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ABSTRACT 

The current Spark Ignited (SI) engine equipped with three-way catalyst offers low 
emissions, but has low efficiency at part load, which results in unnecessarily high 
CO2 emissions. The Compression Ignited (CI) engines have higher efficiency and 
hence lower CO2 emissions, but suffer from higher Nitrogen Oxide (NOx) and 
Particulate Matter (PM) emissions, and no three-way catalyst can be used. Large 
efforts are made to reduce the emissions of the CI engine and raise the efficiency of 
the SI engine. A third internal combustion engine type, which combines the principles 
of the SI and CI engines, has the potential to meet demands from society in terms of 
current and foreseeable future emissions regulations. This engine type is called 
Homogeneous Charge Compression Ignition (HCCI) engine. It utilizes a 
homogeneous premixed air fuel mixture like the SI engine, but the mixture is 
compressed to auto ignition like in the CI engine. Very dilute mixtures are used to 
slow down the combustion rate. This results in a low combustion temperature with 
extremely low NOx emissions. Due to the homogeneous charge the combustion 
produces no PM. The Carbon Monoxide (CO) and unburned Hydrocarbon (HC) 
emissions are, however, higher than for the other engine types due to the low 
combustion temperature, but an oxidizing catalyst can quite easily treat CO and HC 
emissions. Combustion control of the HCCI engine is a challenge since there is no 
direct means to control when combustion starts unlike the SI or CI engines. 
Combustion phasing in an HCCI engine can be achieved by affecting the time history 
of pressure and temperature in the cylinder. The most common way to do this in the 
lab has been to control the inlet air temperature and thereby the temperature in the 
cylinder at the end of the compression stroke. With an electrical heater this is a slow 
parameter to control. In the present study a multi cylinder engine equipped with 
Variable Compression Ratio (VCR) and a Fast Thermal Management (FTM) system 
is used to control the combustion phasing. Both the Closed-Loop Combustion Control 
(CLCC) using VCR and the CLCC using FTM are the first presented such systems on 
a multi cylinder engine in the literature. A system identification is made and a Linear 
Quadratic Gaussian (LQG) controller is designed for the fast thermal management 
instead of the standard PID controller. CLCC performance of both PID and the state 
feedback based LQG controllers using fast thermal management are investigated by 
perfroming step response experiments. A CLCC strategy using variable compression 
ratio and a cylinder individual fast thermal management is presented and investigated 
experimentally by running a hot drive cycle test. To this date it is the first 
experimental drive cycle test using inlet air preheated HCCI, i.e. FTM. It is concluded 
that the proposed CLCC strategy in terms of fuel consumption is good enough, but in 
terms of emissions there is still some room for improvement. For a scaled engine to 
3.0L an improvement in fuel consumption of 16% is accomplished compared to an SI 
simulation using mean steady state data from the same engine, with an EC2000 
drive cycle calculated for a 1.6L Opel Astra. If doing an imagined mode transfer 
without scaling the engine a fuel consumption of 6.8L/100km is achieved. Due to very 
high friction losses of this engine a simulation with lower friction losses of a modern 
engine is made, which result in a 15% improvement in fuel consumption compared to 
an “ideal” simulated HCCI drive cycle test with this engine. With an optimized 
controller and an optimized engine in terms of friction losses a fuel consumption of 
5.8L/100km is realistic for the HCCI-SI approach.  
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NOMENCLATURE 

ABDC  After Bottom Dead Center 
ATAC  Active Thermo-Atmosphere Combustion 
ATDC  After Top Dead Center 
AVT  Active Valve Train 
A/D  Analog / Digital 
BMEP  Brake Mean Effective Pressure 
BBDC  Before Bottom Dead Center 
BSFC  Brake Specific Fuel Consumption 
BTDC  Before Top Dead Center 
CAD  Crank Angle Degree 
CAI  Controlled Auto Ignition 
CA50  Crank Angle for 50% burned 
CFR  Cooperative Fuel Research engine 
CI  Compression Ignition 
CLCC  Closed-Loop Combustion Control 
CR  Compression Ratio 
CO  Carbon Monoxide 
CO2  Carbon Dioxide 
COV  Coefficient Of Variation 
D/A  Digital/Analog 
DISI  Direct Injected Spark Ignition 
dP/dCAD  Maximum Rate of Pressure Rise per Crank Angle Degree 
EC2000  European drive cycle 
EGR  Exhaust Gas Recirculation 
EHVA  Electro Hydraulic Valve Actuation 
EVC  Exhaust Valve Closure 
EVO  Exhaust Valve Opening 
FMEP  Friction Mean Effective Pressure 
FTM2  Fast Thermal Management (two throttle system) 
FTM6  Fast Thermal Management (six throttle system) 
FuelMEP  Fuel Mean Effective Pressure 
GDI  Gasoline Direct Injection 
HC  Hydrocarbon 
HCCI  Homogeneous Charge Compression Ignition 
HCSI  Homogeneous Charge Spark Ignition 
IMEP  Indicated Mean Effective Pressure 
ISFC  Indicated Specific Fuel Consumption 
IVC  Inlet Valve Closure 
IVO  Inlet Valve Opening 
LQG  Linear Quadratic Gaussian 
LTR  Low Temperature Reactions 
MIMO  Multi Input Multi Output 
MISO  Multi Input Single Output 
MPC  Model Predictive Control 
N  Nitrogen 
net  Integrate over the entire engine cycle 
NOx  Nitrogen Oxides (NO and NO2) 
O2  Oxygen 
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OKP  Optimized Kinetic Process 
PCI  Peripheral Component Interconnect local bus 
PFI  Port Fuel Injection 
PIC  Peripheral Interface Controller 
PID  Controller with Proportional, Integral and Derivate gains 
PM  Particulate Matter 
PRBS  Pseudo Random Binary Sequence 
RON  Research Octane Number 
SCSI  Stratified Charge Spark Ignition 
SI  Spark Ignition 
SISO  Single Input Single Output 
SVC  Saab Variable Compression 
TDC  Top Dead Center 
V  Instantaneous cylinder volume 
VCR  Variable Compression Ratio 
VD  Displacement Volume 
VVA  Variable Valve Actuation 
VVT  Variable Valve Timing 
γ  Ratio of specific heats 
λ  Air/fuel ratio, relative to stochiometric air/fuel ratio  
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1 Introduction 
The internal combustion engine has evolved significantly since the first mass-
produced cars. The performance of a normal car has increased by an order of 
magnitude even though weight has doubled, while the fuel mileage is approximately 
the same and emissions have been reduced by two orders of magnitude. This has 
been achieved by more advanced engine control strategies, exhaust gas after 
treatment together with computer aided design of combustion chamber, inlet manifold 
etc. Complete combustion of a hydrocarbon fuel results in CO2 and water. CO2 is a 
green house gas and as such it should be minimized. This can be achieved by using 
an engine which has higher efficiency and hence produces less CO2. The 
Compression Ignited (CI) engine has higher efficiency than the Spark Ignited (SI) 
engine, but produces higher amounts of Nitrogen Oxides (NOx) and Particulate 
Matter (PM). The NOx emissions cause acid rain and result in over-fertilization of 
lakes, and PM causes cancer. The Homogeneous Charge Compression Ignition 
(HCCI) engine is an engine concept with high part load efficiency compared to the SI 
engine and extremely low NOx emissions and no PM. The HCCI engine can be run 
on various different fuels and if desired renewable fuel such as ethanol. 

Combustion control of the HCCI engine is a challenge since there is no direct means 
to control when combustion starts unlike the SI or CI engines. Combustion phasing in 
an HCCI engine can be achieved by affecting the time history of pressure and 
temperature in the cylinder. 

A combustion control strategy for HCCI in a small size high-speed multi cylinder 
engine using Fast Thermal Management (FTM) or Variable Compression Ratio 
(VCR) is presented and demonstrated experimentally during transient operation and 
during a drive cycle. The in-cylinder pressure is measured as feedback of the 
combustion phasing. Cylinder-individual combustion control strategies are presented 
and demonstrated experimentally. A model based controller is derived by system 
identification and implemented in the PID based control program in an effort to 
systemize the controller design for the combustion phasing. The controllers are 
evaluated by doing step and ramp changes of various parameters and finally the 
entire concept is evaluated in a drive cycle test where performance of especially the 
Closed-Loop Combustion Control (CLCC) is crucial to meet desired results in load, 
speed, emissions, noise and fuel consumption. 

The objectives of this thesis are to introduce a CLCC strategy for an HCCI engine 
using FTM and/or VCR and to experimentally demonstrate the performance of this 
combustion phasing control. The importance of fast and powerful combustion 
phasing during transients is discussed. To understand the complexity of HCCI 
combustion control, supplementary combustion control parameters are discussed.  

Different controllers, actuators and feedback signals used in the literature are 
discussed, but the different HCCI concepts are limited to gasoline-like HCCI and 
hence no diesel HCCI is treated.  

This is not intended as a school book in HCCI control and should be read as an 
introduction to the technical papers appended. However for the eager to learn reader 
there are a lot of references to the literature where to find more knowledge about this 
subject. 
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1.1 Internal combustion engines 
The internal combustion engine is a heat engine with internal combustion. The 
internal combustion engine can be divided into SI, CI and HCCI engines, which all 
can be found in two- and four-stroke variants. The four strokes of a four-stroke SI 
engine are shown in Figure 1-1. There are differences in fuel preparation and 
combustion between the three internal combustion engine types, but the engine cycle 
principle is the same. The four strokes are (a) intake, (b) compression, (c) expansion 
and (d) exhaust. The work from the engine is produced by the expansion stroke. 

 

Figure 1-1 The four-strokes of an SI engine [1]. 

1.2 The Spark Ignition engine 
In the SI engine, fuel and air are mixed homogeneously before combustion initiation. 
The charge is compressed and subsequently ignited by a spark plug at the most 
convenient time for the combustion process. To control the load of an SI engine, a 
throttle is used to adjust the amount of mixed air and fuel that enters the cylinder. 
Flame propagation from the spark gap requires an air excess ratio, λ, of 
approximately 1 around the spark plug. There are two strategies to inject fuel to an SI 
engine. Port Fuel Injection (PFI) or Direct Injection (DI). The currently most common 
solution is PFI, but the Gasoline Direct Injection (GDI) engines are increasing in spite 
of the relatively complex design. One reason to use GDI is to be able to run 
unthrottled lean operation by utilizing a stratified air/fuel mixture at low load. The 
air/fuel mixture is then rich enough around the spark plug, while it is lean in the rest of 
the combustion chamber. The useful work of an SI engine is shown as the enclosed 
area in Figure 1-2, while the pumping loss, enclosed are, is shown in the close up of 
the gas exchange in Figure 1-3. 
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Figure 1-2 P-V plot for SVC engine in SI mode. 
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Figure 1-3 Close-up of the gas exchange. 
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1.3 The Compression Ignition engine 
In the CI engine, air is compressed to a higher pressure and temperature than in the 
SI engine, fuel is injected at high pressure into the hot compressed air and auto-
ignition occurs. The diffusion flame around the fuel jet means that excess air has no 
negative impact on combustion. By adjusting the amount of injected fuel, the load is 
controlled and hence no throttling is necessary. Due to the partially fuel-rich 
environment with a diffusion flame there are problems with high NOx emissions and 
PM. Common rail injection with very high injection pressure is applied to lower PM, 
and Exhaust Gas Recirculation (EGR) systems are used to lower NOx emissions, but 
upcoming emission legislations are hard to meet with current technologies. 

1.4 The Homogeneous Charge Compression Ignition engine 
The HCCI engine can be understood as a hybrid between the SI and CI engines. 
HCCI engines use a premixed air and fuel mixture like the SI engine and compress 
this mixture to auto-ignition like the CI engine. The temperature of the charge has to 
be higher at the end of the compression phase, compared to the SI engine, in order 
to cause auto ignition with conventional SI engine fuels. The load is controlled by the 
injected amount of fuel, hence no throttling is necessary. HCCI works for λ between 2 
and 5 so, if means of combustion control are available, load can be controlled without 
throttling the air. The low combustion temperature is due to very lean mixtures, which 
result in extremely low NOx emissions and no PM, while the CO and HC emissions 
are higher than from the SI engine. Another drawback is the very high heat release 
rate, which leads to high maximum pressures and noise levels. To avoid too fast 
combustion, a diluent must be used. The diluent can be any combination of air, 
residual gas and EGR. The objective of using HCCI instead of SI in 4-stroke engines 
is to decrease fuel consumption at part load. The advantages of HCCI over CI 
engines are lower emissions of NOx and PM. 
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Figure 1-4 HCCI combustion process (original figure from Southwest Research Institute). 
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2 HCCI concepts 
The first presented experiments of HCCI engines are performed on 2-stroke engines 
[2-3]. The primary purpose of using HCCI combustion in 2-stroke engines is to 
reduce HC emissions at part load operation, and to decrease fuel consumption by 
stabilizing the combustion of lean mixtures. Onishi et al. [2] compare Active Thermo-
Atmosphere Combustion (ATAC), or HCCI which is the more common name, and SI 
combustion in Figure 2-1, where the left figure describes SI and the right HCCI and q 
is heating value per unit weight and w is mixture mass (weight). 

 

Figure 2-1 The HCCI concept by Onishi et al. [2]. 

SI combustion is characterized by a turbulent flame that propagates through the 
combustion chamber from the spark plug and creates a burned zone, which grows as 
the flame propagates. The zone dw is the reaction zone in which the chemistry is fast 
while the propagation, movement of dw to the right, is limited by the turbulent flame 
speed. HCCI combustion is characterized by combustion throughout the entire 
combustion chamber and the chemistry is the limiting factor since there is no flame 
propagation. 

In 4-stroke engines the first presented results are by Najt et al. [4], who use a single 
cylinder CFR engine where EGR rate, CR and inlet air temperature can be varied. 
They also change between different primary reference fuels and hence octane 
number fuels, from RON 60 to 70. Thring et al. [5] instead use US regular gasoline 
with a low CR of 8:1, but very high inlet air temperatures of up to 425°C and EGR 
rates of 13 to 33%. They also try higher CR of 15:1, but strangely enough do not 
achieve HCCI combustion, but for the tested CR Indicated Specific Fuel 
Consumption (ISFC) values of 180 to 200g/kWh are shown, which is in the same 
region as for a CI engine. 

Yunick et al. [6] show a probable HCCI “Hot Vapor” engine with a homogenizer 
similar to a turbo charger to get an extremely homogenized air/fuel mixture. The 
air/fuel mixture is preheated in three steps shown in Figure 2-2; with the first step 
from the cooling water downstream the carburetor. The second step use the exhaust 
heat around the homogenizer and the final step is the exhaust heated inlet manifold. 
With a boost level of 1.4 bar higher power than the stock engines are reported with 
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more than halved fuel consumption. To enable cold start hot EGR is used. The world 
patent [7] emphasises the need to scale cooling flows as a function of engine out 
power and discusses a maximum “piston dwell” of 2.5mm piston movement at TDC 
for 13 CAD of crank shaft movement, i.e. crank shaft stroke and piston rod length are 
chosen to get desired piston movement to get the entire combustion during the 
“piston dwell”. This will according to the patent holder increase combustion efficiency 
substantially between 800 and 4000 rpm. This is very much an experimental 
approach without combustion phasing control and no reports of noise and emissions 
are found. It is believed that this approach would result in very high peak cylinder 
pressures and maximum rate of pressure rise and hence high NOx emissions. 

 

Figure 2-2 Schematic of the Hot Vapor engine [6]. 

Later Stockinger et al. [8] presents a self sufficient multi cylinder HCCI engine using 
the exhaust gas energy and coolant water to heat the inlet air. They conclude that a 
suitable CR needed for full load should be chosen, while inlet air preheating is used 
for part load operation. Brake thermal efficiency of approximately 34% (241 g/kWh) at 
2 bar BMEP is shown at a CR of 18.7, which is very good compared to an SI engine. 
High loads are a problem though, due to instability of the combustion phasing, since 
no closed-loop control is applied. 
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Figure 2-3 Experimental setup of the self sufficient HCCI engine using thermal management [8]. 

Christensen et al. [9-14] present many HCCI related performance tests on a single 
cylinder 1.6L engine. Relationships between octane number of different fuels and 
inlet air temperature with fixed CR are investigated. Supercharging using various 
fuels, EGR rates using different λ and inlet air temperatures are shown. Water 
injection is also attempted. By changing CR with a small piston in the cylinder head, 
Figure 2-4, various liquid fuels are investigated. In [14] it is suggested that turbulence 
slows down the combustion rate, which is the opposite of SI combustion where the 
combustion rate depends on the turbulent flame speed, which increase with 
turbulence. More turbulence will decrease the temperature inhomogeneity during the 
combustion process, which results in lower temperature in the hot zones and hence 
lower combustion rate. Due to the exponential dependence of combustion rat on 
temperature, the increased temperature in the cold zones will only partially cancel 
this effect. All tests are made in open-loop, i.e. inlet air temperature is manually 
adjusted in all tests to achieve desired combustion phasing, hence only stationary 
tests. 

 

Figure 2-4 Cylinder head and auxiliary piston [13] 
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The first presented results of residual heated HCCI in 4-strokes using fixed 
camshafts and standard SI compression ratio without any inlet air heating are shown 
by Lavy et al. [15]. The load and speed range is very limited due to fixed valve lift 
profile and the need for very high residual gas rates, which limit the volumetric 
efficiency. However Zhao et al. [16] increase the load and speed range, but when 
simulating a HCCI-SI drive cycle test an improvement in fuel consumption of merely 
4.7% is achieved. The load and speed range is shown in Figure 2-5, where the lower 
misfire limit is a result of insufficient exhaust gas temperature. The advantage with 
this HCCI approach is the almost standard SI engine, which can operate in SI at 
higher loads with standard CR, but due to the very limited load range especially at 
low loads there seems to be small usefulness of this approach. 

 

Figure 2-5 Load and speed range for residual heated HCCI achieved by restricting the gas 
exchange process with modified camshafts [16]. 

Inlet air preheating and dual fuels are used by Olsson et al. in [17,18] and Paper 1, 
on a Scania 12L diesel engine. The standard direct injection system is replaced by 
port fuel injection. Two injectors, one in each port allows two fuels to be mixed. By 
mixing a high octane fuel with a low octane fuel the Crank Angle of 50% heat release 
(CA50) can be controlled cylinder individually. CA50 then serves as a quantitative 
measure of the combustion phasing [17]. The heat release is calculated online from 
measured in-cylinder pressure. This is the first multi cylinder engine in the literature 
running in CLCC, which is additionally discussed in the next paragraph. The concept, 
however, has the disadvantage of needing two fuels, but diesel like load and 
efficiencies are reached in Paper 1. The maximum load and speed range is shown in 
Figure 2-6. To avoid the need to refuel with two fuels, a fuel reformation approach is 
tried in [18], where natural gas is reformed to CO and H2 or if H2O is available CO2 
and H2. It is concluded that using H2 as an ignition improver is feasible, but the 
control authority is not as large as for n-hepthane and isooctane. 
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Figure 2-6 Maximum load HCCI on a Scania 12L engine using dual fuel, Paper 1. 

Willand et al. [19] suggest an HCCI control strategy using early exhaust valve closing 
and direct injection. The fuel is injected during compression of the retained exhaust 
gas, which is retained by early exhaust valve closing and late inlet valve opening, i.e. 
negative valve overlap. The fuel changes its chemical composition and hence the 
ignitability is increased. The “activation injection” is shown in Figure 2-7.  

  

Figure 2-7 Suggested injection during negative valve overlap to control CA50 [19]. 

Another solution for combustion control presented by Willand et al. [19] is fuel 
stratification. Stratification of the fuel results in fuel rich regions where combustion 
starts earlier and sets off the rest of the charge. The stratification can be achieved by 
direct injection. However no experimental results are shown by Willand. 

Another solution to achieve HCCI, without inlet air preheating, is to retain or 
rebreathe exhaust gas residuals by the use of Active Valve Train (AVT) presented by 
Law et al. [20]. Two strategies are presented, which are feasible with the totally free 
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electro hydraulic valve system. The first strategy is to close the exhaust valve early 
and hence keep the burned gas in the cylinder to the next cycle. This is by some 
authors called Controlled Auto Ignition (CAI), [21,22], where standard SI compression 
ratio without inlet air preheating is used. Instead HCCI is achieved by trapping hot 
burned gas residuals to heat the charge. With the second strategy the exhaust gases 
are expelled, but when it is time for the intake stroke both inlet and exhaust valves 
are opened simultaneously. This system is very nice for research and development, 
but is hardly a system to be put in serial production due to the complexity and hence 
cost per unit. Similar work with a different electro hydraulic valve system is presented 
by Kaahaaina et al. [21]. They use the more commonly known name, Variable Valve 
Actuation (VVA). 

 

Figure 2-8 Early exhaust valve closing [20]. Figure 2-9 Rebreathing by opening both inlet 
valve and exhaust valve at the end of the 
induction stroke [20]. 

Mariott et al. [24] show experimental results of fuel stratification, where the 
combustion phasing is changed. Postponing the start of injection results in an 
increase in stratification with local fuel rich spots, which leads to advanced 
combustion phasing but also to an increase in NOx emissions. A control range 
equivalent to 20°C in intake air temperature is shown. A drastic increase in PM is 
observed for the most advanced and retarded injections respectively. If the engine 
concept is equipped with direct injection this can be used to fine tune CA50 on cycle-
to-cycle basis, i.e. for cylinder balancing, but for transient behavior the control 
authority is not enough. It is thus a fairly expensive cylinder balancing device. 

An experimental study of the proposed direct injection strategy with fuel reformation 
during the negative valve overlap [19] combined with stratification is presented by 
Urushihara et al. [25]. It is found that fuel reformation does work and expands the 
original idea by varying the injection quantity during negative valve overlap and the 
injection during the inlet stroke, shown in Figure 2-10. It is found that this strategy 
increases combustion stability and hence the lean limit of HCCI. It is shown that the 
ideal fuel part injected during negative valve overlap is decreased as a function of 
load. By using injection during negative valve overlap and stratification, the negative 
valve overlap can be decreased. This is highly desirable since the negative valve 
overlap in this test is achieved by use of standard camshafts and hence a large 
overlap results in poor delivery ratio of the charge to the cylinder and hence low 
maximum load. 
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Figure 2-10 Combined injection strategy, where fuel is injected both in the negative valve 
overlap and in the intake stroke [25]. 

Onishi et al. [2] define four different combustion regions for the 2-stroke engine 
shown in Figure 2-11, where C is a region between HCCI and SI. In this region it is 
implied that spark assistance is applied. Koopmans et al. [26] are the first in the 
literature to show that spark assistance can affect the combustion phasing in a 4-
stroke engine. Fuerhapter et al. [27] show lower COVIMEP by using spark assist and 
Persson et al. [28] show a minor advance in CA50 and an increase in load and speed 
range when running the engine with negative valve overlap using fixed valve 
durations. Since it is very likely that the future of HCCI will be as a combustion mode 
in the SI engine the spark plugs are available and as such offer a low cost control 
parameter. Unfortunately the effect of spark assist on CA50 is small. When running 
inlet air preheated HCCI without EGR or negative valve overlap there exists a region 
between HCCI and SI, in which it is important to choose proper ignition timing. 
Otherwise the typical cycle-to-cycle variations from SI combustion [29] will be 
incorporated into HCCI, Paper 9. 

 

Figure 2-11 Different combustion regions as a function of delivery ratio for a 2-stroke  
engine [2]. 
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Fuerhapter et al. [27,30,31,32] combine a lot of the previously discussed strategies in 
their Compression and Spark Ignition (CSI) engine concept, and present a fairly 
simple solution to achieve rebreathing, which could be used with standard camshafts 
even though cam phasers are used on their engine to enable the engine to be run in 
several different combustion modes. The system consists of Electro Hydraulic Valve 
Actuation (EHVA) shown in Figure 2-12, that replace the hydraulic valve lifters for 
one exhaust valve per cylinder. It is then possible to open this valve one extra time 
during the inlet stroke. This system is cylinder individual and hence a solution of 
cylinder individual combustion phasing control. 

 

Figure 2-12 System Overview of the AVL CSI valve train with the Electro Hydraulic Valve 
Actuation [27] 

Shown in Figure 2-12, is also the valve lift shift tappet, which enables high or low lift 
on the inlet valve. The engine concept is direct injected with a piston for stratified SI 
operation. This equipment enables four different combustion modes to cover the 
entire load and speed range as shown in Figure 2-13. Injection during negative valve 
overlap is used when the available energy in the retained exhaust is not enough for 
HCCI, while spark assist is used in some areas to decrease COVIMEP.  

 

Figure 2-13 Different modes and valve lift strategies of the CSI engine [31]. 
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The four different combustion modes are Stratified Charge Spark Ignition (SCSI), 
HCCI, Homogeneous Charge Spark Ignition (HCSI) using internal EGR in a Miller 
concept and finally HCSI using full inlet valve lift without EGR. The Miller cycle 
engine has different effective compression and expansion ratios [33]. The drive cycle 
tests include mode transfer between all modes using transition algorithms, which are 
shown in [31], with a reduction in fuel consumption of 12.8% [32]. This is good for this 
type of residual heated HCCI and this concept is very likely to be the first 4-stroke 
HCCI, which goes into serial production due to the small design changes compared 
to a standard engine with cam phasers and direct injection. 

Yang et al. [34] show a single cylinder direct injected HCCI-SI Optimized Kinetic 
Process (OKP) engine concept. With this concept combustion phasing can be 
controlled by a three-way valve where hot and cold air is mixed before the cylinder. A 
fixed CR of 15:1 is used and by applying late inlet valve closing the effective CR is 
decreased and thus enabling SI Miller operation [33]. By using inlet air heating the 
EGR amount can be minimized, i.e. no need to heat the charge with hot residuals. 
This is beneficial since EGR lowers the ratio of specific heats (γ), which results in 
lower thermal efficiency. No transient performance is shown and since it is a single 
cylinder engine only indicated values are shown. Figure 2-14 shows the Indicated 
Specific Fuel Consumption (ISFC) of two Port Fuel Injected (PFI) engines compared 
to one Stratified Charge (SC) Direct Injected Spark Ignition (DISI), one CAI and the 
tested OKP engine. It is obvious that this type of HCCI is superior to the so called 
CAI HCCI concept. 

 

Figure 2-14 Indicated specific fuel consumption as a function of IMEP net for five different 
engines [34]. 
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Instead of changing effective CR by changing inlet valve closure the geometric CR 
can be changed. Various VCR solutions are suggested in the literature [35-43], but 
none of them has yet reached serial production. The Saab Variable Compression 
(SVC) engine [44,45], is presented in chapter 4.3. By using its VCR feature together 
with inlet air pre heating, Paper 2 and Paper 3, it is possible to run in CLCC using 
VCR, Paper 4. This is the first CLCC using VCR on a multi cylinder engine presented 
in the literature. This system does not allow cylinder individual CR and hence it is 
necessary to balance differences in CA50 by other means. In Paper 2 to Paper 6, 
cylinder balancing is achieved by varying λ cylinder-individually by changing the 
injected amount of fuel as a function of deviation of CA50 from the mean CA50. This 
type of balancing is not ideal, since the load varies from cylinder-to-cylinder, however 
global load can still be kept constant. The largest disadvantage with the VCR concept 
is the rather complex and hence expensive design, a large obstacle to get this 
concept into serial production.  

Another type of air mixing control on a multi cylinder engine is the Fast Thermal 
Management (FTM) presented in chapter 4.3. Thermal Management is not new in the 
literature [8,46], but the FTM is, or at least contemporary with Yang et al. [34] who 
only show steady state measurements. The first version consists of two throttles, one 
for hot air and one for cold air, which enable fast control of inlet air temperature and 
hence combustion phasing for a multi cylinder engine presented in Paper 6. It is the 
first CLCC FTM system on a multi cylinder engine presented in the literature. The 
drawback with this system is the need for an additional cylinder balancing device. 
The solution to this problem is to extend the FTM to consist of six throttles instead, 
with one cylinder individual throttle for cold air and one common for hot air, Paper 7 
to Paper 10. With this system it is possible to control a multi cylinder engine with only 
inlet air temperature. The first drive cycle test with inlet air preheated HCCI in the 
literature is presented in Paper 10. This type of system consists of simple 
components which exist already and hence has high potential as a future HCCI 
engine control concept. 
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3 Different HCCI controllers 
The first presented CLCC on a multi cylinder HCCI engine is, as discussed in the 
previous chapter, the one by Olsson et al. [17]. As sensors, piezoelectric pressure 
transducers with external charge amplifiers are used, one for each cylinder. From the 
pressure trace an apparent heat release is calculated to give the feedback signal, i.e. 
CA50, for the controller. The gain scheduled PID controller uses the error between 
CA50ref and CA50 as input. Output from the controller is the mixing ratio between two 
different octane number fuels. Due to the design of the used control/measurement 
program, no cycle-to-cycle control is achieved in [17]. This limitation is however 
removed in later publications [47]. 

Strand et al. [48], show cycle-to-cycle control with a very similar approach using dual 
fuels, but for the highest loads no cycle-to-cycle control is possible. The reason is too 
small fuel injectors, which results in longer injection duration than the time available, 
i.e. longer duration than the induction stroke. The intention though is not to use dual 
fuel; it is used to get things up and running before taking on other control strategies 
with other actuators. PID and Linear Quadratic Gaussian (LQG) controllers are 
shown in [48], with both pressure transducers and ion current as feedback sensors. 
However the ion current can only be utilized at a λ less than 2.6 for this particular 
setup otherwise the signal to noise ratio is too low. An LQG controller is a model 
based state feedback controller. The model can be either physical or a black box 
model. They use a black box model which is derived through exciting the system and 
then identifying the model using system identification commands in Matlab. The 
engine model is chosen to be a Multi Input Single Output (MISO) type, i.e. it uses 
total fuel energy, fuel ratio, inlet air temperature, inlet pressure and engine speed as 
input, while CA50 is the single output. In [49] Bengtsson shows step changes in 
CA50 and disturbance of the system as step changes in fuel heat, i.e. load, when 
applying a Model Predictive Controller (MPC) [50], shown in Figure 3-1. Inlet valve 
closure, i.e. effective CR, is used for actuation and is represented by the lower plot. 
This is a cylinder individual VVA CA50 control. 
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Figure 3-1 Step change in CA50 and response to step change in load using a MISO MPC 
controller with IVC as actuator on a multi cylinder engine [49]. 
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The identified engine model for the MPC controller uses the same inputs as the LQG 
controller, but IMEP net and dp/dCAD are added as outputs together with CA50. The 
MPC controller has a very nice feature of taking constraints of the actuators into 
account, but suffers from large online calculation time. However Bengtsson et al. 
prove it to handle cycle-to-cycle control on a truck size engine, i.e. engine speeds up 
to approximately 1200 rpm, but calculation time could be a problem when trying to 
apply the MPC controller in current engine control modules. By advancing CA50ref 
HC and CO emissions are minimized until the chosen constraint of dp/dCAD is 
reached and then CA50ref is retarded to fulfill the constraint. With this solution it is 
possible to run the engine without a CA50 map, but other constraints like maximum 
brake efficiency are not considered. 

Souder et al. [51] designed a physical engine model, which is used for simulations, 
but for the controller design the 41 differential equations, i.e. 41-state model, is found 
too extensive. Instead the engine is modeled as a Single Input Single Output (SISO) 
black box system of seventh order, i.e. seven states. The SISO model is developed 
using subspace system identification and an LQG controller is created from the 
engine model. Input to the engine model is throttle position and output is CA50. The 
throttles, one in each exhaust port, of the 4-cylinder passenger car engine are used 
as actuators and control the amount of EGR cylinder individually by throttling in the 
exhaust ports. This is not an optimal actuator since it results in high pumping losses, 
but it is used to emulate a more practical VVT system. Ion current sensors, knock 
sensors, microphones or regular pressure transducers are used for the combustion 
sensing. Step changes in CA50 are shown in Figure 3-2 with both microphone and 
pressure transducer as feedback sensors. 

Figure 3-2 Step change in CA50 reference from 
2 to 7 CAD ATDC using both a pressure 
transducer, “CA50 reference” and a 
microphone, “CA50 estimate”, when throttle 
control voltage “input” is lowered [51].  

Figure 3-3 CLCC turned on at 30 to 60s with 
CA50 reference of [8,6,6,6] due to cylinder-to-
cylinder differences, which saturate the 
controller [51].  
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The cylinder pressure measurement is crank angle based and due to the 
dynamometer design, the engine is only run at 1800 rpm. The step change in Figure 
3-3 indicates that the controller is fairly fast, but also that there exist cylinder-to-
cylinder variations for which the throttle control authority is not enough and hence the 
variation in reference value for cylinder 1 in Figure 3-3. However the retarded CA50 
of cylinder 1, even though filtered, seems as stable as the more advanced CA50 of 
the other three cylinders, which is an indication of a good controller. 

Fuerhapter et al. [30,31,32] use a combination of steady state maps together with 
physical and semi empirical models for their CLCC. In-cylinder pressure is used for 
feedback and the electro-hydraulic valves serve as main actuators for cylinder 
individual rebreathing. Since the approach of this engine concept is to be able to run 
in four different modes, transition algorithms between SI-HCCI and HCCI-SI are 
developed and tested experimentally. In Figure 3-4 a block diagram of the transition 
algorithm is shown, where different maps are used depending on which direction the 
transfer is going. The maps consist of steady state values and are compensated by 
the transition function depending on cycle number. A model based correction of the 
first cycle as a function of exhaust gas temperature and load is applied. 

 

Figure 3-4 Block diagram of the transition algorithm for closing time of the hydraulic exhaust 
valve lift [31]. 

A transition between operating modes is shown in Figure 3-5, where the actual 
transition algorithm is active for less than 0.7s at 2000 rpm, represented by a vertical 
line. When λ reaches 1.2 the combustion process is defined as HCCI combustion 
and the CLCC takes care of combustion phasing. Since the transition is very fast the 
mapping approach has the possibility to work even for an old worn engine, but it 
could result in harsh transitions. 
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Figure 3-5 Transition from HCCI-SI-HCCI with Torque, HC, CA50 and λ as functions of time [31]. 

Agrell et al. [52] use two separate valve strategies on a single cylinder engine 
equipped with a Lotus Active Valve Train System. One is the inlet valve closing to 
change effective CR and the other is the negative valve overlap, i.e. coordinated 
change of inlet valve opening and exhaust valve closing. A voltage signal 
representing the Rassweiler and Withrow mass fraction burned function [53] is 
produced by a PIC controller based on measured in-cylinder pressure. A nice feature 
of this design is that “CA50” is available as feedback signal very fast, but due to 
stability concerns for the PI controllers used, the input to the controller is an average 
of five engine cycles, which makes cycle-to-cycle control impossible. In [54] the two 
separate valve strategies are incorporated to an automated control, which changes 
between inlet valve closing and the overlap method depending on different conditions 
in inlet pressure, inlet air temperature, volumetric efficiency, best fuel consumption 
and saturation of the other actuator. This is an expensive system useful for laboratory 
experiments to find new valve lift strategies, but not feasible for any serial production. 

Sun et al. [55] present a power plant for a hybrid vehicle based on a VW TDI engine, 
which start in SI if the coolant and oil temperature are below 50°C. A supercharger is 
added upstream of the turbocharger and used to heat the inlet air and to some extent 
increase inlet air pressure. The standard coolant pump is exchanged for a variable 
speed electrical pump. Two air-to-air intercoolers and an EGR system with cooler are 
added. A rapid prototyping electronic control system from Southwest Research 
Institute control fuel amount, air and boost control valves, water pump and intercooler 
fan to adjust combustion phasing. All these actuators are adjusted simultaneously as 
a function of load and speed according to predefined optimized maps. For transients 
the control system moves in the steady state map. Dp/dCA is used as feedback for 
the CLCC. A transient from 3.5kW to 30kW is made in 5s and mode transfer is shown 
both to and from HCCI, but no transition algorithms are used. The system consists of 
mostly standard parts, however all extra parts make it rather expensive. The mapping 
approach is acceptable for a new engine, but some considerations must be taken to 
have some kind of remapping as the engine and all surrounding systems are worn. 
The CLCC might be able to handle even a worn engine. 
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Shaver et al. use physical models to control the reinduction/rebreathing of exhaust 
gases with a VVA system in [56,57]. A physical nonlinear model is derived with the 
molar ratio, α, of reinducted products and reactants used as input and peak cylinder 
pressure as the output. From this nonlinear model a linear model is created at one 
operating point at design time and a second order LQG controller is designed [56]. 
The LQG controller has the output α’ which corresponds to a certain combination of 
IVO and EVC according to a predefined map. The most important concept in this 
physical model approach simulation is the coupling between the present cycle and 
the previous cycle in terms of residual gas energy.  
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Figure 3-6 Schematic of the peak cylinder pressure controller [56]. 

In [57] experimental results on a single cylinder engine are shown with the CLCC 
using peak cylinder pressure as feedback with cycle-to-cycle control, but no CA50 
control is applied. However later tests using the decoupled CLCC controller in Figure 
3-7 combustion phasing control is added on a slower timescale than the peak 
cylinder pressure controller [58]. Results using this controller are shown in Figure 3-8, 
where IVC is used as actuator to change effective CR and hence CA50. Sampling is 
time based, while control is done on cycle-to-cycle basis. The engine is only run at 
one engine speed and more work is required to get a controller that handles speed 
transients. 
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Koopmans et al. [59] show the first multi cylinder mode change in the literature. The 
Volvo Rapid Prototyping System (VRPS) uses an electronic valve control, which is a 
VVA system, as actuator to control CA50. In-cylinder pressure is used as feedback. 
No explicit mode transfer routines are used and it is not revealed what type of 
controllers that are used in the VRPS. Most likely it is a time based system, while 
data for saving and post processing are saved crank angle based. The system 
seems production-near in its design, but probably far too expensive to get into serial 
production. 

In Paper 2 to Paper 7 the author and co-authors use PID controllers with either CR or 
throttle position as actuators to control CA50. When adjusting CR the real actuator is 
a hydraulic valve that sets CR and CRref is set by another PID controller, i.e. it is a 
cascade coupled CLCC using CR. The combustion feedback signal is CA50 
computed from measured in-cylinder pressure. When using the throttles as actuators 
in Paper 5, Paper 6, Paper 7 and Paper 9 the same type of PID controller is used 
with CA50 as input and throttle position as output. No closed-loop control is applied 
on the actual throttle position, i.e. only a reference value is set and a primitive 
controller sets the actual valve position. In Paper 8 and Paper 10, a state feedback 
based LQG controller is used with the throttles as actuators and CA50 error as the 
main feedback signal. The LQG controller is a MISO controller, which has three 
additional input signals used for feed forward action. These are: CRref, Fuel Heat and 
engine speed. The LQG controller is synthesized from a black box model, which is 
identified by simultaneously adding Pseudo Random Binary Sequences (PRBS) 
signals on the throttles, CRref, Fuel Heat and engine speed while measuring resulting 
CA50, Paper 8. All sampling is CAD based, which is somewhat troublesome, when 
adjusting CR, since this is changed on a time base. With the rather high CR used the 
angular movement on the feedback sensor for calculating CR on the engine is very 
small. Some play in the mechanical connection of this sensor results in a sometimes 
unstable CR control at high CRs. 

 

Figure 3-9 LQG controller used for CLCC with an integrator in parallel for one cylinder. 
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4 Closed-Loop Combustion Control for HCCI 

4.1 Why control combustion phasing? 
One of the main difficulties with the HCCI engine is combustion control since the 
onset of combustion depends on temperature, pressure, and mixture formation in 
each cylinder and there is no direct means to get combustion started. If the 
combustion control is not fast enough excessively advanced or retarded combustion 
can appear. If worse comes to worst, the retarded combustion phasing can result in 
misfire or high HC and CO emissions. The advanced combustion results in a high 
peak cylinder pressure, dp/dCAD, and hence noise.  

Another problem with an early combustion is a high combustion temperature and 
hence a drastic increase in NOx emissions will appear. The mechanism of thermal 
NO formation is governed by the following three reactions:  

O + N2  NO + N 

N + O2  NO + O 

N + OH  NO + H 

This is often called the extended Zeldovich mechanism [1]. The initial NO formation 
rate can be expressed as: 
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Where [O2] and [N2] are the equilibrium concentrations of oxygen and nitrogen, 
respectively [1]. 

In Figure 4-1 NOx emissions are shown as a function of maximum combustion 
temperature [60]. There is an exponential behavior of the formation rate and 
significant NOx emissions are found at above 1800-1900K. These combustion 
temperatures are reached if CA50 is too early or the combustion is excessively fuel 
rich. The increase of NOx emissions as a function of CAD for peak of heat release 
rate is shown in Figure 4-2 [60]. The CAD for peak of heat release rate is 
approximately equivalent to CA50. It is also shown that HC and CO increase with 
later CA50. 
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Figure 4-1 NOx emissions as a function of 
maximum combustion temperature [60]. 
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Figure 4-2 Emissions as a function of CAD for 
peak heat release rate [60]. 

Another driver to have an effective closed-loop combustion control is the fact that 
COVIMEP increases drastically as a function of retarded CA50, shown in Figure 4-3, 
where λ and engine speed are kept constant. Combustion phasing is achieved by 
manually adjusting inlet air temperature. 
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Figure 4-3 Mean of COVIMEP for all five cylinders as a function of mean CA50 at 2000 rpm for a 
constant λ of 3 and a mixture of isooctane and n-heptane corresponding to RON 60. 

An advanced combustion results in higher in cylinder temperature where the charge 
is guaranteed to auto ignite at an earlier CAD. This of course results in a higher 
maximum rate of pressure raise (dp/dCAD) and higher NOx emissions. It is therefore 
very important to maintain an optimal CA50, which depends on load, speed and 
given limitations in emissions and noise. CA50 for optimum brake thermal efficiency 
is approximately 7 CAD ATDC for this particular engine, which depends on heat 
losses compared to expansion work. 

 22



4.2 Goal with this project 
The goal with this project is to find if the SVC engine with its variable compression 
ratio feature can be used to control HCCI, since CR is a very powerful actuator for 
closed-loop combustion control. In the first papers this solution is used to control 
combustion phasing, Paper 2 to Paper 4, but cheaper solutions are desirable. The 
two-throttle FTM shows possibility of equally fast CLCC, Paper 6. Neither the VCR 
nor the two-throttle FTM system allow cylinder-individual CLCC and cylinder 
balancing with λ is not desirable. A new FTM system is shown in Paper 7, where the 
cylinder balancing issue is addressed. With this final system the goal is to control 
HCCI during transients and in a drive cycle which is addressed in Paper 10. 

4.3 Test engine 
The engine used for all tests except the high load dual fuel test is a five-cylinder 1.6L 
Saab Variable Compression prototype engine with the main geometric specifications 
given in Table 4.1. This engine is the base for a downsized highly boosted SI engine 
concept [44]. The VCR mechanism is schematically shown in Figure 4-4. 

Table 4.1 Geometric specifications of the engine. 

Displacement  1598 cm3 (320 cm3/cyl)
Number of cylinders 5
Bore x Stroke 68mm x 88mm
Exhaust valve open 45°BBDC at 0.15mm lift
Exhaust valve close 7°ATDC at 0.15mm lift
Inlet valve open 7°BTDC at 0.15mm lift
Inlet valve close 34-49°ABDC at 0.15mm lift
Combustion chamber Pent roof
 

The principle is to change the compression volume by raising or lowering the upper 
part of the engine. This is achieved by tilting the upper part of the engine around a 
pivot point. The distance between the crankshaft and the cylinder head and hence 
piston and cylinder head is then adjustable. A main advantage of this design is the 
unchanged combustion chamber, which is important for efficiency, emissions etc. 
With the SVC engine, the cylinder head and cylinder liner is a single part called a 
monohead. The advantages are: no head gasket, better cooling, and no deformation 
of the cylinder due to cylinder head bolts [44,45]. 

The engine is run naturally aspirated with wide-open throttle, or very close to, during 
the tests presented in this thesis. In Figure 4-5 the SVC engine concept is shown in 
its SI configuration where a supercharger, charge air cooler and VCR allow a boost 
pressure of 3 bar abs. The engine is then comparable to a 3.0L engine in terms of 
maximum power and torque. The supercharger with its parasitic losses is not 
engaged at part load. This results in higher brake thermal efficiency than the larger 
3.0L engine, while having the same power and torque when the super charger is 
engaged at higher load [44]. However friction losses are high due to the robust 
design to withstand high peak cylinder pressures, which is thoroughly discussed in 
chapter 4.5. 
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Figure 4-4 Saab Variable Compression engine [44]. 

 

Low Compression Ratio High Compression Ratio 
   

Figure 4-5 Schematic picture of the SVC engine concept with a Lysholm type of supercharger 
and charge air cooler [44] 

The main configuration changes during this project are listed here below, but for 
detailed data the reader should turn to the technical papers. The different hardware 
phases during the project are: 

1. Defined as the first test configuration, where CR is variable from 9-17:1 and an 
electrical heater of 11kW is used for inlet air preheating. The standard SI 
camshafts are used and the entire mechanical supercharger and intercooler 
system as shown in Figure 4-5 are still fitted on the engine,  
Paper 2.  
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2. The maximum CR is increased to 21:1 to allow a broader operating range. The 
electrical heater is still used but only for startup, since a heat recovery system 
is fitted, which enables heat to be recovered from the exhaust gases. This 
allows inlet air temperature control and is called two-throttle fast thermal 
management (FTM2). It is however the first version, which does not allow 
cylinder individual control. To enable accurate CLCC using VCR the hydraulic 
valve from the SI concept is exchanged to a more suitable valve, Paper 3 to 
Paper 6. 

3. The standard SI inlet camshaft is replaced with one with shorter duration, 236 
to 221° to enable higher effective CR , Paper 5 

4. The two-throttle FTM2 system is replaced by a cylinder individual six-throttle 
system FTM6 allowing cylinder individual CLCC, Paper 7.  

5. The CR is increased to range from 10 to 30:1, which enable cold start and 
hence the electrical heater is removed due to many failures. In addition a 
spark ignition system is added to enable mode transfer to and from SI. In 
Figure 4-6 the engine is shown in hardware phase 5, Paper 8 and Paper 10. 

6. The cylinder individual six-throttle system, FTM6, is replaced by the two-
throttle system for better SI performance in Paper 9. 

 

Heat 
exchanger 

Hot air 

Mixing 
point 

Cold 
throttles 

Cold air 

Exhaust 
gas 

Catalyst 

Figure 4-6 SVC engine equipped with six-throttle FTM6 system as in hardware phase 5. 
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4.4 Control system 
The control system and especially the software code are under continuous evolution, 
but some major changes in the structure are defined below: 

1. Closed-Loop control of CR and electrical heater, but no closed-loop control of 
CA50. Cylinder balancing is achieved by varying λ cylinder-individually. CA50 
is adjusted manually by changing CRref, inlet air temperature or injected 
amount of fuel from the graphical user interface. All controllers are PID or PI. 
A 667MHz Pentium III PC using Windows 98 as operating system is used. A 
Wave Book 516 and a Multi function PCI card NI6052E are used for A/D and 
D/A conversion, Paper 2.  

2. Implemented Closed-Loop Combustion Control using VCR (CLCCCR/PID) as 
actuator and mean CA50 as feedback signal. Upgraded to a 1.0GHz Pentium 
III PC, Paper 3 to Paper 5. 

3. Implemented Closed-Loop Combustion Control using the FTM2 throttles 
(CLCCFTM2/PID) as actuators and mean CA50 as feedback signal. A counter 
board NI6602 is added for throttle actuation and IMEP control is added,  
Paper 6.  

4. Closed-Loop Combustion Control using Cylinder-individual FTM6 is 
implemented (CLCCFTM6/PID), Paper 7. 

5. Upgraded to a Pentium 4 2.8GHz hyper threading PC using Windows XP as 
operating system and exchanged the Wave Book for a DAP 5400a, from 
Microstar Laboratories capable of sampling 5 samples per CAD and cylinder 
over the entire speed range of the engine during continuous operation. A 
system identification is made and a state feedback LQG controller 
(CLCCFTM6/LQG) is implemented as an alternative to the CLCCFTM6/PID 
controller. BMEP and Speed control is added, Paper 8 and Paper 9. 

6. Combined CLCCCR/PID and CLCCFTM6/LQG as function of engine speed 
together with cylinder balancing using the FTM6 when the CLCCCR/PID is 
applied, Paper 10. 

The reason for the relatively high resolution of 5 samples per CAD is that the system 
is used both as a control system during the tests and as a measurement system for 
post analysis of e.g. heat release. The initial Wave book based system featured full 
resolution up to 3000 rpm. Above this speed limit the control program discarded old 
cycles of data if a new cycle was available before the old ones had been processed. 
This approach is satisfactory for the PID controllers, but not good at all for the state 
feedback controller which needs continuous data to update the states. For 3000 rpm 
a sampling interval of maximum 40ms for one cylinder is allowed, i.e. 200ms for five 
cylinders, defined in Figure 4-7, and this is very closely achieved by the DAP, as 
shown in Figure 4-8. 
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Figure 4-7 Timing parameters [61] 
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Figure 4-8 Sampling interval and sampling 
interval jitter for Wave Book (o) and DAP (*) at 
3000rpm for one cylinder. 

When using the wave book system a check is made how much data is available in 
the driver buffer and then that amount of data is transferred to the control program 
circular buffer. Due to a 20ms delay in the wave book driver no real time performance 
is achieved. For the DAP it is possible to get a fixed number of samples, which is the 
preferred method. The number of samples chosen is 3600 samples, which results in 
one cylinder cycle of data is completed each time data are transferred to the control 
program buffer. One engine cycle consists of five combustion events, i.e. five cylinder 
cycles. With an update of feedback data each cylinder cycle it is possible to have 
cycle-to-cycle control if the actuators are fast enough. However the main combustion 
phasing actuators like VCR and FTM are not that fast. Note that the x-label “Cycles” 
in the results section always stands for engine cycles. 
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4.5 Results 
The main combustion phasing parameters used for the SVC engine are the CR and 
inlet air temperature, but variable λ are also used in combination with the VCR and 
the two-throttle FTM system. 

With two almost similar control knobs it is possible to run at constant CA50 with high 
CR and low inlet air temperature or at low CR and high inlet air temperature. The 
optimum choice is not quite obvious and depends on different criteria. Considerations 
have to be taken into account as to whether highest brake thermal efficiency and low 
NOx emissions are desirable or if low CO emissions are more important. 
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Figure 4-9 Specific NOx emissions as function 
of load for three different inlet air temperatures 
on the SVC engine, Paper 2. 
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Figure 4-10 Specific CO emissions as function 
of load for three different inlet air temperatures 
on the SVC engine, Paper 2. 

80g/kWh 

The specific NOx emissions in Figure 4-9 rise with inlet air temperature, but are still 
very low. The specific CO emissions in Figure 4-10 are not low at the lower loads 
though. The largest effect of inlet air temperature is for a load of 1.7 bar BMEP, 
where CO is reduced by 80 g/kWh through an increase of the inlet air temperature by 
25°C. If the CO emissions can be effectively reduced by an oxidizing catalyst, a high 
CR should be used at all times. If the aim is to minimize both CO and NOx, the 
strategy is to use a high inlet air temperature at a load lower than 2 bar BMEP and for 
higher load use a low inlet air temperature and high CR. 

A case of high inlet air temperature and transient operation using CLCCCR/PID to 
change the CA50 with a step in set point from 1 to 9 and back to 1 CAD ATDC is 
shown in Figure 4-11. The time it takes for the CLCCCR/PID to retard the CA50, 
represented by a thick line in the middle plot, to 63% of the set point, represented by 
a thin line in the middle plot, is defined as the time constant of the CLCCCR/PID. The 
time constant for the positive step in Figure 4-11 is 14 engine cycles, which is 
equivalent to 0.84s at 2000 rpm. It is interesting to know that the time constant for the 
CR controller is merely 3 engine cycles, which is equivalent to 180ms at 2000 rpm. It 
might be possible to get a somewhat faster CLCCCR/PID if no cascade coupling were 
used, i.e. use valve position of the hydraulic valve that sets CR as output from the 
CLCCCR/PID instead of CRref as used here. 
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Figure 4-11 Step change in set point of CA50 
from 1 to 9 to 1 CAD at 2000 rpm and 1.5 bar 
BMEP using CLCCCR/PID, Paper 4. 
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Figure 4-12 Positive ramp on engine speed, 
using CLCCCR/PID, from 1000 to 5000 rpm at a 
load equivalent to 2.5 bar BMEP at a constant 
speed of 2000 rpm, Paper 4. 

14 engine cycles 

63% 

The upper plot in Figure 4-11 shows measured CR, represented by a thick line, and 
CRref, represented by a thin line. For a step in CA50 of 8 CAD the CR is changed 
from 16.6 down to 15.4. Mean IMEP net of all five cylinders in the lower plot does not 
change in magnitude with the step, but COVIMEP for cylinder 1 rises from 2.5% for the 
first 70 cycles up to 14% from engine cycles 71 to 200. This is due to the fact that 
advanced combustion is more stable than retarded combustion. 

If the HCCI engine is to be used in a passenger car, the transient performance has to 
be comparable to the SI and CI engines of similar size. A transient in speed using the 
CLCCCR/PID is shown in Figure 4-12. The load is set with a constant injected fuel 
amount, which is equivalent to 2.5 bar BMEP when running the engine at 2000 rpm. 
The speed of the dynamometer is then raised manually, while trying to keep a 
constant output from the engine of 1 bar BMEP. This is of course not the same as the 
manner in which it would have been done in an SI or CI transient, where the load 
would be raised as speed rose, but with this test the response of the CLCCCR/PID to a 
ramp in speed is demonstrated. More realistic load and speed ramps are shown 
during the drive cycle test in Paper 10. 

The total amount of time for the positive speed ramp in Figure 4-12 is 16s, and it is 
completed in 412 engine cycles. This is too slow for a car and more control authority 
or a faster controller is needed for a passenger car application. The five-cylinder 
mean COVIMEP is 10%. During the speed ramp, CA50 is retarded by a maximum of 6 
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CAD at 4.6s from start, when the rate of speed change (dN/dt) is at its maximum of 
15.7 rps2. This is due to a decreased time to initiate combustion. Increasing CR, 
which is done by the CLCCCR/PID, then compensates for the retarded combustion. 
The upper plot in Figure 4-12 shows the applied CR, thick line, and CRref, thin line, 
which starts at 13.5 and ends at 14.6. There is a maximum CR of 15.2 at 
approximately 10s. From there on, the CR decreases due to increased wall 
temperature, which is the result of increased heat losses at higher engine speeds. 
Note the heat loss per cycle decrease due to shorter time. 

The response to a ramp in inlet air temperature is shown in Figure 4-13. The CA50 
advances severely and the speed change of the temperature is in fact faster than for 
the CLCCCR/PID. The CA50 deviation is however decreased to a minimum at engine 
cycle 300 where the control variable saturates and the deviation of CA50 increases 
again. During this transient, CR is changed from 16 to 21 and the drop in inlet air 
temperature is 60°C. This implies that a 12°C change is equivalent to a change of 1 
CR unit. This is less than the estimated 25°C for the static test in Paper 2. This can 
be explained by a large time constant of the thermocouple used and hence it is not 
the actual inlet air temperature that is shown in Figure 4-13. IMEP net drops 
considerably during the temperature transient due to excessively retarded 
combustion. COV for mean IMEP net goes from 1.5% for engine cycles 1 to 60, to 
11% for engine cycles 61 to 250. 

The highest rate of temperature change (dT/dt) is located at approximately cycles 
140-160, where the largest deviation in CA50 from the set point appears. This means 
that dT/dt is faster than the CLCCCR/PID, which does not keep up with the pace here. 
The maximum dT/dt of the system is however not used, since it in this test was 
limited by the speed of the CLCCCR/PID. With more aggressive PID parameters for the 
CLCCCR/PID it has potential of an even faster control, but with the current setup it 
becomes unstable. The reason is believed to be the large sample time jitter of the 
system in hardware phases 1 to 4. By using a CLCCCR/PID with the hydraulic valve as 
output in hardware phase 5 the CLCCCR/PID is believed to have time constants 
equivalent to the CR control, i.e. 180ms. 

The temperature transient in Figure 4-13, made by manually using the FTM2, is the 
transient most difficult to control for the CLCCCR/PID and the cylinder balancing. The 
inlet air temperature distribution changes substantially when mixing cold air into the 
hot air flow to the engine. With only hot air cylinder one, for example, can have a 
10°C higher temperature than the mean in Figure 4-13, but when the cold air stream 
is opened, this cylinder can have a 10°C lower inlet temperature than the mean, i.e. a 
20°C difference. This together with the global change strains the system to its limits. 

In Figure 4-14 the engine is run at a constant load of 2.5 bar BMEP and 2000 rpm 
with a constant inlet air temperature. The difference in CA50 is shown in the upper 
plot, where no cylinder balancing is used for the first 112 engine cycles. The 
difference in CA50 is mainly due to large differences in inlet air temperature caused 
by very poor mixing of cold and warm air from the FTM2 heat recovery system, but it 
is also due to small deviations between the individual cylinders’ CR shown in Paper 
3, Paper 4 and Paper 7. The cylinder balancing using variable λ is turned on at 
engine cycle 112 and the deviation reaches a minimum steady state value 28 engine 
cycles later, which is equivalent to 1.7s at 2000 rpm.  
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The maximum allowed fuel offset is chosen to be 30%. Without this limit, IMEP net 
would deviate excessively between the cylinders resulting in fluctuating noise 
intensity between the different cylinders, discussed in Paper 9. 
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Figure 4-13 Negative ramp on inlet air 
temperature from 200 to 140°C at 2000 rpm 
and 1.5 bar BMEP using CLCCCR/PID, Paper 4. 
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Figure 4-14 Cylinder balancing using variable 
λ, Paper 4. 

The plot of fuel offsets shows that, at first, the offset has to be higher than the final 
value. This is due to the inertia in wall temperature. The IMEP net difference goes 
from 0.5 to 3 bar. This results in differences in emissions, noise etc between the 
cylinders as well. For this case, it would be beneficial to set an offset on CA50 
between the cylinders. No offsets are set here though in order to clearly show the 
performance of the cylinder-balancing controller. This kind of cylinder balancing 
control is useful for fine-tuning CA50, but other measures should be taken to 
equilibrate cylinder individual CR and inlet air temperature variations to minimize the 
need for cylinder individual λ-control. This is discussed further in paragraph 4.6. 
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With the FTM2 a step from the expensive prototype VCR solution is made and by 
having the throttle signal as output from the PID controller a CLCCFTM2/PID is 
designed. The drawback is, as shown before when using the CLCCCR/PID, that 
cylinder balancing using variable λ is necessary since the CLCCFTM2/PID is engine 
global in the same manner as CLCCCR/PID. Step changes in CA50 with the 
CLCCFTM2/PID shows a time constant of 8 engine cycles, Figure 4-15, which can be 
compared to the 14 engine cycles of the CLCCCR/PID in Figure 4-11 at the same 
engine speed. Initial speed ramps however indicate that the CLCCFTM2/PID is not fast 
enough to manage the speed ramp that the dynamometer can manage, shown in 
Figure 4-16.  

Note the difference in ramp time between this and the one in Figure 4-12. Here the 
dynamometer reference speed is set from the control PC, which enables repeatable 
ramps. It is actually set as a step change from the control PC, but step changes on 
the engine speed is physically impossible and hence the ramp is the result of the 
dynamometer inertia and analogue controller delays. The error in CA50, which leads 
to retarded CA50 for some cylinders can partly be explained by Low Temperature 
Reactions (LTR) [62,63,64,65], but mostly by the limited effect of throttle position on 
the air mixing at low air flows, i.e. low engine speed. This is discussed further below. 
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Figure 4-15 Step change in CA50 at 2 bar 
BMEP and 2000 rpm using CLCCFTM2/PID,  
Paper 6. 
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A thin type K thermocouple with a diameter of 0.5mm is used to measure the inlet air 
temperature and since nothing else is changed during the step change in Figure 
4-15, the inlet air temperature should be almost an exact inverse of CA50. This is not 
the case and calculation from the step response gives a time constant of 1.2s or 21 
engine cycles at 2000 rpm for the thermocouple. This is by far too slow to resolve the 
actual inlet air temperature and for that reason the inlet air temperature is not shown 
in subsequent plots. Even thinner thermocouples have been tested, but then 
durability becomes an important issue. 

With the FTM6 the need for additional cylinder balancing is minimized, however 
manually fine tuning CR between the different cylinders is shown effective in Paper 7. 
Already for the FTM2 an alternative to the gain scheduled [66] PID controller is 
investigated, but never implemented [67]. However in Paper 8 the first experimental 
results with CLCCFTM6/LQG are shown. The main driver to adopt other controllers is to 
get a systematic method of controller design. For the PID controller, the Ziegler-
Nichols method [68] is used to provide a starting point for the control parameter 
optimisation. Trial and error type iteration is then used to fine-tune the controller. If 
gain scheduling is used it requires a lot of calibration work .e.g. in the case of the CR 
controller, which has parameters that are functions of the actual CR. Note it is only 
the CR controller that is gain scheduled and not the CLCCCR/PID, Paper 4.  

When comparing results from both CLCCFTM6/PID and CLCCFTM6/LQG in Figure 4-17 
and Figure 4-18 it seems like similar performance is achieved, however the 
CLCCFTM6/LQG is more robust and handles disturbances in CR, load and speed better. 
This is logical since the LQG controller has knowledge about these variables and 
uses them for feed forward compensation. The PID controller only sees the CA50 
error and corrects throttle position in correspondence with that, in this case without 
any gain scheduling. The synthesized LQG controller is a second order model 
extended to fifth due to a time delay on the throttles, i.e. air flow, Paper 8. This can 
be compared to a PID controller, which is of second order as well, i.e. two states, one 
in the integrator and one in the derivative part. A PID controller written in continuous 
time is shown in Eq. 4.2:  

⎟
⎟
⎠

⎞
⎜
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⎝

⎛
++= ∫

t

d
i dt

tdeTdsse
T

teKtu )()(1)()(     (Eq. 4.2) 

where K is the proportional parameter, Ti the integral parameter and Td the derivate 
parameter, i.e. three design parameters. To this it is standard procedure to 
implement a filter for the derivate part, which results in an additional parameter. 

The identified engine model is a second-order discrete stat space model, which is 
extended to a fifth-order due to time delay on the throttle response. The engine 
model has the following structure: 

)()()()(
)()()()1(

kvkDukCxky
kwkBukAxkx

++=
++=+

    (Eq. 4.3) 

In Eq. 4.3, w(k) and v(k) are white process and measurement noise respectively at 
cycle k. y(k) is CA50 and u(k) is a vector consisting of throttle, CR, fuel heat and 
engine speed. 

 33



The matrices in Eq. 4.3 are as follows: 
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Matlab functions kalman, dlqr and lqgreg are used to create a Linear Quadratic 
Gaussian controller using the matrices above. For the model based LQG controller 
there are two design parameters plus one for the integrator added in parallel, Paper 8 
and Paper 10, since integral action is not inherent in LQG controllers.  

The optimal LQG controller is designed by minimizing the cost function Eq. 4.4: 
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   (Eq. 4.4) 

where Q punishes the states, x, and R punishes the output, u, while N is set to zero 
here. This results in the designed LQG controller with a control structure according 
to: 
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     (Eq. 4.5) 

Here e(k) is the difference between CA50ref and CA50 at cycle k and u(k) is a scalar 
containing the throttle command. The z-vector contains the controller states. After 
adding the integrator the matrices have the following values: 
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The states in the state feedback controller can be said to know everything worth 
knowing of the system’s earlier history to be able to tell how the system will behave in 
the future [69]. Note the index c, which shows that it is not the same A, B, C and D as 
found from the identification in Eq. 4.3, however those are used to create the new 
matrices in Eq. 4.5. 

When the integrator is added to the LQG controller one additional design parameter 
is added, hence a total of three design parameters. This is the same number of 
design parameters, or one less depending on implementation strategy, as a PID 
controller without feed forward and gain scheduling. It is believed that a well tuned 
gain scheduled PID controller equipped with feed forward action would perform as 
well as the state feedback based LQG controller. The drawback is the extensive work 
of fine tuning it at many operating points, i.e. gain schedule. It can be concluded that 
the LQG controller handles a much broader operating range with approximately the 
same number of design parameters due to the control synthesis from an identified 
model, which holds information of how different disturbances affect CA50. 

The FTM6 system is the first prototype of that type of control shown in the literature 
and in-house found throttles are used in the design, Paper 7. The smaller cold 
throttles are used on SVC engines for boost pressure control and are not optimized 
for this system. This results in a much larger total throttle area than optimal, which 
results in less pressure difference especially at lower engine speeds compared to the 
FTM2 system. During step changes in Figure 4-17 and Figure 4-18, where a PID 
controller is compared to an LQG controller, inlet air pressure control is added to 
increase the pressure difference over the throttles by closing the hot throttle by 
applying an offset from the cold throttle inverse. The inlet pressure control results in 
the time constant for a CA50 step decrease from 35 engine cycles to 8 engine cycles 
at 2000 rpm, i.e. comparable to the FTM2 system. 
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start for the SI operation, with the very cold cylinder wall temperature from HCCI 
operation compared to normal SI conditions, which results in some partial burn and 
perhaps even misfires. This is indicated in the load plot in Figure 4-19, where 
FuelMEP [70], represented by the upper lines, is shown to increase to compensate 
for the decrease in BMEP, represented by the lower thick line. Koopmans et al. [59] 
do not use any transition algorithm, while Fuerhapter et al. [31] show large 
improvement in the transitions between different modes, Figure 3-5, with their 
transition algorithm in Figure 3-4. 
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Figure 4-19 Mode transfer from HCCI to SI using CLCCFTM6/LQG and a transition map at 2000rpm 
and 3 bar BMEP. 

When looking at the CA50 variations for the SI combustion it is clear that the current 
engine configuration with the FTM6 throttle and inlet manifold system is far from 
optimal for SI operation. Due to the unfavorable volume to area ratio for this particular 
engine, a goal to improve HCCI performance has been to decrease all turbulence by, 
e.g. removing squish areas in the combustion chamber when replacing pistons for 
higher CR.  

The lower turbulence levels results in lower lean limit of this engine in terms of λ. 
With an engine with larger volume to area ratio it is believed that necessary 
turbulence levels for SI can be retained without excessive heat losses for optimal 
HCCI performance. The turbulence level is also affected by the FTM6 inlet manifold, 
which is designed to be able to mix hot and cold air cylinder-individually whereas no 
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design effort has been put into the flow field or turbulence. In Paper 9 where the 
engine is operated both in SI and HCCI the FTM2 inlet manifold system is used and 
the turbulence level is increased by putting a plug in one inlet port per cylinder. 

A mode transfer can be done, but needs a fully functional transition algorithm, which 
is believed to consist of maps and some models of wall temperature and exhaust gas 
temperature to get an acceptable transition between the two operating modes. The 
wall temperature affects the HCCI combustion directly, while the exhaust gas 
temperature affects the available inlet air temperature. An acceptable transition from 
the driver’s point of view is when no deviations in load or noise occurs, but for the 
environment the emissions need to be kept at a low level during the transition as well. 

Instead of trying to improve the SI performance with the FTM6 system, focus is set to 
evaluate the CLCC and especially the CLCCFTM6/LQG during a drive cycle, Paper 10. 
Two main approaches to cover the EC2000 [71] drive cycle are experimentally 
tested. The first approach is to cover the entire drive cycle in HCCI mode. This 
requires scaling of the engine size to 3.0L. Load is calculated for a 3.0L engine, with 
all other variables held constant, e.g. car size and weight. The same scaling factor is 
used for fuel flow, which also affects the emissions.  

Acceptable performance requires that the engine manages to keep load and speed 
according to the drive cycle and hence accelerate and decelerate properly. This is 
not shown here but it is shown in Paper 10. Note that no cold start is made and the 
engine is run hot before starting the drive cycle tests. The scaling approach could be 
questioned, but the main issue here is the state feedback controller performance. 
With the scaling of the engine the load range is from -1.1 bar BMEP at deceleration 
to 4.1 bar BMEP as maximum load needed within the test cycle for the Opel Astra 
used.  

The scaling approach is shown in Figure 4-20, where the mean steady state 
maximum and minimum load curves as functions of speed are represented by thick 
lines and the calculated load and speed needed to keep a desired vehicle speed 
according to the EC2000 drive cycle is represented by circles. The maximum load is 
chosen as this engine’s approximate maximum load in steady state tests, naturally 
aspirated, without having too high maximum rate of pressure rise or producing higher 
NOx emissions than 15 ppm. This happens to coincide with an engine size of 3.0L 
and hence the reason to scale the engine to this size i.e. drive cycle scaled for a 3.0L 
engine. 
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Figure 4-20 Scaled engine to 3.0L for HCCI operation during the entire EC2000 drive cycle with 
speed and load points where each point represents 0.5s in time together with the maximum, 
minimum and motored load curve, Paper 10. 

The second and more realistic approach consists of a mix of experimental transient 
HCCI operation as long as the load is below 3.0 bar BMEP and steady state SI 
operation above, i.e. no scaling is made here and no actual mode transfer. The load 
and engine speed for this approach is shown in Figure 4-21, where the grey 
represents the SI operating region, the circles represent the drive cycle load as a 
function of speed and the thick curve represents the mean steady state HCCI 
maximum and minimum load as a function of speed.  

The EC2000 drive cycle- load and engine speed points are calculated for an Opel 
Astra 1.6 in a Lotus vehicle simulation software, represented by circles. Each circle is 
separated by 0.5s and hence the density of the circles is proportional to the time 
spent at that specific load and speed. The maximum, minimum and motored load 
curves are derived from mean steady state data, and it is not obvious that the 
maximum points can be reached during a transient. However for the 1.6L a choice of 
a 3 bar limit is used during the drive cycle test even though a lot of points would be 
covered by HCCI mode if increasing the load limit some tenths of bars in Figure 4-21. 
The minimum load curve coincide with the drive cycle load in Figure 4-20, but for the 
1.6L in Figure 4-21 a lot of drive cycle points are below the minimum load curve. This 
will limit the drivability since there is a deviation between the motored and minimum 
load curve and other measures should be applied to overcome this deviation. 

No actual mode transfer to SI operation is made in the drive cycle test, but all HCCI 
and SI data is experimental and the simulated results for SI operation is interpolated 
from mean steady state data from the same engine in the same test cell taken before 
it was rebuilt for HCCI operation. It should be noted though that the HCCI part of the 
1.6L test is from an actual drive cycle test as well as the entire 3.0L HCCI test. 
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Figure 4-21 Speed and load points during the 1.6L EC2000 drive cycle where each point 
represents 0.5s in time with two combustion modes together with the maximum, minimum and 
motored HCCI load curve for the SVC engine, Paper 10. 

When using the FTM at low engine speeds the control authority is significantly lower 
than at higher engine speeds. To improve performance during the drive cycle test the 
CLCCCR/PID is used below 1500 rpm while the FTM6 system is used to do slow 
cylinder balancing. At speeds above 1500 rpm the CLCCFTM6/LQG is used and a large 
difference in control authority for the throttles is shown in Figure 4-22, where the 
deviations between the different cylinders increase at low engine speeds. The grey 
area in Figure 4-22 represents the time spent is SI and the white represents the time 
spent in HCCI. 81% of the total time is spent in HCCI, where 51% of the fuel is 
consumed and 45% of the total work is produced.  

When investigating the total number of misfires according to the control program [17] 
(defined here as CA50 larger than 20 CAD ATDC) and comparing those to the 
number of misfires for loads above 0 bar BMEP. The number of misfires above zero 
load is 407 for the 1.6L HCCI-SI, which is only 11% of the total number of misfires 
and 0.5% of the total elapsed engine cycles during the drive cycle. Even 0.5% 
misfires is of course unacceptable, though. 

There are mainly three reasons for retarded combustion phasing or misfire: 

1. Low load below the minimum load curve in Figure 4-20 and Figure 4-21.  

2. Oscillations on the throttles when slow cylinder balancing is applied by the 
cold throttles. 

3. Speed and load increase. 
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Figure 4-22 Actuator positions and feedback signals for all five cylinders together with load 
and speed where the approximate usage of CLCC controller is marked by vertical lines for the 
first 200s of the HCCI-SI 1.6 drive cycle test and the SI areas are marked grey. 

The first kind occurs when the speed is decreased and negative load is applied and 
the CLCCFTM6/LQG tries to compensate this, which will result in some smaller 
oscillations on the throttles, but only with an amplitude of 5 to 10% opening. These 
are “desired” misfires, since lower load than the minimum load is desired. No fuel cut-
off is applied due to a somewhat coarse load controller and hence every actual 
misfire results in some minor increase in fuel consumption and HC emissions. Fuel 
cut-off should be applied at least below the minimum load curve defined in Figure 
4-20 and Figure 4-21. It can however be difficult to implement this due to the 
deviation between minimum load and motored load. 

The second kind of retarded CA50 or misfires occurs when the CLCCCR/PID takes 
care of CA50 control and the CLCCFTM6/LQG is turned off. Then the throttles only 
perform slow cylinder balancing. At this time the throttles start to oscillate between 0 
and 100% opening, which results in some disturbance to the CLCCCR/PID and on 
CA50. The phenomenon of the oscillating cylinder balancing throttles are 
unfortunately due to a minor bug in the control program, which creates these heavy 
oscillations every time the simple throttle cylinder balancing is applied, i.e. every time 
the CLCCCR/PID is turned on. It should be noted that the cylinder balancing does work 
as intended after 2s or approximately 20 engine cycles. One typical example is 
shown at the first vertical line to the left in Figure 4-22, where CLCCCR/PID is turned on 
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and the oscillations on the throttles cause the CRref to drop down to 20:1. However 
the PID based cascade coupled CR controller does not change CR as fast as the 
CLCCCR/PID changes CRref and hence it does not automatically result in misfires. 

The third reason for retarded CA50 or misfires is speed and load increase, which 
results in retarded CA50ref and with the limited performance of the CLCCFTM6/LQG at 
retarded CA50s this results in some overshoot and in worst case some misfires. The 
reason for the slow control at retarded CA50s is that there actually are 2 state 
feedback controllers for each cylinder. One is used when the mean of CA50 and 
CA50ref is later than 9 CAD ATDC and the other when it is earlier than 5 CAD ATDC. 
Between 5 and 9 the controller outputs are weighted together linearly. This solution is 
chosen since it was difficult to identify the system at retarded CA50s and hence no 
acceptable model was found for retarded CA50s. However, there are no misfires 
above 2500 rpm, which indicates that the controller manages CA50 control without 
any additional misfires when not disturbed by too low load or oscillating throttles as 
described above. 

There are some very advanced combustion phasings in Figure 4-22 at low load. This 
is the result of the high CR used and the apparent heat release, which is utilized in 
the control program. Since heat losses are not taken into account, the control 
program finds an excessively advanced CA50 that is not correct. 

In Figure 4-23 a Simulink simulation of CA50, upper plot, is made with a square wave 
applied on CA50ref. Corresponding control output, i.e. inlet air temperature, is shown 
in the lower plot. The simulation model based on an identified black box engine 
model is designed by Pfeiffer [67]. In Figure 4-24 an unstable system is shown. 

 

Figure 4-23 Simulink simulation using 
identified merged engine model and designed 
LQG controller.  

 

Figure 4-24 Simulink simulation using an 
engine model from four points with retarded 
CA50s, but with the same LQG controller as 
before. 
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It is the same LQG controller in both plots, but the engine model used in the 
simulation in Simulink is not. For Figure 4-23 a merged engine model of all test points 
is used, which is the same engine model from which the controller is designed. When 
using the LQG controller on an engine model identified from retarded CA50s it 
becomes unstable as shown in Figure 4-24 exactly as when running it on the engine. 
The solution to this problem is discussed additionally in paragraph 4.6. It should 
however be noted that the engine model based on retarded CA50s only consist of 
four operating points compared to 15 for the used model, which in general makes the 
controller more precise and aggressive. 

By doing a drive cycle simulation with mean steady state data for both HCCI and SI 
the improvement potential in terms of fuel economy and emissions can be estimated. 
It is also of interest, which improvement the transient HCCI show compared to the 
same engine in SI based on mean steady state SI data. It should be noted though, 
that the SI SVC is optimized for high loads resulting in low fuel consumption by 
engine downsizing. 

In Figure 4-25 to Figure 4-30 the emissions are given in g/km both engine out, Figure 
4-25 to Figure 4-27 and after the catalyst, Figure 4-28 to Figure 4-30. The 
contributions of the two operating modes are shown as different parts of the total 
bars. Those bars labeled with only SI represent simulated SI from mean steady state 
SI data, while the 3.0L HCCI consists of transient HCCI during an actual drive cycle 
test and the one labeled HCCIs consists of mean steady state data for HCCI. The 
one labeled 1.6L HCCI consists of both HCCI data during an actual entire truncated 
drive cycle together with mean steady state SI data. 

The highest engine out emissions of HC and CO are obtained for the scaled 3.0L 
engine, shown in the left part of these figures. This is due to the scaling, which results 
in very low load and combustion temperature during the major part of the drive cycle, 
resulting in low combustion efficiency.  

The lowest HC emissions are achieved for the 1.6L SI. There are two major effects 
which counteract each other. For the 1.6L engine the higher mean load results in 
more HC into the crevices, which would result in higher HC emissions for the 1.6L SI, 
but the scaling effect for the 3.0L engine is more dominating and hence higher HC 
emissions for the 3.0L engine. The HCCIs with its “ideal” HCCI shows slightly less 
HC emissions than the transient 3.0L HCCI and this can be explained by some actual 
misfires during transients, which are not present in the steady state HCCI data. 

The CO engine out emissions in Figure 4-26 show very much the same trends as the 
HC emissions in Figure 4-25. Here on the other hand there is a larger difference 
between transient 3.0L HCCI and HCCIs. With ideal HCCI there is no need to have a 
lot of control authority of the CLCCFTM6/LQG, i.e. increased bandwidth by adjusting CR. 
This results in a lower CR used in the ideal HCCI case, which results in lower CO 
emissions shown in Paper 2. Even though the CO emissions of the SI SVC engine 
are relatively high, they are small when compared to the HCCI SVC engine. It should 
be noted though that the maximum CR is increased from 14 for the SI SVC to 30 for 
the HCCI SVC engine. 
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Almost all NOx derive, as expected, from the very much hotter combustion process of 
the SI SVC engine. Figure 4-27 shows that it is very advantageous to run in HCCI 
operation as much as possible if low NOx emissions are desirable. Note that during 
the transient 1.6L HCCI test the engine operates with SI combustion during 19% of 
the time, but the SI combustion produces 99% of the total NOx. 

A standard three-way catalyst from a Saab 9-5 3.0 V6 is used during the drive cycle 
test, but no emissions are measured after catalyst, since it would require dual 
emission systems to be used or running the drive cycle twice, which would a 
repeatability issue. Instead HC and CO is calculated from the engine out emissions 
with a conversion efficiency of approximately 95% for HC and 99% for CO as a 
function of engine speed, Paper 5. The NOx emissions are engine out emissions, i.e. 
no reduction of NOx for HCCI, but for SI a conversion efficiency of 99% is used. 
Differences in conversion efficiency during mode transfer are not accounted for.  

In Figure 4-28 the Euro IV gasoline limit of HC is plotted on top of the bars. The 
transient 1.6L HCCI is 3.8% above the limit while the 3.0L SI is 13% below the limit. It 
should be noted though, that no cold start is made here and almost all HC during a 
drive cycle derive from the cold start until the catalyst has light-off [72]. 

The CO emissions in Figure 4-29 are all well below the limit of 1.0 g/km. The same 
holds for the NOx emissions in Figure 4-30, which are below the limit of 0.08 g/km. 
However there is quite a big improvement potential from transient 3.0L HCCI to the 
HCCIs. The difference between ideal HCCI and the transient HCCI is that there are 
no advanced combustion phasings as shown in Figure 4-22 for the HCCIs. It might 
seem strange that the NOx emissions are higher for the 3.0L SI simulation than for 
the 1.6L SI simulation. This is explained by the fact that lower load for the scaled 3.0L 
engine does not produce that much lower NOx emissions compared to the higher 
NOx levels at higher load for the 1.6L SI. 
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Figure 4-25 Engine out HC emissions for five 
test cases. 
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Figure 4-26 Engine out CO emissions for five 
test cases. 
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Figure 4-27 Engine out NOx emissions for five 
test cases. 
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Figure 4-28 HC emissions after catalyst for five 
test cases. 
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Figure 4-29 CO emissions after catalyst for five 
test cases. 
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Figure 4-30 NOx emissions after catalyst for 
five test cases. 
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In Figure 4-31, a fuel consumption of 11.7L/100km is shown for the scaled SI 
simulation, while a fuel consumption of 9.8L/100km is achieved for the transient 
scaled 3.0L and 9.2L/100km for the simulated HCCIs. The gain in running in HCCI 
mode the entire drive cycle, i.e. scale to 3.0L, is 16% compared to the 3.0L SI 
simulation. The gain by having a perfect CLCC controller for this engine is quantified 
by the difference between the 3.0L transient HCCI and the simulated HCCIs, which is 
merely 6%. 

SI HCCI HCCIs SI HCCI
0

2

4

6

8

10

12

3.0L 1.6L

Fu
el

 c
on

su
m

pt
io

n 
[L

/1
00

km
]

Fuel
HCCI

Fuel
SI

 

16% 
21% 

6% 

13% 

Figure 4-31 Fuel consumption given in L/100km for both the scaled 3.0L engine and the 1.6L. 

For the simulated 1.6L SI simulation taken from mean steady state SI data a fuel 
consumption of 7.8L/100km is accomplished, which can be compared to the 
6.8L/100km when running in combined transient HCCI and simulated SI operation. 
The gain with combined HCCI-SI is 13% compared to the 1.6L SI simulation. 

The possible Brake Specific Fuel Consumption (BSFC) or fuel consumption gain with 
the current 1.6L HCCI engine compared to the same engine in SI mode is shown in 
Figure 4-32. This can be compared to the BSFC gain by Zhao et al. [22] in Figure 
4-33 or the gain achieved by Fuerhapter et al. [31] in Figure 4-34. 
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Figure 4-32 Ideal fuel or BSFC gain in percent for inlet air preheated HCCI compared to SI on 
the SVC engine. 

Figure 4-33 BSFC gain by running in residual 
heated HCCI compared to SI [22] 

Figure 4-34 Fuel consumption gain by running 
in residual heated HCCI compared to SI [31] 

 
It is clear that inlet air preheated HCCI has a larger fuel reduction potential than the 
residual heated HCCI achieved by camshaft throttling or rebreathing. Note the much 
larger operating range in terms of engine speed for the SVC engine. The limit at 4000 
rpm for the fuel consumption gain in Figure 4-32 is due to the lack of data for 5000 
rpm from the SI reference tests and not a limit in HCCI operation. During a simulated 
drive cycle Zhao et al. [16] achieved a total gain of 4.7% compared to SI operation, 
while Fuerhapter et al. [32] show a total gain of 12.8% during an actual hot drive 
cycle test.  
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It is shown in the fuel consumption figures in Figure 4-31, that the approach to cover 
the entire drive cycle by scaling the engine to 3.0L is not a good idea with this 
engine. By scaling the engine a lower BMEP is needed for the same torque, which 
results in higher BSFC for the same torque. In other words, by scaling, the drive cycle 
point is moved towards lower BMEP, where BSFC is higher. The BSFC for mean 
steady state HCCI data are shown for the scaled 3.0L engine in Figure 4-35, while 
mean steady state SI and HCCI data are combined for the standard 1.6L HCCI-SI in 
Figure 4-36.  
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Figure 4-35 BSFC for the ideal HCCI scaled to 3.0L engine together with load points for the 
drive cycle, Paper 10. 
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Figure 4-36 BSFC for the simulated HCCI-SI as a function of load and speed together with load 
points for the drive cycle and a 3 bar BMEP limit between HCCI and SI. 
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Below 1 bar BMEP BSFC increases to infinity at 0 bar BMEP, and hence is not 
plotted below 1 bar BMEP. Each square represents one point in the drive cycle map 
with a time of 0.5s between. This means that the density of the squares is 
proportional to the time spent at that specific load and speed and hence BSFC. If 
comparing BSFC for the same drive cycle speed and load points marked with small 
ellipses in Figure 4-35 and Figure 4-36, it is clear that there is an approximate 
difference of at least 100g/kWh between the two. In Figure 4-36 the mean load is 
higher, which results in the lower fuel consumption figures for the transient 1.6L 
HCCI. 

A drawback of the SVC engine is the high Friction Mean Effective Pressure (FMEP) 
of this engine, shown in Figure 4-37, which severely penalizes the fuel economy 
when running the urban parts of the drive cycle where BMEP is very low. As a 
comparison, FMEP for a 6L Audi W12 is shown in Figure 4-38 together with a scatter 
band of FMEPs for other engines in gray. The difference between these two engines 
is significant and one reason for the very high FMEP of the SVC engine is the friction 
between the piston rings and the cylinder liner, which is high due to the design for 
very high IMEPs of the downsized highly supercharged SI SVC prototype. 
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Figure 4-37 Iso-lines of FMEP in bar for the 
HCCI SVC engine as a function of load and 
speed. Figure 4-38 FMEP as a function of speed for an 

Audi W12 engine [73]. 

SVC

By simulating a drive cycle with the same conditions as the “ideal” 3.0L HCCIs and 
use the FMEP in Figure 4-38, i.e. keep BMEP constant and decrease the needed 
IMEPnet a fuel consumption of 7.8L/100km is achieved, which can be compared to 
the 9.2L/100km for the HCCIs. This is a 15% improvement for the HCCIs FMEP 
compared to the same “ideal” HCCIs shown in Figure 4-39.  

If anticipating the same improvement potential with a low friction engine for the 1.6L 
test a fair guess would be a fuel consumption of 5.8L/100km. The possible BSFC 
gain, in percent, for the HCCI SVC 1.6L engine using the low FMEP in Figure 4-38 
compared to the standard 1.6L SI SVC is shown in Figure 4-40 together with the 
improved maximum load curve.  

Not that in this comparison it is only the HCCI SVC that has low FMEP and not the SI 
SVC i.e. the gain is both due to low FMEP and HCCI operation. This gain can be 
compared to the possible BSFC gain in Figure 4-32, which is much lower. The limit at 
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4000 rpm for the fuel consumption gain in Figure 4-40 is due to the lack of data for 
5000 rpm from the SI reference tests and not a limit in HCCI operation. 
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Figure 4-39 Drive cycle fuel consumption for the scaled 3.0L engine for SI, “ideal” HCCI and 
“ideal” HCCI with low FMEP using mean steady state data. 
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Figure 4-40 Maximum load curve together with the possible BSFC gain with a low friction HCCI 
engine compared to the standard SI SVC 1.6L engine. 
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With the low FMEP a much lager part of the drive cycle points will be covered in 
HCCI as shown in Figure 4-41, but a lower FMEP also result in a somewhat higher 
minimum load where some points are below this limit. When splitting the drive cycle 
in the urban part and the highway part it can be seen that almost the entire urban 
part is covered by the low FMEP 1.6L HCCI engine, while most of the highway part 
needs to be run in SI mode. There is a gained area between the maximum load 
curves and a lost area between the minimum load curves and the gained number of 
points is clearly larger than the lost.  
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4.6 Discussion 
Tests with the state feedback based LQG controller show a stable and efficient 
controller at all engine speeds. The drawback still to be solved is the lack of a fast 
and stable controller at retarded CA50s. Bengtsson [49] do not have these problems 
and it could be due to the difference in speed range between the SVC and the 12L 
Volvo Truck engine. Shaver et al. [56,57,58] and Souder et al. [51] run at a constant 
speed of 1800 rpm. At speeds below 2000 rpm it is easier to run the SVC in open 
loop, which results in more favorable conditions to identify a suitable engine model. 
The drawback below 2000 rpm though, is the lack of control authority of the throttles 
or inlet air temperature. A solution to the problem of control authority could be to use 
throttles optimized for the air flow in terms of throttle area, optimize the inlet manifold 
in terms of heat losses, flow profile and pulsations and minimize cylinder-to-cylinder 
variations in the combustion chamber to increase the bandwidth of the throttle 
control.  

When control authority is increased it should be possible to identify the entire load 
and speed range of the engine and merge all data to one engine model. If the 
merged model does not correlate well with all the different test cases, two different 
controllers can be implemented as long as each model is good. The problem with the 
current controller for retarded CA50s is that it is based on the same model as the one 
used for advanced CA50s, but with a punishment on the actuator of 10 times that of 
the advanced controller to make it more conservative and thus stable.  

Another difference between the other LQG CLCC controllers used in the literature 
[48,56,57,58] is that they have cycle-to-cycle control, while there is a time delay of 
approximately four engine cycles here. This could be decreased by fitting the throttles 
closer to the inlet ports and hence minimize the volume between inlet port and 
throttles. By having the throttle closer to the ports there is less air mass that is 
affected by the opposite airs temperature due to backflow. This is not a problem as 
long as there is a reasonable flow through both hot and cold ports, but when the flow 
is low on the hot side cold air can mix up in the pipe and when flow is low on the cold 
side the air mass there is heated up by the piping due to heat transfer from the hot air 
mass. With the current throttles it could be a problem on the hot side to fit the throttle 
closer to the inlet port, since that throttle is placed up-stream from the heat 
exchanger to avoid the hot inlet air downstream the heat exchanger. However since it 
is only hot air of 200-300°C it should be no problem to find suitable throttles for that 
purpose and with an engine with less heat losses this temperature could be 
decreased with maintained CR. The heat transfer from the hot air to the cold can be 
decreased significantly by splitting the inlet manifold into two parts and having some 
kind of insulating material in between. 

It is possible that an engine with less heat losses and a machined combustion 
chamber would be possible to operate at significantly lower CR, which could allow 
HCCI operation without any need for very powerful cylinder balancing. The need to 
balance the cylinder-to-cylinder variations on this engine is very large due to the 
extreme CR used to compensate for high heat losses. With a high CR cylinder-to-
cylinder variations in casting in the combustion chamber have larger negative effects 
on CA50 variations as shown in Paper 7. 
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With the above optimizations on the FTM system it should be possible to run the 
engine with the two-throttle FTM2 system and do small cylinder balancing using 
variable λ or use direct injection to introduce some minor stratification [24,25] of the 
charge in order to balance CA50. Spark assistance discussed in Paper 9 is also a 
viable cylinder balancing device. 

The scaling approach shows that it is possible to improve fuel consumption on a 3.0L 
engine by 16% compared to an SI of the same size. This shows that for the American 
market with rather large engines it would be very beneficial to apply HCCI operation 
at the lower loads, where those large engines operate most of the time. The other 
approach to simulate a mode transfer to SI is more applicable for the European 
market with its smaller engines operating at higher loads. 

By simulating a drive cycle with significantly lower FMEP an improvement in fuel 
consumption of 15% is achieved for the 3.0L engine and with the same FMEP 
optimization on the 1.6L engine substantially higher load levels can be reached. 
Higher load results in a larger part of the drive cycle operable in HCCI mode with an 
increased gain in fuel consumption and NOx emissions both due to less FMEP and 
the fact that HCCI is superior in terms of fuel consumption and NOx emissions. 

With the high maximum geometric CR cold start in HCCI is possible, at least from 
20°C ambient temperature, but it is not the recommended starting method. This is 
due to the very low exhaust gas temperature for HCCI, which results in a very long 
time before the catalyst reaches light-off and the heat exchanger is heated. If load is 
increased as quickly as possible the heat up time can be decreased, but the drive 
cycle consists of a fairly long time of low load and speed to start with. The suggested 
solution is to start in SI mode for approximately 10 to 15s [74] until the catalyst has 
reached light-off and thereafter do a mode transfer to HCCI mode. However it is 
possible that an HC trap [75] needs to be used since the major part of all HC is 
produced during cold start. It is likely that even if the HCCI engine would cover the 
drive cycle in terms of load that would not be considered sufficient, since acceleration 
is rather modest in the drive cycle and the top speed is only 120km/h. In real world 
driving mode transfer between HCCI and SI needs to be done anyway. 

With a good controller at retarded CA50s it should be possible to use the steady state 
optimized maps for CA50 and CR and the simulated improvement in fuel 
consumption of 21% for the “ideal” 3.0L HCCI engine compared to the 3.0L SI is 
possible. The same holds for the improvement potentials for the emissions and if 
using a more suitable engine with low FMEP an improvement of 33% in fuel 
consumption is possible compared to the 3.0L SI. With lower heat losses it will only 
get better. Since it would allow lower CR, which result in lower CO emissions and fuel 
consumption.  
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5 Conclusions  
It is shown that both variable compression ratio and the two-throttle fast thermal 
management are efficient actuators for combustion control, but some additional 
actuator is needed with these systems to get cylinder individual combustion phasing 
control. The variable λ proves effective, but has the disadvantage of increasing 
engine global COVIMEP. Step changes in CA50 show a time constant of 14 engine 
cycles for the PID based closed-loop combustion control using variable compression 
ratio, while the PID based closed-loop combustion control using fast thermal 
management has a time constant of 8 engine cycles. 

The six-throttle fast thermal management system is a cylinder individual combustion 
phasing actuator, requiring no additional active cylinder balancing. This system is 
used both with PID and state feedback controllers with similar time constants as the 
two-throttle closed-loop combustion controller. Systematic control design is applied 
by identifying an engine model as a black box model and using that model to create a 
type of state feedback controller called an LQG controller. The large benefit 
compared to a standard PID controller is the systematic design where merely three 
design parameters are needed to cover the entire load and speed range, while a PID 
controller would need to be gain scheduled for the same performance and hence has 
a lot more design parameters. The LQG controller is designed as a multi input single 
output controller, where combustion phasing error, compression ratio, load and 
engine speed are inputs and throttle command is output. An integrator is added in 
parallel to enable integral action, since integral action is not inherent in an LQG 
controller. Feed forward action is also included. 

Retarded combustion phasings proved to be a problem during the system 
identification due to difficulties to disturb the system at retarded combustion phasings 
without combustion deterioration. This in combination with very small effect of the 
actuators, throttles, at low engine speeds resulted in a combination of one good 
controller used for normal combustion phasings and one very slow controller at 
retarded combustion phasings. These two controllers overlap each other and for 
combustion phasing between 5 and 9 crank angle degrees the controller outputs are 
weighted together linearly.  

To improve controller bandwidth at low engine speeds the PID based closed-loop 
combustion control using variable compression ratio is applied below 1500 rpm. To 
avoid using variable λ for cylinder balancing, the six throttle system is used for slow 
cylinder balancing. Above 1500 rpm the state feedback based closed-loop 
combustion control is applied and compression ratio is set according to a predefined 
map. 

A drive cycle test is run using the combined closed-loop combustion control to 
evaluate the controllers and especially the LQG controller. It is found that in terms of 
fuel economy the controller is good, but there is room for improvement especially 
when looking at the emissions. A fuel consumption of 9.8L/100km for an engine 
scaled to 3.0L is achieved, which is an improvement of 16% compared to the scaled 
3.0L SI engine. When no scaling is done the fuel consumption is down to 
6.8L/100km, which is an improvement of 13% compared to an 1.6L SI engine. The 
1.6L approach consists of a transient HCCI operation up to 3 bar BMEP and 
simulated SI from mean steady state data above. 
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By simulating the drive cycle with a better engine in terms of friction losses, an 
improvement of an additional 15% is achieved compared to the ideal 3.0L HCCI with 
a perfect controller and would have a fuel consumption of 7.8L/100km. If anticipating 
the same improvement potential with a low friction engine for the 1.6L test a fair 
estimate would be a fuel consumption of 5.8L/100km during the drive cycle. 
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6 Future work 
The current state feedback controller for CLCCFTM6/LQG needs to be optimized for 
retarded combustion phasing by identifying a suitable engine model. This can 
probably be done by applying slow integral action with the CLCCCR/PID while 
identifying the engine model.  

Incorporate load control and CR control into the state feedback controller or create 
separate LQG controllers for load and CR. It is believed that the CR controller would 
benefit if it would work on a time base instead of crank angles as the current control 
program do. However it is not trivial to implement a time based control loop in the 
current control program and it would require an additional A/D and D/A-converter. 

The mode transfer needs to be systemized by designing transition maps that 
probably consist of some kind of model for cylinder wall temperature. To allow SI 
operation with a three-way catalyst a broad band λ sensor and a fully functional λ 
controller are needed. 

A more production based control system will probably consist of separate 
microprocessors for CA50 calculation where it is only necessary to send a scalar 
value to the main control module. This can be emulated with the current DAP A/D-
converter, which can be set up to e.g. send the entire pressure trace to the hard drive 
for post processing, while a heat release can be made onboard the DAP. This is 
possible since the DAP is equipped with a standard 486 PC processor that can be 
programmed to make calculations online and send data to the control programs 
buffer. With this strategy it would be possible to use a standard engine control 
module used for SI engines. 

Another controller like model predictive control could also be evaluated and perhaps 
some adaptivity. 
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Summary of papers 

Paper 1 
A Turbo Charged Dual Fuel HCCI Engine 
J-O. Olsson, P. Tunestål, G. Haraldsson, B. Johansson 
SAE Technical paper 2001-01-1896 
Presented by Jan-Ola Olsson at the International Spring Fuels & Lubricants Meeting, 

Orlando, May 2001 
 
The possibility of running high load HCCI by using CLCC with a turbocharged dual 
fuel multi cylinder engine is presented. The fuels used are n-heptane and ethanol. 

A load of 16 bar BMEP is shown with extremely low NOx emissions. High exhaust 
backpressure due to turbo charging with low exhaust gas temperature is discussed. 
The engine is run without inlet air heating which severely deteriorates the combustion 
efficiency at low load and hence an extreme amount of CO is produced. 

The author and first author jointly ran the experiments and evaluated data, while the 
first and second author wrote the paper. 

Paper 2 
HCCI Combustion Phasing in a Multi Cylinder Engine Using Variable 

Compression Ratio 
G. Haraldsson, J. Hyvönen, P. Tunestål, B. Johansson 
SAE Technical paper 2002-01-2858 
Presented by the author at SAE Powertrain & Fluid Systems Conference & 

Exhibition, San Diego, CA, October 2002 
 
The trade-off between inlet air temperature and CR is experimentally investigated 
together with the load and speed range of the SVC engine running in HCCI. Three 
different inlet air temperatures are run while scanning λ and keeping an approximate 
CA50 of 7 CAD ATDC by adjusting CR. The load and speed range are investigated 
for the SVC engine using VCR.  

It is found that highest brake thermal efficiency and lowest NOx emissions are 
achieved with as high CR as possible, with the drawback of higher CO emissions. A 
maximum load of 4.4 bar BMEP is reached at 2000 rpm. It decreases however as 
speed increase due to lack of diluent, which results in increased amounts of NOx 
emissions. The maximum CR is found to be only 17 when the tests are evaluated, 
which partly explains the need for RON 60 to run the engine without excessive inlet 
air heating. 

The author and the second author jointly wrote the paper and ran the experiments 
while the author processed the data except for the heat release, which the second 
author did. The author jointly wrote/rewrote the control PC software with the third 
author. 
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Paper 3 
Operating range in a Multi Cylinder engine using Variable Compression Ratio 
J. Hyvönen, G. Haraldsson, B. Johansson 
JSAE Technical paper 20030178/ SAE 2003-01-1829 
Presented by Jari Hyvönen at the JSAE/SAE Spring Fuels & Lubricants Meeting, 

Yokohama, Japan, May 2003 

Load and speed range are investigated experimentally for a maximum CR of 21. The 
higher CR compared to the CR of 17 in Paper 2 is achieved by new pistons with less 
squish area and a new monohead with correct specs. The difference between the 
two pistons is investigated. The load and speed range for RON 92 and RON 60 is 
explored. 

It is found to be no difference between the two pistons, while the load range with 
RON 60 is extended compared to Paper 2 since a higher maximum CR can be used, 
which results in lower inlet air temperature demand. The load range for RON 92 is 
however smaller than RON 60 due to a need for higher inlet air temperature, which 
results in thermal throttling. 

The author and the first author ran the experiments jointly, while the first author wrote 
the paper and processed all data. 

Paper 4 
HCCI Combustion Phasing with Closed-Loop Combustion Control Using 

Variable Compression Ratio in a Multi Cylinder Engine 
G. Haraldsson, J. Hyvönen, P. Tunestål, B. Johansson 
JSAE Technical paper 20030126/SAE 2003-01-1830 
Presented by the author at the JSAE/SAE Spring Fuels & Lubricants Meeting, 

Yokohama, Japan, May 2003 

Performance of a CLCC of cascade coupled CA50 and CR controllers is 
experimentally investigated together with a strategy for cylinder balancing by using 
variable λ. Doing steps in set points of CA50, load and CR explores the performance 
of the controllers. The response to ramps in inlet air temperature and speed are 
explored. The maximum CR is 21 and RON 92 is used. 

It is found that the CLCC using VCR performs well with the steps, while the ramps in 
inlet air temperature and speed are more demanding, especially the temperature 
ramp. The CLCC has a time constant of 14 engine cycles or 0.84s at 2000 rpm with a 
mean dCA50/dt of 6.0 CAD/s. The cylinder balancing strategy with variable λ is 
shown to work, with the disadvantage of large deviation in IMEP net when no CA50 
offset is used. The time from no cylinder balancing to a steady state value is 1.7s or 
28 engine cycles at 2000 rpm. 

The temperature measurement did not show the actual inlet air temperature, since 
the thermocouple response time was too slow. 

The author and second author ran the experiments jointly, while the author wrote the 
paper and processed all data. The author and the third author jointly wrote/rewrote 
the control PC software. The second author invented and designed the two-throttle 
FTM, which was used manually but never mentioned in this paper. 
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Paper 5 
Super Charging HCCI to extend the operating range in a Multi Cylinder VCR-

HCCI engine 
J. Hyvönen, G. Haraldsson, B. Johansson 
SAE Technical paper 2003-01-3214 
Presented by Jari Hyvönen at SAE Powertrain & Fluid Systems Conference & 

Exhibition, Pittsburgh, October 2003 

The effect of advancing the combustion phasing and throttling the inlet air with 
respect to combustion efficiency at zero load is investigated. Together with the HCCI 
operation range with both mechanical supercharging and simulated turbocharger, 
which is compared to a naturally aspirated SI with gasoline as fuel. 

It is found that the combustion efficiency increases drastically in both cases. The 
increase in the combustion efficiency overcomes the drawbacks of the early 
combustion phasing in the first case and the pumping losses in the second case. The 
operating range can be more than doubled with supercharging and higher brake 
efficiency than with a naturally aspirated SI is achieved at the same loads. 
Mechanical supercharging is however not an option with HCCI combustion, due to 
the high parasitic losses. 

The first author ran the experiments, wrote the paper and processed the data. The 
author wrote/rewrote the control PC software.  

Paper 6  
HCCI Closed-Loop Combustion Control Using Fast Thermal Management 
G. Haraldsson, J. Hyvönen, P. Tunestål, B. Johansson 
SAE Technical paper 2004-01-0943 
Presented by the author at SAE World Congress & Exhibition, Detroit, March 2004 

In this paper CLCC using FTM is applied and step changes of set points for 
combustion phasing, CR, and load together with ramps of engine speed with either 
constant load, i.e. load control enabled, or constant fuel amount are investigated. 
Performances of the controllers are investigated by running the engine and 
comparing the result with CLCC using VCR in Paper 4. 

Limitations to the speed ramps are further examined and it is found that choice of fuel 
and its low temperature reaction properties has a large impact on how the CLCC 
performs. The CLCC using FTM handles step changes in combustion phasing fairly 
well and has a time constant of 8 engine cycles, which is 57% faster than the CLCC 
using VCR even though it suffers from the large air volume between throttle and 
engine inlet. 

The LTR effect is perhaps exaggerated in this paper, since the effect of throttle 
movement at low air flows is believed to be small for this design as well as in  
Paper 10.  

The author ran the experiments, wrote the paper and processed the data. The author 
wrote/rewrote the control PC software and the second author served as feedback in 
discussions.  
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Paper 7 
Balancing Cylinder-To-Cylinder Variations in a Multi-Cylinder VCR-HCCI Engine 
J. Hyvönen, G. Haraldsson, B. Johansson 
SAE Technical paper 2004-01-1897 
Presented by Jari Hyvönen at SAE Fuels & Lubricants Meeting & Exhibition, 

Toulouse, June 2004 

The cylinder-to-cylinder variations are investigated, and the effect it has on the 
engine performance. Different strategies to balance the cylinders are tested, i.e. 
static balancing of cylinder individual compression ratio and inlet air temperature, and 
closed loop control of cylinder individual combustion phasing using fuel offsets or 
inlet air temperature. 

It is concluded that the best engine performance regarding fuel consumption, 
combustion stability and emissions are achieved with cylinder individual combustion 
phasing control using inlet air temperature, i.e. the six throttle system. 

The first author ran the experiments, wrote the paper and processed the data. The 
author wrote/rewrote the control PC software. The Six throttle FTM was invented and 
designed by the first author while the author wrote the software to control it. 

Paper 8 
System Identification and LQG Control of Variable-Compression HCCI Engine 

Dynamics 
R. Pfeiffer, G. Haraldsson, J-O. Olsson, P. Tunestål, R. Johansson, B. Johansson 
CCA/ISIC/CACSD Technical Paper 688, Proceedings of the 2004 IEEE International 

Conference on Control Applications Taipei, Taiwan, pp 1442-1447, 2004 
Presented by Roland Pfeiffer at Joint CCA, ISIC and CACSD, Taipei, Taiwan, 

September, 2004 

This article attempts to describe a method for system identification of the HCCI 
process, and development of an effective LQG regulator for the combustion process, 
where Matlab and Simulink are used in computations and simulations. 

A procedure for system identification on HCCI engines has been developed. The 
method is simple and produces good results. 

It has been found that a low-order model is sufficient to describe the process 
dynamics. The process however is highly nonlinear in that it is much more sensitive 
to control action at a late timing than at an early timing. The process model obtained 
can be used to create an effective LQG controller, which in addition to being capable 
of suppressing disturbances and following a reference signal, also is capable of 
producing relatively smooth control signals under noisy conditions. 

The first author and the author jointly ran the experiments. The author and the third 
author wrote/rewrote the control PC software. The first author, the author, third author 
and the forth author jointly wrote the matlab scripts for controller synthesis, while the 
author processed the data and wrote the paper jointly with the first and third author. 
The fifth author served as feedback during controller synthesis. 
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Paper 9 
Operating conditions using spark assisted HCCI combustion during 

combustion mode transfer to SI in a Multi-Cylinder VCR-HCCI engine 
J. Hyvönen, G. Haraldsson, B. Johansson 
SAE Technical paper 2005-01-0109 
Accepted for publication at SAE World Congress & Exhibition, Detroit, April 2005 

The mixed combustion region and the operating conditions are investigated in this 
paper from lean SI limit to pure HCCI without SI assistance. Parameters as 
compression ratio, inlet air pressure, inlet air temperature, and λ are used for 
controlling the mixed combustion mode. A strategy for closed-loop combustion mode 
transfer is discussed. 

It is found that spark assistance can be used for controlling the combustion phasing 
during a mode change between HCCI and SI combustion. However, the combustion 
fluctuations are large in the intermediate combustion region where some cycles have 
both spark ignited flame propagation and auto ignition, but some cycles have only 
partially burnt flame propagation. The partially burnt cycles increase COVIMEP and 
produce much unburned hydrocarbon emissions in the exhaust. The auto-ignited 
cycles have also high audible noise due to the decreasing amount of dilution in the 
intermediate combustion region. 

The first author ran the experiments, wrote the paper and processed the data. The 
author wrote/rewrote the control PC software. 

Paper 10 
Transient Control of a Multi Cylinder HCCI Engine during a Drive Cycle 
G. Haraldsson, J. Hyvönen, P. Tunestål, B. Johansson 
SAE Technical paper 2005-01-0153 
Accepted for publication at SAE World Congress & Exhibition, Detroit, April 2005 

CLCC using FTM6 is applied as a main parameter to control the combustion phasing 
during a drive cycle. Above 1500 rpm the FTM’s bandwidth is broadened by using, 
the VCR feature of this engine according to a predefined map which is a function of 
load and engine speed. Below 1500 rpm the CLCC using VCR is used instead of the 
FTM while slow cylinder balancing is applied by the FTM. Desired combustion 
phasing depending on load and speed are taken from a map. The main issue of this 
drive cycle test is to show performance of the state feedback controllers used during 
predefined transients. 

It is found that the state feedback controller used for combustion phasing above 1500 
rpm, handles most tasks well but has some problem with retarded combustion 
phasings, where the controller is outside of its design range. A mean fuel mileage of 
6.8 L/100km is achieved, which is an improvement of 13% compared to the SI SVC. 

The author ran the experiments, wrote the paper, processed the data and 
wrote/rewrote the control PC software, while the other authors served as feedback 
during the experiments and analysis. The HCCI steady state data where collected by 
the second author and the SI steady state data where jointly collected by the author 
and the second author, while the second author partly compiled those data. 
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