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Abstract 
 
Fuel economy and emissions are the two central parameters in heavy duty engines; most of 
the existing heavy duty engines are run with diesel. The overall efficiency of diesel engines is 
good however they suffer from high levels of emissions mainly NOX and soot. Using 
alternative fuels like Natural-Gas has shown to be a good way to reduce emissions level. It 
Diesel engines can be easily converted to Natural-Gas engines which is a very cost effective 
way for producing Natural-Gas engines.  
 
High EGR rates combined with turbocharging has been identified as a promising way to 
increase the maximum load and efficiency of heavy duty spark ignition Natural-Gas engines. 
With stoichiometric conditions a three way catalyst can be used which means that regulated 
emissions can be kept at very low levels. However efficiencies of Natural-Gas engines are 
lower than the corresponding diesel versions due to throttling losses. These losses are higher 
at low/part loads. Using EGR at lower loads can increase the efficiency; however obtaining 
reliable spark ignition is difficult with high pressure and dilution. There is a limit to the 
amount of EGR that can be tolerated for each operating point. A combustion stability 
parameter should indicate the EGR tolerance of the engine.  
 
Different combustion stability parameters derived from pressure and ion-current signals are 
applied in order to control the dilution limit with EGR. Furthermore closed-loop lambda 
control is applied to control air/fuel ratio. With help of these controllers and also a load 
controller, a tool is developed for finding the best positions of the throttle and EGR valve 
where the engine has its highest dilution1 while the engine stability is preserved. Two papers 
are written based on the results of this study i.e. in the first one the combustion stability is 
based on the pressure signals and in the second one the combustion stability is derived from 
ion-current signals. The proposed control strategy has been successfully tested on a heavy 
duty 6-cylinder port-injected natural-gas engine and the results show 1.5-2.5 % units 
improvement in Brake Efficiency.  
   
In another experiment, behaviour of the engine was investigated by running the engine with 
Hythane (Natural gas + 10% Hydrogen2) when the engine operates stoichiometric. Data from 
running a lean burn natural-gas engine with Hythane was available and it was desired to see 
the behavior of the engine with stoichiometric operation. The results don’t show significant 
changes in knock margins, efficiency and emissions with stoichiometric operation. However, 
Lean limit and dilution limit can be extended somewhat by Hythane.       
 
 
 
 

                                                 
1 By increasing EGR, the throttle should be opened more in order to keep the same amount of load. The more 
open throttle results in higher inlet pressure which gives a better gas-exchange efficiency. 
2 The percentage is volume based 
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1 Introduction  
 

1.1 Background  

Since the advent of the industrial revolution, the worldwide energy consumption has been 
growing steadily. World energy consumption is expected to increase by 50 percent over the 
next 20 years, according to the Energy Information Administration (EIA) (Figure 1). Total 
world energy consumption will increase from 462 to 695 quadrillion British Thermal Units 
(Btu) by 2030. Figure 2 illustrates the share of different fuels in energy consumption from 
1980 to 2030.  
 
Fossil fuels (Liquids3, Coal and Natural Gas) are expected to dominate the energy 
consumption in the projected years. 
 

Figure 1: World Marketed Energy Consumption 
2005-2030 [1] 

 

Figure 2: World Marketed Energy Use by Fuel 
1980-2030 [1] 

 
The transportation sector is the biggest sector in liquid fuel consumption according to (EIA) 
(Figure 3). Road transportation is the main part in the transportation sector. The fuels mainly 
used in internal combustion engines are petroleum products namely gasoline and diesel. 
 
Fossil fuels are of great importance since burning them produces significant amounts of 
energy, but they have a great impact on the environment especially Carbon Dioxide. Carbon 
Dioxide is a greenhouse gas that contributes to the climate change which is an issue of 
growing international concern.  Carbon  Dioxide  increases as energy consumption increases 
(Figure 4). 

                                                 
3Liquid fuels and other petroleum include petroleum-derived fuels and non-petroleum-derived fuels, such as 
ethanol and biodiesel, coal-to-liquids, and gas-to-liquids. Petroleum coke, which is a solid, is included. Also 
included are natural gas liquids, crude oil consumed as a fuel, and liquid hydrogen. 
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Figure 3: World Marketed Liquids Consumption 
by End Sector 2005-2030 [1] 

 
Figure 4: World Marketed Carbon Dioxide 2005-
2030 [1] 

 
Demand for lower pollutant levels together with increasing fuel prices leads to the demand for 
combustion engines with better fuel economy. These demands force engine developers to find 
and investigate more efficient alternative engine management. 
 
Using alternative fuels such as Natural Gas (NG), Biogas, Liquefied Petroleum Gas4 (LPG), 
and Ethanol …, new advanced concepts i.e. Homogenous Charge Compression Ignition 
(HCCI) engines, Hybrid vehicles, Variable Valve Timing, Downsizing (smaller engines 
coupled with turbochargers), Fuel Cells, Hydrogen cars, using Exhaust Gas Recirculation 
(EGR) etc are some solutions which can increase fuel economy.  
 
I
 
n this work the emphasis is put on the NG heavy duty engine with stoichiometric operation. 

1.1.1 Natural Gas Basics 
Natural gas is a gaseous fossil fuel consisting predominantly of methane (CH4) (~90%) and 
including small quantities of ethane, propane, butane and inert gas. NG is colorless and 
odorless in its pure form. The composition of natural gas can vary a little, Table 1 shows the 
composition of the NG used in this work. The lower heating value for this NG is 48,4 MJ/kg.  

Table 1: The Natural Gas Composition used in this project [2] 
Composition % Structure 
Methane 89,84 CH4 
Ethane 5,82 C2H6 
Propane 2,33 C3H8 
I-Butane 0,38 C4H10 
N-Butane 0,52 C4H10 
I-Pentane 0,11 C5H12 
N-Pentane 0,07 C5H12 
Hexane 0,05 C6H14 
Nitrogen 0,27 N2 
CO2 0,6 CO2 

 

                                                 
4LPG consists mainly of propane and butane, in various proportions.   
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1.1.2 Why Natural Gas is a Good Fuel for Engine Applications   
For different reasons NG can be a suitable fuel to be used in engine applications. These 
reasons are described below: 

 
o Availability & Reliability  

NG exists in large quantities in the world and the resources are distributed in more 
countries than the oil resources. Figure 5 shows the proven and undiscovered NG 
resources by region in the world. Oil resources are gathered only in a few countries 
mainly middle east which is recognized as politically unstable region (Figure 6). 
 

 
Figure 5: World Natural Gas Resources [3] 

 
Figure 6: World Oil Resources [4] 

  
o Cleaner Fuel than other fossil fuels 

Natural gas is the cleanest burning fossil fuel since natural gas consists mostly of 
methane which is a simple hydrocarbon. Coal and oil, the other fossil fuels, are 
more chemically complicated than natural gas, and when combusted, they release a 
larger variety of potentially harmful chemicals into the air.  

 
o Higher Octane Number  

Basically NG engines are operated according to the same principles as gasoline 
engines because the fuel properties are similar for the both fuels (i.e. both NG and 
gasoline has high octane number). The higher octane number of NG gives an 
advantage over gasoline. Compression ratio is limited in gasoline engines because 
of their low knock margin. The compression ratio can be increased in NG engines 
without knocking which results in increasing efficiency and peak load (Figure 7).  
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Figure 7: Effect of compression ratio on efficiency and IMEP [5]. 

 
o Natural Gas is a bridge to “Hydrogen Society”  

Researchers and scientists all over the world believe that hydrogen will be the 
primary energy carrier in the “hydrogen society” of the future. However about 95% 
of today‘s merchant hydrogen production is produced from centralized reforming of 
natural gas [6].  

 
The main drawback with NG fuel or gaseous fuels is their low density which results in lower 
power than the gasoline version. It means that gas takes up more space in the intake manifold 
than gasoline which results in less air into the cylinder and thereby less achievable maximum 
power. This drawback can to some extents be compensated by increasing compression ratio in 
NG engines since the knock margin is higher than the gasoline engines.  
  

1.1.3 Natural Gas Engines 
Two main engine concepts exist on the market are Spark Ignited (SI) and Compression 
Ignition (CI) engines. Those fuels which have higher octane number (high resistance to auto-
ignition) are used in SI engines (gasoline) and fuels with low octane number which ignites 
easily like diesel fits well in CI engines. Since natural gas has a high octane number (~ 120-
130) and thereby high auto-ignition temperature, the SI engine is a natural choice for NG [7] 
(see Table 2).  

Table 2: Fuels auto-ignition temperatures 

Fuel  Auto-ignition Temperature (Co)  
Natural gas (Methane) 580 
Gasoline  280 
Diesel 210 
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Most of the heavy duty NG engines are diesel engines converted for SI operation. Most of the 
NG engine components are in common with the diesel-engine. The engine block, cylinder 
liners, pistons, cooling and lubrication systems are the same as for diesel engines. Converting 
diesel engines to NG engines, compression ratio, fuel delivery and ignition system are 
changed.  

 
NG-engines can be either operated Lean or Stoichiometric. Lean operation means operating 
the engine with excess air (i.e. when Lambda is greater than one) and stoichiometric operation 
means that Lambda is equal with one.  

 
Lambda (λ) is defined as: 
 

actual

Stoich

Air
Fuel
Air

Fuel

λ

⎛ ⎞
⎜ ⎟
⎝ ⎠=
⎛ ⎞
⎜ ⎟
⎝ ⎠

  

actual

Air
Fuel

⎛ ⎞ =⎜ ⎟
⎝ ⎠

 Actual air/fuel ratio 

 

stoich

Air
Fuel

⎛ ⎞ =⎜ ⎟
⎝ ⎠

 Stoichiometric air/fuel ratio 

 
The basics, benefits and drawback of these two operations are described in the following 
subsections.   
 

1.1.3.1 Lean Burn Engines 
Operating a NG engine lean increases the total efficiency since the engine operates with more 
open throttle resulting in less pumping losses; moreover the colder combustion results in 
lower heat losses. Since most heavy duty NG engines are converted diesel engines, they 
cannot tolerate high exhaust gas temperatures. By operating the engines lean exhaust gas 
temperatures are low enough to be tolerated by the engine. 

 
The main drawback with Lean Burn NG engines is emissions (especially NOX) since a three-
way catalyst cannot be used. 

 

1.1.3.2 Stoichiometric Engines 
A stoichiometric engine operates at λ equal to one. The main reason for operating 
stoichiometric is that a three-way catalyst can be used and in this case all emissions are 
reduced simultaneously. In comparison with lean operation lower efficiency will be reached, 
it is because of more throttling and heating losses which can be compensated for by using the 
optimum amount of EGR. 
 
Operating the engine stoichiometric increases exhaust gas temperature which can be reduced 
by using EGR.  
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1.1.3.3 Concluding Remarks 
Fuel economy and emissions are the two central parameters in heavy duty engines. There is a 
trade-off between these features. The highest efficiency is obtained with lean operation and 
stoichiometric operation with a three-way catalyst gives lower emissions than Lean operation. 
  

1.1 Contributions 

The gas engine project at Lund University has previously explored extending the 
performance, fuel efficiency and stability of SI NG engines. The first NG engine activities 
started in the beginning of the 1990s. In the first and second phase of the NG engine project a 
lot of time was spent to measure turbulence and to investigate how the combustion chamber 
design influenced combustion parameters and emissions [8], [9], [10]. Those experiments 
were applied on a single-cylinder Volvo engine TD102 (6-cylinder engine with one of the 
cylinders operational and the other 5 motored). In the third phase of the NG-engine activities 
a new engine was supplied by Volvo (6-cylinder turbocharged Volvo engine TG103) for 
performing some research on a multi-cylinder engine. Different experiments were performed 
including investigating different locations for fuel injection, investigation of cylinder-to-
cylinder and cycle-to-cycle variations in a Lean Burn NG engine and a study to compare Lean 
Burn NG engine versus stoichiometric operation with EGR [11], [12], [13] . 
    
The existing project is in the fourth phase of the NG-engine project at Lund University. The 
previous results show that the stoichiometric operation is a better choice than lean operation 
since by using a 3-way catalyst the emissions level can be kept at very low levels and 
differences in efficiency is not significant. 
   
Based on the previous results the engine operates stoichiometric and focuses mostly on the 
problems associated with this type of operation i.e. lower efficiencies at part/low loads, 
stability, and lambda control and so on. New method for calculating cycle-to-cycle variation 
is developed which improves the calculation of this parameter with transients operations. New 
methods are also developed for making use of the maximum dilution limit in the engine. 
Moreover, developing robust regulators for controlling lambda, dilution limit, combustion 
phasing etc to maximize the reliability for obtaining the same efficiency and emissions levels 
with transient operation as with steady state, will be under focus. 
 

1.2 Objectives 

The main objective of this thesis is to improve engine efficiency and stability at low/part 
loads by understanding the system, developing appropriate control methods and implementing 
them.   

 

1.2.1 Limitations  
Time is the biggest limitation in this project. Large part of the time was spent to install the 
engine and modifying the control system to be able to run the engine.   
 

1.2.2 Methodology 
The studies presented in this thesis were conducted following the methodology below: 
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• As introduction, literature studies on fundamentals conceptions and applications were 

performed to review the previous work and experiences in the field. 

• Designing appropriate regulators and design of experiments   

• Doing experiments were the main method 

• Initial Simulation work has  also been done and more simulation work is planned for 

future   

 

1.3 Outline of the Thesis 

 Chapter one supplies a background to subjects presented in this thesis, outlines 

the previous work performed at the department, objectives, limitations for these studies and 

describes the methodologies used. In chapter two the experimental engine, measurement 

system and control system are discussed. In chapter three the design of experiments and their 

results are discussed. The main conclusions of this thesis are discussed in chapter four. In 

chapter five suggested future work is listed followed by references. 
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2 Experimental Setup 
 
This section covers the information about the experimental engine, new modifications, engine 
control system and measurement system.  
 

2.1 Standard Engine  

The experimental engine was originally a diesel engine from Volvo which has been converted 
to a natural gas engine, see Table 3 for specification. The engine is equipped with a short 
route cooled EGR system and also a turbocharger with wastegate.  

Table 3: Specification of the engine 

Number of Cylinder 6 

Displacement 9,4 Liter 

Bore 120 mm 

Stroke 138 mm 

Compression ratio 10,5 :1 

Fuel Natural gas 

 

2.1.1 Engine Modifications & New Features 
Some modifications have been performed on the engine for improving the engine 
performance. Some new features are also installed on the engine for increased flexibility and 
transients’ capacity and to enable investigation of some new ideas.  
 

• Multi-Port injection System: Originally the engine has single point injection, with 
four injectors at the fuel injector assembly and the gas pressure is approximately 10 
bar. The test bench engine is supplied with natural gas at 4.6 bar, so the port injection 
system is equipped with 12 injectors (2 per cylinder) to be able to cover the whole load 
range, see Figure 8. This also makes it possible to operate the engine with two different 
gaseous fuels simultaneously.  

The main reasons for changing the injection system from single-port to multi-port is 
that the engine responds faster to throttle changes which makes it possible to 
implement more sophisticated regulators.  It also makes it possible to inject fuel 
individually for each cylinder which helps in balancing the cylinders.   

 
Figure 8: Designed Multi-Port Fuel Injection 
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• Mouthpieces: in order to prevent cross breathing of natural gas between cylinders, six 
mouthpieces were designed to pass the gas flow in the same direction as the cylinders, 
see Figure 9. 

 
Figure 9: Designed injector mouthpiece 

 
• Special Ignition modules and Injection & ignition system 

Some new features are also installed and introduced to the engine. Cylinder-individual 
control of fuel injection and ignition is possible with a new platform developed by 
Hoerbiger AB. Ignition modules are designed especially for being able to collect Ion-
Current signals. The engine after installing the entire measurement system and the new 
features looks like Figure 10.  

 

 
Figure 10: The engine used for making experiments  
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2.2 Engine Control System  

A master PC based on GNU/Linux operating system is used as a control system. It 
communicates with three cylinder-control-modules (CCM) for cylinder-individual control of 
ignition and fuel injection via CAN communication, see Figure 11. Crank and cam 
information are used to synchronize the CCMs with the crank rotation.  

Flexible controller implementation is achieved using Simulink and C-code is generated using 
the automatic code generation tool of Real Time Workshop. The C-code is then compiled to 
an executable program which communicates with the main control program. The controllers 
used for this experiment are lambda, load and EGR controller which determine the offset 
amount of fuel, air and EGR. The controllers can be activated from the Graphical User 
Interface (GUI). 

 
Figure 11: The Engine and its control system 

 

2.3 Measurement System 

Each cylinder head is equipped with a piezo electric pressure transducer of type Kistler 7061B 
to monitor cylinder pressures for heat release calculations. The ion-currents are sampled by 
CCMs using the spark plugs5. Cylinder pressure and ion-current data are sampled by a 
Microstar 5400A data acquisition processor. EGR was calculated by measuring CO2 at inlet 
and exhaust. Emissions (HC, CO, NO, NO2, NOX, CO2, O2) are measured before and after 
catalyst. Also, temperatures at inlet/exhaust, pressures at inlet/exhaust, fuel and air flow, 
lambda, torque and engine speed are measured.   

                                                 
5 The principle of ion current measurements is to apply a constant voltage (~100 volt) over the spark gap after 
ignition. When the gas in the gap becomes conductive due to ionization of the charge a current flows through the 
spark gap. 
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3 Results 
 
In this section summaries and a complementary description of the published papers are 
presented. Furthermore results from an experiment performed for capturing differences 
between NG and Hythane with stoichiometric operation are also presented. This chapter is 
divided in two main sections, namely 3.1 which gives a summary and results from the two 
published papers and section 3.2 which discusses the background and the results from some 
experiments with Hythane.  
 
In the first section (3.1), some backgrounds about the existing problem and the solution are 
described. The following subsection moves forward to explain the combustion stability 
parameters and their basics. Finally control method and their structure, experiments and the 
results follow at the end.  
 

3.1 Increasing Efficiency at Low/Part loads 

Stoichiometric operation of NG-engines with a three way catalyst results in very low 
emissions but they suffer from bad total efficiency at part or low loads mainly due to high 
throttling losses.  
The main focus of this study, to reduce the throttling losses by means of EGR, is a well-
known practice to improve engine fuel economy, decrease knock tendency and reduce NOX 
emissions in certain operating regimes. By increasing EGR the specific heat ratio will be 
slightly lower and combustion duration will be longer but it can be compensated somewhat by 
advancing the ignition timing. Using EGR results in improved in fuel economy because of the 
following reasons:  
 

• Reduced throttling losses (at low/part loads): The addition of inert exhaust gas into 
the intake system means that for a given power output, the throttle plate must be 
opened further, resulting in increased inlet manifold pressure and reduced throttling 
losses (Figure 12). 

 
Figure 12: Using EGR reduces throttling losses 

 
• Reduced heat rejection: Lowered peak combustion temperatures not only reduce 

NOx formation, it also reduces the loss of thermal energy to combustion chamber 
surfaces, leaving more available for conversion to mechanical work during the 
expansion stroke. 
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• Reduced chemical dissociation: The lower peak temperatures result in more of the 
released energy remaining as sensible energy near Top Dead Center (TDC), rather 
than being expended (early in the expansion stroke) on the dissociation of combustion 
products. This effect is relatively minor compared to the first two. 

Using EGR has the named advantages which results in increasing the maximum efficiency of 
heavy duty spark ignition engines (especially at low/part loads). In other words it is desired to 
run these engines as diluted as possible. The dilution limit is imposed by increased cyclic 
variation of the combustion intensity that reduces the drivability. Thus, there will be a limit to 
the amount of EGR that can be tolerated for each operating point. However, closed loop 
control of EGR based on a combustion stability parameters can be a good means for 
increasing the efficiency and preserving the engines stability at same time.   
 
On the way to reach this goal different methodologies and combustion stability parameters are 
used. Pressure/Ion-Current based dilution limit control is applied on the EGR separately in 
order to maximize EGR rate as long as combustion stability is preserved. Furthermore, 
standard closed loop lambda control for controlling the overall air/fuel ratio was applied in 
order to keep the catalyst working all the time.  
 

3.1.1 Combustion Stability Parameter  

Different combustion stability parameters can be used. In the following subsections using 
combustion stability parameters derived from pressure signals and Ion-Current signals are 
investigated. 

3.1.1.2 Combustion Stability Parameter Based on Cylinder Pressure 
One important and well-known measure of cyclic variability and combustion stability, derived 
from pressure data, is coefficient of variation (COV) of the indicated mean effective pressure 
(IMEP) [14] [15]. It is defined as the standard deviation of IMEP divided by the mean value 
of for example 100 dataset of IMEP. 

( ) 100IMEPCOV IMEP
IMEP
σ

= ×       (1)      

      

 
 
 
 
 
 
      (2)
  

 

2( )

( )
( )

netIMEP IMEP
NCOV IMEP

IMEP

⎛ ⎞−⎜ ⎟
⎜ ⎟= ×⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

∑
100

 
 
 
N = Number of cycles 
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NEW METHOD FOR COV(IMEP) CALCULATION 

It is desired to calculate and update COV(IMEP) continuously and smoothly over a fixed 
number of cycles (100 cycles in this paper). It is also desired to calculate COV(IMEP) in a 
way that transient operation of the engine do not affect the COV(IMEP) calculations too 
much. Using the traditional method for calculating COV(IMEP) (equation (2)) with transient 
operation results in instability of the calculations since the calculation is based on the mean 
values.  

Assuming that the mean value of IMEP is based on IMEP dataset of 100 cycles (see equation 
(3)). When the mean value updates a cycle later then it looks like equation (4). This means 
that, the vector of IMEP updates each cycle by replacing the oldest value by the newest one 
i.e. IMEP1 is replaced by IMEP101. By step changes in IMEP the mean value of IMEP 
changes drastically which results in unstable calculation of COV(IMEP). This means that 
COV calculations based on mean values are not suitable for transient operations.  

1 2 3[ .
100

100.. ]IMEP IMEP IMEP IMEPIMEP + + + +
=           (3) 

2 3 100 101[ ... ]
100New

IMEP IMEP IMEP IMEPIMEP + + + +
=   (4) 

In order to overcome this problem it is desired to put less weight on the latest IMEP value that 
comes into the vector. The definition of Low-Pass Filter was helpful to calculate a filter set of 
COV(IMEP). A new variable is defined as IMEPfilter and is calculated according to the 
equation (5). The equation indicates that less weight is put on the latest IMEP values which 
ensure the lower impact of the transients.  

( 0.1) ( 0.9)filtered net filteredIMEP IMEP IMEP= × + ×  (5) 

 

2( )

( ) 1

net filtered

filtered

IMEP IMEP
NCOV IMEP

IMEP

⎛ ⎞−
⎜ ⎟
⎜ ⎟= ×⎜
⎜ ⎟⎜ ⎟
⎝ ⎠

∑
00⎟   (6) 

 
N = Number of cycles 

 

In order to make a comparison between the developed method and the common method 
(calculating COV(IMEP) based on mean value of a number of cycles), a simulation is 
performed in Simulink environment and the results are demonstrated in Figure 13 and Figure 
14. The comparison is performed in two stages, first under steady state condition where the 
IMEP data are not varied. In the second test a transient condition is provided in order to see 
how different COV(IMEP) calculation methods react in this situation. 
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Figure 13 demonstrates comparison between COV(IMEP) calculations with filter based and 
means based methods under steady state conditions. It can be seen that both methods work 
well under the steady state conditions and COV(IMEP) calculations are smooth and reliable 
in the both cases. 
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Figure 13: Comparison of COV(IMEP) 
calculations with different methods under 
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Figure 14: Comparison of COV(IMEP) calculations 

with different methods under transient 

conditions 

 

Figure 14 demonstrates comparison between COV(IMEP) calculations with filter based and 
mean based methods under simulated transient conditions. As it is obvious in figure 6 the 
filter based method can easily catch the transient and the value of COV(IMEP) does not 
fluctuate extremely because the latest IMEP value in COV(IMEP) calculation is weighted 
lower than previous IMEP values. On the other hand COV(IMEP) from the mean based 
method cannot be used under transient because of really high fluctuation which is resulted 
from the calculation of the mean values. It can be concluded that the mean based COV(IMEP) 
calculation cannot be used under transient operation but the filter based method can be used 
under boths, steady state and transient conditions.   

 

3.1.1.3 Combustion Stability Parameter Based on Ion-Current Signals 
COV(IMEP) is a combustion stability parameter derived from pressure signals. Direct 
measurement of in-cylinder pressure can be implemented with, in-cylinder pressure sensors 
although their use in production vehicles is very expensive, not only in their capital cost but in 
their required precision fitting and machining procedures. The ion current technique is a 
method of measuring in-cylinder combustion information in a non-intrusive and, more 
importantly, inexpensive manner. A lot of researchers have showed interests for ion sensing 
in recent years concerning measurement techniques and its possible applications. Some of 
these work are reported in [16], [17], [18], [19]. The following subsections try to explain the 
basics of ion-current and finally to find a compatible ion-current based combustion stability 
parameter to COV(IMEP). 
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3.1.1.3.1 Ion-Current 
 
Chemical reactions during the combustion process produce ions and the motion of these ions 
can be measured by applying a voltage (≈ 100 V DC) over the spark plug which is used as an 
ion sensing probe. One proposal is to divide the ion current into three parts, the ignition 
phase, the chemical-ionization phase and the thermal-ionization phase [20]. Figure 15 shows a 
typical ion current trace and a pressure signal of an average of 400 cycles from the test 
engine. The ignition phase starts with charging the ignition coil and ends with the coil ringing 
after the spark. The chemical-ionization phase reflects the early flame development in the 
spark gap and thermal-ionization phase appears in the burned gases behind the flame front. 
The peak position often appears close to the position of maximum cylinder pressure. 
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Figure 15: Typical Pressure and Ion-current signals Vs. Crank Angle Degree (CAD) 

 
 
3.1.1.3.2 Deriving a Combustion Stability Parameter 
 
For finding a proper ion-current based combustion stability parameter it was desired to 
investigate the behavior of the ion-current signal with different combustion conditions. Two 
different experiments were performed namely Lambda sweep and EGR sweep. 
 
Figure 16 shows ion-current signals with different Air/fuel ratios. It shows that the best ion-
current signal achieved by operating the engine somewhat lean (i.e. Lambda =1.1) but as the 
engine operates leaner or richer the ion-current amplitude decreases. Figure 17 shows the ion-
current signal behavior with different amounts of EGR. Figure 17 illustrates that by increasing 
the EGR rate the amplitudes of the first and the second peaks decrease. This effect is strongest 
on the second peak and it almost disappears for the highest EGR ratio. The ion-current signal 
is highly depended on the combustion temperature i.e. the colder the combustion the weaker 
the ion-current signal.  
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Figure 16: Ion-current signals decreases by operating 
the engine too rich or lean 
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For combustion diagnostic purpose, reliable signals and parameters are needed. It is 
demonstrated in Figure 16 & Figure 17 that the signals from the first and the second peaks 
(especially second peak) decrease so they are not good candidates for this purpose especially 
for very lean or diluted operating points. The area created by the first and the second peak 
even with high rate of EGR contains some information and can be used as a useful and 
reliable parameter for combustion diagnostic and control purpose.  
   
Another ion-current based parameter viz. ion-current integral is defined as 

2

1

( )ionIon Integral U d
θ

θ
θ θ− = ∫

( )ionU

    (7) 

Where  , is the voltage produced by the ion-current interface. The ion-integral limits θ 1θ  
and 2θ  must be chosen so that the ignition phase is not a part of the integral and also such that 
it includes the whole part of the first and the second peaks (Figure 18). 

 
Figure 18: Ion-integral includes both the first and the second peak of the ion-current signals 
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Deriving combustion stability parameter from Ion-integral 
 
An experiment according to Table 4 is performed. The aim of this experiment is to find the 
correlation between COV(Ion-Integral) and COV(IMEP).  

Table 4: Experiment for capturing the correlation between COV(ion-integral) and COV(IMEP) 

Speed (RPM) EGR Rate (%) 

800 0-4-8-10-12-15 
 

1000 0-4-8-10-12-15-20 
 

1200 0-4-8-10-12-15-20 
 

1400 0-4-8-10-12-15-20 
 

For computing the COV(IMEP) and COV(ion-integral) 100 cycles of the data were 
used. Figure 19 illustrates how COV(ion-integral) correlates with COV(IMEP). It can be seen 
that COV(ion-integral) has a linear correlation with COV(IMEP) with different engine 
speeds. Figure 19 also shows that the level of COV(ion-integral) is much higher than the 
COV(IMEP). The slope also differs for different engine speeds. These slopes show that by 
increasing EGR the COV increases because of the colder and longer combustion which is the 
consequences of higher EGR rates. With lower engine speeds, COV(ion-integral) is much 
higher than the higher engine speeds.  Figure 20 demonstrates ion-current signals (mean value 
of 400 cycles) for different engine speeds; it shows that the chemical-ionization phase of the 
ion current signal becomes stronger with higher speeds. One possible explanation can be the 
better establishment of early flame development in the spark gap with higher speed.  With 
higher speed the turbulence is higher and the combustion is faster which results in lower level 
of COV(ion-integral) and since the level of COV(ion-integral) is much higher than 
COV(IMEP) this effect can clearly be seen in COV(ion-integral) but not in COV(IMEP). 

Figure 19: COV(Ion-integral) seems to be a function of 
speed 

Figure 20: Ion-current signals become stronger with 
higher speed 

 

17 
 



A new parameter named COV(INDEX) is introduced as a combustion stability parameter. 
COV(INDEX) is based on COV(ion-integral) and the product of engine speed and COV(ion-
integral). This parameter is used as a compatible parameter to COV(IMEP).  

A multiple regression is performed which takes into account both effects from COV(Ion-
integrals) and the product of engine speed and COV(ion-integral) and calculates the statistics 
for a line that best fits the data. The following formula describes the correlation line. 

( ) ( ) ( )COV INDEX 0.000238 Speed COV(Ion-integral) 0.007 COV(Ion-integral) –5.97= × × − ×
   

COV(INDEX) is calculated for the experimental data. Figure 21 shows how COV(INDEX) 
correlates with COV(IMEP) of the experimental data. The standard deviation for the residuals 
of the calculated COV(INDEX) was about 0.55 % which indicates the accuracy of the 
parameter.  

 
Figure 21: The derived COV(INDEX) correlates well with COV(IMEP) 

 

3.1.2 Closed-Loop Combustion Control 

The main objective of this work is to develop a tool for mapping the best positions of the 
throttle and EGR valve where the engine has the lowest pumping losses and COV(IMEP) is 
still less than 5%. Combustion stability indicator can be either COV(IMEP) or COV(INDEX), 
both give the same information and the only difference between them is that COV(IMEP) is 
derived from pressure signals and COV(INDEX) is derived from ion-current signals (see 
sections 3.1.1.2 & 3.1.1.3). In fact the first paper shows the results from using COV(IMEP) 
and the second paper shows the results from using COV(INDEX). In this part the results 
achieved by using COV(IMEP) is discussed but the results can also be generalized for using 
COV(INDEX). 

For developing the tool different regulators were needed. Three different regulators were 
designed for controlling overall air / fuel ratio, load and EGR level, see Figure 22.  
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Figure 22: Closed-Loop Combustion Control 

 
3.1.2.2 Closed Loop Lambda Control 

Closed loop lambda control evaluates the signals from the broadband lambda sensor. The 
sensor measures the oxygen content in the exhaust gas, and thus provides information about 
the mixture composition. The closed-loop lambda control strategy uses the injected fuel 
quantity as the manipulated variable and compensates for the lambda error. A Proportional 
Integral (PI) control strategy is used for controlling lambda. The error signal is based on the 
differences between the measured lambda and a desired setpoint lambda and the PI controller 
generates a fuel offset based on this. Bumpless transfer and Anti-Windup algorithms were 
applied during the design of the regulator. 

3.1.2.3 Closed Loop EGR Control 

EGR closed loop control evaluates the calculated COV(IMEP) to control the EGR valve. The 
error signal is based on the differences between the calculated COV(IMEP) and a setpoint 
COV(IMEP) for 5%. The EGR valve opens more as long as the COV(IMEP)  is less than 5%, 
and if COV(IMEP)  exceeds 5% the regulator starts to close the EGR valve. So the regulator 
always attempts to keep the EGR valve in a position such that COV(IMEP) is around 5%. 

3.1.2.4 Closed Loop Load Control 

The reason that the load controller is developed and used is that by activating the lambda and 
EGR regulator, the amount of EGR increases in the cylinder which results in decreasing load 
in the case that the throttle remains in a fixed position. In this experiment it is desired to keep 
the load constant in order to have a fair comparison between running the engine without EGR 
and with EGR. Thereby a Load controller is designed to adjust the throttle position in order to 
keep the load at a predefined level. 

The engine is connected to an electric dynamometer, and the torque is measured with a load 
cell. BMEP is calculated from the measured torque according to the following formula [21]. 

2 T

D

n TBmep
V
π

=     (8) 

Tn  = Stroke factor (2 for 4-stroke engines) 
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T = Torque 
VD = Displacement Volume  
 

Closed loop load control evaluates the signals from the load cell. The error signal is based on 
the differences between the measured BMEP and a desired setpoint BMEP and, a throttle 
offset is generated from that. The throttle is adjusted by the regulator to keep the measured 
BMEP at the same level as the desired BMEP. The designed regulator was a PI and Bumpless 
transfer and Anti-Windup algorithms were also applied during the design of the regulator. 

3.1.3 Experiments 

The engine was tested for a variety of speed / loads at steady state condition. In order to 
evaluate the results, it was decided to run the engine at three different loads (2.5, 4 and 5.5 
bar6) and at three different engine speed levels (800, 1000, and 1200 RPM). Table 5 lists 
those points and the running strategies. Lower loads have been chosen because pumping 
losses are more critical in this region.  

To provide a basis for a fair comparison, experiment was conducted in two stages, first 
without adding EGR and no regulator was activated. In the second stage by using closed loop 
load and lambda controller the load and lambda were kept constant, and the amount of EGR 
was increased by the EGR-regulator up to the highest possible EGR rate while keeping 
COV(IMEP) less than 5%.  

Table 5: Engine test operating conditions 

Speed (RPM) BMEP(Bar) Strategies 
800 2,5 NO EGR / NO regulator  
800 2,5 With regulator  
800 4 NO EGR / NO regulator  
800 4 With regulator  
800 5,5 NO EGR / NO regulator  
800 5,5 With regulator  

1000 2,5 NO EGR / NO regulator  
1000 2,5 With regulator  
1000 4 NO EGR / NO regulator  
1000 4 With regulator  
1000 5,5 NO EGR / NO regulator  
1000 5,5 With regulator  
1200 2,5 NO EGR / NO regulator  
1200 2,5 With regulator  
1200 4 NO EGR / NO regulator  
1200 4 With regulator  
1200 5,5 NO EGR / NO regulator  
1200 5,5 With regulator  

3.1.3.2 Injection and Ignition timing 
Injection timing was fixed for all cases but ignition timing varied in order to get Maximum 
Break Torque (MBT) for each case. A common rule says that MBT timing results if 50% of 
the fuel is burned at about 10 CAD after top dead center (ATDC) [5].  

                                                 
6 Loads are written in form of BMEP (Break Mean Effective Pressure)  
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3.1.4 Results 

This section will cover the results of the experiment described in the previous section. The 
operating points are evaluated in terms of Brake Efficiency, pumping losses, fuel 
consumption and stability. Engine runs at stoichiometric operating condition with a 3-way 
catalyst. Emissions were measured after the catalyst but, since the changes in emissions were 
not significant, those are not presented. 

Since the results for different engine speeds were similar, only the results from one of the 
engine speed (1200 RPM) tests at 3 different loads are shown here (for seeing the results from 
all engine speeds and loads see paper 1). 
 
EFFICIENCIES 

Brake Efficiency is a product of different efficiencies as follows: 

b GI GE mη η η η= × ×        (9)
   

Where 
 

bη  = Brake efficiency 

GIη  = Gross Indicated efficiency 

GEη  = Gas-Exchange efficiency 

mη  = Mechanical efficiency 
 

Figure 23 shows all these different efficiencies for the three loads (2.5, 4, 5,5) for two named 
cases (with and without regulator) at 1200 RPM. 

Gross Indicated efficiency is the product of thermodynamic and combustion efficiencies and 
it can be calculated as follows 

 

I gross
GI

f LHV

D

MEP
m Q

V

η

⎛ ⎞
⎜ ⎟
⎜ ⎟= ⎜ ⎛
⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

⎟⎞       (10) 

Where 

fm  = fuel mass per cycle 

LHVQ = lower heating value of the fuel 

DV  = displaced volume 
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Figure 23 show slightly higher gross indicated efficiency in the cases with regulator. By 
increasing EGR the specific heat ratio will be slightly lower and combustion duration will be 
longer but it can be compensated somewhat by advancing the ignition timing

 show slightly higher gross indicated efficiency in the cases with regulator. By 
increasing EGR the specific heat ratio will be slightly lower and combustion duration will be 
longer but it can be compensated somewhat by advancing the ignition timing. The combustion 
efficiency increases however since the exhaust gas has a second chance to be combusted in 

Gas-Exchange efficiency is a measure to evaluate the pumping losses in the engine. 

. The combustion 
efficiency increases however since the exhaust gas has a second chance to be combusted in 

Gas-Exchange efficiency is a measure to evaluate the pumping losses in the engine. 

the cylinder. The net result is a slight increase in gross indicated efficiency.  the cylinder. The net result is a slight increase in gross indicated efficiency.  

net
GE

gross

IMEP
IMEP

η
⎛

= ⎜ ⎟⎜ ⎟
⎝ ⎠

⎞
    (11) 

    (12) 

13) 

  

ow the inlet pressure increases with EGR. It is also seen that the effect is stronger at 
higher loads since the turbulence is higher and the engine tolerates more EGR than the lower 

lar friction losses, drive losses in oil, water and fuel supply pumps. The definition of 
the mechanical efficiency is the relationship between the effective work and the indicated 
work: 
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Figure 23 shows that the gas exchange efficiency is higher in the case with regulator since 
using EGR lets the throttle open even further to keep the load at the same level. More open 
throttle means higher inlet pressure which results in higher gas exchange efficiency. Table 4 
shows h

loads.  

Mechanical efficiency is a measure to evaluate the mechanical losses, comprising in 
particu

m
net

BMEP
 (14)

The differences in mechanical efficiency between running without EGR or with EGR are 
lmost negligible (Figure 23). 
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Figure 23: Efficiencies vs. BMEP @ 1200 RPM 

 
Table 6: Inlet pressures for different cases 

Speed (RPM) BMEP (Bar) Strategies Inlet P 
800 2,5 NO EGR  0,48 
800 2,5 With regulator  0,51 
800 4 NO EGR   0,61 
800 4 With regulator  0,71 
800 5,5 NO EGR  0,75 
800 5,5 With regulator  0,92 

1000 2,5 NO EGR  0,47 
1000 2,5 With regulator  0,51 
1000 4 NO EGR   0.62 
1000 4 With regulator  0,73 
1000 5,5 NO EGR  0,75 
1000 5,5 With regulator  0,89 
1200 2,5 NO EGR  0,49 
1200 2,5 With regulator  0,54 
1200 4 NO EGR   0,62 
1200 4 With regulator  0,75 
1200 5,5 NO EGR  0,77 
1200 5,5 With regulator  0,91 

 

Pumping losses can be calculated and presented by means of mean effective pressure as follow: 

gross netPMEP IMEP IMEP= −     (15)
  

Figure 24 shows PMEP for different loads at 1200 RPM. The X-axis shows the EGR valve 
position in percentage and the Y-axis shows the throttle position in percentage. The triangle 
shows the stable region for three loads (2.5, 4, and 5.5). When the EGR valve opens more the 
pressure after the throttle increases and the regulator opens the throttle more in order to keep 
the engine at the same load which results in higher inlet pressure and thereby decreasing 
pumping losses. 
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Figure 25 shows the same type of plot as Figure 24, but it shows how Specific Fuel 
Consumption (SFC) decreases by using the regulators.  
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Figure 24: Pmep [bar] in stable region @ 1200 RPM  
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Figure 25: Specific fuel consumption [g/kWh] in stable 
region @ 1200 RPM 

The same experiment was performed by using COV(INDEX) instead of COV(IMEP) as 
combustion stability indicator in the EGR regulator and that worked as good as COV(IMEP) 
(See Paper 2).  
 

3.1.5 Concluding Remarks 

The conclusions obtained from this work are as follows: 

1. Controlling Lambda, Load and EGR was found to work well. The controller made it 
possible to have the maximum amount of EGR in the cylinder while keeping the 
COV(IMEP) less than 5%. 

2. The results verified 1.5-2.5 % unit improvement in Brake Efficiency at low/part loads 
by using the controller. 

3. The proposed controllers can be used as a tool for mapping the best positions of the 
throttle and EGR valve in terms of efficiency.  

4. The map created by the tool can be used as a feedforward map combined with a 
feedback controller for faster response 

5. Combustion stability parameter named COV(INDEX) which is based on COV(Ion-
Integral) derived from ion-integral is proportional to  COV(IMEP)  
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3.2 Hythane Vs Natural-Gas   

As it was discussed in the Introduction section, environmental improvement and energy issues 
have become more and more important as worldwide concerns. Road transport is one of the 
biggest energy consuming sectors which has a great impact on environment. The fuels mainly 
used in internal combustion engines are petroleum products namely gasoline and diesel. One 
way for reducing these impacts is to use alternative fuels. Natural gas consisting highly of 
methane (~90%) is a good alternative fuel to improve environmental problems because of its 
plentiful availability and clean burning characteristics. Natural gas generates less emission 
than Diesel engines and the efficiency can be increased compared to spark ignited gasoline 
engines due to higher compression-ratio tolerance.  

Adding some hydrogen to the Natural gas can increase the efficiency and decrease the 
environmental impacts even further. Hythane is a mixture of natural gas and hydrogen, 7-10 
percent hydrogen by energy. Hydrogen and methane are complimentary fuels in some ways. 
Methane has a relatively narrow flammability range which is especially a problem with lean 
burn operation. This limit can be extended by adding some hydrogen which has a wide 
flammability range. Methane has a slow laminar flame speed, especially in lean operation, 
while hydrogen has a much faster laminar flame speed [22]. Methane is a fairly stable 
molecule that can be difficult to ignite, but hydrogen has an ignition energy requirement much 
lower than methane. 

Heavy duty SI NG-engines can be operated either lean or stoichiometric. In [23] benefits of 
hydrogen addition to a Lean Burn natural-gas fueled engine was investigated however a 
complete study for stoichiometric operation was not performed.    

The objective of this work is to investigate the engine behavior and possible benefits of 
running the engine with Hythane (Natural gas + 10% Hydrogen by volume) when the engine 
operated stoichiometric. The engine used in this experiment is a 6 cylinder 9.4 liter engine 
from Volvo. It is the same engine as described in Chapter 2; the only difference is that fuel 
injection strategy was single-point injection and not port-injection. The reason is that, the 
results of this experiment will be applied to bus engines and those engines are operated with 
single-point injection.  

 

3.2.1 Gas Data   
Two different gases are used in this investigation viz. natural gas and Hythane. The 
composition of the natural gas is shown in  

Table 7. The lower heating value is 48,4 MJ/kg corresponding to 11 kWh/Nm3. H/C ratio in 
the natural gas is equal to 3,73. 
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Table 7: The natural gas composition 

COMPOSITION % STRUCTURE 
METHANE 89,84 CH4 
ETHANE 5,82 C2H6 
PROPANE 2,33 C3H8 
I-BUTANE 0,38 C4H10 
N-BUTANE 0,52 C4H10 
I-PENTANE 0,11 C5H12 
N-PENTANE 0,07 C5H12 
HEXANE 0,05 C6H14 
NITROGEN 0,27 N2 
CO2 0,6 CO2 

 

The composition of the Hythane is shown in Table 8. The lower heating value is 48,96 MJ/kg 
corresponding to 10,2 kWh/Nm3. H/C ratio in the natural gas is equal to 4,29.  

Table 8: The Hythane composition 

COMPOSITIONS % STRUCTURE 
METHANE 79 CH4 
ETHAN 6 C2H6 
PROPANE 2 C3H8 
BUTANE 1 C4H10 
INERT  2 - 
HYDROGEN 10 H2 

 

3.2.2 Experiments 
The main objective of this study was to investigate if running the engine with Hythane 
operating under stoichiometric condition is feasible i.e. it does not encounter too severe 
knocking problems. Investigating the possible benefits is also desired. Three different 
experiments were designed and performed as follow:  
 
1. European Stationary Cycles (ESC): The engine operated according to the ESC to see if 

knock limits the engine and also how efficiencies and emissions change with Hythane. 
Lambda was kept equal to one, Injection timing was fixed for all cases but ignition timing 
varied in order to get Maximum Brake Torque (MBT) for each case. 
 

2. Lambda Sweep: It was performed by keeping the air flow constant and changing the fuel 
flow. The lambda was varied from 0.9 to roughly 1.5 which is the lean limit for the 
engine. The engine speed was 1000 RPM in this experiment. 

 
3. EGR Sweep: EGR rate was increased from 0 to roughly 13 percent at 1000 RPM to 

investigate combustion duration. The dilution limit was also investigated. 

These experiments were performed twice, once with Natural gas and once with Hythane and 
the results were compared.  
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3.2.3 Results   
The results are divided into three parts as they are experimented and evaluated in form of 
different efficiencies, emissions and combustion duration. 
 

3.2.3.1 European Steady-State Driving Cycles  
The engine was operated according to Table 9 with both natural gas and Hythane.  As Table 9 
shows the engine was operatable with both fuels, and except for one point MBT timing was 
achieved for all cases. The reason for not achieving MBT in that point was that the ignition 
timing was retarded some degree to avoid knock. This behavior was the same for both fuels. 
 

Table 9: European Steady-State Driving Cycles  

SPEED  
(RPM) 

LOAD  
(%) 

MBT  
(NATURAL GAS) 

MBT  
(HYTHANE) 

 
1000 

25 * * 
50 * * 
75 * * 
100 * * 

 
1250 

25 * * 
50 * * 
75 * * 
100 O O 

 
1500 

25 * * 
50 * * 
75 * * 

* MBT ACHIEVED 
O MBT NOT ACHIEVED 

 
Efficiencies 
 
Brake Efficiency is a product of different efficiencies as follows: 

b GI GE mη η η η= × ×     Where 
  

bη  = Brake efficiency 
 

GIη  = Gross-Indicated s efficiency  

GEη  = Gas-Exchange efficiency  

mη  = Mechanical efficiency  
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Figure 26-Figure 28 shows all these different efficiencies for Hythane and NG with different 
speeds/loads. Efficiencies resulted from Natural gas operation is shown as circles and stars 
refer to Hythane. No significant changes occur in efficiencies by changing the fuel from 
Natural gas to Hythane. A possible reason for this is the good combustion characteristics with 
stoichiometric operation. As mentioned in the introduction, effects of hydrogen addition to 
natural gas can be seen when the engine operates lean where hydrogen properties can 
decrease the combustion duration. Hydrogen properties include wide flammability range, 
faster flame speed and lower requirements for ignition energy. 

By performing more experiments, “lambda sweep” and “EGR sweep” the effects of these 
fuels with lean and stoichiometric operation are investigated. 
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Figure 26: Efficiencies Vs. Bmep @ 1000 RPM 
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Figure 27: Efficiencies Vs. Bmep @ 1250 RPM 
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Figure 28: Efficiencies Vs. Bmep @ 1500 RPM 

 
Emissions 
Figure 29, Figure 31 and Figure 33 show specific NOX, HC and CO emissions before catalyst 
for different speeds. As it was expected with stoichiometric operation no significant changes 
can be seen by changing fuel form Natural gas to Hythane, since the combustion is not much 
different when the engine operates stoichiometric. Figure 30, Figure 32 and Figure 34 show 
NOX, HC and CO emissions after catalyst for different speeds. The emissions after catalyst 
are also roughly the same for both fuels and also fullfill the EURO 4 requirements.  
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Figure 29: Specific NOX before catalyst Vs. Bmep @ 

1000, 1250 & 1500 RPM  
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Figure 30: Specific NOX after catalyst Vs. Bmep @ 

1000, 1250 & 1500 RPM  
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Figure 31: Specific HC before catalyst Vs. Bmep @ 

1000, 1250 & 1500 RPM 
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Figure 32: Specific HC after catalyst Vs. Bmep @ 

1000, 1250 & 1500 RPM 
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Figure 33: Specific CO before catalyst Vs. Bmep @ 

1000, 1250 & 1500 RPM 
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Figure 34: Specific CO after catalyst Vs. Bmep @ 

1000, 1250 & 1500 RPM 
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3.2.3.2 Lambda Sweep 
Since no significant changes between Natural gas and Hythane were seen in the first results 
section which was the result from stoichimetric operation, it was dicided to performe a 
lambda sweep to find a reason for that. 
 
Figure 35 shows how combustion duration with Hythane and Natural gas changes as the 
air/fuel ratio increases in the engine. Figure 35 shows that with lambda lower than 1.1 the 
combustion is fast and combustion duration is identical for Natural gas and Hythane. This 
indicates that with close to stoichiometric operation the combustion duration is already low 
due to a good combustion condition. As lambda increases the combustion is colder and the 
mixture is more difficullt to ignite but as Hythane requiers lower ignition energy and it has a 
wider flammibility range the combustion duration is shorter with Hythane.    
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Figure 35: Combustion duration Vs. Lambda 

 
Emissions 
Figure 36-38 shows how NOX, HC and CO emissions varies as lambda increases. As engine 
operates leaner CO and NOX decrease as there is plenty of oxygen and the combustion is 
colder. For the same reason HC emissions increases. Using Hythane lowers HC emissions 
with leaner operation but the NOX emissions increases somewhat.  
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 Figure 36: Specific NOX before catalyst Vs. 
Lambda 
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 Figure 37:Specific HC before catalyst Vs. Lambda 

30 
 



0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

20

40

60

80

100

λ

S
pe

ci
fic

 C
O

 [g
/k

W
h]

Specific CO Vs. λ

Natural Gas
Hythane

 
Figure 38: Specific CO before catalyst Vs. Lambda 

 
Efficiencies 
 
The different efficiencies are plotted versus lambda in Figure 39-42. Figure 39 shows that 
with Hythane the gas exchange efficiency is somewhat higher because of the lower density of 
the Hythane which results in higher inlet pressure and thereby higher Gas-Exchange 
efficiency.  
 
Figure 40 shows that the gross-indicated efficiency is roughly the same for both fuels when 
the engine operates stoichiometric or rich, the reason is that the quality of the combustion is 
good under this condition and it will not be better with Hythane, but as it runs leaner Hythane 
benefits can increase the gross-indicated efficiency. The increased burn rate allows retarded 
ignition timing which decreases heating losses and results in higher efficiency.   
 

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0.955

0.96

0.965

0.97

0.975

0.98

0.985

0.99

λ

G
as

 E
xc

ha
ng

e 
E

ffi
ci

en
cy

Gas Exchange Efficiency Vs. λ

Natural Gas
Hythane

 
Figure 39: Gas Exchange efficiency Vs. Lambda 
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Figure 40: Indicated-Gross efficiency Vs. Lambda 

 
 
Figure 41 shows that the mechanical efficiency is lower with Hythane (Hythane contains less 
energy per volume than Natural gas) since more IMEP needs to be generated for a certain 
amount of BMEP (see formula).   
  

m
net

BMEP
IMEP

η =
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Figure 42 shows the brake efficiency versus lambda. Brake efficiency is the product of gas 
exchange, gross-indicated and mechanical efficiencies.   
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Figure 41: Mechanical efficiency Vs. Lambda 
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Figure 42: Brake efficiency Vs. Lambda 

 

3.2.3.2 EGR Sweep 
Figure 43 shows how combustion duration with Hythane and Natural gas changes as the EGR 
rate increases. It shows that without EGR combustion duration is the same for Natural gas and 
Hythane, but when increasing the EGR rate the combustion duration is less for Hythane than 
natural gas since it is easier to ignite Hythane than Natural gas. Figure 44 shows the dilution-
limit versus two different loads viz. 2,5 and 4 bar. The dilution-limit extends somewhat by 
using Hythane as fuel. 
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Figure 43: Combustion duration Vs. EGR rate 

 
Figure 44: EGR tolerance of the engine with Hythane 
and Natural gas

 

3.2.4 Concluding Remarks 

The 6-cylinder Natural-gas engine installed at Lund University was operated with 2 different 
fuels namely Natural gas and Hythane and the conclusions obtained from this study are as 
follows: 
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1. No significant changes in knock margins, efficiency and emissions were captured 
when the engine operated stoichiometric.  
 

2. When engine operates stoichiometric the combustion quality is good and the 
combustion duration is short and using Hythane shows no improvement compared to 
Natural gas, as the engine operates lean, however the combustion duration is longer 
and the effects of Hythane’s burning rate is clear. 
 

3. As the engine runs lean, the increased burn rate allows retarded ignition timing which 
decreases heat losses and results in higher efficiency.   
 

4. Lean limit and dilution limit are extended by using Hythane.  
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4 Conclusions & Discussions  
 
Results from the two published papers (summarized in section 3.1) showed that by obtaining 
the optimal amount of EGR for all operating points, total efficiency is increased. On the way 
to reach this target, different combustion stability parameters were used and some regulators 
were developed. These regulators include EGR regulator to keep the EGR level at its 
maximum level and preserve the combustion stability, and lambda regulator to keep the 
catalyst efficiency always at its highest level. The experiment showed excellent regulator 
performance at steady state conditions and limited functionality with transients. The second 
step is to run the engine under transient conditions and try to improve the regulators 
performance for handling the transients.  
 
In another experiment when engine operated with 2 different fuels namely Natural gas and 
Hythane (i.e. section 3.2) the results showed no significant changes in knock margins, 
efficiency and emissions as the engine operates stoichiometric. The results also indicated that 
as engine operates stoichiometric the combustion quality is good and the combustion duration 
is short and using Hythane showed no improvement compared to Natural gas, but as the 
engine operates lean or diluted with EGR, the combustion duration becomes longer and the 
effects of Hythane’s burning rate is clear. It means that the lean and dilution limit is extended 
by using Hythane.  
 
Extending the dilution limit is always beneficial for this type of engine. The results from this 
project also indicate that. There are some possible ways to extend the dilution limit for this 
engine by different methods like increasing turbulence in the engine and/or using Hythane 
which ignites easier than NG and/or improving the ignition system which delivers more 
energy. 
 
Increased turbulence can be achieved in different ways like changing or modifying the piston 
and/or increasing swirl and/or creating tumble.  
 
Using more sophisticated Lambda, combustion phasing and dilution limit regulators will be a 
supplementary tool to be able to run the engine with transient conditions  
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5 Future Work 
 
The results from the two previous papers proved increases in efficiency at low/part loads. The 
efficiency at very low loads was limited by very low turbulence and at higher loads it was 
limited by the amount of EGR delivered to the engine7. Replacing the piston with a high 
turbulent piston, improving the ignition system i.e. replace it with a system which delivers 
more ignition energy can extend the dilution limit at the lower load. By replacing the 
turbocharger with a more advanced turbocharger i.e. Variable Geometry Turbocharger (VGT) 
or configuring the EGR system it is also possible to increase the capacity of delivering more 
EGR. 
  
Implementing more advanced control strategies will be used to maximize the reliability for 
obtaining the same efficiency and emissions levels with the transient conditions as with 
steady state. Model Predictive Control (MPC) will be used to control lambda which will be 
modeled using System Identification. Furthermore, a Proportional Integral (PI) regulator 
combined with a feedforward map will be implemented to control combustion phasing for 
obtaining Maximum Brake Torque (MBT). 

A GT-Power model of the engine is already developed and this model will be used for 
investigating the possible performance improvements by studying Miller-Cycle8 strategies  
 
Investigating the problems associated with higher loads and the possible solutions and also 
extending the load limit will be under focus in the near future.  
 
 
  

                                                 
7 Maximum EGR rate that can be delivered is around 22 percent   
8In conventional SI engine the expansion ratio is same with compression ratio, but in Miller cycle this will be 
greater as Inlet Valve Closing (IVC) timing is delayed or advanced   
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6 Summary of Papers 
 

6.1 Paper 1 
 
M Kaiadi, P Tunestål, B Johansson: “Closed-Loop Combustion Control for a 6-Cylinder 
Port-Injected Natural-gas Engine” SAE Technical Paper 2008-01-1722 
Presented by Mehrzad Kaiadi at the SAE 2008 International Powertrain, Fuels and Lubricants 
congress, Shanghai, China, June 2008 
 
High EGR rates combined with turbocharging has been identified as a promising way to 
increase the maximum load and efficiency of heavy duty spark ignition engines. With 
stoichiometric conditions a three way catalyst can be used which means that regulated 
emissions can be kept at very low levels.  Open loop operation based on steady state maps is 
difficult since there is substantial dynamics both from the turbocharger and from the wall heat 
interaction. The proposed approach applies standard closed loop lambda control for 
controlling the overall air/fuel ratio for a heavy duty 6-cylinder port injected natural gas 
engine. A closed loop load control is also applied for keeping the load at a constant level 
when using EGR. Furthermore, cylinder pressure based dilution limit control is applied on the 
EGR in order to keep the coefficient of variation at the desired level of 5%. This way 
confirms that the EGR ratio is kept at its maximum stable level all times. Pumping losses 
decrease due to the further opening of the throttle, thereby the gas exchange efficiency 
improves and since the regulator keeps track of the changes the engine all the time operates in 

rmance is achieved.   a stable region. Our findings show that excellent steady-state perfo

I did the experiments, evaluated the data and wrote the paper. 
 

6.2 Paper 2 
 
M Kaiadi, P Tunestål, B Johansson: “Closed-Loop Combustion Control Using Ion-
Current Signals in a 6-Cylinder Port-Injected Natural-gas Engine” SAE Technical 
Paper 2008-01-2453 
Presented by Mehrzad Kaiadi at the SAE 2008 International Powertrain, Fuels and Lubricants 
congress, Chicago, USA, October 2008 
 

In this paper a combustion stability parameter was derived from ion-current signals which 
have been used for controlling the maximum dilution limit of the engine. 6-Cylinder natural-
gas engine was the experimental engine which was operated stoichiometric. Operating engine 
stoichiometrically results in more throttling losses at lower loads. The proposed approach 
applies standard closed loop dilution limit control on the EGR in order to maximize EGR rate 
as long as combustion stability is preserved. Furthermore, lambda closed-loop control was 
applied for controlling the overall air/fuel ratio for keeping the catalyst working optimal.  The 
proposed control strategy has been successfully tested on a heavy duty 6-cylinder port 
injected natural gas engine and our findings show that 1.5-2.5 % units (depending on the 
operating points)  improvement in Brake Efficiency can be achieved. 

I did the experiments, evaluated the data and wrote the paper. 
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