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Abstract: The diesel engine is one of the solutions to slow down fossil fuel depletion due to its
high efficiency. However, its high pollutant emission limits its usage in many fields. To improve
its efficiency and emissions, a conventional mechanical fuel injection system (MFI) was be replaced
with common rail direct injection (CRDI) system for the purpose of this study. In this way, injection
parameters such as injection timing, injection pressure and multiple injection schemes can be tuned
to enhance the engine performance. The rail pressure and engine speed response of the modified
diesel engine was tested. It was found that by advancing the start of injection timing (SOI) timing or
increasing the rail pressure, the brake torque generated can be increased. Multiple injection schemes
can be implemented to reduce the peak heat release rate (HRR). Post injection was observed to
increase the late combustion HRR. The maximum pressure rise rate (PRR) can be reduced by applying
pilot injection. Further research was conducted on optimizing fuel injector parameters to improve
the indicated mean effective pressure (IMEP) consistency and reduce injector power consumption.
The consistency of IMEP was indicated by coefficient of variation (CoV) of IMEP. The injector
parameters included open time, low time and duty cycle of injector signals. These parameters were
optimized by carrying out response surface methodology. The optimized parameters were observed
to be 230 µs for open time, 53µs for low time and 27.5% for duty cycle. The percentage of error of CoV
of IMEP and injector power were found to be lower than 5% when the predicted results are compared
with experimental results.

Keywords: common rail direct injection; diesel engine; injector parameter optimization; response
surface methodology
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1. Introduction

Energy is now an essential to our life nowadays. The demand of energy worldwide has increased
rapidly due to the growth in population, technology development and industrialization. The world
population is estimated to reach 9.2 billion in 2040, which will further increase to 11.2 billion in 2100 [1].
The additional number of people will require more energy. The global energy demand is estimated to
increase by about 25% from 2016 to 2040 [2]. The demand growth will come from non- Organisation
for Economic Co-operation and Development (OECD) country and lead by China and India, where the
energy demand is expected to increase by roughly 40%. It is forecasted that, in ASEAN, the contribution
of fossil fuel to the total energy demand will increase from 643 Million tons of oil equivalent (Mtoe) in
2016 to 1133 Mtoe in 2040, with an average annual growth rate of 2.1%. With the increase in energy
consumption, the usage of fossil fuels will rise. Coal and oil demand will increase by 40% while natural
gas demand will increase by 60% over the same period [3].

Indonesia is predicted to be the fifth largest energy consumer in the world as it will exceed Japan’s
energy consumption in 2035 [4]. In general, crude oil, coal and natural gas are the primary source of
energy. ASEAN countries are heavily dependent on fossil fuel. Energy demand by sector in ASEAN
for 2011 and 2035, the transportation sector is the major consumer of oil with energy demand growth
of nearly doubles and the industrial sector is the highest energy consumer. According to the IEA,
the energy-related CO2 emission of ASEAN will increase from 1.2 Gt (Giga ton) in 2011 to 2.3 Gt in 2035,
which is equivalent to 6.1% of global emission [5]. As in Europe, recently the European Union (EU)
energy sector witnessed a fall in energy demand and supply, and lower levels of CO2 emissions and
air pollution, amid the sharp reduction of air and road transport and industrial activity as a result of
the COVID-19 health crisis [6]. Based on current fossil fuel reserves, coal will be depleted in 115 years,
oil and natural gas will be depleted in around 50 years [7]. Solutions have to be taken to prevent
the natural resources depletion from occurring. Besides this problem, air pollution is caused by the
combustion of fossil fuel. CO2 is the primary greenhouse gas (GHG) contributor and the emission is
rapidly increasing in developing and transition countries especially China, India and ASEAN. The total
CO2 emission from these countries is responsible for more than 50% of global emissions [8]. However,
the EU has been experiencing a steady decline in GHG by 23.45% when compared to GHG values
before three decades. Better energy efficiency, higher use of share of renewable energy sources and
lower carbon-intensive fuels are said to have aided in the degradation of emissions [9].

Besides the depletion problem, the burning of fossil fuels will cause air pollution. Combustion
of fossil fuels produces carbon dioxide (CO2), NOx, unburned HC and volatile organic compounds
(VOC) that cause air pollution. The global CO2 emission by source [10] had revealed that the transport
CO2 emissions are projected to double between 2010 and 2050 because of a strong increase in demand
for cars in developing countries and growth in air transport. If the effect of CO2 emissions on global
warming is overlooked, a 2 ◦C rise in global temperature can cause the loss of up to hundreds of
millions of lives [11]. Global warming and climate change are taken seriously by European Union
(EU) countries. As a response to the environmental effects due to the transport section, two pathways
have been introduced by the EU independently. The first way is to promote the use of biofuels and
other renewable fuels for transport to reduce the GHG emissions and the second way is through
emission regulations of diesel-powered vehicles [12]. Besides, the modern technology on fast sensing of
diesel fuel quality and stability can also open a way to an emission reduction of combustion pollution.
This technology is essential as diesel fuels of different quality may require different adjustment in
fuel injection parameters. This sensor was proposed by Borecki et al. [13] who claimed that the sensor
allows the quality classification of different unknown diesel fuel samples in less than a few minutes
with the measurement costs of a single disposable capillary probe and two plugs. Moreover, diesel fuel
pollutant emissions can be related to diesel fuel stability and aged diesel fuel use [14].

CI direct injection diesel engine is favorable prime movers due to its high thermal efficiency.
The superior thermal efficiency of the CI engine is because of its higher compression ratio. With higher
efficiency, the engine can be more fuel saving. Diesel engines have been used widely not only in
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heavy-duty vehicle and marine transportation, but also in light-duty vehicles, especially in Europe
and Japan. However, the CI diesel engine emits high NOx and particular matter (PM) emissions [15].
These emissions cause undesired human health problems [16] and environmental degradation;
hence, they are subjected to federal government regulations. It is obvious that the world is facing fossil
fuel depletion and climate change crises. A diesel engine incorporated with an advance control system
is required to increase the engine efficiency and meet the emissions standards.

1.1. Common Rail Direct Injection (CRDI) System

A diesel engine is one of the internal combustion engines besides petrol engine. Its benefit over the
petrol engine is that it is more efficient and has a better fuel economy. It is a suitable candidate to reduce
the fossil fuel consumption in transportation fuel. However, diesel engines emits more air pollutants
compared to petrol engine. The pollutants include CO2, CO, NOx, HC and soot. To enable the usage
of diesel engine in more fields, the pollution problem caused by diesel engine has to be mitigated.
The performance of diesel engines is heavily affected by their fuel injection system design. Fuel must be
injected in the correct timing and amount into the cylinders. Due to progressively tightened emissions
standard, automakers have to come out with new technology to reduce the emissions. Conventional
mechanical-type pump–line–nozzle injection system is cam driven. The fuel pressure and injection
timing are dependent on engine speed. Therefore, it has some limitations, including injection pressure
being dependent on engine speed, low maximum fuel pressure and difficult to achieve multiple
injection. The common rail fuel injection system has eliminated cam-driven fuel injection systems and
dominated as the primary fuel system. The term “common rail” is used because high pressure fuel is
supplied to multiple fuel injectors by a single rail. It offers high degrees of freedom for combustion
optimization and has significant advantages. The fuel pressure and injection event are controlled
electronically and independently of the engine speed. Besides, the common rail fuel injection system
also able to increase the injection pressure to a very high extent (up to 2700 bar for Robert Bosch CRS
3-27 common rail fuel injection system) and helps to improve the engine performance and reduce the
harmful emissions [17]. A finer atomization of fuel can be achieved, thus improving air–fuel mixture
formation. Multiple injections per cylinders are possible by controlling the signal to injector via ECU.
The amount and timing of the injection can be varied, too. These parameters can be adjusted to improve
the engine performance and efficiency and reduce the overall exhaust, particulate and noise emissions.

1.2. Prior Studies

With common rail fuel injection system, injection parameters such as injection timing, injection
pressure and injection duration can be manipulated to improve the efficiency and emissions of the diesel
engine. Various studies have indicated that injection timing retardation reduces NOx emissions [18–21].
This is because retarding the injection timing reduces the maximum combustion temperature and
pressure in the cylinder and hence decreases the formation of NOx. On the other hand, the emission
of HC and CO decrease in advanced injection timing. A study performed by Agarwal et al. [22] on
the effect of fuel injection timing on a single-cylinder diesel engine using diesel. The results showed
that both HC and CO emission decreases, but NOx emission increase significantly with advanced
injection timing. Park et al. [23] also reported with advancement in injection timing, both HC and
CO emissions reduced significantly. Another important injection parameter is the injection pressure.
In general, increasing the injection pressure will improve fuel atomization results in better air–fuel
mixing, shorten the ignition delay and give a more complete combustion [24–26]. With the increase in
injection pressure, the fuel droplet diameter and the variation became smaller [25]. This improves the
air fuel mixing and rapid evaporation of fuel that lead to complete combustion and reduces the HC,
CO and soot emissions [27,28]. However, the NOx emission increases with the increase of injection
pressure [17,29,30]. This is due to a reduction in ignition delay, leading to higher heat released in
premixed phase and an increase in the in-cylinder temperature [26,31].
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Multiple fuel injection strategies have been proven to reduce the CI engine emission [32,33].
Essentially, introduction of pilot injection can help to reduce the engine noise and NOx emissions [34].
Main injection with fully open needle (rectangular shape) or boost-type shape will also reduce NOx

emissions and post injection reduce the soot emissions [35,36]. Zhuang et al. [37] studied the effect
of multiple injection strategies in four-cylinder diesel engine. The effects of main injection timing,
pilot injection quantity and timing as well as post injection quantity and timing have been investigated.
They reported early pilot injection with retarded main injection reduces NOx emissions and combustion
noise while retarded main injection with post injection reduce NOx and soot emissions. However,
injection quality and timing have to be controlled precisely.

Goldwine [38] has performed conversion of a single-cylinder air-cooled diesel engine with a
mechanical injection system into common rail injection system controlled by LabVIEW program.
The main modification done was to replace the mechanical injection with common rail injection,
but most of the parts were adapted from regular diesel engine parts. The converted system was
equipped with a piezoelectric type injector and implemented multiple injection strategy. Ergenç and
Koca [39] also modified and converted a single-cylinder diesel engine that injection system was
originally mechanically controlled to common rail injection system. They used programmable logic
controllers (PLC) as ECU to collect data from sensors and generate signals to injector. A similar but
higher cost conversion was done by Andrew L. Carpenter et al. [40]. This converted system was
equipped with a production engine control module (ECM) that was programmed using MotoHawk
development environment and a standalone injector driver box produced by National Instruments.
MotoHawk was a platform that convert Matlab Simulink block diagram into C code language that
driven the ECM. This close-loop module was used to monitor and control the engine operation such as
injection timing and duration under varying load conditions. A much simpler and low-cost conversion
by Avinash Kumar Agarwal et al. [41] has the ability to control the injection timing under constant
engine speed of 1500 rpm. The custom-made driver circuit or controller was based on a 555 timer
IC that generated signals for fuel injection. The injection timing could be varied from 25–40◦CA
BTDC (degree crank angle before top dead center) under no load to part load condition. From the
literature, it is noticed that conversion to a common rail injection system was normally performed on a
single-cylinder engine to the gain ability to control the injection parameters.

Common rail fuel injection system allows the adjustment of injection parameters to be done to
improve the efficiency and emissions of diesel engines. These injection parameters include injection
timing, injection pressure and split injection scheme. Injection timing is an important parameter to
be tuned. Injection can be carried out earlier or later, for a long time or a short time. The difference
in SOI and injection duration will produce different combustion and performance characteristics.
Various studies have indicated that injection timing retardation reduces NOx emissions [18–21].
This was because retarding the injection timing reduced the maximum combustion temperature and
pressure in the cylinder and hence decreased the formation of NOx. On the other hand, the emission of
HC and CO decreased in advanced injection timing. A study was performed by Agarwal et al. [22]
on the effect of fuel injection timing on a single-cylinder diesel engine using diesel. The results
showed that both HC and CO emission decreased, but NOx emission increased significantly with
advanced injection timing. Park et al. [23] also reported that, with advancement in injection timing,
both HC and CO emissions reduced significantly. To optimize the performance of injection and engine
combustion, the parameters such as open time, low time and duty cycle can be tuned. The optimization
is implemented with response surface methodology approach. Traditionally, optimization is carried out
by varying a single factor and monitors its effect on the response. The major drawback of this method is
that the interactive effects among the variables studied are not included. Therefore, multivariate statistic
techniques are preferred. Response surface methodology (RSM) is the most relevant multivariate
technique used in optimization. This technique is applied in many engineering fields such as energy
applications [42], analytic chemistry [43], the food industry [44] as well as process and product
optimization [45]. RSM was developed by Box and his fellow workers in 1950s [46]. RSM comprises of
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a group of statistical and mathematical technique such as linear or square polynomial functions to
model and optimize the response of interest that depends on several significant variables [47].

RSM has been carried out by Yashvir Singh et al. in optimizing the performance and emission
parameters of direct injection diesel engine fuelled with pongamia methyl esters [48]. The brake
thermal efficiency (BTE), unburnt HC and NOx emissions were optimized by taking rail pressure,
injection timing, biodiesel blends percentage and load withstood by engine as input parameters.
Abhishek Sharma et al. [49] have applied RSM in optimizing the efficiency of diesel engine which
operates using polanga biodiesel blends. Himanshu Patel et al. [50] optimized the BTE, brake-specific
fuel consumption (BSFC), unburnt HC, CO and CO2 emission of a variable compression ratio diesel
engine with the input parameters of compression ratio, engine load and Jatropha curcas shell biodiesel
blends through RSM. Golmohammad Khoobbakht et al. [51] have maximized ethanol biodiesel blended
diesel engine’s BTE and minimized BSFC using RSM. Kaliyaperumal Gopal et al. [52] created models
of NOx, smoke emission, BTE and BSFC of diesel engine operating with n-octanol diesel blends by
employing RSM.

1.3. Motivation of Work

A common rail fuel injection system is widely used in passenger cars and trucks. However,
due to the cost issue, a single-cylinder engine equipped with electronically controlled fuel injection
system is rarely found. The available single-cylinder diesel engine is equipped with mechanical fuel
injection system. This conventional single-injection mechanical fuel injection system is cam driven
by predetermined injection parameters. The conversion of fuel injection system and development
of engine controller unit (ECU) has to be done to provide flexibility in controlling engine’s injection
parameters such as injection timing, injection pressure and number of injections per cycle of operation
to enable a more advanced combustion study. In this research, a common rail fuel injection system is
developed for a single-cylinder diesel engine equipped with a conventional mechanical fuel injection
system. An engine controller unit (ECU) is developed based on Arduino (made in Italy) microcontroller
to control the injection timing, injection pressure and number of injections per cycle. The performance
of the diesel engine equipped with common rail fuel injection system is evaluated by observing its rail
pressure and engine speed response. The combustion characteristics of the diesel engine is investigated
by altering the injection SOI timing, rail pressure and multiple injection scheme. The fuel injector
parameters of a diesel engine with its conventional mechanical injection system converted into common
rail fuel injection system are tuned using RSM. The fuel injector parameters include the open time, low
time and duty cycle of the voltage signals. The consistency of IMEP and injector power consumption
will be optimized in this study.

2. Experimental Apparatus and Procedure

2.1. Apparatus Setup

A single-cylinder diesel engine equipped with conventional mechanical-type pump–line–nozzle
injection system is modified into common rail fuel injection system in this research. The test engine used
is an air-cooled single-cylinder YANMAR L48N6 (made in Japan) diesel engine with compression ignition
(CI). The engine used as a construction base for the test engine was equipped with conventional mechanical
fuel injection system. The system consists of a mechanical pressure fuel pump (196 bar) and a mechanical
fuel injector with constant injection timing of 16.5◦BTDC timed by camshaft. This naturally aspirated
engine has a maximum output of 3.1 kW. The engine test bed is modelled by using computer-aided design
software, SolidWorks 2019, and the front view of the test bed is shown in Figure 1.
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Figure 1. Front view of engine test bed.

The original mechanical-type fuel injection system of the test engine was replaced with new
common rail fuel injection system. The new system was based on commercially available common rail
direct injection fuel system for diesel engine. The specifications of converted test engine are listed in
Table 1. The major components of the common rail fuel injection system consist of fuel rail and supply
pump, engine controller unit (ECU) and fuel injector. The key specification of fuel injector and fuel
pump are tabulated in Table 2.

Table 1. Specification of (a) engine used as a construction base for the test engine and (b) test engine.

Parameter (a) Construction Base Engine (b) Test Engine

Bore × Stroke 70 mm × 57 mm
Displacement 219 cm3

Rated power 3.5 kW @3600 rpm
Compression ratio 20.1:1

Fuel injection system Mechanical cam driven injection Electronic common rail fuel injection
Fuel pump Engine mechanically driven Electrically driven

Table 2. Common rail direct injection fuel system specification.

Component Specification

Fuel
Injector

Model Delphi
Number of injector nozzle 5

Nominal injector nozzle diameter 0.134 mm
Supply voltage 12 V

Fuel Supply Pump Model Denso HP 3 gear pump
Maximum working pressure 1800 bar

A programmable ECU was developed based on low-cost open-source Arduino Mega 2560 and
Arduino Uno microcontroller to control common rail fuel injection system and engine operating
parameters. This ECU is built with a total of three microcontrollers (two Arduino Mega 2560 and
one Arduino Uno). One of the Arduino Mega 2560 microcontrollers was programmed to control
the injection timing and the other one was programmed to control the injection pulse width for DI
while the Arduino Uno was programmed to control the rail pressure and temperature. The Arduino
Mega controllers are named as start-of-injection control unit (SOICU) and DI pulse-width control unit
(DI-PWCU) while the Arduino Uno is named as common rail control unit (CRCU). The programming
codes were written with the open-source Arduino Software (IDE).
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The SOICU receives timing signals from incremental encoder and intake rocket arm proximity
sensor. The 720 pulses per revolution encoder is mounted to the crankshaft to measure the angular
position of the crankshaft. Three signals that generate by the encoder is known as Channel A, Channel
B and Channel Z or index. Signals A and B are the crank angle pulse and they are offset to determine
direction of rotation. This phasing between the two signals is called quadrature. An index or ‘Z’
channel produces one signal per revolution for homing and pulse count verification on the A and/or
B channels. A proximity sensor was installed just above the intake rocker arm. When the intake valve
is open, a signal is produced, indicating the engine intake stroke which is very useful in timing the fuel
injection for the test engine.

The time taken for the microcontroller to process the signals is very important. If the time taken is
too long, it might miss the incoming signals. Therefore, the SOICU uses three interrupt service routines
(ISRs) to pick up two signals from incremental encoder (one for Channel A and one for Channel Z) and
one signal from proximity sensor. ISR makes sure that the processor responds quickly to important
events whenever a signal is detected. The SOICU instantaneously processing and calculating the
timing signals received and generates signals to DI–PWCU through digital I/O pins. However, the 12-V
signals produced by both encoder and proximity sensor cannot be wired directly to Arduino Mega
2560 which the operating voltage is only 5 V. A potential divider circuit is required to reduce the
signals’ voltage to 4 V (enough to trigger input pin) before the signals are input into the microcontroller.
Three pieces of 1-kΩ resistor are connected in series and the signal input to the Arduino Mega is taken
after second resistor. A total of three signals is generated by SOICU correspond to the SOI timing of
pilot, main and post injection. The DI–PWCU triggers the injector upon receiving these signals via
an injector driver circuit (same as MOSFET circuit used for suction control valve). The DI–PWCU is
programmed to control the quantity of fuel injected by varying the pulse-width duration. Besides,
the DI-PWCU also programed for engine speed calculation and closed-loop engine speed control.
When the Proportional–Integral–Derivative (PID) is activated, the DI-PWCU adjusts the main injection
opening pulse-width duration to control the engine speed. The timing diagram of encoder and
proximity sensor signals together with SOICU, DI-PWCU is shown in Figure 2.

Figure 2. The timing diagram of encoder and proximity sensor signal together with SOICU and
DI-PWCU signals.
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A high-sensitivity (20.35 pC/bar) Kistler 6052C (made in Switzerland) piezoelectric pressure
sensor was employed to measure the in-cylinder pressure for combustion characteristics analysis in
this study. The pressure sensor was mounted into the combustion chamber to provide pressure data.
The instantaneous signal from the pressure sensor was transmitted to a charge amplifier (PCB model
422E53, made in USA) before a high-speed Dewe-43A (made in Slovenia) data acquisition system
(DAQ) to enable data processing for heat release rate and combustion duration. The Dewe-43A DAQ
has 24 bits resolution, 200 kS/s sampling rate, and eight analog input channels. An incremental encoder
with 720 pulses per revolution was used to monitor the engine crankshaft rotational displacement.
The data from the encoder was also fed into the DAQ for synchronized with cylinder pressure data.
In each test, cylinder pressure was continuously measured for 100 cycles; the data obtained were then
recorded and averaged.

2.2. Experimental Procedure

The injection system of the base engine was disassembled, and a new common rail injection system
was retrofitted, as illustrated in Figure 3. After the conversion to common rail fuel injection system has
been done, tests were carried out to investigate the capability of the system. The first test was to study
the response of pressure and engine speed. The pressure and engine speed variables were controlled
based on the closed-loop PID gain control scheme. In this test, the engine was run at a constant speed
of 1600 rpm and an initial rail pressure of 200 bar at a steady state. After a specific timestep (i.e., 55 s),
the rail pressure was set to be 100 bar higher than its previous value. The closed-loop PID control
system would detect the change and adjust the rail pressure to the value set. Rail pressure versus
time graph was plotted to observe the response of rail pressure to the change in value set in controller.
On the other hand, the response of engine speed was studied by setting rail pressure as constant at a
pressure of 300 bar and varying engine speed from 1600 to 2000 rpm with an increment of 100 rpm at
specific timesteps (i.e., 40 s). Graph of engine speed versus time was plotted to observe the response of
engine speed immediately after the change in its value in controller.

Figure 3. Schematic photo of (a) base engine before modification and (b) retrofitted test engine.
Note that the retrofitted engine is equipped with a common-rail solenoid injector mounted on the
engine cylinder head.

The performance of diesel engine when fuel injection timing was changed was investigated.
The diesel engine was run with different SOI timings under engine speed of 1600rpm and load of
5 Nm. A graph which contains in-cylinder pressure versus time and HRR versus time data was plotted
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for different SOI timing. The effect of rail pressure to the diesel engine performance was studied
too. The diesel engine was operated at different rail pressure with engine speed fixed at 1600 rpm,
load fixed at 5 Nm and SOI timing fixed at 4◦BTDC. The results could be observed by plotting the
graph of in-cylinder pressure versus time and HRR versus time for different rail pressure. The common
rail fuel injection system allows the implementation of multiple injection. The diesel engine was run
at different multiple injection scheme and the performance is observed. The engine speed was set at
1600 rpm while the load was fixed at 5 Nm. SOI timing used in this test was 4◦BTDC. A graph of
in-cylinder pressure versus time and HRR versus time was plotted under different multiple injection
schemes. A maximum PRR versus types of multiple injection scheme bar chart was drawn too. Table 3
summarizes the injection tests which have been conducted.

Table 3. Injection tests which have been conducted.

Variable Investigated Value Tested Constant

SOI timing 0, 2, 4, 6, 8, 10◦BTDC Engine speed: 1600 rpm
Load: 5 Nm

Rail pressure 200, 300, 400, 500 bar
Engine speed: 1600 rpm

Load: 5 Nm
SOI timings: 4◦BTDC

Multiple injection scheme
Main injection

Pilot + main injection
Pilot + main + post injection

Engine speed: 1600 rpm
Load: 5 Nm

SOI timings: 4◦BTDC

2.3. Optimization of Injector Parameters

As discussed in the previous section, the Open Time, Low Time and duty cycle percentage
of the signal output to injector will affect the cycle-to-cycle combustion as well as current flows
through the injector. As a response to cycle-to-cycle combustion variation, the indicated mean effective
pressure (IMEP) for 100 cycles of combustion is acquired and the coefficient of variation (CoV) is
calculated. Also, the area under the graph of current versus crank angle is calculated to determine
the power used by the injector in term of Watt (W). All combustion data are taken using DEWESoft®

7.04 version data acquisition software. Optimization of injector parameters is carried out by using
Design-Expert® trail version software and the flowchart of optimization algorithm as shown in
Figure 4. Design-Expert® is delicately designed to perform design of experiment and help to analyze
the multi-factor experiment [53]. Three parameters, Open Time, Low Time and duty cycle percentage,
are inserted as factor into the software and the responses are CoV of IMEP (indicated mean effective
pressure) and the power of injector in term of Ampere CA◦. The range of Open Time is set from 50 µs
to 350 µs, Low Time from 20 µs to 80 µs and duty cycle is set from 20% to 40%. A total of 20 experiment
run points is recommended by the software to carry out the optimization process as shown in Table 4.
Note that all the experiments are carried out with engine speed of 1600 rpm with 5-Nm torque and
injection pressure of 300 bar. A LabVIEW 2011 program was developed to simultaneously change
the parameters and switch the run point of experiment. After all the experiments are performed,
the values of CoV of IMEP and power obtained were inserted into the response column, respectively.
The data entered will be analyzed by the software and provide solution for optimization. Both CoV
of IMEP and power should be minimized to ensure more stable combustion and less injector power
usage. After obtaining the optimum injector’s parameters, validation is carried out by running the
experiment with stated parameters and compares the error.
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Figure 4. Flowchart of optimization algorithm.

Table 4. Experiment run point recommended by the Design-Expert® software.

Std Run
Factor 1 Factor 2 Factor 3

A: Open Time B: Low Time C: PWM

(µs) (µs) (%)

6 1 350 20 40
17 2 450 50 30
15 3 50 20 40
18 4 200 100 30
10 5 200 50 47
16 6 200 50 30
7 7 200 50 30
20 8 50 80 20
13 9 200 50 15
19 10 50 20 20
9 11 200 50 30
1 12 200 0 30
11 13 350 80 20
3 14 350 20 20
12 15 0 50 30
8 16 200 50 30
2 17 350 80 40
4 18 200 50 30
5 19 50 80 40
14 20 200 50 30
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3. Results and Discussion

3.1. Response Characteristics

The rail pressure response during a step change in engine speed of 1600 rpm is shown in Figure 5
and engine speed response during a step change in rail pressure of 300 bar is illustrated in Figure 6.
Based on the figures, we can notice that the steady state error for both responses is less than 5% as
compared to their setpoints. The rising time for rail pressure is less than one second while the rising
time for engine speed is around one second. It can be inferred that the rail pressure and engine speed
responses of common rail fuel injection system are accurate and sufficiently quick.

Figure 5. Rail pressure response from 200 to 500 bar with 100 bar step change at engine speed of 1600 rpm.

Figure 6. Engine speed response from 1600 to 2000 rpm with a 100-rpm step change at rail pressure
of 300 bar.
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3.2. Combustion Characteristics

Figure 7 illustrated the variation of cylinder pressure and HRR against crank angle for different
SOI timings under engine speed of 1600 rpm with a load of 5 Nm. As can be seen from the figure,
with advancing in SOI timing, the cylinder pressure peak rises and shifted toward the TDC position
constantly. The peak pressure increment is due to longer ignition delay and promotes the air fuel
mixing [21]. As the effective pressure increases, it can be converted into more useful work and increase
the brake torque. The HRR curves share same patterns as cylinder pressure curves, the HRR peak
also shifted toward the TDC position with advanced in SOI timing. The HRR peak is associated with
premixed combustion phase of diesel fuel. As the SOI was advanced, the HRR peak is first declined
at SOI timing equal to 2◦ BTDC and inclined to initial level at SOI timing equal to 4◦ BTDC and
remain constant.

Figure 7. Cylinder pressure and HRR curves for various SOI timing.

Figure 8 shows the cylinder pressure and HRR curves for engine operating at 1600 rpm and load
of 5 Nm with SOI timing of 4◦ BTDC under a different injection pressure. In general, it is observed that
the cylinder pressure peak is constantly rising and shifts toward the TDC position when the injection
pressure increases. The resultant higher effective pressure from combustion was utilized to produce
more useful work and increase the brake torque. This is because higher injection pressure improves the
atomization and penetration of fuel, reduces the fuel evaporation time results in shorter combustion
duration and higher HRR [28]. This has been proven as the HRR curves have similar trends as cylinder
pressure curves as shown in the figure. The peak of HRR for higher injection pressure is higher than
those with lower injection pressure.

Figure 8. Cylinder pressure and HRR curves for various injection pressures.
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Multiple injections such as pilot with main injection, main followed by post injection and
combination of pilot, main and post injection are widely used to control engine noise, reduce PM
and NOx emissions and help in exhaust after-treatment device management. Figure 9 shows the
comparison of injection strategies in terms of cylinder pressure and HRR. The engine is operated with
speed of 1600 rpm and 5 Nm load at 4◦ BTDC SOI timing. The cylinder pressure peak reduces as
the number of injections increases. The single injection strategy has the highest cylinder peak while
the triple injection strategy has the lowest cylinder peak. The maximum PRR is calculated based on
the maximum gradient of pressure curve. The combustion process has been smoothened with the
association of pilot injection in double- and triple-injection strategies. Introduction of pilot injection
reduced the maximum PPR and help in reducing the engine noise [34]. Apart from that, the HHR peak
for double and triple injection also reduced as compared to single injection. This is because the pilot
injection reduced the impact of dominant premixed combustion phase. The temperature and PRR is
then reduced and decrease the NOx emission [54]. It is also observed that the HRR for triple injection
at the late combustion phase is higher than single and double injection as highlighted with an oval
shape in the figure. This shows that post injection increases the temperature in late combustion phase
and potentially reduce the soot emission [55].

Figure 9. Cylinder pressure and HRR curves for various injection strategies.

Based on the results obtained, the injection timing, injection pressure and number of injections
per cycle are able to be controlled by developed ECU. The developed ECU is also able to control the
rail pressure and engine speed with steady state error less than 5% and rising time of less or around
one second.

3.3. Optimization of Injector Parameters

After carrying out the all the experiments with parameters recommended by Design-Expert
software, the indicated mean effective pressure (IMEP) collected for 100 cycles for run point number
1, 5, 10, 15 and 20 with parameters tabulated in Table 5 are illustrated in Figure 10. From the figure,
it is observed that the IMEP for run point number 10 with Open time of 50 µs, Low time of 20 µs and
20% duty cycle fluctuated the most as compare to others. Based on the Analysis of Variance (ANOVA)
table, significant factors affecting CoV of IMEP and injector power have been determined. Based on
the ANOVA table for CoV of IMEP (Table 6) and injector power (Table 7), factor A, B, AB and AC
interaction were significant for CoV of IMEP while factor A, B, and AB interaction were significant for
injector power. In other word, Open time and Low time as well as interaction between Open time and
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Low time and interaction between Open time and duty cycle would have major impact for CoV of
IMEP. While injector power was influenced by Open time and Low time as well as interaction between
Open time and Low time.

Table 5. Injector parameters for run point number 1, 5, 10, 15 and 20.

Run Point Open Time (µs) Low Time (µs) Duty Cycle (%)

1 350 20 40
5 200 50 47
10 50 20 20
15 0 50 30
20 200 50 30

Figure 10. 100 cycles IMEP for run point number 1, 5, 10, 15 and 20.

Table 6. ANOVA table for CoV of IMEP.

Source Sum of Squares df Mean Square F-Value p-Value

Model 111.48 9 12.39 14.32 0.0001 significant
A-Open Time 7.19 1 7.19 8.32 0.0163
B-Low Time 35.54 1 35.54 41.08 < 0.0001

C-PWM 0.0118 1 0.0118 0.0137 0.9092
AB 33.98 1 33.98 39.28 < 0.0001
AC 5.38 1 5.38 6.22 0.0318
BC 2.07 1 2.07 2.39 0.1529
A2 3.37 1 3.37 3.9 0.0767
B2 21.36 1 21.36 24.69 0.0006
C2 2.66 1 2.66 3.08 0.1098

Residual 8.65 10 0.8651
Lack of Fit 6.25 5 1.25 2.6 0.1591 not significant
Pure Error 2.4 5 0.4809
Cor Total 120.13 19
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Table 7. ANOVA table for injector power.

Source Sum of Squares df Mean Square F-Value p-Value

Model 2314.49 9 257.17 4.82 0.0109 significant
A-Open Time 440.76 1 440.76 8.26 0.0166
B-Low Time 610.25 1 610.25 11.44 0.007
C-Duty cycle 1.78 1 1.78 0.0333 0.8589

AB 320.05 1 320.05 6 0.0343
AC 29.36 1 29.36 0.5501 0.4753
BC 0.0097 1 0.0097 0.0002 0.9895
A2 893.12 1 893.12 16.74 0.0022
B2 210.06 1 210.06 3.94 0.0754
C2 26.61 1 26.61 0.4986 0.4962

Residual 533.65 10 53.36
Lack of Fit 285.83 5 57.17 1.15 0.4397 not significant
Pure Error 247.82 5 49.56
Cor Total 2848.13 19

The Prob > F value (p-value) in the tables indicated the probability of the factor being insignificant
to the response. Since the Prob > F value for those factors stated above was less than 0.05, they were
significant factors to the responses. To identify the fitness of experimental data, the R-squared value
for CoV of IMEP and injector power was identified. Figure 11 shows the fitness graph for CoV of IMEP.
The result shows that the CoV of IMEP data fitted the predicted line nicely with R-squared value of
0.928. However, the data collected for injector power did not fit the predicted line as well as CoV of
IMEP with R-squared value equal to 0.8126 as shown in Figure 12. The surface in Figure 13 shows how
the CoV of IMEP varied with Open time and Low time under 30% duty cycle. It can be noticed that the
CoV of IMEP peak at high Open time and high Low time.

Figure 11. Fitness graph for CoV of IMEP.
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Figure 12. Fitness graph for injector power.

Figure 13. Response surface of CoV of IMEP as a function of Open time and Low time.
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The effect of high Open time with low time on CoV of IMEP was the similar to low Open time
with high Low time. The surface response of injector power with same parameters is illustrated in
Figure 14. As seen in the figure, the power for low Open time was always high. This is because the
injector required a long time to achieve peak current and more power was consumed during this
duration. As the Open time increased, the power would reduce but this trend did not continue if the
Open time was increased further. The final equation describes CoV of IMEP and injector power is
tabulated in Table 8. Based on the analysis of software, the optimum condition for lowest CoV of IMEP
and injector power was 230 µs Open time with 53 µs Low time and 27.5% duty cycle.

Figure 14. Response surface of injector power as a function of Open time and Low time.

Table 8. Final equation for CoV of IMEP and injector power.

CoV of IMEP = Power =

18.69484 133.4455
−0.044174 *Open Time −0.171042 *Open Time
−0.224953 *Low Time −0.374014 *Low Time
−0.469936 *Duty cycle −1.10553 *Duty cycle

0.000458 *Open Time * Low Time −0.001406 *Open Time * Low Time
0.000547 *Open Time * Duty cycle 0.001277 *Open Time * Duty cycle
0.001696 *Low Time * Duty cycle 0.000116 *Low Time * Duty cycle
0.000025 *(Open Time)2 0.000407 *(Open Time)2

0.001365 *(Low Time)2 0.00428 *(Low Time)2

0.004648 *(Duty cycle)2 0.014689 *(Duty cycle)2

3.4. Result Validation

Validation is performed by carried out experiment with optimum parameters and compare
the result to the predicted value. The experimental and predicted results are tabulated in Table 9.
The percentage error for CoV of IMEP is 4.83% and for injector power is 0.033%; the percentage error
for both is less than 5%. Therefore, the optimum parameters suggested by the software are accepted.
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Table 9. Comparison of experimental and predicted results.

Experimental Predicted Error=Experiment−Predict
Experiment ×100%

CoV of IMEP 4.0244 3.8299 4.83%
Power (W) 79.8338 79.8077 0.033%

4. Conclusions

The conversion to a common rail fuel injection system for a single-cylinder diesel engine has been
successfully performed and tested. A custom-made ECU has been developed to control the injection
parameters. The injection parameters include SOI timings, rail pressure and number of injections
applied in multiple injection scheme. The rail pressure and engine speed responses of the diesel engine
after the conversion have been investigated. The in-cylinder pressure profile and HRR profile during
combustion cycle have been obtained for varying SOI timings, rail pressure and number of injections
applied in multiple injection scheme. A further study on the fuel injector parameters of a diesel engine
equipped with common rail fuel injection system have been optimized by carrying out using RSM.
The fuel injector parameters included open time, low time and duty cycle of injector signals. The results
obtained could be summarized as follows:

1. The rail pressure response showed an error of less than 5% at steady state and rising time of less
than 1 s. Hence, the rail pressure response was accurate and sufficiently quick.

2. The engine speed response showed an error of less than 5% at steady state and rising time of
around 1 s. Hence, the engine speed response was accurate and sufficiently quick.

3. When SOI timing was advanced, the in-cylinder peak pressure increased and was shifted towards
TDC, causing an increase in brake torque.

4. When rail pressure was increased, the in-cylinder peak pressure increased and was shifted
towards TDC, causing an increase in brake torque.

5. Implementation of multiple injection scheme caused a decrease in maximum PRR and peak HRR.
6. Application of post injection increased the late combustion HRR.
7. The optimum injector parameters to achieve lowest CoV of IMEP and injector power were 230 µs

Open time with 53 µs Low time and 27.5% duty cycle.
8. Percentage of error between predicted and experimental results of injector power when optimum

injector parameters were applied was 0.033%.
9. Percentage of error between predicted and experimental results of CoV of IMEP when optimum

injector parameters were applied was 4.83%.

From this overview, it can be concluded that the developed common rail direct injection
system is capable to control injection timing, injection pressure and number of injections per cycle.
Additionally, the injector control parameters have been successfully optimized to operate under the
best possible conditions.
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