effects of early injection

The effects of fuel injection during recompression can be quite complex and varied.
Fuel injected early in the recompression stroke vaporizes and cools the mixture. It can
also undergo chemical reaction, especially in the presence of oxygen left over from the
main combustion. There are four possible transformations the fuel can go through in
the moderately high temperature/pressure conditions that exist in the engine cylinder

during recompression. First, the fuel vaporizes, removing energy from the system.
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Fuel molecules can then break down into smaller carbon chain molecules (pyrolysis).
If there is sufficient oxygen, these smaller chain molecules can also undergo reforming
to produce C'O and H,. Finally, in the presence of sufficient oxygen, there can be an
exothermic reaction with the formation of end products.

Depending on the extent of reaction, there can be highly varied consequences
on the thermal and composition state of the in-cylinder mixture. Fuel vaporiza-
tion and the breakdown of long-chain hydrocarbon molecules into smaller chains are
endothermic processes - therefore if these processes dominate, the overall mixture
temperature goes down, which can delay combustion phasing. However, the smaller
chain molecules also have a shorter ignition delay during the main combustion. This
then has the opposite effect on phasing. If the recompression reaction proceeds to
reforming or full reaction, the formation of end products such as CO, Hy, COy and
H50 is exothermic, and so the net effect can be an increase in temperature, which
would advance the combustion phasing.

Due to the complex kinetics of the reactions involved, and their sensitivity to the
in-cylinder thermal and composition state, different effects are seen to dominate at
different operating points. Standing et al. [37] noted that early fuel injection (around
exhaust valve closure, EVC) could result in exothermic reactions during negative valve
overlap, which were thought to play an important role in affecting the low-load limit of
operation. Koopmans et al. [36] mentioned exothermic reaction with early injection,
but stressed the generation of intermediate species via reforming reactions. Song and
Edwards [38], through tests over a wide operating range, showed the dominance of
both fuel breakdown and fuel reforming at different operating conditions.

In summary, the mechanisms by which early fuel injection affects HCCI operation

are:
1. charge cooling due to vaporization of the fuel without significant chemical effects

2. fuel breakdown (pyrolysis) into smaller C-chain molecules, lowering the temper-

ature but without significant end-product formation

3. fuel reforming to form partially oxidized products, with little overall thermal

changes
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4. exothermic reaction, causing an increase in temperature and formation of fully

oxidized products.

6.3 Choosing an effective control knob

6.3.1 Single fuel injection
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Figure 6.2: Comparison of in-cylinder pressure between main and early injection of

fuel (5 engine cycles each)

The operating region chosen for control was a moderately lean condition where, as
shown in [38], the fuel pyrolysis effect tends to dominate. Figure 6.2 shows the
in-cylinder pressure trace and injection timings for two cases with constant fueling
amount - one where all the fuel is injected at the end of recompression (called main

injection), and one where all the fuel is injected early in the recompression stroke
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(called early injection). All other inputs (such as valve timings) are kept constant.
Results shown are from tests run on the multi-cylinded HCCI testbed (plots are shown
only for one cylinder). Five engine cycles are plotted for each case.

As seen, the early injection case has a significantly advanced phasing of main
combustion as compared to the main injection case, which causes a higher peak
pressure. However, the peak pressure during recompression is lower for the early
injection case, which indicates that endothermic processes like charge-cooling and

fuel-breakdown effects likely dominate.
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Figure 6.3: Comparison of in-cylinder pressure between 6mg and 10mg early injected

fuel (5 engine cycles each)

This is further confirmed by the results shown in Fig. 6.3, where two cases are
compared, both with early fuel injection, but with different quantities of fuel (6mg vs

10mg). The 10mg case has a much higher peak pressure (and expansion polytrope)
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due to more energy content, but has a lower (and earlier) recompression peak, which

again indicates greater endothermicity than the 6mg case.

6.3.2 Split injection
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Figure 6.4: Comparison of in-cylinder pressure with different pilot injection timings

(5 engine cycles each)

Even a small quantity of fuel injected during the recompression stroke can have a
significant effect on the phasing of combustion. Figure 6.4 shows the effect of varying
the timing of a 1mg pilot injection on the in-cylinder pressure, while most of the fuel
(9mg) is injected after recompression at a fixed timing (60 CAD). This strategy is
referred to as a split injection strategy. As seen in Fig. 6.5, a sweep of the pilot
injection timing between -50 and 35 CAD commands a combustion phasing range of

about 7 CAD, which represents most of the desirable phasing range for HCCI. This
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testifies to the power of pilot injection as a control input.
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Figure 6.5: Variation of combustion phasing (C' As) with pilot injection timing

The shape of this curve is characteristic of the physical processes that govern
recompression reactions. As the injection timing gets later, the conditions in the
engine cylinder during injection become more like the conditions during a simple
main injection, and the residence time of the pilot fuel is very small. Therefore the
effect on combustion phasing is minimal at very late pilot injections. At the other
extreme, as the fuel is injected very early in the recompression stroke, the marginal
effect on phasing is again small because beyond a point there is little to be gained by
allowing the fuel a longer residence time. Therefore the curve flattens out on both
ends, and the pilot injection has maximum control authority in the mid-region.

Based on the above results, a split injection strategy was chosen as an effective
control knob for HCCI. A physical model for the effect of this injection was then
developed and incorporated into the existing control model. It should be noted here
that the 1mg pilot injection puts the equivalence ratio during recompression in a
range where Song et al [38] saw exothermic reactions dominate. However there is no

evidence of this seen in the pressure traces shown in Fig. 6.4.
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6.4 Incorporation into existing model structure

The existing control model is a nonlinear dynamic model with four states as shown
in Eq. (4.18).

Terr = Fl(an,w)
ye = G(xp) (6.1)
The states are given by
1. Concentration of oxygen at a fixed location after IVC (6;), [Oa];sk
2. Temperature of mixture at 0, T}
3. Concentration of fuel at 6, [f]sx
4. Cylinder volume at intake valve closure, Vivc, i

The states are defined at a fixed crank angle location after intake valve closure - this
represents a point where both valves are closed, and all the reactants are present in
the cylinder, ready for combustion. Every engine cycle (indexed by k), therefore, is
assumed to begin at this fixed crank angle location.

The main outputs of this model are the phasing of combustion (measured in
terms of C'Asp) and the net work output (measured in terms of the net mean effective

pressure, NM EP). The outputs are controlled using three inputs:
1. Total moles of fuel injected in the current cycle, ny
2. Cylinder volume at intake valve closure, Viyc, and
3. Cylinder volume at exhaust valve closure, Vgyc

This model assumes that the fuel is all injected at the end of the recompression stroke
(during induction) and so does not consider the effect of a split injection strategy.
Combustion phasing is modeled with a global Arrhenius reaction rate equation.

Integrating this global Arrhenius rate equation from the point of state definition to
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the point of combustion gives an expression of the form shown in Eq. (4.8)

ook A, o(7ir) a[0,]b
/ RRdl = / Ane 2T [CeHhs[Oa o (6.2)
0

w

s

where 0y, 1, is the crank angle location at start of combustion.

When the integral in Eq. (6.2) crosses a threshold, Kj,, combustion is modeled
to have begun. For a particular fuel, the values of Ay, E, and Ky, are fixed.

The integral can be condensed into a map (Eq. (4.9)) that gives the phasing of
combustion as a function of the reactant concentrations and temperature at the point

of state definition.
Ok = F1([O2)sk, Tskey [flsk) (6.3)

C'Asp then is related directly to 0y, ; as the duration of combustion is assumed to
be an affine function of the phasing of combustion (Eq. (4.10)).

When fuel is injected early in the recompression stroke, however, it undergoes
reactions that lead to the advancing of phasing during the main combustion. Though
the chemical changes occuring are fairly complex and depend on factors such as the
equivalence ratio during recompression, a simple way of modeling the net effect within
the existing model structure would be to lump all these changes into the Arrhenius
threshold value, K;,. The rationale behind this is that the recompression reactions
can be assumed to have lowered the overall threshold for the global reaction.

The relationship between pilot injection timing (or alternately, pilot injection fuel
residence time - the amount of time the pilot fuel has to react during recompression)

and combustion phasing can then be broken down into two separate relationships:

1. A relationship between the combustion threshold and the phasing of combustion

(C'Asp)

2. A relationship between fuel residence time (t,.s) and the combustion threshold
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6.4.1 The relationship between Arrhenius threshold and C Ay,

The relationship between C' A5y and the Arrhenius threshold, Ky, already exists within
the existing model structure. However, K, is treated as a constant in the model.
With pilot injection, this now becomes variable on every cycle, based on the com-

manded injection timing.

Ounge = F1([O2]s s To e [ s 6 Kin k) (6.4)

Therefore, an additional state, Ky, is needed to capture the effect of pilot injection
timing on the thermochemical state of the in-cylinder mixture before combustion.

The full state, input and output vectors are now given by

[02]5 n
f
T
Vi
e = /15 » Uk = ‘fvc Yk = CAso (6.5)
e
Vive, y
th
| Ku N k

As the oxygen and temperature states on cycle k+ 1 are a function of the combustion
phasing on cycle k, Eq. (6.4) implies that [Os]s+1 and Ty 11 also depend on Ky, k.
The Arrhenius threshold state, however, is only affected by the pilot injection timing
input on the previous cycle. This input can be abstracted to a threshold input, u,,
based on the relationship between the Arrhenius threshold and the pilot injection
timing (described in the next section). Therefore Ky, g1 = tn k-

Incorporating this into the model, and then linearizing about an operating point
gives a new set of linear system matrices. The conceptual structure is shown in Eq.

(6.6), where X represents a non-zero value (determined by the particular operating
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condition):
[ [0, | (x x x x x|[0] [x x x 0]
T, X X X X X T, X X X 0 "
1], =10 0 0 0 0 /. | +l1 0 0 0 Veve
Vive. 00 0 0 0] Vive, 00 1 0 V;tvhc
IERACTI P 000 0 0] K |, [0 0 0 1] k
o
T
CAsop = | X X X 0 X [, (6.6)
Vive,
L Kn |,

As seen, the last three states have no dynamics of their own, but are purely
dependent on the inputs on the previous cycle (respectively, ns, Viye and uyy,, shown
by the 1s in the last three rows of the B matrix). The oxygen and temperature states,
however, depend on all the states on the previous cycle, as well as the first three inputs.
It is assumed here that they do not depend on the final input, uy, - in other words,
that the injection of a small quantity of pilot fuel during recompression has a much
more significant effect on the combustion threshold than on the oxygen concentration
or temperature of the final reactant mixture after IVC. Therefore, though there is
possibly some temperature change brought about by the pilot injection, the main

effect of this is modeled through the lowering in the Arrhenius threshold.
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Figure 6.6: Relationship between combustion threshold and combustion phasing

Figure 6.6 shows the relationship between the analytically calculated combustion
threshold and the mean measured combustion phasing in steady state on one cylin-
der of the multi-cylinder HCCI engine testbed. The data is obtained from steady
state tests with various pilot injection timings on the multi-cylinder HCCI engine
testbed. Results from one engine cylinder are presented (all other cylinders exhibit
similar behavior). As seen, the relationship between Ky, and C'Asg is highly linear
over the entire range of injection timings considered. The slope of this curve, then,
represents the element of the C-matrix that relates C'Asg ) to Ky, . This validates
the assumption made in linearizing Eq. (6.4) as part of the linear state-space model.

This linear model can now be used to develop a linear controller, that would
command a specific set of valve timings and combustion threshold, wu, for a desired
C'Aso. The next step is to be able to determine the relationship between this threshold,
and the physical input, the pilot fuel injection timing.
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6.4.2 The relationship between fuel residence time and com-

bustion threshold

Pilot injection timing, or pilot fuel residence time can be abstracted into the com-
bustion threshold using steady-state engine data, and the Arrhenius map given in
Eq. (6.4). The model is first parameterized at a particular operating condition with
all the fuel injected during the main injection. Sweeping out a range of pilot injec-
tion timings, and inverting the Arrhenius map for each measured value of C' A5 then
gives the corresponding uy, value for each value of injection timing/fuel residence
time. This gives the functional relationship between the fuel residence time and the
threshold input:

Uth,k = F2(tres,fuel) (67)

The residence time here is calculated as the time between the end of the pilot injection,
and 420 CAD (which is the end-of-injection timing for the main injection). Hence a
main injection would have a residence time of zero for recompression reactions, while
an earlier injection would have more time. It is also assumed as before, that the
threshold input does not affect the oxygen and temperature states. This allows an
inversion of Eq. (6.4) at fixed [Os]s and T5.

The steady state relationship in Eq. (6.7) is used to relate the control input from
the linear model, uy, on every engine cycle to the physical input, ¢,cs fue Or injection

timing.
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Figure 6.7: Relationship between combustion threshold and fuel residence time

Figure 6.7 shows the relationship between the threshold and the fuel residence
time input calculated from experimental steady-state data as described above. This

function can be approximated by a polynomial curve as shown.

6.5 Conclusion

The overall model relating pilot injection timing to the phasing of combustion is

shown below conceptually.
tres,fuel — Uth — CASO (68>

The model therefore has two distinct parts.

1. CAsox = Fi([O2)sks Ts ks [f]s.ks Kink), the relationship between the combustion
threshold and the phasing of combustion. This relationship is part of a linear,

five state model.

2. Uk = Fo(tres fuet), the relationship between the combustion threshold and
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the fuel residence time. This relationship is obtained through steady state

experiments, and is described by a nonlinear function.

This model integrates seamlessly with the control model structure developed ear-
lier. The data presented suggests that the nonlinear relationship between fuel injec-
tion timing and combustion phasing is an input nonlinearity that can be separated
from the state description. A simple linear controller can be used to generate a de-
sired combustion threshold, which can then be related to a commanded fuel residence
time through the nonlinear relation F,. This separability also means that differing
behavior in other operating regimes could all potentially be incorporated into the
function F,, while leaving the linear model intact.

The following chapter will explore the development of different control strategies
based on this model and demonstrate the power of this split injection strategy as a

control knob.



Chapter 7

Control of HCCI with Split Fuel

Injection

The focus of this chapter is the application of the expanded model presented in Chap-
ter 6 to the development of controllers for HCCI that use a split fuel injection strategy.
As described earlier, fuel injected early in the recompression stroke of an HCCI engine
can have a significant effect on combustion. Two different control strategies based on
split fuel injection are presented. The timing of this injection is seen to be a powerful
control knob within a limited range. This can be seen from the experimental data
presented in Fig. 6.5 - pilot injection has maximum control authority in the middle
of the region depicted, with its influence on phasing saturating near the extremes.
Therefore a controller that uses only the pilot injection timing as a control input is
effective in controlling work and combustion phasing in a limited range. By contrast,
the exhaust valve timing has a strong influence on combustion phasing over a wide
range, but may be impractical to vary on a cycle-by-cycle basis, as most fully flexi-
ble valve actuation systems available today are extremely expensive and difficult to
package within a vehicle. Therefore a second controller, based on the mid-ranging
principle is implemented. Recognizing the practical constraints on valve motion, this
controller uses injection timing alone as a fast cycle-by-cycle control input to control

the combustion phasing. The exhaust valve timing is then used to gradually bring
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the injection timing back to the middle of its range where it has the maximum con-
trol authority. This ensures fast, cycle-by-cycle control while at the same respecting
constraints on the motion of the valves and the range of the injection timing. The
controller enables tracking of desired output trajectories as well as steady operation
at low-load conditions. This strategy therefore represents an effective and practical
approach to control of HCCI that can be extended to current production engines with

existing cam phaser technology.

7.1 Controller development

The overall control framework is the same as that presented in Chapter 5 - as NM EP
is almost wholly a function of the total fuel quantity injected, a simple feedforward-
integral controller uses fuel quantity to control work output. This controller is used
to vary the quantity of fuel injected during the main injection (at a fixed timing of
420 CAD) while keeping the pilot injection quantity fixed at 1mg (but at a varying
timing controlled by a model-based feedback controller described below).

To control the phasing with injection timing, the fuel and injection timing inputs

need to be separated out in the linear model as was done in Eq. (5.1):
LTpt1 = Axk + Blulk + BQUQk (71)

where uy, = nyy, which is commanded by the N M E P-fuel map controller, and wug, =

T
Viver Vever Uihk ] , which is used to control the combustion phasing. Similar

to the formulation in Chapter 5, a reference input tracking controller is designed:
Uor = —le’k + (Nu + KxNx)Tk (72)

where 7 is the reference input (representing the desired output trajectory), N, and
N, are feedforward matrices and K, is the controller gain matrix.
Two different control structures are presented here. For the first controller, control

gains are selected such that only the Arrhenius threshold input, wuy, is used, while the
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valves are kept fixed. This shows the potential of injection timing as an independent
control knob.

However, the range of this input is limited at fixed valve timing due to the satu-
ration seen in Fig. 6.5 - therefore a second control strategy is presented based on the
mid-ranging control principle. As stated by Allison et al [65], mid-ranging refers to a
class of control problems where there are more manipulated inputs than outputs to
be controlled (most commonly, two inputs and one output). Often the inputs differ
in their dynamic effect on the output, and the faster input has a more limited range
than the slow one. The mid-ranging idea is to have the fast input u; controlling the
process output, and to use the slower input us to gradually mid-range u; to its de-
sired value u,¢¢. A conceptual block diagram representing a mid-ranging controller

is shown in Fig. 7.1.

u1,ref »(_ > K2 U2 > G2
r >( » K g » G > >y

Figure 7.1: Mid-ranging controller - block diagram

For the scenario of HCCI control, the timing of pilot injection is considered the
fast input uy, while the exhaust valve closure timing (EVC) is the slow input us. The
intake valve is kept fixed in all the tests described here, and is not used as an active
input. The controller K is the same reference input tracking controller described in
Eq. (7.2). The controller K, that controls EVC to mid-range the injection timing is
a pure integral controller. The value of the integral gain is determined by the desired
maximum slew rate of the valves, and can be set depending on the limitations of
the physical system. An anti-windup scheme, as described by Haugwitz et al [66], is

added to maintain good performance in the event of saturation.
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The controller is combined with a Kalman filter to estimate the oxygen concen-
tration and temperature states, which are not measurable on an engine testbed. The
Kalman filter uses the measurement of C' A5y to estimate the states. This controller-

observer system can then be used to track a desired NMEP — C Ay, trajectory.

7.2 Simulation results
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Figure 7.2: Phasing controller without mid-ranging action - simulation results

The two controllers are tested on the continuous time simulation model. Figure 7.2
shows results for a series of step changes in desired combustion phasing with a fixed
total fuel quantity using the injection timing controller. The system initially reaches
steady state in open-loop starting at a set of initial conditions, and the controller is
switched on after 10 engine cycles. As seen, the controller tracks the desired trajectory
accurately by changing the pilot injection timing alone, while EVC is kept fixed.

When the mid-ranging control scheme is used, however, to effect the same series
of step changes, the EVC value is changed gradually so as to enable the pilot injection

timing to track a reference value. This can be seen in Fig. 7.3. The C A5, tracking
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= = Desired trajectory
= Actual trajectory

Figure 7.3: Phasing controller with mid-ranging action - simulation results

remains practically unchanged, and the phasing reaches a new steady-state within a
few cycles, due to the fast action of the injection timing. Therefore accurate tracking
is maintained, while ensuring that the fast control input always stays away from

saturation.

7.3 Experimental results

The multi-cylinder engine testbed is used to test the controllers. The controllers run
independently on each cylinder of the four cylinder engine. The test conditions for
the results presented here are given in Table 7.1.

For the injection timing controller, the exhaust valve opening and closing are kept
fixed at 508 and 648 deg CAD respectively. The mid-ranging controller on the other
hand varies the EVC timing, and the EVO timing is calculated assuming a fixed valve
duration of 140 CAD.
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Table 7.1: Test conditions

Parameter Value Units
Engine speed 1800 rpm
IVO 70 CAD
IvC 210 CAD
Main injection quantity | Controlled | mg
Main injection timing 60 CAD
Pilot injection quantity 1 mg

Pilot injection timing

Controlled | CAD

NMEP (bar)

1
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Figure 7.4: Experimental control results - feedback + feedforward + integral controller

(dotted line - desired trajectory, solid line - actual trajectory)
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Figure 7.4 shows a step change of 1 bar in desired NMEP at constant phasing
using the injection timing controller. All the cylinders maintain their timing over
the step change, and track the desired work output trajectory exactly. The controller
delays the pilot injection timing to compensate for the advanced phasing that a greater
amount of fuel injection would cause. As seen, all the cylinders converge to the same

steady-state.
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Figure 7.5: Experimental control results - controller range (dotted line - desired

trajectory, solid line - actual trajectory)

This controller works effectively over a range of load conditions at this engine
speed - from as low as about 1.2 bar to as high as 2.5 bar. Figure 7.5 shows the
controller response to a series of step changes on one cylinder. The controller is

seen to be very effective at low load conditions and could be useful in expanding the
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operating range of HCCI on the low load end.
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Figure 7.6: Experimental control results - controller limits (dotted line - desired

trajectory, solid line - actual trajectory)

For a fixed set of valve timings, this controller reaches its limits when it commands
injection timings that fall within the flat part of the curve shown in Fig. 6.5. This
effect is seen in Fig. 7.6, when for the particular combination of NMEP and CAx
commanded, the injection timing is significantly delayed by the controller. However,
even this late injection timing is not sufficient to achieve that CAsy, and so the
actual phasing trajectory deviates from the desired trajectory. Eventually the input
saturates as this late injection timing has no effect on C' Asy. Accurate tracking beyond

this point would require changes in valve timings.
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Figure 7.7: Mid-ranging control - experimental results

The mid-ranging control strategy achieves exactly this objective. Figure 7.7 shows
the output and input trajectories from a test where a series of step changes in NM EP
are commanded at constant combustion phasing. As seen, the controller performs very
well on a cycle-by-cycle basis, due to the fast action of the injection timing. The slower
EVC motion eventually brings the injection timing back towards its reference value,
thereby preventing the kind of saturation seen in Fig. 7.6. As the valve timings on
each cylinder are controlled independently, the control action seen does not represent
a true cam phaser, which would require that the valve timings on all the cylinders be
the same. However the demonstration of this mid-ranging strategy here represents
an important step towards the development of a controller that would work with
practical cam phaser systems.

Using a pilot injection also makes the controller very effective in stabilizing HCCI
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Figure 7.8: Low load operation - Cylinder 3

at low load conditions as seen in Fig. 7.8, where the controller tracks NMEP down to
about 1.2bar (results shown for only one of the four cylinders). Steady operation at
this low a load without the use of this actuator was not possible on this engine. This
shows the ability of this control knob in expanding the operating range of HCCI on
the low load end.

Figure 7.9 shows a step change in load at constant phasing for one of the four
cylinders, with the plots zoomed in around the step change. As seen, the new steady-
state is reached within 3-4 cycles, and there is no discernible change in the combustion
phasing due to the increase in fuel quantity. This points to the high fidelity of the
model used to capture the effect of varying the pilot injection timing. Again, over the
space of a few cycles the EVC value is practically constant as the mid-ranging action
occurs over a much longer time scale. The speed of response of the EVC input can

be changed by modifying the integral gain K.
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Figure 7.9: Cycle-by-cycle action of mid-ranging controller - Cylinder 2

7.4 Conclusion

As demonstrated in this chapter, the use of fuel injection as a control knob represents
a practical way of controlling HCCI combustion on a cycle-by-cycle basis. The two
controllers developed here on the basis of the model presented in Chapter 6 are seen
to be highly effective in tracking desired load-phasing trajectories. As each engine
cylinder has its own direct injector, the injection of pilot fuel can be a powerful con-
trol knob for balancing cylinder differences. Its high speed of response also implies
the possibility of cycle-by-cycle control of HCCI at minimal cost. The mid-ranging
framework in particular is an effective way of satisfying two key objectives - achieving
cycle-by-cycle control to track fast transients, and respecting constraints on the avail-

able actuators (saturation limits on the pilot injection timing, and slew rate limits
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on the valve motion). These results demonstrate the potential of mid-ranging control
as a simple and viable control strategy for HCCI engines, enabling the coordination
of multiple actuators with different performance characteristics to achieve tracking of
the desired outputs in a wide operating range.

The two controllers presented in this chapter show the importance of having a con-
trol scheme that recognizes constraints on different actuators, and is able to operate
within those limits. The mid-ranging control approach is a simple way to achieve this
objective; the next chapter now builds on this and develops a more rigorous approach
to controlling HCCI while respecting actuator and other constraints. This is done by
framing the entire control problem within a model predictive control (MPC) struc-
ture. The MPC formulation provides a way to use the model explicitly in the control
scheme. Also, the MPC framework allows specification of input, output and state
constraints directly. This is an advantage over the mid-ranging framework, where
output and state constraints are not considered and the rather arbitrary choice of the

integral control gain provides the only way to address the constraint on valve motion.



Chapter 8

Model Predictive Control of HCCI

So far the focus of the work presented has been the development of a control model of
HCCI that captures the essential dynamics of the process, and only simple linear con-
trollers demonstrating the value of the modeling framework have been implemented.
Having validated and established the efficacy of the model in controller development,
this chapter now describes a much more rigorous approach to model-based control of
HCCI. The linear control model is used as the basis for a model predictive control
(MPC) strategy that enables explicit treatment of constraints on the system. This
is particularly useful in HCCI, where each actuator has its own unique constraints
- the pilot injection timing is a powerful knob within a narrow range, while the ex-
haust valve timing has a much wider range of influence but cannot be actuated on a
cycle-by-cycle basis with production cam phaser systems. In addition, it might also
be desirable to constrain certain other variables that are not directly controlled, such
as the air-fuel ratio within the engine cylinder. As some of the main benefits of HCCI
are related to its lean combustion strategy, it is desired to keep the air-fuel ratio away
from the rich region, while also ensuring that conditions don’t become so lean that
combustion stability is impaired. Keeping the air-fuel ratio within certain bounds is
also important for effective exhaust aftertreatment. All these different objectives can
be formulated easily within the MPC framework, making it an attractive proposition
for HCCI control.

Two different MPC strategies are presented in this chapter. The first controls
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only the phasing of combustion within the MPC framework while the work output
is controlled with the same controller used earlier, a simple feedforward-feedback
scheme based on an empirical map relating fuel quantity to NM EP. This controller
works effectively in simulation and is mostly able to constrain the air-fuel ratio within
the desired bounds. However it is seen that the constraints are temporarily violated
during transients where a step change in NMEP is commanded. This is because
the NMEP controller, being outside the MPC scheme, does not recognize the air-
fuel ratio constraint, and so commands step changes in fuel quantity that cannot be
compensated for given the restriction on valve motion. Therefore a new controller is
designed that incorporates control of NM EP within the MPC framework, thereby
addressing this limitation and enabling constraint satisfaction on every engine cycle
while maintaining accurate output tracking. The MPC scheme is complemented by
a redesigned estimator that uses two measurements - C'A5y and the measurement
from an exhaust oxygen sensor - to estimate the model states. This estimator struc-
ture is seen to be much more accurate in simulation than an estimator using only a
measurement of C'Axg.

The predictive controller incorporating NM FEP into the framework is seen to
perform better in simulation than the first controller, and is therefore tested in ex-
periment on the multi-cylinder engine. An explicit form of this model predictive
control scheme is implemented. Results show that the controller is effective in satis-
fying all the control objectives - the work output and combustion phasing are tracked
accurately over a wide range, actuator constraints are respected, and the air-fuel ratio
is maintained within respectable bounds. This strategy therefore shows great promise
as a practical application of the physical model-based control approach that has been

one of the main contributions of this thesis.

8.1 Model predictive control - an introduction

The fundamental basis of model predictive control (MPC) is the generation of inputs
as solutions of a real-time optimization problem. The model is used explicitly in

calculating the control input, and at every time step a finite horizon optimal control
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problem is solved. The solution provides an optimal input sequence over the time
horizon considered, where only the first control step is implemented. This process
is repeated at each time step with new measurements. Feedback therefore enters
indirectly, as the new measurement is used as the initial condition in the optimization.

The MPC concept has been around for several decades. Its origins can be traced
back to work done by Propoi [67] in 1963, who proposed the formulation of a re-
ceding horizon control approach that is the fundamental basis of MPC. However its
widespread use was motivated by its applications in the process industry. In 1978
Richalet et al [68] described the implementation of what they called a model pre-
dictive heuristic control strategy in several industrial applications from the chemical
industry and commented on its ease of implementation and robustness. Since then
its popularity in the chemical process industry has increased steadily, making it one
of the few advanced control techniques widely used in industrial control engineering

[69]. The main reasons for its success include

1. It can handle MIMO systems easily
2. It can take into account limitations on actuators, states and outputs

3. Compared to conventional control techniques, it can allow operation closer to

the constraints, which can be profitable in many applications

Traditional approaches to MPC were developed based on step response models.
However Ricker [70] formulated a state space representation of MPC that permits
generalization of the approach to more complex cases. Significant progress has also
been made in understanding the behavior of model predictive control systems, and
a lot of results have been obtained on stability, robustness and performance of MPC
(71, 69]. Several reviews of the theory of MPC, different ways of formulating an
MPC problem and industrial MPC technology have been published by a number of
researchers [72, 73, 74].

A general formulation of MPC with a state space model representation is shown

below
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Minimaze
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The cost function J(k) consists of two quadratic terms that represent the cost of
output tracking errors and input effort. These costs are evaluated over the prediction
horizon H,, and the control horizon H, respectively. ) and R are weighting matrices
that can be used to set the relative weights on output errors and input effort. The
input sequence u(k) over the control horizon is the optimization variable.

This cost function is then minimized subject to several constraints. The first two
constraints specify the linear model that is assumed to represent the plant - therefore
over the time horizon considered the system is assumed to evolve according to this
model. x, u, v and y represent the states, inputs, known disturbances and outputs
respectively. Additionally there are upper and lower limits on the rate at which the
inputs can change (A, and At,,,,) and absolute limits on the values of the control
inputs and the outputs (wmin, Umazs Ymin aNd Ymas respectively). These inequality
constraints are all elementwise vector constraints.

As might be expected, the real-time implementation of any general MPC scheme
is computationally challenging, due to the necessity of solving an optimization prob-
lem at every time step. However, Bemporad et al [75, 76] have developed an explicit
representation of the controller that can be derived offline. For discrete-time linear

time-invariant systems with constraints on inputs and states, the authors show that
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it is possible to determine explicitly a piecewise linear and continuous state feedback
control law associated with MPC. This is advantageous, as the online computation is
reduced to a simple linear evaluation from a complex quadratic optimization. Addi-
tionally, the stability and performance of the explicit representation remains identical
to the original model predictive controller. Such an approach has also been extended
to control of hybrid systems [77]. The explicit formulation of MPC has been imple-
mented on a wide variety of applications, from the process industry [78] to spacecraft

attitude control [79].

8.2 Motivation for MPC in HCCI

There are several reasons why MPC is an attractive proposition for the control of
HCCI:

1. With the ability to handle MIMO systems, MPC, like other techniques such as
LQR, provides an easy way to trade-off tracking errors on different outputs and
the control effort applied by different inputs. This is particularly desirable in
HCCI where there are higher costs to actuating some of the inputs vs. others
(for example, fuel injection quantity and timing can be easily changed on a
cycle-by-cycle basis with injection systems on current production vehicles, while
cycle-by-cycle valve motion has a high cost associated with it). Therefore where
possible, it is desirable to use fuel injection as the primary input, and move the

valves only when necessary.

2. Cam phaser systems, which represent a practical way of achieving variable valve
actuation on production engines, have bandwidth constraints that limit how fast
they can respond. These are hard constraints - therefore a control scheme that
determines the optimal set of control inputs that can best track the desired
output trajectory while respecting these constraints is desirable. The MPC
framework is such a control scheme, where it is possible to explicitly set con-

straints on the rate of change of any input to the system.
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3. There are also absolute limits on the available inputs in HCCI - for example,
when considering the EVC input (represented as Vgy ¢, the cylinder volume at
EVC), it is impossible to achieve a cylinder volume greater than the volume
at BDC, or lower than the volume at TDC. In reality, the constraints are even
tighter - it is desirable to trap at least some exhaust, and so closing the exhaust
valve at TDC is unacceptable. Also, as described in Chapter 6 (Fig. 6.5), the
pilot injection timing input saturates near the extremes and has little effect in
these regions - therefore it is necessary to keep the injection timing within the
range where it is most effective. All these input constraints are easy to define

within an MPC framework.

4. In addition to constraining inputs, it might also be desirable to bound certain
other variables that are not directly controlled for. The most important among
these is the air-fuel ratio (AFR). While it is not essential to track AFR to
a specific value, it is necessary to keep it away from certain bounds. HCCI
combustion is typically lean, and on the low end, an AFR that is less than
stoichiometric is to be avoided, as this would imply rich combustion. Rich
conditions adversely affect HCCI combustion and significantly reduce the overall
efficiency of the process. Also there is a risk of producing high levels of NOx if
the mixture is too rich [80]. Very lean combustion is also not desirable as it an
have a detrimental impact on combustion stability. Xu et al [81] show that for
any given intake valve timing, there is a range of air-fuel ratios where combustion
is consistent and the phasing of combustion falls within an acceptable range.
Therefore it is necessary to restrict the range of variation of AFR - and it is
possible to do this within the MPC framework, by expressing AFR in terms of

the states of the control model.

There have been a few instances of the use of MPC in HCCI. Bengtsson et al
[52] presented the use of MPC a predictive controller based on a model derived from
system identification that controlled both combustion phasing and load-torque. Widd
et al [40] used a physical model that included cylinder wall temperature dynamics

as the basis of an MPC strategy to control work output and phasing of combustion
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on an HCCI engine. This work expands upon these ideas to consider the injection

timing of fuel as an input, and the constraints on air-fuel ratio.

8.3 Framing HCCI control as an MPC problem

The main objectives of HCCI control considered in this thesis are the tracking of
desired load and combustion phasing trajectories. Based on a linearization of the
control model presented in earlier chapters, it is easy to incorporate this control
problem in the MPC framework. Two different predictive controllers are presented
in this chapter. The first uses the MPC framework to control only the phasing
of combustion based on the linear model. Work output is still tracked with the
feedforward-integral controller presented earlier. Therefore the total quantity of fuel
injected is commanded outside the MPC structure. The second controller incorporates
the work output as an output within the linear control model, and therefore controls

both load and combustion phasing within the MPC framework.

8.3.1 Combustion phasing control using MPC

A linearized version of the five state model presented in Chapter 6 (Eq. (6.6)) is
used as the basis for the predictive controller. The inputs available to control phasing
are the valve timings and the timing of the pilot injection. The fuel quantity can be
considered a known disturbance to the system, as it is commanded by the NMEP
controller outside the MPC structure. In addition, there are several constraints to be

considered:

1. Absolute limits on the cylinder volume at intake and exhaust valve closure

2. Absolute limits on the timing of the pilot injection, such that the region of

saturation in Fig. 6.5 is avoided
3. A limit on the maximum allowable rate of change of the valve timing

4. Limits on the maximum and minimum allowable air-fuel ratio
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The first three constraints involve the control inputs and so can be easily defined
while formulating the MPC optimization. The definition of the last constraint is

described in the following section.

Incorporating constraints on air-fuel ratio

In this work the constraints on AFR are modeled as constraints on the ratio of oxygen
and fuel in the reactant mixture. This is necessary because a conventional definition of
air-fuel ratio does not translate directly to the oxygen-fuel ratio in exhaust recompres-
sion HCCI because of the presence of trapped exhaust gases. As HCCI combustion is
typically lean, these trapped gases have some oxygen - therefore the final oxygen-fuel
ratio before combustion is determined both by the quantity of inducted air, as well
as the quantity and oxygen concentration of trapped exhaust.

We therefore define lambda () as the ratio of the actual oxygen-fuel ratio and the

stoichiometric oxygen-fuel ratio for the particular fuel under consideration. Therefore

[Os]/[F]

A= (8.2)
([Oo]/[F1)stoicn
Constraints on AFR therefore are considered equivalent to constraints on .
AFRin < AFR < AFRpae <= Amin < A < Mz (8.3)

For gasoline fuel modeled as C;H;3, the stoichiometric reaction equation is given
by
CrHy3 + 10.2509 + 38.54 Ny — 7C' O + 6.5H50 + 38.54 N, (8.4)

Then, based on Eq. (8.4), if A < A\juaz, then

[0,]
W < 10.25M 02
= [03] — 10.25Amae|F] < 0 (8.5)
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Similarly

= [05] — 10.25Anin[F] > 0 (8.6)

v

Therefore the bounds on the oxygen-fuel ratio can be translated to equivalent
bounds on linear combinations of two of the system states - oxygen and fuel concen-
trations.

Based on the above discussion, the following definitions of the state (x), input (u),

disturbance (v) and output (y) vectors are made

_ 0 -
T Vive C'Aso
x=| [F] |,u=| Vgye | ,v= [ ng ] 'Y= | YAFRmin (8.7)
Vive Ugp, YAFR,maz
L Kth .

where

YaFRmar = |O2) —10.25\,0.[F]

The overall MPC problem then is defined as follows:

Minimize
Hpy—1 H,—1

J(k) = > |ICAse(k +ilk) — CAsoaes(k +ilE)IZ + D 1 Au(k +ilk)[[3,
i=0 =0
H,—1 Hp—1

> ek + k) = winrerllly, + Y pllel?
=0

1=0
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subject to

Tpr1 = Axg+ Byug + Byug
yp = Cuy
AUeuc,min < Auevc,k < Auevc,maac
Ueve,min < Uevce,k < Ueve,maz
Uth,min S Uh,k S Uth,max

YAFRmink = 0—¢€

YAFRmazk < 0+e€ (8.8)

The cost function in this optimization has four terms. The first two represent
costs on errors in C'Asg and control effort respectively. The input cost matrix R is
set such that only two of the three available inputs are used - the intake valve is
kept fixed and not controlled. The third term in the cost function imposes a cost on
deviations of the pilot injection timing input from a reference - this cost ensures that
all things being equal, an input trajectory that maintains the pilot injection timing
closer to a reference (set at the middle of its range) will be preferred. Therefore this
term serves to achieve some form of mid-ranging action as described in Chapter 7 so
as to keep the injection timing in a range where it has maximum control authority.
However by incorporating this into the cost function, it is ensured that if necessary,
the injection timing can deviate from the reference value - either to lower the cost of
output deviations, or to ensure constraint satisfaction. The cost (), is set at a value
much smaller than the cost ) on the output error, thereby giving priority to output
tracking over mid-ranging.

The last term of J(k) imposes a cost on €, which is a slack variable. This slack
variable essentially softens the last two constraints, which represent the lower and
upper bounds on A as described earlier. Softening these constraints is necessary to
deal with the possibility of infeasibility - a condition that might occur, for example,

with an unexpected large disturbance, in which case it might be impossible to keep
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the plant within the specified constraints. Introducing the slack variable € ensures
that the constraints can be crossed occasionally, but only if really necessary. The
relative allowance given for constraint violation can be controlled with the weight p -
a higher value of p makes the constraint relatively “hard” to violate.

The other inequalities represent constraints on the actuators - absolute limits on
EVC and injection timing, as well as a rate limit on the EVC. These inequalities
are not softened with the slack variable as these represent hardware constraints and
therefore should not be violated under any circumstances.

The prediction horizon H), is set at 3 time steps, while the control horizon H, is
set to be 1. Though these might appear small, the HCCI process typically has little
dependence on mixture conditions more than 2-3 engine cycles earlier. This can be
understood from the perspective of the trapped exhaust on any engine cycle - the
relative quantity of this exhaust that remains trapped within the engine cylinder on
successive engine cycles rapidly decreases and becomes insignificant after 3-4 engine
cycles. Therefore there is little to be gained with large prediction and control hori-
zons. Widd et al [40] confirm this by testing predictive controllers with different time
horizons on an HCCI engine, and conclude that an increase in time horizon beyond
4-5 cycles has no discernible effect on performance, while adding a significant amount
of computation time.

The controller is tested on the continuous time simulation model. Figures 8.1 and
8.2 show the output and input trajectories with the predictive controller without any
constraints on A\, while Figs. 8.3 and 8.4 show results from the same test repeated with
constraints on A. The controller in each test is switched on after 10 engine cycles.
As seen, in both cases, the control outputs (NMEP and CAjg) are tracked well.
However in the first case the constrained output A does not stay within the desired
bounds, while in the second it largely remains constrained. Note that the A\ here
relates to the overall oxygen-fuel ratio in the mixture before combustion as described
earlier. The lower and upper bounds here are set arbitrarily at 1.6 and 1.7. Around
the nominal operating condition, these bounds correspond roughly to inducted AFR
As (ratio of inducted air-fuel ratio to the stoichiometric air-fuel ratio) of about 1.25

and 1.32 respectively. These bounds are chosen to illustrate the controller’s response
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Figure 8.1: Combustion phasing MPC implemented in simulation with no constraint
on A - outputs

to constraints and not to reflect true limits in practice.

The N M EP is controlled directly by the fuel quantity outside the MPC framework
- therefore the fuel trajectories seen in Figs. 8.2 and 8.4 relate closely to the actual
NMEP. The other two inputs - EVC and injection timing - are commanded by
the model predictive controller. The EVC input responds over several cycles to step
changes in the desired conditions, while the injection timing responds more instantly,
due to the constraint on the rate of change of the EVC input. Note that without
the additional constraint on A, a mid-ranging effect is seen with the injection timing
going to its reference value over several cycles. However once the )\ constraint is
added, the injection timing input remains close to its reference value, but does not

track it exactly. This is to be expected because of the extra constraint.
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Figure 8.2: Combustion phasing MPC implemented in simulation with no constraint
on A - inputs

These results indicate that this approach is extremely promising in controlling the
work output and combustion phasing while satisfying other constraints. However step
changes in fuel quantity could cause temporary violation of the constraints on AFR,
as seen in Fig. 8.3 around cycles 40 and 70. This is because the NMEP controller
operates independent of the MPC scheme, and has no knowledge of the constraints
on the other actuators - therefore it commands a step change in fuel when faced with
a step change in the desired work output. However slightly slower load tracking -
over several engine cycles instead of one - which would require smaller changes in

fuel quantity on a cycle-by-cycle basis, would be easier to compensate for in order to
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Figure 8.3: Combustion phasing MPC implemented in simulation with constraint on
A - outputs

bound the AFR. This can be achieved by including the control of NMEP within the
MPC framework, which would allow the controller to tradeoff fast output tracking
with constraint satisfaction during transients. This motivates the second predictive

controller described in the next section.

8.3.2 NMEP and Combustion phasing control using MPC

There are several ways to include NMEP as part of the MPC framework. Here a
simple approach is taken by linearizing the fuel-N M E P map used as the feedforward
controller for work output, and including it as a part of the linearized control model

description. Linearizing this map gives an expression of the form

NMEP = k[F] (8.9)
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Figure 8.4: Combustion phasing MPC implemented in simulation with constraint on
A - inputs

This can easily be incorporated into the output equation of the linear model as
fuel concentration [F] is one of the states. The MPC problem can then be formulated

based on the following definitions:

(O] NMEP
T K
Vi CA
r=| [F] |,u= ve Y = % (8.10)
Veve YAFR,min
Vive " )
th AFR,mazx
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The final MPC optimization is
Minimize

Hp—1

Jk) = D ICAso(k +ilk) — CAsoaes(k + 1K) 13,

i=0
Hp—1

+ D IINMEP(E +ilk) — NMEPy(k +ilk)|[3,

=0
H,—1

subject to

Uth,min
YAFR,min.k

YAFR maz,k

H,—1

+ Y MAulk +ilR)E A+ D Nk + ilk) — unrerllB, + > pllel?
=0 1=0 =0

AV VAN VAN VAN V4

IN

CJ?k

0

Ateyer, < Aleyemaz
Ueype,k S Ueve,maz
Uth ke < Uthmagz
0—ce¢

0+4+¢
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Hp—1

(8.11)

Figures 8.5 and 8.6 show results from implementing this controller in simulation.

This time, both NMEP and C Asy are controlled by the predictive controller, which

recognizes the constraints on \. Therefore it slows down the response to a step change

in desired NM EP by changing the fuel quantity command more slowly. The other

inputs can then be used to ensure that A stays within the desired ranges on every

engine cycle. The tracking of C'A5y remains very similar to the earlier cases because

of the ability of the pilot injection timing to respond quickly to track phasing. Again,

this injection timing remains close to its reference value but does not track it exactly

because of the A constraint.
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Figure 8.5: NMEP-phasing MPC implemented in simulation with constraint on A -
outputs

8.4 Estimator structure

As detailed in earlier chapters, the two main states, oxygen concentration and tem-
perature, cannot be directly measured and so need to be estimated. In earlier work
these were estimated either using simple Luenberger observers or Kalman filters based
on a measurement of C'Asy. However the estimator used here is sufficiently different
as to merit a full description.

So far both states have been estimated based on a single measurement of com-
bustion phasing. However an exhaust oxygen sensor can give an independent mea-
surement of the oxygen concentration in the exhaust gas. If the oxygen sensor is

located very close to the port, this measurement can serve as a good estimate of the
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Figure 8.6: NMEP-phasing MPC implemented in simulation with constraint on A -

inputs

oxygen concentration in the trapped exhaust within the engine cylinder. Therefore

this measurement can further serve to improve the accuracy of the estimation.

A wide band oxygen sensor typically gives a measurement of the fraction of oxygen

in the exhaust gas. This measurement can be compared to an estimate of the fraction

of oxygen in the trapped exhaust gas obtained from the control model. As the model

steps through each of the distinct states that occur during an engine cycle, it is easy to

obtain an expression for the percentage of oxygen in the exhaust gas as a function of

the states. The fraction of oxygen in the trapped exhaust is the same as the fraction



CHAPTER 8. MODEL PREDICTIVE CONTROL OF HCCI 135

of oxygen in the mixture after combustion, and therefore is given by

no,,3

9 (8.12)

T’O2:

where np, s is the moles of oxygen in the post-combustion mixture, and N3 is the
total number of moles after combustion, as described in Chapter 2. Expressions for
these are given in Eq. (2.15) and (2.25), and so rp, can be easily expressed in terms

of the model states:
To, = g([OQ]Sa T87 [f]57 ‘/IVC,S) (813)

The expression in Eq. (8.13) can be linearized analytically and included in the
output equation of the linear model. However including a measurement of rp, in the
estimation scheme presents one further hurdle which arises from the fact the mea-
surements of C' A5y and rp, are available at different points in the engine cycle. This
can be understood by considering the relationship between estimation and control.

Typically a Kalman filter estimator involves two steps:

1. Time update, where the state estimate is updated based on the model and the
applied inputs.
ﬂA?k“C_l = Aik—l\k—l + Bug_1 (8.14)

2. Measurement update, where the state estimate is updated based on the measured
outputs.

Bue = Epjp-1 + M (Yr — Clup-1) (8.15)

where M is the Kalman filter gain matrix. The state estimate Zy, can then be used
to determine the control input u, for cycle k. It is therefore essential that all the
measurements y; be obtained before the control input can be determined.

However, as shown in Fig. 8.7, it is only the measurement of C'A5y that becomes
available before the inputs need to be applied - a measurement of exhaust oxygen
fraction, 7o, is only available after the exhaust process, as the measurement occurs
outside the engine cylinder. Based on this observation, the Kalman filter update is

performed in three distinct steps, with the measurement update split into two steps.
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1. Time update, where the state estimate is updated based on the model and
applied inputs.
Tpph—1 = AZp_1p—1 + Bug— (8.16)

2. Combustion phasing measurement update, where the state estimate is updated

based on the measured C'Asg.
Tk partial = Thjk—1 + Mo as, (CAsomease — CoasyTrjr—1) (8.17)

3. Ozygen sensor measurement update, where the state estimate is further updated

based on the oxygen sensor measurement.

Tk = Thjkpartial + Mo, (T0s,meask — CosTjk—1) (8.18)
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Me a,, and Mo, are the Kalman gain vectors for each of the outputs, C'A5y and ro,,
while Cra,, and Co, represent the rows of the ' matrix corresponding to these two
outputs. The third step of this estimation is actually computed on the following time
step, once the oxygen sensor measurement is obtained. Therefore the best estimate
available to the controller is Z4x partiar and uses only one of the two measurements.
However this is not a significant problem, as the second measurement still serves to

update the estimate before the next time step.
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Figure 8.8: Comparison of estimator performance in simulation with one vs. two
measurements

Figure 8.8 shows a comparison of the performance of two estimators in simulation,
one that uses just the measurement of combustion phasing and one that also uses
the measurement of the exhaust oxygen fraction. These responses are plotted for a

step increase in fuel quantity, while all other inputs are kept fixed. The estimation is
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started after 10 engine cycles. The state estimates plotted here are the estimates used
by the controller - therefore for the single measurement case the estimate 2y, while
for the case with two measurements it is Ty partia- AS seen, with two measurements
the accuracy of estimation is significantly improved and the estimate tracks the actual
state value very closely. Apart from the steady state match, the estimator based on
two measurements also captures the dynamic response much better, as seen when the
step change in fuel mass is applied after 30 engine cycles.

It should be noted that this estimation strategy assumes a measurement from a
wide-band oxygen sensor in the exhaust port of each engine cylinder that can give a
fast and accurate measurement of the oxygen concentration in the exhaust stream.
Most production engines today are not equipped with such a sensor - and so a more
practical estimation approach that can use production-grade sensors would need to be
developed before implementation on mass-produced engines. However this analysis
does serve to underline the benefits of an estimation scheme that takes into account
both the phasing of combustion and the characteristics of the exhaust stream in

determining the states.

8.5 Experimental implementation

The model predictive controller structure is implemented on the multi-cylinder HCCI
engine testbed. As the second controller presented here, with both NMEP and
CAso in the MPC framework, was found to work better in simulation, it was the
only one implemented in experiment. Due to the computationally intensive nature
of a real-time model predictive control implementation, an explicit representation of
the controller as described by Bemporad et al [75] is obtained. Such a representation
can be easily obtained for the HCCI controller presented above, and is implemented
on the engine through Matlab’s hybrid control toolbox. As a proof of concept, the
controller was run on only one engine cylinder out of the four. The other three were
run at a fixed operating condition.

Figures 8.9 and 8.10 show the output and input trajectories on the cylinder run

with the predictive controller over a series of step changes in desired load and phasing.
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Figure 8.9: NMEP-phasing MPC implemented in experiment without constraint on
A - outputs

This optimization is run without the constraints on A active. Both work output and
phasing are tracked fairly accurately, including over step changes in load as large as 1
bar at constant phasing (around 3400 cycles). There is some steady state error seen
at higher loads around 3 bar - this can be attributed to the fact that a single model is
used over the entire range, and there is no integral action to correct for linearization
errors over such a wide range.

Also plotted in the bottom plot of Fig. 8.9 are the outputs yargmin and yarrmaz,
representing the lower and upper bounds on A\. The lower and upper limits chosen for
A here are \,,;, = 1.6 and \,,.. = 2, a slightly wider range than in simulation so as
to give the controller some flexibility. Based on the optimization problem presented

in Eq. (8.11), it is desired to keep yarrmin > 0 and yaprme: < 0. This would
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Figure 8.10: NMEP-phasing MPC implemented in experiment without constraint on
A - inputs

ensure that 1.6 < A < 2. However it is seen here that the constraints are exceeded
significantly several times during the test. This is because the constraints on A are not
active in this test. In particular, large excursions are seen any time step changes in
NMEP are commanded. This can be attributed to the step change in fuel quantity -
as there are no constraints on A, the fuel quantity very quickly ramps up/down to the
new value desired, while the pilot injection timing also changes quickly to maintain
the desired combustion phasing. Over several cycles this input is brought back to its
reference value by a slowly changing EVC.

Activating the constraints on A\ significantly changes the behavior, as seen in
Figs. 8.11 and 8.12. The tracking of the two control outputs, NMEP and C As,
remains as accurate - however the new steady state in NMEP is reached a little

slower, especially during large step changes, such as around 3400 cycles. This is
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Figure 8.11: NMEP-phasing MPC implemented in experiment with constraint on A
- outputs

because the controller recognizes the constraint on A and so slows down fuel changes
to prevent constraint violation. Additionally, the pilot injection timing no longer
tracks its reference value - while it remains close, there are significant deviations
seen, especially at higher loads (between 3400 and 4500 cycles). Consequently the
constraints on A are met most of the time, and only at very high loads is there a
slight violation of the yapgmin > 0 constraint, implying that A < 1.6. This is not
surprising, as with such a high load demand it is basically impossible to meet all the
output requirements while still satisfying the A\ constraint. Therefore it is only when
something infeasible is demanded of the controller that it allows a violation of the
output constraint. One point to be noted though is that even this constraint violation

can be avoided by increasing the weight p on the slack variable in the optimization,
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Figure 8.12: NMEP-phasing MPC implemented in experiment with constraint on A
- inputs

€. This would lead to poorer output tracking when faced with an infeasible desired
output trajectory. Therefore the relative tradeoff between accurate output tracking
and constraint satisfaction can be set at a desired value by changing the value of this

weight in the cost function.

8.6 Conclusion

While earlier chapters validated the physical control model and developed simple
controllers based on it that were effective on both single and multi-cylinder engine
testbeds, the predictive control framework presented in this chapter represents a very
practical and yet robust control strategy for HCCI. The key feature of this framework,

as shown here, is the ability to explicitly specify actuator and output constraints that
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represent real physical limitations on production engines. In particular, the range
limitations of the pilot injection timing input, and the bandwidth limitations of a
cam phaser system can both be accounted for. Additionally, MPC allows the con-
straining of outputs, and one important variable in HCCI is the air-fuel ratio. It was
seen that constraints on the air-fuel ratio, expressed through the oxygen-fuel ratio in
the reactant mixture, could be modeled as constraints on a linear combination of the
model states. Inclusion of this as part of the control objective then led to the synthesis
of two different control strategies. The first used the MPC framework to only control
the phasing of combustion. While this was seen to be effective in output tracking,
it was seen that the constraints were occasionally violated, especially during sharp
fuel transients commanded by the NM E P controller. Based on these observations, a
second and more comprehensive controller is designed that controls both NM E P and
C A5y within the MPC framework. This controller is able to tradeoff fast load changes
with better constraint satisfaction. When implemented on one of four cylinders of the
multi-cylinder HCCI testbed, the performance is very similar to that in simulation,
with good output tracking and constraint satisfaction. A redesigned estimator that,
in addition to combustion phasing, uses a measurement from an exhaust oxygen sen-
sor complements this controller by providing very accurate estimation of the system
states.

The work presented in this chapter therefore represents the culmination of the
entire physical model-based control approach that has been the focus of this thesis.
The model predictive control strategy developed here shows both the value of this
approach in understanding and capturing the fundamental behavior of HCCI, as well
as its ability to serve as a basis for practical and robust control strategies that could

have a significant role to play in the future of HCCI.



Chapter 9
Conclusions and Future Work

The energy and environmental crisis faced by the world today is possibly one of the
greatest challenges humanity has ever faced - and to many it is a losing battle, one
that we cannot hope to win. The future, however, is not as bleak as some might
believe - technological research continues to unveil many promising possibilities for
creating a world where our energy needs are met in sustainable ways. The hurdles
we face in making these practical and ubiquitous are, however, daunting and will
take several years if not decades to be surmounted. In the interim we find ourselves
turning to technologies that are easily realizable in a short period of time and yet
provide significant benefits over the status quo - and in the automotive sector, HCCI
represents one of the most promising engine strategies that fit into this category.
The challenges associated with HCCI, however, necessitate the use of non-trivial
closed-loop control strategies to enable its operation over the widest operating range
possible - and it is in this realm that the main contributions of this thesis lie. The
modeling and control framework developed as part of this research is significant for

several reasons.

e [t represents a very robust and practical approach to cycle-by-cycle control of

HCCI over a wide operating range.

e [t enables the coordination of the various actuators available in a way that

respects realistic constraints on them.

144
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e The controllers developed contribute to the expansion of the HCCI operating
regime in various ways - either through the reduction of cyclic variation at late

combustion phasing points, or through enabling steady operation at low loads.

e The physical model serves as a very useful bridge between the fields of ther-
modynamics and control and is a potentially useful tool for an engine design

process that takes into account the requirements of a good control strategy.

e It is an approach that is easily generalizable to different engines with just a

simple re-parametrization.

These characteristics make this framework a very flexible approach that takes us a
step closer to the implementation of HCCI on mass-manufactured automobiles. The
following section presents a more detailed summary of some of the results presented

in this thesis that were obtained through the process of deriving this framework.

9.1 Summary of work

Although HCCI is inherently an extremely complex process, the work presented in
this thesis suggests that simple lower-order models are sufficient to capture the es-
sential dynamics of HCCI. First, a second-order model was developed in Chapter
2, with its states defined as the moles of oxygen and temperature of the trapped
exhaust at EVC. With simplifying thermodynamic assumptions, such as isentropic
compression /expansion processes, and instantaneous combustion, this gave a discrete
time model that captured the effects of varying fuel quantity and valve timings on
the peak pressure and angle of peak pressure in an engine cycle.

A linearized version of this model was used as the basis for an LQR controller
that was tested both in simulation and on a single-cylinder HCCI testbed. The
implementation of this controller in order to control the peak pressure and angle of
peak pressure on every engine cycle was described in Chapter 3. The results validated
this approach by showing accurate control of these quantities over a range of operating

points. Additionally, it was seen that small changes in fuel injection could lead to a
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significant reduction in the variation of combustion at late combustion phasing points.
This suggests that there is a systematic nature to the variation seen at these points
that is captured well by the model.

This process of controller design and implementation, however, illuminated sev-
eral features of the model that were not desirable. Chapter 4 took a closer look at
these aspects. In particular, it was seen that the definition of states at EVC tied
them to a varying input, a characteristic that made them very sensitive to the exact
definition of the point of exhaust valve closure. This motivated a revision of the
model where the states were defined at a fixed crank angle location after IVC. This
location was also seen to tie the states more directly to the output, thereby making
estimation easier. The state vector was further expanded to include a measure of fuel
concentration and the cylinder volume at IVC in order to ensure there was no direct
input feed-through term in the overall model. Finally, some of the thermodynamic
assumptions were made more realistic - polytropic processes were assumed instead
of isentropic, combustion was modeled as a finite-duration event rather than instan-
taneous, and a very basic heat transfer model during recompression was introduced.
Dynamic comparison of the model with the more complex simulation model showed
good agreement between the two.

This model was used to develop a controller for the phasing of combustion, mea-
sured as C'Asq in Chapter 5. As the work output, NM E P, is strongly tied to the fuel
quantity, a decoupled approach was taken to control of work output and combustion
phasing. An empirical feedforward-integral controller commanded the fuel injection
quantity to control N M E P, while the physical model was used to generate a feedback
controller for combustion phasing with variable valve motion. This simple approach
worked very effectively both on a single and multi-cylinder engine. On the multi-
cylinder engine, the controller was able to balance differences between cylinders, and
also stabilize combustion at late phasing points.

The modeling framework was then expanded to include a simple model of fuel
injection during recompression in Chapter 6. Due to the complex reactions that
are possible during recompression depending on operating regime, the model focused

on a split injection strategy, with the timing of a small pilot injection used as the
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control input. The relationship between the pilot injection timing and combustion
phasing was separated into a linear, analytical component and a nonlinear, empirical
component. This model for split injection integrated easily into the overall control
model scheme.

Based on the expanded model, two control strategies were presented in Chapter
7 that explored the use of fuel injection as a control knob. The first used only
fuel injection to control work output and combustion phasing, without any valve
actuation. This worked well, but only within a narrow range where the injection
timing had maximum control authority. This motivated a second controller, based
on the mid-ranging principle, that made an effort to combine the different actuators
available in a way that respected their limitations. The mid-ranging controller used
the pilot injection timing as the fast control input, using it to handle sharp transients.
It then used a slower variation of the exhaust valve timing to bring the injection timing
to the middle of its range, where it is most effective. This strategy enabled HCCI
combustion over a wide operating regime, from very low loads to moderately high
loads on the multi-cylinder engine. Such an approach could be extended to an engine
with cam phasers, where the valve timings cannot be varied on a cycle-by-cycle basis
and also need to be the same across cylinders.

Further expanding on the idea of developing practical controllers that respected
actuator constraints, Chapter 8 presented a model predictive controller that allowed
explicit constraint handling. A measure of the air-fuel ratio in the engine cylinder
was also included in the model in order to constrain it away from fuel rich and very
lean regions as part of the MPC scheme. The final version of this controller included
both work output and combustion phasing as control outputs. A modified estimator
was also developed, that could use a measurement from an oxygen sensor located in
the exhaust port in addition to the phasing of combustion to generate a very accurate
estimate of the states. The predictive controller performed well when implemented

on the engine testbed, fulfilling the various control objectives.
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9.2 Directions for future research

The research conducted as part of this thesis is a significant step towards practical
HCCI implementation - however there are still several open questions to be answered
along the path to implementation in automobiles. The first important extension of
this work is in the use of the control model to understand more about the various
operating regimes in HCCI. Due to its simplicity, the model is an extremely tractable
tool for this purpose. Some work along these lines is already being pursued - for
example, the model gives a clear picture of the change in temperature dynamics as
we move from operating points with very low mixture temperature to very high.

Related to this is the use of the model to understand the effects of various envi-
ronmental parameters on the combustion process. Any practical HCCI strategy will
need to be robust to changes in intake air temperature, humidity and fuel quality
as well as changes in heat transfer characteristics with engine wear that a vehicle on
the road experiences. Additionally, all the results presented in this thesis have been
obtained at a constant engine speed of 1800 rpm. However in reality, engine speed
variation is inevitable. The control model already includes many of these parameters
as constants - therefore studying the change in HCCI behavior by varying these pa-
rameters, and developing a control strategy that would be robust to these changes is
an important extension of this work.

Further, the approach taken here to multi-cylinder engine control is the imple-
mentation of independent controllers on each cylinder. Taking a more holistic view
though, where a single controller is used to control all the different cylinders might
yield even better results. For this it would be necessary to expand the framework to
explicitly include interactions between cylinders. This might necessitate the inclusion
of intake and exhaust manifold models. Also of interest would be a control strategy
that uses a cam phaser for all the engine cylinders (and therefore independent valve
actuation would be eliminated) while using fuel injection as a cylinder-individual
control knob to balance differences.

Finally, a closer look at state estimation would be an interesting avenue of ex-

ploration. Further extension of the three step Kalman filter developed in Chapter
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8 that explicitly considers exhaust manifold dynamics that might be relevant to the
oxygen sensor measurement would be an important step in this direction. Other
measurements from the cylinder-pressure sensor, such as the peak pressure during
recompression could also provide valuable information about the in-cylinder mixture.

It is the author’s hope that these, and other steps, will help bring HCCI to vehicles
on the road in the next few years, and provide an efficient and clean alternative to

automotive engine technology today.
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