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ABSTRACT 

The primary objective of this dissertation is to develop combustion control strategies, that 

can reduce the thermal efficiency penalty associated with clean combustion in modern 

compression ignition engines. The clean combustion targets of simultaneously low oxides 

of nitrogen (NOX) and smoke emissions are selected as the platforms for demonstrating 

the dynamic control strategies on a single cylinder research engine.  

First, parametric analyses, including exhaust gas recirculation (EGR) calculations, are 

performed using a zero-dimensional engine cycle simulation model. Thereafter, two 

combustion strategies are experimentally investigated, namely the single-shot diesel 

strategy and the dual-fuel strategy. The single-shot diesel combustion strategy employs a 

single direct injection of diesel with the use of moderate levels of EGR. In the dual-fuel 

combustion strategy, port injection of ethanol is utilized in addition to the direct injection 

of diesel and the application of EGR. The results of parametric analyses and engine 

experiments provide guidelines for the development of a systematic control strategy. 

Closed-loop combustion control systems are implemented for regulating the fuel injection 

commands, by which the combustion phasing is effectively controlled on a cycle-by-

cycle basis in both the diesel and dual-fuel combustion strategies. The fuel injection 

control is integrated into the systematic control strategy for simultaneously controlling 

the air and fuel systems. The intake boost pressures, EGR rates, and fuelling strategies are 

dynamically selected, depending on the engine load level. By implementing the 

systematic control, both the NOX and smoke targets are achieved over a wide engine load 

range, while retaining the thermal efficiency of conventional diesel combustion.  
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CHAPTER I 

1. INTRODUCTION 

Internal combustion (IC) engines currently remain the preferred choice among the 

available powertrain options for automobiles [1], [2]. The IC engines typically burn 

hydrocarbon fuels to produce mechanical work and the products of combustion are 

exhausted to the atmosphere. The emission of toxic combustion products into the 

atmosphere poses major health and environmental concerns [3]. Therefore, the exhaust 

emissions, such as oxides of nitrogen (NOX), particulate matter (PM), unburnt 

hydrocarbons (HC), and carbon monoxide (CO) are strictly regulated in North America 

and other parts of the world [4]. In addition, carbon dioxide (CO2) regulations are in 

place to address the climate change and energy security concerns [5].  

1.1. The Compression Ignition Engine  

The two common IC engine types are the compression ignition (CI) engine and the spark 

ignition (SI) engine. When compared to the SI engines, the CI engines exhibit several 

advantages. The higher geometric compression ratio (CR) and the fuel-lean operation of 

the CI engine contribute to the high thermal efficiency [3]. Furthermore, the unthrottled 

operation throughout the engine load range yields a better part-load efficiency compared 

to that of the SI engine [3]. In addition to the higher efficiency, the mechanical reliability 

and the ability to operate under full-load conditions for an extended period have made the 

CI engine the preferred option for medium-duty and heavy-duty engine applications. The 

development of small displacement, high-speed diesel engines has also promoted the use 

of CI engines in the passenger car sector.  
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Additional advantages of the CI engine over the SI engine include the typically lower 

engine-out HC and CO emissions [6], while the engine-out NOX emissions are at a 

comparable level between the two engine types [7]. The CI engine, however, emits 

significantly larger amounts of PM and suffers from the NOX-PM trade-off [8], wherein 

the technologies adopted for NOX reduction often result in an increase in the PM. 

Furthermore, aftertreatment of the CI engine exhaust is a greater challenge than that of 

the SI engine. The SI engine operates under stoichiometric conditions and implements the 

three-way catalytic convertor (TWC) for exhaust aftertreatment. The TWC is effective in 

reducing the NOX to nitrogen (N2) and oxygen (O2), and oxidizing the HC and CO to 

CO2 and water (H2O). For facilitating the reactions in the TWC, a sufficiently high 

exhaust temperature is necessary in addition to the periodic absence of O2 in the exhaust 

gases.  

The exhaust of the CI engine normally contains ample amounts of oxygen. Moreover, the 

temperature of the exhaust gases is typically lower than that of the SI engine, and varies 

significantly with the engine load level. Thus, the TWC technology is unsuitable for 

exhaust aftertreatment in CI engines. More complex aftertreatment devices such as the 

diesel oxidation catalysts (DOC), diesel particulate filters (DPF), lean NOX traps (LNT), 

and selective catalytic reduction (SCR) systems are implemented in combination with in-

cylinder emission reduction strategies to reduce the tail-pipe emissions from CI 

engines [9]. However, some of the emission control strategies, including the use of 

aftertreatment systems, impose fuel efficiency penalties in CI engines [10].  
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1.2. Emission and Efficiency Regulations  

In North America, the CI engines are primarily used for heavy-duty highway trucks, 

urban buses, and off-highway equipment [11]. The exhaust emissions of these engines are 

regulated by the United States (US) Environmental Protection Agency (EPA) and are 

kept in-line by Environment Canada. The EPA regulations for NOX and PM 

emissions [5] that apply to the on-road heavy-duty trucks are summarized in Figure 1.1.  

 

Figure 1.1  US EPA Emission Regulations for Heavy-duty Diesel Engines 

The simultaneous reductions of NOX and PM emissions continue to be a challenge for 

diesel engines. Modern diesel engines are equipped with complex air and fuel 

management systems to reduce the in-cylinder NOX and PM emissions. In addition, 

multiple aftertreatment systems are in place to treat the diesel exhaust so that the tailpipe 

emissions are within the regulated limits. For example, Table 1.1 lists a few technologies 
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implemented on truck engines over the past two decades [12]. Some of the engine 

technologies used for emission control have resulted in a thermal efficiency reduction. 

For instance, a nearly 3% (absolute) reduction in the brake thermal efficiency was 

reported for the 2004 model year truck engines compared to the previous model year 

engines [12]–[14]. 

Table 1.1  Technology Integration Example for Cummins Engines 

Year Technology 

1991 Electronic Fuel Injection  

1997 High-pressure Common-Rail Fuel 

Injection 

2004 Cooled Exhaust Gas Recirculation 

(EGR), Variable Geometry 

Turbocharging (VGT) 

2007 Wall Flow Diesel Particulate Filtration, 

NOX Adsorption 

2010 SCR 

 

The recent additions to the EPA regulations are the CO2 emission limits, that have been 

in effect since 2014. The current and proposed CO2 emission regulations [5] applied to 

heavy-duty trucks are presented in Figure 1.2.  
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Figure 1.2  US EPA CO2 Emission Standards for Heavy-duty Diesel Engines 

When hydrocarbon fuels are used, the amount of CO2 in the exhaust directly relates to the 

fuel consumption, as illustrated in APPENDIX A. Therefore, a reduction of CO2 

emissions requires an improvement in the thermal efficiency of the engine, in addition to 

other strategies for reducing the overall vehicle fuel consumption. Moreover, the CO2 

regulations are expected to become more stringent for heavy-duty engines in the near 

future [15]. Similar regulations are in effect for the light-duty vehicles, which are also 

likely to become increasingly stringent in the future [4]. As a result, thermal efficiency 

improvements in diesel engines are necessary for their use in the heavy-duty trucks and 

the light-duty passenger cars. To simultaneously meet the emission and efficiency 

regulations, a more effective integration of the emission control and efficiency 

improvement technologies is therefore required.  
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1.3. CI Engine Control Systems 

Before the introduction of electronic engine control, the CI engines implemented a 

combination of mechanical, pneumatic and hydraulic subsystems for actuator 

control [16]. A schematic of a typical engine control system for a traditional CI engine 

equipped with a single-stage turbocharger and a mechanically operated fuel injection 

system [16] is shown in Figure 1.3. Complex mechanical linkages enable the control of 

fuel injection timing and quantity based on the engine speed and torque demand. 

Governor-based idle and maximum engine speed control are also integrated into the fuel 

injection system. The air supply system is primarily comprised of a turbocharger and an 

intercooler. The turbocharger utilizes the energy from the engine exhaust to raise the 

pressure of the intake air. A pneumatically-operated wastegate is used to bypass some of 

the exhaust gases across the turbocharger turbine to prevent over-boosting of the engine 

intake [17]. Control systems that limit the fuel quantity at low intake boost pressures are 

also implemented to reduce the smoke level. 

As numerous control actions are performed by the mechanical control systems, the 

control complexity increases significantly when additional hardware components are 

integrated into the engine for emission reduction. Moreover, the precision of the control 

actions based solely on the mechanical, pneumatic, and hydraulic linkages is insufficient 

to meet the stringent emission regulations [18]. Thus, the use of electronic sensors and 

actuators in conjunction with an engine control unit (ECU) is a common approach for 

modern CI engines.  
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Figure 1.3  Classical Diesel Engine Control Layout 

A schematic of a modern CI engine is presented in Figure 1.4. In contrast to the 

mechanically operated CI engine shown in Figure 1.3, the modern CI engine incorporates 

emission control technologies. These include the common-rail fuel injection, two-stage 

turbocharging, variable valve actuation (VVA), dual-loop EGR, and exhaust 

aftertreatment.  
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The common-rail injection system and electronically operated fuel injectors facilitate 

multiple injection events in one engine cycle. The air supply system, for the example 

shown in Figure 1.4, consists of two turbochargers and a dual-loop EGR system. The 

turbochargers utilize VGT actuators to electronically regulate the boost pressure and the 

exhaust backpressure at each stage of the turbocharging system. The dual-loop EGR 

system comprises the high-pressure and low-pressure EGR paths [19]. The high-pressure 

EGR path connects the upstream of the VGT to the downstream of the compressor, and 

the VGT vanes maintain a positive backpressure to drive the exhaust gases through the 

EGR path. In the low-pressure EGR path, the exhaust gases from downstream of the 

turbocharger are recirculated into the intake air, before entering the compressor. The 

EGR valves and the VGT actuators work in coordination to maintain the desired intake 

boost and EGR levels.  

The modern diesel engines also utilize a complex exhaust aftertreatment system. A 

representative configuration is shown in Figure 1.4. The DOC and the DPF are fitted 

upstream of the low-pressure EGR loop. The SCR system is mounted downstream of the 

DOC-DPF assembly for NOX emission control. An ammonia oxidation catalyst (AOC) is 

also installed downstream of the SCR for reducing ammonia slip. An array of sensors 

including mass air flow (MAF), pressure, temperature, oxygen, and NOX sensors are 

deployed for the feedback based control of the intake boost, EGR, fuel injection, and 

aftertreatment systems. A cylinder pressure sensor is also shown in the schematic. 

However, the measurement of cylinder pressure is currently not a common practice in 

production CI engines [20]. 



CHAPTER 1: INTRODUCTION 

9 

 

Figure 1.4  Modern Diesel Engine Control Layout 
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1.4. Engine Calibration and Control Design 

The ECU generates the control commands for a large number of electronic actuators 

employed on the modern CI engine. The actuator setpoints are stored on the ECU 

memory. The setpoint values are generated during the engine calibration process, which 

is usually carried out in engine dynamometer test cells. Adjustments are also made to the 

setpoints depending on the engine operating conditions, the atmospheric conditions, and 

several other engine and vehicle parameters. A typical engine calibration process [21] is 

summarized in Figure 1.5. The process is governed by several objective functions and 

constrains that include engine performance targets and actuator physical limitations.  

The experimental engine mapping procedure for developing the actuator setpoint maps is 

highly complex and requires a significant amount of time. For instance, in engines that 

use the common-rail system, several variables such as injection pressure, number of fuel 

injections per cylinder per cycle, and the duty cycle of each injection event require 

calibration. It is pertinent to mention that several approaches for standardization of the 

calibrations across engine platforms are in place, at least within the same engine 

manufacturer. Nevertheless, each new technology implemented in the engine platform 

causes an increase in the complexity of the operating maps, and hence the calibration 

effort [22].  
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Figure 1.5  Typical Engine Calibration and ECU Operation 

In summary, the increased stringency of the regulatory constraints in emissions and 

efficiency may require the deployment of additional sensors and actuators to facilitate 

clean and efficient combustion strategies in CI engines. At the same time, the addition of 

hardware components on the engine increases the calibration effort and control 

complexity. Control strategies that can reduce the calibration effort and limit the sensor 

requirements are necessary. The model-based control systems that are developed on the 

test bench and then deployed in the ECU software are preferred. The model-based control 

system development is also supported by the increasing on-board computing power on 

the modern ECU [23].  
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1.5. Scope of Work 

Dynamic control strategies are developed in this dissertation, that can reduce the energy 

efficiency penalties typically associated with the simultaneous reduction of NOX and 

smoke emissions in modern CI engines. A high compression ratio (18.2:1) common-rail 

diesel engine is adopted as the research platform to benefit from its potentially high 

thermal efficiency. The test engine is equipped with the following modern diesel engine 

hardware: common-rail fuel injection, boosted intake, and EGR. In addition to the 

standard engine hardware, the intake manifold of the test engine is fitted with a port fuel 

injection system for implementing the dual-fuel combustion (DFC) strategy. The single-

shot diesel combustion (SSDC) and the ethanol-diesel DFC strategies are experimentally 

investigated, supported by parametric calculations with zero-dimensional (zero-D) engine 

cycle simulations. 

The test engine is controlled using a modular control platform that includes real-time 

(RT) computers and field programmable gate array (FPGA) devices. The test engine and 

the control setup provide a platform to demonstrate the dynamic control strategies that 

can regulate the combustion process to reduce exhaust emissions, to improve thermal 

efficiency, and to maintain stable engine operation over a wide engine load range.  

1.6. Dissertation Significance 

This dissertation work focuses on the control of in-cylinder reductions of NOX and smoke 

emissions by implementing the clean combustion strategies. The thermal efficiency of 

clean combustion is improved by applying systematic control. The primary contributions 

of the dissertation include:  
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1. Identification of boundary conditions for the experimental study by conducting 

parametric engine cycle simulations with a detailed EGR analysis.  

2. Experimental investigation of low emission and high efficiency pathways with the 

SSDC and DFC strategies. The adjustment of EGR rate, the modulation of 

combustion phasing, and the regulation of ethanol-to-diesel ratio are used as the 

primary control variables during the experimental study, the results of which are 

used to develop the dynamic combustion control strategies. 

3. Cycle-by-cycle control of combustion phasing and engine load using the RT-

FPGA enabled cylinder pressure analysis. Improvements in combustion stability 

are achieved by implementing cycle-by-cycle control in the clean combustion 

region. 

4. Development of dynamic control strategies to demonstrate the systematic 

regulation of EGR rate, combustion phasing, and combustion strategy switching.  

1.7. Dissertation Outline  

The dissertation consists of eight chapters and seven appendices. The dissertation outline 

is shown in Figure 1.6. Chapter 1 provides a concise overview of the CI engine hardware 

and control technologies. The regulatory and consumer requirements that drive the 

continuous improvements in IC engine technologies are highlighted. The motivation for 

improving engine control is explained in this chapter. A brief literature review of clean 

combustion strategies and control methods for CI engines is presented in Chapter 2. The 

emission benefits of diesel LTC are introduced, and the challenges associated with the 

implementation and control of LTC are described. The impacts of fuel property 
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modifications on the emissions from CI engines are discussed. The studies of DFC are 

reviewed, and the associated control challenges are summarized.  

An overview of the research methodologies implemented in this dissertation is provided 

in Chapter 3. The engine performance and emission targets adopted in the experimental 

work are introduced. The laboratory equipment and the experimental methods are 

described in this chapter. Details of the hardware and software architectures implemented 

for engine control are also provided. 

A zero-D engine cycle simulation code is developed, that includes a simple 

characterization of EGR. Calculations are carried out to study the effects of engine 

operating parameters on the engine performance, and to identify limiting conditions for 

engine testing. Chapter 4 describes the calculation steps and the results of the parametric 

simulation study. The results of steady-state engine tests are presented in Chapter 5. The 

experimental investigation includes the systematic testing of the SSDC strategy and the 

diesel-ethanol DFC strategy. 

The dynamic cycle-by-cycle regulation of the fuel injection using the cylinder pressure 

feedback is explained in Chapter 6. The cylinder pressure analysis technique, the 

controller design, and the test results are presented. In Chapter 7, the fuel injection 

control algorithm and a simplified mathematical model of the test engine are integrated 

into a systematic control architecture to simultaneously regulate the air and fuel systems 

of the test engine. The proposed systematic control architecture is discussed in detail, 

along with representative test results. A summary of the contributions of this dissertation 

is presented in Chapter 8. Finally, the recommendations for future work are provided. 
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Figure 1.6  Dissertation Outline 
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CHAPTER II 

2. LITERATURE REVIEW 

A brief summary of previous and ongoing researches in CI engine combustion is 

presented in this chapter. The literature review is divided into three sections. The low 

temperature combustion (LTC) strategies that can achieve ultra-low NOX and smoke 

emissions using diesel fuel are reviewed in the first section. The second section presents a 

brief review on the combustion of alternative fuels and fueling strategies in CI engines. 

The final section summarizes the challenges and progresses of clean combustion control 

in modern CI engines.  

2.1. Diesel Low Temperature Combustion 

The ignition and combustion characteristics of diesel engines can be explained with a 

heat release rate diagram. The heat release rate (HRR) is an indication of the rate of fuel 

combustion, which is calculated from the measured cylinder pressure. A representative 

example of conventional diesel combustion is shown in the upper plot of Figure 2.1. The 

cylinder pressure, the HRR, and the rate of injection (ROI) are plotted against the crank 

angle. The short ignition delay followed by the overlap between the injection and 

combustion events, suggests that a part of the air and fuel mixing occurs during the 

combustion event. The temporal overlap between the fuel injection and combustion 

events generally leads to diffusion burning in a diesel engine [24].  

The lower plot of Figure 2.1 shows an example of the diesel low temperature 

combustion (LTC). Both the test cases presented in Figure 2.1 have matching diesel 
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injection pressures and commands. However, in contrast to the conventional diesel 

combustion, when LTC is enabled, the combustion event is largely separated from the 

fuel injection event, as seen from the ROI and HRR traces. In this case, LTC is enabled 

by applying heavy amounts of EGR, which effectively prolongs the ignition delay [25].   

 

Figure 2.1  Diesel HTC versus LTC: Pressure and Heat Release 

By enabling LTC, the NOX and smoke emissions are simultaneously reduced to ultra-low 

levels. To understand the emission characteristics of the two test cases, a conceptual chart 
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of smoke and NOX formation regions [26], [27] is shown in Figure 2.2. During diffusion 

combustion, the locally fuel-rich and high temperature conditions prevail as the air-fuel 

mixing takes place simultaneously with the combustion process, thereby promoting the 

formation of smoke [24]. At the same time, the diffusion flame tends to localize near 

stoichiometric regions, where the high flame temperature produces high NOX 

emissions [8]. Thus, during diffusion burning, the flame temperatures and the air-fuel 

ratios pass through both the smoke and NOX formation regions [24], [26], [27].  

 

Figure 2.2  Conceptual Representation of NOX and Smoke Formation 

Therefore, the goal of LTC is to enhance the mixing process between the fuel and 

air [28], [29]. By preparing a lean (or diluted) and pre-mixed cylinder charge before the 

onset of combustion, the smoke and NOX formation regions are avoided [24], [27]. The 
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diesel LTC strategies either advance or postpone the injection events away from the 

injection window of conventional diesel combustion [24], [30], as shown in Figure 2.3. In 

addition to the off-phasing of injection, inert dilution of the intake is applied by the use of 

heavy amounts of EGR [31]. These strategies create a separation between injection and 

combustion, thereby prolonging the mixing time. Even though ultra-low NOX and smoke 

emissions are achieved, the thermal efficiency of diesel LTC cycles is often lower than 

that of conventional HTC [29]. Besides, the LTC strategies are typically limited to low 

engine load levels [28], [32]–[36]. 

 

Figure 2.3  Common Low Temperature Combustion Strategies with Diesel 
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2.2. Combustion of Alternative Fuels in Compression Ignition Engines 

Fundamentally, engine operation under the LTC regime prefers a lean (or diluted) and 

homogeneous air-fuel mixture that auto-ignites towards the end of the compression 

stroke. However, diesel fuels have relatively high viscosities and boiling temperatures, 

hence they require a longer mixing times to prepare homogeneous mixtures. Diesel fuels 

also have high tendencies to auto-ignite, which limit the mixing time prior to ignition, 

especially when the engine load level is increased. Therefore, conventional diesel fuels 

may not be suitable for facilitating LTC over a wide engine load range [37], [38].  

Among the commercially available fuels, diesel and gasoline have high volumetric and 

mass-based energy densities, which make them suitable for mobile applications. The 

energy densities of some commercially available fuels are summarized in Figure 2.4. The 

gaseous fuels such as H2 and natural gas have high mass-based energy densities, and are 

suitable for LTC [5], [39]–[41]. But for vehicle use, these fuels have to be compressed to 

high pressures for onboard storage.  

Other liquid fuels such as alcohols and biodiesels that carry oxygen within the fuel 

molecules have a lower energy density. Nevertheless, combustion of such fuels in CI 

engines has demonstrated a reduction in the smoke emissions due to the fuel borne 

oxygen [42]–[45]. Moreover, these fuels can be produced from biomass feedstock and are 

considered to be renewable [46], [47].  
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Figure 2.4  Energy Densities of Common Fuels and Energy Storage Devices 

Apart from the energy content, the suitability of a fuel for LTC depends upon its physical 

and chemical properties that influence the fuel-air mixing and combustion processes. The 

major fuel properties that affect the mixing of fuel and air include the boiling point, 

volatility, viscosity, and latent heat of evaporation; whereas the ignition characteristics 

are typically evaluated from the fuel Cetane or Octane number. The properties of some 

common fuels are presented in Figure 2.5. A detailed summary of the fuel properties is 

included in APPENDIX B.  
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Figure 2.5  Port Injection Suitability and Ignition Properties of Selected Fuels 

The fuel with a lower boiling point can readily evaporate and form a homogeneous 

mixture with the surrounding air inside the combustion chamber. The combustion of this 

pre-mixed fuel-air mixture generally leads to ultra-low smoke emissions [48]. The NOx 

emissions can also be low if the mixture is sufficiently lean or diluted [45]. In addition to 

the low boiling point, if the fuel has a high latent heat of vaporization, the evaporation of 

this fuel results in the cooling of the cylinder charge [43]. The lower compression-end 

temperature following the cylinder charge cooling can potentially yield lower combustion 

temperatures and NOX emissions [43]. The Cetane number (CN) and the Octane Number 
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(ON) are often used as standard measures for the ignition quality of fuels in CI and SI 

engines, respectively. While a high CN typically denotes better auto-ignition 

characteristics of a fuel, a high ON implies more resistance to auto-ignition [49].  

To investigate the suitability of fuel properties for LTC enabling, researchers have tested 

fuels with a broad range of ignition characteristics, fuel chemistry, and volatility in CI 

engines [10], [37], [38], [50]–[54]. In general, highly reactive fuels, such as diesel, are 

better suited for LTC under low load conditions [35]. If fuels with high auto-ignition 

resistance are employed, the low load LTC operation is challenged by the combustion 

stability and thermal efficiency penalties [37]. On the contrary, the fuels with a lower 

reactivity are suitable for high load operation under premixed LTC conditions, while the 

highly reactive fuels can undergo premature ignition [38], [54]. The overall conclusion 

from the studies of fuel property effect on CI LTC is that a dynamic modification of fuel 

reactivity may be necessary for a stable operation over a wide engine operating 

range [10], [37], [53].  

Accordingly, the on-board fuel blending strategies, that incorporate two fuels and two 

fuel supply systems are studied extensively. These on-board fuel blending strategies are 

commonly identified as the dual-fuel combustion (DFC) strategies. The DFC strategy 

typically employs a low pressure port injection system and a high pressure direct 

injection system [10], [54], [55]. The port injection system prepares a lean and 

homogeneous air-fuel mixture using a fuel that has a high auto-ignition resistance and 

high volatility [56]. The direct injection system uses a high reactivity fuel, which acts as a 

reliable ignition source for the lean and premixed mixture, that is prepared by the port 
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ignition system [43], [48], [55], [57]–[59]. The ignition and the combustion processes are 

primarily governed by the ratio between the quantities of the two fuels [10] or by the 

injection timing of the direct injection fuel [60]–[63].  

2.3. Opportunities for Control of Clean Combustion in CI Engines 

When low engine-out NOX and smoke emissions are desired, the control of combustion is 

more critical, compared to the control of conventional HTC. For enabling clean 

combustion, precise control over the ignition process is necessary, while also ensuring an 

adequate time for mixture preparation. If the fuel-air mixture is not sufficiently premixed 

and lean (or diluted), the HTC regions are difficult to avoid [27]. Moreover, the timing of 

ignition, relative to the TDC, is critical, because very early ignition can result in high 

peak cylinder pressures and pressure rise rates [64]. On the contrary, very late ignition 

can cause combustion instabilities [65].  

In general, the mixture preparation and ignition processes are largely controlled by the 

scheduling of the fuel injection, along with the regulation of intake charge quantity and 

composition. The electronic engine control systems on modern CI engines provide an 

effective platform to enable the highly premixed clean combustion [34]. Specifically, the 

high-pressure common-rail fuel injection system facilitates the precise control over the 

timing and duration of multiple injection events [66]. The enabling of the LTC strategies, 

summarized in Figure 2.3, is primarily attributed to the fuel injection flexibility of the 

high pressure fuel injection system [30]. Moreover, the addition of port injection to the 

fuel system offers more freedom for the control of fuel delivery, while also permitting the 

use of two fuels [10], [55]. Thus, the fuel injection system comprises of numerous control 
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variables, such as number of direct injections, injection timing, injection duration, 

injection pressure, and port-injection quantity. However, the regulation of these fuel 

injection variables is generally based on lookup tables [67], which require significant 

calibration effort [68]. A recent development includes the integration of a cylinder 

pressure sensor in a glow-plug [69], thereby providing opportunities to develop fuel 

injection control algorithms based on cylinder pressure feedback [20], [70]–[72].  

The air-path control hardware on a modern CI engine is equally complex. With the use of 

multi-stage turbocharging, high-pressure EGR, and low-pressure EGR, a wide range of 

intake boost pressures and EGR rates can be employed [73]. The application of 

simultaneously high intake boost pressures and EGR ratios is possible [74], which is 

often necessary for the enabling of clean combustion [25]. Furthermore, numerical 

models, electronic sensors, and actuators are deployed in the air-path, which facilitate the 

use of model-based air-path control algorithms, such as the regulation of the intake 

oxygen concentration and air-fuel ratio [67], [75]–[80]. 

In summary, the literature review highlights that diesel LTC strategies are applicable at 

low load levels. The engine load range can be extended by dynamically modifying the 

fuel properties, for instance by employing the DFC strategy. For LTC, a tight control 

over the engine operating parameters is necessary, including the fuel delivery and air-

path parameters. The integration of the cylinder pressure measurement into the engine 

control system presents a potential for the improvements in the design of the engine 

control system.  
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CHAPTER III 

3. RESEARCH METHODOLOGY 

3.1. Research Targets 

The literature review presented in Chapter 2 suggested that the current NOX and smoke 

emission regulations could be met with the diesel low temperature combustion (LTC) 

strategies without exhaust aftertreatment. However, the practical implementation of 

diesel LTC is restricted by the load limits, thermal efficiency penalties, control 

challenges, and hardware constraints. The current approach adopted in production diesel 

engines includes the operation in the HTC regime coupled with the use of selective 

catalytic reduction (SCR) and diesel particulate filter (DPF) in the exhaust aftertreatment. 

Low-to-moderate EGR rates are applied to reduce the NOX emissions, to maintain the 

low smoke emissions, and to attain the high thermal efficiency.  

The CI engines may continue to use complex aftertreatment systems to meet the stringent 

tailpipe emission regulations in the near future [81]. The proposed NOX emission 

regulations of 0.027 g/kW-hr (0.02 g/hp-hr) would require a NOX aftertreatment 

efficiency of up to 99.5% [15], which could be cost prohibitive. A combination of in-

cylinder emission reduction and exhaust aftertreatment strategies may be required to 

satisfy the future emission regulations. This dissertation work focuses on the control of 

in-cylinder reductions of NOX and smoke, while lowering the associated thermal 

efficiency penalty. A target value of 0.5 g/kW-hr is selected for the engine-out NOX 

emissions across the entire engine load range as a platform to develop dynamic control 

strategies. In addition, a smoke emission target of 0.05 g/kW-hr is selected to attain 
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simultaneously low engine-out smoke and NOX emissions, and thereby to potentially 

reach the future ultralow emission targets with the combined use of practical 

aftertreatment techniques. Besides the emission targets, the following operability and 

stability limits are set: 

1. The peak cylinder pressure is limited to 170 bar. 

2. The peak pressure rise rate is constrained to 15 bar/°CA. 

3. The standard deviation of CA50 (STDCA50) is lower than ±1°CA. 

4. The coefficient of variation of IMEP (COVIMEP) is under 5%. 

The peak cylinder pressure, in part, is constrained by the noise, vibration, and 

harshness (NVH) concerns. The peak pressure rise rate is normally limited to 6~8 

bar/°CA in light-duty diesel engines, but in heavy-duty diesel engines this upper limit can 

be increased to 15 bar/°CA [58] with better noise attenuation design. The combustion 

control and stability targets are adopted to ensure that the cyclic variations are within the 

normally accepted limits [3].  

3.2. Research Methodology 

The literature review, on the fuel impacts in CI engines, has highlighted the advantages of 

the dual-fuel configuration in terms of emission reduction, combustion controllability, 

and load applicability. Therefore, the single-shot diesel combustion (SSDC) and the dual-

fuel combustion (DFC) strategies are investigated in this research, which are then used to 

develop the dynamic combustion control strategies.  
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The research methodology is summarized in Figure 3.1; therein the approach adopted to 

meet the research targets is highlighted. First, parametric analysis is conducted using 

numerical simulations to help identifying the boundary conditions for the engine 

experiments, and to develop a better understanding of the experimental results. An EGR 

calculation routine is developed as a part of the numerical simulations. Expressions are 

derived for estimating the correlation between EGR application and the change in intake 

gas composition for both the SSDC and DFC strategies. 

The impact of the above combustion strategies on engine thermal efficiency is evaluated 

at various engine load levels under steady-state testing conditions. In order to maintain 

the thermal efficiency levels similar to that of the conventional diesel combustion, the 

SSDC strategy is adopted to achieve the research targets at low-load operating 

conditions, whereas the DFC strategy is implemented at high load levels.  

The results of steady-state tests with both the SSDC and DFC strategies highlight the 

effectiveness of the diesel injection command for the control of the combustion phasing. 

Therefore, a controller is developed to regulate the combustion phasing on a cycle-by-

cycle basis. The measured cylinder pressure is used as the primary feedback for the 

design of the control algorithm. A systematic control architecture is subsequently 

developed to integrate the regulations of the boost, EGR rate, and fuel injection 

commands, to attain the research targets. The control setpoints are selected referring the 

parametric analyses and basing on the experimental results. These setpoints are adjusted 

depending upon the engine load levels. Experiments are conducted to demonstrate the 

dynamic control with the two combustion strategies at varying IMEP levels. 
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Figure 3.1  Schematic of Research Methodology  
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3.3. Experimental Setup 

The current section presents the detailed descriptions of the test engine setup, the test 

control system, and the measurement equipment. The procedures for data acquisition and 

synchronization between the measurement devices are explained, followed by a 

discussion of the post-processing techniques. 

3.3.1. Test Engine 

The experiments are mostly performed on a production 2.0 L Ford Puma common-rail 

diesel engine. The detailed specifications of the test engine are summarized in Table 3.1. 

The engine is coupled to a non-motoring eddy-current dynamometer. The base engine is 

modified to separate the intake and exhaust systems of the first cylinder from the other 

three cylinders. The research and measurements are conducted on the first cylinder like a 

single cylinder engine, while the remaining three cylinders are operated in the 

conventional high temperature combustion (HTC) mode. Unlike a motoring 

dynamometer, a non-motoring dynamometer cannot maintain the engine speed at the 

desired setpoint if the engine operates below a certain load level. By operating these three 

cylinders in the stable combustion regime, potentially unstable combustion strategies can 

be investigated on the research cylinder using this non-motoring dynamometer.  

A piezo-electric, un-cooled, and glow-plug mounted pressure transducer (AVL GU-13P) 

is installed in the research cylinder for in-cylinder pressure measurements. The 

membrane of the pressure transducer is nearly flush-mounted to minimize the resonance 

effects in the pressure data. 
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An external conditioning unit regulates the coolant temperature to a setpoint of 80°C 

during the tests. The temperature is chosen to represent a fully warmed up engine. The 

original oil circulation system is used for the lubrication of the engine components. 

External measurement systems are added for monitoring the oil pressure and temperature. 

Alarms are in place to warn the operator if the coolant or oil conditions are outside the 

safe limits.  

Table 3.1  Test Engine Specifications 

Engine Type 4-cylinder; 4-stroke Ford DuraTorq® Puma 

Displacement 1998 cm3 (499.5 cm3 / cylinder) 

Bore x Stroke 86 mm x 86 mm 

Connecting Rod 155 mm 

Compression ratio 18.2:1 

Peak Cylinder Pressure 170 bar 

Injector Solenoid type 6 holes; Φ: 0.13 mm; Umbrella angle: 155° 

Injection System Delphi common-rail  

Rail Pressure Up to 160 MPa 
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3.3.2. Intake Boost and EGR System 

Figure 3.2 shows a schematic of the test setup outlining the intake boost and EGR 

components. The intake air is supplied to the research cylinder from an oil-free dry air 

compressor. An electro-pneumatic pressure regulator is installed in the intake system to 

control the intake air pressure. An air flow meter is mounted in the intake path that 

measures the volumetric flow rate of air. An intake surge tank is installed between the 

flow meter and the intake manifold to isolate the cyclic pulsations generated by the intake 

valve opening, that may otherwise introduce substantial cyclic variations, in addition to 

errors in flow rate measurements. The pressure and temperature of the fresh intake air are 

measured. Using these measurements, the volumetric flow rate is converted to the mass 

air flow (MAF) rate following the ideal gas law. 

An exhaust surge tank is installed in the exhaust path. The surge tank helps to retain a 

steady backpressure that facilitates a stable EGR flow, in part, by dampening the exhaust 

pressure waves. The mean exhaust backpressure is regulated using a backpressure valve 

mounted downstream of the exhaust surge tank. An electro-pneumatic pressure regulator 

is used to control the opening of the backpressure valve. A diesel oxidation catalyst 

(DOC) is mounted in the exhaust line upstream of the surge tank to oxidize the CO and 

HC emissions and, thus, to avoid the potential accumulation of these combustible gases 

in the surge tank. The research cylinder is also fitted with a high-pressure, cooled EGR 

system. The EGR path is connected downstream of the exhaust surge tank, but upstream 

of the backpressure valve. An EGR valve is installed downstream of the EGR cooler. The 

EGR rate is controlled by simultaneously adjusting the EGR valve opening and the 

pressure difference between the exhaust tank backpressure and the intake boost pressure.  
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Figure 3.2  Test Engine Setup 
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3.3.3. Fuel Systems 

The fuel systems comprise of a high pressure common-rail diesel direct injection system 

and a low pressure ethanol port fuel injection system. Figure 3.3 shows a schematic of the 

fuel systems.  

 

Figure 3.3  Fuel System Schematic 

The diesel fuel supply consists of a low pressure line that feeds fuel to the high-pressure 

pump. The main components of the low pressure circuit are a fuel storage tank, a set of 

fuel filters, a fuel flow metering sensor, and a low pressure feed pump. The high-pressure 

pump supplies the diesel fuel to all the four cylinders through the common-rail. The fuel 

returned from the high-pressure pump and the injectors is cooled using a heat exchanger, 

prior to being sent back to the upstream of the feed pump, yet downstream of the fuel 

metering sensor. The common-rail pressure is controlled to a setpoint using a potential 
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controller. The fuel injection commands for each of the four injectors are independently 

controlled.  

In addition to the common-rail fuel injection, a port fuel injection system is integrated 

into the test setup to deliver ethanol fuel into the intake runners of the research cylinder. 

An in-house built low-pressure fuel supply system provides the moderately pressurized 

ethanol to a fuel rail. An alcohol tolerant fuel metering sensor is installed in the fuel 

supply line to measure the ethanol flow rate. When the DFC strategy is implemented, 

both of the diesel and ethanol injections are used in coordination. To facilitate the 

investigation, an ethanol fraction (𝜒𝑒𝑡ℎ) is defined in Equation (3.1) to indicate the energy 

contribution from the ethanol fuel, in relevance to the total fuel. 

𝜒𝑒𝑡ℎ =
𝑚𝑒𝑡ℎ𝐿𝐻𝑉𝑒𝑡ℎ

𝑚𝑑𝑖𝑒𝑠𝑒𝑙𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙 +𝑚𝑒𝑡ℎ𝐿𝐻𝑉𝑒𝑡ℎ
 (3.1) 

where, 𝑚𝑒𝑡ℎ  and 𝑚𝑑𝑖𝑒𝑠𝑒𝑙  are the measured fuel flow rates of ethanol and diesel, 

respectively. 𝐿𝐻𝑉𝑒𝑡ℎ and 𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙 are the lower heating values (LHV) of the ethanol and 

diesel. The steady-state volumetric flow measurements are averaged over 60 seconds, 

which are then converted to a fuel mass flow rate by applying a fixed fuel density 

conversion using the density of the test fuel. The test fuel specifications, including the 

LHV and fuel density values, are listed in Table 3.2 [82]–[85]. A more detailed list of 

fuel properties is included in APPENDIX B.  
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Table 3.2  Test Fuel Specifications 

Fuel Diesel Ethanol 

Density at 15°C [kg/m³] 846 788 

Viscosity at 40°C [cSt] 2.5 1.52 

Cetane Number [-] 46.5 8~11 

Octane Number [-] ~25 110~115 

Lower Heating Value 

[MJ/kg] 
42.1 26.9 

Oxygen Content by 

Mass [%] 
0 34.78 

Boiling Temperature at 

Atmospheric Pressure [°C] 
246~388 78.3 

C1HβOγ [-] C1H1.87 C1H3O0.5 

 

3.3.4. Emission Analyzers 

The intake and exhaust gas compositions are measured by a dual-bank gas analyzer 

system. The sampled exhaust and intake gases are passed through the sample conditioning 

units consisting of a chiller unit, a heated pump and a series of filters, to provide clear and 

dry samples to the analyzer benches. The exhaust gas analyzer bench measures the 

volumetric concentrations of NOX, HC, CO, CO2, and O2 in the exhaust. The intake gas 

analyzer bench measures the volumetric concentrations of CO2 and O2 in the intake flow. 

The measurements of CO2 concentration in the intake and exhaust streams are used to 
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evaluate the EGR ratio. The CO2 based EGR ratio (𝑟𝐶𝑂2) is the ratio of the intake CO2 

concentration, [𝐶𝑂2]𝑖𝑛𝑡, to the exhaust CO2 concentration, [𝐶𝑂2]𝑒𝑥ℎ.  

𝑟𝐶𝑂2 =
[𝐶𝑂2]𝑖𝑛𝑡
[𝐶𝑂2]𝑒𝑥ℎ

 (3.2)  

The main specifications the emission measurement units are presented in Table 3.3. 

Table 3.3  Intake and Exhaust Gas Analyzers 

Analyzers Type Emission type Range Model No. 

Heated 

chemiluminescence 

detector (HCLD) 

NO (ppm) 

NO2 (ppm) 
0-0.3% 

CAI Model  

600-HCLD 

Heated flame 

ionization detector 

(HFID) 

HC (ppm C1) 0-0.3% 
CAI Model  

300M-HFID 

Non-dispersive 

infrared (NDIR) 

detector 

Exh. CO (ppm) 

and CO2 (%), 

Int. CO2 (%) 

0-0.2% and 0-0.5% 

0-8% and 0-40% 

0-2% and 0-10% 

CAI Model 300 

CAI Model 200 

CAI Model 602P 

Paramagnetic detector 
Int. O2 (%),  

Exh. O2 (%) 

0-25% 

0-25% 

Smoke meter Smoke (FSN) 0-10 FSN 
AVL Model 

415S 

Note:    CAI: California Analytical Instruments, Inc. 

             AVL: Anstalt für Verbrennungskraftmaschinen List 
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The smoke emissions in the exhaust gases are measured using an AVL smoke meter. The 

intake gas is sampled from the downstream of the EGR mixing location, and the 

upstream of the port fuel injection location. The exhaust sampling point is located in the 

exhaust manifold, upstream of the location of the safeguarding DOC.  

In addition to the emission analyzer benches, a production level Bosch NOX sensor is 

also installed in the exhaust path. The sensor is mounted on the exhaust pipe downstream 

of the exhaust backpressure valve, which measures the concentrations of O2 and NOX in 

the exhaust gases. In practical use, the production sensor can give second by second 

reading [86] that is much faster than the reporting of the laboratory NOX analyzers. 
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3.4. Test Management 

3.4.1. Air System Management and Data Acquisition 

A set of seven desktop computers is used for enabling the control actions, facilitating the 

data acquisition tasks, and providing an intuitive user interface for the management of the 

engine tests. The control platform is shown in Figure 3.4.  

The desktop computers running Windows® operating systems are equipped with data 

acquisition (DAQ) devices, each dedicated for certain aspects of the test control and 

measurement. Each desktop computer executes a control program written in the 

LabVIEW® programming language. A high speed local Ethernet network forms the 

communication link between each computer for synchronous data logging. Table 3.4 

provides further details of the DAQ devices installed on the desktop computers.  

 

Figure 3.4  Test Control and Data Synchronization 
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Table 3.4  Summary of Data Acquisition Devices 

Computer Tasks DAQ Devices Technical Specifications 

Cylinder pressure 

recording 
NI PCI-6122 

4 AI (Simultaneous), 

8 DIO 

Boost and EGR 

control 

NI PCI-6229 

NI USB-8473 (Two units) 

32 AI, 4 AO, 48 DIO 

High Speed CAN 

Air and fuel 

management 
NI PCI-6220 16 AI, 24 DIO 

Temperature 

monitoring 

NI SCXI 1102 

NI PCI-6220 

96 Thermocouple 

16 AI, 24 DIO 

Emissions 

monitoring 
NI PCI-6229 32 AI, 4 AO, 48 DIO 

Real-time heat 

release analysis 
NI PCI 6229 32 AI, 4 AO, 48 DIO 

Note:    DAQ: Data Acquisition  NI: National Instruments 

             AI: Analog Input   PCI: Peripheral Component Interconnect 

             AO: Analog Output   CAN: Controller Area Network 

             DIO: Digital Input Output  USB: Universal Serial Bus 

3.4.2. Cylinder Pressure Measurement and Analysis 

The cylinder pressure indicating system consists of a pressure transducer, a charge 

amplifier (Kistler 5010B) [87], and a crank shaft mounted optical encoder (Gurley 

9125S) [88]. The cylinder pressure data acquisition is crank angle resolved with a 

sampling interval of 0.1°CA, and the data is recorded for 200 consecutive cycles under 
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stable engine operating conditions. Continuous recording of cylinder pressure data is also 

conducted for the entire duration of the engine test at a resolution of 1°CA. The data 

recorded at the higher resolution is used for the analysis of steady-state engine tests, 

while the continuous recording is primarily used for troubleshooting purposes.  

The pressure trace for each engine cycle is analyzed individually for the evaluation of 

combustion characteristics. First, a second-order low-pass Butterworth filter [89] is 

applied to the pressure trace. The cut-off frequency of the filter is set to 4000 Hz for the 

data collected from the test engine. The filtered pressure trace is pegged against the 

intake manifold pressure at the crank angle of intake valve closing. The filtered and 

pegged pressure trace is used to calculate the combustion characteristics for each engine 

cycle. The peak cylinder pressure, the peak pressure rise rate, and the apparent heat 

release rate (AHRR) are calculated from the filtered cylinder pressure traces. For the 

online calculation of the AHRR, the heat-transfer, crevice volume effects, and gas 

composition effects are ignored. The expression for AHRR is presented in Equation (3.3).  

𝑑𝑄𝑎𝑝𝑝

𝑑𝜃
=

1

𝛾 − 1
[𝛾𝑝

𝑑𝑉

𝑑𝜃
+ 𝑉

𝑑𝑝

𝑑𝜃
] (3.3) 

where, 𝑝 is the cylinder pressure and 𝑉 is the cylinder volume at crank angle 𝜃. The ratio 

of specific heats, 𝛾 , is selected as 1.37 for the heat release analysis. The cumulative 

apparent heat release is calculated by integrating the AHRR between the start of 

combustion (SOC) and the end of combustion (EOC). The crank angle of 5% apparent 

heat release (CA05), the crank angle of 50% apparent heat release (CA50), and the crank 

angle of 95% apparent heat release (CA95) are then identified. The CA50 represents the 
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crank angle location of the central midway of the combustion event, while the crank 

angle duration between CA05 and CA95 represents the primary combustion duration 

(CD). The crank angle duration between the start of the diesel injection and the CA05 is 

considered as the ignition delay (ID). The net IMEP is calculated for each combustion 

cycle, and the standard deviation of IMEP (𝑆𝑇𝐷𝐼𝑀𝐸𝑃) is computed for the steady-state 

200 cycle operation using Equation (3.4).  

𝑆𝑇𝐷𝐼𝑀𝐸𝑃 = √
1

𝑛
∑(𝐼𝑀𝐸𝑃𝑖 − µ𝐼𝑀𝐸𝑃)2
𝑛

𝑖=1

 (3.4) 

where, 𝐼𝑀𝐸𝑃𝑖  is the IMEP calculated for each engine cycle, and µ𝐼𝑀𝐸𝑃  is the average 

IMEP for 200 consecutive engine cycles. The coefficient of variation of IMEP (COVIMEP) 

is then calculated, as follows: 

𝐶𝑂𝑉𝐼𝑀𝐸𝑃 =
𝑆𝑇𝐷𝐼𝑀𝐸𝑃
µ𝐼𝑀𝐸𝑃

 (3.5) 

3.4.3. Fuel System Control 

Compared to the intake boost and EGR control systems, the fuel system control is 

required to operate at a much faster rate (in microsecond to millisecond resolution). 

Furthermore, the fuel control hardware on a research engine must provide the flexibility 

to regulate the fuel injection pressure and the injection scheduling, and thereby facilitate 

the investigation of advanced combustion strategies. The fuel injection process has a 

large impact on the engine operation, whereas a malfunction in the fuel system may result 

in catastrophic damage. Due to the lack of prompt control over code execution priorities 
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on a Windows® operating system, the architecture implemented for the air system 

management is not suitable for fuelling control. Therefore, embedded controllers that run 

the LabVIEW Real-Time (RT) operating system are employed for the fuel system 

control. The RT is designed to run applications with very precise timing and a high 

degree of reliability. The program executed on the RT follows the timing and execution 

priorities that are set during the programming stage [90]. For the fuel system control, the 

program that executes on the RT has an update rate equal to the engine cycling 

frequency, and thus varies deterministically with the engine speed.  

The fuelling control architecture is presented in Figure 3.5. The embedded controllers 

house field-programmable gate array (FPGA) devices that have reconfigurable hardware 

logic blocks and interconnects. Unlike the RT processor, when the code written for 

execution on the FPGA is compiled, the logic blocks and interconnections within the 

FPGA hardware are used. The control program designed for implementing on an FPGA 

device is transformed into a hardware circuit that performs the logic directly in the 

hardware. As a result, the FPGA code is truly parallel in nature and the operations 

including the DAQ tasks are executed on dedicated hardware resources [91]. The FPGA 

is used for fuelling control. The time resolved regulation of the duration of injection is 

achieved at a microsecond resolution, while the crank angle resolved control of the start 

of injection is obtained at a 0.1°CA resolution. 
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Figure 3.5  Injection Control and Cylinder Pressure Feedback 

A schematic of the hardware connections is shown in Figure 3.6. The transistor-transistor 

logic (TTL) commands are generated on the FPGA using dedicated digital channels. The 

TTL commands are used to provide control signals for driving the fuel injectors and for 

controlling the common-rail high-pressure pump. Dedicated digital channels are used for 

commanding the high-pressure common-rail diesel injection and the low-pressure ethanol 

injection. The injector power driver modules receive the control TTL signals and 

energize the injectors accordingly. An independent FPGA code generates the commands 

necessary for regulating the pressure control valve (PCV) and the volume control valve 

(VCV) on the high-pressure pump. The control commands are written on digital channels 

and interface with the power drive units that translate the control commands into the PCV 

and VCV duty cycles. Apart from generating control commands for the fuel injection 

system, the FPGA is also used to acquire cylinder pressure data at a 0.1°CA resolution. 
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The cylinder pressure information acquired by the FPGA is transmitted to the embedded 

controller via the PCI extensions for instrumentation (PXI) [92] interface.  

 

Figure 3.6  Hardware Connections for Injection Control
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CHAPTER IV 

4. PARAMETRIC ANALYSIS  

Parametric calculations are carried out using a zero-dimensional (zero-D) engine cycle 

simulation program. In the simulation program, thermodynamic principles and empirical 

correlations are used to track the in-cylinder processes. A simple EGR calculation routine 

is integrated into the zero-D engine cycle simulations. In the current chapter, first the 

EGR calculations are discussed. The zero-D engine cycle calculations are then described. 

Finally, the results of the parametric analysis are presented.  

4.1. EGR Analysis 

For the EGR calculations, the five primary components of the cylinder charge are 

considered, namely, N2, O2, CO2, H2O, and a hydrocarbon fuel, noted as C1HβOγ [3]. The 

concentrations of these primary components in the intake and exhaust vary depending on 

the intake boost, EGR rate, fuel type, and fuel quantity. Although the by-products of 

combustion, such as CO, HC, NOX and smoke are crucial from the emission control 

perspective, the concentrations of these combustion products are usually at negligible 

levels for EGR ratio calculations, and are not included in this analysis.  
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4.1.1. Analytical Approach 

In the absence of EGR and under the assumption of complete combustion, the 

combustion reaction can be written as follows. The fuel is expressed as 𝐶1𝐻𝛽𝑂𝛾  to 

indicate the atom ratios of the fuel. 

𝑛𝑓(𝐶1𝐻𝛽𝑂𝛾) + 𝑛𝑂2𝑂2 + 𝑛𝑁2𝑁2
            
→    

𝑛𝑓𝐶𝑂2 +
𝛽

2
𝑛𝑓𝐻2𝑂 + 𝑛𝑁2𝑁2 + (𝑛𝑂2 +

𝛾

2
𝑛𝑓 − 𝑛𝑓 −

𝛽

4
𝑛𝑓)𝑂2 

(4.1) 

However, when EGR is applied, the combustion reaction is written by considering the 

presence of CO2 and H2O in the intake.  

𝑛𝑓(𝐶1𝐻𝛽𝑂𝛾) + 𝑛𝑂2𝑂2 + 𝑛𝑁2𝑁2 + 𝑛𝐻2𝑂𝐻2𝑂 + 𝑛𝐶𝑂2𝐶𝑂2
            
→    

(𝑛𝐶𝑂2 + 𝑛𝑓)𝐶𝑂2 + (𝑛𝐻2𝑂 +
𝛽

2
𝑛𝑓)𝐻2𝑂 + 𝑛𝑁2𝑁2 + (𝑛𝑂2 +

𝛾

2
𝑛𝑓 − 𝑛𝑓 −

𝛽

4
𝑛𝑓)𝑂2 

(4.2) 

The intake charge comprises of a mixture of N2, O2, CO2, and H2O. The fuel is added to 

the mixture, which after combustion yields the products that consist of the same gaseous 

components but in varying concentrations. In Equation (4.2), 𝑛𝑓 is the mole number of 

the fuel, 𝑛𝑂2 is the mole number of O2, 𝑛𝑁2 is the mole number of N2, 𝑛𝐶𝑂2 is the mole 

number of CO2, and 𝑛𝐻2𝑂 is the mole number of H2O in the intake. The intake molar gas 

quantities (nint) and the exhaust molar gas quantities (nexh) are calculated as follows, 

𝑛𝑖𝑛𝑡 = 𝑛𝑂2 + 𝑛𝑁2 + 𝑛𝐶𝑂2 + 𝑛𝐻2𝑂 + 𝑛𝑓 (4.3) 
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𝑛𝑒𝑥ℎ = 𝑛𝑖𝑛𝑡 + (
𝛾

2
+
𝛽

4
)𝑛𝑓 (4.4) 

A molar analysis is performed at the control system, which comprises of the mixing 

location of recirculated exhaust gases and fresh air, as shown by the schematic in 

Figure 4.1. A molar EGR ratio (𝑟𝑚𝑜𝑙) is used to express the EGR amount as a mole 

fraction of the total cylinder charge. 𝑟𝑚𝑜𝑙 can be written as,  

𝑟𝑚𝑜𝑙 =
𝑛𝑖𝑛𝑡 − 𝑛𝑎𝑖𝑟
𝑛𝑖𝑛𝑡

 (4.5) 

 

Figure 4.1  Schematic Representation of EGR Molar Balance 

By applying the molar balance to the intake manifold as a mixer, expressions for the 

volumetric concentrations of the individual gases in the intake and exhaust manifolds can 

be derived by assuming steady flow conditions. The final expressions for the intake O2 

concentration, [O2]int , and the exhaust O2 concentration, [O2]exh , are listed in 
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Equations (4.6) and (4.7). The detailed derivations and the expressions for other gas 

species are included in APPENDIX D.  

[𝑂2]𝑖𝑛𝑡 =
[𝑂2]𝑎𝑖𝑟 ∙ 𝑛𝑎𝑖𝑟 [1 + (

𝛾
2 +

𝛽
4)

𝑛𝑓
𝑛𝑖𝑛𝑡

] + 𝑟𝑚𝑜𝑙 (
𝛾
2 −

𝛽
4 − 1)𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 (4.6) 

[𝑂2]𝑒𝑥ℎ =
[𝑂2]𝑎𝑖𝑟 ∙ 𝑛𝑎𝑖𝑟 + (

𝛾
2 −

𝛽
4 − 1) 𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 (4.7) 

where, [𝑂2]𝑎𝑖𝑟 is the volumetric concentration of O2 in ambient air.  

By assuming the primary composition of the intake gases behaving like thermodynamic 

ideal gas, the 𝑛𝑖𝑛𝑡 is correlated to the intake manifold temperature (𝑇int), pressure (𝑝int), 

and cylinder volumetric efficiency (𝜂𝑉) [3], as shown in Equation (4.8).  

𝑛𝑖𝑛𝑡 = 𝜂𝑉
𝑝𝑖𝑛𝑡 ∙ 𝑉𝑠

𝑅̅ ∙ 𝑇𝑖𝑛𝑡
 (4.8) 

where, 𝑉𝑠 is the swept volume and 𝑅̅ is the ideal gas constant.  

The EGR analysis is developed using a fuel formula 𝐶1𝐻𝛽𝑂𝛾. However, for fuels such as 

diesel, the fuel formula is solely a representation of the atom ratios of C, H, and O of the 

fuel. 
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4.1.2. Air-fuel Ratio Considerations 

The air excess ratio (λ) is commonly used to represent the strength of the air-fuel mixture. 

However, this concept needs to be revisited when the intake air is diluted with the 

recirculated exhaust gases. Two air excess ratio terms are adopted from [93] to address 

the effect of EGR application on the air-fuel ratio. The air excess ratio based on fresh air 

is called the fresh air excess ratio (λair). The air excess ratio that accounts for the EGR is 

called the in-cylinder air excess ratio (λin-cyl). Using the EGR analysis adopted in this 

work, an expression for the fresh air excess ratio is presented in Equation (4.9). The 

derivation of the expression is presented in APPENDIX D.  

𝜆𝑎𝑖𝑟 =
1 + 𝐶𝑓[𝑂2]𝑒𝑥ℎ

(
[𝑂2]𝑎𝑖𝑟 − [𝑂2]𝑒𝑥ℎ

[𝑂2]𝑎𝑖𝑟
)
 

(4.9) 

where Cf is a constant for a given fuel depending on the fuel formula. 

𝐶𝑓 =
(
𝛾
2 +

𝛽
4)

(1 +
𝛽
4 −

𝛾
2)

 (4.10) 

Similarly, the in-cylinder air excess ratio is, 

𝜆𝑖𝑛−𝑐𝑦𝑙 =
1 + 𝐶𝑓[𝑂2]𝑒𝑥ℎ

(
[𝑂2]𝑖𝑛𝑡 − [𝑂2]𝑒𝑥ℎ

[𝑂2]𝑖𝑛𝑡
)
 

(4.11) 

It should be noted that the in-cylinder residual gas effect is still not considered in 

Equation (4.11).  
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4.1.3. Extension to Dual-fuel Combustion 

When the dual-fuel combustion (DFC) strategy is considered, the EGR analysis can be 

complicated due to the different fuel compositions and the varying fuel quantities. The 

EGR analysis for the DFC scenario can be greatly simplified by defining an equivalently 

blended fuel, 𝐶1𝐻𝛽𝑂𝛾. The fuel produces the same ratios of moles of the primary exhaust 

gas components when it replaces the two test fuels.  

The two fuels used for the current DFC analysis are represented as follows: 

1. 𝐶1𝐻𝛽1𝑂𝛾1 

2. 𝐶1𝐻𝛽2𝑂𝛾2 

The combustion reactions for the dual-fuel scenario can be written as,  

𝑛𝑓1(𝐶1𝐻𝛽1𝑂𝛾1) + 𝑛𝑓2(𝐶1𝐻𝛽2𝑂𝛾2) + 𝑛𝑂2𝑂2 + 𝑛𝑁2𝑁2 + 𝑛𝐻2𝑂𝐻2𝑂 + 𝑛𝐶𝑂2𝐶𝑂2

            
→   (𝑛𝑂2 +

𝛾1
2
𝑛𝑓1 +

𝛾2
2
𝑛𝑓2 − 𝑛𝑓1 − 𝑛𝑓2 −

𝛽1
4
𝑛𝑓1 −

𝛽2
4
𝑛𝑓2)𝑂2 + 

(𝑛𝐶𝑂2 + 𝑛𝑓1 + 𝑛𝑓2)𝐶𝑂2 + (𝑛𝐻2𝑂 +
𝛽1
2
𝑛𝑓1 +

𝛽2
2
𝑛𝑓2)𝐻2𝑂 + 𝑛𝑁2𝑁2 

(4.12) 

In Equation (4.12), 𝑛𝑓1 and 𝑛𝑓2 are the mole numbers of the two fuels. A molar fuel ratio, 

𝜒̅, is defined as the ratio of the mole number of one fuel to the total moles of the two 

fuels.  

𝜒̅ =
𝑛𝑓2

𝑛𝑓1 + 𝑛𝑓2
 (4.13) 
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𝜒̅  can be derived from the fuel energy fraction, 𝜒 , defined in Equation (3.1). By 

comparing Equation (4.12) to Equation (4.2), the following expressions can be derived 

for the equivalently blended fuel.  

𝑛𝑓 = 𝑛𝑓1 + 𝑛𝑓2 (4.14) 

𝛽 = 𝛽2 ∙ 𝜒̅ + 𝛽1(1 − 𝜒̅) (4.15) 

𝛾 = 𝛾2 ∙ 𝜒̅ + 𝛾1(1 − 𝜒̅) (4.16) 

Using the equivalent fuel formulation, if the fuel energy fraction is known, the EGR 

analysis from the previous subsections can be directly applied to the dual-fuel strategy.  

4.2. In-cylinder Processes 

The EGR analysis is integrated into a zero-D thermodynamic calculation. The in-cylinder 

process, from intake valve closing (IVC) to exhaust valve opening (EVO), is analyzed by 

considering the combustion chamber as a closed system that exchanges heat and work 

with the surrounding [3], [94]. The first law of thermodynamics is applied to the closed 

system. The test engine specifications are used to set up the simulation. The mass and 

composition of the trapped gas are fixed at IVC. An energy balance is carried out at 

discrete time-steps of 1°CA between the IVC and EVO. The details of the model 

calculations are presented in this subsection, while a description of the calculation routine 

is included in APPENDIX D. 
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The first law of thermodynamics is applied to the control volume as follows:  

𝑑𝑈 = 𝑑𝑊 + 𝑑𝑄ℎ𝑡 + 𝑑𝑄𝑓 (4.17) 

where, 𝑑𝑈  is the change in the internal energy of the control volume during the 

calculation interval, 𝑑𝑊 is the boundary work associated with the piston displacement, 

𝑑𝑄ℎ𝑡 is the cylinder wall heat transfer, and 𝑑𝑄𝑓 is the energy released during combustion.  

The changes in the volume and the instantaneous pressure are used to quantify the piston 

work.  

𝑑𝑊 = 𝑝𝑑𝑉 (4.18) 

The piston cranking mechanism yields the relation between the cylinder volume, 𝑉, and 

the crank angle, 𝜃 [94].  

𝑉 = 𝑉𝑐 +
𝑉𝑠
2
[1 +

𝑙

𝑎
− 𝑐𝑜𝑠(𝜃) − ((

𝑙

𝑎
)
2

− 𝑠𝑖𝑛2(𝜃))

1
2⁄

] (4.19) 

where, 𝑉𝑐  is the combustion chamber volume, 𝑉𝑠  is the displacement volume, 𝑙  is the 

connecting rod length, and 𝑎 is the crank radius. 𝑉𝑐 is also the clearance volume during 

the gas exchange process for a 4-stroke engine.  

The Woschni’s wall heat transfer model [94] is used to calculate the heat loss. The model 

is summarized as follows,  
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𝑑𝑄ℎ𝑡 = ℎ𝑤𝐴𝑠[𝑇 − 𝑇𝑤𝑎𝑙𝑙] (4.20) 

where, 

ℎ𝑤 = 𝐶1𝐵
−0.2𝑝0.8𝑇−0.55𝑤0.8 (4.21) 

while, 

𝑤 = 𝐶2𝑆𝑝 +
𝑉𝑑𝑇𝑟𝑒𝑓

𝑝𝑟𝑒𝑓𝑉𝑟𝑒𝑓
[𝑝 − 𝑝𝑚𝑜𝑡] (4.22) 

𝐴𝑠  is the combustion chamber surface area, 𝐵 is the cylinder bore diameter, 𝑆𝑝  is the 

mean piston speed, and 𝑝𝑚𝑜𝑡  is the instantaneous motored cylinder pressure in the 

absence of combustion. 𝑇𝑟𝑒𝑓, 𝑝𝑟𝑒𝑓, and 𝑉𝑟𝑒𝑓 are the reference states used for calculating 

the heat transfer following the combustion event. The wall heat transfer coefficients, 𝐶1 

and 𝐶2, and the combustion chamber wall temperature, 𝑇𝑤𝑎𝑙𝑙, are selected to match the 

simulated cylinder pressure traces with the measured cylinder pressure traces for the test 

engine. These heat transfer coefficients are fixed during the simulation study. 

In Equation (4.17), 𝑑𝑄𝑓 is a representation of the energy released during combustion. The 

Wiebe function [94] is used to impose a fuel burn profile for the calculation of the 

combustion energy release. The function is presented as follows,  

𝑥𝑖 = 1 − 𝑒𝑥𝑝 [−𝜎1 (
𝜃 − 𝜃𝑆𝑂𝐶
𝐶𝐷

)
𝜎2

] (4.23) 



CHAPTER 4: PARAMETRIC ANALYSIS 

55 

where, 𝑥𝑖 is the normalized cumulative heat release. The shape of the heat release may be 

changed by varying the coefficients 𝜎1 and 𝜎2. The location of the heat release and the 

combustion duration can be varied by adjusting the parameters for the crank angle of start 

of combustion (𝜃𝑆𝑂𝐶) and the combustion duration (𝐶𝐷). The rate of heat release is,  

𝑑𝑄𝑓 =
𝑑𝑥𝑖
𝑑𝜃
𝑛𝑓𝐿𝐻𝑉𝑓 (4.24) 

where, 𝐿𝐻𝑉𝑓 is the lower heating value of the fuel on a molar basis. For representing a 

multi-stage combustion event, multiple Wiebe type functions are combined.  

4.3. Results of Parametric Analysis 

4.3.1. Interactions Among Intake Boost, EGR, and Fuelling Amount 

Simulations are carried out to understand the interactions among the intake boost 

pressure, the EGR rate and the fuelling amount. First the intake boost pressure and the 

fuel quantity are varied, while maintaining a fixed EGR level. A contour map is shown in 

Figure 4.2, in which the intake O2 concentration and the in-cylinder air excess ratio are 

plotted against the intake boost pressure and the IMEP levels. Calculation points ‘A’ and 

‘B’ are marked to explain the results. At point ‘A’ an IMEP of 6.5 bar is attained at an 

intake boost level of 2 bar absolute and an EGR level of 40%. The intake O2 

concentration and the in-cylinder air excess ratio at this point are 18% and 4.1, 

respectively. When the fuel quantity is increased while maintaining a fixed intake boost 

level, an IMEP of 15.5 bar is obtained at calculation point ‘B’. At this point, the intake O2 

concentration is reduced to 14% and the in-cylinder air excess ratio is 1.4.  
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Figure 4.2  Effect of pint and IMEP on pmax and λin-cyl at 40% EGR 

The EGR ratio and the fuel quantity are then varied, while the intake boost pressure is 

held constant. A contour map of intake O2 concentration and in-cylinder air excess ratio 

is shown in Figure 4.3, in which the EGR ratio and the IMEP are the variables. The 

calculation points ‘A’ and ‘B’ are marked on the contour map, which represent the same 

calculation points as those marked in Figure 4.2. When the engine load level is increased 

to 16 bar IMEP by simultaneously reducing the EGR level to attain point ‘C’, the same 

intake O2 concentration of 18% can be maintained. However, the in-cylinder air excess 

ratio reduces to nearly 2 at point ‘C’. A higher in-cylinder air excess ratio may be 

attained at this condition by simultaneously increasing the intake boost pressure.  
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Figure 4.3  Effect of EGR and IMEP on [O2]int and λin-cyl 

Based on the simulation results presented in this subsection, some major considerations 

for the application of EGR can be summarized. First, when the fuel amount is increased 

without changing the intake boost level at a fixed EGR ratio, the in-cylinder O2 

concentration and the in-cylinder air excess ratio simultaneously reduce. Second, if a 

fixed in-cylinder O2 concentration is to be maintained at a certain intake boost level, the 

EGR ratio should be reduced when the fuel amount is increased. Finally, when the EGR 

level is increased at a fixed intake boost pressure, the maximum attainable IMEP is 

reduced due to a lower in-cylinder air excess ratio.  

4.3.2. Impact of Heat Release Patterns 

Closed-cycle simulations are conducted to evaluate the influence of heat release profiles 

on the engine performance. The impacts of phasing and shaping of heat release on the 
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thermal efficiency and the peak pressure rise rate are evaluated using the simulations. The 

effects of heat release phasing and combustion duration on the indicated thermal 

efficiency and peak pressure rise rate are shown in Figure 4.4 by the simulation. The 

contours of thermal efficiency suggest that the combustion phasing has a much stronger 

impact on the efficiency than the combustion duration. An excessively long combustion 

duration can result in the deterioration of thermal efficiency. The thermal efficiency is the 

highest when the combustion phasing is within 366°CA to 372°CA for the simulated 

engine geometry and input conditions.  

 

Figure 4.4  Effect of CA50 and CD on Thermal Efficiency and (dp/dθ)max 

The combustion phasing and duration also influence the peak pressure rise rate. The peak 

pressure rise rate increases as the combustion duration becomes short, regardless of the 
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combustion phasing. Moreover, as the combustion phasing is advanced, the peak pressure 

rise rate increases substantially.  

Besides the combustion phasing and duration, the shape of the heat release rate can also 

influence the thermal efficiency and the peak pressure rise rate. Two combustion shape 

metrics are defined to parameterize the heat release shape. For a two stage heat release, a 

heat release duration ratio (𝐶𝐷̅̅ ̅̅ ) is defined as the duration of the first stage of heat release 

normalized against the total heat release duration, as shown in Equation (4.25).  

𝐶𝐷̅̅ ̅̅ =
𝐶𝐷1
𝐶𝐷

 (4.25) 

where, 𝐶𝐷1 is the crank angle duration of the first stage of heat release and 𝐶𝐷 is the total 

combustion duration. Further, the heat release energy ratio (𝐻𝑅̅̅ ̅̅ ) is defined as the ratio of 

the heat release during the first stage (𝐻𝑅1) to the total heat release (𝐻𝑅) as shown by 

Equation (4.26). Based on Equation (4.25) and Equation (4.26), a value of zero or 100% 

for the shape parameters of heat release represents a single stage heat release profile. 

𝐻𝑅̅̅ ̅̅ =
𝐻𝑅1
𝐻𝑅

 (4.26) 

The heat release duration ratio and the heat release energy ratio are varied with the 

shaping parameters in Figure 4.5 and Figure 4.6. Two Wiebe functions are employed to 

generate the two stages of heat release.  
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Figure 4.5  Illustration of Heat Release Duration Ratio 

 

Figure 4.6  Illustration of Heat Release Energy Ratio 
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Figure 4.7 shows the simulated peak pressure rise rate when the energy ratio of the two 

stage heat release varies. If the durations of the two stages of heat release are equal, the 

lowest peak pressure rise rate is attained when the second stage contains nearly 70% of 

the total fuel energy. The combustion phasing and duration, along with the IMEP, can 

influence the pressure rise rate. Even so, the results suggest that a larger heat release in 

the second stage can obtain a lower pressure rise rate at an overall optimum combustion 

phasing.  

 

Figure 4.7  Heat Release Energy Ratio Effect on (dp/dθ)max 

Figure 4.8 shows contour plots of peak pressure rise rate when both the heat release 

energy ratio and the heat release duration ratio are varied at a fixed combustion phasing 

and duration. If the first stage of heat release carries a smaller fraction of the total fuel 

energy, a relatively shorter duration of the first stage of heat release is desirable to attain 
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low pressure rise rates. Similarly, if a larger fraction of the total fuel energy is released 

during the first stage of heat release, the duration should be substantially longer.  

 

Figure 4.8  Effect of Heat Release Shape on (dp/dθ)max 

4.3.3. Combustion Efficiency Effect 

The calculations conducted in the previous sections assumed complete combustion. The 

assumption of complete combustion may be acceptable for diesel HTC where the 

combustion efficiency can exceed 99.5% [95]. However, the consideration of incomplete 

combustion is important for the clean combustion strategies, in which the combustion 

inefficiency can contribute significantly to the thermal efficiency penalty. The 

combustion efficiency is calculated by accounting for the energy associated with the 

increase in the HC and CO emissions in the exhaust. Thereby, only the evaporative HC is 

counted, whereas the heavy HC, soot, and hydrogen emissions are not considered. 
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Moreover, the HC that escape to the oil sump are also not counted. The expression used 

for the calculation of combustion efficiency is presented as follows: 

𝜂𝑐𝑜𝑚𝑏 = 1 − (
𝑚𝐻𝐶 ∙ 𝐿𝐻𝑉𝐻𝐶 +𝑚𝐶𝑂 ∙ 𝐿𝐻𝑉𝐶𝑂

𝑚𝑓 ∙ 𝐿𝐻𝑉𝑓
) (4.27) 

where, 𝑚𝐻𝐶 and 𝑚𝐶𝑂 are the mass quantities of HC and CO in the exhaust, while 𝑚𝑓 is 

the mass of fuel. The LHV of diesel fuel (𝐿𝐻𝑉𝑓) is used as the LHV of HC emissions 

(𝐿𝐻𝑉𝐻𝐶). The LHV of CO (𝐿𝐻𝑉𝐶𝑂) is assigned to the CO emissions. The calculation 

results are plotted in Figure 4.9. 

 

Figure 4.9  Combustion Efficiency Penalty from Exhaust HC and CO 

The results show that the HC emissions cause a larger combustion efficiency penalty at a 

lower IMEP, than at a higher IMEP. For instance, 1000 ppm of HC in the exhaust 
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translates to nearly 98% combustion efficiency at 10 bar IMEP, whereas the same HC 

concentration at 4 bar IMEP results in 94% combustion efficiency. Comparable results 

are obtained by calculating the combustion efficiency associated with the CO emissions 

in the exhaust.  

4.4. Summary of Parametric Analysis 

A detailed EGR analysis is conducted to evaluate the effectiveness of EGR on the 

reduction of intake O2 concentration. Thereafter, the EGR correlations are extended to 

account for the DFC. The EGR analysis is integrated into a zero-D simulation routine for 

the calculation of the in-cylinder parameters. Parametric analyses are conducted via 

simulation, for the influence of EGR, intake boost pressure, and fuel quantity on the 

intake O2 concentration and in-cylinder air excess ratio. The impacts of heat release 

parameters on the thermal efficiency and peak pressure rise rate are studied by varying 

the heat release phasing, duration, and shape. The fuel penalties associated with HC and 

CO emissions are studied to evaluate the effect of their concentrations on the combustion 

efficiency at different engine load levels.  

The parametric simulation results provide certain guidelines for the experimental testing, 

e.g. for setting up the safe operating limits. The parametric calculations are referenced in 

later chapters for developing a better understanding of the engine test results and for 

designing model-based control strategies. 
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CHAPTER V 

5. TESTING OF DIESEL AND DUAL-FUEL COMBUSTION  

Engine tests are conducted by employing single-shot diesel combustion (SSDC) and 

dual-fuel combustion (DFC) strategies. For the SSDC strategy, the common-rail fuel 

injection system is employed to deliver diesel fuel near the TDC. For the DFC strategy, 

the direct injection of diesel is accompanied by the intake port injection of ethanol. The 

application of EGR and the modulation of diesel injection timing are selected as the 

primary emission control techniques for the SSDC strategy. For the DFC strategy, in 

addition to the application of EGR and the adjustment of diesel injection timing, the 

regulation of the ethanol-to-diesel ratio is selected as an emission control technique.  

The impact of the emission control techniques on the thermal efficiency and the 

performance constraints, such as the peak cylinder pressure, the peak pressure rise rate, 

and the combustion stability, are evaluated at varying engine load levels. Suitable engine 

operating ranges for the two combustion strategies are identified to reduce the thermal 

efficiency penalty associated with the attainment of ultra-low NOX and smoke emissions. 

The use of high fuel injection pressure and high intake boost pressure can suppress the 

smoke emissions. However, high fuel injection pressures can lead to increased power 

consumption for the high-pressure pump [81]. The intake boost pressure is typically 

constrained by the turbocharging system and the cylinder pressure limits of the engine 

hardware [31]. Therefore, an attempt is made to employ the minimum yet sufficient 

injection pressure and boost pressure for the realization of low NOX and smoke 

emissions. 
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5.1. Single-shot Diesel Combustion at Low Engine Load 

5.1.1. Impact of EGR at Fixed Fuel Injection Timing  

Engine tests are conducted to study the effect of EGR on emissions and efficiency at an 

intake boost pressure of 1.5 bar absolute and a fuel injection pressure of 90 MPa. During 

the engine test, the EGR ratio is varied while the injection timing and duration are fixed. 

Previous research on the use of EGR has suggested that a lower intake O2 concentration 

significantly reduces the NOX emissions [8], [96]. As the EGR ratio is increased at a 

fixed intake boost pressure and a fixed fuelling quantity, the intake O2 concentration 

subsequently reduces. Therefore, in Figure 5.1, the indicated smoke and NOX emissions 

are plotted against the measured intake O2 concentration for the EGR sweeping test.  

 

Figure 5.1  SSDC – EGR Sweep: NOX and Smoke 
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The NOX-smoke trade-off is observed, in which the reduction of NOX is accompanied by 

an increase of smoke, until the intake O2 concentration is lower than 13%. When the 

intake O2 concentration is reduced below 13%, the smoke begins to drop while NOX 

continues to reduce, and ultimately ultra-low NOX and smoke emissions are achieved at 

11.5% intake O2 concentration. The region, where simultaneously low NOX and smoke 

emissions are attained, is typically identified as the LTC region [25].  

The in-cylinder pressure and the heat release rate traces for selected data points of the 

EGR sweeping test are plotted in Figure 5.2. For a high intake O2 concentration, the heat 

release profile resembles conventional diesel combustion with pre-mixed and diffusion 

combustion stages, as previously shown in Figure 2.1. 

 

Figure 5.2  SSDC – EGR Sweep: Cylinder Pressure and AHRR 
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When the EGR ratio is increased and the intake O2 concentration is reduced to 14.3%, the 

longer ignition delay shifts the combustion further into the expansion stroke. The 

increased inert dilution and the delayed combustion phasing result in a lower flame 

temperature, thereby causing a significant reduction in the NOX emissions. However, the 

lower flame temperature and the lower oxygen availability also promote the formation, 

and inhibit the oxidation, of the smoke, resulting in higher smoke emissions. When the 

intake O2 concentration is reduced to 11.5%, the heat release trace indicates that the 

combustion phasing is further delayed, and the combustion duration is longer. At this 

condition, a larger ignition delay enhances the air-fuel mixing process, which inhibits the 

smoke formation.  

The indicated thermal efficiency and the combustion efficiency are presented in 

Figure 5.3. When the intake O2 concentration reduces from 19% to 14%, there is no 

apparent change in the thermal efficiency and the combustion efficiency. However, at 

intake O2 concentrations lower than 14%, the thermal efficiency and combustion 

efficiency reduce significantly. The increase in the HC and CO emissions, as shown in 

Figure 5.4, explains the reduction in combustion efficiency. The CO emissions initially 

increase modestly with the application of EGR, whereas at high EGR rates, the rise in CO 

emissions is more pronounced. With the reduced O2 availability, the CO formed during 

early stages of combustion is not completely oxidized [97]. The HC emissions remain 

insignificant until high EGR rates are applied. At high EGR rates, the reduced flame 

temperature and the lack of oxygen inhibit the complete oxidation of the hydrocarbons. 

The results of exhaust hydrocarbon speciation have suggested that the HC emissions 

contain extensive light hydrocarbon species [98].  
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Figure 5.3  SSDC – EGR Sweep: ηth and ηcomb 

 

Figure 5.4  SSDC – EGR Sweep: HC and CO 
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As discussed in Section 4.3.2, the thermal efficiency is also affected by the combustion 

phasing and duration. Therefore, the impacts of EGR on the CA50 and the combustion 

duration are demonstrated in Figure 5.5. With the increase in EGR, the combustion 

phasing is gradually shifted later in the expansion stroke; the combustion duration is also 

steadily extended. The CA50 change is more sensitive when the intake O2 concentration 

is lower than 14%. In addition to the lower combustion efficiency, the late combustion 

phasing and the long combustion duration at higher EGR rates may contribute to the large 

reduction in thermal efficiency. 

 

Figure 5.5  SSDC – EGR Sweep: CA50 and CD 

The NOX and smoke emission results from the EGR sweep test suggest that the target 

NOX emissions of 0.5 g/kW-hr can be achieved around 15% intake O2 concentration, but 

the smoke emissions exceed the target value of 0.05 g/kW-hr at this EGR level. The 
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target NOX and smoke emissions are attained under LTC conditions, however with a 

thermal efficiency penalty of more than 5% (absolute), compared to the engine operation 

without EGR.  

5.1.2. Application of EGR with Fuel Injection Timing Adjustments 

The results presented in the previous subsection demonstrate the effectiveness of EGR 

application towards in-cylinder NOX reduction, but with a smoke emission penalty. The 

heavy use of EGR can simultaneously reduce the NOx and smoke emissions by enabling 

LTC. However, the extensive use of EGR may cause a substantial reduction in thermal 

efficiency. To evaluate the possibility of achieving the target NOX and smoke emissions 

without incurring a large thermal efficiency penalty, an EGR sweeping test is conducted 

at a lower engine load level of 4 bar IMEP, but with a higher injection pressure of 

120 MPa and an elevated intake boost pressure of 2 bar absolute. Adjustments are also 

made to the diesel injection timing during the test to maintain a fixed CA50 setpoint of 

368°CA. The diesel injection duration is fixed during the EGR sweeping test. 

The ignition delay and the injection timing are plotted against the intake O2 concentration 

in Figure 5.6. As the intake O2 concentration is reduced, the ignition delay gradually 

increases. As a result, at low intake O2 concentrations, the injection timing is 

subsequently advanced to maintain the CA50 at the setpoint value.  
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Figure 5.6  SSDC – EGR Sweep at Fixed CA50: ID and SOI 

The smoke and NOX emission results of the EGR sweeping test with fixed CA50 are 

shown in Figure 5.7. Similar to the test results presented in Section 5.1.1, the NOX 

emissions reduce consistently with the increase in EGR. When the EGR is increased to 

the intake O2 concentration lower than 15% by volume, the NOX emissions are reduced to 

comply with the target value of 0.5 g/kW-hr. However, an increase in the smoke 

emissions is observed, which highlights the NOX smoke trade-off. Nevertheless, the 

smoke emissions are significantly lower compared to the previous test conditions and are 

within the target value of 0.05 g/kW-hr. The lower engine load level along with the 

elevated fuel injection and intake boost pressures suppress the smoke emissions at high 

EGR levels.  



CHAPTER 5: TESTING OF DIESEL AND DUAL-FUEL COMBUSTION 

73 

 

Figure 5.7  SSDC – EGR Sweep at Fixed CA50: NOX and Smoke 

The thermal efficiency and the combustion efficiency are shown in Figure 5.8. By fixing 

the CA50 at the setpoint value throughout the EGR sweep, noticeable improvements in 

both the combustion efficiency and the thermal efficiency are observed when compared 

with the EGR sweeping test presented in Section 5.1.1. Moreover, the NOX and smoke 

emission targets are achieved at a higher intake O2 concentration of around 14.5% 

compared to the previous test. Therefore, a further increase in the EGR rate is not 

necessary. By limiting the intake O2 concentration to 14.5%, the reduction in the 

combustion efficiency, associated with the high intake dilution, is avoided. 
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Figure 5.8  SSDC – EGR Sweep at Fixed CA50: ηth and ηcomb 

5.2. Clean Combustion with Single Diesel Injection at Increased Load 

5.2.1. Impact of EGR and Combustion Phasing at 10 bar IMEP 

As the engine load is increased, simultaneous reductions of NOX and smoke emissions 

become more challenging. Engine tests are conducted at 10 bar IMEP to evaluate the 

effects EGR and fuel injection timing on the emissions and efficiency. The SSDC 

strategy is utilized at a fuel injection pressure of 150 MPa. An intake boost pressure of 

2 bar absolute is applied. EGR sweeping tests are conducted at two CA50 setpoints, 

369ºCA and 380ºCA. The injection duration is fixed for each set of tests to attain the 

nominal IMEP of 10 bar at 0% EGR. The diesel injection timing is advanced as the EGR 

rate is increased to maintain the CA50 at the setpoint value for each set of tests.  



CHAPTER 5: TESTING OF DIESEL AND DUAL-FUEL COMBUSTION 

75 

The NOX and smoke emissions measured during the EGR sweeping tests are shown in 

Figure 5.9. The hollow markers represent the results of the EGR sweeping tests at a 

CA50 setpoint of 369ºCA, whereas the solid markers represent the results at a CA50 

setpoint of 380ºCA. In both the test cases, EGR effectively reduces the NOX emissions. A 

delayed combustion phasing also results in a further reduction of NOX emissions at a 

given EGR level.  

 

Figure 5.9  SSDC – EGR Sweeps at 10 bar IMEP: NOX and Smoke 

The smoke emissions tend to increase with the application of EGR, thereby displaying 

the NOX-smoke trade-off. However, at high EGR levels, a simultaneous reduction of 

NOX and smoke emissions is observed. This trend is consistent for both the test sets. 

Nevertheless, a late combustion phasing significantly decreases the smoke peak. 
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Consequently, less EGR is necessary to achieve a simultaneous NOX and smoke 

reduction when the combustion phasing is deferred to the early expansion stroke.  

The indicated thermal efficiency and combustion efficiency results are presented in 

Figure 5.10. The combustion efficiency remains high as the EGR rate is initially 

increased, but a sharp drop is observed at high EGR levels when LTC is enabled. 

Previous studies have reported that a significant reduction of the combustion temperature 

and the lower O2 availability at high EGR levels result in a partial oxidation of the fuel, 

thereby increasing the CO and HC emissions in the exhaust [25], [36], [99]. The rises in 

both the CO and HC emissions contribute to a reduction in the combustion efficiency.  

 

Figure 5.10  SSDC – EGR Sweeps at 10 bar IMEP: ηth and ηcomb 
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A consistently lower indicated thermal efficiency is observed at high intake O2 

concentrations, when the CA50 setpoint is later in the expansion stroke. However, at low 

intake O2 concentrations where LTC is enabled, a sharp drop in the indicated thermal 

efficiency is observed for both the combustion phasing tests. The large reduction of the 

combustion efficiency contributes to the corresponding reduction in the indicated thermal 

efficiency under the LTC regime.  

In summary, when the engine load is increased to 10 bar IMEP, the NOX and smoke 

targets become increasingly difficult to reach without compromising the indicated 

thermal efficiency. Even though ultra-low NOX and smoke emissions can be achieved at 

10 bar IMEP by applying heavy EGR, or by delaying the combustion phasing, a 

substantial deterioration in the thermal efficiency is observed.  

5.2.2. Engine Load Limit for Single-shot Diesel Combustion 

The results presented in the previous subsections show that the EGR application is 

effective for attaining the selected emission targets at low loads. However, at increased 

engine load levels, the use of EGR results in high smoke emissions. The heavy use of 

EGR can enable LTC, but this strategy exhibits a considerable thermal efficiency penalty. 

To further illustrate the effect of engine load on the SSDC strategy, EGR sweeping tests 

are conducted at different load levels, as shown in Table 5.1. The NOX and smoke 

emissions are presented in Figure 5.11. Note that the emission data is plotted on a log 

scale. The smoke emissions exhibit an increasing trend as the engine load increases, even 

though the intake boost and fuel injection pressures are raised. In the 3 bar and 4 bar 

IMEP test cases, the target emissions can be attained by increasing the EGR rate. At 
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10 bar IMEP, however, heavy EGR application is necessary to achieve simultaneously 

low NOX and smoke emissions. At higher loads, the EGR application becomes 

increasingly difficult because of excessive smoke emissions.  

Table 5.1  Summary of SSDC Engine Load Extension Tests 

IMEP [bar] 3.0 4.0 10.0 16.0 

Intake Boost Pressure [bar] 1.30 2.00 2.00 2.25 

Injection Pressure [MPa] 90 120 150 150 

CA50 [°CA] 365.0 368.0 369.0 372.0 

 

 

Figure 5.11  SSDC: Impact of Load on NOX-smoke Trade-off 
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5.3. Diesel-ethanol Dual-fuel Combustion 

The DFC strategy has been identified as a promising solution to extend the engine load 

level in the low NOX and smoke regime [10], [48], [55], [58], [59], [61], [63]. This 

strategy combines the port injection of a fuel of high volatility and low cetane number 

with the in-cylinder injection of diesel fuel. Ethanol is selected as the port injection fuel 

for this study. Ethanol has relatively high volatility that enhances its evaporation process 

during premixing with air. Ethanol also has a relatively high auto-ignition temperature 

that helps to avoid premature ignition during a compression stroke. In addition, ethanol 

benefits from its currently large production and distribution infrastructure as it is a 

commercial gasoline fuel blend [100]. More details of the physical and chemical 

properties of ethanol are given in Figure 2.5 and APPENDIX B. 

5.3.1. Effect of Ethanol-to-diesel Ratio on DFC 

The primary target of the DFC tests is to overcome the smoke emission penalty that is 

observed during the SSDC tests when EGR is applied. With the DFC strategy, the use of 

EGR is expected to lower the NOX emissions while the addition of port fuel injection 

may reduce the smoke emissions. An engine test is conducted at 10 bar IMEP and 14.5% 

intake O2 concentration, whereas with varied ethanol fraction (𝜒𝑒𝑡ℎ ). As noted in 

Equation (3.1), 𝜒𝑒𝑡ℎ is determined on the basis of the relative energy contribution from 

the ethanol compared to the total fuel energy. During the test, the diesel injection duration 

and timing are adjusted to maintain the nominal IMEP and CA50. Small adjustments are 

also made to the EGR rate to keep the intake O2 concentration around 14.5%.  
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The smoke and NOX emission results are plotted in Figure 5.12. A noticeable reduction in 

smoke emissions is observed as the ethanol fraction is increased in the DFC mode. When 

the ethanol fraction is greater than 0.5, smoke emissions are ultra-low (lower than 

0.01 g/kW-hr). The NOX emissions remain below 0.5 g/kW-hr throughout the test. The 

low NOX emissions are attributed to the high EGR rate and the use of ethanol. The tests 

show that NOX consistently reduces when the ethanol quantity is increased. The port 

delivered ethanol makes a premixed charge that is lean and diluted, which contributes to 

the lower NOX emission. Additionally, the ethanol evaporation during the compression 

stroke results in a lower compression temperature, that may also contribute to the lower 

NOX emissions [43]. 

 

Figure 5.12  DFC – Ethanol Fraction Effect: NOX and Smoke 
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The cylinder pressure and heat release rate are plotted at two ethanol fractions in 

Figure 5.13. The ignition delay is shorter for the test case with an ethanol fraction of 0.2, 

compared to the test case with an ethanol fraction of 0.63. The heat release rate profiles 

indicate that the use of a lower ethanol fraction tends to produce a greater degree of 

diffusion combustion, which may contribute to the high smoke emissions. As the ethanol 

fraction is increased, the premixing of air and fuel is enhanced and the smoke emissions 

are consistently reduced. Moreover, the presence of oxygen within the ethanol fuel 

molecule also helps to suppress the formation of smoke.  

 

Figure 5.13  DFC – Ethanol Fraction Effect: Cylinder Pressure and AHRR 

The indicated thermal efficiency and the combustion efficiency results are presented in 

Figure 5.14. When the ethanol fraction is increased, an overall reduction in the thermal 
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efficiency, of nearly 1% absolute, is observed. The combustion efficiency also reduces 

when the ethanol fraction is initially increased. The HC and CO emissions are plotted in 

Figure 5.15 to explain the combustion efficiency trends. The HC emissions initially rise 

when the ethanol fraction is increased to 0.45. The HC emissions may result from a 

portion of the pre-mixed fuel that is trapped in the crevice volumes [43], [101], [102]. 

Similar to the trends in HC emissions, the CO emissions increase when the ethanol 

fraction is initially raised. However, at higher ethanol fractions, such as above 0.45, the 

CO emissions tend to reduce. At high ethanol fractions, the increased strength of the 

ethanol-air mixture may improve the CO oxidation tendency [43]. 

 

Figure 5.14  DFC – Ethanol Fraction Effect: ηth and ηcomb 
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Figure 5.15  DFC – Ethanol Fraction Effect: CO and HC 

The peak pressure rise rate and the peak cylinder pressure are shown in Figure 5.16. 

Under the testing conditions, although the peak cylinder pressure is consistently lower 

than the target value of 170 bar, the peak pressure rise rate exceeds the target value at 

ethanol fractions lower than 0.45. When the ethanol fraction is increased beyond 0.45, the 

peak pressure rise rate promptly reduces. As seen in Figure 5.13, the premixed portion of 

the heat release rate is sharp for the DFC strategy when a relatively small ethanol fraction 

is employed. However, when the ethanol fraction is increased, a majority of the indicated 

work is produced by flame propagation across the combustion chamber. Under such 

conditions, the heat release rate profile suggests that the premixed combustion is more 

gradual. Therefore, higher ethanol fractions result in a lower peak pressure rise rate.  



CHAPTER 5: TESTING OF DIESEL AND DUAL-FUEL COMBUSTION 

84 

 

Figure 5.16  DFC – Ethanol Fraction Effect: (dp/dθ)max and pmax 

The combustion of a homogeneous and lean fuel-air mixture is generally associated with 

increased cycle-to-cycle variations and reduced combustion controllability. To evaluate 

these aspects, the commanded diesel injection timing and the standard deviation of 

CA50 (𝑆𝑇𝐷𝐶𝐴50) are shown in Figure 5.17. Note that the COVIMEP is consistently lower 

than 3% during the test, and therefore the trends in the COVIMEP are not reported here. 

The diesel injection timing is progressively advanced at higher ethanol fractions to 

maintain the CA50 at 367.5°CA. The standard deviation of the CA50 remains low, even 

when the diesel SOI is significantly advanced at high ethanol fractions. The results 

suggest that the diesel injection timing has effective control over the CA50 for the tested 

conditions.  
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Figure 5.17  DFC – Ethanol Fraction Effect: Diesel SOI and STDCA50 

In summary, at 10 bar IMEP, the DFC strategy can attain the NOX and smoke targets 

when moderate EGR rates are applied. With this strategy, the thermal efficiency is 

significantly higher compared to the SSDC strategy. Moreover, the combustion phasing 

is effectively controlled by the diesel injection timing during DFC. 

5.3.2. Dual-fuel Combustion at Low Engine Load 

Tests are performed at 4 bar IMEP to study the impacts of the DFC strategy on the 

emissions and efficiency. EGR sweeping tests are conducted at two ethanol fractions of 

zero and 0.5. The EGR sweeping test at zero ethanol fraction represents the SSDC 

strategy, for direct comparison with the DFC strategy. The smoke and NOX emissions are 

shown in Figure 5.18. While the NOX-smoke trade-off is observed for the zero ethanol 

fraction test case, the smoke emissions remain lower than 0.01 g/kW-hr for the test case 
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with 0.5 ethanol fraction. The NOX emissions are reduced when the ethanol fraction is 

increased, but the use of EGR is still the effective technique to attain the NOX target.  

 

Figure 5.18  DFC – EGR Effect at 4 bar IMEP: Smoke and NOX 

The thermal efficiency and the combustion efficiency for the EGR sweeping tests are 

plotted in Figure 5.19. The thermal efficiency is consistently lower for the DFC strategy 

when compared to the SSDC strategy. The lower combustion efficiency for the DFC case 

(approximately 4% absolute) may contribute to the thermal efficiency reduction. The HC 

and CO emissions for the two EGR sweeping tests are shown in Figure 5.20. Both of the 

HC and CO emissions are significantly higher for the DFC test case, than those for the 

SSDC test case. At the low engine load, the HC and CO emissions result in a significant 

combustion inefficiency (Section 4.3.3). Therefore, these emissions contribute to a much 

larger reduction in thermal efficiency at 4 bar IMEP than at 10 bar IMEP.  
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Figure 5.19  DFC – EGR Effect at 4 bar IMEP: Thermal Efficiency 

 

Figure 5.20  DFC – EGR Effect at 4 bar IMEP: CO and HC 
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5.3.3. Load Extension with Dual-fuel Combustion 

The impact of the DFC strategy on the NOX and smoke emissions at increased load levels 

is investigated by conducting an EGR sweeping test at 13 bar IMEP. For comparison, the 

test results from an EGR sweeping test conducted at 10 bar IMEP are also presented. The 

increase in IMEP from 10 bar to 13 bar is achieved by raising the ethanol fraction from 

0.60 to 0.68 in addition to increasing the total fuel supply. The intake boost pressure, the 

fuel injection pressure, and the combustion phasing are fixed for both the tests.  

The smoke and NOX emissions are presented in Figure 5.21. The smoke emissions are 

generally higher at increased load conditions, especially when the intake O2 concentration 

is below 15%. The lower air-fuel ratio may increase the smoke formation even though the 

increase in the load level is primarily achieved by raising the premixed fuel fraction. The 

NOX emissions also tend to be higher for the high load test when the intake O2 

concentration is above 15%. Due to the fixed intake pressure, the 13 bar IMEP test case 

has a lower air-fuel ratio that may lead to higher flame temperatures and increased NOX 

emissions.  

The indicated thermal efficiency and the combustion efficiency are presented in 

Figure 5.22. The combustion efficiency is higher at 13 bar IMEP than at 10 bar IMEP. A 

larger difference in the combustion efficiency is observed when the intake O2 

concentration is higher than 15%. Nonetheless, the indicated thermal efficiency is similar 

for both the engine tests, even though the combustion efficiency is higher at 13 bar 

IMEP.  
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Figure 5.21  DFC – EGR Effect at Increased Load: Smoke and NOX 

 

Figure 5.22  DFC – EGR Effect at Increased Load: Thermal Efficiency 
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Figure 5.23 presents the peak cylinder pressure and the peak pressure rise rate. The peak 

cylinder pressure monotonously reduces when EGR is applied for both testing cases. The 

peak cylinder pressure is consistently higher for the 13 bar IMEP test case when 

compared to the 10 bar IMEP test case. Moreover, for the 13 bar IMEP test case, the peak 

cylinder pressure is at the peak pressure limit of 170 bar when the intake O2 

concentration is higher than 16%, but reduces at lower intake O2 concentrations. The 

peak pressure rise rate is beyond the selected limit of 15 bar/°CA at both of the IMEP 

levels when the intake O2 concentration is above 14%. However, the peak pressure rise 

rate also reduces with higher EGR rates.  

 

Figure 5.23  DFC – EGR Effect at Increased Load: pmax and (dp/dθ)max 

In order to achieve further increases in engine load, several strategies need to be 

implemented. An increase in intake boost pressure is necessary to maintain an overall 
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lean air-fuel mixture. The combustion phasing should be delayed to contain the peak 

cylinder pressure and the peak pressure rise rate within the engine operating limits. 

Furthermore, the load increase should be achieved by increasing the ethanol fraction to 

maintain relatively low smoke emissions. Using these strategies, the engine load can be 

gradually increased up to 19.2 bar IMEP, which represents the full load condition for the 

test engine. The smoke and NOX emissions for the test cases at different IMEP levels are 

presented in Figure 5.24. The test conditions and the thermal efficiency for the test points 

are summarized in Table 5.2.  

 

Figure 5.24  Sample Pathway Towards Full-load Operation Under DFC 
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Table 5.2  Summary of Dual-fuel Engine Load Extension Tests 

Data point A B C D 

IMEP [bar] 13.1 15.1 17.6 19.2 

Intake Boost Pressure [bar abs] 2.0 2.3 2.5 2.5 

Injection Pressure [MPa] 120 120 150 150 

Intake O2 Concentration [%] 14.0 14.6 14.3 14.2 

Ethanol Fraction [-] 0.68 0.72 0.84 0.86 

CA50 [°CA] 368.3 372.3 373.9 374.0 

Ind. Thermal Efficiency [%] 43.3 43.5 44.0 43.7 

 

The results of the load extension test show that the target values of NOX and smoke 

emissions are achieved by increasing the intake boost pressure and the ethanol fraction, 

while maintaining the intake O2 concentration around 14%. Moreover, the thermal 

efficiency is maintained at a similar level for mid-to-high IMEP test points. The cylinder 

pressure curves and the heat release traces for the test cases are shown in APPENDIX E.  

5.4. Summary of Diesel and Dual-fuel Combustion Tests 

The SSDC and DFC engine tests are conducted to determine the effects of EGR 

application and diesel injection timing on the exhaust emissions and the efficiency. The 

major findings from the two strategies are summarized in this section.  
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When the SSDC strategy is implemented, the dilution of the intake charge by the 

application of EGR is effective for the reduction of NOX emissions. However, the use of 

EGR results in a smoke emission penalty, particularly at high load levels. LTC can be 

enabled by applying extensive EGR, wherein simultaneously low NOX and smoke 

emissions are attainable. The enabling of LTC, however, is often associated with a large 

thermal efficiency penalty. Nevertheless, the target NOX levels of 0.5 g/kW-hr and smoke 

levels of 0.05 g/kW-hr can be achieved at low-load conditions by applying a moderate 

intake charge dilution without incurring a significant thermal efficiency penalty.  

DFC is enabled by the port-injection of ethanol and the direct injection of diesel. 

Although the use of EGR is necessary to facilitate the NOX emission reduction, the 

smoke emissions can be significantly reduced by increasing the ethanol fraction. 

Increases in the exhaust HC and CO emissions are observed in the DFC strategy, which 

contribute to the combustion inefficiency. The combustion efficiency penalty is more 

prominent at low loads than at high loads. As the smoke emissions are suppressed by the 

increase in ethanol fraction even at high EGR ratios, the engine load level can be raised 

in the DFC strategy, while at the same time satisfying the target NOX and smoke 

emission levels. Engine load levels of up to 19.2 bar IMEP are attained with the DFC 

strategy by carefully modulating the intake boost pressure, injection pressure, and 

combustion phasing. Moderate EGR levels are consistently applied to maintain the intake 

O2 concentration at nearly 14% to achieve the target NOX levels.  
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CHAPTER VI 

6. CLOSED-LOOP COMBUSTION CONTROL 

Diesel HTC typically exhibits a strong coupling between the injection timing and the 

combustion phasing due to the short ignition delay (as short as a fraction of one 

millisecond). The abundance of oxygen, the high-pressure fuel injection, and the very low 

auto-ignition resistance of the diesel fuel contribute to the short ignition delay. However, 

when low NOX and smoke emissions are achieved (e.g. by the application of heavy EGR, 

late combustion phasing, and port fuel injection), the coupling between the injection 

timing and the combustion event is weakened. Although these combustion strategies can 

produce low NOX and smoke emissions, steady-state test results have suggested that a 

precise control over ignition by fuel injection is necessary. Therefore, improvements on 

combustion control are made under closed-loop control, for regulating the diesel injection 

timing and duration by using the cylinder pressure measurement as feedback.  

The current chapter first introduces the cylinder pressure analysis that is implemented for 

the design of the closed-loop combustion control. Thereafter, the controller developed to 

regulate the diesel injection command and track the IMEP and CA50 setpoints is 

described. The response of the controller to a step-change in the setpoint values is 

evaluated. Finally, EGR sweeps are conducted using both the single-shot diesel 

combustion (SSDC) and dual-fuel combustion (DFC) strategies to demonstrate the 

improvements in engine performance using the closed-loop combustion control. 
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6.1. Cycle-by-cycle Cylinder Pressure Analysis 

The research engine is fitted with a cylinder pressure transducer and an optical encoder 

for acquiring the crank angle resolved cylinder pressure. For the cycle-by-cycle 

combustion control with cylinder pressure feedback, the pressure data is acquired on a 

field-programmable gate array (FPGA) device. A real-time (RT) controller is used to 

conduct the filtering and analysis of the cylinder pressure.  

6.1.1. Cylinder Pressure Acquisition 

Figure 6.1 shows a schematic describing the data acquisition with the FPGA device and 

the cylinder pressure analysis using the RT controller. A 16-bit analog input channel on 

the FPGA device is allocated for acquiring the cylinder pressure signal after it is 

processed by the charge amplifier. The data acquisition (DAQ) is triggered at the gas 

exchange TDC by using the encoder index signal in combination with the CAM position 

sensor signal. Once the DAQ is triggered, the encoder tick signal (0.1°CA resolution) is 

used as the sampling clock for acquiring the cylinder pressure. Direct memory access 

(DMA) registers on the LabVIEW FPGA are used to promptly store the cylinder pressure 

data onto the FPGA memory prior to transferring it to the RT system without incurring 

data loss. The DMA first-in first-out (FIFO) provide access to the elements in the same 

order as they are received [103].  

The time available during the exhaust process is used to transfer the acquired pressure 

data to the RT. Only the cylinder pressure data corresponding to the compression and 

expansion strokes is used for this analysis. A second order forward-reverse Butterworth 

filter [89] is applied to the raw pressure signal. The cylinder pressure is then pegged to 
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the value of the intake manifold pressure at the crank angle of intake valve closing. The 

intake manifold pressure is acquired through the local network interface, as described in 

Section 3.4.  

 

Figure 6.1  Schematic of Cycle-by-cycle Cylinder Pressure Analysis 
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6.1.2. Real-time Heat Release Analysis 

The apparent heat release rate (AHRR) is calculated on the RT controller using the 

acquired cylinder pressure data and the stored cylinder volume data. The expression for 

the AHRR is previously presented in Equation (3.3). The intermediate calculations 

necessary for computing the AHRR are useful for analyzing the combustion 

characteristics. For instance, the pressure rise rate, dp/dθ, is calculated as an intermediate 

step during the AHRR calculation, and its peak value can be easily identified to compute 

the peak pressure rise rate. Similarly, the gross IMEP can be computed by conducting a 

numerical integration of the p∙dV/dθ term in Equation (3.3) and then dividing the value 

by the swept volume. The gross IMEP is used for the closed-loop control of the engine 

load. 

After calculating the AHRR, it is necessary to estimate the start of combustion (SOC) and 

the end of combustion (EOC), to evaluate the combustion phasing. In this research, the 

CA50 is selected as the indicator of combustion phasing. A fairly accurate estimation of 

the CA50 on a cycle-by-cycle basis is necessary for developing the combustion phasing 

control strategy. To limit the computation complexity, a simple yet robust algorithm for 

the estimation of SOC and EOC is developed in this work as shown in a schematic of the 

calculation routine in Figure 6.2. Specifically, first the crank angle corresponding to the 

peak of the AHRR is identified. The SOC is then identified as the crank angle at which 

the first zero value of AHRR occurs prior to the peak value. Similarly, the EOC is 

identified as the first zero crossing later than the location of the peak AHRR. After the 

SOC and the EOC have been identified, the cumulative heat release within the SOC-to-

EOC window is computed. The CA50 is defined as the crank angle location at which 
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50% of the cumulative heat release has occurred. Similarly, the CA05 and the CA95 are 

identified for estimating the ignition delay and the combustion duration conforming to the 

definitions introduced in Section 3.4.2. It is noted that the method for detecting the SOC 

and the EOC may produce erroneous results if the AHRR has multiple zero-crossings, 

such as in the case of split combustion [104].  

 

Figure 6.2  Illustration of Real-time Heat Release Analysis 

Other methods have been developed in the past for CA50 estimation that avoid the 

calculation of AHRR, thereby making them less computational demanding. The 

Rasseweiler and Withrow’s method [105], the pressure ratio management method [106], 

and the pressure departure ratio method [107] are a few of the CA50 estimation 

techniques. Note that by computing the AHRR in real-time, the peak cylinder pressure, 

peak pressure rise rate, IMEP, CA05, and CA95 are simultaneously obtained. 
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6.2. Closed-loop Control of Diesel Injection 

6.2.1. CA50 Control 

The diesel SOI timing has a strong influence on the CA50 in both of the SSDC and DFC 

strategies when the target CA50 is within a narrow crank angle window. Representative 

steady-state engine test results are compiled in Figure 6.3 to identify the region where the 

CA50 is responsive to variations in the diesel SOI timing. The same test results are 

presented in Figure 6.4 after normalizing the diesel SOI against a reference SOI. For each 

curve, the diesel SOI value at a CA50 of 368ºCA is set as the reference value of zero. The 

other SOI values are presented as a difference between the actual SOI and the reference 

SOI.  

The ignition delay is affected by the engine load, the EGR amount, the intake boost, the 

diesel injection pressure, and the ethanol fraction, which, in turn, influences the 

correlation between SOI and CA50. By normalizing the SOI, the impact of the SOI on 

the CA50 is highlighted. Based on the results presented in Figure 6.4, when the 

normalized SOI is later than nearly −15°CA and earlier than nearly +10°CA, the CA50 

varies linearly with the SOI. The linear region is selected for designing the CA50 control, 

and therefore the variation in the normalized SOI is restricted within the range of 

−15°CA to +10°CA. Furthermore, the earliest CA50 is limited to 360°CA to avoid pre-

TDC combustion. Therefore, a range of CA50 between 360°CA to 378°CA is selected for 

the CA50 control, as marked in Figure 6.4. 
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Figure 6.3  SOI versus CA50 for SSDC and DFC 

 

Figure 6.4  Closed-loop CA50 Control Region for SSDC and DFC 
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A proportional controller is implemented for the control of diesel SOI; the structure of the 

controller is shown in Figure 6.5. The difference between the CA50 setpoint and the 

CA50 feedback is multiplied with a proportional gain, 𝑘𝑝. The product is added to the 

previous diesel SOI. The SOI is advanced if the CA50 is later than the CA50 setpoint, 

and the SOI is retarded if the CA50 is earlier than the CA50 setpoint. The allowable 

change in the SOI between two engine cycles is constrained by a saturation block to 

avoid large variations in the SOI. The proportional gain and the upper and lower limits of 

the saturation block are tuned during the controller development stage and are fixed 

thereafter. The final controller settings are listed in Table 6.1. An additional safety limit 

is applied to the controller that shuts-off the fuel injection if the CA50 feedback is outside 

the pre-defined range of 360°CA to 378°CA.  

 

Figure 6.5  Proportional Controller for Closed-loop Control of CA50 

6.2.2. IMEP Control 

The control system for the diesel injection duration is similar to that of the diesel 

injection timing. The commanded diesel injection duration is used as the control variable 

for the closed-loop IMEP control. Injector characterization tests are conducted on a 

stand-alone injector bench, and the results are plotted in Figure 6.6. Additional details of 
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the injector characterization are presented in APPENDIX F. A nearly linear relationship 

is observed between the commanded injection duration and the amount of fuel delivered 

during the injection event. A proportional controller is implemented to regulate the 

commanded diesel injection duration, and therefore to adjust the injected fuel quantity.  

 

Figure 6.6  Injected Fuel Amount versus Commanded Injection Duration 

The gross IMEP is used as the feedback for the diesel injection duration control. The 

feedback is compared to the IMEP setpoint. Based on the feedback, an adjustment is 

made to the previously commanded diesel injection duration on a cycle-by-cycle basis. 

The saturation block limits the maximum change in the injection command that is 

allowed every engine cycle. The controller gains and the saturation limits for the IMEP 

controller are fixed throughout the engine tests. An upper limit is also set over the total 

injection duration.  
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Figure 6.7  Proportional Controller for Closed-loop Control of IMEP 

When the closed-loop CA50 and IMEP controllers are active, safety checks are 

performed on a cycle-by-cycle basis to ensure that the performance metrics are within 

safe limits. The CA50, IMEP, peak pressure, and peak pressure rise rate values for each 

cycle are compared with the safe limits. If any of the safety limits are exceeded, both the 

diesel and ethanol injection commands are immediately turned off to ensure that no 

damage is incurred to the test engine.  

Table 6.1  Controller Settings for CA50 and IMEP Control 

 

CA50 Control IMEP Control 

Proportional gain 1 10 

Maximum change per cycle ±0.2°CA ±5 µs 

Minimum error value for control action 0.2°CA 0.2 bar 
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6.3. Test Results with Closed-loop Combustion Control 

The closed-loop combustion control system is verified on the test engine by conducting 

two sets of engine tests. First, the response of the CA50 and IMEP controllers is 

evaluated by introducing step-changes in the CA50 and IMEP setpoints. EGR sweeping 

tests are then conducted with the closed-loop control, and the results are compared with 

those without closed-loop control.  

6.3.1. Step Response of IMEP and CA50 Control 

With closed-loop control over the IMEP and CA50, the IMEP setpoint is changed from 

5.5 bar to 4.5 bar while the CA50 setpoint is fixed at 369.7°CA. The IMEP setpoint and 

the measured IMEP feedback during the IMEP step-change test are presented in 

Figure 6.8. The results suggest that the change of 1 bar IMEP is executed in nearly eight 

engine cycles. The commanded diesel injection duration and timing are shown in 

Figure 6.9. A maximum injection duration change of 5 µs per engine cycle is allowed 

which can be seen from the results of the step-change test. When the IMEP is changed, 

small adjustments are made to the diesel injection timing to maintain the CA50 near the 

setpoint. During the IMEP step-change, the CA50 is maintained within ± 1°CA of the 

setpoint, while the standard deviation of CA50 is 0.3ºCA.  

 



CHAPTER 6: CLOSED-LOOP COMBUSTION CONTROL 

105 

 

Figure 6.8  IMEP Setpoint Step-change: Closed-loop IMEP Control 

 

Figure 6.9  IMEP Setpoint Step-change: Diesel Injection Commands 
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A similar engine test is conducted to evaluate the performance of the closed-loop CA50 

control. The CA50 setpoint is changed from 368°CA to 376°CA, while the IMEP setpoint 

is held constant at 5.5 bar. The CA50 setpoint and the cycle-by-cycle CA50 feedback are 

shown in Figure 6.10. The results show that nearly 20 engine cycles are required to delay 

the CA50 by 8°CA.  

 

Figure 6.10  CA50 Setpoint Step-change: Closed-loop CA50 Control 

The commanded diesel injection timing and duration are presented in Figure 6.11. When 

the CA50 setpoint is changed from 368°CA to 376°CA, the commanded injection timing 

is gradually delayed. The maximum adjustment in the commanded SOI is limited to 

0.2°CA per engine cycle, which causes the gradual change in the CA50. The commanded 

injection duration is also plotted in Figure 6.11 for the 200 engine cycles during the 

CA50 step-change test. When the CA50 is delayed, the thermal efficiency reduces, which 
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may result in a lower IMEP if the commanded injection duration is fixed. Therefore, in 

order to maintain the IMEP around the setpoint, the IMEP controller increases the 

injection duration from 480 µs to 495 µs under closed-loop control. By adjusting the 

commanded diesel injection duration, the closed-loop IMEP controller is capable of 

maintaining the IMEP around the setpoint value. The COVIMEP during the CA50 step-

change test is 1.9%.  

 

Figure 6.11  CA50 Setpoint Step-change: Diesel Injection Commands 

6.3.2. Control Comparisons with SSDC EGR Sweeps  

The results presented in Chapter 5 indicate that the ignition delay typically prolongs with 

an increase in EGR. If the injection timing is fixed, the combustion phasing delays as 

EGR increases. Furthermore, an extended increase in EGR may deteriorate the indicated 

thermal efficiency, which may lower the IMEP substantially if the fuelling amount is 
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fixed. Therefore, by implementing the closed-loop IMEP and CA50 control, the effect of 

EGR application on the combustion phasing and the IMEP can be compensated. To 

demonstrate the effectiveness of closed-loop control, EGR sweeping tests are conducted 

with closed-loop IMEP and CA50 control using the SSDC strategy at an IMEP of 5.5 bar. 

The results are compared with those of fixed fuel injection. The CA50 and the IMEP 

results are plotted against the intake O2 concentration in Figure 6.12. The hollow markers 

represent the results of fixed control tests, in which the diesel injection timing is held 

constant, while the solid markers represent the results of the closed-loop control tests. 

 

Figure 6.12  Control Comparison with SSDC EGR Sweeps: CA50 and IMEP 

When the diesel injection command is fixed, the reduction in the intake O2 concentration 

is accompanied by a delay in CA50 and a deduction in IMEP. In contrast, when the 
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dynamic fuel injection control is enacted, both the CA50 and the IMEP remain near the 

setpoint, largely independent of the EGR level.  

The commanded diesel injection timing and duration are shown in Figure 6.13. When the 

control is active, the diesel injection timing is progressively advanced by the closed-loop 

CA50 controller. 

 

Figure 6.13  Control Comparison with SSDC EGR Sweeps: Injection 

The commanded injection duration is also adjusted by the closed-loop IMEP controller as 

the EGR level changes. At low EGR levels, a small reduction in the injection duration is 

necessary to maintain the IMEP around the setpoint, suggesting a small improvement in 

the thermal efficiency at low EGR levels. When the intake O2 concentration is lower than 
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14%, the controller substantially increases the injection duration, signifying that a lower 

thermal efficiency is incurred. 

The smoke and NOX emissions for the two EGR sweeping tests are plotted in 

Figure 6.14. An insignificant variation is observed in the NOX emissions with and 

without the closed-loop diesel injection control. In contrast, a large rise in the smoke 

emissions is observed at high EGR levels when the closed-loop control is active. The 

larger diesel injection quantity and the earlier CA50 may contribute to the sharp increase 

in the smoke emissions when closed-loop diesel injection control is active.  

 

Figure 6.14  Control Comparison with SSDC EGR Sweeps: Smoke and NOX 

The COVIMEP and the STDCA50 are presented in Figure 6.15. At high EGR levels, a large 

improvement in combustion stability is achieved with the active injection control. 
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However, at low EGR levels, the combustion stability deteriorates with the closed-loop 

combustion control, when compared to the fixed injection.  

 

Figure 6.15  Control Comparison with SSDC EGR Sweeps: Stability 

6.3.3. Control Comparisons with DFC EGR Sweeps 

The DFC strategy is effective in achieving ultra-low NOX and smoke emissions at 

increased engine loads when moderate levels of EGR are applied. To investigate the 

efficacy of implementing closed-loop control in the DFC strategy, EGR sweeping tests 

are conducted at 10 bar IMEP. Initially, the diesel injection duration and the ethanol 

injection duration are fixed to obtain an ethanol fraction of 0.6. The diesel injection 

timing is adjusted such that the CA50 is at 368°CA. First, the EGR sweep is conducted 

while the injection parameters are not varied. Second, the EGR sweep is repeated with 

the closed-loop control, where the diesel injection timing and duration are controlled to 
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maintain the target CA50 and IMEP. During this EGR sweeping test, the ethanol 

injection is not adjusted. Therefore, the ethanol fraction may vary when the diesel 

injection duration is changed.  

The CA50 and the IMEP are plotted in Figure 6.16. Under fixed control, as the intake O2 

concentration is reduced, the CA50 is delayed and the IMEP is reduced. However, when 

the combustion control is enacted, both the CA50 and the IMEP are held around the 

setpoint values by adjusting the diesel injection command, except at 10% intake O2 

concentration, where the IMEP is slightly reduced.  

 

Figure 6.16  Control Comparison with DFC EGR Sweeps: CA50 and IMEP 

The diesel injection timing and duration are presented in Figure 6.17. Under closed-loop 

control, the diesel injection duration increases at high EGR levels to maintain the IMEP 
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near the setpoint as the intake O2 concentration reduces. In this case, the diesel injection 

duration is limited to a maximum value of 480 µs. Therefore, at 10% intake O2 

concentration, further increase in the diesel injection duration is not permitted by the 

controller. The CA50 is maintained around the setpoint value by advancing the diesel 

injection timing as the EGR level is increased.  

 

Figure 6.17  Control Comparison with DFC EGR Sweeps: Injection 

The control comparisons of the smoke and NOX emissions during the DFC tests are 

presented in Figure 6.18. The results show that the NOX emissions are similar during the 

two EGR sweeping tests. The smoke emissions, on the contrary, rise sharply when the 

intake O2 concentration is lower than 14% for the test with active injection control. The 

rise in the smoke is partially caused by the substantial increase in the diesel injection 

duration at the low intake O2 concentration levels.  
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Figure 6.18  Control Comparison with DFC EGR Sweeps: Smoke and NOX 

The COVIMEP and STDCA50 are shown in Figure 6.19. The COVIMEP increases abruptly 

for the EGR sweeping test without the active injection control as the EGR level is raised. 

The cyclic variations in the CA50 also increase consistently with the increase in the EGR 

level. When the diesel injection control is active, an improvement in the combustion 

stability is observed at the low intake O2 concentrations.  
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Figure 6.19  Control Comparison with DFC EGR Sweeps: Stability 

6.4. Summary of Closed-loop Combustion Control 

A closed-loop control system is developed for regulating the diesel injection command 

dynamically by using the cylinder pressure measurement as the feedback. Based on the 

results of steady-state testing with the SSDC and DFC strategies, the control over the 

diesel injection command is effective for maintaining a desired combustion phasing in 

both the strategies. Therefore, a proportional controller is developed for modulating the 

diesel injection timing to achieve a desired CA50 setpoint. Similarly, the diesel injection 

duration is controlled using a proportional controller to regulate the IMEP level. The RT-

FPGA system ensures the cycle-by-cycle fuel injection control for the engine cycle 

resolved analysis of cylinder pressure and the execution of the control algorithm.  
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The performance of the dynamic control system is demonstrated with the help of two sets 

of engine tests. First, the step-response of the controller is demonstrated for both of the 

IMEP and CA50 control with the diesel strategy. Second, EGR sweeping tests are 

conducted using the SSDC and DFC strategies, and the results are compared with EGR 

sweep tests conducted without closed-loop diesel injection control. By regulating the 

IMEP and the CA50 dynamically to the setpoint regardless of the intake O2 

concentration, an improvement in the combustion stability is attained under both the 

combustion strategies.   
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CHAPTER VII 

7. DESIGN AND DEMONSTRATION OF SYSTEMATIC CONTROL 

The results presented in Chapter 5 highlighted the advantages of adapting two 

combustion strategies, the single-shot diesel combustion (SSDC) and the dual-fuel 

combustion (DFC), at different engine load levels for achieving clean combustion over a 

wide engine load range. However, the use of two combustion strategies, and the 

associated control requirements, would further complicate the design and calibration of 

engine controllers. In the current chapter, a systematic controller is developed to reduce 

the calibration effort associated with the enabling of the clean combustion strategies.  

7.1. Systematic Control Architecture 

The architecture of systematic control is proposed in a block diagram, as shown in 

Figure 7.1. The closed-loop control block represents the diesel injection controller, based 

on the fast feedback of cylinder pressure, as discussed in Chapter 6. The dynamic target 

block provides the setpoints for the closed-loop controller. In the conventional engine 

control scenario, the dynamic target represents the values stored in the calibrated lookup 

tables [108]. In the current research, the dynamic target is designed based on the results 

of the engine tests with the SSDC and DFC strategies.  

A simplified engine model is integrated into the systematic control. The structure of the 

systematic control is similar to the model-based feed-forward control architecture [67]. 

The results of the model calculations are used as inputs to the dynamic target block. The 
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numerical expressions for the EGR and in-cylinder calculations, as presented in 

Chapter 4, are simplified for implementing on the real-time (RT) controller.  

 

Figure 7.1  Systematic Control Architecture 

In the subsequent sections, a more detailed discussion is provided for each block of the 

systematic control architecture followed by the engine test results. The detailed 

description of the simplified model is provided in APPENDIX G.  

7.2. Dynamic Target for Air-path Control 

The dynamic target block provides the setpoint values to the closed-loop controller, 

which forms a critical part of the control architecture presented in Figure 7.1. In this 

section, the dynamic targets for the air-path system are discussed in detail. The engine 

test data presented in this section highlights the overall trends observed during the engine 

testing phase.  

7.2.1. Intake O2 and NOX correlation 

The suitable intake O2 concentration for NOX reduction depends on the engine load and 

the intake boost pressure at any given EGR ratio. The intake O2 concentration is used for 
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measuring the effectiveness of EGR, instead of the EGR ratio [93]. Thus, the intake O2 

concentration is selected as the preferred parameter from the NOX control perspective. In 

Figure 7.2, the NOX emissions are plotted against the intake O2 concentration for EGR 

sweeping tests conducted over a range of testing conditions. Different marker types are 

used to distinguish between the SSDC and DFC strategies, and the marker colors indicate 

the load levels.  

 

Figure 7.2  NOX versus Intake O2 Concentration for SSDC and DFC Strategies 

In Figure 7.3, the same test data is normalized to the NOX level at zero EGR condition for 

each test set, and is presented as the NOX reduction based on Equation (7.1).  

𝑁𝑂𝑥 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑁𝑂𝑥zero 𝐸𝐺𝑅 − 𝑁𝑂𝑥

𝑁𝑂𝑥zero 𝐸𝐺𝑅  
 (7.1) 
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Figure 7.3  NOX Reduction for SSDC and DFC Strategies 

The NOX emission results in Figure 7.3 represent the following trends: 

 When the data is presented as the reduction in NOX emissions with respect to the 

intake O2 concentration, all the test data sets tend to overlay. These trends highlight 

the sensitivity of the NOX emissions reduction to the intake O2 concentration. 

 The NOX emission reduction is significant until the intake O2 concentration is 

lowered to nearly 14~15%. When the intake O2 concentration is decreased further, the 

reduction of the NOX emissions becomes less prominent. This trend demonstrates a 

challenge of achieving ultra-low NOX emissions. Intake O2 concentrations of 14~15% 

are selected as the target for EGR control during the systematic control. 
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7.2.2. In-cylinder Air Excess Ratio and Smoke Correlation 

While the NOX emissions depict a straightforward trend with the inert dilution at the 

intake, the smoke is affected by several engine operating variables, such as intake boost 

pressure, EGR rate, fuel amount, injection pressure, and ignition delay. The in-cylinder 

air excess ratio is selected as a smoke control parameter in this work. As shown in 

Equation (4.11), the in-cylinder air excess ratio is a function of the intake boost, the EGR 

ratio, and the fuelling quantity.  

The smoke emissions from representative EGR sweeping tests are shown in Figure 7.4. 

The results are plotted against the in-cylinder air excess ratio and the intake O2 

concentration, while the color of the marker denotes the indicated smoke emissions for 

each test point. The two sets of test results represent the SSDC and the DFC strategies. 

The SSDC tests are conducted at 5 bar IMEP and 90 MPa injection pressure, while the 

intake boost pressure varies from 1.5 bar to 2 bar absolute. The DFC tests are conducted 

at 10 bar IMEP and 120 MPa injection pressure with two intake boost pressure levels of 

2 bar and 2.5 bar absolute.  

During the EGR sweep, the in-cylinder air excess ratio decreases consistently with the 

reduction in the intake O2 concentration. An increase in the smoke emissions is observed 

as the intake O2 concentration reduces. For the test cases with the higher boost pressure, 

the in-cylinder air excess ratio is consistently higher, and the smoke emissions at the 

same intake O2 concentration level are lower. The test results presented in Figure 7.4 

highlight the effectiveness of higher air excess for smoke reduction.  
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Figure 7.4  Effect of [O2]int and λin-cyl on Smoke Trends 

7.2.3. Air-path Control Considerations 

The results presented in the previous subsection suggest that the use of EGR is effective 

for reducing the NOX emissions, whereas a larger in-cylinder air excess ratio is beneficial 

for lower smoke emissions. However, the application of EGR results in a reduction of the 

intake O2 concentration, which at a fixed intake boost pressure causes a subsequent 

reduction in the in-cylinder air excess ratio. Therefore, an adequate control strategy for 

regulating the intake boost pressure and the EGR flow rate is necessary so that a lean in-

cylinder charge is maintained while achieving the 14~15% intake O2 concentration 

(necessary for NOX reduction). As the EGR flow rate is typically not measured, the 

intake boost and the fresh mass air flow (MAF) rate are controlled to attain these air-path 

targets. A contour map of intake boost pressure and MAF is presented in Figure 7.5. The 
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map is generated using the zero-D engine cycle simulation routine discussed in 

APPENDIX D. Simulations are conducted by varying the intake boost pressure, MAF 

and fuel amounts while the intake O2 concentration and the heat release characteristics 

are kept constant. The color contours represent the IMEP levels corresponding to the 

increased fuelling amounts. Iso-lines of in-cylinder air excess ratio and peak cylinder 

pressure are overlaid on the same contour plot.  

The trends presented in Figure 7.5 can be explained as follows; while maintaining a fixed 

intake O2 concentration of 14%, a relatively high in-cylinder air excess ratio can be 

attained by increasing the intake boost pressure while maintaining a similar MAF level. 

In addition to the intake O2 concentration, if the in-cylinder air excess ratio is fixed, the 

model calculations suggest that a unique combination of intake boost pressure and MAF 

values is necessary at a particular IMEP level. Therefore, the dynamic targets are 

designed for the air-path control at each engine load level, in which the intake boost 

pressure and the MAF setpoints are selected. These setpoints correspond to the target 

values of intake O2 concentration and in-cylinder air excess ratio. 
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Figure 7.5  Contour Map of pint and MAF at Varying Loads and a Fixed [O2]int 

The selection of a target value for the in-cylinder air excess ratio is constrained by the 

hardware limitations, as partially shown in Figure 7.5 by the contours of peak cylinder 

pressure. At a fixed intake O2 concentration, the range of air excess ratio shrinks as the 

engine load increases due to the peak cylinder pressure limits. Furthermore, the increase 

in the intake boost pressure, simultaneously at high EGR rates, is limited by the operating 

characteristics of the turbocharging hardware on production engines [17].  
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7.3. Dynamic Target for Combustion Control 

7.3.1. Preferred CA50  

The parametric analysis, of the combustion phasing on the thermal efficiency, suggests 

that a high thermal efficiency is achieved when the CA50 is maintained in a narrow crank 

angle window between 366°CA to 372°CA (Figure 4.4). In practice, a later CA50 can 

reduce the NOX emissions and lower the peak pressure rise rate [95]. Representative test 

results with varying CA50 from the two combustion strategies, SSDC and DFC, are 

presented in Figure 7.6.  

 

Figure 7.6  Region of CA50 for Thermal Efficiency and NOX Improvements 

The results of parametric simulations of the thermal efficiency are overlaid on the same 

plot. For obtaining a CA50 target with systematic control, a region of CA50 between 

368°CA to 376°CA is selected as the preferred window. Within this window, an earlier 
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CA50 can improve the thermal efficiency, while a later CA50 is beneficial for the NOX 

reduction, and for attaining lower peak pressure rise rates.  

7.3.2. Diesel and Dual-fuel Combustion Switching 

The investigation of the SSDC and the DFC strategies suggests that switching between 

the two strategies is necessary for minimizing the NOX, smoke, and thermal efficiency 

trade-offs across the engine load range. Representative test results are presented in 

Figure 7.7 and Figure 7.8 for selecting an IMEP, at which switching between the two 

strategies is carried out. The thermal efficiency is plotted against the IMEP for selected 

test points where the NOX emissions are lower than 0.5 g/kW-hr, and the smoke 

emissions are lower than 0.05 g/kW-hr. The low NOX emissions are primarily achieved 

by EGR application for all the test cases.  

In the relevantly high IMEP levels under the SSDC strategy, the simultaneously low NOX 

and smoke emissions are achieved at intake O2 concentrations lower than 11%. However, 

at these high inert dilution levels, the combustion efficiency is significantly reduced. In 

the DFC strategy, the reduction in smoke emissions is achieved by increasing the ethanol 

fraction as the IMEP is raised, whereas an intake O2 concentration of around 14% is 

sufficient to reduce the NOX emissions below 0.5 g/kW-hr. Therefore, at the high IMEP 

levels, the thermal efficiency is significantly lower in the SSDC strategy, compared to the 

DFC strategy. On the contrary, at low engine load levels, the thermal efficiency of the 

DFC strategy is lower than that of the SSDC strategy. The combustion efficiency reduces 

considerably for the DFC strategy at low load levels, thereby resulting in a lower thermal 

efficiency.  
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Figure 7.7  Thermal Efficiency versus IMEP for SSDC and DFC 

 

Figure 7.8  Combustion Efficiency versus IMEP for SSDC and DFC 
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An IMEP of 5~6 bar is selected as the target load level where the switching between the 

SSDC and the DFC strategies is carried out. At IMEP levels lower than 5 bar, the SSDC 

strategy is selected, while at IMEP levels above this load level, the DFC strategy is used. 

A further increase in the engine load level in the DFC strategy is primarily achieved by 

increasing the ethanol fraction.  

7.4. Systematic Control Demonstration 

Engine tests are conducted to demonstrate the major aspects of the systematic control. 

First, the switching between the diesel and the dual-fuel strategies is shown. Thereafter, 

the load increase from 3 bar IMEP to 10 bar IMEP is demonstrated with simultaneous 

regulation of the air-path and the fuel systems.  

7.4.1. Switching between Diesel and Dual-fuel Combustion  

The SSDC and DFC switching is carried out at 5.5 bar IMEP. The test results for the 

switching from the SSDC to the DFC strategy are shown in Figure 7.9 and Figure 7.10. 

For demonstration purposes, the engine is operated in the SSDC strategy at steady-state 

conditions of intake boost and EGR with closed-loop control over CA50 and IMEP. 

Ethanol is then injected in the intake port with a fixed injection duration of 2.5 ms. The 

ethanol injection is enabled at cycle number 19 as shown by the ethanol injection 

command in Figure 7.9. When ethanol is injected, the closed-loop IMEP control 

gradually reduces the diesel injection duration to maintain the IMEP setpoint. The CA50 

feedback and the dynamically commanded diesel SOI are shown in Figure 7.10. The 

diesel injection timing is advanced by the closed-loop CA50 control algorithm, when the 

DFC strategy is enabled, to maintain the CA50 at the target value of 368ºCA.  
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Figure 7.9  SSDC to DFC Switching: Injection Duration and IMEP 

 

Figure 7.10  SSDC to DFC Switching: CA50 and Diesel SOI 
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The demonstration tests for the switching from DFC to the SSDC strategy are presented 

in Figure 7.11. At the beginning of the mode switching test, the engine is operated at 

steady-state using the DFC strategy. At engine cycle number 67, the ethanol injection is 

deactivated. The closed-loop IMEP controller increases the diesel injection duration to 

compensate for the total fuel amount. The diesel SOI and the CA50 are shown in 

Figure 7.12. The closed-loop CA50 controller effectively delays the diesel injection 

timing to maintain the target CA50.  

 

Figure 7.11  DFC to SSDC Switching: Injection Duration and IMEP 
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Figure 7.12  DFC to SSDC Switching: CA50 and Diesel SOI 

The emission results under steady-state operation of the SSDC and the DFC strategy are 

presented in Table 7.1. A significant reduction in the smoke emissions is achieved when 

the combustion strategy is changed from SSDC to DFC. However, switching of 

combustion modes is accompanied by a noticeable increase in the HC and CO emissions.  

Table 7.1  Steady-state Emissions: SSDC and DFC Mode Switching 

 

Smoke 

[g/kW-hr] 

NOX  

[g/kW-hr] 

HC  

[g/kW-hr] 

CO  

[g/kW-hr] 

SSDC 0.170 0.30 0.53 8.45 

DFC 0.055 0.29 0.95 13.38 
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7.4.2. Load Sweep with Systematic Control 

The control results presented in earlier sections have set the background for the testing of 

the complete systematic control. The closed-loop injection control, the mode switching 

scheme, and the numerical engine model are integrated into the systematic control. An 

IMEP sweeping test is conducted using this control algorithm. Based on the discussions 

in Section 7.2, guidelines are developed for the intake O2 concentration and the in-

cylinder air excess ratio. A target intake O2 concentration of 14% is set across the IMEP 

sweeping test. The in-cylinder air excess ratio is set at a target value of 2 for the 6 bar and 

7 bar IMEP levels. At lower loads, a higher in-cylinder air excess ratio is selected to 

improve the smoke emissions; whereas at higher loads, the target in-cylinder air excess 

ratio is lowered, primarily to avoid conditions of high peak cylinder pressure. 

As presented earlier in Figure 7.5, the engine model provides the boost pressure and the 

MAF corresponding to the target intake O2 concentration and the desired in-cylinder air 

excess ratio at each IMEP level. The target boost pressure and MAF values are achieved 

by controlling the intake boost pressure regulator, the EGR valve, and the exhaust 

backpressure valve during the test. The results are shown in Figure 7.13. The targets and 

the measured values for the intake O2 concentration and the in-cylinder air excess ratio 

are shown in Figure 7.14. From the steady-state measurements of intake O2 

concentration, it is observed that by operating the engine at the desired intake boost and 

MAF levels, the target intake O2 concentration can be attained at different engine load 

levels. Furthermore, the in-cylinder air excess ratio calculated from the measurements of 

intake and exhaust O2 concentrations closely follows the desired value.  
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Figure 7.13  IMEP Sweep with Control: pint and MAF 

 

Figure 7.14  IMEP Sweep with Control: [O2]int and λin-cyl 
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The NOX and smoke emissions are presented in Figure 7.15 for the IMEP sweeping test; 

the mode switching location is marked therein. The NOX emissions are consistently low 

during the IMEP sweep, but the smoke emissions exceed the target of 0.05 g/kW-hr in 

the SSDC strategy at 4 bar IMEP. With further increase in the IMEP and the strategy 

transition from SSDC to DFC, the smoke emissions reduce drastically. 

 

Figure 7.15  IMEP Sweep with Control: Smoke and NOX 

The fuel injection parameters during the IMEP sweeping test are presented in Figure 7.16 

and Figure 7.17. The closed-loop control over the diesel injection timing is effective in 

maintaining the CA50 at the target value of 368°CA across the IMEP sweep. The diesel 

injection duration is raised initially to achieve the increase in IMEP from 3 bar to 4 bar. 

Thereafter, the diesel injection duration remains constant for loads higher than 5 bar 

IMEP, while the ethanol injection duration is increased for achieving higher load levels.  
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Figure 7.16  IMEP Sweep with Control: CA50 and Diesel SOI 

 

Figure 7.17  IMEP Sweep with Control: Diesel and Ethanol Injection Duration 
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7.5. Summary of Systematic Control 

The closed-loop combustion control for the diesel injection command is integrated into a 

systematic control architecture for regulating the air and fuel systems simultaneously. 

The proposed systematic control architecture introduces the dynamic targets for 

controlling the air-path and the fuel systems. Under the selected testing conditions, these 

dynamic control targets are summarized as follows. 

1. The intake O2 concentration should be regulated to nearly 14~15%, to attain an 

effective reduction of NOX emissions by the application of EGR. 

2. A high value of λin-cyl should be targeted, simultaneously with the intake O2 

concentration target, to reduce the smoke emission penalty associated with the use 

of EGR.  

3. A CA50 window of 368°CA to 376°CA is identified as a desired range for the 

CA50 setpoint to obtain a high thermal efficiency.  

4. The switching between the SSDC and the DFC strategies is conducted at an IMEP 

of nearly 5 bar to obtain low NOX and smoke emissions and to reduce the thermal 

efficiency penalty. 

Engine tests are conducted by integrating the dynamic control targets into the systematic 

control architecture. Representative test results demonstrate that the switching between 

the SSDC and DFC strategies is achieved without exceeding the IMEP and CA50 

stability targets. The simultaneous regulations of the boost, EGR and fuel injection 

systems are demonstrated by conducting an IMEP sweeping test. 
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CHAPTER VIII 

8. CONCLUSIONS AND FUTURE WORK 

The primary goal of this dissertation is to develop dynamic control strategies that can 

reduce the energy efficiency penalties typically associated with the simultaneous 

reduction of NOX and smoke emissions in modern CI engines. Experiments, supported by 

parametric numerical simulations, are conducted on the test engine to develop and verify 

the dynamic control. The emission targets for clean combustion (0.5 g/kW-hr for NOX 

and 0.05 g/kW-hr for smoke) are met over an IMEP range of 3 bar to 19.2 bar. In 

addition, the practical engine operating limits of peak cylinder pressure, peak pressure 

rise rate, and combustion stability are satisfied. The conclusions and the 

recommendations from the research are presented in the current chapter.  

8.1. Numerical Analysis 

Zero-dimensional engine cycle simulations, including EGR calculations, are conducted to 

provide guidelines for the subsequent experimental and control studies. The results are 

summarized as follows: 

 The coordinated adjustments of intake boost pressure and EGR ratio are necessary to 

achieve a desired inert dilution of the intake charge across the engine load range.  

 Based on the simulated engine conditions and modeling assumptions, the highest 

thermal efficiency is achieved in a narrow combustion phasing window of 366°CA to 

372°CA. 
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 Within the preferred combustion phasing window, if combustion occurs in two 

stages, a lower pressure rise rate is achieved when a larger portion of the fuel energy 

is released during the second stage.  

 The products of incomplete combustion, HC and CO emissions, represent a larger 

reduction in the combustion efficiency at low load levels, than at high load levels. 

8.2. Steady-state Engine Tests 

The single-shot diesel combustion (SSDC) and dual-fuel combustion (DFC) strategies are 

empirically studied under steady-state testing conditions. The major operating 

characteristics of the SSDC and DFC strategies, that are suitable for developing the 

dynamic combustion control, are identified as follows: 

 In the SSDC strategy, the target NOX and smoke levels can be achieved at low-load 

conditions (4 bar IMEP) by the lowering of the intake O2 concentration to 14~15% 

without incurring a significant thermal efficiency penalty. 

 At high load levels, simultaneously low NOX and smoke emissions can be attained by 

applying high EGR amounts (intake O2 concentration lower than 11%) to enable 

LTC. The enabling of LTC, however, is often associated with a large thermal 

efficiency penalty.  

 Similar to the SSDC strategy, EGR is effective for NOX emission reduction in the 

DFC strategy. However, in the DFC strategy, the aggravated impact of EGR on the 

smoke emissions is significantly reduced by the increasing ethanol fraction. 
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Moreover, the combustion phasing is effectively regulated by adjusting the diesel 

injection timing even at high ethanol fractions.  

 An increase in the exhaust HC and CO emissions is observed in the DFC strategy, 

which accounts for a lower combustion efficiency. The combustion efficiency is 

significantly lower at the low load conditions compared to the high load conditions.  

 The DFC strategy produces simultaneously low NOX and smoke emissions even at 

high engine load levels with suitable modulation of the intake boost pressure, the 

injection pressure, the combustion phasing, the ethanol fraction, and the EGR rate.  

8.3. Closed-loop Combustion Control 

A closed-loop control system is developed for the regulation of the diesel injection timing 

and duration in the SSDC and DFC strategies. The major conclusions are summarized 

below. 

 The regulation of the diesel injection command is effective for the cycle-by-cycle 

control of combustion phasing and load level in both the SSDC and DFC strategies.  

 The RT-FPGA enabled cylinder pressure analysis ensures the cycle-by-cycle 

feedback of the combustion parameters, and therefore facilitates the closed-loop fuel 

injection control.  

 In both the SSDC and DFC strategies, the improvements in the combustion stability 

are achieved at high EGR rates by dynamically regulating the IMEP and CA50. 
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8.4. Systematic Control 

The results of the parametric calculations and the experimental work are used to develop 

the dynamic combustion control targets. The dynamic targets and the closed-loop fuel 

injection control systems are integrated into a systematic control structure for the 

regulation of the air-path and the fuel systems. These dynamic control targets and the 

results of the systematic control are summarized as follows: 

 Results compiled from several engine tests suggest that when the intake O2 

concentration is regulated to around 14~15%, a significant reduction in the NOX 

emissions is obtained. When a large in-cylinder air excess ratio is used in conjunction 

with the target intake O2 concentration, the smoke emission penalty associated with 

the use of EGR can be reduced. Therefore, the intake boost pressure and the fresh air 

mass flow rate are simultaneously adjusted to achieve the target values of intake O2 

concentration and the in-cylinder air excess ratio at different engine load levels. 

 In both the SSDC and DFC strategies, a preferred combustion phasing window of 

368ºCA to 376ºCA is achieved by the implementing closed-loop control over the 

diesel injection timing.  

 The engine is operated in the SSDC strategy at low loads, while at high loads, the 

DFC strategy is used. By implementing the switching between combustion strategies, 

the thermal efficiency of clean combustion is improved over a wide engine load 

range. In this work, the switching between the SSDC and the DFC strategies is 

conducted at an IMEP of nearly 5.5 bar.  
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8.5. Recommendations for Future Work 

The research presented in this dissertation has focused on developing dynamic control 

strategies to achieve the emission, stability, and thermal efficiency targets at varied 

engine load levels, however at a fixed engine speed. By investigating the impact of 

engine speed on the experimentally developed control guidelines, the dynamic 

combustion control can be extended to a wider engine operating range. Moreover, the 

control experiments are conducted on a single-cylinder research engine platform. Thus, 

the cylinder-to-cylinder interactions in a typical multi-cylinder production engine are not 

accounted for, during the development of the systematic control. By repeating the 

experiments on a multi-cylinder engine, the efficacy of the systematic control for 

production engines can be evaluated. 

During this research, extensive controller tuning has not been carried out for designing 

the closed-loop fuel injection controller. The test results suggest that an improvement in 

the performance may be achievable by lowering the proportional gain and adding integral 

control to the current control structure. Furthermore, the injector characterization 

(presented in APPENDIX F) can be integrated into the fuel injection control to improve 

the combustion stability under transient conditions, e.g. during mode-switching.  
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APPENDIX A. CO2 Regulations and Thermal Efficiency 

For vehicles that use hydrocarbon fuels, the CO2 emissions directly translate to the 

engine’s thermal efficiency if complete combustion is assumed, as shown in 

Equation (A.1). 

𝜂𝑏𝑟𝑎𝑘𝑒 = 100 ×
3600 ∙ 𝑀𝐶𝑂2

𝐿𝐻𝑉𝑓𝑢𝑒𝑙 ∙ 𝑀𝑓𝑢𝑒𝑙 ∙ 𝐸𝑋𝐻𝐶𝑂2
 (A.1) 

In Equation (A.1), 𝜂𝑏𝑟𝑎𝑘𝑒  is the brake thermal efficiency, 𝐿𝐻𝑉𝑓𝑢𝑒𝑙  is the lower heating 

value of the fuel in kJ/g, and 𝐸𝑋𝐻𝐶𝑂2 is the exhaust CO2 emission regulation in g/kW-hr. 

𝑀𝑓𝑢𝑒𝑙  is the molecular weight of the fuel in g/mol. Similarly, 𝑀𝐶𝑂2  is the molecular 

weight of CO2. The brake thermal efficiency requirements, corresponding to the CO2 

regulations, for engines using a hydrocarbon fuel 𝐶1𝐻1.87 are shown in Figure A.1. 

 

Figure A.1  Efficiency Requirements for Meeting CO2 Emission Regulations 
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APPENDIX B. Properties of Commonly Used Fuels 

Table A.1  Properties of Commonly Used Fuels 

 
Diesel Gasoline Biodiesel Butanol Ethanol Methanol DME 

Natural 

Gas 
Hydrogen 

Formula CnH1.8n CnH1.87n C18 to C21 C4H9OH C2H5OH CH3OH 
CH3-O- 

CH3 

CH4  

(~96%1) 
H2 

State Liquid Liquid Liquid Liquid Liquid Liquid Gas Gas Gas 

Molecular weight 

[kg/kmol] 
~ 170 ~110 

 

74 46 32 46 ~16 2 

Octane 25 87 30 
 

108-115 99,111 13 ~120 130+ 

Cetane 43 10 to 17 52-62 17-25 08-11 3 55 0 - 

LHV [MJ/kg] 42.1 42.4 36.7–40.5 33.1 26.8 20 28.4 46.3 121.5 

Oxygen mass [%] 0 0 10 to 11 21.62 34.8 50 35 0 0 

Stoichiometric 

Air-fuel Ratio1 
14.6 14.8 12.6 11.2 9 6.45 9 17.2 34.3 
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 Diesel Gasoline Biodiesel Butanol Ethanol Methanol DME 
Natural 

Gas 
Hydrogen 

Boiling temp. at 

1 bar  [OC] 
180-340 60-200 315-350 117.5 78 65 -25 -162 -252.9 

Melting point 

[OC] 

–34 to –

18 
< -80 

 

-89.5 -114.1 -98 -141.5 –182.6 -259.2 

Q_evaporation 

[kJ/kg] 
316.6 303 - 595 846 1100 465 510 442.7 

Density [kg/m3] 840-880 720-780 860-900 810 780 790 1.97 0.72 0.09 

Stoich. Mixture 

by Mass [%] 
6.49 6.4 7.35 8.2 10 13.4 10 ~5.5 2.8 

Auto-ignition 

temp. [ deg C] 
180-285 220-260 ~260 340 360-422 464,470 350 540 560 

Kinematic 

viscosity [cSt] 
>3 0.4-0.8 3.5-5 3.64 1.52 0.64 0.184 13.8 100 

Energy for stoich. 

burning in 1 kg 

air [MJ] 

2.8 2.82 2.84 2.96 2.68 2.68 2.83 2.54 3.43 
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APPENDIX C. Equipment List 

Table A.2  List of Major Equipment for Engine Tests 

Equipment Model Remarks 

Pressure 

transducer 

AVL GU13P Range: 0–200 bar 

Sensitivity: 15 pC/bar 

Accuracy: ±0.6 bar 

 

Charge 

amplifier 

Kistler 5010B Range: ±10–999000 pC 

Sensitivity: 0.01–9990 pC/bar 

Accuracy: ±0.5% 

Air flow meter Dresser Roots, 2M175 Max. pressure: 12 bar gauge 

Max. flow rate: 56.6 m3/hr 

Accuracy: 0.3% 

Fuel flow meter 

(Diesel) 

Ono Sokki, FP-2140H,  

Reading unit: Ono Sokki, DF-210A 

Range: 5-2000 ml/min  
Resolution: 0.1 ml  

Accuracy: ±0.2% 

Fuel flow meter 

(Ethanol) 

FP-213 (with alcohol provision) 

Reading unit: Ono Sokki, DF-210A 

Range: 1-1000 ml/min  
Resolution: 0.01 ml  

Accuracy: ±0.5% 

Intake and 

exhaust pressure 

regulators 

SMC ITV 3051-314S5 Pressure range: 5~900 kPa 

Sensitivity: 0.2 % 

Accuracy: ±0.5% 

Pressure sensor BOSCH DS-K-TF Range: 0-5 bar differential 

Intake surge 

tank 

Manchester Tank, CAT# 302404 Volume: 75.7 Liters 

Pressure rating: 13.8 bar gauge 

@ 100°F 

Exhaust surge 

tank 

Prentex Tanks, SN D550 Volume: 60 Liters 

Pressure rating : 20.7 bar gauge 

@ 37.8°C 
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Dynamometer Schenck WS230, 

Eddy current dynamometer 

Rated torque: 750 Nm 

Moment of inertia: 0.53 kgm2 

Dynamometer 

controller 

DyneSystemsCo. DYN-LOC IV Regulation accuracy of ±1 unit 

for both speed and torque 

Encoder  Gurley Precision, 

9125S03600H5L01E18SQ06EN 

0.1°CA resolution  

Coolant 

conditioning 

unit 

FEV, COC11001100 Up to 10 bar 

Up to 130°C 
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APPENDIX D. Zero-D Simulations 

EGR Analysis 

The details of the EGR analysis approach presented in Section 4.1 are presented in the 

current section. The derivations of the expressions for gas concentrations and the air fuel 

ratios are presented. Based on the molar balance across the EGR loop (Figure 4.1) and 

the definition of the molar EGR ratio (𝑅𝑚𝑜𝑙), the moles of O2 in the intake can be 

calculated as follows.  

𝑛𝑂2 = [𝑂2]𝑎𝑖𝑟 ∙ 𝑛𝑎𝑖𝑟 + 𝑟𝑚𝑜𝑙 ∙ 𝑛𝑖𝑛𝑡 ∙ [𝑂2]𝑒𝑥ℎ 
(A.2) 

From Equation (4.2) and Equation (4.4),  

𝑛𝑂2 = [𝑂2]𝑎𝑖𝑟 ∙ 𝑛𝑎𝑖𝑟 + 𝑟𝑚𝑜𝑙 ∙ 𝑛𝑖𝑛𝑡 [
𝑛𝑂2 +

𝛾
2𝑛𝑓 − 𝑛𝑓 −

𝛽
4 𝑛𝑓

𝑛𝑖𝑛𝑡 + (
𝛾
2
+
𝛽
4
)𝑛𝑓

] 
(A.3) 

𝑛𝑂2 =
[𝑂2]𝑎𝑖𝑟 ∙ 𝑛𝑎𝑖𝑟 [𝑛𝑖𝑛𝑡 + (

𝛾
2 +

𝛽
4)𝑛𝑓] + 𝑟𝑚𝑜𝑙 ∙ 𝑛𝑖𝑛𝑡 (

𝛾
2 −

𝛽
4 − 1) 𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 
(A.4) 

The wet concentration of O2 in the intake is expressed as, 

[𝑂2]𝑖𝑛𝑡 =
[𝑂2]𝑎𝑖𝑟 ∙ 𝑛𝑎𝑖𝑟 [1 + (

𝛾
2 +

𝛽
4)

𝑛𝑓
𝑛𝑖𝑛𝑡

] + 𝑟𝑚𝑜𝑙 (
𝛾
2 −

𝛽
4 − 1) 𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2
+
𝛽
4
)𝑛𝑓

 
(A.5) 

Similarly, the concentration of O2 in the exhaust can be calculated as follows. 

[𝑂2]𝑒𝑥ℎ =
𝑛𝑂2 + (

𝛾
2 −

𝛽
4 − 1) 𝑛𝑓

[𝑛𝑖𝑛𝑡 + (
𝛾
2 +

𝛽
4)𝑛𝑓]

 

(A.6) 
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By substituting the expression for 𝑛𝑂2 from Equation (A.4) into Equation (A.5), the 

expression for the exhaust O2 concentration can be obtained as follows.  

[𝑂2]𝑒𝑥ℎ =
[𝑂2]𝑎𝑖𝑟 ∙ 𝑛𝑎𝑖𝑟 + (

𝛾
2 −

𝛽
4 − 1)𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 
(A.7) 

A similar approach is adopted for obtaining the expressions for the intake and exhaust 

concentrations of the other gas species. The final expressions are listed as follows.  

[𝐶𝑂2]𝑖𝑛𝑡 =
𝑟𝑚𝑜𝑙 ∙ 𝛼 ∙ 𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 (A.8) 

[𝐻2𝑂]𝑖𝑛𝑡 =
𝑟𝑚𝑜𝑙 ∙

𝛽
2 ∙ 𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 
(A.9) 

[𝑁2]𝑖𝑛𝑡 =
[𝑁2]𝑎𝑖𝑟 ∙ 𝑛𝑎𝑖𝑟 [1 + (

𝛾
2 +

𝛽
4)

𝑛𝑓
𝑛𝑖𝑛𝑡

]

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 
(A.10) 

[𝐶𝑂2]𝑒𝑥ℎ =
𝛼 ∙ 𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 (A.11) 

[𝐻2𝑂]𝑒𝑥ℎ =

𝛽
2 ∙ 𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 
(A.12) 

[𝑁2]𝑒𝑥ℎ =
[𝑁2]𝑎𝑖𝑟 ∙ 𝑛𝑎𝑖𝑟

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

 (A.13) 

When EGR is quantified by measuring the concentrations of CO2 in the intake and 

exhaust, the equivalence between the CO2 EGR definition listed in Equation (3.2) and the 

molar EGR definition listed in Equation (4.5) can be shown. By using the expressions for 
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the intake and exhaust CO2 concentrations presented in Equation (A.8) and 

Equation (A.11), the CO2 EGR can be expressed as follows.  

𝑟𝐶𝑂2 = (
𝑟𝑚𝑜𝑙 ∙ 𝛼 ∙ 𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

) (
𝛼 ∙ 𝑛𝑓

𝑛𝑎𝑖𝑟 + (
𝛾
2 +

𝛽
4)𝑛𝑓

)⁄  
(A.14) 

𝑟𝐶𝑂2 = 𝑟𝑚𝑜𝑙 
(A.15) 

The fresh air excess ratio (λair) is defined based on the ratio of ambient air and fuel and 

may be written as follows. 

𝜆𝑓𝑟 =
[𝑂2]𝑎𝑖𝑟𝑛𝑎𝑖𝑟

(𝛼 +
𝛽
4 −

𝛾
2)𝑛𝑓

 (A.16) 

The expression developed in Equation (A.7) can be integrated into Equation (A.16) .  

𝜆𝑓𝑟 = 1 +
[𝑂2]𝑒𝑥ℎ ∙ [(1 − 𝑟𝑚𝑜𝑙) ∙ 𝑛𝑖𝑛𝑡 + (

𝛾
2 +

𝛽
4) ∙ 𝑛𝑓]

(𝛼 +
𝛽
4 −

𝛾
2) ∙ 𝑛𝑓

 
(A.17) 

The expression can be further simplified using the definition of 𝑟𝑚𝑜𝑙. 

𝜆𝑓𝑟 = 1 +
[𝑂2]𝑒𝑥ℎ ∙ [𝑛𝑎𝑖𝑟 + (

𝛾
2 +

𝛽
4) ∙ 𝑛𝑓]

(𝛼 +
𝛽
4 −

𝛾
2) ∙ 𝑛𝑓

 
(A.18) 

By conducting arithmetic manipulations, the Equation (A.18) can be rearranged as 

follows. 

𝜆𝑓𝑟 =
1 + 𝐶𝑓 ∙ [𝑂2]𝑒𝑥ℎ

1 −
[𝑂2]𝑒𝑥ℎ
[𝑂2]𝑎𝑖𝑟

 (A.19) 
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where, 

𝐶𝑓 =
(
𝛾
2 +

𝛽
4)

(1 +
𝛽
4 −

𝛾
2)

 (A.20) 

The in-cylinder air excess ratio (𝜆𝑖𝑛−𝑐𝑦𝑙) is defined based on the ratio of in-cylinder O2 

content and fuel amount. The expression for 𝜆𝑖𝑛−𝑐𝑦𝑙 may be written as follows. 

𝜆𝑖𝑛−𝑐𝑦𝑙 =
𝑛𝑂2

(𝛼 +
𝛽
4 −

𝛾
2) ∙ 𝑛𝑓

 (A.21) 

Manipulations can be conducted on Equation (A.21) to obtain an expression for 𝜆𝑖𝑛−𝑐𝑦𝑙 

similar to that of 𝜆𝑓𝑟 

𝜆𝑖𝑛−𝑐𝑦𝑙 =
1 + 𝐶𝑓 ∙ [𝑂2]𝑒𝑥ℎ

1 −
[𝑂2]𝑒𝑥ℎ
[𝑂2]𝑖𝑛𝑡

 (A.22) 

Calculation Routine 

The flow chart in Figure A.2 shows the calculation procedure throughout the closed 

engine cycle. The primary expression for the calculation routine is the energy balance in 

Equation (4.17) that is carried out at each of the calculation steps (1°CA). The step-by-

step calculations begin at the crank angle of intake valve closing.  
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Figure A.2  Schematic of Calculation Routine for Zero-D Simulations 

The details of these calculations are explained as follows: 

1. The EGR calculations are carried out to compute the concentrations of the gas 

species based on the intake boost pressure, temperature, the EGR level and the 

fuel amount and fuel composition. 
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2. In-cylinder bulk gas temperature is the primary state variable, solved at every 

calculation step. The initial value of the in-cylinder trapped gas temperature is 

calculated using the isentropic compression/expansion process assumption.  

3. Likewise, the in-cylinder pressure corresponding to the gas temperature is 

calculated.  

4. All the components of the energy balance expression are then computed 

individually.  

a. Enthalpy Calculations: the significant enthalpies of the gas species are 

calculated for the estimated temperature value, and the total gas enthalpy 

is calculated using a weighted average of the constituent components. The 

change in enthalpy is then computed for the current calculation step.  

b. Volume Update: The piston work associated with the in-cylinder volume 

change is computed using the estimated cylinder pressure value.  

c. The heat release rate is calculated if the heat release model suggests the 

occurrence of combustion during the current crank angle event.  

d. The heat transfer amount is computed for the current crank angle duration 

using the estimated temperature and pressure values.  

e. The sum of all the components within the energy balance expression is 

computed. The error in the energy balance is then compared with the 

desired accuracy. If the error is larger than the desired accuracy, a new 
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estimate for cylinder gas temperature is made using an error minimization 

technique.  

5. Steps 2-4 are repeated iteratively until an estimate of temperature is obtained that 

yields an acceptable error in the energy balance equation. 

6. Steps 1-5 are repeated for each calculation interval until the closed cycle is 

complete, i.e. the crank angle of exhaust valve opening.  

7. Once the cycle calculations are complete, the indicated quantities such as work, 

mean effective pressure, thermal efficiency are calculated from the calculated 

cylinder pressure trace. 

Heat Release Shape Simulations  

The calculated peak cylinder pressure for heat release shape simulations conducted in 

Section 4.3.2 are shown in Figure A.3. A two stage heat release profile with nearly equal 

energy and duration distribution among the two stages is preferable to obtain a lower 

peak cylinder pressure. The indicated thermal efficiency results are presented in 

Figure A.4. A marginal variation is observed in the indicated thermal efficiency when the 

heat release shape is changed while maintaining the combustion phasing and the total 

combustion duration at fixed levels.  
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Figure A.3  Effect of Heat Release Shape on pmax 

 

Figure A.4  Effect of Heat Release Shape on ηth  
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APPENDIX E. Additional Test Results 

NOX Measurements 

 

Figure A.5  NOX Measurements with Different Devices 
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Effect of Cylinder Pressure Averaging on Heat Release Calculations 

 

Figure A.6  SSDC: Cylinder Pressure and AHRR (200 cycles) 
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Effect of Engine Load Level on SSDC 

 

Figure A.7  SSDC: Cylinder Pressure and AHRR 
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Load Extension with DFC 

 

Figure A.8  DFC at 13.1 bar IMEP 

 

Figure A.9  DFC at 15.1 bar IMEP 
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Figure A.10  DFC at 17.6 bar IMEP 

 

Figure A.11  DFC at 19.2 bar IMEP 
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APPENDIX F. Diesel Injection Characterization 

An off-line injection bench (EFS 8405) is used evaluate the injector opening and closing 

delays as well as to characterize the injected fuel amount for the same type of injector 

used on the research engine. The test bench includes a common-rail injection system and 

a measurement chamber. During the injector characterization test, the injection duration 

and the common-rail pressure are varied, while the background pressure is held constant 

at 50 bar to simulate the pressure inside the combustion chamber during the injection 

event. The rate of each injection event is measured, and the injector opening and closing 

delays are calculated relative to the injection command, as shown in Figure A.12.  

 

Figure A.12  Injector Characterization with EFS Bench 
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The opening delay, the closing delay, and the injected mass measured with the injector 

bench are shown in Figure A.13, Figure A.14, and, Figure A.15 respectively. The results 

are presented as contour plots with the measured values overlaid onto the same graph. 

The injector opening delay is largely insensitive to the change in the injection duration 

and the injection pressures. However, the injector closing delay is significantly altered by 

both the injection pressure and the injection duration. The injected mass increases 

monotonously with the increase in the injection duration and the injection pressure.  

 

Figure A.13  Opening Delay for Delphi Solenoid Injector 
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Figure A.14  Closing Delay for Delphi Solenoid Injector 

 

Figure A.15  Injected Mass for Delphi Solenoid Injector 
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APPENDIX G. Online Model Adaptation with Extremum Seeking 

Simplified Engine Model  

The simplified engine model is implemented in the systematic control structure, as shown 

in Figure 7.1. The estimated engine parameters from the engine model are used for the 

generation of the dynamic target. The EGR analysis and the zero-D engine cycle 

simulation routine are combined and simplified to minimize the computational load such 

that the model calculations can be completed on a cycle-by-cycle basis. An on-line 

parameter tuning methodology is integrated in the model calculations to perform small 

adjustments to the model parameters and minimize the error between the measured 

feedback and the model estimation. In the current section, the simplified engine model is 

first described, followed by the discussion of the online parameter tuning approach.  

The engine model is divided into two sub-models based on the physical system structure, 

the air-path sub-model, and the closed-cycle sub-model. The air-path sub-model 

essentially comprises of the expressions for molar EGR balance and intake gas 

concentrations that are developed in Section 4.1. The closed-cycle sub-model represents 

the in-cylinder thermodynamic processes including piston work, combustion, and heat 

transfer. These expressions are derived from the zero-D engine cycle simulation routine 

described in Section 4.2.  

Several measurements obtained from the sensors are used as the model inputs to improve 

the accuracy of the modeled variables. The measured fresh air flow, the manifold 

pressure, and the manifold gas temperature are used to determine the initial conditions for 

the model calculations. In addition, the estimated fuel mass from the off-line calibration 
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of fuel injectors is used to provide an estimate of the injected fuel amount. The analysis 

of the measured cylinder pressure provides the heat release parameters that are necessary 

for the estimation of combustion parameters.  

Online Model Calibration 

In addition to utilizing the physical measurements as model inputs, other measurements 

are used in the online model adaptation subroutine to improve the model performance 

online. The extremum seeking (ES) method is used as the optimization method to identify 

the model parameters that would yield a minimal error between the measured results and 

the model estimations. ES is a model-free online optimization scheme that minimizes a 

pre-defined cost function based on the input to output correlation of an unknown system.  

The structure of the ES based model parameter calibration architecture is presented in 

Figure A.16. The modeled IMEP is compared to the IMEP calculated from the measured 

cylinder pressure. Correction is applied to the fuelling amount obtained from the offline 

calibration of the fuel injectors such that adjustments are made to the fuel amount based 

on the IMEP feedback. Secondly, adjustments are made to the estimated residual gas 

fraction so that the difference between the measured exhaust O2 concentration and the 

model output is minimized.  
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Figure A.16  Structure of Online Model Parameter Calibration 

Extremum Seeking Method 

Extremum seeking (ES) is a model-free gradient-based optimization method which has 

been applied to several automotive control problems [109]–[112]. The ES algorithm runs 

iteratively and guides a control input such that a pre-defined cost function is maximized 

or minimized. In the current research, the ES method is adopted to perform online 

calibration of model parameters. The cost function evaluates the difference between the 

measured plant output and the model estimation. ES is used to modulate the model 

parameters such that the cost function reaches a local minimum.  

The general structure of the perturbation based ES algorithm applied to model parameter 

calibration is presented in Figure A.17. The basic principle behind the ES algorithm 

applied for the minimization of the cost function can be briefly explained as follows. 

When the cost function output (J) is not at its minimum, the plant input (u) could be on 

either side (left or right) of the optimum plant input (u*) which is yields the minimum 
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value for the cost function output. The ES algorithm introduces a periodic perturbation 

into the control signal which causes periodic oscillations in the plant output. By 

comparing the input perturbations with the resulting oscillations of the plant output, the 

gradient information of the cost function can be extracted. The ES algorithm then 

manipulates the control input such that the gradient of the cost function approaches zero. 

A more detailed description of the ES method is provided in [113].  

 

Figure A.17  Perturbation Based ES Structure Applied to Model Calibration 

Model Parameter Adaptation with ES 

The calibration of the model parameters is conducted by designing a cost function that 

evaluates the difference between the measured plant output and the model output. ES is 
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then used to modulate the model parameters such that the cost function reaches a local 

minimum. The structure of the model parameter adaptation is shown in Figure A.16 

The cost function, J(𝑦), designed for the model parameter adaptation is presented as 

follows.  

J(𝑦) =
𝑒𝐼𝑀𝐸𝑃
𝐶𝐽1

+
𝑒𝐸𝑥_𝑂2
𝐶𝐽2

 
(A.23) 

where, 𝑒𝐼𝑀𝐸𝑃 is the error between the measured and the model estimated IMEP values. 

Similarly, 𝑒𝐸𝑥_𝑂2 is the error between the sensor measurement of the exhaust O2 

concentration and the model estimated exhaust O2 concentration. The constants, 𝐶𝐽1 and 

𝐶𝐽2 are used to normalize the error values against the largest expected error.  

A correction is applied to the initial guess of the fuel amount obtained from off-line 

injector calibration (Figure A.15) by using the ES approach to minimize the IMEP error. 

For the model adaptation to minimize the exhaust O2 estimation error, the residual gas 

fraction is selected as the model parameter. The frequency of the perturbations applied to 

the fuel amount corrections is significantly larger that the frequency of the residual gas 

fraction perturbations. By employing different perturbation frequencies, the ES algorithm 

ensures that the fuel correction occurs more frequently than the EGR correction. The 

significantly longer response delay of the exhaust oxygen sensor, compared to the 

cylinder pressure sensor necessitates the separation of the two time scales. Representative 

test results of the model parameter adaptation are presented in the following subsection.  
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Results of Online Model Parameter Adaptation 

Representative results of online model calibration are presented here to demonstrate the 

adjustments made to the fuel amount and the total EGR rate by changing the fuel amount 

correction and the residual gas fraction respectively. The model calculations are 

programmed in the LabVIEW programming language on a dedicated RT system, and the 

local network communication is utilized to transfer measurement data between the 

measurement computers and the RT system. The model calculations are forced to update 

every engine cycle and the tests conducted at 1500 rpm suggest that the available 

computing resources and the communication link are sufficient to maintain the required 

calculation and data transfer rates.  

An engine test is conducted by rapidly changing the IMEP setpoint with the closed-loop 

IMEP and CA50 control active. The model calculations are carried out in parallel during 

the test, and the data is logged on a cycle-by-cycle basis. A comparison between the 

modeled IMEP and the measured feedback is shown in Figure A.18. The estimated fuel 

amount based on the injector characterization and the corrected fuel amount are also 

plotted on the same figure.  
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Figure A.18  Online Fuel Correction to Improve Model Estimations 

The average model output matches the measured IMEP, although noticeable cyclic 

oscillations in the estimated IMEP persist. The primary cause of the oscillations in the 

estimated IMEP is the adopted ES optimization structure wherein the algorithm 

introduces artificial perturbations in the fuel mass correction to minimize the filtered 

error between the measurement and model output.  

The measurement and modeled intake and exhaust O2 concentrations are presented in 

Figure A.19. The ES optimization scheme performs corrections to the estimated EGR rate 

by adjusting the residual gas fraction such that the error between the measured exhaust O2 

concentration and the model output is minimized. Even though a consistent matching is 

observed between the measured and modeled exhaust O2 concentration, a steady-state 

offset persists between the measured intake O2 concentration and the model estimate.  
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Figure A.19  Model Estimation of Intake and Exhaust O2 Concentrations 

Other modeling inaccuracies that are not considered in the simplified model may be 

responsible for the intake O2 concentration offset. Nevertheless, the model can capture 

the overall trend in the intake O2 concentration, which is typically not measured in 

production engines. For the current engine test, the intake O2 concentration measurement 

is conducted using the exhaust gas analyzer system while the exhaust O2 concentration is 

obtained from the exhaust O2 sensor.  

The initial estimate of EGR based on the simplified model and the corrected EGR rate are 

plotted in Figure A.20. The corrected EGR rate is consistently higher than that estimated 

from the intake manifold measurements and an assumption of a fixed volumetric 

efficiency. The actual EGR rate is not measured during the test. Therefore, the accuracy 

of either of the two EGR rate estimations is unclear. However, the offset between the 
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estimated and the measured intake O2 concentration suggests that the EGR rate is over 

predicted by the simplified model calculations.  

 

Figure A.20  Online EGR Rate Corrections to Improve Model Estimations 
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