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Preface

The volume contains a collection of peer-reviewed papers from the 2020 Conference
onMultidisciplinaryEngineering andTechnology (COMET2020), held via an online
platform, which took place in Universiti Kuala Lumpur, Malaysian Spanish Institute
(UniKLMSI), Kedah,Malaysia, on December 15–16, 2020. Progress in Engineering
Technology IV contains twenty-five papers written by researchers participating in
the conference. Topics covered in this volume including energy harvester, thermody-
namics, vibration, dynamic of mechanics, manufacturing process, computer-aided
manufacturing (CAM), CFD analysis, electronics, and microcontroller. Most of
the topics are commonly encountered in industries and become an interest in the
academic world. The learning of engineering technology curricular across univer-
sities are now essential topics covered in various higher learning institutions in
Malaysia in general and in Universiti Kuala Lumpur (UniKL) specifically. It is hoped
that this volumewill serve as an excellent referencework for researchers and graduate
students working with/on multidisciplinary engineering technology.

Kulim, Malaysia
Kulim, Malaysia
Esslingen am Neckar, Germany
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Chapter 1
Brake Squeal Analysis and Optimization
Using the Finite Element Method
and Taguchi Techniques

Adib Kamarudin, Ahmad Razlee Ab Kadir, Zainal Nazri Mohd Yusuf,
Muhammad Al’Hapis Abdul Razak, T. A. A. Razak, and M. N. Ahmad

Abstract It is well-known that automobile brakes generate several kinds of noises
such as the squeal, groan, chatter, judder, moan, hum, and squeak. Squeal is the most
prevalent, annoying, and can be reduced by variations in geometry, such as coefficient
of friction and stiffness of a material. The brake squeal generally occurs in the range
of 1–16 kHz. Furthermore, the development of methods to predict noise occurrence
during the design of a brake system has been the target of many researchers in recent
years. In order to withstand these vibrations and have a smooth ride, automotive
engineers face the challenge of designing mechanisms. The design of the brake disc
rotor is built in the CAD SolidWorks and was analyzed and simulated by using the
finite element analyses.
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1.1 Introduction

A disc brake is a mechanical device that is used to decelerate a moving vehicle.
The mechanism of braking works as one of the most basic safety–critical elements
of industrial technology cars for tourists. The heat produced during the braking
force can also be quickly dissipated as disc brakes are exposed to the environment,
offering a much better output than the drum. Brake noise has been among the top
vehicle quality warranty concerns in recent years. The most frequent of all brake
sounds is brake squealing. This kind of noise emerges when a braking device displays
elevated vibration levels, resulting in highly elevated sound waves. Most scientists
and engineers accepted that squealing noise in the disc brake would cause instability
due to friction forces, which would lead to self-excited vibrations. The disc, the pads,
and the caliper in which they are mounted will vibrate under the right conditions.

In the last few decades, a considerable number of studies has been conducted by
several experts around the world on the prospect of understanding the mechanisms
of brake squeal noise in order to enhance the performance of car users’ comfort
and lower the required amount of ambient noise. Brake squeal investigations can be
traced all the way back to the 1930s. To now, however, there is no technology and
system available to fully reduce the brake squeal. Understanding the processes of
generation of squeal is important for the creation of quiet brakes and the handling
of noisy brakes. Key mechanisms would be set in order to clarify the phenomena of
brake squeal—for example, stick–slip, sprag-slip, modal coupling, and hammering
of the excitation mechanism.

The first mechanism explains that the brake squeal is the product of a stick–slip
mechanism. As Kinkaid et al. [1] put it in his review article, Mills [2] believed that
the brake squeal emerged because the dynamic friction coefficient decreased with
increasing slipperyvelocity and contributed to steady-state slidingbecomingunstable
and caused friction-induced vibrations. A multi-degree finite element model was
used to simulate a braking device and to analyze friction-velocity negative squealing
effects [3]. It came to the conclusion that the squeal inclination improved as the
friction level increased because there was no negative friction-speed curve. When an
increase in friction level is present, it does not have any effect on squeal tendency
and, in some brake systems, negative friction-speed inclination may have a superior
effect on the tendency of the brake squeal. The Single Degree of Freedom (SDOF)
system consists of a brake pad as a mass (m) which rests on a rotating disc at
constant speed (v) and attaches to a linear spring at a fixed end, as shown in Fig. 1.1a.
Mathematically, when the coefficient of friction μ between the pad and the disc in
Fig. 1.1b is considered to decrease linearly with the sliding velocity, for example, μ
= μs − αv, the motion equation of the pad will be as follows:

MẌ + C Ẋ + K X = μF = F (μs − α (v − Ẋ)) (1.1)

or
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Fig. 1.1 Schematic diagram for stick–slip mechanism

MẌ + (c − αF)Ẋ + K X = F (μs − αv) (1.2)

where K is the spring stiffness, m is the mass, and F is the friction force. The
coordinate x is a measure of the displacement of the mass from the direction of the
balance. The damping coefficient (c – αF) can then be negative if (αF > c) results in
an oscillation of the pad with a greater amplitude which may lead to squealing rather
than decreasing oscillations consistent with positive damping.

Squeal produced by the disc brake of the car was considered to be one of the
major problems in the automobile industry due to repeated complaints that decrease
customer satisfaction. Abendroth and Wernitz [4] noted that many friction material
manufacturers have to spend up to 50% of their engineering budget on NVH prob-
lems. A variety of similar experiments have been performed on the action of disc
brakes bymodal analysis. Finite element model of the brake rotor disc was developed
by the researcher to analyze the effect of the top hat configuration on the modality of
the brake rotor disc. The result shows how the natural frequency of the configuration
relates to the thickness of the disc and the structure of the hat. In 2009, Nouby et al.
[5] found in their study a complex study of the value of the brake system, along
with the configuration of the experiments, in order to determine the ideal nature of
the brake system. They mentioned that by increasing Young’s back plate modulus
and changing the form of the friction content by inserting chamfer and slots, the
inclination of the brake squeal can be significantly reduced [6].

1.2 Methodology

The key concept behind this project is to create a 3D model of the vehicle’s brake
disc to achieve vibration and deformation accuracy. In order to do this, the 3Dmodel
was constructed using SOLIDWORKS. The research was performed using the finite
element method software. In the finite element method, the various properties of the
materials would be used in the term to derive the result. The primary aim of the
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approach was to ensure that the project was properly planned in order to be effective
in the study of the project.

1.2.1 3D Design if the Brake Disc Model

1.2.1.1 3D CAD Modeling

SOLIDWORKS is amodular parametric architecture that is simple to use and enables
the user to edit design at any point. The brake disc rotor and caliper was modeled in
the SOLIDWORKS 2019 software. The material of the brake disc rotor is gray cast
iron. Figures 1.2 and 1.3 are 3D CAD model for the brake disc rotor design.

Fig. 1.2 3D model of brake rotor

Fig. 1.3 3D model of caliper
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Fig. 1.4 Mesh for the rotor

1.2.2 Finite Element Analysis

Simulia Abaqus CAE is the program used to do the finite element analysis (FEA)
for the brake disc. Structural and machinery final element analysis for solid (3D)
modeling or surface (2D) development, object meshing, analysis setup, and post-
processing solvers in a variety of other software applications including ANSYS,
Autodesk simulation, and Marc. The benefit of using this app is an easier use as it
allows the user to create/import geometry, to mesh the surface, to evaluate the input
data, and to achieve animation and meaning in principle with any mode shape and
frequency.

The physical model of the entire brake disc was modeled using the SOLID-
WORKS simulation tools. The primary purpose of this research is to study and
evaluate the disc brake disc rotor. The entire SOLIDWORKS assembly is stored as
an initial graphics exchange specification (IGES) file that can be imported into the
FEA program. This section has to be translated to an IGES file to convert a CAD
model to a FEMmodel, so that it can run for review. Stepmanager is created to define
the simulation in terms of natural frequency in linear perturbation. The next step is
to create a finite element mesh for the solid using the tetrahedral mesh generator and
to select all the disc rotor structure (Fig. 1.4).

1.2.3 Modal Analysis

The modal analysis was carried out in order to achieve the performance results using
the impact test. The dynamic analysis of the brake disc rotor was studied usingmodal
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Fig. 1.5 Experiment setup

testing. The software used to conduct the analysis to extract modal properties is the
LMS testing lab software. The disc rotor that implemented this ideal effect would get
the right impulse that causes a limited duration and determines the constant amplitude
of the frequency domain. A specific hammer is used to conduct this test which cell
load was put in its tip to obtain the force of impact. This technique is also effective
in terms of transducers and measuring methods, it is least efficient in terms of time
because it requires a lot of time to shift the accelerometer. This approach is widely
used in cases where space constraints make it possible to repair accelerometers when
there is not enough space to use the impact hammer. In this project, the accelerometer
used has a reasonable accuracy capability, with a sensitivity of 50.81mV/g, the round
accelerometer will deliver a frequency from 0.5 to 5000 Hz at a certain time. The
accelerometer, laptop, NI Acoustic and Vibration Data Recorder, effect hammer, and
frame structure are the equipment that was used (Fig. 1.5).

Thedrawingof the brake rotor structure has been created inLMSTestLab software
using the drawing tool according to the coordinate of the actual engine mounting
bracket that has been measured. After finishing the drawing, there is the need to
label the node points at the drawing (Figs. 1.6 and 1.7).

1.3 Result and Discussion

The results of the studies that have been performed will be discussed in this section.
All variations in the outcomes will be explained in relation to the problem, whether
during the experiment or the simulation procedures.
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Fig. 1.6 The drawing of disc rotor in LMS software

Fig. 1.7 Result obtained from EMA

1.3.1 Natural Frequency Using Mild Steel, Gray Cast Iron,
and Carbon Ceramic

See Tables 1.1, 1.2 and 1.3.
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Table 1.1 Value of natural
frequency for mild steel

Natural frequency (Hz)

Mode Design 1 Design 2 Design 3

1 2039.0 1973.3 1827.8

2 2040.7 1974.3 1827.9

3 2648.8 2647.1 2640.9

4 4403.8 4398.1 4251.2

5 4408.9 4402.2 4521.6

6 4696.4 4546.7 4359.2

7 4698.3 4549.6 4379.2

8 4912.1 4734.9 4383.3

Table 1.2 Value of natural
frequency for gray cast iron

Natural frequency (Hz)

Mode Design 1 Design 2 Design 3

1 1653.1 1599.8 1477.9

2 1654.5 1600.6 1478.6

3 2147.5 2146.1 2140.3

4 3570.3 3565.6 3434.9

5 3574.4 3569.0 3438.9

6 3807.5 3686.1 3526.8

7 3809.0 3688.5 3548.5

8 3982.3 3838.7 3550.4

9 4501.8 4412.8 4239.3

10 4513.1 4425.8 4252.6

11 4856.1 4714.5 4438.3

12 4860.8 4720.0 4447.4

1.3.2 Comparison Natural Frequency Between All Three
Design and Materials

Table 1.4 compares design 1 simulation to mild steel, gray cast iron, and carbon
ceramic. According to the results, carbon ceramic provides the best value of natural
frequency. The carbon ceramic has an 8-mode frequency range of 1378.6–3321.2
Hz.

Table 1.5 compares it to mild steel, gray cast iron, and carbon ceramic for design 2
simulation.According to the results, carbon ceramic provides the best value of natural
frequency. The carbon ceramic has an 8-mode frequency range of 1334.2–3201.4 Hz.

Table 1.6 compares design 3 simulation to mild steel, gray cast iron, and carbon
ceramic. According to the results, carbon ceramic provides the best value of natural
frequency.
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Table 1.3 Value of natural
frequency for carbon ceramic

Natural frequency (Hz)

Mode Design 1 Design 2 Design 3

1 1378.6 1334.2 1235.8

2 1379.8 1334.9 1235.9

3 1790.9 1789.8 1785.6

4 2977.5 2973.6 2874.4

5 2980.9 2976.4 2874.6

6 3175.3 3074.1 2947.4

7 3176.6 3076.1 2960.9

8 3321.2 3201.4 2963.6

9 3754.4 3680.2 3542.4

10 3763.8 3691.0 3552.3

11 4049.8 3931.8 3709.3

12 4053.8 3936.4 3720.0

13 4947.6 4939.2 4922.3

14 4956.1 4947.1 4927.8

Table 1.4 Comparison
natural frequency of design 1
with various material

Design: 1

Natural frequency (Hz)

Mode Mild steel Gray cast iron Carbon ceramic

1 2039.0 1653.1 1378.6

2 2040.7 1654.5 1379.8

3 2648.8 2147.5 1790.9

4 4403.8 3570.3 2977.5

5 4408.9 3574.4 2980.9

6 4696.4 3807.5 3175.3

7 4698.3 3809.0 3176.6

8 4912.1 3982.3 3321.2

In comparison to all designs and materials, the value for natural frequency is
smaller, and carbon ceramic with design 3 also delivers a smaller value than carbon
ceramic with designs 1 and 2. The simulation results for all three designs and mate-
rials demonstrate that carbon ceramic has the lowest value when compared to other
materials. Carbon ceramic has extraordinarily high and consistent coefficients of fric-
tion when compared with mild steel and gray cast iron, despite of surface moisture
or temperature.

This implies that carbon ceramic brakes, on the other hand, counteract the so-
called fading effect. Fading is the unwanted decline in braking impact that partic-
ularly because to longer braking and often successive braking movements, brakes
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Table 1.5 Comparison
natural frequency of design 2
with various material

Design: 2

Natural frequency (Hz)

Mode Mild steel Gray cast iron Carbon ceramic

1 1973.3 1599.8 1334.2

2 1974.3 1600.6 1334.9

3 2647.1 2146.1 1789.8

4 4398.1 3565.6 2973.6

5 4402.2 3569.0 2976.4

6 4546.7 3686.1 3074.1

7 4549.6 3688.5 3076.1

8 4734.9 3838.7 3201.4

Table 1.6 Comparison
natural frequency of design 3
with various material

Design: 3

Natural frequency (Hz)

Mode Mild steel Gray cast iron Carbon ceramic

1 1827.8 1477.9 1235.8

2 1827.9 1478.6 1235.9

3 2640.9 2140.3 1785.6

4 4251.2 3434.9 2874.4

5 4521.6 3438.9 2874.6

6 4359.2 3526.8 2947.4

7 4379.2 3548.5 2960.9

8 4383.3 3550.4 2963.6

can get hot and the braking effect can be substantially diminished as a result of
overheating. Carbon ceramic brake materials offer significant properties that help to
minimize this so-called squeal. Carbon ceramic has a better toughness, lower density,
extraordinarily high thermal shock resistance and breaking strength, and excellent
conductivity. Indeed, design 3 will be the finest among the others in terms of design.
It is because that the modification on design 3 is on the brake rotor which is the
hole diameter. The hole is more compared to other designs while the hole also has
a different diameter. It can be demonstrated that the value for 8 modes for design 3
with carbon ceramic is less than 3000 Hz.
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Fig. 1.8 Design summary of
Taguchi method

1.3.3 Taguchi Method Using Minitab

The orthogonal arrays columns represent the factor while the rows of the orthogonal
array represent the runs. A Taguchi design box appeared with 3-Level Design and
Number of Factors = 3 (Fig. 1.8).

For the 3-Level Design, there are 3 different designs of brake disc had been
selected and also there are 3 factors were chosen. The factors that were chosen are
rotor diameter (mm), material density (kg/m3), and hole diameter (mm) (Tables 1.7;
Figs. 1.9 and 1.10).

As a result form Table 1.8 and 1.9, the density of materials ranks first in terms
of means. The density of material is likewise in the first rank, as is signal noise
to ratios. Meanwhile, the rotor diameter and hole diameter came in the third spot,
respectively. The phrase “smaller is better” was used to discover the optimal value of
natural frequency. According to the graph, the optimal value for rotor diameter is 180
mm, density of material is 7840 kg/mm3, and hole diameter is 2.5 mm. Meanwhile,
the optimal value for signal noise to ratios is 185mm for rotor diameter, 2450 kg/mm3

for material density, and 5.0 mm for hole diameter.

Table 1.7 Taguchi
orthogonal array design with
complete data

Rotor
diameter
(mm)

Material
(density
kg/m3)

Hole diameter
(mm)

Frequency
(Hz)

175 2450 2.5 1378.6

175 7100 4 1523.4

175 7840 5 1572.3

180 2450 4 1290.7

180 7100 5 1505.6

180 7840 2.5 1953.7

185 2450 5 1235.8

185 7100 2.5 1354.9

185 7840 4 1736.6
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Fig. 1.9 Main effect plot for means

Fig. 1.10 Main effect plot for signal noise to ratios
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Table 1.8 Response table for
means

Level Rotor diameter
(mm)

Material (density
kg/m3)

Hole diameter
(mm)

1 1419 1302 1562

2 1583 1461 1517

3 1442 1754 1438

Delta 141 453 125

Rank 2 1 3

Table 1.9 Response for
signal noise to ratios

Smaller is better

Level Rotor diameter
(mm)

Material (density
kg/m3)

Hole
diameter(mm)

1 −63.46 −62.28 −63.75

2 −63.86 −63.28 −63.56

3 −63.09 −64.85 −63.11

Delta 0.77 2.57 0.64

Rank 2 1 3

1.4 Conclusion

The goal of this chapter is to verify the relation between the results of both FEA
and EMA, as well as in the change of the brake disc. Furthermore, Minitab software
was used to fulfill the objectives of Taguchi methods optimization. To maximize the
optimal factor, the response and main effect for means and signal noise to ratios were
determined. The simulation of 3Dmodel of brake disc on three different designs was
simulated by using FEA. It also analyzes the natural frequency on the brake disc from
simulation in order to reduce the noisy squeal of the brake disc. It may be said that
the lower the value of natural frequency, the less noise there will be during braking.
By altering the design of the brake disc, it is able to attain a satisfactory result in
terms of natural frequency in terms of vibration.
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Chapter 2
Potential Experimental Analysis
of Electrical Discharge Machine Process
Parameters on Stainless Steel ANSI 304
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Farooq I. Azam, and Haizum Aimi Zaharin

Abstract In this research, the effect of electrical discharge machining (EDM)
parameters such as pulse-on time (Ton), pulse-off time (Toff), voltage, (V), and
current (I) on the material removal rate (MRR) in 304 stainless steel was studied.
The experiments are carried out as per design of experiments approach using the L9
orthogonal array. From this study, it is found that different combinations of EDM
process parameters are required to achieved higher MRR for 304. The contribution
of each cutting parameters towards the MRR is also identified. The results from this
study will be useful for manufacturing engineers to select appropriate EDM process
parameters to machine stainless steel 304.
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Keywords Metal removal rate (MRR) · Taguchi method · 304 stainless steel

2.1 Introduction

Electric discharge machining (EDM) is an advanced manufacturing process. It
is the removal of segments of electrically conductive metals by electrical pulses
between two terminals (electrode and workpiece) within the dielectric. The elec-
trical discharge melts and vapourizes workpiece. The main goals of EDM manufac-
turers and users are to achieve a machining stability and high productivity. With the
increasing demands of higher surface finish andmachining of complex shape geome-
tries, conventional machining process are now being replaced by non-traditional
machiningprocesses. Themajor advantageof the process lies in its capability to easily
machine any electrically conductive material regardless of its mechanical properties.

EDM is carried out by means of electric sparks that jump between two electrodes
subjected to a voltage and submerged in a dielectric fluid. Thus, the voltage applied to
them must be enough to create an electric field of higher intensity than the dielectric
strength of the fluid used in the process.

In this process the material is removed from the workpiece due to erosion caused
by rapidly recurring electrical spark discharge between the workpiece and the tool
electrode. There is a small gap between the tool and the workpiece. The workpiece
and the tool are submerged in dielectric fluid. The commonly used dielectric fluids
are EDM oil, deionized water, and kerosene.

2.2 Literature

This section describes the review of the literature relevant to this project. Data collec-
tions are used as a reference by researchers to gather information about the study
that has been carried out. The literature review analyses the information gathered by
journal paper publications from other researchers and the information collected from
the internet. This literature review can help to address the issues that have occurred
during the study prior to the start of the creation of this project.

2.2.1 Electrical Discharge Machining

By way of electrical discharge operations, EDM is used to achieve the appropriate
form. The phase of substance removal has ended due to the current discharge between
two electrodes. Dielectric fluid and electrical voltage play a very significant role
in this process. As we note, non-conventional machining methods include elec-
trical discharge machining operations. It is mainly used for hard metal machining
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operations and for complicated operations, which with obsolete methods are almost
impossible to do [1].

2.2.2 Die-Sinking

Two Russian scientists developed the die-sinking mechanism. In 1943, Lazarenko
discovered means of avoiding tungsten electrical contact erosion due to electrical
spark. They were unsuccessful in this task many times, but they discovered that
if the electrodes were submerged in a dielectric solvent, the corrosion was more
precisely regulated. This prompted them to create an EDM system that was used to
deal with hard-to-machine materials like tungsten.

Two electrodes are mounted on the parts of the system, which are the work bench
and the tool holder in this process. The electrodes both have to be electrically conduc-
tive. After that, with the assistance of the compressor, all electrodes are immersed in
an insulating liquid dielectric. The EDM oil/kerosene/transformer oil is the dielec-
tric. To get the appropriate shape and scale, set the machining parameters on the
CNC controller for machining on the workpiece [1].

2.2.3 Wire EDM Process

The wire-cut sort of machine was established during the 1960s to make instruments
(kicks the bucket) from solidified steel. In this cycle the apparatus anode is a type of
wire. To dodge the disintegration of material from the wire making it break, the wire
is twisted between two spools with the goal that the dynamic portion of the wire is
continually evolving.

The wire-cut EDMmeasure is additionally called the electric release wire cutting
cycle. It is utilized for the delivering a few-dimensional complex shapes utilizing an
electro warm instrument for disintegrating the material from a slim single abandoned
by controlling a metal wire encompassed by deionized water which is utilized to the
lead power [1].

2.2.4 Dielectric Fluid

Dielectric fluid is used as a coolant, flushing medium, and a conductor of the catalyst
as well. This plays a very significant role in the EDM process. The requirements are:

1. To act as insulation between tools and the workpiece, the dielectric should have
compulsory and continuous dielectric strength before the breakdown voltage is
reached.
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2. Once the spark ejection has happened, it must de-ionize rapidly.
3. To have an efficient cooling mechanism and clear the swerve particles from

the machining gap, it must require limited viscosity and a friendly moistening
capacity.

4. During the spark, it should be flushed out of the element produced from the
void. This is the dielectric fluid’s most vital function. Insufficient flushing can
cause arcing to reduce the electrode’s life and increase the machining time.

5. Chemically, it should be neutral in order not to attack the instrument, function
and the movable table or tank.

6. Its flash point should be high enough that no fire risks are present.
7. Any harmful vapours should not be released.
8. These properties should be preserved by temperature variations, degradation

through operating residuals and decomposition materials.

It should be fundamentally economical and readily usable [1].

2.2.5 EDM Machine Components

The first part of EDM is the tool feeder that should be servo-driven in order to retain
a driven distance. Regulated differences are an critical factor in the incidence of
active discharges between the two electrodes. The second part is the power supply,
which provides voltage and current in a particular ON/Off time in the form of pulses.
The circulation unit is the third component; this unit extracts the dielectric from the
debris, then flushes it back to the void. However, due to the variations in the method
of spark erosion machining, the system part could be different [2].

2.2.6 Material Removal Rate

The MRR is the quantity of material extracted per unit of time, specifically aimed at
efficiency improvement. This needs to be maximized in roughing operations and the
processing of large batches. However, when it comes to completing operations, it is
a consideration to be put on hold, forcing roughness and accuracy to the forefront.
Both are often used for low roughness, usually low cutting speeds and feed per tooth,
as MRR is usually very low for finishing.

2.2.7 Surface Quality Analysis

The surface is synonymous with different surface properties, such as the profile of
microhardness, surface roughness, geometric residual tension, crack density, white
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layer, and crack density. In order to meet the growing anxiety of complicated part
efficiency, longevity, and reliability, the surface morphology of a machined surface is
increasingly becomingmore significant. It plays an important role in the inspection of
product geometry, roughness, and dimensional precision in the industry andmanufac-
turing industries. The measuring of the surface integrity factor is a time-consuming
procedure using precious instruments such asmicrohardness testers, XRD, SEM, and
roughness testers for the surface. A major consideration used to determine EDMed
surface consistency is the surface roughness. In order to determine the effect of EDM
parameters to account for SR in the specimen, the surface profile on the machined
samples was calculated using various equipment, namely, surface roughness tester,
atomic force microscopy (AFM), 3D profiler, etc. [3].

2.2.8 Taguchi Method

TheTaguchi approach involves reducing the variance of a procedure through rigorous
laboratory design. In order to coordinate the criteria influencing the method and the
thresholds at which they should be varied, the experimental architecture suggested by
Taguchi requires the use of orthogonal arrays; it enables the gathering of the required
data to decide which variables impact product quality most with a minimal amount
of experimentation, saving time and energy. The expression ‘signal’ in this system
represents the desired value (mean) for the output characteristic and the word ‘noise’
represents the unfavourable value for the output characteristic, i.e., standard deviation
(S.D). The S/N ratio is, thus, the ratio between the mean and the S.D. Determined
by the shape of the features, various levels of S/N ratios are used for the Taguchi
method-the lower-the-better, the higher-the-better, and the nominal-the-better. The
main steps for designing experiments using the Taguchi method are as follows [4]:

• Description and evaluation of quality attributes and method parameters.
• Identification of the number of parameter levels and potential interactions with

the parameters of the operation.
• Assignment of process parameters to the orthogonal array that is chosen.
• Conduction of orthogonal array-based experiments.
• Calculation of S/N ratio.
• Analyze the experimental results using the S/N ratio and ANOVA.
• Selection of the optimal levels of process parameters.
• Verifying the optimum parameters of the mechanism via the validation experi-

ment.

The main step in the Taguchi system to achieve high efficiency without raising
costs is the optimization of process parameters. The Taguchi system, however, was
initially developed to optimize single output functions. The S/N ratio is the ratio of
signal to noise according to the Taguchi equation, where the signal reflects the desired
value and the unwanted value is expressed by noise. The Ra and Kf response is used
to use the equation to measure the signal-to-noise ratio (S/N). Now, the experimental
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effects are translated into a ratio of signal-to-noise (S/N). Since the minimum surface
roughness and kerf width is required, the lower-the-better characteristic is used for
calculating the S/N ratio. The best atmosphere would be the one that will reach the
lowest S/N ratio [5].

2.3 Methodology

The research effectively the methods used to complete and perform well this project.
This experimental project was formulated prior to the implementation of the work.
The method is used to achieve the objective of the project that will accomplish a
perfect result. It consists of an L-27 orthogonal array using the Taguchi design,
selection of workpiece, experimental setup, tool design, and calculation of material
removal rate and surface roughness. A Gantt chart was developed which consists of
activity duration estimation and the development of the project schedule.

2.3.1 Research Structure

The problem needs to be understood so it can be solved. Next is about the objective
of this research and how the goal can be achieved, and the scope of the study is the
initial planning process. It typically involves drawing up a list of everything in this
research in order to create the framework of the research.

2.3.2 Experimental Setup

Using the electric discharge machine unit, the tests were carried out, the electrode
polarity was set as positive while that of the workpiece was negative. EDM oil was
the dielectric fluid that was used. The EDM consists of the following parts:

i. Dielectric reservoir, pump, and circulation system.
ii. Power generator and control unit.
iii. Working tank with work holding device.
iv. X–Y working table.
v. The tool holder.
vi. The servo system for feeding the tool.
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2.3.3 Selection of the Workpiece

In every single mechanical application, AISI 304 stainless steel is one of the most
widely used materials and records about 50% of the production and utilization of
hardened steel worldwide. It has become the most favoured commodity over others
as a result of its tasteful outlook in engineering, prevalent physical and mechanical
properties, resistance to corrosion and plastic substances, weldability. Numerous
standards andnon-customaryAISI 304 treated steelmachiningmethods are available.

2.3.4 Tool Design

A variety of metals such as copper, metal, aluminium amalgams, silver blends, and
so on will be the instrument material used in electro discharge machining. Copper is
the content used in this experiment. The cathode of the instrument is a circular form
with a 21 mm measurement.

2.3.5 Mechanism and Measurement of the MRR

MRR is the speed at which the workpiece is separated from the material. During the
machining process, electric sparks are formed between the instrument and hence the
workpiece. Each spark creates a tiny hole and hence induces material erosion. The
MRR is defined by the ratio of the difference in weight between the material density
and the machining time of the workpiece before and after machining:

MRR = Wi −W f

t(p)

which is Wi = initial weight before the machining process
Wf = final weight after the machining process
t = machining time
p is the density if AISI 304 SS.

2.3.6 Mechanism and Evaluation of Surface Roughness

Surface roughness is the indicator of surface which takes another expression here.
It is classified in microns. The surface is rough if the value is high, and the surface
is smooth if the value is low. The roughness values are denoted by Ra. For the final
value, the arithmetic median of three readings is taken.
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2.3.7 Design of Experiments Analysis

In order to increase the efficiency of producing products referred to as Taguchi
techniques, Genichi Taguchi developed several statistical methods. This architecture
offers a possible and practical way for multiple goods to be built that can work
continuously over a good variety of conditions. Both static and dynamic response
experiments are given by Minitab. In an orthogonal array, the arrangement of tests is
used to find the most powerful combination of input variables. The input parameters
considered in this experiment are current, Ton, and Ð. The design becomes a 3-level
3 factorial Taguchi design because three variables are picked. For the tests to be
performed, the L27 orthogonal array was selected.

2.4 Conclusions

The use of stainless steel 304 to optimize the EDM multiple performance character-
istics has been successfully reported in this paper. Optimization of multiple perfor-
mance characteristics was simplified through this approach. The experimental result
for the optimal setting shows that there is considerable improvement in the process.
It is shown that the performance characteristics of the EDM process namely material
removal rate, electrode wear ratio, and surface roughness are improved together by
using this method.
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Chapter 3
Embedded System Using a PIC
Microcontroller for Series Motor Four
Quadrants Drive DC Chopper
Controllers for the Application
in Electrical Vehicles

Saharul Arof, Norramlee Mohamed Noor, Philip Mawby, Hamzah Arof,
and Emilia Noorsal

Abstract The key success of an electric vehicle (EV) traction converter/inverter lies
in the efficiency of its controller. In some complex systems such as an electric vehicle
inverter/converter, the controller requires more than a single controller working
together. The overall efficiency of such a controller much depends on its architecture
and control strategy. This includes controller data distribution and communication
between controllers. This paper describes a proposed four quadrants DC chopper
(FQDC) controller architecture and a control strategy for controlling several modes
of operation for EV applications. MATLAB/Simulink is used to establish the system
under study and the results indicate that the proposed technique can be used.

Keywords DC drive · EV and HEV · Series motor · Four-quadrant chopper
microcontroller · Embedded system
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3.1 Introduction

Using electric vehicles (EV) is one of the solutions to reduce global hydrocarbon
emission. In future, the electric motor propulsion system (electric vehicle) will
replace the internal combustion system (mechanical combustion engine). This is
not only because of zero emission but it also has higher efficiency. Unfortunately,
electric vehicles are not yet affordable for many people Thus, there is a need for an
efficient, compact drive system for EV and HEV that can reduce their cost and thus
making them economical and affordable.

3.2 Literature Review

Oak Research National Laboratory (ORNL) [1], United States In 2009, had
succeeded designed DC brushed motor with high power output (55 kW), high effi-
ciency (92%) that can operate in low operating voltages (13V) has started the Interest
to embark research in DC Drive EC. Attempt to improve conventional H-Bridge
chopper such as shown in Fig. 3.1, by increase more operation or allowmotor reverse
action have been continuously carried out such as driving, Field weakening, parallel
mode regenerative braking, and resistive braking [2–6]. Several other studies related
toDCdrive EV leads to research onECbattery charger [7], inclusive charging control
algorithm [8] and state of charge estimator [9] and different types of DC drive motor
that can be used formotor traction forDCEV such as separately excited [10] has been
done. Detail investigation on the chopper operation modes leads to the establishment
of a simulation model to test the chopper operations for the application of Electric
Car and Light Rail Transit (LRT) have been done [11]. This simulation model leads
to further detail investigation on Electric Car design requirement [12], for each of
the chopper operations and on the specific pattern of motor voltage, current, torque,
speed, of the series motor and FQDC running for DC drive EC application have been
continuously carried out [13]. This inclusive details circuit topology, mathematical
modeling, and electrical circuits control strategies in several modes of operation.
For DC series motor traction of EC application, the speed and torque control for the
series motor in an attempt to reduce jerk and tire slip has been successfully done
and implemented with direct current control technique [14]. For power regeneration,
the FQDC offer generator mode with several technique of starting the regenerated
power and voltage control is studied and discussed in [15]. In order for the FQDC
to be applied in real world it needs controllers running control algorithm in the
embedded system. The controller and its control algorithm are studied and tested
using Processor in the loop (PIL) technique [16]. To improve the new FQDC perfor-
mance optimization tool such as Artificial intelligence (AI) is introduced to control
all of the chopper operations of the proposed FQDC chopper [17]. Among the three
AI controllers ANFIS shows the best performance followed by neural network, self
tuning Fuzzy Logic Controller [18], and expert system [19]. Attempt of cruising test
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Fig. 3.1 Novel four quadrants DC chopper

with specific requirement of remaining distance traverse and battery State of charge
using Fuzzy Logic [20] controller shows significance performance in controlling the
EV operation.

Study on Neural Network controller to uncover proper method of tuning has been
carried out such as using single controller with binary output [21]. On each specific
FQDC chopper operation mode the performance can be further improved using AI
optimization tool such as Genetics Algorithm [22] and gradient descend [23], to
set up specific Look up table for field current. Pole placement [24] method used
to tune Close loop PID controller to improve controller performance while Fuzzy
LogicController is used to controlmotor current [25] is applied to improve the control
performance and system stability. For fault diagnose and online system online tuning
and optimization a Numerical representation using Taylor series [26] is studied and
tried for driving mode. The cascade PID with ascend descend algorithm and after
improvisation made associated to steering [27], vehicle movement control [28], and
electrohydraulic brake control [29] be used for autonomous EV for automatic reverse
parking.
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To further investigate on this new series motor four quadrants DC chopper, the
chopper operation controllers which are eventually running in an embedded system
such as the PIC microcontroller are studied in this paper.

3.3 Methodology

3.3.1 Embedded System of FQDC Controllers

The novel four quadrants chopper as shown in Fig. 3.1 has seven operationswhich are
the driving, reverse, field weakening, parallel mode, regenerative braking, resistive
braking, and generator. The FQDC controller requires controllers such as the one
shown in Fig. 3.2. The controller must have electronics circuitry incorporated for the
clock, voltage supply, analog to digital to read analog signals output generation such
as PWM and have UART or SPI for data communication. The controllers which have
a control algorithm running in it are purposely for control, selection, and passing data
for communication via SPI and serial.

Fig. 3.2 PIC microcontroller
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As the system hasmany operations, the chopper four quadrants controller contains
four sub-controllers (PIC microcontrollers) which are for the data distribution,
chopper operation, subsequent and delay, and finally IGBT firing controllers. The
overall four quadrants chopper controllers are shown in Fig. 3.3.

The communication is needed between the controllers and in Fig. 3.4 a block
diagram of flow of data communication is described.

IGBT Firing 
Controller 

Subsequent and 
Delay Controller

DATA distribution 
controller

Chopper Operation 
controller

Fig. 3.3 Four quadrants chopper controllers

Fig. 3.4 Flow of data
communication PIC18F4550 

Data distribution 

controller  

PIC16F887 

Chopper 

operation 

controller 

PIC18F45

K22 
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Controller  
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and delay 

controller 
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Fig. 3.5 Block diagram of
data type for each controller Brake 

pedal Data 

distribution 

controller  

Chopper 

operation 

controller 

Accelerator 

 pedal 

IGBT 

Firing 

Controller  

Fedback sensors  

Subsequent 

and delay 

controller 

Four Quadrants DC Chopper  

Series Motor  

Fed back 

The details of data and what type of data being passed, i.e., whether it is analogue
or digital or communication data for each controller, are as shown in the block
diagram in Fig. 3.5.

The overall operation of the four quadrants DC chopper controller is described as
in the block diagram of Fig. 3.6.

3.3.2 Detailed Operation Function on Each of the Controllers

i. Data Distribution Controller. The function of this controller is to read all the
signals input and output and to segregate the data to respective controllers as
shown in Fig. 3.7. A communication is established using serial communication
and SPI. This controller also enables communication from the controller so
that data can be read to MATLAB/LabVIEW software for data collection and
processing.

The controller will receive signals such as accelerator pedal, brake pedal, field
current, armature current, armature voltage, battery voltage,motor speed, and vehicle
speed.

ii. Chopper operation controller. The chopper operation controller is a controller
to choose what operation should be running at any particular moment when
receiving data from the data distribution controller and output data of the
chopper operation to subsequent and delay the controller. In order for this
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Begin

Distribution controller read all signals

Chopper operation controller chooses mode of operation 
and pass to delay and subsequent controller

Delay subsequent controller will control enable signal to IGBT firing 

controller, make and brake contactors contact, create delay, (according to 

current and previous mode of operation). The controller will pass copper 

operation mode to IGBT firing controller. 

Distribution controller distribute data through communication line to 

the respective controller 

IGBT firing controller receives chopper mode operation and enables 

ready signal, run PID control algorithm and will release PWM signal 

Four quadrants chopper receives IGBT fire according to PWM signal 

Series motor reacts to IGBT firing 

Fig. 3.6 Overall chopper operation controller

Fig. 3.7 Data distribution
controller operation Begin

Read all signals 

Receive PWM data signals 

from IGBT firing controller 

Distribute data through 

communication line 
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Fig. 3.8 Overall chopper
controller operation

controller to choose the right operation, signals data should be further processed
as described in Fig. 3.8.

The controllerwill receive several signals such as from the accelerator pedal, brake
pedal, field current, armature current, armature voltage, battery voltage, and motor
speed. From the received signals the controller will generate other signals such as the
rate of speed. Several methods can be used to select the most appropriate chopper
operation such as expert system (if than rules), fuzzy logic, neural network, self
tuning fuzzy logic, and fuzzyneuro [9]. Table 3.1 summarizes the signals received and
processed by the chopper operation controller. Table 3.2 contains general information
on how the signals are processed to determine what chopper operation should be
selected to drive the FQDC.

iii. Subsequent and Delay Controller. The subsequent and delay controller has
four functions. The first function is to make and break the contact of contactors
according to the chopper operation as shown in Table 3.3.

Table 3.1 Input signals table

Zero Low Medium High

Accelerator pedal 0–1 V 1–2.5 V 2.5–3.5 V 3.5–5.0 V

Brake pedal 0–1 V 1–2.5 V 2.5–3.5 V 3.5–5.0 V

Motor speed 0–50 rpm 50–500 rpm 500–1050 rpm 1050–2500 rpm

Error 0–50 50–250 250–500 500–1023

Armature voltage 0–1 V 1–2.5 V 2.5–3.5 V 3.5–5.0 V

Rate of speed 0–10 10–20 20–30 30–40
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Table 3.2 Chopper operation selection table

Acc pedal Brake
signal

speed Rate of speed Armature
voltage

Error

Driving Bigger than
zero

Zero Zero to
medium

NIL NIL NIL

Field
weakening

Medium to
high

Zero Medium to
high

NIL NIL NIL

Regen
brake

NIL Medium to
high

Medium to
high

Zero to negative NIL NIL

Rheostat
brake

NIL Low to high Zero to
High

Zero to negative NIL NIL

Generator Low to
medium

Zero Medium to
high

Zero to negative NIL NIL

Parallel Medium to
high

Zero Medium to
high

negative NIL Positive

Table 3.3 Contactors operation table

K1 K2 K3 K4 K5 K6 K7

Driving 1 1 0 1 0 1 0

Field weakening 1 1 0 1 0 1 0

Regen brake 0 0 1 1 1 0 0

Rheostat brake 0 0 1 1 1 0 0

Generator 0 0 1 0 1 0 1

Parallel 1 1 0 0 0 0 1

Reverse 1 0 1 1 0 1 0

This controller has the important function to allow the contactor to change the
contactor operation is carried out in a zero voltage, zero current operation. It delays
the transition of some chopper operations for example from driving to braking. The
second function is to disallow immediate transition without delay from one chopper
operation to the other chopper operation for example from driving to reverse. This
is described in Table 3.4.

The third function of this controller is to send a ready signal to the IGBT firing
controller. This signal is important since without the signal, the IGBT controller will
not start functioning. The fourth and the last function of this controller is to pass the
mode of operation to IGBT firing controller.

The delay in loop accessed is determined by comparing the current mode of
operation with the previous mode. If the same operation happened no delay accessed
is allowed. If different mode is chosen the delay mode accessed is granted. This is
also described in the block diagram of Fig. 3.9.

iv. IGBT Firing Controller. The IGBT firing controller receives three types of
data signals which is data from the data distribution controller, and two types of
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Table 3.4 Delay mode
operation table

Current mode Previous mode Delay mode

Driving Driving No

Field weakening Driving No

Regen brake Field weakening Yes

Rheostat
brake

Regen brake No

Generator Field weakening Yes

Parallel Field weakening Yes

Reverse Driving Yes

Fig. 3.9 Delay subsequent
controller block diagram
operation

Begin

delay and subsequent controller receives chopper mode of 

operation from chopper operation controller  

remove enable signal to 

IGBT firing controller

Update chopper operation mode to IGBT firing 
controller

Delay?

enable signal to IGBT firing controller 

Delay loop  operation and 
changing contactors contact  

data from the subsequent and delay controller. First, it receives the input–output
signal data, such as speed, field current, and armature voltages, from the data
distribution controller. Second, it receives the chopper operation data which is
from the delay and subsequent controller, and the data is being passed through
the SPI communication. The third data is to enable the digital signal bit which
is through the I/O pin from the subsequent and delay controller. There are two
output signals of this controller where the first output is the IGBTS firing PWM
to the four quadrants chopper. This PWM output is actually coming from a
digital PID output control algorithm. The second output is all data related to
the digital PID such as error and PWM output. When the controller has already
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Begin

Read sensors signal through serial communication line from data 
distribution controller 

PID controller generates PWM signal to IGBT firing 

controller and pass to four quadrants drive chopper

Read lookup table for respective  chopper operation mode 

.e.g speed vs acceleratot pedal, brake vs  speed, etc. 

Read chopper operation signal from delay and subsequent 

controller via SPI communication line 

Read enable bit signal from I/O pin from delay and subsequent controller 

Series motor energizes by four quadrants chopper 

Fig. 3.10 IGBT firing controller operation block diagram

received these three input data signals, and according to the mode of operation
that has been selected, the controller will first read the respective look up table
and find the reference input (Fig. 3.10).

3.3.3 Simulation Software and Experimental Setup
for Simulation and Experiment

The MATLAB/Simulink model is established and used for simulating and studying
the chopper and controller behavior as shown in Fig. 3.11.

The experimental setup is shown in Fig. 3.12 where a 0.65 kW series motor is
used to be driven using the proposed FQDC controller to perform the required six
chopper operation.
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Fig. 3.11 MATLAB/Simulink model

Fig. 3.12 Experimental setup

3.4 Results

The experimental and simulation results are plotted together and shown in Fig. 3.13.
The speed of the motor, field, and armature current is plotted.

Six modes were tested and they are the driving, parallel, generator, field weak-
ening, regenerative, and resistive braking modes and were tested one after another in
continuous. First, in the driving mode the motor runs until it reaches the base speed.
Then the motor is loaded to represent climbing a steep hill, the speed of the motor
drops due to this load.When the parallel mode is activated the speed regains its speed
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Fig. 3.13 Simulation and experiment of FQDC chopper

and when the load is removed the speed increases further. In the generator mode the
speed decreases slightly due to generator torque and in the field weakening mode,
the motor speed further increases due to the increase in armature current. During the
regenerative and resistive mode the motor speed decreases at a faster rate due to the
counter torque action.

3.5 Conclusion

The embedded system controller and FQDC are capable to perform as expected the
operations to drive the operation to drive series motor and have a high potential to be
utilized in EV. This is due to its simple design, low cost, and excellent controllability.
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Chapter 4
Pre-weld Heating Temperature Effect
on the Welding Quality of a 100 T Truck
Crack Frame—Case Study

Tumianto, Muhammad Al’Hapis Abdul Razak, Azmi Hassan, Iwan Susanto,
Surya Atmadyaya, Mohd Riduan Ibrahim, and Asmawi Ismail

Abstract The heat generated during the welding process tends not to be evenly
distributed between the weld metal, base metal, and heat affected zone and produces
residual stresses. To obtain the desired result from the welding process it needs to
be subjected to a heat treatment for removing residual stress through pre-weld and
post-weld heat-treatment procedures. This research aims to determine the effect of
the pre-weld heat-treatment process on the results of the FCAWwelding of a 100-ton
truck crack frame with temperature variations between 120 and 150 °C with a hold
time of 15–30 min which is heated at the and cooled in free air. The combination of
temperature and time that can optimize the welding quality in regard to crack failure
of the truck frame is 100 °C temperature and 15min. Temperature factor has an effect
of 54.4% and the time. The time factor has an impact of 24.2%. The temperature
interaction factor and time have an impact of 0.004% on pre-weld heating. The
prediction of the meant time between stoppage (MTBS) of the truck from pre-weld
heating on truck frame cracking failure if the optimal design is used, i.e., 100 °C
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preheat for 15 min is 603 days. The type of research conducted is an experimental
investigation.

Keywords Temperature · Preheat ·Welding · Crack · Frame · Truck ·Mining ·
Coal

4.1 Introduction

Because welding is a joining process using energy heat, the metal around the weld
experiences a fast thermal cycle which causes complex metallurgical changes, defor-
mations and deformations and thermal stresses. This is very closely related to tough-
ness, weld defects, cracks, etc., which generally have a fatal effect on safety of
weld construction [1]. Metals will experience a heating effect due to welding and
experiencing changes in the microstructure around the weld area. The shape of
the microstructure depends on the highest temperature reached welding speed and
cooling rate of the weld area.

Welding consists of three parts:

1. Weldmetal is a part of themetal at that time theweldingmelts and then solidifies.
2. Base metal, the base metal where heat and temperature welding does not cause

structural changes and nature.
3. The area of heat influence is called the heat affected zone (HAZ). This is base

adjacent to the weld metal during welding and is subjected to a fast heating and
cooling process.

Apart from these three main divisions, there is still one special region which
limits between the weld metal and the area of heat influence, which is called the
weld boundary (fusion line) [2].

For a weld construction to be done correctly and successfully so that it is safe
against the work done, then every welding job must start with the proper selection.
Welding electrode, the welding process, and other important variables such as the
form of the connection to be worked on, both in fabrication and in the field, as well
as the treatment to be carried out at the start and completion of welding, preheat, and
PWHT post-weld heat treatment (PWHT) [3].

Preheat or preheating before welding is done for slowing down the cooling rate
and prevents weld cracking. Preheat is sometimes also needed to relieve the residual
stress to increase the toughness, and to control the metallurgical properties in the
HAZ.

4.2 Methodologies

Methodologies on the research will be described as follow:
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4.2.1 Data Collection Method

The truck for the experiment,which has some cracking failure on the framebecause of
operation in coalmining environment, has been selected.Difference pre-weld heating
treatments were done and recorded. The data used on this research is taken from the
mean Time between Stoppages (MTBS) [4] of those selected 100 T truck when the
second (indication) cracking failure was identified based on regular inspection.

4.2.2 Data Analysis

The variables used in the analysis consisted of two types of variables, namely, the
response variable and the independent variable. The response variable used is a
variable that indicates the quality of the pre-weld heating. In this case the truck
MTBS is used to determine the durability of preheating:

a. Mean Time Between Stoppages (MTBS). The signal to the noise ratio (SNR)
of truck MTBS variables will be measured as

Larger is the better characteristic SNR:− 10 log
1

n

(∑ 1

y2

)
(4.1)

n is the sample observed
y1, y2, … is the data results.
While the independent variables in this analysis are the variables used to

optimize the quality welding, and each has two levels, namely,
b. Temperature, which consists of the level 100 and 150 °C.
c. Time, which consists of levels 15 (in minute duration) and 30 min.

The following Table 4.1 presents a summary of the factors and levels used.
Based on the available data, this analysis uses four data for each combination

of factor levels Temperature and Time Interval The data are taken is data from the
truck release after failure until it identifies crack at the around same area. Data are
presented in the Tables 4.2 and 4.3 below.

Table 4.1 Pre-weld heating
level and factor

Level Temperature (°C) Time (minutes)

1 100 15

2 150 30
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Table 4.2 Historical data
captured on trial 1

Truck ID Temperature (°C) Time (minutes) MTBS (days)

TR1 100 15 533

TR2 100 30 427

TR3 150 15 492

TR4 150 30 229

Table 4.3 Historical data
captured on trial 2

Truck ID Temperature (°C) Time (minutes) MTBS (days)

TR5 100 15 672

TR6 100 30 512

TR7 150 15 312

TR8 150 30 302

4.3 Discussion

Results of the experimental investigation on the effect of pre-weld heating on the
crack frame failure are discussed in the following.

4.3.1 Taguchi Analysis

4.3.1.1 Orthogonal Array on Pre-weld heating

The analysis used two factors that are thought to influence the response, namely,
temperature (X1) and time (X2), where each factor has two levels [5]. This analysis
used an orthogonal array of 2 experiments with four repetitions for each experiment
(a combination of factors on each level). The orthogonal arrangement design is as
follows:

x = experiment = 2
n = sample observed = 2
a = factor level X1 = 2
b = factor level X2 = 2.

4.3.1.2 Signal to Noise Ratio (SNR)

SNR measures the level of performance and also the obscurity of the output quality
characteristics. The higher the performance as measured by the higher SNR is the
same as, the smaller the loss (Table 4.4).
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Table 4.4 SNR on pre-weld heating

No. Temperature (°C) Time (minutes) Y bar S/R ratio for pre-weld heating

(X1) (X2)

1 100 15 602.500 55.425

2 100 30 469.500 53.326

3 150 15 402.000 51.425

4 150 30 265.500 48.34

Average 434.875 52.103

Table 4.5 ANOVA on pre-weld heating

CF DOF SS V F ratio F (0.95; dof1; dof2) P value %C

X1 1 81,810.125 81,810.125 10.183 7.709 0.033 54.442

X2 1 36,315.125 36,315.125 4.520 7.709 0.101 24.167

X1 * X2 1 6.125 6.125 0.001 7.709 0.979 0.004

Error 4 32,137.500 8034.375

Total 7 150,268.875

4.3.1.3 ANOVA on Response

The results of the ANOVA analysis can be explained as shown in Table 4.5.

4.3.1.4 Large Factor Contributions

The proportion of each factor’s contribution to the response: Temperature factor has
an effect of 54.442%. The time factor has an impact of 24.167%. The temperature
interaction factor and time have an impact of 0.004% on the pre-weld heating.

4.3.1.5 Response SNR Pre-weld Heating

The effect is shown in Table 4.6 by Calculating the SNR average value at each level
of each corresponding factor.

Table 4.6 Response
pre-weld heating

Level X1 X2

1 54,376 53,425

2 49,830 50,780

Delta 4,546 2,645

Optimal 1 2

Rank 1 2
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Fig. 4.1 Average SNR pre-weld heating

The design that produces the best SNR value is the design with a temperature of
100 °C and 15 min.

It is clearly shown if the design that produces the best SNR value is the design
with temperatures 100 °C and 15 min (Fig. 4.1).

4.3.1.6 SNR Predictions

The prediction of the value from pre-weld heating on the truck frame cracking failure
if the optimal design is used, i.e., preheating at 100 °C for 15 min. The prediction
results are as follows:

ŷ = X1100 + X215 − y.. = 603

The average truck MTBS will be 603 h.

4.4 Conclusions

The combination of temperature and time that can optimize the welding quality on
the crack failure of the truck frame is 100 °C temperature and 15 min.
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Temperature factor has an effect of 54.442%. The time factor has an impact of
24.167%. The temperature interaction factor and time have an impact of 0.004% on
pre-weld heating.

The prediction of the meant time between stoppage of the truck from pre-weld
heating on truck frame cracking failure if the optimal design is used, i.e., preheating
at 100 °C for 15 min is 603 h.
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Chapter 5
Features Extraction
from a Second-Order Black Box Model
Matched to the Veltink Model
for a System Identification of Knee
Extension for Control Law
and Formulations of Close-Loop
Controller Rehabilitation Using
Functional Electrical Stimulation

Saharul Arof, Emilia Noorsal, Saiful Zaimy Yahaya, Nor Haslina Ibrahim,
and Hamzah Arof

Abstract Real-world functional electrical stimulation (FES) encounters nonlinear
effects of fatigue and time delay that cause the FES controller to under-perform or
sometimes fail. Nonlinearities cause the system to change, but it is not possible to
re-tune the controller once its parameters are set. System representation using an
observer can allow the patient’s knee extension to be represented in a numerical
computation algorithm and can exist, run, or be executed in an embedded system.
This enables the closed-loop controller to be tuned to the system being imitated.
The second-order black box model can be matched to the Veltink model to repre-
sent the knee extension in which the model is transformed into a linear differential
equation, and then into a physical-based model. The numerical computation using
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Taylor series is then used to convert the physics-based model using a computa-
tional algorithm that represents the knee extension system in a discrete-time linear
system. Prior to the conversion of the numerical model, certain parameters need to
be extracted from the actual system response of the patient knee angle trajectory
upon receiving an open-loop signal from FES. This paper focuses on the control
algorithm technique for extracting the second-order black box model parameters
matched the actual knee extension system response. MATLAB/Simulink is used to
test the parameter extraction algorithms. The results indicate that the extraction algo-
rithms succeeded in extracting the actual system parameters that are similar to the
ones obtained by extracting the parameters representing the knee extension model.

Keywords Rehabilitation · FES · Observer · Features extraction · FIR filter ·
Finite state machine · Black box

5.1 Introduction

In recent decades, functional electrical stimulation (FES) has been widely used for
neuromuscular applications to restore function to paralyzed muscles and limbs. The
major challenge of muscle contraction induced by FES is early muscle fatigue which
greatly limits activities such as FES-assisted standing and walking [1]. The cause
of early muscle fatigue is due to the inefficiency of the stimulation waveform and
strategy inherent from the FES device [2]. The conventional stimulation technique
of the existing FES device, which employs the single open-loop stimulation channel,
delivers a fixed stimulation pattern on the same motor unit and synchronously has
resulted the motor unit to be overworked and fatigue easily [3]. The main objective
of this research work is to establish algorithms to extract parameters from the actual
knee trajectory response to form an observer that represents a knee extension system
of the person under treatment using a computational algorithm [4] whereby it can
be run, simulated, and tuned in an embedded system such as a microcontroller. The
expected outcome of this research work is to produce an efficient features extraction
computation algorithm to improve the close-loop controller performance.

5.2 Literature

Closed-loop control algorithms can theoretically improve the performance of open-
loop control algorithms for FES applications. However, the actual performance of
closed-loop controllers of FES is still inadequate and it must be greatly improved
before they can be implemented effectively. It seems that the feedback controllers
exhibit significantly degraded performance when real-world nonlinear effects (that
is, fatigue and spasticity) are taken into consideration [5]. Moreover, the functioning
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of the feedback controllers is dependent on the parameters of the muscle recruitment
function, which change during real-world FES use [6].

For a smooth feedback control operation, an accurate muscle model [7, 8] of
the system (patient to be treated) is needed. However, it is difficult to include the
nonlinear aspects of the human muscle of a user such as fatigue [9] and spasticity
into the model used by the closed-loop controller. Furthermore, the FES devices in
the market do not have the feature to incorporate personalized muscle parameters
of a user into the feedback controller to influence its operation as the patient to
be treated is unknown apriori. In this case, the knee and muscle of the user may
experience degrading performance as a result of fatigue and spasticity [10–12], since
it is impossible to tune the closed-loop feedback controllers to suit the patient’s leg
and knee [13]. Unlike FES devices in the laboratory that can be set up to suit several
pre-determined persons, the FES devices in the market have to cater for variations in
the weight, damping, etc. of different people who are unknown [14]. These unknown
parameters could prevent the system from running at its highest performance, or
could sometimes cause it to fail, and cause injuries to the patient [15]. An accurate
model requires the identification process to be established and this is considered as
impractical in a clinic setting due to time constraints and fast-changing dynamics
[16]. Nonlinear effects require system changes but updating the system or retuning
the controller are not possible.

5.3 Methodology

System representations [4] using an observer can allow that the patient knee exten-
sion is represented in a numerical computation algorithm and can exist, run, or being
executed in an embedded system. This allows close-loop controller tuning to the
imitate system using optimization tool such as genetics algorithm [17] or gradient
descend [18]. The second-order system can be used to represent knee extension
models [11–14] in a black box model. For observer formation, the model is trans-
formed into a linear differential equation [4], and then into a physical-based model.
The numerical computation using Taylor series is then used to convert the physics-
based model to a computational algorithm [4] that represents the knee extension
system. This computational algorithm allows the model to stand as an independent
system and to operate in an embedded system such as the microcontroller such as
shown in Fig. 5.1. Prior to the conversion to a numerical model, certain param-
eters need to be extracted from the actual system response of the knee extension
system. The knee response is recorded and stored in the memory for future analysis
and extraction of the system parameters. This paper focuses on the control algo-
rithm technique for extracting the second-order black box model parameters from
the actual knee extension system response.

The knee extension model can be represented by a body part and joint dynamic
equation and an electrically stimulated muscle model as depicted in Fig. 5.2. Veltink
et al. [19], in a controlled study of the ankle joint movement, used a second-order
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Fig. 5.1 PIC
microcontroller

Fig. 5.2 Knee extension

linear system to determine the relation between torque and angle, see Eq. (5.1). They
proposed the following equation to relate the two parameters

M = I θ̈ + Bθ̇ + θ − θnom

C
(5.1)

whereM is the joint torque, θ is joint angle, and θ nom is the angle atwhich the steady-
state torque equals zero, I is the inertia, B is the damping, and C is the compliance
of the load.
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The overall knee extension represented in a system can be matched, categorized,
and simplified by a second-order system.

5.3.1 Second-Order Black Box Model System

A black box is a device, system, or object which can be viewed in terms of its
inputs and outputs, without any knowledge of its internal workings. The Veltink
model can be equated to the black box second-order system. The second-order
system as depicted in Fig. 5.3 can fall into four categories, which are under-damped,
critical damped, damped and over-damped. Natural frequency (wn), damping ratio
(zheta), system gain, and time constants are important parameters that determine the
categories.

The second-order transfer function form is provided in Eq. (5.2).

C(s)

R(s)
= ω2

n

s2 + 2ζωns + ω2
n

(5.2)

where ω2
n is the natural frequency, and ζ is the damping.

A linear differential equation of the Veltink and second-order in linear differential
Equation (LDE) can be represented as given in Eqs. (5.3) and (5.4)

I θ̈ + Bθ̇ + θ − θnom

C
= M (5.3)

Fig. 5.3 Second-order black box
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Fig. 5.4 Second-order dynamic behavior

Second-order using ζ and wn

Ax
′ ′ + ζ x

′ + wnx = y (5.4)

For a second-order system, by knowing the natural frequency wn damping ratio
(Z), system gain, and time constants the black box system can be represented. Z influ-
ences the damping effect, natural frequency, and system gain influence the steady-
state output, and the time constant influences the time response. Thegeneral equations
for the establishment of the second-order black boxmodel as in Fig. 5.4 are described
in Eqs. (5.5)–(5.9).

Overshoot Ratio = Peak

Steady state output
(5.5)

Wn = Steady state output

Step input
(5.6)

ζ =
√

ln(os)2

π2 + ln(os)2
(5.7)

Rise Time (Tr ) = Ts√
1 − z2

(
π − cos−1 z

)
(5.8)

Settling time Ts =
√
1 − z2

2π
P (5.9)
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Fig. 5.5 Block diagram of
feature extraction during
open-loop test

goniometer
sensor

ganiometer

Controller KNEEFES/

memory

Feature extraction
ganiometer

These parameters need to be extracted to find the ζ (damping), wn (natural
frequency), and K (system gain) and time constant (i.e., steady-state time, steady-
state value, input value, overshoot, etc.). These parameters are determined during
open-loop FES test as shown in Fig. 5.5.

Once the input start signal is received, the controllerwill output the pre-determined
pulse width and frequency to the FES device. The actual knee extension response is
processed and is also stored in the memory for further comparison, data extraction,
and signal processing use. The memory is needed to store the actual system response
for finding parameters such as the final steady-state output.

5.3.2 Second-Order System Features Extraction

To extract the feature of steady-state value required digital signal processing order
filter. The simplest Digital/Discrete order filter is given by the following difference
equation:

y(n) = x(n) + x(n − 1) (5.10)

where x(n) is thefilter input amplitude at time (or sample), y(n) is the output amplitude
at n. The x(n − 1) is the previous sample. The signal flow graph (or simulation
diagram) for this little filter is given in Fig. 5.6.

The symbol ‘Z−1’ means a delay of one sample, i.e., Z−1 x(n) = x(n − 1).

Fig. 5.6 System diagram for
the filter

+
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The algorithms needed to perform the features extraction is by using the time
domain technique by having three points separated with specific time interval that
works as the order filter as shown in Fig. 5.7. At each point, it is connected to the
controller preset with the finite state machine if–then rules control law.

The time to reach the steady-state value is also recorded and used to determine the
system time constant. An incremental counter is set up with pre-determined step-up
time, to record the total time until the actual knee trajectory response reaches steady
state. At each sampling time, the first output value as stated as point 1 (P1) is recorded
and stored in the memory. In the second time interval, the output value is updated
as the new point 1 (P1) and the previous point 1 (P1) value which was stored in the
memory is transferred and recognized as the second point or point 2 (P2). At third
time interval, the new output value is updated as point 1, the previous point 1 value is
updated as point 2 and the previous point 2 value has become point 3 and the process
continues. If the three points have significantly different values, this means that the
steady state is not yet reached. However, if the three points have almost the same
values, the system is at steady state. The value is divided with the input value and
the result is the natural frequency. This natural frequency value reflects the system
gain.

To obtain the overshoot value, the memory needs to be used. An algorithm to
find the system’s maximum value or overshoot value is by comparing each point of
the knee trajectory response to one value preset in the memory. If the response has a
higher value than the one in thememory, it is stored in thememory, and this ends up as
the highest value collected in the memory. This value is used to find damping/zheta.
To determine the overshoot time called the peak time (Tp), the three points technique
and another incremental counter that is running are used. If the first point (P1) is
lower than point 2 (P2), and point 3 (P3) is lower than point 2 (P2) and point 1(P1),
the maximum point is reached. The time to reach the maximum/overshoot value is
then recorded.

Once those values have been obtained, the data in the memory is re-run/recalled
and is compared to find the rise time Tr and Tp of the system. An incremental counter
is run to locate the count when the values of Tr and Tp are reached. Tr is the value at
50% earlier determined of the steady-state value and is then compared to the memory
value and finally determined. The time constant Tr value is at 50% of the steady-state
value and the other Tp is at 100% of the steady-state value. Two incremental counters

Fig. 5.7 Three points and finite state machine system diagram
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Fig. 5.8 Simulation model of features extraction for second-order model

value is used to find the values. The system gain can be determined by dividing the
steady-state value to the input value.

5.3.3 Simulation Model Using Matlab/Simulink Function

A MATLAB/Simulink simulation model is used to represent the controller and
memory of the embedded system that holds the control algorithms. Figure 5.8
exhibits the MATLAB/Simulink simulation model for the second-order system. The
knee extension trajectory that was previously simulated and recorded is included and
simulated togetherwith the embedded systemcontroller to test the control algorithms.

Figures 5.9, 5.10 and 5.11 are some of the results of the three points technique.

5.4 Result and Discussion

The simulation results are shown in Figs. 5.12, 5.13, 5.14, 5.15, 5.16, 5.17, 5.18
and 5.19. Table 5.1 is the conclusion of the expected parameters extraction results.
In Fig. 5.12, the overshoot value is determined using the algorithm. In Fig. 5.13,
the counter value to count time constant (Tc) from the steady-state time is shown.
The steady-state value is shown in Fig. 5.14. In Fig. 5.15, the counter value to count
the steady-state time for the second-order system is shown. The counter value to
obtain the Tr and Tp values is shown in Fig. 5.16. Figures 5.17 and 5.18 show the
use of memory to find the Tr and Tp values. Figure 5.19 is the final result after the
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Fig. 5.9 The three points
during transient response

Fig. 5.10 Three points
reach steady-state value

Fig. 5.11 Three points
found maximum point
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Fig. 5.12 Second-order
overshoot value
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Fig. 5.13 Overshoot time
counter
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Fig. 5.14 Finding of
steady-state value
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Fig. 5.15 Results of
second-order steady-state
time
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Fig. 5.16 Results to
determine Tr and Tp
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Fig. 5.17 Used of memory
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Fig. 5.18 Counter find time
constant

Fig. 5.19 Numerical
observer

Table 5.1 Features values

Tp Tr Os Ost Freq ssv sst

185 100 57 365 1000 49 700

extracted parameters have been transformed to ζ, wn and time constant and finally
used to re-form the system. The simulated system is compared to the actual system
for comparison.

Table 5.1 collates all the extracted parameters for further processing and trans-
formation to determine zheta, natural frequency wn, and system gain. The data time
interval or frequency for data storing is also important and is included in the table.

ζ, natural frequency wn and system gain are computed using the equations below:

ζ = ((Overshoot-steady-state value)/steady-state value) (5.12)
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w2
n = Normalize Steady-state value/normalize input signal (5.13)

Dx = steady-state counter value ∗ controller frequency (5.14)

By knowing the damping ratio, system gain, and time constants, the second-
order system ζ and natural frequency can be determined. This black box model is
then converted into the linear differential equation model and solved by numerical
methods.

MATLAB/Simulink software with MATLAB function is used in the MATLAB
function.

Output of the Simulation Model Using MATLAB/Simulink Function

A MATLAB/Simulink model using MATLAB function is used to represent the
embedded system. Figures 5.20, 5.21 and 5.22 exhibit the transfer function,
physical-based model, and MATLAB/Simulink simulation model using Taylor
series.

Figure 5.23 shows the MATLAB/Simulink simulation result of the Taylor series
representing the knee extension.

From the graph in Fig. 5.23, the pattern of each type of simulation is considered
acceptable but not equal. Further improvement can be done by controlling the time
step and different values of h.

Once the system parameters have been determined, the linear differential equation
can be established. Then the equation is converted to the physics-based model before
constructing the numerical method representation. The Taylor series method is used
for the numerical representation of the knee extension because its calculation is much
easier. Details of the conversion process are not in the scope of this paper but will

Fig. 5.20 Transfer function model

Fig. 5.21 Physical-based model
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Fig. 5.22 Simulation model of embedded system running Taylor series using MATLAB/Simulink
function

Fig. 5.23 Simulation result
of Taylor series expansion
representing knee extension
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be covered in a separate paper. The final result is shown in Fig. 5.23. The numerical
model can be used along close loop feedback controller such as Fuzzy Logic [20],
PID, Sliding mode for controller tuning purposes using gradient descend, genetics
algorithm or particle swarm optimization.
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Table 5.2 Influence
parameters

Parameters Accuracy

1. Analog to digital conversion
resolution

Higher resolution results in
better accuracy

2. Range tolerance of FIR order
Filter

The smaller ranges tolerance
result in better accuracy

3. Separation point Closer will produce better
result

The accuracy of the result is measured based on point-to-point comparison. At
a lower accuracy, the graph line of the original and the one which is stored in the
memory cannot be distinguished, while at a higher accuracy, two separate lines can
be observed. The three parameters that influence the performance of the system are
provided in Table 5.2.

5.5 Conclusions

The technique of features extraction using memory and digital signal processing
with order filter have successfully been implemented and utilized to extract useful
parameters in representing the second-order system representing the knee extension
system. In summary, the performance of a features extraction method in extracting
the second-order system compared to the actual knee extension is good and suitable
to be used for system conversion to a linear differential equation, physical-based
model, and finally to numerical computation utilizing the Taylor series algorithm for
observer formation.
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Chapter 6
Analysis of an Adjustable Topside
Mechanic’s Creeper for Automotive
Repair and Maintenance Using
Simulation Methods

Siti Rohana Ahmad, Syasya Aqilah Mohamad Nadzri,
and Muhammad Zunnurrin Ghazali

Abstract Amechanic’s creeper is synonym in automotive industry especially during
maintenance or repair of a vehicle. A topside creeper is the easiest way and more
ergonomic to carry on with repair or service work without feeling tired or injuring
the body. The application of mechanic’s creepers is also expected to increase the
quality of service. Currently, the price of creepers is expensive, and the current
structure has several problems due to its heavy weight material (heavy-duty steel
frame). Furthermore, it is difficult to handle the creeper (assembly and dissemble
after usage), and it is hard to store the creeper. Some of products have had many
different sizes, heights, weight and are less ergonomic in terms of the design for
Asian’s mechanics, especially in Malaysia. In this paper, the design and analysis
of an ergonomic and adjustable height of topside mechanic’s creeper structure was
carried out using the SOLIDWORKS 2016 software. The 70, 100, and 130 kg of load
were used by referring to some typical weights of Asian’s mechanics. Two types of
aluminum (Al) profiles were used (40 mm × 40 mm and 60 mm × 60 mm). The
larger Al diameters of mechanic’s creeper structure indicates ~60% higher strength
and a ~55% lower strain compared to the small Al profile diameters. Therefore, the
design of the mechanic’s creeper structure is expected to be the less expensive and
more convenient for automotive mechanics in maintenance and/or repair works.
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6.1 Introduction

Automotive mechanics or technician duties have a great deal to do with fixing the
vehicle. Automotive mechanics spend a lot of their workdays under cars or hovering
over an engine. They are exposed to a variety of work stresses such as a hot noisy
environment, strenuous posture, improperly designed tools and machinery, and poor
psycho-social environment that can affect their safety and health. The mechanic
who works in an automotive repair shop often requires a device that supports more
physical support, as it leans over the engine compartment of an automobile to inspect
and/or to repair its components.

A mechanic’s creeper is a synonym in automotive industry especially during
maintenance or repair work of the vehicle. There are two types of mechanic’s creeper
used, one for the underside of a vehicle and the other one is used to overhead the
engine vehicle to performmaintenance or inspection. A topside creeper is the easiest
way and more ergonomic to carry on with repair or service work without feeling
tired or injuring the body [1–3].

There are a few overhead creepers with many unique features but providing the
same functionality to provide additional support for vehicle maintenance or repair.
By using a creeper, not only improves the comfort to the mechanic while working
but also increases the productivity [4].

There are several issues of the current mechanic’s creepers. One of them is that the
product’s price is too expensive. It is slightly a burden for mechanics to purchase the
product. Besides, the current structure has several problems due to its heavy weight
material (heavy-duty steel frame), it is difficult to handle the creeper (assembly and
dissemble after used), and it is hard to store the creeper. The latest products have
many different sizes, heights, and weights and are less ergonomic in terms of design
for Asian’s mechanics, especially in Malaysia.

In this project, an ergonomic foldable topside automotive mechanic’s structure
was designed and analyzed based on previous outcomes of researchers. The design
and simulation of the creeper structurewere done using the SOLIDWORKSsoftware.

6.2 Literature

Work-related back discomfort andassociated factors amongautomotivemaintenance
mechanic.

Back pain has been identified as a common cause of the disability within the
working population. Automotive mechanics usually use an uncomfortable back
posture during their manual operation and therefore may be at risk for back pain
associated with work.

Abaraogu and co-workers stated that musculoskeletal disorders, including low
back pain, are known for the occupations involving manual handling and phys-
ical workload. Maintenance mechanics for automotive use work mostly standing,
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Table 6.1 Associated factors among automotive maintenance mechanics [5]

The associated factor among automotive
maintenance mechanics

Problem

Association with daily working hours Longer daily working hours more than 5 h in
automotive mechanic maintenance tend to lead to
a rise in the currency of back pain. Workers who
had worked for lengthy periods were at a higher
risk than those who worked for shorter durations
may increase the risk of injury

Association with age The back pain among the participants increased
significantly with advancing age up to the
50–59 years old. This may suggest that these age
groups are critical to back pain incidence among
automotive mechanics workers

kneeling, or half kneeling, in forward flexion and on a hard floor. Individuals who
follow these positions consistently would be more likely to experience back pain [1].

In this research, they discuss the associated factors that happen among automo-
tive maintenance mechanics, which is association with age, association with daily
working hours, association with weight status, and perceived workplace stressors
responsible for back pain. Only two factors are related to this project. Two associated
factors with problem are stated in Table 6.1.

The back pain among automobile mechanics is higher, and the majority of these
workers do not seek consultation with a medical doctor or a physiotherapist even
when the majority of pain is severe and limits the activity. These researchers suggest
that the health education programmers and measures directed toward prevention
of occupational diseases would help to improve the health of automotive mainte-
nance mechanics, particularly in decreasing the back pain. Specifically, seminars and
workshops should be aggressively pursued; and clinicians should include ergonomic
education as a core component of interventions during back pain management [3, 5].

6.3 Methodology

6.3.1 Design Process

All designs were sketched on paper first before drawing them in SOLIDWORKS.
There were six designs created with two different dimensions of aluminum profiles
[5]. The first 3 design concepts used an aluminum alloy with dimensions of 40 mm×
40mmof the profile and another 3 designs used an aluminumprofilewith dimensions
of 60mm× 60mm. The purpose to use two different dimensions of aluminumprofile
is to test the strength of every design in terms of stress and strain analysis by using
the integrated simulation tool in SOLIDWORKS.
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6.3.2 Design of Foldable Topside Mechanic’s Creeper

The design 1 consists of the structure, chest cushion, kneel cushion, four wheels with
the lock, and a plate as shown in Fig. 6.1. This design is the first idea that was carried
out from the market survey [6, 7]. Table 6.2 shows the material parameters used for
all structures made of aluminum profiles with dimensions of 40 mm × 40 mm and
60 mm × 60mm. The density of the aluminum profiles is lower than the commonly
used metal density, and it is light but strong. It is suitable to use and can solve the
problem of the current product because the material of the current product is a heavy-
duty material. Based on the design 1, it can flip the kneel and with adjustable chest
cushion that helps the user for comfortable position while working at the engine
compartment.

Each part of design 2 in Fig. 6.2 is almost similar to the specification of design 1.

Fig. 6.1 Isometric view of
design 1

Table 6.2 Specification of
design 1

Specification Dimension

1. Adjustable kneel cushion
2. Adjustable cushion
3. Padded chests move
(upward and downward)
4. Fixed height
5. Fixed angle
6. 4 wheels with lock

1. Design 1 used aluminum
profile
40 mm × 40 mm
Overall dimension:
1600 mm × 880 mm ×
1766 mm
2. Design 1 used aluminum
profile
60 mm × 60 mm
Overall dimension:
1600 mm × 880 mm ×
1766 mm
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Fig. 6.2 Isometric view of
design 2

The main differences of the design are the movement of the padded chest support on
the right-hand and left-hand side. The second functionality is that it also can adjust
the height of structure for the exact mechanic’s height depending on their comfort
(see Table 6.3).

The design 3 in Fig. 6.3 slightly looks different compared to the two previous
designs. Table 6.4 indicates that this design has more feature, i.e., a storage box for
tools, adjustable angle and it can move the structure cushion to the left- and right-
hand side. The functionality is still the same as previous design, but a different type
of mechanism structure is used for easier movement and to maintain the stability of
the user while working at the vehicle engine compartment.

Table 6.3 Specification of
design 2

Specification Dimension

1. Adjustable height
2. Adjustable cushion
3. Adjustable padded chest
(move left and right side)
4. Fixed angle
5. 4 wheels with lock

1. Design 2 used aluminum profile
40 mm × 40 mm
Overall dimension:
1500 mm × 680 mm × 1263 mm
2. Design 2 used aluminum profile
60 mm × 60 mm
Overall dimension:
1500 mm × 680 mm × 1263 mm
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Fig. 6.3 Isometric view of
design 3

Table 6.4 Specification of
design 3

Specification Dimension

1. Adjustable height
2. Adjustable padded chest
(downward and upward)
3. Adjustable angle
4. 4 wheels with lock

1. Design 3 used aluminum profile
40 mm × 40 mm
Overall dimension:
110 mm × 788 mm × 1379 mm
2. Design 3 used aluminum profile
60 mm × 60 mm
Overall dimension:
110 mm × 788 mm × 1379 mm

6.3.3 Simulation Analysis

The SOLIDWORKs software is used to simulate the foldable topside mechanic’s
creeper structure. This software has been chosen for this simulation due to its
simplicity to assign the materials. There were three phases to complete the analysis:
first phase, pre-processing (mechanical components and assemblies). The second
phase is the post-processing (analysis, meshing, and boundary conditions), and the
last phase is the solution and the evaluation of the results: stress and strain. The steps
involved in the SOLIDWORKS simulation are as follows. Note that Fig. 6.4 shows
the example for design 3. The method used was similar to all designs.
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Fig. 6.4 Design 3 in simulation view

6.4 Results and Discussion

The design of the foldable topside mechanic’s creeper focused on three different
weights that were tested at the padded chest in design structure, which is 700, 1000,
and 1300Nwith two different sizes and dimensions of aluminum (Al) profiles 40mm
× 40 mm and 60 mm × 60 mm that were used in the product design. Three designs
were managed to be constructed. Each design has a different operation and function.

6.4.1 Simulation Results and Discussion

After the simulation step, the mechanic creeper structure is discussed in terms of
maximum stress and strain values. The maximum and value of stress and strain is
generated in simulation analysis. These results are shown in Tables 6.5 and 6.6. These
tables show the effect of different mechanic weights on the design 1, 2, and 3.

Figures 6.5, 6.6, 6.7, 6.8, 6.9 and 6.10 show the comparison of the three designs
in terms of their stress and strain. The result based on the three different loading,
700, 1000, and 1300 N. The result of stress and strain will help to choose which is
the best design according to the objective of this project.

Figures 6.5, 6.6, and 6.7 show the stress versus the aluminum sizes for three
designs with a load of 700, 1000, and 1300 N, respectively. For the dimension of
40 mm × 40 mm, the maximum value of stress is 75.68 MPa for design 3 as shown
in Fig. 6.5. Meanwhile, the minimum value of stress is 41.65 MPa for design 2.
Design 3 increased by around 16% compared to design 1. For the dimension 60 mm
× 60 mm, the maximum value is for design 3 (31.89 MPa) and the minimum value
is for design 2 (29.50 MPa). The difference between design 2 and design 3 is only a
9%.
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Table 6.5 Stress and strain
of the design 1, 2, and 3 for
40 mm × 40 mm of Al sizes

Design Load (N) Stress (MPa) Strain (%)

1 700 63.861 0.000548

1000 91.231 0.007830

1300 118.601 0.001020

2 700 41.65 0.00031

1000 59.51 0.00044

1300 77.36 0.00057

3 700 75.68 0.00033

1000 108.08 0.00047

1300 140.58 0.00061

Table 6.6 Stress and strain
of design 1, 2, and 3 for
60 mm × 60 mm of Al sizes

Design Load (N) Stress (MPa) Strain (%)

1 700 30.920 0.00027

1000 44.170 0.00039

1300 57.410 0.00051

2 700 29.50 0.00016

1000 42.15 0.00023

1300 54.79 0.00031

3 700 31.89 0.00014

1000 45.56 0.00020

1300 59.23 0.00026
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Fig. 6.5 Stress analysis; comparison of the three designs at 700 N of load for 40 mm × 40 mm
and 60 mm × 60 mm size of aluminum profile
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Fig. 6.6 Stress analysis; comparison of the three designs at 1000 N of load for 40 mm × 40 mm
and 60 mm × 60 mm size of aluminum profile
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Fig. 6.7 Stress analysis; comparison of the three designs at 1300 N of load for 40 mm × 40 mm
and 60 mm × 60 mm size of aluminum profile

In Fig. 6.6, the design 3 indicates that the highest stress is 108.08 MPa for the
40 mm × 40 mm size of aluminum at 1000 N of load. However, the lowest stress
is 59.51 MPa. There are slightly small differences between the stress values for
the 60 mm × 60 mm size of aluminum. The maximum and minimum stresses are
45.56 MPa for design 3 and 42.15 MPa for design 2, respectively. The stress value
for the 40 mm × 40 mm is higher compared to 60 mm × 60 mm size of aluminum.

The stress versus the size of aluminum profile for design 1, 2, and 3 is shown in
Fig. 6.7 for 1300 N of load. For 40 mm × 40 mm, the maximum value of stress is
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Fig. 6.8 Strain analysis; comparison of the three designs at 700 N of load for 40 mm × 40 mm
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Fig. 6.9 Strain analysis; comparison of the three designs at 1000 N of load for 40 mm × 40 mm
and 60 mm × 60 mm size of aluminum profile

140.58 MPa for design 3. The design 2 indicates that the minimum value of stress
is 77.36 MPa. In comparison, the stress value dramatically increased about 80%
compared to design 2. This figure also indicates small differences in stress value
which is the maximum value is 59.23 MPa for design 3 and the minimum value is
54.79 MPa for design 2 for 60 mm × 60 mm of aluminum size.

The strain against the aluminum size for design 1, 2, and 3 with a load 700 N is
shown in Fig. 6.8. For the dimension 40 mm× 40 mm, the maximum value of strain
is 0.00055% for design 1. However, the minimum value of strain is 0.00030% for
design 2. For 60 mm × 60 mm aluminum sizes, the strain decreased as 40 mm ×
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Fig. 6.10 Strain analysis; comparison of the three designs at 1300 N of load for 40 mm × 40 mm
and 60 mm × 60 mm size of aluminum profile

40 mm. The maximum strain for design 1 is 0.00027%, and the minimum strain for
design 2 is 0.00014%. The percentage of design 3 decreased significantly by 15%
compared to design 2.

The strain versus the dimension of aluminum size for design 1, 2, and 3 for 1000N
load is shown in Fig. 6.9. Design 1 indicates that the maximum strain is 0.00078%,
and design 2 shows that the minimum strain is about 0.00044% for the 40 mm ×
40 mm aluminum size. The minimum and maximum stress for the 60 mm x60mm
are 0.00020 for design 3 and 0.00039% for design 1, respectively.

Figure 6.10 shows the strain against the dimension of aluminum profile for design
1, 2, and 3 for 1300 N. The average strain is 0.00073 and 0.00036% for the 40 mm
× 40 mm and 60 mm × 60 mm of aluminum sizes, respectively.

Each design has its own considerations over others. For design 1, the design
structure is much simpler than the other designs in terms of the design, operation,
and function. Designs 1 and 3 have the same movement direction of padded chest.
It can move upward and downward. But, for design 2, it can move right- and left-
hand side direction. Based on the design structure, the structure of design 3 is much
complex than other design for any upcoming fabrication.

The most suitable dimension design of 40 mm × 40 mm to be considered is for
design 2 due to its lowest stress and strain value which is at 700 and 1300 N. These
values are much lower compared to the other designs. For 60 mm × 60 mm, design
3 is the most suitable to be chosen as the strain value remains to a lower value even
though it manages to hold a heavier load as design 2 in dimension 40 mm× 40 mm.

Based on the two-dimensions stated (40 mm× 40 mm and 60 mm× 60 mm), the
most appropriate dimension to be used for the aluminum profile based on the analysis
is 60 mm × 60 mm. This benefits from lower stress and strain values compared to
higher values when using 40 mm× 40 mm dimension. Here, for future development
of a real product, the 60 mm × 60 mm aluminum profile dimension in design 3 is
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also the most applicable when undergoing a fabrication process. However, further
study of safety factor must be done to determine the appropriate aluminum size to
fabricate the product. If the design is more than 1 of the safety factors, that means
the size is over-designed.

6.5 Conclusions

Based on the theory of foldable topside mechanic’s creeper and reference of previous
designs, three design outputs with two different dimensions were generated. This
project focused on the study of strength of a foldable topside mechanic’s creeper.
For design 1, the design has a fixed height and fixed angle. Design 2 utilizes a similar
function as design 3 with the upward and downward movement of the chest support
(padded chest). Simulation of strength of the foldable topsidemechanic’s creeper has
been carried out for design 1, design 2, and design 3. Each design has three different
load and has been tested with two different dimensions of Al profiles. The stress
and strain have been obtained from SOLIDWORKS. The larger Al profile diameters
of mechanic’s creeper structure indicates ~60% higher strength and a ~55% lower
strain compared to the small diameter Al profile diameters.
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Chapter 7
Potential Use of a Vibration Energy
Harvester in Vehicles Using a Linear
Motion Electromagnetic Suspension
System

Fazidah Saad and Muhammad Najib Abdul Hamid

Abstract Vibration energy is one type of abundant energy that can be harvested
from a vehicle. The vehicle vibrates due to many reasons such as worn-out parts and
joints, or it will vibrate due to engine and transmission vibration. In recent years,
several new methods of energy intake have been proposed for vehicle suspensions
such as to use the linear electromagnetic energy vibrations. The kinetic energy of
the linear motion of a harvest suspension system is converted into electrical energy
by a magnetic generator, which generally consists of a set of magnets and coils. The
current in the coil is created by the relative movement between the magnets and the
coils. Therefore, maximizing the magnetic flux density through the coils is a key
element to obtain good regeneration of electrical energy. This article presents the
different types of vibration linear electromagnetic energy harvesters used in vehicle
suspension systems and the potential use of them. The design and working principle
of the linear energy harvesters are explained and discussed. It is concluded that the
hybrid linear electromagnetic energy harvester is the most viable when applied to
vehicle suspensions because of the higher power generated if compared to other
energy harvesters.

Keywords Energy harvester · Vibration · Suspension · Linear electromagnetic
energy harvesting

7.1 Introduction

In recent years, people are paying more attention to the energy intake of the vehicle
suspension and its impact on fuel storage. Several studies show that an average
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passenger car can produce between 100 and 400 W of power moving at average
roadswith the average speedwas about 97/km/h [1]. Subsequently, the fuel efficiency
improvement also can be achieved when there is electrical energy generated [2] and
this will directly improve the fuel-saving in vehicles [3].

There is numerous researches in energy harvesting from the vehicle suspension
system to recover the dissipated vibration energy in a vehicle suspension, and it has
been suggested that there are many types of energy harvesting mechanisms for the
suspension system. The research to date has tended to characterize three of the most
established transducers methods of energy harvesting from a vehicle suspension that
is electrostatic, piezoelectric, and electromagnetic [4].

The electrostatic transducers can extract current flow from the movement of the
overlapping two electrodes of a polarized capacitor change when the suspension
is vibrating. The overlapping movement causes the voltage inside the capacitor to
change so that the current flow will rise from an external circuit. The piezoelectric
transducer operates by using the vibrations from the suspension to distort a piezo-
electric material such as ceramic to raise the voltage in the capacitor and to directly
generate electric power. Among the various methods of collecting vibration energy,
electromagnetic collectors are the most popular in vehicle suspension systems due
to their high energy conversion capacity, quick response, strong control, and energy
recovery capabilities [5–7]. The electromagnetic transducers utilize the relative vibra-
tion motion between a magnet and a coil to change the magnetic flux in the system,
and this will generate an alternating current and voltage across the coil.

Themain purpose of the electromagnetic generator is to convert the kinetic energy
of the vibration into electricity. The electromagnetic energy harvester at vehicle
suspension uses the linear vibration motion of the suspension to drive an electromag-
netic generator which can be linear or rotational. Therefore, there are mainly two
types of electromagnetic energy harvester that is depending on themotionmechanism
of the electromagnetic generator, whether it is linear motion or rotational motion.
The linear electromagnetic collector converts the vertical oscillating energy capacity
directly into electricity based on the medium structure’s electromagnetic induction
[8] as shown in Fig. 7.1, whereas the rotational motion of the electromagnetic gener-
ator uses mechanism such as ball screw, rack-pinion, and hydraulic motor to convert
linear vibration into rotational motion [6]. Figure 7.2 shows the ball screw energy
harvester, and Fig. 7.3 shows the rack-pinion energy harvester. Although there are
two types of electromagnetic energy harvester for the vehicle suspension system,

Fig. 7.1 Linear electromagnetic energy harvester [9]
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Fig. 7.2 Ball screw
electromagnetic energy
harvester [4]

Fig. 7.3 Rack-pinion
electromagnetic energy
harvester [4]

this paper aims to study only the linear type of electromagnetic energy harvester in
the vehicle suspension system.

7.2 Linear Electromagnetic Energy Harvesting
in the Vehicle Suspension System

Linear electromagnetic energy harvesting is a simple structural system that converts
vertical oscillating kinetic energy into electrical energy by electromagnetic induc-
tion. The relative oscillation movement of the oscillation propagates to the magnetic
translationmovementwith respect to the coil and causes a change in themagnetic flux
within the induced voltage coil. The induced voltage here is according to Faraday’s
law as in Eq. (7.1).

εv = − d∅B

dt
, (7.1)

where εv is the induced voltage and ∅B is the magnetic flux.
If compared to a rotary electromagnetic energy harvester, the linear harvester

offers a high capacity of regenerated power because there is no power loss due to
transmission of the rotary generator mechanism. There are many types of linear
electromagnetic energy harvesters for vehicle suspensions, and the most common
types are discussed in this paper.
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7.2.1 Electromagnetic Regenerative Shock Absorber

Regenerative electromagnetic dampers are popular with all types of regenerative
dampers due to their small design and modest production. By manipulating the
magnet and coil design to change the design, the output power generated can be
increased.

7.2.1.1 Magnetic Array System Design

To increase the strength of themagnetic field at high output power, differentmagnetic
methods are recommended. One of the easiest methods is to double the number of
magnets, producing more lines of magnetic flux that can get trapped between two
layers ofmagnets. The coil is connected between twomagnetic layers, thus increasing
the output voltage [10]. Many researchers have tried this way in their designs as it is
efficient and simple to produce [11–13]. Although thismethod is efficient to boost the
output voltage, it will create the problem of extra weight and this is not appropriate
as the main objective of the regenerative shock absorber is to save fuel consumption.
Figure 7.4 shows an example of the design of the electromagnetic damper with two
layers of magnets [11].

In Fig. 7.4, the magnets are separated by spacers. Separation is important for
magnetic flux cancellation because no separation occurs due to short-distance
magnetic force, so the behavior is a combination of two isolated individual magnets.
As the distance between the magnets increases, when the distance between the thick-
nesses is equal to that of the magnet, the cancellation of the magnetic flux becomes
clearer, and the captured energy reaches the maximum value [10].

Besides arranging the magnets with spacer, the magnetic arrangement pattern of
theHalbach array had proven to successfully generatemore output voltage. Figure 7.5
illustrates by rotating the direction of the magnetic pole each time to make a Halbach
arrangement, and themagnetic flux linemerges on the side of theHalbach line closest

Fig. 7.4 Design with two
layers of magnets of the
electromagnetic damper [11]

Fig. 7.5 Halbach array
magnet stack [15]
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Fig. 7.6 Different magnetic flux plots [14]

to the coil, while maintaining zero magnetic field intensity on the other side of the
magnetic field [14].

By using the Halbach array, with or without a spacer, the magnetic flux density
obtained is higher than that of conventional longitudinal and transverse magnetic
polarization systems. Figure 7.6 demonstrates the different magnetic flux plots in
different magnet arrangements.

7.2.1.2 Coil Design

There are studies proposed in designing the coil based on the magnet arrangement
to get more energy generated [16]. The results show that the number of coil layers,
coil resistance, and wire strips affect producing more energy with more coil layers.
Although the use of lower specification numbers does not produce a higher voltage,
it requires less space and can be installed properly in the harvester parking lot.

Figure 7.7 demonstrates the results of using different phase coil in one magnetic
cycle, and Fig. 7.8 indicates the relationship between the numbers of coil phases
with the normalized power. It is proven that with a higher coil phase number, it will
produce higher normalized power [13].

(a) (b) (c) 

Fig. 7.7 Different coil design [13]: a Two-phase coil. b Three-phase coil. c Four-phase coil
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Fig. 7.8 Normalized power
and number of coils phases
[13]
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7.2.2 Tubular Linear Electromagnetic Transducers

Same as other linear electromagnetic energy harvesters, the tubular linear elec-
tromagnetic transducer is comprised of coil assemblies and a magnet. It converts
the vibration energy at the suspension into electricity when operating simultane-
ously. There are four types of tube linear electromagnetic transformers, according
to different magnetic configurations. They are steel spacers and single layer axial
magnets, double layer shaft magnets and steel spacers, single layer axial and radial
magnets, and two-layer axial and radial magnets. Figure 7.9 shows the single-layer
tubular linear electromagnetic transducer with axial magnets.

The tubular linear electromagnetic transducer has a magnet assembly that is made
of ring-shapedNdFeBpermanentmagnets and ring-shaped highmagnetically perme-
able steel spacers that are stacked on a high reluctancematerial rod such as aluminum
and covered in a tubular steel casing [13]. The magnets are arranged such that adja-
cent magnetic poles face each other to deflect themagnetic flux radially. A concentric
outer cylinder made of material with high magnetic permeability (such as steel) is
used to reduce the magnetic resistance of the magnetic ring and increases the density
of the magnetic flux in the coil. The coil assembly consists of several copper coils in
a tube.

Fig. 7.9 Single-layer tubular linear electromagnetic transducer with axial magnets [13]
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Fig. 7.10 Tubular linear
electromagnetic energy
harvester dimensions and
parameters [13]

During the vibration at the suspension, the coil casing moves relatively in the
energy harvester and this creates the magnetic flux when it moves on the permanent
magnet. This is clearly shown in Fig. 7.10.

The result obtained from energy harvesting is that when RMS suspension velocity
is at 0.025–0.5 m/s, the prototype was able to harvest 16–64 W of energy [17].

7.2.3 Electromagnetic Linear Vibration Energy Harvester
with Ferrofluid as a Lubricant

This section introduces the electromagnetic linear vibration energy harvester, which
uses a rectangular permanent magnetic arrangement to complete the test without
springs and ferromagnetic fluids as lubricants. A ferrofluid is a pulp suspension
made of ferrofluid particles suspended in carrier liquids such as organic solvents or
water. The magnetic properties of the dispersion of each particle are described by the
Langevin theory of paramagnetism. There are two types of these energy harvesters
which are by using a springless proof mass and using a sliding permanent magnet
array but both of them are using the ferrofluid as the lubricant.
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7.2.3.1 Using Springless Proof Mass

A linear electromagnetic collector with a spring-free mass must maintain a constant
motion between the permanent magnet and the coil while maintaining a short gap
and a magnetic direction [18]. Many types of magnets can be utilized as perma-
nent magnets such as rectangular magnets, rolling magnets [19], ball bearing [20],
and cylindrical magnet [21] but the simplest assembly is the rectangular magnets.
A schematic diagram of the linear rectangular magnet energy harvester using a
ferrofluid is shown in Fig. 7.11.

In response to low-frequency external vibrations in the suspension, a multi-
pole magnetic field’s lateral motion produces a voltage across the set of copper
coils formed under the aluminum housing. When the suspension vibrates laterally,
the multi-pole magnet vibrates horizontally and is caused by a voltage across the
series copper coil. Ferro-fluids reduce friction between the magnetic surface and the
aluminum housing.

The results for this harvester proved that when it is applied with sinusoidal vibra-
tion ranging from 7 to 20 Hz, the maximum voltage of 0.47 V was obtained when
the test did not use the ferrofluid while there was a slight increment when using the
ferrofluid that the maximum generated voltage was 13 Hz [18].

Fig. 7.11 Schematic of linear energy harvester using springless multi-pole planar magnets with
ferrofluid lubrication [18]
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7.2.3.2 Using Sliding Permanent Magnet Array

As the suspension vibrates and the harvester moves sideways, the magnetic assembly
slides backwards onto the housing, thus reducing wear caused by friction and ferro-
magnetic fluids, which greatly increases the long-term reliability of the device. The
multi-polar magnetic arrangement with four bar magnets and polar shoes is used as
a test mass, which moves inside the housing due to the suspension vibration. Same
as the previous design, an array of copper windings is fixed at five coil bobbins and
connected in series. As the magnets are not supported by a spring element, they can
make constant impacts with the sidewall of the aluminum housing when dealing
with vibration motion [22]. By having the ferrofluid inside the housing, the magnets
can move freely inside the housing with the aid of the ferrofluid as the lubricant.
The ferrofluid has large magnetic permeability and forms a very thin layer under the
magnet array. Thus, when ferrofluid droplets are distributed on the surface of the
magnetic field, a high density of magnetic flux is formed at the edges of the magnet,
and when the magnetic field is placed on the housing, it is squeezed into a thin
layer. The magnetic channels float in a thin layer of ferrofluid and sliding, reducing
friction and responding to external vibrations [22]. When the suspension vibrates,
the magnet motion induces the variation of magnetic flux through the copper coil
winding, which will immediately generate electric power. Figure 7.12 shows the top
and bottom view of linear energy harvester using a sliding permanent magnet array
with ferrofluid lubrication.

Harvesting is tested with different input frequencies and accelerations. For equip-
ment using ferrofluid for lubrication, the maximum output power produced is 493W,
which is 4.37% higher than without ferrofluid [22].

Fig. 7.12 Schematic diagram of linear energy harvester using sliding permanent magnet array with
ferrofluid lubrication [22]
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7.2.4 Hybrid Regenerative Shock Absorber

Previously, only the single element transducer which is an electromagnetic trans-
ducer was discussed. This section examines hybrid power intake, which is integrated
with piezoelectric and electromagnetic transformers. In addition to piezoelectric and
electromagnetic, there are also energy harvesting prototypes, in which the coil and
piezoelectric are cantilever beams and their mass are not tungsten alloy magnets
[23]. Besides, there was another prototype that was similar to the previous energy
harvester but used a silicon wafer as the cantilever beam [24]. The harvester can
generate more power within its size range. Hybrid units that use both powers without
increasing their size have a power harvest that combines piezoelectric and electro-
magnetic transformers. Hybrid energy harvesters that mix piezoelectric and electro-
magnetic sensors can produce strong magnetic fields on stationary coils [25]. This
is because when the crop is excited by external vibrations, both piezoelectric and
electromagnetic produce electricity or energy.

In addition to the hybrid regenerative shock absorber list, there is the hydraulic
and linear electromagnetic generator. Figure 7.13 shows the cross-sections of hybrid
energy-saving shock absorbers. The two-cylinder system, in which the master
cylinder is used as a shock absorber, reduces vibration throughvehicle suspension and
provides accelerated acceleration to the secondary cylinder. If the additional cylinder
fails, the main cylinder will continue to operate as a passive exhaust. It can generate
large amounts of energy without affecting travel comfort and road handling perfor-
mance [26]. In addition, hydraulic regenerative shock absorbers are also being devel-
oped, which eliminate the movement of hydraulic oils and vibrating body energy.
The energy generated by hydraulic piston generators and linear generators can be
used to charge energy-saving devices [27].

Fig. 7.13 The cross-section of the hybrid regenerative shock absorber [27]
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The hydraulic piston with linear electromagnetic generator [25] succeeded to
generate 15 W of output during 35 km/h of vehicle speed while the combined linear
electromagnetic generator and hydraulic rotary generator produce 6 V of voltage
output and 0.003 W at 0.005 m/s vehicle speed. All these results had shown that
by efficiently integrating the hybrid transducer, more power could be generated as
compared to a single transducer.

7.3 Discussion

In this paper, a linear electromagnetic energy harvester for automotive applications is
studied. Today the use of energy harvester suspension devices is necessary for vehicle
construction to increase not only the driving comfort but also safety and performance.
The main purpose of the optimization of the linear energy harvester is aiming at
harvesting the vibration energy dissipated in the traditional suspension system and
directly reduce fuel consumption and pollutants. Commonly designed systems for
the linear electromagnetic energy harvester are depending on their working principle,
which is electromagnetic regenerative shock absorber, tubular linear electromagnetic
transducers, electromagnetic linear vibration energy harvester with ferrofluid as a
lubricant, and hybrid regenerative shock absorber. The characteristics of some studies
carried out in this direction are given in Table 7.1.

Table 7.1 Studies on energy harvesting suspension systems and their characteristics

Reference Energy harvesting
system

Method Approach Power output

Gupta [12] Electromagnetic
regenerative shock
absorber

Experimental Frequency range of
0–100 Hz

7.4–88.8 W

Tang [13] Tubular linear
electromagnetic
transducers

Experimental 0.11 m/s 2.8 W

Zuo [17] Experimental 0.025–0.5 m/s 16–64 W

Chae [18] Electromagnetic linear
vibration energy
harvester with
ferrofluid as lubricant

Experimental 7–20 Hz 0.47 V

Chae [22] Experimental 7–20 Hz 0.493 µW

Singh [26] Hybrid regenerative
shock absorber

Simulation 35 km/h 15 W

Demetgul [27] Analytical 0.05 m/s 6 V, 0.03 W
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7.4 Conclusion

There have been several studies in the methods of vibration energy harvesting from
the vehicle suspension and a few of them are focusing on the linear motion electro-
magnetic type because of the simplicity of the design yet achieving high generated
energy. The feasibility and potential of the vibration linear motion electromagnetic
energy harvesters at the suspension in converting the vibration energy into electrical
energy is very providential. This paper presented some common linear electromag-
netic energy harvester used in vehicle suspensions with a view of understanding
the method of energy harvesting and its compatibility of being used at the vehicle
suspension. It was found that there is potential in generating high electrical energy
from vibration energy harvester using the linear motion electromagnetic suspension
system. This is proven by Gupta [12] who used a linear tubular electromagnetic
energy harvester and able to generate up to 88.8 W of output power during testing
on an ATV traverse over a 4 × 4 beam.

In summary, the current study unveils just the tip of the iceberg of the linear
electromagnetic energy harvester. Each type of linear energy harvester has its own
advantageous and disadvantageous, but from all types of linear energy harvesters
presented in the paper, the hybrid regenerative energy suspension has more potential
in generating more energy as they gained power from not only one method of energy
harvester, and this is the most opportune matter to achieve the main purpose of the
energy harvester.

Despite the fact that the potential use of linear electromagnetic energy harvester
is very promising, there are still rooms to improve in terms of the mechanical and
electrical circuit design, system efficiency, vehicle handling and comfort, and many
more issues as the optimum use of high energy permanent magnets requires sturdy
basis design.
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Chapter 8
Performance Analysis of a Coated Porous
Medium Burner for Cogeneration

Ahmad Kamal Ismail, Mohd Zulkifly Abdullah, Nor Haslina Ibrahim,
Khairul Akmal Shamsuddin, and Ayub Ahmed Janvekar

Abstract The cogeneration concept can be applied to various heat producing gener-
ating systems, one of the popular choices is the burner. The popular way in which
heat energy can be converted into electrical energy is by adopting thermoelectric
(TE) cells. TE cells can perform better if a porous media burner can be involved
instead of conventional burners. The present work took butane as source of fuel, and
the equivalence ratio was varied to the best possible extend. The range to get a stable
flame was found from 0.16 lpm to 0.25 lpm. The unit to measure the flow rate of both
butane and air was kept at lpm (liter per minute). The burner was more of portable
in nature, and the maximum amount of power it can produce was upto 0.5 W. In
addition, coating of the porous media was on the factors which was used to enhance
the conversion efficiency by 0.45%, while thermal efficiency was noted about 57%.
With this data it was made acceptable that coating can be a good way to improve the
burner performance.
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8.1 Introduction

Nowadays the authorities impose strict conditions on air pollution caused by
hazardous gases released from industrial and domestic combustion devices, due
to its effect on global warming. It is rather impossible to avoid carbon footprint
from combustion products such as carbon dioxide as long as hydrocarbon fuels are
consumed on a daily basis. A better combustion and thermal efficiency produced by a
burner is the indicator of better emission released.A new technique in combustion has
demonstrated an improvement in combustion which is the porous medium combus-
tion technique. Another main concern of researchers is that the heat generated is not
fully utilized, and themajority of the heat is dissipated to the environment. Therefore,
recent studies focused on the so-called cogeneration system which utilizes the heat
provided by the burner and convert it into other forms of energy. Thermoelectric (TE)
generators operate by utilizing the Seebeck effect which produces electricity when
subjected to a temperature gradient across two dissimilar metals joined together.

8.2 Literature

There exist various ways in which conversion of heat energy can be converted into
electric energy, one of the optimum ways can be used by utilizing thermoelectric
(TE) cells. The basic phenomenon which runs in the background of TE cells is the
Seebeck effect, where the cell diodes present in TE cells help in converting the heat
energy into electric power. The intension is always to get more power from TE cells,
which can be improved by enhancing the temperature differences across hot and cold
regions of cells. Different types of semiconductors are available in the commercial
market, but the selection should be done based on the working temperature of the
burner. Generally, n- or p-type semiconductor components are popular due to their
high performance capacity [19]. There are numerous investigation reported on TE
cells in combination with burners and still today are trending due to its demand [3,
4, 13, 14, 16, 18, 20]. Qiu and Hayden [17] focused on an experimental work with a
burner involving a power generation system with TE cells. The objective of the work
was to get more power output, and furthermore it can be produced in large scale for
household applications. Addition of porous media in burners has more application
in household stoves rather than industrial applications [2]. The other applications of
porous media burners can be used by considering a submerge flame [7–9]. While,
Posthill [16] took a challenge on focusing on the portability issue with burners. The
intension of the team is to make a more portable burner by reducing the shape and
size of the important components of the burner system. To make the system more
effective, they replaced the conventional LPG by butane as the main fuel input.
Next, Mueller [15] avoided the ball porous media and adopted foam as the main
type of material. The team considered a SiC porous medium in the reaction zone
and generated power to best possible extent. Furthermore, another unique and novel
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porous media burner can be seen in literature [1, 10–12]. To enhance the porous
media performance in combustion, coating is the best technique which has attracted
many researchers [6]. Furthermore, burners with higher thermal efficiency can also
be noted [5]. Now, restricting toward only indoor/outdoor applications, the presented
burnerwas developed to getmore electric power. It focused only on the heat generated
on the wall of the burner.

8.3 Methodology

The actual setup of the burner system with the cogeneration unit can be seen in
Fig. 8.1. The system involves all the commonly used components, namely the burner
housing, TE cells, ducts for the supply of butane and air, premix units, and the
stand to hold the unit. Thermocouples were used to get temperature profiles, while
combustion gas analyses was performed using a commercially available gas detector.
To get the accurate equivalence ratio the air alone was changed, since the flue input

Fig. 8.1 Burner setup
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Fig. 8.2 TE cells

Fig. 8.3 Circuit diagram

was kept constant. Furthermore, the effect of coating was also considered across
various equivalence ratios. Figure 8.2 indicates the TE cells used. In addition, with
the line diagram the actual connection of electric circuit is highlighted (Fig. 8.3).

Collocation of thermal efficiency is the critical aspect in case of a porous media
burner, one of the ways is considering the law of conservation of energy. Wherein
a simple concept of energy flowing inside the system and energy coming out of the
system is considered. To represent inmathematical form, Eq. (8.1) is written as below
to get the thermal efficiency.

ηth =
Qheating

Qin
× 100. (8.1)

8.4 Results and Discussion

The resistance in a circuit plays a vital role to get themaximum voltage and current in
the circuit. In the present used circuit the resistance was maintained at 100�. For the
considered resistance, voltage and current were noted at optimum equivalent ratio.
The best equivalence ratios are 0.8 and 1.3, which are under lean and rich conditions,
respectably. The graphs are plotted as indicated in Figs. 8.4 and 8.5. Since a base
reaction zone was established with the uncoated alumina, the performance of the
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Fig. 8.4 Variation of electric load with various fuel input at equivalence ratio 0.8

Fig. 8.5 Variation in electric load with various fuel inputs at equivalence ratio 1.3
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Fig. 8.6 Variation in ηth and reaction zone

burner was decreased. To enhance further the performance, a Ni coating was given
thereby the electric performance was enhanced from 0.15 W to nearly 0.4 W. Now,
with SiC coating the value moved from 0.15 W to 0.41 W. The range of fuel was
kept between 0.16 lpm to 0.25 lpm.

On the other hand,with an equivalence ratio of 1.3which comes under the category
of rich combustion, the performance was slightly better as shown in Fig. 8.5.

In addition, the thermal efficiency was also noted for various configurations and
with the help of Fig. 8.6 a better overview can be generated. It is clear that the
maximum thermal efficiency was noticed for the coating with SiC.

On the other hand, the study also intended to consider the conversion efficiency.
To get better overall view Fig. 8.7 is plotted, from which maximum cogeneration
efficiency notices by adopting silicon carbide coating. Which was then lined up by
chromium and nickel coating. On commenting with actual percentage of conversion
efficiency, it can be noticed that for 6 cell connection conversion efficiency for ther-
mometric cells was rounded up to 0.073% as compared to a total of 0.438%. While,
the conversion efficiency with SiC coating was found out to be 0.44%. Thus, it can
be noted that coating adds value in overall performance of the burner.
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Fig. 8.7 Variation in % conversion efficiency and reaction zone

8.5 Conclusions

Adopting the porous media inside the burner is an advantageous procedure. The
porous media burner promotes better the thermal and conversion efficiency. In addi-
tion, involvement of coating technique further enhances the overall performance of
the burner. A comparative study was made by adopting various coating materials:
SiC, Ni, and Cr. The coating methods boost both the cogeneration and conversion
efficiency. By the technique of dual output, the power and heat generation was inte-
grated in the PMB. The developed PMB can be made more effective by integrating
the setup with better physical design and an effective thermal management system.
The developed system can be of commercial value and can be a good alternating
option in the domestic market. With the ready to use option of power output it finds
application in outdoor activities.
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Chapter 9
Child Safety in Car Crashes: A Modeling
Approach for Safety System
Improvements

Shahrizan Yusoff, Nurul Syasya Fakhira, and Nor Haniza Bakhtiar Jemily

Abstract Traffic-related trauma is the most common cause of fatality and severe
injury to children in developed countries. Injury epidemiology has shown that special
attention is needed for the 3-year-olds in boosters and the 12-year-olds in seat belts
only. The aim of this paper is to study the frontal and side-impact models and to
use them to investigate and define the beneficial characteristics of restraint systems
and other crash-related car parameters. Qualitative approaches using two load cases
were analyzed and validated via video. The validations from the frontal impact type
and near-side impact showed that the child had high potential to mitigate injuries
resulting from a frontal impact. The upper belt anchor point should be positioned so
that the belt is routed near the mid-shoulder (slightly toward the neck) and encloses
the shoulder (tight fit). These findings are significant contributions to the continuous
work of mitigating traffic accident induced injuries and fatalities to children.

Keywords Child safety · Side impact · Frontal impact · Near-side · Rear seat ·
Evaluations · Finite elements · Rigid body · Reconstructions · Child seat · Belt
positioning booster

9.1 Introduction

Unintentional injury remains the leading cause of death and disability for children
older than 1 year. Most of the related trauma to children occurs when they are
passengers in cars in frontal or side impacts, which account for about 50% and 25%
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of the crashes, respectively [1]. At particular risk for injury in moving vehicle crash
(MVC) are children aged 4–12 years. Children aged 4–12 years who were injured in
MVCs were more likely to experience significant abdominal injuries as a result of
the premature transition to seat belts. These injuries, known as “seat belt syndrome”,
include abdominal bruising, intra-abdominal injury, and spine injuries [2]. Facial
injuries are also often present. These publications have shown that the head is the
most frequently injured body region, regardless of the type of restraint or type of
impact. Physicians indicate that head injuries are complicated to treat and for some
injury types there are no known treatments. These injuries are caused by both impacts
and non-impacts. Therefore, injury mitigation should be directed to both reducing
the likelihood of impacts and reducing the accelerations that the children are exposed
to in a crash.

Another study by [3] shows that the chest is the second most commonly injured
body region. Chest trauma in children is caused by high-energy blows, due in general
to traffic accidents that involve several other body regions. They occur mainly in the
first decade of life and can be penetrating but are more often non-penetrating. Rib
fractures and lung contusions, sometimes associatedwith pneumothorax or haemoth-
orax, are the more usual injuries, but tracheobronchial rupture, cardiac, oesophageal,
or diaphragmatic injuries may also occur. These injuries are treated with supportive
respiratory and haemodynamic measures, drainage of air or blood from the pleural
space and, at times, surgical repair of the injured organ(s). Ruptures of the airway
may be difficult to treat and occasionally require suture, anastomosis, or resection.
Oesophageal injuries can be treated conservatively with antibiotics, drainage, and
parenteral nutrition. Diaphragmatic tears should be repaired operatively. Overall
mortality ranges from 6 to 20%. Mortality is high but this is mainly due to the asso-
ciated presence of extra-thoracic trauma and particularly to head injuries. Further-
more, inside impacts, the thorax is the most frequently injured body region among
children older than 12 years and adults. It can be concluded that the head is the most
important body region to concentrate on for children up to 12 years, while for older
children and adults, the thorax is equally important, especially in side impacts.

9.2 Literature

A study by the Malaysian Institute of Road Safety Research (MIROS) shows that
58% of child and infant deaths in the country are due to road accidents and lack
of child safety systems are serious contributing factors to deaths. Using car seats
for children and installing them properly can reduce the risk of fatal injuries by up
to 70%. This fact clearly shows the importance of awareness of all parents to start
emphasizing the use of infant and child seats in the car to ensure their safety.

The use of child safety seats is important to ensure that small passengers are safe
during the driving period. This chair also serves to protect children from suffering
serious injuries in the event of a road accident. Director-General of the Road Safety
Department (JKJR),MohdNasri Ishak [4], said basedon statistics from theMalaysian
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Road Safety Research Institute, a total of 1,559 deaths were recorded involving
children at the age of 10 during the 10 years starting 2007 [5]. Reports equivalent
to losing one life for every 84 min due to road accidents, the situation is more
critical as these young children face the risk of accidental death. Thus, the child
restraint system (CSR) or child safety seat protects them from serious injury. This
facility protects children in the vehicle in the event of a violation. The use of CRS
in developed countries has successfully reduced the impact of violations, thereby
preventing serious injuries and deaths.

Existing provisions through the Motor Car (Seat Belt) Rules (Amendment 2008)
in accordance with the Road Transport Act 1987, the government enforced the rules
on the use of seat belts for rear seats since 1 January 2009 [6]. Previously, the
government gave three years (1 January–31 December 2011) to vehicles registered
on and after 1 January 1995 to install seat belts on the rear seats. From January 2020,
the use of child safety seats is mandatory. MIROS sets the CRS position to be placed
front and back according to the type of seat as well as the group category, children
aged 0–18 months are categorized in Group 0/0+, the CSR seats installed should
face backward. For this group, children weigh at least nine kilograms (kg) but are
encouraged up to 13 kg at a height of 83 cm (cm).

The CRS should not be placed on the front passenger seat which has an active
airbag because the bag cannot be switched off using the switch. However, conditions
are allowed if no airbag is active or the switch can be turned off. These chairsmust use
three- or five-point harness seat belts. For front-mounted CSR, this safety seat is for
groups of one to three aged 15 months to four years and above with a weight of nine
to 18 kg children and a height of 71 cm. For Group two, children aged four to seven
years with an estimated weight of 15–25 kg and a height of 100 cm, the installation
should be on a seat that has a support (booster). Meanwhile, group three involving
children aged six years and above is recommended to weigh around 25–36 kg, height
135 cm, and need a seat with support (booster). Its installation is recommended on
the rear passenger seat, if placed on the front passenger seat, it should be adjusted to
the rear, i.e., position away from the airbag. The chair should use a five-point harness
(seat belts).

9.2.1 Application of Child Booster Seat to Prevent Child
Injuries

The discrepancies in injury rates by age may be in part explained by lower observed
rates of restraint use in 4-year to 7-year-olds (46% in booster seats and another 20%
in car seats for a total of 66%) compared with the high observed rates of restraint
use for younger children (98% in children age <1 year and 95% in children age 1–
3 years), demonstrating a significant reduction inappropriate restraint use as a child
age [7]. Child booster seats are part of a suite of regulated safety products targeted
at reducing MVC related morbidity and mortality. While seat belts were designed to
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accommodate motor vehicle passengers over four foot nine inches in height, booster
seats refer to a heterogeneous group of products whose intent is to elevate children
and youth to improve seat belt fit.

Three main configurations of booster seats are on the market: backless booster
seats (specialized cushion with armrests that serve to guide the lap belt to an appro-
priate position); belt-positioning boosters (like a backless booster, but with back and
head support and a built-in shoulder belt guide); and combination boosters (a child
safety seat with seat belt guides so once the five-point harness is removed the child
is restrained using the vehicle’s seat belt) [8]. While booster seats are mandatory
across much of the country, each jurisdiction establishes its regulations for use, with
specific combinations of height, weight, and age restrictions. Booster seat laws are
consistent in their criteria for transitioning from a child safety seat to a booster seat,
and generally, recommend commencing use when the child reaches 40 pounds. Laws
differ, however, regarding the criteria for when a child can transition out of a booster
seat to a seat belt alone, with varying weight (40–81.5 lbs) and height (25′′ seated
height or 57 in.) minimums.

Parents are generally recommended to begin booster seat use between the ages
of four and six, and graduate children to seatbelts between the ages of six and ten.
Considerable energy has been directed toward encouraging the use of booster seats,
supported by systematic reviews of promotion strategies to improve booster seat
uptake. Booster seats continue to be evaluated through laboratory and simulation
studies, before and aftermarket use, to evaluate their efficacy, and to improve their
structure to most benefit child safety. At the same time, evidence of booster seat
effectiveness in reducing injury in motor vehicle crashes is inconsistent. Research
studies have reported reduced injuries and death for children five years of age and
under, and six to eight years of agewhen using a booster seatwith a seat belt compared
to a seat belt alone; however, mixed findings have also been reported.

Several factors account for low rates of booster seat use or early transition to
vehicle seat belts. These include lack of knowledge about the safety benefits of
booster seats, low perception of risk to child passengers, and lack of perceived threat
of being ticketed for restraint violations. In addition to previously stated factors, child
passenger safety initiatives such as hospital-based child passenger safety programs
generally place greater emphasis on car seat inspections for infants and toddlers
than car seat inspections for older children. Vehicle and restraint safety devices have
largely been optimized through laboratory-based or computational test programs
using anthropomorphic test devices (ATDs) intended to mimic the human occupant.
Most of the test protocols evaluate restraint performance with ATDs placed in ideal
positions (e.g., ATD against the seatback, perfectly upright) and under these condi-
tions, themajority of restraints perform verywell [9]. Recent real-world evidence has
suggested, however, that the ideal test conditions do not always reflect actual condi-
tions and despite being seated in the correct restraint system for their age and size, an
unacceptable number of children die or are seriously injured in real-world crashes.
For example, previous research has demonstrated the mechanisms of injury for chil-
dren who died as a result of interaction with frontal passenger airbag deployments.
Rather than being seated ideally, these children were in the path of the airbag when
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Table 9.1 The data which categorize child car seats

Category Height Weight Age Type of seat

Group 0/0+ Below 83 cm Below 9 kg 0–18 months Rear-facing infant
car seat

Group 1 Minimum 71 cm Between 9
and18 kg

15 months–4 years Forward-facing
child car seat

Group 2 Minimum 100 cm Between 15 and
25 kg

4–7 years Child booster seat
with a harness

Group 3 Up to 135 cm Between 22 and
36 kg

6–12 years Child booster seat
(car seat belt as the
harness)

it deployed and the energy associated with the airbag deployment was transferred to
the occupant, resulting in serious injuries or death [10].

9.2.2 Categorization of Child Car Seats

A child safety seat (CRS) should be chosen according to the weight and height
of the child. The MIROS guidelines break these down into four groups (based on
guidelines) divided along these lines. Age is not necessarily a factor in which seat to
use as children of the same age can differ greatly in terms of size. Table 9.1 shows
data which categorize child car seats into four different types depending on the height
and weight of a child. Every child with height under 135 cm is required to use either
a child car seat or a booster seat.

9.3 Methodology

Exploratory research is defined as research used to investigate a problem that is not
clearly defined. It is conducted to have a better understanding of the existing problem.
For such research, a researcher starts with a general idea and uses this research as a
medium to identify issues that can be the focus for future research.

In this study, videos were observed and recorded. This type of data is collected
through methods of observations from the accident video. The study found from the
videos that there are two accidents situations that occur to children using the child
safety seat. The first accident was a collision from the front, and the second accident
was a collision from the side. The data collected are the effects that occur on children
who have used this CRS.

In the event of a collision from the front collision, the child may be injured due
to a loose-fitting safety belt. And in the event of a collision from the side, the child
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Fig. 9.1 Collision from front

in the CRS is injured due to the CRS designed on the relatively short waist-to-back
area as per Figs. 9.1 and 9.2, while Table 9.2 shows the impact of the collision.

9.4 Results and Discussion

These four child safety seats will suffer almost the same damage because, when a
strong impact occurs, the same pressure will occur on the child. The rear-facing seat
offers the best protection, as the seat keeps the child’s head, neck, and spine aligned
during the collision. In the event of a collision, the car seat facing backward will
embrace the child and absorb the force of the accident. The front-facing seat helps
to slow down a child in an accident but does not support their head, neck, and spine.
This means that while their torso is slowing down with car seats, their head, neck,
and spine are still moving forward with incredible strength. For children whose spine
is still developing, this can result in serious spinal cord injuries.

Therefore, each child safety seat needs to be modified for the safety of the child
who uses it. This is to ensure that children who use the child safety seat do not suffer
serious injuries in the event of an unwanted accident. First of all, the seat belt needs
to be tightened slightly to fit the child’s body so that when there is a hit on the front
and side of the child in the child safety seat does not inflate strongly. Injuries to the
chest and abdomen can also be avoided if the safety belt is used properly and meets
the comfort of the child using it.

In addition, the position of the waist-to-back area should be taken into considera-
tion. Because if there is an impact on the side and front, it is likely that children who
use this child safety seat will experience cracks or fractures in the thighs. Therefore,
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Fig. 9.2 Collision from side

Table 9.2 Impact of collision

Collision from front Collision from side

Head:
There will be concussions in the brain

Head/neck:
Children drift to the side causing serious injuries
to the spine in the neck or called “cervical”.
Concussions in the brain will also occur if it
involves the neck

Neck:
Neck and head to snap forward forcefully,
resulting in an excessive touch of the
chin-to-chest

Shoulder:
The collarbone or shoulder bone can crack or
break due to strong bounce and movement that
exceeds the seat belt used on the child’s body.
The same thing happens with the thighs, due to
the strong pressure

Stomach:
Children will soar forward and may cause
injuries to the abdomen

Stomach/kidney:
Injury to the abdomen or side of the kidney due to
relatively strong pressure on one side

this part needs to be modified by extending it slightly to pass the waist level so that
such incidents do not happen to children. Besides, it can save the lives of children
who use the Child Safety Seat. Parents do not have to worry about using the Child
Safety Seat on their children anymore (Figs. 9.3, 9.4, 9.5, 9.6).



106 S. Yusoff et al.

Fig. 9.3 Infant car seat

Fig. 9.4 Convertible car seat

Fig. 9.5 Harnessed car seat



9 Child Safety in Car Crashes: A Modeling Approach … 107

Fig. 9.6 Booster seat

Based on the four examples of child safety seats above, then the sketch for the
proposed new design can be illustrated by referring to the dimensional examples
given. For new CRS design suggestions, just focus on the waist-to-back. Therefore,
the researchers only added dimensions and design to the waist-to-back section. The
purpose is to protect the child in the event of a collision from the side, so as not to
suffer some injuries such as fractures in the thighs, and fractures of the waist and
spine.

9.5 Conclusion

The design of the child safety seat (CRS) has been completed by finding some
information that is the dimensions for the CRS parts that need to be modified. Apart
from that, road accident statistics in Malaysia also show a bad record as the number
of accidents is increasing every day. Children are also involved in this situation, this is
due to the negligence of parents who do not use CRS for children, and thus the risk of
injury and death of children will occur. However, some parents are concerned about
using CRS for their child, but injuries and deaths still occur, and this is because the
CRS designed does not fully protect the safety of the child. Loose-fitting seat belts
for children in CRS are also the cause of injuries to children during collisions from
the front and side. Therefore, parents are advised to be careful when installing CRS
for children. On the waist-to-back of the CRS, it has been proposed to be designed
by extending the part so that when there is a collision from the side, the child in the
CRS is not thrown and suffers a series of injuries. It is hoped that with the advent of
this new CRS design, child safety will be more secure when using it.
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Chapter 10
Modelling of Air-Gap Magnetic Flux
Density Distribution
for Surface-Mounted Permanent Magnet
Synchronous Motor Using the Analytical
Sub-Domain Method

M. Rezal, D. Ishak, and M. S. Ahmad

Abstract This paper discusses an analytical modelling for a slotless surface-
mounted permanent magnet synchronous motor (PMSM) at airgap region using
the sub-domain method. The slotless PMSM has no cogging effect compared to
a slotted PMSM. The radial magnetization of the magnetic flux is applied in the
motor design with 6-slot/4-pole configuration. The analytical model of magnetic
flux density distributions shows a good agreement with the numerical results from
finite element analysis.

Keywords Sub-domain · Permanent magnet · Synchronous motor · Magnetic flux

10.1 Introduction

As we know, the permanent magnet synchronous motor (PMSM) has good perfor-
mance characteristics compared to other types of electrical machines (EM). PMSM
has high torque density, wide speed range of power capability, which is most suitable
in automotive and mechatronics area [1]. But PMSM still has a few disadvantages
such as the cogging torque and eddy current loss [2]. In this research, the modelling
of a surface-mounted PMSM using the analytical subdomain method is presented.
The finite element analysis has longer computational time which leads to longer EM
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design stage. Due to that problem, the analytical sub-domain is often selected and
preferred due to its faster computational time.

10.2 Literature Review

In general, PMSM can be simulated using three modelling techniques i.e. finite
element (FE) model, magnetic equivalent circuit (ME) model, and analytical sub-
domain (ASD) model [3]. The ASD model has the shortest computational time
compared to theMEandFEmodels,whereasMEhas computational time shorter than
FE model [4]. The FE model has the longest computational time, torque accuracy
and magnetic loss limitation, but it has better design flexibility [5]. Despite the
advantage of computational effort, the analytical model has few disadvantages such
as less accuracy, less flexible compared to FE, and no 3-D effect capability. It is
suitable to analyse a 2-D design with less complexity in the design [4].

10.2.1 Sub-Domain Method

The separation of variable technique is applied for the analytical sub-domain (ASD)
model. The air-gap and slot opening regions can be determined using the 2-D
Laplace’s equation, while magnet and winding slot regions using the 2-D Poisson’s
equation [6]. The ASD model also can determined the slot mutual and armature
reaction [6]. The PMSM parameters during on-load and open circuit can also be
determined using ASDmodel [7, 8]. Air-gap, magnet, winding slot, and slot opening
are the four regions involved in this ASDmodel [6–9]. The ASDmodel also can esti-
mate the electromagnetic torque, phase back-emf, winding inductance, andmagnetic
field distribution for the PMSM [6–10]. Themagnetic vector potential is the common
formulae for the ASD model. The magnet Az1, air-gap Az2, winding slots Az3i, and
slot-openings Az4i in 2-D polar coordinates are shown in Eqs. (10.1)–(10.4) [12].Mr

andMα are the radial and circumferential components of the magnet magnetization.
The current density is J, while μ0 is the relative permeability of the free space.

∂2Az1

∂r2
+ 1

r
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∂2Az4i

∂r2
+ 1

r

∂Az4i

∂r
+ 1

r2
∂2Az4i

∂α2
= 0. (10.4)

The PMSM is divided into four sub-domains i.e. themagnet, air-gap, slot opening,
and winding slot regions [11]. In order to reduce the modelling complexity, the rotor
and stator cores have an infinite permeability and zero conductivity. Due to that,
there is no eddy current loss. The slot has a spoke shaped teeth, no end-effect, and
the magnet have linear properties. Sub-domain modelling can be divided into two
types, i.e. the semi sub-domain and full sub-domain. The semi sub-domain can be a
combination between two regions such as the magnet region with the air-gap region
or the air-gap region with the slot-opening region, whereas full sub-domain consists
of four regions, i.e. the air-gap magnet, winding slot, and slot-opening. The internal
rotor surface-mounted PMSM with radial magnetization configuration is shown in
Fig. 10.1, while the radial component for radial magnetization is shown in Fig. 10.2.
There is no tangential component for radial magnetization.

Fig. 10.1 Internal rotor SPMSM with radial magnetization

Fig. 10.2 Radial component
for radial magnetization
internal rotor
surface-mounted PMSM
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10.2.2 Airgap Flux Density for Slotless PMSM

The magnetic flux density in the airgap region for slotless PMSM consists of radial
and tangential components in polar coordinate is shown as per Eqs. (10.5) and (10.6),
respectively [12].

Br I (r, θ) =
∞∑

n=1,3,5...

KB(n) · fBr (r) · cos(npθ), (10.5)

Bθ I (r, θ) =
∞∑

n=1,3,5...

KB(n) · fBθ
(r) · sin(npθ). (10.6)

When the number of slot per pole is np = 1, then
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. (10.9)

For radial magnetization,

A3n = np. (10.10)

However, when np �= 1, for the case of radial magnetization,

A3n = 1. (10.11)

For internal rotor motor, Rs > Rm > Rr ,

KB(n) = μoMn
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10.3 Methodology

The research starts with defining the PMSM parameters. Then an ASD model is
applied to determine the magnetic flux density in the air-gap region i.e. the radial
and tangential components. Next, a 2-D finite element (FE) method is used to design
the PMSM and validate the outputs. The PMSM parameters need to be adjusted if
there is a difference of results between the ASD and FE model. The methodology to
design the PMSM is shown in Fig. 10.3.

10.3.1 Motor Parameters and 2-D Design

In this research, a radialmagnetization, internal rotor type, 6-slot/4-pole, three-phase,
PMSMwas selected. The detail of the PMSMparameters is shown in Table 10.1. The
2-D design of 6-slot/4-pole slotless PMSM is shown in Fig. 10.4. A static analysis
in FEM is used to compute the magnetic flux distributions of the internal rotor 6-
slot/4-pole slotless PMSM using a commercial finite element software package, i.e.
Opera2D.

10.3.2 Airgap Flux Density for Slotless PMSM

ApplyingEqs. (10.5)–(10.16), the radialBrI and tangentialBθI of the air-gapmagnetic
flux density for internal rotor radial magnetization surface-mounted PMSM can be
obtained using Eqs. (10.17) and (10.18), respectively.
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Fig. 10.3 PMSM design
flowchart
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Table 10.1 PMSM
Parameters

Parameter Symbol Value Unit

Pole-pairs number p 2 –

Stator slot number Qs 6 –

Magnet arc-pole pitch ratio αp 1 –

Air gap length g 1.0 mm

Magnet radial thickness hm 3.0 mm

Rotor surface radius Rr 17.5 mm

Magnet surface radius Rm 20.5 mm

Stator inner bore radius Rs 21.5 mm

Stack length l 50.0 mm

Magnet remanence Br 1.12 T

Relative recoil permeability μr 1.05 –

Motor speed ωrm 1500 rpm

Field solution in air gap Rg 21.0 mm

Fig. 10.4 2-D design of
6-slot/4-pole slotless PMSM

10.4 Results and Discussion

The magnetic flux vectors across the motor sectional area due to the radial magneti-
zation in the magnets during open-circuit condition for 6-slot/4-pole slotless PMSM
is illustrated in Fig. 10.5. The magnetic flux flows equally throughout the magnets
and goes into the stator teeth from the north-pole to the south-pole of the magnets.
The magnetic flux lines distribute equally along the four regions as represented in
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Fig. 10.5 Magnetic vector field contour in 6-slot/4-pole slotless PMSM

Fig. 10.6. Themagnetic field density is less than the saturated value which is less than
1.7 T. A good design should have a maximum magnetic field density near to 1.7 T
during open-circuit condition. This can be done by adjusting the stator dimensions.
A few locations at stator shoe had highmagnetic field density which can be improved
by adjusting the stator shoe dimensions. The radial and tangential components of the
magnetic flux density are represented in Figs. 10.7 and 10.8, respectively. It shows
that the analytical calculation has a goodmatchwith the FEmodel. Themagnetic flux
density for the radial component has a smooth line due to slotless effect at the stator
part. At tangential component there is little fluctuation due to the north–southmagnet
effect. The analysis can be extended more by rotating the rotor and observing the
magnetic flux density at different rotor angular positions. This result can be applied
to do analyses for slotted PMSM by introducing the slot opening at the stator part.

10.5 Conclusion

This paper has presented an analytical modelling of a slotless surface-mounted
PMSM having 6-slot/4-pole configuration and radially magnetized magnets.
Applying the Laplacian’s and Poisson’s equations, the derivations of the magnetic
vector potential AZ can be formulated which later can be used to analytically predict
the radial and tangential components of magnetic flux density in the air-gap region. A
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Fig. 10.6 Magnetic flux lines and density contour for 6-slot/4-pole slotless PMSM
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Fig. 10.7 Air-gap magnetic flux density distribution (radial component)

good agreement has been achieved when results from the ASD model are compared
with the 2-D FE model.
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Fig. 10.8 Air-gap magnetic flux density distribution (tangential component)
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Chapter 11
Comparative Study on the Performance
of Electrical Vehicles with DC Drive
and Series Motor, DC Drive
and Separately Excited DC Motor,
and AC Drive and PMSM Motor. Part 1:
Driving and Braking Operations

Saharul Arof, Mohamad Rosyidi Ahmad, Philip Mawby, Hamzah Arof,
and Emilia Noorsal

Abstract Conventional vehicles emit carbon monoxide and nitro oxide during the
engine combustion. These two gases are two major contributors toward pollution to
the environment. Electric vehicles (EVs) and hybrid electric vehicles (HEVs) offer
an alternative solution to the above mentioned scenarios. However the prices of AC
drive EVs and HEVs vehicle are unaffordable to people in some developed countries
and of course to people in developing and third world countries. DC drives which
consists of DC motor and DC converter or chopper offer good controllability and
cheaper in price. Nevertheless, AC drives claimAC drive claims for less maintenance
and good motor performance. The research aim is to compare the performance of
AC drives EVs powered by PMSM AC motors, DC Drive EVs with series motors
and DC drive EVs with separately excited DC motors.
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Keywords DC drive · FQDC · Design requirement · EV ·Mathematical model
chopper · NEDC · Series motor · Four quadrants chopper

11.1 Introduction

Using electric vehicles is one of the solutions to reduce global hydrocarbon emis-
sion [1]. The electric motor propulsion system (electric vehicle) will replace the
internal combustion system (mechanical combustion engine not only because of
zero-emission but it also due to higher efficiency).

11.1.1 Review Stage

Oak Research National Laboratory (ORNL) [1], United States in 2009, successfully
designed aDC brushedmotor with high power output (55 kW), high efficiency (92%)
that can operate in low operating voltages (13 V) and this has initiated the interest in
DC drive electric vehicles. Attempts to improve the conventional bridge chopper by
increasing the operations or allowing themotor reverse action have been continuously
carriedout but ever since the development of the newmotor by theORNL, anewseries
motor four quadrants DC chopper such as shown in Fig. 11.1, was designed and the
proposed chopper hasmultiple operations [2]. Different types ofDCdrivemotors that
can be used for motor traction for DC EVs such as the separately excited [3] has been
developed. As part of EV design requirement [4] which need details investigations on
the chopper operationmodes led to the establishment of a simulationmodel to test the
chopper operations for the application of electric car and light rail transit (LRT) [5].
This simulation model used to investigate each of the chopper operations of motor
voltage, current, torque, speed, and FQDC for DC drive EC application [6] inclusive
for system trouble shooting and fault diagnose [7]. This covers several modes of
operation such as driving, fieldweakening [8], parallelmode [9], regenerative braking
[10], and resistive braking [11]. For DC series motor traction of EC application, the
speed and torque control for the series motor, in an attempt to reduce jerk and tire
slip, has been implemented using direct current control technique [12]. For power
regeneration, the FQDC offers the generator modewith several techniques of starting
the regenerated power and voltage control is studied and discussed in [13]. In order
for the FQDC to be applied in the real world it needs controllers running the control
algorithm in the embedded system. The controller and its control algorithm are
studied and tested using the processor in the loop (PIL) technique [14]. To improve
the performance, artificial intelligence (AI) is introduced to control all of the chopper
operations of the proposed FQDC chopper [15, 16]. Among the four AI controllers
ANFIS shows the best performance, followed by neural network, the self-tuning
Fuzzy logic controller and expert system [7]. An attempt cruising test with a specific
requirement of remaining the traverse distance and battery state of charge using the
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Fig. 11.1 Novel DC chopper circuit with current flows indicated

Fuzzy logic [17] controller shows significance performance in controlling the EV
operation.A studyon a neural network controller to uncover the proper tuningmethod
has been carried out based on using single controller with binary output [18]. On each
specific FQDC chopper operation mode the performance can be further improved
using an AI optimization tool such genetics algorithm [19] and gradient descend [20]
to set up specific look up table of field current. The pole placement method [21] was
used to tune the close controller to improve the controller performance while a Fuzzy
logic controller is used to control the motor current [22] and to improve the control
performance and system stability. For system fault diagnose and online system tuning
and optimization, a numerical representation using Taylor series [23] is studied and
tried for driving mode. The cascade PID with an ascend descend algorithm and after
improvisation was associated to steering [24], brake [25], and vehicle movement
control [26] to be used for autonomous EV for automatic reverse parking. Several
other studies related to DC drive EV led to research on EC battery chargers [27],
charging control algorithm [28], and the SOC estimator [29]. This charger circuit
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mainly consists of the multi-level rectifier, buck chopper, and zero crossing circuit.
This paper continues on the study on the EV performance to compare dc series,
separately excited and AC PMSM motors.

ADCdrive systemoffers lower cost due to its simple circuit, controller design, and
control strategy [30–32]. The system is easy to control, maintain and trouble-shoot.
The total cost of a drive system (AC or DC) depends on several factors such as the
number of gate drive circuits, power electronics devices used, its cooling system, heat
sinks, motor, and auxiliary devices. Normally, in a DC drive chopper, there are less
power electronic devices used compared to an AC drive equipped with a frequency
inverter. As a result, the number of gate drives is less. Thus, for a 4-quadrant drive
application on motors with rated power bigger than 15 kW, a DC drive is always
much cheaper than an AC drive system [33, 34]. Every time a power electronics
device switches (on and off), it dissipates heat due to power loss [2]. In fact, power
loss is bigger during turn off compared to turn on. The heat dissipated is absorbed by
the heat sink and gets dissipated. Since the heat sink should have sufficient surface
area for effective heat dissipation, the drive system with a smaller number of power
electronics devices would incur lower switching power loss and has smaller size and
weight. In a DC drive, no extra circuit is required to utilize the regenerative power
to charge the battery but in an AC drive, a three-phase controlled bridge rectifier is
necessary to convert the generated AC voltage to DC voltage before the battery or
ultra capacitor can be charged [29]. This rectifier circuit complicates the design and
control technique, generates conversion loss and requires more power for electronics
devices and space which increases weight and cost.

With the latest technology, DC motor manufacturers have developed better DC
motors suitable for EV/HEV applications. Such motors possess high power output,
higher efficiency, smaller size, lessweight, long lasting carbonbrush and commutator,
low operating voltage (less than 50 V), and modular concept (easy to replace parts
like carbon brush, etc.) [24–32]. The advanced brush technology for DC motors
allows the motor to be used at low voltages [1, 2] which results in lower losses that
guarantees longer travel distance. The lifespan of the carbon brush and commutator of
a DCmotor is longer than the lifespan of the rotor bearing of an AC induction motor.
The brush can last until 30,000 km, while the commutator can last until 250,000 km
before it flushes over. The latest technologywith a soft-commutated DCmotor which
has a high reliability of 88–90% and spark reduction system can further extend the
brush life. The optimization of the design and control technique yield a DC motor
drive which is comparable in performance to the AC drive but cheaper in price [1, 2].

An AC drive is expensive due to its complexity in the motor system, inverter
system, bidirectional buck-boost converter system, and complex control strategy.
The AC drive system uses more power electronic devices compared to a DC drive,
because not only the inverter uses more power electronics than a chopper but it
also needs more power electronic switching devices in the bidirectional buck- boost
converter. The fact that the inverter is operated at high frequency and the AC drive
uses lots of power electronic switching devices, AC drive needs a larger heat sink to
remove heat as a result of the power switching losses. The total efficiency of an AC
drive is lower compared to the efficiency of the PMSM motor itself, due to the need
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of power conversion from battery power to buck-boost chopper, from buck-boost
chopper to inverter and from inverter to the PMSMmotor. A DC drive only requires
conversion from the battery to the dc chopper and fromDC chopper to the DCmotor.
The field weakening effect in an AC drive is only 1.5 of the base speed compared to
the DC drive which is 5 times the base speed. The regenerative and resistive braking
to brake and charging battery in an AC drive is more complex because the permanent
magnet produces a constant magnetic flux and this is not controllable. Thus, the
permanent magnet could generate an AC voltage could result the permanent magnet
generates an AC voltage which could be too high or too low.

11.1.2 DC Series Motor and Four Quadrants DC Chopper
Four Series Motor

A DC series motor is commonly used for electric vehicle traction. The DC brush
series motor has the highest starting torque if compared to the same rated power to
other types of electrical motors, inclusive separately excited DC motor. This special
characteristic is very suitable for the traction of vehicles. The highest torque is only
required to move the vehicle from standstill. Once the vehicle has already made a
movement, it has already inertia, and due to this inertia, lower torque is required to
propel the vehicle. Due to the fact that the series motor has a high starting torque, a
lower kilowatt power of DC series motor can be used to propel the same weight of
vehicle, compared to the other types of electrical motors inclusive separately excited
DC motor. DC series motor is cheaper, is smaller in size, and is much lighter if the
same rated power of DC series motor is compared to a separately excited DC motor.
This is because separately excited dc motor has more winding turns in the armature
and field winding to balance the starting current and back emf. A separately excited
DCmotor also requires two set of power supplies, and each is meant for armature and
the field circuit. There are three IGBTs in the proposed chopper as shown in Figs. 11.3
and 11.4, and they are the main, the field weakening, and bridging IGBTs. LM is the
inductance of the motor and is connected in series with the armature windings to
smoothen the armature current of the motor and RBV is the brake series resistor.

11.1.3 DC Drive EV Four Quadrants DC Chopper for Series
Motor

The four quadrants DC chopper is designed to overcome the limitations of common
H-bridge chopper for controlling field wound DC series motor. A common H-bridge
can perform driving and regenerative braking but is incapable of performing gener-
ator, resistive braking, and field weakening operations. Although the H-bridge is able
to perform regenerative braking, but it depends on the remanence of the magnetic



126 S. Arof et al.

field and not very effective because it only lies on the second quadrants of chopper
operations which is when the speed of the rotor is higher than the base speed or
when the voltage terminal is lower than the generated back emf. The novel design
of the chopper has five main operations which is driving, field weakening, regen-
erative braking, resistive braking, and generator mode. The chopper circuits are
designed by aligning and connecting power semiconductors such as IGBTs, diodes,
resistors, inductors, and capacitors. The keys or two most important things for the
novel chopper to perform such required operations are by controlling the direction
of the current path/flows and controlling the number of current flows. The change
of current direction flow causes changes in chopper operations. The advantage of
the novel chopper is not just on extra operations that it can perform but the novel
chopper has a lower number of power semiconductors compared to the common
H-bridge chopper. This is to ensure lower cost and lower losses. Unlike the regen-
erative braking operations that a common H-bridge can perform, this novel chopper
offers better regenerative braking power by the ability of separating, combining, and
controlling the field inductor from the armature inductor motor to result in more
braking power and more regenerative power produced. The result of reduction the
field current is a reduction in back emf voltage. Even though the decreasing field
current will cause the torque to decrease according to the theoretical equations, but
the armature current will rise thus increasing the torque. The resistive braking action
is done by creating a loop path for generated voltage to flow through a resistor called
resistive braking or bridging resistor. The chopper switching frequency is determined
by simulating the chopper driving operation. The chopper is tested at the minimum
of IGBTs switching duty ratio. The best frequency is when the current has the lowest
ripple. The lower the ripple current, the lower the ripple torque.

11.1.4 DC Separately Excited DC Motor and Four Quadrants
DC Chopper

It is well known that separately excited DC motors are easier to control and more
stable in any mode of operation than series and shunt DCmotors. To date, separately
excited DC motors have been used in many prototypes or products for EV and HEV
such as in the Peugeot 106, Citroen Saxo, GM EV and Lada [9, 10]. Research also
has shown that separately excited DCmotors offer EVwith longer distance traversed
for a lower price [9]. However, the last generation DC motors had disadvantages in
their size, weight, performance, and reliability. The separately excitedDCmotors can
provide sufficient high starting torque and constant torque during operation. In the
working region above base speed/nominal speed, DC motors still have higher torque
compared to that ofACmotors [11–14]. Themotor can supply almost constant torque
during their operation which is good for climbing a steep hill so that speed will not
drop drastically. The motors also feature high electrical braking power due to less
power loss [15, 16] and a very good speed and controllability for regenerative power.
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11.1.5 DC Drive EV Four Quadrants DC Chopper
for Separately Excited DC Motor

Anew four quadrant driveDCchopper (FQDC) design shown in Fig. 11.2 is proposed
toworkwith a separately excitedDCmotor. The system has resistive brakingmode to
achieve higher efficiency during braking. While the common H-bridge [2–6] shown
in Fig. 11.2 utilizes at least two semiconductors at a time, the proposed FQDC uses
only one semiconductor with the same operation. The proposed chopper design helps
to improve power as well as to reduce ripple.
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Fig. 11.3 Components permanent magnet synchronous motor drive
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Fig. 11.4 Voltage source inverter with DC supply and load (PMSM)

11.1.6 Four Quadrants Drive DC Chopper Operation Modes

The proposed FQDC is designed to work in five modes of operation: driving, field
weakening, generator, regenerative braking, and resistive braking. These modes of
operation can be controlled by an AI controller such as expert system, fuzzy logic,
self-tuning fuzzy [2–4, 8], neural network as well as ANFIS. However, this paper
focused only on the circuit operation of each mode of the proposed topology.

11.1.7 AC Drive EV with PMSM Motor

PM synchronous motors are very popular in a wide application area. The PMSM
lacks a commutator and is therefore more reliable than the DC motor. The PM
synchronous motor also has advantages when compared to an AC induction motor.
Because a PMSM achieves higher efficiency by generating the rotor magnetic flux
with rotor magnets, a PMSM is used in high-end white goods (such as refrigerators,
washing machines, dishwashers); high-end pumps; fans; and in other appliances
which require high reliability and efficiency. This application creates a speed closed-
loop PM synchronous drive using a vector control technique. The PMSM consists of
conventional three phase windings in the stator and permanent magnets in the rotor.
The purpose of the field windings in the conventional synchronous machine is done
by permanent magnets in PMSM. The conventional synchronous machine requires
ACandDCsupply,whereas thePMSMrequires onlyACsupply for its operation.One
of the greatest advantages of PMSM over its counterpart is the removal of DC supply
for field excitation. The development of PMSM has happened due to the invention of
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novel magnetic materials and rare earth materials. PMSM give numerous advantages
in scheming recentmotionmanagement systems. Energy efficient PMSM is designed
due to the availability of permanent magnet materials of high magnetic flux density.
In synchronous motors the rotor rotates at the speed of stator revolving field.

The speed of the revolving stator field is called as synchronous speed. The
synchronous speed can be found by the frequency of the stator input supply (fs)
and the number of stator pole pairs. The stator of a three-phase synchronous motor
consists of distributed sine three phase winding, whereas the rotor consists of the
same number of p-pole pairs as stator, excited by permanent magnets. Both (typi-
cally) have a permanent-magnet rotor, and a wound stator BLDC (brushless DC)
motor is a permanent-magnet brushless motor with trapezoidal back EMF PMSM
(Permanent-magnet synchronous motor) and is a permanent-magnet brushless motor
with sinusoidal back EMF.

11.1.8 Permanent Magnet Synchronous Motor Drive System

The motor drive essentially consists of four main components such as the PMSM,
the inverter, the main control unit, and the position sensor. Interconnections of the
components are shown in Fig. 11.3.

11.1.9 AC Drive EV Inverter

For variable frequency and magnitude, voltage source inverters are devices which
convert the constant DC voltage level to variable AC voltage. As specified in the
function, these inverters are commonly used in adjustable speed drives. The vector
control strategy is far more complicated than the control of a DC motor requiring
use of multiple control loops.

Figure 11.4 shows a voltage source inverter with a supply voltage VDC and with
six switches. The frequency of the AC voltage can be variable or constant based on
the applications [31–33].

Three phase inverters consist of a DC voltage source and six power ON/OFF
switches connected to the PMSM as shown in Fig. 11.4. Selection of the inverter
switchesmust be carefully done based on the necessities of operation, ratings, and the
application. There are several devices available in the market, and these are thyris-
tors, bipolar junction transistors (BJTs), MOS field effect transistors (MOSFETs),
insulated gate bipolar transistors (IGBTs), and gate turn off thyristors (GTOs). It has
been inferred that MOSFETs and IGBTs are preferred in the industry because of
their advantages that the MOS gating permits high power gain and control advan-
tages. MOSFET is considered to be a universal power ON/OFF device for low power
and low voltage applications, whereas IGBT has wide acceptance in the motor drive
applications and other application in the low and medium power range.
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The power devices when used in motor drives applications require an inductive
motor current path provided by antiparallel diodes when the switch is turned off.

11.2 Methodology

11.2.1 Electric Car Motor

The samekilowatt power of seriesmotor, separately excitedmotor, andACpermanent
magnet synchronous motor are used to be tested for EV propulsion and performance
comparisons.

11.2.2 Vehicle Dynamics

TheMATLAB/Simulink simulationmodels of the vehicle dynamics for the DC drive
with series and separately excited and AC drive with PMSM motor are prepared for
the test. The vehicle dynamics simulation model is shown in Fig. 11.5 and is derived
using mathematical equations with some parameters set as follows:

m = 1350 kg, (full load) CD = 0.2, AF = 2 m2, CO = 0.009, C1 = 0, ρ =
1.1614 kg/m3, and g = 9.81 m/s2, rwh = radius of wheel 0.28 m = 11 in., gear ratio
= 4.2.

The complete MATLAB/Simulink simulation results of EV with separately
excited DC motor, AC permanent magnet synchronous motor (AC PMSM), and
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DC series motor are tested using the same vehicle dynamic EV model for compar-
ison. A 35 kW of series motor and separately excited DC motor operated at the
maximum power of 22 kW are used for the test for DC Drive electric car. A 22 kW
of AC synchronous motor is also tested for AC drive system to drive a car with a
weight of 1325 kg (Figs. 11.6, 11.7, 11.8).

The simulation model results of the three motor drives systems are shown in
Figs. 11.9, 11.10, 11.11, 11.12, 11.13, 11.14, 11.15, 11.16, 11.17, 11.18, 11.19.

Results During Driving Operation

In Fig. 11.9, energy usage comparison are made. Dc series uses almost the same
amount energy compared to the other two motors.

Fig. 11.6 Simulation of vehicle with DC drive series motor and FQDC chopper

Fig. 11.7 Simulation of vehicle with AC PMSM motor and inverter
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Fig. 11.8 Simulation of vehicle with DC drive separately excited dc motor and FQDC chopper

Fig. 11.9 Energy usage comparison

Fig. 11.10 Motor power at the starting before back emf effect drops it
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Fig. 11.11 Energy used at the starting point

Fig. 11.12 EV speed from standstill

Fig. 11.13 Start losing the motor torque due to back emf
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Fig. 11.14 Distance traverse comparison

Fig. 11.15 Voltage generated during braking operation

Fig. 11.16 Regerative braking power comparison
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Fig. 11.17 Regerative power to charge battery

Fig. 11.18 Longer braking power for vehicle deceleration

Fig. 11.19 Longest hold braking torque before depleted
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In Fig. 11.10, separately excited motor exhibits good performance in which it
can maintain motor power longer at the starting before drops due to back emf effect
drops it.

In Fig. 11.11, DC series uses lesser energy compared to the other motors, and this
is as a result of higher strting torque of the motor.

In Fig. 11.12, the EV speed of DC series and AC PMSM are close due to high
starting torque.

In Fig. 11.13, EVwith separately excited Dc motor is the first losing motor torque
due to back emf.

InFig. 11.14, EVusingDc seriesmotor reach faster the distance traverse compared
to the other two motors due to high starting torque.

Braking Operation

In Fig. 11.15, DC series can generate high voltage due to sepcial characteristics
provide by FQDC during voltage buit-up during generator mode.

In Fig. 11.16, regenerative braking power is high with dc series motor due to the
FQDC design. While the AC PMSM is limited by permanent magnet. The Se-ex
motor limited by field and armature current resistance and inductance.

In Fig. 11.17, regerative power used to charge battery is the highest with dc series
motor due to special FQDC architecture.

In Fig. 11.18,DC series produce the longer braking power for vehicle deceleration.
In Fig. 11.19, DC series has the longest hold braking torque before depleted due

to FQDC design.

11.3 Conclusion

DC drive EV is suitable to be used as propulsion motor. With the FQDC chopper the
performance is enhanced to the maximum and is comparable to AC drive motor and
AC drive EV. The FQDC can improve the performance of the DC motor to be used
as motor propulsion for DC drive EV.
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Chapter 12
Overall Heat Transfer Coefficient
of Different Coolants and Frontal Air
Velocity in Automotive Radiators

Ain Najwa Abdul Manan, Dzarisofea Anuar,
Muhammad Latiff Abd Khalid, Ahmad Kamal Ismail,
and Ishak Abdul Azid

Abstract An educational experimental test rig was designed to evaluate the perfor-
mance of an automotive radiator. The effect of liquid coolants and frontal air velocity
on the radiator performance based on the overall heat transfer coefficient were inves-
tigated by using the test rig. The experimental setup consisted of a real engine and an
educational test rig. A set of experiments was conducted with three different coolants
while parameters including inlet and outlet temperatures were recorded at constant
flow rate. In order to study the effect of frontal air velocity, the engine was taken
to be in motion by giving an external air flow to the radiator. An air tunnel was
designed to be mounted at the frontal area of the radiator. In this experiment, the
temperature of the radiator was also measured at different engine speeds and frontal
air velocities. Analysis of engine cooling parameters such as flow rate, inlet, and
outlet temperature, surrounding and radiator temperature, surface area, and rate of
heat dissipation was performed using the log mean temperature different (LMTD)
method and finally the overall heat transfer coefficient (OHTC) was determined. The
results showed that the radiator performance for both real engine and educational
test rig increased when a coolant is used. In addition, increasing the speed of fan at
the frontal area improved the heat dissipation of the radiator.

Keywords Educational test rig · Overall heat transfer coefficient · Coolants

12.1 Introduction

An automotive radiator is a heat exchanger that cools the internal combustion engine
and helps to prevent from heat seizure due to thermal expansion. The combustion
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processes that convert thermal energy into mechanical work have to remove some
of the heat energy into the surrounding through exhaust gases and also absorbed by
the engine block [5]. A pump circulates cooling liquids between the radiator and
the engine block water jacket so that the engine temperature can be maintained at a
suitable operating temperature. The cooling liquid pump commonly known as water
pump is connected to the engine belting and radiator fan. This connection ensures
that the pump and fan speed are controlled by the engine power. In the radiator, the
cooling liquids have to pass through tubeswhere the outside of the tubes is surrounded
with fins. Since the radiator itself is normally made from high thermal conductivity
materials such as copper or brass, the heat inside the cooling liquids will be easily
dissipated to the outside of the tubes. Due to this phenomena, the cooling liquids
must be very efficient to collect heat from the engine and remove it from the radiator.
High efficiency engines with better cooling system are the challenges faced by the
automotive manufacturers nowadays for better fuel consumption and less emission
[1]. A high performance engine is also based on the cooling system for endurance
and durability. A compact radiator may reduce the vehicle weight. By optimizing
design and size of a radiator, it reduces the materials and the cost of the manufacturer
[6]. In order to evaluate the performance of an automotive radiator, the educational
test rig was designed and fabricated to be located in the laboratory. The radiators are
installed into the test setup and the data from the educational test rig is be compared
with data from the real engines. The experimental rig was designed with flexibility
where different types of car radiators can be installed and the flow rate of water with
different coolants can be applied. This work presented preliminary results of different
coolants applied to the Perodua Kelisa radiator with different frontal air velocities.

12.2 Literature

12.2.1 Coolants

Performance evaluation on the various parameters by using a different coolant has
been done in previous literatures [3, 7, 8]. The works focused on comparative studies
between coolants such as water and other mixtures such as water in propylene glycol.
Ethylene glycol such as (IUPAC name: ethane-1, 2-diol) can be categorized as an
organic compound normally used as an automotive antifreeze and a precursor to
polymers. The coolants performance nowadays have been investigated by many
researchers in order to improve the performance as well as to extend their lifetime.
It has been done by introducing Al2O3/water-mono as nanofluids and tested experi-
mentally as a coolant for automotive radiators [2, 7]. The mixture between water and
coolant varies and is usually tested in laboratories. Some used 50:50 proportions by
volume. For the nanofluids used as coolant, it can be observed that the heat transfer
performance of radiator is increased compared to conventional coolants.
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12.2.2 Air Flow

The air flow from outside or the frontal area of the car plays an important role to
ensure the radiator works efficiently. Therefore, this area requires a proper design [4,
9]. By referring to Pang et al. [6], the ram air and radiator fan are the twomain sources
of energy which contribute to the cooling air flow through the under hood or frontal
area of the vehicle. During vehicle acceleration at high speed, the cooling air flow is
dominated by ram air and when the vehicles decelerate, the main source of cooling
from air comes from the radiator fan. Ram air is produced from the movement of the
vehicles normally at high speed that affect the static pressure gradient between the
vehicle frontal opening inlets and underbody. The interfaces of interaction between
air and the radiator are the frontal opening and the undersize of the engine bay [2]. The
study by Zhang et al. stated that the proper under hood airflow behavior of vehicles
has two main goals. The first target is to ensure the required cooling performance
of the heat exchangers. Next, the goal is to minimize the cooling drag component
of the total vehicle drag. This emphasizes the important design of the frontal area
for vehicles. At constant normal velocity such as at the rate of highway speeds, the
volumetric flow rate and flow pattern observed over the radiator surface act as the
major causes that influence the radiator performance. In contrast, if a vehicle travels
at low speeds or idling, a different phenomenon will occur that may reduce the
system performance. This phenomenon is known as under hood hot air recirculation.
In designing the frontal area of the vehicle to improve the air circulation around the
radiator, the drag effect must be taken into account as it will reduce the performance
of the car and fuel efficiency.

12.3 Methodology

12.3.1 Experimental Setup

An experimental setup has been designed and fabricated in our laboratory. The
various components of the experimental setup are described below. As shown in
Figs. 12.1 and 12.2, the important components of the system are; engine, radiator,
radiator hose, water tank and heating element, water pump, piping and fitting, flow
meter and a thermocouple. The three types of coolants used were Proton coolant,
Toyota coolant, and Nissan coolant. The flow rate was set at 18 L/min for the educa-
tional test rig. In this study, a test facility for a real engine has been developed by
using a 4-stroke engine, 4 cylinders with 1499 cc. A set of thermocouples (K-type)
were used to monitor the temperature distribution at the radiator core and water tank.
The thermocouples were connected to the data acquisition having±0.1 ºC accuracy.
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Fig. 12.1 Educational test
rig

Fig. 12.2 Real engine with
frontal air induced
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12.3.2 Data Analysis

The log mean temperature difference (LMTD) method was used to calculate the
OHTC and to obtain the required outlet temperatures. The general formula as shown
in Eq. (12.1) for cross-flow heat exchangers has been done by using the LMTD
method. The inlet and outlet temperature data obtained from the experiment were
used in this equation. The equation is given by

Q = UAF �T log-mean (12.1)

where Q is the overall heat transfer rate of the radiator, U is the overall heat transfer
coefficient (OHTC), A is the surface area measured from the design of tubes and fins,
F is the correction factor, and �Tlog-mean is the log mean temperature difference
of the two fluids.

12.4 Results

12.4.1 Effect of Coolant in Real Engine and Educational Test
Rig

Graphs in Figs. 12.3 and 12.4 show the results of the overall heat transfer coefficient
(OHTC) obtained from the real engine and educational test rig. Both results indicated
that OHTC for the radiator with Nissan, Toyota, and Proton coolant manufacturer

Fig. 12.3 OHTC of different coolants in the real engine
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Fig. 12.4 OHTC of different coolants in the educational test rig

applied as cooling fluids mixture have better performance than without coolant (only
distilled water). The trend for OHTC with different coolants was the same for both
the educational test rig and the real engine. It means that the educational test rig
can be used to replace the real engine in investigating the performance of different
coolants such as nanofluid in the future.

12.4.2 Effect of Frontal Air Velocity in Real Engine
at Different RPM

Figure 12.5 shows the result of average overall heat transfer coefficient against engine
speed. Based on the results as shown, at 1500 RPM, at maximum fan speed, the
average overall heat transfer was the highest. At medium and minimum fan speed,
the average overall heat transfer coefficient decreased. Without air flow (no fan), the
average overall heat transfer coefficient was small. At 1500 RPM, the maximum fan
speed shows the highest value compared to others.

There are many factors that affect the overall heat transfer coefficient of the radi-
ator such as the temperature difference, specific heat capacity, and flow velocity. The
temperature difference depends on the inlet and outlet of the radiator. The higher
the temperature difference, the higher the overall heat transfer coefficient. Increased
value of the heat transfer coefficient means that the performance of the radiator
improved. The specific heat capacity depends on the average of the inlet and outlet
temperature of the radiator while the flow velocity depends on the air flow. However,
at 700 RPM, the overall heat transfer coefficient was not constant due to the engine
RPM that increased from time to time. At 1000 RPM, the overall heat transfer
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Fig. 12.5 Overall heat transfer coefficient against engine speed

coefficient at medium fan speed improved while at 1500 RPM, the maximum fan
speed showed the highest improvement. At 1000 and 1500 RPM, the overall heat
transfer coefficient of the radiator without fan decreased while at 700 RPM, the
value increased. It can be concluded that the overall heat transfer coefficient can be
improved by giving external air flow.

12.5 Conclusions

A test facility has been successfully developed in the study on the fluid cooling
system for automotive as shown in this work. It has been validated with the real
engine cooling system with radiator. The results trend has shown some similarities.
The value of overall heat transfer coefficient, OHTC using coolants have better
performance than without coolant for both real engine and educational test rig. The
performance of the radiator induced with frontal air was successfully analysed by
taking the temperature of the radiator at the inlet and outlet. It can also be concluded
that the design of the automotive frontal area may also increase the velocity of air
which also increases the OHTC.
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Chapter 13
Magnetic Field Distribution for Single
Coil Pulsed Linear Accelerator

M. Rezal, D. Ishak, and M. S. Ahmad

Abstract This paper presents the magnetic field distribution for a single coil pulsed
linear accelerator. The design of the pulsed linear accelerator is implemented using
a coil and capacitor bank. A Hall-effect sensor is applied to measure the magnetic
field inside the coil. Basically, this project focuses on the magnetic field distribution
for different Hall-effect positions inside the coil with different settings of capacitor
banks. The capacitor bank is operated as a pulse current generator for the coil. The
result obtained is compared for different magnetic field distributions with different
Hall-effect positions inside the coil. The result is tabulated and analyzed using a
graphical method. The purposes of the research are to analyze the magnetic field
distribution for a single coil pulsed linear accelerator using a Hall-effect sensor and
to obtain the highest magnetic field for a specific Hall-effect sensor position inside
the coil. The result showing that the 200 V, 1120 uF capacitor bank with Hall-effect
sensor position of 7 mm and magnetic field of 12.2 mT.

Keywords Magnetic field · Coil · Pulsed · Accelerator

13.1 Introduction

A linear pulsed accelerator is a device to accelerate particles in a straight line by elec-
tric fields which is mostly used within industry, radiotherapy, and others. Nowadays,
electromagnetism plays an important role. This project presents the real application
for electromagnetism which is used to move the particle of the linear accelerator.
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Basically this project focuses on how to find the magnetic field characteristic that is
produced from the coil when the Hall-effect sensor is moved from one position to
another inside the coil. This project focuses on the electromagnetic characteristic for
a single coil pulsed linear accelerator. Apart from that, the coil is developed using a
copper wire winding through the cylindrical casing. At the same time the magnetic
field of the coil is measured using a Hall-effect sensor for different Hall-effect sensor
positions inside the coil. An electrolyte capacitor is used to supply the pulse current
that flows into the coil. Since the Hall-effect sensor position is moved, then results
are produced and displayed at the output of the digital oscilloscope. The result will
be computed and plotted to find the best magnetic field at the best position of the
Hall-effect sensor inside the coil.

13.2 Literature Review

For the past few years, two ideas were investigated to get the source for a particle
accelerator, i.e. the Wideroe’s ray-transformer and the Ising’s linear accelerator [1].
The Ising’s linear accelerator used a RC circuit as source and spark gap as the switch
element [2]. A series of linear accelerators is applied in order to increase the electron
velocity in the tube. Earlier in 1945, a better result was obtained when particle beams
collided compared to bombarding stationary targets. Betatron is applied to the circu-
lating accelerator because it has no accelerating cavities and was the first circular
machine to have a rising field that had to keep upwith the rising energy of the acceler-
ated electrons. The Wideroe’s ray transformer is an upgrade version of Betatron [3].
An experiment to find the magnetic field was developed by using a single turns coil
beyond 100 T toward the state-of-the-art equipment [4]. A non-shielded solenoid is
equipped with other coils in order to reduce its electromagnetic interference near to
other radio frequency equipment [5]. A Cryo module is developed to measure the
passive magnetic field inside the solenoid. The magnetization of the solenoid can
be canceled by controlling the hysteresis cycling of the solenoid. In 1909, the Mica
dielectric capacitor was invented for radio transmission [6]. Silver mica is reliable
because it has excellent dielectric properties with outstanding discharge resistance
[7]. Magnetic fields can be measured using a Hall-effect device [8]. In recent years,
the most important one in electromagnetic area is the RLC circuit which consists of
a resistor, an inductor, and a capacitor [9].

13.3 Methodology

The research starts with defining the pulsed linear accelerator parameters. The coil
has a 60 mm length, la. The outer and inner diameter of the coil is 60 mm and 9 mm,
respectively. Table 13.1 shows the developed coil’s parameters. Next, the capacitor
bank is set with different values of voltage, i.e. 100 and 200 V and capacitance, i.e.
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Table 13.1 Parameters of
developed coil

Parameter Value

Wire size 16 SWG

Number of turn 1033

Resistance 2.5 �

Inductance 7.5 mH

Outer diameter 60 mm

Inner diameter 9 mm

Axial length 60 mm

560 and 1120 uF. Then, the Hall-effect is inserted inside the coil at a position near
the coil inner surface, i.e. set as 0 mm. The magnetic field of the coil at the current
position is measured until its position is equal to the total coil length. The data is
recorded and tabulated in a graph. The experimental setup and flowchart is shown in
Figs. 13.1 and 13.2, respectively.

A Hall-effect sensor is used to measure the magnetic field inside the coil. The
Hall-effect sensor is able to vary its output voltage in response to a magnetic field.
The type of Hall-effect sensor that is used for this experiment is from the SS49E
series. The Hall-effect sensor is used for the experiment because the cost is lower
than other mechanical switches and it can be measured until higher flux densities.
Besides that, the Hall-effect sensor also responds to either a positive or a negative
Gauss distribution [10]. The transfer characteristics of the magnetic field (gauss)
Hall-effect sensor are shown in Fig. 13.3.

Referring to Fig. 13.3, it shows that the Hall-effect sensors provide an output
voltage that is proportional to the magnetic field to which it is exposed. It illustrates
a ratiometric Hall-effect sensor that accepts a 4.5–10.5 V supply. The ratiometric
output voltage is set by the supply voltage and varies in proportion to the strength of
themagnetic field. The output voltage of the Hall-effect sensor as shown in Eq. (13.1)
is obtained from Fig. 13.3, where V 0 is the output voltage of the Hall-effect sensor
and Bx is the magnetic field. Rearranging Eq. (13.1), then, Eq. (13.2) is used to
determine the magnetic field of the coil [10].

Fig. 13.1 Experimental setup
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Fig. 13.2 Experimental flowchart

Fig. 13.3 Hall-effect sensor
range transfer characteristics

V0 = 0.0015Bx + 2.5 (13.1)

Bx = 1× 104V 0

15
− 2.5

1.5× 10−3 (13.2)

The current that flows into the coil is measured using the current sensor ACS758
[11]. The output response of the current sensor ACS758 is shown in Fig. 13.4. This
current sensor has a maximum current sense of 200 A. The output voltage from the
current sensor will determine the actual current sense by this current sensor.
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Fig. 13.4 Current sensor
output response

Referring to Fig. 13.4, the V out can be determine using Eq. (13.3).

Vout = 0.025Isense (13.3)

Rearranging Eq. (13.3), then the Isense can be found using Eq. (13.4).

Isense = 40Vout (13.4)

13.4 Results and Discussion

The coil’s current Icoil and the magnetic field Bx when it is supplied with 100 V, 560
uF are shown in Fig. 13.5a. The maximum current that flows inside the coil winding
at a position of 11 mm inside the coil is 2.66 V, which is equivalent to 106.4 A. The
output of the Hall-effect sensor is 4 V, which is equivalent to 0.1 T. The pulse width
tw is 3.4 ms. The current flows in the coil winding and the magnetic field is shown in
Fig. 13.5b when supplied with 200 V, 1120 uF capacitor bank. Themaximum current
flows inside the coil winding at position of 10 mm inside the coil is 3 V, which is
equivalent to 120 A. The output of the Hall-effect sensor is 5 V, which is equivalent
to 0.17 T. The pulse width is 6.4 ms.

The actual value of the Hall-effect sensor and the current sensor output is obtained
using Eqs. (13.2) and (13.4) respectively. When the voltage of the capacitor bank is
increased, the coil’s current will be increased. When the capacitance of the capacitor
bank is increased, then the pulse width tw of the coil current is also increased. The
magnetic fields will be stronger if the current is higher and vice versa. Longer pulse
width tw of the coil’s current will create longer pulse width of the magnetic field
and vice versa. The coil is supplied with different capacitor bank settings to find the
different magnetic field characteristics at every coil position. The experiment was
conducted by changing the capacitor one by one where the capacitors are connected
in parallel.

Referring to Fig. 13.6a, the highest magnetic fields point for 100 V, 560 uF capac-
itor bank is at position 10 and 11 mm is 10 mT, whereas for 100 V, 1120 uF capacitor
bank is at position 12, 17, 18 and 24 mm is 11 mT. Figure 13.6b illustrated the
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Fig. 13.5 Coil’s current andHall-effect sensor output awhen suppliedwith 100V, 560 uF capacitor
bank. b when supplied with 200 V, 1120 uF capacitor bank

magnetic fields distribution for 200 V, 560 uF and 200 V, 1120 uF capacitor banks.
The highest magnetic fields point for 200 V, 560 uF capacitor bank is at position13
mm is 11 mT, whereas for 200 V, 1120 uF capacitor bank is at position 8 mm and 19
mm is 12 mT. Referring to Fig. 13.6, it shows that the magnetic field inside the coil
is increased by 25% when the voltage of the capacitor bank is increased by 50%.

13.5 Conclusion

This paper has presented a magnetic field distribution for a single coil pulsed linear
accelerator. The single coil pulsed linear accelerator is suppliedwith different settings
of capacitor banks. A Hall-effect sensor is used to measure the magnetic field inside
the coil. Higher voltage of capacitor bank will generate higher magnetic field inside
the coil. Higher capacitance of the capacitor bank will make the magnetic field stay
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Fig. 13.6 Magnetic field distribution inside the coil for 560 uF and 1120 uF capacitor bank. awhen
supplied with 100 V. b when supplied with 200 V

longer inside the coil. In addition, to detect the highest magnetic fields, the Hall-
effect sensor is suggested to be located less than half of the coil length and for this
case, it is between 8 and 15 mm.
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Chapter 14
Formulations After Features Extraction
of Veltink to Second-Order Critical
Damped Black Box Model for Observer
Formation Representing Knee Extension

Saharul Arof, Norramlee Mohamed Noor, Emilia Noorsal, Saiful Zaimy,
Zakaria Hussein, and Hamzah Arof

Abstract Real-world function electrical stimulation (FES) encounters nonlinear
effects of fatigue and time delay that cause the FES controller to underperform
and sometimes fail. Nonlinearities degrade the muscle performance and change
the system, but the FES controller cannot be re-tuned once its parameters are set.
System representation using an observer enables the patient’s knee extension to be
represented in a numerical computation algorithm and can be run or executed in an
embedded system. This allows tuning of the closed-loop controller to be made to the
imitated system. The formation of an observer requires parameters to be collected
through feature extraction process. The transformation of these collected parameters
to suitable parameters for the observer formation can be eased with the establishment
of a control lawmade of equations and rules and finally represented in a look-up table.
This paper investigates the feasibility of using the second-order system response to
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formulate controller setting and observer formation. MATLAB/Simulink software is
used to study, and the simulation results are used to establish the formulation of the
system for an observer formation representing the knee extension model.

Keywords Rehabilitation · FES · Observer · Features extraction · FIR filter ·
Finite state machine · Black box

14.1 Introduction

Despite continuous research, most functional electrical stimulation (FES) devices in
themarket have practical limitations in terms of size, weight, price, user-friendliness,
and operator/helper independence [1–3]. Theoretically, closed-loop control algo-
rithms can improve the performance of open-loop control algorithms for FES appli-
cations. However, the actual performance of the closed-loop controllers for the FES
devices can degrade significantly when affected by nonlinear effects like fatigue and
spasticity [4]. Moreover, all of the feedback controllers are sensitive to variations in
the parameters of the muscle recruitment function, which change during real-world
FES use [5]. Hence, for better feedback control operation, there is a need to use an
accurate muscle system model [6, 7] of the system (patient to be treated). Ideally,
nonlinearities should be considered when developing the controller of the electri-
cally stimulated system. When knee and muscle experience fatigue and spasticity
their performance degrade [8, 9]. However, it is impossible to tune the closed-loop
feedback controllers online when they are directly attached to the patient’s leg and
knee [10]. The FES in the laboratory was set up and tested according to several
pre-determined persons, while FES devices in the market are designed to meet the
parameters (related to weight, damping, etc.) of different users which are unknown
apriori [11]. These unknown parameters could prevent the system from running at its
highest performance, cause the patient to sustain further injuries [12] or the system
to fail. This is because it was set up to work efficiently only for the pre-determined
subjects in the laboratory test [12]. An accurate model requires the identification
process to be established and this is considered as impractical in a clinic setting due
to time constraints and fast-changing dynamics [12].

Nonlinearities cause system changes but controller re-tuning is not possible due to
degradation of the muscle [13, 14]. A system representation [15] using an observer
can enable patient knee extension to be represented in a numerical computation
algorithm and can exist, run, or execute in an embedded system. This allows close-
loop controller tuning using genetics algorithm [16] or gradient descend [17] to the
imitated system. The main objective of this research is to investigate and study the
second-order system that matches the Veltink model so that the formulation, control
law, and look-up table can be established for the formation of an observer. Once the
order of the systems and the system parameters have been determined, the next step
is to retrieve the values of zheta, wn, system gain, and steady state gain. This is to
establish linear differential equation form and then convert it into a numerical method
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representation. The Taylor series method is used for the numerical representation of
the knee extension because its calculation method is much easier. The process of this
conversion is not covered in this paper, but it will be covered in a separate paper.
In the case the established observer needs some tuning to improve the accuracy, the
process can be done using optimization tools. During the process the formulations
could be used to ease the process.

The knee extension model can be represented by a body part and joint dynamic
equation, and an electrically stimulated muscle model as depicted in Fig. 14.1 and
Eq. (14.1), respectively. Veltink et al. [18] in a controlled study of the ankle joint
movement, used a second-order linear system to determine the relation between
torque and angle as shown in Fig. 14.2.

M = I θ̈ + Bθ̇ + θ − θnom

C
(14.1)

Fig. 14.1 Knee extension

Fig. 14.2 Knee extension
angle trajectory
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where M is the joint torque, q is the joint angle, q nom is the angle at which the
steady state torque equals zero,

I is the inertia, B is the damping, C is the compliance of the load.
The Veltink knee extension system can be represented by second-order systems.
Second-Order Transfer Function.

C(s)

R(s)
= ω2

n

s2 + 2ζωns + ω2
n

(14.2)

ω2
n = natural frequency, ζ=damping.

The characteristics equations can be equated to knee extension as per Eq. (14.l).

as2 + 2ζω2
n = I θ̈ + Bθ̇ + θ − θnom

C
(14.3)

2ζwn = B,

(
wn2 = θ − θnom

c

)
, a = I (14.4)

wn = steady state output

Step input
(14.5)

zheta = 1 (14.6)

Settling time Ts = 5.8335

ωn
(14.7)

Steady state gain = stedy state output/input value (14.8)

The second-order system that matches the Veltink model can fall into four cate-
gories which are, under-damped, critical damped, damped, and over-damped. For
knee extension, the most probable pattern will be under-damped, over-damped, and
critical damped. For the second-order system, natural frequency (wn), damping ratio
(zheta), system gain, and time constants are the important parameters.

14.2 Methodology

To establish formulations after Features Extraction of Veltink to Second-Order Crit-
ical Damped Black Box Model for Observer Formation Representing Knee Exten-
sion a generalize system identification that classifies the second-order critical damped
model requires segregation of the black boxmodel parameters.As the critical damped
has only one zheta real value, varying gain and natural frequency (wn) change the
system response.
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14.3 Result and Analysis

The critical damped second-order black box model can be generally classified
with Normal, high gain, and both high gain and high wn system. In general, the
classification according to overshoot and steady state gain as per Table 14.1

As the critical damped has only one real zheta value, varying/natural frequency
(wn) changes the system response. Figure 14.3 shows the normalized response upon
varying wn.

The wn will influence the transient response and steady state value as shown in
Fig. 14.3 and listed in Table 14.2. The steady state time is faster, but the steady state
value is smaller.

Table 14.1 General critical damped classification

Settling time Overshoot System steady state gain System under controlled

Ts = 6 s No =1 Normal Critical damped

Ts >= 6 s No ≥1 Critical damped with high gain/wn

Ts < 6 s No ≤1 Critical damped with high gain and
high wn
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Fig. 14.3 Second-order critical damped dynamic behavior with wn variation

Table 14.2 Response of the
system to varying gain while
maintaining zheta

wn ssv sst

1 1 7

2 0.22 2.2

3 0.1 1.6

5 0.04 1.4



160 S. Arof et al.

From the table above, the equations that can be used to establish a formulation
translated to look-up table formation in finding and representing zheta and other
variables are as per Figs. 14.4 and 14.5.

If the zheta and wn are maintained, varying system gain to the possible condition
varying steady state gain gain. The simulation result of varying system gain while
maintaining the zheta andwn cause steady state gain to increase as shown in Fig. 14.6.
The system response as a result of changes made to system gain which is transformed
into detailed parameters of the system performance is recorded in Table 14.3.

As in Table 14.3, increasing the system gain will increase the steady state time
and steady state gain value of the response and vice versa.

Fig. 14.4 The relationship
between wn and ssv

Fig. 14.5 The relationship
between wn and steady state
time
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Fig. 14.6 Second-order critical damped dynamic behavior with a gain variation

Table 14.3 Varies of gain
while maintaining zheta and
wn

Gain ssv sst

2 2 7

1 1 6

0.5 0.1 2.2

From Table 14.3, the equations that can be used to establish a look-up table in
finding and representing zheta and other variables are as per Figs. 14.7 and 14.8.

Fig. 14.7 The relationship between gain and state time



162 S. Arof et al.

Fig. 14.8 The relationship between gain and steady state value

The possible conditions of critically damped system under varying system gain
and wn, while maintaining the zheta are as shown in Fig. 14.9. The results of varying
system gain and wn, extracted parameters corresponding to system performance are
recorded in Table 14.4.

As shown in Table 14.4. The natural frequency (wn) and systemgainwill influence
the steady state time response system response to be faster.

From the table above, the equations that can be used to establish a look-up table
in finding and representing zheta and other variables are as per Fig. 14.10.

As part of the process to establish an observer, producing formulation, control law
and controller setting, the gathered equation transformed into meaningful equation
and simplified as shown in Table 14.5.
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Fig. 14.9 The relationship between gain and steady state value
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Table 14.4 varies of wn and
gain while maintaining zheta

wn 98%Sst (sec) System GAIN ssv

1 6 1 1

2 3 2 1

3 2 3 1

4 1.8 4 1

5 1.6 5 1

Fig. 14.10 The Relationship between gain and peak time response

Table 14.5 Critical damped system look-up table equations

With high wn With high gain With high gain
and high wn

wn to settling
time equation

wn to ssv
equation

Gain to settling
time equation

Gain to ssv
Equation

wn and gain to
settling time

y = 0.9469x −
2.004

y = 5.7444x −
1.015

y = 1.3706ln(x)
+ 1.0333

y = 3.4625ln(x) +
5.0667

y = 5.6309x −
0.836

The established formulations are used for observer formation and observer tuning.
Detail on observer formation and tuning is not discussed in this paper.

Control law using Rules expert system

1. If setting time < 6 s and the steady state gain ≥ 1, the zheta, wn and gain are 1,
0.5, 1.

2. If setting time ≥ 6 s and the steady state gain > 0.85 the zheta, wn and gain
equation are 1, y = 0.9469x − 2.004y = 5.7444x − 1.015



164 S. Arof et al.

3. If setting time < 6 s and the steady state gain < 85 the zheta, wn and gain equation
are 1, y = 1.3706ln(x) + 1.0333y = 3.4625ln(x) + 5.0667

4. If setting time ≥ 6 s and the steady state gain < 0.85 the zheta, wn with gain
equation are 1, y = 5.6309x − 0.836.

14.4 Conclusion

The formulations of second-order critical damped system that matched to Veltink
under variation of wn, system gain and both have successfully been established. This
can be used for observer formation and tuning. The close loop feedback controllers
such as Fuzzy Logic [14], PID and siding mode can use this table, control law and
formulations for controller gain setting.
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Chapter 15
Optimization of Process Parameters
in Electric Discharge Machining
Wire-Cut of Magnesium Alloys Using
the Taguchi’s Approach

Ariff Naqiuddin Nazri, Muhammad Al’Hapis Abdul Razak,
Mohd Rezal Mohamed, Mohamad Fadzli Haniff, Ahmad Razlee Ab Kadir,
Sadaqat Ali, and Abdul’Azeez A. Aliyu

Abstract Electric discharge machining wire-cut is an accurate and cost-effective
manufacturing route in numerous applications. Taguchi method was used for the
analysis of the effect of EDM wire-cut process parameters on material removal
rate, surface roughness and machining time of magnesium alloys. Different param-
eters like pulse off time, pulse on time, current and voltage are used to optimize
the material removal rate, surface roughness and machining time by Minitab 19.
Taguchi orthogonal array L9 is used for optimizing three different parameters so that

A. N. Nazri · M. A. A. Razak (B)
Manufacturing Section, Universiti Kuala Lumpur Malaysian Spanish Institute, Kulim Hi-Tech
Park, 09000 Kulim, Kedah, Malaysia
e-mail: alhapis@unikl.edu.my

A. N. Nazri
e-mail: ariff.nazri@s.unikl.edu.my

M. R. Mohamed · M. F. Haniff
Electrical, Electronics and Automation Section, Universiti Kuala Lumpur Malaysian Spanish
Institute, Kulim Hi-Tech Park, 09000 Kulim, Kedah, Malaysia
e-mail: mrezal@unikl.edu.my

M. F. Haniff
e-mail: mohamadfadzli@unikl.edu.my

A. R. Ab Kadir
Mechanical Section, Universiti Kuala Lumpur Malaysian Spanish Institute, Kulim Hi-Tech Park,
09000 Kulim, Kedah, Malaysia
e-mail: ahmadrazlee@unikl.edu.my

S. Ali
National University of Sciences and Technology (NUST), Islamabad, Pakistan

A. A. Aliyu
Mechanical Engineering Department, Bayero University Kano, Kano, Nigeria
e-mail: aaaliyu.mec@buk.edu.ng

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. H. Abu Bakar et al. (eds.), Progress in Engineering Technology IV,
Advanced Structured Materials 169,
https://doi.org/10.1007/978-3-030-93250-3_15

167

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-93250-3_15&domain=pdf
mailto:alhapis@unikl.edu.my
mailto:ariff.nazri@s.unikl.edu.my
mailto:mrezal@unikl.edu.my
mailto:mohamadfadzli@unikl.edu.my
mailto:ahmadrazlee@unikl.edu.my
mailto:aaaliyu.mec@buk.edu.ng
https://doi.org/10.1007/978-3-030-93250-3_15


168 A. N. Nazri et al.

maximum material removal rate and minimum surface roughness and machining
time is obtained.

Keywords EDM wire-cut · Taguchi method · Process parameters · Optimization ·
Magnesium alloy

15.1 Introduction

A lot of research has been carried out on the usage of material for medical appli-
cations. These highly demanding materials that need to be used are very complex
for medical application. The material itself needs to be highly biocompatible to the
human body and must achieve a long fatigue life. As the human body is naturally
highly corrosive, a biocompatible material is really in need to prevent any replace-
ment of the implants. The material also needs to prevent any reaction to the tissue
around the implants as an unexpected surgery can increase the risk of complications
and are always painful for the patient. One of the most promisingmaterials to be used
for biodegradable orthopedic implants is magnesium alloys. The magnesium alloy
characteristic of high strength to weight ratio can make implants have a high strength
compared to the human bones that consequently have stress-shielding effect near the
neighboring tissues [8]. The human body has a high concentration of magnesium
ions making a magnesium alloy very biocompatible. Thus, magnesium alloy is the
potential material for bio-implant applications. To add the advantage of magnesium
alloys to the human body, magnesium forms soluble non-toxic corrosion products
that are innocuously excreted through the urine [8].

In the generation of highly demanding and complex medical applications, bio-
implants for damaged human body parts use magnesium alloy as they are biocom-
patible to humans. But there is no specific parameter on magnesium alloy for elec-
trical discharge machining (EDM) wire-cut. However, the default parameters for
EDM wire-cutting are only available for conventional material such as aluminum.
An experiment needs to be designed using the design of experiment method. The
production process and the resulting surface integrity in particular have a significant
influence on the biocompatibility as well as the fatigue life of the implant [1]. There-
fore, the surface of the material needs to have tailored roughness with non-existence
pores and cracks with no toxic substances resulting from the machine process. The
data from the experiment needs to be analyzed to verify the experiment.

15.2 Literature

Literature reveals findings on EDM wire-cutting of various materials. Most of the
work is reported to study the parameters like pulse on time, pulse off time and voltage,
wire tension, wire speed, to find out the surface roughness and the material removal
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rate (MRR) using different types of tools and with the help of design of experiments
and statistical optimization techniques. From the referred papers, some conclusions
came out and helped decide the further work to optimize and analyze the given below
process parameters on EDM wire-cutting.

15.2.1 Magnesium Alloys

Magnesium alloys are widely used in electronic devices, automotive applications,
aerospace, and power tools as their strength to weight ratio is a critical issue in these
applications. The density of some favorable engineering metals such as aluminum
(Al, 2.7 g/cm3), titanium (Ti, 4.5 g/cm3), and iron (Fe, 7.9 g/cm3) is significantly
higher thanmagnesium (Mg, 1.7 g /cm3)makingmagnesium the lightest engineering
metal available [9]. But the strength of the magnesium alloy is depending on other
material properties combined. An additional process needs to be applied to increase
the strength of the material. Pure magnesium is the most abundant element in the
earth crust thus, ample resources to cover the use of its alloys in various engineering
sectors [2].However, puremagnesiumhas high reactivity and corrosion in open atmo-
sphere thus proper handling is needed for various engineering sectors to overcome
the problem.

15.2.2 Electric Discharge Machine

Nowadays, the increasing demands of manufacturing industry have led to develop
and manufacture new materials that are considered difficult to cut or process by
any conventional machining process [3]. As an example, magnesium alloys have
a high demand not only in aerospace applications but now in the emerging sector
of medical applications used in human bodies. Manufacturing magnesium alloys
using conventional machining is extremely difficult due to their characteristic of low
thermal conductivity, excessive tool wear, and hardness. Conventional machining
also could lead to undesired construction of cracks that can be costly to the manu-
facturing process. Due to the emerging demands of super-finished products in
aerospace or medical applications, manufacturing industries tend to look on other
alternative approaches for machining this type of material. The machining process
needs to achieve a machine that can machine this material with high produc-
tion or cutting rate, flattering surface quality, and low costs [4]. To overcome the
hurdle in the machining of these superalloys by conventional machining practices,
the advanced machining processes such as laser beam machining, electrochemical
machining, and discharge machining (EDM) can be successfully exploited [4]. Elec-
tric dischargemachiningwire-cut (WEDM) is a convincing and economical approach
for machining magnesium alloys.



170 A. N. Nazri et al.

15.2.2.1 EDM Wire-Cut

The EDM wire-cut process has gained the popularity as a promising thermoelectric
cutting mechanism for cutting such difficult-to-cut materials [3]. It is flexible in
machining of any complex profilewith high accuracy and close dimensional tolerance
using computer numerical control (CNC) programming [3, 4]. The spark temperature
from this advanced machining process can reach up to 12,000 °C during spark on-
time and sudden quenching from dielectric during spark off-time [3, 4]. The spark
temperature can cause melting and vaporization of the material. The scrap or remains
of the material such as dust or debris produced from the process will be flushed away
by the dielectric fluid that is continuously flowing and circulating during the process.

Machining efficiently, high strength, and wear-resistant materials with high accu-
racy is what EDMwire-cut is capable of doing. The formation of complicated shapes
that are difficult to form by conventional means can easily be produced using this
cutting technique [3]. Inherent problems like chatter, vibrations, and mechanical
stresses which conventional machining processes have, are eliminated in EDMwire-
cutwhere indirect contact between theworkpiece and thewire electrode is established
[3]. Although, the machining performance of EDM wire-cut has been evaluated for
magnesium alloy. But there is no specific research on the optimum parameters for
magnesium alloys.

15.2.3 Statistical Method

The literature review focus on the statistical method that can optimize the parame-
ters for machining magnesium alloys using EDM wire-cut. Thus, it was difficult to
compare the different machining parameters of magnesium alloys using the data in
the literature. Most of the reviewed article uses the Taguchi’s method as it is reducing
the variation in a process through + robust design of experiment.

15.2.3.1 Taguchi’s Method

Orthogonal arrays are highly fractional orthogonal designs.These designs canbeused
not only to two-level factorial experiments but also can investigate main effects when
factors have more than two levels [5]. Chandramouli and Eswaraiah [6] have done a
research on optimization of EDM process parameters in machining of 17–4 PH steel
using the Taguchi method. It uses previous researcher literature to get the optimum
parameters for 17–4 PHSteel but not using anymagnesium alloy. Kuram andOzcelik
[7] on the other hand, made a research on optimization of machining parameters
during micro-milling of Ti6Al4V titanium alloy and Inconel 718 materials using
the Taguchi method. The material used in this research is not near the chemical
composition of magnesium alloys but the research using Taguchi’s method made the
difference.
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15.3 Methodology

Taguchi’s method involves reducing the variation in a process through robust design
of experiments [6]. Taguchi’s method uses a specially designed experiment matrix
known as the orthogonal array [7]. This array is to organize the parameters [8–11]
affecting the process and the levels at which they should be varied [10, 11]. Finding
the optimum level of input parameters within the range is the main aim of Taguchi’s
method that needs to be taken into consideration. Saving time and resources can be
achieved when the data collects only the necessary to determine the most affecting
the results with minimum number of experiment using the factors that have been
identified. The general steps for using Taguchi’s method are as follows:

• Identifying the objective and parameters of the process that affects the process.
• Produce orthogonal array for the designed parameter.
• Conduct the experiment using the orthogonal array
• Analyze the data from the experiment.
• Compute the effect of the different parameters on the performance measure.
• Validate the optimum parameters using conformation test.

For this research experiment, Taguchi’s L9 orthogonal array was used to conduct
the experiments. Table 15.1 discusses the controllable parameters and their levels
that has been considered for this experiment.

For this experiment, a magnesium alloy is chosen as a workpiece material. The
workpiece is initially in rectangular shape with the dimensions of length (205 mm),
width (20 mm) and thickness (11 mm). The type of wire-cut EDM machine used to
conduct this experiment is a FANUC Series 310is-WA. The machine uses a 0.25 mm
in diameter of brass cutting wire with a spark diameter of 0.15 mm to cut three pieces
of specimen with the dimension of 5mm × 20mm × 11mm. A preliminary exper-
iment has been conducted using the default parameters of aluminum. The process
parameters such as voltage (V), pulse on time (TON), pulse off (TOFF), and current

Table 15.1 L9 Orthogonal array using the Taguchi’s method

Specimen Voltage Pulse on Pulse off Current

1 62 5 10 1.4

2 62 10 14 1.6

3 62 15 19 1.8

4 67 5 14 1.8

5 67 10 19 1.4

6 67 15 10 1.6

7 72 5 19 1.6

8 72 10 10 1.8

9 72 15 14 1.4
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(I) are selected as the control parameters while surface roughness (Ra), machining
time (MT), weight (W), and material removal rate (MRR) are the response variables.

15.4 Results and Discussion

The result from the preliminary test with default parameters of aluminum (Al) is
shown in Fig. 15.1. Themachining parameters for aluminum are shown in Table 15.2.
During the preliminary test, FANUC Series 310is-WA machine took several times
to determine the datum point using the AI function as magnesium alloy parameters
are not included in the machine system.

The machining time for machining the 3 specimens was taken in an average
time of 1.455 min and the Ra is at 6.03 µm. The surface roughness tester Mitutoyo
S3000 probe was not calibrated but the result still can be used. From the results,
the parameters of aluminum can be included into the experiment parameters due to
the fact that the value of Ra is acceptable. This is because the material properties of
magnesium alloys are close to aluminum where the melting point of magnesium is
at 650 °C and aluminum is at 660.3 °C (Fig. 15.2).

Fig. 15.1 Result from
cutting the workpiece
specimen

Table 15.2 Default
aluminum parameters

Parameters Level

1

Voltage (V) 67

Pulse on (Ton) 10

Pulse off (Toff) 14

Current (I) 1.6
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Fig. 15.2 Results of Ra

15.5 Conclusions

The experiment is still in the preliminary stage and needs to be continued to the next
stage of the experiment. The initial conclusion is that aluminum parameters can be
used to cut magnesium alloys but the optimum parameters are yet to be achieved.
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2. Dziubińska A, Gontarz A, Dziubiński M, Barszcz M (2016) The forming of magnesium alloy
forgings for aircraft and automotive applications. Adv Sci Technol Res J 10(31):158–168.
https://doi.org/10.12913/22998624/64003

3. Ishfaq K, Mufti NA, Mughal MP, Saleem MQ, Ahmed N (2018) Investigation of wire electric
discharge machining of stainless-clad steel for optimization of cutting speed. Int J Adv Manuf
Technol 96(1–4):1429–1443. https://doi.org/10.1007/s00170-018-1630-9

4. Bisaria H, Shandilya P (2019) Experimental investigation on wire electric discharge machining
(WEDM) of Nimonic C-263 superalloy. Mater Manuf Process 34(1):83–92. https://doi.org/10.
1080/10426914.2018.1532589

5. SubrahmanyamM,Nancharaiah T (2020)Optimization of process parameters inwire-cut EDM
of Inconel 625 using Taguchi’s approach. Mater Today Proc 23:642–646. https://doi.org/10.
1016/j.matpr.2019.05.449

6. Chandramouli S, Eswaraiah K (2017) Optimization of EDM process parameters in machining
of 17–4 PH Steel using Taguchi Method. Mater Today Proc 4(2):2040–2047. https://doi.org/
10.1016/j.matpr.2017.02.049

7. Kuram E, Ozcelik B (2017) Optimization of machining parameters during micro-milling of
Ti6Al4V titanium alloy and Inconel 718 materials using Taguchi method. Proc Inst Mech Eng
Part B J Eng Manuf 231(2):228–242. https://doi.org/10.1177/0954405415572662

8. Ramalingam VV, Ramasamy P, Das Kovukkal M, Myilsamy G (2020) Research and develop-
ment in magnesium alloys for industrial and biomedical applications: a review. Met Mater Int
26(4):409–430. https://doi.org/10.1007/s12540-019-00346-8

9. Esmaily M et al (2017) Fundamentals and advances in magnesium alloy corrosion. Prog Mater
Sci 89:92–193. https://doi.org/10.1016/j.pmatsci.2017.04.011

https://doi.org/10.1016/j.proeng.2011.11.100
https://doi.org/10.12913/22998624/64003
https://doi.org/10.1007/s00170-018-1630-9
https://doi.org/10.1080/10426914.2018.1532589
https://doi.org/10.1016/j.matpr.2019.05.449
https://doi.org/10.1016/j.matpr.2017.02.049
https://doi.org/10.1177/0954405415572662
https://doi.org/10.1007/s12540-019-00346-8
https://doi.org/10.1016/j.pmatsci.2017.04.011


174 A. N. Nazri et al.

10. Razak MA, Abdul-Rani AM, Rao TVVLN, Pedapati SR, Kamal S (2016) Electrical discharge
machining on biodegradable AZ31 magnesium alloy using Taguchi method. Procedia Eng
148:916–922. https://doi.org/10.1016/j.proeng.2016.06.501

11. Sonawane SA, Kulkarni ML (2018) Optimization of machining parameters of WEDM for
Nimonic-75 alloy using principal component analysis integrated with Taguchi method. J King
Saud Univ Eng Sci 30(3):250–258. https://doi.org/10.1016/j.jksues.2018.04.001

https://doi.org/10.1016/j.proeng.2016.06.501
https://doi.org/10.1016/j.jksues.2018.04.001


Chapter 16
Design of Micro Turbocharger Runners
for Automotive Application

Khairul Shahril, Mohamad Wardi, Shahril Nizam, Muhammad Najib,
and Ishak A. Azid

Abstract The turbocharged system is one of the essential components that works
in the engine system. It uses exhaust gas to control a turbine. This spins an air
compressor that pushes in the cylinders with extra air (and oxygen), allowing them
to burn more fuel every second. The intake air system for a motorcycle turbocharger
must be correctly configured to minimize the output losses caused by the runner
manifold with the regulated air exhaust turbine rule regulation. The paper presents
the analysis of the runnermanifold configuration parameter design against the engine
output and then enhances the traditional runner manifold performance. This research
begins with the development of the runner manifold design and modelling, and the
runner manifold will use air flow simulation software to be used for simulation
purposes. The parametric analysis was carried out to study the effect of the runner
manifold parameter design on the engine output after designing the reference engine
model. The optimization process was then carried out to achieve the goal of progress
that had already been set before the optimization was carried out. The findings show
an improvement in speed and pressure of up to 65.20 and 88.09% at the optimal
operating range of engine speed.

Keywords Exhaust manifold · Runner · Simulation ·Modelling
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16.1 Introduction

In this globalization era, to progress the automotive application is very important
because of the growing economy in every country. The expanding automotive tech-
nology provides more development opportunities for other activities that cannot be
archived before this. The motorcycle turbocharger, where a turbocharger is used for
the forced induction of an internal combustion engine, is one example of an auto-
mobile application. The aim of a turbocharger, like a supercharger, is to increase
the mass of air entering the engine in order to produce more fuel. Turbocharger use
among motorcycle riders across Malaysia has recently increased in demand due to
the advantages and satisfaction of turbocharge users.

Even with a turbocharger, a motorcycle cannot yet achieve one hundred per cent
efficiency due to air pressure and velocity loss through the exhaust stroke process
which channelled right after it exits the cylinder head straight to the turbocharger
turbine, basically this part that channelled throughout from the exhaust port manifold
to the turbine wheel in turbocharger is called the runner. The exhaust manifold is one
of the most critical components of an internal combustion (IC) engine [8]. Hence
this project is focused on designing the runner around exhaust manifold in order to
increase the turbo productivity of air pressure inside the runner more sufficiently
while maintaining volumetric efficiency of manifold runner flows. The power of the
engine greatly depends on the amount of air that can be delivered through the intake.
The solution that is used to overcome this problem is to design the tapered runner
that has three different parameters which are the elbow diameter, manifold length
and tapered diameter [10].

16.2 Literature Review

In order to gather all the available sources related to design of micro turbocharger
runners for automotive application in one place and to assess them in terms of theory,
engineering assessment and other external factors, the previous study that has been
done related must be studied in order to have evidence and source that can assist in
the project. There are a few main keys that can obtain the idea for the feature of this
project in order to progress the modelling method and analyse method of the runner.
These main keys are design theory and air flow behaviour.

16.2.1 Design of a New Improved Intake Manifold for F-SAE
Car

The output velocity should be high with an even distribution to each cylinder to
achieve the maximum mass flow rate for efficient working of the engine. But there
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Fig. 16.1 Final design of
restrictor [3]

is a low mass flow rate attributable from higher pressure losses distributed along
with the air fuel mixture to each runner that affects the efficiency of IC engine. The
performance of the intake manifold must be improved to improve the performance
of the internal combustion engine, since the efficiency of an IC engine is highly
dependent on the performance of the intake manifold [6].

The geometry of the runner and plenum must be improved to minimize pres-
sure losses in order to demonstrate the efficiency of the model and to improve the
performance of the intake manifold, so that high mass flow rate and even fuel/air
distribution to each runner must be achieved by using computer simulation on the
established model. The example of the model is shown as in Fig. 16.1 [6].

By changing the venturi and throat diameters, the pressure–velocity characteristics
of the venturi are not affected too much. But the diameters influence the duration of
the venturi non-aerated flow area [3].

16.2.2 Simulation Analysis of Spark Ignition Engine Intake
Manifold for Better Performance

The authors of the paper present the research that explores the impact on the engine
efficiency of the intake design parameter and then enhances the performance of the
previous intake manifold system. This study begins with the development of the
Honda CBR 600RR engine model and intake manifold device model to be used for
simulation purposes using the GT-Power engine simulation software. The parametric
researchwas conducted after designing the reference enginemodel to study the effect
of the intake manifold parameter design on the output of the engine [9].

Parametric study is performed on the reference intake manifold system for the
main purpose to investigate and identify the relationship of the effect of changing
the design parameter of intake system towards the performance of the engine and to
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Table 16.1 Design
parameter values for
parametric study [9]

Design parameter Present values Selected values

Plenum volume 2.3 L 1 L

3 L

4 L

5 L

Runner length 247.6 mm 100 mm

150 mm

200 mm

300 mm

Runner opening diameter 44 mm 30 mm

40 mm

50 mm

60 mm

ensure that this research is producing relevant data compared with previous research
from the literature review findings. The parametric study was carried out for the
purpose of determining a suitable range of the design parameters and acts as a guide
when performing the optimization at a later stage. Table 16.1 shows the design
parameter values to be analysed [9].

The optimization process was then carried out to achieve the goal of progress that
had already been set before the optimization was carried out. The results show an
improvement in the target operating range of engine speed to 4.83 and 4.45% of the
torque and air flow rate, respectively [9].

16.2.3 Air Flow Behaviour on Different Intake Manifold
Angles for Small 4-Stroke PFI Retrofit Kit System

In order to deduce the angle at which the air flow conduct is stronger in the intake
manifold for a small 4-time PFI retrofit kit device, the author investigates the airflow
behaviour. Six intake manifold angles were investigated using the simulation tool
CFX (software fluid dynamic) which are 30°, 60°, 90°, 120°, 150° and 180° as shown
in Fig. 16.2 [5].

The high intake multiple angles provide better air flow inside the intake manifold
based on the shown results. This is because the flexible manifold has lower air
resistance. The results of this study showed that 180° is the best choice for multiple
angles of input due to better air flow behaviour [5].

Optimization focuses specifically on the optimal configuration of the following
parameters: elbow diameter, manifold length and tapered diameter [4]. Valve timing,
valve diameter, valve lift profiles, exhaustmulti diameter, tube inlet and exhaust tubes
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Fig. 16.2 Pressure and velocity contours plots for all intake manifold models continue [5]

lengths and tube junction geometry are parameters which improve the performance
significantly [2, 7].

For the prediction of process output and efficiency of multiple systems, flow
distribution and pressure drop are vital [11]. One of the important factors that governs
the engine output is airflow inside the intakemanifold, so the flowphenomenon inside
the intake manifold should be completely optimized to generate more engine power
with better combustion [1].

16.3 Methodologies/Experimental Set-Up/Model Set-Up

This paper aims to explain the flow map, which consists of a research framework
that is essentially the work outline, conducive to the design of turbocharger runners.
Next is the method of achieving or approaching something, particularly a systematic
or established one, which is a specific procedure. Modelling is the method of project
design and step-by-step design in CAD, divided by two parts that are modelling
and analysis, while the air flow simulation shows the properties and the simulation
process in the analysis and also the calculation involving flow rate and velocity in
this paper.

16.3.1 Methodology Process

A methodology process is an approach with a defined set of rules, methods, testing
operations, deliverables and processes to do something that typically serves to solve
a particular problem. There are two parts of the methodology in this project: the first
part is modelling and the second part is simulation of analysis.
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16.3.1.1 Modelling

For this research, the modelling was performed using the 3D modelling SolidWorks
software to visualize how different geometries affect parameters such as the length
of manifold. The 3D modelling is performed at the engine full load condition. The
modelling was done to study the result of the parameter differences by improving the
design and geometry of every runner part in the exhaust system on the turbocharger
performance. The explanation of this research is as below:

(a) Construct a 3D model of the present exhaust manifold system using Solid-
Works.

(b) Create a component modelling using SolidWorks 3D as shown in Fig. 16.4.
(c) Assemble the developed complete part and both intake and exhaust system to

form a complete manifold runner for the simulation purposes (Fig. 16.3).

Fig. 16.3 Remove material
inside by using shell function

Fig. 16.4 Computational
domain of current runner
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16.3.1.2 Simulation Analysis

For this research, the simulation was performed using airflow simulation in Solid-
Works to visualize how different geometries affect parameters such as the elbow
diameter of the runner and to achieve a certain result that will optimize the design.
The simulation analysis is performed at the engine full load condition as shown
in Fig. 16.5. The simulations were done to investigate the impact of the parameter
variations by optimizing the design and properties for the manifold system on the
turbocharger system performance. The explanation of this research is as below:

(a) Develop engine model for this research using the airflow simulation software.
(b) Run the simulation on the complete system with properties to obtain the

performance result of the air flow velocity and pressure.
(c) Perform a parametric study on the exhaust manifold system.
(d) Analyse the results from the parametric study and perform the optimization

towards the parameter of the intakemanifold system by using themethod based
on the second journal.

(e) Review the results after implementing the optimization values of the parameter
on the present exhaust manifold system.

16.4 Results and Discussion

After running the optimization process using the simulation air flow method
according to the proposed setup in order to achieve the desired target, the values
for each of these three design parameters were obtained through the optimization
results performed earlier. Figure 16.5 shows the optimizing design which combines
the best of the three parameters. Figure 16.6 shows a clear wireframe design to make
a view of the inner design and Fig. 16.7 is a simulation on flow trajectories velocity
and pressure and the contour for pressure and velocity.

The elbow diameter is the first design parameter where an elbow offers a change
in the direction of material flow. This causes the device to lose pressure due to
impact, friction and re-acceleration. Manifold length second parameters were one of
the important characteristics when concerning intake and exhaust manifold runners.
The shape of the runners themselves is perhaps similarly as important. Tapered
diameter third parameter is where a process of providing the slope between two
surfaces objects with the use of the tapered pipe.

In the first parameters, i.e. elbow diameter, the best velocity would be design
ED9 with 65.24% increase whereas for the best pressure it would be design ED9
with 88.09% increase. For the second parameters, i.e. the manifold length, the best
velocity would be for design ML15 with 2.05% increases meanwhile the best of
pressure would be for design ML1 with 6.13% increases diameter which the best
velocity would be for design TD3 with 2.24% increases and for the best pressure
would be for design TD4with 6.91% increases. However, the design TD3with 6.84%
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Fig. 16.5 Final design of
MW

Fig. 16.6 Wireframe of MW

was selected due to higher velocity value. But the design ML15 with 5.60% was
selected due to higher velocity value. Last parameter is tapered as the percentage
increases for each parameter but the most significant affecting the result analysis
would be the first parameter which is elbow diameter that increases velocity by
65.24% and the pressure by 88.09% which turn into main influence to the air flow
inside the runner. Table 16.2 shows the data or result of the final design.

16.5 Conclusion

In conclusion, the correlation between each design parameter and the engine output
is clearly established by the parametric analysis. The targets for the optimization
also were successfully achieved. The improvement of air flow velocity is significant
with the highest increment of about 65.24% at design ED9 whereas for the pres-
sure, the most significant improvement also occurred at design ED9 with 88.09%
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Fig. 16.7 Velocity and pressure of flow trajectories and contour

Table 16.2 Result of final design

Goal Name Unit Value Averaged value Minimum value Maximum value

SG Av dynamic
pressure 1

[Pa] 28.57 28.57244015 28.57122358 28.5744519

SG Av dynamic
pressure 2

[Pa] 240.59 240.5640328 240.3140754 240.8081782

SG Av velocity 1 [m/s] 5.58 5.580028426 5.580028426 5.580028426

SG Av velocity 2 [m/s] 16.09 16.09739693 16.09355366 16.10185785

increment. The most significant parameter affecting the result analysis would be the
first parameter which is the elbow diameter that increases both velocity and pressure
which turn into the main influence on the air flow inside the runner. To conclude,
the overall performance of the engine for the improvement at the runner manifold of
the turbocharger has been successfully achieved through the implementation of the
optimization approach.
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Chapter 17
Study on Ripple Current, Ripple Torque
in Parallel Mode of Series Motor Four
Quadrants DC Chopper for Electric
Vehicles

Saharul Arof, Mohamad Rosyidi Ahmad, Philip Mawby, Hamzah Arof,
and Emilia Noorsal

Abstract Parallel mode operation is one of the modes of operation offered by New
series motor four quadrants DC chopper for Electric Vehicles (EV). This paper is
to study about the parallel mode and the focus is to reduce ripple current and ripple
torque. Matlab/Simulink software is used to establish the system under study and
the simulation results indicate that the proposed technique can be used to reduce the
ripple current and ripple torque during parallel mode.
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17.1 Introduction

The vehicles in use around the world have been producing serious problems to the
environment such as air pollution, global warming, and the rapid depletion of the
earth’s petroleum reservoirs and this will eventually harm human life. Therefore,
electric vehicles (EVs), hybrid electric vehicles (HEVs), and fuel cell electric vehicles
(FCEVs) are some of the solutions to reduce global hydrocarbon emission and at the
same time have higher efficiencies. The concept of EVs is to use a charged battery to
energize and converts electrical energy to mechanical energy. In electric vehicles, the
primary components are the motor, controller, power source (usually batteries), and
transmission. A converter is required to control the power flows between batteries
and electric motor.

17.2 Review Stage

DC motors have been the subject of interest since a long time because of a simple
control and decoupling of the flux and torque. The commutator actually acts as
a robust inverter, therefore, power electronics devices can be much simpler and
inexpensive. Oak Research National Laboratory (ORNL) [1], United States in 2009,
had successfully designed a DC brushed motor with high power output (55 kW),
high efficiency (92%) that can operate at low operating voltages (13 V) and this
has initiated the interest to embark research in DC drive electrical vehicles. A new
series motor four quadrants DC chopper, such as shown in Fig. 17.1, was designed
and the proposed chopper has multiple operations [2]. Several other studies related
to DC drive EVs led to research on EC battery chargers [3–5] and different types
of DC drive motors such as separately excited [6]. Detailed investigations on the
chopper operation modes and EV design requirement [7] led to the establishment of
a simulation model to test the chopper operations for the application of electric car
and light rail Transit (LRT) [8]. The simulation model allows further investigations
on each of the chopper operations in detail on the specific pattern of voltage, current,
torque, speed, of the FQDC running dc series motor have been carried out [9]. This
included details in several modes of operation such as driving, field weakening [10],
parallel mode [11], regenerative braking [12], resistive braking [13], and overall
system fault finding [14]. For DC series motor traction EC application, the speed
and torque control has been successfully done and implemented with direct current
control [15]. For power regeneration, the FQDC offers the generator mode with
several techniques of regenerating power as studied and discussed in [16]. In order for
the FQDC to be applied in real world it needs controllers running control algorithm
in the embedded system. The controller and its control algorithm are studied and
tested using a processor in the loop technique [17]. To improve the new FQDC
performance an optimization tool such as artificial intelligence (AI) is introduced to
control all of the chopper operations of the proposedFQDCchopper [18–20].Attempt
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Fig. 17.1 New proposed
chopper
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of cruising test with specific requirement of remaining distance traverse and battery
state of charge using a Fuzzy logic [21] controller shows significant performance
in controlling the EV operation. Each operation of FQDC modes performance can
be improved using AI optimization tools such as genetics algorithm and gradient
descend [22] to set up specific look-up tables [23]. The pole placement method
[24] is used to tune close loop PID controller to improve the controller performance
while a Fuzzy Logic controller is used to control motor current [25] to improve
the control performance and system stability. For fault diagnosis and online system
tuning andoptimization, a numerical representation usingTaylor series [26] is studied
and tried for the driving mode. The cascade PID with an ascend descend algorithm
and after improvisationwas associated to steering [27], brake control [28] and vehicle
movement control [29] to be used for autonomous EVs for automatic reverse parking.
This paper continues the study about the ripple current, ripple torque, switching
frequency and duty ratio of PWM in parallel mode operation.
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17.3 Methodology

Figure 17.1 shows the circuit in which the electric current flows during parallel mode
operation. This parallel mode is used to overcome the disadvantage of series motors
in which the speed drops when loaded such when the EV is climbing a steep hill.
The following general equations describe the voltage and current for the chopper.
Equations (17.1–17.3) are general equations that are applicable to all chopper oper-
ation modes. Bem f is the back emf of the motor, Va and Vf are the armature and
field voltages, Kb is the back emf constant, Kt is the torque motor constant, I f is the
field current, Ra and Rf are the motor coil resistances, Ia is the armature current, ω is
the angular speed, and Td is the motor torque. Equations (17.4–17.6) are equations
during parallel mode.

Ia = Vbatt − I a(Ra + R f ) − Bem f La + LF (17.1)

Bem f = Kv I f ω (17.2)

Td = Kt I f Ia = J
dω

dt
+ Bw + TL (17.3)

The dynamic equations of field and armature current are as shown below.

d

dt

[
I f

] =
[
−

(
R f

L f

)][
I f

]
[

1
(
L f

)

]
[
Vext Kdrv

]
(17.4)

d

dt
[Ia] =

[
−(Ra)

La

][
Ia

][ 1
La

− 1
La

][Vdc

Eg

]
(17.5)

[
I f
Vc

][
1
L f

0
][VdcKdrvKrgb

0

]
(17.6)

The proposed DC chopper allows the series motor to operate in parallel mode
and in this mode, the field current is separately controlled from the armature current
whereby it can be changed or maintained. The armature current is controlled by
varying the PWM value for IGBT2 as the simplified circuit shown in Fig. 17.2. Field
current is controlled by controlling PWM of IGBT1 as simplified circuit shown in
Fig. 17.3. In parallel mode, to overcome the load effect (climbing steep hill), it must
have a higher motor torque. To obtain a higher torque, it must increase the armature
current by reducing the back emf voltage. To lowerBemf must reduce the field current.
To lower the field current, we must reduce the duty ratio of switching IGBTV1. If
the duty ratio of PWM IGBTV1 is lowered below the maximum PWM value which
is 255, the ripple current will exist. The ripple current causes the ripple torque. The
IGBT V2 in the armature circuit is fired at maximum to have the highest armature
current. As the switching PWM value is maximum (255), the duty ratio is 1.
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Fig. 17.2 Armature circuit
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As the parallel mode requirement is to lower the field current the chopper IGBTV1
PWM value is always lower than 255 and the duty ratio is lower than 1. Due to the
previous condition, the operation of the chopper can be divided into two modes.
During mode 1, the chopper is switched on and the current flows from the supply to
the load. The equivalent circuits for these modes are shown in Fig. 17.4.

During mode 2, the chopper is switched off and the field current continues to
flow through the freewheeling diode Dm and is recirculating the load as shown in
Fig. 17.5.

The field current for mode 1 can be found from

v f = Ri f + L
di f
dt

+ E (17.7)

Voltage across inductor = L
di f
dt

(17.8)
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Fig. 17.4 Chopper in mode 1
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Fig. 17.5 Chopper in mode 2

Energy stored in inductor E = 1

2
Li2f (17.9)

With initial condition, i(t = 0) = I 1,
In the Laplace’s domain of s, Eq. (17.7) becomes

V f

s
= L f I f (s) − sL f I f + R f I f (s) + E

s
, (17.10)

V f

s
− E

s
= Ls I f (s) − sL f I f + R f I f (s) (17.11)
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V f

s
− E

s
+ L f I f = Ls I f (s) + R f I f (s), (17.12)

Vs − E

s
+ L I f = I f (s)

(
L f + R f

)
(17.13)

And solving for I(s) gives:

I f (s) = Vs − E

(Ls + R)s
+ L I 1

Ls + R
, (17.14)

I f (s) = Vs − E

(Lss + Rs)
+ L I 1

L
(
s + R

L

) (17.15)

I f (s) = Vs − E

Ls

(
s + Rs

Ls

) + I1(
s + R

L

) , (17.16)

I f (s) = Vs − E

Ls
(
s + R

L

) + I1(
s + R

L

) (17.17)

I f (s) = Vs − E

Ls(s + β)
+ I1

s + β
, where β = R

L
(17.18)

I f (s) = Vs − E
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(17.20)

I f (s) = Vs − E

R
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1

s
− 1
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)
+ I1

s + β
(17.21)

Taking the inverse Laplace transform, the solution of Eq. (17.21) with initial
current i f (t = 0) = I1 gives the load current as;

i f (t) = I1e
−t R/L + Vs − VE

R
(1 − e−t R/L) (17.22)

The transient response of Energy stored in inductor is as shown in Fig. 17.6, while
the current is as in Fig. 17.7.

In case at the beginning of the generated voltage or for back emf E = 0, the
Eq. (17.22) then becomes

i f (t) = I1e
−t R/L + Vs

R
(1 − e−t R/L) (17.23)

If there is no initial current on the inductor hence the Eq. (17.23) is
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Fig. 17.6 Voltage stored in inductor

Fig. 17.7 Current in mode 1

i f (t) = Vs

R

(
1 − e−βt

)
(17.24)

In steady state (at t = ∞); the Eq. (17.24) is
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I f ss = i(t = ∞) = Vs

R
(17.25)

This mode is valid for 0 ≤ t ≤ t1 (=kT ); and at the end of this mode, the load
current becomes

i1(t = t1 = kT ) = I2 (17.26)

The load current for mode 2 can be found from

0 = Ri2 + L
di2
dt

+ E (17.27)

With initial current i2 (t = 0) = I2 and redefining the time origin (i.e.; t = 0) at
the beginning of mode 2, we have

i2(t) = I2e
−t R/L + E

R
(1 − e−t R/L) (17.28)

The transient response of current flowing through inductor is as shown in Fig. 17.8,
This mode is valid for 0 ≤ t ≤ t2 [=(1 − k)T ] and at the end of this mode, the

load current becomes

i2(t = t2) = I3 (17.29)

At the end of mode 2, the chopper is turned on again in the next cycle after time,

Fig. 17.8 Current in mode 2
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T = 1/ f = t1 + t2 (17.30)

Under steady state conditions,Ii = I3. The peak-to-peak load ripple current I2 is
given by

i2 = i1e
−kT R/L + Vs − E

R
(1 − e−kT R/L) (17.31)

I3 = I1 = I2e
−(1−k)T R/L − E

R
(1 − e−(1−k)T R/L) (17.32)

The peak-to-peak ripple current is �I = I2 − I1 which after simplifications
becomes

�I = Vs

R

1 − e−kT R/L + e−T R/L − e−(1−k)T R/ l

1 − e−T R/ l
(17.33)

The condition for maximum ripple,

d(�I )

dk
= 0 (17.34)

Gives e−kT R/L − e−(1−k)T R/L = 0 or −k = −(1 − k) or k = 0.5.
Ripple in armature or field current produces ripple in torque according to Eq. 17.3.

Ripple in torque is unwanted as it causes jerking to the motor drive, EMI and can
damage the motor. Some early hypotheses to reduce ripple torque during parallel
mode is by reducing field current ripplewith severalmethods proposed are as follows:

1. Increase switching frequency: increasing switching frequency could reduce the
ripple current, but it can increase power electronics devices switching losses. If
it is the case, a larger heat sink is required and this means extra costs.

2. Increase duty ratio: increase duty ratio can reduce the ripple current, but this also
could mean that the expected field current cannot be achieved. As mentioned
earlier, the higher torque during Parallel mode is reduced back emf by reducing
the field current.

3. Add inductor to the field circuit: adding inductor could cause the rising and
falling current to slow down means reducing the ripple current but increasing
the inductor cost and weight to the vehicle.

4. Use lower Field voltage supply: this reduces the ripple current but too low
voltage causes a lower magnetics field, which generates the motor torque.

The MATLAB/Simulink simulation model is established using mathematical
equations for studying the hypotheses of ripple current reduction during parallel
mode operation is as shown in Fig. 17.9.
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Fig. 17.9 Simulation model representation of four quadrants DC chopper in parallel mode for
mode 1 and mode 2 while studying ripple current and ripple torque

17.4 Results

To test the hypothesis, the simulation model is made to turn on and off representing
IGBT firing. The obtained result of IGBT firing making on and off which produces
ripple torque as a result of ripple armature and field current is shown in Fig. 17.10.

The hypothesis of increasing switching frequency can lower the ripple current is
tested by varying the frequency and observing the output ripple current. The result is
as shown in Fig. 17.11. The conclusion that can be made is, the higher the frequency,
the lower the ripple current.

The hypothesis that an increasing duty ratio lowers the ripple current is tested by
varying the duty ratio and observing the output ripple current. The result is as shown
in Fig. 17.12. The conclusion that can be made is, the higher the duty ratio, the lower
the ripple current.

The hypothesis that increasing inductor value to reduce the ripple current is tested
by changing the inductor value and observing the output ripple current. The result is
as shown in Fig. 17.13. The conclusion that can be made is, the higher the inductor
value, the lower the ripple current.

The hypothesis that lowering the supply voltage value to reduce the ripple current
is tested by changing the voltage supply value and observing the output ripple current.
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Fig. 17.10 IGBT turning on and off and torque

Fig. 17.11 Current with different switching frequencies (Hz)

The result is as shown in Fig. 17.14. The conclusion that can be made is, the lower
the supply voltage, the lower the ripple current.
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Fig. 17.12 Current with different duty ratio

Fig. 17.13 Current with different inductor value

17.5 Conclusion

Increased frequency, increased duty ratio, increased inductor value and lower voltage
supply can reduce the effect of ripple current and ripple torque of the series motor
powered by four quadrants DC chopper. A combination of lowering the field current
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Fig. 17.14 Current with different inductor value

and increasing the duty ratio may be one of the solutions to reduce the field current
ripple. In summary DC drive series motor has a high potential to be utilized in EV.
This is due to its simple design, low cost and excellent controllability.
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Chapter 18
Statistical Approach for Predictions
of Motorcycle Engine Block Surface
Roughness Property After CNC
Machining

Shahrizan Yusoff, Sharifah Nur Anis Ajmal, Nur Nadhirah,
and Baizura Zubir

Abstract The engine block is one of the important components in a motorcycle.
It plays an important role in ensuring that the motorcycle works properly. The
surface roughness of the engine cylinder affects the engine efficiency. Therefore,
researchers underwent experiments to find out the goodness of the surface for the
engine block. Through the surface roughness test machine and cutting using a CNC
milling machine, it shows that the cutting speed and speed rate affect the surface
roughness results. Response surface methodology (RSM) and Minitab methods are
used to obtain statistical analysis data in completing this project.

Keywords Surface roughness · CNC milling and engine block

18.1 Introduction

The engine block aims to support the engine’s components. Furthermore, the engine
block passes heat from friction to the atmosphere and coolant from the engine.
The material chosen is either a gray cast iron or an aluminum alloy for the engine
block. Optimization of machining parameters needs to determine the most signif-
icant parameter for predictions of the motorcycle engine block surface roughness.
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The controllable parameters for the CNC milling machine are the cutting tool vari-
ables, workpiecematerial variables, and cutting conditions, whereas themain desired
output is a good surface roughness [1]. The present work discusses the findings of
an experimental investigation into the effects of cutting speed, feed rate, and tool
diameter during CNC milling of an engine block keeping the depth of cut constant.
Response surface methodology (RSM) and Minitab were used to accomplish the
objective of the experimental study.

18.2 Literature

18.2.1 Surface Roughness

The following paragraph summarizes some articles regarding the motorcycle engine
block surface roughness. A surface roughness measuring device provided the surface
roughness parameters in 3D coordinate used by Bulaha et al. [2]. It is therefore
important to use a practical way to characterize them to optimize the surface and
a study of the roughness parameters (profile) provides knowledge along the x-axis
and z-axis. The following properties should have the ideal cylinder liner surface: a
smooth friction reducing surface and a quick adjustment of the running clearance
significant contact area for exchanging wear all over the surface and avoiding high-
pressure areas as well as sealing and deep groove for the preservation of lubrication
and collecting debris. Table 18.1 shows the cause and effect of cylinder line surface
caused by machining. Surface roughness most commonly refers to the variations in
the height of the surface relative to a reference plane. It is measured either along with
a single line profile or along with a set of parallel line profiles (surface maps). The
value of surface roughness average (Ra) is an official standard in most industrialized
countries. Surface measurement usually gives the data in two ways, i.e. roughness
and waviness. The efficiency and problems of machine tools can be described and
predicted using these parameters. The parameters of the surface profile are described
by ISO 4287:1997, which covers five groups of texture parameters, including param-
eters of amplitude (peak and valley), parameters of amplitude (average of ordinates),
parameters of spacing, hybrid parameters, curves, and related parameters. The arith-
metical mean of five surface profile (Ra) is the surface roughness parameter used
in this analysis. This parameter is also the surface finish parameter most used by
researchers and industries. Ra is the arithmetic average of the absolute value of the
heights from the calculated mean value of roughness irregularities.
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Table 18.1 Summary of most common deviations—the cause and effect

Default Effect on engine performance Common major causes

Wide, deep crosshatch grooves Causes abnormal wear,
excessive oil consumption

Stone grift too coarse, poor
stone breakdown, coolant
viscosity too high, excessive
stone pressure

Crosshatch grooves irregular
spaced

Poor oil distribution Stone grade too hard, stone
grit too coarse, low stone
breakdown

Crosshatch grooves
fragmented

Slows ring, cause scratching
and high wear, lower life and
oil economy, raise ring
temperature, cause excessive
variation engine to engine

Insufficient dwell strokes at
the end of honing cut, stone
grit too coarse

One directional cut crosshatch Cause ring rotation, rapid wear Excessive play in hone
components such as joints or
stone holder to body clearance

Low crosshatch angle Poor oil distribution, high
impact forces on rings,
excessive wear, shortens life

Tool kinematics

18.2.2 CNC Milling

In this subheading of the review, the effect of the cutting speed and feed rate of the
CNCmilling process are summarized based on the project thesis regarding using the
CNC milling in this project. Cutting speed, feed rate and depth of cut are the most
significant parameters on the surface roughness. The importance of cutting speed
and machine feed rate cannot be overemphasized in machining operation. The right
feed can also prolong the life of the unit. The correct speed can mean the difference
between burning the end of a drill or other tool, causing time to be lost, or getting
several hours of cutting time between sharpening or replacement.

18.2.3 Cutting Speed

The cutting speed (CS) is typically provided in cutting tool tables and is based on
the surface feet per minute. Surface feet per minute indicates that either the machine
moves past the work or the work moves past the tool is a rate dependent on the
number of feet moving the instrument in one minute [3]. There are more revolutions
per minute of a small cylinder (rpm) than a big one with the same surface speed.
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18.2.4 Feed

The movement of the machine that causes a tool to cut into or along a workpiece’s
surface is called the feed. In metal cutting, the volume of feed is generally measured
in thousands of inches. Feeds on various types of machine tools are represented in
slightly different ways. Drills on drill presses rotate, allowing the cutting edges to
cut into the workpiece at the end of the drill. The cut depth is not connected to the
feed depth. Instead of a vertical one, the horizontal milling machine has a horizontal
spindle, but the calculation of the feed rate is the same as the vertical mills. Cutting
speeds and rpm are often calculated.

18.2.5 Depth of Cut

In regards to the depth of cut, previous end-milling studies have viewed the depth
of cut as a constant for convenience, but this technique is a distortion of fact. Due to
the irregular shape of workpieces, the inaccuracy of identifying workpieces on the
unit, and machining errors from previous cutting, it is challenging to monitor depth
of cut. The depth of cut makes a massive effect on the surface roughness.

18.2.6 Cemented Carbide

As a cutting tool for this project, a cemented carbide material was used. The paper
details the features of cemented carbides. Carbide is a chemical compound of carbon
and a metal. The term carbide is widely used in different combinations to refer to
cemented carbides. The cutting instruments aremade up of tungsten carbide, titanium
carbide or tantalum carbide and cobalt. A standard cemented carbide composition
is 85 to 95 tungsten carbide, and the remaining is a cobalt binder for the tungsten
carbide powder. Increasing the cobalt binder percentage increases the strength of the
tool material and decreases its strength or wear resistance at the same time [4]. In
both high and low temperatures, carbides have greater hardness, allowing high-speed
steel or cast alloys. This provides for steel machining speeds of approximately 400
fpm. Cemented carbides are used for cutting tough alloy steels in particular. Various
grades of carbide and insert shapes are available, and a specific material should be
made the correct selection for machining.
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18.2.7 Engine Cylinder Block

One of the main components of vehicle propulsion is the engine cylinder block.
The engine block is the engine body made of cast iron or aluminum containing the
cylinders. The valve and valve ports were included in the block in all older engines.
The water-cooled engine block consists of a water jacket cast around the cylinders. In
air-cooled engines, the block’s outer surface has cooling fins and an engine cylinder
block can make up nearly two percent of the total mass of the vehicle [5]. The
cylinder block must ensure that the piston assembly in the cylinders (or liners) is
appropriately sealed and preserve the ideal oil reserve needed for the cylinder-piston
ring system through the texture given by a unique process such as the honing process
[6]. Therefore, since the cylinder block houses the cylinder bores, their surrounding
coolant passages and the top half of the crankcase, the block dimensions are defined
mainly by the sizes of the cylinders and the spacing between the cylinders.

18.2.8 Response Surface Methodology

The response surface methodology (RSM) is a mathematical and statistical approach
commonly used to model and evaluate a mechanism in which different variables
affect the answer of interest, and the purpose of this approach is to optimize the
response. Dependent variables are called the parameters that influence the operation,
while the responses are called dependent variables. Response surface is a surface
placement-based process [7]. Therefore, the key objectives of RSM analysis are to
understand the response surface topography, including the local limit, local,minimum
and ridgelines, and to define the areawhere themost appropriate response occurs. The
RSM examines a reasonable estimate of input and output variables and determines
the ideal operating conditions for a system under analysis or a factor field area that
meets the operating requirements [8]. The most significant element of RSM is the
design of experiments (DoE). The DoE tries to pick the most relevant points where
the reaction can be well studied. The mathematical model of the method is often
associated with experimental design. The option of experimental design, therefore
has a significant influence on deciding the correctness of the answer on the face
of construction. The benefits offered by the RSM can be summed up by evaluating
the relationship between the independent variables, mathematically modelling the
system, and saving time and expense by reducing the number of trials.
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18.3 Methodology

18.3.1 Block Diagram of Surface Roughness

Figure 18.1 shows the block diagram for the different steps of using the surface
roughness machine, which is used to check the surface roughness of the wall of
a motorcycle engine block. Within this project, the researcher only focuses on the
surface roughness test for the engine block. The first step is to turn on the computer
that connects to the machine and opens the software for the surface roughness.
Figure 18.2 shows the step of placing, which places the specimen on the device.
After that, Fig. 18.3 shows a step to adjust the stylus axis until it reaches the engine
block surface. Next, start the program and tested machine starts to function as shown
in Figs. 18.4 and 18.5. Then, the surface reading and graph will be shown on the
software. Figure 18.6 shows the example of the surface roughness data.

Fig. 18.1 Block diagram for the different steps of using the surface roughness machine

Fig. 18.2 Place specimen
on a flat surface
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Fig. 18.3 Adjust the stylus

Fig. 18.4 Start the process

Fig. 18.5 Tested surface roughness started
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Fig. 18.6 Reading of surface roughness engine block

18.3.2 Block Diagram of CNC Milling Cutting

Figure 18.7 shows block diagram CNC milling proceeds from the beginning before
cutting starts. First, one needs to set up the specimen into the CNC milling machine,
then turn on the machine using edge finder to set X and Y-axis to zero, as shown in
Fig. 18.8. Next, key in the radius, feed, rpm, and depth of cut into circular pocket
coding. Lastly, in Figs. 18.9 and 18.10 show cutting process start of CNC milling
machine for cutting the engine block.

Fig. 18.7 Block diagram of the CNC milling process
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Fig. 18.8 Set up specimens
and set all axes to zero

Fig. 18.9 Coding CNC milling circular pocket 2

18.4 Results

Figure 18.11 shows the surface roughness after first cutting and details are shown in
Table 18.2.

Figure 18.12 shows the surface roughness result after second cutting with details
shown in Table 18.3.

Tables 18.4 and 18.5 show the reading of the tested surface roughness from the
original product until the second cutting of the tested surface roughness. As a result,
it can be concluded that the original version has still the best surface roughness after
doing some cutting on the surface of the engine block. For the depth of cut it makes a
huge effect on the surface roughness as can be seen in the result of the first cutting of
the engine block as it is rougher compared to the used, the depth of cut for first cutting
engine block new is 3 mm and for used it is 1.5 mm. The surface becomes smoother
after the second cutting. The details more smoother than the previous cutting, the
details show that RPM and feed have been increased and the depth of cut decreased
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Fig. 18.10 Starting the cutting

Fig. 18.11 First cutting result

Table 18.2 Detail of cutting Type of engine
block

New Used

Cutting tool Carbide insert
thread turning

Carbide insert
thread turning

Time taken 25 minutes 18 minutes

Rpm 800 800

Feed X, Y and Z 500 500

Radius 0.05mm 0.05mm

Depth of cut 3mm 1.5mm

Tool diameter 25mm 25mm
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Fig. 18.12 Second cutting result

Table 18.3 Details of second cutting

Type of engine block New Used

Cutting tool Carbide insert thread turning Carbide insert thread turning

Time taken 28 minutes 70 minutes

Rpm 1600 1600

Feed X, Y and Z 1000 1000

Radius 0.05mm 0.05mm

Depth of cut 0.5mm 0.5mm

Tool diameter 25mm 25mm

Table 18.4 Reading for new engine block

New Engine Block EX-5 Dream 53mm Average (Ra)

Process Reading 1 (Ra) Reading 2 (Ra) Reading 3 (Ra)

Original 1.158 1.124 1.096 1.126

First cutting 5.460 5.573 4.627 5.22

Second cutting 4.939 4.618 4.697 4.7513

Table 18.5 Reading for used engine block

Used Engine Block EX-5 Dream 53mm Average (Ra)

Process Reading 1 (Ra) Reading 2 (Ra) Reading 3 (Ra)

Original 0.563 0.854 0.535 0.651

First cutting 2.617 2.302 2.424 2.448

Second cutting 1.017 1.101 1.079 1.0939
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and this shows that this is more effective as the details in Table 18.3 indicate in
regards a smooth surface.

18.5 Conclusion

The objective of output 1 which is to conduct the experiment to determine the surface
roughness engine block has been achieved. The value of cutting speed, speed rate,
and tool diameter of CNC milling process does affect the surface roughness results.
It can be concluded that higher the cutting speed, the lower the surface roughness
value. Meanwhile, the higher the speed rate value, the lower the roughness value.
The statistical analysis data can be obtained by using RSM and Minitab to complete
this project.
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Chapter 19
Contamination Control on Hydraulic Oil
Excavator Using an Off-Board Filtering
System—Case Study

Iwan Susanto, Muhammad Al-Hapis Abdul Razak, Azmi Hassan,
Surya Atmadyaya, Tumianto, Mohd Shahrizan Yusoff,
and Krishnan Subramaniam

Abstract This experiment to identify the contamination control with hydraulic oil
used a 250 ton Hitachi hydraulic excavator, which is commonly used in coal mining
operations. The aim is to analyze the effectiveness of an off-board filtering system
to reduce the particles contaminant PC06 and PC14 in hydraulic oil. The experiment
shows the additional flushing activity to clean the hydraulic oil using an off-board.
The tool could reduce the particle contaminants in hydraulic oil compared to the
normal operating condition. The hydraulic oil is generally filtered by a hydraulic
system filter compartment attached to the system itself (on-board at the machine).
The signal to noise ratio (SNR) value of the filter factor reaches an optimum when
using the off-board with a 4 × 10 µm filter compared to the standard filtering by
machine operation. At the time factor, it comes optimal at level 1 (Time 1000) so that
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the combination of filter and time can optimize the critical parameters PC06, PC14,
and V100 in hydraulic oil.

Keywords Hydraulic · Oil · Contamination · Control · Filter ·Maintenance ·
Excavator · ISO CODE · Particle

19.1 Introduction

Hydraulic oil is one of the important things in hydraulic systems operation. If there is
less attention to hydraulic oil, then it will quickly decrease the quality. Degradation
and contamination are some of the factors causing the decline in the quality of the
oil. Excessive degradation and contamination will affect the durability (in overall
hydraulic components life). Degradation and contamination is a common condition
and harmful for hydraulic systems.

The attention to repair and maintenance strategy is to keep changing over time.
In the early days of production, the maintenance method was to “fix the issue after it
has a problem.” This type of maintenance is called a corrective maintenance repair
approach [1].

Maintenance costs can be an important part of the organization’s profit. In practice,
maintenance costs can take up 2–10% of corporate revenue and reach 24% in the
transport industry. Modern management considers maintenance a key component
in achieving the production process and high-quality products while maintaining
the necessary equipment and reliability of machinery as required in modern times.
Automation, simple and flexible production processes, “lean production” and “just-
in-time” operation [2].

Oil (fluid) in a hydraulic system functions as a medium to transfer energy.Mineral
oil is a type of liquid fluid commonly used. The basic principle of hydraulics is a
simple liquid fluid, and the substance property of a liquid does not have a fixed form
but always adjusts the shape it occupies. Because liquid nature constantly adapts to
one’s shape, it will flow to multiple directions and pass in various sizes and shapes
so that the liquid can transfer power and force. In other words, another hydraulic
system is the displacement system and controlling force and movement with liquid
fluid, in this case, oil. The fluid used in hydraulic systems is oil. Requirements for the
hydraulic fluids usedmust have sufficient viscosity, a good viscosity index, fireproof,
non-foaming, cold-resistant, resistant to corrosion and wear-resistant, and cannot be
compressed.

Referring to Singh et al. [3], in hydraulic oil contamination, the previous study
proved that the oil could cause wear and tear on parts of the hydraulic system. That
study analyzed that about 70%of hydraulic system failures are caused by not cleaning
oil. A detailed analysis reveals that the leading cause of damage to pumps, valves, and
actuators is contamination. Contamination that occurs in the system can damage the
components’ surface or stop the movement of moving parts, causing system damage.
Another study by Marko Orošnjak et al. [4] regarding the hydraulic contamination
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control in condition-based maintenance systems stated that there would be three
fundamental steps of CBM related to contamination in hydraulic systems. The first
is data acquisition, the second is data processing, and the last one is decision making
to decide necessary actions to prevent failure in the future. That is why contamination
control for hydraulic oil in a machine is crucial.

The cleanliness of hydraulic oil affects the system performance in general, such
as the cylinder’s response, the inner parts of the components, impact on movement
and pressure, component stability, environmental impact, energy loss caused by the
effects of the oil contamination. The effect of lack of hydraulic power for working or,
in some cases, to avoid unnecessary breakdown, a proper maintenance strategy must
be implemented tomeet themachine’s requirements [4]. Oilmonitoring and schedule
oil sampling play an important role in ensuring that the equipment can be operated
optimally without disruption from oil-related issues, especially in hydraulic systems.
The maintenance team and engineers should understand equipment performance,
cycles, cleanliness and contamination controls, operating environment, operating
system temperature, and oil characteristics to predict and evaluate the process. The
reason is that oil contamination can destroy the mechanism in many ways.

A study was carried out in the past to measure contamination particles’ level of
hydraulic oil in the system while the machine is operating (on-board system), Ng
et al. [5]. This experimental process aims to analyze the correlation of filtering size
and oil operating hour effect in reducing contaminants in hydraulic oil at acceptable
level parameters as equipment manufacturing recommendation by using a developed
off-board filtering system, instead of on-board with particle counters.

Contamination in the hydraulic systemwill harm the performance and service life
of the hydraulic equipment; it can cause system failures, which include:

a. Deterioration in performance: this is due to the interaction between contaminant
particles that can damage the two moving surfaces, causing aeration, abrasive
wear, and corrosion.

b. Intermittent: temporary resistance caused by contaminants that occur in the
poppetmovement or valve spool, which functions to open and close the systems’
oil flow.

c. Severe damage that occurs due to the presence of a few large particles or a large
number of small particles causing a jamming of moving parts.

Once hydraulic oil is contaminated with pollutants either from inside or outside
the system, this can cause a system failure. In general, there are three primary sources
of contaminants in a hydraulic system.

a. Internal contaminants, which can come from manufacturing, assembling, and
testing hydraulic components.

b. External contamination often occurs due to inadequate system sealing or inade-
quate filtration of the oil reservoir air caps.Machines used in themining industry
tend to have high silicon levels, dirt, and water in the hydraulic system. Contam-
ination can also occur during maintenance, especially when refilling hydraulic
oil if environmental contamination is not considered.
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c. The resulting contamination, also known as abrasion, is caused by contact with
hydraulic components during use and cannot always be avoided [5].

Fluid cleanliness can be measured by taking fluid samples from various machine
compartments. Particle counters typically measure particle contaminants (PC). The
number of particles in fluids is expressed in “ISO (International Organization for
Standardization)” ratings. This standard classifies fluid cleanliness by the number
and size of particles in 1 ml of fluid. It measures the particle size in µm (microns)
and reports the resulting count in three code ranges X, Y & Z. The three code range
defines the size and distribution of particles in 1 ml of fluid:

a. The first code range, X, represents the number of particles equal to or larger
than 4 µm per milliliter of fluid. This is commonly identified as PC04.

b. The second code range, Y, represents the number of particles equal to or larger
than 6 µm per milliliter of fluid. This is commonly identified as PC06

c. The third code range, Z, represents the number of particles equal to or larger
than 14 µm per milliliter of fluid [6]. This is commonly identified as PC14.

The three code range follows “ISO 4406” definitions and is used for liquid fuels
such as diesel and gasoline. For example, the two code systems, “ISO -/16/13,” are
used for specific lubricant systems. In the two code system, the first number is the
number of particles equal to or larger than 4 µm per milliliter of fluid. This number
is not required and may be represented by a dash (–). The second number (Y) and
the third number (Z) follow “ISO 4406” definitions [6].

For hydraulic oil in this study, the Y and Z codes were represented by.

a. PC06 represents the number of particles equal to or larger than 6µmpermilliliter
of fluid with the standard specification limit, which is <2500 particle count (ISO
Code 18).

b. PC14 represents the number of particles equal to or larger than 14 µm per
milliliter of fluid with a standard specification limit, which is <320 particle
count (ISO code 15).

Other than oil contamination, the oil’s viscosity also has an important role in
ensuring that the hydraulic system is working properly. Viscosity is a temperature-
dependent characteristic of lubricants that describes how the oil will flow. Viscosity
is usually measured at 100 degrees Celsius (V100). At high operating temperatures,
a lubricant must be able to maintain an appropriate film thickness. If the viscosity
becomes too low, wear will occur within the compartment. If viscosity is too high,
the oil will not flow to areas needing lubrication.

Taguchi is used for reviewing and analyzing the experiment. Taguchi’s approach
involves reducing operational variables with a robust experimental design. Taguchi’s
experimental technique includes the use of orthogonal groups to organize the phases
that affect the process and the conditions in which they should differ [3]. This method
uses orthogonal arrays that use a small number of experiments to extract the complete
information about functional components. These test products are generally selected
based on trade between the price (time or materials) of the test and the accuracy of
the results [7].
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Taguchi’s method allows for the analysis of different phases without much higher
experiments. For example, a process of 8 factors, eachwith three levels,would require
6561 (38) trials to test all parameters. However, only 18 experiments are needed using
Taguchi orthogonal arrays, or less than 3% of the original experiments. In this way,
it allows for identifying critical conditions that significantly impact the quality of the
process so that further tests can be performed and invalid conditions can be ignored
[8].

19.2 Methodologies

Methodologies on the research will be described as follow.

19.2.1 Data Collection Method

This research is taken from the context of hydraulic oil inspection to maintain mining
equipment at a coal mine in Indonesia. The number of samples is taken from four
excavators, 250 tons of Hitachi, where each of them used four samples of hydraulic
oil reports from SOS’s laboratory to be analyzed.

19.2.2 Data Analysis

The variables used in the analysis consisted of two types of variables, namely the
response variable and the independent variable. The response variable used is a
variable that indicates the quality of the oil. In this case, three response variables
were chosen, namely:

a. PC06, with the normal specification limit, is <2500, where smaller is better
characters.

b. PC14, with a normal specification limit, is <320, where smaller is better
characters.

The signal to noise ratio (SNR) of the two above variables (PC06 and PC14)
will be measured as follow;

Smaller is the better characteristic

SN R: − 10log
1

n

(∑
y2

)
(19.1)

c. V100, with normal specifications >7, so it has larger is better characters.
The signal to noise ratio (SNR) of V100 variables will bemeasured as follow:
Larger is the better characteristic
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Table 19.1 Factors and
levels used

Level Filter set Time interval (Hrs)

1 With no off-board 1000

2 Filter set A 2000

SN R: − 10log
1

n

(∑ 1

y2

)
(19.2)

n is the sample observed
y1, y2,… is the data results

While the independent variables in this analysis are the variables used to optimize
the quality of oil, and each has two levels, namely:

a. The filter consists of the level filter set A (4 × 10 m filters) and no filter set,
meaning that no off-board facility is used.

b. Time interval, which consists of levels 1000 (interval hour) and 2000 (interval
hour).

Table 19.1 summarizes the factors and levels used.
Based on the available data, this analysis uses four data for each combination of

factor levels, filter and time interval. The data are taken from the first time the oil is
used (after the oil is changed) until it is replaced again. Four data were taken because
there were four data, which made it possible to have the same number of replications
for each level combination. Data are presented in Table 19.2.

19.3 Discussion

Results of the experimental analysis of particles contamination using the off-board
filtering system are as follow.

19.3.1 Taguchi Analysis of PC06 Response

19.3.1.1 Orthogonal Array on PC06 Response

The analysis used two factors that are thought to influence the response (PC06),
namely filter (X1) and hour (X2), where each factor has two levels. This analysis
used an orthogonal array of 4 experiments with four repetitions for each experiment
(a combination of factors on each level). The orthogonal arrangement design, as
follows: x = experiment = 4, n = sample observed = 4, a = factor level X1 = 2, b
= factor level X2 = 2.
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Table 19.2 Experimental data from hydraulic scheduled oil sampling analysis

Machine ID Oil code Filter set Time
interval
(Hrs)

Sample 1 Sample 2 Sample 3 Sample 4

EX57 PC06 With No Off
Board

1000 2887 3517 4221 2819

EX54 PC06 With No Off
Board

2000 4226 4807 4793 3969

EX78 PC06 Filter Set A 1000 3414 3203 3089 2313

EX55 PC06 Filter Set A 2000 4836 3557 3989 2167

EX57 PC14 With No Off
Board

1000 275 267 260 302

EX54 PC14 With No Off
Board

2000 347 446 467 508

EX78 PC14 Filter Set A 1000 228 301 290 227

EX55 PC14 Filter Set A 2000 326 317 294 342

EX57 V100 With No Off
Board

1000 7.36 7.24 7.27 7.31

EX54 V100 With No Off
Board

2000 7.33 7.22 7.31 7.26

EX78 V100 Filter Set A 1000 7.36 7.34 7.47 7.64

EX55 V100 Filter Set A 2000 7.33 7.49 7.38 7.37

Table 19.3 SNR on PC06 response

No Set filter Time interval (Hrs) Y Bar S/R ratio for PC06

(X1) (X2)

1 N 1000 3361.000 70.651

2 N 2000 4448.750 72.994

3 A 1000 3004.750 69.639

4 A 2000 3637.250 71.511

Average 3612.938 71.199

19.3.1.2 Signal to Noise Ratio (SNR) on PC06 Response

SNR measures the level of performance and also the obscurity of the output quality
characteristics. The higher the performance as measured by the higher SNR is the
same as, the smaller the loss. The PC06 response is presented in Table 19.3.

19.3.1.3 ANOVA on PC06 Response

The results of the ANOVA analysis can be explained as shown in Table 19.4.
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Table 19.4 ANOVA on PC06 response

CF DOF SS V F ratio F
(0.95;dof1;dof2)

P value %C

X1 1 1,363,640.063 1,363,640.063 2.627 4.747 0.131 12.673

X2 1 2,959,260.063 2,959,260.063 5.700 4.747 0.034 27.501

X1*X2 1 207,252.563 207,252.563 0.399 4.747 0.539 1.926

ERROR 12 6,230,214.250 519,184.521

TOTAL 15 10,760,366.938

Table 19.5 Response SNR
on PC06

Level X1 X2

1 71.82 70.14

2 70.57 72.25

Delta 1.25 2.11

Optimal 2 1

Rank 2 1

19.3.1.4 Large Factor Contributions

The proportion of each factor’s contribution to the response: The filter factor affects
12.673% on PC06. The time factor has an impact of 27.501% on PC06. The filter
interaction factor and time have an impact of 1.926% on PC06.

19.3.1.5 Response SNR on PC06

The effect table calculation is by calculating the SNR average value at each level of
each corresponding factor, see Table 19.5.

The design that produces the best SNR value is the design with filter A (level 2)
and 1000 h (level 1). The graphs of the average SNR of PC06 are shown in Fig. 19.1.

The SNR value on the filter factor reaches its optimum at level 2 (Filter A). At the
time factor, it becomes optimal at level 1 (1000 h) so that the combination of filter
and time can optimize (minimize) the PC06 content in the oil by using filter A and
1000 h.

19.3.1.6 PC06 and SNR Predictions

The prediction value of PC06 in oil is carried out if the optimal design is used with
filter A for 1000 h. The prediction results are as follows:

y
∧ = X1a + X21000 − y.. = 2891 (19.3)
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Fig. 19.1 Average SNR response on PC06

The average PC06 oil content is 2891.

19.3.2 Taguchi Analysis of PC14 Response

19.3.2.1 Orthogonal Array on PC14 Response

The analysis used two factors that are thought to influence the response (PC014),
namely filter (X1) and hour (X2), where each factor has two levels. This analysis
used an orthogonal array of 4 experiments with four repetitions for each experiment
(combining factors on each level). The orthogonal arrangement design, x = experi-
ment= 4, n= sample observed= 4, a= factor level X1= 2, b= factor level X2=
2.

19.3.2.2 Signal to Noise Ratio (SNR) on PC14 Response

SNR measures the level of performance, and it is presented in Table 19.6.

19.3.2.3 ANOVA on PC14 Response

The results of the ANOVA PC14 analysis can be explained as shown in Table 19.7.



222 I. Susanto et al.

Table 19.6 SNR on PC14 response

No Set filter Time interval (Hrs) Y Bar S/R ratio for PC14

(X1) (X2)

1 N 1000 276.000 -48.833

2 N 2000 442.000 -52.986

3 A 1000 261.500 -48.423

4 A 2000 319.750 -50.109

Average 324.813 -50.088

Table 19.7 ANOVA on PC14 response

CF DOF SS V F ratio F(0.95;dof1;dof2) P-Value %C

X1 1 18,700.563 18,700.563 10.724 4.747 0.007 18.420

X2 1 50,288.063 50,288.063 28.838 4.747 0.000 49.533

X1*X2 1 11,610.063 11,610.063 6.658 4.747 0.024 11.436

ERROR 12 20,925.750 1743.813

TOTAL 15 101,524.438

19.3.2.4 Large Factor Contributions

The proportion of each factor’s contribution to the response: filter factor has an effect
of 18.420% on PC14. The time factor has an impact of 49.533% on PC14. The filter
interaction factor and time have an effect of 11.436% on PC14.

19.3.2.5 Response SNR on PC14

The effect table calculation is by calculating the SNR average value at each level of
each corresponding factor as shown in Table 19.8.

The design that produces the best SNR value is the design with filter A (level 2)
and 1000 h (level 1), as shown in the graphs of the average SNR of PC14 in Fig. 19.2.

Table 19.8 Response SNR
on PC14

Level X1 X2

1 50.91 48.63

2 49.27 51.55

Delta 1.643 2.919

Optimal 2 1

Rank 2 1
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Fig. 19.2 Average SNR response on PC14

The best SNR value is the design with filter A (level 2) and 1000 h (level 1) so
that the combination of filter and time can optimize (minimize) the PC14 content in
the oil by using filter A and a time of 1000 h.

19.3.2.6 PC14 and SNR Predictions

Furthermore, the prediction of the value of PC14 in oil will be carried out if the
optimal design is used, namely, filter B with 1000 h.

ŷ = X1a + X21000 − y.. = 235 (19.4)

The average of PC14 in the oil is 235.

19.3.3 Taguchi Analysis of V100 Response

19.3.3.1 Orthogonal Array on V100 Response

The analysis used two factors that are thought to influence the response (V100),
namely filter (X1) and hour (X2). Each factor has two levels. This analysis used
an orthogonal array of 4 experiments with four repetitions for each experiment (a
combination of factors on each level). The orthogonal arrangement design, x =
experiment= 4, n= sample observed= 4, a= factor level X1= 2, b= factor level
X2 = 2.
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Table 19.9 SNR on V100 response

No Set Filter Time Interval (Hrs) Y Bar S/R Ratio for V100

(X1) (X2)

1 N 1000 7.295 17.260

2 N 2000 7.280 17.242

3 A 1000 7.453 17.443

4 A 2000 7.393 17.375

Average 7.355 17.330

Table 19.10 ANOVA on V100 response

CF DOF SS V F ratio F(0.95;dof1;dof2) P-Value %C

X1 1 0.073 0.073 10.143 4.747 0.008 43.705

X2 1 0.006 0.006 0.783 4.747 0.394 3.372

X1*X2 1 0.002 0.002 0.282 4.747 0.605 1.214

ERROR 12 0.086 0.007

Total 15 0.167

19.3.3.2 Signal to Noise Ratio (SNR) on V100 Response

The higher the performance as measured by the higher SNR is the same as, the
smaller the loss. SNRmeasures the level of performance, and it is presented in Table
19.9.

19.3.3.3 ANOVA on V100 Response

The results of the ANOVA V100 analysis can be explained as shown in Table 19.10.

19.3.3.4 Large Factor Contributions

The proportion of each factor’s contribution to the response: filter factor has an effect
of 43.705% on V100. The time factor has an effect of 3.372% on V100. The filter
interaction factor and time have an impact of 1.214% on V100.

19.3.3.5 Response SNR on V100

The effect table calculation is by calculating the SNR average value at each level of
each corresponding factor, see Table 19.11.
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Table 19.11 Response SNR
on V100

Level X1 X2

1 17.25 17.35

2 17.41 17.31

Delta 0.158 0.043

Optimal 2 1

Rank 1 2

Fig. 19.3 Average SNR response on V100

The design that produces the best SNR value is the design with filter A (level 2)
and 1000 h (level 1), as shown in Fig. 19.3.

The SNR value on the filter factor reaches optimal at level 2 (Filter A). At the time
factor, it becomes optimal at level 1 (Time 1000) so that the combination of filter
and time that can optimize (minimize) the V100 content in the oil by using filter A
and time 1000 h.

19.3.3.6 and SNR Predictions

The prediction of the value of V100 in oil is carried out if the optimal design is used,
namely, filter A in 1000 h. The prediction results are as follows:

ŷ = X1a + X21000 − y.. = 7.44 (19.5)

The average V100 content in the oil is 7.44.
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19.4 Conclusions

The SNR value on the filter factor reaches its optimum at level 2 (Filter A). At the
time factor, it becomes optimal at level 1 (1000 h) so that the combination of filter
and time can optimize (minimize) the PC06 content in the oil by using filter A and
1000 h. The filter factor has an effect of 12.673% on PC06. The time factor has an
impact of 27,501% on PC06. The filter interaction factor and time have an impact of
1.926% on PC06.

The filter factor has an effect of 18.420% on PC14. The time factor has an impact
of 49.533% on PC14. The filter interaction factor and time have an effect of 11.436%
on PC14. The best SNR value is the design with filter A (level 2) and 1000 h (level
1) so that the combination of filter and time that can optimize (minimize) the PC14
content in the oil by using filter A and a time of 1000 h.

The SNR value on the filter factor reaches its optimum at level 2 (Filter A). At
the time factor, it becomes optimal at level 1 (Time 1000) so that the combination
of filter and time can optimize the V100 content in the oil by using filter A and time
1000 h. The proportion of each factor’s contribution to the response: The filter factor
has an effect of 43.705% on V100. The time factor has an effect of 3.372% on V100.
The filter interaction

The experiment showed that the additional flushing activity to clean hydraulic
oil using an off-board system could reduce particle contaminant in hydraulic oil
compared to the normal operating condition. The hydraulic oil is typically filtered
by a combination of hydraulic system filter compartments attached to the system
itself (on-board at the machine).

A further experiment is worth being carried out to identify the effect of different
filter size ratings on an off-board filtering system, including a filter set that can control
particle contaminants better.
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Chapter 20
Hardware Development for Zero
Crossing of a Multilevel Single Phase
Rectifier Chopper for Plug-In Electric
Car Battery Charger Using a PIC
Microcontroller

Saharul Arof, Fathul H. Ahmad, Nurazlin M. Yaakop, Julaida A. Jalil,
Philip Mawby, Hamzah Arof, and Emilia Noorsal

Abstract This paper focuses on developing the hardware for a controller and of a
zero crossing circuit for an electric car battery charger. A novel topology of a battery
charger is studied and tested. A conventional rectifier has drawbacks in terms of
harmonic currents. This paper describes a five-level single-phase rectifier associated
with buck chopper with a control signal which draws a clean sinusoidal line current
for the application in a plug-in battery charger. TheMATLAB/Simulink results reveal
that the proposed battery charger performance is better compared to the conventional
method.
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Keywords Multilevel inverter · Battery charger ·Multilevel rectifier · Buck
chopper · PWM · THD

20.1 Introduction

The emission of hydrocarbons does not only pollute the environment but also
contributes to global warming which melts icebergs and increases the sea level.
Using efficient electric vehicles (EV) and hybrid electric vehicles (HEV) for trans-
portation is one of the solutions to reducing global hydrocarbon emissions [1]. All
electric vehicles including DC drive EVs require battery charging. The charging
operation happens while the EV is moving and when it is at standstill. Vehicle inertia
provides a source for charging while moving, while electricity provides power when
the vehicle is not moving.

20.2 Review Stage

Oak Research National Laboratory (ORNL) [1], United States, in 2009, sucessfully
designed DC brushed motor with high power output (55 kW), high efficiency (92%)
that can operate at low operating voltages (13 V) and this has initiated the interest in
DC drive electrical vehicles. Attempts to improve the conventional bridge chopper by
increasing the operations or allowing themotor reverse action have been continuously
carried out but ever since the development of the new motor by the ORNL, a new
seriesmotor four quadrantsDC chopper such as shown in Fig. 20.1, was designed and
the proposed chopper has multiple operations [2–6]. Several other studies related to
DC drive EVs led to research on EC battery chargers [7–9] and different types of DC
drivemotors that can be used formotor traction forDCEVs such as separately excited
[10]. Detail investigations on the chopper operation modes led to the establishment
of a simulation model to test the chopper operations for the application of electric
car and light rail transit (LRT) [11]. This simulation model led to further detailed
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Fig. 20.1 Integrated FQDC chopper and battery charger
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investigations on each of the chopper operations and on the specific pattern of motor
voltage, current, torque, speed and FQDC running for DC drive EC application
have been continuously carried out [12, 13]. For DC series motor traction of EC
application, the speed and torque control for the series motor, in an attempt to reduce
jerk and tire slip, has been successfully done and implemented with the direct current
control technique [14]. For power regeneration, the FQDC offers the generator mode
with several techniques of starting the regenerated power and voltage control is
studied and discussed in [15]. In order for the FQDC to be applied in real world, it
needs controllers running control algorithms in the embedded system. The controller
and its control algorithm are studied and tested using the processor in the loop (PIL)
technique [16]. To improve the new FQDC performance, optimization tools such as
artificial intelligence (AI) are introduced to control all of the chopper operations of
the proposed FQDC chopper [17–20]. Among the three AI controllers, ANFIS shows
the best performance followed by a neural network and the self-tuning Fuzzy logic
controller. Studies on a neural network controller to uncover the proper method of
tuninghavebeen carriedout basedonusing a single controllerwith binaryoutput [21].
On each specific FQDC chopper operation mode the performance can be further
improved using an AI optimization tool such as genetics algorithm to set up specific
look-up tables for the field current [22, 23]. The pole placement method [24] was
used to tune the close loop PID controller to improve the controller performance
while fuzzy logic controller is used to control the motor current [25] and to improve
the control performance and system stability. For fault diagnosis and online system
tuning andoptimization, a numerical representation usingTaylor series [26] is studied
and tried for driving mode. The cascade PID with an ascend descend algorithm and
after improvisation was associated with steering [27] and vehicle movement control
[28] and brake control [29] to be used for autonomous EV for automatic reverse
parking.

Connection to an electric power grid allows opportunities such as ancillary
services, reactive power support, tracking of output from renewable energy sources
and load balance. Battery chargers generally consists of the transformer, rectifier
and buck or boost chopper [30–32]. A good, efficient and reliable battery charger
should be characterized by high power density, low cost, low volume and less weight
[33]. The battery charger operation relies on its components, control technique and
switching strategies [34]. In general, the battery charger and its control algorithm
are implemented using microcontrollers, digital signal processors and integrated
circuits [35].

Two critical aspects of charging batteries are the charging time and battery life.
A decrease in the power factor due to an increase in the firing angle and relatively
high harmonic currents are the inherent drawbacks of the conventional battery charger
designs. Due to that, multilevel converters are introduced in recent years to attain high
power quality, low switching losses, high voltage capability and better efficiency. H-
bridgemultilevel rectifier and the cascade type are themost popular. The significance
of this research work is that the adopted five-level single-phase shall contribute to
an improvement of the power factor as well as a reduction in the total harmonic



230 S. Arof et al.

distortion (THD) [34–36]. Thus, a combination of multilevel and buck chopper is
suitable for electric car battery charger application.

20.2.1 Literature on Zero Crossing

Zero crossing is a point where the sign of a mathematical function changes from a
positive to a negative value or else. In this study, the zero crossing point from negative
to positive value is the only used and important. Zero cross (ZC) detection has three
functions, first it is to synchronize the firing angle of the carrier signal (triangular
wave signal) and reference signals. Without zero crossing the multilevel rectifier
will not start at the exact point. Second, is to point to the start of the comparison
process, there might be a delay or offset between both references (sine and carrier
signal) at every zero cross point without it. Third, is to refresh and reload the carrier
signals value at every complete cycle. The action of synchronizing the firing angle to
incoming AC supply can result in better performance (efficiency, PF, THD) of MLR
for the battery charger.

A zero crossing circuit has been designed using UA741, an operational amplifier,
which is not affected owing to instant spikes and sags on the signals of the current or
voltage. The zero crossing detector designed has been tested under various conditions
and signals including 19.8% of total harmonic distortion (THD). It has been observed
by the test results that the detector operates with optimum performance. The project
explored techniques in developing the low voltage CMOS analog building blocks
such as operational amplifiers using low voltage single supply CMOS operational
amplifiers for zero cross detector application. All the designs had been done using
the Tanner EDA with 0.25 µm technology where simulation had been carried out
using the SPICE simulator and layout had been made using the Tanner layout editor
(Ledit). Analyses of the domestic user’s energy consumption behavior under the
application of the pulse width modulation and zero crossing Width Modulation and
Zero Crossing detection techniques for load management has been conducted and
confirmed on the successfulness.

20.3 Methodology

A zero crossing circuit requires a combination of few circuits such as voltage sensor,
offset circuit, amplifier circuit and a digital or analog controller that can be used.
However, this study used a digital controller for better use, but in this study a digital
controller is used for better control and flexibility. The voltage sensor is used to
capture the AC voltage grid signal and to transform it to a lower voltage which
is safe and usable for control and signal conditioning purposes. An offset circuit
is to offset the transformed AC voltage to complete DC voltage so that a digital
controller such as a PIC microcontroller can be used to process the signals. Without
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the offset circuit, the microcontroller is unable to read the negative part of the AC
signal. Finally, the amplifier is used to amplify the voltage to the desired value for
the microcontroller. An offset circuit is shown in Fig. 20.2.

Fig. 20.2 Complete offset circuit

Fig. 20.3 Developed zero crossing detector hardware
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Fig. 20.4 Block diagram of zero crossing detector hardware applications

20.3.1 Hardware Application Circuit

Figure 20.3 shows the zero cross detection hardware circuit. The connections could
be referred in Fig. 20.4, the schematic shows the connection of the hardware devel-
opment it details. Two PIC microcontrollers are used. The one which is closed to the
display is used to display the sine and the zero cross signal. The other one which is
next to it is the one who is used to generate zero cross and to start the signal. The
sine AC input from the transformer/sensor input signal is converted to DC voltage
and amplify using the offset and amplify circuit. The final voltage is five volts DC.
This voltage is read by the two pic microcontrollers using an analog pin at ten bits
resolutions ADC pin. The ADC_Read command is used to read this signal. From 0
to 5 V DC, the signal is converted to zero (0) to 1,024. A ready signal is set once
the input signal reading is between zero and ten. Once the reading is between 500 to
512 the zero cross signal is fired.

20.3.2 Coding for Zero Crossing

The C Code using MikroC PRO compiler software for both of the algorithms is as
below.
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unsigned int adc_rd=0,ready=0; 

void main() { 
  ANSELA = 0x03;             // Configure RA1 pin as analog 
  ANSELC = 0;                // Configure PORTC pins as digital 
  ANSELD = 0;                // Configure PORTD pins as digital 

  TRISA = 0x03;              // Set RA1 pin as input 
  TRISC = 0x00;              // Set PORTC as output 
  TRISD = 0x00;              // Set PORTD as output 
  LATD=0; 
  LATC=0; 
  ADC_init(); 

  while (1) {   adc_rd = ADC_Read(0); 
  if (ready==0){ fire=0;} 
  if(adc_rd >0 && adc_rd <40) {ready=1;} 
  if (ready==1 ){ 
  if (adc_rd>460 && adc_rd<560) { fire=1;}  } 
    if (adc_rd>560 && adc_rd<660) { ready=0;} } 
 // 
 } 

Coding for Display

int cnt=0,cnt1=0;int rcheck=0,adc_rd=0,tmp=0,tmp1=0,longitude=0,latitude=0;  
signed int a1=0, a2=0; 

  bit ready,enable; int mtmp=0; 
//Declarations------------------------------------------------------------------ 
const code char dyana_128_64[1024]; 
//--------------------------------------------------------------end-declarations 

// Glcd module connections 
char GLCD_DataPort at PORTD; 

void delay2S(){                                    // 2 seconds delay function 
  Delay_ms(2000); 
} 

void main() { 
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  ANSELA = 0x03;             // Configure RA1 pin as analog 
    TRISA = 0x03;              // Set RA1 pin as input 

  Glcd_Init();                                   // Initialize GLCD 
  Glcd_Fill(0x00);                               // Clear GLCD 
  Glcd_Image(dyana_128_64); 
  while(1) { 
    cnt=cnt+1; 
    if (cnt>=40) {cnt=0;cnt1=cnt1+1;enable=~enable;} 

     if (cnt1>=120) {cnt1=0;Glcd_Fill(0x00); 
    Glcd_Image(dyana_128_64); }                           // Draw image 
                              // Clear GLCD 

   tmp = ADC_Read(0); 
   adc_rd=tmp; 
   if(adc_rd >0 && adc_rd <40) {ready=1;} 
    if (ready==0) {fire=0;} 
    if (ready==1 ){ 
    if (adc_rd>460 && adc_rd<560) { fire=1;}  } 
    if (adc_rd>560 && adc_rd<660) { ready=0;} 
   tmp1=tmp; 
   //tmp1=tmp1*2; 
  if (enable==1)   { 
  longitude=cnt1+7; 
  latitude= 36-tmp;//20-tmp1; 

  Glcd_Dot(longitude,latitude,1);       // Center dot 

   if (tmp1>=0 &&tmp1 <=5)  {ready=1;} 
    if (ready==1 && tmp1>= 15 && tmp1<=18) { 
    Glcd_Line(longitude, 49, longitude, 57, 1); 

    ready=0; 
    }  } 
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20.3.3 Hardware Applications

Figure 20.4 shows the block diagram of the zero crossing detector for hardware
applications. To apply the algorithms to the zero cross circuit, the program has to
be downloaded into the peripheral interface controller (PIC) by using the program-
ming compiler software. By connecting the power supply to the installed zero cross
detection systems with the ready hardware multilevel single-phase rectifier, the zero
cross detection system is ready to operate.

The flow chart in Fig. 20.5 shows the working operation function for the algo-
rithm 1. At the beginning there will be two input values which are u and sin. In case
of 0, there will be decisions only if sin is greater than 0, sin less than 0.10, u is greater
or equal to 1 and rst is equal to zero then the state will bring out the output of 1. If

Fig. 20.5 Flow chart of function in Algorithm 1
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else the state will be 0. In case of 1, if rst is greater or equal to 1 then the state output
will be 0. If else, state output will be the memory state.

20.3.4 Algorithm 2

The flow chart in Fig. 20.6 shows the working operation for function in algorithm 2.
The input for algorithm 2 is the following output from algorithm 1. So there also will
be two input values which is u and sin. In case of 0, there will be decisions only if sin
is greater than 0, sin less than 0.25 and u is greater or equal to 1 then the state will
bring out the output of 1. If else the state will be 0. In case 1, if sin is greater than
2.5 and sin is less than 2.65 then the state output will be 2. If else, the state output

Fig. 20.6 Flow chart of functions in Algorithm 2
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will be the memory state. In case 2, if sin is greater than 2.65 then the state output
will be 0. If else, the state output will bring out the output of 2.

20.3.5 Simulation Applications

Figure 20.7 shows the step-by-step illustration of the zero crossing detection output
signals. First, the alternating current (AC) voltage if from the source grid of 240 V.
Then it becomes 5V after passing through the voltage sensor. After the voltage offset,
it becomes about 2.5 V. After voltage amplification it becomes 5 V again. Next, is
detecting the first reference point. After that, from the following output of reference
point detection, the actual zero cross point detection will be processed. Finally, there
will be the zero crossing output signal.

Fig. 20.7 Process of zero cross detection output signals
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20.3.6 Hardware Development

This subtopic discusses the hardware development regarding the zero crossing circuit
and the applications of the hardware.

20.3.6.1 Hardware Zero Crossing Circuit

Offset Circuit

Figure 20.8 shows the zero crossing detector circuit which will be applied to the
hardware applications. Inside the circuit, there are three resistors that come from
different sides and are connected to each other at one of their terminals. It is also
known as the offset circuit.

In terms of theoretical modeling, the offset or voltage divider circuit could be
represented in the mathematical term [14].

By referring to the offset circuit in Fig. 20.9 which is originally from circuit 20.2,
to determine the resistors value, we consider two AC voltage limit situations, one
with VIN = – 5 V and another one with VIN = + 5 V. While R2 is set at 30 k�.

First, VIN = 15 V. The ADC should then be at 0 V. That means that there would
not be any current through R3, since there is no voltage difference. R2 and R1 then
form a voltage divider with

0 V − (− 5 V)

R2
= 5 V − 0 V

R1

or

Fig. 20.8 Zero cross circuit
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Fig. 20.9 Offset circuit

R1 = 5 V

5 V
= 30K� = 30K�

Then in the second situation, VIN = + 5.1 V. The ADC should then be at +
5 V. That means there won’t be any current through R1, since there’s no voltage
difference. R2 and R3 then form a voltage divider with

5.1 V− 5 V

R2
= 5 V− 0 V

R3

or

R3 = 0.1 V

5 V
= 30K� = 600�

R1 = 30k �,
R2 = 30k �,
R3 = 600�.

20.4 Conclusion

The proposed hardware development of zero crossing circuit and the control algo-
rithm written using MikroC PRO downloaded to PIC Microcontroller 18F46K22 is
successfully tested and suitable to use in combination with MLR and Buck chopper
and the combination will produce low harmonis and low THD of Plug-in home
charging EV battery charger.
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Chapter 21
Topology Optimization of an Engine
Mounting Bracket Using Finite Elements

Akief Khan Ayob Khan, Ahmad Razlee Ab Kadir, Zainal Nazri,
T. A. A. Razak, and M. N. Ahmad

Abstract This project entitled topology optimization of an enginemounting bracket
using the finite elements method focusing on an issue for engine mounting problem.
Themain objective for this project is to improve the performance ofmounting bracket
in term of vibration and design by using finite elements analysis (FEA) and topology
method. The second objective is to develop 3D model of engine mounting backet.
Finally, is to choose the best design of engine mounting with to have less of stress
and magnitude. The purpose of an engine mounting bracket is to safely support the
power-train system in all conditions. An engine mounting bracket is to properly
balance the power pack (engine and transmission) on the vehicle chassis for good
motion control as well as good isolation. A significant aspect of automotive research
has always been to reduce the engine vibration and the dynamic forces transmitted
from the engine to the body structure. In order to withstand these vibrations and have
a smooth ride, automotive engineers face the challenge of designing mechanisms.
The design of engine mounting bracket is built in SolidWorks and was analyzed and
simulated by using FEA.

Keywords Topology optimization · FEA · SolidWorks · Engine mounting

21.1 Introduction

The component that keeps the engine to the body or to the car’s engine cradle (sub-
frame) is the engine mount. In a typical automobile, the engine and transmission are
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bolted together and kept in place by three or four attachments. Engine mounts are
designed with a rubber substance so that the engine and the car body do not have
direct metal-to-metal contact. A better mounting system distinguishes the engine
from the vehicle body, producing friction, and suppresses the effect on the vehicle
driver of rough ground surface inputs. This situation becomes worse if the frequency
of the system during operation reaches the natural frequency of the system. A poor
bracket can also contribute to the rolling vibration of the shock of an engineer from
deceleration and acceleration. Engine mounts have the main purpose of isolating
the engine from the chassis and aligning the vehicle’s power-train configuration
according to specifications. In the other case, a high-frequency range of 30–250 Hz
must be absorbed from the engine by the bracket. It is very necessary that the engine
mounting bracket has appropriate stiffness and strength because of these factors. To
check the bracket properties early in the design stage, strength analysis needs to be
performed. The strength analysis measures the magnitude of a load from the engine
mass, including the safety factor, and applies the load to eachmounting bracket of the
engine. Noise, vibration and harshness are critical features of vehicles and decreasing
these features motivates manufacturers to achieve customer satisfaction.

The general outline of this investigation is stated in the following. In accordance
with the researchgoals, history information related to the topologyoptimizationof the
engine mounting bracket using the finite element method is provided. Chaudhari and
Panchagade [1] concentrate primarily on lightweight vehicle products to improve
fuel economy and reduce emissions. Bankar et al. [2] carried out their research
in which the architecture involves the modeling with a full restriction of engine
mounting brackets, this work is carried out using aluminum and magnesium alloys.
The outcomes for stress and deformation are evaluated.

Kala et al. [3] paper outlines themethodology ofminimizing the normal frequency
of the engine bracket by finite element analysis using various lightweight materials.
Evaluation of engine mount bracket assembly was carried out using FEA and modal
analysis methodology, resulting in an optimized frequency of bracket produced with
Mg alloy.

Ghorpade et al. [4] modeled a car engine mount bracket paper and concentrated
on evaluating the normal frequencies of car engine mount brackets. When modal
analysis is done, they considered the three engine mount bracket materials that are
aluminum alloy, magnesium alloy and gray cast iron. The natural frequencies of
gray cast iron are found to be low, which would show more hindrance in engine
mount bracket vibration so that gray cast iron has been removed. Aluminum alloy
and magnesium alloy show almost near natural frequency value in realistic terms
in terms of research, as the magnesium alloy has a better strength with a low-stress
value, so magnesium alloy is ideally chosen by the study as a better material.

FEA analysis of an engine mounting bracket is discussed by Jadhav, Ramakr-
ishna [5]. This involves the modeling of the mounting brackets by adjusting the
relevant current component material. Magnesium alloy and aluminum alloy are the
components used for mounting brackets. The study reveals that compared to normal
aluminum alloy material, this bracket would have greater weight reduction and with-
stand high stress. It has been concluded that magnesium can be chosen as a material
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Table 21.1 Comparison for stress of the engine mount bracket for different material

Different
materials

Stress for
pretension load in
N/mm2

Stress for service
load in N/mm2

Yield strength in
N/mm2

Ultimate strength in
N/mm2

Mild steel 284.39 283.53 370 440

Cast iron 289.20 289.05 130 220

Wrought
iron

284.44 283.93 210 320

Fig. 21.1 Stress analysis for different material bracket

for an engine mounting bracket over aluminum. In different working conditions,
mounting brackets containing magnesium material are good.

It is evident from the above studies that several works have been conducted
primarily on design aspects and material selection on engine mounts. There is still
space for improvement by modifying the form of the mount material and design. It is
known that all engine mounts that have been discovered and researched are based on
their operating theory and area of operation. Nevertheless, no one attempted to use
multiple material combinations. Alloys of various materials with high damping coef-
ficients are found to withstand more vibrations than individual materials. Depending
on the type of engine, based on the number of cylinders and the type of vehicles used,
special designs may also be made for various types of applications. Table 21.1 and
Fig. 21.1 show the comparison of stresses of the engine mount bracket for different
materials.

21.1.1 Based on Application Aspects of Mounts

In evaluating the fatigue life cycle configuration of the engine mount, a stochastic
approach is used. It has been proposed that fatigue life is often calculated by using
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models of non-linear regression. The benefit of using hydraulic mounts was clari-
fied by Jansson and Johansson [6]. Promising innovations and concepts for actuators
are specifically defined. It is also discussed that the type of mount can be used for
better performance depending on the type of operation. A parameterized model has
been developed for frequencies ranging from zero to 300 Hz. Hafidi et al. [7] recon-
structed the excitation force of the working diesel engine is reconstructed by semi-
experimental approach with the aid of acceleration data calculated at the mounting
sections. Using three uncoupling methods, low-frequency vibration can be reduced;
a dynamics model is designed to explain the complicated behavior of the whole
system, including the power train and its mounts.

Marzbani et al. [8] concluded that ideal mounts must provide high damping at
low excitation frequency and low damping and soft suspension at high excitation
frequency. It is noted that the use of hydraulic mounts is due to the dual behavior
requirement, and it is found that the use of high damping coefficient of materials
and analysis equipment will make hydraulic mounts more effective and functional.
The role of the bracket supporting the engine mount was defined by Kala and Kiran
[9]. The important function of the engine mounting bracket is to align the engine
and transmission on the frame of the car, there using CAD software to model the
engine mounting bracket, and finite element analysis. The work of Kumar et al. [10]
deals with the engine mount design to eliminate vibrations by using the Hyperworks
and CAE software, which is used to find the model solution. In this, hypermesh and
hyperview, respectively, carry out the post-processing and pre-processing.

Depending on the type of application, Asker [11] suggested two new models. To
do statistical analysis, Ansys11 is used. Compared to the current engine mounting
model, 51.5% of the weight is eliminated. Even the stress caused during vibrations in
the proposed model is very minimal. The stiffness and damping values of the mount
are understood until the mount is developed, and the next step is to convert these
numerical values into actual mount values. This involves determining the mount’s
geometrical dimensions in such a way that stiffness and damping characteristics
are necessary. Optimization modeling has been widely used in the world of engi-
neering for the advancement of finite element technologies and design principles,
using the approach of numerical simulation on the structure. Not only does this lower
manufacturing costs, but it can also shorten the design period, with high economic
benefits.

In this author,Walunje andKurkute [12] state that the engine rests on the bracket of
an automobile vehicle that is attached to the main frame or chassis of the car. In cars,
mounting the engine plays an important function. The right geometry offers good ride
quality and performance. The simulation techniques finite element analysis, modal
analysis and optimization of the engine bracket for the car are used in this article.
Since the FSAE car is a high-performance automobile bracket, constant vibration
continues to occur, so fatigue strength and reliability measurements have also been
conducted to guarantee engine protection.
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21.2 Methodology

The engine mounting bracket was design by using SolidWorks and the design was
imported to the CAE software. The development and creating steps of the current
design from the engine mounting Honda FD are very important to be analyzed and
were simulated using FEA and topology method.

21.2.1 Design Model 3D of Engine Mounting Bracket

21.2.1.1 SolidWorks 2019

The engine mounting bracket was modeled in the SOLIDWORKS 2019 software.
This engine mounting bracket was modeling based on the measurement of the actual
engine mounting bracket by Honda FD. The material used for the engine mounting
bracket for this design is an aluminum alloy. Figure 21.2 shows the 3D drawing of
the engine mounting bracket Honda FD by using SolidWorks.

21.2.2 Finite Element Analysis (FEA)

The assembly modeling was done by using SOLIDWORKS software and import
the file to the FEA. For the final year project, the main objective is to optimize
the engine mounting bracket by using Finite Element Analysis. The design from the
SOLIDWORKS is saved as Initial Graphic Exchange Specification (IGIS) file, which
can be imported easily into the FEA software. This is very important part because to

Fig. 21.2 3D Drawing of the engine mounting bracket Honda FD
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Fig. 21.3 Mesh the engine mounting

run the simulation and to get the result from the FEA the file from the SOLIDWORKS
must be converted into IGIS file. By using the FEA software it easily can determine
how the critical factors might affect the entire structure and why failure might occur.
Figure 21.3 shows the meshing process of engine mount bracket.

21.2.3 Modal Analysis

The modal analysis was conducted using effect tests to achieve the performance
results. This experiment was done to validate the result from the simulation by using
finite element analysis. A specific hammer is used to conduct this test which cell load
was put in its tip to obtain the force of impact. Figure 21.4 is shown as an experimental

Fig. 21.4 Experiment setup
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setup to conduct experiment. In this project, the accelerometer used has a reason-
able accuracy capability, with a sensitivity of 50.81 mV/g, the round accelerometer
delivers a frequency from 0.5 Hz to 5,000 Hz at a certain time. Figure 21.4 shows the
experiment setup devices for testing process. The accelerometer, laptop, NI Acoustic
and Vibration Data Recorder, effect hammer and frame structure are the equipment
that was used.

Figure 21.5 shows the drawing of the engine mount structure that has been created
in LMS Test Lab software using drawing tool according to the coordinate of actual
engine mounting bracket that has been measured. After finishing the drawing, need
to label the node points at the drawing. Besides, Fig. 21.6 shows the result fromEMA
after complete testing process.

Fig. 21.5 The drawing of engine mount bracket in LMS test lab

Fig. 21.6 The result from EMA
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21.2.4 Topology Optimization

Topology optimization is a method that determines the best content structure for a
given design space and loading case. Topology optimization is the process of deter-
mining the best direction for material delivery in a continuous domain to satisfy the
structure’s displacement and stress conditions and achieve the best possible results.
The different modification with different thickness is shown in Table 21.2. From this
modification the topology optimization will be done to study with one is the most
suitable design for engine mounting bracket.

Table 21.2 Different model of engine mounting
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Table 21.3 Comparison
result for FEA and EMA

Mode Natural frequency (Hz) Deviation (%)

FEA EMA

1 2,231.8 2,296.030 2.8

2 3,299.6 3,239.498 1.8

Average percentage error (%) 2.3

21.3 Result and Discussion

21.3.1 Comparison Result from FEA and EMA

The percentage error for each mood between EMA and FEA is shown in Table 21.3.
This experiment shows that below 2.3% is because when doing the experiment, there
are a few factor errors. A mistake in the modeling of the engine mounting bracket,
such as noise or experiment configuration. When the experimental modal analysis is
done, one of the difficulties occur is the noise. It is possible to wait the part to stop
and no further vibration on the engine mount part after knocking in the knocking
process. Before the next knocking starts, the enginemount also has previous vibration
on the first knocking since minimal vibration cannot be seen by the eyes. It will take
longer to ensure no further vibration, and it will take longer to complete the knocking
process to complete all the 19 points on the final mounting of the engine.

21.3.2 Optimized Design Engine Mounting Bracket

The optimized design was selected with three different materials which is aluminum
alloy, cast iron and wrought iron. There are three designs that will be optimized. The
optimization process is done by using FEA software. The result of S, Misses and U,
Magnitude will be study for the optimization process. Figures 21.7 and 21.8 show
the example of the result in topology optimization for U, magnitude and S, Stress.

21.3.2.1 Result for Topology Optimization

From Table 21.4, it can be easy to compare all the engine mounting design with
different material simulation within s, misses and u magnitude. From this table we
can conclude that the best among design for engine mounting is design 3 which
is the material use and are aluminum alloy. The stress that acted on the engine
mounting is only 5.211e1 and deflection occur on the engine mount is only 1.999e4

that can withstand the high magnitude due to load attach on the engine mount. Even
though the stress and magnitude for cast iron and wrought iron has lower value than
aluminum alloy but aluminum alloy have the highest quality in term of corrosion
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Fig. 21.7 Topology optimization for U, magnitude

Fig. 21.8 Topology optimization for S, mises

because when it comes to oxidation, cast iron oxidizes more quickly in humid or
moist air, and it will continue to oxidize if left outside. Aluminum, on the other hand,
frequently develops an imperceptible coating of aluminum oxide that shields it from
further oxidation. Besides, aluminum is notable for its low density. As a result, it
has become an important component in the manufacture of a wide range of products
used in automotive. From the previous study, it has been shown that aluminum is
also more impact-resistant than iron, which is known for being brittle. Besides, it
was proved that the lower stress acted on the engine mount, it will increase the safety
factor for the engine mount.
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Table 21.4 Comparison between existing and modified design with different material

Design Material Max, s Min, s Max, u Min, u

1 Aluminum Alloy 1.646e+00 1.197e−4 8.594e−4 0.000e+00

Cast iron 1.661e+00 0.000e+00 5.035e−4 0.000e+00

Wrought iron 1.661e+00 0.000e+00 3.180e−4 0.000e+00

2 Aluminum Alloy 1.373e+00 0.000e+00 8.572e−4 0.000e+00

Cast iron 1.379e+00 0.000e+00 5.049e−4 0.000e+00

Wrought iron 1.379e+00 0.000e+00 3.189e−4 0.000e+00

3 Aluminum Alloy 5.211e−1 0.000e+00 1.999e−4 0.000e+00

Cast iron 5.145e−1 0.000e+00 1.168e−4 0.000e+00

Wrought iron 5.145e−1 0.000e+00 7.337e−5 0.000e+00

21.4 Conclusions

The purpose of this chapter is to verify the relationship between the outcome of both
FEA and EMA also in the modification of the engine mounting bracket for Honda
FD. Besides, to achieve the objective of topology optimization the process was done
by using Abaqus software. For the optimization, the comparison result between
the existing model of engine mounting will be compare with another two different
designs with different material. The objective of this final year project was achieved.
By using SolidWorks software, the three different design of engine mounting bracket
was modeled. Throughout on simulation by using ABAQUS the optimization result
for enginemountingwas done and it will be comparedwith the value formodification
by referring to the maximum stress, and deflection occur on the engine mount. From
the simulation of engine mounting bracket, the result can be seen clearly and easy
to compare with other design on different material. From the FEA software it also
can be calculate the result of job frequency. Besides, the lower stress acted on the
engine mounting bracket will increase the safety factor. By changing the thickness
and made some pocket for the engine mounting bracket, it will produce the good
strength for engine mounting bracket of the vehicle.
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Chapter 22
Air Conditioning System Comfort Level
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Application
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Abstract Nowadays, electric consumption especially in Malaysia has increased
over the years caused by the usage of air conditioning (AC). Conventional AC remote
devices are unable to monitor the actual comfort index of the building and the power
consumption that has been used of the system by using Android mobile applications.
Knowing the actual comfort index and power consumption is necessary for the user
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to come up with strategies to use the AC system economically. Besides, conventional
AC remote devices do not have temperature and humidity sensors that can monitor
the comfort index and power consumption. Users do not know the actual comfort
level and power consumption, thus causing discomfort and maybe waste of energy.
To overcome these problems, an air conditioning system comfort level and power
consumptionmonitoring devicewith RF-basedwireless sensormodules andAndroid
mobile application were produced. Indoor air quality (IAQ) and predicted mean vote
(PMV) are the types of comfort index that have been used to measure the comfort
level. In this project, the methods used for completing the project of monitoring
the air conditioning system by using the predicted mean vote (PMV) algorithm.
PMV has six parameters, which are the air temperature, mean radiant temperature,
clothing insulation, metabolism rate, relative air velocity and relative air humidity.
This monitoring system can monitor various variables at the same time such as the
indoor temperature, outdoor temperature, relative temperature, relative humidity,
PMV and power consumption. With a monitoring system, the energy consumption
can be minimized while retaining the comfort level. In this project, a monitor box,
wireless humidity sensor box and wireless temperature sensor box were produced.
This research elaborates on the entire process of hardware design. It also discusses
the software developed for monitoring parameters such as the power consumption
using a mobile phone. The AC system can be better monitored and controlled with
the developed tool in this project.

Keywords Energy consumption · Temperature · Monitoring · Air conditioning ·
Thermal comfort · Predicted mean vote

22.1 Introduction

Today, most environmental issues are closely linked to the consumption of energy.
In buildings, energy consumption constitutes 40% of the overall energy consumed
worldwide [1]. Air conditioning systems also consume about 40–50% of the total
energy usage in buildings [1]. Energy management of air conditioning systems in
houses, therefore, requires comprehensive studies. According to research in [2, 3],
the AC system is one of the most substantial households that consume electricity in
housing and business office sectors. The number of air conditioners expected will
increase to 1.5 million in the private sector by 2020 [4]. This means the air condi-
tioner consumer will increase by the year. Due to this problem, of course, electric
consumptionwill be increased. To overcome this problem, an air conditioning system
comfort level and power consumption monitoring device with RF-based wireless
sensor modules and Android mobile application were developed and produced.

This system can monitor the actual comfort level and power consumption. At
the same time, the user can also know the current indoor temperature, outdoor
temperature and indoor humidity. Thus, the users can properly plan their AC for
comfort. Therefore, with this monitoring system, the rate of energy consumption
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can be reduced and cost-effective operation will occur. It is vital to use energy in
an optimal way to make the system more efficient and effective without any waste
of energy. A lot of research was already conducted to increase the performance and
maximize the thermal comfort indoors and reduce power consumption.

By contrast, this paper presents the development of a comfort index and power
consumption monitoring device for AC system using two types of sensor modules
which is the temperature sensor and the humidity sensor. In this project, one of
the comfort indices that has been used is the PMV. PMV values can be obtained
through calculation using six parameters which are the air temperature, mean radiant
temperature, metabolism rate, clothing insulation, relative air velocity and relative
air humidity. This monitoring system can monitor various variables at the same
time. With this monitoring system, the energy consumption can be minimized while
retaining the comfort level. To make this project a success, an experiment was
conducted for two days. The main purpose of this experiment is to monitor the vari-
ables such as indoor temperature, outdoor temperature, relative humidity, relative
temperature, PMV value and power consumption. Monitor box, wireless humidity
sensor box and wireless humidity sensor box have been produced in this project.
The monitor box is also connected to the Android app, where the user can monitor
outside of the room using a mobile phone.

22.2 Literature

22.2.1 Thermal Comfort

According to the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) (2004), thermal comfort is a term used to indicate data on the
thermal state of the thermal environment of a body and the main methods known as
physiological and physical considerations are the thermal comfort. Specific comfort
climate devices can be used to measure those physical factors and then send them
to an AC system to monitor the airflow in the room and to provide thermal comfort
conditions in the room. The air conditioning system could be used for room control to
create a thermally comfortable condition in the room when parameters are measured
correctly. The current AC system control approachmakes it possible for the occupant
to bring extra cooling that does not create a thermal comfort environment, plus this
will harm humans.

Most researchers have utilized the PMV model, as a thermal comfort index to
measure thermal comfort, and PMV has been taken into consideration under ISO
7730 [5–7]. PMV comprises six parameters, which are the metabolic rate, clothing
insulation, air temperature, mean radiant temperature, air velocity and humidity.
PMV values represent thermal sensation in accordance with these parameters. The
metabolism and clothing insulation values are usually assumed to be constant. The
metabolic rate is estimated forworkplace tasks to be 60W/m2, and clothing insulation
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Table 22.1 PMV scale PMV Sensation

+3 Hot

+2 Warm

+1 Slightly warm

0 Neutral

−1 Slightly cool

−2 Cool

−3 Cold

for a short-sleeved shirt, including trousers, is estimated to be 0.57 clo. In some
studies, because of the need for multiple sensors and the complexity of calculation,
themean radiant temperaturewas assumed to the equal of the air temperature [7]. The
clothing insulation can be calculated bymeasuring on heatedmannequins to accurate
estimation and a person’s expired air can be used to estimate the metabolic rates by
measuring CO2 and O2 [8]. Besides, time changes in human activity. However, it is
not easy to estimate metabolic levels and clothing insulation. Therefore, wearable or
non-contact sensors are to be designed in various projects for measuring metabolic
rates and clothing insulation and for improving the measuring process of the human
factor. Table 22.1 shows that the PMV comfort ranges from −3 (cold) to +3 (hot).

Indoor air quality (IAQ), particularly when it relates to the safety and comfort of
people, refers to the air quality inside and around buildings and structures. Compre-
hension and monitoring of increasing indoor pollutants will help to reduce the risk of
indoor health problems. The device can continuously measure and record air quality
including temperature and humidity, thus enabling it to monitor. The indoor air
quality is ameasure of air quality by defining such volatile compounds as paint, furni-
ture, office equipment, waste, cooking compounds, food intake, ventilation and/or
sweater. IAQ measurements are important to track air continuously throughout the
day to effectively investigate IAQ and at least two areas of air should be moni-
tored the air in the region of concern and the air in the exterior as a reference. IAQ
measuring devices are unfortunately expensive. Thus, devices for better choicesmust
be investigated to continue this research. Table 22.2 shows the IAQ rating index.

22.2.2 Mobile Applications

A mobile app was built based on the Android operating system to control a fresh
air conditioner with mobile termination [9]. To control fresh air conditioners with
mobile terminator, which is a smartphone or a tablet computer, a client software
was developed. In order to regulate a fresh air conditioner, a mobile phone uses
customer software to first connect via an internet router to a host computer in a
building. The host computer then transfers data via RS-232 to RS485 with the fresh
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Table 22.2 IAQ rating index

Rating Excellent
(5 points
each)

Good
(4 points each)

Fair
(3 points each)

Poor
(2 points each)

Inadequate
(1 point each)

Temperature
(°C)

18–21 °C Plus or minus
1 °C (including
variance
rooms, seasons
and times of
day)

Plus or minus
2 °C (including
variance
rooms, seasons
and times of
day)

Plus or minus
3 °C (including
variance
rooms, seasons
and times of
day)

Plus or minus
4 °C (including
variance
rooms, seasons
and times of
day)

Carbon
dioxide
(PPM)

<600 601–800 801–1,500 1,501–1,800 >1801

Relative
humidity
(%RH)

40–60 <40/>60 <30/>70 <20/> 80 <10/>90

Carbon
monoxide
(mg/m3)

0 – 1–7 – 7>

Nitrogen
dioxide
(mg/m3)

<0.2 – 0.2–0.4 – 0.4>

TVOC
(mg/m3)

<0.1 0.1–0.3 0.3–0.5 0.5–1.0 1.0>

air device controller. Customer software includes user management features, scene
control, monitoring energy consumption, security guards and equipment monitoring.
Besides, a mobile terminator client software was developed based on Android.

A high volume of energy consumption can be minimized if the preset temperature
is regulated in a gentle way [10]. The relation from preset temperature to electricity
consumption has historically to be manually controlled in order to save energy.
Several electrical management systems have been built in the smart house to avoid
the loss of electricity from the manual control process in order to increase energy
efficiency. The remote control provides a means of contact through the internet
to minimize power from air conditioners that consume the most power in regular
household appliances [11].

Wireless technology is a technology that allows us without cables or wires to
communicate. With this type of technology, people and other organizations can
interact over very long distances. The esp8266 module is used to send Arduino
data to the IoT platform from which the user is able to connect. The Wi-Fi module
has TC/IP and SOC incorporated. This module easily provides Wi-Fi access when it
is linked to an Arduino board because of its software significance. Bluetooth devices
(HC-05 module) with a common sequence can form a piconet. The piconet is a
network made up of one master and slave, and the topology is a star. The master is
Bluetooth device that deliberately connects to other Bluetooth devices that are slaves.
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The hopping sequence of the piconet is determined by the Bluetooth device address
(BD ADDR) master, which is unique and 48-bit in length. Radiofrequency module
(nRF24L01) that can operate in the 2.4 GHz band is commonly used, while others
use the ISM band 433/470/868/915 MHz. Nowadays, state of art is to use fully and
low-cost hardware for reliable telemetry and consumer applications. The range of the
coverage is between 10 and 150 m. It provides a broad range of applications in the
field of high-quality image transmission, wireless monitoring system, LED toning
and wireless sensor network (WSN). The nRF24L01 configuration is achieved via
the serial peripheral interface (SPI) which is a synchronous serial communication.
The wireless systems being used are Bluetooth and NRF24L01 for transmitting the
data. The Bluetooth module will be used to transmit data from the monitor box to the
mobile phone. The NRF24L01 module also will be used to communicate between
the monitor box and the sensor box. In this project, the Wi-Fi module is not suitable
because it is too complex to use and this project also does not use the IOT.

22.3 Methodology

22.3.1 Project Planning

Below is the PMV equation that has been used in this project.
PMV = (0.303 · e−0.036M + 0.028) · L

L = M − W − 3.05 · 10−3 · (5733 − 6.99 · (M − W ) − pa) − 0.42 · ((M − W ) − 58.15)

− 1.7 · 10−5 · M · (5687 − pa) − 0.0014 · M · (34 − ta)

− 3.69 · 10−8 · fcl · ((tcl + 273)4 − (tr + 273)4) − fcl · hcl · (tcl − ta)

tcl = 35.7 − 0.028(M − W )

− (3.69 · 10−8 · fcl · (
(tcl + 273)4 − (tr + 273)4

) − fcl · hcl · (tcl − ta))

pa = ps RH

100

In ps = C1

T
+ C2 + C3 · T + C4 · T 2 + C5 · T 3 + C6 · InT

where

C1 = −5.8002206 · e3
C2 = 1.3914993

C3 = −4.8640239 · e−2
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C4 = 4.1764768 · e−5

C5 = −1.4452093 · e−8

C6 = 6.5459673

T = ta + 273.15

hcl =
{
2.38(tcl − tr )

0.25 f or 2.38(tcl − tr )
0.25 > 12.1 2

√
va

12.1 2
√
va f or 2.38(tcl − tr )

0.25 < 12.1 2
√
va

fcl =
{
1.00 + 0.2Icl f or Icl < 0.5clo
1.05 + 0.1Icl f or Icl > 0.5clo

PMV is a one-value comfort index that is calculated using six parameters where:

• Air temperature (Tair ): Air temperature is an indicator of how cold or hot air is.
That is the environmental parameter that is most frequently measured.

• Mean radiant temperature (Tr ): is known as the uniform temperature of an
imaginary enclosurewhere radiant heat transfer in the real, non-uniform enclosure
from the human body is equal to radiant heat transfer.

• Metabolism rate (M): used to describe all chemical reactions involved in
maintaining the living state of the cells and the organism.

• Clothing insulation (ICl ): is the thermal insulation provided by clothing.
• Relative air velocity (Va): is the absolute value of the difference between walking

and wind speeds.
• Relative air humidity (RH): is the ratio of the partial pressure of water vapour

to the equilibrium vapour pressure of water at a given temperature.

Using the following equation that has been shown below to calculate the power
after the PMV value has been obtained:

Power (W/h) = BTU/h

0.1 × COP × 3.41

COPMAX = TCOOL I NG

TOUT DOOR − TCOOL I NG

COP = 0.1 × COPMAX

The main components that have been used in this project are the Arduino MEGA
2560,ArduinoNano, LCD20× 4with I2C interface, temperature sensor (DS18B20),
humidity sensor (DHT22), 4 × 4 matrix keypad, NRF24L01, HC-05 and switch
button. In this project, we used a monitor box, wireless temperature sensor box and
wireless humidity sensor box. Inside of the monitor box are included the components
such as the 20 × 4 LCD, keypad, Arduino Mega, HC-05 Bluetooth module and
NRF24L01 wireless module. Two sensor boxes have different components. Inside
of the wireless humidity sensor box, Arduino Nano, DHT22 and NRF24L01 were
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Fig. 22.1 System framework

included. Arduino Nano, DS18B20 and NRF24L01 were included inside of the
wireless temperature sensor box. Figure 22.1 shows the system framework of this
project.

Figure 22.2 shows the project layout that had been fabricated in this project. The
monitor box and wireless humidity sensor box will be placed indoors. The main
purpose of the wireless humidity sensor placed indoor is to measure indoor humidity
and temperature. The monitor box will be controlled and observed by the user. To
obtain an outdoor temperature reading, thewireless temperature sensorwill be placed
outside.

The circuit design consists of some of the components, which are the Arduino
board, keypad, temperature sensor, humidity sensor, LCD and switch button. In
the prototype, the breadboard has to be used to make quick electrical connections
between the components. Thus, the user can test the circuit before permanently
soldering it together. In this project, three different types of circuit connections were
implemented. Figure 22.3 shows the circuit connection formonitor box. Each compo-
nent has a different connection depending on the specification of the component
used. For monitor box connection, it contains a few components such as keypad,
LCD, Bluetooth module and NRF24L01 wireless module. Arduino Mega as main
microcontroller for this monitor box.
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Fig. 22.2 Project layout

Fig. 22.3 Circuit connection for the monitor box



264 N. Othman et al.

Circuit connection that has been shown in Fig. 22.4 is forwireless humidity sensor.
This circuit also same goes to circuit connection for temperature sensor, but it uses
one breadboard only.

Figure 22.5 shows the circuit connection for wireless temperature sensor. Arduino
Nano as a microcontroller for this circuit. In this circuit connection, two mini bread-
boards need to use because single breadboard not enough to connect the resistor for
temperature sensor.

22.3.2 Fabrication

This phase reveals the method to manufacture the product from initial ideas to the
completed device. It consists of a few steps on doing the fabrication stage. Start by
connecting LCD, HC-05, NRF24L01, switch button and keyboard with the Arduino
Mega board. Then connect the temperature sensor, NRF24L01 and switch to the
Arduino Nano Board. Humidity sensor, NRF24L01 and switch button are connected
to theArduinoNano board. The entire terminal is connected to the right place. Ensure
the jumper wire is connected to the selected pot. In this subtopic, we also show some
pictures of fabricating themonitor box, wireless temperature sensor box and wireless
humidity sensor box. Design the casing for each wireless sensor circuit and monitor
box (Figs. 22.6, 22.7 and 22.8).

Fig. 22.4 Circuit connection for the wireless humidity sensor
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Fig. 22.5 Circuit connection for the wireless temperature sensor

Fig. 22.6 Wireless
temperature sensor

Fig. 22.7 Monitor box
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Fig. 22.8 Wireless humidity
sensor

Fig. 22.9 Type of activity

22.3.3 LCD Display Sample

The interface of this monitoring device relates to data and information on the LCD.
As shown in Fig. 22.9, the first step the user needs to choose is the metabolism
of the activity. At the metabolism selection, it has three options of activity which
are, for the first options exhibit sit and working while second option is walking.
The third option is sit, working and talk. The choice depends on the user to choose
the appropriate option to the current situation. Figure 22.10 shows the second step
that the user needs to choose is the clothing insulation. The options were divided
into three options which is first option is thin, second is medium and third option is
thick. Figure 22.11 shows the user needs to enter the BTU value. BTU depends on
the types of air conditioners. Each air conditioner has a different BTU. As shown
in Fig. 22.12, the monitoring device displayed the indoor temperature (Ta), outdoor
temperature (To), relative temperature (Tr), relative humidity (RH), PMV and power
consumption. Figure 22.13 shows the interface of a mobile app consisting of eight
variables at the same time that can we monitor.

Fig. 22.10 Clothing
insulation
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22.3.4 Experimental Setup

This experiment was conducted for two days. The main purpose of this experi-
ment was to monitor the indoor temperature (Ta), outdoor temperature (To), relative
temperature (Tr), relative humidity (RH), PMV and power consumption. One of the
reasons why this experiment was conducted for two days was to find out the differ-
ence between the actual temperature from the AC system. On the first day of the

Fig. 22.11 BTU value

Fig. 22.12 Monitoring
interface

Fig. 22.13 Mobile app
interface
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experiment, the actual temperature from the AC system was set up to 22 °C. The
next day, the actual temperature fromACwas set up to 24 °C. The experiment started
at 7:50 am until 3:50 pm. The experiment started at 7:50 am but the AC switched
on at 8:00 am and switched off at 3:00 pm. Highest fan speed of the AC system also
was set in this experiment. One HP AC system has been used. The area of the room
that has been used in this experiment was 2.9 m × 2.2 m, and the room height was
2.5 m.

22.4 Results and Discussion

In this experiment that hadbeen conducted,To,Ta,RH,PMV andpower consumption
was monitored. This experiment is performed to identify the relationship or impact
of To on Ta, RH, PMV and power consumption. BTU value has been set to 10,000
BTU in this experiment.

As shown in Fig. 22.14, the blue colour line indicates the detections of outdoor
temperature (To) on the first day of experiment, the grey line indicates the reading
of To value on the second day of experiment, the orange line indicates the reading
of indoor temperature (Ta) on the first day of experiment and the last one is the
yellow line that indicates the reading of Ta on the second day of experiment. The
To reading pattern on the first day of the experiment is the same as the graft pattern
on the second day. The To reading value on the second day decreased slightly from
10:30 am to 10:50 am due to rain for 15 min. The graph pattern shown by the yellow
line is higher than the orange line because on the second day the temperature set by
the air conditioner is high compared to the first day.

Figure 22.15 shows two lines showing the difference between the outdoor temper-
ature and the indoor temperature. The temperature difference on the first day was
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Fig. 22.14 Temperature versus time
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Fig. 22.16 Value difference between indoor temperature (Ta) and actual temperature form AC

very significant because the indoor temperature is low, and the outdoor temperature
is high. On the second day of the experiment, the difference in graft shows a lower
graph pattern compared to the first day of the experiment.

Figure 22.16 shows the value difference between Ta and the actual temperature
from AC. On the first day of the experiment, the actual temperature from AC was
22 °C while on the second day, the actual temperature from AC was 24 °C. The
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Fig. 22.17 Relative humidity

differences between Ta and the actual temperature from AC system is highest on the
first day compared to the second day.

Figure 22.17 shows the relative humidity in percentage collected by the DHT22
sensor during this experiment. The blue colour line indicates the detections of relative
humidity value on the first day of experiment and the orange line indicates the reading
of relative humidity value on the second day of experiment. The relative humidity is
an indication of how much moisture (or vapour) is present in the air and how much
air will retain at that temperature. RH readings on the second day were higher than on
the first day. This is because the temperature set by the air conditioner is higher than
on the first day which is 24 °C. The higher the temperature the higher the relative
humidity.

PMV readings are taken from 7:50 am until 3:50 pm as shown in Fig. 22.18. The
air conditioner is switched on at 8:00 am and switched off at 3:00 pm. PMV on the
first day of the experiment was higher than on the second day due to the difference
between To and Ta is far away.

Power consumption is the form of energy consumption that uses electric energy.
Power consumption also influences the actual energy demand made on the existing
electricity supply. Figure 22.19 shows two bars of different colours, the blue colour
represents the power consumption that had been measured on the first day of experi-
ment and the orange colour represents the power consumption that had beenmeasured
on the second day of experiment. The blue colour is higher than the orange colour
because the temperature setting of the air conditioner is low. So, power consumption
is needed a lot to get the desired temperature.
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Fig. 22.19 Graph of power consumption

22.5 Conclusions

In conclusion, this project had given a positive result regarding developing a comfort
index and power consumption monitoring device for AC system using two types
of sensors, i.e. the temperature sensor and the humidity sensor. In this project, one
of the comfort index had been used, that is, the PMV. PMV values can be obtained
through a calculationusing six parameterswhich are the air temperature,mean radiant
temperature, metabolism rate, clothing insulation, relative air velocity and relative
air humidity. This monitoring system can monitor various variables at the same time.
With amonitoring system, the energy consumption can beminimizedwhile retaining
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the comfort level. To make this project a success, an experiment was conducted for
two days. The main purpose of this experiment was to monitor the variables such
as indoor temperature, outdoor temperature, relative humidity, relative temperature,
PMV value and power consumption. A monitor box, wireless humidity sensor box
and wireless humidity sensor box has been produced in this project. The monitor
box is connected to the Android app, where the user can monitor outside of the room
using a mobile phone.
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Chapter 23
A Key Comparative Study Between
a Self-Aspirated and an Air-Induced
Porous Medium Burner

Ahmad Kamal Ismail, Chan Ping Yi, Mohd Zulkifly Abdullah,
Mazlan Mohamed, and Ayub Ahmed Janvekar

Abstract Burners have a very vital role in both industrial as well as domestic sector,
hence involvement of porous media within them makes there features very efficient
and eco-friendly. Most of the conventional porous media burners (PMB) require
auxiliary equipment to supply sufficient air in order to assure complete combus-
tion. Though the PMB offer high efficiency, the equipment such as air compressor
consumes extra energy that causes the impracticality for domestic use. The self-
aspirating technique works by promoting air into the burner system by using the
momentum of the fuel jet normally by the fuel nozzle in the burner. In this work,
comparative assessment between a self-aspirating and an air-induced PMB has been
done. The self-aspirated PMB is capable of producing a flame temperature up to
540 °C while the air-induced PMB maximum flame temperature is 634 °C for
uncoated PM and 750 °C for SiC-coated PM. Surface temperatures of the PMB
were visualized by a thermal imager which clearly distinguished the flame pattern
and concentration between the self-aspirated and air-induced PMB.
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Keywords Combustion · Burner · Porous media combustion · Porous media
burner · Cogeneration

23.1 Introduction

The emission of hydrocarbons not only pollutes the environment but also contributes
to global warming. To tackle this issue, porous medium combustion (PMC) tech-
nology has been introduced to minimize the effect of combustion by using conven-
tional burners. The excess enthalpy of combustion produced by PMChas been proven
by numerous works to reduce the hydrocarbon fuel usage as well as increase the
combustion efficiency and less pollutants.

23.2 Literature

Combustion in porous media, which is termed as porous media combustion (PMC),
is an interesting technology and is proven to tackle the problem of the environmental
pollution and depletion of natural fuel resources compared to free flame combustion
[1, 2]. It has the ability to burn ultra-clean fuel mixtures or fuel with lower calorific
value, higher power density and lower pollutant emission [3]. Immense work can be
found under the hood of porous medium burners [4–6]. For coated PMB, interesting
findings can be found fromotherworks [7, 8].Many investigations have been reported
by considering experimental and or numerical approaches [9]. The conventional
PMBs are mostly supplied by compressed air which requires an external source
of energy to produce efficient burners. There is a need to continuously study the
optimum air–fuel ratio for self-aspirated PMB so as to produce a burner with low
NOx and CO production as well as good burner efficiency. For combustion using
self-aspirating porous media, the problem discovered is the long transition period,
i.e. around 1 h for the flame to be changed to steady condition [6, 10–12]. This work
provides a comparison between a self-aspirated and an air-induced PMB in terms of
equivalence ratio, NOx emission, surface flame temperature and flame concentration
for both PMB.

23.3 Methodology

Figures 23.1 and 23.2 describe the experimental set up used for the self-aspirating
PMB. For the supply or induced air PMB, it can be found from previous work [13]
by using compressed air.

In this work, a concept of stoichiometric air–fuel was undertaken. With which the
equivalence ratio is attained by supplying the controlled volume of butane and air via
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Fig. 23.1 Schematic diagram of the self-aspirating PMB

Fig. 23.2 Actual photo of the PMB
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proper channels. To track the oxygen content, the gas analyzer was set to the standard
oxygen content [14]. It can be noted that in the present scenario the combination of
butane-air has the stoichiometric air–fuel ratio by volume which can be taken as
30.95. The other part refers to the actual air–fuel ratio taken, which is directly taken
from experimental trials. Furthermore, the mathematical equivalence ratio is denoted
as φ for the combustion in the self-aspirated PMB by using Eqs. (23.1) and (23.2)
[15] where O2 is the oxygen content,A/F is the air–fuel ratio,PA refers to the primary
aeration, while SA is the secondary aeration.

PA = %O2

(A/F)stoi × [21−%O2] × 100 (23.1)

φ = 100

PA × SA
(23.2)

23.4 Results and Discussion

Figure 23.3 describes the equivalence ratio of the self-aspirated PMB. It shows that
the higher the fuel inlet, the leaner combustion exists due to lower equivalence ratio
from 15 to less than 10. NOx emission was also lower for the induced air PMB
compared to the self-aspirated PMB (Fig. 23.4). Figures 23.5 and 23.6 compare
the flame temperature of both PMBs. It was found that at randomly equivalence
ratio between 10 to 15, the highest flame temperature for the self-aspirating PMB
was lower than 600 °C while for the air-induced PMB using compressed air, the
maximum flame temperature was almost 700 °C and higher for the coated PMB
at equivalence ratio 1.3 and 1.6. Obviously, the self-aspirating PMB will produce

Fig. 23.3 Equivalence ratio
of the self-aspirated PMB
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Fig. 23.4 Measurement of
NOx released by
self-aspirated and
air-induced PMB

Fig. 23.5 Flame
temperature produced by the
self-aspirated PMB
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lower combustion and thermal efficiency and higher NOx. Therefore, the design of
the self-aspirating PMB needs to be improved to be used for domestic applications.

From Figs. 23.7, 23.8, 23.9 and 23.10 the distinctive characteristics between self-
aspirated and air-induced type of porous media burner can be noticed. This was
achieved using a digital thermal imager. The device model used to get these digital
images was the Fluke Ti27. A clear distribution of color across the selected contour
helps to portrait the variations of temperature distributions. The red color indicates the
maximum temperature. In addition, the device capability was tomeasure amaximum
of 620 °C.When the temperature reading with respect to the self-aspirated PMBwas
lower than the maximum capacity of the thermal imager, the reading was found
out to be 595.3 °C at a fuel input of 0.19 L/min. While with a fuel input of 0.25
L/min, the temperature recorded was 550 °C for self-aspirating PMB. At 0.19 to
0.25 L/min, temperature on the surface of the burner was more than >620 °C for
the air-induced PMB. A unique observation can be made by comparing the image
that the color distribution is more scattered. The scattering of color was due to the
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Fig. 23.6 Flame temperature produced by the air-induced PMB

Fig. 23.7 Self-aspirating at
fuel input 0.19 L/min

low inlet pressure produced by the self-aspirated PMB. On the other hand, the flame
concentration and intensity were very significant and can be seen clearly for the
induced air PMB.
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Fig. 23.8 Air-induced at
fuel input 0.19 L/min

Fig. 23.9 Self-aspirating at
fuel input 0.25 L/min

Fig. 23.10 Air-induced at
fuel input 0.25 L/min
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23.5 Conclusions

The addition of porous media results in an increased, i.e. an improved performance
of the burner. It was clearly observed that the PMBwith self-aspirated air supply has
lower flame temperature compared to the air-induced PMB while the NOx produced
was also higher. This indicated that the incomplete combustion in the self-aspirated
PMB occurred while the air-induced PMB achieved proper combustion. The flame
stabilization and concentration in the self-aspirated PMBwere also poor compared to
the air-induced PMB by using an air compressor. Further investigation in the design
of the self-aspirated PMB is needed in order to improve the performance as well
as reduce the emission. Therefore, the self-aspirated PMB can be used for domestic
applications.
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Chapter 24
Analysis of the Lower Control Arm
in a Front Suspension System Using
Finite Element Analysis and Analysis
of Variance (ANOVA) Method

A. N. Ridzwan, A. R. A. Kadir, I. A. Azid, M. N. A. Hamid, T. A. A. Razak,
and M. N. Ahmad

Abstract In this paper, the existing lower control arm structural analysis and perfor-
mancewere investigated and analyzed by the implementation of reversed engineering
method used in designing the three-dimensional model referring to the actual part.
The initial design is modeled by using SolidWorks 2016 software and validated
by using modal analysis method in Abaqus CAE. The natural frequencies can be
compared with the load impact testing experiment to the actual part physically to
determine the percentage deviation.After themodelwas validated,AbaqusCAEsoft-
ware used to analyze the structural strength-ability in a static condition. The result
will be the main reference in creating the new design concept of the ASHIMORI
lower control arm as the Abaqus CAE will be used for the finite element analysis
process. The target safety factor of the all-new design must be lower than the actual
concept which is defined between the different design and material. The main factor
will be determined by using Analysis of Variances (ANOVA) method and the final
design will be compared with the actual part focusing on the maximum stress value,
performance and structural analysis in a static state.
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Keywords Design · Lower control arm · Front suspension system · SolidWorks ·
Abaqus CAE · Automotive · ANOVA ·Material performance

24.1 Introduction

Suspension system is one of the systems that includes shocks, linkages and springs,
positioned at the lower front side of the car body that is connected to the chassis
frame and wheels. The main function of the suspension system is to support the
whole weight of the vehicle and instantly to control the ride quality, handling the
abilities and the dynamicsmotion created. In the development of automobile industry,
the suspension system components are very crucial in maintaining the driving effi-
ciency and satisfaction as the suspension supports the structure body and absorbs all
pressures between the body of the vehicle and road. The double-wishbone suspension
and the Macpherson Strut system are the most prevalent types of front independent
suspensions. The front side suspension component must maintain the wheel of the
vehicle that aligns all over the road, restricting the body movement of the vehicle
during steering and when moving over bumps, and providing a convenient and quiet
ride. In this study, Macpherson strut system with lower control arm is considered.
The previous research found that the lower control arm can function as a better
shock absorber because of the position and load-bearing capacities. Lower control
arms that are positioned on the left and right side are the most core components of a
suspension. This part functions as the controller that allows the up and down motion
of the wheel. The control arms are also assembled with other crucial parts in front
suspension system such as steering knuckle, tie rod, coil spring and shock absorber.
Lower side end of the spine is mounted to the top of the steering knuckle, and the
lower end of the knuckle is connected to the ball joint in the lower control arm in
MacPherson Strut systems. The top of the strut is attached to the frame by an upper
strut frame. These systems are compact and optimal for smaller cars because the
upper control arm is not included.

The relationship of the lower control arm that is positioned under suspension
system requires a strong material as it undergoes a cyclic load, extreme driving
condition and any irregularities that occurs on the road. Consideration of the mate-
rial also depends on the weight ratio as the heavier the material, the higher the impact
that will affect the structure of the lower control arm. The research found out that the
stress analysis experienced by steel and aluminum alloy was about the same value
that are 471 MPa and 470 MPa, respectively. At the end of the findings, conclude
that the structural strength of the lower control arm can be manufactured by using
both material as it was safe to be used [1]. Another research study was also carried
out focusing on the materials selected, which were analyzed for the stress, defor-
mation and the allowable stress for the safety. The selected materials were Gray
Cast Iron, Stainless Steel 321, Aluminum Alloy, Mg Alloy AZ63T1 and Tl Alloy
T1–6A1–4V. The result of the Aluminum andMagnesium accumulated higher stress
than the allowable that automatically cannot be considered. Stainless steel has less
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weight as 11.58% compared with other and 11.36% less stress. The material also has
higher allowable strength than the structural steel. The comparative study of FEA
and experimental result is about 4.58%. Stainless steel 321 is the best material that
suited for the lower control arm purposes. Different from the research study imple-
mented by Mohanraj and Manavalasundaram [2] stated that the selected material is
depending on several characteristics that are availability, malleability, formability
and mechanical properties.

To validate the 3Dmodel created by using the selected software, the design model
needs to be validated to ensure the originality concept design of the part compared
with the actual part which was about 70% similar. Li et al. [3] stated that the natural
frequencies and vibration mode shapes were obtained via measurement in LMS
Test Lab. The frequency response functions were identified and computed by force
and acceleration signals, and then mode shapes of this morphing wing structure
were subsequently identified by PolyMAX modal parameter estimation method.
FEM modal analysis was also implemented, and its numerical results convinc-
ingly presented the mode shape and natural frequency characteristics were in good
agreement.

The calculation of load on the statics condition being analyzed by Singh [4] as
considering the weight at the center of gravity on the study of Statics Structural
Analysis of Suspension Arm By Using Finite Element Method. From the weight of
the car, 0.39%was approximately supported by the frontwheels and0.61%by the rear
wheels. The force analysis determined by the study of a NewDesign Optimization of
LightWeight Front Lower Control Arm [5] was different from the other researcher as
strength analysis was based on the suspension abusive load case that was evaluated
from the PROTON model derived from the multibody dynamics (MBD) analysis of
the suspension system. Total gross weight of the car is 1,500 kg and Kerb weight
is 1,065 kg. In conducting the static analysis for the front weight distribution were
assumed 40% for the rear part and the other support by the front weight.

The redesign suspension arms achieve an average weight saving of 27% with
respect to the baseline steel arms. The natural frequency of composite material is
higher than steel [6]. The other research stated that the base concept design was opti-
mized based on standard suspension abusive load cases loading at FLCA hard point.
The topology optimization is a method to optimize the design in design space with
the constraint of loads and some boundary conditions. It is a stress-based optimiza-
tion through load path on the geometry. This process was done in several iterations
to get the optimum minimum of 20% weight reduction [5]. The linear weighing
method used for the CA model under multiple loads can be expressed according
to the specific formulation. The table below shows the six load cases used in the
topology optimization of the CA [7].

In this paper, FEM was employed to investigate the high-stress region in order to
know the exact part experiencing it as the static load’s structural analysis was carried
out in lower control arm in front suspension system. Then to get the actual result.
When the vehicle passes on the road, it shows the high impact loads that will wear
out the lower control arm as the critical part in the suspension system especially in
extreme conditions, for example, potholes and bumpers.
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There are three main objectives in this project.

1. To design the three-dimensional (3D) model and analyze the statics and
dynamics structural analysis of the existing lower control arm.

2. To determine themain factors that affect the results of the structural performance
and strength analysis of the new design by using ANOVA method.

3. To compare the existing analysis component design with the new design to
improve the strength and function-ability of the product.

24.2 Methodology

Five main processes were utilized in this research study. These processes were the
design models of the existing lower control arm part: statics structural analysis,
impact load testing experimental analysis, validation process by modal analysis and
design modifications and determination of main factor by using ANOVA method.
The last process was the statics structural analysis.

24.2.1 Three-Dimensional Design Model

In this process, the reverse engineering method implemented as to get the initial
concept design of the existing lower control arm as shown in Fig. 24.1 in which the
obtained design of the model. SolidWorks 2016 software is used to design the three-
dimensional model of the lower control arm. To prevent any significant changes to
the external parts, the hard points of the lower control arm and withstand the same
kinematics output, the general L-shape and parameter of the product remain to avoid
any major changes that will affect the analysis result. After completing the 3Dmodel
of all the parts, the material for this main body lower control arm is established as
Mild Steel specification. The mechanical properties of the material had fully inserted
in the material library. The actual mass of the existing Ashimori Lower Control Arm
is specified at 3 kg. In SolidWorks, the mass density of the three-dimensional design
model is 3.14 kg. The design model is considered as 70% similar to the actual part
(Fig. 24.2).

24.2.2 Statics Structural Analysis of the Main Body Part

The statics load structural analysis is the process to determine the loading applied
to lower control arm, maximum value of stress and critical area that will experience
the high impact load. The result from this section will be used in the simulation, and
the failure of the part when the specified load is applied can also be identified. The
analysis that will be carried out is based on the statics condition of the car. The statics
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a) Phases 1

b) Phases 2

Fig. 24.1 Flowchart of the methodology for phase 1 and phase 2

load that will be applied was determined based on the Kerbweight of the vehicle. The
load calculated specifically to the right-side wheel of the front suspension system
is based on the parameter that is shown on the PERODUA MYVI specification and
the position of the center of gravity (CG). The technical specification was listed on
Table 24.1 that requires the load calculation (Fig. 24.3).
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Fig. 24.2 Technical drawing of the 3D model

Table 24.1 The technical
specification of PERODUA
Myvi

Term Details

Kerb weight 955 kg

Cargo volume 277 L

Front weight 60%

Rear weight 40%

Height 1,515 mm

Fig. 24.3 PERODUA
MYVI specification. CG:
Center of gravity of the car,
b: Distance between the CG
and rear wheel, c: Distance
between the CG and front
wheel

To determine the Kerb weight in Newton unit, the Kerb mass of the car needs to
be multiplied with the standard gravitational force = 9.81 m/s2

G = m × g = Total weight (N)
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= 955 kg
(
9.81 m/s2

)

= 9368.55N (24.1)

Solution:
Based on the vehicle parameter, the Kerb weight of the vehicle needs to be equally

divided according to the position of the center of gravity (CG) stated. The distance
between the CG to the front wheels is 2.5 m and the distance between the CG to the
rear wheels is 0.725 m.

Static load (N) of front wheels
Load applied to the front wheels.

GFA = G (b/b + c)

= 9368.55(0.725/2.5)

= 2716.88 N (24.2)

Static load (N) of rear wheels
Load applied to the rear wheels.

GRA = G (c/b + c)

= 9368.55(1.775/2.5)

= 6, 651.70 N (24.3)

The load supported by the front wheels needs to be divided into two in order to
determine the one side of the load supported.

Static load (N) of a wheel from the front suspension

GFAW = GFA/2

= 2716.88/2

= 1,358.44 N (24.4)

The load supported by the front wheels needs to be divided into two in order to
determine the one side of the load supported.

Static load (N) of a wheel from the rear suspension.
To pressure is the parameter that will be applied in the finite element analysis that

reflects the surface area of the part. The total surface area is 1,069.05 mm2

Pressure (MPa)

P = Load/Total Area

Total Area = 1069.05 mm2 (24.6)

The final pressure value will be used in defining the load in the finite element
analysis.
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P = Load/Total Area = 1358.44/1069.05 = 1.27 MPa (24.7)

The load that is supported by the right wheel is about 1358.44 N. This is the load
that will be applied on the simulation analysis. The other parameter that can be used
for the statics structural analysis is the value of the pressure. The pressure value
calculated in this situation is about 1.27 MPa.

24.2.3 Load Impact Testing Experimental

The beginning of the experimental setup, the coordinate of the lower control arm in
unit mm was identified to get the specified point that the impact load will be applied.
The coordinate datawas imported to the Test.lab Impact Testing Software to visualize
the geometry of the part. After the geometry surface point is generated, the point was
connected to each other to create the realistic and informative animated displays. This
is the important process to avoid any changes that may affect the result of the natural
frequency. The setup of the experiments starts by placing the lower control arm in
hang-up position by using the supporting stand and the rope. The hang-up position
will make the natural frequency become easier to detect. The accelerometer will be
the connector of that part to the system. Figure 24.4 shows the hang-up position of
the lower control arm.

Hit the marked point on the lower control starting from point 1 till point 35. Each
point will be hit three times, to get the average result of the applied load. If the
applied load is higher than the normal range, the data will automatically be deleted.
The different modes were generated with different deflections, and the frequency
will be analyzed. Then, the natural frequency result of the LMS Test.lab Impact
Load Testing will be compared with the simulation result (Fig. 24.5).

(a) (b) 

Fig. 24.4 The hang-up position of lower control arm (a) and the top view (b)
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(a) (b) 

Fig. 24.5 The deflection mode 1 (a) and mode 3 (b)

24.2.4 Modal Analysis Simulation

To proceed with the statics structural analysis, the actual design concept model was
validated first by comparing the natural frequency of the simulated lower control arm
with the impact load testing experimental to the actual part. Abaqus CAE software is
used to simulate the modal analysis to determine the value of the natural frequency.
The 3D design model from the Solid Works is transferred to Abaqus via IGS file
(Table 24.2).

In creating the step in Abaqus CAE software, the procedure type will be Linear
Perturbation, and frequency was selected because the purpose of the simulation
process is to determine the natural frequency of the product. Throughout a truly
nonlinear analysis, linear perturbation analyses can be conducted from time to time
by adding the linear perturbation steps between the general response steps (Fig. 24.6).

Then the process continued with the simulation method, and the boundary condi-
tion of the part was set according to the specification below (Fig. 24.7 and Table
24.3).

The part that is applied with pressure is at the ball joint part. This is because
the ball joint is the critical part that is connected to the steering knuckle part. The
other front and rear bushings are fixed in terms of degrees of freedommeanwhile the
rotational is not fixed (Fig. 24.8).

Table 24.2 The mechanical
properties of plain carbon
steel

No Mechanical properties Value

1 Mass density (ton/mm2) 7.85 e–9

2 Young’s modulus (N/mm2) 200,000

3 Poisson’s ratio 0.29

4 Yield strength (MPa) 245

5 Plastic strain 0
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Fig. 24.6 The modal analysis result for mode 1 (a) and mode 2 (b)

Fig. 24.7 Boundary
condition directional

Table 24.3 Lower control arm boundary condition

Part fixed U1 U2 U3 UR1 UR2 UR3

Front bushing, B 0 0 0 0

Rear bushing, A 0 0 0 0

Fig. 24.8 The boundary and
loading condition
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24.2.5 Design Modifications

The new design is being modified based on the high-stress region that is appointed
based on the statics structural analysis resulted from the previous process. The modi-
ficationwas divided into twoparts thatweremajor andminor changes.Minor changes
are only applicable at the appointed region that is about 15% differences from the
actual meanwhile the major changes focusing about 50% changes. There are several
design ideas from the other brands implemented in this new design as the changes
are focusing on the shape as the base concept design of lower arm remains the same.
The main factors determined in this part are material and design structure (Table
24.4).

Table 24.4 The design
modifications

Design Top side Back side

1 (Major)

2 (Major)

3 (Major)

4 (Minor)

5 (Minor)
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24.2.6 Determining Factor of Analysis by Using ANOVA
Method

Based on the results of the analysis of all the new designs, the data was collected as
the tabulated data andwill be inserted by usingANOVA tools inMinitab 19 software.
The data needs to pass all the assumptions for the two-way analysis, as the data was
normally distributed and P value more than 0.05.

24.3 Result and Discussion

24.3.1 Modal Analysis with LMS Load Impact Testing Result

In this study, the part that is connected with the stabilizer bar, front bushing, rear
bushing andball jointswere ignored to reduce anyunnecessary complexity. The result
is based on the first six modes shapes that are illustrated in table below (Fig. 24.9).

Based on the result, the modes can be classified that the result of the experimental
and simulation modes are almost similar, for example, at the first mode is bending.
The percentage deviation between the results is about 0.8578%. The data is still valid
because the difference is still in range from 0.1 to 0.99%. Based on the geometry
shape of the load impact testing experiment compared with the modal analysis in the
Abaqus Software, the deflection shape of both the simulations are almost similar.
However, the data of the natural frequency identified is specifically in detail shows
the percentage difference between the result. The three-dimensional design model
created in the SolidWorks software is verified and can be used in other simulation
analysis.

Fig. 24.9 The graph result for the comparison
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Fig. 24.10 The maximum von Misses stress

24.3.2 Statics Load Structural Analysis of Lower Control
Arm

Based on the result shows, the value of the maximum Von-Mises stress is 156 MPa
and the stress area is located at the rear bushing. The safety factor of this part is
1.57. The maximum stress is valid because the data is lower than the value of yield
strength of the material (Fig. 24.10).

Referring to the stress–strain curve, the data is in range as it does not exceed the
limit value of the yield strength as the elastic limit of the material. The part will
return to its original shape when the load is applied. The value of the safety factor
is also accepted as still in the good range that is one to five. The conclusion from
this data is the value of the maximum stress experienced by the lower control arm
when statics load applied is acceptable as the weight applied only regarding the Kerb
mass of the car with no passengers and driver. The deformation result for the statics
structural analysis is about 0.9 mm. This result defined that when the load is applied
to the lower control arm. The deformation length is still in range and will return to
the actual size of the lower control arm. The results also show that the deformation
is still under control as the structure of the lower control arm is strong and will not
cause any effect that will lead to the failure of the product.

24.3.3 Statics Structural Analysis Result of the New Modified
Result

The five new design modifications have been analyzed onto the statics structural
analysis by using Abaqus CAE software and the result of each design has been
calculated to measure the strength–ability of the parts. Results from the analysis
will show the structural design modification and the selected material performance
when the load been applied toward the lower control arm. Based on Table 24.5, the
maximum stress analysis from different designs andmaterials is shown. All the result
data is then calculated with the yield strength of the material to get the value of the
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Table 24.5 The maximum stress result for different designs

Design Type of material (MPa)

Steel alloy EN 24
(680 MPa)

Stainless steel FE410
(290 MPa)

Aluminum LM25
(235 MPa)

Design 1 343 224 230

Design 2 326 290 235

Design 3 199 198 119

Design 4 148 148 148

Design 5 245 136 131

factor of safety. The analysis will be evaluated based on the maximum stress value,
factor of safety and stress region that accumulated from the load applied. Referring
to the result of the analysis, the different designs, the major and minor changes result
is almost the same. The percentage difference between the design is about 0.5%.
This finding shows that the design modification main factor is the location of the
changes, not the percentages different of it. The design with 50% changes different
from the actual one also shows a similar value of the maximum stress of the minor
changes. However, the design modification needs to be focused on the stress region
part other than the target of creating the new design as it can save the cost and time
to develop a new design.

The safety factor results shown in Fig. 24.11 indicate that the performance differ-
ences between the major and minor changes were smaller, the conclusion that can be
concluded from the result is the minor 15% changes still acceptable, as the changes
point is focusing on the hard point of the lower arm that also can change the lower
control arm performance result. In terms of others, design 3 has the highest factor
of safety even when it was analyzed by other materials. The compatible material

Fig. 24.11 Safety factor result
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Fig. 24.22 ANOVA analysis

that can be used for the next product is Steel Alloy EN24 because of the material
properties that tend to high allowable stress that can sustain the static load applied.
In terms of weight reduction, design 3-EN24 is five percent lighter compared with
the existing design as the added value that can be used as the other supporting point.

24.3.4 Main Factor Analysis Result by using Analysis
of Variance (ANOVA)

The result from the ANOVA method shows that the new design modifications were
basically high interact with the type of material than the different designs of the
shape. The data analysis can be shown as Fig. 24.22.
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24.3.5 Comparison of Final Design and Existing Final
Design Project

Part view Existing Design 3-EN 24

Stress region of the top side part

Maximum stress value (MPa) 156 199

Yield strength (MPa) 245 680

Factor of safety 1.57 3.42

Deformation (mm) 1.33 1.17

Dynamics maximum stress value 245 389

The comparison of the table above shows that the stress region accumulated by the
new design is less than compared to the existing part. The stress is equally distributed
to the other region instead of only focusing on the major position that needs to be
improve from time to time. The blue region of Design 3-EN24 is less, green color
on that part means the stress is distributed to the other parts. The objective of the
modified design had been achieved as the new design shape idea has a higher safety
factor compared with the existing one.

24.4 Conclusions

The main objective of this research is to analyze the maximum stress region area
when the load is applied to the existing model of lower control arm by designing
70%accuracy of the three-dimensional designmodel to the actual part and transferred
it for the finite element analysis in Abaqus CAE. The result analysis found has proven
that the existing lower control arm tends to failure based on the safety of factor and
suspected region that appointed at a specific region area. If more load is applied to
that part, the fatigue life of the part will be short. The design needs to be modified
and improved in several iterations to get the optimized design that is safe to use and
longer fatigue life.

This research can be beneficial to the automotive industry and university in terms
of knowledge transfer, experience and expertise to explore in lightweight material
and manufacturing process which focusing on new casting process compared to
current conventional stamping process so that the vehicle performance on par with
other global Automotive Manufacturer in term of lightweight vehicle.
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Chapter 25
Model of Effectiveness Earned Value
Management in the Malaysian
Manufacturing Sector

Shahrizan Yusoff, Mohammad Hazim, Syed Ahmad Faiz, Sazali Said,
and Huda Kassim

Abstract Project management is the act of planning, organizing, motivating and
controlling resources of time and cost to achieve specific goals known as the scope
of the project. Earned valuemanagement (EVM)or earned value project/performance
management (EVPM) is a project management technique that measures project
progress and performance in an objective manner and provides an accurate forecast
of any project performance problem. To practically demonstrate the effectiveness of
EVM on manufacturing, a survey is created. The aim of this work is to show how
effective EVM can be applied to the Malaysian manufacturing sector. The model is a
more abstract way of schematizing a method, thus this approach may be extended to
solve similar problems in other fields. The theory is a formalized model that is both
generalizable and predictive and can thus be used prescriptively to other industries.

Keywords Project management · Earned value management (EVM) ·Model of
effectiveness EVM ·Manufacturing project management

25.1 Introduction

This studydescribes the effectiveness earned valuemanagement system for themanu-
facturing sector. In Malaysia, the number of high-tech manufacturing projects is
increasing rapidly and because manufacturing has a great impact on the country’s
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economy, it is necessary for owners of companies, project managers, and contractors
to effectively control and track the cost, time, and scope of their projects. The project
performance can be assessed using different traditional methods and approaches
daily.

This study discusses earned value management (EVM) as an important method
for the assessment, tracking, and monitoring of project success and development.
The project management methodology integrates cost, time, and scope of the project
and allows project managers to predict potential project progress patterns. EVM
uses three data sources including planned value (PV) or budgeted work sched-
uled, actual cost (AC) or actual expenditure and earned value (EV) of physical
work performed; and compare these elements to assess the project performance
(United States of America Department of Energy). EVM can provide a baseline for
project performance measurement so that the project outcome can be determined and
controlled.

25.2 Literature

This chapter will discuss the knowledge gained from the existing reviewed articles
and journals. This chapter will cover the research of the previous experiments done
by researchers around the world. Their topics and findings are closely related to this
study. The summary, explanation and critical review of the research can be found in
this chapter.

25.2.1 Implementation EVM in a Project

Based on the study by Morad et al. [1] entitled Use of Earned value management
in the UAE industry, the paper provides an assessment of survey responses from
project managers and cost engineers in the UAE construction industry. The results
were assessed based on 53 responses. The analysis revealed that several companies
are using EVM in their cost control systems. However, a significant portion of UAE’s
construction companies is not using EVM. Although many companies are not imple-
menting EVM, the project showed that 87% of responses agreed on the necessity
of EVM implementation as a cost control tool. Respondents were asked to state the
level of usage of EVM in their organization. Figure 25.1 shows the usage percentages
while Fig. 25.2 is showing the use of EVM for decision making.

Approximately half ofEVMimplementers are always usingEVMin their projects.
As for the use of EVM as a forecasting tool for cost at completion, the analysis shows
that 76% use it often or always. On the other hand, 73% use it to forecast the project
duration.79% of the respondents often or always use the EVM index to measure
performance.
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Fig. 25.1 Usage percentages of EVM

Fig. 25.2 Usage EVM for decision-making

Based on the study Picornell et al. [2] entitled Implementation of Earned Value
Management in Unit-Price Payment Contracts, the findings indicate that EVM is not
typically implemented by contractors when the payment agreement is based on unit-
prices. In this payment approach, the owner pays the quantities executed according
to the reagreed rate established in the contract for each unit or task; the income is
received by the contractor from the owner. The EVM formulation can be directly
applied to cost-reimbursable and lump-sum contracts, either by the owner or the
contractor.
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25.2.2 Problem Using Earn Value Management

Based on the study byKim et al. [3] entitled Amodel for Effective Implementation of
EarnedValueManagementMethodology, amodel is developed on the research effort
the empirical studies mainly identified problems such as high cost, project manager
lack of understanding, and government-led centralized EVM implementation and
resulting lack of user participation was the problem affecting the EVM performance
and participation.

Based on the study byDevanshu et al. [4], there are several factors that contributed
to the problem of implementation EVM, i.e. lack of industry ownership, inadequate
training, and an awkward technical jargon. A major factor was a failure in the early
years to make the earned value process the responsibility of programme managers
and contractors.

25.2.3 Benefit of Using EVM

Based on a study byGowan et al. [5], it is stated that the benefit of the technique is that
the EVM system in manufacturing industry says the benefits on technique since the
EVM monitors the physical completion of the project procedure. It has become an
important part of project handling since it integrates three important project elements,
i.e. the project cost, schedule, and time with project scopes, so that many studies and
researches are done in this area.

Based on the study of study by Alvarado et al. [6], the cost benefits are more than
the time benefit. The EVM contribution to achieve the cost objective is ranked 2nd
while the EVMcontribution to achieve the time objectivewas ranked 13th.Moreover,
the benefits of the earned value management process exceed the costs that have not
been adequately reported in the literature. Several studies report the costs but ignore
the benefits. Others focus on the benefits but ignore the costs. The results show that
the benefit using EVM for the system is the cost reduction for the project that can be
less without applying this system.

25.3 Methodology

Surveys, questionnaires and interviews are the common tools of research. In this
phase, the research activity starts with a literature review survey by finding and
collection of related journals and articles on EVM whether it applies to the industry.
At the same time, the study of the best approach to use for the research, i.e. whether to
apply a questionnaire or a case study or any other method to conclude this research,
must be performed. The conceptual model will be created based on the finding of
the literature review.
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25.3.1 Design of Conceptual Model

The first variables are the factors that affect the EVM system. There were 8 indicators
analysed based on the problem that exists in the EVM system as shown in Fig. 25.3.

1. Incorrect assessment
2. Misunderstanding
3. Bad image
4. Long time to train
5. Too many documents
6. Too many rules
7. A lot of costs
8. Weakening management power.

Fig. 25.3 Problem in EVM concept model
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25.3.2 Conceptual Model of Effectiveness in EVM

The second variables of the model are the effectiveness of the EVM. The indicator
was based on the successful factor that can bring the effectiveness of the EVM as
shown in Fig. 25.4.

1. Communication from team members
2. Strong support from top management
3. Implementation training
4. Motivation from team member.

Fig. 25.4 Effectiveness in EVM concept model
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25.3.3 Conceptual Model of Effect of Benefit in EVM

The third variables were the effect of effectiveness in EVM as shown in Fig. 25.5.
The indicator is based on the benefit in the EVM system based on the following:

1. Offer early signal
2. Attain project costs
3. Provide reliable data
4. Useful for comparative analysis
5. Better communication among team members
6. Identify risk
7. Improving project
8. Achieve time objective.

Fig. 25.5 Effect of benefit in EVM
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Fig. 25.6 Complete concept model

25.3.4 The Complete Conceptual Model

The complete conceptual model is as the diagram shown in Fig. 25.6.

25.4 Results and Discussion

A research model is a research strategy, whereas the theory or proposal is the product
of the research. Quantitative research typically establishes a model based on which
the researcher continues. The model is a strategy that is used to solve an issue. A
model is a more abstract way of schematizing a method, so the approach may be
extended to solve similar problems in other fields. The theory is a formalized model
that is both generalizable and predictive and can thus be used prescriptively. The
final model of the effectiveness of EVM is shown in Fig. 25.7.

In this model the problem implementation (prob), successful factor (suc), benefit
(ben) (ben) are provided in partial least squares structural equation modelling (PLS)
to produce the loading for the research.

25.4.1 Outer Loading Based on the Model

The outer measurement (indicator) loading is significant for verification of the reli-
ability of a structure built to an estimated test of each variable on its corresponding
indicator construct. The outer loading must be greater than 0.5 as shown in Table
25.1.
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Fig. 25.7 PLS SEM result

Table 25.1 shows that every benefit (ben) was more than 0.5 and the majority has
even the higher value of 0.8. The successful factor (suc) was also higher than 0.5
and some of them have a higher value of 0.9. Thus, the data can be considered as
excellent. The prob also has values more than 0.5 but some of it has a value of less
than 0.7, namely, for item prob 7 and prob 4 but the value was still higher than 0.5.
The indicator shows that all have a value of more than 0.5 so all the indicators were
deemed as valid. If the indicator is less than 0.5 the indicator must be removed and
deleted from the model.

25.5 Conclusions

TheEVMprovides projectmanagerswith a very good insight into the state of projects
and allows them to have a clear vision of the future project success. In this project, the
EVMmethod as a powerful performance measurement and forecasting tool has been
successfully applied and tested for the manufacturing industry, and very interesting
results have been obtained for a long time. Based on the model, it shows that EVM
consists of many problems agreed by most respondent. But through the problem, it
can create the success factor and benefit for the project. As we can see EVM is rarely
used in the industry, but it has a great benefit if applied to it especially in terms of
cost and project management time.
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Table 25.1 The outer
loading of EVM

Effect Effectiveness Factor

ben 1 0.785

ben 2 0.847

ben 3 0.788

ben 4 0.78

ben 5 0.827

ben 6 0.786

ben 7 0.761

ben 8 0.804

ben 9 0.809

suc 1 0.791

suc 2 0.823

suc 3 0.907

suc 4 0.863

prob 7 0.62

prob 4 0.668

prob 2 0.702

prob 5 0.758

prob 8 0.776

prob 3 0.784

prob 1 0.795

prob 6 0.796
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