
Linköping Studies in Science and Technology. Dissertations
No. 580

Spark Advance
Modeling and Control

Lars Eriksson

Division of Vehicular Systems
Department of Electrical Engineering
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Abstract

The spark advance determines the efficiency of spark-ignited (SI) engines by po-
sitioning the combustion in relation to the piston motion. Today’s spark-advance
controllers are open-loop systems that measure parameters that effect the spark-
advance setting and compensate for their effects. Several parameters influence the
best spark-advance setting but it would be too expensive to measure and account
for all of them. This results in a schedule that is a compromise since it has to
guarantee good performance over the range of all the non-measured parameters.
A closed-loop scheme instead measures the result of the actual spark advance and
maintains an optimal spark-advance setting in the presence of disturbances. To
cover this area two questions must be addressed: How to determine if the spark
advance is optimal and how it can be measured? This is the scope of the present
work.

One possible measurement is the in-cylinder pressure, which gives the torque,
but also contains important information about the combustion. The cylinder pres-
sure can accurately be modeled using well known single-zone thermodynamic mod-
els which include the loss mechanisms of heat transfer and crevice flows. A sys-
tematic procedure for identifying heat-release model parameters is presented.

Three well-known combustion descriptors have been presented in the literature
that relate the phasing of the pressure signal to the optimal ignition timing. A
parametric study was performed showing how changes in model parameters influ-
ence the combustion descriptors at optimum ignition timing.

Another possible measurement is the ionization current that uses the spark
plug as a sensor, when it is not used for ignition. This is a direct in-cylinder
measurement which is rich in information about the combustion. A novel approach
to spark-advance control is presented, which uses the ionization current as a sensed
variable. The feedback control scheme is closely related to schemes based on in-
cylinder pressure measurements, that earlier have reported good results. A key idea
in this approach is to fit a model to the measured ionization current signal, and
extract information about the peak pressure position from the model parameters.

The control strategy is validated on an SI production engine, demonstrating
that the spark-advance controller based on ionization current interpretation can
control the peak pressure position to desired positions. A new method to increase
engine efficiency is presented, by using the closed-loop spark-advance control strat-
egy in combination with active water injection. However, the major result is that
the controller maintains an optimal spark advance under various conditions and in
the presence of environmental disturbances such as air humidity.
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April 1999

Lars Eriksson

ii



Contents

I Introduction 1

1 Introduction 3
1.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Introductory Background 7
2.1 Ignition Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Spark Advance Control . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 Approaches for Feedback . . . . . . . . . . . . . . . . . . . . 9
2.3 Importance of In-Cylinder Pressure . . . . . . . . . . . . . . . . . . . 9

2.3.1 Cylinder Pressure Modeling . . . . . . . . . . . . . . . . . . . 10
2.3.2 Cylinder Pressure and MBT Timing . . . . . . . . . . . . . . 12

2.4 Ion Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4.1 Ion Sensing for Ignition Control . . . . . . . . . . . . . . . . . 14

2.5 Performance Limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Bibliography 17

II Publications 21

1 Ionization Current Interpretation for Ignition Control in Internal
Combustion Engines 23
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

iii



iv Abstract

2 Spark-Ignited Engines . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.1 Cylinder pressure . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2 Ignition control . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3 Peak pressure algorithm . . . . . . . . . . . . . . . . . . . . . 26

3 The Ionization Current . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1 The ionization current signal . . . . . . . . . . . . . . . . . . 27

4 Experimental Situation . . . . . . . . . . . . . . . . . . . . . . . . . 28
5 Ionization Current Interpretation . . . . . . . . . . . . . . . . . . . . 29

5.1 Connection between ionization and pressure . . . . . . . . . . 29
5.2 A model of the ionization signal . . . . . . . . . . . . . . . . 31

6 Results from Ionization Current Interpretation . . . . . . . . . . . . 31
7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2 A Real-Time Platform for Closed-Loop Spark-Advance Control 37
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

1.1 Report Overview . . . . . . . . . . . . . . . . . . . . . . . . . 38
2 Experimental Platform . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1 Functionality Overview . . . . . . . . . . . . . . . . . . . . . 39
2.2 Electronic Control Unit (ECU) . . . . . . . . . . . . . . . . . 39
2.3 PC and Board Configuration . . . . . . . . . . . . . . . . . . 40
2.4 Sample Timing . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3 Verification of the Experimental Platform . . . . . . . . . . . . . . . 43
4 Ionization Current Interpretation Algorithm . . . . . . . . . . . . . . 44

4.1 Model description . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2 Criterion and Search Strategy . . . . . . . . . . . . . . . . . . 45
4.3 Time Complexity . . . . . . . . . . . . . . . . . . . . . . . . . 45

5 Algorithm Suitable for the Platform . . . . . . . . . . . . . . . . . . 46
5.1 Reparameterization of the Model . . . . . . . . . . . . . . . . 46
5.2 Kullback Criterion . . . . . . . . . . . . . . . . . . . . . . . . 47
5.3 Search Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6 Verification of the Estimation Algorithm . . . . . . . . . . . . . . . . 50
7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3 Closed Loop Ignition Control by Ionization Current Interpreta-
tion 53
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
2 Spark Timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.1 Peak Pressure Concept . . . . . . . . . . . . . . . . . . . . . . 54
3 Pressure and Torque Variability . . . . . . . . . . . . . . . . . . . . . 55

3.1 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2 Principal Study of Variations . . . . . . . . . . . . . . . . . . 57

4 Ionization Current . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.1 Ionization Current Interpretation . . . . . . . . . . . . . . . . 58



Abstract v

5 Spark Timing Controller . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.1 Controller Tuning . . . . . . . . . . . . . . . . . . . . . . . . 61
5.2 Influence of Cycle-To-Cycle Variations . . . . . . . . . . . . . 62

6 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7 Closed Loop Demonstration . . . . . . . . . . . . . . . . . . . . . . . 65
8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
A Torque Variance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4 Increasing the Efficiency of SI-Engines by Spark-Advance Control
and Water Injection 71
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
2 Closed Loop Spark Advance Control . . . . . . . . . . . . . . . . . . 72

2.1 Ionization current interpretation . . . . . . . . . . . . . . . . 72
3 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4 Water Injection Experiments . . . . . . . . . . . . . . . . . . . . . . 74

4.1 Test cycle 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.2 Test cycle 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.3 Test cycle 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5 Torque Increase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5 An Ion-Sense Engine-Fine-Tuner 81
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
2 Outlook on Diagnosis and Feed-back Control . . . . . . . . . . . . . 82

2.1 Virtual Engine-Doctors . . . . . . . . . . . . . . . . . . . . . 82
2.2 Virtual Engine-Fine-Tuners . . . . . . . . . . . . . . . . . . . 83

3 Ionization current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.1 Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.2 Ionization Current Terminology . . . . . . . . . . . . . . . . . 86
3.3 Ionization current modeling . . . . . . . . . . . . . . . . . . . 88

4 Spark Advance Control . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.1 Spark Advance and Cylinder Pressure . . . . . . . . . . . . . 90
4.2 Peak Pressure Concept . . . . . . . . . . . . . . . . . . . . . . 91
4.3 Engine-tuning for efficiency . . . . . . . . . . . . . . . . . . . 91
4.4 Principle Study of Variations . . . . . . . . . . . . . . . . . . 92

5 Structure and Design of Engine-Fine-Tuner . . . . . . . . . . . . . . 94
5.1 PPP Estimate . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.2 Controller structure . . . . . . . . . . . . . . . . . . . . . . . 96
5.3 Closed-Loop Control Parameters . . . . . . . . . . . . . . . . 97

6 Performance of the Engine-Fine-Tuner . . . . . . . . . . . . . . . . . 97
6.1 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . 97
6.2 Response to set-point changes . . . . . . . . . . . . . . . . . . 97
6.3 Water injection setup . . . . . . . . . . . . . . . . . . . . . . 99



vi Abstract

6.4 Humidity handled by the Engine-Fine-Tuner . . . . . . . . . 99
7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6 Requirements for and a Systematic Method for Identifying Heat-
Release Model Parameters 105
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

1.1 Parameter Identification . . . . . . . . . . . . . . . . . . . . . 106
2 Single-Zone Heat-Release Modeling . . . . . . . . . . . . . . . . . . . 107

2.1 Energy conservation equation . . . . . . . . . . . . . . . . . . 108
2.2 Thermodynamic properties . . . . . . . . . . . . . . . . . . . 108
2.3 Temperature model . . . . . . . . . . . . . . . . . . . . . . . 109
2.4 Crevice Model . . . . . . . . . . . . . . . . . . . . . . . . . . 109
2.5 Convective Heat Transfer . . . . . . . . . . . . . . . . . . . . 110
2.6 Cylinder volume . . . . . . . . . . . . . . . . . . . . . . . . . 110
2.7 A commonly used family of simulation models . . . . . . . . 111

3 Pressure Sensing and Sensor Modeling . . . . . . . . . . . . . . . . . 113
3.1 Pressure frequency contents . . . . . . . . . . . . . . . . . . . 113
3.2 Phasing of the pressure signal . . . . . . . . . . . . . . . . . . 115
3.3 Filtering and data collection . . . . . . . . . . . . . . . . . . . 115
3.4 Sensor modeling . . . . . . . . . . . . . . . . . . . . . . . . . 117
3.5 Static sensor model . . . . . . . . . . . . . . . . . . . . . . . . 118

4 Parameter Estimation Method . . . . . . . . . . . . . . . . . . . . . 121
4.1 Formulation of residuals . . . . . . . . . . . . . . . . . . . . . 121
4.2 Minimization procedure . . . . . . . . . . . . . . . . . . . . . 122
4.3 Parameter Evaluation . . . . . . . . . . . . . . . . . . . . . . 123
4.4 Unknown parameters . . . . . . . . . . . . . . . . . . . . . . . 124

5 Parameter Estimation Results . . . . . . . . . . . . . . . . . . . . . . 124
5.1 Pressure Residual . . . . . . . . . . . . . . . . . . . . . . . . . 126
5.2 Heat-Release Residual . . . . . . . . . . . . . . . . . . . . . . 129
5.3 TDC determination, θ0 . . . . . . . . . . . . . . . . . . . . . 129
5.4 Cylinder pressure referencing . . . . . . . . . . . . . . . . . . 130
5.5 Parameter variations . . . . . . . . . . . . . . . . . . . . . . . 131
5.6 Which criterion to minimize? . . . . . . . . . . . . . . . . . . 131

6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7 A Parametric Study of Optimal Spark Advance and the Influence
of Cycle-to-Cycle Variations 135
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

1.1 Outline of Investigation . . . . . . . . . . . . . . . . . . . . . 137
2 Spark advance control . . . . . . . . . . . . . . . . . . . . . . . . . . 138

2.1 Spark Advance and Cylinder Pressure . . . . . . . . . . . . . 139
3 Empirical Rules for Optimal Spark Advance . . . . . . . . . . . . . . 139

3.1 Comparison of PR and MFB . . . . . . . . . . . . . . . . . . 142



Contents vii

4 Heat-release model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
4.1 Heat-Release Calculation . . . . . . . . . . . . . . . . . . . . 144
4.2 In-Cylinder Pressure Simulation . . . . . . . . . . . . . . . . 144

5 Engine Data and Model Parameters . . . . . . . . . . . . . . . . . . 145
5.1 Study of burn-angle variations . . . . . . . . . . . . . . . . . 146
5.2 Burn angles and spark advance . . . . . . . . . . . . . . . . . 146
5.3 Burn angles and engine speed . . . . . . . . . . . . . . . . . . 148
5.4 Burn angles and engine load . . . . . . . . . . . . . . . . . . . 149
5.5 Summary of burn-angle variations . . . . . . . . . . . . . . . 149
5.6 Burn-angle parameters for 1500 rpm 50 Nm . . . . . . . . . . 150
5.7 Nominal Model Parameters . . . . . . . . . . . . . . . . . . . 151
5.8 Mean values for the burn rates . . . . . . . . . . . . . . . . . 153

6 Simulation evaluation of engine efficiency . . . . . . . . . . . . . . . 153
6.1 Flame Development and Rapid Burn . . . . . . . . . . . . . . 156
6.2 Heat Transfer and Burn Rate . . . . . . . . . . . . . . . . . . 159
6.3 Crevice Volume and Heat Transfer . . . . . . . . . . . . . . . 163
6.4 Qin and γ300 . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
6.5 Evaluation of loss . . . . . . . . . . . . . . . . . . . . . . . . . 165

7 Summary of simulation evaluation . . . . . . . . . . . . . . . . . . . 168
7.1 Validation of relevance of study . . . . . . . . . . . . . . . . . 168

8 Cycle-to-cycle variations . . . . . . . . . . . . . . . . . . . . . . . . . 168
8.1 Derivation of the pdf . . . . . . . . . . . . . . . . . . . . . . . 170
8.2 Influence of cycle-to-cycle variations . . . . . . . . . . . . . . 172

9 Issues Relevant for Feedback Control . . . . . . . . . . . . . . . . . . 173
9.1 Ambiguity in PPP . . . . . . . . . . . . . . . . . . . . . . . . 173
9.2 Determination of the Combustion Descriptors . . . . . . . . . 174
9.3 Gain evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 175

10 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 176
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
A Heat-Release Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

A.1 Energy conservation equation . . . . . . . . . . . . . . . . . . 178
A.2 Thermodynamic properties . . . . . . . . . . . . . . . . . . . 179
A.3 Crevice model . . . . . . . . . . . . . . . . . . . . . . . . . . 179
A.4 Temperature model . . . . . . . . . . . . . . . . . . . . . . . 180
A.5 Convective Heat Transfer . . . . . . . . . . . . . . . . . . . . 180

B Laminar burning velocity . . . . . . . . . . . . . . . . . . . . . . . . 181
C Early combustion development . . . . . . . . . . . . . . . . . . . . . 182



viii Contents



List of Figures

2.1 Engine brake torque as function of ignition angle. The position
for maximum brake torque (MBT) is marked, and MBT timing is
approximately 24.5◦ before top dead center (TDC). The spark is
positioned to the right of the MBT timing, rather than the opposite,
since it reduces NOx emissions and increases the margin to knock. . 8

2.2 Four pressure traces resulting from four different ignition angles.
The dashed line is the pressure from a motored cycle obtained by
skipped firing. Ignition timing SA2 is close to optimum. . . . . . . . 10

2.3 Model validation of a single-zone cylinder pressure model. Top: Plot
of both measured and simulated cylinder pressure. Bottom: Differ-
ence between measured and simulated cylinder pressure. . . . . . . . 11

2.4 Example of an ionization current with it’s three characteristic phases.
The signal shape in the ignition phase is associated with the spark.
In the flame front phase the signal is influenced by ions generated
in and near the flame front. In the post flame phase the flame ha
propagated away from the spark plug and the signal is influenced by
the cylinder temperature and pressure. . . . . . . . . . . . . . . . . . 14

1 The cylinder pressure showing the motored cycle and three different
positions for the ignition. (a) Motored cycle, MBT and early timing.
(b) Motored cycle, MBT and late timing. . . . . . . . . . . . . . . . 25

2 Measurement of the ionization current. (a) The spark plug-gap is
used as a probe. (b) Measurement on the low voltage side. . . . . . . 27

3 An ionization signal showing the three phases: ignition, flame front,
post flame. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

ix



x Contents

4 The measurement situation. The pressure sensor is used only for
validation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5 Ionization current and cylinder pressure for one cycle. The post-
flame phase corresponds to the pressure. . . . . . . . . . . . . . . . . 30

6 A case where the ionization current has two peaks in the flame-
front phase and no peak in the post-flame phase, but there is still a
correspondence with the pressure. . . . . . . . . . . . . . . . . . . . . 30

7 The pressure related part of the ionization signal compared with
a Gaussian function. Solid; Measured cylinder pressure converted
to ionization current through Eq. 1. Dashed; A Gaussian signal
positioned at the cylinder pressure. . . . . . . . . . . . . . . . . . . . 32

8 The measured ionization current and the fitted model. . . . . . . . . 32
9 The measured ionization current, and the two obtained Gaussian

functions. The ICB pressure-function is positioned in the post-flame
phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

10 The peak positions of the cylinder pressure and the ICB pressure-
function obtained. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

11 A model with a extended flame front description. (a) The measured
signal compared to the model. (b) The three Gaussian components. 35

12 The peak positions for the pressure related Gaussian signal (ICB)
and the measured cylinder pressure corresponds well. . . . . . . . . . 35

1 Block diagram over the system. . . . . . . . . . . . . . . . . . . . . . 38
2 The ionization current showing the three characteristic phases: ig-

nition phase, flame-front phase, and post-flame phase. . . . . . . . . 40
3 Sample timing system, the inputs and the output are shown. . . . . 42
4 The peak pressure position for several cycles. The controller is

started at cycle 70, and successfully achieves the desired ignition
timing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5 Correlation plot between the true peak pressure position and the
estimated peak position. Six different ignition timings, for one op-
erating point with engine speed (2000 rpm) and load (100 Nm). Of
course, some averaging improves the correlation. . . . . . . . . . . . 51

1 The PPP (Peak Pressure Position) is the position in crank angles
for the pressure peak. . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2 Mean PPP (Peak Pressure Position) and output torque for 1500 rpm
and four different throttle angles. Each circle is a mean value from
200 consecutive cycles with the same ignition timing. The optimal
mean PPP is close to 15◦ for all loads. . . . . . . . . . . . . . . . . . 56

3 Mean PPP (Peak Pressure Position) and output torque for 3000 rpm
and four different throttle angles. Each circle is a mean value from
200 consecutive cycles with the same ignition timing. The optimal
mean PPP is close to 15◦ for all loads. . . . . . . . . . . . . . . . . . 57



Contents xi

4 Measured standard deviations for the peak pressure position, σP,
calculated for different engine speeds, loads and spark advances. The
speeds are: solid – 1500 rpm, dashed – 2000 rpm, dash-dotted –
2500 rpm, dotted – 3000 rpm. . . . . . . . . . . . . . . . . . . . . . . 58

5 When the mean PPP (peak pressure position) is at optimum the
variations in the output torque are minimal. At a) the mean peak
pressure position lies at optimum which give small variations in out-
put torque at a1). At b) the mean peak pressure position lies some
degrees off from optimum and the resulting variations are larger at
b1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6 The spark plug functions as sensor for several parameters. Knock
intensity, misfire, and cam-phase sensing has been implemented and
lambda is also a potential output from an interpretation algorithm.
The peak pressure position estimate is the information used here. . . 59

7 Ionization current with three clear phases, ignition, flame front, and
post flame. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

8 The peak pressure position estimated from the ionization current
compared to the measured. Each point corresponds to the estimated
and true PPP for one cycle. Close to 500 cycles are displayed in the
plot. One to one correspondence is indicated by the solid line. . . . . 61

9 The structure of the spark timing control system, where the spark
plug operates as an integrated actuator and sensor. Information is
extracted from the raw ionization current, and the estimate of the
PPP is the input to the spark timing controller. . . . . . . . . . . . . 62

10 PPP and the estimate. Moving averages are computed with differ-
ent lengths (measured in number of cycles) over the measured peak
pressure positions and the estimated. The average lengths are; upper
left - 3, upper right - 6, lower left - 9, lower right - 12. . . . . . . . . 63

11 Structure of a controller using feed back and feed forward in combi-
nation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

12 Experimental setup with the engine, the ECU, and the PC. . . . . . 64

13 Closed loop control of spark advance with changing reference value,
showing that the PPP can be controlled to the desired positions.
Dash dotted – reference signal, solid – measured PPP, dashed –
estimated PPP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

14 Closed loop control of spark advance with changing reference value,
showing the step response time. Dash dotted – reference signal, solid
– measured PPP, dashed – estimated PPP . . . . . . . . . . . . . . . 66

1 Left: A picture of the sprayer spraying water. Right: A schematic
figure of the sprayer nozzle with the liquid spray, pressurized air,
and the atomized liquid drops. . . . . . . . . . . . . . . . . . . . . . 73



xii Contents

2 The sprayer is directed towards the intake port and throttle plate.
At the lower side of the throttle plate, the spray of water can be
seen as a pale shade of gray. When the picture was taken the engine
ran at steady state with speed 1500 rpm and load 50 Nm. . . . . . . 74

3 A large part of the test cycle is displayed. The spark advance con-
troller is shut off around cycle 100 and the spark advance is held
constant. The water spraying starts around cycle 250 which leads
to increased PPP and decreased output torque. The spark advance
controller is switched on around cycle 400, controlling PPP back to
MBT leading to increased output torque. The water spraying stops
around cycle 550 and the parameters asymptotically goes back to
their initial conditions, when the water still in the system, e.g. de-
posited on walls, decreases. . . . . . . . . . . . . . . . . . . . . . . . 76

4 The interesting part of the test cycle. The spark advance controller is
switched off at cycle 50 and the water injection starts at cycle 250.
The controller is switched on again around cycle 500, controlling
PPP to MBT which increases the output torque. . . . . . . . . . . . 77

5 The interesting part of the test cycle. This test is run at a lower
load condition than the tests shown in Figures 3 and 4, with output
torque 38 Nm. The water injection starts around cycle 150 and
the spark advance controller is switched on around cycle 225. The
increase in output torque when the controller is switched on can also
be observed here. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

1 A medical doctor can from measurements like EEG or EKG, that
are crude compared to human complexity, draw many conclusions.
Ionization currents, like the one in the figure, are in-cylinder engine
measurements that are directly coupled to the combustion. Virtual
engine-doctors and virtual engine-fine-tuners are now being developed. 83

2 The introduction of computerized engine controllers (here above the
engine) has revolutionized the engine control era. Already today
they represent an impressive computing power and the development
continues. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

3 The spark plug can, using signal interpretation, function as sensor
for several parameters. Knock intensity and misfire are already im-
plemented in production cars as a basis for virtual engine-doctors.
Lambda sensing and peak pressure position estimation can be used
in virtual engine fine tuners. The peak pressure position (and a
quality measure of it) is the information used in this paper. . . . . . 85

4 Cycle to cycle variations are always present in the combustion. The
plots show ten consecutive cycles at stationary engine operation that
clearly exhibit the cyclic variations. . . . . . . . . . . . . . . . . . . . 86

5 Measurement of the ionization current. (a) The spark plug-gap is
used as a probe. (b) Measurement on the low voltage side of the
ignition coil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87



Contents xiii

6 Ionization current showing three clear phases, ignition, flame front,
and post flame. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7 Components of the model (Equation (2)) that captures the appear-
ance and the phases of the ionization current. . . . . . . . . . . . . . 89

8 Three different pressure traces resulting from three different spark
advances. The different spark advances are; SA1: spark advance
32.5◦ before top dead center (TDC), SA2: 22.5◦ before TDC, SA3:
12.5◦ before TDC. The optimal spark advance is close to SA2. . . . 91

9 The PPP (Peak Pressure Position) is the position in crank angles
for the pressure peak. It is one way of describing the position of the
pressure trace relative to crank angle. . . . . . . . . . . . . . . . . . 92

10 Mean PPP (Peak Pressure Position) and output torque for 1500 rpm
and 3000 rpm and two different engine load conditions. Each circle
is a mean value from 200 consecutive cycles with the same ignition
timing. The optimal mean PPP is close to 15◦ for all loads, even
though the spark advance differs a lot. . . . . . . . . . . . . . . . . . 93

11 The figure illustrates that when the mean PPP (peak pressure posi-
tion) is at optimum the variations in the output torque are minimal.
At a) the mean peak pressure position lies at optimum which give
small variations in output torque at a1). At b) the mean peak pres-
sure position lies some degrees off from optimum and the resulting
variations are larger at b1). . . . . . . . . . . . . . . . . . . . . . . . 94

12 The peak pressure position estimated from the ionization current
compared to the measured. Each point corresponds to the estimated
and true PPP for one cycle. Close to 500 cycles are displayed in the
plot. One to one correspondence is indicated by the solid line. . . . . 95

13 The structure of the spark advance control structure, where the
spark plug operates as an integrated actuator and sensor. Informa-
tion is extracted from the raw ionization current, and the estimate
of the PPP is the input to the spark timing controller. Reference
values and feed forward signals are obtained using other sensors, e.g.
engine speed and load. . . . . . . . . . . . . . . . . . . . . . . . . . . 96

14 Closed loop control of spark advance with changing reference value,
showing that the PPP can be controlled to the desired positions.
Dash dotted – reference signal, solid – PPP measured by an extra
pressure sensor, dashed – PPP estimated from ionization current . . 98

15 Left: A picture of the sprayer spraying water. Right: A schematic
figure of the sprayer nozzle with the liquid spray, pressurized air,
and the atomized liquid drops. . . . . . . . . . . . . . . . . . . . . . 99

16 The interesting part of the test cycle. The spark advance controller
is switched off at cycle 50 and the water injection starts at cycle
250, which leads to increased PPP. The controller is switched on
again around cycle 500, controlling PPP to MBT which increases
the output torque. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101



xiv Contents

1 Using a systematic procedure for determining the model parameters
enables an automated analysis of large data sets. For each operating
condition the procedure provides parameters that are used in the
heat release analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

2 Two traces with exactly the same parameters, but with changed
starting points. The figure shows that the level of Qch has changed
significantly. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

3 Example of a pressure measurement setup, that samples the cylin-
der pressure based on the crank angle. The sample rate, in this
configuration, is equal to one sample per crank angle degree. . . . . 114

4 Spectra for two (motored) cylinder pressure traces measured at en-
gine speeds of 800 rpm and 1600 rpm. Note that the frequency scales
are different for the two spectra. The first harmonic in the signal
occurs at the frequency of the engine cycle i.e. for 800 rpm at 6.7 Hz.
For both engine speeds the frequency contents become difficult to
distinguish from noise around the 40th harmonic. . . . . . . . . . . . 114

5 Three pressure signals: Dash dotted – measured pressure, Solid –
zero-phase filtered, Dashed – causally filtered. The two filters had
the same order and the same cut-off frequency, but the causal filter
causes a shift in peak pressure position of 10◦. . . . . . . . . . . . . . 116

6 Impulse response for the charge amplifier. At t=0s a charge of
2.91 nC is given as input to the charge amplifier. Solid line – model
output with τc = 22 s. Dotted line – measured output from the
charge amplifier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7 Pressure signals for two different charge amplifiers, one with an in-
finite time constant, p∞ , and one with a time constant of 2.2 s,
p2.2s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

8 The upper plot shows the measured pressure (solid line), and the
output from the model (dashed line) the pressure that the model
predicts, the signals are extremely close. The lower plot shows the
difference between the measured and the model, and the conclusion
is that the difference is very small. . . . . . . . . . . . . . . . . . . . 125

9 Log-log pV diagram for pressure that has been optimized and the
crank angle offset, sensor gain, and pressure offset has been included. 126

10 Cylinder pressure, intake manifold pressure, and exhaust pressure for
one motored cycle. A validation that with a known sensor gain, C,
the initial pressure, pivc, can be estimated and the cylinder pressure
is close to the intake and exhaust pressures during the intake and
exhaust strokes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

11 Estimated TDC offset for crank angle measurements. The values
that are estimated for one operating condition is very close to each
other (within ∼ 0.1◦), but between the operating conditions the offset
varies (∼ 0.5◦). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131



Contents xv

1 Closed loop schemes for spark advance control have been presented
that utilize the three combustion descriptors, shown in the figure,
as a sensor for optimal spark advance. The three combustion de-
scriptors are: peak pressure position (PPP), mass fraction burned
(MFB), and the pressure ratio (PR). . . . . . . . . . . . . . . . . . . 136

2 Environmental and engine conditions affect how the cylinder pres-
sure develops and thus the optimal spark advance. Changes in condi-
tions can also be represented by changes in model parameters, and
in the simulation evaluation the model parameters are varied and
their influence on the combustion descriptors are mapped. . . . . . . 137

3 Three pressure traces resulting from three different spark advances.
The different spark advances are; SA1: spark advance 32.5◦ before
top dead center (TDC), SA2: 22.5◦ before TDC, SA3: 12.5◦ before
TDC. The optimal spark advance is close to SA2. . . . . . . . . . . . 140

4 The PPP (Peak Pressure Position) is the position in crank angles
for the pressure peak. It is one way of describing the position of the
pressure trace relative to crank angle. . . . . . . . . . . . . . . . . . 141

5 The mass fraction burned profile xb(θ) with the three positions for
30%, 50%, and 90% mass fraction burned marked. . . . . . . . . . . 141

6 Comparison of pressure ratio (dotted) and mass fraction burned
(solid) traces, for five ignition timings, θig ∈ {−60◦, −40◦, −20◦, 0◦, 20◦},
and two rapid-burning angles, ∆θb ∈ {20◦, 40◦}. The difference is
small when the burning occurs around and after TDC. . . . . . . . . 142

7 The mass fraction burned profile with the flame development angle,
∆θd, and rapid burning angle, ∆θb marked. . . . . . . . . . . . . . . 145

8 Variations in ∆θd and ∆θb as a function of ignition angle. The dif-
ferent lines represent one operating condition with respect to engine
speed and load. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

9 Simulation of how the ignition angle influences the flame develop-
ment angle, ∆θd, through the laminar burning velocity, the result
agrees well with the experimental data in Figure 8. The minimum
for ∆θd is 22◦ which occurs around θig ≈ 11◦. . . . . . . . . . . . . 147

10 Standard deviations for ∆θd and ∆θb for different ignition angles.
The standard deviations increase as the ignition angle is increased. . 149

11 Correlation coefficient between ∆θd and ∆θb for different ignition
angles. There is a clear correlation between ∆θd and ∆θb for several
operating conditions and the trend is that the correlation increases
as the ignition angle is increased. . . . . . . . . . . . . . . . . . . . . 150

12 Variations in ∆θd and ∆θb as a function of engine speed and engine
load. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

13 The standard deviations for ∆θd and ∆θb as a function of engine
speed and engine load. . . . . . . . . . . . . . . . . . . . . . . . . . . 152

14 Coefficient of correlation between ∆θd and ∆θb as a function of
engine speed and engine load. . . . . . . . . . . . . . . . . . . . . . . 152



xvi Contents

15 Variations in the flame development angle, ∆θd, and rapid burn-
ing angle, ∆θb, for the data set. Each mark in the plot represents
the mean value for the parameter, calculated from 150 cycles at
each operating condition i.e. for one speed, load, and ignition tim-
ing. The different shapes represent different loads: ·-0 Nm, ◦-20 Nm,
×-50 Nm, +-90 Nm, and ∗-130 Nm . . . . . . . . . . . . . . . . . . . 154

16 The method for studying the how different model parameters influ-
ence the combustion descriptors at optimal ignition timing and. . . . 155

17 Validation that the ignition does not significantly change the intake
and exhaust processes. In the engine data plotted the four ignition
angles ranged from −23◦ to −8◦ BTDC. Even though, the ignition
angle changed the pressure during the exhaust and intake strokes
does not change, and thus the pumping work is not significantly
influenced by the ignition timing. . . . . . . . . . . . . . . . . . . . . 155

18 Pressure traces for optimal spark advance for changes in rapid burn-
ing angle ∆θb. The flame development angle is ∆θd = 20◦ for the
plot in this figure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

19 Heat release traces for optimal spark advance for changes in rapid
burning angle ∆θb. The flame development angle is ∆θd = 20◦ for
the plot in this figure. . . . . . . . . . . . . . . . . . . . . . . . . . . 158

20 Changes in the optimal ignition angle as a function of flame devel-
opment angle, ∆θd, and rapid burning angle, ∆θb. The x-axis gives
values for ∆θb, the lines represent constant ∆θd, and the y-axis gives
the optimal ignition timing MBT timing. . . . . . . . . . . . . . . . 159

21 The peak pressure position (PPP) for optimum spark advance (MBT
timing) as a function of flame development angle, ∆θd, and rapid
burning angle, ∆θb. . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

22 Enlargement of the mass fraction burned traces shown in Figure 19
and with all other traces traces added. The plot shows that mass
fraction burned levels between 45% and 50% are contained in a nar-
row region for a variety of flame development and rapid burn angles. 160

23 Changes in the 45% mass fraction burned for optimum ignition as a
function of flame development angle, ∆θd, and rapid burning angle,
∆θb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

24 Changes in the 50% mass fraction burned for optimum ignition as a
function of flame development angle, ∆θd, and rapid burning angle,
∆θb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

25 Changes in the optimal ignition angle as a function of heat transfer
coefficient C1 and changes in burn rate through ∆θb = 12 + (∆θd −
15)/20 ∗ 26. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

26 Changes in the optimal peak pressure position (PPP) as a function
of heat transfer coefficient C1 and changes in burn rate through
∆θb = 12 + (∆θd − 15)/20 ∗ 26. . . . . . . . . . . . . . . . . . . . . . 164



Contents xvii

27 Changes in the optimal position for 45% mass fraction burned posi-
tion as a function of heat transfer coefficient C1 and changes in burn
rate through θb = 12 + (θd − 15)/20 ∗ 26. . . . . . . . . . . . . . . . 165

28 Changes in the optimal peak pressure position as a function of heat
transfer coefficient C2 and changes in crevice volume. . . . . . . . . . 166

29 Net indicated efficiency as a function of ignition angle, the optimal
value for the ignition is θig = 22.9◦. The plot is generated with the
model parameters at their nominal values. . . . . . . . . . . . . . . . 166

30 The loss of not maintaining the peak pressure position at its opti-
mum. In the plots the peak pressure has been kept at a position
of 14◦ ATDC and the loss in efficiency compared to the optimal
ignition. It can be seen that the loss is less than 0.4%. . . . . . . . . 167

31 Model of the combustion process where the parameters θig, Θd, and
Θb are inputs and the mass fraction burned, cylinder pressure, PPP,
and work are outputs. θig is a deterministic variable while Θd, and
Θb are stochastic variables. . . . . . . . . . . . . . . . . . . . . . . . 169

32 Four of the steps in deriving the pdf for the burn-rate parameters are
shown. a) Find principal components. b) “Rotation” to principal
components (x, y). c) pdf for principal components. d) Rotation
back to burn rate parameters. . . . . . . . . . . . . . . . . . . . . . . 171

33 Test of normality for data averaged over the principal components.
The x-component does not fit a Normal distribution while the y-
components does. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

34 The output torque, peak pressure position, 45% and 50% mass frac-
tion burned as a function spark advance. Solid lines – no cycle-to-
cycle variations. Dashed lines – parameters influenced by cycle-to-
cycle variations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

35 A carpet plot showing the output torque T as a function of the three
values: peak pressure position θpp, rapid burning angle ∆θb, and
ignition angle θig. The ignition timing was varied from 60◦ BTDC
to 10◦ ATDC. For very late ignition timings TDC is detected as
peak pressure position. The flame development angle was fixed to
∆θd = 25◦ for all conditions simulated. Note that the rapid burn
angles were chosen very large compared to the engine data shown in
Figure 15. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

36 Evaluation of the how the gain changes for different ignition angles
in one operating condition. The lines represent: xb50 – gain for
θ50%, xb45 – gain for θ45%, and PPP – gain for PPP. . . . . . . . . 175



xviii Contents



List of Tables

1 Influence of charge amplifier time constant τc on the intra cycle
measurement offset. ∆p is the difference between ideal sensor and
actual sensor. p is the maximum pressure during the cycle. . . . . . 120

2 Tuning parameters in the heat release model. The values shown in
the rightmost column give the approximate size. . . . . . . . . . . . 124

3 Standard deviation for the estimated crevice volume, for an engine
speed of 800 rpm. The standard deviation increases pronouncedly
when the throttle angle decreases, which reduces the temperature
difference between crevices and average charge temperature. . . . . . 128

4 Data for the engine that is used in the experiments. . . . . . . . . . 134

1 The difference in crank angle between 50% mass fraction burned and
pressure ratio (PR)=0.5 for different rapid burn angles and ignition
angles. The optimal ignition timing for these conditions are θig ∈
[−30◦, −15◦] and for these ignition angles the difference is only in
the order of one degree. . . . . . . . . . . . . . . . . . . . . . . . . . 143

2 A qualitative representation of how the burn-angle parameters vary
with increasing ignition angle θig, engine speed N, and engine load
TL. The symbols have the following meaning: ↘ – decreasing trend,↗ – increasing trend,  – no apparent trend, ↘↗ – first decreases
then increases, ↗↘ – first increases then decreases, (?) – there are
data that contradicts the trend. . . . . . . . . . . . . . . . . . . . . . 153

xix



xx Contents

3 Nominal model parameter values that has been used during the eval-
uation. The parameters are: ∆θd and ∆θb – burn rate parameters,
C1 and C2 – heat transfer parameters, Vcr – crevice volume given in
% of clearance volume, Qin – input energy, γ300 – ratio of specific
heats for the temperature T = 300K. . . . . . . . . . . . . . . . . . . 153

4 Summary of how much the different model parameters influence the
different combustion descriptors in the simulations. . . . . . . . . . . 168



Part I

Introduction

1





1
Introduction

Todays ignition timing systems are regulated by open-loop controllers which in turn
rely on calibrated look-up tables. Much can be gained by a closed-loop scheme both
in terms of increasing the efficiency and reducing the calibration effort. Aiming at
feedback control we require some measurement of the result of the ignition and
combustion, which poses the following two questions:

–What is good combustion?
–How can we measure good combustion?

The cover illustration highlights the key parts in the thesis, which focuses on
efficiency: Center – Spark plug with a spark in the gap; Left figure – Cylinder
pressures resulting from different spark timings; Left equation – Model for the
cylinder pressure; Right figure – Ionization current obtained using the spark plug
as sensor; Right equation – Model for the ionization current that is used to extract
pressure information.

Pressure modeling

The spark advance that maximizes engine efficiency also maximizes the produced
work. The spark initiates the combustion, and positions the in-cylinder pressure
development in relation to the crank rotation, which finally produces work. Cylin-
der pressure is thus very important. Measured cylinder pressure is a consequence
of the combustion and a model is therefore required for analysis of the combustion
process. Heat-release models are well-know tools that utilize the cylinder pressure
to determine the position and rate of combustion. A simple one-zone model based
on the first law of thermodynamics is shown to be accurate enough to describe the

3



4 Chapter 1 Introduction

pressure development. The studied model was developed by Gatowski et. al. [21]
and includes the loss mechanisms of heat transfer and crevice flow. Such modeling
requires determination of model parameters for example by identification from ex-
perimental data. A novel systematic method is presented for identifying parameters
in heat-release models using only cylinder pressure data.

Simple combustion descriptors, derived from the cylinder pressure, have been
suggested that relate the result from the ignition timing to optimal ignition tim-
ing. Two examples are the position for the pressure peak and the mass fraction
burned trace. Control schemes based on the combustion descriptors from the in-
cylinder pressure sensors have shown good results [28, 22, 44, 33, 6]. A desirable
property of combustion descriptors is that they represent a good measure of op-
timal spark advance even for varying engine and environmental conditions. The
impact that different model parameters have on three known combustion descrip-
tors at optimum spark advance is investigated in the thesis. It is shown that all
three descriptors have the good property of being relatively invariant to changes
in the burn rate. Among other things it is also shown that a correlation between
the burn angles is important when studying the invariance of descriptors and that
the cycle-to-cycle variations can be neglected when analyzing the optimal ignition
timing.

Ionization current interpretation

The ionization current, measured using the spark plug as sensor, is a direct measure
in the combustion chamber. It is already used in production cars to detect knock,
misfire, and for cam-phase sensing [4]. Therefore, to incorporate an ionization
current based spark advance system, only additional signal interpretation in the
electronic engine control unit (ECU) is required. The current is rich on information
about the combustion, but it is also complex with three characteristic phases that
mix together in complicated ways. One of the phases contains information about
the in-cylinder pressure, which is good since a pressure sensor that can withstand
the high pressures and temperatures in the combustion is expensive and has not
yet proven cost effective.

Feedback demonstration

This thesis presents a novel approach to the spark-advance control problem, by
using the ionization current as sensed variable. Information about the peak pressure
position is extracted from the ionization current, and used in a feedback loop for
spark advance control. Experimental and theoretical studies clearly demonstrate
the value of ignition control regarding power and efficency. Controller performance
is demonstrated in real-time experiments showing that the position of the pressure
peak is successfully controlled, the step response time is sufficient, and that non-
measured environmental disturbances are successfully handled.
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1.1 Contributions

The contributions in this thesis are summarized in the presentation of the enclosed
publications. Some of the results are also summarized in Sections 2.3.2 and 2.4.1
of Chapter 2, which gives an introductory background to the thesis.

Publication 1

“Ionization Current Interpretation for Ignition Control in Internal Combustion En-
gines” by Lars Eriksson and Lars Nielsen [17] was published in the 1997 August
issue of Control Engineering Practice. It presents a method for extracting informa-
tion, relevant for spark-advance control, from the ionization current. The proposed
method is a key contribution. Essentially, the idea for extracting information is
to use a parameterized model to fit the measured ionization current, and interpret
the received parameters to get a peak pressure position (PPP) estimate. The eval-
uation is performed off-line and it shows that the information extracted from the
ionization current can be used for spark-advance control.

Publication 2

The report “A Real-Time Platform for Closed-Loop Spark-Advance Control” by
Lars Eriksson [14] describes the hardware and software platform that has been
developed, and contributes with a real-time algorithm for ionization current in-
terpretation. The platform is used for on-line validation of a control system that
utilize the ionization current as sensed variable for spark-advance control. The
report consists of two parts, where the first part describes the hardware platform
that is designed to meet the demands for measurement and control synchronized
with the engine combustion events. In the second part, the development of an
algorithm suitable for real-time implementation on the platform is described.

Publication 3

“Closed Loop Ignition Control by Ionization Current Interpretation” by Lars Eriks-
son, Lars Nielsen and Mikael Glavenius [19] was presented at the SAE 1997 Inter-
national Congress and Exposition in Detroit. It demonstrates that the ionization
current interpretation method can be used to optimize the engine performance in
real-time. The peak pressure position principle is verified for the SAAB 2.3 l engine
in Vehicular Systems laboratory, and the optimal PPP lies close to 14◦ − 16◦ after
top dead center (ATDC). A principle study of variations is also performed, quanti-
fying the relation between cycle-to-cycle variations in PPP and output torque. It is
demonstrated that an optimal spark advance gives lower cycle-to-cycle variations
in the output torque. This paper also shows that the peak pressure position can
be controlled to the desired positions, in real-time on a running engine, using only
information extracted from the ionization current. This demonstration is one of
the main contributions of this thesis. This paper was selected for publication in
the 1997 SAE Transactions.



6 Chapter 1 Introduction

Publication 4

“Increasing the Efficiency of SI-Engines by Spark-Advance Control and Water In-
jection” by Lars Eriksson and Lars Nielsen [18] was presented at the 1998 IFAC
Workshop: Advances in Automotive Control in Mohican State Park, Ohio, USA.
It presents a new method for increasing the efficiency of an SI-Engine using ac-
tive water injection and a closed-loop spark-advance scheme. It shows that the
output torque actually increases with water injection combined with closed-loop
spark advance control. This leads to suggestions for a novel method to increase the
efficiency of spark ignited engines, by combining active water injection with the
developed spark advance control method.

Publication 5

“An Ion-Sense Engine Fine-Tuner” by Lars Nielsen and Lars Eriksson [36], that
appeared in the 1998 October issue of IEEE Control Systems Magazine, provides
an overview of the ion-sensing part of the thesis by summarizing some of the ear-
lier results. The paper clearly demonstrates the value of on-line engine optimiza-
tion where the closed-loop control system is successful in handling environmental,
i.e. non-measured, disturbances that affect the optimal spark advance. Water
is sprayed into the engine as an environmental disturbance. A conventional pre-
calibrated spark-advance schedule results in a lower output torque, whereas the
method presented in this thesis controls the engine to maximum efficency.

Publication 6

“Requirements for and a Systematic Method for Identifying Heat-Release Model-
Parameters” by Lars Eriksson [15] was presented at the 1998 SAE International
Congress and Exposition in Detroit. A systematic method is presented for simulta-
neous identification of parameters of sensor characteristic and heat release model.
The effect of dependence between variables when selecting parameters and deter-
mining their values is pointed out. The paper [15] has been selected to appear in
the 1998 SAE Transactions.

Publication 7

This publication is an extended version of the paper “Spark Advance for Optimal
Efficiency” by Lars Eriksson [16], that was presented at the 1999 SAE International
Congress and Exposition in Detroit. Three known combustion characteristics, that
are deduced from the cylinder pressure, are studied and compared for an igni-
tion timing that is at MBT. The influence that different model parameters have
on the combustion characteristics is examined, through modeling and simulation.
The three combustion characteristics do not change much when the burn angles
change. A correlation is shown to exist between the burn rates which influences the
invariance of combustion descriptors. Additionally, cycle-to-cycle variations can be
neglected when studying the spark advance for optimal efficiency.



2
Introductory Background

A brief overview is given of spark-advance control, which places the material in this
thesis in perspective. The presentation is intended for a reader with a background
from areas other than combustion engines and engine control. Nevertheless, some
of the results are summarized in Sections 2.3.2 and 2.4.1.

2.1 Ignition Control

In spark-ignition (SI) engines the fuel and air mixture is prepared in advance and
the mixture is ignited by the spark discharge. The spark initiates a small flame
kernel that develops into a turbulent flame which propagates through the cylinder.
The combustion increases the temperature and pressure which produces work on
the piston. The main goal for the spark is to ignite the fuel and initiate a stable
combustion, at a position that meets demands of maximizing the efficiency, fulfill-
ing emission requirements, and preventing the engine from being destroyed. The
demands are sometimes conflicting; for example at high engine loads the ignition
timing for maximum efficiency has to be abandoned in favor of prevention of engine
destruction by way of engine knock.

Two essential parameters are controlled with the ignition: Ignition energy and
ignition timing. The control of ignition energy is an important topic for assuring
combustion initiation but the focus in this thesis is on the ignition timing that
maximizes the engine efficiency.

7
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Figure 2.1 Engine brake torque as function of ignition angle. The position
for maximum brake torque (MBT) is marked, and MBT timing is approxi-
mately 24.5◦ before top dead center (TDC). The spark is positioned to the
right of the MBT timing, rather than the opposite, since it reduces NOx

emissions and increases the margin to knock.

2.2 Spark Advance Control

The ignition timing itself influences nearly all engine outputs and is essential for
efficiency, driveability, and emissions. Focusing on engine efficiency the optimal
ignition timing , for a conventional SI engine, is defined as:

The ignition timing that for a given engine operating condition maxi-
mizes the work produced during a cycle.

This choice of definition narrows the problem down to the determination of only
the ignition timing. The simple motivation for the definition is that when the
produced work is maximized for a fixed engine geometry and operating condition
with constant speed, constant amount of fuel, and constant air/fuel ratio then
it gives best fuel economy. The ignition timing which gives the maximum brake
torque is called the maximum brake torque (MBT) timing. A timing that deviates
from MBT timing lowers the output torque, see Figure 2.1.

In todays production systems the ignition timing is controlled using open-loop
schemes that rely on look-up tables. The look-up tables are determined through
extensive calibration experiments in either an engine or chassis dynamometer. Ac-
cording to Heywood [26] a calibration procedure usually follows these guidelines:
First the torque at MBT is determined. Then the ignition timing is retarded to-
wards TDC until the torque is reduced by approximately 1% below the maximum
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and that value is then used. There are three reasons for this: First, it is easier to de-
termine this position, since the torque as a function of ignition timing is flat at the
optimum. Second, with a slightly retarded schedule the margin to knocking condi-
tions is increased. Third, the NOx formation is reduced. The calibrated schedule
is stored in a look-up table, covering the engine operating range, and compensation
factors are added and used during e.g. cold start and idle conditions.

Optimal ignition timing depends on how the flame propagates through the com-
bustion chamber and the losses such as heat transfer to the walls and piston, flows
into and out of crevices, and piston blowby. The flame propagation in turn depends
on many parameters such as engine speed, engine load, engine temperature, intake
air temperature, fuel quality, air/fuel ratio, and humidity, to mention some of them.
Optimal ignition timing thus depends on many engine parameters. Some of the
parameters that are measured and accounted for, in todays systems, are: engine
speed, engine load, coolant temperature, and intake air temperature [1]. To mea-
sure and account for all parameters that affect the ignition timing would be very
expensive and time consuming. A calibrated scheme has to guarantee good perfor-
mance over the range of the non measured parameters and is often chosen to be
conservative, it is thus not optimal when the non measured parameters change. A
feedback scheme on the other hand, that measures the result of the ignition instead
of measuring and accounting for things that affect it, has the potential to guarantee
good performance over the entire range of non-measured parameters, improve the
efficiency, and additionally reduce the calibration effort and requirements.

2.2.1 Approaches for Feedback

Attempts have been made that utilize a dithering technique in combination with
measurements of acceleration of the crank shaft speed. One of the first was made
by Draper and Li [13] on a single cylinder engine. Schweitzer et. al. [46] extended
the work to a multi cylinder engine. These schemes have the drawback of needing
to constantly change the ignition to determine the optimality.

Another approach is to utilize some kind of sensor, for direct measurement of
the combustion result, which relates to maximum efficiency. This is the main topic
of the thesis and two related in-cylinder measurements are studied, the cylinder
pressure and the ionization current.

2.3 Importance of In-Cylinder Pressure

Focusing on efficiency makes output torque and in-cylinder pressure the most im-
portant variables, since the work is integrated from the torque and the torque is
generated by the pressure on the piston, i.e. the work per cycle and cylinder, Wc,
can for a four stroke engine be expressed as

Wc =

∫2π

−2π

T(θ)dθ =

∫2π

−2π

pcyl(θ)A L(θ)dθ =

∮
cycle

p(θ)dV
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Figure 2.2 Four pressure traces resulting from four different ignition an-
gles. The dashed line is the pressure from a motored cycle obtained by
skipped firing. Ignition timing SA2 is close to optimum.

where θ is the crank angle, T torque, pcyl pressure, A cylinder cross section area,
L crankshaft lever, and V is the volume. Changing the spark advance influences
how the fuel is burned in relation to the crank rotation and thus the pressure
development, see Figure 2.2. An early ignition timing produces an early combustion
and pressure development, which results in a high pressure peak that occurs early
in the expansion stroke. Retarding the spark advance towards top dead center
(TDC) results in a later pressure development with a lower pressure peak that
occurs later in the expansion stroke.

2.3.1 Cylinder Pressure Modeling

The cylinder pressure development is prescribed by different sources of which the
major ones are: volume change and addition of heat from the combustion. The
loss mechanisms, e.g. heat transfer, flow into and out of crevices, and leakage, also
influence the pressure development.

Heat-release analysis is a well established technique, based on the first law of
thermodynamics, for estimating how the heat is released during the combustion.
The heat release is calculated from a measured pressure trace using a model to
subtract the influence of volume change and losses, which leaves the effect of heat
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Figure 2.3 Model validation of a single-zone cylinder pressure model. Top:
Plot of both measured and simulated cylinder pressure. Bottom: Difference
between measured and simulated cylinder pressure.

addition from the combustion. A wide variety of models can be derived by varying
how the thermodynamic properties are modeled and what loss mechanisms are
included. The most frequently cited references for heat release analysis are [39, 31,
21]. In a single-zone model the cylinder contents is treated as a single fluid, while
a two-zone or multi-zone model treats the burned and unburned gases separately.
Traditionally these models have been used to estimate the heat release but they can
easily be reformulated and used to simulate the pressure provided a heat-release
trace.

Here a single-zone combustion model is chosen based on the principle of “model
only what you need”. A single zone-model is sufficient for producing a pressure
trace that is accurate enough for engine torque and work calculations, see Fig-
ure 2.3. The selected model is the one developed and used in Gatowski et.al. [21].
The necessity to model the loss mechanisms is shown Publication 7, where the
simulations show that heat transfer has a large influence on the optimal spark
advance.

Parameter Determination

Key issues in the modeling are accuracy of the pressure data and determination
of model parameters. A number of excellent and discerning papers have been
published on the determination of parameters associated with cylinder pressure
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and heat-release models. However, most studies are limited in the sense that they
only consider and analyze specific parameters under the assumption that all (or
the majority) of the other parameters are known. Some examples are: offset in
the measured pressure signal [9, 38], polytropic index [47], parameters in the heat
transfer correlation [23], and TDC determination [34, 49]. Another important issue
is how different parameters in the model and the pressure measurement influence
the accuracy of the pressure and heat-release models [2, 8, 47].

The question addressed in Publication 6 is: What parameters can be identified
from only cylinder pressure data? To answer the question a systematic method is
developed and investigated for identifying the complete set of model parameters
using data obtained from a motored cycle (cycle without combustion). The effect
of dependences between variables is pointed out, especially how it influences the
selection of parameters and the determination of their values.

2.3.2 Cylinder Pressure and MBT Timing

The torque and pressure development can accurately be simulated using the model
and we can thus determine the optimum ignition timing through simulation. So
now it is possible to focus on the question: How can we measure the efficiency of
the combustion?

From the cylinder pressure a number of combustion descriptors have been de-
duced that relate the position of the combustion to when optimal spark advance
is attained. The following three well known combustion descriptors are analyzed
and compared in Publication 7. The first descriptor is the position for the pressure
peak (PPP), it is sometimes also referred to as the location of the pressure peak
(LPP). The second descriptor is based on the mass fraction burned profile, which is
calculated from the heat release. The position when a certain percentage (45−50%)
of the mass of mixture has burned is used as a descriptor. The third descriptor is
based on calculating the ratio between the pressure for firing cycle and a motored
cycle, PR =

pfir(θ)
pmot(θ) . The position when the normalized ratio PRN =

PR(θ)
max

θ
PR(θ)

reaches 0.5 is used as a descriptor. A fourth descriptor, the position for the maxi-
mum cylinder pressure rise, has also been presented [11] but it is not analyzed. The
statements made about the combustion descriptors at optimum ignition timing are
identical to, or very similar to, the following:

• For MBT timing the pressure peak is positioned at 16◦ after TDC [28, 26].

• For MBT timing the position when 50% of the mass of mixture has burned
is at 10◦ after TDC [26, 6].

• For MBT timing the position when PR = 0.5 is at 9◦ after TDC [33].

• For MBT timing the position for the maximum pressure rise is at 3◦ after
TDC [11].

These statements have been verified in both experiments and simulations and good
results has been reported using them for spark advance control [28, 22, 44, 6, 35].
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When using these combustion descriptors for feedback control a central question
is: How sensitive are they with respect to changes in engine and environmental
conditions? For robustness it is important that the descriptor is insensitive to
changes in non-measured parameters. This is investigated in Publication 7 which
study how changes in engine and environmental conditions change the optimal
position that these criteria rely upon. The combustion descriptors are studied,
using the single-zone model and parameters obtained from engine data, with respect
to variations in the model parameters. The results are reported in Publication 7,
on which the SAE paper [16] is based. The main results are summarized below.

All three combustion descriptors do not change much when burn angles change.
Considering only the mass fraction burned profile it is shown that the positions
between levels of 45 and 50% mass fraction burned are good candidates even under
large variations in burn angles. Furthermore, analysis of experimental data show
that there is a correlation between the flame development and rapid burning angles
and when such a correlation exists it is shown that the position for 45% mass
fraction burned is more robust than the position for 50%.

Cycle-to-cycle variations are always present in SI engines and must be taken
under consideration since they pose limits on the engine performance [37, 26]. How-
ever, it is shown that cycle-to-cycle variations can be neglected when considering
spark-advance control for maximum efficiency. The combustion descriptors are well
suited as “sensors” for feedback control of the spark advance but the pressure sensor
that can withstand the high pressures and temperatures in the cylinder chamber
has not yet proven cost effective.

2.4 Ion Sensing

The ionization current, measured using the spark plug as sensor, is also a direct
measure in the combustion chamber. The sensing technique is to apply a DC bias
to the spark plug when it is not used for ignition and measure the current that flows
through the circuit. The current is rich on information about the combustion, but
it is also complex with three characteristic phases that mix together in complicated
ways, see Figure 2.4. The mechanisms that contribute to the ions in the combustion
have been investigated but their relative importance as contributors to the current
is not yet fully understood. The following description of the three phases gives a
picture of the underlying processes: The first phase, ignition phase, is influenced by
the ignition itself and the ignition circuitry; The second phase, flame front phase,
is influenced by the ions that are generated in or nearby the flame front; The third
phase, post flame phase, is influenced by the pressure through its influence on the
temperature. The third phase that contains information about the pressure trace
is of interest for ignition control.

The ionization current is already used in production cars to detect knock, mis-
fire, and for cam-phase sensing [4]. Therefore, to incorporate an ionization current
based spark-advance system, only additional signal interpretation in the electronic
engine control unit (ECU) is required.
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Figure 2.4 Example of an ionization current with it’s three characteristic
phases. The signal shape in the ignition phase is associated with the spark.
In the flame front phase the signal is influenced by ions generated in and
near the flame front. In the post flame phase the flame ha propagated away
from the spark plug and the signal is influenced by the cylinder temperature
and pressure.

Ion sensing has been a hot topic in recent years concerning measurement tech-
niques and its possible applications [3, 4, 5, 7, 10, 12, 20, 24, 25, 29, 30, 32, 48, 50].
More theoretical investigations, concerning physical and chemical modeling, have
been performed and reported in [41, 42, 43, 40].

2.4.1 Ion Sensing for Ignition Control

The approach taken here is to estimate the peak pressure position from the ion
current signal and use it for spark advance control. The paragraphs below outlines
what has been investigated and the results that are presented in this thesis. It is
worth to mention that a method for estimating the mass fraction burned profile
has been presented in Daniels [12].

The first publication show that the peak pressure position can be estimated
from the ion current trace using a simple model [17]. The model is to some extent
physically justified. It is shown that a simple peak search is not feasible due to the
complex appearance of the ion current signal.

The second publication show that an algorithm has been developed and imple-
mented for estimating the PPP in real time [14]. The prototype implementation of
the algorithm is made on a PC. In Publication 3 controller performance is demon-
strated, for an engine in a test bench, The experiments show that the ignition
timing is successfully controlled and they quantify the step response time [19].

Publication 5 show that the control scheme based on the ionization current
can handle environmental disturbances and maintain an optimal spark advance
schedule even under varying conditions [36]. It is also shown in Publication 4
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that water injection in combination with a closed-loop spark-advance controller
can increase the engine efficiency by a few percent [18]. The results also show that
water injection alone does not improve the performance but the combination with
the closed loop controller does.

2.5 Performance Limits

Since the focus is on efficiency, performance limiting factors such as knock and
emissions are considered only implicitly. Knock and emissions restricts the spark
advance in high load regions. The ignition controller usually has this information
available and the optimal schedule is abandoned when knock occurs. The detection
of knock has been investigated by many authors, see for example [45]. Systems that
use a pressure transducer for closed-loop control of the spark advance in combina-
tion with detection and control of knock has been reported, see for example Hosey
and Hubbard [27]. Production systems currently use accelerometers mounted on
the engine block [1] or ionization current sensing [4] for knock control.

Emissions are also influenced by the ignition timing, it is foremost the influence
that the pressure development has on the burned gas temperature that contributes
to these formations. An earlier ignition timing results in higher maximum pres-
sure and temperature. For NOX formation these are the main contributors, see
Heywood [26] Chapter 11 for a more thorough treatment of these issues.
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Publication 1

Ionization Current Interpretation for

Ignition Control in Internal Combustion

Engines1

Lars Eriksson† and Lars Nielsen‡

Vehicular Systems, Department of Electrical Engineering,
Linköping University, S-581 83 Linköping,

Sweden. Fax: +46–13–282035
†e-mail: larer@isy.liu.se
‡e-mail: lars@isy.liu.se

Abstract
Spark advance setting in spark-ignited engines is used to place the in-
cylinder pressure curve relative to the top dead center. A feedback scheme,
not a calibration scheme, based on ionization current is proposed here. It
is thus related to pressure sensor feedback schemes, that have reported
good results, but have not yet been proved cost effective, due to the cost
of the pressure sensor. The method proposed here is very cost-effective,
since it uses exactly the same hardware and instrumentation (already used
in production cars) that is used to utilize the spark plug as a sensor to
detect misfire and as a sensor for knock control. A key idea in the method
is to use parameterized functions to describe the ionization current. These
parameterized functions are used to separate out the different phases of the
ionization current. Special emphasis is laid on getting a correct description
of the pressure development. The results are validated on a SAAB 2.3 l
production engine by direct comparison with an in-cylinder pressure sensor
(used only for validation, not for control), but also by using a physical
model relating the ionization current to the pressure.

1This is an edited version of the article that was published in Control Engineering Practice,
Vol. 5, No. 8, pp. 1107-1113, 1997.
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1 Introduction

The spark plug can be used as a sensor during the part of the engine cycle where
it is not used for ignition. This is done by setting a small voltage over the spark
plug and measuring the current. This current is due to the ions in the gap of the
spark plug, and the measurement is called the “ionization current”. The ions are
formed during and after the combustion, and the type and amount of ions depend
on combustion characteristics. The ionization current also depends on the pressure,
the temperature, and so on. The signal is thus very rich in information, but it is
also complex. It is a fast direct in-cylinder measurement, as opposed to sensors in
the exhaust, and it is used on each cylinder individually. The potential for feedback
control is thus obvious.

This paper deals with ignition control, or more specifically with spark advance
control, i.e. how long before top dead center (TDC) to ignite. The idea is to
control the spark advance so that the pressure peak is placed relative to TDC in
an optimal way. Work is lost to compression and heat transfer if it is placed too
early, and expansion work is lost if it is placed too late. A key problem is thus
to find a description of the ionization current that is rich enough to capture the
different variations, but still such that the relevant information can be extracted.

2 Spark-Ignited Engines

In spark-ignited (SI) internal combustion engines the cylinder is filled with fresh
charge, which then is compressed. Before the piston has reached the uppermost
position, top dead center (TDC), the mixture is ignited by the spark plug. A flame
kernel develops in the mixture and turns to a turbulent flame. During combus-
tion, the cylinder pressure rises due to the released energy and the new molecules
produced by the chemical reactions. The flame reaches the wall, and the combus-
tion completes. During the compression, work is transferred to the gases within the
cylinder, and during the expansion, work is transferred from the gases. A thorough
description of the combustion process is given in [6].

2.1 Cylinder pressure

The cylinder pressure is an important parameter in the combustion, since it gives
the work produced by the combustion. In Figure 1 (a) three different pressure
traces are displayed. The lowest dash-dotted trace, the motored cycle, is obtained
by running the engine with an electric motor without firing the engine. The two
other traces are from cycles when firing occurs. Two different ignition timings
produce the signals shown; the dashed trace has an early timing and the solid line
has an ignition timing that is optimal. The optimal ignition timing is called the
“maximum brake torque timing” (MBT). A pressure trace with late ignition timing
is shown by the dashed line in Figure 1 (b).

The influence of ignition timing on the work produced can be seen in Figure 1.
With early ignition the pressure increases too early, before TDC, and work is lost
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Figure 1 The cylinder pressure showing the motored cycle and three dif-
ferent positions for the ignition. (a) Motored cycle, MBT and early timing.
(b) Motored cycle, MBT and late timing.

during the compression of the gases. With too-late ignition work is lost due to the
later pressure rise, after TDC.

2.2 Ignition control

In SI engines the ignition timing is an important parameter, among others, for
the combustion efficiency. The ignition timing alone affects almost every engine
output. In nearly all of today‘s production engines there is no feedback from the
combustion to the ignition timing; the spark advance is based on a pre-calibrated
system.

Several parameters affect the best spark advance setting, such as engine speed,
load, air/fuel ratio, fuel characteristics, EGR, coolant temperature, air tempera-
ture, and humidity, among others. Present ignition-control systems measure several
of these parameters, and adjust the spark advance. The spark advance setting is
obtained by extensive testing and calibration during the design phase of the engine.
Provided that all the parameters affecting the ignition timing were measured, and
that all interactions were properly accounted for, it would be possible to determine
the best spark advance. However, it is not possible to measure and account for all
the parameters, since it would be extremely expensive to perform the measurement
and testing required to incorporate such a system in a production engine.

The testing and calibration results in a nominal spark advance schedule. The
schedule is conservative, since it has to guarantee that knock (or detonation) does
not occur, as well as good performance over the entire range of the non-measured
parameters. These systems are only calibrated during the design of the engine, and
there is no feedback in the ignition control.
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2.3 Peak pressure algorithm

A fundamentally different approach is to utilize the cylinder pressure as the sensed
variable for the ignition control. As indicated earlier, the best ignition timing will
position the pressure time history in some optimal way. Research in this area has
shown that the position for the peak pressure is almost constant at optimal spark
timing [7]. A spark control algorithm that maintains a constant pressure peak
position (called the peak pressure algorithm), results in an ignition timing that is
within 2◦ of optimum. The algorithm also results in optimal ignition timing for
large changes in parameters that affect the flame speed, such as the fuel/air ratio
and air humidity [7, 5]. Humidity is interesting, since it represents the largest
environmental disturbance to optimal ignition timing.

The optimum value for the peak pressure position, between 12◦ and 20◦ after
TDC, varies with engine designs, mainly due to different heat flows to the cylinder
walls [8]. The influence of cycle-by-cycle variations, in peak pressure position (θpp)
with constant ignition timing, shall not inflect the ignition timing (IT) by more than
1◦. Hence, cyclic variation of the order of 10◦ results in feedback to the ignition
timing with a constant ∆IT = 1

10
∆θpp, where ∆θpp = (desired θpp) - (measured

θpp) and ∆IT = (Change in ignition timing) [8]. The peak pressure algorithm
suffers from the fact that a pressure sensor that could stand the high tempera-
tures and pressures would be very expensive. One manufacturer has implemented
the concept and reported a 10% improvement in power and 5% improvement in
efficiency [10].

3 The Ionization Current

In an ideal combustion, hydrocarbon molecules react with oxygen and generate
carbon monoxide and water. An ideal reaction, with the hydrocarbon isooctane,
gives

C8H18 +
27

2
O2 −→ 8CO2 + 9H2O.

In the combustion there are also other reactions, which go through several steps
before they are completed. Several reactions that include ions are present in the
combustion; some examples are [11]

CH + O −→ CHO+ + e−

CHO+ + H2O −→ H3O+ + CO

CH + C2H2 −→ C3H+
3 + e−.

These ions, and several others, are generated by the chemical reactions in the flame.
Additional ions are created when the temperature increases as the pressure rises.
Thus, more ions are generated at higher internal energy of the gases.

To detect the ions, a DC bias is applied to the spark plug, generating an elec-
trical field. The electrical field makes the ions move and generates an ion current,
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a schematic illustration is shown in Figure 2 (a). The current is measured at
the low-voltage side of the ignition coil, and does not require protection from the
high-voltage pulses in the ignition, Figure 2 (b). Ionization current measurement
systems are already in use in production engines for: individual cylinder knock
control, cam phase sensing, pre-ignition detection, and misfire/combustion qual-
ity/lean limit [1]. Also, detection of spark plug fouling by using the ionization
current is reported [2].

Measurement
electronics

Ionization current
Ignition timing

Voltage scource and
current measurement

Ionization current

Ionization
current

Ions

(a) (b)

Figure 2 Measurement of the ionization current. (a) The spark plug-gap
is used as a probe. (b) Measurement on the low voltage side.

The ionization current is an interesting engine parameter to study, since it
contains a lot of information about the combustion. Some of the parameters that
affect the ionization current are: temperature, air/fuel ratio, time since combustion,
exhaust gas recycling (EGR), fuel composition, engine load, and several others.

3.1 The ionization current signal

The ionization current, Fig. 3, has three characteristic phases; ignition, flame front,
and post flame. In the ignition phase, the ionization current is large, with reversed
polarity. Due to the high current in the ignition the measured signal shown in the
figure is limited. What can be seen in Fig. 3 is the ringing phenomenon in the coil
after the ignition. The high level of ions associated with the chemical reactions
in the flame produces one or more characteristic peaks in the flame-front phase.
The ions generated by the flame have different recombination rates. Some ions
recombine very quickly to more-stable molecules, while others have longer residual
times. The result is a high peak, that decays and flattens out when only the more
stable ions remain.

In the post-flame phase the most stable ions remain, generating a signal that
follows the cylinder pressure due to its effect on the molecule concentration. Ions
are also created by the measurement voltage and the high temperature of the
burned gases, since the temperature follows the pressure during the compression
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Figure 3 An ionization signal showing the three phases: ignition, flame
front, post flame.

of the burned gases, i.e when the flame propagates outwards and the combustion
completes. The ionization current will hence depend on the pressure. The relatively
low ionization energy of NO makes it a contributor to the ionization current in the
post-flame phase [9].

4 Experimental Situation

The engine used for measurement and validation is a spark-ignited, SAAB 2.3 l,
16 valve, four-stroke, four-cylinder, fuel-injected, normally aspirated, production
engine equipped with the Trionic engine control system. The ionization current
measurement system is the production system developed by Mecel AB [4], which
is used in the SAAB engine. A pressure transducer and amplifier from AVL, for
in-cylinder pressure measurement, is used for validation of the algorithms. A cog
wheel is attached to the crank, and an inductive sensor is used for computing the
engine position. The experimental setup is shown in Figure 4.

The data was collected at several operating points in the mid-load and mid-
speed range for the engine. The engine speed was in the range 2000 rpm to 4500
rpm, and the brake torque was in the range 50 Nm to 150 Nm. Approximately 100
cycles for each operating point were collected and evaluated.



5 Ionization Current Interpretation 29

Missing Cogs

Cog-wheel

Ignition
System

Ampl.
Data

Acquisition
LP

Filters

Pressure Sensor

Spark
Plug

Inductive Sensor

Computer

Figure 4 The measurement situation. The pressure sensor is used only for
validation.

5 Ionization Current Interpretation

The ionization current is affected by several parameters other than the cylinder
pressure. Aiming at ignition control, using the ionization current and the peak
pressure algorithm, special care must be taken when extracting the pressure infor-
mation from the ionization current.

5.1 Connection between ionization and pressure

As mentioned earlier, and displayed in Figure 5, the pressure has most influence
on the post-flame phase of the ionization current. Problems occur when searching
for the peak pressure position: a peak search is not feasible since the flame-front
phase often consists of more than one peak, and the post-flame phase often appears
without a peak. In Figure 6 an ionization current signal with two peaks in the flame
front and no peak in the post flame is displayed. It can be seen that the ionization
signal contains information about the pressure in the post-flame phase, despite the
fact that the post-flame phase does not contain a peak.
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Figure 5 Ionization current and cylinder pressure for one cycle. The post-
flame phase corresponds to the pressure.
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Figure 6 A case where the ionization current has two peaks in the flame-
front phase and no peak in the post-flame phase, but there is still a corre-
spondence with the pressure.
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5.2 A model of the ionization signal

An analytical expression for the ionization current has been presented [9], assuming
that the gas in the spark plug is fully combusted, in thermodynamic equilibrium,
and it undergoes adiabatic expansion, also assuming that the current is carried in a
cylinder extending from the central electrode of the spark plug. Given the cylinder
pressure, the analytical expression for the ionization current is

I

Im

=
1

( p

pm
)

1
2

− 3
4

γ−1

γ

e
−

Ei
2kTm

[
( p

pm
)

−
γ−1

γ −1

]
. (1)

The variables and constants are: I, Ionization current; Im, Ionization current max-
imum; p, Cylinder pressure; pm, Cylinder pressure maximum; Tm, Maximum tem-
perature; γ, Specific heat ratio; k, Boltzmann’s constant; Ei, Ionization energy.

Using the function and the measured cylinder pressure, the component of the
ionization current related to the cylinder pressure has a shape close to a Gaussian
function. In Figure 7 a Gaussian function is compared to the signal received by
the pressure. Therefore, an idealized model of the ionization current, contains a
Gaussian-shaped function for the component connected to the pressure. To the
model, a description f(θ) of the flame front must also be added,

I(θ) = f(θ) + β1e
− 1

β2
(θ−β3)2

(2)

(θ denotes the crank angle). A simple flame-front model is a Gaussian signal, which
can capture a high peak in the flame front which decays. Thus the model is

I(θ) = α1e
− 1

α2
(θ−α3)2

+ β1e
− 1

β2
(θ−β3)2

. (3)

6 Results from Ionization Current Interpretation

The model, Equation 3, is fitted in the least-squares sense to the measured ioniza-
tion current. The resulting fit, for six consecutive cycles, is displayed, together with
the corresponding measured ionization current in, Figure 8. The components of
the idealized ionization current are shown in Figure 9, together with the measured
ionization current. The second Gaussian function is the ionization current-based
(ICB) pressure-function. The figure shows that the first Gaussian function is po-
sitioned in the flame front, and the second Gaussian function in the post-flame
phase. Accordingly the model captures the structure of the ionization current well.

The pressure and the ICB pressure-function are displayed in Figure 10. The
correspondence is good. However, cycles three and four have a more compli-
cated flame-front phase, with two peaks, which a simple Gaussian cannot describe.
This also propagates to a lower correspondence between the pressure and the ICB
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Figure 7 The pressure related part of the ionization signal compared with
a Gaussian function. Solid; Measured cylinder pressure converted to ioniza-
tion current through Eq. 1. Dashed; A Gaussian signal positioned at the
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Figure 9 The measured ionization current, and the two obtained Gaussian
functions. The ICB pressure-function is positioned in the post-flame phase.

pressure-function. The solution is to use a description that is rich enough to capture
the two peaks in the flame front. To validate this approach, the flame front f(θ), in
Equation 2, is described by two Gaussian functions. Figure 11 shows the ionization
current, the fitted model, and the components of the fit. The ICB pressure-function
is still positioned in the post-flame phase of the ionization current.

The correspondence between the pressure and the ICB pressure, Figure 12, is
much better with the enhanced model of the flame front than with the former,
Cycle 3 in Figure 10.

Studies with varying ignition timing, and hence varying peak pressure position
[3], show that the ICB pressure-function changes accordingly. This indicates that
the ionization current can be used for ignition timing control.

7 Conclusions

It has been demonstrated that it is feasible to use ionization current interpretation
for spark advance control to optimize engine performance. The proposed method
is very cost-effective, since it uses exactly the same hardware and instrumentation
(already used in production cars) that is used to employ the spark plug as a sensor
for misfire detection and knock control. The only addition needed for the proposed
feedback scheme is further signal interpretation in the electronic engine control
unit.
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Figure 10 The peak positions of the cylinder pressure and the ICB
pressure-function obtained.

A key step in the method is to use parameterized functions to describe the
ionization current. The different phases of the ionization current were separated
out, and it was shown that this gives a good description of the pressure develop-
ment. The results were validated by measurements on a SAAB 2.3 l, four-stroke,
four-cylinder, 16-valve production engine.

It is also clear that, once the phase of the ionization current that is related
to pressure development has been extracted, there is still a lot of information
available in the signal. Ongoing and future work will, of course, try to utilize this
information not only for ignition timing control, but also for other measures of
combustion characteristics e.g. for use in EGR and air/fuel control.
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Abstract
With the aim at spark advance control, a method for estimating the peak
pressure position (PPP) from the ionization current has previously been
developed and validated off-line. To implement the concept on an engine a
real-time platform is needed. A hardware platform, that consists of a PC,
an electronic engine control unit (ECU), and a synchronization circuit, is
described. The platform synchronizes the data acquisition with the engine
and the functionality is validated. Also a refined interpretation algorithm
for estimating the PPP is described and validated to give a good estimate.
The algorithm is suitable for implementation on the described real-time
platform.

1This report is also available from the Department of Electrical Engineering, Linköping Uni-
versity, 581 83 Linköping, SWEDEN. Reference number: LiTH-R-1938, ISSN 1400-3902.
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1 Introduction

In [2] a method for extracting information from the ionization current about the
peak pressure position (PPP) was presented. The validation of this estimation
method was made off-line in that article. However, the PPP-estimate is to be used
for closed-loop spark-advance control, and this report describes a hardware and
software platform that has been developed for evaluating the method in real-time
on an engine.

1.1 Report Overview

In Section 2 the functionality of the hardware platform and its subsystems, are
described. A first step is to verify that the measurement system, computer system,
and communication system work in collaboration with the electronic engine control
unit. This is verified in Section 3, using feedback from the pressure sensor.

A second step is to develop an efficient algorithm, for estimating the peak pres-
sure position from the ionization, that can be used in real time on the platform
described above. This is treated in Sections 4 and 5. The results from the estima-
tion algorithm is verified in Section 6, comparing measured data from the ionization
current and cylinder pressure.

2 Experimental Platform

The complete experimental platform for ionization current based spark advance
control is displayed in Figure 1. It consists of six subsystems. The subsystems are:
the engine, the electronic engine control unit (ECU), the sample timing system,
the data acquisition (DAQ) card, a personal computer (PC), and the CAN bus.

Pressure
Sensor

PCEngine

CAN bus

Sample
TimingCrank

Signals

Pressure Signal

Sample
Trigger

Can
Controller

ECU

DAQ Ready

Combustion Window

DAQ
Card

Spark Plug

Ionization Current Signal

Figure 1 Block diagram over the system.



2 Experimental Platform 39

2.1 Functionality Overview

A central part of this system is the Sample Timing block, since it synchronizes the
PC with the engine, which is important for retrieving the correct engine position
for the pressure and ionization current traces. It generates one pulse for every
degree of the crank revolution during the interesting part of the cycle. The Sample
timing block is further described in Section 2.4.

When the sample trigger signal goes high, the DAQ card samples the pressure
signal and the ionization current. After 128 samples a buffer on the card is filled,
and the data is transferred to the PC for signal interpretation.

The PC controls the DAQ and the CAN controller. The main tasks for the PC
is to read the ionization current and pressure traces, and compute the estimated
and true peak pressure positions. The estimated position is computed using the
ionization current and the true position is computed from the pressure signal.
The true peak position has been used for validation purposes only. The basic
operating principle is that the PC reads ionization current data from the card and
computes the estimated peak pressure position, the estimated position is then used
to calculate an updated spark advance. The updated spark advance is sent via the
CAN bus to the ECU. The PC block is further described in Section 2.3.

2.2 Electronic Control Unit (ECU)

The main task for the ECU, in the context here, is to operate as an actuator for the
spark advance and as a sensor for the ionization current. It also has measurement
electronics for using the spark plug as sensor and measuring the ionization current.
The ionization current signal is available for measurement to other units such as
the PC.

The actuator task for the ECU is to keep track of the correct engine position
and produces a spark at the commanded engine position. The commanded position
is computed from the correction to the spark timing that is sent from the PC via
the CAN-bus. There is a switch in the ECU program so that the control functions,
using the messages sent from the PC, can be easily turned on and off.

Another task for the ECU is to produce the combustion window pulse, i.e. tell
when there is going to be a combustion in cylinder one. This information is used
by the sample timing system to synchronize the sampling with the combustion.

Ignition Phase Filtering

The ignition system in the ECU is of the inductive discharge type with one coil
per spark plug. The ignition and measurement system gives an ionization current
of the type displayed in Figure 2, showing the three characteristic phases of the
ionization current (the ionization current is further described in [2]). The ignition
phase is influenced by the ignition where the first sharp peak comes from the coil-on
event, and the other peaks comes from a ringing in the ignition coil after spark has
ended. The ignition system used in [2] was of the capacitive discharge type, which
gives a different appearance of the ignition phase in the ionization current.
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Figure 2 The ionization current showing the three characteristic phases:
ignition phase, flame-front phase, and post-flame phase.

The ringing of the coil has to be windowed away so that it will not affect the
interpretation algorithm. Since the ringing has a well defined duration time, it
can be filtered away using a time window. Knowing the crank angle for the spark
timing θst, and the engine speed n, the crank angle where the ringing ends θend,
can be calculated,

θend = θst +
8◦

1500 rpm
· n (1)

With the setup in our ECU the ringing has been measured to end 8◦ after the spark
initiation at 1500 rpm, which gives the quotient 8◦

1500 rpm in (1).

Thus, in order to window away the ignition phase of the ionization current,
information about the engine speed and actual spark timing has to be transfered
from the ECU to the PC. This is done using the CAN-bus.

2.3 PC and Board Configuration

The PC controls the data acquisition (DAQ) card and a CAN controller. The
main purposes for the computer are to measure and interpret the ionization current
signal, and send update information for the spark advance to the ECU. Pseudocode
for the main program is given below to visualize the steps performed.
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main()

{

Configure_DAQ_Card();

Configure_CAN_Controller(); /*Configure and setup CAN messages*/

while (not key pressed) /*Repeat the loop until a key is pressed */

{

Clear_DAQ(); /*Clear DAQ from old values */

Start_Acquisition(); /*Start the sampling process on the card */

Set_DAQ_Ready(); /*Set the signal, DAQ ready, high (for

sample timing) */

while (DAQ_Buffer_Not_Full)

{

Check_Can(); /*Just wait, and check CAN for messages */

}

Clear_DAQ_Ready(); /*Clear the signal DAQ ready */

Read_Samples(); /*Read the last cycle data from the

DAQ card */

Compute_PPP_Estimate(); /*Use the ionization current to estimate

the PPP */

Compute_PPP(); /*Calculate the true PPP */

Update_Spark_Advance();

Send_Spark_Advance(); /*Send the peak position to ECU */

}

}

The program first configures the DAQ card and the CAN controller, then it
enters the main loop. The DAQ card is first cleaned from all old samples, whereafter
the sampling is started and the “DAQ ready” bit is set. The “DAQ ready” is a
signal that is sent to the sample timing circuit (Section 2.4) and indicates that the
DAQ card is ready to sample data. The sample buffer size, on the DAQ card, can
hold 256 samples of data and when it is full it sends a signal to the PC. Since two
channels are sampled this gives 128 samples per channel.

While the sampling is running the PC checks for new messages on the CAN-
bus from the ECU. The messages from the ECU contains engine speed and spark
advance information which is used to window away the ignition phase (Section 2.2).

The card is externally triggered by the sample timing, and it samples 128 data
points each of the ionization current and of the pressure trace. The “DAQ ready”
pin is then cleared and the sampled data is transferred to the PC for interpretation.
At the end of the main loop the estimated, and the true peak pressure positions
(PPP) are computed. The estimated PPP is used to compute a correction to the
spark advance, and the true (PPP) is used for validation. Finally the update to
the spark advance is sent to the ECU via the CAN bus.

The software drivers supplied with the DAQ card were specialized for continu-
ous sampling with no other tasks during the sampling process. Therefore, special
software drivers for the card has been developed, that monitors the pressure and
ionization current during the combustion events, and leaves the system available
for other computational tasks.
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2.4 Sample Timing

The ionization current, the cylinder pressure, and the engine position must be
monitored to compute the estimated and true peak pressure position for the en-
gine. The engine position can be retrieved in several ways; one is by measuring an
extra signal that contains crank angle information and compute the crank angle
(e.g. an inductive sensor and a cog-wheel connected to the crank), and another
way is to use a signal that triggers sampling events synchronously with the crank
revolutions. In the first case computational efficiency is lost due to the calculations
that have to be performed when computing the engine position. In the second case
no computations have to be performed but it requires additional hardware. The
second alternative is used here in order to have computational power available for
the signal interpretation algorithms.

In Figure 3 an overview of the system is displayed. It is designed to produce
pulses at certain positions of the crank, where each pulse triggers a sampling event
at the DAQ card. In this way each sample corresponds to a determined engine
position. The spacing between the trigger pulses has currently been set to 1◦ of
the crank angle, but it is possible to change this resolution in the system.

Sample
TimingCrank Signal Sample

Trigger

DAQ ReadyCombustion Window

Rev Pulse

Figure 3 Sample timing system, the inputs and the output are shown.

All four cylinders can be monitored regarding the ionization current signal, but
only cylinder one has a pressure sensor mounted. Therefore, only cylinder one
is sampled during the algorithm development and tests. Furthermore, it is only
interesting to sample during the combustion in this cylinder, hence the system is
designed to give pulses only from 33◦ BTDC until the DAQ buffer is filled (i.e. 128
samples later = 128◦ later).

Signal and System Description

A short description of the signals that are available in the system follows.
Sample Trigger The output that triggers the sampling events at the DAQ card.

One pulse per degree from 33◦ BTDC and a total of 128 pulses. The pulses
are generated when there is combustion in cylinder one and when the DAQ
card is ready to read new samples.

Crank Signal Pulses that come from an optical encoder, connected to the crank
shaft, which gives 1800 pulses per engine revolution. This is equal to 5 pulses
per crank angle degree, and it is divided by a circuit to one pulse per crank
angle degree.
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Rev Pulse Also an output from the optical encoder with one pulse per engine
revolution. This signal is used to get a fixed reference point for the crank
angle. The pulse is high at 33◦ BTDC.

Combustion Window Output from the ECU that tells that there is going to be
combustion in cylinder one.

DAQ ready Output from the DAQ card which tells that it is initialized and ready
to sample data.

3 Verification of the Experimental Platform

This demonstration using feedback from the pressure sensor is only a verification
that the data acquisition, the PC-hardware and -software, and the communication
with the engine control unit all work together in real-time. This in order to make
feedback control of the spark advance possible.

The optimum value for the mean peak pressure position (PPP), is between
12◦ and 20◦ after TDC, and it varies with engine designs due to different heat
flows to the cylinder walls [5]. For our engine the optimal mean PPP is around
14◦–16◦ ATDC [1]. The magnitude of the cycle-to-cycle variations is around 10◦.

The spark timing controller measures the on-going combustion and updates the
spark timing. The spark timing update is done through the following, PI like,
control law

STnew = STold − C(PPPdes − PPPmeas)

where STnew is the new spark timing correction, STold the old spark timing cor-
rection, PPPdes the desired PPP, PPPmeas the measured PPP, and C a gain that
has to be tuned. The gain for the pressure based controller is tuned such that
the influence of cycle-to-cycle variations in the peak pressure position (θPPP), shall
not influence the ignition timing (IT) more than 1◦ [5]. Hence cyclic variation of
magnitude 10◦ results in feed-back to the ignition timing with a constant C = 1

10
.

Figure 4 shows a plot of the peak pressure position for 193 consecutive cycles.
To start with the spark advance timing is late with a PPP of around 30◦ ATDC.
At cycle 70 the peak pressure controller is switched on. The reference value is 16◦

ATDC. It can be seen that the peak pressure position goes to the reference value
when the controller is switched on.

In cycle 50 there is an outlier, which is either a misfire or a slow burn. Therefore,
the TDC position is detected in that cycle. The fact that TDC is detected as
peak pressure position is a further verification of that the platform is correctly
synchronized with the engine. The probable cause of this slow burn or misfire, is
the late ignition timing.

In this verification the measured peak pressure position has been used for spark
advance control, but the platform is developed so that the pattern analysis algo-
rithm for the ionization current can be analyzed.
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Figure 4 The peak pressure position for several cycles. The controller is
started at cycle 70, and successfully achieves the desired ignition timing.

4 Ionization Current Interpretation Algorithm

Having developed the experimental hardware and software platform, the second
step is to tailor the ionization current interpretation method [2] to be used in
real-time demonstrations.

The method for extracting information from the ionization current about the
pressure is identified as a pattern recognition scheme. In this work the pattern
recognition scheme has the following components.

A signal that shall be analyzed. In this work the signal that is studied is the
ionization current.

A model with parameters such that it captures the appearance of the signal and
include the patterns that shall be extracted.

A criterion used to select the parameters in the model that best describes the
signal.

A search strategy that provides a way to search for the best parameters that
minimizes the criterion. A fast search strategy is very valuable if there are
demands for a fast algorithm.

Efficient search methods are often closely interlinked with the selection criterion.

4.1 Model description

The model of the ionization current, I(θ), used here was discussed in [2]. It contains
a Gaussian shaped function for the post flame phase. The post flame phase is
connected to the pressure, and it is important for the retrieval of the peak pressure
position. To the post-flame model a description f(θ) of the flame front is also
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added,

I(θ) = f(θ) + β1e
− 1

β2
(θ−β3)2

where θ denotes the crank angle. A simple flame-front model is a Gaussian signal,
which can capture a high peak in the flame front which decays. Thus the model of
the ionization current becomes

I(θ, ᾱ) = α1e
− 1

α2
(θ−α3)2

+ β1e
− 1

β2
(θ−β3)2

(2)

where ᾱ denotes the parameter vector

ᾱ = (α1, α2, α3, β1, β2, β3)

The model is parameterized in six variables α1, α2, α3, β1, β2, and β3, which are
interpreted as:
α1 height of the flame front β1 height of the post flame
α2 width of the flame front β2 width of the post flame
α3 position of the flame front β3 position of the post flame

With this parameterization, the interpretation of the peak pressure position is
simple, since the position of the second Gaussian signal, β3, corresponds to the
peak pressure position.

4.2 Criterion and Search Strategy

As a criterion to decide which set of parameters that best fit the model to the
measured signal, a least squares criterion can be used. This means that the best
parameters are chosen as the parameters that minimizes the following sum

V(ᾱ) =

N∑
i=1

(I(θi, ᾱ) − Isamp(i))2 (3)

where
i sample number
N total number of samples
θi crank angle at sample i

I(θi, ᾱ) model value at crank angle θi

Isamp(i) sampled ionization current at sample i

In the off-line study of the method [2], this criterion was used. The search
method for the parameters that minimize this criterion was computed by perform-
ing a gradient search.

4.3 Time Complexity

With this approach, the time complexity is too large to be used in a real-time
implementation on our platform. An approximation of the time complexity is
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O(isteps · (Npar + 1) · N), here N is the number if samples, Npar the number of
parameters, isteps the number of iteration steps. The complexity expression can be
derived as follows: for each iteration step (isteps) one must update all parameters
and the sum to be minimized (Npar + 1) and finally to update the parameters and
the sum one must go through the data set (N). To get a good fit approximately
100 iteration steps, istep = 100, has to be taken, which gives a too high time
complexity.

A direct implementation of this algorithm would require a system with better
computational performance than described above. This motivates the work in the
next section developing the algorithm that is used in the real time experiments.

5 Algorithm Suitable for the Platform

The change from what was described in the previous section lies in the selection
criterion and search strategy. By choosing a different criterion, for selecting the
best parameters of the model, a search strategy can be found that is significantly
faster than the one described earlier.

The algorithm determines a threshold between two unknown Gaussian functions
from a measured signal and returns the parameters for the two Gaussian functions.
The development of this algorithm, suitable for real time implementation, has been
a major part of the work to achieve real-time control.

5.1 Reparameterization of the Model

For the algorithm development the model of the ionization current is reparameter-
ized. First normalize the sampled data set Isamp(i) to Inorm(i), i.e divide every
sample with the total sum,

Inorm(i) =
Isamp(i)∑N

j=1 Isamp(j)

then write the model as,

I(θ, ᾱr) =
q1√
2πσ1

e
− 1

2
(

θ−µ1
σ1

)2

+
q2√
2πσ2

e
− 1

2
(

θ−µ2
σ2

)2

(4)

where q1 is the fraction of the first Gaussian component and q2 is the fraction of
the second Gaussian component, i.e q1 + q2 = 1, and ᾱr = (q1, σ1, µ1, q2, σ2, µ2).
The normalized data and the model has the following properties,∑

Inorm(i) = 1∫
I(θ, ᾱr)dθ = 1∑
I(θi, ᾱr)∆θi ≈ 1

where θi is the crank angle at sample i and ∆θi is the difference in crank angle
between the samples. Note that the data I(i) is sampled where the index i is the
sample number, and that the model I(θi, ᾱr) is described in crank angle.
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The parameterization in (4) is equivalent to the one described in (2). Especially,
the parameters, corresponding to the positions of the phases, α3 and β3 are equal
to µ1 and µ2.

5.2 Kullback Criterion

The input to the estimation algorithm is a function that is assumed to consist of a
sum of two Gaussian functions. The algorithm returns the parameters of the best
fit and the threshold between the functions (the threshold is not interesting for our
purposes).

The criterion for selecting the best parameters is called the Kullback directed
divergence J, which is computed as

J(ᾱr) =

N∑
i=1

Inorm(i) log
Inorm(i)

I(θi, ᾱr)

where Inorm(i) is the normalized dataset and I(θi, ᾱr) the model.
The Kullback measure J has the following properties [4]: (1) J ≥ 0 (2) J = 0 if

and only if I(θi, ᾱr) = Inorm(i) for all i. However J is not symmetric and it does
not satisfy the triangle inequality, and therefore it is not a metric.

The criterion, J, can be rewritten as

J(ᾱr) =

N∑
i=1

Inorm(i) log Inorm(i) −

N∑
i=1

Inorm(i) log I(θi, ᾱr)

Here the first sum is independent of the model parameters and will be constant
during the search. Therefore, it is only necessary to compute the second sum during
the search, which reduces the minimization criterion to

J1(ᾱr) = −

N∑
i=1

Inorm(i) log I(θi, ᾱr)

5.3 Search Strategy

A fast search strategy can be developed [3] if one assumes that the two Gaussian
functions are well separated. With separated Gaussians I(θi, ᾱr) the model can be
approximated by

I(θi, ᾱr) ≈



q1√
2πσ1

e
− 1

2
(

θi−µ1
σ1

)2

if i ≤ t

q2√
2πσ2

e
− 1

2
(

θi−µ2
σ2

)2

if i > t

The assumption that the modes are well separated means that if the threshold that
separates the modes is t, then the mean and variance estimated from the t first
values Inorm(1) to Inorm(t) will be close to the true values of these parameters i.e
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µ1 and σ1. The converse is true for the values Inorm(t+1) to Inorm(N) that gives
the estimates for the parameters µ2 and σ2.

Given the data Inorm(i) and the threshold t the parameters of the model can
be computed. The parameters for the first Gaussian function, q1, σ1, µ1, are esti-
mated from the first part of the data set Inorm(1) to Inorm(t) and the parameters
for the second Gaussian function q2, σ2, µ2, are estimated from the second part
of the data set Inorm(t + 1) to Inorm(N).

Efficient Criterion Evaluation

With the assumption described earlier the minimizing problem becomes

J1(ᾱr) = −
∑t

i=1 Inorm(i) log
(

q1√
2πσ1

e
− 1

2
(

θi−µ1
σ1

)2

)

−
∑N

i=t+1 Inorm(i) log
(

q2√
2πσ2

e
− 1

2
(

θi−µ2
σ2

)2

) (5)

Using the assumption of well separated modes and the parameter estimates, J1 can
be rewritten to

J1(ᾱr) =
1 + log 2π

2
− q̂1 log q̂1 − q̂2 log q̂2 +

1

2

(
q̂1 log σ̂2

1 + q̂2 log σ̂2
2

)
(6)

This criterion is efficient to evaluate, in comparison with (5), since it has no eval-
uation of exponential functions or sums. What is necessary for the evaluation of
the criterion is the model parameters.

The search strategy for the optimal parameters is now

for t=1 to N
compute the means and variances for this t
compute J1
if J1 < min
save t, means, and variances as best so far
min = J1

end
end

Recursive Parameter Updating

The computation of the means, µ̂1 and µ̂2, and the variances, σ̂1 and σ̂2, can be
made incremental such that the values from one step, t, can be used for updating
the parameters in the next step, t + 1. Using also the variable µ, to denote the
mean value for the whole dataset, the parameter updating can be computed in the
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following way

q̂1(t + 1) = q̂1(t) + Inorm(t + 1)
q̂2(t + 1) = 1 − q̂1(t + 1)

µ̂1(t + 1) =
q̂1(t)µ̂1(t) + θt+1Inorm(t+1)

q̂1(t+1)

µ̂2(t + 1) =
µ − q̂1(t+1)µ̂1(t+1)

1−q̂1(t+1)

σ̂2
1(t + 1) =

q̂1(t)(σ̂2
1(t)+(µ̂1(t)−µ̂1(t+1))2) + Inorm(t+1)(θt+1−µ̂1(t+1))2

q̂1(t+1)

σ̂2
2(t + 1) =

(1−q̂1(t))(σ̂2
2(t)+(µ̂2(t)−µ̂2(t+1))2) − Inorm(t+1)(θt+1−µ̂2(t+1))2

1−q̂1(t+1)

Algorithm Tailoring Based on Prior Knowledge

The assumption of well separated modes makes the minimization problem sim-
ple and straight forward, but under certain conditions it is important that the
interaction between the modes is taken into account. Therefore, a correction is
computed to J1, which is based on a priori knowledge obtained from studies of
measured ionization current under different operating conditions. The correction
is computed such that it takes into account some interaction of the two modes, and
still maintains a low time complexity of the algorithm.

Including the correction and exchanging µ with m and σ with s, the pseudocode
for the algorithm becomes

PeakEstimator()
{

initialize q1, q2, m1, m2, s1, s2;
min = large_value;
for t=1 to N
{

compute J1
H=Compute_correction(J1,t);
if (H < min)
{

min=H;
m2_best=m2;

}
update q1, q2, m1, m2, s1, s2;

}
return m2_best;

}

The algorithm returns the best value of µ2 which is the estimate of the peak
pressure position.
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6 Verification of the Estimation Algorithm

The estimates produced by the least squares method were good [2]. Therefore,
the first step is to compare the results that the Kullback measure gives, with the
results from the least squares method. The estimated parameters differs between
the algorithms since different criteria are used to select the best parameters. The
difference between the important parameters β3 and µ2 (corresponding to the peak
position of the pressure) is very small, compared to the cyclic variations. The two
algorithms produce nearly the same estimate of the mean peak pressure position.

In Figure 5 the results from the Kullback based algorithm is compared to the
true peak pressure position. The operating point for the data in the figure is
2000 rpm and 100 Nm. Only the ignition timing is changed for the different points
in the figure. It is changed between 30◦ BTDC and 5◦ BTDC. If the peak pressure
position was exactly estimated, all points would lie on the straight line. Due to
measurement noise and process noise the peak pressure position can not be exactly
estimated. As can be seen, the algorithm gives sufficiently good results which
in mean gives a good estimate of the peak position. With some averaging the
correlation is even better.

7 Summary

A hardware and software system for spark advance control research has been devel-
oped and verified to work. The experimental platform includes the ECU, sample
timing, DAQ-card, CAN-bus, and PC.

Furthermore, an efficient algorithm for extracting information from the ioniza-
tion current has been described. The algorithm gives a good estimate of the peak
pressure position, and can be used for feedback control of the spark-advance.
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Abstract
The main result of this paper is a real-time closed loop demonstration of
spark advance control by interpretation of ionization current signals. The
advantages of such a system is quantified. The ionization current, obtained
by using the spark plug as a sensor, is rich on information, but the signal is
also complex. A key step in our method is to use parameterized functions
to describe the ionization current [1].

The results are validated on a SAAB 2.3 l, normally aspirated, produc-
tion engine, showing that the placement of the pressure trace relative to
TDC is controlled using only the ionization current for feedback.

1This is an edited version of the article that was published in the SAE 1997 Transactions,
Journal of Engines, Vol. 106, Section 3, pp. 1216-1223, 1997.
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1 Introduction

Spark advance timing is crucial for engine efficiency and power. The reason is that
the spark advance determines how the pressure evolution is placed relative to TDC.
Work is lost to heat transfer and to the compression if it is placed too early, and
expansion work is lost if it is placed too late. In most of todays spark-ignited (SI) en-
gines there is no feedback from the combustion to the spark advance, though there
exist on-line methods of measuring the engine efficiency. Two methods, among
others, are measurements of in-cylinder pressure and ionization current.

The idea in using in-cylinder pressure is to control the spark advance so that
the pressure peak is placed relative to TDC in an optimal way. Systems using
such feedback from a pressure sensor have reported good results, but have not yet
proven cost effective due to the cost of the pressure sensor.

The other possibility is the ionization current, which is obtained from the spark
plug. It is rich on information both about the pressure but also about many
other combustion properties [2, 3, 4]. The sensor signal is thus relatively complex.
The key step in our method, for deducing information, is to use parameterized
functions to describe the ionization current. Special emphasis is made to get a
correct description of the pressure development, using a physical model relating
the ionization current to the pressure [5].

2 Spark Timing

Several parameters affect the best spark advance setting such as engine speed, load,
air/fuel ratio, fuel characteristics, EGR, coolant temperature, air temperature,
humidity, among others. Current ignition control systems measure several of these
parameters and adjusts the spark advance. The spark advance setting is chosen by
extensive testing and calibration during the design phase of the engine. However,
it is not possible to measure and account for all parameters that effect the spark
advance, since it would be extremely expensive to perform the measurements and
testing required to incorporate such a system in a production engine.

The testing and calibration results in a nominal spark advance schedule, which
is conservative since it has to guarantee both that knock (or detonation) does not
occur, as well as good performance over the entire range of the non measured
parameters.

2.1 Peak Pressure Concept

A different approach is to continuously monitor the combustion and use information
about the in-cylinder pressure to set the spark advance. The spark advance is used
to position the in-cylinder pressure in some optimal way relative TDC (top dead
center). To define the position of the in-cylinder pressure relative to TDC, the
concept of peak pressure position (PPP) is used. The PPP is the position in crank
angle where the in-cylinder pressure takes its maximal value. The PPP is shown
in the Figure 1.
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Figure 1 The PPP (Peak Pressure Position) is the position in crank angles
for the pressure peak.

In Figure 2 the mean value PPP is plotted together with the mean value of
the produced torque at four different operating points, with an engine speed of
1500 rpm and with four different throttle angles. The PPP for maximum output
torque in the figure is around 15◦ ATDC (after TDC) for all these operating points.
Doubling the engine speed to 3000 rpm, the peak pressure position still remains
close to 15◦ ATDC, as shown in Figure 3.

Note that the load, and speed are changed over large intervals, and that the
PPP for maximum output torque at the different operating points, does not differ
much. The PPP versus torque curve is also flat around the position for the max-
imum. Therfore a spark schedule that maintains a constant PPP at 15◦ is close
to optimum. Considering only the work produced, it has been shown that an an
optimal spark schedule maintains almost the same position for the peak pressure
[6]. However, the optimal PPP changes slightly with the operating points.

The efficiency can be improved a little bit further by mapping the optimal
PPP for each operating point, and provide these values as reference signal to the
spark timing controller. The peak pressure positioning principle can also be used
for meeting emission standards. In [7] this question is addressed by rephrasing
the emission regulations on the spark advance to desired peak pressure positions.
Using feedback from the combustion guarantees that the peak pressure is held at
the desired position even though the environmental conditions change. Other work
using the peak pressure concept with a pressure sensor, together with a knock
control algorithm, has shown a 10 % improvement in power and 5 % improvement
in efficiency [8].

3 Pressure and Torque Variability

The PPP varies from cycle-to-cycle, and since the output torque depends on the
peak pressure position, these variations in PPP will effect the cycle-to-cycle varia-
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Figure 2 Mean PPP (Peak Pressure Position) and output torque for 1500
rpm and four different throttle angles. Each circle is a mean value from 200
consecutive cycles with the same ignition timing. The optimal mean PPP
is close to 15◦ for all loads.

tions in the output torque. The cycle-to-cycle variations in PPP and output torque
depend on several parameters where spark advance is interesting in this context
but also engine speed and load is considered here.

3.1 Measurements

In Figures 2, and 3, the engine has been run at 48 operating points. In each plot
only the spark timing is changed while the injected fuel, engine speed, and throttle
angle are held constant. Each circle in the plots is computed as a mean value from
200 consecutive cycles in the same operating points. A quadratic polynomial is
fitted to the points and the resulting curve is plotted. Within the range in the
figures the quadratic polynomial gives a good fit to the measured values.

The variation in PPP is shown in Figure 4, with respect to different engine
speeds, engine loads, and PPP. The y-axis shows the standard deviation for the
PPP, σp. For each plot in the figure the engine load is approximately the same, and
for each line in the plots the engine speed is held constant and the spark advance
is the only thing that has changed. For a given PPP lower loads tend to give
higher cycle-to-cycle variations, and lower speeds tend to give lower cycle-to-cycle
variations.
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Figure 3 Mean PPP (Peak Pressure Position) and output torque for 3000
rpm and four different throttle angles. Each circle is a mean value from 200
consecutive cycles with the same ignition timing. The optimal mean PPP
is close to 15◦ for all loads.

3.2 Principal Study of Variations

The following principal study illustrates that variations in the output torque are
smaller when the mean PPP is held at its optimum. In Figure 5, a quadratic poly-
nomial, similar to those in Figures 2, and 3, is plotted. The polynomial represents
an ideal relation between the PPP, xP, and the output torque, yT . The polynomial
can be parameterized as

yT = −c · (xP − xmax)2 + ymax (1)

Using Equation 1, the standard deviation of the variations in the output torque,
σT , can be derived as

σ2
T = 2c2σ2

p(σ2
p + 2d2) (2)

where, d, is the deviation from the optimal mean PPP and σP is the standard
deviation for the PPP. This is derived and further described in the appendix.
Equation 2 gives a useful rule of thumb, and another useful quantification of the
value of spark advance feedback control. The influence of cycle-to-cycle variations
in PPP on the output torque is minimal if the mean peak pressure position is
controlled to its optimal value.
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Figure 4 Measured standard deviations for the peak pressure position, σP,
calculated for different engine speeds, loads and spark advances. The speeds
are: solid – 1500 rpm, dashed – 2000 rpm, dash-dotted – 2500 rpm, dotted –
3000 rpm.

4 Ionization Current

Sensing the ionization current in the cylinder, provides a possibility to estimate
the efficiency of the combustion and control the spark advance. Ionization current
interpretation has also proven cost effective and is already in use, for example for
misfire detection and cam phase sensing, in production cars as well as in other
applications [2]. Figure 6, displays the possibility to use the spark plug as sensor
for several parameters related to the combustion. The spark plug acts both as an
actuator and a multiple sensor. The peak pressure position is the signal that is
used for spark advance control. The measure of fit tells how much the measured
ionization current and the model differs.

4.1 Ionization Current Interpretation

The ionization current typically has three phases: a phase related to ignition, a
phase related to ions from the flame development and propagation, and a phase
related to pressure and temperature development. In Figure 7, the three phases of
the ionization are displayed. Each of these phases have varying characteristics and
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Figure 5 When the mean PPP (peak pressure position) is at optimum the
variations in the output torque are minimal. At a) the mean peak pressure
position lies at optimum which give small variations in output torque at a1).
At b) the mean peak pressure position lies some degrees off from optimum
and the resulting variations are larger at b1).
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Integrated Sensor
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Figure 6 The spark plug functions as sensor for several parameters. Knock
intensity, misfire, and cam-phase sensing has been implemented and lambda
is also a potential output from an interpretation algorithm. The peak pres-
sure position estimate is the information used here.
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they also mix together in complicated ways.
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Figure 7 Ionization current with three clear phases, ignition, flame front,
and post flame.

The key step in our method for deducing information, is to use parameterized
functions to describe the ionization current. These functions must be rich enough
to capture the different variations, but they must also be such that the relevant
information can be extracted. The parameterized functions are used to separate
out the different phases of the ionization current, and get an estimate of the peak
pressure position. As a simple model, with 6 parameters, a sum of two Gaussian
function were used

I(θ) = α1e
− 1

α2
(θ−α3)2

+ β1e
− 1

β2
(θ−β3)2

The results were validated by direct comparison with an in-cylinder pressure sen-
sor [1]. The ideas for extracting information, has been implemented using an
algorithm suitable for real time. The algorithm estimates bimodal functions, using
the Kullback measure to determine the best choice of parameters.

In Figure 8, the results from the ionization interpretation algorithm is compared
to the measured peak pressure positions. In the figure the engine speed and the
throttle angle are held constant, and the ignition timing is positioned at six different
spark timings from 35◦ BTDC (before TDC) to 4◦ BTDC. The estimate correlates
quite well with the measured peak pressure position. Since there is not a one to
one correspondence, there is a need for a filtering of the estimate. The filtering is
further described in Section 5.1.

5 Spark Timing Controller

A simple controller structure for the spark timing is shown in Figure 5, where the
spark plug works as integrated actuator and sensor. The spark plug that is used is
a conventional spark plug. The ionization current is produced by the integrated ig-
nition and measurement system, described in [2], and the interpretation algorithm
gives an estimate of the PPP. The reference value for the PPP gives a possibility to
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Figure 8 The peak pressure position estimated from the ionization current
compared to the measured. Each point corresponds to the estimated and
true PPP for one cycle. Close to 500 cycles are displayed in the plot. One
to one correspondence is indicated by the solid line.

have different spark schedules for different operating points, i.e meeting other goals
than to maximize the work. For example in mid-load mid-speed ranges a sched-
ule close to MBT, with peak around 15◦, and in high load ranges a conservative
schedule, with late peak, for holding down the NOx emissions.

The spark timing controller measures the on-going combustion and updates the
spark timing. The spark timing update is done through the following, PI like,
control law

STnew = STold − C(PPPdes − PPPest) (3)

where STnew is the new spark timing, STold the old spark timing, PPPdes the
desired peak pressure position, PPPest the estimated of the PPP from the ionization
current, and C a gain that has to be tuned.

5.1 Controller Tuning

The gain C is selected such that the cycle-to-cycle variations in the estimate does
not affect the spark timing too much. One criterion is that the spark timing shall
not move more than 1◦ due to the cyclic variations. For this engine the cycle to
cycle variations for the estimate of the PPP is around 10◦.
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Figure 9 The structure of the spark timing control system, where the spark
plug operates as an integrated actuator and sensor. Information is extracted
from the raw ionization current, and the estimate of the PPP is the input
to the spark timing controller.

Another consideration to take into account is how well the estimate correlates
with the PPP. In Figure 10, moving averages, with different lengths, are computed
for the measured peak pressure positions and the estimated. In the upper left
plot a moving average over three cycles is computed for the measure peak pressure
position and the estimated. Improvements are visible in the figure when the average
lengths increases from 3 to 6 and from 6 to 9, i.e the points in the plot moves closer
to the solid line. But the improvement is not that large when the average length
is increased from 9 to 12.

This indicates that a good choice for the gain C in the feedback control law is
C = 1

10
measured in inverse number of cycles. This gain has been used in the on

line tests. The small values of the gain can be viewed as low-pass filtering of the
measurement signal. This filtering comes at a price, it slows down the feedback
loop. Though it can be made faster using feed forward, that can be a nominal
spark advance table.

A structure using feed forward is shown in Figure 11. Information about changes
in reference value and engine transients are directly affecting spark timing con-
troller. This structure is similar to the conventional lambda controllers.

5.2 Influence of Cycle-To-Cycle Variations

The magnitude of the cycle-to-cycle variations influences the spark timing controller
in the feed back gain, C. With larger variations the feedback gain has to be selected
smaller so that the variations does not effect the spark timing too much. Decreasing
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Figure 10 PPP and the estimate. Moving averages are computed with
different lengths (measured in number of cycles) over the measured peak
pressure positions and the estimated. The average lengths are; upper left -
3, upper right - 6, lower left - 9, lower right - 12.

the sensitivity of the controller with a smaller gain results in a slower feed back
loop.

6 Experimental Setup

Data collection and controller evaluation has been performed on a SAAB 2.3 l, four
cylinder, four stroke, 16 valve, fuel injected, normally aspirated, production engine
equipped with an ECU. The engine is connected to a Schenck “DYNAS NT 85”
AC dynamometer, with an electronic control system.

In Figure 12, the setup for the closed loop experiments is shown. A PC is used
for algorithm development and evaluation. The ionization current and the pressure
signal (used only for validation) are sampled with a data acquisition card (DAQ).
An optical incremental encoder is connected to the crank and used to trigger the
DAQ at certain engine positions. The PC computes the updated spark advance
and sends it via a CAN-network to the electronic control unit (ECU).
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Figure 12 Experimental setup with the engine, the ECU, and the PC.



7 Closed Loop Demonstration 65

7 Closed Loop Demonstration

In Figure 13, it is shown that the ionization current based controller achieves the
goal of controlling the peak pressure position to the desired values. The reference
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P

Figure 13 Closed loop control of spark advance with changing reference
value, showing that the PPP can be controlled to the desired positions.
Dash dotted – reference signal, solid – measured PPP, dashed – estimated
PPP

value (dash dotted) shifts every 250’th engine cycle, from the initial value of 16◦ to
14◦ to 16◦ to 19◦ to 21◦ and back to 16◦. The mean values for the PPP estimate
from the ionization current (dashed) and the PPP (solid) and is computed using a
first order LP filter with static gain 1,

PPPnew = 0.9 ∗ PPPold + 0.1 ∗ PPPmeasured

which is similar to the gain used in the controller for smoothing the PPP estimate.
The results are very good, taken into account that the cycle-to-cycle variations of
the PPP and its estimate is of the order 10◦, and PPP is controlled to within ±1◦

in mean.
The step response time for the controller can be seen in Figure 14. In this test

the reference signal to the controller shifts every 60’th engine cycle, and it shifts
between 14◦ and 20◦. The step response time is approximately 30 cycles, which is
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Figure 14 Closed loop control of spark advance with changing reference
value, showing the step response time. Dash dotted – reference signal, solid
– measured PPP, dashed – estimated PPP

without feed forward compensation. Since no feed forward compensation is used
this step response time for the reference signal will be the same as for environmental
disturbances. With a feed forward loop the step response can be made faster to fit
the needs during engine transients e.g. quick changes in the manifold pressure.

It is now demonstrated that the peak pressure position can be controlled using
the ionization current signal. The step response time for the closed loop controller
is also shown.

8 Conclusions

Closed loop control of the spark advance using the ionization current has been
demonstrated. The scheme implemented is a feed back scheme, not a calibration
scheme, which is related to the pressure based schemes that has earlier shown good
results. The method is very cost effective since it uses exactly the same hardware
and instrumentation (already used in production cars) that is used to utilize the
spark plug as sensor, to detect misfire and for knock control. The only addition
for ignition control is further signal interpretation in the electronic engine control
unit.
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Tuning of the feedback gain in the control law is discussed, and the main issue
under consideration is that cyclic variations shall have a smooth effect on the spark
timing. This introduces a time lag and a feed forward loop can be used for com-
pensation during engine transients. The step response for the closed loop system
is approximately 30 cycles, which is sufficient for environmental disturbances.

Non-measured environmental variables, like humidity, can significantly change
the burn-rate and thus the peak pressure position. Experimental and theoretical
studies (Figures 2 and 3, and Equation 2) clearly demonstrate the value of ignition
timing control regarding power and efficiency. The controller based on ionization
current interpretation reaches the goal, to control the peak pressure to desired
mean position.
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A Torque Variance

Given the relation between the PPP (peak pressure position), xP, and the output
torque, yT ,

yT = −c · (xP − xmax)2 + ymax (4)
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an equation for the standard deviation of the output torque, σT , will be derived.
The key part is to describe how σT depends on how much the mean PPP is offseted
from optimum.

One good assumption is that the variations in PPP can be described by a
Gaussian distributed stochastic variable

XP ∈ N(mP, σP)

with mean value mP and standard deviation σP.
Using Equation 4 to transform the stochastic variable for the peak pressure

position, XP, to a stochastic variable for the output torque, YT .

YT = −c · (XP − xmax)2 + ymax

We are interested in investigating the variance when the mean peak pressure po-
sition is placed d degrees from optimum. This means that we have a stochastic
variable with a mean value of, mP = xmax + d. Now XP − xmax can be rewritten
to XP − xmax = X0 + d, X0 ∈ N(0, σp). Which gives the following transformation
of the stochastic variable

YT = −c · (X0 + d)2 + ymax

Useful identities

In the following let X ∈ N(0, σ), and also note that E[X] = 0 and E[X3] = 0 which
gives the following

X

σ
∈ N(0, 1) ⇒ (

X

σ

)2

∈ χ2(1)

Var[X2] = σ4 · Var[(
X

σ
)2] = σ4 · 2

Var[Y] = E[(Y − mY)2] = E[Y2] − E[Y]2⇔ E[Y2] = Var[Y] + E[Y]2

Var[Z2] = E[Z4] − E[Z2]2 ⇔ E[Z4] = Var[Z2] + E[Z2]2

E[(X + d)2] = E[X2 + 2Xd + d2]

= E[X2] + 2dE[X] + d2

= E[X2] + d2

E[(X + d)4] = E[X4 + 4X3d + 6X2d2 + 4Xd3 + d4]

= E[X4] + 6d2E[X2] + d4

Var[(X + d)2] = E[X4 + 6d2X2 + d4] − E[(X + d)2]2

= 2σ4 + 4d2(Var[X] + E[X]2)
= 2σ4 + 4d2Var[X]

= 2σ4(1 + 2d2

σ2 )
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Variance Formula

Using the identities above the variance of YT can be calculated

σ2
T = Var [YT ] = Var

[
−c · (X0 + d)2 + ymax

]
= c2 · Var

[
(X0 + d)2

]
= 2c2σ2

P(σ2
P + 2d2)

= 2c2σ4
P(1 + d2

σ2
P

)
(5)

where σP is the standard deviation for the peak pressure position.
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Abstract
Engine efficiency can be maximized by directly measuring in-cylinder pa-
rameters and adjusting the spark advance, using a feedback scheme based
on the ionization current as sensed variable. Water injection is shown to
increase the engine efficiency, if at the same time the spark advance is also
changed when water is injected to obtain maximum efficiency. A spark-
advance control scheme, that takes the water injection into account, is thus
necessary to increase the efficiency.

1This is an edited version of the conference paper that was presented at IFAC Workshop:
Advances in Automotive Control (Preprints), pp. 211-216, Mohican State Park, Loudonville,
OH, 1998.
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1 Introduction

The efficiency of a spark ignited engine can be increased by using information from
the combustion to control the spark advance. The peak pressure position (PPP) of
the in-cylinder pressure trace is a parameter that indicates how efficient the spark
advance is [5, 2]. This information about the combustion can be derived using the
spark plug as sensor [3, 2].

The issue here is to demonstrate a new method to increase engine efficiency.
The basis for the method is a combination of closed-loop spark advance control and
injection of water, i.e. actively supplying water into the engine air intake. Water
injection by itself will give a decrease in engine efficiency, but in combination with
the spark advance controller it will be shown to increase efficiency.

Water injection is a well known method to increase engine power and efficiency
at high loads and high compression ratios, the increase is achieved since water
injection moves the knock limit and to gain the benefit of under these conditions it
is necessary to change the spark advance. These performance limiting conditions
occurs at high loads which is significantly different from the mid-load operating
conditions that the scheme presented here is directed to.

2 Closed Loop Spark Advance Control

Under mid-load operating conditions the goal for the spark advance controller is to
initiate and position the combustion in such a way that the engine output power
is maximized. Different operating conditions results in different spark advance
settings. Most of todays spark advance systems are based on calibrated fixed lookup
tables, that accounts for some of the parameters effecting the spark advance.

The Peak Pressure Position Principle introduced by [5] states that a spark ad-
vance control scheme that maintains a constant Peak Pressure Position (PPP) is
very close to optimum. This fact has been verified under different operating con-
ditions for the SAAB 2.3 l engine in our laboratory [2], showing that the optimum
PPP lies in the range 14 − 16◦ after top dead center (ATDC). The spark advance
control problem is thus rephrased to controlling the spark advance such that the
PPP appears at a given crank angle. Such schemes have not yet been proved cost
effective, due to the cost of an additional in-cylinder pressure sensor.

2.1 Ionization current interpretation

The ionization current, obtained by applying a DC bias on the spark plug and mea-
sure the current that flows through the circuit, is a direct measure of in-cylinder
combustion properties. The resulting signal has a complex shape and it also in-
fluenced by the in-cylinder pressure. A pattern recognition scheme that extracts
information about the peak pressure position from the ionization current has been
presented in [3]. The scheme has been validated showing that the peak pressure
position can be controlled to the desired positions by a spark advance controller
only using information obtained from the ionization current [1, 2]. A key idea in
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the pattern recognition scheme is to fit a parameterized model of the ionization
current signal to the actual measured signal and interpret the received parameter
values.

Ionization current is already measured in production cars and the scheme there-
fore only requires further signal interpretation in the electronic engine control unit.

3 Experimental Setup

To inject water into the engine a sprayer is used. The sprayer is originally a color
sprayer that has a valve which delivers a liquid spray. This liquid spray is further
atomized by two opposing holes that blows pressurized air on the spray. Figure 1
shows a photo of the sprayer with the water spray, and a schematic enlargement
of the sprayer nozzle with the liquid spray and the pressurized air. The liquid is
not fully atomized by the pressurized air but the droplets are made much smaller.
The container of the sprayer is mainly made of aluminum, while most other parts
of the sprayer are made of stainless steel.

In Figure 2 the water injection setup is shown together with the engine. As can
be seen in the figure, the injection procedure is carried out by hand. The water
spray is directed into the induction system towards the throttle plate. The water
spray is then drawn, by the lower pressure, into the intake manifold.

The amount of water sprayed into the engine was not measured but it had no
audible effect on the engine during the tests. Though, there were enough water
present to change the in-cylinder pressure trace so that the mean peak pressure
position moved to a position around four to five degrees later.

Air

Air Liquid

Figure 1 Left: A picture of the sprayer spraying water. Right: A schematic
figure of the sprayer nozzle with the liquid spray, pressurized air, and the
atomized liquid drops.
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Figure 2 The sprayer is directed towards the intake port and throttle plate.
At the lower side of the throttle plate, the spray of water can be seen as a
pale shade of gray. When the picture was taken the engine ran at steady
state with speed 1500 rpm and load 50 Nm.

4 Water Injection Experiments

During all test cycles shown in Figures 3, 4, and 5, the throttle angle and the
injection time are held constant. The engine speed is also held constant by a
controller for the dynamometer. The engine is running at steady state and the
A/F ratio is tuned to λ = 1 before the test cycle starts, and then the injection time
is locked and held constant during the test cycle.

4.1 Test cycle 1

Figure 3 shows a large part of the test cycle. The speed and load condition is
1500 rpm and 55 Nm. Initially in the test cycle, the spark advance controller is
running and the controller changes the spark advance controlling the peak pressure
position close to MBT, i.e. 16◦ − 17◦ after TDC. The ionization current is used
as input to the controller, and the in-cylinder pressure is only used for validation.
Around cycle number 100 the spark advance controller is turned off and the con-
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troller holds the present value. Around cycle 250 the spraying of water is started.
Note that the peak pressure position is moved to a position 4◦ later and that the
output torque decreases. Around cycle 400 the spark advance controller is turned
on again and it controls the peak pressure position back to its optimal value. The
controller needs to change the spark advance with around 5◦ to get back to the
optimal position.

Around cycle 550 the water spraying stops. This can be seen in the figure when
the change in spark advance starts to decrease. When the water spraying stops it
takes a while before all water has passed through the system, in the figure it can
be seen that the states asymptotically goes back to their initial conditions.

The signals: PPP, output torque, manifold pressure, and lambda has been
filtered off-line with a non-causal filtering procedure with zero phase shift. This
filtering procedure is included in the signal processing toolbox in Matlab. The
filter that is used is a Butterworth filter with order 3, and with normalized cut-off
frequency at 0.3.

4.2 Test cycle 2

Another test cycle is shown in Figure 4, where the speed and load conditions also
are 1500 rpm and 55 Nm. Only the part of the test cycle showing the water spraying
and the controller switching on and off is displayed in the figure. The test cycle
that has been run is the same as described above, but in this test the reference
value of the controller is changed one degree to 17◦ after TDC.

At cycle 50 the controller is turned off and the spark advance is held at its
present value. At cycle 250 the water spraying is started, and two things can be
noted at this point. Firstly, which is the most important point is that the PPP
moves 4 degrees. Secondly, that the actual spark advance changes in the wrong
direction due to the change in intake pressure. When the controller is turned off,
the spark advance can be viewed as a pre-calibrated schedule with a spark advance
close to MBT. The parameters that affect the spark advance is then the engine
speed and the manifold pressure. Note that the calibrated scheme changes the
spark advance in the wrong direction, since increased manifold pressure indicates
higher load and therefore less spark advance.

The spark advance controller is switched on again at cycle 500. The PPP is
controlled to 17◦ ATDC by using information from the ionization current. Note
that the output torque increases when the controller is switched on, since the spark
advance goes back to a point close to optimum.

4.3 Test cycle 3

In Figure 5, a test cycle with a different load condition is displayed. The operating
condition is 1500 rpm and 38 Nm, and the desired peak pressure position is 16◦

after TDC. The same effect as in Figure 4 can be seen: the presence of water
moves the peak pressure position, and the controller compensates for the changed
environmental condition and increases the output torque.
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Figure 3 A large part of the test cycle is displayed. The spark advance
controller is shut off around cycle 100 and the spark advance is held constant.
The water spraying starts around cycle 250 which leads to increased PPP
and decreased output torque. The spark advance controller is switched on
around cycle 400, controlling PPP back to MBT leading to increased output
torque. The water spraying stops around cycle 550 and the parameters
asymptotically goes back to their initial conditions, when the water still in
the system, e.g. deposited on walls, decreases.
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Figure 4 The interesting part of the test cycle. The spark advance con-
troller is switched off at cycle 50 and the water injection starts at cycle 250.
The controller is switched on again around cycle 500, controlling PPP to
MBT which increases the output torque.
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5 Torque Increase

In all three figures the start of the controller increases the output torque with
1.5–3 % above the initial level. The increase in power just by adding water and
controlling the spark advance may seem surprising at first but it comes from dif-
ferent sources. In Figure 3 it is shown that the A/F ratio increases which increases
the fuel conversion efficiency, and since the amount of fuel is constant this implies
an increase in output torque. A 1 % increase in A/F can change the fuel conversion
efficiency with 0.4 % (this increase is derived from [4] page 182).

Figure 3 also shows that the manifold pressure increases with 2 %. Increasing
the manifold pressure lowers the losses to the pumping work, indicating that the
output torque should increase. In the figure it can be seen that the manifold
pressure does not drop directly when the spraying stops, instead it slowly decreases
as the water evaporates. Hence, it is the presence of water in the intake manifold
that raises the pressure and not that the sprayer blows air and water on the throttle
plate.

The presence of water also cools the air which, for the same pressure, makes the
air density higher. The lower temperature and the presence of water also have a
favorable influence on the thermodynamic cycle which increases the output torque.

Important to note is that to get the increase in output torque with water injec-
tion, it is necessary to change the spark advance to gain the benefits. In Figure 3
the output torque actually decreases when the water is injected, the increase in
efficiency comes when the spark advance controller is switched on.

6 Conclusions

Spark advance control utilizing the spark plug as sensor in combination with water
injection has been shown to increase the efficiency of the engine. The spark control
algorithm compensates for the changes in burn rate of the combustion, and the
spark advance for the engine is controlled close to optimum using feedback.

The results give a new method to actively increase engine efficiency by combin-
ing water injection with ionization current based spark advance control.
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Figure 5 The interesting part of the test cycle. This test is run at a lower
load condition than the tests shown in Figures 3 and 4, with output torque
38 Nm. The water injection starts around cycle 150 and the spark advance
controller is switched on around cycle 225. The increase in output torque
when the controller is switched on can also be observed here.
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Abstract
Combustion engines are highly engineered complex system. Many variables
like engine speed and load are measured, but there are many other variables
influencing engine performance that are not measured. One such variable
that strongly influences efficiency and power is air humidity. Even with
such varying unmeasured variables, it is well known that a skilled human
mechanic can diagnose and fine tune a car according to the environment
and circumstances at a certain place and day. Inspired by these skills
in combination with the development of computing power, it is possible
to think of virtual engine-doctors and virtual engine-fine-tuners. Here an
ion-sense engine-fine-tuner has been developed based on spark advance
feed-back control using ionization current interpretation. It is shown, as a
main result, that it can control the engine back to its optimal operation
even when subjected to humidity in the intake air.

1This is an edited version of the article that was published in IEEE Control Systems Magazine,
Vol. 18, no. 8, Oct 1998.
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1 Introduction

Environmental issues and lower fuel consumption require improved combustion
engines. Several trends desire use of feed back control directly from the combustion
instead of using indirect measurements as is mostly done today. The development
is based on new sensors or improved interpretation of available sensor signals. One
example is ionization current sensing which is obtained by applying a sense voltage
on the spark plug when it is not used for firing. The sensed current depends on the
ions created, on their relative concentration and recombination, on pressure, and
on temperature to mention some of the more important factors. The signal is very
rich in information but also complex to analyze.

The main result of this paper is real-time closed loop demonstration of spark
advance control by interpretation of ionization current signals. It is shown to be
able to handle variations in air humidity, which is a major factor influencing burn
rates, and consequently pressure build-up and useful work transfered via piston
to drive shaft. This leads to a clear improvement in engine efficiency compared
to traditional systems using only engine speed and load. The experiments are
performed on a SAAB 2.3 l, normally aspirated, production engine.

Inspired by the type of challenges and potential usefulness in interpretation of
ionization current signals, the paper starts in Section 2 with an outlook. Thereafter,
the presentation focuses in on closed loop ignition control by ionization current
interpretation. Section 3 deals with the basics of ionization currents. Spark advance
control is treated in Section 4, especially principles relating pressure information to
efficiency. Section 5 presents the structure of the ion-sense spark advance controller.
Experimental demonstrations are found in Section 6, and conclusions are drawn in
Section 7.

2 Outlook on Diagnosis and Feed-back Control

The main message in this outlook section is: Research in modern engine control
is challenging and fun! It is not the case that engine development is so mature
that everything has been tested already. Instead, the availability of computing
power has revolutionized the possibilities of sensor interpretation and combination.
Another, perhaps more common, saying within the field is that engines are so
difficult and complex that analysis of combustion quality, for example, is almost
hopeless. Nevertheless, progress is being made that leads to the ideas of virtual
engine-doctors and virtual engine-fine-tuners.

2.1 Virtual Engine-Doctors

Engines are difficult and complex, but before ruling out interpretation of complex
signals one could consider the progress in human medicine. A medical doctor can
draw conclusions from measurements like EEG or EKG, that are indirect crude
clues to what is going on inside the body. Engine measurements, like e.g. ion-
ization currents being in-cylinder engine measurements, are signals that are more
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directly coupled to the physics and chemistry of the process of interest i.e. the
combustion (see Figure 1). Virtual engine-doctors that detect and diagnose serious
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Figure 1 A medical doctor can from measurements like EEG or EKG, that
are crude compared to human complexity, draw many conclusions. Ioniza-
tion currents, like the one in the figure, are in-cylinder engine measurements
that are directly coupled to the combustion. Virtual engine-doctors and vir-
tual engine-fine-tuners are now being developed.

malfunctions like knock that will destroy the engine and misfire that will destroy
the catalyst, are not a farfetched idea in that perspective. They also already exist.
Ionization current interpretation can be used for both purposes. Knock is a pres-
sure oscillation in the cylinder with a frequency determined by the geometry of the
combustion chamber. The oscillation is present in the current measurement and
can be extracted mainly by using a band pass filter in a well chosen time window
of the current signal. When there is a misfire, then there are no resulting ions
and hence no current which is easily detected. These systems are already used
in production cars [1, 10]. Therefore, the basic hardware is already available and
to develop a virtual engine-doctor for combustion requires only additional signal
interpretation in the electronic engine control unit (ECU), Figure 2.

2.2 Virtual Engine-Fine-Tuners

The term virtual engine-fine-tuner is more inspired by a skilled auto mechanic than
a medical doctor. A human performing the task of tuning an engine, e.g. for best
performance, would use several clues like test measurements and the sound of the
engine, but also experience, e.g. about the actual weather situation. The result
can typically be an increase of several percent in engine efficiency. One way to
achieve engine tuning that has been shown previously is to use feedback schemes
that use a pressure sensor [8, 7, 16], but these systems have not yet been proven
cost effective due to expensive pressure sensors.

With the increasing computational power it is now becoming possible to do
engine tuning by feed back control from more advanced interpretation of signals
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Figure 2 The introduction of computerized engine controllers (here above
the engine) has revolutionized the engine control era. Already today they
represent an impressive computing power and the development continues.

to take care of circumstances previously not possible to easily measure. A multi-
sensor idea is developed where a basic signal, like engine speed or ionization current,
is measured and several other sensor signals can be deduced from it (Figure 3).
Variations in engine speed together with crank shaft models can be used to con-
clude misfire by for example lacking torque pulse or to estimate cylinder pressure
from derived torque fluctuations [18, 2]. Usage of the spark plug as an integrated
actuator and sensor leading to ionization current interpretation is the path taken
here.

The rest of the paper is thus about one example of continuous engine tuning.
Ionization current interpretation is used to derive in-cylinder pressure characteris-
tics, and this information is used for feed back control to optimize engine efficiency,
compensating for example for air humidity.
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Figure 3 The spark plug can, using signal interpretation, function as sensor
for several parameters. Knock intensity and misfire are already implemented
in production cars as a basis for virtual engine-doctors. Lambda sensing and
peak pressure position estimation can be used in virtual engine fine tuners.
The peak pressure position (and a quality measure of it) is the information
used in this paper.

3 Ionization current

In an ideal combustion reaction, hydrocarbon molecules react with oxygen and
generate only carbon dioxide and water, e.g. isooctane gives

C8H18 +
25

2
O2 −→ 8CO2 + 9H2O.

In the combustion there are also other reactions present, that include ions, which
go through several steps before they are completed; some examples are [17]

CH + O −→ CHO+ + e−

CHO+ + H2O −→ H3O+ + CO

CH + C2H2 −→ C3H+
3 + e−.

These ions, and several others, are generated by the chemical reactions in the flame
front. Additional ions are created when the temperature increases as the pressure
rises.

The processes creating the ionization current are complex and are also varying
from engine cycle to engine cycle. Figure 4 shows ten consecutive cycles of the
cylinder pressure and the ionization current operating at constant speed and load.
As can be seen, the cycle-by-cycle variations are significant. An important part of
this paper is to derive pressure characteristics from ionization current.
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Figure 4 Cycle to cycle variations are always present in the combustion.
The plots show ten consecutive cycles at stationary engine operation that
clearly exhibit the cyclic variations.

3.1 Detection

To detect the ions, a DC bias is applied to the spark plug, generating an electrical
field. The electrical field makes the ions move and generates an ion current. A
schematic illustration is shown in Figure 5 (a). The current is measured at the
low-voltage side of the ignition coil, and does not require protection from the high-
voltage pulses in the ignition, Figure 5 (b). Ionization current measurement systems
are already in use in production engines for: individual cylinder knock control, cam
phase sensing, pre-ignition detection, and misfire/combustion quality/lean limit [1].
Also, work on detection of spark plug fouling by using the ionization current has
been reported [3].

The ionization current is an interesting engine parameter to study. It is a
direct measure of the combustion result that contains a lot of information about
the combustion, and several challenges remain in the interpretation of it. Some of
the parameters that affect the ionization current are: temperature, air/fuel ratio,
time since combustion, exhaust gas recycling (EGR), fuel composition, engine load,
and several others.
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Figure 5 Measurement of the ionization current. (a) The spark plug-gap
is used as a probe. (b) Measurement on the low voltage side of the ignition
coil.
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Figure 6 Ionization current showing three clear phases, ignition, flame
front, and post flame.

3.2 Ionization Current Terminology

The ionization current typically has three phases: a phase related to ignition, a
phase related to ions from the flame development and propagation, and a phase
related to pressure and temperature development. In Figure 6, the three phases of
the ionization current are displayed. Each of these phases has varying character-
istics and they also mix together in complicated ways. In the ignition phase, the
ionization current is large, with reversed polarity. Due to the high current in the
ignition the measured signal shown in the figure is limited. What can be seen in
Figure 6 is the ringing phenomenon in the coil after the ignition.

In the flame-front phase, the high level of ions associated with the chemical re-
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actions in the flame produces one or more characteristic peaks. The ions generated
by the flame have different recombination rates. Some ions recombine very quickly
to more-stable molecules, while others have longer residual times. The result is a
high peak which after some time decays as the ions recombine.

In the post-flame phase the most stable ions remain, generating a signal that
follows the cylinder pressure due to its effect on the temperature and molecule
concentration. Ions are created by the combination of the measurement voltage
and the high temperature of the burned gases, since the temperature follows the
pressure during the compression and expansion of the burned gases, i.e when the
flame propagates outwards and the combustion completes. The ionization current
thus depends on the pressure.

3.3 Ionization current modeling

The ionization current can be studied by thermodynamical and chemical kinetic
modeling [14, 15, 13]. Concentrating on the pressure-related post-flame phase, an
analytical expression for the ionization current has been presented. Some of the
fundamental assumptions in the model are that the gas in the spark plug is: fully
combusted, in thermodynamic equilibrium, undergoes adiabatic expansion, and
that the current is carried in a cylinder extending from the central electrode of
the spark plug [14]. Given the cylinder pressure, the analytical expression for the
ionization current is

I

Im

=
1

( p
pm

)
1
2

− 3
4

γ−1
γ

e
−

Ei
2kTm

[
( p

pm
)

−
γ−1

γ −1

]
. (1)

Where:
I, Ionization current Im, Ionization current maximum
p, Cylinder pressure pm, Cylinder pressure maximum

Tm, Maximum temperature γ, Specific heat ratio
k, Boltzmann’s constant; Ei, Ionization energy.

Interpretation model

A key step in our method for deducing information is to use parameterized functions
based on a phenomenological description of the ionization current, i.e. the signal
consists of two combustion related phases. These functions must be rich enough
to capture the different variations, but they must also be such that the relevant
information can be extracted. The parameterized functions are used to separate
out the different phases of the ionization current, and to get an estimate of the
pressure. As a model, with 6 parameters, a sum of two Gaussian functions is used

I(θ) = α1e
− 1

α2
(θ−α3)2

+ β1e
− 1

β2
(θ−β3)2

(2)

Note that this model is not based on combustion physics with respect to the flame-
front phase. Even though this may seem ad hoc, the model is physically motivated



4 Spark Advance Control 89

−20 0 20 40 60
0

0.5

1

1.5

2

Crank Angle [deg]

C
ur

re
nt

Cycle 1

−20 0 20 40 60
0

0.5

1

1.5

2

Crank Angle [deg]

C
ur

re
nt

Cycle 2

Figure 7 Components of the model (Equation (2)) that captures the ap-
pearance and the phases of the ionization current.

in [5] with regard to pressure information. Measured pressure traces are recalcu-
lated to ionization currents using Equation (1), and the result is shown to be close
to a Gaussian function.

For ionization current interpretation, the model, Equation (2), is fitted to the
measured ionization current. Figure 7 shows two ionization currents together with
the Gaussian components of the model. The first component corresponds to the
flame-front phase and the second to the post-flame phase. This second part, corre-
sponding to the post-flame phase, is the experimentally and physically motivated
basis for obtaining pressure information.

4 Spark Advance Control

Spark-advance control deals with determination of the engine position where the
spark plug shall ignite the air-fuel mixture and start the combustion. It is thus used
to position the combustion and pressure trace relative to the crank shaft motion.
Engine efficiency and emissions are directly affected by the spark advance, due
to its influence on the in-cylinder pressure. Work is lost to heat transfer and to
the compression if it is placed too early, and expansion work is lost if it is placed
too late. The optimal spark advance setting depends on several parameters, e.g.
engine speed, engine load, air/fuel ratio, fuel characteristics, air humidity, EGR,
air temperature, and coolant temperature. Emission regulations and engine knock
also affect the best spark advance setting, but this is not a topic here.

Today, most spark-advance controllers are open-loop systems, which measure
a number of parameters that affect the spark advance and compensate for their
effects. Extensive testing and calibration, during the design phase of the engine,
results in a nominal spark-advance schedule. Such a calibrated schedule is con-
servative since it has to guarantee good performance over the entire range of the
non-measured parameters, and also be robust to aging. If all parameters that affect



90 Publication 5. An Ion-Sense Engine-Fine-Tuner

the spark advance were measured, and their effects and interactions were properly
accounted for, it would be possible to determine the best spark advance. How-
ever, such a system would be too expensive due to the measurements and testing
required to incorporate it in a production car.

Feed back schemes

A different approach is to use closed-loop spark-advance control. Such a system
measures the result of the spark setting rather than measuring all the parameters
known to affect the spark advance. This requires measurement of parameters di-
rectly resulting from the actual combustion, such as the in-cylinder pressure or
the ionization current. It is an accepted fact that the position for the pressure
peak is nearly constant with the optimal spark advance, regardless of operating
condition [8]. A spark-advance control algorithm that maintains a constant peak
pressure position (PPP) is therefore close to optimum. Even for large changes in
parameters that affect the flame speed, such a feedback scheme still maintains the
optimal spark advance. This has been shown previously by using feedback schemes
that utilize a pressure sensor [8, 7, 16], but these systems have not yet been proven
cost effective due to expensive pressure sensors.

4.1 Spark Advance and Cylinder Pressure

The spark advance is used to position pressure development in the cylinder such
that the combustion produces maximum work. Under normal driving conditions
the mixture is ignited around 15−30◦ in crank angle before the piston has reached
top dead center (TDC), and the pressure peak comes around 20 degrees after
TDC. In Figure 8 three different pressure traces, resulting from three different
spark timings, are shown. Earlier spark advance normally gives higher maximum
pressures and maximum temperatures that appear at earlier crank angles.

The optimal spark advance for maximum output torque is close to SA2 for the
operating point in the figure, and the resulting peak pressure position lies around
17◦ after TDC. With too early ignition timing the pressure rise starts too early and
counteracts the piston movement. This can be seen for the pressure trace with spark
advance SA1 where the pressure rise starts already at −20◦ due to the combustion.
There are also losses due to heat and crevice flow from the gas to the combustion
chamber walls, and with an earlier spark advance the loss mechanisms start earlier
reducing the work produced by the gas. Higher pressures give higher temperatures
which also decrease the difference in internal energy between the reactants and
products in the combustion, thus resulting in lower energy-conversion ratios. The
heat loss mechanisms and the lower conversion ratio can be seen in Figure 8, at
crank angles over 30◦, where the pressure trace from the SA1 spark advance is
lower than the others.

Too late ignition gives a pressure increase that comes too late so that work
is lost during the expansion phase. In Figure 8, the pressure increase for spark
advance SA3 starts as late as at TDC. But work is also gained due to the later
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Figure 8 Three different pressure traces resulting from three different spark
advances. The different spark advances are; SA1: spark advance 32.5◦ before
top dead center (TDC), SA2: 22.5◦ before TDC, SA3: 12.5◦ before TDC.
The optimal spark advance is close to SA2.

start of the effects mentioned above, which also can be seen in the figure. The
pressure trace from the spark advance, SA3, is higher than the others at crank
angles over 30◦. However, this gain in produced work can not compensate for the
losses early in the expansion phase.

4.2 Peak Pressure Concept

Thus, optimal spark advance positions the pressure trace in a way that compromise
between the effects mentioned above. To define the position of the in-cylinder
pressure relative to TDC, the peak pressure position (PPP) is used, Figure 9. The
PPP is the position in crank angle where the in-cylinder pressure takes its maximal
value. There also exist other ways of describing the positioning of the combustion
relative to crank angle, e.g. based on the mass fraction burned curve.

4.3 Engine-tuning for efficiency

Development of an engine-fine-tuner for efficiency requires experiments to describe
optimal engine output. Such a description is the basis for determining the set-point
values to be used in the feed back scheme. In Figure 10, mean values, over 200
cycles, of the PPP are plotted together with the mean value of the produced torque
at four different operating points covering a large part of the road load operating
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Figure 9 The PPP (Peak Pressure Position) is the position in crank angles
for the pressure peak. It is one way of describing the position of the pressure
trace relative to crank angle.

range for the engine. Two of the operating points have an engine speed of 1500 rpm
with different throttle angles, and for the two other operating points the engine
speed is doubled to 3000 rpm. The PPP for maximum output torque in the figure
lies around 15◦ ATDC (after TDC) for all these operating points.

Note that the load and speed are changed over large intervals, and that the
PPP for maximum output torque at the different operating points does not differ
much. The PPP versus torque curve is flat around the position for the maximum.
Therfore a spark schedule that maintains a constant PPP at 15◦ is close to opti-
mum. Considering only the work produced, this motivates that an optimal spark
schedule maintains almost the same position for the peak pressure [8]. However, the
optimal PPP changes slightly with the operating points. The efficiency can thus
be improved a little bit further by mapping the optimal PPP for each operating
point, and provide these values as reference signal to the spark timing controller.
The peak pressure positioning principle can also be used for meeting emission stan-
dards. In [7] this question is addressed by rephrasing the emission regulations on
the spark advance to desired peak pressure positions.

4.4 Principle Study of Variations

The experiments in Figure 10 are interesting not only for determining the optimal
point. They can also be used to illustrate the effect of cycle-by-cycle variations,
which limits the performance of SI Engines [11, 9]. Recall that these variations are
significant as previously illustrated in Figure 4.

The following principle study illustrates that variations in the output torque
are smaller when the mean PPP is held at its optimum. In Figure 11, a quadratic
polynomial is plotted, which is the same as those in Figure 10. The polynomial
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Figure 10 Mean PPP (Peak Pressure Position) and output torque for 1500
rpm and 3000 rpm and two different engine load conditions. Each circle is
a mean value from 200 consecutive cycles with the same ignition timing.
The optimal mean PPP is close to 15◦ for all loads, even though the spark
advance differs a lot.

represents an idealized relation between the PPP, xP, and the output torque, yT .
The polynomial can be parameterized as

yT = −c · (xP − xmax)2 + ymax

Using this equation the standard deviation of the variations in the output
torque, σT , can be derived as a function of the standard deviation of PPP, σP,
and the deviation of PPP from the optimal, d, [6]

σ2
T = 2c2σ2

p(σ2
p + 2d2) (3)

Equation (3) gives a useful rule of thumb, and another useful quantification of the
value of spark advance feedback control. The interpretation is that the influence of
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Figure 11 The figure illustrates that when the mean PPP (peak pressure
position) is at optimum the variations in the output torque are minimal.
At a) the mean peak pressure position lies at optimum which give small
variations in output torque at a1). At b) the mean peak pressure position
lies some degrees off from optimum and the resulting variations are larger
at b1).

cycle-to-cycle variations in PPP on the output torque is minimal if the mean peak
pressure position is controlled to its optimal value d = 0.

The conclusion is that if an engine is not kept at its optimum point then not
only is efficiency lost. It also increases variability that leads to harsher operation,
which of course is not desired for driveability reasons.

5 Structure and Design of Engine-Fine-Tuner

The developed engine-fine-tuner relies on ionization current interpretation to obtain
an estimate of the peak pressure position (PPP), and it relies on the analysis in
mainly Section 4.3 to obtain set-points and feed forward values.

5.1 PPP Estimate

The ionization current interpretation method is presented in somewhat more detail
in [5]. The phenomenological model in Equation (2) is fitted to the measured
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ionization current, and the model parameters α1, α2, α3, β1, β2, β3 corresponding
to the flame front and post-flame phases are extracted. The second phase, the
post-flame phase, is used as the estimate of the in-cylinder pressure development.

In Figure 12, the peak pressure position (PPP) estimate from the ionization
interpretation algorithm is compared to the measured PPP. For the experiments
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Figure 12 The peak pressure position estimated from the ionization current
compared to the measured. Each point corresponds to the estimated and
true PPP for one cycle. Close to 500 cycles are displayed in the plot. One
to one correspondence is indicated by the solid line.

shown in the figure the engine speed and the throttle angle are held constant, and
the ignition timing is positioned at six different spark timings from 35◦ BTDC
(before TDC) to 4◦ BTDC. The resulting PPPs range from 7◦ ATDC (after TDC)
to 55◦ ATDC as can be seen in the figure. The estimate correlates quite well with
the measured peak pressure position. The correlation is best around the point of
optimal efficiency at 15 degrees after TDC, which is yet another way of pointing
out the increase in engine variations when moving away from optimal position. The
correlation is improved by further filtering which is discussed in Section 5.3.

The implementation to obtain the model parameters, α1, α2, α3, β1, β2, β3, can
be done in different ways, but there is a real-time requirement since it is pattern
recognition in a fast inner loop. The algorithm used in the real-time implementation
[4] estimates bimodal functions based on the Kullback directed divergence.
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5.2 Controller structure

The controller structure for the spark timing is shown in Figure 13. The spark
plug that is used is a conventional spark plug. The ionization current is produced
by the integrated ignition and measurement system, described in [1], and the inter-
pretation algorithm gives an estimate of the PPP. The reference value for the PPP
gives a possibility to have different spark schedules for different operating points,
i.e. meeting other goals than to maximize the work. For example in mid-load
mid-speed ranges it is desirable to have a spark advance close to MBT, with PPP
around 15◦, and in high load ranges a more conservative schedule, with late PPP,
for reducing engine noise and NOX emissions. The feed forward structure shown
in Figure 13 incorporates information about how changes in reference value and
engine transients affect the spark advance. This structure is similar to the ones
used in conventional lambda controllers.

PPP
Reference Value

and Actuator

Integrated Sensor

Current
Interpretation

PPP EstimateIonization

Controller

Feed Forward

Nominal
Spark Advance

Spark Timing

Other
Sensors

Figure 13 The structure of the spark advance control structure, where the
spark plug operates as an integrated actuator and sensor. Information is
extracted from the raw ionization current, and the estimate of the PPP is
the input to the spark timing controller. Reference values and feed forward
signals are obtained using other sensors, e.g. engine speed and load.

The spark advance controller measures the on-going combustion and updates
the spark timing to the next combustion. Without the feed forward the spark
timing update is done through the following, PI like, control law

ST [n + 1] = ST [n] − C · (PPPref[n] − PPPest[n]) (4)
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where ST is the spark timing, PPPref the desired peak pressure position, PPPest

the PPP estimation from the ionization current, and C a gain that has to be tuned.

5.3 Closed-Loop Control Parameters

The gain C in Equation (4) is selected as a balance between attenuation of cycle-
to-cycle variations and response speed. The filtering comes at the price of slow-
ing down the feedback loop, but this can be compensated by using feed forward
schemes, shown in Figure 13, based on a nominal spark advance table. Since envi-
ronmental parameters like humidity do not change rapidly, very quick responses is
not an issue. One criterion is that the spark timing shall not move more than 1◦

due to the cyclic variations [12]. For this engine the cycle to cycle variations for
the estimate of the PPP is around 10◦.

Another consideration to take into account is how well the PPP estimate corre-
lates with the actual PPP. Moving averages of different lengths have been computed
for the measured and the estimated peak pressure positions [6]. This indicates that
a good choice for the gain in the feedback control law is C = 1

10
, which is the gain

used in the on-line tests.

6 Performance of the Engine-Fine-Tuner

Experiments with the engine-fine-tuner will be presented. Responses to set-point
changes are presented together with measurements from an extra pressure sensor
to prove that the pressure trace is correctly positioned. The high light of the
experiments is the demonstration in Section 6.4 where the engine is being exposed
to increased humidity. There is an increase in power and efficiency when the
engine-fine-tuner is turned on.

6.1 Experimental set-up

The engine used for measurement and validation is a spark-ignited, SAAB 2.3 l,
16 valve, four-stroke, four-cylinder, fuel-injected, normally aspirated, production
engine equipped with the Trionic engine control system. The ionization current
measurement system is the production system developed by Mecel AB [1], which
is used in the SAAB engine. A pressure transducer and amplifier from AVL, for
in-cylinder pressure measurement, is used for algorithm validation.

The ionization current interpretation scheme is implemented in a PC that is
connected to the ECU by a CAN bus. Ionization current and pressure data are
sampled into the PC synchronously with the crank shaft rotation, and a new up-
dated spark advance is calculated and sent to the ECU using the CAN bus.

6.2 Response to set-point changes

In Figure 14, it is shown that the ionization current based controller achieves the
goal of controlling the peak pressure position to the desired values. The reference
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Figure 14 Closed loop control of spark advance with changing reference
value, showing that the PPP can be controlled to the desired positions.
Dash dotted – reference signal, solid – PPP measured by an extra pressure
sensor, dashed – PPP estimated from ionization current

value (dash dotted) shifts every 250’th engine cycle, from the initial value of 16◦ to
14◦ to 16◦ to 19◦ to 21◦ and back to 16◦. The mean values for the PPP estimate
from the ionization current (dashed) and the PPP (solid) are computed using a
first order LP filter with unity static gain, y[n+1] = 0.9 ·y[n]+0.1 ·umeasured[n].

The results are very good, taking into account that the cycle-to-cycle variations
of the PPP and its estimate are of the order 10◦, and the actual mean PPP is
controlled to within ±1◦ of the desired position, as can be seen in Figure 14. It
is thus demonstrated that the peak pressure position can be controlled to desired
positions using only information from the ionization current signal.

The response time for the controller has been evaluated using a reference square
wave with a fast duty cycle, showing that the step response time is approximately 30
cycles without feed forward compensation [6]. Since no feed forward compensation
is used this step response time for the reference signal will be the same as for
environmental disturbances. With a feed forward loop the step response can be
made faster to fit the needs during engine transients e.g. quick changes in the
manifold pressure.
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6.3 Water injection setup

To create a change in air humidity in the laboratory a water sprayer is used. The
sprayer is originally a color sprayer that has a valve which delivers a liquid spray.
This liquid spray is further atomized by two opposing holes that blows pressurized
air on the spray. In Figure 15 a photo of the sprayer with the water spray is
displayed. The figure also shows a schematic figure that displays an enlargement
of the nozzle with the liquid spray and the pressurized air. The liquid is not fully
atomized by the pressurized air but the droplets are made significantly smaller. By
directing the water spray towards the throttle plate the water is drawn into the
induction system by the lower pressure in the intake manifold.

Air

Air Liquid

Figure 15 Left: A picture of the sprayer spraying water. Right: A
schematic figure of the sprayer nozzle with the liquid spray, pressurized
air, and the atomized liquid drops.

The amount of water sprayed into the engine was not measured during the tests
but it had no audible effect on the engine during the tests. Nevertheless, there was
enough water present to change the in-cylinder pressure trace so that the mean
peak pressure position moved to a position four to five degrees later than optimal.

6.4 Humidity handled by the Engine-Fine-Tuner

Humidity slows down combustion speed, leading to delayed pressure development
and thus decreased power and efficiency. This is normally not possible to compen-
sate for, and the ultimate test of the engine-fine-tuner is of course if it really has an
effect on the overall engine output in terms of power and efficiency when subjected
to an air humidity change.

During the water injection tests, the throttle angle, fuel injection time, and
engine speed are held constant. The engine is running at steady state and the A/F
ratio is tuned to λ = 1 before the test cycle starts. Then the injection time is
frozen and held constant during the test cycle. A controller structure that includes
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a feed-forward coupling, Figure 13, using a conventional look-up table with engine
speed and manifold pressure as inputs was used during the tests.

Figure 16 shows a part of a test cycle where water is sprayed into the engine air
intake, and the closed loop spark advance controller is switched on and off. The
speed and load condition is 1500 rpm and 55 Nm. Initially in the test cycle, the
closed-loop spark-advance controller is running and it changes the spark advance
controlling the peak pressure position to a position close to MBT, i.e. 17◦ after
TDC. The ionization current is used as input to the controller, and the in-cylinder
pressure is only used for validation. The signals PPP and output torque have been
filtered off-line with the filtering procedure with zero phase shift, which is included
in the signal processing toolbox in Matlab. The filter that is used is a Butterworth
filter with order 3, and normalized cut-off frequency at 0.3.

At cycle 50 the closed-loop controller is turned off and the spark advance is
held constant, changing only slightly due to the measurement noise in the manifold
pressure signal used for feed forward. At cycle 250 the water spraying is started,
and two things can be noted at this point: Firstly, the most important point is
that the PPP moves 4 degrees. Secondly, the actual spark advance changes slightly,
0.5◦, in the wrong direction due to a change in intake manifold pressure. When
the controller is turned off, the spark advance can be viewed as a conventional
pre-calibrated schedule with a spark advance close to MBT. The parameters that
affect the spark advance is then the engine speed and the manifold pressure. Note
that a conventional scheme changes the spark advance in the wrong direction, since
increased manifold pressure indicates higher load and therefore would requires a
smaller spark advance.

The spark advance controller is switched on again at cycle 500. The PPP is
controlled to 17◦ ATDC by using information from the ionization current. Note
that the output torque increases by ∼ 2% when the controller is switched on. It is
thus shown that the engine-fine-tuner can handle external disturbances such as air
humidity, and control the engine to an optimal operating condition.

7 Conclusions

Developments of virtual engine-doctors and virtual engine-fine-tuners are trends
that add to the challenges and joys of modern research in engine control. Here
an ion-sense engine-fine-tuner has been presented. It is a feed back scheme, not
a calibration scheme, based on ionization current interpretation. The method is
very cost effective since it uses exactly the same hardware and instrumentation
(already used in production cars) that is used to utilize the spark plug as sensor,
to detect misfire and for knock control. The only addition for ignition control is
further signal interpretation in the electronic engine control unit.

Humidity significantly changes the burn-rate in the combustion, and thus the
peak pressure position which in turn affects power and efficiency. Humidity is not
easily measured, and is therefore usually not compensated for. Both experimental
and theoretical studies (Figures 10 and 16, and Equation 3) clearly demonstrate
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Figure 16 The interesting part of the test cycle. The spark advance con-
troller is switched off at cycle 50 and the water injection starts at cycle 250,
which leads to increased PPP. The controller is switched on again around
cycle 500, controlling PPP to MBT which increases the output torque.
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the value of spark advance control regarding power and efficiency. The ion-sense
engine-fine-tuner has a response time more than sufficient to follow environmental
changes. And it was shown, as a main result, that it can control the engine back
to its optimal operation when subjected to humidity in the intake air.
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Linköping University, SE-581 83 Linköping
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Abstract
Heat release analysis by using a pressure sensor signal is a well recognized
technique for evaluation of the combustion event, and also for combustion
diagnostics. The analysis includes tuning of several parameters in order to
accurately explain measured data. This work presents and investigates a
systematic method for estimating parameters in heat release models and
minimizing the arbitrary choices. In order for the procedure to be sys-
tematic there are also the requirements on the model, that it includes no
inherent ambiguities, like over-parameterization with respect to the pa-
rameters and to the information contained in the measurements.

The question asked is: Which parameters, in the heat release model,
that can be identified using only cylinder pressure data. The parameter
estimation is based on established techniques, that constructs a predictor
for the model and then minimizes a least-squares objective function of the
prediction error. The effect of dependencies between parameters, when
selecting parameters and parameter values, is pointed out. The study is
performed on data measured on a SAAB 2.3 liter, four stroke four cylinder,
normally aspirated, gasoline engine.

1This is an extended version of the conference paper “Requirements for and a Systematic
Method for Identifying Heat-Release Model Parameters”, by Lars Eriksson, SI Engine Modeling,
SAE Technical Paper 980626, Detroit, MI, February, 1998. The conference paper has been selected
for publication in SAE 1998 Transactions.
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1 Introduction

The compensation of the effects of volume change, heat transfer, and blowby from
the cylinder pressure is called heat release analysis and is done within the framework
of the first law of thermodynamics. The heat release analysis can also provide a
consistency check of the pressure data itself. The more simple one-zone analysis
relates the pressure changes to the amount of the fuel’s chemical energy which is
released as thermal energy, while the more complex two-zone analysis relates the
pressure rise to changes in thermodynamic properties which occur as the mixture
burns [1]. A one-zone model, which is used here, has the advantage of including
heat transfer and gas flow to the crevices more simply.

Many studies have been performed on analysis and determination of parame-
ters essential for the heat release analysis, but most studies focus only on specific
subproblems such as thermodynamic TDC determination [2, 3], cylinder pressure
measuring [4, 5], absolute cylinder pressure referencing [6, 7], heat transfer corre-
lations [8, 9, 10], and the influence of polytropic index [11]. When the different
effects are considered they are often treated separately, and each effect yielding
parameters to be tuned for each engine and operating condition.

Here, one commonly used model structure is studied which is a one-zone heat-
release model that includes the effects of net heat-release, convective heat-transfer,
and crevice-flow. The model structure has previously been summarized by Gatowski
et. al. 1984 [12]. Furthermore, a sensor model is important to include because it
also contributes with parameters that has to be determined. Two different models
are considered for the piezo-electric pressure-sensor, where the first one describes
the unknown offset and the sometimes unknown gain, and the second additionally
includes the leakage effect in the charge amplifier.

1.1 Parameter Identification

The heat release model includes several parameters that have to be determined and
the issue here is to investigate which parameters are identifiable only by measuring
the in-cylinder pressure. A systematic framework makes identification of the model
parameters possible and also allows a consistency check of both the model and
the data. Furthermore, the time consuming analysis of large data sets can be
automatized with a systematic method which reduces or eliminates the arbitrary
choices. Figure 1 shows how the systematic procedure is applied to a number of
datasets collected at different operating conditions from an engine.

An optimization procedure for estimating the parameters in the heat-release
models will be described and analyzed. The parameter estimation is based on
established techniques by constructing a predictor and minimizing a least-squares
objective function of the prediction error [13]. At each step the parameters at hand
are used to predict the output and based on the prediction error the parameters are
updated. Two different predictors based on the model are considered. The first uses
the in-cylinder pressure signal as input to predict the heat released (which should
be zero for the motored cycle). The second predictor uses the model parameters
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Figure 1 Using a systematic procedure for determining the model param-
eters enables an automated analysis of large data sets. For each operating
condition the procedure provides parameters that are used in the heat re-
lease analysis.

and the knowledge of zero heat release during the motored cycle to predict the
in-cylinder pressure. With these two predictors two different objective functions
can be formulated that are used in an optimization procedure for finding the best
parameters. To tune the model parameters, a pressure signal from a motored cycle
obtained by skipped firing is used.

2 Single-Zone Heat-Release Modeling

The following section describes the one-zone heat-release model that has been used
in this work. The model has been widely used and the phenomena that it takes
into account has been described earlier in the literature [12, 14]. Therefore, only a
short summary of the model is given and the attention is turned to the parameters
that are not fully known and requires determination.

Basically the model is a one-zone model based on the first thermodynamic law.
Some of the processes that influence the cylinder pressure are combustion, volume
change, heat transfer to the chamber walls, and mass leakage to the crevices. The
article by Gatowski et.al. [12] develops, tests, and applies the heat release analysis
procedure that is used here. The heat release procedure maintains simplicity while
still including the effects of heat transfer and crevice flows.
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2.1 Energy conservation equation

The combustion process is considered as a separate heat addition process and the
contents of the chamber are regarded as a single fluid. The thermodynamic proper-
ties of the fluid are represented by a linear approximation for γ(T). Straightforward
heat transfer and crevice models are used to complete the energy balance in the
first thermodynamic law

δQch = dUs + dW + δQht +
∑

i

hi dmi

Here the conventions, following [12, 14], are used: δQch is the chemical energy that
is added to the fluid through combustion; dU is the increase in internal energy which
is considered as only a function of mean charge temperature, Us = mcu(T), where
both products and reactants are referred to the same datum. mc is the cylinder
charge mass; dW is the work that the fluid produces on the piston, i.e. p dV ; δQht

is the heat transfer from the fluid to the cylinder walls; hi dmi is the enthalpy for
the mass flow out of the cylinder.

The single mass flux that is considered is the gas flow into and out of crevices,
dmi = dmcr = −dmc. In this model no blow-by is considered. The energy balance
equation is rewritten, following the treatment in [12], by carrying out these steps:
1) The internal energy differential is dUs = mc du + udmc where du = cv dT .
2) Use the ideal gas law T = (mR)−1pV to determine dT . 3) Assume that the
change in gas constant R can be neglected. The resulting energy balance is,

δQch = cv

R
V dp +

(cv+R)
R

p dV+
(h ′ − u + cvT)dmcr + δQht

(1)

where dmcr > 0 for flows out of the cylinder into the crevice, and h ′ is evaluated
at cylinder conditions when dmcr > 0 and at crevice conditions otherwise.

2.2 Thermodynamic properties

The most important thermodynamic property that is used when calculating the
heat release for engines is the ratio of specific heats, γ. It is important since it
affects how accurate changes in the internal energy of the working fluid can be
represented. The ratio of specific heats, γ, decreases with temperature and is also
influenced by the fuel/air ratio.

Model of γ

A simple model of γ describes it as a linear function of temperature which can be
parameterized as,

γ(T) = γ300 + b (T − 300)

where γ300 and b are constants. The approximation in this model is consistent
with the other components of the one-zone heat release model, and it is sufficient
for calculating burning rates and the overall energy balance [12].
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The parameter γ300 provides the flexibility for changing the offset of γ(T) with
changes in for example air/fuel ratio, while b captures the temperature dependence.

Changing the air/fuel ratio and amount of residual gases mainly changes the
parameter γ300, while the change in b is relatively small, see e.g. Chapter 4 in
Heywood [14]. For tuning the heat-release model to a motored cycle the parameter
b is fixed to b = −2.487 · 10−4 which represents the slope of γ(T) in the range
T ∈ [300K, 1000K], and for analysis of firing data b is fixed to b = −7 · 10−5 which
gives a good fit over temperature range T ∈ [300K, 3000K]. The parameter γ300

is left for identification since for example the A/F ratio and the residual gases are
not precisely determined. For air γ300 is close to 1.40.

The commonly made assumption that γ is constant or a linear function of mean
temperature is not sufficiently accurate during the period for the combustion event.
However, appropriate assumptions can be made within the simple one-zone analysis
framework which can provide accurate predictions [1].

2.3 Temperature model

The mean charge temperature for calculating the internal energy is computed by
using the ideal gas law pV = mc R T , which is close to the mass averaged cylinder
temperature since the molecular weights of the reactants and the products are
nearly identical [12, 14]. If the temperature and pressure is known at some known
datum, e.g. IVC, then we get

pV =
pivcVivc

Tivc
T = c T

which eliminates m and R. The volume at IVC is fairly well known while the datum
values for pivc and Tivc might need to be determined. Reasonable values are for Tivc

around 300 K and pivc around intake manifold pressure. The in-cylinder pressure
at IVC is not necessarily equal to the intake manifold pressure due to pressure drop
over the valves, ram effects, and pressure waves in the intake system.

2.4 Crevice Model

The crevice walls cool the gas in the crevices to a temperature close to the wall
temperature, therefore crevices may contain substantial amounts of gas when the
cylinder pressure is very high. The percentage of the original charge present in the
crevices at the end of the combustion can approach 10% [12]. A simple crevice
model, which does not account for blow-by, is to consider a single aggregate crevice
volume that has same gas temperature as the walls and the same pressure as the
cylinder, i.e. mcr = (pVcr)

RTw
.

The factor that multiplies dmcr in Equation (1) can be rewritten, using the
model for γ, and with the crevice model the energy balance then becomes,

δQch = γ

γ−1
p dV + 1

γ−1
Vdp + δQht

+dp Vcr

Tw

(
T

γ−1
− 1

b
ln

(
γ−1

γ′−1

)
+ T ′

)
(2)
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2.5 Convective Heat Transfer

The magnitude of the rate of energy transfer by convection, which occurs in a di-
rection perpendicular to the surface fluid interface, Q̇ht, is obtained from Newton’s
law of cooling

Q̇ht = h A ∆T = h A (T − Tw) (3)

where A is the surface area of the body which is in contact with the fluid, ∆T is the
appropriate temperature difference, and h is the convection heat transfer coefficient.
The most important task is to accurately predict the magnitude of the convection
heat transfer coefficient. Since this quantity is a composite of both microscopic
and macroscopic phenomena, many factors must be taken into consideration. For
many flow geometries, h, is given by the relation [15, 8, 9]

Nu = C (Re)m (Pr)n

The correlation used to calculate the instantaneous spatially averaged heat
transfer is based on the form proposed by Woschni [9], which essentially is a Nusselt-
Reynolds number of the form Nu = 0.035Rem with m = 0.8.

h =
131B0.2C1p0.8w0.8

T0.53
(4)

The characteristic speed w was chosen to be,

w = 2.28

(
Up + 3.4 · 10−3C2

Vdisp

Vivc

(pf − pm)

pivc

Tivc

)
(5)

The variables are:

B cylinder bore Up mean piston speed
p cylinder pressure T charge temperature

pm motored pressure Vdisp displaced volume
pf firing pressure C1, C2 tuning constants

This model gives the rate of the heat transfer Q̇ht. To simulate it in the crank
angle domain it has to be scaled with the engine speed, n, which results in,

δQht

δθ
=

δQht

δt

δt

δθ
= Q̇ht

n π

30

2.6 Cylinder volume

The cylinder volume is included in the heat release model and it depends on the
crank angle θ, crank radius a, connecting rod length l, piston area A, and clearance
volume Vc.

V(θ) = Vc +
π B2

4
(l + a − a cosθ −

√
l2 − a2 sin2 θ)
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The clearance volume Vc influences the maximum cycle temperature and pressure
through its influence on compression ratio, and for heat release calculations the
clearance volume is of great importance. The actual clearance volume, Vc, differs
from engine to engine and it also differs between the cylinders in the same en-
gine [4]. Therefore, it is not sufficient to calculate the clearance volume given the
compression ratio data from the manufacturer.

2.7 A commonly used family of simulation models

The equations described in this chapter (Equations 2 to 5) constitute a family
of models that are frequently used in the literature on one form or the other.
There are basically two way to change the model structure, one is to change the
parameters and effects included and the second is to rearrange the equations. These
are illustrated below.

By setting some parameters to determined values models of lower complexity
are received: (1) With the crevice volume Vcr set equal to zero a model with net
heat release and heat transfer is received. (2) With the heat transfer coefficient C1

set equal to zero we get a model that includes crevice effects and net-heat release.
(3) With both Vcr and C1 equal to zero we get a net-heat release model. Note that
in such a case it is more reasonable to exchange γ to a polytropic exponent that is
constant independent of temperature which is consistent with the omission of loss
mechanisms.

By rearranging (Equations 2 to 5), and interchanging inputs and outputs, two
different models are received: One in which a measured cylinder-pressure trace is
used as input and the gross heat-release trace calculated; In the other the heat-
release trace is specified and the cylinder pressure is calculated. These two formu-
lations can be used for estimating the model parameters and one issue here is to
study how the different formulations influence the parameter estimation.

Heat release simulation

The heat release model is stated such that the pressure and volume traces are given
as input and the model then outputs the time or crank angle derivative of the net
heat-release, i.e.

δQch

δθ
= f(p,

dp

dθ
, V,

dV

dθ
) (6)

where p and dp
dθ

are the pressure and differentiated pressure traces. Solving Equa-
tion (6) together with an initial condition produces the time history for the heat
release Qch(θ).

To solve Equation (6) it is necessary to specify an initial value of Qch, in
conjuction with the starting point of the simulation. This poses a problem for
the determination of the best parameters. To illustrate this issue two simulations,
with identical values of the model parameters but with changed starting points for
the simulation, are shown in Figure 2. As it can be seen the starting point has
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Figure 2 Two traces with exactly the same parameters, but with changed
starting points. The figure shows that the level of Qch has changed signifi-
cantly.

a very large effect on the amount of heat released, Qch, which implies that the
initial value will also have a large effect on the estimated parameters. There are
two ways to overcome this problem: The first is to add a parameter for the initial
value and include it in the parameter estimation; The second is to set the initial
value to zero and calculate a mean value over e.g. the first 80◦ and then subtract
it from the calculated heat release trace. The second procedure was chosen for its
simplicity, and tests with the optimization procedure showed that the length of 80◦

was sufficiently long to give consistent parameter estimates.

Pressure simulation

Solving Equation 2 for the pressure differential dp gives the following ordinary
differential equation (ODE) which can be used to simulate the pressure.

dp

dθ
=

dQch

dθ
− γ

γ−1
p dV

dθ
−

dQht

dθ

1
γ−1

V + Vcr

Tw

(
T

γ−1
− 1

b
ln

(
γ−1

γ′−1

)
+ T ′

) (7)

For this ordinary differential equation to be complete an initial value of the pressure
must be specified. The starting point for the simulations is IVC, and therefore pivc

is used as initial value. The pressure at IVC is not fully known, see the discussion
in Section 2.3, so it is left for identification. Solving (7) produces the pressure
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development, p provided the heat release trace Qch, and for parameter tuning the
motored cycle is used, for which the heat release is equal to zero, dQch = 0.

Simulation environment

To obtain the heat release and pressure traces a Runge-Kutta ODE-solver in the
Simulink [16] toolbox of Matlab was used. The solver was of order 4 with adaptive
step length. The step-lengths, tolerances, and also the solver method, were changed
in a systematic manner in-order to ensure that the simulation results did not depend
on the numerical integration of the ODE:s.

3 Pressure Sensing and Sensor Modeling

The quality of the pressure data is crucial for the heat-release analysis and several
papers are devoted to these issues, see for example [6, 4, 5]. In this section the
attention is turned to the following three issues: Frequency contents of the pressure
signal; Phasing of the pressure signal relatively the crank angle and cylinder vol-
ume; Characteristics of the pressure transducer and measurement system. Before
entering these issues a short description is given of a normal pressure measurement
setup.

Nowadays the in-cylinder pressure is measured using digital sampling systems
where the sampling events are externally triggered using incremental encoders, see
Figure 3. The pressure-measurement chain consists of pressure transducer, charge
amplifier, and A/D converter. The pressure measurement will be discussed in
Section 3.4. The optical encoder determines the sampling instants (for example
it can give 360 pulses per revolution) and holds phase information of the pressure
trace in relation to the crank angle. A signal that produces 1 pulse per revolution
(or cycle) is often used to determine the location of the samples in relation to TDC.

3.1 Pressure frequency contents

Ten motored cycles have been measured at the engine speeds 800 rpm and 1600 rpm
and Figure 4 shows their frequency contents. The pressure is a cyclic signal and the
first peak in the spectrum appears at the engine-cycle frequency, i.e. for 800 rpm
at 800

2·60
≈ 6.7 Hz. Note that the spectra for the two signals have been plotted with

different frequency scales, showing that the frequency contents clearly depends on
the engine speed. Around the 40th harmonic it gets harder to distinguish the
harmonics from the noise, i.e. for 800 rpm around 270 Hz.

Analysis of several data sets of motored pressure have shown that that there is
usually information up to the 50th harmonic. Data from firing cycles have also been
analyzed and peaks in the spectrum that are higher than the noise has occured at
much higher frequencies. Information up to the 140th harmonic has been observed
under favorable conditions for the firing data. Thus, the sampling rate and the
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Figure 3 Example of a pressure measurement setup, that samples the cylin-
der pressure based on the crank angle. The sample rate, in this configura-
tion, is equal to one sample per crank angle degree.
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Figure 4 Spectra for two (motored) cylinder pressure traces measured at
engine speeds of 800 rpm and 1600 rpm. Note that the frequency scales
are different for the two spectra. The first harmonic in the signal occurs
at the frequency of the engine cycle i.e. for 800 rpm at 6.7 Hz. For both
engine speeds the frequency contents become difficult to distinguish from
noise around the 40th harmonic.
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pre-filtering should be selected sufficiently above these frequencies to retain the
information.

The signal to noise ratio (SNR) effects the number of harmonics that can be
detected and for a different SNR more frequency components is visual in the spec-
trum. Furthermore, increasing the number of cycles included in the FFT calcula-
tion also increases the amplitude for the harmonic in the signal. Calculations and
comparisons has shown that doubling the length of the data set only increases the
number of harmonics that can be seen with only 1 or 2.

Normally the resolution of the incremental encoder, connected to the crank
shaft, is set to a crank angle resolution of 1◦ per sample during the data acquisi-
tion. This gives a sufficiently high sampling frequency according to the discussion
above. The resolution is further motivated by [11], that states that a sample rate
of 1 sample per crank-angle degree is considered adequate for burn-angle analysis
from heat-release calculations.

3.2 Phasing of the pressure signal

When collecting the pressure traces it is important that the phasing is preserved
in the signal since the heat release calculation needs both the volume trace and the
pressure trace. In the heat release analysis the cylinder volume is calculated using
the crank angle obtained from the sampling.

There is an uncertainty in the exact crank angle positions for the sampling
pulses which is due to that the mounting of the incremental encoder can not be
performed with infinite precision. If we disregard that the crank shaft is flexible
then the crank angle, θi, at sample, i, can be modeled as having an unknown offset
θ0 from the true crank angle θtrue,i

θi + θ0 = θtrue,i

The determination of θ0 is often called TDC determination, and it is generally
considered that state of the art systems can determine the offset to an accuracy of
∼ 0.1−0.2◦ [4, 14]. Furthermore, in a multi-cylinder engine the crank-shaft torsion
can also influence the accuracy. One interesting issue is to see if the offset θ0 can
be identified from the measured pressure.

3.3 Filtering and data collection

Despite that the crank angle offset has been accurately determined problems can
still arise if proper care is not taken when the data is collected and processed. The
following example illustrates the problem:

Cylinder-pressure data from a motored cycle has been collected at 800 rpm with
a crank angle resolution of 1◦. The noise in the signal is to be reduced by filtering
the data with a cut-off frequency corresponding to 360 Hz. Figure 5 shows the
result when two filters with the same cut-off frequency and filter order are used,
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Figure 5 Three pressure signals: Dash dotted – measured pressure, Solid –
zero-phase filtered, Dashed – causally filtered. The two filters had the same
order and the same cut-off frequency, but the causal filter causes a shift in
peak pressure position of 10◦.

one causal and one non-causal with zero-phase shift. The measured signal (dash-
dotted) and the signal filtered with a non-causal filter (solid) is identical in phase,
but the signal filtered with causal filter is shifted with as much as 10◦.

When acquiring pressure data a pre-sampling filter should always be used to
avoid aliasing. Such a filter is causal and inherently affects the phase of the sampled
signals. Therefore, is it essential for the phasing of the pressure signal that the
sampling rate and also the cut-off frequency of the anti-alias filter is sufficiently
high. More sophisticated filtering techniques that preserves the phasing of the
signals, can be applied when the data is sampled, such as non-causal filters with
zero phase-shift. An example is the filtfilt function in the “Signal Processing
Toolbox” of Matlab [17].

Influence of anti-alias filter

The following example quantifies the phase-shift effect of a first order anti-alias
filter. The transfer function for a first order filter with cut-off frequency ωc and
unity gain is

H(jω) =
1

1 + jω
ωc

, with phase: arg[H(jω)] = − arctan
(

ω

ωc

)

which results in the following response for a sinusoidal input,

y = |H(j ω)| sin(ω t − arctan
(

ω

ωc

)
) = |H(j ω)| sin(ω (t −

arctan (ω/ωc)

ω
))
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Thus, the time delay that the first order filter introduces is τd(ω) = arctan(ω/ωc)
ω

.
This function has the following three important properties:
1) τd(ω) decreases monotonously with ω.
2) lim

ω→0+
τd(ω) = 1

ωc
.

3) τd(ωc) = π
4 ωc

.
We now see that if we sample the data with sampling time Ts = 1

fs
and use a

first order anti-alias filter with cut-off frequency fc = fs/2 then the time delay,
introduced by the filter, lies in the following interval

Ts

4
=

1

4 fs

≤ τd <
1

π fs

=
Ts

π

for frequencies in the range 0 ≤ f ≤ fs/2.
By sampling the cylinder pressure with a resolution of 1◦ then the anti-alias

filter introduces a delay of ∼ 1
π

◦
at the lowest frequencies. Thus, the anti-alias

filter will produce a delay in the order of 0.3◦ irrespectively of how accurate the
phasing for the crank angle based sampling has been determined. If the filter order
is increased or the cut-off frequency is decreased then the time delay will be even
larger.

Pressure differentiation

For the heat-release model the crank angle derivative of the pressure signal is
required as input, see Equation 6. Also the numeric differentiation method can
affect signal phasing of the pressure signal. A simple method that keeps the phase
information is,

∂pm(θi)

∂θ
=

pm(θi+1) − pm(θi−1)

θi+1 − θi−1

which is the standard differentiation procedure given in any numerical analysis
textbook.

The main message in this section about pressure phasing and filtering has been
to illustrate the following basic principle for collecting cylinder-pressure data:

Sample the data with a frequency that is sufficiently high so that the pre-
sampling filter does not produce a significant phase shift, then perform data
reduction, signal processing, and filtering off-line using non-causal filters with
zero phase-shift.

3.4 Sensor modeling

Two models of different complexity for the pressure measurement chain will be de-
rived and examined. The simplest model is that the actual and measured pressure
are connected by a static relation that is considered constant during one engine
cycle. The more complex model describes the drift of the charge amplifier which
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gives a dynamic relation between the actual and measured cylinder pressure. Two
phenomena influences the accuracy of the measured cylinder and amounts to an
unknown offset in the measured pressure signal. The first is connected to the mea-
surement chain and the second is connected to transducer’s sensitivity to thermal
shock.

The pressure transducer reacts to the pressure by producing a charge propor-
tional to the pressure change this charge is then integrated by the charge amplifier.
Therefore, the resulting voltage from the amplifier does not contain information
about the absolute pressure level. Furthermore, leakage currents in the charge am-
plifier produces a signal that drifts towards an output equal to zero. Temperature
variations in the sensor and sensor mounting change the transducer sensitivity and
output. The variations in temperature during the engine cycle also amounts to a
drift in the output, and thus an unknown absolute level.

3.5 Static sensor model

The measurement chain consisting of pressure transducer, charge amplifier, and
data acquisition equipment has a static gain, C, from the sensor to the pressure
measured value. With the pressure trace sampled at certain crank angle positions,
θi, a simple static model for the pressure sensor is,

pm(θi) = Cp(θi) + p0 (8)

where, p, is the true cylinder pressure and pm the measured pressure. The gain, C,
for the measurement chain is considered constant for all cycles but the offset, p0,
changes between cycles due to leakage in the charge amplifier and thermo-shock
in the pressure transducer. The determination of the offset, p0, is referred to as
pegging the pressure signal, or cylinder pressure referencing, and it is generally
recommended that the pegging is performed once for each pressure cycle [7, 6].

The total gain can be determined in at least three different ways, which are
summarized in [18]: The first is to determine the gain for each component and
multiplying them with each other; The second is to calibrate the total chain by
applying a well determined pressure step and measure the result; The third is to
calibrate the total chain in conjunction with a thermodynamic model. The third
approach was used in [18] to get a good determination total gain for the pressure
measurement chain, and it will also be tested here.

Dynamic sensor model

In the model above the offset is assumed to be constant during the cycle, which
is only an approximation since the charge leakage and thermal drift influences the
output during the cycle. Thermal shock has been investigated by many authors [4,
6, 19] and here the influence of the charge amplifier drift will be investigated.

A more detailed model of the pressure sensor is received when including the
drift of the charge amplifier, which can be modeled as a leakage towards the mean
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Figure 6 Impulse response for the charge amplifier. At t=0s a charge of
2.91 nC is given as input to the charge amplifier. Solid line – model output
with τc = 22 s. Dotted line – measured output from the charge amplifier.

value, or DC-component, of the measured pressure signal. The measurement chain
containing charge leakage can be modeled as follows

pm(s) = C · G(s) · p(s), where G(s) = s
s+1/τc

(9)

where s is the Laplace operator, C is the gain (same as for the static model), and
τc is the time constant for the leakage. Since this is a second order system it must
be completed with an initial value, pin. The output from this dynamic model is
the measured pressure, pm, but it can be also inverted to generate the cylinder
pressure, p, as output.

This model is validated in Figure 6 which shows a calibration experiment that
gives the time constant and the gain for the charge amplifier. The received time
constant of τc = 21.76 seconds agrees well with the tabulated values in the reference
manual for this amplifier setting. The amplifier setting normally used for has a
tabulated sensitivity of τc = 2.2 seconds.

The effect that charge-amplifier leakage has on the measured cylinder pressure
has been evaluated by simulating Equation (9) and compared with a model of an
idealized charge amplifier (with an infinite time constant τc = ∞). An engine
speed of 1000 rpm was chosen since the leakage effect is more pronounced at lower
engine speeds, and the time constant for the charge amplifier model was changed in
the range from τc = 0.22 to τc = 22.00 seconds. The results are shown in Table 1.
The simulation result for τd = 2.2 s is also shown in Figure 7 which displays a
peak-to-peak drift of 0.36 % compared to the maximum of the pressure signal. As
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τc [s] max(∆p) − min(∆p) [bar] max(∆p)−min(∆p)
max(p)

0.22 0.709 0.0361

0.70 0.225 0.0114

2.20 0.0710 0.00362

6.96 0.0224 0.00114

22.0 0.00710 0.000362

Table 1 Influence of charge amplifier time constant τc on the intra cycle
measurement offset. ∆p is the difference between ideal sensor and actual
sensor. maxp is the maximum pressure during the cycle.
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Figure 7 Pressure signals for two different charge amplifiers, one with an
infinite time constant, p∞ , and one with a time constant of 2.2 s, p2.2s.

it can be seen in the table the time constant of the charge amplifier has a small
effect on the measured pressure trace during one engine cycle if the time constant is
large, but reducing the time constant rapidly increases the effect. The simulations
are performed for an engine speed of 1000 rpm and an increased engine speed will
reduce the effect.

To compare the charge amplifier influence with the transducer thermo shock
the data sheet for the transducer is utilized. The influence of thermal shock on
the QC32C sensor used in the laboratory is tabulated for a cycle at 1300 rpm with
a pressure peak of 75 bar [20], which amounts to a measurement drift less than
0.2 bar, i.e. about 0.3 %. The thermal drift is thus of the same order as the leakage
for this setup.
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The simulations above have quantified the effect of the charge amplifier time
constant on the pressure output. It has been shown that the charge amplifier can
have a significant effect on the pressure measurement if the time constant is small.
For the sensor and charge amplifier in the laboratory, with τc = 2.2, the charge
amplifier has an affect of equal magnitude to the thermal shock.

4 Parameter Estimation Method

Previous sections have described the model a number of parameters that requires
determination. In this and the following sections the unknown parameters are
collected in a parameter vector denoted Θ.

To determine the parameter values, that fit the model best to the measured
data, a least squares criterion is used, and the parameter values that minimizes this
criterion is chosen. The minimum is searched for using an optimization method
which takes a set of parameter values Θ, simulates the model, and predicts an
output. Then it calculates the difference (residual) between model and measured
outputs, a gradient direction, and an approximation to the Hessian. Finally it
calculates an updated set of parameters. The three steps described above are
repeated until there is no further improvement in the least squares criterion.

One possible way to tune the parameters would be to take a pressure and heat
release signature for a firing cycle and use e.g. the pressure trace and the model to
predict the heat release. The problem with this approach is that both the pressure
trace and the true heat release trace must be known. Tuning the parameters to
a motored cycle offers the benefit that the heat release trace is known, i.e. it is
zero Qhr = 0. The tuning should also be performed on a motored cycle obtained
by skipped firing, which means that the engine is run under test conditions and
then the ignition is skipped for one cycle. Under steady state conditions the initial
condition for the motored cycle should be the same as for the preceeding cycles.

4.1 Formulation of residuals

The two different simulation models, Equation 6 and 7, are used to formulate two
different residuals which are used to determine the parameters.

Heat-release residual

The heat release simulation equation requires the pressure as input, and using the
static model Equation 8 the actual pressure, p, and its crank angle derivative can
be calculated from the measured pressure trace pm and its derivative as follows,

p =
1

C
(pm − p0) and

dp

dθ
=

1

C

dpm

dθ
(10)

A heat release trace Qi(Θ) can be simulated using the model parameters Θ

and Equations 10 and 6. The subscript i in Qi(Θ) denotes the sampling index.
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The actual heat released for the motored cycle is zero which gives the following
residual to minimize

ri(Θ) = Qi(Θ) − 0 (11)

Pressure residual

The residual to minimize when using the pressure simulation model Equation 7 as
criterion is stated as the difference between the pressure predicted by the model pi

and the measured pressure pm i, which becomes (after including the sensor model,
Equation (8))

ri(Θ) = C · pi(Θ) + p0 − pm i (12)

(Note, the parameters C and p0 are components in Θ.)

4.2 Minimization procedure

The least squares criterion is used to select the best parameter values

VN(Θ) =
1

2

N∑
i=1

(ri(Θ))2 =
1

2
r(Θ)rT(Θ)

here the residuals are collected in the vector r(Θ)

r(Θ) = (r1(Θ), . . . , rN(Θ))

The minimization of VN(Θ) is a standard non-linear least-squares problem that
can be solved by several methods described in e.g. [21, 22]. Here an algorithm of
Levenberg-Marquardt type with a numerically computed gradient and an approx-
imated Hessian has been used.

The algorithm needs the gradient which can be computed as,

∇VN(Θ) = J(Θ)rT(Θ)

where the Jacobian, J, is defined as J(Θ) = [∇r1(Θ), . . . ,∇rN(Θ)]. The residual
gradients, ∇ri(Θ) are computed numerically with a difference approximation,

∂ri(Θ)

∂Θj

=
ri(Θj + ∆Θj) − ri(Θj)

∆Θj

r(Θj + ∆Θj) is easily calculated with one simulation. For least squares problems
there exists an approximation to the Hessian, which only uses the information from
the Jacobian J. The Hessian is,

∇2VN(Θ) = J(Θ)JT (Θ) +

N∑
i=1

ri(Θ)∇2ri(Θ)

and for Θ close to optimum ri(Θ) is small, which gives the following approximation
of the Hessian,

∇2VN(Θ) ≈ H(Θ) = J(Θ)JT (Θ)
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Optimization procedure

With the parameters values given at optimization step, k, the next set of parameter
values, Θ, is updated by the following law

Θk+1 = Θk + dk

in the Levenberg-Marquardt type methods the direction, dk, is chosen as the so-
lution to the following equation

(H(Θk) + ν I)dk = J(Θk)r(Θk)

With ν = 0 this is the Gauss-Newton method, and if ν → ∞ the direction dk

approaches the steepest descent direction. Generally it is not guaranteed that
dk is a descent direction, for example if the problem is very non-linear or if the
residuals, ri, are large. Therefore, the parameter ν is varied during the optimization
to ensure that a descent direction is received. If VN(Θk+1) ≥ VN(Θk) then ν is
increased and new values of dk and Θk+1 are computed. This step is repeated
until a descent direction is received. To extend this simple method further with
a line search has not been necessary since the procedure has always resulted in
descent direction.

The stopping criterion for the search algorithm has been chosen as

If VN(Θk) − VN(Θk+1) < εVN(Θk) then stop

where ε is a chosen to be a small number. This means that the last iteration did
not improve the objective function more than a certain degree.

The model parameters, see Table 2, have values that range over 7 decades and
therefore the optimization is performed using a set of scaled variables. A linear
transformation x = DΘ with a diagonal matrix, where the diagonal elements are
Di,i = 1/Θi, is applied to the initial guess so that the optimization procedure
starts with a set of variables x that are all equal to 1.

The optimization method, described above, converged after 3 to 12 iterations,
depending on how many and which parameters were included in the optimization.
For example, if the model is over-parameterized then the Hessian approximation is
close to singular which makes it numerically difficult to invert, and the objective
function does not decrease as fast as for a well posed optimization problem.

4.3 Parameter Evaluation

Two things are studied and used to evaluate the parameter values, after the opti-
mization procedure has stopped at a point Θ∗: the quadratic loss, VN(Θ∗), and
the Hessian approximation, H(Θ∗). The quadratic loss is only used to supervise
how good the resulting fit is.

Locally H(Θ∗) gives insight into how sensitive VN(Θ∗) is to a certain parameter
or a direction. Especially interesting is the eigenvector that corresponds to the
smallest eigenvalue of H(Θ∗), since it points in the direction where VN(Θ∗) changes



124 Publication 6. Requirements for and a Systematic Method...

least. This fact is used in to evaluate how important different parameters are for
a good fit between the model and the measured data. To be able to compare
the importance of the different parameters the Hessian is calculated and compared
using the scaled parameters x. The reciprocal condition number, κ−1 is used to
check how the Hessian is scaled.

In the following Sections an analysis is performed of how important different
parameters are for the fit. The following procedure is used to study how the
parameters are estimated

1. As a first step all parameters are included in the optimization.

2. Find the best parameters Θ∗ with the optimization procedure.

3. Study the reciprocal condition number and eigenvectors for H(Θ∗).

4. Remove the parameter with least influence on VN from the optimization proce-
dure and set it to a fixed value.

5. If there still remain free parameters goto step 2.

4.4 Unknown parameters

The unknown parameters have been discussed previously in the text but they are
summarized in Table Table 2, for convenience of referencing, before the parameter
estimation results are discussed.

Param. Description Size
γ300 ratio of specific heats 1.35 –
C1 heat transfer parameter 1 –
θ0 crank angle phasing 1 ◦

Vc clearance volume 6.3 · 10−5 m3

Vcr single aggregate crevice volume 0.5 % of Vcr

p0 bias in pressure measurements 0.1 bar
C pressure measurement gain 1 –
Tw mean wall temperature 450 K
Tivc mean charge temperature at IVC 300 K
pivc cylinder pressure at IVC 0.5 bar

Table 2 Tuning parameters in the heat release model. The values shown
in the rightmost column give the approximate size.

5 Parameter Estimation Results

For evaluation ten cycles of pressure data have been collected in seven different
motoring operating points: 800 rpm with throttle angles 0 %, 5 %, 10 %, and
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Figure 8 The upper plot shows the measured pressure (solid line), and the
output from the model (dashed line) the pressure that the model predicts,
the signals are extremely close. The lower plot shows the difference between
the measured and the model, and the conclusion is that the difference is
very small.

15 %, and 1600 rpm with throttle angles 0 %, 10 %, and 15 %. Furthermore, data
has been collected for four operating conditions with running engine. During the
tests three different pressures were measured: in-cylinder pressure; intake manifold
pressure, measured at the plenum; and exhaust pressure, measured at a distance
of 70 cm from the exhaust valve. The intake and exhaust pressures were measured
and used only for validation of the parameter estimation. The engine was a SAAB
2.3 l, 16 valve, normally aspirated engine, it’s data is further tabulated in the
appendix.

Closeness of fit

To validate how close the measured cylinder pressure can be predicted the output
from the optimization procedure is plotted in Figure 8. The model that is used
includes heat transfer but not crevice flow. The simulated pressure signal, p, is
generated with the parameters from the optimization procedure and compared
with the measured pressure signal that is corrected with the parameters for the
sensor model, i.e. pm(θi−θ0)−p0

C
. From the figure it can be seen that the difference

between the measured signal and the model output is very small. Thus, it can
be concluded that the optimization procedure does find model parameters that
describes the measured data well.
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Figure 9 Log-log pV diagram for pressure that has been optimized and the
crank angle offset, sensor gain, and pressure offset has been included.

To verify, that the optimization procedure gives a pressure signal which has
the correct properties, a pV-diagram is plotted in log-log scale in Figure 9. One
verification of correctness seen in the plot is that during compression and expansion
the diagram shows approximately straight lines. Another verification is that the
edge is sharp at TDC and that lines do not cross each other at TDC, which would
indicate wrong TDC phasing [4].

5.1 Pressure Residual

The results that are obtained from the minimization problem that is based on the
pressure residual, Equation 12, is summarized below. As a first step all parameters
are included in the optimization procedure.

Sensor gain, C, and initial pressure, pivc

With all parameters free the Hessian has a reciprocal condition number of κ−1 ≈
10−17 and the are two components in the eigenvector that corresponds to the small-
est eigenvalue are pressure gain, C, and the initial pressure, pivc. This indicates
that the gain , C, is hard to determine if also the initial pressure, pivc, is free
and the model can be viewed as over-parameterized. This can be motivated by
studying the pressure development which approximately undergoes a polytropic
compression and expansion, i.e. p = c · V−k where k is the polytropic expansion
constant. The constant c can be found at IVC as c = pivc

Vivc
−k . By scaling pivc,
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Figure 10 Cylinder pressure, intake manifold pressure, and exhaust pres-
sure for one motored cycle. A validation that with a known sensor gain, C,
the initial pressure, pivc, can be estimated and the cylinder pressure is close
to the intake and exhaust pressures during the intake and exhaust strokes.

the pressure trace, p = pivc

Vivc
−k · V−k, also becomes scaled with the same constant

which gives the same effect as a change in sensor gain.
There is still a possibility to estimate pivc given C and vice versa. This possi-

bility can be used for cross validation of the initial pressure and sensor gain, at low
speeds where a tuned intake system does not have a large effect. If the sensor gain
is known then the initial pressure would approximately correspond to the intake
manifold pressure during the intake stroke and to the exhaust pressure during the
exhaust stroke. Figure 10 shows such an validation.

The initial pressure is difficult to determine without a sensor for absolute pres-
sure mounted directly in the cylinder. To use the intake manifold pressure is
another possibility but due to tuning and ram effects the pressure in the intake
differs from the pressure in the cylinder. The gain, C, can be determined through
calibration experiments and is therefore removed from the optimization and fixed
to the value obtained from calibration.

Heat transfer parameters Tivc, C1, and Tw

With all parameters except, C, free the reciprocal condition number was κ−1 ≈
3 · 10−10. The largest components in the eigenvector for the smallest eigenvalue
corresponded to Tivc, C1, and Tw. The structure of the heat-transfer correlation
gives a hint to this dependence. The temperature is modeled as T = Tivc

p V
pivc Vivc
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Throttle angle Standard deviation for Vcr

0 % 9.6 % of Vc

5 % 2.2 % of Vc

10 % 0.7 % of Vc

15 % 0.5 % of Vc

Table 3 Standard deviation for the estimated crevice volume, for an engine
speed of 800 rpm. The standard deviation increases pronouncedly when the
throttle angle decreases, which reduces the temperature difference between
crevices and average charge temperature.

from this it can be seen that scaling the initial temperature Tivc with a also scales
the average cylinder charge temperature, T , with a. The variables Tivc, C1, and Tw

effects the heat transfer equation in approximately the following way

dQht = C1 (T − Tw)K

If the initial temperature Tivc is scaled with a, an identical model can be received
received by scaling Tw with a and C1 with 1

a
.

dQht =
1

a
C1 (a T − a Tw)K = C1 (T − Tw)K

The above discussion illustrate that it is difficult to estimate all three parameters
and therefore Tivc is fixed to a value slightly above the ambient temperature since
the parameters Tw, C1, can not easily be measured.

Crevice volume, Vcr

With C, and Tivc fixed κ−1 is further improved to κ−1 ≈ 5 · 10−9. And the crevice
volume corresponded to the smallest eigenvalue of H.

Especially for small throttle angles the crevice volume is difficult to identify
from the pressure data, this is shows in the standard deviation for the estimated
Vcr parameter, Table 3. One plausible explanation is that low cylinder pressures
give low temperature differences between the wall and the mean gas temperature,
which makes it hard to detect that the crevice effect. For several cycles even
negative values of the crevice volume are received from the measured pressure
data. This might indicate that the model does not correctly describe the actual
loss mechanisms present in the combustion chamber during the motored tests. Both
crevice effects and heat-transfer are loss mechanisms that have similar influence on
the pressure and are hard to separate from each other. Combining the equations
for the two mechanisms, with a negative Vcr and a large C1, the actual pressure
trace is sometimes better described than with parameter values that have physical
meaning.
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Heat transfer coefficient C1

With the crevice effect removed κ−1 was further improved further to κ−1 ≈ 1·10−6,
but the objective function did not change much. With C, Tivc, and Vcr removed the
largest component in the eigenvector corresponded to the heat transfer coefficient
C1. When C1 is removed the objective function VN(Θ) increases, which indicates
that the heat transfer C1 is important for describing the pressure development.

The rest of the parameters

The value of κ−1 steadily increases if more parameters are removed from the opti-
mization. The objective function also starts to increase when more parameters are
removed from the optimization procedure, which indicate that they are necessary
for a good fit. For the sake of completeness the order that the parameters were
removed in the tests is given here: p0, Tw, θ0, Vc, and pivc, which leaves γ300.

5.2 Heat-Release Residual

The criterion based on the heat release residual, Equation 6, has been analyzed in
the same way as the pressure residual and the parameters that can be removed and
the order in which they were removed agrees with the procedure described above
for the pressure residual. However, there is one major difference between the heat
release and the pressure residuals and that is in how the pressure sensor model is
included. In the heat release residual the pressure sensor model must be inverted.
This is analyzed below. Another minor difference is that pivc is not necessary in
the heat release residual.

Sensor gain, C, and heat transfer coefficient, C1

With all parameters free the reciprocal condition number was κ−1 ≈ 5 · 10−11,
which is not at all close to the machine precision. But if the parameters are
studied during the optimization it can be seen that the parameter values for the
heat transfer coefficient C1 tends to C1 = 0 and sensor gain C increases. The
cause for this behavior can be seen by studying the least squares criterion with
the residual described by Equation (11), which has a global minimum for C = ∞
and C1 = 0. Set for example C = ∞ and C1 = 0 and insert into Equations 10, 4,
and 1. Even if C1 is set to a fixed value during the optimization the gain C still
increases, since by reducing p and dp in Equation (1) it also reduces the residual,
but it eventually stops at a finite value.

5.3 TDC determination, θ0

There are several methods that can be used for determining the exact location of
the top dead center (TDC), of which there are basically two different approaches.
One approach is to directly measure the piston position in some way, e.g. by a dial
indicator or by using microwaves. Measurements of the piston position should be
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performed on both sides of TDC to reduce systematic errors in the determination [4,
5]. Another approach is to determine the position using motored cylinder pressure
data and some knowledge about the process, e.g. a thermodynamic model [2, 3].
Also for such methods it is essential that data from both sides of TDC is used.

If TDC is determined by using a thermodynamic model and pressure data, the
values that such a method gives depend on the model and its assumptions. The
loss mechanisms, such as heat transfer, has an influence on how much before TDC
the pressure peak appears. In one test heat release coefficient C1 was forced to
change 40 %, which changed the estimated TDC phasing changed with ∼ 0.1◦.
This change is not large but it shows the dependence on the assumed heat release
model. Since the minimization is performed over a large crank angle interval the
influence of measurement noise is reduced.

The dependence on the thermodynamic model is further illustrated in Figure 11,
where pressure data for three different operating conditions has been used to find
crank angle phasing. The same model structure has been used in all three cases,
which if the model fully captured all phenomena present would give the same
values. For the same operating condition the crank offset is estimated to within
0.1◦, which is very good and close the limit of how accurate the TDC can be
determined. But for different operating conditions the offset is estimated only
within 0.5◦. This indicates that the model does not fully capture the appearance
of the pressure signal with respect to changing operating conditions. Though, there
are no numerical difficulties in identifying the crank angle offset θ0.

5.4 Cylinder pressure referencing

To determine the absolute cylinder pressure level is called absolute pressure ref-
erencing (or pressure pegging). The determined absolute value of the cylinder
pressure has an influence on many parameters that are calculated from cylinder
pressure, such as: polytropic indexes for compression and expansion, heat release
energy and rate, estimated charge temperature as well as other [4]. Randolph [6]
described nine, and evaluated four different methods, for cylinder pressure referenc-
ing, where two of the methods were: (1) Forcing a polytropic compression with a
fixed polytropic coefficient k. (2) Forcing a polytropic compression with a variable
k. Both methods are sensitive to noise in the measured pressure signal, especially
number 2 in it’s calculation of the polytropic exponent. Both also have the draw-
back of assuming a polytropic compression, which means that they are sensitive to
the TDC phasing since the volume depends on θ0.

The method investigated here addresses the problems described above. This
is done by performing a total minimization including the pressure referencing, the
influence of crank angle phasing, and a model for the thermodynamic processes
in the cylinder (which is more than just assuming polytropic compression). Fur-
thermore, the optimization is performed over all samples from IVC to EVO which
reduces the influence of measurement noise.
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Figure 11 Estimated TDC offset for crank angle measurements. The values
that are estimated for one operating condition is very close to each other
(within ∼ 0.1◦), but between the operating conditions the offset varies (∼
0.5◦).

Pressure measurement corrections

Both TDC determination and absolute pressure referencing by using thermody-
namic models have been given much attention in the literature, and they have
often been considered as separate problems. It has in both cases been noted that
the procedures slightly depends on each other, especially the absolute pressure ref-
erencing techniques depends on the phasing of the pressure trace. The method
discussed here addresses both issues at the same time.

5.5 Parameter variations

Comparing the parameters that are estimated, for different cycles at the same
operating condition, shows that there are cycle-by-cycle variations present. The
presence of variations indicates that it is not sufficient just to tune the parameters
on one motored cycle, instead several cycles should be used and an average of the
estimated parameters should be used in the subsequent heat-release calculation.

5.6 Which criterion to minimize?

The criterion that is based on minimizing the pressure residual, Equation (12),
has for the same number of parameters had better numerical properties concerning
the Hessian. Also when there is much noise in the pressure signal the pressure
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residual is better, this is due to the calculation of the differentiated pressure trace.
In most cases the pressure residual converges 1 or 2 steps faster than the heat
release residual. But no significant differences in estimated parameters could be
discerned for the two methods. One benefit with the heat release residual is that,
when used in conjuction with a heat release analysis program, the same model
and implementation can be used for both heat release analysis and parameter
estimation.

6 Conclusions

A systematic method for identifying unknown or non-measured parameters in heat
release models has been presented. The question that has been addressed is what
model parameters can be identified by measuring the in-cylinder pressure. To have
a well determined reference for the heat release, the identification is performed for
a motored cycle that is obtained by skipped firing.

The parameters γ, crank angle offset, pressure sensor offset, and IVC cylinder
pressure are identifiable without numerical difficulties. At least one of the param-
eters initial temperature, wall temperature, and heat transfer coefficient, included
in the heat transfer equations, must be fixed to a constant value or else the model
is over parameterized. It is recommended that the initial temperature is taken
from other measurements. The combination of the loss mechanisms, crevice effect
and heat transfer, also makes it hard to identify the separate effects. The pressure
sensor gain can not be identified unless some assumptions are made about either
the initial pressure or the heat transfer.

The systematic method reveals if there are ambiguities in the model and be-
tween the model and measured signal, for example parameters that are impossible
to identify or that phenomena are modeled in a way that does not explain the
measurements. In conclusion, this is a first step towards a systematic method for
estimating heat release model parameters that does not include arbitrary choices
of parameter values in the modeling.
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Appendix

Data collection has been performed on a SAAB 2.3 l, four cylinder, four stroke, 16
valve, fuel injected, normally aspirated, production engine equipped with an ECU.
The engine is connected to a Schenck “DYNAS NT 85” AC dynamometer, with an
electronic control system. Table 4 shows the data for the engine.

Bore (B) 90 mm
Stroke (L) 90 mm
Swept volume (V-Vc) 2290 cm3

Connecting rod (l) 147 mm
Crank radius (a) 45 mm
Weight 160 kg
Compression ratio (rc) 10.1
Intake valve closing 53◦ ABDC
Intake valve opening 50◦ BBDC

Table 4 Data for the engine that is used in the experiments.
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Abstract
Most of todays spark-advance controllers operate in open loop but there are
several benefits of using feed-back or adaptive schemes based on combus-
tion descriptors deduced from the cylinder pressure. A systematic study
of how different engine conditions change the combustion descriptors, at
optimal ignition timing, is performed. The analysis is performed using a
one-zone heat-release model and varying the model parameters. The com-
bustion descriptors that are studied are: position of the pressure peak,
mass fraction burned levels of 30%, 45%, 50%, and 90%, and the pressure
ratio.

The peak pressure position and the positions for 45%− 50% mass frac-
tion burned does not change much when the flame development angle and
rapid burn angle change in wide ranges. Considering only the mass fraction
burned trace it is shown that levels between 45% and 50% changes least.
The pressure ratio produces values similar to the mass fraction burned and
requires no separate treatment. The loss in net indicated torque is less than
0.4% if the spark advance is controlled using the peak pressure position or
the position for 45% mass fraction burned even for large variations in the
burn angles. Cycle-to-cycle variations do not have a significant effect on
the optimal ignition timing and it suffices to evaluate the mean values for
the burn rate parameters.

1This is an extended version of the conference paper “Spark Advance for Optimal Efficiency”
by Lars Eriksson, SAE Technical Paper 1999-01-0548, Detroit, MI, March, 1999.
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Figure 1 Closed loop schemes for spark advance control have been pre-
sented that utilize the three combustion descriptors, shown in the figure,
as a sensor for optimal spark advance. The three combustion descriptors
are: peak pressure position (PPP), mass fraction burned (MFB), and the
pressure ratio (PR).

1 Introduction

Development in the area of computerized engine controls has approached the point
where they are feasible to utilize for direct combustion measurements and for on-
line engine optimization. The development strives to meet the challenges of stricter
emission regulations and the customers demand for better fuel economy. The spark
advance by itself affects nearly all engine outputs, and is thereby an important
parameter that requires precise control in todays and future engines. Most of
todays production systems for spark advance control are open loop schemes that
rely on look-up tables obtained by extensive calibration. Closed-loop schemes have
the potential to improve performance and reduce the calibration effort but they
require some kind of sensor.

Different sensing strategies have been presented that relate variables deduced
from the in-cylinder pressure, such as peak pressure position (PPP), mass fraction
burned (MFB), or pressure ratio (PR), to when the spark advance gives maximum
brake torque (MBT). The variables will be referred to as combustion descriptors
since they include a compact description of the combustion phasing. Feedback and
calibration schemes that utilize these descriptors have reported good results [1, 2,
3, 4]. Figure 1 shows a schematic picture of the situation. The robustness of such
a system will depend on how sensitive the combustion descriptors are with respect
to changes in non-measured engine or environmental conditions, since they don’t
measure the efficiency or torque directly. This poses the question that outlines this
work: –At MBT timing, how do the combustion descriptors vary when the engine
and environmental conditions change?

To perform experiments on a real engine that cover all possible cases of engine
and environmental conditions would be very expensive and time consuming. How-
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Figure 2 Environmental and engine conditions affect how the cylinder pres-
sure develops and thus the optimal spark advance. Changes in conditions
can also be represented by changes in model parameters, and in the simula-
tion evaluation the model parameters are varied and their influence on the
combustion descriptors are mapped.

ever, an alternative way that is very informative is to use a model that describe the
system sufficiently well and vary the conditions in the model. The latter approach
is used here where modeling and simulation of the cylinder pressure is used in a
systematic way to gain insight into how the spark advance positions the pressure
trace and mass fraction burned profile for maximum work. The influence that
varying conditions have on the combustion descriptors at optimal ignition timing
is investigated by varying parameters in the model.

1.1 Outline of Investigation

Background material on spark-advance control, the combustion descriptors, and
the one-zone heat-release model is given in Sections 2 to 4. The heat-release model
used here was presented by Gatowski et. al [5], and is well known and much used.
The model includes the loss mechanisms of heat transfer and crevice flow and can
accurately describe the pressure development. In Section 5 a data set, covering
the engine operating range, is used to build a parameter data-base over the rate
of heat-release and the cycle-to-cycle variations. The experimental data is further
examined with respect to flame development and rapid burning and how they
depend on operating condition and ignition angle.

Engine conditions, see Figure 2, such as fuel, air humidity, EGR dilution, aging,
wear, as well as several other influence the model parameters. One example is the
air humidity which changes how fast the flame develops, ∆θd, and burns, ∆θb, and
it also changes the energy contents Qin and thermodynamic properties. Instead
of varying the engine conditions directly the model parameters are studied in the
simulation, see Figure 2.



138 Publication 7. A Parametric Study of Optimal Spark Advance...

In Section 6 the parametric study is described. The model parameters related
to burn rates, loss mechanisms, energy content, and thermodynamic properties
are varied and for each parameter value the ignition timing that maximizes the
produced work is searched for. When the optimal ignition timing is found, the
pressure and mass fraction burned traces are calculated and compared. The results
are trends that illustrate how different model parameters influence the deduced
variables. A quantification of the how much is lost when a deduced variable is used
for control and the conditions is also performed.

The simulation study is first performed without considering cycle-to-cycle vari-
ations, and then it is shown in Section 8 that the cycle-to-cycle variations do not
significantly change the results. Finally two issues that are relevant for a spark
advance control system are studied in Section 9. The ambiguity in the determina-
tion of how a certain peak pressure position relates to early or late combustion is
pointed out, and it is shown that the ambiguity becomes pronounced for conditions
with rapid burning angle larger than 37◦ which only occurs at idle conditions. The
other issue discussed is the gain from spark advance to the combustion descriptors.

2 Spark advance control

Spark-advance control deals with determination of the engine position where the
spark plug shall ignite the air-fuel mixture and start the combustion. Engine effi-
ciency and emissions are directly affected by the spark advance, due to its influence
on the in-cylinder pressure. The purpose of the engine (and combustion) is to pro-
duce work and the optimal spark advance is here defined as the spark advance that
gives maximum work if all other parameters are held constant. Emission regula-
tions and engine knock sometimes restrict the spark advance setting from being at
optimum, but this is not a topic here.

Open-loop control

Today, most spark-advance controllers are open-loop systems, that measure a num-
ber of parameters known to affect the spark advance and compensate for their
effects. Extensive testing and calibration, during the design phase of the engine,
results in a nominal spark-advance schedule. Such a calibrated schedule is con-
servative since it has to guarantee good performance over the entire range of the
non-measured parameters, and also be robust to aging. If all parameters that affect
the spark advance were measured, and their effects and interactions were properly
accounted for, it would be possible to determine the best spark advance. How-
ever, such a system would be too expensive due to the measurements and testing
required to incorporate it in a production car.

Feed-back or adaptive control

A different approach is to measure the result of the spark setting rather than
measuring all the parameters known to affect the spark advance. Such a scheme
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can still maintain the optimal spark advance even for large changes in non-measured
parameters. This requires a measurement of parameters directly resulting from the
actual combustion and that are related to the produced work. One of the first
attempts to use feedback control to maintain optimal performance was made by
Draper and Li [6]. They used a dither technique and applied it to a single cylinder
engine. Schweitzer et. al. [7] extended the work to a multi-cylinder engine. These
systems rely on the dithering signal that constantly changes the ignition and excites
the system in order to determine if the ignition is at optimum or not.

Another technique is to utilize some kind of sensor that directly measures the
result from the combustion and then relate the measurement to the maximum
work. One example is the cylinder pressure which is important since it together
with the volume gives the work that is produced Wc, i.e. Wc =

∮
p dV .

2.1 Spark Advance and Cylinder Pressure

The spark advance positions the combustion and cylinder pressure development in
relation to the crank shaft rotation, see Figure 3. Under normal driving conditions
the mixture is ignited around 15 − 30◦ before the piston has reached top dead
center (TDC), and the pressure reaches its maximum around 15 − 20◦ after TDC.
The figure shows three different pressure traces resulting from three different spark
timings. An earlier spark advance normally gives a higher maximum pressure and
temperature, which occur at earlier crank angles. The spark advance for maximum
brake torque (MBT) is close to SA2, for the conditions shown in the figure, and
the resulting pressure peak lies around 17◦ after TDC.

With too early ignition timing the pressure rise starts too early and counteracts
the piston movement. This can be seen in the figure for SA1 where the pressure
rise starts 20◦ before TDC. With an early ignition there are also increased losses
due to heat transfer to the walls and flows into and out of crevices. With an early
ignition timing the temperature will rise earlier and more energy will be dissipated
during the cycle. Similarly, will the earlier combustion, which results in a maximum
pressure, force more of the gases into the crevices with an early ignition timing.

Too late ignition produces a pressure increase that comes too late so that work
is lost during the expansion phase. In Figure 3, the pressure increase for spark
advance SA3 starts as late as at TDC. But work is also gained, partly due to the
later start of the effects mentioned above, which can be seen in the figure. The
pressure trace from the spark advance, SA3, is higher than the others at crank
angles over 35◦. However, this gain in produced work can not fully compensate for
the loss early in the expansion phase, and work is lost compared to the optimal
spark advance.

3 Empirical Rules for Optimal Spark Advance

There exists several empirical rules that relates variables deduced from the pressure
trace to the optimal spark advance. The variables “describe” how the pressure
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Figure 3 Three pressure traces resulting from three different spark ad-
vances. The different spark advances are; SA1: spark advance 32.5◦ before
top dead center (TDC), SA2: 22.5◦ before TDC, SA3: 12.5◦ before TDC.
The optimal spark advance is close to SA2.

development is phased in relation to the crank angle revolution. Three well known
combustion descriptors are summarized below.

Peak Pressure Concept [1]

The optimal spark advance positions the pressure trace in a way that compromise
between the effects mentioned above. To define the position of the in-cylinder
pressure relative to TDC, the peak pressure position (PPP) can be used, Figure 4.
The PPP is the position in crank angle where the in-cylinder pressure takes its
maximal value.

It was shown by Hubbard et. al. that for MBT timing the position for the pres-
sure peak is fairly constant, around 16◦ ATDC, regardless of operating condition [1].
A spark-advance control algorithm that maintains a constant peak pressure posi-
tion (PPP) is therefore close to optimum. This scheme has been validated and
used by several authors [8, 3, 9].

Mass fraction burned (MFB)

Another possibility for describing the position of the combustion is to use the mass
fraction burned profile xb(θ). Heywood [10] states that with optimal spark timing
half of the charge is burned (50% mass fraction burned) about 10◦ after TDC.
This has been further investigated and supported by Bargende [4]. Other possible
measures of good combustion could be the positions for 30% or 90% mass fraction
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Figure 4 The PPP (Peak Pressure Position) is the position in crank angles
for the pressure peak. It is one way of describing the position of the pressure
trace relative to crank angle.

burned. A mass fraction burned profile is shown in Figure 5 which indicates the
positions for 30%, 50%, and 90% mass fraction burned.
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Figure 5 The mass fraction burned profile xb(θ) with the three positions
for 30%, 50%, and 90% mass fraction burned marked.

Pressure ratio management (PR) [2]

A third way to define the combustion position and spark advance efficiency is to use
the pressure ratio. The pressure ratio is defined using the ratio between a pressure
from a firing cycle, pf(θ), and the pressure from a motored cycle, pm(θ),

PR(θ) =
pf(θ)

pm(θ)
− 1

The pressure ratio can be normalized with its maximum,

PRN(θ) =
PR(θ)

max PR(θ)
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Figure 6 Comparison of pressure ratio (dotted) and mass fraction burned
(solid) traces, for five ignition timings, θig ∈ {−60◦, −40◦, −20◦, 0◦, 20◦},
and two rapid-burning angles, ∆θb ∈ {20◦, 40◦}. The difference is small
when the burning occurs around and after TDC.

which results in a trace that is very similar to the mass fraction burned. An
alternative way to normalize PR(θ) is to use the pressure ratio at a certain crank
angle, when the combustion is assumed to be complete, e.g. PRN(θ) =

PR(θ)
PR(100◦) .

In the same way as for the mass fraction burned the position where the normalized
pressure ratio equals PRN(θ) = 0.5 has been proposed as a descriptor of the optimal
combustion position.

3.1 Comparison of PR and MFB

The normalized pressure ratio PRN(θ) is very similar to the mass-fraction burned
trace xb(θ), and the difference between them is investigated in this section. For
ignition control the interesting part to examine is the difference between the posi-
tions where PRN(θ) = 0.5 and xb(θ) = 0.5. Simulations, using the model that will
be described in Section 4, are used to quantify the difference. The ignition angle
and the rapid burning angle ∆θb has most influence on the difference.

Figure 6 shows how the mass fraction burned and pressure traces differ for
changing ignition timings θig and rapid burning angles ∆θb. The trend is that
there is a minimum in the difference when the combustion is positioned around
TDC and increases as the spark advance is advanced or retarded far from the
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∆θb = 20◦ ∆θb = 40◦
θig

∆θ50% ∆θ45% ∆θ50% ∆θ45%

−60◦ 2.97◦ 2.93◦ 5.25◦ 5.29◦

−50◦ 2.57◦ 2.56◦ 3.02◦ 3.27◦

−40◦ 1.76◦ 1.79◦ 0.74◦ 1.03◦

−30◦ 0.87◦ 0.93◦ −0.70◦ −0.51◦

−20◦ 0.26◦ 0.31◦ −1.30◦ −1.20◦

0◦ −0.04◦ −0.00◦ −1.03◦ −1.03◦

20◦ 0.21◦ 0.23◦ −0.12◦ −0.14◦

Table 1 The difference in crank angle between 50% mass fraction burned
and pressure ratio (PR)=0.5 for different rapid burn angles and ignition an-
gles. The optimal ignition timing for these conditions are θig ∈ [−30◦, −15◦]
and for these ignition angles the difference is only in the order of one degree.

optimal spark advance. Table 1 summarizes the difference between the pressure
ratio and the mass fraction burned trace for different ignition angles and rapid burn
angles. Optimal ignition timing is around −30◦ to −15◦ and at such conditions
the difference is in the order of 1◦ which is very small. Therefore, only the mass
fraction burned trace will be considered in the parametric study, in Section 6, since
the pressure ratio will produce results that are very close to the mass fraction
burned.

4 Heat-release model

This section describes the one-zone heat-release model based on the first thermo-
dynamic law that is used both for evaluation of engine data and in the simulation
evaluation.

The article by Gatowski et.al. [5] develops, tests and applies the heat release
analysis procedure used here. It maintains simplicity while still including the ef-
fects of heat transfer and crevice flows. The model has been widely used and the
phenomena that it takes into account are well known [10]. Therefore, only a short
summary of the model is given here and a more detailed description is provided,
of the model and the assumptions made during the modeling, in Appendix A.

The expression derived for the chemical heat release δQch is

δQch = γ
γ−1

p dV + 1
γ−1

Vdp + δQht

+dp Vcr

Tw

(
T

γ−1
− 1

b
ln

(
γ−1
γ′−1

)
+ T ′

)
(1)

Equation 1 represents the chemical or gross heat release, and to completely solve
it an expression for the heat transfer, δQht, is needed. Woschni’s correlation [11]
is used here.
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4.1 Heat-Release Calculation

The heat release analysis takes as input the pressure and volume traces and their
derivatives and gives as output time or crank angle derivative of the net heat-
release. Provided a measured pressure Equation 1 can easily be numerically in-
tegrated which gives the heat release trace Qch(θ). Assuming that the mass of
mixture that burns is proportional to the released heat, then the mass fraction
burned trace can be calculated by normalizing the heat-release trace

xb(θ) =
Qch(θ)

max Qch(θ)

The heat-release analysis is used to analyze pressure data, measured on the engine,
and determine the best model parameters. Among others the crank angles for 10%
and 85% mass fraction burned are determined.

4.2 In-Cylinder Pressure Simulation

A model for simulating the in-cylinder pressure trace can easily be derived by
solving Equation 1 for the pressure differential, dp

dp =
δQch − γ

γ−1
p dV − δQht

1
γ−1

V + Vcr

Tw

(
T

γ−1
− 1

b
ln

(
γ−1
γ′−1

)
+ T ′

) (2)

This is an an ordinary differential equation that easily can be solved numerically
if it is provided with a heat-release trace, δQch. For this purpose the well-known
Wiebe function is used in its differentiated form.

The Wiebe function has the following appearance

xb(θ) = 1 − e
−a

(
θ−θ0

∆θ

)m+1

(3)

and its differentiated form is

d

dθ
xb(θ) =

a (m + 1)

∆θ

(
θ − θ0

∆θ

)m

e
−a

(
θ−θ0

∆θ

)m+1

where θ0 is the start of the combustion, ∆θ is the total combustion duration,
and a and m are adjustable parameters. Note that the Wiebe function is over
parameterized in a, m, and ∆θ, since for example the sets [a = 1, ∆θ = 1, m = 1]
and [a = 4, ∆θ = 2, m = 1] give identical functions.

Two parameters that are commonly used to characterize the mass fraction
burned profiles are the flame development angle, ∆θd, and rapid burning angle,
∆θb (see Figure 7). Here the flame development angle, ∆θd, is the crank angle
from ignition to 10% mass fraction burned, and the rapid burning angle, ∆θb, is
the crank angle from 10% to 85% mass fraction burned. The burn angle param-
eters can be used to calculate the parameters in the Wiebe function. Due to the
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Figure 7 The mass fraction burned profile with the flame development
angle, ∆θd, and rapid burning angle, ∆θb marked.

over parameterization either ∆θ or a must be specified for a unique solution, and
by specifying ∆θ beforehand the Wiebe parameters can be calculated using the
following scheme:

m =
ln( ln(1−0.1)

ln(1−0.85))
(ln(∆θd)−ln(∆θd+∆θb)) − 1

a = − ln(1 − 0.1)
(

∆θ
∆θd

)m+1

The differentiated Wiebe function produces the profile for the mass fraction
burned, dxb

dθ
. The fuel mass, mf together with its specific heating value, QHV

gives the following equation for the heat release rate,

dQch

dθ
= mf QHV ηf

dxb

dθ
= Qin

dxb

dθ

where ηf represents the combustion efficiency. The parameters mf QHV ηf are
lumped together in Qin for convenience. The parameters Qin, ∆θd, and ∆θb are
all determined using the previously described heat release model and the engine
data that will be described in the next section.

5 Engine Data and Model Parameters

In this section experimental data are analyzed using the heat-release model. Vari-
ations in flame development angle ∆θd and rapid burn angle ∆θb are studied with
respect to their variations with operating condition and ignition angle. Further-
more, a simple model is developed that describes how ∆θd depends on the ignition
angle. The experimental data are also used to determine a nominal set of model
parameters that will be used in the simulation evaluation.

Cylinder pressures are collected on a SAAB 2.3 liter, normally aspirated, pro-
duction engine, covering the engine operating range of engine speeds 1000, 1500,
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Figure 8 Variations in ∆θd and ∆θb as a function of ignition angle. The
different lines represent one operating condition with respect to engine speed
and load.

2300, 3500 rpm and engine loads 0, 20, 50, 90, and 130 Nm. The operating con-
ditions were selected to cover most of the normal driving conditions. In each
operating condition the spark advance has been changed in the range 35◦ BTDC
to TDC (except when the knock limit was reached). For each operating condition
and spark advance, which sums up to 107 data sets, 300 engine cycles have been
collected and analyzed.

5.1 Study of burn-angle variations

The flame development angle, ∆θd, and rapid burning angle, ∆θb, are central in the
description of how the combustion propagates and the cylinder pressure develops
and as a first step these parameters are studied. Heat-release traces have been
calculated for 150 cycles in each dataset, using the heat-release model, described in
Section 4, and the burn angles have been determined from the heat-release traces.
Brunt and Emtage [12] performed an investigation of burn rate analysis errors and
concluded that 150 cycles should be adequate for burn angle statistics.

5.2 Burn angles and spark advance

Figure 8 displays how the burn angles change with the ignition angle. The trend
in the data is that ∆θd first decreases and then increases as the ignition angle
is changed from very early to very late ignition. The minimum for the flame
development angle ∆θd is attained in a position described approximately by the
following relation

min ∆θd ≈ −2 θ∗
ig = −2 argmin

θig

∆θd(θig)
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Figure 9 Simulation of how the ignition angle influences the flame devel-
opment angle, ∆θd, through the laminar burning velocity, the result agrees
well with the experimental data in Figure 8. The minimum for ∆θd is 22◦

which occurs around θig ≈ 11◦.

The decreasing and then increasing trend in the data is due to that the flame
development and the pressure development are connected through the laminar
burning velocity, SL. Increasing the laminar burning velocity increases the rate of
combustion and thus decreases the flame development angle. The laminar burning
velocity is influenced by the pressure and the following power relation, which is
derived from Heywood [10] in Appendix B, models the dependence

SL = k1pk2

here k1 and k2 are positive constants that depend on initial temperature and
pressure for the cycle, fuel used, equivalence ratio, and burned gas diluent fraction.
Thus, increasing the pressure will decrease the flame development angle.

The influence that the ignition instant has on the of flame development is illus-
trated in the following examples: 1) For a very early ignition the pressure is low
during the flame development phase which gives large ∆θd. 2) When the ignition
angle is very late, the flame development phase is still in progress after TDC, and
for very late conditions the pressure starts to decrease due to the expanding volume
during the flame development phase which also increases ∆θd. In between these
two cases the flame development is centered around TDC, with a high pressure,
which produces the minimum flame development angle.

Burn rate model

A simple model, for the early flame propagation and combustion, is developed in
Appendix C that supports the explanation above. The flame-development angles
that are received from the model for different ignition angles are shown in Figure 9
and the simulation results agree well with the experimental data shown in Figure 8.
The model is based on the relations provided in Heywood [10] and an assumption
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of spherical flame propagation which specifies the burn-rate through

dmb

dt
= SL Af ρu (4)

where ρu is the unburned fluid density. The burn-rate specifies the mass-fraction
burned which in its turn is used to calculate the volume-fraction burned. Finally,
the flame-front area, Af, is determined using the assumption of spherical flame-
propagation. Note, this is an alternative to using the Wiebe-function for specifying
how the fuel-mass burns. For more complex models see e.g. [10, 13, 14].

Rapid burning angle

Figure 8 also shows that the rapid burning angle, ∆θb, increases with increasing
ignition angle. The rapid burning angle also depends on pressure development and
laminar burning velocity, in a similar way as the ∆θd, but during this phase the
flame area is much bigger and it is therefore also influenced by turbulence. When
the ignition is much earlier than shown in the figure, ∆θb is expected to increase
for the same reasons as ∆θd. But this is not further investigated since the ignition
for engines is normally retarded towards TDC from MBT, rather than advanced
to positions earlier than MBT.

One measure of the cycle-to-cycle variations is the standard deviation which is
shown in Figure 10. The figure shows that the cycle-to-cycle variations increase
with increasing ignition angle. The correlation coefficient between ∆θd and ∆θb is
shown in Figure 11, which clearly indicates that there is a dependence between the
two burn angles. It is also apparent that the correlation coefficient shows a trend
to increase with increased ignition angles.

5.3 Burn angles and engine speed

The influence of engine speed on ∆θd and ∆θb is shown in the two top plots in
Figure 12. For low speeds the burn angles increase with increasing engine speeds,
and for high speeds the burn angles decrease with increasing engine speed. A
dependence on engine speed is natural since the laminar flame speed gives the
burning as a function of time, see Equation 4, while the burn angles are functions
of crank angle and they are related through dθ = 2π N

60
dt, where N is the engine

speed in rpm. But the phenomena are complex and the laminar burn velocity alone
does not provide a sufficient explanation since burning also depends on turbulence.
One interesting question is why the burn angles decrease for high engine speeds.
A plausible explanation is that an increased engine speed increases the turbulence
which increases the effective laminar burning area and thus decreases the flame
development angle. Another contributor can be that an increased engine speed
increases the engine temperature which in turn increases the laminar burn velocity.

The two top plots of Figure 13 show how the standard deviations change with
the engine speed. There is a trend that an increased engine speed increases the
cycle-to-cycle variations for all conditions except for the lowest load which shows
a decreasing trend.
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Figure 10 Standard deviations for ∆θd and ∆θb for different ignition an-
gles. The standard deviations increase as the ignition angle is increased.

The left plot in Figure 14 shows how the correlation coefficient varies with
the engine speed. No obvious trend is visible, except than the dispersion in the
correlation coefficient increases for decreasing engine speed.

5.4 Burn angles and engine load

The two bottom plots in Figure 12 show that both burn angles decrease with
engine load. This is due to that for higher loads the pressure, and density during
the combustion are higher which increases the burn rate and thus decreases the
burn angles, other effects such as in cylinder velocities and turbulence does also
play a role. Also the standard deviations and correlation coefficient decrease when
the load increases, Figures 13 and 14.

5.5 Summary of burn-angle variations

Table 2 summarizes the trends in the different parameters derived from the burn
angles that are due to changing engine conditions. Ignition timing: The cyclic
variability increases as the ignition timing is delayed, and so does the correlation
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Figure 11 Correlation coefficient between ∆θd and ∆θb for different igni-
tion angles. There is a clear correlation between ∆θd and ∆θb for several
operating conditions and the trend is that the correlation increases as the
ignition angle is increased.

between ∆θd and ∆θb. Engine load: All parameters calculated from the burn angle
decrease with increasing engine load. Engine speed: For the engine speed there is
an increase in cyclic variability with increasing engine speed. The dependence and
correlation between the burn angle parameters have been investigated by several
others and many results are summarized in Section 9.4.2 in Heywood [10].

5.6 Burn-angle parameters for 1500 rpm 50 Nm

For this operating condition the parameters were varied within the following ranges
when the ignition θig is varied from −30◦ to −5◦.

∆θd ∈ (21, 26) min for θig ≈ −17

∆θb ∈ (15, 30) ↗ θig ⇒ ↗ θb

A simple model that well describes the mean values for these parameters is:

∆θd = 0.0149 θig
2 + 0.492 θig + 26.7

∆θb = 0.0156 θig
2 + 0.978 θig + 31.0

(5)

Using this model the optimal ignition timing has been determined in simulation
to θig = −21◦ which agrees well with the measured MBT timing of ∼ 20◦. Good
approximations for the burn rate parameters at ignition timings close to optimum
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Figure 12 Variations in ∆θd and ∆θb as a function of engine speed and
engine load.

are ∆θd = 23 and ∆θb = 17. This simple model is used to determine the gain
from ignition to peak pressure position or from ignition to a certain mass-fraction
burned level in Section 9.3.

5.7 Nominal Model Parameters

The heat-release model consists of several parameters that have been determined
using the cylinder pressure data described in the beginning of this section. The
parameters have been identified using a method that minimizes the prediction error.
The method is further described in [15].

The parameter identification and analysis of the data set produced a set of
nominal parameters that is used through out the simulation evaluation. For the
simulation study the operating condition 2300 rpm and 50 Nm was chosen since it
represents a normal driving condition. The parameters that are varied in the simu-
lation evaluation and their values are given in Table 3. A more detailed description
of the parameters and the effects that they model is given in Appendix A.
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Figure 13 The standard deviations for ∆θd and ∆θb as a function of engine
speed and engine load.
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Figure 14 Coefficient of correlation between ∆θd and ∆θb as a function of
engine speed and engine load.
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θig N TL

mean(∆θd) ↘↗ ↗↘ ↘
mean(∆θb) ↗ ↗↘ ↘
std(∆θd) ↗ ↗ (?) ↘
std(∆θb) ↗ ↗ (?) ↘
corcoef(∆θd, ∆θb) ↗  ↘

Table 2 A qualitative representation of how the burn-angle parameters vary
with increasing ignition angle θig, engine speed N, and engine load TL. The
symbols have the following meaning: ↘ – decreasing trend, ↗ – increasing
trend,  – no apparent trend, ↘↗ – first decreases then increases, ↗↘
– first increases then decreases, (?) – there are data that contradicts the
trend.

Param. Value Param. Value
∆θd 23◦ Vcr 0.5%
∆θb 17◦ Qin 600 J
C1 1 γ300 1.34
C2 0.5

Table 3 Nominal model parameter values that has been used during the
evaluation. The parameters are: ∆θd and ∆θb – burn rate parameters,
C1 and C2 – heat transfer parameters, Vcr – crevice volume given in % of
clearance volume, Qin – input energy, γ300 – ratio of specific heats for the
temperature T = 300K.

5.8 Mean values for the burn rates

Figure 15 shows averaged values for the burn-rate parameters at different operating
conditions, each mark in the plot represents one speed, load, and spark advance.
As it can be seen in the figure the burn-rate parameters lie in the following ranges

∆θd ∈ [16, 37]
∆θb ∈ [13, 38]

(6)

These values will be used as a basis in the simulation study especially in the study
of how the burn rate effects the deduced variables.

6 Simulation evaluation of engine efficiency

The results from the last two sections are a model and set of nominal model pa-
rameters that can be used to simulate the cylinder pressure. Now the attention is
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Figure 15 Variations in the flame development angle, ∆θd, and rapid burn-
ing angle, ∆θb, for the data set. Each mark in the plot represents the mean
value for the parameter, calculated from 150 cycles at each operating condi-
tion i.e. for one speed, load, and ignition timing. The different shapes rep-
resent different loads: ·-0 Nm, ◦-20 Nm, ×-50 Nm, +-90 Nm, and ∗-130 Nm

turned to the question that was posed in the introduction and refined in Section 1.1
with help from Figure 2: –How do the combustion descriptors vary when the model
parameters change?

The method that is used to solve this question is outlined in Figure 16. The
model parameters, described in Table 3, are varied and for each set of parameter
values the optimal ignition timing is determined using an optimization procedure
and finally the values of the combustion descriptors at the optimum is stored. With
optimal ignition timing it is meant the spark advance that maximizes the produced
work.

The spark advance has only a minor influence on the pumping process of the en-
gine, see Figure 17. By delaying the ignition instant the pressure and temperature
will become slightly higher when the exhaust valve opens but this increase does not
significantly contribute to the exhaust and intake processes. During the simulation
and search for optimal spark advance, it is therefore assumed that the ignition
timing that maximizes the indicated work from IVC to EVO also maximizes the
brake work.
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Figure 16 The method for studying the how different model parameters
influence the combustion descriptors at optimal ignition timing and.
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Pressure traces for four different ignition timings

Figure 17 Validation that the ignition does not significantly change the
intake and exhaust processes. In the engine data plotted the four ignition
angles ranged from −23◦ to −8◦ BTDC. Even though, the ignition angle
changed the pressure during the exhaust and intake strokes does not change,
and thus the pumping work is not significantly influenced by the ignition
timing.

Optimization procedure

The optimization problem, for finding the optimal spark advance, that is solved
during the evaluation is stated as: Find the ignition angle, θ∗

ig, that maximizes the
work, W, from IVC to EVO, i.e.

θ∗
ig = argmax

θig

W(θig)

The search is performed using a univariate maximization technique, similar to
golden section search, which gradually reduces the interval for the optimum, see
e.g. [16]. During the search the pressure trace p(θ, θig) and crank shaft torque
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M(θ, θig) are simulated for a given ignition angle θig, and the work is integrated
from the torque

W(θig) =

∫130◦

−130◦
M(θ, θig)dθ

Then the work W(θig) is compared with previous results and a new θig is calcu-
lated. The interval for the optimum θig is gradually reduced by the search method
and when the interval is smaller than 0.01◦ the optimization exits.

Outline of Parameter Variations

The following sections show the results from the evaluation of how the model
parameters in Table 3 affect the combustion descriptors deduced from the cylinder
pressure. First the influence of the flame development and rapid burn parameters
are investigated by varying ∆θd and ∆θb and having all other parameters fixed to
their nominal values given in Table 3. For each pair of values for ∆θd and ∆θb the
optimal spark advance is determined, and the pressure and heat release trace are
calculated. The combustion descriptors are then determined and their variations
and trends are plotted.

In Section 6.2 the influence of heat transfer and a correlation between the burn
angles are investigated. In Section 6.3 the crevice volume and heat transfer from the
combustion is investigated. Finally in Section 6.4 the influence of energy contents
and thermodynamic property is investigated.

6.1 Flame Development and Rapid Burn

The first analysis is performed by varying the flame development angle, ∆θd, and
rapid burning angle, ∆θb, see Figure 7 for their definitions. These combustion re-
lated angles depend on various measured parameters such as engine speed, engine
load, and engine temperature, they also depend on several non-measured param-
eters such as air humidity, dilution by excess air and EGR. The desired property
of the combustion descriptor is that it should not depend on changes in these
parameters (nor in any other non-measured parameter).

The data set from the engine test cell provides information on how ∆θd and ∆θb

vary with engine speed, engine load and ignition angle. Each mark, in Figure 15,
is averaged over 150 consecutive cycles at constant engine speed, engine load, and
spark advance. As it can be seen in the figure the parameters lie in the ranges
∆θd ∈ [16, 37], and ∆θb ∈ [13, 38]. For the simulation evaluation the following
larger set of parameter values is used,

∆θd ∈ [15, 45]
∆θb ∈ [5, 45]

(7)

These ranges over-estimate the variations in the parameters at the optimal spark
advance since the figure includes all operating conditions and all spark advances in
the measured data.
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Figure 18 Pressure traces for optimal spark advance for changes in rapid
burning angle ∆θb. The flame development angle is ∆θd = 20◦ for the plot
in this figure.

Pressure traces and heat release rates

Figures 18 and 19 show how the rapid burn rate ∆θb effects the position of the
pressure trace and the heat release trace at optimal spark advance. Figure 19
shows how the combustion is positioned for varying rapid burn angles at optimal
ignition timing. For increasing rapid burn angles the optimal ignition occurs ear-
lier and the burning of the fuel is centered around a position slightly after TDC.
Studying Figure 19 it is clear that the crank angle positions for 50% mfb are very
close for all traces. This is the basic idea behind the empirical rule for positioning
the 50% mass fraction burned at a pre-determined crank angle (for example 9◦

ATDC).
The evaluation below shows how the burn-rate parameters, ∆θd and ∆θb influ-

ence the optimal ignition timing, as well as how the peak pressure position and the
mass fraction burned traces are positioned at optimal ignition timing for varying
burn rate parameters.

Ignition timing

The optimal ignition timing is directly influenced by the changes in burn rate and
varies in wide range, which can be seen in Figure 20. Each circle in the plot
represents one set of values for ∆θd and ∆θb. The optimal spark advance increases
when flame development angle, ∆θd, and rapid burning angle, ∆θb, increase.
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Figure 19 Heat release traces for optimal spark advance for changes in
rapid burning angle ∆θb. The flame development angle is ∆θd = 20◦ for
the plot in this figure.

Peak pressure position

The peak pressure position (PPP or θpp) at MBT timing for changing burn rate
parameters is displayed in Figure 21. The figure shows that the optimal ignition
timing results in a pressure peak that is positioned in the range 10◦ to 17◦ ATDC
for large changes in the flame development angle, ∆θd, and rapid burning angle,
∆θb. This corresponds well with earlier measurements for the engine which has
shown that the optimal spark advance results in a peak pressure position around
14◦ to 16◦ ATDC [9]. Two things are worth to mention: First and most important,
the optimal PPP only changes 7◦ while the optimal spark advance changes 50◦ (this
has been reported earlier [1]). Second, the rapid burn angle has more influence on
the optimal PPP than the flame development angle.

Mass fraction burned

Figure 22 shows an enlargement around levels of 40 − 55% mass fraction burned
which gives another view of the results in Figures 23 and 24. As it can be seen in
the figure the traces are very close together for mass fraction burned levels in the
range 45 − 50%. From the figure it is evident that positions for higher or lower
levels than 45 − 50% will result in larger changes when the burn angles vary. For
variations in flame development angle and rapid burn angle only, the 45% and 50%
mass fraction burned position are good measures of the combustion efficiency since
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Figure 20 Changes in the optimal ignition angle as a function of flame
development angle, ∆θd, and rapid burning angle, ∆θb. The x-axis gives
values for ∆θb, the lines represent constant ∆θd, and the y-axis gives the
optimal ignition timing MBT timing.

it changes less than 2◦ at MBT timing, even for large changes in the burn angles.
The positions for 45% and 50% mass fraction burned (θ45% and θ50%) are

displayed in Figures 23 and 23 for varying ∆θd and ∆θd. The variations are at a
minimum for ratios between 45% and 50%, but if there is a correlation between
∆θd and ∆θb then θ45% is slightly better, this is further illustrated in the next
section where a correlation between the burn angles is simulated together with the
heat transfer is evaluated.

6.2 Heat Transfer and Burn Rate

The heat transfer is influenced by many operating parameters among others swirl,
tumble, and turbulence which depends on engine design, as well as engine speed
and engine temperature. In the Woschni heat-transfer correlation the heat transfer
coefficient C1 is normalized such that it normally for SI engines lies around C1 ≈ 1.
For the engine data used here C1 = 1 also gave a god fit. In the simulations the
heat transfer coefficient is changed in the interval

C1 ∈ [0.0, 3.2]
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Figure 21 The peak pressure position (PPP) for optimum spark advance
(MBT timing) as a function of flame development angle, ∆θd, and rapid
burning angle, ∆θb.
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Figure 22 Enlargement of the mass fraction burned traces shown in Fig-
ure 19 and with all other traces traces added. The plot shows that mass
fraction burned levels between 45% and 50% are contained in a narrow re-
gion for a variety of flame development and rapid burn angles.
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Figure 23 Changes in the 45% mass fraction burned for optimum ignition
as a function of flame development angle, ∆θd, and rapid burning angle,
∆θb.

The influence of the burn rate is further evaluated by changing ∆θd and ∆θb

according to the following linear relation

∆θb = 12 + (∆θd − 15)
38 − 12

35 − 15
(8)

where ∆θd is varied in the interval

∆θd ∈ [10, 40]

The linear relation 8 represents variations in the burn rates that lies on a line in
Figure 15, going through the points ∆θd = 15, ∆θb = 12 and ∆θd = 35, ∆θb = 38.

Optimal spark advance MBT

The optimal spark advance (MBT timing) is shown in Figure 25 for changes in
heat transfer and heat release rate. The optimal spark advance decreases with
increasing heat transfer and increases with longer ∆θd and ∆θb.

Peak pressure position

The optimal peak pressure position (PPP) for changing heat transfer coefficients
and burn rates are shown in Figure 26. The optimal position varies between 5 and
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Figure 24 Changes in the 50% mass fraction burned for optimum ignition
as a function of flame development angle, ∆θd, and rapid burning angle,
∆θb.

25◦ ATDC. Increasing the heat transfer increases the optimal PPP, θpp, while in-
creasing the burn angles according to Equation 8 produce a more complex behavior
in the optimal PPP. The variations follow the behavior of Figure 21: for small and
large ∆θb the optimal θpp occurs early, and for a position in between the optimal
θpp has a maximum.

Mass fraction burned

Figure 27 displays the optimal position for 45% mass fraction burned, θ45%, when
the heat transfer and burn rate varies. Increasing the heat transfer increases θ45%,
while changes in the burn angles only produce a change of 1◦ in θ45%. The position
for 50% mass fraction burned has also been studied and the behavior for changing
heat transfer was almost identical to the 45% mass fraction burned position, while
for changes in the burn angles the optimal position changed 3◦ (which three times
larger than for θ45%). The conclusion is: when there is correlation between the
burn angles then a criteria based on 45% mass fraction burned is slightly better
than a criteria based on 50% mass fraction burned.



6 Simulation evaluation of engine efficiency 163

0 0.5 1 1.5 2 2.5 3 3.5
−70

−60

−50

−40

−30

−20

−10

0

10
∆θ

d
=10

∆θ
d
=15

∆θ
d
=20

∆θ
d
=25

∆θ
d
=30

∆θ
d
=35

∆θ
d
=40

Optimal ignition timing

θ ig

Heat transfer C
1

Figure 25 Changes in the optimal ignition angle as a function of heat
transfer coefficient C1 and changes in burn rate through ∆θb = 12+(∆θd −
15)/20 ∗ 26.

6.3 Crevice Volume and Heat Transfer

The correlation parameter C2, in the Woschni heat transfer correlation, reflects an
increase in heat transfer due to the influence that the combustion has on charge
movement. It usually lies around C2 ≈ 1, and C2 = 0.5 produced a good fit to the
engine data. The crevice volume, Vcr, takes into account the losses for flows into
and out of crevices. The crevice volume is given in percent of clearance volume,
and reasonable values are 1−2% [5]. These parameters are changed in the following
ranges C2 ∈ [0, 1.5], Vcr ∈ [0, 1.5].

Influence on PPP and MFB

The optimal PPP for changes in heat transfer coefficient, C2, and crevice volume,
Vcr is displayed in Figure 28. Increasing C2 delays the optimal position and in-
creasing the crevice volume has only a slight affect. The influence of the crevice
volume is more pronounced for cycles with high pressures, i.e. with early ignition
timings where the pressure peaks early.

The influence of changing C2 and Vcr on the optimal 45% mass fraction burned
position is the same as that of the optimal peak pressure position. While θpp varies
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Figure 26 Changes in the optimal peak pressure position (PPP) as a
function of heat transfer coefficient C1 and changes in burn rate through
∆θb = 12 + (∆θd − 15)/20 ∗ 26.

from 12◦ to 24◦, then θ45% varies from 3◦ to 17◦.

6.4 Qin and γ300

The input energy changes mainly with changing fuel and with mixture strength.
The offset parameter γ300 which represents γ = cv

cp
at T = 300◦K and also depends

on the mixture. These parameters were changed in the ranges

Qin ∈ [500, 600]
γ300 ∈ [1.3, 1.4]

Changing Qin results in very small changes in the optimal spark advance and the
optimal values for the optimal PPP and MFB, all changes were less than:

0.4◦ degrees for θig

0.4◦ degrees for θ50% and θ45%

0.45◦ degrees for θPP or (PPP).

Changing γ300 also results in small changes in optimal spark advance and the
optimal values for the criteria, all changes were less than:
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Figure 27 Changes in the optimal position for 45% mass fraction burned
position as a function of heat transfer coefficient C1 and changes in burn
rate through θb = 12 + (θd − 15)/20 ∗ 26.

2.2◦ degrees for θig

2.2◦ degrees for θ50% and θ45%

1.7◦ degrees for θPP or (PPP).

6.5 Evaluation of loss

The interesting question that remains is: –How much work is lost if the ignition is
not maintained at its optimum? The efficiency that is studied is the net indicated
efficiency which represents a wide open throttle (WOT) condition, while a part
load condition would increase the loss since the pumping work must be taken into
consideration. As parameters for the simulation evaluation the nominal parameter
values given in Table 3. Some rules of thumb can be picked out of the figure:
1) A one degree change off from optimal ignition timing will produce a loss of
0.03 percent. 2) Ten degrees off from optimum gives a loss of 3 percent. 3) A one
percent loss occurs for an ignition 5.8◦ off from optimum. Note once again that
these figures if valid for the net indicated efficiency.

Variations with operating condition in the burn angles will produce a changed
optimal value for the ignition. Studying the simulation results in Figures 21, 23,
and 24 we see that the combustion descriptor, peak pressure position and the
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Figure 28 Changes in the optimal peak pressure position as a function of
heat transfer coefficient C2 and changes in crevice volume.
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Figure 29 Net indicated efficiency as a function of ignition angle, the op-
timal value for the ignition is θig = 22.9◦. The plot is generated with the
model parameters at their nominal values.
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Figure 30 The loss of not maintaining the peak pressure position at its
optimum. In the plots the peak pressure has been kept at a position of 14◦

ATDC and the loss in efficiency compared to the optimal ignition. It can
be seen that the loss is less than 0.4%.

positions for 45 and 50% mass fraction burned varies slightly with the burn angles.
The main question is how much is lost when the combustion descriptor is controlled
to a value off optimum. For the mfb-traces the question is elementary since the a
change in desired position will change the ignition equally much. Figure 23 suggests
that if the position for 45% mfb is controlled to 9◦ ATDC then the ignition timing
will at most be 1.2 degrees off optimum thus the loss will be much less than 0.1%.
However, the peak pressure position is not as easy as the mfb to analyze directly,
therefore a simulation evaluation is necessary. By controlling the peak pressure
position to a certain pre-determined value and comparing the produced work to
the work for the optimal ignition timing the loss in not maintaining the ignition at
an optimal ignition timing can be calculated. Studying Figure 21 and considering
only variations for the rapid burn angle in the range ∆θb ∈ [10, 35] we see that a
good trade off for the optimal PPP lies lies close to 14◦. Figure 30 shows the loss
when the peak pressure position has been controlled to 14◦ and the output work
has been compared to the optimal work. Thus the loss is less than 0.4% for this
choice of reference value and range of burn rate parameters.
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7 Summary of simulation evaluation

Table 4 summarizes the simulation evaluation and shows the influence of different
model parameters on the different combustion descriptors. As it can be seen in the
table the position for 45% mass fraction burned has smallest variations for varying
burn angles, especially when there is a correlation between flame development angle
and rapid burn angle (row 4 in the table).

Param. θig θpp θ45% θ50%

∆θd 30◦ 2.0◦ 1.5◦ 1.5◦

∆θb 18◦ 7.5◦ 1.2◦ 1.3◦

C1 19◦ 18◦ 20◦ 21◦

∆θd & ∆θb 50◦ 15◦ 1.0◦ 3.0◦

C2 15◦ 13◦ 15◦ 15◦

Vcr 1.6◦ 1.5◦ 1.6◦ 1.6◦

Qin 0.4◦ 0.45◦ 0.4◦ 0.4◦

γ300 2.2◦ 1.7◦ 2.2◦ 2.2◦

Table 4 Summary of how much the different model parameters influence
the different combustion descriptors in the simulations.

All variables are directly influenced by the amount of heat transfer, when the
heat transfer increases the optimal position for the burning of fuel is later in the
cycle. This agrees with what has been reported by Hubbard et. al. [1] for the peak
pressure position. Furthermore, the simulation has also shown that the influence
of heat transfer and crevice volume on the combustion descriptors is small.

7.1 Validation of relevance of study

One remaining question is whether or not the evaluation produces results for the
deduced variables that agrees with engine measurements. The results from the
evaluation of burn rate parameters and the optimal PPP, Figure 21, predicts that
the optimal value for this engine lies in range 11◦ to 17◦. Torque and pressure
measurements for a wide range of operating conditions has shown that the peak
pressure position for MBT timing most often occurs between 14◦ and 16◦ [17], which
coincide with the results from the evaluation. Additionally, as it was mentioned
earlier the influence of heat transfer also agrees with that reported by others.

8 Cycle-to-cycle variations

So far the simulations, described in the previous sections, has been performed for
the mean values of the burn angles (∆θd and ∆θb). Cycle-to-cycle variations are
always present in SI engines and it is therefore an important issue to investigate if
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Figure 31 Model of the combustion process where the parameters θig, Θd,
and Θb are inputs and the mass fraction burned, cylinder pressure, PPP,
and work are outputs. θig is a deterministic variable while Θd, and Θb are
stochastic variables.

the cycle-to-cycle variations in the burn rates change the criteria for optimal spark
advance. To evaluate the influence of cycle-to-cycle variations on the criteria a
stochastic model of the burn angle parameters has been used.

In Figure 31 the model of the combustion process is shown, where the burn
angle parameters, ∆θd and ∆θb, are modeled as stochastic variables Θd and Θb.
The work, mass fraction burned, and PPP are all modeled as a function of the two
stochastic variables Θd, and Θb and the deterministic ignition timing θig. The
work for one cycle can be expressed as

Work(θig) = w(Θd, Θb, θig)

The optimal spark advance, θ∗
ig, which maximizes the work output W(θig) in

the presence of variations, can mathematically defined as

θ∗
ig = argmax

θig

E[w(Θd, Θb, θig)] (9)

where E[·] represents the expectation with respect to the stochastic variables. What
has been investigated in the previous sections is the following

θ◦
ig = argmax

θig

w(E[Θd], E[Θb], θig) (10)

and the question is thus how much the optimum differ, i.e. ∆ = θ∗
ig − θ◦

ig.
The expectation in Equation 9 is defined as

W(θig) = E[w(Θd, Θb, θig)] =∫∫
R2 w(θd, θb, θig)fΘd,Θb

(θd, θb)dθd dθb
(11)

where fΘd,Θb
(θd, θb) is the two-dimensional probability density function (pdf) for

the stochastic variables Θd, and Θb. The MBT timing, θ∗
ig, is received when
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maximizing the work in the equation above

θ∗
ig = argmax

θig

W(θig)

The function w(θd, θb, θig) is deterministic and can be simulated using the model
described in Section 4. The only thing needed for the calculations is the pdf
fΘd,Θb

(θd, θb), and it is derived from measurement data using the procedure de-
scribed below. Finally, the double integral in Equation 11 is discretized by divid-
ing the area into a number of rectangles and assuming that fΘd,Θb

(θd, θb), and
w(θd, θb, θig) are constant in each rectangle.

8.1 Derivation of the pdf

The probability density function (PDF) has been created following the eight steps
described below. Figure 32 illustrates the results from four of the steps. To get
an estimate of how much the optimum can change with cycle-to-cycle variations,
the operating condition with the largest cycle-to-cycle variations in ∆θd and ∆θb

is used for the simulations.
1) Select the data set with the largest variations.
2) Subtract the mean values for ∆θd and ∆θb.
3) Find the principal components x, y and present the data in the principal com-
ponents. (The result from steps 1 to 3 is illustrated in (a) and (b) in Figure 32).
4) Assuming independence for the principal components.
5) Estimate the pdf for each component direction, fX(x) and fY(y). Figure 33
shows a test of normality in the x and y directions and the result is that the y

direction seems to be well described by a Normal distribution. As a result fX(x) is
modeled using a smoothed version of the data and fY(y) is assumed to be Normal
distributed. (The pdf’s are shown in (c) in Figure 32.)
6) The two-dimensional PDF is then calculated as follows, using the assumption
of independence fXY(x, y) = fX(x) · fY(y).
7) Substitute variables back to ∆θd, and ∆θb. (This is shown in (d) in Figure 32.)
8) Translate the PDF back using the mean values subtracted in step 2 for ∆θd and
∆θb.

Validation of the stochastic model

To validate the pdf it has been compared with the raw data, by dividing the area
into smaller regions Ωi an comparing the number of data in the region Ni with
the probability received from the integral

N ·
∫∫

Ωi

fXY(x, y)dx dy

(N is the total number of data). The agreement was good between raw data and
the numbers that were predicted by the pdf-integral and therefore the derived pdf
was accepted as a model for the burn rate variations.



8 Cycle-to-cycle variations 171

−20 −10 0 10 20

−15

−10

−5

0

5

10

15

20

(a)

−20 −10 0 10 20 30
0

0.05

0.1

0.15

0.2

0.25

p
Y
(y)

p
X
(x)

(c)

−10 0 10 20
−15

−10

−5

0

5

10

15

(b)

X

Y

−10 0 10
−10

−5

0

5

10

15
(d)

Figure 32 Four of the steps in deriving the pdf for the burn-rate param-
eters are shown. a) Find principal components. b) “Rotation” to principal
components (x, y). c) pdf for principal components. d) Rotation back to
burn rate parameters.
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Figure 33 Test of normality for data averaged over the principal com-
ponents. The x-component does not fit a Normal distribution while the
y-components does.
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Figure 34 The output torque, peak pressure position, 45% and 50% mass
fraction burned as a function spark advance. Solid lines – no cycle-to-cycle
variations. Dashed lines – parameters influenced by cycle-to-cycle variations.

8.2 Influence of cycle-to-cycle variations

Values for θpp, θ45%, and θ50% can be calculated in the same manner as the work in
Equation 11, and the influence of cycle-to-cycle variations on these parameters can
thus be determined. Straight-forward simulations is used to calculate the determin-
istic function w(θd, θb, θig), and the expected work E[W] can finally be calculated.
Figure 34 shows the result from the analysis. The solid lines represent a simulation
where no cycle-to-cycle variations (ccv) are present (Equation 10), and the dashed
lines when cycle-to-cycle variations are present (Equation 10). To generate each
line, a sweep with the ignition angle has been performed, and the maximum in each
plot represents MBT timing. The delta, ∆, is defined as the difference between the
max positions for the simulation with ccv and the maximum position for the the
simulation without ccv. The table below summarize the influence of cycle to cycle
variations on the different criteria.
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Parameter Change in optimum, ∆

θig 0.28◦

θpp −0.29◦

θ45% 0.26◦

θ50% 0.27◦

As it can be seen the influence on the criteria is very small and the error that has
been made in the analysis earlier can thus be neglected. However, the reduction
in output work due to cycle-to-cycle variations is still significant since it influences
the engine performance.

9 Issues Relevant for Feedback Control

Beside the robustness there are also some other things that influence the perfor-
mance of a feedback controller, and some issues are discussed here.

9.1 Ambiguity in PPP

For very late ignition timings the pressure rise from the combustion will come too
late so that the pressure will attain it’s maximum close to TDC. This ambiguity
will always occur. Increasing the rapid burn angle, ∆θb, decreases the ignition
angle where the position for the pressure peak starts moving towards PPP, see
Figure 35. The trend becomes more pronounced when the rapid burn angle, ∆θb, is
increased above 37◦. Note that the values for the rapid burning angle in the figure
are very large compared to the ones obtained from the engine data, Figure 15.
The ambiguity has also been pointed out by Matekunas [18]. The numerator in
Equation 2 gives insight into what happens (the denominator is always positive).
During the expansion the pressure rise dp due to combustion dQch competes with
the pressure decrease due to the expanding volume p dV and the peak pressure
occurs at the position where these are equal (if there is no heat transfer). At TDC
dV is zero, it then increases with the crank angle and the maximum is attained
slightly before θ = 90◦. Increasing ∆θb decreases the burn rate dQch, see e.g.
Figure 19. With these two trends competing the pressure will attain its maximum
earlier for increasing values of ∆θb.

Implications for control

The determination of the peak pressure position is a simple task but under low
load conditions, where the rapid burn angle becomes large and the cycle-to-cycle
variations also are large, then it can be difficult to infer from only the peak pressure
position whether the cycle is slow burning or fast burning. It can thus be difficult
to perform the spark advance updating based on only the PPP information for
conditions where the rapid burning angle is large. However, in the measured data
only conditions close to idle pose problems since they are the only ones that have
large values of ∆θb.
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Figure 35 A carpet plot showing the output torque T as a function of
the three values: peak pressure position θpp, rapid burning angle ∆θb, and
ignition angle θig. The ignition timing was varied from 60◦ BTDC to 10◦

ATDC. For very late ignition timings TDC is detected as peak pressure
position. The flame development angle was fixed to ∆θd = 25◦ for all
conditions simulated. Note that the rapid burn angles were chosen very
large compared to the engine data shown in Figure 15.

9.2 Determination of the Combustion Descriptors

Another issue that has not yet been addressed is the retrieval of the combustion
descriptors, and the accuracy of the pressure data. The algorithm for finding PPP
is more simple than that of finding the mass fraction burned. To find the peak
pressure position, it is necessary to have the correct crank angle phasing and a
simple peak search can be utilized. Systems for determining the peak pressure
have also been implemented in purely hardware. To determine the mass fraction
burned profile it is necessary to have, correct phasing, a correct offset of the pressure
signal, and a heat-release model. But with the pressure signal directly available and
a fast enough micro processor the difference in complexity is of little importance.
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9.3 Gain evaluation

The performance of a feedback controller can be enhanced if knowledge of the cycle-
to-cycle variations (noise) and the gain for the system is known. Cycle-to-cycle
variations have already been studied in Section 5 and the issue remaining here is to
investigate how the gain, from ignition to combustion descriptor, changes when the
ignition timing itself changes, for a typical operating condition. The model for how
the burn angles vary with the ignition angle for 2300 rpm and 50 Nm, Equation 5,
is used to determine the gain. The simulation results are shown in Figure 36, where
the gain for the PPP is defined as

gain =
∆PPP
∆θig

and the gains for 45 and 50% mass fraction burned positions are defined analo-
gously.

There are significant variations in the gain as the ignition timing varies. At
optimal ignition timing (θig = −21◦) the gain is approximately unity for positions
of 45 and 50% MFB and about 0.8 for the PPP. The linear dependence of the gain
on the ignition comes from the quadratic model of the burn angles, Equation 5.
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Another interesting thing shown in the figure is that the gain for the PPP is lower
than for the MFB, this is due to the flattening influence that increasing crank
angles (after TDC) have on the pressure development.

10 Summary and Conclusions

Three combustion descriptors deduced from the in-cylinder pressure have been
studied. They are: peak pressure position, different levels of the mass fraction
burned and, the pressure ratio. The combustion descriptors are related to the
MBT timing, and have the potential of being used as sensed variables for feedback
control of the spark advance. A desirable property is that the combustion descriptor
is insensitive to non-measured changes in engine or environmental conditions. The
three combustion descriptors were studied with respect to changes in burn angle
parameters, heat transfer parameters, crevice volume, input energy, and ratio of
specific heat. The main conclusions are:

• The peak pressure position and the positions for 45%−50% mass fraction burned
does not change much when the flame development angle and rapid burn angle
change in wide ranges.

• Considering only the mass fraction burned it is shown that the position for levels
between 45% and 50% varies least when the burn angles change. When there is
a correlation between the burn angles then the position for 45% is better than
50%.

• By controlling the combustion descriptors to constant positions (14◦ for peak
pressure position and 9◦ for the 45% mass fraction burned level) the loss in net
indicated work is less than 0.4% even under large changes in the burn angles.

• The cycle-to-cycle variations have only a minor influence the optimal spark ad-
vance. The criteria based on the combustion descriptors can, without significant
loss of information, be evaluated considering only the mean values for the burn
angle parameters.

• The pressure ratio is very similar to the mass fraction burned, and no separate
treatment is needed.

• The optimal value for combustion descriptors is influenced by the heat transfer.
An increased heat transfer moves the optimum to a later position.

• The crevice flow, input energy, and ratio of specific heat at 300◦ do not have a
large influence on the optimal value of the combustion descriptor.

• There is an ambiguity in the peak pressure position which is significant only for
large values (> 37◦) of the rapid burning angle. The ambiguity can occur at idle
and also for very late ignition timings.
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A Heat-Release Model

This appendix describes the one-zone heat-release model that has been used in
this work. The model has been widely used and the phenomena that it takes into
account have been described earlier in the literature [5, 10]. Basically the model is
a one-zone model based on the first thermodynamic law, in which some parameters
are not fully known. Some of the processes that influences the cylinder pressure are
combustion, volume changes, heat transfer to the chamber walls, and mass leakage
to the crevices. The article by Gatowski et.al. [5] develops, tests and applies the
heat release analysis procedure used here. The model maintains simplicity while
still including the effects of heat transfer and crevice flows.

A.1 Energy conservation equation

The combustion process is considered as a separate heat addition process and the
contents of the chamber is regarded as a single fluid. In the model the thermody-
namic properties of the fluid are represented by a linear approximation for γ(T).
Straightforward heat transfer and crevice models are used to complete the energy
balance in the first thermodynamic law

δQch = dUs + dW + δQht +
∑

i

hi dmi

Here the conventions, following [5, 10], are used: δQch is the chemical energy that
is added to the fluid through combustion; dU is the increase in internal energy
which is considered as only a function of mean charge temperature, Us = mcu(T),
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where both products and reactants are referred to the same datum; dW is the
work produced by the fluid on the piston, i.e. p dV ; δQht is the heat transfer from
the fluid to the cylinder walls; hi dmi is the enthalpy for the mass flow out of the
cylinder.

The single mass flux considered is the gas flow into and out of crevices, dmi =
dmcr = −dmc. In this model no blow-by is considered. The mean temperature for
calculating the internal energy is computed using the ideal gas law T = pV

mcR
, which

is close to the mass averaged cylinder temperature since the molecular weights of
the reactants and the products are almost identical [5]. Using the statements
above, the ideal gas law, and assuming that the change in the gas constant can be
neglected, then the following expression can be derived

δQch = cv

R
V dp + (cv+R)

R
p dV+

(h ′ − u + cvT)dmcr + δQht

(12)

dmcr > 0 for flows out of the cylinder into the crevice, and h ′ is evaluated at
cylinder conditions when dmcr > 0 respectively at crevice conditions otherwise.

A.2 Thermodynamic properties

The most important thermodynamic property used for calculating the heat release
rates for engines is the ratio of specific heats, γ. It is important since it affects how
accurate changes in the internal energy of the working fluid can be represented. The
ratio of specific heats, γ, decreases with the fuel/air mixture, and it also decreases
with the temperature.

Model of γ

A simple model of gamma is to describe it as a linear function of temperature which
can be parameterized as,

γ(T) = γ300 + b (T − 300)

where γ300 and b are constants. The approximation in this model is consistent
with the other components of the one-zone heat-release model, and it is sufficient
for calculating burning rates and the overall energy balance [5].

Changing the air/fuel ratio mainly changes the parameter γ300, while the
change in b is relatively small. For evaluation of data from a motored cycle the
parameter b is fixed to b = −2.487 · 10−4 which represents the slope of γ(T) in the
range T ∈[300K, 1000K]. For firing cycles a value of b = −7.0 · 10−5 is used which
approximates the slope for both products and reactants when T ∈[300K, 2500K].

A.3 Crevice model

The crevice walls cool the gas in the crevices to a temperature close to the wall
temperature, therefore crevices may contain substantial amounts of gas when the
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cylinder pressure is very high. The percentage of the original charge present in the
crevices at the end of the combustion can approach 10% [5]. A simple model which
does not account for blow-by is to consider a single aggregate crevice volume which
has same gas temperature as the walls and the same pressure as the cylinder, i.e.
mcr = (pVcr)

RTw
.

Using the model for γ the factor that multiplies dmcr in Equation 12 can be
rewritten, and with the crevice model the heat release model now becomes,

δQch = γ

γ−1
p dV + 1

γ−1
Vdp + δQht

+dp Vcr

Tw

(
T

γ−1
− 1

b
ln

(
γ−1

γ′−1

)
+ T ′

)

(For an explanation of the primed quantities, γ′ and T ′, see the text after Equa-
tion 12). This is an equation which represents the chemical or gross heat release,
and to complete it models for heat transfer must be added.

A.4 Temperature model

The temperature is needed in the heat transfer model and for γ(T), and the ideal gas
law pV = mRT is used to calculate the temperature. By knowing the temperature
at some known datum, e.g. IVC, the ideal gas law can be rewritten to

pV =
pivcVivc

Tivc
T

which eliminates m and R. The model gives the mean charge temperature at a
given pressure and volume during the combustion cycle from IVC to EVO.

A.5 Convective Heat Transfer

The magnitude of the rate of energy transfer by convection, which occurs in a
direction perpendicular to the surface fluid interface, Q̇ht, is obtained by use of an
expression referred to as Newton’s law of cooling

Q̇ht = h A ∆T = h A (T − Tw)

where A is the surface area of the body which is in contact with the fluid, ∆T =
T − Tw is the appropriate temperature difference, and h is the convection heat
transfer coefficient. The most important task is to accurately predict the magnitude
of the convection heat transfer coefficient. Since this quantity is a composite of
both microscopic and macroscopic phenomena, many factors must be taken into
consideration. For many flow geometries, h, is given by the relation [19, 20, 11]

Nu = C (Re)m (Pr)n

The correlation used to calculate the instantaneous spatially averaged heat
transfer is based on the form proposed by Woschni [11], which essentially is a
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Nusselt-Reynolds number of the form Nu = 0.035Rem.

h =
131B0.2C1p0.8w0.8

T0.53

where,

w = 2.28

(
Up + 3.4 · 10−3C2

Vdisp

Vivc

(pf − pm)

pivc

Tivc

)

The variables are:

B cylinder bore Up mean piston speed
p cylinder pressure T charge temperature

pm motored pressure Vdisp displaced volume
pf firing pressure C1, C2 tuning constants

This model gives the rate of the heat transfer Q̇ht. To simulate it in the crank
angle domain it has to be scaled with the engine speed, n, which results in,

δQht

δθ
=

δQht

δt

δt

δθ
= Q̇ht

n π

30

B Laminar burning velocity

This section aims at deriving an expression for the laminar burning velocity which
for a given initial condition only depends on the pressure. Data for the laminar
burning velocity at different pressures and temperatures have been fitted to the
following power law Heywood (p.403) [10]

SL = SL,0

(
Tu

T0

)α (
p

p0

)β

(13)

where T0 = 298 K and p0 = 1 atm are reference states, SL,0, α, and β are constants
for a given fuel, equivalence ratio, and burned gas diluent fraction. An expression
for the laminar burning velocity which only depends on the pressure can be derived
using the isentropic relation for state changes in pressure and temperature

Tu

Ti

=

(
p

pi

)1−1/γ

(14)

where Ti and pi represents the pressure and temperature at some state in the cycle,
and γ is the ratio of specific heats. Inserting (14) into (13) and lumping all things
except the pressure into constants we get

SL = k1 · pα+β−α/γ = k1 · pk2
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where k1 and k2 are constants that depend on SL,0, α, β, γ, T0, p0, Ti, and pi.
Values for the constants α, β, and SL are given as functions of the equivalence ratio
(Heywood [10] p. 403)

α = 2.18 − 0.8 (φ − 1)
β = −0.16 + 0.22 (φ − 1)

SL,0 = Bm + Bφ (φ − φm)2

where φ is the fuel/air equivalence ratio and where Bl and Bφ are constants de-
pending on the fuel. The following expression can be derived for k2

k2 = 2.02 −
2.18

γ
−

(
0.58 −

0.8

γ

)
(φ − 1)

which is positive for all normal values of γ and φ. Using data avaliable in Hey-
wood [10] it can also be shown that k1 > 0 for φ ∈ [0.7, 1.5] (which covers the
fuel/air range of interest). Hence, it is shown that k1 and k2 are positive in the
range of interest and that the laminar burning speed increases with increasing
pressures during the cycle.

C Early combustion development

The model developed here is used to explain the flame development angle, ∆θd,
as a function of ignition angle, θig. The basis for the model is the expression for
laminar burn velocity, Equation 13, and the assumption that the flame is spread-
ing spherically in the cylinder. Neglecting the loss mechanisms and assuming an
ideal gas with constant specific heats then the first law of thermodynamics can be
rewritten to

δQch =
γ

γ − 1
p dV +

1

γ − 1
V dp

which gives the following expression for the pressure differential

dp =
δQch − γ

γ−1
p dV

1
γ−1

V
(15)

The heat released is assumed to be proportional to the mass of mixture burned
δQch = qin dmb. The mass burn-rate is specified through

dmb

dt
= SL Af ρu (16)

where ρu is the unburned gas density. Assuming that the unburned gas is an ideal
gas which is isentropically compressed, then the density can be calculated provided
initial conditions and the pressure. The assumption of spherical flame propagation
provides the connection between the enflamed volume Vf and the flame-front area
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Af. The volume fraction enflamed yb can be expressed in terms of the mass fraction
burned Heywood (p.392) [10]

yb =

{
1 +

ρb

ρu

(
1

xb

− 1

)}−1

(17)

where the density ratio ρu

ρb
depends on several parameters but is, for most SI-engine

conditions, close to 4. This gives the volume burned Vb = yb V(θ)
Equations 15 to 17 represent a closed system of equations that produce a second

order ordinary differential equation which is easily solved numerically. The only
remaining difficulty is the singularity at the ignition instant where the enflamed
volume is zero and thus the enflamed area also is zero which would not produce any
burn rate at all. To overcome this simulation difficulty the spark discharge is as-
sumed to produce a volume equivalent to a cylinder with length 1 mm and diameter
0.01 mm, which represents a narrow shape that mimics the spark discharge.


