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ABSTRACT 

 

 

 

 

 Control of automotive exhaust emission has become an important research area 

to meet the more stringent automotive emission regulations. Beside the modification on 

internal combustion engine, control engineering is seen as another approach to improve 

and meet these requirements. This project focuses on the design and development of a 

control system to reduce the harmful waste of automotive exhaust emission.  The control 

system aims to regulate the amount of fuel injected into the combustion chamber such 

that the air to fuel ratio (AFR) is maintained within the allowable range. The control 

process in this project is demonstrated based on an analytical engine model that clearly 

describe engine’s air and fuel dynamic with no loss of engine system performance. Since 

the dynamics of the internal combustion engine and fuel injection systems are highly 

nonlinear, a linear model is obtained in this project, based on a system identification 

approach to allow methodical application of linear control theories. Two types of control 

strategy are employed – the linear quadratic Gaussian (LQG) controller and the fuzzy 

logic controller (FLC).  The LQG controller, designed based on the linear model of the 

engine system, results in good controlled output response but with large controller signal 

variation. The FLC, however, provides better controlled output response by reducing 

overshoot gain and transient effect occurred in LQG controller design. 
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ABSTRAK 

 

 

 

 

 Kajian dalam mengurangkan lepasan toksik dari ekzos semakin penting pada 

masa kini demi memenuhi peraturan yang semakin ketat. Pada hari ini, melibatkan 

sistem kawalan dalam enjin telah menjadi salah satu jalan penting dalam mengurangkan 

lepasan toksik selain menjalankan modifikasi pada enjin. Projek ini akan fokus pada 

penghasilan dan penciptaan system kawalan yang mampu mengurangkan pelepasan gas 

toksik dari enjin ekzos ke udara. Sistem kawalan yang dicipta bertujuan untuk mengawal 

jumlah kuantiti petrol yang dibenarkan untuk menyembuh ke dalam chamber enjin dan 

menetapkan AFR pada jumlah yang dibenarkan. Dalam projek ini, penghasilan sistem 

kawalan akan bergantung pada simulasi enjin model. Projek ini telah memilih enjin 

model berasaskan cara analisasi yang mampu menterjemaahkan petrol dan udara proses 

dalam enjin dengan kejituan yang tinggi. Akan tetapi, ciptatan sistem kawalan dalam 

simulasi gagal diterima disebabkan oleh enjin proses yang tidak linear.  Oleh itu, teknik 

berasaskan sistem identification dipakai demi menghasilkan enjin model yang linear. 

Dua jenis sistem kawalan akan dibincang dalam projek ini iaitu Linear Quadratic 

Gaussian (LQG) dan Fuzzy Logic Controller (FLC). Sistem kawalan LQG dihasil 

berasaskan enjin model yang linear manakala FLC dihasil berasaskan model enjin yang 

tidak linear. Keseluruhnya, LQG mampu memberi bacaan AFR yang bagus. Akan tetapi, 

ia menyebabkan signal kawalan yang berulang alik. Sistem kawalan FLC pula, mampu 

member bacaan AFR yang lebih bagus daripada LQG. Kelemahan sistem kawalan LQG 

telah dibaiki sepenuhnya dalam implikasi sistem kawalan FLC. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Control System Overview 
 
 

Control is defined as maintaining desired conditions in a physical system by 

adjusting selected variable in the system (Stewart, 1995).  There exist several reasons 

why control system is necessary to implement in human life.  The major reason of 

control system application is to maintain desired output even when external disturbance 

is occurred.  For example control of temperature in a room, water level in a tank, power 

supply of control room and etc while the second reason for control is to respond to 

change in the desired value.  For example, if the fluid level in a tank is increased, 

percentage opening of control valve will be decreased in order to maintain desired value 

of fluid level (Stewart, 1995).  

 

In general, there are two types of control system structure- open loop control and 

close loop control.  For systems in which the output has no effect on the control action 

they are called open loop control systems.  In this case, output of open loop control 

system is neither measured nor fedback for comparison with the input.  On the other 

hand, a closed loop control system or commonly called feedback control is capable in 
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feeding in an actuating error signal, which is the difference between the input signal and 

the feedback signal( from output) to a controller so as to reduce the error and bring 

output of the system to desired value (Lukáš, 2008).  As a result, the controller design 

become an important part yet critical in control system since it determines whether 

performance of a system is good or poor.  

 

 

 

 

1.2 Background of the Study 
 

 

In the past decades, development of earth moving vehicle’s engine was mainly 

focused on fuel efficiency and performance increment such as torque, horse power and 

revolution of vehicle without worry on emission legislation.  However in today situation, 

emission legislation is no longer an easy challenge for vehicle manufacturer to pass 

through when the numbers of vehicle all around the world has reached 50 millions in 

2007 and expected to increase by 5% every year and reach approximate 60 million at 

year 2010(Chang, 2007).  The development of automotive market would bring many 

negative effects that require serious consideration by automotive industrial. For example, 

today, large quantity of earth moving vehicles has turned internal combustion engine 

exhaust emission one of the main contributors to environment pollution with harmful 

gases such as  

• carbon monoxide(CO)  

• Hydrocarbons(HC) 

• Nitrogen Oxides(NOx) 

•  Particulate emission.  

 

Carbon monoxide is a very toxic, colorless and odorless gas, which is generated 

in the exhaust gas, as the result of incomplete combustion of fuel.  As engines operate at 

enclose spaces such as car park or tunnel, it can accumulate very quickly and reach 
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concentration which could harm humans health by causing headaches, lethargy or 

dizziness.  As well as carbon monoxide, hydrocarbons are also produced due to the 

incomplete combustion of fuel.  Generally, it causes bad impact to environment by 

influencing earth ozone reactivity with contribution of smoke and has characteristic of 

nuisance smell.  Nitrogen oxides on the other hand are generated from nitrogen and 

oxygen from air intake manifold of engine when air flow through the engine cylinder 

under high pressure and temperature.  Nitrogen oxides is a reactive gas and very toxic to 

human.  Emission of nitrogen oxides will also deteriorate ozone reactivity and cause 

smog formation, which is a serious environment concern in today situation. 

 

Therefore, due to global warming effect and environment protection, a lot of 

attention has been focused on automotive industry and it started to become a hot topic in 

climate discussion.  These has force cars manufacturer and their supplier to develop new 

engine control strategies within short time period instead of using traditional technology 

to meet strict and stricter emission legislation from government(Ericson, 2007).  

 

There are different control methods available for reducing pollutant components, 

such as control of engine speed, engine torque, fuel injection timing, AFR and so on.  

Among all, control of AFR is related to fuel efficiency, emission reduction and 

drivability improvement, furthermore maintaining AFR at stoichiometric level can 

obtain best balance between power output and fuel consumption (Muske, 2008).  

Control of AFR also guarantee reduction of pollutant emission to atmosphere since 

variation of AFR greater than 1% below 14.7 can result in significant increase of CO 

and HC emission.  An increase of more than 1% will produce more NOx up to 50% 

(Kenneth, 2006). 

 

Figure 1.1 shows historical view of worldwide emission legislation.  It shows 

that the allowable nitrogen oxide emission was reduce from 7 g/kWh in the year 1996 to 

less than 1 g/kWh in the year 2010. Emission legislation Euro III at year 2000 shows 

limits on allowable vehicle NOx emission, which reduce to less than 5 g /kWh, and this, 

has been achieved through application of higher injection pressure to result in low 
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particulate emission and retarded injection.  However, emission legislation Euro IV and 

Euro V are no longer achievable by using the technology applied in Euro III.  Therefore, 

car manufacturers have introduced new technologies such as cooled Emission Gas 

Recirculation (EGR) and Selective Catalytic Reduction to reduce NOx emission in order 

to meet legislation requirement.  Today, the technology of Selective Catalytic Reduction 

is still applied in most vehicles due to its simple, practical and cost effective benefits.  

 

 
Figure 1.1: Historical view of emission legislation for vehicle 

(Ericson, 2007) 

 

In general, Selective Catalytic Reduction can be divided into two types-: 

Oxidation catalyst system and 3-way catalyst system.  In this case, oxidation catalyst 

system is effective in reducing two major exhaust pollutants of carbon monoxide and 

hydrocarbons, through oxidation to carbon dioxide and water vapor (Tetsuji, 2004) as 

shown in Equation (1) and Equation (2). 

 

ܱܥ ൅ 1
2ൗ ܱଶ ՜  ଶ           (1)ܱܥ

݊݋ܾݎܽܿ݋ݎ݀ݕܪ ൅ ܱଶ ՜ ଶܱܥ ൅  ଶܱ        (2)ܪ
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However, this method is not longer used for emission control due to its low 

performance on reducing NOx components and meet stricter emission registration.  

Therefore, a newer catalyst technology, which is known as 3-way catalyst, was 

introduced (Tetsuji, 2004).  In 3-way catalyst, three major pollutants, carbon monoxides, 

hydrocarbons and nitrogen oxides are simultaneously convert to carbon dioxide, oxygen 

and nitrogen.  Equation 3 shows chemical conversion of pollutant within 3-way catalyst 

into environment friendly components. 

 

ሺܱܥ ൅ ሻܥܪ ൅ ܰ ௫ܱ ՜ ଶܱܥ ൅ ଶܰ ൅  ଶܱ       (3)ܪ

 

The fundamental reaction in 3-way catalyst is between CO, HC and NOx. 

Therefore in order to achieve high percentage of conversions from all three environment 

pollutants- HC, CO and NOx into environmental friendly components, their 

concentration must be in stoischiometric ratio (Ali, 2008).  This means that total amount 

of HC and CO should match the amount of NOx present in the system, in such a way 

exact equations of chemical reaction can be occurred in catalyst.  

 

However, there is no way both of the components can meet stoichiometric ratio 

all the time, since concentrations of pollutants in the exhaust gas are highly depend on 

the fuel mixture composition.  For example, at lean fuel mixtures the exhaust gases 

contain little carbon monoxide and hydrocarbons but high concentrations of NOx.  On 

the other hand, at rich fuel mixtures the exhaust gas contains high concentrations of 

carbon monoxide and hydrocarbons but low concentration of NOx.  Therefore, amount 

of engine’s fuel injection should be controlled in such a way so that engine’s air fuel 

ratio (AFR) is at the stoischiometric value of 14.7 and achieve full conversion of 

pollutant components as shown in Figure 1.2. 
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Figure 1.2 Percentage of pollutant conversion due to engine air fuel ratio 

(Ali Ghaffari, 2008) 

 

As a result, a compatible and suitable controller is required to be applied into 

engine’s system such that engine’s AFR can be maintained at stoischiometric range, thus 

resulting in high conversion efficiency of pollutant components. 

 

 

 

 

1.3 Objectives of the Research 

 

 

Based on the issue that variation of AFR deviating away from stoichimetric ratio 

can result in high concentration of pollutant from exhaust emission as discussed in the 

previous section (section 1.2), the project objective is therefore to maintain the engine’s 

Air Fuel Ratio at stoischiometric level.  This objective can be achieved through the 

following efforts: 

lean  rich 
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i) To identified suitable mathematical engine model for AFR controller 

design purpose. 

ii) To design and develop FLC and LQG control system for AFR control 

purpose in MATLAB-SIMULINK 

iii) To ascertain the performance of the developed control system  

 

 

 

 

1.4 Organization of the Report 

 

 

The scope of work in this project concentrates on the engine and control system 

modeling follows by ascertain of control system performance using MATLAB-

SIMULINK.  This report will be build up by five chapters, which are introduction in 

chapter one, methodology in chapter two, literature review in chapter three, result and 

discussion in chapter four, last but not least conclusion and future work in chapter five.  

Following are important content and description of each chapter. 

 

Chapter two will concentrate on literature review of engine and controller 

modeling method.  In this project, mean value method been applied for engine modeling. 

Besides that, there are several available engine modeling method existed.  For example, 

CFD method, Filling and Emptying method, Polynomial method and so on.  Advantages 

and disadvantages of each method also application method of each method will be 

explained in this chapter.  For controller modeling, several types of controller shall be 

reviewed. Performance and advantages of each controller will be discussed for decide 

and decision making purpose on suitable controller. 

 

Chapter three is descript the methodology of engine plant and control system 

modeling.  The simulated engine model is modeled by three blocks: Fuel dynamic, Air 

dynamic and rotation torque dynamic.  Each block is correlating between each other. 
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Sets of model equation and formula which contribute to each block will be explain and 

descript in this chapter.  Two types of controller will be discussed in this report:-fuzzy 

logic controller (FLC) and linear quadratic Gaussian (LQG) controller.  In chapter three, 

the control algorithm and theory from each controller will be explained. 

 

 Chapter four will discuss FLC and LQG controller performance in controlling 

engine model’s AFR.  Simulation result from FLC and LQG controller will be compared 

and investigated to determine suitable controller, which work well with engine plant. 

Last but not least, chapter five is the project conclusion and future work description.  
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