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ABSTRACT

MODELING AND CONTROL OF SI AND SI-HCCI HYBRID COMBUSTION ENGINES

By

Xiaojian Yang

As a special combustion mode of internal combustion (IC) engines, homogeneous charge
compression ignition (HCCI) combustion has the potential to meet the increasingly stringent
emissions regulations with improved fuel economy. In order to take advantage of this
combustion mode, the traditional spark ignition (SI) engine needs to operate in both SI and HCCI
modes, and the combustion mode transition between the SI and HCCI combustions is inevitable.
It is fairly challenging to operate the engine in the two distinct combustion modes, and it is even
more difficult to have smooth combustion mode transition between the two modes due to the
distinct engine operational parameters over the two combustion modes and the cycle-to-cycle
residual gas dynamics. In this research, the modeling and control of the combustion mode
transition problem were studied for a multi-cylinder engine with dual-stage valve lift and

electrical variable valve timing (VVT) systems.

In order to describe engine continuous time and event-based dynamics a mixed time-based and
crank-based engine model was developed. The continuous dynamics of engine air-handling
system and crankshaft were modeled by traditional time-based mean value models; and the
engine combustion process was modeled as a function of crank angle (crank-based) using the

two-zone combustion modeling approach. The developed combustion model is capable of



simulating the SI, HCCI, and SI-HCCI hybrid combustion modes. This unique modeling
approach made it possible for the engine model to be simulated in real-time in a dSPACE based
hardware-in-the-loop (HIL) system, due to its low computational throughput. The developed
engine model was calibrated and validated using the simulation results from the corresponding
one-dimensional GT-Power engine model in the dSPACE based HIL engine simulation

environment.

Through HIL simulations using the developed engine model, a multistep SI to HCCI combustion
mode transition strategy was incrementally developed. It takes several engine cycles (typically
five) to complete the combustion mode transition. During the combustion mode transition, a
model based linear quadratic (LQ) engine MAP (intake manifold absolute pressure) tracking
controller was used to maintain the air-to-fuel ratio in the desired range by regulating the engine
throttle; the DI (direct injection) fuel quantity of individual cylinder was controlled via iterative
learning control (ILC); and spark ignitions were maintained to enable the SI-HCCI hybrid
combustions; The other engine parameters, such as the intake/exhaust valve timing and lift,
external EGR (exhaust gas recirculation) valve opening were controlled in an open loop. The
entire control strategy was validated in the developed HIL simulation environment. The
simulation results demonstrated the effectiveness of the proposed control strategy under both
constant and transient engine operating conditions. It can be concluded that smooth combustion
mode transition is achievable for IC engines using dual-stage valve lift and electrical VVT

systems as the valve actuation systems.
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CHAPTER 1

INTRODUCTION

1.1 New Technologies and Challenges

The imminent energy crisis and the increasingly stringent emission and fuel economy
regulations of automobiles are key factors to promote the research and development of many new
engine technologies in the past decade that increase internal combustion (IC) engine system
complexity significantly. Among these technologies engine downsizing using single or dual-stage
turbocharger and homogeneous charge compression ignition (HCCI) combustion are two
promising ones.
1.1.1 Engine downsizing

Downsized engine has higher power density (small displacement), leading to improved
fuel economy ([1] and [2]). Turbocharger is widely used in downsized IC engines, but it leads to
slow engine response due to turbo lag [3], which reduces the competitiveness of turbocharged
vehicles in the market. Smaller turbocharger reduces turbo lag, but at the same time, it limits the
engine boost pressure at high engine speed. Dual-stage turbocharger system has been proposed
recently in [4], [5], and [6] due to its potential of covering wide range of engine operational
conditions with reduced turbo lag. However the control of a dual-stage turbocharged engine is
fairly complicated. The dynamics of two turbochargers staged in series interact with each other,
which is different from the dual turbocharger engine with two turbochargers connected in parallel.
Furthermore, the turbo system and combustion chamber are connected in a closed loop. The

product of the combustion process, exhaust gas, is the energy input to the turbo system; the



compressor utilizes the turbo output mechanical energy to generate pressurized intake charge; the
intake gas pressure, or in other words, the boost pressure, is directly associated with the
combustion efficiency. High boost pressure leads to high combustion efficiency and engine power
density [7], but it could also lead to heavy engine knock [8]. Some technologies are introduced to
suppress the engine knock, such as high dilution combustion using external EGR (exhaust gas
recirculation) gas [8], dual fueling technology [9], and closed-loop combustion control using
in-cylinder ionization signal ([10] and [11]) or pressure signal ([12] and [13]). These technologies
greatly increase the engine control system complexity, and make it necessary to develop model
based control strategies.

1.1.2 HCCI combustion

HCCI combustion is another promising technology [14]. The flameless nature of the HCCI
combustion and its capability of high dilution operation lead to low combustion temperature. As a
result, the formation of NOx (nitrogen oxides) can be significantly reduced [15]. Furthermore,
HCCI combustion is capable of un-throttled operation that greatly reduces engine pumping loss
and improves fuel economy ([16] and [17]).

On the other hand, HCCI combustion has its own limitations. As illustrated in Figure 1.1, it
is limited at high engine load due to the audible knock ([18] and [19]); and at low load due to
misfire caused by the lack of sufficient thermal energy to trigger the auto-ignition of the gas-fuel
mixture during the compression stroke ([20] and [21]). In fact, HCCI can be regarded as a type of
engine operating mode rather than a type of engine [22]. In order to take advantage of the HCCI
combustion mode in an IC engine, other combustion mode, such as spark ignited (SI) combustion,
is required at high load, at high speed [23], at ultra-low load (such as idle), and at certain operating

conditions, such as at cold start [24].
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Figure 1.1: HCCI combustion operation range

It is fairly challenging to operate the engine in two distinct combustion modes, and it is
even more difficult to have smooth combustion mode transition between the SI and HCCI
combustions, because the favorable thermodynamic conditions for one mode are always adverse to
the other [25]. For example, high intake charge temperature is required in the HCCI mode to
initiate the combustion, while in the SI mode it leads to reduced volumetric efficiency and
increased knock tendency [26]. For this reason, engine control parameters, such as intake and
exhaust valve timings and lifts, throttle position, and EGR (exhaust gas recirculation) valve
opening, are regulated at different level between these two combustion modes. During the
combustion mode transition, these engine parameters need to be changed rapidly. However, the

physical actuator limitations on response time prevent them from completing their transitions



within the required duration, specifically, within one engine cycle [27]. The multi-cylinder
operation makes it even more difficult [28]. Accordingly the combustion performance during the

transition cannot be maintained unless proper control strategy is applied.

1.2 Related Work

In order to tackle the challenges and implementing these new technologies to IC engines,
more attentions have been paid to the researches for advanced control strategies, such as model
based control. In this dissertation, control oriented models are presented for the dual-stage
turbocharged engine and the HCCI capable SI engine. Furthermore, the model based control
strategies were studied for the combustion mode transition control of the HCCI capable SI engine.
1.2.1 HCCI capable engine control

To realize the HCCI combustion in production IC engines, it has two challenges regarding
the engine controls. One is the control of the HCCI combustion process, where the challenge is
mainly due to the cycle-to-cycle residual gas dynamics; the other is the combustion mode
transition control, which is a major concentration of this dissertation.

The control of the HCCI combustion process has been widely studied for different engine
configurations in past decades. Among these studies, the combustion timing control is of the
greatest interest, due to the lack of direct combustion trigger in the HCCI combustions. In [29],
stable HCCI combustion timing was achieved at different engine speeds by regulating the engine
VVT (variable valve timing) through a PID (proportional, integral, and derivative) control with
gain scheduling. Shaver ([30], [32], and [32]) realized stable combustion timing and work output
performances via closed-loop residual gas quantity control, for an HCCI capable engine equipped

with a camless VVA (variable valve actuation) system. Ravi developed a model based combined



feedback, feedforward and integral control strategy to track desired load-phasing trajectories of the
HCCI combustions ([33] and [34]), where the pilot fueling during recompression phase of the
HCCI combustions is used as the control knob. Robust HCCI combustions were also achieved for
transient operating conditions through control strategies as described in [35], [36], and [37]. These
advanced control strategies make the HCCI combustion feasible in practical IC engines, but they
bring challenges to the combustion mode transition at the same time, which is inevitable for
production engines with the HCCI combustion mode [38].

In order to implement the HCCI combustion technology in production engines, in recent
years, the combustion mode transition control has become an interesting topic in the HCCI engine
research. In [39] and [40], smooth mode transitions between the SI and HCCI combustions were
realized for a single cylinder engine equipped with the camless VVA system. However, the
camless VVA system itself is still not feasible for mass production due to its high cost and package
issues. In [41], smooth combustion mode transition was realized for a single cylinder GDI engine
equipped with VVT system. In [42], a VVT system with dual-stage lifts was used on a
multi-cylinder engine for studying the mode transition. Experimental results showed the potential
of achieving smooth mode transition by controlling the throttle opening timing and the DI (direct
injection) fuel quantity. However, satisfactory engine performance during the mode transition was
not accomplished due to the lack of control strategies.

The SI-HCCI hybrid combustion mode as described in [43] and [44] can be observed
during the mode transition between the SI and HCCI combustions. It was discovered in [25] that
the control of the SI-HCCI hybrid combustion mode is the key to achieve smooth combustion
mode transition for engines equipped with the VVT system. Accordingly, this dissertation mainly

focuses on the modeling and control development of the hybrid combustion mode.



1.2.2 SI-HCCI hybrid combustion mode

The SI-HCCI hybrid combustion starts in SI combustion mode with a relatively low heat
release rate; and once the thermodynamic and chemical conditions of the unburned gas satisfy the
start of the HCCI (SOHCCI) combustion criteria, the combustion continues in the HCCI
combustion mode, which is illustrated by the dashed curves of mass fraction burned (MFB) shown
in Figure 1.2. During an ideal SI to HCCI combustion transition process, the percentage of SI
combustion (ST to SOHCCI, see Figure 1.2) decreases gradually while the HCCI combustion
percentage (SOHCCI to end of combustion or MFB = 1) increases gradually [45]. For the HCCI to
SI combustion transition, the process is reversed. This hybrid combustion mode transition process

allows using conventional cam phase system since the required cam phase will change gradually.
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Figure 1.2: MFB in SI-HCCI hybrid combustion mode transition process
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During the combustion mode transition, the engine thermodynamic conditions are between
the SI and HCCI modes. The typical control strategies of both SI and HCCI combustion modes
cannot be applied under the transitional conditions, due to the lack of control variables [25].
However, the SI-HCCI hybrid combustion mode is feasible under the transitional conditions.
Implementing the hybrid combustion mode during the combustion mode transition, the engine
performances such as the IMEP (indicated mean effective pressure) can be controlled by the spark
ignition, fuel quantity, and intake/exhaust valve timings. The multistep mode transition control
strategy developed in this dissertation is based on the SI-HCCI hybrid combustion mode.

1.2.3 Related control methods

The SI-HCCI hybrid combustion mode control is studied in this dissertation for the first
time, to achieve smooth SI to HCCI combustion mode transition, for an HCCI capable SI engine
equipped with dual-stage turbocharger system. For the control development, three control methods
were utilized. They are linear quadratic (LQ) tracking control, iterative learning control (ILC), and
PI (proportional and integral) control.

LQ tracking control minimizes a quadratic tracking error over a given time period based
upon the LQ optimal control theory, where a nonzero reference signal is given, see [46], [47], and
[48]. In this dissertation, this method is used to make the engine MAP (intake manifold absolute
pressure) track the desired reference during the combustion mode transition. As a result, the
air-to-fuel ratio of each engine cylinder can be maintained within the desired range, which makes
the engine IMEP (indicated mean effective pressure) controllable through regulating DI (direct
injection) fuel quantity.

ILC is a feedforward control method [49] with numerous applications, such as in [50] and

[51]. In this dissertation, to eliminate the significant cylinder-to-cylinder and cycle-to-cycle



variations of the engine IMEP during the mode transition, ILC was applied to the DI fuel quantity
of individual cylinder. The motivation of using this method is mainly due to the repetitive nature of
the combustion mode transition process.

PI control is a popular feedback control method. In this dissertation, it is combined with the
ILC to smooth the combustion mode transition process under transient engine load conditions.

The control methods discussed above are well known in theory, but to apply them to the
specific application a validation approach is required and the HIL engine simulation is adopted.
1.2.4 HIL engine simulation

The HIL simulation is a powerful tool used in the development and validation of a complex
real-time embedded control system, such as an engine control system. Utilizing the appropriate
engine model, an HIL simulator, such as the dSPACE engine simulation system, is capable of
providing various engine output signals based upon the control signals provided by the engine
controller at different engine operational conditions [46]. Development of an engine control
system using the HIL simulation environment could reduce cost and shorten development cycle.
Therefore, HIL simulations are widely used in the automotive industry for power-train system
research and development [53]. To take the advantage of the HIL simulation, a control oriented
engine model is required.

In order to provide high resolution engine signals, the HIL simulator always runs with a
very short time step. Accordingly the model needs to be updated within a given short period. For
example, if the in-cylinder pressure signal is updated every crank degree, the combustion model
calculation needs to be completed every crank degree, which is corresponding to 56 microseconds
when engine speed is 3000 rpm. The requirement of real-time simulation limits the complexity of

the control oriented engine model.



1.2.5 Engine modeling

For control strategy development, zero dimensional mean value engine models are widely
used, see [54] through [58], due to their simplicity and low simulation throughput. For the engine
air handling system or crankshaft dynamics, mean value models are accurate enough since the
piston reciprocating movement has less impact on these subsystems than on the combustion
process. Therefore, the mean value modeling approach is also used for these subsystems in this
dissertation. The disadvantage of the mean value engine modeling is that it does not provide
detailed information about engine combustion process, such as in-cylinder gas pressure,
temperature, and ionization signals, which have been widely used for closed-loop combustion
control ([59], [60] and [61]). The in-cylinder pressure rise (dP/d0) is a key indicator for detecting
engine knocks [62].

In order to explore the details about the engine combustion process, multi-zone, three
dimensional CFD (computational fluid dynamics) models with detailed chemical kinetics are
presented in [63], [64] and [65], and they are able to precisely describe the thermodynamic,
fluid-flow, heat transfer, and pollutant formation phenomena of the HCCI combustion. Similar
combustion models have also been implemented into commercial codes such as GT-Power [66]
and Wave. However, these models with high fidelity cannot be directly used for control strategy
development since they are too complicated to be used for real-time simulations, but they can be
used as reference models for developing simplified (or control oriented) combustion models for
control purpose.

For real-time HIL simulations, it is necessary to develop a type of combustion model with
its complexity inter-between the time based mean value models and the CFD models. This

motivates the combustion modeling work presented in this dissertation. The OD (zero dimensional)



crank based combustion model is selected for this dissertation. Table 1.1 compares the capability

of this modeling method with the other two.

Table 1.1: Features for different combustion model

0D time based 0D crank based 1D & 3D CFD
combustion model | combustion model | combustion model
Implementation tool Matlab/Simulink aﬁ?gﬁ{iigﬁ}zl& GT;iZV;iﬁe\zave
Time cost per cycle Micro seconds Real-time Minutes to hours
One-zone Yes Yes Yes
Two-zone No Yes Yes
Multi-zone No No Yes
Chemical concentration No No Yes
Gas-fuel mixing model No No Yes
In-cylinder flow dynamics | No No Yes
IMEP Yes Yes Yes
In-cylinder pressure No Yes Yes
In-cylinder temperature No Yes Yes
Ionization signal No Yes No

1.3 Dissertation Contributions

This research begun with modeling the dual-stage turbocharged SI engine. A mixed
time-based and crank-based modeling method was used. The engine air-handling system was
modeled in a time-based mean-value approach, and SI combustion process was modeled as
functions of engine crank angle. The same modeling approach was then applied to model the

HCCI capable SI engine. The developed combustion model is capable of simulating the SI, the
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HCCI and the SI-HCCI hybrid combustion modes. Both engine models were calibrated and
validated by the corresponding GT-Power models. Afterwards the engine models were
implemented and validated in the dSPACE based HIL simulation environment.

The HCCI capable SI engine control was studied in the developed HIL simulation
environment. A multistep control strategy was developed to achieve smooth combustion mode
transition between the SI and HCCI combustion modes. The HIL simulation results demonstrated
the effectiveness of the developed control strategy under both constant and transient engine
operating conditions.

The dissertation has the following major contributions:

o The mixed time-based and crank-based engine models were developed for a dual-stage
turbocharged SI engine and an HCCI capable SI engine. They are capable of real-time
simulation with accuracy comparable to the relatively high fidelity GT-Power model.

o The SI-HCCI hybrid combustion process was modeled for the first time using a mixed
two-zone and one-zone combustion models. The SI and HCCI combustions are special
cases in the SI-HCCI hybrid combustion model.

o Smooth SI to HCCI combustion mode transition was demonstrated using multistep control
strategy, where the SI-HCCI hybrid combustion mode was implemented to relax the charge
temperature requirement, LQ optimal tracking control was used to regulate the charge
air-to-fuel ratio at desired range so that the engine IMEP can be regulated through DI fuel
quantity control, and the IMEP of each engine cylinder was regulated through iterative
learning control of the DI fuel quantity of the corresponding cylinder.

1.4 Dissertation Outline

The material presented in this dissertation is organized into six chapters. In Chapter 2, the

11



dual-stage turbocharged SI engine model is developed using the mixed time-based and
crank-based method; the model is also validated with the corresponding GT-Power model. In
Chapter 3, the SI-HCCI hybrid combustion mode is defined and the corresponding model is
presented along with the gas exchange process model; the model validation results are also
discussed. In Chapter 4, the implementation of the developed model into the real-time HIL
simulation environment is depicted with the proposed numerical approach; the HIL simulation
results are presented to introduce the control study for the following chapter. In Chapter 5, the
challenges of the SI to HCCI combustion mode transition are analyzed and the multistep
combustion mode transition control strategy is presented with HIL validations. In Chapter 6,

conclusions and future work are drawn.
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CHAPTER 2
DUAL-STAGE TURBOCHARGED SI ENGINE MODELING USING

MIXED MEAN VALUE AND CRANK BASED METHOD

2.1 Introduction

Downsized engine using dual-stage turbocharger has been discussed in the previous
chapter for its high power density and ability to cover wide range of engine operational conditions
[6]. However dual-stage turbocharger may lead to extreme engine operational conditions. For
instance, the engine load could reach 30 bar IMEP (indicated mean effective pressure) with 3 bar
MAP (intake manifold absolute pressure), which could result in heavy engine knock that can’t be
ignored. Using the external cooled EGR gas to reduce combustion temperature and the rate of
in-cylinder pressure rise is introduced in [11]. VVT technique is also recommended to adjust the
effective compression ratio at high load to suppress the engine knock. Flex fuel, such as ethanol, is
also an effective way to reduce engine knock ([67] and [68]).

These technologies require sophisticated engine control strategies, such as model-based
control, to operate the engine at its most efficient conditions, which requires a control oriented
engine model for the control strategy development and validation. This control oriented model has
to be accurate enough to include detailed engine dynamics, and capable of being simulated in
real-time at the same time. A mixed mean value and crank based engine model is proposed and
developed in this chapter. The engine model contains both time based engine dynamics, such as

crankshaft dynamics, and crank based engine combustion process.
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This chapter is organized as follows. In Section 2.2 the engine configuration and its
GT-Power model are discussed. In Section 2.3 the time based mean value models of the engine air
handling system are presented. Section 2.4 provides the governing equations of combustion

process as a function of the crank angle. Model validation is accomplished in Section 2.5.

2.2 Engine Configuration and GT-Power Model

Figure 2.1 shows the downsized three-cylinder engine with cooled EGR and dual-stage
turbocharger. The HP (high pressure) turbocharger, connected to the engine intake and exhaust
manifolds, is smaller than that of the LP (low pressure) turbocharger. Accordingly, the HP
compressor has a smaller capacity of air mass flow rate than the LP one. A bypass valve is
connected to the HP compressor, and it is used to match the air mass flow rate of both compressors.
Each stage of turbine is equipped with solenoid controlled continuously adjustable waste-gate. An
intake cooler is connected between the HP compressor and intake manifold. Unlike traditional
engines, this engine utilizes intake throttles located close to the three intake runners between the
intake manifold and intake ports to improve transient responses. The engine also features dual
intake and exhaust valves with independent variable valve timing (VVT) control. Both cam
phasing actuators are adjustable in the range of +20 crank degrees. The EGR cooler and
controllable EGR valve in Figure 2.1 composes the external EGR system of the engine. Cooled
EGR gas can be re-circulated through the external EGR system back to cylinder, and acts as inertia
gas to cool down the combustion temperature. The engine is also equipped with dual fuel injection
systems: port fuel injection (PFI) and direct injection (DI), and can be operated with any blend of

ethanol and gasoline.
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Figure 2.1: Dual-stage turbocharged SI engine configuration

Table 2.1: Dual-stage turbocharged SI engine specification

Engine parameter

Model value

Bore/stroke/con-rod length

83mm/73.9mm/123mm

Compression ratio

13.5:1

Intake valve/exhaust valve diameter

31.4mm/22.5mm

Throttle diameter

3x48mm

Intake manifold/exhaust manifold volume

2.0L/0.57L

Inertia of HP-stage turbocharger shaft

3.807F-6kg.m”

Inertia of LP-stage turbocharger shaft

2.7E-5kg.m”
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Figure 2.2: GT-Power engine model diagram
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The key engine geometry dimensions are listed in Table 2.1. The actual engine is still under
development. Accordingly a GT-Power engine model was developed corresponding to the engine
configuration shown in Figure 2.1 as the baseline for the engine control system development in the
early stage of the research.

GT-Power is commercial software for vehicle powertrain system modeling and simulation.
It is widely used in the automotive industry. It features an object-based code design, which allows user
to build an engine part by part, module after module. As shown Figure 2.2, the layout of the GT-Power
engine model is consistent with the engine configuration in Figure 2.1. The parameters of each engine
component can be specified individually by editing the property dialogue box of the corresponding
block. Most of the key parameters were given by the engine manufacturer, such as the intake and
exhaust valve lifts.

The GT-Power model is mainly based on one-dimensional fluid dynamics, representing the flow

and heat transfer in the piping and other flow components of an engine system [66]. It takes relatively long
time (sometimes, in hours) for the model solution to converge and provides the steady state performance of
the engine. This makes it impossible to use the GT-Power model for real-time engine simulation.
Furthermore, GT-Power is capable of providing accurate steady state simulation results but relatively weak
in transient simulations. Therefore, GT-Power modeling tools are usually used to estimate steady state
engine performance.

To meet the requirements of the real-time HIL simulation, a control oriented engine model was
developed in Matlab/Simulink with “C” S-functions to be implemented into dSPACE or Opal-RT based
HIL simulators. The GT-Power model introduced in this section was used to calibrate and validate the

engine model developed in the remaining chapter.
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2.3 Mean Value Models for Engine Air Handling System

This section describes mathematical subsystem models for those engine subsystems whose
averaged dynamic behaviors are required for control purpose, even though they are functions of
engine reciprocating phenomenon. All parameters and variables used in these models are functions
of time .
2.3.1 Valve model

The valve model, described below, is used for the intake throttle, the HP and LP waste-gate,
and EGR valve since these actuators share same physical characteristic. Assuming that the spatial
effects of the connecting pipes before and after these valves are neglected and their
thermodynamic characteristics are isentropic expansion [69], the governing equation of the valve

model is

P, P
m. — CdA 4 v down
' " JRT, T\ By (2.1)

where

- J2x(1-x), if %<x<1
= %/5, if x<% (2.2)

Cg 1s the valve discharge coefficient; 4, is the valve open area; Py, and T, are the valve upstream
pressure and temperature; P, is the valve downstream pressure; and m,, is the mass flow rate

across the valve. Note that both Cj and A4,, are functions of the valve opening angle 8,,.

2.3.2 Manifold filling dynamic model
This model is mainly used for the intake and exhaust manifolds, inter-compressor and

inter-turbine pipes. The receiving behavior is assumed to be an adiabatic process in these
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manifolds [69]. Their thermodynamic states are uniform over the entire manifold volume and the
manifold temperature is averaged over one engine cycle for this mean value model. Then the
governing equation for the manifold filling dynamics is

dP, RT,
eV

m

(i = Mour ) (2.3)
where P, is the manifold pressure; 7}, is the manifold temperature; V,, represents the manifold

volume; m;, and m,,; are the inlet and outlet air mass flow rates, respectively.

2.3.3 Crankshaft dynamic model
Based upon Newton theory, assuming a rigid crankshaft, it can be derived as

dNe_@Te_Tl
dt 27 J, (2.4)

where J, is the rotational inertia of the engine crankshaft; 7, and 7} are the engine brake torque and

load torque, respectively. Note that in future simulations, 77 is generated by an engine

dynamometer model controlled by a PID feedback controller to maintain the desired engine speed.
2.3.4 Turbine and compressor models

The turbocharger is modeled using the so-called energy conservative equations based upon
its steady state compressor and turbine maps, which can be found in [6] and [70]. Notice that the
turbo mass flow rate (MFR) and shaft speed in the turbo mapping equations given below are in the
so-called reduced form, to make the turbo maps applicable for all inlet conditions. Without this
conversion, it would require different turbo maps for each combination of inlet pressure and
temperature [71].

Both turbine and compressor dynamics are described below in equations (2.5) to (2.12),

where P;, and T}, are either turbine or compressor inlet pressure and temperature; P,,,; and 7,,,;are
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either turbine or compressor outlet pressure and temperature; Ny, 1s the turbocharger shaft
speed in rpm; and # denotes thermal efficiency.

1) Turbine mapping: Turbine maps (f;,,5 and f ;) in equations (2.5) and (2.6) are used

to calculate the reduced MFR my,,;, and thermal efficiency #;,, based on pressure ratio across the

turbine and the reduced turbo shaft speed. The actual MFR can be calculated from the reduced

MER my,;p by
m, b:ft " Pm Nturbo Pz
ur ur >
POMt \/Tin \/En (2.5)
and

E’n N, turbo J

Pout ’ \/F

2) Compressor mapping: Compressor maps (f¢opmp and f ’Comp) in equations (2.7) and (2.8)

Nturb = ft'urb { (2.6)

are used to calculate the compressor pressure ratio and thermal efficiency #7¢op based on reduced

MFR m¢opp, and reduced turbo shaft speed by

Pout — f mcomp v Tm Nturbo
P, comp P ) /—Tl (2.7)
and
_ f’ Mecomp Tl” N, turbo
Mecomp = Jcomp P ’ T (2.8)

3) Temperature calculation: The outlet temperature of the turbine or compressor can be

calculated based upon:
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2 (2.9)

(x-1) /
T; out [ OLll]
124]

Notice that equation (2.9) assumes isentropic gas expansion and compressing process for
either turbine or compressor. However, the actual physical process is not isentropic, leading to
more enthalpy remaining in the gas due to thermal efficiency, which makes the actual outlet
temperature higher than that given by equation (2.9), but the difference is relatively small.
Simulation results presented in Figure 2.5 show an acceptable correlation between GT-Power

results and the temperature calculated using equation (2.9). Therefore, this assumption is

acceptable.

4) Turbine power calculation: The power generated by turbine, denoted as Ey;p, is

calculated by

K
Eppp = mturbc NeurTin | 1— (;_WJ (2.10)

5) Compressor power calculation: The power required to drive compressor, denoted as
Ecomps 1s calculated by
x—-1

B 1 Py ) K
Ecomp _mcompcp Tm (P j -1 (2.11)

comp in

6) Power balance on turbocharger shaft: The power balance on the turbocharger shaft is

calculated by

dn, turbo

Erp — Ecomp JturboNturbo dt (2.12)

where Jy,;p0 15 the rotational inertia of the turbocharger shatft.
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2.4 Crank Based One-Zone SI Combustion Model

This section presents the mathematic model of the SI combustion model based on the
one-zone assumption of the in-cylinder gas-fuel mixture.
2.4.1 Crank based methodology

The purpose of the combustion process modeling is to correlate the trapped in-cylinder gas
properties, such as air-to-fuel ratio, trapped EGR gas mass, in-cylinder gas pressure and
temperature, to the combustion characteristics such as misfire, knock, burn duration, and IMEP.
The developed combustion model will be combined with the mean value air handling system
model to construct the entire engine model used for model-based control strategy development and
validation of the dual-stage turbocharger engine. Note that the combustion model also needs to
meet the real-time HIL simulation requirements.

Some combustion related parameters in the combustion model are updated every crank
degree, such as in-cylinder gas pressure and temperature, while the others, such as IMEP and
air-to-fuel ratio are updated once every engine cycle at the given crank position. The latter reflects

cycle-to-cycle dynamics of the combustion process. Overall they are all discrete functions of

engine crank position §;, which is different from the mean value model presented in the last section,

where the parameters are continuous functions of time ¢.

There are many motivations of using the crank based modeling approach. The first is due to
the fact that most combustion characteristics are usually functions of the crank angle, such as burn
duration and peak pressure location; and the second is that the entire combustion process is divided
into several combustion phases associated with certain events as a function of crank position. As
shown in Figure 2.3, these events are intake valve closing (IVC), spark ignition timing (ST),

exhaust valve opening (EVO), exhaust valve closing (EVC), and intake valve opening (IVO). The
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in-cylinder behaviors (such as pressure, temperature, etc.) are modeled differently during each

combustion phase that is defined between two combustion events.

In-cylinder pressure
Intake valve profile [
Exhaust valve profile

In-cylinder pressure (bar)

\\ 5
IVO| ¢ | EVC ™ |
::\\ ‘
| [ \\ |
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Figure 2.3: SI combustion related events and phases

The crank based modeling approach has its own limitation, too. During the real-time
simulation the entire model needs to be executed within the time period associated with the desired
update period (for example, one crank degree). This leads to short computational time window at
high engine speed. For instant, 3000 rpm of engine speed corresponds to 56 micro seconds for one
crank degree, while 6000 rpm corresponds to only 28 micro seconds. If the upper limit of engine
speed is set to 6000 rpm, in order to avoid the overrun during the simulation, the computation of
the combustion model must be completed within 28 micro seconds. This limits the complexity of
the combustion model.

In Figure 2.3, the combustion phase starts from ST and ends with EVO. The gas exchange
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process from EVO to IVC and compression process from IVC to ST are also important to the
combustion process, since the gas-fuel mixture is prepared during these two phases.
2.4.2 Gas exchange process modeling

1) EVO to IVO: After the exhaust valve is opened, the in-cylinder gas isentropically
expands in the engine cylinder, exhaust ports and manifold, and this phase is called gas exhaust.

Simply assume the in-cylinder pressure in this phase equals the exhaust manifold absolute pressure

(EMP) Py
P(Hi):PEM (2.13)
where 6; is the current crank position. The in-cylinder gas temperature is calculated by
xl
T(0)=T(0 ){ Py }’“ (2.14)
)= EVO)'\ ©Hh p N .
: P(Opyo)

where T(0gyo) and P(Ogyp) are the temperature and pressure at the crank position of exhaust

valve closing, and they are derived from the combustion phase.

2) IVO to EVC: this phase is usually called valve overlap phase. During this phase the
intake valve starts to open while exhaust valve is closing. The opening of both valves makes the
flow dynamics more complicated and difficult to model. For simplicity, assume the in-cylinder gas

pressure equals the mean value of the pressures in exhaust manifold and intake manifold. That is,

_ Pem + Py
PO) == (2.15)

where Pjy is the intake manifold absolute pressure. The gas temperature can be calculated same as

in the last phase
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k-1

T(6;)= T(HIVO){%} ) (2.16)

In addition, at EVC the residual gas mass is calculated based on ideal gas law as follows,

_ POy )V (Okyc)
T(Opyc)R 2.17)

7

3) EVC to IVC: during this phase fresh air is trapped into engine cylinder. The in-cylinder
pressure is mainly influenced by intake manifold pressure but not always equal to it. It can be

calculated by:
P(0;) = Py (2.18)

where 7y is actually the volumetric efficiency of the intake process, and it is a function of engine

speed N, and engine load Ppy,. In-cylinder gas temperature is calculated by

k-1

T(6) =T(9EVC>{%} ) (2.19)

Additionally, the total mass of in-cylinder gas mixture for the compression and combustion phases

is calculated at IVC also based on ideal gas law as follows,

. = POV Oyc) _ w PV Orye)
L T@ye)R T(c)R (2.20)

4) IVC to ST: This phase is the compression phase without combustion. The governing

equations of this phase are also based on the isentropic law of ideal gas. They are

(2.21)

4GB
v (6;)

P(Hi):P(Hi—l){

and
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(k1)
T(@)zT(ei_n{M}

V(8 (2.22)
where V(6;) is the cylinder volume at crank position V(6;) and is calculated by
Vo= Lot LSO L2 | 7S
Y2 r-1 S 2 52 ! 4 (2.23)

Note that » is compression ratio; L is connecting rod length; S is piston stroke; B is piston bore. The
values of these parameters can be found in Table 2.1.
2.4.3 Fueling dynamics and air-to-fuel ratio calculation

As shown in Figure 2.1, the engine is equipped with dual fueling systems: DI and PFI. The
vaporization and mixing of DI fuel is complicated and difficult to be modeled in a zero dimension
model. The combustion model simply assumes that the total DI fuel of every cycle is completely
vaporized and well mixed with the in-cylinder air. On the other hand, the DI fueling has less
dynamic influence on engine combustion, since the DI fuel injected in current engine cycle has
negligible impact on the combustion of next cycle if combustion is normal. Whereas for the PFI
fuel, the vaporization and mixing inside the engine cylinder are nearly complete, but the wall
wetting phenomena of the PFI fuel spray on the intake port and the back of the intake valve
introduces cycle-to-cycle dynamics and affects the engine transient performance seriously. It must
be modeled in the engine model.

The wall wetting phenomena of the PFI fuel injection can be described in such a way that

only part of the injected fuel (B-M;y;, 0< B<I) enters the cylinder while the rest of the fuel

((1-p)"My;) remains on the surface of the intake port and the back of intake valves. Then the total

fuel injected into the cylinder consists of the fuel directly injected into the cylinder and the fuel
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vapor (oM, 0< a<I) from fuel mass stored from previous injection. Wall wetting phenomenon

leads to the most important dynamics in PFI fuel mass calculation, which affects engine transient

performance significantly [72]. The governing equation of the wall wetting dynamics is

M Gl [k]=a M, [k-1]+p My [£]
M o5 [K]= (1= @) Mo [k =1]+ (1= B)- M, [ K] (2.24)

where £ is the index representing engine cycle number, & indicates current engine cycle and k-1

indicates the last engine cycle; My;¢; is the quantity of fuel mass flowed into the cylinder; Mg is

the quantity of fuel mass left on the port and the back of intake valves; My; is the amount of fuel

injected by the PFI injector for the given engine cycle; coefficients o and £ are functions of engine
coolant temperature, engine speed and load.

The engine gas exchange behavior introduces dynamics to the air-to-fuel ratio calculation
too, since a substantial part of the burned gas remains inside the cylinder, especially at low load.
This gas fraction carries the air-to-fuel ratio of the previous engine cycle to the current one.

Therefore, the air-to-fuel ratio is model cycle-by-cycle below

A [R)(M K] =M [k =1]) + ALk =1]- M [k ~1]

Alk1= M, k] (2.25)

where 4 is the normalized air-to-fuel ratio of gas mixture inside engine cylinder after IVC; Ais the

normalized air-to-fuel ratio of fresh charge in current cycle, and it is defined as

y) [k] — Mt[k]_Mr[k_l]
! M fi[K1(1+0) (2.26)

and o 1s stoichiometric air-to-fuel ratio of the fuel.
2.4.4 One-zone SI combustion model

In the SI combustion mode, the start of combustion is forced by the spark ignition, which
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can be controlled at any desired crank position ST. After ST the mass fraction burned of trapped

fuel can be represented by the S-shaped Wiebe function [73] as

m+1
0 -6
X( l) Xp a[ AHS] J (227)

where Afgy is the predicted burn duration of SI combustion mode (a calibration parameter of
engine speed, engine load (MAP) and coolant temperature); and m is the Weibe exponent (m=2

was used in the model). Coefticient a depends on how the burn duration Afg; is defined. If Afg; is

specified as 10% to 90% MFB, a is calculated by

1 1 m+1
a=4[-In(1-0.9)],, 71 ~[~In(1=0.D], 1 (2.28)

Assuming both burned and unburned gases are evenly mixed in one zone, the SI
combustion process is simplified into a heat transfer with volume change process of entire

in-cylinder gas. The in-cylinder gas temperature can be calculated by

V(@,._lq(’f‘l) st M Hygy [x(6) ~x(6,-)]-0(0)

re)=T (91—1)[7@) M,C, (2.29)

where #g71s function of engine speed and engine load, calibrated by matching the calculated IMEP

with that given by GT-Power; and Q represents the heat transfer between the in-cylinder gas and
cylinder inner surface. Only convection was considered in the model, since for gasoline engine the
heat transfer due to radiation is relatively small in comparison with the convective heat transfer [3].

Woschni correlation model ([38] and [74]) is used to calculate the heat transfer term,
Q(ei):Achc [T(ei—l)_Tw] (2_30)

where /. is called Woschni correlation, and it can be written as
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h, = cB" Py 0TS L62m [y 231
The coefficients c and exponent m in equation (2.31) can be used to correlate the simulation results
to the experimental data, or GT-Power simulation results; ¢=0.54 and m=0.8 were found to have
good correlation for the model in this research.

There are two terms in the right hand of equation (2.29). The first term represents an
isentropic compressing or expanding process, while the second term calculates the temperature
rise due to the heat transfer during the combustion. Therefore, the complicated thermodynamic
process of the combustion is simplified into an isentropic volume change process without heat
exchange in one crank degree period and the heat absorption from combusted fuel without volume
change in an infinitely small time period. Based on the updated gas temperature from equation
(2.29), the gas pressure can be calculated by applying ideal gas law to the in-cylinder gas as
follows,

VG- T)
V) T) (2.32)

P(6;) = P(6;—1)-

2.4.5 Engine torque computation
The equations presented in the last sub-sections provide a complete profile of in-cylinder
gas pressure of each engine cycle. Based on this pressure profile and the cylinder volume profile,

the engine IMEP (indicated mean effective pressure) can be calculated by a simple integration

11'
Z.

2

~719
Pivep =
i=0

{P(6:)-[V(6:)-V(6)]} (2.33)

where V; is the cylinder displacement; and

Va =V (98pc) =V (9rpc) (2.34)

At last engine torque output is calculated by
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7 = S0n(Pivep — Pryep)Va
¢ 27N, (2.35)

where Pry gp 1s the friction mean effective pressure and 7 is the quantity of engine cylinders.

2.5 Model Validation Using GT-Power Model

The crank based combustion model was assembled with the mean value air handling model
to build the entire control oriented engine model. Chapter 4 provides details about how they are
assembled and implemented into the HIL simulator. To validate the developed engine model, HIL
simulations were performed and results were compared with those from GT-Power model.

Table 2.2 lists some key parameters of the engine setup, and Table 2.3 shows how the
dual-stage turbocharger was adjusted for different engine conditions. Both full and half load
engine simulations were performed for engine speeds between 1000 and 5000 rpm with a 500 rpm
increment. The fuel quantity was controlled in a closed-loop to maintain stoichiometric air-to-fuel
ratio for all simulations, and engine spark timing was adjusted to MBT timing [75] for all
simulations, too. The same parameter set was used for both GT-Power engine model and the

developed engine model in all simulations.

Table 2.2: Engine setting for both full and half load simulation

Actuator Parameter Setting
Intake valve timing (peak valve lift) 460° ACTDC
Exhaust valve timing (peak valve lift) 260° ACTDC
EGR valve duty 0
Intake throttle opening Full: 90°; half: 20°
Air-to-fuel ratio stoichiometric
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Table 2.3: Dual-stage turbocharger setting for full/half load simulation

Engine speed HP Waste-gate (°) LP Waste-gate (°) Bypass valve (°)
(e Full Half Full Half Full Half
1000 0 90 0 90 0 0
1500 1.5 2.7 0 90 0 0
2000 3.5 3.2 0 90 0 0
2500 4.5 3.6 0.5 90 0 0
3000 4 3.8 1.8 90 0 0
3500 90 3.5 34 90 90 0
4000 90 90 4.1 15 90 90
4500 90 90 6 18 90 90
5000 90 90 7.8 24 90 90

In Table 2.3 the waste-gates and bypass valve positions of the dual-stage turbocharger were
selected to achieve the best engine performances while maintaining the stability of the compressor
and turbo systems. For instance, for the full load simulations, the LP compressor always operates
within the surge and over speed limits of its compressor map to maintain stable engine operations
without damaging itself, as shown Figure 2.4. Note that for this downsized engine, high boost
pressure is desired to achieve maximum engine torque output at full load, and as a result, the LP
compressor tends to operate at the region close to its surge limit to have the best performance.

Figure 2.5 presents the correlations of the engine torque; IMEP, MAP, and EMP (exhaust
manifold pressure). Good correlations were found for most of the simulated conditions over
engine speed and load ranges except for a few simulation points that are outside of the £10% range.
One can easily find that the EMP is the worst among the four compared parameters shown in

Figure 2.5. This is mainly due to the simplification of turbine dynamics in the real-time HIL
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simulations. From Table 2.3 one can see that when engine speed is higher than 3500 rpm at full
load condition, and 4000 rpm for half load condition, the HP waste-gate and bypass valve are fully
opened, and the dual-stage turbocharger system switches to a mode utilizing LP turbine only. To
simplify the computation, the HIL Simulink model neglects the pressure drop across the HP
turbine when the LP turbine only mode is activated. In the GT-Power model this dynamics is well
modeled since in this case there exists a small pressure drop across the HP turbine. In fact, this
pressure drop increases as the increment of engine load, leading the HP turbo shaft to rotate, which
increases EMP. Therefore, the GT-Power model simulates this small pressure drop in the pure LP
mode, providing more accurate results of EMP than those provided by HIL simulations. On the
other hand, the small errors of EMP in HIL simulations do not affect engine simulation accuracy
significantly in the LP turbine only mode since there is almost no additional boost provided by the

HP compressor due to the fully opened bypass valve.

overspeed limit
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Figure 2.4: Operating status of LP compressor for full load simulation
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Figure 2.5: Correlation plots of the HIL and GT-Power simulation results

2.6 Conclusions

In this chapter, governing equations for the combustion process and subsystems of a
dual-stage turbocharged SI engine are presented with certain assumptions. The steady state HIL
(Hardware-In-the-Loop) simulation results are also compared with the corresponding GT-Power
simulation results with satisfactory correlations. The following are the three key conclusions.

* Using mean value modeling technique for engine air handling subsystems and crank based
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modeling method for combustion process is an effective way to model both continuous and
discrete engine dynamics.

One-zone combustion assumption simplifies the SI combustion process modeling. By
separating the volume change and the fuel heat release in each crank degree, the in-cylinder
gas pressure and temperature can be calculated using two independent equations.

The developed engine model is capable of real-time simulations with modeling accuracy close

to that of the one dimensional GT-Power model.
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CHAPTER 3
CONTROL ORIENTED SI-HCCI HYBRID COMBUSTION MODEL FOR

AN HCCI CAPABLE INTERNAL COMBUSTION ENGINE

3.1 Introduction

As discussed in chapter 1, the HCCI combustion has potentials to reduce engine out NOx
(nitrogen oxides) emissions with the improve fuel economy. However, it has its limitations, too.
The HCCI combustion is limited at high engine load due to the audible knock [62] and at low load
due to misfire caused by the lack of sufficient thermal energy to trigger the auto-ignition of the
gas-fuel mixture late in the compression stroke [76]. In fact, HCCI can be regarded as a type of
engine operating mode rather than a type of engine [22]. In order to take advantage of the HCCI
combustion mode in an internal combustion engine, the SI combustion mode is still required for
those engine operational conditions between the medium load and high load. The HCCI
combustion mode can be used for these operational conditions between low load and medium load
[77]. Typically, it is between 2.5 bar and 5.5 bar IMEP. For engine load conditions below the low
limit, spark ignition is activated again to avoid misfired combustion [78]. Therefore, the HCCI
capable engine needs to switch its combustion modes between the SI and HCCI combustions
frequently under the practical vehicle operational conditions. However, the combustion mode
transition is an open issue that prevents utilizing the HCCI combustion technology. To address this
issue, a crank based SI-HCCI hybrid combustion model ([45] and [79]) will be presented in this

chapter for the control research of the combustion mode transition.
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Using the crank based engine modeling method introduced in the last chapter, a more
detailed two-zone SI combustion model was developed and is presented in this chapter. The
simulation results of the two-zone SI combustion model demonstrate that there exists an SI-HCCI
hybrid combustion mode, which starts with SI combustion and ends with HCCI combustion.
During the SI combustion phase, the burned gas applies work to the unburned gas and triggers
HCCI combustion of the unburned gas-fuel mixture under certain conditions. Controlling this
hybrid combustion process has the potential to have a smooth combustion mode transition, and the
HIL simulation results presented in the next chapter demonstrate its feasibility of improving the
quality of combustion mode transition. In this chapter, the two-zone SI combustion model is also
combined with an one-zone HCCI combustion model with updated gas exchange model to model
the SI-HCCI hybrid combustion, where both SI combustion and HCCI combustion are two special
operating modes of the SI-HCCI combustion.

This chapter is organized as follows. In Subsection 3.2 the HCCI capable engine is
introduced and a GT-Power combustion model is presented as the baseline model for the
calibration and validation of the modeling work in this chapter. The SI-HCCI hybrid combustion
model architecture is described in Subsection 3.3 to demonstrate the modeled hybrid combustion
process and the mode transition between the SI and HCCI combustions. In Subsection 3.4 the gas
exchange model is modified based upon the model described in the last chapter. Subsection 3.5
presents the dynamic equations used for the HCCI combustion phase; and Subsection 3.6
describes the two-zone SI combustion model as well as the governing equations under the
two-zone assumptions. Some steady state simulation results of the developed model are shown in

Subsection 3.7 with comparison to those obtained from the GT-Power simulations.
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3.2 Engine Architecture and GT-Power Model

Figure 3.1 shows the engine architecture used for modeling the SI and HCCI combustion
modes transition control. It features four cylinders with an external EGR system, dual cam shaft
capable of independent timing control of both intake and exhaust valves. The air handling system
of this engine is much simpler than the one studied in the last chapter due to the absence of
turbocharger system. Intake throttle is installed at intake pipe upstream of the intake manifold. The
engine is also equipped with the dual fuel injection system, PFI and DI, to facilitate the combustion
study. The major specifications of the engine are given in Table 3.1. According to these parameters
one can find that this engine configuration is very close to a typical SI engine, except for the cam
and valve systems. Both intake and exhaust cam shafts have two stages of lift profiles, the high and
low stages. For both cam shafts, the maximum lift is 9 mm for high stage and 5 mm for the low
stage. The engine valve timings can be adjusted independently with a fairly large range of +40°
crank angle for both cam shafts. This cam design enables the engine to operate in the SI
combustion mode with high volumetric efficiency, and in the HCCI combustion mode with more
internal residual gas and less pumping loss due to the possibility of un-throttled combustion.
Compression ratio of 9.8 shown in Table 3.1 might be a little low for the HCCI combustion. In
future, higher compression ratio will be adopted to extend the HCCI operation range at light load
conditions, such as the idle condition.

The air handling system shown in Figure 3.1 is actually a simplification of the system
presented in Figure 2.1. All governing equations of the air handling system are the same as those
listed in the last chapter. Therefore, they will not be repeated in this chapter and only the

combustion model will be presented in detail.
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Figure 3.1: HCCI capable engine configuration

Table 3.1: HCCI capable engine specification

Engine parameter Model value
Bore/stroke/con-rod length 86mm/86mm/143.6mm
Compression ratio 9.8:1
Intake/exhaust valve diameters 31.4mm/22.5mm
Intake/exhaust valve lifts of high stage 9mm/9mm
Intake/exhaust valve lifts of low stage Smm/5mm
Intake/exhaust valve timing range +40°/+40°
Intake/exhaust valve lifts lash 0.2mm/0.25mm
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For the SI-HCCI combustion study, a GT-Power model as shown in Figure 3.2 was also
developed, but only for studying the combustion process. It will be used as the baseline model to
calibrate the combustion related parameters and validate the combustion performance for the
developed model. In order to validate the combustion model without the influence of the engine air
handling system, the engine air handling dynamics was not included in the GT-Power combustion
model. Furthermore, only one cylinder is modeled, since the combustion process is assumed to be

the same for all cylinders with different combustion phase.
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®
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Figure 3.2: GT-Power combustion model
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3.3 SI-HCCI Hybrid Combustion Model Architecture

As discussed in Subsection 3.1, three combustion modes have been proposed for the HCCI
capable engine. They are SI, HCCI, and SI-HCCI hybrid combustion modes. In the rest of this
chapter, a zero dimensional crank based combustion model will be developed to model the three

combustion modes.
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Figure 3.3: SI-HCCI hybrid combustion related events and phases

To understand the characteristic of each combustion mode, the combustion related events
and phases of an IC engine are shown in Figure 3.3. Comparing with Figure 2.3, there is one
additional event in Figure 3.3. That is the SOHCCI (start of HCCI combustion). Furthermore, both
ST and SOHCCI are marked in the boxes with dashed frame to distinguish them from other events,
since the occurrences of these two events depend on the combustion mode. The other events exist

for any 4-stroke internal combustion engine. Accordingly, the main difference among each
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combustion mode lies on the phase between IVC and EVO. When the SOHCCI event does not
occur in this phase, the engine is operated at the SI combustion mode; and when the SOHCCI
event occurs before the SI event, the engine is operated at the HCCI combustion mode; while the
SI-HCCI hybrid combustion mode occurs inter-between the HCCI and SI combustion modes.
Note that both SI and HCCI combustion modes are special cases of the SI-HCCI hybrid
combustion mode. In fact, there is a fourth mode, in which both SI and SOHCCI do not occur in
the combustion phase, or SOHCCI happens very late in that phase. The fourth mode is unexpected
and needs to be avoided since it means misfire or partial combustion. The diagram in Figure 3.4
illustrates the model architecture and explains how the combustion modes switch between each
other. The most important criterion of the mode switch is Arrhenius integration AR/ ([73], [80],

and [81]), which can be represented by

6; b (_RTJ
ARI = JQ;VC Ax}xoxe dg (3.1
where xgand x, are unburned fuel and oxidizer mass fractions; exponents a and b are the influence

factors; multiplier 4 and Arrhenius activation energy E, can be obtained by matching the

experimentally determined rates of burning. The SOHCCI crank position is defined as the crank
angle for 1% fuel burned under HCCI combustion. Accordingly once ARI exceeds 1 the

combustion model switches to HCCI mode. The Arrhenius integration in equation (3.1) starts at
Orvc, and is reset at Ogpp. During this period the integration is updated every crank degree. The

gas temperature 7' in equation (3.1) is a key parameter that affects the rising speed of AR/

significantly. If spark ignition never happens, the variable 7 in equation (3.1) equals to in-cylinder

gas temperature; while during the SI combustion phase 7 equals to unburned gas temperature 77,
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which will be calculated by a two-zone SI combustion model presented in this chapter. This is also
the main motivation of developing the two-zone SI combustion model, since the one-zone SI
combustion model presented in the last chapter does not provide this information.

In Figure 3.4, there are three subroutines in the entire combustion model, the gas exchange
model, the one-zone HCCI and two-zone combustion models. In the rest of this chapter, these

sub-models will be investigated in great details.

—> 0=0+1 o

Gas exchange model

ARI=0j

One-zone HCCI
model

Two-zone
SI model

Gas compression
model

Figure 3.4: SI-HCCI hybrid combustion model diagram

3.4 Revisit the Gas Exchange Process

In HCCI capable engines, the gas exchange process is more complicated than that in SI
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combustion engines [82], and it affects the combustion timing and duration significantly. Both
positive valve overlap (PVO) and negative valve overlap (NVO) might happen in the entire engine
operating range depending on the valve control strategy. Figure 3.3 shows the case of NVO, in
which IVO comes later than EVC and creates a recompression profile on the in-cylinder pressure
signal. Furthermore the low stage lift profiles of both intake and exhaust valves allow the valve
timing to shift in a large range. The gas exchange model introduced in last chapter cannot be used

here, since it cannot deal with the large range of valve timing. A new gas exchange model is

required.
RPM=4000, MAP=1bar, EMP=1bar, EVC=340°, IVO=380°, IVC=-116°
6 T T T T T
i |“ ----- GT-Power model
1
b A L — Two-zone model |

In-cylinder pressure (bar)
W

TDC 100 200 300 400 500
Crank angle (° ACTDC)

Figure 3.5: In-cylinder pressure trace in gas exchange process

3.4.1 Gas exhaust process
The gas exhaust phase corresponds to the phase from EVO to IVO for PVO and the phase

from EVO to EVC for NVO. In this phase, the in-cylinder gas mixture is expanding in the cylinder,
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exhaust runner and manifold. The in-cylinder pressure drops quickly but not instantaneously down
to the level of the exhaust manifold pressure. It normally takes a few crank degrees for the
in-cylinder pressure to approach the exhaust manifold pressure. One can find this dynamic delay in
Figure 3.5. It is difficult to model this dynamics using simple dynamic equations for real-time
simulations. For simplicity, a first order transfer function is used to approximate this dynamic

process as

P(z)=——TEY0__py (o)

1- TEVO z (32)

where z is the unit delay operator; 7y is the time constant for exhaust valve opening;

The entire gas exhaust process is not an isentropic process because of the heat transfer
during the process. However, the entire process is divided into each crank degree, and the process
in such small period as a crank degree is also divided into two stages. The first stage is
approximated as an isentropic process without heat exchange, and it occupies the duration of one
crank degree. Heat exchange happens in the second stage, which occupies an infinitely small time
period. Using this method, the computational error is negligible, while the model is as simple as

K1

P(6)) } 00,

P(6,_1) _M(@H)CV (3-3)

r)=T(6 1){

By investigating the pressure trace provided by the GT-Power model shown in Figure 3.5,
one can find that during the late stage of the gas exhaust phase the in-cylinder pressure increases
significantly, and it finally reach 1.9 bar at EVC, much bigger than the exhaust manifold pressure
(1 bar in this case). There are two causes. One is that the exhaust valve is almost closed during the

late stage and restricts gas from leaving the cylinder; and the other is that the EVC timing is before

gas exchange TDC in the case. This phenomenon cannot be ignored, since P(@gy ) is used to

44



calculate residual gas mass M,, and M, will affect HCCI combustion timing and duration

significantly. This pressure rise dynamics can also be modeled by a first order transfer function

-7
P(z) = ——LF—Poy e

l—TEVC'Z (34)

where 5 gy is the predicted pressure ratio at EVC, and it is mostly affected by engine speed, EVC

timing and exhaust valve lift. A 3D table of the #gy calibration was derived based upon the

GT-Power simulations. As shown in Figure 3.2, this model yield a good match between the
pressure traces provided by GT-Power model and the two-zone combustion model, especially at

the EVC timing.

Table 3.2: Calibration of gy for low stage exhaust valve profile

RPM 1000 2000 3000 4000 5000
Oevc

300 1.26 1.4 1.49 1.62 1.72
310 1.31 1.46 1.57 1.72 1.78
320 1.32 1.49 1.63 1.79 1.88
330 1.3 1.49 1.64 1.79 1.9
340 1.25 1.39 1.51 1.68 1.77
350 1.13 1.23 1.31 1.41 1.48
360 1 1.01 1.04 1.04 1.12
370 0.9 0.91 0.83 0.85 0.8
380 0.82 0.77 0.69 0.7 0.63
390 0.75 0.68 0.62 0.61 0.54
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Table 3.3: Calibration of gy for high stage exhaust valve profile

REM 1000 2000 3000 4000 5000
Orvc

300 1.53 1.74 1.91 2.01 2.28
310 1.57 1.8 2 2.17 2.34
320 1.6 1.88 2.08 2.33 2.4
330 1.57 1.87 2.13 2.45 2.44
340 1.47 1.78 2.03 2.27 2.36
350 1.27 1.47 1.67 1.83 2.05
360 1.03 1.11 1.19 1.29 1.4
370 0.89 0.88 0.86 0.87 0.87
380 0.77 0.73 0.7 0.66 0.66
390 0.68 0.64 0.6 0.55 0.54

3.4.2 Residual gas recompression in NVO
Negative valve overlap (NVO) is often used to regulate the HCCI combustions. There are
two main advantages. One is to reform the pilot fuel injected during this phase (between EVC and

IVO in Figure 3.3) into short carbon chain molecules (pyrolysis) [83], as a result the active energy
E, in equation (3.1) can be reduced; and the other is to regulate the residual gas temperature. As a

result the in-cylinder gas temperature at IVC can be optimized for desired SOHCCI timing. The
first effect is difficult to model using governing equations. In [63] and [83], the influence of
recompression on £, is correlated by experimental data. In this chapter, this effect is ignored until

experimental data is available. For the second effect, it is modeled as follows.
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V(el-_o]("‘”  06.)

I(6)= T(ei—l)'[ V(6 M(6;_1)Cv (3.5)

and

P(6;)=P(6;_1)- (%] (3.6)

Another important parameter calculated in this phase is the residual gas mass. It is

calculated based upon ideal gas law, and updated once per engine cycle at EVC for NVO.

_ _ P(Ogyc) V(Ogyc)
Mr_M(HEVC)— R'T(QEVC) (3.7)

3.4.3 Gas exchange behavior in PVO

The gas exchange behavior during the phase from IVO to EVC for the PVO is also very
complicated. Since both intake and exhaust valves are partially opened in this phase, residual gas
and fresh charge can flow in many ways depending on the pressure ratio across each valve. For
simplification, assume gas exchange across exhaust valve is terminated in this phase; part of
residual gas can flow to intake port, but finally it flows back into cylinder during the rest of the
intake process. Based upon this assumption, the mass of residual gas for PVO case can be
calculated by equation (3.8) at IVO instead of EVC for NVO, and gas exchange of this phase is

actually a part of the air intake process.

P(Orvo) V(o)
R-T(Op) (3.8)

M, =MOno)=

This modeling approach may result in slight error for M,.. Fortunately, the PVO only occurs

during the SI combustion process, and in this case the influence of residual gas to the entire engine

performance is much less than that during the HCCI combustion process which usually involves

the NVO strategy. On the other hand, the multiplier gy can also be calibrated to match the test
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data or the high resolution simulation data. For this paper the GT-Power simulation data is used to
calibrate the entire combustion model.
3.4.4 Air intake process

The air-intake process starts from IVO and ends at IVC. It is also a process of in-cylinder
gases mixing. During this phase the fresh charged air, injected fuel vapor, and residual gas are
assumed to be mixed homogeneously, which is the modeling assumption for combustion. At the
same time, the in-cylinder pressure drops to the pressure level of intake manifold. A first order

transfer function is also used in this model.

1-7
P(z) =——C— Py (2)

=702 (3.9)
and
T(H)—MfCVfo +Ma'Cva'TIM+Mr'CVr'Tr
i Mf‘CVf+Ma'CVf+Mr'CVr (3.10)

where 77y 1s the transition time constant for intake valve opening; M, is the fresh charge mass

(note that it could be the mixture of fresh air and external EGR gas); C,, is specific heat; 7. is the

temperature of residual gas, and it can be calculated by the same approach used in equation (3.3).
During the late stage of the air intake phase, the in-cylinder pressure is also increased, see

Figure 3.5. This phenomenon is the same as that in exhaust phase. The same approach is used.

1-7
P(2) == Py (Dnppe

-ty -2 (3.11)

where 77y 1s the predicted pressure ratio at IVC, and it is function of engine speed, IVC timing

and exhaust valve lift. The calibration of gy was derived by the GT-Power model. Good match

has been illustrated in Figure 3.5 too.
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Table 3.4: Calibration of 7,y for low stage intake valve profile

RPM
Ove 1000 2000 3000 4000 5000
460 0.792 0.713 0.646 0.586 0.53
480 0.848 0.784 0.723 0.661 0.597
500 0.908 0.86 0.812 0.743 0.652
520 0.956 0.931 0.901 0.801 0.672
540 0.995 0.986 0.981 0.848 0.699
560 1.016 1.012 1.057 0.911 0.748
580 1.057 1.051 1.145 1.01 0.833
600 1.113 1.13 1.262 1.162 0.975
Table 3.5: Calibration of # ¢ for high stage intake valve profile
RPM
Ove 1000 2000 3000 4000 5000
460 0.709 0.621 0.557 0.505 0.46
480 0.783 0.705 0.645 0.594 0.542
500 0.859 0.801 0.75 0.7 0.646
520 0.927 0.892 0.857 0.816 0.768
540 0.986 0.972 0.96 0.938 0.902
560 1.021 1.033 1.042 1.051 1.044
580 1.074 1.094 1.106 1.139 1.175
600 1.155 1.185 1.213 1.244 1.307
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3.5 One-zone HCCI Combustion Model

The HCCI combustion is modeled under the one-zone assumption due to its flameless
nature. Fuel and air are assumed to be premixed homogeneously throughout the entire cylinder;
thermodynamic characteristics such as pressure and temperature are uniformly distributed in the
cylinder. Accordingly only the mean value of in-cylinder gas pressure and temperature will be
modeled.

Unlike the SI combustion, there is no direct trigger (spark ignition) of the HCCI
combustion. The fast heat release process of the HCCI combustion is actually triggered by a very
slow chemical reaction of the gas-fuel mixture during the compression phase after [IVC. The most
common practice in control oriented modeling of the HCCI combustion is to assume the chemical

reaction process is governed by single rate Arrhenius equation,

B ]
AR(Hi):A-x_;’r-xé’x-e[ RT@) (3.12)

where AR is the rate of disappearance of unburned fuel and other parameters have been explained
in equation (3.1). As mentioned earlier in this chapter, the integration of the Arrhenius function is
used to estimate the SOHCCI timing. The SOHCCI timing is the timing separates the slow
chemical reaction with the fast one. During the fast combustion phase the fuel mass fraction

burned can also be approximated by the Wiebe function,

m+1
*(6) = 1-exp _a(@' _QSOHCCI]

Abyccr (3.13)
where the burn duration A@gccy is given by
2 1 Eq
"3 73 3RT
AOyccr =k-TOsorccr) 3 Ti-e” ' m (3.14)
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where £ is a scaling constant; £, is activation energy of the fuel; and 7}, is the mean valve of HCCI
combustion temperature. It is calculated by

naccrM rhray1=x(6somccr)]
M,Cv (3.15)

T, =T(Osopccr) +

At last in-cylinder pressure and temperature are calculated by

7(0) - T(ei_l)EV(ei_l)J(K_l) .\ naccrM phy gy [x(6;) = x(6;-1)] - 0(6))

V(6) M,Cv (3.16)
and
_ V1) 1)
POI=PGD7 4y T (3.17)

where npccy 1s a function of engine speed and fuel mass, it was calibrated by matching the

calculated IMEP provided by the GT-Power model.

3.6 Two-zone SI Combustion Model

During the SI combustion the spark ignited flame front divides the in-cylinder gas mixture
into two zones, the burned zone and unburned zone, as shown in Figure 3.6. The temperature of the
unburned zone is quite different from that of the burned zone as seen in Figure 3.6. However, this
difference is ignored in the one-zone SI combustion model discussed in the last chapter, where a
mean value of temperature is used for entire in-cylinder gas. This may not lead to large modeling
error for the SI combustion, in which the temperature difference does not impact much on the
combustion model parameters such as in-cylinder pressure. However, for the SI-HCCI hybrid
combustion, the unburned zone temperature is a key parameter for predicting the start of the HCCI
combustion. The expansion of the burned zone during the initial SI combustion process applies

work to the unburned zone. As a result it makes the unburned zone temperature rise faster, and
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causes HCCI combustion in the unburned zone. On the other hand, the two-zone SI combustion
model is closer to the nature of the SI combustion process. These are the motivations for
developing this two-zone combustion model.

3.6.1 Two-zone assumptions

ettty N o e L PR R .
Al Hea 12T Woki R
/% transfer i T £ 1 ¥ AN
2 IS B
71 e R\
; | Enthalpy ! | / \ / [ %4 5 §
A flux V 3 z N
A @_n L---&____' N

Unburned zone
P, Tu

Flame front

Figure 3.6: Two-zone SI combustion model

For modeling simplicity, some assumptions have been made to the two-zone SI
combustion process.
*  The fuel, air, and residual gas charges are uniformly premixed at IVC.
* In the two-zone model, the gas mixture pressure is assumed to be evenly distributed
throughout both burned and unburned zones.

* During each given crank degree, a portion of gas-fuel mixture is transferred from the
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unburned zone to the burned zone. The amount of the gas-fuel mixture is defined by the burn
rate of fuel, which is prescribed by the Wiebe function.

* In each step of engine crank degree, the flow of each zone is assumed to be in steady state.

* The total heat transfer between in-cylinder gas mixture and the cylinder inner surface is
calculated by equation (2.30) same as that in the one-zone model, except the gas temperature
T in that equation is replaced by the average temperature of both burned and unburned zones,
which is calculated by

7= XCVBTB +(1—X)CVUTU
xCvg +(1-x)Cvy (3.18)

*  The heat transfer between the burned and unburned zones is neglected.
3.6.2 Governing equations

After spark ignition, the burned zone is created. Both the burned and unburned zones can
be regarded as control volumes. Mass, enthalpy, and work exchange between these two control
volumes, and also between the control volumes and the surrounding cylinder wall. According to
the first law of thermodynamics [84], the energy balance equation of the burned zone is
represented by

d(MBeB) dVB dx dMB
+P +x0=ngHyyM r —+ h
40 qo = Nst iy My o=t hy (3.19)

The subscription B and U represent the burned and unburned zones, respectively. The energy

balance equation of unburned zone is

d(MUeU) dVU dMU
+P +(1- = h
do a9 1m0y U (3.20)
Apply the ideal gas law [84] to the burned zone and get
PVy
B Moo= xM
RT, BT 3.21)
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Apply the ideal gas law to the unburned zone and get

PV,
U, = (-x)M
Ry, Mo =0m0M, (3.22)

Additionally, the cylinder geometry yields

VB +VU =V (323)

3.6.3 Solutions of two-zone model
Equations (3.19) to (3.23) constitute the complete governing equations of the two-zone

combustion model. There are five unknowns:

X1 =V(6)
Xy =Vy(6)
X3 =Tg(6)
X4 =Ty ()
X5 =P(6;)

And they can be computed by solving equations (3.19) to (3.23) using the iterative method as

described in equation (4.3) based on the information computed in last crank position
[VB(6i)) Vy(6i_) Tg(6)) Ty(6y) P(G_y) x(Hl-_l)]T and the MFB of current crank
position x(6;) , which is given by the Wiebe function. The initial conditions are the thermodynamic

states at the end of the compression phase, and they are

X =0

X(z) =V (bsr)
X3 =T(bsr)
Xg =T(0sr)
X =P(6sr)

Therefore, differential equations (3.19) to (3.23) can be converted to
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where

)

&
C4

¢s

aqX1+b X3 = ¢
02X2+b2X4 = O
XIXS/X3 = G (3.24)
X Xs/Xy = ¢4
X1+X2 = C5
P(6,_1)
x(6;)M,Cv
P(6,_1)

[l—x(é’i)]Mth

NsrHppy M rdx(6;)+ P(6,_1)Vp(6,-1) = x(6,)0(6;)
+Mx(6;1) VT (6,1 )+ M dx(0)CpTy (6;-1)
P(6,1)Vy (0,-1)—M,dx(6,)CpTy,; (6;_1)
+M,[1=x(6,1) | OV (6,-1) - [1-x(6)] 0(9)
x(6;) MR

[1-x(6,)]M,R

V(6)

Equation (3.24) was solved analytically using Matlab symbolic toolbox, and the rational

solution was used for numerical solution of the algebraic equations set (3.24) in the HIL simulation.

Note that due to the nonlinearity of equations (3.21) and (3.22) the solutions are not unique and

they consume large portion of HIL simulator throughput. After implementing the model into the

dSPACE HIL simulator for real-time simulations, the two-zone engine model can be simulated at

the engine speed up to 5000 rpm without overrun, while the one-zone model can be simulated up to

10000 rpm. Fortunately the possible operating range of the two-zone model (SI-HCCI hybrid

mode) is between 1000 and 5000 rpm.

3.7 Model Validation Using GT-Power

Since the GT-Power does not support SI-HCCI hybrid combustion modeling, the hybrid
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combustion mode cannot be directly validated. In this section only the sub-models are validated
with the GT-Power combustion model. The hybrid combustion mode will be validated by the
actual engine test data in next stage of the research.

3.7.1 Comparison between two-zone and one-zone model

To validate the developed two-zone SI and one-zone HCCI combustion models, two
combustion simulations were conducted using both models. In the SI combustion model used for
the simulations, gas exchange model is from this chapter, whereas the combustion model is from
the last chapter. The operational conditions for both simulations were selected as following. In the
first simulation, engine speed was set to 2000 rpm, and intake manifold absolute pressure (MAP)
was set to 1.0 bar as full load condition. In the second simulation engine speed was at 5000 rpm
with MAP equals to 0.4 bar to simulate the low load condition. The valve strategies are also
different, NVO for the first one (EVC=IVO=360° ACTDC), whereas PVO is used for the second
one (EVC=380° ACTDC, IVO=340° ACTDC). Same simulations were also completed by the
GT-Power combustion model as the baseline for the comparison. Simulation results are plotted in
Figure 3.7 to Figure 3.9. Note that the abbreviation ACTDC represents after TDC, and TDC stands
for top dead center of piston movement.

Figure 3.7 shows the in-cylinder pressure and temperature traces. The temperature
provided by the two-zone SI combustion model is the average temperature of both burned and
unburned zones, and it is given by equation (3.18). From Figure 3.7 one can find that the
simulation results of both one-zone and two-zone combustion models have good matches with the
GT-Power model results except some small difference of the temperature traces at gas exchange

process. The comparisons partially validate both modeling methods.
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Figure 3.7: In-cylinder gas pressure and temperature traces: correlations between GT-Power

model, two-zone SI combustion model and one-zone SI combustion model
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The simulation results in Figure 3.7 also show close matches between one-zone and
two-zone combustion models. However they are governed by different equations. In the two-zone
model five equations were used, whereas in the one-zone model only two equations were used.
After investigating all the equations used. It is found that the five equations (3.19) to (3.23) of the
two-zone model are derived based on energy conservation and mass conservation of the entire
in-cylinder gas; on the other hand, the two equations (2.29) and (2.32) of the one-zone model can
also guarantee the energy conservation and mass conservation. So they are based on the same
physical principle, but the two-zone model provides more information.

Figure 3.8 and Figure 3.9 demonstrate how the two-zone SI combustion model divided the
in-cylinder gas temperature profile into two temperature profiles: the burned zone temperature in
Figure 3.8 and unburned zone temperature in Figure 3.9, which one-zone model is not capable to
do. Both temperature profiles show good match with the GT-Power simulation results. It further
confirms the effectiveness of the two-zone model.

In Figure 3.9 unburned zone temperatures are also compared with the in-cylinder gas
temperature simulated without combustion. It shows that before spark ignition (ST=-17° ACTDC
in this case), the three temperatures are the same; but after spark ignition, the unburned zone
temperature rises faster than the one without SI combustion. This is due to the work applied by the
burned zone gas. The Arrhenius integration in equation (3.1) is more sensitive to higher unburned
zone temperature, which indicates that the slow chemical reaction before the SOHCCI can be
accelerated by the raised temperature. Accordingly if the unburned zone gas temperature can be

controlled, the SOHCCI timing of the hybrid combustion model can also be controlled.
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3.7.2 Two-zone SI combustion model validation

The two-zone SI combustion model was firstly validated at 3000 rpm of engine speed and
in three different engine load conditions: Py = 0.4, 0.7 and 1.0 bar corresponding to low load,

medium load and full load conditions. The combustion durations at the three conditions are
different, spark timings were set to MBT (Minimal advance for the Best Torque) for each condition.
The valve strategy is PVO. Fairly good correlations of both pressure and temperature can be found
in Figure 3.10 and Figure 3.11.

To validate the combustion model in wider engine operating range, more simulations were
conducted. In those simulations, engine speed sweeps from 1000 rpm to 5000 rpm with 1000 rpm
increment interval; engine load also ranges from low load, medium load to full load conditions.
Both PVO and NVO valve strategies were used, for PVO: IVO=340° ACTDC and EVC=380°
ACTDC; while for NVO: IVO=380° ACTDC and EVC=340° ACTDC. To simplify the validation,
only some key parameters were recorded and plotted in Figure 3.12 and Figure 3.13. Actually
these key parameters listed in Figure 3.12 and Figure 3.13 outline the profiles of the pressure,
temperatures (burned and unburned).

From Figure 3.12 and Figure 3.13, one can find all pressure related parameters, like IMEP,

Pax and the crank position of P,,,y, have fairly good correlations with the GT-Power results;

whereas for the temperature related parameters, the errors are relatively larger, but still within

+10% of their normal reachable range. One possible reason is that the gas property parameters

such as C,, and R used in these two models are different. In the GT-Power model these parameters

are functions of not only the gas temperature but also the gas chemical composition. While in the

two-zone model chemical composition is not considered due to simplified real-time modeling.
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Another low correlation parameter is the residual gas M,.. for NVO it is fairly good, but for

PVO the correlation becomes worse. As explained in section 3.4, the gas exchange process of PVO

is complicated and difficult to be modeled accurately [85]. Fortunately, this only happens to PVO,
which is only used for the SI combustion mode. The modeling error of M,. in the SI combustion
mode has less impact on the combustion timing and duration than it has in the HCCI mode. Since

in the SI mode: combustion timing is controlled by spark ignition input from engine controller,

while combustion duration is mainly decided by engine load and speed.
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Figure 3.12: Two-zone SI combustion model correlations: total in-cylinder gas mass My, residual

gas mass M,., peak in-cylinder pressure P,,,, and crank position of P,

62



o

s 21000
S 2500 L = B

s & O +§&:+++

o % S 800 1>*

S 2000 ¥

[}] o

% £ 600

- 1500 éﬂ

>

s £ 400

= 1000 ‘ ‘ ‘ - T

1000 1500 2000 2500 400 600 800 1000
Tmax, GT-Power Tu-max, GT-Power

< - 3 g
g 400 e = ;

2 s 2 10 s

g 300 g R

N S .

o

200

E 2 s 7

¢ , Ay

(é) 100 m .

. >

0 ‘ ‘ 0 ‘ ‘
200 400 5 10 15
T GT-Power IMEP, GT-Power

ve

Figure 3.13: Two-zone SI combustion model correlations: peak in-cylinder gas temperature
T4 peak unburned zone temperature 77-~max, charge temperature at IVC Ty and IMEP

Even Figure 3.13 does not show very good correlations on 77y and Ty-max that are of

great interest in the study of the SI-HCCI hybrid combustion, Figure 3.14 and Figure 3.15

demonstrate fairly good consistency when both temperatures vary with the engine speed.

Furthermore, in Figure 3.14 and Figure 3.15 strong correlation is also found between 77y and

Ty-max. It indicates that the unburned zone temperature can be regulated by adjusting 7;pc

through valve timing control.
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3.7.3 One-zone HCCI combustion model validation

Figure 3.16 shows that the one-zone model can simulate the HCCI combustion process as
well as the GT-Power model. For this simulation, 16 mg of fuel was injected into each cylinder
every engine cycle to generate 5.02 bar IMEP at 2000 rpm, which is close to the upper load
limitation of the HCCI combustion. Note that for the HCCI combustion the engine load is not
decided by MAP but by the injected fuel quantity due to the un-throttled operation. The valve lift
profiles of both intake and exhaust were switched to the low stage ones since the decrease in
exhaust valve lift makes it possible to trap more internal residual gas with NVO and the decrease in
intake valve lift enables un-throttled engine operation.

The HCCI combustion timing is also sensitive to the intake and exhaust valve timings.
Proper valve timing selections lead to improved combustion quality. For instance, in the
simulation results presented in Figure 3.16, intake valve timing was advanced to make the
effective compression ratio smaller to avoid engine knock at the upper load limitation of the HCCI
combustion. The simulations were extended for different valve timings, and these results were

compared with the GT-Power simulation results shown in Figure 3.17 with good correlation.
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Figure 3.16: In-cylinder pressure and temperature traces: correlations between the one-zone
HCCI combustion model and GT-Power model
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3.7.4 The impact of external EGR
The impact of the EGR percentage to the hybrid combustion modes was also investigated
through steady-state simulations. HCCI combustions have much shorter burn duration than that of

SI combustions. This leads to high peak in-cylinder pressure and temperature, as shown in Figure
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3.16. High peak in-cylinder pressure leads to high engine efficiency if it occurs at a proper timing
(5 to 10 crank degree after TDC), whereas high in-cylinder temperature is an adverse condition for
NOx emissions. However, the HCCI combustion is capable of operating with higher EGR rate than
that of the SI combustion. Figure 3.18 demonstrates how the cooled EGR rate affects the
in-cylinder gas temperature. The simulation results in Figure 3.18 were completed with 3.7 bar
IMEP, where the exhaust valve timing, spark timing and fuel quantity were adjusted to maintain a
constant IMEP (3.7 bar) and SOHCCI (0° ACTDC) for each simulation. Simulation results show

that the higher EGR rate the lower the peak in-cylinder gas temperature.
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Figure 3.18: In-cylinder gas temperature traces for different external EGR rate

3.8 Conclusions
In this chapter, the SI-HCCI hybrid combustion model was developed based on the

two-zone SI combustion model and the one-zone HCCI combustion model. The gas exchange
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model was also updated for improved accuracy. As two special operational modes of the SI-HCCI

hybrid combustion, the SI combustion and the HCCI combustion modes were simulated in HIL

simulation system respectively. Simulation results were also compared with the corresponding

GT-Power ones. The following are the conclusions:

* Both one-zone and two-zone SI combustion models provide accurate simulations of the
in-cylinder gas pressure and average temperature of both burned and unburned zones at
different engine operational conditions.

*  The two-zone SI combustion model is more accurate than the one-zone model for simulating

in cylinder temperatures of both burned and unburned zones. Note that the unburned zone gas
temperature of the SI combustion is related to 77y (in-cylinder gas temperature at IVC) and

is the key factor of simulating the start of the HCCI combustion (SOHCCI) that can be
controlled by adjusting the intake and exhaust valve timings.

*  The gas exchange model has higher accuracy for negative valve overlap (NVO) than positive
valve overlap (PVO). It is proper to be used for the SI-HCCI hybrid combustion.

*  The one-zone HCCI combustion model is proper for the HCCI combustion modeling as part
of the SI-HCCI hybrid combustion

*  Cooled external EGR gas can be used to reduce in-cylinder gas temperature during the HCCI

combustion process.
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CHAPTER 4
IMPLEMENTATION OF ENGINE MODEL IN THE HIL SIMULATION

ENVIROMENT

4.1 Introduction

The engine sub-models introduced in Chapters 2 and 3 can be used to conduct offline
simulations individually for validation purpose. To simulate the entire engine model, the model
needs to be implemented into a HIL simulation environment for real-time simulation.

As mentioned in Chapter 1, real-time HIL simulation is a powerful tool for engine control
strategy development and validation. With the HIL simulations, the initial engine control strategy
calibration can be generated and control implementation issues can be resolved. This chapter
explores how the mathematic engine sub-models presented from the last chapters are integrated
into an engine model, and implemented into the dSPACE based HIL simulation environment.

This chapter is organized as follows. Section 4.2 discusses the integration of the entire
Simulink engine model module-by-module in the Matlab/Simulink environment; the methods of
model solutions are presented in this section, too. In Section 4.3 the integrated Simulink engine
model will be implemented into the dSPACE HIL simulation environment. In Section 4.4 results of
two transient simulations are presented based upon the HIL simulations to validate the transient

performance of the developed engine model. At last, conclusions are drawn in Section 4.4.
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4.2 From Mathematic Equations to Simulink Model

This section discusses the integration of the mathematic equations in Chapters 2 and 3 into
a entire engine model, used for the HIL simulations, in Simulink.
4.2.1 Build engine in Simulink

The engine model was assembled module-by-module. Figure 4.1 shows the layout of these
sub-models used for assembling the Simulink engine model. Each block represents an engine
subsystem. Signals transferred between these blocks are the state variables calculated by the
governing equations embedded inside each block. The governing equations are presented in the
last two chapters. These sub-models were also calibrated and validated separately. Simulink
dialogue box is used to input the sub-model calibrations, see Figure 4.2 for an example. The
functionality of each sub-model can be tested individually by applying signals to the input ports
and observing the output signals.

Integrating the Simulink engine model in such a way makes it easy to change the engine
model configurations. The engine model shown in Figure 4.1 is for the dual-stage turbocharger 3
cylinder SI engine in Chapter 2. It takes only hours to convert this engine model into an HCCI

capable 4 cylinder engine model in Chapter 3 due to the module architecture.
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Figure 4.2: Dialogue box for fuel injection system

4.2.2 Model solution in Simulink

The entire engine model consists of more than hundred mathematic equations. Some of
them are nonlinear differential equations. To solve these equations analytically is almost
impossible. In Simulink these equations are solved by numeric method. Typically, the differential

equations in the engine model can be written in a simple form as

=1 (%) “.1)
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where x is the state space of the engine model and x represents the time derivative of x. One way
to solve the above differential equation is to use the iterative method with first order approximation,
where the above equation can be approximated by the following

x(t+At)—x(¢) N

a S B0) 42)

where At is the time step for the numeric solution. x(z+A¢) is the updated state and x(z) is the

known current state. Accordingly f'(x(¢)) is known since x(¢) is known. Therefore, the solution can

be approximated by
x(t+At) = x(t)+ f (x()) At 4.3)
The solution can also be represented in discrete time domain (z domain) as
x(z)= x(z)l + f (x(z) lj At
z z (4.4)

where z is a delay operator. In fact, majority of the nonlinear differential equations are solved in
such way with either variable step or fixed step. Our Simulink engine model is numerically solved
by this approach and that is why there are many unit delay blocks (1/z) in the Simulink engine
model; see Figure 4.1. The crank based combustion model was solved based on the same concept
as discussed above but the time step At is replaced by crank angle step Af. For this engine model,
the crank step A8 equals to one crank degree.

Note that in equation (4.3), as time step Az approaches 0 x(¢+ At) approaches x(7).

Accordingly small Atr leads to high accuracy. However At cannot be too small due to the
computational throughput limitation. Currently in the Simulink engine model At is fixed at 1.0 ms,
and for most subsystems this time step is acceptable, but for system like turbocharger smaller time
step could be required. To reduce the step size for a specific subsystem, multiple iterations within

single time step is used.
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To implement multiple iterations in single time step, equation (4.3) is rewritten as

xi+1(t+At):xi(t)+f(xi(t))£ i=0,1-(m—1) 45)
- .

and

L= X

x"(t+ At) (4.6)

x(t+At)
where m is the specified iteration number in one time step. Figure 4.3 illustrates how m affects the
transient performance of the Simulink engine model. The simulation in Figure 4.3 was conducted
with At = 5ms, and m = 10 and shows proper accuracy without adding a lot of computational
throughput. Note that it is difficult to implement multiple iterations in single step directly in
Simulink. In the Simulink engine model, the sub-model of the dual-stage turbocharger was
programmed in C language, and compiled as an S-function and called by Simulink block, because

it is easy to execute a particular piece of code for multiple times in C language.
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Figure 4.3: Transient performance of the turbocharger shaft rotational speed: comparison
between different times of iteration using single step multiple iteration approach
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4.3 Model Implementation in HIL Simulator

The Simulink engine model developed has three tasks: the 1.0 ms time step task for the
mean value sub-models (such as the engine air handling subsystem), the crank based task for the
combustion model, and the cycle based task for sub-models like the fuel wall wetting dynamics.
The crank based and the cycle based tasks are independent of simulation time step. To simulate
these three tasks in a parallel way, crank and cycle based interrupts need to be generated. A
dSPACE HIL simulator was selected for the engine simulations. This section introduces the
functionality of the dSPACE HIL system and discusses the implementation of the Simulink engine
model in the dSPACE HIL simulation environment for engine real-time simulations.
4.3.1 The engine simulator hardware

A dSPACE PX20 was selected for the real-time simulation, see Figure 4.4. A DS-1006
microprocessor board was used as the simulation engine, and a DS-2211 automotive application
board along with other I/O boards was used to form the HIL simulator.

The most important feature of dSPACE systems is that the Simulink block diagram can be
auto-coded into C and compiled to be executed in the dSPACE system. Also, there are many

Simulink block libraries that make the programming fairly easy.

Figure 4.4: The dSPACE hardware
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4.3.2 HIL simulation system architecture

Figure 4.5 shows the system architecture of the HIL simulation system. For simplicity, not
all the signals and subsystems are included in the diagram. It is only used to explain how the
Simulink engine model was implemented in the HIL simulation environment. In Figure 4.5, the
ECU (engine control unit) in the upper area of the diagram is the engine control target of the HIL
simulation, and it is not the focus of this chapter. All blocks below the ECU block are from the HIL
simulator. In the center it is the engine model, the main sub-models were displayed. On the output
side of the engine model, signal conditioning block converts all computed parameters to real
engine signals that the ECU can recognize. On the input side of the engine model, signal
preprocessing block translate all ECU control signals back to the parameters that engine model can
recognize.

During the HIL simulations, the time based mean value sub-models are executed in
real-time at a fixed time step (1.0 ms). Among these sub-models, the engine crankshaft dynamic
model as described by equation (2.4) provides the engine speed. Based on the modeled engine
speed, engine crank signal (720 pulses per cycle), TDC signal (2 pulses per cycle) and cam signal
(1 pulse per cycle) are generated using the dSPACE hardware, as shown in Figure 4.6. The signals
are sent to synchronize the HIL simulator with the ECU. At the same time, crank and CAM signals
are looped back to the HIL simulator as input signals to generate interruptions for crank and cycle
based simulations. During the interruptions, crank based and cycle based interruption sub-model
routines are executed. The interruption triggered by crank signal has the top priority in the
interruption queue, since the crank based routine needs to be executed within a specific crank
angle.

Figure 4.6 presents a snapshot of the oscilloscope signals during the HIL simulation,
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in-cylinder pressure and temperature signals are the output from this HIL simulation. A picture of
the entire HIL engine simulation platform is shown in Figure 4.7. One can find that some auxiliary
instruments like the oscilloscope and host PC are required to facilitate the real-time HIL

simulations.
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Figure 4.5: System architecture of the integrated HIL simulation environment
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Figure 4.7: Snapshot of HIL simulation platform

4.4 Engine HIL Simulations
In order to demonstrate the transient performance of the developed engine model,
turbocharger lag simulation and the SI-HCCI combustion mode transition simulation were

performed. The simulation results motivated the control study in the next phase of the research.
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4.4.1 Transient performance of engine with dual-stage turbocharger

Two transient simulation responses were performed using the developed HIL simulation
environment, one with feedforward fuel control and the other without. Both simulations utilize
closed-loop fuel control with a PID control strategy. The transfer function of the feedforward

controller is:

M pp (s) B g(Ne)-S

Py (s) T-s+1 (4.7)

where g is a function of engine speed, N,, implemented as a lookup table; 7 is the time constant of

feedforward fuel control. The control system block diagram is shown in Figure 4.8.

Note that except for the fuel control, all the other engine control parameters remained
unchanged for both simulations. Engine speed was at 2500 rpm with 10% throttle and the MBT
spark timing. The control reference of the air-to-fuel ratio was set at stoichiometric ratio when a
step throttle of 90% was applied, which sets the throttle to WOT (wide open throttle). The
waste-gates of both stages are closed when the throttle was opened. As a result, the engine started

switching from the partial load to the full load condition.

N
Pim MFF

Feedforward

% Feedback M Engine

T

Figure 4.8: Control architecture for transient response simulation of the SI engine with dual-stage
turbocharger

\J
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The corresponding engine dynamic responses, plotted in Figure 4.9, show that the
feedforward fuel control provides additional fuel output to improve transient response. With the
feedforward fuel control, the engine air-to-fuel ratio response settles within 1 second, while
without the feedforward fuel control it takes about 4 seconds. The corresponding engine torque
settling time decreases from 2.11 seconds without feedforward control to 1.29 seconds with the
feedforward control, which is significant. One can see this improvement of transient response in
Figure 4.10.

From Figure 4.9 it can be observed that even with feedforward control, during the
transition operation there exists an impulsive overshoot of the relative air-to-fuel ratio, which
indicates that lean combustion occurs right after the step throttle and last for a few engine cycles.
This is mainly due to the special engine architecture. As mentioned in Chapter 2, the engine
throttle locates between the intake manifold and engine head. The lack of volume between the
engine throttle and the intake valve leads to a rapid increment of engine volumetric efficiency
when the throttle is suddenly opened. From Figure 4.10, one can see that the corresponding MAP
also drops at the same time due to the rapid increment of air flow to engine cylinders, which
reduces the air mass in the intake manifold. This makes it difficult to control the air-to-fuel ratio
precisely.

As shown in Figure 4.11, during the transient operation, both stages of turbochargers
accelerate. Obviously, the HP-stage turbocharger has faster transient response since it has a smaller
size with small shaft rotational momentum. This is an advantage of the dual-stage turbocharger
system, which can used to reduce turbo lag. One can also find both engine torque and boost
pressure increase rapidly at beginning due to the quick response of the HP-stage turbocharger and

then the response slows down when the LP-stage turbocharger plays the main role.
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4.4.2 Sl to HCCI combustion mode transition

To demonstrate the effectiveness of the SI-HCCI hybrid combustion mode for mode
transition, an SI-HCCI mode transition process was simulated by two different strategies. One uses
the hybrid combustion mode and the other switches from the SI to HCCI combustion mode in one
step. Figure 4.12 shows the in-cylinder pressure traces generated in simulations using the two
strategies. The pressure profiles vary significantly from cycle to cycle during the mode transition
for both strategies. The engine control parameters used for the simulations are spark timing, fuel
quantity, intake and exhaust valve timings and lifts. For the simulation results presented in Figure
4.12, these control parameters were adjusted manually to have the best (smooth) transition. To
obtain smooth combustion mode transition for the entire engine operating range, advanced control

strategy will be developed in the next stage of the research.
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In the mode transition simulations, 26 engine cycles of combustions were simulated and
recorded for both control strategies. Engine speed was set to 2000 rpm throughout the entire
process. In the first 15 cycles, engine was operated in the SI mode and 12 mg (per cycle) of
gasoline was injected to each cylinder; spark timing was set to be -23° ACTDC; intake and exhaust
valve timings (at peak lift position) were set to 440° ACTDC and 270° ACTDC, respectively; and
the lifts of both valves were in the high stage. Starting at engine cycle 16, the combustion mode
transition from the SI to HCCI combustion modes was initiated. At cycle 16 both intake and
exhaust valves switched to low stage mode, but the valve timing change was limited to 10 crank
degrees per cycle due to the continuing operation of the electric variable valve timing actuating
system. Note that10 crank degrees per cycle were for the engine operated at 2000 rpm. The valve
speed limitation varies as a function of engine speed. Also at cycle 16, spark was eliminated for the
control strategy without hybrid combustion mode and the control parameters were adjusted to
make the HCCI combustion possible with minimal IMEP variation. On the other hand, for the
hybrid combustion mode transition, spark was kept on in cycles 16, 17 and 18 and advanced. After
cycle 19 the spark was cut. At cycle 19, the intake and exhaust valves also reached their target cam
phase positions and stopped moving. Throughout the entire mode transition process, fuel mass was
adjusted to minimize the IMEP fluctuation. All selected control parameters can be found in Figure
4.13.

In Figure 4.14, some key combustion performance parameters are shown. Engine IMEP is
the most important performance parameter for the mode transition since the less IMEP variation is,
the less the engine brake torque variation or the smoother the combustion mode transition. For the
one step transition, the IMEP drop is significant right after spark ignition was eliminated, see

cycles 16 and 17. Note that during mode transition, the in-cylinder gas mixture can’t reach
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appropriate temperature for the HCCI combustion at IVC with or without hybrid mode of

combustions, see Ty trace in Figure 4.14. If spark were cut at this engine cycle, the SOHCCI

timing would be retarded significantly. It can be observed from Figure 4.12 and Figure 4.14. The
retarded SOHCCI timing leads to large IMEP reductions, or even misfires under certain extreme
conditions. Therefore, the spark assistant HCCI combustion, or the hybrid HCCI combustion, is a
necessary tool for smooth mode transition. Based upon Figure 4.12 the hybrid combustion mode
exists in cycles 16, 17 and 18 and the IMEP variation is significantly reduced, comparing to the
one-step mode transition. Figure 4.15 shows the MFB profiles of the SI-HCCI hybrid combustions

during the mode transition and illustrate how the combustion timing changes during the process.
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Figure 4.12: In-cylinder pressure traces in SI-HCCI transition
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4.5 Conclusions
This chapter describes the implementation of the developed engine model into the MSU
dSPACE HIL simulation system. HIL simulations were conducted for both steady state and
transient engine operations. The following is a list of conclusions:
* The mixed mean value and crank based engine model is feasible for the dSPACE based
real-time HIL simulation.
*  The dual-stage turbocharger configuration is capable of reducing turbo lag.
* The feedforward fuel control improves the transient performance of the closed loop control of
the dual-stage turbocharged engine.
¢  The SI-HCCI hybrid combustion mode can be realized during the combustion mode transition,

and it is capable of reducing the engine torque variations during the mode transition.
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CHAPTER 5

SI AND HCCI COMBUSTION MODE TRANSITION CONTROL

5.1 Introduction

In order to take advantage of the HCCI combustion mode, a traditional SI engine needs to
operate in both SI and HCCI modes, and the mode transition between the SI and HCCI
combustions is necessary. It is fairly challenging to operate the engine in the two distinct
combustion modes, and it is more difficult to have smooth combustion mode transition between
the two modes due to the distinct engine operational parameters over the two combustion modes
and the cycle-to-cycle residual gas dynamics ([86] and [87]). The control problem becomes even
more complicated for a multi-cylinder engine studied in this project.

In recent years, more and more attentions have been paid to the mode transition control
between the SI and HCCI combustions. In [39] and [40], smooth mode transitions between the SI
and HCCI combustions are realized for a single cylinder engine equipped with the camless VVA
system. However, high cost and package issues prevent the implementation of the camless VVA
system in production engines [88]. In [42] a VVT (variable valve timing) system with dual-stage
lifts was used on a multi-cylinder engine for studying the mode transition. Experimental results
showed the potential of achieving smooth mode transition by controlling the throttle opening
timing and the DI (direct injection) fuel quantity. However, satisfactory mode transition was
accomplished due to the lack of the robust mode transition control strategy.

In this chapter a multistep SI to HCCI combustion mode transition control strategy was
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developed using the HIL simulation environment developed in the last chapters. It takes several
engine cycles to complete the combustion mode transition. During the combustion mode transition,
a model based linear quadratic (LQ) tracking control ([89] and [90]) of engine MAP was used to
maintain the air-to-fuel ratio in the desired range by regulating the engine throttle; the DI fuel
quantity of individual cylinder was controlled via iterative learning control ([91] and [92]); and
spark ignitions were maintained to enable the SI-HCCI hybrid combustion mode during the mode
transition; the other engine parameters, such as the intake/exhaust valve timing and lift, external
EGR (exhaust gas recirculation) valve opening are controlled in an open loop. The entire control
strategy is also validated in the HIL simulation environment. The simulation results demonstrated
the effectiveness of the proposed control strategy under both constant and transient engine
operating conditions.

This chapter is organized as follows. Section 5.2 discusses the control problem of the
combustion mode transition. In Section 5.3, the development of the multistep combustion mode
transition strategy is described, along with the control architecture. The details of the DI fuel
quantity control are given in Section 5.4, and the following section introduces the air-to-fuel ratio
control. In section 5.6, HIL engine simulation results are presented, compared, and discussed for

the validation of the proposed control strategies. Conclusions are finally drawn in Section 5.7.

5.2 The Control Problem Formulation

This section discusses the control target of the mode transition between the SI and HCCI
combustion modes. The challenges of achieving the control target were found during the study of
the simple one-step mode transition strategy. Based on the finding, a more complex control

strategy is developed in the next section.
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5.2.1 Control target of the combustion mode transition

In this chapter, the combustion mode transition is studied for the engine operated at 2000
rpm with 4.5 bar IMEP. Table 5.1 lists the engine parameters associated with the SI and HCCI
combustions. These parameters are optimized for the steady state engine performance with the best
fuel economy that satisfies the engine knock limit. That is, the maximum pressure rise rate (dP/d0)
is less than or equal to 3 bar per crank degree. It can be seen in Table 5.1 that the optimized engine

control parameters are quite different between the SI and HCCI combustion modes. Due to

actuator dynamics, some of these parameters can be adjusted within one engine cycle, such as 6gq7,

Fpy and I1}f; and some of them cannot.

Table 5.1: Engine control parameters for SI and HCCI combustion modes

Mode

Parameter o Hedl
Os7 (deg ACTDC) -36 none
$EGR (70) 3 26
IgTc (A) 0.84 5
Fpy(ms/cycle) 2.06 1.6
OinvTar (deg AGTDC) 70 95
OrxTy (deg BGTDC) 100 132
I}y (mm) 9 5

The combustion characteristics are also quite different between these two combustion

modes as illustrated in Figure 5.1. For example, the HCCI combustion has higher peak in-cylinder
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pressure comparing with that of the SI combustion, due to the fast fuel burn rate. Most likely, it
also has a recompression phase due to negative valve overlap (NVO), while the SI combustion
does not. The goal of the combustion mode transition is to transfer the combustion mode without
detectable engine torque fluctuation by regulating the engine control parameters, or in other words

to maintain the engine IMEP during the combustion mode transition.
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Figure 5.1: Steady state combustion characteristics of SI and HCCI modes

5.2.2 Existing one-step combustion mode transition

In order to investigate the control problem of the combustion mode transition, the control
strategies development starts with one-step transition strategy. That is to directly change the
control references of all engine control parameters from the SI mode to the HCCI mode, in one
engine cycle. HIL simulations of the one-step transition strategy were conducted and key engine

variables are plotted in Figure 5.2 and Figure 5.3.
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By analyzing the simulation results in Figure 5.2 and Figure 5.3, the control problems of

the combustion mode transition are summarized as following.

Extreme rich conditions of gas-fuel mixture (see the response of 4) are found for all

cylinders at the first engine cycle after the valve lift switch of 77j;4. This indicates the lack of

fresh air charge in the engine cylinders.

fuel mixture are observed at the cycles following the first

lean conditions of the gas-

Fairly
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one after the switch of /775 due to the fast increment of the engine MAP.

J The thermodynamic condition (77 ¢) of the first few engine cycles after the combustion

mode switch is below the required condition for HCCI combustions due to the response

delay of the valvetrain actuators (see O;y7ys and O xTpy)-
o The combustion timings (Osopccy) of the first few engine cycles after the combustion

mode switch are retarded corresponding to the thermodynamic condition (77p¢). It could

lead to unstable HCCI combustions, and even misfire in the worst case.

o Cylinder-to-cylinder variations were observed at combustion related variables during the

mode transition since the adjustments of 17j;4, O7v7r and Oy affect all engine cylinders

globally while each cylinder is undergoing different stroke.

o Slight oscillations were found to combine with the first order response delays of 77 and

Osonccy This is a strong indication of the cycle-to-cycle residual gas dynamics of the

HCCI combustions.

Engine IMEP cannot be maintained as illustrated in Figure 5.3. Thereby it is very difficult
to achieve smooth combustion mode transition in one step, due to all the issues described above.
To solve the problems and reduce the fluctuation of the engine IMEP response during the mode
transition, a multistep mode transition scheme with some control strategies was proposed. The

corresponding control architecture will be presented in the next section.
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5.3 Control Architecture of Multistep Combustion Mode Transition

The multistep combustion mode transition strategy was proposed by inserting a few
SI-HCCI hybrid combustion cycles between the SI and HCCI combustions. As illustrated in
Figure 5.4, five engine cycles are reserved for bridging the SI and HCCI combustions.

During the transitional cycles some engine parameters are adjusted in an open loop

according to the schedule shown in Figure 5.4. At the end of cycle 2, the intake/exhaust valve lift

i3 switches from high lift to low, and the control references of ¢ pGr, Oinrar and O xpsare set to

those of the steady state HCCI combustion mode as listed in Table 5.1. Cycles 1 and 2 are used for

engine throttle control. They provide enough time for the engine MAP to be adjusted due to the
impacts of /7j;; switching from high to low. Spark timing fs7 of each cylinder was kept constantly
during the transitional cycles and was eliminated at the end of cycle 5.

Throughout the transitional cycles, the engine control parameters /grc and Fpy were

regulated in time-based control with 1 ms sampling rate and cycle-based control logics,

respectively. The corresponding control algorithm will be described in the next two sections.
Under the regulations of the engine parameters, the combustion characteristics during the

transitional engine cycles are different from those of the typical SI and HCCI combustion modes.

The combustions at cycles 1 and 2 are still in SI combustion mode, but the air-to-fuel ratio might

not be stoichiometric and most likely is lean due to the throttle (/g7¢) control. During cycles 3 to 5,

engine charge temperature 77y is higher than that of the SI mode and lower than the desired

temperature of the HCCI mode. Under such condition, during cycles 3 to 5 the engine is operated

in the SI-HCCI hybrid combustion mode with the help of the maintained spark ignitions.
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Figure 5.5 shows the control diagram of the multistep combustion mode transition

controller and its interface with the HIL engine simulator. The multistep combustion mode

transition is activated as engine IMEP switches from above IMEP),f(IMEPor=4.5 bar in the case)
to below IMEP,,f. Once the transition is initiated, the engine parameters are controlled in different

ways. Ig7c 1s controlled by the LQ tracking control; Fpy is controlled in different modes, the

learning and transient modes, according to the different engine operating conditions; all other

parameters are controlled by the pre-scheduled open loop control.

In Figure 5.5, the learning mode of the Fp; control is represented by the dashed lines and

the solid lines represent the transient mode. For both control modes, Fp; is adjusted every engine
cycle for each cylinder. The transient mode is used for engine operations with fast load variations,

such as the engine tip-out and tip-in operations. In this mode, the learned feedforward term Frr

reduces the cylinder-to-cylinder IMEP variance, and the feedback term Frp helps with the drive

load tracking. To run the learning mode, the engine load is required to be relatively stable and
fairly close to the specified reference. Accordingly, this mode can only be operated during the

vehicle cruise operational condition or during the engine calibration process. Note that in the

learning mode, F'p; is not only used as control output but also stored to the nonvolatile memory of

the controller as the feedforward term F'rr for next learning iteration or the transient mode control.

5.4 IMEP Regulation for DI Fuel Quantity Control
In this section the DI fuel quantity is used as a direct control arm to regulate the IMEP of

each engine cylinder.
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5.4.1 Sensitivity analysis of engine IMEP

As discussed in Section 5.2.2, the engine control variables 77yc and Osopccr have
response delays due to actuator dynamics, and after the engine reference parameters 175, Oin7p

and Ogxr)sare adjusted at the end of cycle 2. It takes a few engine cycles for them to reach the

desired levels corresponding to the HCCI combustion mode, see Figure 5.3. Under such transient

conditions, if the engine were forced to switch to the HCCI combustion mode the engine IMEP

could not be maintained with cycle-by-cycle fuel control Fp;. Also the increased cooling effect

caused by the increment of Fp; reduces the charge temperature and leads to degraded HCCI

combustions.
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Figure 5.6: IMEP sensitivity with Fp; input for the SI-HCCI hybrid combustion mode
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To solve this issue, the engine sparks are maintained during cycles 3 to 5, and the engine

operates in the SI-HCCI hybrid combustion mode during these cycles as shown in Figure 5.4. For
the hybrid combustion mode the engine IMEP is highly correlated to Fp; with the lean gas-fuel
mixture, as illustrated in Figure 5.6. Accordingly it is possible to control the engine IMEP of each
cylinder by regulating Fp; of the corresponding cylinder.
5.4.2 DI fuel quantity control for learning mode

When the DI fuel control Fpy switches to the learning mode, Fp; is regulated through the

following equation,

Fpri+1l) = Fpp()+Fyc()
Frp () + Ky | IMEB, o — IMEP() | (5.1)

where the iterative learning control parameter F; ¢ is calculated by a P-type (proportional) self

learning algorithm as described in [93] and [94], and the iterative learning gain Kj7 ¢ is derived

from the IMEP sensitivity (shown in Figure 5.6) satisfying

AFpy
AIMEP (5.2)

Kic <

Note that in this case the stability of the iterative learning is guaranteed. The feedforward term F

is the learned control variable from the last step that is stored in the memory of the controller. After

each learning Frr is updated as

Frp(i+1)=Fpr(i+1) (5.3)

5.4.3 DI fuel quantity control for transient mode

When Fpj control switches to the transient mode, the iterative learning control is
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deactivated and the feedback control is activated, as illustrated in Figure 5.5; Fp;is controlled by

the combination of the feedforward and feedback controls. It is represented by
Fpr =Frp +Frp (5.4)

where the feedforward term Fpr is the same learned control variable as in (5.1); The feedback

term F'p is the output of a PI (proportional and integral) controller.

5.5 Air-to-Fuel Ratio Control
In the last section, the Fp; controller is used to control the individual cylinder IMEP. To
maintain the controllability of the fuel control, lean gas-fuel mixture is required during the mode

transition. However, the combustion could become unstable if the mixture becomes extreme lean

since the engine spark might not be able to ignite the extremely lean gas mixture during the

transitional cycles. For this study the desired normalize air-to-fuel ratio is set between 4,,;, (0.97)

and 4,4y (1.3). In the earlier work presented in [25], a throttle pre-opening approach was proposed

to prevent rich combustions at cycle 3, but it leads to very lean combustions at the following
engine cycles. In this section, an LQ optimal control strategy is developed to achieve the air-to-fuel
ratio target.

5.5.1 Tracking reference of engine MAP

As discussed above, the normalized air-to-fuel ratio needs to be maintained within the

optimal range (4,,i;; < 4 < A;4x) during the SI to HCCI combustion mode transition. This control

target is difficult to be achieved through the air-to-fuel ratio feedback control due to transportation
delay and short mode transition period. It is proposed to use the LQ tracking approach to regulate

the air-to-fuel mixture to the desired level. To implement this control strategy, the optimal
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operational range of 4 is translated into the operational range of MAP shown in Figure 5.7, where
the upper boundary is corresponding to 4,,, and lower boundary is corresponding to 4,,;,. an

engine MAP tracking reference shown in Figure 5.7 was generated for the engine Map to stay

within the target range. The reference signal is represented by

ZS[ l]r kS <k§k1
k—k
2k)=4 Zgg +(Z~Zg)—= if ki <k<k,
ky —ky (5.5)
k—k
Z+(Zgccr =%) if ky<k<kg
ky =k

where £ is the sampling index; kg and kg indicate the beginning and ending indices of the mode

transition and they were set to 600 and 900, respectively as shown in Figure 5.7; k; and k) are

switch timings and they equal 670 and 720, respectively.
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Figure 5.7: The target MAP operational range and MAP tracking reference
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5.5.2 Control oriented MAP model

To develop the proposed LQ tracking control strategy, a control oriented engine MAP

model is required to represent the relationship between the control input (/g7¢) and the system

output (MAP). The simplified dynamics is represented by a second order dynamics due to the gas
filling dynamics (first order) of the engine intake manifold and the first order response delay of the
engine throttle, assuming that the rotational momentum of the throttle plate is small enough to be

ignored. The governing equation of gas filling dynamics is represented by

dMAP _ | VaNe y1ip RT,,,Cprr’P,

a ov, V2R

mb
¢TPS (5.6)

The dynamics of the throttle response is approximated by

dérps __kerc brps + CETC
dt berc berc

]ETC (5.7)

Equations (5.6) and (5.7) can be combined, discretized and represented by the following discrete

state space model

x(k+1) = Ax(k)+ Bu(k)
wk) = Cx(k)+Du(k) (5.8)
where
x| [MAP
u=Igrc; x= % = brps ; y=MAP (5.9)

are the system input, state and output, respectively. The system matrices are

_ 5 _
1— n(k)V N, AT PU)RT 1, Cp7er ™ By AT 0
120V
A= m Vi A 2RT 01 ;. B=| kg AT
0 1 keTC A7 berc (5.10)
i berc |
C= [1 0]; D=0
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where AT is the sample period. State space model (5.8) is linear time-variant since the volumetric
efficiency # and multiplier ¢ in equations (5.6) and (5.10) are functions of the tracking reference
z(k). Moreover, the sampling time A7 in (5.10) equals 1 millisecond, and sample time index £ is the
same as that from equation (5.5).
5.5.3 LQ optimal controller synthesis

Based on the control oriented engine MAP model, a finite horizon LQ optimal tracking

controller was designed to follow the reference z(k). More specifically, the control objective is to

minimize the tracking error e(k) defined in (5.11) with the feasible control effort /¢ or the
feasible throttle control current. The tracking error e(k) is defined as
e(k) = y(k) — 2(k) = Cx(k) ~ (k) 511)

and the restriction on /g7 is -5SA <Ig7c < 5A. To satisfy the objective, the cost function of the LQ

optimal tracking control is defined as

J = SICxtep) =2 FICx () - 2(k )

k=kpd 5.12
b2 3 {1 - 201 QO -0 +u” () Ru(h)| o1
k=k

where F and Q are positive semi-definite and R is positive definite. For the control design, /" and O
were selected as constant matrices and R is a function of sample step & (see Figure 5.10) used to

tradeoff between the tracking performance and the control effort.

Fell Yo o=|* Yho. R=rk
1o o ’Q_oo » R=RE) (5.13)

Based on the cost function the corresponding Hamiltonian is as follows

H= %[Cx(k) —2(0)1 QICx (k) — (k)] +%uT(k>Ru<k> £ (kD[ Bu®] (514
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According to [89], the required conditions for the extremum in terms of the Hamiltonian are

represented as

8H _ % * _ * ES
m_x (k+1) = x (k+1)=Ax (k)+Bu (k) (5.15)
M __J'0) = p =47 p"k+1)+CT0Cx" (k) - CT 0x(k)
ax (k) (5.16)
aH _ _ T * *
é%l*(k)_o = 0=B'p (k+D)+Ru (k) 517

Note that the superscript “*” denotes the optimal trajectories of the corresponding vectors. The

augmented system of (5.15) and (5.16) becomes

X (k+1) 4 -BRT'BT|| X(k) X { 0 } "
- z
P | |cToc a4 | pfw+n| €70 (5.18)

Based upon (5.17) the optimal control is in the form of

u (ky=-R"'BT [P(k)x*(k) - g(k)} (5.19)

Note that matrix P(k) can be computed by solving the difference Riccati equation backwards
P(k)= AT Pk + 1[I+ EP(k+1)] ' 4+cToC (5.20)
with the terminal condition

P(ks)=C"FC

(5.21)
and vector g(k) can be computed by solving the vector difference equation
_ 4T -1 -1 T
gk)y= A" {1-[P7 e+ )+ ET E} gl + 1)+ CT 0z(k) (5.22)
with the terminal condition
glky)=C" Fz(ky) (5.23)
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The optimal control in (5.19) can be written into the following form

u" (k) = ~Lpp(k)x" (k) + Lpp (k)g(k+1) (5.24)

where the feedforward gain Lgr is computed by

Lep(k)=[R+BT P(k+1)B] ' BT (5.25)

and the feedback gain Lgp is computed by

Lrg(k)=[R+ BT P(k+1)BT ' BT P(k +1)4 (5.26)
Note that equation (5.24) is the offline representation of the LQ optimal tracking control

*
since the state x used in the feedback control is computed exactly from the closed-loop system
(5.8) as

* *
x (k+1)=[A—-BLpg(k)]x (k)+BLpp(k)g(k+1) (5.27)
However, when the control is implemented in the HIL simulation environment or the actual engine
control system, the feedback signals are replaced by the physical signals measured by the on-board

engine sensors. In these cases the LQ controller is represented by the online form as
u(k) = ~Lpg (k)x(k) + Lpp (k)g(k +1) (528)
where x represents the sampled states. Note that both of the states, MAP and ¢7pg can be measured

in the HIL simulator or in the engine system.

5.6 HIL Simulation Results and Analysis
The multistep combustion mode transition control strategy is composed of the DI fuel
quantity control and LQ optimal MAP tracking control with the SI-HCCI hybrid combustions

during the mode transition. In this section, HIL simulation results are presented.
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5.6.1 SI-HCCI hybrid combustion mode
As mentioned in Section 5.3, the engine is operated in the SI-HCCI hybrid combustion

mode at cycles 3 to 5 (see Figure 5.4) in the multistep mode transition strategy. To disclose the
significance of using this hybrid combustion mode, the key engine variables, such as T;yc, xgccr,

and IMEP, are analyzed and plotted in Figure 5.8, for the cases with and without the SI-HCCI

hybrid combustion mode.
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Figure 5.8: Combustion performances with and without SI-HCCI hybrid combustions

As shown in Figure 5.8, temperature at intake valve closing 77y has response delay with

or without the hybrid combustion mode due to the dynamics of the valvetrain system and the NVO
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operation. Under such thermodynamic condition, if the engine was forced into the HCCI
combustion mode, start of combustion timing would be greatly retarded, causing large IMEP
fluctuations. The large fluctuation of IMEP cannot be improved through combustion control due to

the lack of available control variables in HCCI mode as discussed in Section 5.4.1. However by

using the hybrid combustion mode, percentage of HCCI combustion xz;ccy is gradually increased
as Ty c approaches the desired temperature. Also note that due to the LQ optimal tracking of the

desired air-to-fuel ratio, the engine IMEP can be regulated by controlling Fp;. As a result, smooth

IMEP can be achieved during the mode transition. Note that for the simulation results in Figure 5.8,
the proposed air-to-fuel ratio and DI fuel quantity controls are used during the mode transition with
the hybrid combustions.

Therefore, using the SI-HCCI hybrid combustions during the mode transition is a key
control technique for the smooth combustion mode transition.
5.6.2 Air-to-fuel ratio control

The developed LQ optimal MAP tracking control was implemented in the prototype engine

controller and validated through the HIL engine simulations. The simulated control input /g7, the

system states MAP and ¢7pg, and A are plotted in Figure 5.9. For comparison purpose, the

simulated responses of these variables with open loop control are also shown in Figure 5.9, in

which /g7 is set to the target level before the adjustment of /7 (happens at 720 ms), as a result,

the engine throttle is gradually opened to the wide open throttle (WOT) position and the MAP is

increased before the valve lift switch. The increased MAP ensures enough fresh charge to each

cylinder when the valve lift switches the low position. However the step /g7c control leads to a
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rapid increment of the engine MAP or excessive fresh air charge, leading to extreme air-to-fuel

ratio 4 in the following engine cycles.

cylinder #1
""" cylinder #2
.......... Cy11ndel' #3
s cylinder #4 |

600 750 900 1050 1200 1350 1500 1650
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Figure 5.9: Engine performances with and without MAP tracking control
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Using the proposed LQ MAP tracking control strategy, throttle current /g7 is regulated in

a non-monotonic increasing pattern. Note that to maintain /g7 in the feasible range (-5A < Ig7pc <

5A) the weighting matrix R in the cost function (5.12) is adjusted as illustrated in Figure 5.10. The

same pattern can also be found for ¢ 7pg with a small phase lag. As a result, the engine MAP tracks

the reference trace z(k) after the intake valve lift /7j;; switches to the low lift, and 4 of each cylinder

is successfully maintained within the desired range. Therefore, with the help of the LQ optimal
control, the in-cylinder air-to-fuel ratio is maintained within the desired range, leading to stable

combustions.

1.5

0 ‘
600 900
Sampling index k, time (ms)

Figure 5.10: Adjustment of weighting matrix R in cost function (5.12)

Slight oscillations in the MAP responses are found with both control approaches, which are
due to the flow dynamics of the engine air-handling system. It is almost impossible to eliminate
them due to the slow throttle actuator dynamics. However, the MAP oscillation associated with the

LQ optimal control is within the desired MAP range.
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5.6.3 DI fuel quantity control with iterative learning mode
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Figure 5.11: Correction of DI fuel quantity after iterative learning
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When the air-to-fuel ratio is maintained within the desired range, the iterative learning of

Fpywas conducted in the learning mode. Figure 5.11 shows that Fp; of each cylinder converges

after a few iterations of learning. Fpy in cycle 2 was adjusted most significantly due to the large

variation of the engine MAP. The first engine cycle (cycle 3) after the intake/exhaust valve lift

switch demonstrated the largest improvement, leading to significant correction of Fp;. The

cylinder-to-cylinder adjustment of Fp; after iterative learning compensates for the intake charge

variations, and leads to smooth IMEP of individual cylinder as shown in Figure 5.12. Therefore, it
can be concluded that smooth SI to HCCI combustion mode transition is achievable through the
iterative learning control of the DI fuel quantity.

In Figure 5.12, without ILC the slight IMEP oscillations as discussed in Section 5.2 can be

observed for 77y and Osorccr, however, the oscillations disappears after the ILC was applied.

These oscillations indicate unstable combustions and are due to the cycle-to-cycle residual gas
dynamics of HCCI combustions (including the SI-HCCI hybrid combustions), which has been

discussed in great details in [34] and [36]. Due to the residual gas dynamics, retarded (or advanced)

Osomccr of current engine cycle leads to advanced (or retarded) Osorccy for the next engine

cycle. As a result, combustion oscillations occur. During the combustion mode transition, the

impact of adjusting /7j;; to the individual in-cylinder combustion is quite different. Cylinder 1

experiences the most significant impact since it is during the exhaust stroke when it happens. Both

residual gas quantity and fresh charge quantity were affected. Therefore the IMEP fluctuations of

cylinder 1 are dominated as shown in Figure 5.12. By using the ILC of DI fuel quantity, Osorccy

was regulated to the appropriate timing as well as the IMEP was regulated to the control reference.
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Accordingly the oscillations of 77y and Osopccy were suppressed, and combustion stability

during the mode transition was improved by the iterative learning control.

As a result of suppressing the oscillations of 77y ¢ and O5popccy, engine knock index was

also reduced during the combustion mode transition, see Figure 5.13. Note that dP/df is a good

indicator of engine knock [62].
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Figure 5.12: Combustion performances with and without ILC
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Figure 5.13: Engine knock index (dP/df) with and without ILC

5.6.4 Engine torque performance comparison
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Figure 5.14: Engine torque performances of different control strategies
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Table 5.2: Engine performance comparisons for different control strategies

IMEP error Max dP/d@ Torque error
(%) (bar/deg) (%)
One-step mode transition 51.6 N/A 81.8
Multistep w/o hybrid mode 26.9 N/A 43.1
Multistep w/o LQ, w/o ILC 7.1 3.13 11.2
Multistep w/ LQ, w/ ILC 1.6 2.82 2.2

In-cylinder pressure of
one-step transition (bar)

In-cylinder pressure of
multistep trnasiton (bar)

Time (ms)

Figure 5.15: In-cylinder gas pressure profiles during SI to HCCI combustion mode transition
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Engine torque responses during the combustion mode transitions using the different
control strategies are plotted in Figure 5.14. Their statistics are listed in Table 5.2 for comparison.
The largest engine torque fluctuation is produced by the one-step approach. The fluctuation of
engine torque is reduced when multistep strategy is used. It is further improved as the SI-HCCI
hybrid combustion mode is implemented. At last, smooth combustion mode transition is realized
in multi-steps when both the air-to-fuel ratio (LQ control) and the DI fuel quantity (ILC) controls
are used. The combined control of the LQ tracking and ILC DI fueling with SI-HCCI hybrid
combustions leads to the lowest torque fluctuations (2.2%) when the engine operational conditions
transit from the steady state SI mode to the HCCI mode. The in-cylinder gas pressure profiles are
plotted in Figure 5.15. One can see significant improvement of combustion quality during the
transitional cycles.

5.6.5 Engine performance during the throttle tip out operation

In order to study the mode transition under the transient operation, an HIL simulation was
conducted to simulate the engine throttle tip out operation, where the engine was initially operated
in the SI mode. As a step input was applied to the acceleration pedal, the pedal position decreased
from 40% to 15%. As a result, the engine IMEP reduced from 8.1 to 4 bar, which crosses the
combustion mode transition threshold of 4.5 bar. Accordingly the combustion mode transition was
triggered. Two mode transition strategies were simulated. Both of them were multistep strategies
with the hybrid combustions. One was with the air-to-fuel ratio control (LQ) and the DI fuel
quantity control, the other was not. Note that the DI fuel quantity control was switched to the
transient mode during the engine tip out operation, and the feedforward term Frr used in the
transient mode control was learned by the ILC. The transient responses of engine variables are

plotted in Figure 5.16.
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In Figure 5.16 after the step input to the acceleration pedal, both ¢7pg and MAP are

decreased at first, and then increased due to the combustion mode transition. Slightly rich
combustions can be observed during the early stage of the tip out operation since the throttle
opening is decreased in the SI mode. Once the mode transition is started, the in-cylinder gas-fuel
mixture becomes lean for both strategies. However, with air-to-fuel ratio LQ MAP tracking control
A 1s maintained within the desired range throughout the engine tip out operation. Furthermore, with
the proposed DI fuel quantity control smooth IMEP responses were achieved for all cylinders
comparing with those without the iterative fuel control. Similar improvement in engine torque
output can also be found in Figure 5.17.

Based on the simulation results shown in Figure 5.16 and Figure 5.17, it can be concluded
that the proposed LQ optimal MAP tracking control is capable of maintaining the air-to-fuel ratio
during engine transient operations, and the iterative DI fuel quantity control is also effective in

transient mode.
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Figure 5.17: Engine torque response during tip out operation
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5.7 Conclusions

The combustion mode transition between the SI and HCCI combustions is challenging but
necessary to implement the promising HCCI combustion technology to production SI engines. As
demonstrated in this chapter, smooth combustion mode transition can be realized in a
multi-cylinder gasoline engine equipped with the dual-lift VVT valvetrain system. The mode
transition was accomplished within multiple engine cycles with the help of the LQ MAP tracking
control and the ILC of DI fuel quantity. Based on the HIL simulation results presented in this
chapter, the LQ control tracks the engine MAP to the desired target with small oscillations; and the
normalized air-to-fuel ratio is maintained within the desired range. As a result, the individual
cylinder IMEP can be regulated through adjusting the corresponding DI fuel quantity. With the
help of the ILC DI fuel control, the cylinder-to-cylinder variations of the engine IMEP can be
reduced significantly and tracks the control reference. Furthermore, the ILC is able to compensate
the influence of the cycle-to-cycle residual gas dynamics, and accordingly reduces the fluctuations
of the engine knock index during the mode transition. In addition, combining the learned
feedforward control with the PI feedback control, smooth SI to HCCI combustion mode transition

can also be realized during transient engine operations.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

To model IC engine behaviors for the purpose of real time control strategy development
and validation, this dissertation investigates an engine modeling approach that combines
time-based and crank-based modeling methods. The engine air-handling system is modeled in
time-based by “so-called” mean-value models, and engine combustion process is modeled as
functions of the engine crank angle. This modeling approach was first applied to a dual-stage
turbocharged SI engine and satisfactory HIL simulation results were obtained. As a result, this
approach was used to model the HCCI capable SI engine. The developed SI-HCCI hybrid
combustion model of the HCCI capable SI engine is capable of simulating the SI, HCCI and
SI-HCCI hybrid combustion modes. The entire HCCI capable SI engine model was calibrated and
validated with the corresponding one-dimensional GT-Power model. Afterward, it was
implemented into the HIL simulation environment. Based on the HIL simulation results the

following conclusions are drawn.

o The mixed time-based and crank-based engine models are capable of real-time HIL
simulation
J The developed engine models are effective in simulating both continuous and discrete

engine dynamics in the HIL simulation environment
o The SI-HCCI hybrid combustion model is appropriate for the control strategy development

of the combustion mode transition, since it models the SI, HCCI and SI-HCCI hybrid
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combustion modes seamlessly.

The control strategy development for the SI to HCCI combustion mode transition is the
other research concentration of this dissertation. It was developed based upon the developed HCCI
capable SI engine model. The developed control strategy was a multistep mode transition control
strategy. The SI-HCCI hybrid combustion mode was implemented in the combustion mode
transition to bridge the gap between the SI and HCCI combustion modes. The LQ optimal MAP
tracking control was applied in the multistep control strategy to optimize the engine air-to-fuel
ratio. DI fuel quantity of each cylinder was optimized by the iterative learning control. The entire
control strategy was validated in the HIL simulation environment. The following are the
conclusions:

o Smooth SI to HCCI combustion mode transitions are realized for both steady state and
transient operating conditions using the proposed multistep control strategy

o The SI-HCCI hybrid combustion mode plays an important role in the multistep combustion
mode transition control strategy

o Smooth SI to HCCI combustion mode transition is achievable for an HCCI capable SI

engine equipped with dual-stage valve lift and electrical VVT systems

6.2 Recommendations for Future Work

The engine models presented in this dissertation are in the quasi-steady state. The
calculations of in-cylinder gas mass, mass flow rate across intake/exhaust valve, heat exchange,
etc., are mainly based on governing equations of mass and energy conservations, whereas the gas
flow dynamics (momentum conservation) is ignored. However, the intake gas flow dynamics

affects the homogeneity of the in-cylinder gas-fuel mixture seriously, hence, it affects the HCCI
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combustion. Combining the gas flow dynamics model with the existing combustion model
described in Chapter 3 could improve the modeling accuracy for the HCCI combustion and
combustion mode transition.

In addition, the SI-HCCI hybrid combustion mode has one additional control variable,

spark timing that affects the start of the HCCI (SOHCCI) combustion time and the HCCI
combustion percentage (xgyccy) in the hybrid combustion mode as demonstrated in HIL

simulations. It is recommended to use this control variable to extend the HCCI combustion to
higher engine load.

With the successful demonstration of smooth combustion mode transition from the SI to
HCCI modes using the multistep control strategy developed in Chapter 5, the logical next step is to
extend the control strategy to the mode transition from the HCCI to SI combustion. Note that this is
not a simple reversed process since the mode transition from the HCCI to SI combustion has quite
different dynamics, comparing to the transition from SI to HCCI.

Finally, the most important future work is to use engine test data to validate the developed

engine models and demonstrate the proposed control strategy in the engine dynamometer tests.
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