ELECTRONIC FUEL INJECTION CONTROLLER FOR NATURAL GAS
VEHICLE MOTORCYCLE

VANNEBULA EKA INDRAGUNA

A thesis submitted in fulfilment of the
requirements for the award of the degree of
Master of Engineering (Electrical)

Faculty of Electrical Engineering

Universiti Teknologi Malaysia

SEPTEMBER 2006



PSZ 19:16 (Pind. 1/97)
UNIVERSITI TEKNOLOGI MALAYSIA

BORANG PENGESAHAN STATUSTESIS

JUDUL: ELECTRONIC FUEL INJECTION CONTROLLER FOR NATURAL GAS
VEHICLE MOTORCYCLE

SESI PENGAJIAN: _2005/2006

Saya VANNEBULA EKA INDRAGUNA
(HURUF BESAR)

mengaku membenarkan tesis (PSM/Sarjana/DektorFalsafah)* ini disimpan di Perpustakaan
Universiti Teknologi Malaysia dengan syarat-syarat kegunaan seperti berikut:

Tesis adalah hakmilik Universiti Teknologi Malaysia.

Perpustakaan Universiti Teknologi Malaysia dibenarkan membuat salinan untuk tujuan
pengajian sahaja.

Perpustakaan dibenarkan membuat salinan tesis ini sebagai bahan pertukaran antara
institusi pengajian tinggi.

**Sjla tandakan ( )

SULIT (Mengandungi maklumat yang berdarjah keselamatan atau
kepentingan Malaysia seperti yang termaktub di dalam

AKTA RAHSIA RASMI 1972)

TERHAD (Mengandungi maklumat TERHAD yang telah ditentukan
oleh organisasi/badan di mana penyelidikan dijalankan)

TIDAK TERHAD

Disahkan oleh

(TANDATANGAN PENULIS) (TANDATANGAN PENYELIA)

Alamat Tetap:
JL. EKASARI NO. 1 LABUH BARU,

PEKANBARU, RIAU IR. PROF. DR. MOHAMED AMIN ALIAS
INDONESIA Nama Penyelia

Tarikh: SEPTEMBER 2006 Tarikh: SEPTEMBER 2006

CATATAN: * Potong yang tidak berkenaan.

** Jika tesis ini SULIT atau TERHAD, sila lampirkan surat daripada pihak
berkuasa/organisasi berkenaan dengan menyatakan sekali sebab dan tempoh tesis ini perlu
dikelaskan sebagai SULIT atau TERHAD.

O Tesis dimaksudkan sebagai tesis bagi Ijazah Doktor Falsafah dan Sarjana secara
penyelidikan, atau disertasi bagi pengajian secara kerja kursus dan penyelidikan, atau
Laporan Projek Sarjana Muda (PSM).



“I hereby declare that I have read this thesis and in my opinion this thesis is
sufficient in terms of scope and quality for the award of the degree of Master of

Engineering (Electrical)”

Signature L et
Name of Supervisor I : Ir.Prof. Dr. Mohd. Amin Alias
Date L e



BAHAGIAN A — Pengesahan K erjasama*

Adalah disahkan bahawa projek penyelidikan tesisini telah dilaksanakan melalui

kerjasama antara dengan

Disahkan oleh:
Tandatangan Tarikh :

Nama

Jawatan
(Cop rasmi)

* Jika penyediaan tesis/projek melibatkan kerjasama.

BAHAGIAN B — Untuk Kegunaan Pejabat Sekolah Pengajian Siswazah
Tesisini telah diperiksa dan diakui oleh:

Namadan Alamat PemeriksaLuar : Prof.Dr.Ali Yeon Bin Md. Shakaff

Nama dan Alamat PemeriksaDalam:  Assoc.Prof.Dr. Jasmy Bin Y unus

Nama PenyeliaLain (jika ada)

Disahkan oleh Penolong Pendaftar di SPS:
Tandatangan Tarikh :

Nama



“Hereby, | declared that this thesis entitled “Electronic Fuel Injection Controller
for Natural Gas Vehicle Motorcycle” is the result of my own research except for

works that have been cited in the references”.

Signature e
Name : VANNEBULA EKA INDRAGUNA

Date : September 2006



In The Name of Allah SWT the Most Gracious
and TheMost Mer ciful

“ Evil (sins and disobedience of Allah etc) has appeared on land and sea because of
what the hands of men have earned (by oppression and evil deeds, etc), that Allah
may take them taste a part of that which they have done, in order that they may
return (by repenting to Allah, and begging His Pardon)”

(Al-Quran, Ar-Rum:41)

Alhamdulillah. | praise and glorify be only to Allah SWT the Almighty, the Most
Beneficent and the Most Merciful, whose blessings and guidance have helped me
through my study and my life smoothly. There is no power, no strength save in
Allah SWT the Highest, the Greatest. Peace and blessing of Allah SWT be upon to
Rasulullah Muhammad SAW, who has given light to all mankinds in the world.

DEDICATION

Thisthesisis dedicated to:
My Father, H. Drs. Alamsyah Bakar, and my mother Hj. Rosidah thanks for all of

their love, lots of cares and happiness

My beloved wife Hj. Y usnita Rahayu, ST.,M.Eng, thanks for your patience, kindness

and full support over the entire period of my study.

My beloved mother in law and brother for their support and happiness.



ACKNOWLEDGEMENTS

My thanks go first to my project supervisors, Ir. Prof. Dr. Mohd. Amin Alias.
His guidance and support makes this work possible. | sincerely believe that this work
would not exist without his inspiration. | wish to thank Assoc. Prof. Dr. Zulkiefli
Yacoob for giving me opportunity to come and use the GASTEG engine facility
while pursuing my research. | would also like to thank Assoc. Prof. Dr. Rosli Abu

Bakar who has assisted me in the engine research.

| owe specia thanks to my wife, Yusnita Rahayu, ST.,M.Eng. Her constant
encouragements, valuable suggestions, ultimately led to a more thorough were
instrumental in completing this thesis. My thesis would be less without her
participation. | also address special thanks to my friends, Feri Chandra ST., MT and
Ir. Bambang Supriyo M Sc, who give so much support and valuable idea. Thanks for

everything that you have given to me.

Finally, the warmest gratitude goes to my father, my mother, my brother, my
friends and colleagues for their willingness to help with any problem that arose, and

have given their moral support in completing my research.



ABSTRACT

Smaller vehicles are amaor source of both air pollution and congested roads.
The use of natural gas is recommended by the United States Federal Clean Air Act
Amendments of 1990, because it is environmentaly friendlier than petrol engine.
Therefore, this thesis presents the design and development of a low cost electronic
fuel injection (EFI) for natural gas vehicle (NGV) motorcycle. The design consists of
signal conditioning, microcontroller systems and the injector drive circuit. The
output of this research is a prototype of EFI which has the capability to control
output engine based on the given mapping table. Two types of mapping table are
used to generate pulse width and timing injection. The first is injection pulse width
corresponding to the rotation per minute (RPM) and manifold absolute pressure
(MAP) and the second is RPM corresponding to encoder angle position. Both of
these mapping tables are accessed concurrently within a single programming which
reduces the use of extra microcontroller and memory. The EFl enables the mixing
and combustion with 17.2:1 (by mass) ar to fuel ratio (A/F). In injector
measurement, the first large voltage of 35 V spike at 1.8 msec corresponds to the
reduction in coil current from 4.5 A to 1 A. The pulse width resulted from the
theoretical calculation can be used for the engine experiment between 3000 RPM and
8000 RPM. Thisisdueto the air density value taken by the used formula.
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ABSTRAK

Kenderaan kecil merupakan punca utama daripada polus udara dan
kepadatan jalan raya. Penggunaan natural gas ianya lebih efisen dan ramah
lingkungan berbandingkan pemakaian petrol. Penggunaan natural gas (NG) telah
disyorkan oleh The United Sates federal Clean Air Act Amendments of 1990,
disebabkan ianya lebih bersahabat dengan lingkungan berbanding pemakaian petrol.
Oleh sebab itu, tesis ini membentangkan reka bentuk dan pembangunan electronic
engine controller pada kendaraan berbahan bakar gas alam. Perekaan meliputi
signal conditioning, sistem mikrokontroler, dan injektor drive. Hasil keluaran yang
diharapkan ialah sebuah reka bentuk prototaip EFI yang boleh mengontrol keluaran
mesin berdasarkan tabel mapping. Terdapat dua macam mapping, yang digunakan
untuk menghasilkan lebar pulsa dan pewaktuan injeksi. Pertama adalah lebar jalur
injeksi berkaitan dengan perputaran setiagp menit dan manifold absolute pressure
(MAP) dan kedua adalah perputaran setiap menit berkaitan dengan posisi sudut
encoder. Keduanya ditulis dan dijalankan dalam sebuah program secara bersamaan,
sehingga mengurangkan penggunaan mikrokontroler dan memori. EFI memberikan
pencampuran dan pembakaran dengan 17.2:1 (dengan jisim) pada perbandingan
udara dan bahan api. Pada pengukuran injektor, tegangan keluaran mulai meningkat
pada tegangan 35 V dan pada saat 1.8 msec berterusan dengan menurunnya arus di
dalam koil daripada 4.5 A sampa 1A. Lebar jalur yang dihasilkan daripada
perhitungan teori, boleh digunakan pada percubaan enjin pada kelgjuan 3000 RPM
sampai 8000 RPM. Ini disebabkan pada pengambilan nilai air density oleh rumus
yang digunakan.
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CHAPTER 1

INTRODUCTION

1.1 I ntroduction

The engine was the first mgjor sub system of the vehicle to be turned over
from mechanical to electronic control. Engine electronics was introduced in the
1970s for the control of ignition and exhaust gas recirculation (EGR) in gasoline
engines [1]. In the 70's, engines relied on mechanically generated signals to ignite
the fuel/air mixture.

Since that time, engine electronic controller (EEC) system has developed and
changed greatly. In 1977, EEC Il was introduced by Delco Remy [1]. It gave
accuracy and flexibility and offered other advantages such as a reduced part count
and a lower maintenance burden than its mechanical forebears. It was aso as a

response to the oil crisis and promised marginally better fuel economy.

Electronic controls have significantly improved engine performances relative
to mechanical controls. The use of digital electronic control has also enabled this
engine to meet the government regulations on exhaust emission and fuel economy by
controlling the system accurately with excellent tolerance and flexibility.

EEC 11l was introduced in 1979 on the Lincoln Continental [2]. The most
significant single change for EEC 1V, 1982-1985, is the introduction of the

diagnostic requirements [3]-[5]. The implementation of these requirements is



estimated to have doubled the use of resources, measured in memory usage and
processor throughput. The type of microcomputer is significantly different. A
complex instruction set computer (CISC) 8 bit micro-computer has given way to a 32
bit reduced instruction set computer (RISC) device [2]. The increasing demand for
functions and the legidlative requirement have driven the pace of change and have

forced changes in the system architecture.

In thisthesis, An EEC for controlling the fuel injection is purposed and thisis
caled as electronic fuel injection (EFI) controller. This prototype concerns on fuel
injection problem and it consists of two modules such as logic module and power
module. The separation is based on its function and signal generated. The logic
module consisting of microcontroller and analog to digital converter (A/D) is
responsible for signals processing from manifold absolute pressure (MAP) sensor.
The power module consisting of Darlington transistor, injection driver and voltage
regulator is responsible for producing the fuel injector pulses by regulating the
alternator field coil to maintain proper voltage levels.

Basically, this electronic controller design is similar for gasoline, diesel,
natural gas (NG), and alcohol powered engines, as well as hybrid-powered engines, a
variety of cylinder, and fuel-delivery configurations. Principle of engine controller
will be explained more detail in chapter I1.

1.2  Research Scope and Objective

The goa of this thesis is to design and develop a low cost EFI for NG
motorcycle application. The scope of work includes identifying the subsystem and
integrating all subsystems into a complete EFI system. The EFI is measured in terms
of input and output signals to meet the parameter requirements, hardware and
software. For developing and testing mapping, the EFI prototype will be integrated
with NG motorcycle engine and dynamometer to observe and determine its

performance in terms of fuel injection problem.



This work offers the promise of an engine control system which is fully
adaptive to changes in fuel flame speed caused by variable fuel (NG and gasoline)
[6], operating conditions, engine wear, or other factors. The result of this project is
expected to be used with more upgraded mechanical system for better system
performance. Therefore the control system should be as flexible as possible so that
the changes can be done through modifying the software with minimal modification
in hardware. Thus the use of microcontroller is the best choice for this control

system.

1.3  Research Background

Nowadays el ectrically-controlled motorcycle, electronic injection motorcycle,
dual-fuel motorcycle and electric motorcycle are a hot topic in electronic automotive
industry and academic. Their technologies are environmentally friendly, applicable
for large and medium cities, low exhaust emission and fuel consumption. Recently,
some country develop motorcycles, catering to the needs of the rural areas, which are
suitable for poor road conditions with high load carrying capacity, reliable, low price

and easy to repair.

The need for higher performance and more stringent emission requirements
of engine control are constantly being investigated. Emissions of engine control
become more important issue, as the possibility of carbon monoxide (CO) emissions
and an increasingly significant proportion of the HC (unburnt hydrocarbons)
involved. Emission of CO should meet standard regulation. Smaller vehicles such
as auto-rickshaws, motorcycles, motor scooters and mopeds are a magjor source of
both air pollution and congested roads, particularly in urban areas, where vehicle
concentration is the greatest. They also contribute to global warming, accounting for

alarge and growing share of greenhouse gas emissions worldwide [7].



In the European Union (EU), two and three-wheeled motor vehicles are
currently believed to be responsible for around 5 — 10% of overall HC and CO
emissions, and it is anticipated that this proportion will increase to 15 — 20% by the
year 2020 [7], [8]. In some large Asian cities, the situation is already more serious;
the high popularity of motorcycles in Taiwan to be responsible for approximately
30% of overal HC and 40% of overal CO emissions [9]. Increased attention is
therefore now being paid to reducing exhaust emissions from small vehicles, and one
obvious means of achieving such a reduction is to apply EFI technology from the
automotive sector [7]. EFI introduces other benefits such as reduced brake specific

fuel consumption, increased full-load output and improved drive ability [7], [10].

Currently, NG is being used as fuel in automotive industry. In Maaysia,
PROTON car has been converted from gasoline to bi fuel with NG as aternative [6].
There are three magjor reasons for using NG as transportation fuel [11]. The first
reason is the NG has capability to improve the air quality. This is recommended by
The United States federal Clean Air Act Amendments of 1990. Others reasons are
the NG have economic advantages and improve our environment.

The use of gaseous fuelsin internal combustion enginesis nearly as old as the
engine itself. For fuel and air management, carburetors, mixer, and fuel valves have
been used. With liquid fuels, such as gasoline, electronic controls have been used
since the late 1970’ [12] as a means of refining exhaust emission control techniques.
First applied to carburetors, with analog electronic system, they were quickly
replaced by the more reliable and more accurate digital electronic. The same
technology is now appearing with fuel air management system for engines fuelled by
NG and liquid petroleum gas (LPG) [12].

From previous research [6], natural gas vehicle (NGV) has obtained good
performance. Its engine is more efficient and environmentally friendlier than petrol
engine that most required after the cities are badly affected by pollution. However,
most of the technology is less applicable for small engine such as motorcycle. It is
known that people use motorcycle because of its lower cost and easier to handle.
Two wheeled vehicles are popular in Maaysiafor personalized transport.



The fuel economy and thermal efficiency will be enhanced and the emissions
will be reduced observably by using compressed natural gas (CNG). This new fuel
system would achieve low exhaust emission and maximize power extraction by
utilising a throttle body fuel injection system. As the conventional EFI applied to
motorcycles is bulky and costly, its application has been mostly in large motorcycles
using multi-cylinder engines [15]. The chemical and physical property variation of
NG from mainstream fuels generates the need for modification on existing fuel

system employed on the existing mainstream fuel powered engines[16].

Honda has a goal to reduce the total emissions of HC from new vehicles to
approximately 1/3 and to further improve the average fuel economy by
approximately 30% from 1995 by the year 2005 [15]. To realize the goal, the small
motorcycles used in many countries in the world should be improved further for
clean exhaust gas and low fuel consumption. Accordingly, they have started
development of the PGM-FI system for small motorcycles with engines of 125 cc or

smaller including air-cooled engines [15].

The PGM-FI applied digitaly controlled throttle body fuel injection (FI)
technology to the stylish, Super Cub type "Wave 125i" motorcycle using an air-
cooled, 4-stroke, single cylinder 125cc engine in Thailand. The scooter,
"Pantheon/Pantheon 150" having a water-cooled 125/150cc engine are equipped this
technology with the PGM-FI, in Europe [16].

In the newly developed PGM-FI, in order to apply to small displacement
models, it used Hondas techniques to down-size components as well as making
maximum use of the FlI techniques attained from the large motorcycles. The
compact PGM-FI offers new benefits such as the reduction of released
environmentally detrimental substances and the improvement of drive ability, and
economy [16].

Since 1996, Mitsubishi Electric Corporation has been involved in the
development of volume-production of engine management system (EMS) for

motorcycles in the reduction of exhaust emissions [17]. In Japan, target values



representing significant emission reductions are set in place, to take effect from
2006. When compared with four-wheeled vehicles, motorcycles are particularly
worthy of note for their high HC emissions. This is partly because motorcycle
engines are required to achieve high-response engine characteristics similar to those
of motorcycle racing engines, and there are layout constraints that come from the

necessity to fit the engine into the body compactly [14].

14 Problem Statement

To ensure clean exhaust gas and high fuel economy, the control of
combustion through an accurate fuel supply is a must. This research project
therefore aims to design and develop a digital control system for NG motorcycle.
The expected output of this research is a prototype of EFI which has capability to
control output engine based on given mapping table using circuit, microcontroller
and developed software.

The use of microcontroller as an EFI is essential in this system due to its
widespread utilization in modern vehicle control system [13]. EFI is as new
interface product that provide controller in output engine system such as assisting
well the mixing and combustion. The control module consists of subsystem for fuel
control to fulfill the basic requirement of an engine combustion process and

government regulations in fuel economy and emission at any given speed and load.

The development of the four-stroke NG small engine prototype can be
divided into two main stages, the theoretical design and the testing performance. A
whole new set of conversion kit including a throttle body injector, EFI, a gas
regulator, and a gas tank were devel oped.



1.5 Thesis Outlines

This thesis is organized into five chapters to completely cover the whole
research activities. The following paragraphs describe each of the following

chapters.

Chapter 2 provides literature review on the principle of engine controller. It
includes the overview of engine management system which is required to reduce the
exhaust emission by controlling the amount of fuel injection. It also discusses EFI
system design with its overall block diagram, and the study on required parameters
with critical comments in designing and testing EFI prototype. Overal EEC and its

block diagram are presented as well.

Chapter 3 presents the design and implementation of EFI modules. Hardware
design and development is discussed in detail. Engine mapping and lookup table
methodology applied in this research are also given. It also presents the flowchart of
EFI design.

Chapter 4 presents performance measurements and results. It includes the
overview of test bed and its subsystems. Discussion anaysis is done for both
theoretical and experimental. Chapter 5 highlights the overall conclusion of the

thesis. It also provides the recommendation for future study.

16 Summary

This is an introductory chapter that defines the literature review, the scope
and objective, research background of the thesis and problem statement. The thesis
structure is explained and highlighted. In the following chapters, the thesis research
work performed is reported.



CHAPTER 2

PRINCIPLE OF ENGINE CONTROLLER

2.1. Overall Overview

Reductions in exhaust emissions from gasoline engines on four-wheeled
vehicles have made significant strides in the past 30 years, contributing greatly to the
reduction of air pollutants [17]. However, where motorcycles are concerned,
emission control has been making progress and been stepped up on account of
regulations that have been devised and put into effect in the past 10 years[17]. EMS
have been developed by a multitude of various companies around the world, all
having the same goal is to improve engine performance, better fuel efficiency and
reduce emissions [18].

2.2  Overview of Engine Management System (EMS)

An EMS is a small-scale computer that controls the running of an engine by
monitoring the engine speed, load, temperature and providing the injection at the
right time for the prevailing conditions. It also meters the fuel to the engine in the
exact quantity required [21].

The performance of microcomputers inside engine management units has
been improving sharply in recent years [17]. 1n 1990, the computers of ignition units

incorporated in fuel injection systems for carburetors were 8-bit chips. The amount



of read only memory (ROM) was increased approximately 16 kb. This
sophistication is for the purpose of achieving the mutually incompatible objectives of
addressing emission controls and securing responsive driving performance as
expected from motorcycles. The need to process various kinds of engine information
in real time will grow and the sophistication of microcomputers will proceed in order

toinject fuel in the proper amounts while the engineisin atransient state [17].

On the other hand, challenges for sophistication, cost reduction, and package
downsizing represent important factors for motorcycles. As a measure to protect the
earth's environment, it is extremely important to reduce tailpipe emissions in the fast-
growing Asian region, thus mass production of inexpensive electronic fuel injection
systems is mandatory. Electronic fuel injection systems largely on medium to large-
sized motorcycles are composed of large numbers of parts, leading to increases in
cost [17].

2.3 Overview of EEC

The challenge in the design of automotive electronic systems is the
management of growing system complexity. In automotive, EEC unit is a
component. The EEC can not be developed independently from each other; due to
its integration probably will face major problems such property mismatches and the
linking interface. Programmable read only memory (PROM) chips that allowed
modifying the constants programmed into the electronic controller unit is first
introduced in the automotive market. It gives much more control over the system
and is possible to do engine modifications for which changes in program parameters
needed, thus increase its performance. But, it is quite costly and difficult to install

and configure.
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Figure 2.1: General block diagram of an ignition and fuel control system

The block diagram shown as Figure 2.1 represents an EEC as a centre of
electronic controller in EMS. EEC serves as the processing unit. 1t employs stored
functions and algorithms (processing programs) to process the incoming signals from
the sensors. These signals serve as the basis for calculating or as reference for the
control signals to the injectors [19]. Having one central control system can
potentially decrease the complexity of the wiring whilst increasing the possibilities

for control.

At a time when efforts are underway to produce low-emission motorcycles
that are friendly to the earth's environment, the method of fuel injection has been
moving away from conventional mechanical means to microcomputer-based
electronic control. It becomes necessary to inject fuel in the minimum required
appropriate amount at optimum timing in each of the accel eration/deceleration drive
mode, and high-speed drive mode [18]. In line with the future to step up exhaust
emission control, efforts have been afoot to develop an engine management system

for installation on motorcycles.
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2.4  EEC Control System Design

System is a word used to describe a collection of related components,
which interact as a whole. A large system is often made up of many smaller
systems, which in turn can each be made up of smaller systems and so on [22].

Figure 2.2 shows how this system can be represented in a visual form.

Links between sub systems

/

System boundary

Sub system Sub, sub system

Figure 2.2: A system boundary [22]

One further definition of a system: A group of devices serving a common
purpose [22]. Using the systems approach helps to split extremely complex
technical entities into more manageable parts. It is important to note the links
between the smaller parts and the boundaries around them. System boundaries
will also overlap in many cases. The modern motor vehicle itself forms just a
small part of alarger transport system. It isthe ability for the motor vehicle to be

split into systems on many levels that aids both in its design and construction.

Once a complex set of interacting parts, such as a motor vehicle, has been
systemized, the function or performance of each part can be examined in more
detail. Functional analysis determines what each part of the system should do

and, in turn, can determine how each part actually works.
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The EEC is aso applicable for car engine. It is divided into two parts, the
logic module and the power module [23]. This separation was done to isolate the
electrical noise and interference generated by the power module from the passenger

compartment.

The logic module is located inside the passenger compartment, while the
power module is located in the engine compartment next to the battery. The intake
to the air box is connected to the power module thus the engine pulls cool air through
it from behind the front bumper. This keeps the module cool (it has several transistor
drivers and regulators) and also supplies cool air to the engine intake [23]. It is
important not to change this since the power module could potentially overheat when

the engine is running, but not moving [23].

For 1988 and 1989 vehicles, the logic and power modules were combined
into one module and located in the same spot [23]. This module is known as the
single module engine controller (SMEC), but the logic and power module circuit
boards actually remain separate and distinct inside the SMEC case [23]. In 1990, the
SMEC was redesigned into a single circuit board and is known as the single board
engine controller (SBEC). This new design incorporated many changes to the
microprocessor and control circuitry, but conceptually there are still processor
components (logic module) and controller components (power module) in the
designs of the SMEC and SBEC [23].

The logic module is responsible for processing the signals from all of the
sensors and responding to them accordingly. The power module is responsible for
producing fuel injector pulses and regulating the alternator field coil to maintain
proper voltage levels. It also produces a regulated power supply for the logic
module, which the logic module uses for internal power and to generate voltage for
some of its sensors. The power module sends and receives commands to and from

the logic module injector timing and pulse width [23].

Aside from the sophistication of particular control techniques in the engine,
there will be a progressive degree of integration of vehicle sub-systems, and notably
engine and transmission. For motorcycle, the SBEC technique is applied due to

space limitation. High degrees of integration are needed throughout the vehicle to
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achieve a cost effective system solution. The need of integration, a systematic

approach in design and development of system architecture is the EEC solution.

2.4.1 Open Loop Engine Control System

In general, control system can be categorized into 2 main groups, open loop
control system and closed loop feedback control system [24]. Control arrangement
based on open loop system has been commonly used since it first introduced, it
eliminates the function of the driver. Basic block diagram of open loop control
system are shown in Figure 2.3 [24].

Input Desire
——p{ Controller — Process [»
demand output

Figure 2.3: Open loop control system [24]

From Figure 2.3, input data is derived from engine’s information such as its
speed and load. These data are directly supplied to the controller, which is
automatically controlled the ignition and fuel mixture settings in accordance with
signals received from engine sources that indicated its speed and load.

2.4.2 Closed Loop Feedback Control System

Many years later, EEC was introduced for a greater precision of the timing
needed [24]. The timing requirements are stored in a memory unit. The timing data
must relate the timing of the spark to the factors such as engine speed and engine
load. But the problem for the modern open loop system assumed the engine isin the

same condition as that used when the memory was programmed. When the
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condition has been changed, this memory unit is not effective. Thus, the timing
given by the lookup table in the EEC will be unsuitable for the engine. Hence, the
need of efficient feedback control system that is capable of maintaining the air to fuel
(A/F) ratio in thisregion is mandatory [24].

Block diagram of closed-loop feedback control system is presented in
Figure 2.4. The only different with the open loop control system is the driver as
sensor feedback. The driver had the job to manipulate the main control, adjust the
ignition timing, and set the A/F ratio [24].

Input M anagement Desire
demand + Function output
Sensors
Feedback

Figure 2.4: Closed loop feedback control system

25  Fud Injection (FI) Concept

EFl was implemented into motorcycles since 1998 in deep [17]. EFl isa
technology that has many advantages over conventiona carbureted induction, the
superior ability to meter fuel with precise accuracy and a significant reduction in fuel
droplet size [18]. How ever, the carburetor as mechanical fuel spraying device,
which used to fuel injection, is still being widely used on mass produced wheeled

vehicles.

Carburettors are a mechanical system that mixes fuel with air. To accomplish
this, carburettors use what is known as the venturi-effect. Carburettors work on the

principle of pressure difference sucking the fuel through a miniature tube, which
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releases small droplets of fuel into the air. The first disadvantage of this system is

the restriction in the air passage to the cylinder that produces the necessary pressure

difference. Secondly, the fuel droplet size isrelatively large when compared to what

can be achieved with fuel injection. This system was very popular in the past;

however since the development of the fuel injector solenoid, fuel injection has

become a more popular method of induction [18], [25].

There are four advantages applying the FI system for smaller motorcycle as

listed below [26]:

Low cost; smaler motorcycles are less expensive than automobiles and
larger-displacement motorcycles. In introducing an Fl system for use in

smaller motorcycles is necessary to reduce the cost of the system.

Compactness; it is inherently difficult to lay out a large number of parts in
motorcycles. This is especially true in the case of smaller motorcycles
because of their demanding layout limitations as compared to larger

motorcycles.

Low electric power consumption; electric power generation loss cannot be
ignored in smaller motorcycles because their engines do not produce much
power output. It is also difficult to use a generator (alternator) with a large
diameter. Therefore necessary to reduce the amount of electricity the Fl
system consumes. With the FI system ability to provide optimum control in
the different running conditions, produce a great improvement in drivability
in transient conditions and the latter made a contribution to improved starting

ability in different environmental conditions.

Performance; with the FI system ability to provide optimum control in the
different running conditions, produce a great improvement in drivability in
transient conditions and the latter made a contribution to improved starting
ability in different environmental conditions.
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Figure 2.5: Reduction in sensors implementation for Y amaha's larger model
FIR1300 [26]

Figure 2.5 shows the reduction in sensors implementation for Y amaha model
FJR 1300. It illustrates how the FI system had ability to ssimplify the sensors, thus
reduce the cost and compactness. The Yamaha FJR 1300 system has eight sensors,
and then is simplified to be Y P 125, that reduced the number of sensorsto only four.

A carefully planned arrangement is used in which each of the engine
cylinders equipped with its own air intake system; therefore the required air can be
suctioned into the cylinders responsively [17]. This specification is similar to its
counter-part for formula racing engines found on four-wheeled racing machines.
Therefore, variation in the amount of air being suctioned in per unit timeis large, and
it is necessary and important to squirt gas in the correct amounts in such a transient
state. The fuel injector solenoid description and A/F ratio are described in section
2.5.1 and 2.5.2 respectively.
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25.1 EFI Functional Blocks

The EFI fulfills its purpose by accurately controlling the fuel mixture (A/F
ratio) based on feedback from sensors connected to the engine. Management of the
fuel mixture is complicated. The EFI requires data from many sensors to provide
optimal control of the system. The EFI needs to know engine speed, crankshaft
position, air, and engine load. A signal-conditioning/data acquisition interface is
required to convert the analog signals from the sensors to digital signals that the
computer can understand. The digital outputs must be converted to analog signals to
control the fuel system. An EFI consists functional blocks are explained and figured
below.

Figure 2.6 presents the EFI functional block consisting power supply, main
microcontroller board, speed microcontroller board, A/D converter, driver injection
and NPN Darlington transistor. Function of each block is discussed in this section
below.

BATTERY POWER
— | 12v SUPPLY 5V

>
REF A 4 INJECTION
ANGLE ——p DRIVE
CRANK —p —‘/
ANGLE
BOARD BOARD
—>
RPM
SENSOR A/D T
CONVERTER NPN
DARLINGTON
—> TRANSISTOR
MAP

SENSOR
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Figure 2.6: Overall EFI functional block
2.5.1.1 Power Supply

The EFI power supply isa DC to DC converter. The battery voltage (12V) is
converted to voltage levels (5V) appropriate for the microcontroller and other digital
circuitry. In some cases the EFI provides the source voltage for the analog sensors.
The EFI provides one or more analog supply voltages that are derived from the
battery voltage. Typical tests conducted by the power supply include continuity
checks, supply load test, if the EFI has an analog supply, and verify the supply

voltage regulation under maximum load condition [27].

2.5.1.2 Microcontroller Board

The microcontroller contains processor and memory components. In most
cases, flash memory is used to store the application software, sometimes referred to
as strategy code. The application code includes calibration lookup tables. These
tables define the optimum fuel mixture and ignition timing parameters based on
feedback from the inputs. With flash memory, the EFI can be reprogrammed at any
time. Over the last few years, automotive researchers [28] — [34] have increased the
usage of model-based observers for a variety of engine control applications. Modern
control theory and advanced microprocessors allow estimation of important control

system variables that are not practical to measure.

Microcontrollers are microprocessors with a variety of features and
functionality built into one chip, alowing for their use as a single solution for control
applications. The operation of a microcontroller revolves around the core central
processing unit (CPU), which runs programs from internal memory to carry out a
task. Such atask may be as simple calculations, as is done by an ordinary CPU of a
PC. On the other hand, the task may be more complex, involving one or many of the
microcontroller’'s hardware features including: 1/0 ports, A/D converters,
timers/counters, and specialized PWM outputs. With access to hardware ports, the

CPU can interface with external devices to control actuators, gather input from
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sensors, or even communicate with other devices that have their own internal
processors. The control of these ports, handled by the program running on the CPU,
allows for a great dea of flexibility. Inputs and outputs can be timed to occur in

specific sequences, or even based on the occurrence of another input or output.

A major drawback to microcontrollers is that only so much processing power
can be provided due to the need to fit the CPU and all of the hardware features onto
the same chip, which is usually constrained to a reasonable size for integration in

compact systems[13].

In this EFI, the microcontroller system is amodular design that is fully capable
of performing its required tasks. The design is mainly constrained by two related
factors; required features needed to control the single small motorcycle engine
subsystems and limitations of the microcontrollers chosen, in terms of processing

power and features available.

With the planned improvements and designs for the electrical system, the
former microcontroller system was no longer sufficient, thus the need to select and
design a new system. This process of designing the onboard brain for the EEC
involved many steps. It was important to understand the workings of the previous
system in order to make educated decisions about improving upon the old design. In
addition, it was important to be in contact with the other team members who were
concurrently designing and developing engine/mechanical components that interact
with the microcontrollers. This was necessary so as to define the requirements of the
interface between those components and the microcontrollers. This information was

the basis upon for the microcontroller selection.

Consideration for other microcontrollers was needed to allow for greater
flexibility to accommodate and alow for the new advancements of the design. To
accomplish this, a faster and more feature-filled microcontroller was needed for
onboard data processing and advanced 1/0 support. A faster microcontroller should
be capable of handling al control, feedback, and sensor data from the new design.
The decision to use a more feature-filled microcontroller was also aimed at
supporting the additions with more 1/0 pins, A/D inputs, timers, and hardware serial

ports. Having more capable microcontrollers allowed for the simplification of the
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digital design by combining the duties and functions of microcontrollers. The system

has to integrate the main microcontrollers and speed microcontroller.

This ssimplification of parts offered such possible benefits as digital board size
reduction, lower power consumption, and greater maintainability. Severa
microcontrollers were taken into consideration from Microchip, Intel, Atmel, and
Motorola. The final contenders were chosen due to a combination of features, ease of

devel opment, and development support.

2.5.1.3 Speed Microcontroller

In order to count the speed RPM which has pulse input in EFI, it uses a small
microcontroller as a counting how many pulse required in a second called as speed

microcontroller. Then, thisinformation delivers to the main microcontroller.

Due to increased microprocessor operation speed and improved program
efficiency, many hardware functions that were previously processed by hardware can
now be processed by software [35]. The speed microcontroller is designed separately
for reducing the executing time of main microcontroller board, thus improve the
performance. This leaves the CPU of main microcontroller free to execute another
program. With multiprogramming system, the existence of two or more programs in
different parts of the memory hierarchy at the same time is possible [36]. Other
advantage is for LCD display, the speed RPM can be displayed for further analysis.
Thisis proposed for future work. Implementing of two separate microcontrollers for

EFI design has also been done by other researchers [37], [38].
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2.5.1.4 Analog to Digital (A/D) Converter

The A/D technique is selected for a particular purpose depends on many
factors such as speed of conversion, accuracy, and cost. The A/D converter is
sampling device since a given digital output represents an instantaneous value of the
analog signa [39]. Normaly A/D converter needs interfacing through a
microprocessor to convert analogue data into digital format. This requires hardware
and necessary software, resulting in increased complexity and hence the total cost.

In this system design, the RPM sensor and encoder result digital signal,
which can be read by microcontroller. The MAP sensor results analog signal then
must be converted to digital signal by A/D converter before input to the

microcontroller.

2.5.1.5Injector Drive Controller and NPN Darlington

The injector driver is designed to generate fuel timing output pulses [40]. The
pulses control the injector’s fuel delivery rate and quantity to an automotive engine.
The driver supports engine design. The driver can start, change, stop, or shift fuel

delivery for single cylinder at any timein the fuel cycle upon request.

The driver executes in cooperation with the engine position sensor, which
measures the crankshaft’ s angular position and speed. Based on information provided
by the engine position sensor, the driver can deliver fuel accurately in relation to the
angular position of the crankshaft. The driver can to control an external power NPN
Darlington transistor that drives the high current injector solenoid. The current
required to open a solenoid is several times greater than the current necessary to
merely hold it open. Thisis useful when the battery voltage may drop low enough to
deregulate the 5 volts power supply [41].
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The power dissipation of the system, and especially of transistor Darlington,
can be reduced by employing a switching injector driver circuit [41]. Since the
injector load is mainly inductive, transistor can be rapidly switched on and off in a
manner similar to switching regulators. The solenoid inductance will naturally
integrate the voltage to produce the required injector current, while the power
consumed by transistor Darlington will be reduced. Due to large amplitude switching
voltages that are present on the injector can generate radio frequency interference.

Because of this, switching circuits are not recommended.

2.5.2 Fuel Injector Solenoid

The electric FI solenoid precisely meters the amount of fuel entering the
combustion chamber. This is achieved by fuel flow calculations and precise timing.
Fuel (F) in cubic centimetres (cc), that passes through the injector solenoid over a
span of one minute (T) was regulated at constant pressure. Equation 2.1 calculates
the quantity of fuel. This equation shows that F is proportional to T and the flow rate
(Rr), cc/sec. The flow rate is dependent upon the A/F ratio.

F=R,T (2.1)

The injector solenoid, in Figure 2.7, consists of a valve body and the needle
valve with fitted solenoid armature [18]. The valve body contains the solenoid
winding and the guide for the needle valve. When there is no current flowing in the
solenoid winding, the valve needle is pressed against its seat on the valve outlet by a
helical spring.
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Figure 2.7: Injector solenoid [18]

When current is passed through the solenoid winding, the needle valve is
lifted from its seat and the fuel can stream through the annular orifice. The rise time
of the injector valve is important when calculating the amount of fuel to be injected
into the chamber. Thisis particularly true because the fuelling equation will need to
take this rise time factor into consideration and suitable flow rate compensation will
be necessary during the transition from fully closed to fully open. Fuel injector
solenoids can be modeled as aresistor R1 in series with an inductor L1. Figure 2.8

represents an equivalent electrical circuit model of an injector solenoid.
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R1 L1
Figure 2.8: Equivalent injector circuit model [18]

To calculate power for the equivalent injector circuit above, standard Ohms
law and ideal inductor equation is applied.

di
V_L&Ej (22)

di
P=VI= L[(Ej (2.3)

The period that an injector remains open is very small under various
operating conditions; between 1.5 and 10 ms is typical [42]. The rise time for a

solenoid is as follows:

Ve
= il ) (2.9)

where i represents the instantaneous current in the winding, 7 is supply voltage, R is
total circuit resistance, L is inductance of the injector winding, ¢ is time current has
been flowing, e is base of natural logs.

The resistance of commonly used injectors is about 16 Q [42]. Some
systems use ballast resistors in series with the fuel injectors. This allows lower
inductance and resistance operating windings to be used, thus speeding up
reaction time. Figure 2.9 shows the current behaviors flowing to the solenoid.

Theincrease in the circuit current is atransient behavior, exponential function.
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Release

Figure 2.9: Solenoid operated actuator variables [22]

2.5.3 Air toFud Ratio

The outcome of combustion both power and gas pollutants was greatly
affected by how precisely the A/F mixture approached theoretical perfection and
when the injection event took place. The ideal mixture ratio is known as the

stoichiometric ratio or complete combustion ratio [18].

Oxygen necessary for the combustion comes from the air supplied to the
engine. The term A/F ratio is normally used in place of the more precise term
oxygen-fuel control. Fundamentally, the ratio of air to fuel must be controlled within
certain limits so the engine will run. If there is too much fuel relative to the oxygen
present, the injector will not inject the mixture in the cylinder and no combustion will
occur. On the other hand, if there is not sufficient fuel, the injector will not start
combustion, or the combustion will start too late to generate mechanical energy

efficiently [43].
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Field experience [43] shows that proper air fuel control affects the fuel
economy, the maintenance needs, the stability of operation, emission rates for
noxious and/or regulated exhaust gases, ability to operate efficiently over a wide
range of conditions, ease of starting, presence and degree of detonation.

The air within the intake manifold is modeled as an ideal gas and is
described by the ideal gaslaw [44]:

pV. =mRT (2.5)

where p; is the pressure in the intake manifold, 7 is the volume of the intake
manifold, m; is the mass of air within the intake manifold, R is the gas constant for

air, and T'is the temperature of the air within the intake manifold.

The temperature as well as the pressure will affect the behavior of some parts
inside the injectors. This will have influence on the amount injected. The injectors
open faster when the voltage supply is high. This is because the magnetic force
created in the solenoid is stronger. It takes some time for the injectors to open. If it
has to open and close very frequently, at high engine speed, it is not completely open
during a great part of the electrical pulse. Asaresult, the fuel flow is affected [45].

To get clean ar or reduce emissions and still have satisfactory engine
performance, the A/F had to be precisely mixed in a stoichiometric. For NG, the
stoichiometric ratio by mass is at a value of 17.2:1 and 14.7:1 (for gasoline) [17],
[18], [43]. This means for every 1 kilogram of NG, 17.2 kilograms of air by massis
necessary for a stoichiometric mixture. The stoichiometric ratio by volumefor NG is
at avalue of 9.5:1. The mixture had to be injected at a precise instant that varied
with load, speed, and other factors. When a stoichiometric mixture is achieved all
the fuel is burned and emissions are reduced to a minimum. This precision task only
can be done by microcomputers, mechanical devices could not achieve the required

precision.
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Figure 2.10: The stoichiometric air/fuel mixture [18]

Figure 2.10 depicts the output power and fuel consumption with respect to
A/F ratio. If the mixture is too rich, say aratio of 13:1 exhaust emissions increase
and fuel consumption rises. If the mixture is at a lean ratio of 15:1 the engine is
running most economically and emissions are low, yet power isrunning at aloss and
this may cause engine overheating. One method of measuring air flow is by using an
air flow meter. Rich is defined as insufficient oxygen to enable complete

combustion and lean is more oxygen present required for complete combustion.

To maintain the desired A/F ratio either open loop or closed |oop control may
be used [43].

e Open loop control — The fuel flow may be measured by volume or mass. If
the fuel is measured by volume, the volume of air required depends strongly
on the heat content of the fuel which may be a single component HC or a
mixture. If the fuel is measured by mass flow (Ibs or kg), the mass of air is
affected less by different fuel mixtures. If the fuel is measured by volume, it

may be converted to massiif the fuel density and temperature are known.
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e Closed loop control — with closed loop control the amount of oxygen is
measured in the exhaust and the amount of air is adjusted to maintain the
desired amount of oxygen. With the closed loop control, no fuel flow
measurement is required and no calculations are required to determine the

amount of air.

254 Pulse Width (PW)

An injector is basically an €electric valve, in which it is opened when the
applied voltage is on and is closed when the applied voltage is off. In this
idealization, the control voltage operating the fuel injector is a binary pulse train.
For apulse train signal, the ratio of on time (¢) to the period of the pulse (7) (on time
plus off time) is called the duty cycle [24]. A low duty cycle is used for a high A/F

ratio (lean mixture), and high duty cycleis used for alow A/F ratio (rich mixture).

The injector PW determines the quantity of fuel used in the mixture. The fuel
Is supplied to the injector at a controlled pressure. Normally the valve is closed.
Fuel is input into the engine by opening the valve or injector for a specific time per
engine cycle. The amount of time that injector is open caled the pulse width. A
longer PW implies more fuel is injected. The PW is determined by input such as
revolution per minute (RPM). If the RPM isincreased then thereis arequirement for
greater engine response and consequently more fuel required to be injected into the
fuel rail [21], [46]. The PW can be calculated from the following equation [23]. The
PW can also be expressed in crank angle degrees.

(2.6)

PulseWidth = 0.67(InjTurnOn)+| ——————
InjFlowRate

RegFuel J
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PW is measured in microseconds. The InjTurnOn is the time it takes for the
valve to be fully opened. The constant value of 0.67 is used to account for the flow
rate being 0.33 of the maximum rate during the initial period. This constant valueis
based on studies done by previous researcher [23], [46] and experimental result
measured at Automotive Development Centre (ADC) UTM. The RegFuel termisa

function of the throttle and is the amount of fuel needed for a cylinder to fire.

255 Timing

This is the duration of the pulse width in crank degrees. Currently, there is
only one injection per cylinder every 720 degrees [21], [46].The goal of thetiming is
to inject fuel as soon as possible after intake opens, to avoid injecting during
intake/exhaust overlap period, and to avoid injecting fuel on closing intake valve
[46].

In car fuel control system, a separate fuel injector is provided for each
cylinder typically mounted in the intake manifold such that fuel is sprayed directly
into the intake port of the corresponding cylinder during the intake stroke. For single
cylinder motorcycle engine that used in this research, the Fl is also placed in the
intake manifold such as throttle body injection. The timing of injection is
determined by the crankshaft angle corresponding to the cylinder during the intake
stroke and is controlled by the EFI. There are two techniques applied in
determination of thisinjection timing; reading pulse angle of crankshaft that has been
set mechanically or counting the pulse from crankshaft encoder. Next step is to

determine what the angle is performed which will be programmed.

The thermodynamic cycle of a four-stroke cycle engine spans two full
revolutions of the crank shaft, and consists of four distinct strokes; intake,
compression, expansion, and exhaust. The flow of gases is controlled by intake and
exhaust valves, which are actuated by cams on the camshaft. The camshaft rotational
speed is half of the engine speed, and thus allows for the two-revolution (720 crank-
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angle degrees) thermodynamic cycle. The sequence of eventsin afour-stroke engine

isindicated by .Figure 2.11.
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Figure 2.11: Four-stroke cycle engine [47]

Figure 2.11 shows the major engine cycle events. EVC and EVO are exhaust
valve closing and opening respectively, IVC is intake valve closing and IVO is
Intake valve opening. ATDC is after top dead center.

During the intake stroke, the intake valve is opened and the piston moving
down from top dead center (TDC). It can be seen that in two complete engine
revolutions, all for injectors have been switched on for a time 7 (n). This pulse
duration results in delivery of the desired quantity of fuel for the nth engine cycle.
This system provides for highly uniform fueling of all the cylinders and is superior in

performance to either carburetors or throttle body fuel injectors [48].
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Figure 2.12: Pulse width relative to crank angle [21]

Figure 2.12 shows the period for the pulse width relative to crank angle. The
duration of the pulse width in degrees can be calculated by equation 2.7. PW is pulse
width and RPM is revolution per minute.

PwDeg = 0.00006xRPMxPW (2.7)

2.6  Parameters Characteristic Requirements

In this section, some parameters characteristic required are discussed in order
to have better understanding in EFlI design and test performance. The required
parameters are derived from engine and EFI. By properly in defining the required
parameters thus it give better performance.
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2.6.1 Engine Parameters

Application of EFl into gas fueled engines requires a comprehensive
assessment of the engine performance and operating map. All engine operating
parameters are required to determine as listed below. The EFI receives those
parameter inputs from the transducers and sends control signals in response to those
parameters as determined by the control software. These output signals consists of
solenoid current pulses and timing ignition logic signals.

2.6.1.1 Manifold Absolute Pressure (MAP)

The density of any gas including air is directly proportiona to pressure and
inversely proportional to absolute temperature. The intake air density can be
computed from the basic physics of air known as the perfect gas law. Absolute
temperature is defined as the temperature relative to absolute zero. Using the Kelvin
scale, absolute temperature is the temperature added to 273° in degrees Celcius. The

intake manifold air density is determined by two factors such:

e The absolute pressure, which is determined by the ambient air pressure, the
throttle position as set by the driver, the RPM is by the shape and size of the
intake manifold.

e The intake air temperature is determined by the ambient air temperature and by

the pressure change from ambient across the throttle.

The intake air can be computed relative to standard condition. Normally, the
standard condition is caled as sea level on standard day (SLSD). The SLSD
conditions are denoted d,, p,, T,, referring to absolute intake density, absolute

pressure, and absolute temperature respectively. These parameters are constants for
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air for the entire planet and are known to great precision. In mathematical terms, the

intake air density is given by equation 2.8 [24].

d, = dox(i]xg (2.8)
P,

d, istheintake air density in Kg/m®, p is intake manifold pressure in Bar, and 7 is as
intake manifold air temperature in Celcius. Constants for d,, p,, T, are 1.1649
Kg/m®, 1.013 Bar, and 30 ° C respectively [24].

From the equation above, it shows the multiplying standard density by the
ratio of intake manifold pressure to standard pressure and by the ratio of standard
temperature to intake manifold air temperature results the intake air density. Such a
calculation is readily performed in a digital engine controller based on measurements
of MAP and intake air absolute temperature (IAT). The manifold pressure is
proportional to engine load. In that high load conditions, it produces a high
pressure and in that lower load conditions such as cruise, it produces lower
pressure [24], [49]-[50].

Load sensors are therefore pressure transducers. They are either mounted
in the throttle body or as a separate unit, and are connected to the inlet manifold.
The pipe often incorporates a restriction to damp out fluctuations and a vapor trap

to prevent petrol fumes reaching the sensor [24], [49]-[50].



2.6.1.2 Revolution per Minutes (RPM) Signal

Engine acts like an air pump during intake. If it were a perfect pump, it
would draw in a volume of air equal to its displacement for each two complete
crankshaft revolutions. A relatively close estimate of the volume flow rate (Ry) can
be made using inexpensive sensors. Then, for this ideal engine, the Ry can be
calculated using equation 2.9 [24]:

(52
60 2

where Ry isin cc/minute and D is the engine displacement in cc. RPM is defined as

engine speed.

The actual Ry for an engine having D and running at speed RPM is given by
equation 2.10 [24].

R =[5 2 (210)
60 N 2

where n, is the volumetric efficiency (0to 1).

The volumetric efficiency is a number between 0 and 1 that depends on MAP
and RPM for al engine operating conditions. For any given engine, the value of n,

can be measured for any set of operating conditions.

Knowing R, and the density d, givesthe mass flow rate of air R,, as shownin
equation 2.11. Then the stoichiometric mass flow rate for fuel, R;, can be calculated
using equation 2.12 as follows[24].

R, =R,d

m

(2.11)

a
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R, =" (2.12)

The control system calculates R,, from R, and d, at the temperature involved,
and generates an output electrical signal to operate the fuel injectors to produce a
stoichiometric mass fuel flow rate.

From equation 2.11, the injection pulse width can be computed by dividing
the R,, with the static flow rate (SFR), 5.47 g/s, as represented in equation 2.13.

InjectionPulseWidth = R, (2.13)
SFR

The EFl determines the correct time for fuel delivery corresponding to the
intake stroke for the relevant cylinder. This timing is determined by measurements
of crankshaft and camshaft position by using sensors. There are two kinds of sensors
used in measuring RPM in the test bed such as inductive and Hall effect sensors [22].

Inductive sensor as shown in Figure 2.13 is used mostly for measuring
speed and position of a rotating component. This figure shows that the sensor works
on the very basic principle of electrical induction (a changing magnetic flux will
induce an electromotive force in awinding) [22]. This system has a good resistance

to interference.
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Figure 2.13: Inductive sensor

The Hall effect sensor was first noted by a Dr E.H. Hall [21]-[22]. This
sensor detects the crankshaft position. The sensor is placed or mounted at the end
of the flywheel. It has a simple principle; if a certain type of crystal is carrying a
current in a transverse magnetic field then a voltage will be produced at right
angles to the supply current. Application this sensor as distributor system is shown
in Figure 2.14 [22].

Figure 2.14 shows part of a Bosch distributor, the principle of which is to
“switch' the magnetic field on and off using a chopper plate. The output of this
sensor is aimost a square wave with constant amplitude. Hall effect sensors are
becoming increasingly popular. Thisis partly due to their reliability but also the fact
that they directly produce a constant amplitude square wave in speed measurement
applications and a varying DC voltage for either position sensing or current sensing
[22].
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Vanes

Figure 2.14: Hall effect sensor in a distributor

27 Summary

In this chapter, the principle of engine controller has been reviewed. An
overview of engine management system, where the EEC serves as the processing and
control center for the EMS, is presented as well. EEC and EFI block diagrams are
discussed. Fuel injection concept and the required parameters and equations used in
the design and analysis of EFI are also described in detail.



CHAPTER 3

DESIGN AND IMPLEMENTATION OF EFI MODULES

31 I ntroduction

Engine motorcycle faces to the heavier environment compared to car’s
engine. The electronics must be protected from impact and vibration. Locking the
circuit inside a sealed, die-cast aluminum box is must. Cable entry would need to be
via waterproof cable glands. The aluminum box would also provide an effective
heat-sink (as long as it wasn't mounted too close to the exhaust pipe). Foam inserts
(rather than solid screw mounts) could protect the board from vibration, although

having a bunch of components bolted to the case might stop this working.

There are two main parts of EFI system design which are the hardware design
and the software design. The hardware design includes the microcontroller board and
the interface board. Meanwhile the software design includes the programming for
board testing and programming for the system purpose. Both parts are proposed in

this thesis.

The EFI is designed a compact unit and to be applicable and directly installed
into a small engine. It contains a printed circuit board (PCB) with electronic
components. The CPU with onboard RAM, and ROM should do as much as possible,
thus minimizing interface components. PWM for fuel injector is done by a timer
which has been programmed to control the output pulse width. Some sensors are

placed on the engine such as RPM, crankshaft encoder, and MAP sensors. These
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sensors would monitor engine parameters, engine load (intake manifold pressure)
and engine speed or RPM, in order that can be expanded into an EFI system. A multi
terminal plug connects the EFTI to its sensors, injector, as well as to its power supply.

The EFI must withstand high temperatures, humidity and physical stresses.

The electronic components in the EFI are arranged on PCB; the output stage
power components are mounted on the metal frame of the EFI thus assuring good
heat dissipation. The EFI circuit design is developed using available data or
parameter from engine test bed provided. The programming for the system purposed

is done by lookup table methodology.

The EFI is more cost effective because of its low parts count due to integrated
technology, simpler to install because of its generic design and flexible software. It
allows to be used with all models and makes of engines from motorcycles to trucks,
even or odd number of cylinders. The reliability of the EFI is increased by combining

functional groups into ICs and by properly selecting in electronic component.

In 2002, EFI using an integrated control implementation approach for
motorcycle has been developed [51]. This embedded controller is designed for A/F
ratio control and the fuel injection actuation. The methodology applied in [51],

lookup table, is adopted for this thesis.

The design will consist of a series of processes that respectively process data,
and make control decisions. The allocation of the processes to physical entities
creates the system architecture. The physical architecture is a characterization of the
function of the engine that underpins the analysis of the system and is concerned
with physics and chemistry [2]. A concept of the engine as a means of developing
torque is used as the physical architecture. The software architecture emerges from
an analysis of what the system is required to do and is a collection of processes. The
system architecture is the end result of the design process and consists of the

processes and the physical hardware to which they are assigned.
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3.2 Hardware Design and Development

The hardware design and development of EFI involves several steps; define
the task, design and build the circuits, write the control program, test and debug. For
ease of understanding the individual tasks, characterized data has been included that
shows standard microcontroller CPU and I/O requirements of each function. The

figures also assume that all control tasks will be handled by a single processor.

a. Injection: pulse width and multi pulse calculations for direct and port

injection systems relative to a crank angle.

b. Tooth management: camshaft detection and crank shaft tooth detection with
recalculation of engine rpm and acceleration and thus update of time/angle

and angle/time events.

c. A/D conversion: it will be required with 8 bit resolution for a range of MAP
sensor and minimize execution times. MAP sensor chosen has a range of 1 to
5 bar. It is mostly used for CNG vehicle [52], [53]. The core of A/D converter
has four independent execution units that can operate in parallel.
Consequently, the instruction sequencer keeps the A/D converter busy by
fetching the instructions, decoding and then issuing to the corresponding
execution unit. Advanced features such static branch predictions, branch
folding and interlocked pipelines, further improve the performance of the

core.

The selection of microcontroller chip used is based on a specific project. All
microcontrollers contain a CPU, and each device family usually has different
combinations of options and features, ROM or EPROM, and with varying amounts
of RAM. In this research, 8051/8052 family of microcontrollers which includes
chips with program memory in ROM or EPROM is chosen. It is easy to use, low
cost, and versatile computer on a chip. Other consideration is this type of
microcontroller dominated the market [54]. It is produced by the leading suppliers of
microcontrollers such Intel, Philips, Siemens, Dallas Semiconductor and Atmel then

followed by HCO5/HC11 (Motorola), H8 (Hitachi) and 78K (NEC).
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The EFI is developed in this research takes RPM signal, crankshaft angle
encoder, and an analog voltage from a MAP sensor. Then it processes the data
optimally control the fuel amount relative to engine’s operating condition. Those
data are also useful to detect the amount of the incoming air. In proportion of the
detected incoming air, the EFI will issue an injection-drive (time) instruction to the
injector corresponds to the required amount of fuel injection in such a manner that
the target A/F ratio may be achieved. A pulse for the injection circuit is resulted
defining the duration and timing for fuel injection. The EFI must be capable to adjust
those parameters based on engine speed, manifold pressure [55] and tables input by
the user. Design and development of every functional block of EFI is described

below.

3.2.1 Microcontroller Board Design and Development

The photograph of Figure 3.1 and Figure 3.2 are the main microcontroller
board of 89S52 with in system programming (ISP) and power supply and circuit
diagram respectively. The PCB layout could be drawn using any kind of electronics
drawing software such as Protel, P-spice and others. In this case, Protel software is

used as a tool.

Figure 3.1: Main microcontroller board of 89S52
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Figure 3.2: Circuit Diagram of 89552

Figure 3.3 and Figure 3.4 are microcontroller board of 89C51 and its circuit
diagram respectively. Both of these microcontrollers, 89S52 and 89C51, have been
developed. One of the I/0O ports of these microcontrollers has been programmed as
PWM signal output. The 89S52 has an 8KB memory EPROM while the 89C51 has a
4KB memory EPROM. For this EFI controller design requires only a small amount
of memory EPROM of 2KB. Therefore in this thesis, the 89S52 microcontroller is

purposed. It has no significant different in price between both microcontrollers.
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Figure 3.3: Main microcontroller board of 89C51
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Figure 3.4: Circuit Diagram of 89C51
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An external crystal at these microcontrollers provides a timing reference for
clocking the CPU. The crystal is 12 MHz that connects to pins 18 and 19 of U,. This
crystal frequency has two advantages. It gives accurate baud rates for serial
communications, due to the way that the 89S52 timer divides the system clock to
generate the baud rates. The serial communications are reliable if the baud rate is
accurate to within a few percent. The higher the crystal frequency, the faster
programs will execute. Capacitors C, and C; are 30 pF each, as specified in the
89S52 data sheet. Their precise value is not critical. Smaller values decrease the

oscillator’s start-up time, while larger values increase stability.

These microcontrollers have three 16-bit timer/counters, which are easy to
generate periodic signals or count signal transitions. The timers can be used for event
counting, where the timer increments on an external trigger and measures the time
between triggers. The I/O ports enable to read and write to external memory and
other components. These microcontrollers have four 8-bit I/O ports (ports 0-3). Many
of the port bits have optional, alternate functions relating to accessing external
memory, using the on-chip timer/counters, detecting external interrupts, and handling

serial communications.

A 5V voltage regulator supplies the microcontroller board of AT 89S52. This
voltage regulator requires a minimum input voltage range, which is normally 3V
higher than the output voltage. Therefore, for this voltage regulator, a constant
supply of at least 8V is needed for the system supply to be stable at 5V. For a better
system supply, a low dropout type voltage regulator is used so that the output voltage
is still stable even the input voltage is decreasing up to 6 V. this phenomena should
not be taken for granted because instead of using a battery it is not practical to use an

adaptor to be placed on the motorcycle.

This 5 V power supply is needed to power the circuits. Output capability of at
least 500 mA is recommended for general experimenting. The power supply can be
powered by batteries or AC line voltage, but it must have a regulated output between
4.75 and 5.25 volts. Capacitors Cg-C;3 provides power-supply decoupling. Capacitors

Cy-Cy3 store energy that the components can draw quickly, without causing spikes in
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the supply or ground lines. Cg stores energy for quick recharging of Co-C;3. LED,

and current-limiting resistor R are an optional power on indicator.

The solenoid requires a very high current, which is more than 1 A. However,
the microcontroller could not support this high current. Therefore the interface board
is needed to interface the microcontroller and the solenoid valves making use of
Darlington pair, battery and a latch. The Darlington pair is used for driving the will
drive the solenoid. A diode is connected across the load to protect the transistor (and
chip) from damage when the load is switched off. Conduction only occurs when the
load is switched off, current tries to continue flowing through the coil and it is

harmlessly diverted through the diode.

Since flash memory is integrated on-chip with microcontrollers Atmel
ATB89C51, its usage became even easier. An additional ROM area containing code
for handling the flash programming is provided. The code does not only provide
functions to erase or program the flash memory, it also provides boot code; even with
a completely erased flash, the chip can still execute this boot code and accept inputs
via the serial port. This code area is not erasable and can be used for recovery of a

system. Because of this feature, this code is also referred to as boot loader.

There are two programming methods for flash memory: ISP and in
application programming (IAP). ISP allows for re-programming of a flash memory
device while it is soldered into the target hardware. However, the application needs
to be stopped during the re-programming process. In the 89C51, ISP is implemented
with the boot loader.

IAP allows for re-programming of a flash memory device while it is soldered
into the target hardware and while the application code is running. In general, IAP
can always be realized with external flash memory, where microcontroller and
memory are separated components. The 89C51 parts support IAP also via the boot

loader.
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3.2.2 Speed Microcontroller Design and Development

The speed microcontroller used here is AT89C2051 and detail circuit board
provided in Figure 3.5. The AT89C2051 is a low-voltage, high-performance CMOS
8-bit microcomputer with 2 Kbytes of flash programmable and erasable read only
memory (PEROM) [56]-[57]. The device is manufactured using Atmel’s high density
nonvolatile memory technology and is compatible with the industry standard MCS-
51™ instruction set. By combining a versatile 8-bit CPU with flash on a monolithic
chip, the Atmel AT89C2051 is a powerful microcomputer which provides a highly

flexible and cost effective solution to many embedded control applications [56]-[57].
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Figure 3.5: Speed microcontroller circuit design of AT8§9C2051

The AT89C2051 provides the following standard features: 128 bytes of
RAM, 15 I/O lines, two 16-bit timer/counters, a five vector two-level interrupt

architecture, a full duplex serial port, a precision analog comparator, on-chip
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oscillator and clock circuitry [58]. In addition, the AT89C2051 is designed with
static logic for operation down to zero frequency and supports two software
selectable power saving modes. The idle mode stops the CPU while allowing the
RAM, timer/counters, serial port and interrupt system to continue functioning. The
power down mode saves the RAM contents but freezes the oscillator disabling all
other chip functions until the next hardware reset [58]. The speed microcontroller

prototype is shown in Figure 3.6.
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Figure 3.6: Speed microcontroller board of AT89C2051

3.2.3 A/D Converter Design and Development

The A/D converter used in this EFI design is the ADC0804, CMOS 8-bit.
This A/D converter is widely used especially for interfacing with computers. The
ADC 0804 works on the principle of successive approximation that uses a
differential potentiometric ladder. It is designed to operate with the 8080A control
bus via three-state outputs. These A/Ds appear like memory locations or I/O ports to
the microprocessor and no interfacing logic is needed. Differential analog voltage
inputs allow increasing the common-mode rejection and offsetting the analog zero
input voltage value. In addition, the voltage reference input can be adjusted to allow

encoding any smaller analog voltage span to the full 8 bits of resolution.
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The simplest in concept and the fastest type of A/D converter is the parallel
comparator. This concept is available for microcontroller AT89C2051. The output
code from the comparators is not a standard binary code, but it can be converted to
any desired code with some simple logic. The major disadvantage of a parallel is the
number of comparators needed to produce a result with a reasonable amount of
resolution. To produce a converter with N bits of resolution, it needs 2"-1

comparators. For an 8 bit conversion need 255 comparators [59], [60].

3.2.4 Injector Driver Design and Development

The injector driver integrated circuits were designed to be used in conjunction
with an external controller. Fuel injectors can usually be modeled by a simple RL
circuit. The value of L is 3.98 mH and R is 2.16 Q, these values were obtained by
data sheet provided. The typical values for a performance injector coil are 2 mH and

1 Q[41].

The control loop for the injector coil is somewhat similar to the ignition
controller, with only some extra things added for the max limit level. The whole idea
for the max current limit level and hold current level is to provide performance
injectors with the fastest rise time response possible. This is achieved by supplying
an initial higher current through the coil, so the solenoid overcomes the initial
mechanically resistive force from the helical spring. Once the maximum limit is
achieved and the solenoid is fully open, the controller lowers the current through the
coil to a suitable holding current limit [18]. This minimizes the power dissipation
through the solenoid while holding the solenoid in the state. Both maximum and hold
current limits are fully adjustable to suit every coil. The maximum current level
break points are from 4A up to 8A with the hold current levels ranging from 1A to
2A [61].
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The LM1949 is chosen as injector driver controller as shown in Figure 3.7. It
is linear integrated circuit serves as an excellent control of fuel injector drive

circuitry in modern automotive systems [41].
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Figure 3.7: Injector drive controller and NPN Darlington [41]

From Figure 3.7, the LM1949 derives its input signal, in the form of a square
wave with a variable duty cycle and/or variable frequency, is applied to Pin 1. In a
typical system, input frequency is proportional to engine RPM. Duty cycle is
proportional to the engine load. In this case, if a single cylinder engine at 10.000
rpm, thus the input frequency is given with 166.66 rps. As revolution per second
(RPS) is equivalent to frequency (Hertz) [18]. The circuits discussed are suitable for
use in either open or closed loop systems. In closed loop systems, the engine exhaust
is monitored and the A/F mixture is varied (via the duty cycle) to maintain a perfect,

or stochiometric, ratio.

The peak and hold currents are determined by the value of the sense resistor
Rs of 0.1Q. This gives peak and hold currents through the solenoid of 3.85 amps and

0.94 amps respectively. This value of Rg of 0.1Q is chosen in order to guarantee
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injector operation over the life and temperature range of the system. From [41], the
injector opens when the current exceeds 1.3 amps and closes when the current falls

below 0.3 amps.

The purpose of the timer function is to limit the power dissipated by the
injector or solenoid under certain conditions. Specifically, when the battery voltage is
low due to engine cranking, or just undercharged, there may not be sufficient voltage
available for the injector to achieve the peak current. In order to avoid the injector
overheat, the timer function on the IC will force the transition into the hold state after
10 msec. The timer injection system is equal to RrCr, where the value for Ry is 100
KQ and Cris 0.1 puF. The actual range of the timer in injection systems will probably
never vary much from the 3.9 milliseconds [41]. However, the actual useful range of
the timer extends from milliseconds to seconds, depending on the component values
chosen. The timer is reset at the end of each input pulse. The capacitor reset time at
the end of each controller pulse is determined by the supply voltage and the capacitor
value. The IC resets the capacitor to an initial voltage and peak comparator gives the

reference voltage of 0.4 V. Then these voltages are as inputs to the control logic.

Compensation of the error amplifier provides stability for the circuit during
the hold state. External compensation (from Pin 2 to Pin 3) allows each design to be
tailored for the characteristics of the system and/or type of Darlington power device
used. High current should not be allowed to flow through any part of these traces or
connections (Pin 4 and Pin 5 respectively). Large currents above one amp, the
component leads or printed circuit board may create substantial errors unless
appropriate care is taken. An easy solution to this problem on double-sided PC
boards (without plated-through holes) is to have the high current trace and sense

trace attach to the Rg lead from opposite sides of the board.

The driver IC, when initiated by a logic 1 signal at Pin 1, initially drives
Darlington transistor Q; into saturation. The injector current will rise exponentially
from 0 A to 4.5 A (equation 2.4), dependent upon RL circuit of the injector, the
battery voltage and the saturation voltage of Q. The drop across the sense resistor is
created by the solenoid current, and when this drop reaches the peak threshold level,
400 mV, the IC is tripped from the peak state into the hold state. The IC now behaves

more as an op amp and drives Q; within a closed loop system to maintain the hold
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reference voltage, typically 94 mV, across Rs. Once the injector current drops from
the peak level to the hold level, it remains there for the duration of the input signal at

Pin 1.

Since the load is inductive, a voltage spike is produced at the collector of Q1
anytime. This occurs at the peak-to-hold transition, (when the current is reduced to
one fourth of its peak value), and also at the end of each input pulse, (when the
current is reduced to zero). The zener provides a current path for the inductive
kickback, limiting the voltage spike to the zener value and preventing QI from
damaging voltage levels. Thus, the rated zener voltage at the system peak current
must be less than the guaranteed minimum breakdown of QI. The zener also
provides system transient protection. Automotive systems are susceptible to a vast
array of voltage transients on the battery line. Though their duration is usually only
milliseconds long, Q1 could suffer permanent damage unless buffered by the injector
and Z1. There is one reason why a zener is preferred over a clamp diode back to the
battery line, the other reason being long decay times. The fuel injector driver board

development is shown in Figure 3.8.

Figure 3.8: Injector driver board
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The IC is designed to control an external power NPN Darlington transistor
that drives the high current injector solenoid. The current required to open a solenoid
is several times greater than the current necessary to merely hold it open; therefore,
the LM 1949, by directly sensing the actual solenoid current, initially saturates the
driver until the “peak” injector current is four times that of the idle or “holding”
current. This guarantees opening of the injector. The current is then automatically

reduced to the sufficient holding level for the duration of the input pulse.

For Darlington transistor, the power dissipation is important characteristic
need to be determined. The power dissipation of the system is dependent upon input
frequency and duty cycle of the input waveform to Pin 1. The majority of dissipation
occurs during the hold state, and in the peak state nearly all power is stored as energy
in the magnetic field of the injector, later to be dumped mostly through the zener.
The following is the calculation for Darlington transistor power dissipation and

component values are listed in Table 3.1.

Table 3.1: Component values of injector driver circuit

Parameter Value
Sense Resistor (Rg) 0.1Q
Sense Input Hold Voltage (Vi) 0.094 V
Sense Input Peak Voltage (Vp) 04V
Zener Breakdown Voltage (Vz) 33V
Battery Voltage (VsarT) 16 V
Injector Inductance (L;) 0.00398 H
Injector Resistance (Ry) 2.16 Q
Duty Cycle of Input Voltage of Pin 1(n) 0.5
Frequency of Input (f) 166.66 Hertz

The voltage in a 12 V system actually ranges from about 9V to 16 V,
depending on the alternator output current, battery age and state of charge. Loads are
sized to function properly at the lowest system voltage. Thus when the voltage is

higher, they draw more current than necessary [62].
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Power Dissipation (Pq) for Darlington Pair is calculated by [41]:

V,
P, = n.\/Bm.EHwatts (3.1

where n is derived from dividing the battery voltage with zener breakdown voltage,
thus results 0.5. By substituting the parameters in Table 3.1 above to the equation

3.1, therefore the power dissipation for Darlington transistor is 7.52 Watts.

Zener dissipation also can be calculated using equation 3.2 [41].

2 2
(\/p +V, ) - )Watts (3.2)

P,=V,.L.f.
‘ o ((Vz _VBA'I'I' )Rs

Input frequency (f) is equal to RPS where engine speed at 10.000 rpm resulted
166.66 rps. This is maximum rpm speed designed for this EFI system. From the
equation, the zener dissipation is 21.74 watts. For Injector dissipation is obtained

from equation 3.3 [41] of 0.95 watt.

2

P = n.Rl.Vizwatts (3.3)
R

3.3  EngineMapping

To achieve precise control of an engine that has no means of feeding back
output data, the control system must be program with very accurate information
relating to the setting that is required for each condition under which the engine
expected to operate. The engine map is used to achieve the best possible engine
performance, which will follow closely to the requirement of the engine. This will

involve the use of maps with many more reference points.
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Control maps compiled during the engine development stage show the setting
of the main systems in relation to the variables which affect the particular systems.
The control data indicated by the maps is programmed permanently into the
computer memory unit. The EFI must be reprogrammed from previous settings to

accommodate suitable air and fuel flow.

Engine mapping is the process of modeling engine behavior as a function of
adjustable engine parameter in terms of RPM and load. The approach of engine
mapping currently employed is model-based control with systematic offline design
and simulation, rapid control prototyping, and hardware-in-the-loop simulation.
These techniques have become well established during the recent years [63], and
have streamlined the development process substantially. Rapid prototyping systems
provide a comfortable means to evaluate control designs; manual coding of a design

for a target EFI remains cumbersome, time-consuming, and error-prone.

A primary application of engine mapping is the calibration of EFI used to
optimize the fuel efficiency of the engine subject to legislative limits on the emission
of exhaust gases [63]. This mapping technique has been employed in previous

research [64], [65].

Table 3.2 represents the pulse width calculation which is derived from
equation [2.7]-[2.12]. For this table, air density is assumed constant at 1.225 kg/m3.
The pulse width is calculated from the RPM given and MAP of 1 bar to 5 bar. When
the speed of engine gives 3000 rpm at 3 bar of MAP, thus results 0.11 msec of pulse
width. There is a different between theoretical and measurement results, this is due to
the air density value taken. Unfortunately, in real condition the air density is varying
with the RPM given. Therefore, the pulse widths resulted between theoretical and
experimental are different. It needs to define the air density by calculating the engine

parameter from the simulation and experimental.
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Table 3.2: Injection pulse width corresponding to the RPM and MAP

(Theoretical calculation)

RPM
MAP IK | 2K | 3K | 4K | 5K | 6K | 7K | 8K | 9K | 10K
1 2 |4 6 8 9 11 (13 |15 |17 |19
1.5 3 |6 8 1 |14 |17 |20 |23 |25 |28
2 4 |8 11 (15 |19 |23 |26 |30 |34 |38
2.5 5 |9 14 (19 |23 |28 |33 |38 |42 |47
3 6 |11 |17 |23 |28 |34 |39 |45 |51 |56
3.5 7 |13 |20 |26 |33 |39 |46 |53 |59 |66
4 8 |15 |23 |30 (38 |45 |53 |60 [68 |75
4.5 8 |18 |25 |34 (42 |51 |59 |68 |76 |84
5 9 |19 |28 |38 |47 |56 |66 |75 (84 |94

Table 3.3 shows the engine mapping data which has been programmed into
the microcontroller. This table determines the injection pulse width in millisecond
(ms) corresponding to the RPM (revolution/minutes) and MAP (bar) parameters. For
example, RPM is 1000 revolution/minutes (1K) with MAP in 1 bar will produce 5
ms of injection pulse width. Table 3.4 shows the encoder position angle for every
RPM provided. The encoder angle of 330° is achieved when the RPM is in 1K

revolution/minutes.
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Table 3.3: Injection Pulse Width Corresponding to the RPM and MAP

RPM
MAP IK| 2K | 3K [ 4K [ 5K | 6K | 7K | 8K | 9K | 10K

1 51| 5 5 5 5| 11|13 | 15| 17 | 19

1.5 5 5 5 11 | 14 | 17 | 20 | 23 | 25 28

2 5| 5| 11|14 | 19|23 |2 | 30| 34| 38

2.5 5| 5 | 14| 19| 23| 28|33 |3 | 42| 48

3 5111 |17 | 23 | 28 | 34 | 39 | 45 | 51 | 65

3.5 5]113| 20| 26 | 33 | 39| 46 | 53 | 59 | 65

4 5]15| 23| 30|38 |45 | 53|60 | 65| 65

4.5 5117 | 25| 34 | 42 | 51 | 59 | 65| 65 | 65

5 5119 | 28|38 | 47 | 5 | 65 | 65 | 65 | 65

Table 3.4: RPM Corresponding to Encoder Angle Position

RPM IK | 2K 3K | 4K SK 6K 7K 8K 9K 10K
ANGLE | 330° | 330° | 333° | 335° | 340° | 342° | 345° | 348° | 348° | 350°

3.3.1 Lookup Tables(Map)

A lookup tables is a list of related values stored in the memory of a computer.

This table relates the output settings given by the computer to the input signals

received from the sensor. The map is based on inputs from the engine speed sensor

and the air flow meter, from which the base A/F ratio is then adjusted for specific

operating conditions. The drawback of this method is the initial creation of the map

requires a significant amount of calibration and tuning [66].
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Digital injection system uses the data from the maps and depends mainly on
load and speed. Thus, the advance given in the ‘load lookup table’ must be added
with the ‘speed lookup table’. To obtain this method of control, development must

progress through the following process:

e Mapping of the prototype engine to determine the best settings.

e Construction of maps to show graphically the required settings to suit the

varying operating conditions.

e Programming the computer’s lookup tables with the data contained in the

maps.

EPROM is used as calibrator which is installed in the microcontroller. This
device provides specific information for the EFI and allows for different timing
characteristics, and injector pulse width for the engines. In order to allow for the
various engines, A/F ratio combinations, and meet standards for emissions, this

EPROM calibrator need to modify based on programmed setting.

3.3.2 Main Program

An EFI system is designed by reading the input of crank angle, which uses
the calculation and the input pulse width to the injector determination methods, after
read the rpm and map parameters. This method has successfully done by previous

researcher [67].

The width of pulse for each map and rpm is feed into 3D lookup table. In
programming, Appendix B, the pulse width is arranged in a table that enables to
modify. This table is put at the end of program and can be accessed by subroutine

program [68].
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3.3.3 Counting Speed

The injection timing by reading the crank angle encoder is calculated from
port 3.4 and 3.5. The port 3.4 detects reference 0 to 360 pulse reading from shaft
encoder which has been set with resolution of 2 degrees [69]. For engine 4 strokes,
one cycle is equivalent to 720 degrees. Thus, this 360 point represents the 720
degree. Map parameter, as analog sensor, is determined by A/D converter 8
connected to port 2 of main microcontroller. Port 1 receives input from speed
microcontroller. The speed microcontroller counts pulse in one cycle time then send

to the main microcontroller.

Two 16 bits timers/counters in microcontroller AT89C2051, which are
controlled by software, are timer/counter 0 and timer/counter 1. These timers are
operated at microcontroller frequency of 12 MHz. They count once every lus
independently, not depend to instruction command. One cycle of time is equivalent
to one instruction command. When the time cycle is completed, the timers interrupt

microcontroller for information.

If counter input detection is equal to 1, the time is clocked from an external
source. In most applications, this external source supplies the timer with a pulse upon
the occurrence of an event-the timer is event counting. The number of events is
determined in software by reading the timer registers TLy/THy, since the 16 bit value
in these registers increments for each event. In counter applications, the timer

registers are incremented in response to a 1 to 0 transition at the external input Ty.

The timers are usually initialized once at the beginning of a program to set
the correct operating mode. Thereafter, within the body of a program, the timers are
started, stopped, flag bits tested and cleared, timer registers read of updated, and so
on, as required in the application. The timer mode register (TMOD) is the first

register initialized, since it sets the mode of operation.
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34 PWM Output

The easiest way to define pwm is with an interrupt running from one of the
timers. Timer is a function of both the pwm frequency and the resolution. The
processor is in an endless loop until the timer 0 interrupt occurs. Then it goes off and
goes through the timer 0 interrupt routine and returns to the endless loop to wait for
the next interrupt. When an interrupt occur the hardware automatically jumps to a
predefined location in memory. There is not enough room to actually write an
interrupt service routine so the general solution is to put a jump at each interrupt
location to the interrupt service routine which can be anywhere later in the program

memory.

Duty cycle or time interval is a term used to describe the output pulse. It is
given as a percentage. This microcontroller 89C51 operates from a 12 MHz crystal.
The shortest possible interval is limited, not by the timer clock frequency but by
software. The shortest instruction on the 89C51 is one machine cycle or one
microsecond. Time interval (12 MHz operation) is programmed by 16 bit timer with

maximum interval of 65536 microseconds. The duty cycle is computed by equation:

t.
Duty Cycle = —&" (3.4)

high T Liow

35  Measurement Procedures[92]

An injector is an electrical-mechanical device that meters and atomizes fuel.
From this definition, the diagnostic procedure injector performance test can be done

either mechanically or electrically.

In electrical procedure, this is a two-part analysis. One is the electrical
integrity of the injector and the other is the computer's ability to provide a pulse to
the injector at the proper time. At one time, a resistance check of the injector was all

that was done to confirm its electrical ability. This test seemed to be adequate and
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some techniques still use it, but a one-time check of an injector's resistance is not
always enough. This is due to the fact that resistance changes with an injector's
temperature. Thousands of injectors pass a resistance test at room temperature and

fail when heat was added.

Electrically loading the injector with a certain pulse width at a time and
viewing the current waveform dynamically checks the injector coil winding's
integrity with ease. On the flow bench, the injector can be checked under pressure for
leakage, flow can be measured at different pulse frequencies and spray patterns can
be observed from different angles. Some injectors have common failures that require
testing to be done hot, with high side pressure specs and at a particular pulse rate.
Simulation of these conditions can be achieved a lot easier and the tests are very

conclusive when determining an injector's operation off the vehicle.

Many techniques use a noid light to prove a signal from the EFI. This test
shows nothing about supply voltage or injector pulse width. Most noid lights only
have a resistance of 3.5 ohms and inserting one into the EFI control circuit changes
the circuit's current characteristic. Today the digital storage oscilloscope (DSO) is a
common tool. Many technicians look at an injector's voltage pattern to confirm
supply voltage and good ground, inductive kick when the injector is turned off and a
measurement of pulse width. Others use a low amp current probe with their DSO as
the preferred method of obtaining a waveform. This allows the tech to confirm the
EFI signal, injector pulse width, and injector circuit current usage. DSO patterns can
also be helpful in diagnosing mechanical operation by showing the pintle hitting its

opening and closing points.
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Figure 3.9: Injector voltage waveform showing pintle bump when closing [70]
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Figure 3.10: Injector current waveform showing pintle bump when opening [70]

For mechanical procedures, at one time a stethoscope might have been used
to listen for a clicking noise coming from an injector. Many times, unless injectors
were being pulsed individually, the vibration of one injector could be carried through
the rail and heard at another injector. The injector waveform can provide this

information with the observation of pintle bumps.
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EFI input factors influence how long the injector remain on for. When engine
is first started, the starter is on; additional gas is pumped through the intake manifold.
When it is accelerating, throttle position is closer to wide open, the amount of time
the injectors remain on is longer. When decelerating the fuel injector remain turned
off until the rpm’s drop below a certain RPM. The accuracy of the correct amount of

gas used and stepping up the voltage increases proper timing.

For throttle body injection system, which is located above the throttle plate,
the injector is subjected to variations in manifold pressure, which result from the
continual opening and closing of the throttle butterfly. This location is applied in this
research. When the injector is located below the throttle plate see a continuously
changing pressure into which they must squirt their accurate spray (the injector is not

subjected to variations in manifold pressure) [71].

Variables that can be monitored and functions to determine mass of fuel
injected during steady state or acceleration are mass flow of intake air, intake
manifold air pressure, and intake manifold air temperature [72]. Intake manifold air
temperature is assumed a constant; this is due to no variation in temperature during

experimental test. While the mass flow air intake can be replaced by MAP [24].

There is very little configuration for the MAP sensor even though it is
arguably the most important sensor in the system. The manifold pressure is simple
enough to be implemented in an 8 bit micro-controller. It has been implemented in a
popular 8 bit micro-controller and successfully tested on natural-gas engines having
significantly different manifold volumes. Vehicle implementation requires minimal
numerical calculations and the time derivatives of noisy sensors are not necessary.
The MAP is less complicated than many of the transient-fuel compensation
algorithms currently in production vehicles. Engine control systems that currently
use the speed density method for estimating air flow rate may be easily adapted to
the MAP to estimate air flow rate at the throttle to help achieve transient air-fuel
control similar to that of a fast air-mass sensor although steady state accuracy is still
comparable to traditional speed-density. Table "look-ups" are used to minimize real-

time execution [73].
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Taking into account the fact that the flame spread takes time, ignition and
injection has to start well before TDC point (advance) [73]. The minimum advance
for best torque is determined by the engineers using dynamometer [72]. Camshaft
detection and crank shaft tooth detection determine the engine rpm and thus update
time events. The engine was operated satisfactorily air control mode. The load is
controlled by modulating the air flow to the engine with a throttle [74]. The throttle
is controlled by the driver/operator for calculating its angle. The changing of throttle

is represented by the changing of manifold (MAP).

3.6  EFI Flowchart Design

The flowcharts, in Figure 3.11 and 3.12, describe the procedures applied in
designing the proposed EFI prototype development and programmed software.
Figure 3.11 starts with the literature review on EFI theory and its current or previous
researches available. Then, the required specifications are determined in terms of
manifold absolute pressure, engine speed in RPM and crank angle position. These

specifications should correspond to the sensors placed on the engine.

The next step is sensors determination and test bed parameters definition.
Finally, the proposed EFI with detail its functional block is designed based on output
of the sensors. Selection of EFI components are based on its function, available in
market and mostly used in other researcher, cheap, and easy to troubleshoot. The
development of EFI prototype uses print circuit board (PCB) double layer
technology.

EFI measurement is done using measurement equipments such as
oscilloscope, signal generators and power supply. These procedures are repeatable
while the output of EFI does not meet the expected output. The goal of this proposed
EFI is to produce a pulse width which will determine the amount of fuel required
before mixing process. As mentioned earlier, the amount of air is determined by

MAP sensor then mix with the NG fuel at specified A/F ratio (10:1).
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Figure 3.11: EFI design flowchart
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Figure 3.12: EFI programmer flowchart

Figure 3.12 shows the procedure for EFI programmed software using
assembly language. The first principle step is to understand the problem found in the
proposed system completely. Then, determine the required specifications of the EFI
system design in terms of input and output data. The problems and the required
specification are written in assembly language form and then are programmed into
8051 microcontroller. This procedures are based on the standard procedures

recommended [75].
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3.7 Summary

In this chapter, design and implementation of EFI modules are presented. It
involves hardware and software development. Some photographs subsystems of EFI
development are presented as well. Some sensors are placed on the engine such as
RPM, crankshaft encoder, and MAP sensors. These sensors would monitor engine
parameters, engine load (intake manifold pressure) and engine speed or RPM, in
order that can be expanded into an EFI system. Various components and their system
parameter are discussed. The EFI is designed compact and easy to be installed into a
small engine. Finally, the flowchart design procedures for both hardware and

software development are described.



CHAPTER 4

PERFORMANCE MEASUREMENTSAND RESULTS

4.1 I ntroduction

This chapter starts discussion with overview of test bed design. Next, every
subsystem formed overall test bed such as dynamometer; NG fuel system and

motorcycle with their specifications are performed.

The performance analysis of EFI design in terms of electrical characteristic
for NG motorcycle is also presented. Injector voltage waveform, rise time and pulse
width corresponds to RPM and MAP is discussed as well. Engine mapping analysis
for both theoretical and experimental is done. Finally, the EFI prototype has

successfully drives the injector opened.

4.2 Overview of Test Bed

The test bed is classified in either mechanical or electrical. The mechanical
test bed includes gas fuel systems, dynamometer, and NG motorcycle which have
been developed and provided. The electrical test bed involves dynamometer
controller, data acquisition, and EFI. Block diagram of the proposed test bed is
shown in Figure 4.1. This thesis proposes in the development of EFI prototype for

NG motorcycle in terms of hardware and software.
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Figure4.1: Overall test bed

Figure 4.1 shows that the NG is delivered from storage tank of gas fuel
system, then injected to the throttle body for mixing process and determining the air
to fuel ratio. The mixing results between NG and air are then delivered to the engine.
The dynamometer provides load to the engine. Dynamometer controller is used to
control the torque of load given to the engine. Some parameters characteristic of the
engine such as MAP, RPM and angle position encoder are read from sensors
positioned to the engine. These parameters are then input to both data acquisition and

EFI devices for further analysis.

Personal computer (PC) and data acquisition devices are installed and
programmed. From data analysis, it will show how much injected NG is required for
throttle body based on comparison between real value and provided data which has
been programmed into PC. Therefore, the EFI will control the amount of NG injected

to the throttle body based on data provided.

Another method for indicating the engine RPM is by using EFI computer
[76]. The conventional EFI system uses the signal generated at the coil negative

terminal (IG-). Because this system does not use EEC controlled timing, the rpm
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signal to the EEC has no impact on spark timing at all. The IG signal is used as an

input for fuel injection.

4.2.1 Natural GasFuel System

NG has long been used in stationary engines, but the application of NG as a
transport fuel has been considerably advanced over the last decade by the
development of lightweight high-pressure storage cylinders. NG tanks are made of
steel, aluminum, and or composite materials, and are much stronger than gasoline
tank. In addition to storage as CNG, NG can be liquefied (LNG) and stored
cryogenically [14]. In this test bed, CNG is used as fuel system.

Because of NG is a vapor and not a liquid, NG is composed primarily of
methane (typically, at least 90%) but may also contain ethane, propane and heavier
hydrocarbons. Small quantities of nitrogen, oxygen, carbon dioxide, sulfur
compounds, and water may also be found in pipeline NG. The liquefaction process
removes the oxygen, carbon dioxide, sulfur compounds, and water. The process can

also be designed to purify the LNG to almost 100% methane [64].

In order to manage the NG flow, the NG delivery system has been developed
as shown in Figure 4.2. The system operates in 2-stage pressure reduction. The
storage pressure needs to be reduced from 3000 Psig to 40 Psig (minimum operating
pressure). The first stage pressure reduction will reduce from 3000 Psig to 500 Psig
then, for the second reduction stage from 500 Psig to 40 Psig [77]. The supplied NG
flow rate was fully controlled by an adjustable flow meter. The flow rate reading can
be directly read from the flow meter. Then, the NG is delivered into dynamometer
which is integrated with the 110 cc Modenas engine. From previous research [77],
the 110 cc engine needs at least 1 L/min flow rate of NG supply with 118 Psig
supplied pressure. The delivery system designed is able to provide sufficient NG fuel

to the engine with excellent performance.
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Figure 4.2: NG delivery system design [77]

The NG flow rate is useful in determination of engine speed. From previous
research [77], the engine speed increases when NG supplied increase. The maximum
speed that engine can reach is at 2770 RPM when 10 L/min NG gas supplied from
the delivery system.

4.2.2 Throttle Body Fuel Injection System

As mentioned earlier, the throttle body is used to determine the A/F ratio and
the mixing process. Digitally controlled fuel-injection of throttle body is shown in
Figure 4.3 and its position in the small engine is shown in Figure 4.4. It optimizes
combustion efficiency for linear, fuel-efficient response, superior low-end torque,

and minimal emissions.
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Figure 4.3: Digitally controlled fuel injection of throttle body

From this figure, 30 mm throttle body carries throttle valve and fuel injector.
The throttle valve and the fuel injector are operated by the rider and the EFI
respectively. Throttle body allows fresh air from the air box before mixing into the
NG from injector. The fresh air is first read by MAP sensor in order to determine the
amount of required air. Then the mixing process is done in accordance with the
engine mapping to suppress CO and HC emissions. The EFI cuts emissions by

monitoring altering fuel delivery depending upon engine rpm and load conditions.

Suzuki has applied this technology for their product, the dual throttle valve
(SDTV) system [78]. Each of two 45 mm throttle bodies carries two throttle valves: a
primary throttle valve that’s operated by the rider via the twist grip and a secondary
throttle valve that’s operated by the engine-management computer via a torque
motor. The engine-management computer reads the primary-throttle-valve position,
engine speed, and gear position, and it progressively opens the secondary throttle
valve to maintain maximum intake velocity. A Pulsed-secondary air injection system

is also controlled by the engine-management computer.
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Figure 4.4: Placement of throttle body in the single cylinder small engine

motorcycle [77]

The throttle body is placed as replacement of a carburetor in small engine
motorcycle as shown in Figure 4.4. For its fuel NG delivery system and the throttle
function have been explained in previous section. FI is widely available on
commercially available motorcycles, but carburetors are still common. FI is a fuel
mixing system devised to overcome all of the problems such as fuel automation,

metering signal delay and fuel surge [25].

4.2.3 Dynamometer

Dynamometer is a device that provides an external load to engine and absorb
the power from the engine, hence the power absorb was called the brake horse power
[77]. The load is applied as torque (rotating force) to an engine shaft or to the wheel
of a vehicle [79]. There are several braking technologies that dynamometers use to
generate a controlled load [79]. Each of these technologies can be classified
according to cost, power, speed, dynamic response, control stability, internal inertia,

and other characteristics [80].
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o Inertial — a large spinning mass provides a load that is proportional to
acceleration. Torque can be calculated from the acceleration rate. Average
torque can be derived from the time that it takes to accelerate the mass to a

given rpm.

o Water Brake — the load is produced by a water pump. An impeller connected
to the shaft mechanically forces the water through the pump. A valve fitted in

the output line of the pump regulates the backpressure and resulting load.

. Eddy Current — the load is generated by eddy currents induced in a rotating

metallic disk immersed in a magnetic field.

o AC or DC Motor — the load is created by an electric motor. The electric

motor can also serve as a drive motor to generate torque.

o Hydraulic — the load is created by smooth disc power elements that absorb

power by viscous shear.

The types of dynamometer currently used are hydraulic and electric. There
are a number of different kinds of electric dynamometer included direct current,
regenerative current, alternating current and eddy current. The eddy current and
electric motor dynamometers are best suited for automotive testing because of their
responsiveness and power/torque capacity at high speeds [79]. The power absorbed
in electric dynamometer is converted into electrical energy either as power or eddy
current. The electricity can then dissipated as heat by resistance heating and
transferred to cooling water. This research is using 30 KWatt eddy current
dynamometer (SE 30), which is capable of receiving rapid load changes as shown in

Figure 4.5 and 4.6. They are simple and very robust in construction.
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Figure 4.5: Dynamometer development (front view)

Figure 4.6: Dynamometer alignment work (side view)

The development of dynamometer room includes installation of equipments
such as test bed for engine and dynamometer, cooling system, control room, gear
linkage system, data acquisition system, fuel delivery system, air ventilation system

and electrical/ electronic system is shown in Figure 4.5 and Figure 4.6. The
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motorcycle engine uses standard electrical and electronic system used by ordinary
engines. These electrical and electronic systems are mounted on a rack near the
engine. Electrical system includes battery and wiring for engine starter and switch.

The engine also equipped electronic ignition system.

4.2.4 NG Motorcycle

The motorcycle engine used in this study is 110 cc Modenas Kriss, a 4-stroke
single cylinder engine fully operated by NG. Engine system will be hooked up with
NG delivery system as well as dynamometer. Many modern motorcycle engines use
highly sophisticated electronics, notably in engine management and FI systems [81]-

[82].

4.25 Dynamometer Controller

Function of dynamometer controller in this test bed can be illustrated by
Figure 4.7. As discussed in section 4.2.3, the dynamometer used in this test bed is
eddy current dynamometer. The available dynamometer controller is from SAJ test

point private Ltd, detail specifications can be derived from its manual [79].

From Figure 4.7, the dynamometer provides torque and speed to the
controller. The control system is capable of delivering substantial braking torque at
quite low speeds. Power is controlled by varying the direct current supplied to the
annular exciting coils and very rapid load changes are possible. Dynamometer load
measurement is from the strain gauge load cell and speed measurement is from a
shaft mounted sixty tooth wheel and a magnetic pulse picks up [79]. A computer is

used as operator interface.
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Figure 4.7: Conceptual dynamometer controller process

Computer-controlled engines are becoming the standard on the more
advanced and expensive motorcycles, and can now even be found in small capacity
engines, where emissions laws have prompted a move to fuel injection across the

board.

4.2.6 Data Acquisition

Some of the newest data acquisition systems incorporate current PC and
digital signal processing (DSP) technologies to analyze high-speed events in real
time. While DSP is often considered a frequency-domain tool, there are many useful

time-domain applications as well [83]-[84].

Massive hard disks driven by the PC offer the storage and bandwidth to
record high-speed engine data for hours, and allow easy data transport by network or
backup media. This is quite impossible for collecting higher speed data if
conventional way applied. New instrumentation using PC technology offers

increasing capability at decreasing cost.
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The software for this data acquisition has been developed by other
postgraduate student using C++ language. Instrumentation and equipment capability
actually plays an important role in determining the reliability of the experimental
data obtained. The capability of a data acquisition system to collect large numbers of

data will allow a higher data resolution obtained.

4.2.7 Sensors

The EFI depends on sensors to monitor various system functions and report
their status back to the computer. Once the computer receives the data from the
sensors, it analyzes and acts accordingly. Computer output to most actuator is digital.
The voltages of these signals may change slowly or very quickly depending on the
sensor and what it monitors. Sensors with integration to engine and EFI are shown in
Figure 4.8. This figure shows the MAP, encoder and RPM sensors as inputs to the
EFIL.

FUEL
ENGIHE

-Enjnu

Cantraller

Figure 4.8: Sensors integration with engine and EFI
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The MAP sensor uses a perfect vacuum as reference pressure. The different
in pressure between the vacuum pressure and intake manifold pressure changes the
voltage signal. The MAP sensor converts the intake manifold pressure (PIM) into a
voltage signal. Figure 4.9 shows the MAP voltage signal. From this figure, as intake

manifold pressure rises, the voltage signal increases [85].

V)
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Figure 4.9: MAP sensor voltage signal [85]

Crankshaft position signal is used to determine the engine RPM, crankshaft
position, and engine misfire. This signal is referred to NE signal. The NE signal
combined with the G signal from camshaft position sensor indicates the cylinder that
is on compression. Figure 4.10 shows both these signals. The G signal provides
cylinder identification and is used as a reference to time the sequential fuel injection.
The signal waveform can be either a permanent magnetic sine wave or in this

particular case a digital square wave.
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Figure 4.10: Crankshaft and camshaft position signal [86].

The MAP sensor is employed to measure the vacuum in the inlet manifold. It
is this output that when sent back to the engine management system can determine
either the fueling or the amount of vacuum (or light load) advance. The sensor is a

three wire device which will have:

. A 5 volt supply voltage.
. An earth connection.
. A varying analog output.

. A vacuum connection to the inlet manifold.

This particular component can be either an integral part to the electronic control
module or an individual component. The output from the external sensor will show a
rise and fall voltage depending upon the vacuum seen. When the engine is stationary
or the throttle is wide open, zero vacuums will be recorded and a voltage
approaching 5 volts will be seen, as a vacuum is applied the voltage will reduce. In
this particular case the voltage is rising to almost 5 volts. The 'hash' on the waveform

is due to the vacuum change from the induction pulses as the engine is running.



Figure4.11: MAP sensor (analog) waveform
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Figure 4.12: MAP sensor (digital) waveform
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Figure 4.11 and 4.12 show the analog and digital waveform of MAP sensors.
From both figures, the output voltages are rising almost 5 V. All voltages are similar
between different manufacturers and a lower than anticipated voltage will produce a
loss of power due to fuel starvation and conversely a higher voltage will cause over
fueling and could eventually result in the failure of the catalytic converter if

subjected to long term abuse.

4.3  Experimental Result

The output voltage waveform of the injector is measured by measurement
equipments, oscilloscope, signal generator and power supply as shown in Figure 4.13.
Channel 1 refers to the output voltage of the injector and channel 2 refers to the input

signal of Pin 1.

w5 0AUF

b
HFLF':I'I “:"]H +
—%—0 Voo B¥

Ty

CHi

oL e—

&

Figure 4.13: Measurement procedures of injector output voltage
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The test configuration that was implemented on the injector driver circuitry

was a 4 V square wave. This signal was passed to the input on the injector driver.

The voltage waveform is displayed in Figure 4.14 channel 2. The first large voltage

of 35 V spike at 1.8 msec corresponds to the reduction in coil current from 4.5 A to 1

A. Typical rise times are in the order of 1 msec to 1.5 msec depending on the RL

circuit values of the injector and downward force of the spring [18].

For this

injector, the rise time is obtained by dividing the inductance of 0.00398 H with the

resistor of 2.16 Q. Once the maximum current limit is reached, the current through

the coil is reduced to a holding current level. The final voltage spike relates to the

holding current being ceased and the injector closing the valve. The signal output is

represented in channel 1.
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Figure 4.14: The injector voltage waveform in terms of rise time
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Figure 4.15 shows the input pulse width of 26 msec from the signal generator.
The same input voltage of 4 V is given to this circuit. The input pulse width
generated is calculated from the first large voltage spike until the voltage waveform
going to fall or one cycle of time. The valve of the injector opens during pulse width
time, thus a mount of fuel will be injected. The required amount of fuel injected is

calculated by equation 2.6, thus result 0.00818 cc/min, with the injector turn on at 1.8

msec.
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Figure 4.15: Injector input pulse width of 26 msec

Figure 4.16 shows another experiment result for input pulse width of 16
msec. This pulse width corresponds to RPM given. By increasing the RPM thus the
pulse width is large and much fuel is injected as shown in Figure 4.15. Figure below
shows the pulse width with the decrease the RPM. Pulse width for CNG is larger
than gasoline [87].
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Figure 4.16: Injector pulse width of 16 msec

Figure 4.17 and Figure 4.18 are the output voltage waveforms at Pin 2
respectively. This voltage drives the transistor into saturation state. This IC behaves
more as an op amp, which drives the output voltage to be 5 V before input to the
transistor. Power saturation, current saturation and gain for Darlington transistor are
derived from equation 2.18 to 2.21. The Vg saturation is given by [88] 2 V, and Vcc
represents the battery voltage of 16 V. Resistive load (R.) is obtained by dividing the
Vcc with collector current (l¢), where Ic is 3 A and lg is 12 mA [88]-[89]. The
collector current is equal to the current flow to the load (l_). From these parameters,
the gain (hgg12) of individual transistor results 250 thus, gain total (hgg) for pair
Darlington transistor is 62500. Collector current (Icga) and power (Pgear)) in

saturation state are therefore 2.6 A and 5.2 watts respectively.
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Figure 4.18: The output voltage waveform of 5 V
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Figure 4.19 shows the RPM waveform corresponds to the MAP and pulse
width. In this measurement MAP input is initialized by a potentiometer. MAP ranges
of 1 bar to 5 bar is substituted by 0 V to 5 V with 0.5 V increment. Measurement is
done for minimum value of potentiometer. From this figure, channel 2 represents the
periodic of 22.4 msec thus results 44.6 Hz. This frequency gives 2700 rpm. Channel
1 represents the output pulse width from microcontroller of 1 msec that will be input

to the injector drive.
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Figure 4.19: The RPM waveform corresponds to the MAP and pulse width

(minimum value)

Figure 4.20 shows the RPM waveform corresponds to the MAP and pulse
width at maximum value of 5 V. The same RPM of 2700 is given as an input. This

results larger pulse width of 7.5 msec.
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Figure 4.20: The RPM waveform corresponds to the MAP and pulse width

(maximum value)

While increasing the input of speed engine to be 3000 rpm, the pulse width
generated is 2 msec as shown in Figure 4.21. The potentiometer is set to average

value of 2.5 V.

Speed-density accuracy is best under high engine load conditions. During
high load conditions the intake valves and cylinder head ports are the primary
restriction to air flow in an engine. The volumetric efficiency terms used in the speed

density calculation accurately reflect the engine's characteristics as an air pump.

Under low load conditions, speed-density accuracy suffers. Engines with
large manifold volumes have difficulty maintaining accurate air-fuel control.

Conventional speed density can not determine the partial pressure of air in the intake
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manifold. It can only measure the sum of the partial pressures of air, fuel and make

assumptions about the percentage of air.
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Figure 4.21: The RPM waveform corresponds to the MAP and pulse width

(average value with variable RPM)

Under low load conditions (high manifold vacuum), it seems reasonable to
expect that volumetric efficiency terms may no longer accurately characterize air
flow in an engine. The large vacuum exists because the throttle blade restricts the
flow to the intake manifold. The intake valves are no longer a significant restriction.
Under these conditions it seems appropriate to use throttle information in the

calculation of engine air flow.

As engine load varies while driving, there is no abrupt transition in the
conditions when the throttle is the main restriction to when the cylinder heads
become the main restriction. There is a smooth transition from one regime to the

other as manifold pressure varies. It is therefore difficult to use a throttle flow rate
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calculation (as in the previous section) under low manifold pressure conditions and

switch to a speed-density calculation under high manifold pressure conditions [1].

44  Engine Mapping Analysis

In this section some analysis for engine mapping is done by comparison
between theoretical and experimental. Table 4.1 shows the engine parameters for
used in calculation of pulse width. These parameters are obtained from specification

given from data sheet as shown in Appendix C and a constant value from theoretical

[24].

Table 4.1: Engine parameters

Type 4 stroke

Displacement 111 cc 0.000111 m3

Volumetric Efficiency 0.6 (0.5~0.75)

Air density 1.225 kg/m3

Duty Cycle 20% (best when all ports are
closed)

Dynamic Flow Rate 1.09 g/s (required at 10000 RPM, 14
AFR)

Static Flow Rate 547 g/s 479.71 cc/min (at 5.0 MPa)

1.34 g/s 117.51 cc/min (at 0.3 MPa)

AP (pressure) 5.00 MPa

Fuel density 684.00 kg/m3

Mass of air 91.88 mg/rev

To(absolute temperature) | 30 degree

Po(absolute pressure) 1.013 bar

do(absolute air density) 1.1649 kg/m3

A/F 14
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Volumetric efficiency is a number between 0 and 1 [24] that depends on
intake manifold pressure (MAP) and RPM for all engine operating conditions. In this
calculation for engine mapping, the volumetric efficiency is assumed 0.6. Other

parameters are from theoretical [24] and are described in Chapter 2 section 2.6.1.
Injection pulse width which has operated the engine successfully as engine
mapping and the crank angle determination is shown in Table 4.2. In this mapping,

the engine operates normally, but torque and emission is still under investigation.

For speed of engine is around 3000 rpm, the pulse width at 3 bar of MAP
should be in 17 ms. This pulse width can drive the injector to be fully opened.

Table 4.2: Injection pulse width corresponding to the RPM and MAP (experimental)

RPM
MAP IK| 2K | 3K [ 4K | 5K | 6K | 7K | 8K | 9K | 10K
1 5 5 5 5 5 11 | 13 | 15 | 17 19
1.5 5 5 5 11 | 14 | 17 | 20 | 23 | 25 28
2 5 5 11 | 14 | 19 | 23| 26 | 30 | 34 38
2.5 5 5 14 | 19 | 23 | 28 | 33 | 38 | 42 48
3 S |11 |17 | 23 | 28 | 34 | 39 | 45| 51 65
3.5 5|13 20| 26 | 33 | 39 | 46 | 53 | 59 65
4 5|15 23| 30| 38| 45 | 53 | 60 | 65 65
4.5 S |17 | 25 | 34 | 42 | 51 | 59 | 65 | 65 65
5 5|19 | 28 | 38 | 47 | 56 | 65 | 65 | 65 65

From previous researcher [90]-[94], simulink / state-flow and MATLAB
software are most widely used as design tools for developing a control system for

engine.
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45  Summary

In this chapter, performance analysis and experimental results of the EFI have
been provided. Engine mapping based on theoretical and experimental is presented as

well. The pulse width programmed into the microcontroller has been successfully

open the injector.
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