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Abstract

This research aimed to design vertical lifting devices in the healthcare industry. The Quality Function Deployment for
Environment (QFDE) was applied to design vertical lifting devices that can meet user needs. Regarding the methodology,
the first step was to examine information about the users who are the staff at the blood component preparation department
of the Blood Transfusion Centre in Srinagarind Hospital, Khon Kaen and to study the design of vertical lifting devices
which have an appearance and a function that meet user needs in order to specify a sample group. Second, the researcher
identified Voice of Customer (VOC) and drew up questionnaires to determine the importance ratings of user
requirements. Moreover, the user needs and the importance ratings were analyzed by QFDE. This technique consisted
of 2 matrixes: (1) Planning Matrix that translated user needs into technical specifications and (2) Part Deployment Matrix
that translated technical specifications into technical goals which applied to design vertical lifting devices that fulfill user
needs. The results of research indicated that the top five most important technical targets are qualified device controllers
(18.54%), strong and non-slip wheels (18%), eco-friendly materials (16.05%), a flexible system (12.64%), and durability
of parts (11.07%).

Keywords: Quality Function Deployment for Environment (QFDE), Vertical lifting devices, VVoice of Customer (VOC)

1.Introduction skills are beneficial to undertake the blood component
preparation and help patients losing blood due to injuries
or surgical operations and suffering from diseases that
make them need blood or blood component transfusions.
As many scientists have not discovered a substitute for
blood yet, peoples need to donate blood for one another.
Therefore, the Blood Transfusion Centre of Srinagarind
Hospital, Khon Kaen, has a main duty towards blood
supply and donation in order to treat patients.
Additionally, it also offers other medical services such as
hematological analysis, treatment of bleeding, the clinical
microscopy section, the immunology section, the
microbiology section and the blood bank. Importantly,
the services are based on an international and medical
technology standard so as to provide test results
accurately and quickly (Topanthanon, T., 2017).

The World Health Organization (WHO) offered
guidance on blood supplies. That is, there should be
enough safe blood and blood products for countries’
requirements. In other words, each country should have

To perform roles in blood banks, it is essential for the
staff to provide safe blood to patients. In addition, one of
the factors affecting blood supplies is accurate and
standard operating procedures since they improve the
accuracy of the laboratory results and leads to compatible
and safe blood for patients. Regarding the preparation of
blood components, antigen — antibody reactions are
essential to provide patients with safe blood because these
interactions are a fundamental principle of red blood cell
phenotyping. The blood component preparation consists
of red blood cell phenotyping, compatibility testing,
antibody screening, and antibody identification.
Furthermore, transfusion medicine services relate to
pediatric patients with Hemolytic Disease of the Newborn
HDN, patients with transfusion reactions, and blood
selection and preparation that are compatible and safe for
patients. As a result, the staff should have practical
training in performing tasks in blood banks together with
understanding and interpreting laboratory results; these
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blood donation by around 2 - 4% of the population. In
Thailand, a blood donation rate that meets Thai patients’
needs is 3% of the population or about 1,950,000 units.
Furthermore, blood donors should voluntarily donate
their blood without expecting anything in return.

The Blood Transfusion Centre of Srinagarind
Hospital, Khon Kaen, has set a clear objective of
providing sufficient blood and blood components to
patients in Northeastern Thailand according to the WHO
standards in the adequate amount of blood for patients
and the number of blood donation. Apart from the
improvement in blood supply, technology should be
enhanced to make the blood services in the countries safe
and operate in the same standard. Similarly, the Blood
Transfusion Centre standardized donor selection
according to a national blood policy which begins by
selecting blood donors from low-risk populations and
screening blood donors. According to the WHO standard,
all donated blood should be screened for syphilis,
hepatitis B, hepatitis C, and HIV by using standard blood
screening technology. From domestic and overseas
research, it showed that the leading cause of work-related
musculoskeletal injuries is manual lifting activities.
Moreover, the report of the Health and Safety Executive
(2008) pointed out that 104,301 employees had work-
related musculoskeletal injuries. In this statistics, 2 in 5
employees, representing an injury rate of 301.7 cases per
100,000 employees, carried injuries resulting from lifting
and took sick leave over 3 days. At the same time, the
study of the Australian Bureau of Statistics indicated that
lifting objects which accounted for 1 in 3 injured
employees was the most common cause of workplace
injuries. This result is in line with the report of the U.S.
Bureau of Labor Statistics Speaking of Thailand, the
annual report (Workmen’s Compensation Fund) showed
that the number of employees with heavy lifting injuries
was 845 out of a total of 9,132,756 registered employees
in the Workmen’s Compensation Fund. In other words,
there were 9.3 heavy lifting-related injuries per 100,000
employees. From the study of the National Institute for
Occupational Safety and Health, Water et al. suggested
that people should not lift an object heavier than 23
kilograms and should decrease the maximum weight to 4-
5 kilograms if there are risk factors involved such as
lifting height, distances between the front of a body and
an object while lifting, body motions while lifting,
frequency, duration, postures during the lift. However,
the staff have to lift 12 blood bags weighing 12 kilograms
into a centrifuge during the blood component preparation.

Additionally, the cumulative frequency of the lift is 300-
500 times per day.

As a result, the researcher aims to examine the
weight of a load that is suitable for the staff and make eco-
friendly lifting devices. By doing so, the researcher
designs vertical lifting devices used to lift blood bags
vertically and assesses the maximum weight limit that
doesn’t damage the staff health while lifting. Moreover,
this study suggests practical guidelines on manual lifting
activities of employees in the healthcare industry.

2. Literature Review

Speaking of Quality Function Deployment for
Environment QFDE, Arash A. (2009) state that it is a
method of environmentally conscious design; this
technique is adapted from Mohan, K. R., Lohit, H.S.,
Manas R. M., & Basheer, A.Md. (2012) shows that QFDE
consists of four phases (See Figure 1). The principle of
each phase can be summarized as follows:

phase I: customer requirements are collected and
then translated into technical specifications. After that,
the relative importance of the technical specifications is
evaluated. For example, S. Sirisoonthorn (2010) deploy a
rating score with a weighted score based on customer
requirements. Second, the objective in the include;

Section Al is on the left side of the quality house.

It is the part that shows the needs of customers.

Section B1 or planning matrix is on the right side of
the quality house. It gives visibility to the status of the
product compared to competitors. or see the level of
satisfaction that customers have with the product and
service.

Phase Il: is to determine the relative importance of
part characteristics derived from the technical
specifications in Phase I. In this stage, Shih, H.S. & Chen,
S.H. (2013) use the rating scale to analyze the relative
importance of each component of a product.

Phase IlI: focuses on developing approaches to
design improvement.

Lastly, Phase IV is to select the practical Mohan, K.
R., Lohit, H.S., Manas R. M., & Basheer, A.Md. (2012)
approach by comparing environmental effects. applies an
environmental effect analysis to study how each approach
affects design improvement.

Hence, QFDE is a method of analyzing user
requirements and applying them to design a device that
can fulfill users’ needs and function properly.

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 1-10 2
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Figure 1 Correlation of the four phase QFD matrix

With the QFDE technique, the 2 matrixes were
analyzed: the Planning Matrix and the Part Deployment
Matrix. The relationship between these matrixes is
demonstrated in Figure 2. (S. Sirisoonthorn, 2010)

Technical Specifications  —

Characteristics Component

User Require
Vertical Lifting Devices

Technical Specifications

Prioritized I E—
Technical Specifications

Prioritized
Component
Characteristics

Figure 2. The Relationship between the Planning

Matrix and the Part Deployment Matrix

Table 1 Roles of people involved in blood donation

external structure of the devices was made of ecofriendly
materials and had the appearance which satisfied the
needs of the users. In the centrifugation process, the
devices met a technical standard of the Blood Component
Preparation Section (Maguad A B., 2009).

The vertical lifting device users consisted of the staff
at the Blood Component Preparation Section of the Blood
Donation Room, the Blood Storage Laboratory, the Blood
Screening Laboratory, the Tissue and Stem Cell
Laboratory. This is because these staff directly contact
blood. The roles of the staff involved in blood donation
are shown in Table 1.

The dominant factor is that there are only 3 staff who
have responsibility for the preparation of blood
components. Moreover, they face with a problem about
lifting a blood bag which weights at least 1 kilogram per
bag. As one centrifuge can contain 12 blood bags, they
have to lift around 12 kilograms per run. With an 8-hour
workday, the average weight that the staff lift per day is
288 kilograms. Performing the manual lift increases risk
of suffering from Musculoskeletal Disorders (MSDs) that
cause injuries to hands, wrists, arms, shoulders, and
especially low back which results from improper lifting
techniques and repetitive lifting for a lengthy period.

Process

Doctor Nurse

Blood Donor Laboratory Staff

Blood Donation Centre
(Internal/External)

Examining

Preparing equipment
used in the blood
collection process

Preparing equipment
used to store blood

Contacting staff

Role Coordinating with nurses/
staff

Drawing blood

Receiving service
provided by nurses

Analyzing blood and
Sending blood test results
to doctors

History Taking Determining whether
donors can donate their

blood

Receiving doctors’
comments

Receiving doctors’
comments

Doctors analyze blood
test results.

3. Methodology
3.1 The Specifications for Designing Vertical Lifting
Devices

Vertical lifting devices involve the path traveled that
determines height and inclination measured from a
horizontal line. The types of the path traveled are a
horizontal path, a vertical path, an inclined path, a straight
path, and a curved path. The QFDE technique were
applied to design vertical lifting devices. Furthermore, the

The medical technologists together with the
medical technician assistants analyzed the performance
of the Blood Transfusion Centre of Srinagarind Hospital,
Khon Kaen and found out that there was not enough staff
to work against time and meet different requirements
depending on patients’ symptoms. In case
of injuries, blood banks have to urgently send required
blood to patients. On the other hand, if a required blood
type is not available, blood banks have to ask for blood
donation from general people or patients’ family

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 1-10 3
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members with the same blood type. Obviously, this is a
crucial moment between life and death for patients. After
collecting blood, the staff have to screen donated blood
according to universal and medical technological
standards so as to produce accurate blood test results. As
a result, they are responsible for the preparation of blood
components which can be divided into several steps as
shown in Figure 3.

rating of each VOC item. After that, the questionnaire
results were applied to QFDE (Joompha, W., &
Pianthong, N. 2018).

VOC items were organized by an affinity diagram so
that they could be easily applied to the questionnaires
concerning importance ratings and the QFDE technique.
After that, the questionnaires were

Whole Blood |

4

Registration J
‘ Q1 Double Q3 Triple Q1 Quadruple Q1 Filter
i
ot 3960 b, 19 . 4% Cont 2300 rjhu. S mbm. 23 Cont 3.0 rfen, # i, 23 Comt 3300 . ® . ¢ ‘
PRC FFP PRC Plasma LPRC FFP Buffycomt LDRC FFP ‘
‘ FFp =21 2225 Cryo+CRP FFP +PC PC
!
Labelling Blood bag J
Stored blood component J
|
_ Plasma,Cryo l
Red cells 4 £+ 2°¢ Platelet 22 + 2°¢
Packing with agitation
<-30°

Figure 3 The Blood component preparation

Centrifuges are a device using a centrifugal motion
of a sample substance or a motion in a centrifugal field to
add a gravitational force to a suspension in a solution or
to separate insoluble substances or sediment from a
solution. Figure 4 indicates the staff using the centrifuge
to separate blood components.

3.2 The Voice of Customer Survey

The researcher carried out in-depth interviews to
collect data on the Voice of Customer (VOC). Moreover,
the descriptive approach was deployed so that the
interviewees could freely express their requirements for
vertical lifting devices. After that, the researcher took
notes of user requirements. In addition, the notes were
analyzed and edited for clarity by the university teachers,
the experts in vertical medical lifting devices, and the
senior staff of the Blood Test Room in the Blood
Transfusion Centre who have professional experience of
the blood component preparation. The data was used to
create the questionnaires on determining an importance

circulated to the vertical lifting device users in order to
survey the attitudes of the users towards each VOC item.
Furthermore, the Index of Item-Objective Congruence
(10C) was used to evaluate validity of the questionnaires.
At the same time, the Cronbach's alpha or coefficient
alpha was used to measure reliability of the
questionnaires. In addition, a sample size also plays a role
in reliability since the smallest sample size can ensure the
reliability of the study. The use of the small sample size
results in more errors than that of the large sample size.
As a result, the study applied Yamane’s formula to
calculate the minimum possible sample size in order to
ensure the reliability of the returned questionnaire. The
formula for a sample size calculator is shown in Formula

1 (Joompha, W., & Pianthong, N. 2018).
N

1+Ne?
Where: n is the minimum possible sample size.

N is the population size.
e is the allowable error.

Formula 1

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 1-10 4
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3.3 The Analysis of User Requirements

3.3.1 The analysis of the reliability of the returned
questionnaire is to consider the questionnaires that the
users returned in order to assess the reliability of the
attitude scale questionnaires via the Cronbach’s alpha as
shown in Formula 2 (Joompha, W., & Pianthong, N.
2018).

2
k [1 s Formula 2

k-1 sZ

Where: 1, is coefficient alpha.
k is the total number of questionnaires.
s? is the variance of a score of each item.
s is the variance of the total scores.

Tt =

The value of the reliability indicates the trend in the
importance ratings derived from questionnaire responses.
If the reliability is high, the margin of error for the
questionnaire scores will be low. On the other hand, if
there is low reliability, the margin of error for the
questionnaire scores will be high.

3.3.2 The Analysis of Importance Ratings of User
Requirements
A geometric mean was used to calculate importance
ratings. This is because it is useful to be a central tendency
when a data set does not have a zero and a value that is
much higher than the others. A mean is most likely to
approximate a central tendency when a data has positive
values. The calculation of the geometric mean is
demonstrated in Formula 3 (Joompha, W., & Pianthong,
N. 2018).
IMO = Ya;xa, ... a, Formula3
Where: a; is the i term in the sequence (i=1, 2, ..., n)
n is the number of sample data

Figure 4 The staff using the centrifuge to separate blood components

The calculation of the importance ratings was applied
to all of the returned questionnaire. In addition,

the VOC items and the importance ratings were the
input data for the QFDE technique.

The requirements of the users with the importance
ratings were shown on the left of the Planning Matrix.
The user needs were translated into the technical
specifications which written in technical terms to describe
attributes of the devices. The technical specifications
extensively cover all requirements of users. In addition,
one technical specification could be correlated with many
needs of users. After that, the results of the first matrix
were input into the Part Deployment Matrix. In so doing,
the technical specifications were translated into the part
characteristics which would be deployed to design the
devices (Patil, Sh.S., Gopinath C. & Suresha,S. 2016).

By analyzing each matrix. or the House of Quality
(HOQ) shown in Figure 5, it can be seen that the left side
of the house is the list of the user requirements and the
top is the technical specifications. In the middle of the
house, it indicates the assessment of the relationships
between the user requirements and the technical
specifications. The symbols used to weigh the
relationships are as followed: 9 refers to a strong
relationship, 3  refers to a medium relationship
(Sinthavalai, R. & Ruengrong, S. 2018).

The results from the analysis of the matrixes were
divided into the technical specifications to satisfy ~ user
needs and the importance weight of each technical
specification in order to indicate the extent to which the
requirements were fulfilled according to the importance
weights.

3.3.3 The Design of the Device

In this process, the part characteristics derived from
the QFDE technique were deployed for the device design.
3D drawing program AutoCAD 2011 was used to create
a virtual version of the device. After that, a prototype was
produced.

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 1-10 5
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Figure 5 The Example of Matrixes Used for QFD

4. Results and Discussions

4.1 The Results of the Analysis of User Needs

The results from the analysis of user requirements
seem to be the most crucial part of the study since it was
used for the QFDE technique. The results are as follows:

4.1.1 The VOC from the device users

34 users working at 16 wards took part in the VOC
survey. After that, the VOC items were interpreted and
sorted to make a diagram representing the correlation of
each item. The VOC items are shown in Figure 5.

After that, all of the user needs were used to create the
questionnaires so as to find the importance ratings of each
requirement. From the analysis of the questionnaires, it
shows that the users can comprehend questions in the
questionnaires. As a result, the researcher sent 337
questionnaires to the nurses, the nursing assistants, the
staff, and the experts in medical
equipment at the Blood Transfusion Centre.

After that, all of the user needs were used to create the
questionnaires so as to find the importance ratings of each
requirement. From the analysis of the questionnaires, it
shows that the users can comprehend questions in the
questionnaires. As a result, the researcher sent 337
questionnaires to the nurses, the nursing assistants, the
staff, and the experts in medical equipment at the Blood
Transfusion Centre.

From the result, it demonstrates that the number of the
returned questionnaire has to be at least 183 in order to
represent all samples at the Blood Transfusion Centre. In
the study, 248 questionnaires were returned; this
number is more than the minimum possible sample size.

According to the calculation of the sample size, it
indicates that the minimum possible sample size is 183
from 337 device users. The margin of error amounts to
0.05. The calculation is shown in Formula 4 (Joompha,
W., & Pianthong, N. 2018).

"= 337
T 1+337(0.052)

=183 Formula 4
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Figure 6 The Tree Diagram of the Device Specifications Based on User Needs

After that, the reliability of the returned questionnaire was
calculated as shown in Formula 5 (Joompha, W., &
Pianthong, N. 2018).

337 |
248 = 1+337(e)2 ’ €

=183 Formula 5

The result indicates that the reliability of the returned
questionnaire is 0.968. Therefore, the data from these
questionnaires can be used to measure the importance
ratings. In addition, the margin of error is 0.032.

4.1.2 The Calculation Result of the Importance Ratings
of User Needs

The data of the returned questionnaires was used to
analyze the reliability via the Cronbach’s alpha. From the
calculation result, the reliability of the returned
questionnaires is 0.957. This means that the margin of
error is low. Therefore, this data was used to calculate the
importance ratings based on the geometric mean. The
result is shown in Figure 6. Furthermore, the user needs
together with the importance ratings will be used to
analyze the Planning Matrix of the QFDE technique.

4.2 The Results of the Application of QFDE
The result from the QFDE technique consists of 2
parts: The Planning Matrix and the Part Deployment

Matrix.

4.2.1 The Analysis of the Planning Matrix

In this process, the researcher collaborated with the
experts to identify the technical specifications that can
meet user needs and to determine the direction of device
design and ways to improve the device in the future. The
result of the Planning Matrix is shown in Figure 7.

The weight of the technical specifications, called Raw
Score, indicates how well the technical specifications
fulfill user requirements. The researcher compared the
weights of each technical specification to measure the
importance weights. The calculation of the
importance weights based on a comparison of “the length
of the devices” is as follows (Ji, P., Jin, J., Wang, T.&
Chen, Y. 2014).

The weights of the technical specifications ( Raw
Score) concerning “the length of the devices”

= X (ascore of the relationship between the user needs
and the technical specifications X the importance ratings)
The next step is to use the calculation results.
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The relative importance weights of the technical
specifications regarding “the length of the devices”

= (Raw Score / Sum of the Raw Score) X 100%

The calculation result shows that the technical
specifications with the top 3 highest relative importance
weights are a position of movement (18.54%), continuous
operation (18%), and eco-friendly materials (16.05%),
respectively. Furthermore, these relative importance
weights will be applied to the Part Deployment Matrix.
The analysis of the second matrix is carried out in the
same way as that of the Planning Matrix.

Moreover, it indicates which part characteristics can
fulfill the user needs the most or to what extent the part
characteristics should be taken into account.
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= c
‘f for Maximize § ] h =2 E
n & - -
¥ for Miniimize a = £ = & £ g e .
= & £ £ E = =
Q  for Hit a Target > = aéa = - s El & E = 5
n & £ =3 = = 4 = = =] - "
2 2 E 2 = = 5 s = g “ . 2
B e & B = S = E = 3 = £
- = k-] -3 <] £ = = s 8 = =
& ] = 2 N 2 k- = £ 2 £ 5 H
e £ ) = o P
E = = wn = ol
£S5 | B | =2 |= g = g | 8 | & E | 2| 8
ht = g @ ] £ ] = =2 3 3 = S
5 2 -] = = s E o < =4 < E] g
& & o = < = < = = - = =] £
we [ ALY T MO T VYOO
Cleanse a water tank thoroughly 17.86 9 3 1 1
Function Long lifetime 9.84 9 3 1
Price of the device 8.15 3 3 1 3
Strong .84 9 3
characteristics |Cleanse a tank quickly 7.58 3 L] 1 9
Resistant-corrosion 6.75 1 @
Friendly-eco 6.38 1 3
Material Provides a maintenance manual 6.27 1 3 3
Target values 619 o o
Qualified device controllers 5.02 9 1
Safety Able to be moved easily a4.00 @
Electrical leakage protecor nincludes| 3.90 3
Use durable materials 3.86 3 3 3
Meludes an indicator light turning on
Convenlence 3,73 °
white operating
Mot corrode easily 2.61 1 3 Total
Raw score| 207.9 | 180.1 202 31.71 124.2 | 3795 | 1418 o 66.6 36 59.98 | 33.57 [ 1121.76
Importance weight (% Relative)| 18.54 | 16.05 18 2.83 11.07 3.38 12.64 o 5.94 321 535 299 100
Rank 1 3 2 11 5 a 4 12 & @ 7 10
=
= “ =
] — =] =
w [E “ ] i} 3
= -] T c -— - =
= ¥ o [=] E =
e b= -g E .y & H =
£ ] £ i
5 |8 a -] ] -E & 2 =3
Target values e = ] £ s £ ] r] =
@ L = =
g |8 < 2|85 | 2 |E €| 3 2 | B
z |E 2 B fran £ 5|8 g F =1 £
4 |= o A o = = |2 g o & & <
2 |2l 5| % |2z|E |2z 2 B|=|=]|3%
£ |2 B = | B | = 5| 5|5 8 3|2 2|2
I |- - - T O - 3313 3
= |E E| = e = - = |2 B F < < =
o |&m E| & < [=] < << =S m o= 5 1= =

Figure 7 The Relationship Matrix of the Part Deployment Matrix

4.2.2 The Analysis of the Part Deployment Matrix

From the analysis of the Part Deployment Matrix in
Figure 7 and the relative importance weights of part
characteristics, it can be seen that the part characteristics
with the top 3 highest relative importance weights are
qualified device controllers (18.54), strong and non-slip
wheels (18), and structures made from eco- friendly
materials (16.05), respectively.

The analysis of the Part Deployment Matrix results in
the part characteristics deployed for the design and the
relative importance weights of the part characteristics.

4.3 The Design of the Device
The results of the device design are as follows

4.3.1 The Device Consists of 3 Main Components:

The device design is the implementation of the part
specification obtained through QFDE analysis as a design
data using a 3D design program in the virtual design of
the device and defining materials for use in prototyping.
Because this product is specialized, therefore, when
designing materials that are environmentally friendly, it
features light weight, rust resistance, strength and
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requires minimal energy consumption. The researcher
chose to use Aluminum as the main building which is a
soft and light metal that does not have a lustrous
appearance. Due to the thin layer of oxidation that occurs
quickly when exposed to air, Aluminum metal is not
toxic, not magnetic and not produce a spark. Pure
aluminum has a tensile strength of approximately 49
million Pascals (MPa) and 400 MPa if it is alloyed.
Aluminum has a density of 1/3 that of steel and soft
copper is easily ductile.

It can be easily machined and molded. And has the
ability to resist corrosion and durability to be a prototype
device. in Figure 7.

Receive blood weighing a bag of
bags blood

4.4 The Satisfactory Level of the Device

The questionnaires were sent to the users in order to
survey their satisfaction with the prototype of the vertical
lifting device. The result shows that the satisfactory level
of 187 sample users is quite high as the satisfaction scores
of all items reach over 6.5% such as good appearance
(6.67%), comfortable (6.80%), not disturb users’ work
process (7.55%), safe (7.84%), able to be moved easily
(7.51%), and structures made from ecofriendly materials
(7.74%).

Take the blood to the cold room and fresh

N
Take the blood to Weigh the blood bags
at 50°C the cold room after the extraction

Extract plasma
from blood

Figure 9 The Operation Process Chart

Regarding the operation process in Figure 9, the
Process Chart is used to describe the process since it is an
essential tool for recording data thoroughly and
concisely. Moreover, it consists of symbols, descriptions,
and lines. Apart from expressing a production process in
detail, this tool also helps an analyst fully comprehend
every step in the production process and leads to the
better work processes. In fact, the Process Chart can be
divided into many charts; this research deployed the Flow
Process Chart.

_ Body
Lifting Arm for
Carrying Blood
Bags
Base

Figure 8 Parts of the Vertical Lifting Device

5. Conclusion

In the preparation of blood components which
sometimes are specific to certain types of patients through
a centrifuge, the staff have to lift blood bags manually.
This task is a risk factor for Musculoskeletal Disorders
( MSDs) that cause injuries to hands, wrists, arms,
shoulders, and especially low back which results from
improper lifting techniques and repetitive lifting for a
long period. As a result, the researcher made the vertical
lifting device that properly operates as a labor- saving
device and fulfills user requirements. In the study, the
data was gathered from the staff at the Blood Component
Preparation Section, the scholars, and the experts before
being analyzed to determine important factors in the
device design. From the matrixes of QFDE, it indicates

the top five most important technical targets, including
qualified device controllers (18.54%), strong and non-slip
wheels (18%), eco-friendly materials (16.05%), a flexible
system (12.64%), and durability of parts (11.07%).

It is significant to design a device that is compatible

with skill and experience of device users. In so doing,
problems about using a device are reduced while user
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satisfaction is increased. The application of QFDE to
design the device used in the blood component
preparation has an ultimate aim to fulfill user needs and
perform the task correctly. Importantly, the user needs are
the most crucial part and fundamental data of the study.
The sample users are the staff at the Blood Component
Preparation Section.  Speaking of the VOC, it
demonstrates that there are many kinds of user
requirements. Therefore, all of the needs were sorted and
then analyzed in collaboration with the experts in patient
under investigation. After that, the researcher distributed
the questionnaires so as to measure the importance ratings
of each user requirement. Next, the user needs and the
importance ratings were analyzed through the Planning
Matrix and the Part Deployment Matrix, respectively.
Moreover, the experts also took part in this analysis
process. The results from QFDE indicate the aspects able
to meet the user requirements. As a result, the part
characteristics derived from QFDE were applied to
determine the direction of the device design. In
conclusion, the QFDE technique is beneficial to
investigate user needs and identify design characteristics
that comply with the requirements: both data can be used
to develop the design in the future.
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Abstract

An asymmetric force damper, commonly known as a dual-rate shock absorber, is basically designed to improve ride-
comfort quality of the vehicles. The damping forces for extension and compression direction are not equal. In general,
the damping force for compression is much less than that for extension. This is to absorb immediate shock caused by
road input during the compression stroke and to prevent the car body or isolated mass from oscillating during the
extension stroke. However, the asymmetric force damper can be found in the application of the harmonic base excitation
isolation systems. This is because the damper can be easily found commercially. Such the applications, the isolated mass
will be shifted and oscillating about a new equilibrium position. This occurrence may cause failure to other connected
component due to misalignment. This study focuses on seeking simply analytical method in order to predict the level of
offset resulting from the difference of damping forces. The analytically predicted offset is compared to the that obtained
using numerical simulation. The results are all in good agreement. It found that the greater in the difference of damping
force as well as the higher excitation frequency cause the greater level of offset. This information can be used prior the
decision in using the automotive shock absorber in the harmonically base excited vibration isolation.

Keywords: Asymmetric force damper, Offset prediction, Base excitation isolation

1. INTRODUCTION shock absorber. This is to prevent the sprung mass
from the exciting force. In contrast, for the ride quality,
the shock absorber should against or slow down the
motion of the sprung mass during the extension stroke.
This is to prevent the sprung mass from oscillating.
These requirements result in the hydraulic type shock
absorbers for the automotive vehicles working in two
stages, compression and extension. These two stages
provide different damping force which achieved by using
different sizes of valve as the structure of shock absorber
shown in Fig. 2 as described in Dixon (2007). These

The passive hydraulic type automotive shock
absorber can be found as a part of automotive vehicle
suspension system. The shock absorber connects the
sprung mass to the unsprung mass. The sprung mass
includes masses above the suspension whereas the
unsprung mass refers to masses below the suspension as
shown in Fig. 1. The suspension system is expected to
provide good ride-comfort performance. By means of
comfort quality, the main function of the suspension
system is to isolate the sprung mass from vibration or
forces caused by the unsprung mass. ldeally, the shock
absorber should transmit no force to the sprung mass
during the compression stroke or no resistant force by the

Sprung mass

Fig. 1. Half car model with sprung mass

and unsprung mass. Fig. 2. Valves during compression (left)
and extension (right).

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 11-17 11



NUEJ

Naresuan University
Engineering Journal

valves are located in the piston. During the compression
stroke, these valves should allow greater volume of fluid
in the cylinder to flow than that during in the extension
stroke. This characteristic is known as the asymmetric
force damper.

There are numbers of publications presenting the test
results of the asymmetric force damper. For example,
Wallaschek (1990) employed a standard twin-tube shock
absorber of Ford Sierra for the test. Single frequency
between 1 — 10 Hz and range of velocities from 0 — 500
mm/s were applied. The force-velocity characteristic is as
shown in Fig. 3 (a).

Surace et al. (1992) also tested shock absorbers of
FIAT using single frequency harmonic excitation. The
force-velocity of these shock absorber appeared similar to
that published in Wallaschek (1990) as shown in
Fig. 3 (b). The characteristic can be considered as bilinear
damping with high damping for extension and low
damping for compression.

Furthermore, in many publications such as the studies of
Wallaschek (1990), Rajalingham and Rakheja (2003), Calvo
et al. (2009), Mahumud (2003) and Wang et al. (2007),

400

200+

Force (N)

-400 . .
-100 100

Velocity (mm/s}

Velocity
mfs

(b)

Fig. 3. Asymmetric damping force-velocity
characteristic

Force, F,

Compression Rebound

Velocity, v,

Fig. 4. Asymmetric damping
force-velocity characteristic

the characteristic of automotive shock absorber has been
simplified. One of considerations is simplify as an
asymmetric linear piece-wise force-velocity characteristic
as shown in Fig. 4. The graph shows that the damping force
during the extension stroke is higher than that during the
compression stroke. This characteristic of the automotive
shock absorber is found to improve the ride comfort of the
automotive vehicle.

In addition to the passive asymmetric characteristic of
the automotive shock absorber, there are also publications
which extend to the possibility to control the response of
the damper to be asymmetric or the so-called in the paper
as the dual-rate damping. For example, Verros et al.
(2000), deliberately applied semiactive system to switch
the damping coefficient between two values for a quarter
car model under the harmonic motion. So that for the
automotive shock absorber, the characteristic needs to be
asymmetric.

As the automotive shock absorber can be easily found
in the market. In some situations, the asymmetric force
automotive shock absorber may be used in the suspension
system to support the power plant engine. Such the system
operates at the constant speed. As such, the force acting on
the shock absorber is harmonic or periodic-like. Once the
shock absorber generates the offset, it may cause damages
due to occurrence of misalignment. Thus using the
automotive shock absorber or the so called asymmetric
force damper as the damping component for other isolating
system is tricky. So that, the level of the offset should be
pre-defined if it is acceptable for the system.

There are numbers of publications found that using
the asymmetric force damper under the harmonic base
excitation causes the isolated mass or the system mass to
be shifted to the new position, for example in
Rajalingham and Rakheja (2003). As the author concerns,
determining the level of offset of the isolated mass for the
isolation system that uses the automotive shock absorber
is interesting. The report on the prediction in the offset
level have not been found. Thus, in this paper, the method
to predict the level of offset is proposed in the comparison
to the results obtained from numerical simulation.
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2. MATHEMATICAL MODELLING

2.1 Linear Damping System Configuration

In this paper, the asymmetric force damper is assumed
to be applied in the base excited vibration isolation
system other than the automotive vehicle suspension
system. The model used in this paper is as shown in
Fig. 5. The model consists of an isolated mass (m), a
linear stiffness (k), an asymmetric force damper (c) and
an excitation base (xo).

Fig. 5. Single Degree of Freedom base excited
vibration isolator

Once harmonically base excitation,x, = X, sin(wt),
is applied, motion of the isolated mass by means of
displacement can be represent by x = X sin(wt + ¢).

The input displacement normalisation is applied for
more convenient explanation. So the application yields
w=—and w, =% with Xo an amplitude of base

0 0
excitation. The commonly known definitions of mass
normalised parameters for vibration system are also
applied, % = 2{w, and % = w?. The input displacement
normalised equation of motion for the mass can be written
as

w' + 2{w,w' + wiw = 2{w, Wi + wiwg )

For harmonic excitation, the normalised motions are
w = Wsin(wt + ¢) and w, =sin(wt) with W
a normalized amplitude of the mass. For some more
convenience, the ratio between the excitation frequency
and the natural frequency is defined, i.e. Q = w/w, .
The non-dimensional time is also defined as T = w,t.
Substitution of normalised motions, division of w2,
frequency ratio and the non-dimensional time leads
Eq. (1) to become

(1 — 92)W sin(Qt + ¢) + 2{QW cos(Q1 + ¢) =
2{Q cos(Qt) + sin(Q1) 2

In addition, equation (1) can be considered by means
of relative motion, which is the difference of amplitude
of motion between the isolating mass and the base
excitation, i.e., u = w — wy. This leads Eqg. (1) to become

U’ + 2w’ + wiu = —wf 3)

By considering the harmonic response, the relative
motion can be expressed as u = Usin (wt + ¢,) .

The assumption of harmonic response yields the closed
form solution for Eq. (3) as

02

U= facomaor “)

For the linear system, the exact solution for Eq. (3)
can be found in general. The closed form solution of Eq.
(3) is shown in Eq. (4). For this occasion, the value of
damping ratio is assumed to be underdamped, i.e., 0<{<1.

Eq. (4) can be used to predict the amplitude response
of the linearly underdamped vibrating system for three
regions of excitation frequency.

For the very low that the frequency ration is very
much less than unity, 0«1, amplitude of the relative
motion in Eq. (4) can be estimated as zero, U=0. This
means that the isolating mass is moving in unison with
the base excitation.

When the excitation frequency is close to the
natural frequency of the system, =1, amplitude of
the relative motion is about the inverse of two time

the value of damping ratio, U = zi(

Once the excitation frequency is much higher than
the natural frequency, 1K ), amplitude of the relative
motion becomes frequency dependence. The greater
the excitation frequency results in the greater
amplitude of the relative motion. This refers to the
isolation region. Vibrating amplitude of the isolating
mass is much less than that of the base excitation.

However, Eq.(4) does not inform effect of damper
with asymmetric force. So that, for the asymmetric force
damper, the solution needs to be extract in two parts for
compression and extension strokes of the damper.

2.2 Asymmetric force damper configuration

The value of damping ratio for the asymmetric force
damper can be considered two different linear damping
ratios, i.e., compression and extension. These two values
are given by means of the ratio as

¢ =nd, (%)

where {cand (. are damping ratios for compression and
extension, respectively. n is the different percentage of
the damping ratios, Og<n<1. The definition in Eq. (5)
becomes zero when there is no damping force during
compression stroke. For n = 1, the damper becomes
classical linear damping case.

3. NUMERICAL SIMULATION

In order to see the effects of the asymmetric force
damper for the harmonic excitation, numerical simulation
was implemented using governing equation shown in
Eqg. (1). The Scilab/Xcos with RK45 solver was applied

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 11-17 13



NUEJ

Naresuan University
Engineering Journal

o)

ifin=0
then else

Base Excitation

Fig. 6. Simulation model applied in Scilab/Xcos

Selector

to obtain the numerical solutions. The simulation model
is as shown in Fig. 6.

The values of damping between the compression and
extension strokes were chosen dependently upon the
direction of relative velocity across the damper. The sign
of relative velocity indicates the motion of the damper,
i.e., positive sign refers to extension and negative sign
refers to compression.

The value of damping ratio for the extension stroke
was set as constant with the value of (. = 0.1. This is to
see the effects of varying damping ratio for the
compression stroke. The simulation results obtained from
using e = 0.1 with n = 0 and 0.5 are shown an example
in Fig. 7.

Itis seen from Fig. 7 that, the greater the difference in
damping ratio results in the greater level of the offset.
This implies that the isolated mass is oscillating in the
lower level than its equilibrium position. Occurrence of
offset can be detrimental to the connecting equipment,
such as, bending to the connect shaft etc.
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Fig. 7. Numerical responses for (. = 0.1
with n =0 (a) and 0.5 (b)

4. PREDICTION OF THE OFFSET

The level of offset, caused by the different values of
damping ratio during compression and extension strokes,
can be predicted by considering the offset to be a new
equilibrium position of the mass. Then assume that, at this
position, the summation of forces acting on the isolated
mass equals to zero, i.e.,

SF=F+F;=0 (6)
where Fs is stiffness force and Fq is the difference of
damping force. Fa is considered in two difference
circumstances, i.e., damping forces during extension
stroke, Fae, and compression stroke, Fac. Thus, Fa can be
defined as

Fg = Fge = Fac (7

The levels of Fae and Fac are respectively determined by

Fae = 28,QU, (8)
and
Fge = 20.QU, = 2nd ,QU, )

The definitions in Egs. (8) and (9) lead Eq. (7) to become
Fq =28.QU, - U,) (10)

where Ue and U are the normalized relative motion of the
relative motion during extension and compression
strokes, respectively.

By considering the force normalised term, stiffness
force, Fs, Eq. (6) can be reduced to absolute displacement,
W. Thus the resulting expression can be used to determine
the absolute displacement of the isolated mass in
conjunction with the application of Eq. (10), i.e.,

W =24,Q(nU, — U,) (11)

However, this force is acting on the mass only a half of
cycle. Then Eq. (11) is reformed to

_ 28eQ(nUc-Ue)
T

w (12)
Equation (12) can then be used to predict the level of
offset by means of the normalised absolute position of the
sprung mass.

5. COMPARISON AND DISCUSSIONS

5.1 Comparison

Two types of results are compared, i.e., numerical
results obtained from numerical simulation (ODE) and
analytical results obtained from calculation using
Eqg. (12). Two values of damping ratio for the extension
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Table 1 Comparison of numerical simulation and prediction for . = 0.1

Q n=0 n=0.1 n=0.25 n=05 n=0.75
ODE Predict ODE Predict ODE Predict ODE Predict ODE Predict
0.1 0 0 0 0 0 0 0 0 0 0
0.3 -0.0018 -0.0019 -0.0016 -0.0017 -0.0013 -0.0014 -0.001 -0.001 0 0
0.5 -0.011 -0.011 -0.01 -0.009 -0.008 -0.008 -0.005 -0.005 -0.003 -0.003
1.0 -0.631 ) -0.516 0 -0.378 0 -0.211 0 -0.091 0
15 -0.169 -0.167 -0.153 -0.150 -0.127 -0.124 -0.084 -0.082 -0.042 -0.040
50 -0.335 -0.331 -0.296 -0.298 -0.246 -0.248 -0.180 -0.166 -0.083 -0.083
10 -0.642 -0.643 -0.577 -0.578 -0.452 -0.482 -0.319 -0.321 -0.160 -0.161
Table 2 Comparison of numerical simulation and prediction for (. = 0.3
Q n=0 n=0.1 n=0.25 n=05 n=0.75
ODE Predict ODE Predict ODE Predict ODE Predict ODE Predict
0.1 0 0 0 0 0 0 0 0 0 0
0.3 -0.0053 -0.0056 -0.0048 -0.0050 -0.0039 -0.0041 -0.0026 -0.0027 -0.0013 -0.0014
0.5 -0.033 -0.029 -0.029 -0.026 -0.024 -0.021 -0.016 -0.014 -0.008 -0.007
1.0 -0.637 o -0.522 0 -0.383 0 -0.214 0 -0.091 0
1.5 -0.478 -0.418 -0.425 -0.367 -0.349 -0.292 -0.226 -0.176 -0.109 -0.078
5.0 -0.969 -0.987 -0.874 -0.887 -0.727 -0.738 -0.481 -0.491 -0.244 -0.244
10 -1.926 -1.926 -1.732 -1.733 -1.442 -1.443 -0.959 -0.961 -0.481 -0.480

Level of offset

50

100

Excitation frequency [Q1]

@)

Level of offset

0 50
Excitation frequency [Q2]

(b)

100

Fig. 9. Effects of excitation frequency to the offset
(@ l=0.1and (b) L. =0.3

stroke were applied, i.e., (e = 0.1 and 0.3. The value of
damping ratio for the compression stroke, (, is varied for
n=0,0.1,0.25, 0.5 and 0.75.

The offset level for the numerical results are
calculated from the mean value of the time response. That
for the prediction are calculated using Eq. (12) by means
of relative displacements, U. and U, calculated from (4)
for the value of damping aforementioned. The comparisons

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 11-17

for @ =0.1,0.3, 0.5, 1.0, 1.5, 5.0, and 10.0 are listed in
Table 1 and Table 2 for {. = 0.1 and 0.3, respectively.
The levels of offset calculated from numerical results
and analytical prediction are similar with the difference
of around 5% in total. However, the levels of offset for
Q = 0.1 are seen to be zero. This occurrence can be
described as it is very low excitation frequency, compared
to the natural frequency, the response can be said as quasi
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static. In other words, the isolated mass is moving in
unison with the base excitation

For that at Q = 1, the prediction could not perform due
to the resonance phenomenon. The relative displacement
for both U. and U. are very similar. As a result, the level
of offset could not be predicted. Thus, the data for
Q=0.1 and 1 will be omitted and will not be discussed in
detail using analytical prediction.

5.2 Discussions

In this section, the reader may be reminded that this
study focuses on proposing the possible approach in
determining level of offset causing from the asymmetric
characteristic of the automotive shock absorber. The
analytical results are compared to the numerical results
listed in Table 1 and Table2.

The predicted data listed in Table 1 and Table 2 are
reproduced to increase number of data and plotted in
Fig. 8. It shows that the difference in the value of damping
ratio affects the level of offset. By considering the
excitation frequency Q = 5, for example, it is seen that
greater the difference causes the greater level of offset.
When the value of is getting closer to that of e, the offset
tends towards zero and becomes zero when (. = (e
regardless the excitation frequency.

This information also reveals the effect of excitation
frequency when the asymmetric force damper is applied.
The higher excitation frequency also results in the greater
level of offset as also shown in Fig. 9. The level of offset
appears to change linearly proportional to the excitation
frequency. The maximum level of offset at Q = 5 for
Ce = 0.3, is seen to be about 3 times greater than that for
(e = 0.1. Therefore, from the predicted data, the level of

-0.0001

-0.001

o
=

Level of offset &
o

0 02 04 06 08 10

n=¢ /¢, n=¢ /¢,
(@) (b)

Fig. 8. Effects of difference between damping ratios to the
offset (a) L = 0.1 and (b) (. = 0.3

offset caused from using the asymmetric force damper
can be estimate.

6. CONCLUSIONS

The effects of asymmetric force damper, normally
used in the automotive vehicle suspension, is examined
when used in the base excited vibration isolation. The
number of publications and numerical results reveal the
level of offset occurred for the harmonic excitation. This
causes the isolated mass to be oscillating around the new
equilibrium position. The level of offset is found to
change when the ratio of value of damping ratio for
compression and extension stroke changes. The level of
offset, however, can be predicted by equating the forces
acting on the isolated mass. The method provides similar
level of offset to that obtained from numerical simulation
which reveals the effects of the asymmetric force damper.
The level of offset is found to be affected by the
difference of damping ratio during compression and
extension as well as the excitation frequency. The
obtained information can be very useful to understand
and prevent the mechanical system connected to the base
excited vibration isolation having the asymmetric force
damper.
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Abstract

The simple and low cost water treatment of effective microorganisms (EM) technology was applied for water quality
restoration; NH4-N and carbon content removal. The EM balls were prepared from EM stock, molasses and dried bran.
The 30-L opened reactors were operated under different air supplies (namely no aeration and aeration reactors) and
quantity of EM balls (hamely 1EM, 2EM and 3EM reactors). The results revealed that the aeration benefited to rapid
pollutants reduction due to the increasing microorganisms activity under sufficient dissolved oxygen concentration. The
concentration of NHs-N and COD in the aeration reactor was notably lower than that in the no aeration reactor during
the experimental period. The aeration reactor achieved 83% for total nitrogen removal and 80% for COD removal after
17 days. On the other hand, the lower total nitrogen and COD removals of 77% and 60% respectively was observed in
the no aeration reactor. In the meanwhile, the quantity of EM balls had significant impacts on the pollutants removal,
because the number of effective microorganisms were dependent on quantity of EM balls. The best performance was
observed in 2EM reactor, and followed by 1EM reactor and 3EM reactor respectively. This was because the excessive
EM balls led to very high NH4-N and COD releasing from substrates decomposition. According to this study, the DO
should be maintained around 6 mg/L and the optimal quantity of EM balls was two for achieving the efficient NH4-N
and COD removals with a high NH4-N removal rate.

Keywords: Effective microorganisms technology, EM balls, Water quality, NHs-N removal, Carbon content removal

1. INTRODUCTION development and household uses (Higa & Kanal, 1996).
Significant advantages of using EM were ease of use and
relatively inexpensive technology. In addition, it can be
applied in various fields such as agriculture, environment,
etc.

Aeration (or dissolved oxygen concentration; DO) and
amount of EM were important factors for water quality
improvement by EM technology. The ratio of activated
EM culture and domestic wastewater was 100:2000 mL
in a literature (Namsivayam et al., 2011). After 20 days,
the COD was decreased from 164 mg/L to 109 mg/L and
the DO was low as 1.7 mg/L due to no air supply.
According to Thepnarong et al. (2015), the effluent from
aquaculture was treated by EM balls; the aeration was
controlled at 2.5 L/min and the quantity of EM balls was
two. The organic content in term of BOD and NH4-N was
decreased to < 20 mg/L (initial 25 mg/L) and < 0.5 mg/L
(initial 1.5 mg/L) respectively, which were acceptable
concentrations for effluent standard in Thailand (PCD,

The effective microorganisms (EM) technology was
developed during the 1970’s by Professor Teruo Higa at
the university of Ryukyus in Okinawa, Japan. The EM are
multi-culture of aerobic and anaerobic beneficial
microorganisms, which is capable to decompose organic
matter by converting it to carbon dioxide (CO2), methane
(CHa) or use it for growth and reproduction. The main
species include lactic acid bacteria (i.e., Lactobacillus
casei), photosynthetic bacteria (i.e., Rhodopseudomonas
palustrus,), yeasts (i.e., Saccharomyces cerevisiae,
Candida utilis), actinomycetes (i.e., Streptomyces albus)
and fermenting fungi (i.e., Aspergillus oryzae, Mucor
hiemalis) (Victoria & Mahaeswari, 2016). Recently, the
EM technology has been widely used in developing
countries for enhancing sewage and wastewater treatment
(Boruszko, 2017; Lananan et al., 2014), increasing plants
growth under salt stress (Abd El-Mageed et al., 2020),
reducing residual sludge in septic tanks, livestock
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2021). The DO of treated wastewater was in the range of
4-5 mgl/L.

With current increasing population growth and socio-
economic development, the quality and quantity of water
resource are gaining the attention. The improper
management of waste and wastewater causes negatively
impacts on water resource and human health from
pollutants exceeding the standards, unpleasant by-
products and odor. The sustainable development
incorporating both socio-economic and environmental
perspectives is essential task in order to prevent the
environmental  deterioration.  Various  advanced
technologies such as nanoparticle-activated carbon
hybrid (Kamaraj et al., 2020) and innovative hybrid
membrane-ultrasound (Naddeo et al., 2020) are in
practice for improving water quality as well as pollutants
removal, however most of them are costly and generate
secondary waste. Therefore, the EM is one of promising
ways for improving water quality, due to its ecofriendly
nature, less cost and capital requirement. However,
several aspects of its operating conditions are unclarified.

In the present study, the performance of EM
technology was evaluated to remove ammonium-nitrogen
(NH4-N) and carbon content (as presented in chemical
oxygen demand; COD) which are common pollutants in
water resource and causing an unpleasant odor. The
influence of aeration and amount of EM on both
pollutants removal were clarified and discussed.

2. MATERIALS AND METHOD

2.1 Preparation of EM ball and synthetic water

The EM stock was collected from Land Development
Office Section 8 (Phitsanulok, Thailand), and 12.5 g of
EM stock was mixed with 25 mL of molasses and 1 L of
deionized water. The EM solution was kept at room
temperature (~25°C) for 2 days. Later, the EM solution
was slowly mixed in 2 kg of dry bran, and the mixture
was molded into spherical balls each of diameter 3 cm
(namely EM balls). The EM balls were kept at room
temperature (~25°C) for 7 days before using in the
experiments.

2.2 Reactor setup and operation

The opened cylinder plastic reactors with 30-L
working volume (28 & cm x 65 cm) were used in this
study. The synthetic water was prepared by following
chemicals (g/L); 1.13 of CH3COONa-3H,0, 0.11 g of
NH.CI, 0.24 g of NaHCO3; and 0.01 g of KH;PO.. The
synthetic water contained approximately 30 mg/L of
NH.-N and 600 mg/L of COD. Various quantity of EM
balls and air were supplied via aquatic aerators to the
reactors, as summarized in Table 1. No fresh water was
fed to the reactors during the experiments. The water was
sampled, collected and analyzed every 1-2 days for water
quality analysis.
Table 1. Operating conditions for the experiments.

Reactor | Amount of | Airsupply | Approximately
EM (balls) ) DO
(L/min) | concentration at
the steady state
(mg/L)
Influence of aeration
1 2 0 0.7
2 2 2 6.0
Influence of amount of EM
1 1 0 0.7
2 2 0 0.7
3 3 0 0.6

2.3 Analytical methods

Three forms of nitrogen including NH4-N, NO-N and
NOsz-N were determined by phenate, colorimetric and
ultraviolet spectrophotometric screening methods,
respectively in accordance with the standard methods for
the examination of water and wastewater (APHA, 2017).
The COD was determined by closed reflex method
(APHA, 2017). The in-situ DO, pH and turbidity were
measured every 1-2 days by DO meter (DKK-TOA DO-
31P), pH meter (Proline B210) and turbidity meter
(HACH 2100Q).

Equations used for calculations

At the end of experiment (day 17), the performance of
EM on water quality improvement was indicated by total
nitrogen removal and COD removal, as presented in
Equations 1-2.

Total nitrogen removal (%)

=(1- [NH4 - N]day17+ [NOZ B N]dayl7+ [NO3 ~ N]dayﬂ) x100 (1)
[NHA - N]dayo
COD removal (%) = (1— %) %100 )
[COD]dayO

3. RESULTS AND DISCUSSION

3.1 Influence of aeration and no aeration to water
quality

Two fed-batch-mode reactors containing 2 EM balls
were operated without air supply (namely no aeration
reactor) and with air supply of 2 L/min (hamely aeration
reactor) to investigate the effect of aeration and DO
concentration on the pollutants reduction. The no aeration
reactor referred to the condition of natural water
restoration which obtaining dissolved oxygen from the air
diffusion, whereas the aeration reactor referred the
condition of excessive dissolved oxygen from external
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aerator. In the no aeration reactor, the NHs-N was
continuously decreasing from initial concentration of 30
mg/L to 14 mg/L in day 5 (reduction rate of 2.8 mg/L-
day), whereas the slight NOs-N concentration was
observed. Later, the NHs-N was increasing to the
maximal concentration of 26 mg/L and this concentration
was again decreasing until the end of experiment (see in
Figure 1). Similarly, three changing concentration
profiles of COD were observed in the no aeration reactor;
1) the concentration was started to decrease, 2) it was
raised in sequencing days, and 3) finally it was constantly
decreased (Figure 2).

The biological mechanisms relating to the reduction
of NHs-N and COD were suggested in Equations 3-5
(Alikhani et al., 2017; Tenore et al., 2020). The nitrogen
and organic carbon was oxidized by microorganisms
existing in EM balls to synthesize the new cells, as
described in Equation 3. The initial DO concentration was
around 5.8 mg/L, which was in the range of surface water
quality from 4 to 6 mg/L (PCD, 2021), and it was sharply
decreased to approximately 0.7 mg/L at the steady state.
Since the dissolved oxygen was still remained in the no
aeration reactor (DO of ~0.7 mg/L), the nitrification was
occurred to transform NH4-N to NO3-N, as described in
Equation 4. The generated NO3-N was continuous
transformed to gaseous N by denitrification, as shown in
Equation 5. Although the conventional denitrifying
microorganisms were active in anaerobic condition, the
literatures reported that the denitrifying microorganisms
were also effective in a low DO condition (Song et al.,
2020). The EM balls consisted of multi-culture
microorganisms, therefore various microbial species
including nitrifying, denitrifying, autotroph and
heterotroph were co-exited and caused synergistic effects
on pollutants removal. However, the other organic
contents such as molasses and bran in EM balls were
decomposed, causing the increasing NH4-N and COD
concentrations during day 4-9. However, those active
microorganisms can remove the decomposed matters via
their microbial activity consequently. At the end of
experiment, the no aeration reactor achieved 77% of total
nitrogen removal and 60% of COD removal.

Oxidation and synthesis:

COHNS + O + nutrients — CO2 + NHz + CsH/NO. + other end products ?3)
Nitrification:

NH4* + 1.830; + 1.98HCO3 — 0.021CsH7NO; + 0.98NO3™ + 1.041H20 + 1.88H.CO3 (4)
Denitrification:

NO3 + 1.08CHsOH + H* — 0.065CsH7NO2 + 0.47N + 0.76CO;, + 2.44H,0  (5)

40

-o- NH,N -# NO,-N -4 NO,N
=
g
£20
g
g
’u 10
4
[ S S B L -
0 2 4 6 8 10 12 14 16 18
Time (day)
Figure 1 Change of nitrogen forms in the no aeration
reactor
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Figure 2 Comparison of COD trends in the no aeration
reactor and aeration reactor

In the aeration reactor, the NH4s-N was sharply
decreased and reached the minimal concentration of 3
mg/L which was lower than the no aeration reactor
(Figure 3). The results exhibited the enhancing
nitrification activity under continuous air supply (DO of
~6.0 mg/L) with a high reduction rate of 8.8 mg/L-day. In
the meanwhile, the increase in NHs-N from substrates
decomposition of EM balls was also happened. The
aeration can cause the improvement of microbial activity
to utilize the organic carbon, as indicated by the lower
COD trend in the aeration reactor rather than the no
aeration reactor (Figure 2). Finally, the aeration reactor
with EM balls reached the 83% of total nitrogen removal
and 80% of COD removal, which was better performance

than the no aeration reactor with EM balls.
40
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Figure 3 Change of nitrogen forms in the aeration
reactor
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Turbidity is one of important water quality factors for
residential satisfaction. The impact of using EM balls on
the water turbidity was examined. The EM balls were
immediately separated after adding in the reactors
(Figures 4a and 4b). This resulted the suddenly increasing
turbidity value at day 1 (see in Figure 5). The continuous
air supply had significant impact on the dispersion of
microorganisms and microorganisms’ growth, thus the
high turbidity of 30 NTU was detected in the aeration
reactor. The greater number of suspended
microorganisms in the aeration reactor led to agglomerate
and consequently the microorganisms were settled down
at the reactors base (Figure 4c). This phenomenon led to
the lower turbidity of aeration reactor (of 9 NTU) rather

(a)

than the no aeration reactor (of 15 NTU) at the end of
experiment. The increase in total heterotrophic bacteria
and yeast population in the EM system was reported in a
previous study (Namsivayam et al., 2011). The change of
EM balls in the reactors was illustrated in Figure 4.
Furthermore, the settling microorganisms provided
anaerobic condition for microbial reactions (i.e.,
denitrification). Therefore, either no aeration reactor or
aeration reactor was facultative system for pollutants
removal. Although the pollutants removal efficiency was
improved via continuous air supply, the increase in
operating cost and on-site condition should be concerned
for EM balls implementation.
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o o o
o
o .

o @] Air bubbles
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Figure 4 Change of EM balls in the reactors; (a) after EM balls addition, (b) EM balls was dispersed as effective
microorganisms, and (c) effective microorganisms were settled down
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Figure 5 Comparison of turbidity trends in the no

aeration reactor and aeration reactor

3.2 Influence of EM ball quantity to water quality

In this experiment, three no aeration reactors were
operated under different number of EM balls to clarify the
influence of EM balls on the pollutants removal; one EM
balls (namely 1EM reactor), two EM balls (namely 2EM
reactor) and three EM balls (namely 3EM reactor). From
Figure 6, the NH4-N reduction and its change were similar
in the three reactors. In day 1-5, the NH4-N reduction rate
was ranged 2.8-3.0 mg/L-day in the 1EM and 2EM

reactors, and it increased to 4.0 mg/L-day in the 3EM
reactor. Although the greatest number of EM balls
obtained the highest NH4-N reduction rate in the
beginning, the large amount of molasses and bran
contents caused the excessive NH4-N releasing from EM
balls decomposition in day 6-10. This significantly
affected on the deficient total nitrogen removal of 27% at
the end, whereas the total nitrogen removal reached 63%
for 1EM reactor and 77% for 2EM reactor.

The decomposition of substrates contents in EM balls
causing pollutants releasing was proved by the trends of
COD concentrations in Figure 7. The increasing COD
reached the maximal concentration of 3,600 mg/L in the
3EM reactor, followed by 2,080 mg/L in the 2EM reactor
and 1,280 mg/L in the 1EM reactor. In comparison, the
highest COD removal of 60% was observed in the 2EM
reactor, whereas only 3% of COD was removed in the
1EM reactor. On the other hand, none of COD was
removed in the 3EM reactor after the experiment, and the
higher concentration of 900 mg/L than the initial of 600
mg/L was found. From the above results, the number of
EM balls was important factor for improving the water
quality. The increasing number of EM balls led to the
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increasing number of active microorganisms for efficient
pollutants removal, however the high decomposition of
EM balls substrate can cause the poor quality of water
resource. Due to the present study, the optimal number of
EM balls was two.

The similar pH trends were presented in Figure 8.
After adding the EM balls, pH of three reactors was
immediately dropped, because the EM balls contained
acidity property (pH < 3.5) with sweet-sour taste and
smell (Victoria & Mahaeswari, 2016). Later, the pH was
continuously increasing and stable in day 14; the pH
value was around 7.8, 7.7 and 7.4 in the 1EM, 2EM and
3EM reactors respectively. The lowest pH in the 3EM
reactor was possibly because the different dominant
microorganisms due to the excessive organic substrates
(i.e., molasses and bran), fermentation and acidogenesis
process. However, the microbial mechanisms as well as
the microbial community should be further clarified.
Priya et al. (2015) suggested that the pH level of 7.4 was
indication of healthy anaerobic environment and
satisfactory methanogenic activity for EM technology.
Due to previous studies, the continuously increasing pH
was detected along with EM technology operation (Priya
et al., 2015), and it was applicable to remove other
pollutants such as phosphorus (> 90%) from improved
fermentation in anaerobic zone (Rashed & Massoud,
2015).

'
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Figure 6 Comparison of NHs-N trends in the 1EM,

2EM and 3EM reactors
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4. CONCLUSION

The EM technology was able to remove NH4-N and
carbon content from the water resource. The aeration
enhanced the DO concentration, microorganisms activity
and their growth, resulting in the increasing NH4-N
reduction rate and pollutants removal (83% for total
nitrogen and 80% for COD). In the meanwhile, the rapid
growth and absolute dispersion of microorganisms in the
aeration reactor caused high turbidity, however the
microorganisms were agglomerated and settled at the end
of experiment. The largest quantity of three EM balls also
enhanced NH4-N reduction rate in the beginning,
however the NH4-N and COD releasing from substrates
decomposition caused that only 27% of NHs-N was
removed and relatively high COD was remained. Due to
the present study, two EM balls were optimum and the
DO value should be maintained around 6 mg/L for
satisfied pollutants removal efficiency (83% for total
nitrogen and 80% for COD). However, the pollutants
types, volume of contaminated water and affordable
treatment cost from aeration should be concerned and
optimized for suitable and low-cost technology for water
quality restoration.
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Abstract

This research presents a method for detecting permanent magnet damage anomalies in a brushless direct current
motor (BLDC Motor) by applying the adaptive neuro-fuzzy interface system (ANFIS). The input data for ANFIS has 4
lead inputs. Derived from the magtitude and position of the third order harmonics of the stator current and back
electromotive force (Back-EMF) from the BLDC Motor. Consists of frequency of 3 Order in the Back-EMF, magnitude
of 3@ Order in the Back-EMF, frequency of 3" Order in the Motor Current and Magnitude of 3™ Order in the Motor
Current. The ANFIS construction is ideal for detecting any malfunctions. It is the combined structure of the fuzzy logic
system (FLS) and artificial neural networks (ANN) methods. In the FLS part, the membership function is used as the
triangular and choose the principle of function approximation as sugeno fuzzy model and in ANN choose feed-forward
network, there is transfer function at hidden layer and output layer is tan-sigmoid transfer function (tansig) and linear
transfer function (purelin) respectively and have a learning style back-propagation learning from the test, it was found
that the learning error of ANFIS was 3.62E-03 and the accuracy in the detection of anomalies was 98.81%.

Keywords: Brushless Direct Current Motor, Demagnetization, Back Electromotive Force, Stator Current, Adaptive

Neuro-Fuzzy Interface System.

1. INTRODUCTION

Nowadays, Brushless Direct Current Motor (BLDC
Motor) is widely used in various industrial sectors,
especially in the electric vehicle and electric bicycle
industry. Due to its good power transmission properties
carbon brushes are not required to transmit power like a
brushed direct current motor (DC Motor). BLDC Motor
is a type of machine that has malfunctions. The cause may
be caused by the motor manufacturing process or caused
by abnormal operating conditions. Faults that occur can
occur in many parts such as bearing faults, stator faults
and demagnetization faults etc. Faults in a BLDC Motor
are divided into 2 The main categories include electrical
faults and mechanical faults. Research (Albrecht et al.,
1986) has shown that the percentage of motor faults
occurring is found to be the majority of bearing damage.
used followed by faults occurring at the stator and rotor
in order.

There are two methods of checking motor faults at
present, checking by stopping the motor. For example,
checking the fracture of the permanent magnet, the
deterioration of the bearing, which this method has a
disadvantage is that it has to stop the work process. Due
to such disadvantages, there is another way to check
without stopping the motor is an analysis of abnormalities
caused by electrical signals such as voltage, current, etc.,
which helps to identify impending motor faults before
they can cause serious damage. In research (Kang et al.,

2015; Kang et al., 2015; Yang et al., 2021; Usman &
Rajpurohit, 2020; Usman et al., 2020; Usman et al., 2019;
Kim & Hur, 2016; Kim et al., 2020; Kim et al., 2010;
Usman & Rajpurohit, 2020; Madhav & Sadakale, 2020;
Kim et al., 2020) The study and analysis of back
electromotive force (Back-EMF). From the damage
condition incurred to the permanent magnet in the BLDC
Motor by analyzing the electrical signal. Voltage and
other parameters.

In the study (Mati & Kuli, 2010; Drira & Derbel, 2011;
Kolla & Altman, 2007) applied artificial neural networks
(ANN) to detect and classify abnormalities in rotor and
stator of the motor by taking electrical signal data. The
resulting vibration and heat are inputs for ANN to be used
in the learning process and analyze the network output for
discriminative analysis of motor faults.

In the study (Dias & Chabu, 2008; Zouzou et al., 2009;
Laala et al., 2011) applied fuzzy logic system (FLS) to
detect and classify abnormalities in rotor and stator of the
motor by taking the information of the electric signal,
vibration and heat generated. Define and create.
Membership function in the FLS method for discriminating
motor faults.

Different mathematical methods have their advantages
and disadvantages, and no one is better than the other in
every way. An ANN, for example, has the advantage of
being able to learn and recognize patterns. But there is a
disadvantage that it cannot explain the reason for the

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 24-31 24



NUEJ

Naresuan University
Engineering Journal

decision while FLS. It is characterized by its logical
reasoning like human thought. Decisions can be explained
by FLS rules and can be applied to obscure information. But
the disadvantage of FLS lies in the inability to learn and
customize the rules by yourself. Must rely on experts or
knowledgeable people to define the structure and rules.
Therefore, researchers are interested in combining different
methods into a hybrid system in order to combine the
advantages of each method and eliminate the limitations of
each method. One such hybrid system is the ANN blending
with FLS to form the Adaptive Neuro-Fuzzy Interface
System (ANFIS) proposed by J.S.r. Jang (Kolla & Altman,
2007)

In the study (Souad et al., 2017; Moghadasian et al.,
2017; Ballal et al., 2007) the application of ANFIS to the
analysis of motor abnormalities was presented. which is
a system created by the combined application of FLS or
fuzzy logic with ANN In order to distinguish between
motor faults.

This research applied ANFIS to detect abnormality
caused by permanent magnet damage in BLDC Motor
rotor. The input data for ANFIS has 4 inputs taken from
Third order harmonics (3" order):

1. Frequency of 3™ Order in the Back-EMF

2. Magnitude of 3™ Order in the Back-EMF

3. Frequency of 3" Order in the Motor Current

4. Magnitude of 3™ Order in the Motor Current

The working process of rotor permanent magnet
detection and classification system by applying ANFIS
started simulating the state of permanent magnet fracture in
BLDC motor into 3 case studies as follows: 1. Normal
permanent magnet (0BB) 2. Permanent magnet damaged 1
bar conductor (1 BB) and 3. Two permanent magnets
damaged (2BB). Stator current and back-EMF signals with
the motor operating under various simulation conditions are
analyzed and converted from time domain to frequency
domain signal (Fast Fourier Transform (FFT)) to continue
as input in ANFIS.

2. BRUSHLESS DIRECT CURRENT MOTOR

2.1 Fundamental of BLDC motor (Kim et al., 2020)

A BLDC motor is usually supplied with a 120-degree
commutation inverter and the schematic of a BLDC
motor drive circuit is shown in Fig. 1.

T1 T2 T3

1
L
e AN

VDC = — A &

AN @
T4 T5 T6
H} H} H}
N

Figure 1 Schematic of a BLDC motor drive circuit.

In this paper, an upper PWM method for a speed
controller is used. An illustration of the ideal back-EMF,
current waveform and the switching states in a BLDC
motor is shown in Fig. 2.
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Figure 2 The ideal waveforms of back-EMF, current and witching
states.

2.2 Demagnetization faults in BLDC motor (Usman &
Rajpurohit, 2020)

Additional investigations are made on the harmonic
analysis of demagnetization faults in the BLDC motor
drive. The harmonics are excited at multiples of
mechanical frequency in the stator back-EMF and current
spectrum as given in (1).

k
fdemag = fs (mj =kf, k=123. (Q

where fdemag is the frequency of K component in

the spectrum, fs is electrical frequency, fy is the

rotational frequency and p is the number of poles. The
proposed investigations are done on the BLDC motor
under study with p = 12.

2.3 BLDC motor Operation (Faiz & Mazaheri, 2017)

In this section, the effect of the demagnetization fault
on Back-EMF waveforms of a BLDC motor is studied;
harmonics of Back-EMF, caused by the demagnetization
fault, are the main reason for injecting harmonics to the
phase current. Six-step operation of the BLDC leads to
the specific extrema in the phase currents at each
switching instance. These patterns are treated
analytically.

Back-EMF is an important signal in the diagnosis of
the demagnetization fault, because flux disturbance
caused by this fault influences Back-EMF waveforms. It
is possible to separate the effect of each individual PM on
each coil by knowing individual coils offset angles
(Hanselman, 2003; Goktas et al., 2016). Suppose the
following Fourier series:

+0 p K jn(k—l)@ ing ino
€= ). | 2D de P pM=E™ (2

n=-w| k=1
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O = (€-1) L‘;O (3)

describes the induced voltage in ot coil of phase a
with separated effects of each individual magnet in a p-
pole PM motor where dk is between 0 and 1 introducing

demagnetization fault severity of each magnet, Ej is the
amplitude of nf Fourier series coefficients, 0y is the
mechanical position of the rotor, and Bcac is the coil angle

of ¢ coil which can be calculated by (3). Taking coil

angles for all N coils into account, the induced voltage in
phase a is as follows:

o0 (Ng .
ea — Z [Z(_l)c—lejnﬂcacJ

n=—c0 \ c=1

(4)

p ) in( )360 _
x| > (D" de PIE,eih

k=1

The first part in (4) corresponds to the distribution of
the coils in stator slots for a particular winding layout:

NC .
Swan — Z (_1)Cflejnl9cac (5)
c=1
The second part in (4) is related to the number of rotor
magnets and fault severity of the magnets:

(k-2

p
Spmn ZZ(_l)kildke P (6)
k=1

And the last part forms the shape of the Back-EMF
waveform for each individual coil. For a balanced
winding, induced voltages in other phases can be

calculated by shifting the coil angle fsc in Swan Part by
120°:
+00 ino
€y = z (wanspmnEneJn m) (7)
N=—o0
< ing,
€ = z (chnspmnEneJn m) (8)
N=—o0

Similarly, line-to-line Back-EMF are expressed by
subtracting two corresponding phase Back-EMF for the
line Back-EMF of phase a and phase b:

+o0 ) )
€ab = z Swibn |:1_ e :| Spmn Enemgm 9)

n=—o

Although the fault frequency components in (1) are
observed in the phase Back-EMF, Eqn. (9) indicates that
some components can be disappeared in the line-to-line
Back-EMF due to the lack of phase difference which
depends on the winding configuration and number of
poles and slots.

Suppose the induced voltages of the coils are perfect
trapezoidal waveforms with a flat-top of 120 electrical

degrees; as an ideal case for a BLDC motor. Therefore,
the following fourier series coefficients:

sin ni-i—Sin 5
E, = _i(Ej _6 6 (10)

2\ »? n?

Can be directly calculated by its function or by
subtraction of two triangular waveforms.

2.4 Experimental Setup

The proposed algorithm is verified by simulation of
experiments. Simulations are performed at healthy
condition and fault conditions. The parameters of the
BLDC are summarized in Table I.

BLDC upper PWM-based inverter drive in speed
control mode is used to operate the motor for
experimental verification. The switching frequency of the
inverter is 625 kHz and it has speed and position feedback
system using hall sensors. The overall experimental setup
is illustrated in Fig. 3.

Table 1 The parameters of BLDC motor.

Parameters Value

Rated Power 800 W
Rated Voltage 48 V
Rated Current 11 A
Rated Speed 3,000 rpm
Phase 3 -
Slots of Stator 18 -
Poles 16 -

The important equipment for testing Demagnetization
Fault in BLDC motor is Power Supply, Current Probe,
BLDC motor, DC motor and Computer as shown in Fig.
3.

Figure 3 Overall experimental setup

To detect the motor's stator current and Back-EMF
signals, the electrical signal flowing through the motor is
measured.

©

Figure 4 Photograph of Demagnetization Faults
(a) Stator (b) 0BB (c) 1BB (d) 2BB
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The current data is recorded using an oscilloscope
with a sampling of 2 kHz and a total of 10,000 data
records, so the frequency resolution is 0.2 Hz. The
simulation of fracture condition of the permanent magnet in
BLDC Motor is divided into 3 cases: 1. Normal permanent
magnet (0BB), 2. Damaged permanent magnet 1 rod (1BB)
and 3. Damaged permanent magnet 2 rod (2BB) as follows:
Fig. 4. and an example of the motor current and voltage
signal is shown in Fig. 5.

KEYSIGHT
INOLOGIES

Channels
AC 0.0:1

Measurements
AC AMS - F

AC AMS - F
AC RMS - F

AC RMS - F

© Function Operator Sourcs 1 Center Mors FFT
it 2 B625kH: ~9-

Figure 5 Signal of current and Back-EMF

2.5 Experimental Results

The harmonics effect on the permanent magnet
damage is applied as the default value for the input as
shown in Figures 6, 7 and table 2. 1. Frequency of third
order harmonics in the Back-EMF 2. Magnitude of third
order harmonics in the Back-EMF 3. frequency of third
order harmonics in the motor current 4. Magnitude of
third order harmonics in the motor current.

Table 2 Data of Harmonic Components.

- Input Target
Condition =7 X2 X3 X4 Y1
0BB 258 | 124563 | 0.71 | 291000 | 1
0BB 3.08 | 1246.88 | 0.76 | 292000 | 1
0BB 2.96 | 1247.50 | 0.69 | 292000 | 1
0BB 2.96 | 124813 | 0.74 | 292000 | 1
1BB 277 | 1326.88 | 0.95 | 176063 | 2
1BB 2.99 | 132750 | 1.28 | 176313 | 2
1BB 325 | 1328.75 | 0.83 | 1763.75 | 2
1BB 2.96 | 1329.38 | 1.00 | 1766.25 | 2
2BB 217 | 1410.00 | 0.74 | 152375 | 3
2BB 256 | 1410.00 | 0.86 | 1524.38 | 3
2BB 250 | 1410.00 | 0.88 | 152563 | 3
2BB 2.66 | 1410.00 | 0.92 | 152563 | 3
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Current (A)
- N w
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Figure 6 3" Orde of Harmonic Components of Motor Current

The harmonic analysis of stator phase currents under
fault conditions has been already illustrated in Fig. 6. The
harmonic analysis of rotor Back-EMF under fault

conditions has been already illustrated in Fig. 7.
25
OoBB O1BB O2BB

20

15

10

Magnitude (V)

5

AEH02

0 =k il 2 IJ.lul.l PR T | |
oaN AN ANANANANMMOOMMMMMMMMMMNMMONMMNMN®D
[SE=R=R=R-R=R-R-R-R=R=R=-R=-R-R=R-R=R-R=R-R=R=R=R=-R=E=R=R=R=]
FFFFFFFFIFFIFFIFFFFIFFFFFFFFIFFFT
L L L L L L L L L L L L L L L L L L L L O L O LW LW L L
CHANMIWOOIPAATAAANNNNNNNNNND DO DO

Hz

Figure 7 3" Order of Harmonic Components of Back-EMF

3. ADAPTIVE NEURO-FUZZY INFERENCE SYSTEM
(YILMAZ & AYAZ, 2009)

ANFIS is an implementation of a fuzzy logic
inference system with the architecture of a five-layer
feed-forward network. With this way ANFIS uses the
advantages of learning capability of neural networks and
inference mechanism similar to human brain provided by
fuzzy logic. The architecture of ANFIS with two inputs,
one output and two rules are given in Fig. 8. Here x, y are
inputs, f is output, the circles represent fixed node
functions and squares represent adaptive node functions.
This is a Sugeno type

Fuzzy system, where the fuzzy IF-THEN rules have
the following form:

Rules:

IF x iSAland y iSBlTHEN fi = piX+ pPX+0y+n
Ruley:
IFxisa,andyisB, THEN f, = p,x+ p,x+q,y +1,

Layer 1 Layer 4

Layer 2 Layer 3

Figure 8 ANFIS architecture.
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The operation of each layer is as follows: Here the
output node i in layer | is denoted as Oi' .

Layer 1 is fuzzification layer. Every node i in this
layer is an adaptive node with node function

of = Hp (X), Ol,2 = Hp(X), =12 1D

Where x is the input to it node,Oilis the membership

grade of x in the fuzzy set a, . Generalized bell member-
ship function is popular method for specifying fuzzy sets
because of their smoothness and concise notation, and
defined as

pp () = -1 (12)

Here {a;, by, ¢} Is the parameter set of the

membership function. The center and width of the
membership function is varied by adjusting ¢; and a;

.The parameter p, is used to control the slopes at the

crossover points. Fig. 9 shows the physical meaning of
each parameter in a generalized bell function. The
parameters in this layer are called premise parameters.
This layer forms the antecedents of the fuzzy rules (IF
part).

u

Slope = -b/2s

/Y

ca ¢ c+a x
& 2a =l

Figure 9 Generalized bell function.

Layer 2 is rules layer. Every node in this layer is a
fixed node and contains one fuzzy rule. The output is the
product of all incoming signals and represents the firing
strength of each rule.

Of =wy = up () g, (¥) (13)
Layer 3 is normalization layer. Every node in this
layer is a fixed node and i node calculates the ratio of

i rule’s firing strength to the sum of all rules’ firing
strengths. Outputs of this layer are called normalized
firing strengths computed as

Wi 12 (14)

of=w =
W +Wo

Layer 4 is consequent layer. Every node in this layer
is an adaptive node and computes the values of rule
consequent (THEN part) as

Off =w fy =Wy (px+qjy + 1) (15)

Here i w is the output of Layer 3 and the parameters
{p;.q;,r} are called as consequent parameters.

Layer 5 is summation layer and consists of single
fixed node which calculates the overall output as the
summation of all incoming signals as

O = wif; :ZZ::'WV'Vf' (16)

Learning of ANFIS is done using hybrid learning
procedure which combines back-propagation gradient
descent and least squares method for identification of
premise and consequent parameters.

An ANFIS model-based fault detector for a BLDC
motor has been designed and tested using simulations.
The results indicated that, regardless of the loading
condition, the proposed scheme is capable of detecting
Demagnetization. The next step is to test whether the
proposed fault detection methodology is able to detect
the existence of Demagnetization in a practical BLDC
motor.

Table 3 Parameter for training in ANFIS.

Parameter

Frequency of Third order harmonics X1
in the Back-EMF
Magnitude of Third order harmonics X2
Input in the Bfack-EMF _

Frequency of Third order harmonics X3

in the Motor Current
Magnitude of Third order harmonics x4

in the Motor Current

Demagnetization (Healthy (OBB),

Output Unhealthy (1BB, 2BB)) Yl

An ANFIS method detects permanent magnet damage
in this study. Use the analysis of ANFIS that has a mixed
structure of the fuzzy logic system and artificial neural
networks methods. In the FLS part, choose membership
function as triangular and choose the principle of
function. Approximation is surgeon fuzzy model and in
ANN part choose feed-forward network, there is transfer
function at hidden layer and output layer is tan-sigmoid
transfer function (tensing) and linear transfer function
(purlin) respectively and have a learning style back-
propagation learning. The structure of ANFIS is shown in
Fig.10., which consists of 4 input layers (X1, X2, X3, X4)
and 1 output layer Y1 (0BB, 1BB, 2BB) as in Table 3.
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Figure 10 The structure of ANFIS

The structure of ANFIS in this research. The learning
results of the program can be displayed with a surface
chart between the input and output relationships as shown
in Fig. 11.

Figure 11 Surface

The results of the permanent magnet abnormality test
with ANFIS can be shown and compared with the results
of the detection of abnormalities occurring in the BLDC
motor as shown in Fig. 12. From the figure, it shows that
the detected result with the value. Targets are of the same
value. It has an ANFIS learning error of 3.62E-03 and an
accuracy in detecting an anomaly of 98.81%.

Output
N

@ Target —@— Result

1 2 3 4 5 6 7 8 9 10 11 12
Demagnetization

Figure 12 Result of ANFIS

4. CONCLUSION

In this paper, the demagnetization fault detection of
brushless DC electric motor using adaptive neuro-fuzzy
inference system (ANFIS). The ANFIS method has been
utilized to obtain data collection of the harmonic
components of Back-EMF and harmonic components of
current. Comparison in terms of accuracy and MSE for
ANFIS is demonstrated. The results obtained show that
the best MLP training algorithm has the best accuracy
(98.81%) and MSE (3.62E-03) compared with others
training algorithms. The test results are reliable and can
be applied for the future.
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Abstract

The custom home is one of the most complex projects. It involves several disciplines and teams, including internal
and external organizations, during the project life cycle. There is information exchange continuously across the teams
and often necessary to iterate back and forth between phases. Communication is thus the key to effective project
management. This paper deals with the complex structure of the project communication of custom home projects. The
objective of this paper is to develop the communication structure for the custom home design and building industry.
MDM (Multidomain Matrix) was chosen to address the issue of complex communication processes among teams
involved in the project. The four domains; phase, team, activity, and document; were taken into account for forming the
MDM. The developed MDM represents team coordination, workflow (activities), and data flow in each phase. It helps
support the development of the prototype web-based application for defining data flow, access authorization, and the
project communication structure. The results of the testing of the prototype web-based application with the pilot project
show that it reduced the lead time of getting information from 3-5 days to 1 day and the number of missing requests is

reduced to zero.

Keywords: MDM, DSM, Project communication, Custom home, Construction project.

1. INTRODUCTION

A project is considered complex in nature. There are
various disciplines and organizations (teams, groups, and
individuals) that get involved during the project life cycle.
Every team has its view, limits, and constraints regarding
its framework. This different perspective leads to diverse
priorities and sequences for executing their tasks. Yet,
they might work from different locations and working
times. This challenges the project manager to coordinate
and integrate them working together and be on the same
page at any time of the project.

Construction is often described as a complex process.
Many researchers have explored the design phase of a
construction project (Maheswari and Varghese, 2005;
Maheswari et al., 2006; Senthikumar et al., 2010;
Dehghan and Ruwanpura, 2011; Krinner et al., 2011;
Mujumdar et al., 2014; Dehghan et al., 2015; Mujumdar
and Maheswari, 2018). The design phase is the focal point
of the project life cycle that every team should pay
attention to before the construction phase. But in reality,
many projects started construction before the design was
completed. Custom home design and building project is
one of those. The construction phase typically begins just
after the building permit has been approved and is
performed parallelly in the detailed design phase. One
major characteristic of a custom home project is that it is
not a linear pattern. It is a custom-made project designed
to meet the needs of the client (the project owner) and
often necessary to iterate back and forth between phases.

It allows the client to get involved at any time during the
project life cycle to get and satisfy their requirements as
much as possible. On one hand, this distinctive character
is a strength of the custom home design and building
industry. On the other hand, it often leads to increase
change requests (scope changes, improvement changes)
from the client. It would generate additional burdens and
confusions for whom it concerns. For instance, if the
client requests to add a bathtub in a bathroom, it regularly
affects the design team, procurement team, cost estimator,
planner, and building (installation) team. Moreover, there
might be some unforeseen events during the construction
such as technical problems, limits, and constraints that
might enforce to change the original design, the drawing
for construction, and the project baseline. In this
circumstance, if these information exchanges are not
identified and distributed to the related teams, it can lead
to unexpected mistakes and reworks. If we draw a
communication network of a custom home project to
depict communications among people (nodes), it can be
illustrated in Figure 1. Furthermore, this abundant
information exchange does not exist only in the design
and the construction phases but occur continuously since
the first step of the contracting process through the project
closing. In this study, Multidomain Matrix (MDM) was
chosen to address the issue of complex information
exchange across organizations.
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Figure 1 A communication network represented by
a node-link diagram.

Design Structure Matrix (DSM) is a square matrix
that is used to represent relationships between elements
in a system, project, or process. It was first introduced by
Steward (1981) in the 1960s then further developed by
Browning (2001), Browning (2016), Yassine (2004), and
many researchers. It has been widely used for managing
complex systems, product development, project
management, organization design, etc.

MDM is an extension of DSM. It combines and
represents simultaneously two or more DSM models in
different domains. Each DSM is on the diagonal of MDM
and the off the diagonal blocks are Domain Mapping
Matrix (DMM). DSM represents the interactions among
the elements of the domain. DMM is a matrix mapping
the domain of one DSM to the domain of another DSM
(Eppinger and Browning, 2012). DMM has been widely
applied to map across domains e.g., Quality Function
Deployment (QFD) originated by Yoji Akao uses as the
relationship matrix in the four-phase model (Hauser and
Clausing, 1988). Axiomatic Design (AD) (Suh, 2001)
uses for mapping between the customer, functional,
physical, and process domains in the design of
mechanical systems. Responsibility Matrix (RM) in
project management (Larson and Gray, 2021).

The objective of this paper is to develop the
communication structure for the custom home design and
building industry. To reduce the issues of missing
information and communication lead time during the
project management. It applied MDM to develop the
project communication structure that concerns various
disciplines and organization units, processes, activities,
documents, and information. It is organized into four
sections. Following this introduction, the second section
explains the proposed structured approach for forming an
MDM for a project communication structure. The third
section presents the MDM development of a project
communication structure and the prototype web-based
application for a case study custom home company. The

fourth section discusses the conclusion and the scope for
future work.

Contracting
O Site survey
¢ O Requirements and limits
Q Construction approval
Q Contract
Design
_ @ Conceptual design
" O Schematic design
Q Detailed design

Planning
Q Cost & time estimating \

o O Resources required N
Q Procurement \
Q Scheduling

Executing

Q Construction
O Changes management
" 0 Quality control

Delivering

O Transfer documents
Q Release resources
Q Evaluation

Figure 2 Life cycle of a custom home project.

2. METHODOLOGY

In general, the life cycle of a custom home design and
building project can be divided into five phases as
illustrated in Figure 2. It is common to go through phases
and back and forth again to account for changes or new
information gained. This abundant information is
exchanged among and across the organization, internal
and external, through the project communication
channels. The project communication plan is thus critical
to the project’s success. The project communication plan
commonly defines the frequency and manner of
communication with project stakeholders and those who
are affected by the project. It is expected to ensure that all
stakeholders keep informed necessary information and
help them work together cohesively through the project.
In practice, however, with thousands of information
exchange back and forth across several organizations, it
is hard to identify and clarify to all related individuals.
Accordingly, MDM was chosen to develop the project
communication structure for a custom home project. The
procedures of building the MDM for the project
communication structure are briefly portrayed as shown
in Figure 3. The section elaborates on the methodology
for building the MDM.

2.1 ldentify the domains in MDM

This process is a top-down approach that explores the
domains forming the MDM. This first step identifies the
domains concerning the project. In this paper, the author
took into account four domains as follows: phase, team,
activity, and document. These four domains were used to
establish the communication structure of the custom
home and design company.

The phase domain addresses the five phases of the
project life cycle as shown in Figure 2. One phase can be
divided into several sub-phases if required. The team
domain illustrates the Organization Breakdown Structure
(OBS) of the project. It identifies the organization units
(departments, teams, individuals) who get involved in
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each phase. Furthermore, it can define even individuals
(the lowest level units) if necessary. The activity domain

Start

A

Identify the domains
in MDM

Decompose the domains
into elements

Identify the interactions
» among elements

4

Rearrange the elements and
relationships if required

No

v

Y es—b Improve DSM

Identify relationships across
domain in DMMs

Figure 3 The approach of the proposed MDM methodology.

addresses work packages, tasks, and events occurring in
each phase. Work Breakdown Structure (WBS) was used
in this domain to assure that all activities of each phase
are identified. The document domain is separated from
the activity domain to addresses the controlled documents
(associated with the activities) regarding the quality
standards in construction.

2.2 Decompose the domains

This step decomposes the domains into their
constituent elements. The top-down approach was used to
break down the domains into units, activities, or entities
perhaps through several hierarchical levels.

With the numerous elements of the project, this study
considered one phase at a time to avoid confusion of
abundant information. Select a phase (or a sub-phase) and
draw a square matrix (1x1) labeling the row and the
column with the selected phase. Then decompose the
successor domain (team domain) its constituent

organization units involved in the phase. Draw a square
matrix with empty cells labeling the rows and the
columns with its elements (organization units). Repeat
this step for the activity and document domains. Then
combine the square matrices of the four domains into a
larger model by placing them on the diagonal to form an
MDM, as illustrated by example in Figure 4. This
hypothetical example MDM consists of one phase (P1);
two teams (T1 and T2), three activities (A1, A2, and A3),
and four documents (D1, D2, D3, and D4).

2.3 Identify the interactions

The bottom-up approach was used from this step
forward. It begins with the document domain (lowest
domain). This step establishes relationships among the
elements of each domain for forming a DSM. The
relationships are represented by the ‘X’ mark in the cells.
This step requires brainstorming of experts and/or the
persons who are working on that domain to obtain reliable
information and minimal inputs.

2.4 Rearrange the elements and relationships

If there are any feedback marks (‘X’) in the upper
triangular matrix, they should be rearranged to the lower
triangular matrix to avoid any feedback loops or coupled
blocks. Otherwise, skip this step.

2.5 Improve DSM (if required)

In case that there are feedback loops or coupled blocks
in any DSM after rearrangement. That DSM might need
to be improved. However, this step regularly requires the
experts to check for the appropriateness of ‘X’ marks.
Some methods are widely used at present, depending on
the architecture DSM, e.g., clustering, partitioning,
aggregation, tearing, etc. These methods are described
elaborately in Eppinger and Browning (2012). Otherwise,
go to the next step.

2.6 ldentify relationships across domain

As mentioned earlier that DMM is a matrix mapping
between two domains. It allows establishing the
relationships of the elements of one domain to the
elements of another domain. This paper proposed the
project communication structure for the custom home
project as illustrated in Table 1.

This step began from the Document DSM, the
relationships in the Document-Activity DMM define
which documents (information) are required for which
activities in the Activity domain. While the relationships
in the Activity-Document DMM define which documents
are produced by which activities. Once these two DMMs
have been accomplished, repeat steps 2.3-2.6 for the
preceding domains (activity, team, and phase) to
complete the entire MDM maodel.

The essence of mapping across the domains (DMMs)
is to ensure that the people in the project know ‘what’
they get involved in, in which way, and with whom.
Therefore, a RACI (Responsible, Accountable, Consult
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and Inform) chart was applied to define the interactions
for the DMMs which are concerned with people (the team
domain). The RACI chart is a useful tool to ensure clear

Top-down approach

assignment of roles and responsibilities when the project
consists of various disciplines and teams (PMI, 2017).

PL T1 T2 A1 A2 A3 D1 D2 D3 D4

p1 ] <

1) Phase domain

T1

Define phases and sub-phases.

T2 <

2) Team domain

Al

Identify teams involved in each phase.

A2

A

-- 3) Activity domain

A3

Identify activities responsible for each of the teams.

D1

D2

<--- 4) Document domain

VYV o

List all documents relevant to each activity.

D4

Figure 4 Decompose the four domains for forming the MDM.

Table 1 Structure of DSMs and DMMs for forming MDM.

Phase DSM Team-Phase DMM

e Identify the interactions
among phases of the
project.

e Identify the roles (1) of the
teams required in each
phase.

Phase-Team DMM

o Identify the roles (R, A,
C) of the teams required in
each phase.

Team DSM

o |dentify the interactions
among organization units
(departments, teams, and
individuals).

Activity-Team DMM

o |dentify the activities
(output) required for the
teams.

Team-Document DMM

¢ Identify documents
(information) associated
with the activities required
for teams.

Team-Activity DMM

o |dentify the activities
produced by the teams.

Activity DSM

o Identify the interactions
among activities.

Document-Activity DMM

o Identify documents
(information) required for
activities.

Team-Document DMM

o |dentify the documents
associated with the

Activity-Document DMM

¢ |dentify the documents
produced by the activities.

Document DSM

o Identify the interactions
among documents.

activities produced by the
teams.

The relationships in those DMMs are labeled with ‘R’,
‘A’, “C’, or ‘I’ depending on the role of the teams. For the
other DMM s that do not concern people, the relationships
are labeled with ‘X’. Figure 5 shows the procedures for
forming the hypothetical example MDM of a single phase.

3. MDM DEVELOPMENT AND CASE STUDY

The proposed methodology was tested with a case
study custom home design and building company. This
section brought a part of the developed MDM to
demonstrate the early phases of the project

communication structure of the company. Figure 6
illustrates the project communication structure in the
early phases of the company. As mentioned earlier that
the custom home project is often necessary to iterate back
and forth. This MDM highlights the two feedback loops
in the Activity DSM. The first loop is the cycle of
conceptual design analysis. This design iteration attempts
to extract the true needs of the client and constraints as
much as possible. The other design iteration loop attempts
to validate the conceptual design before going to the
detail design stage. Though the client is the owner, they
must be engaged and takes part in the project. The Team
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DSM portrays obviously that all teams have to work marks in the upper triangular matrix. As a result, there are
together to accomplish the tasks. It is noticed that the no more feedback loops in the document domain.
Document DSM was rearranged due to the feedback
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Figure 5 MDM Methodology for the project communication structure.
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Figure 6 MDM of the case study custom home design and building company.

The developed MDM represents team coordination,
workflow (activities), and data flow in each phase. At this
stage, data flow diagrams (DFD) were written to portray
the direction and the flow of data/information that
occurred during the project. Figure 7 presents the level 1
DFD that draws the main processes of a project. Figure 8
shows by example a level 2 DFD of the contracting
process. This level 2 DFD draws the activities and
documents (data store, D) of each process of the project.

The contributions of the MDM and DFD are
dedicated to the project communication structure in two
aspects. 1) it helps develop a comprehensive
responsibility assignment matrix (RAM) for the project.
Regarding the DMMs relating to the Team DSM, it helps
the teams in the project know what to do, what they get
involved in, in which way, and with whom. 2) it helps
define different levels of authorization to the teams to
access documents and information, excluding the client
and people who are outside of the company.

This study applied the taxonomy of the knowledge
model proposed by Tichkiewitch and Gaucheron (2000),
the entities (documents and information) in the document
domain can be classified into three types as follow:

1) Vernacular entity: the documents which are
produced and owned by one team. Other teams cannot
access such documents.

2) Vehicular entity: the documents which are
produced by one team and significantly required for
another team(s).

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 32-41

3) Universal entity: the documents which are
produced by one team and are accessible for every team
in the project.

This paper developed a prototype of a web-based
application to demonstrate the proposed project
communication structure with the case study company.
The access authorization of the documents is classified as
follows: create (C), delete (D), edit (E), and view (V).
Regarding the MDM and DFD, an example of the defined
authorization levels is shown in Figure 9. The prototype
allows defining the authorization level of operations on
the controlled documents for each team as shown in
Figure 10. Yet, the notification system was added to the
web-based application to ensure that the teams be on the
same page of the project. The developed MDM helps to
design the communication structure among the teams for
setting the notification. Figure 11 shows an example
(document) of the client meeting note using to record any
changes and/or update information then distribute to
whom it concerns (RACI: responsible, accountable,
consult, inform). Regarding the communication structure,
the system notifies instantly the teams know what to do,
what they get involved in which subject and with whom.

The case study company uses the paper-and-pencil
approach to record information as a method for formal
communication and uses social applications for informal
communication. This approach takes a long lead time for
getting documents. The teams often get confused or
missing some information during the communication.
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There is an average of 30-40 requests for change
(additional works and deduction works) for a project.

Subsequently, there is an average of 20-30 design updates.

It usually takes 3-5 days, excluding the processing time
of each operation, to deliver documents and to
communicate between teams through the process. In
addition, there is an average of 10% of those requests that
are missed during the communication process.

The prototype web-based application has been tested
with a pilot project of the case study company. The web-
based application allows the user to fill in the information
in the electronic document and instantly distribute it to
the person(s) who are concerned. The results to date show
that it can reduce the lead time of getting information
from 3-5 days to 1 day and the number of missing
requests is reduced to zero.

4, CONCLUSION

This paper focused mainly on the development of the
project communication for custom home design and
building projects. The proposed method can be applied to
develop the communication structure for any custom
home design and building company. The four domains
(phase, team, activity, and document) were considered in

this study. MDM methodology was applied to manage the
complex communication structure. DSM was used to
represent the constituent elements and interactions among
its elements for each domain while DMM was used to
map the relationships between the domains. While
applying the MDM for the case study company, the
author and the company team found that it significantly
helps in developing the project communication structure.
It allows the participants to perceive the holistic view of
the project and the current company’s workflow. Yet, it
unfolded the complex communication network into a
simple representation. Subsequently, some unnecessary
entities (activities and documents) were eliminated or
revised then rearranged in the proper sequence. DFD was
used to clarify the flow of data and information of the
communication structure. The developed MDM and DFD
defined the permissions granted to each team with
different authorization levels. As a result, the prototype
web-based application set a user's authorization levels
regarding the developed MDM and DFD.

The further study will focus on the extension of the
MDM model to take into account in detail the product
domain, design parameters, and quality control of
construction work. The technical problems in the design
and construction phases will be addressed.
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Abstract

This paper is a design and development of a 6-axis robot arm that can pick up small objects, such as pill
boxes and TV remotes, etc. The robot arm is controlled by an application on a smartphone via Bluetooth and Wi-
Fi and can show images from the camera attached to the arm on the phone’s screen in real-time. The theory of
forward and inverse kinematics was applied to analyze the appropriate working area of the robot arm. In order to
make the system suitable for control via a smartphone’s screen, the software in this research was developed to

be able to control multiple servo motors simultaneously to move the gripper of the robot arm linearly, forwards-
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backwards (+x, -x) and in up-down directions (+y, -y). There were two main experiments to evaluate the

performance of the system. The first was to test the movement ability of the arm, and the results showed that it

was able to move within the specified working area. The second examined the amount of time spent manipulating

the robot arm to pick up objects. From the result of this experiment, it was found that the multi-axis linear motion

control technique developed in this research, was approximately 86% less time consuming than the independent

single-joint control technique.

Keywords: Robot Arm, Forward and Inverse Kinematics
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nnsealaglden D-H parameter fannsnsdi 1

fesnsrnvaumanswuulutnamtin azle

Cis  —Sizs 0 a,C, +a,Cy,
0T3 _ Sz Cix 0 as, +3a,5, (1)
0 0 1 0
0 0 O 1

g msuvusulusznuasdinil dalvieglusy

¢, -S, 0 p,

or,=|% % O P 2)
10 0 1 0
0 0 0 1

Tne T, #e Transformation Matrix YINANUALIND19B

NN5UD199 98NN 3 WsunuluFunsud19d9ves

a o

wnu o Py uag P, fe Aidedisuvisesied 3 veauuu

Wugud suiuwnueeds 0

2.1.3 aUAIANSLUUAAATL
saumansuuurndulunsmeAiunluazLuves
JFBLIBNIIUANUNS NFLDNNUSVRIR VU INUa Y

Wiguiumsugu

1y ¢ ABTIANIYBINIUAD 3 LHEUAUNNAE1989 0

91nN15 Wisuieuaunis (1) wag (2) aglaan

C, =Cy,3 =COS(6, + 6, + 6,) (3)
S, = Syp3 =SIN(G, + 6, + 6,) (@)
P = a0 +2,0p, (5)
Py =as +a,3, (6)

1ag

C, =C0S¢, s, =sing

€, =€086}, C;, =C0S(6); +6})

s,=sind, s, =sin(6+6))
Mnaunns (3) i (6) WM sfivadiniievnavay
Josio 3NaunTs (5) way (6) dhlveniasasuas s

pefunduy

P2+ pj =a’+a +2aa,, 7)
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dnguiiion c,

pf"'p)z/_aiz_azz (8)
2a,3,

C, =

AT s, VINAUNTANUTUNUS §2 4 c2 =1 LA

Ampuikdulule 2 Ameude
s, =+1-C2 9)
2 - 2
Tunsdil dmuald s, GAwluau ieliuvurueudd

PRI EUAUADINTT

TRl 92 PNANUFURUS

6, =arctan2(s,,c,) (10)

aolunimn 91 NS EUNIS (5), (6) laen1sly

Y 6 X a ¥
nanualnslna Weuaunslmdlugy

P, = k1C1 - kZSl (11)

P, = k131 + kzcl (12)
g

k=2 +agc, (13)

kz = a232 (14)

Bnsufaunslusuifedeusus auyili

r=-+k?+k? (15)

y =arctan 2(k,, k) (16)
et

k,=rcosy (17)

k,=rsiny (18)

%:cos;/cosé?l—sinysiné?1 (19)

%:cos;/siné’l+sin yCos 6, (20)

InsUlmileelgenanwalnilne

Y

cos(y+6,) :% (21)
sin(y +6,) = % (22)

dleldilariu arctan2 agldi
y+6 =arctan 2(% : %) =arctan2(p,, p,) 23)

Fedudnapmes 6 fawiu
6, =arctan2(p,, p,) -arctan 2(k,, k) (2a)

gavihewdmey @ anAnuduius 6 +0,+0,=¢

awle

0,=¢-6,-6, (25)
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4
©—
#

A
ﬁ - RUYAY 1 :

wugaY 2 :

NU8LaY 3 :

NN 4 :

e "_’® NUYLAY 5 :
)—x ~ “’/ @ RULAY 6 :

&: dauusznaulanasURILVUUEUA

——— (@) wvaneiau 0 : weslwewmeiimihilludaugiu (Base)
weslaueinesviudiiliuduriludveswaujusud (Shoulder)
waslauewesvinutiiidiuvasdason (Elbow)
waslauemefiutiiiiudesia (Wrist Roll)
waslwawmedimiifidudounyuvesdeiie (Wrist Pitch)
woaslwawmefiuifiiudaudadudses (Grip)

waslwewmesinuihiluduiilvdvewauusud (Shoulder)

5UN 2 drudszneuiwesiielnaivesururugud

3. 915U uaz YanAwIT VauvUUBUA

uATeidunsiaunszuumIuAuLIU UB A LAY

denuumsenndinduvulnsdwidiode lneviinis
Wawseszninwvuiusudiuinsdwidetesedyaals
ae Geddrnunuidululasreulnsaass eqely
(Arduino) Asufdaninsdwvislede udrdadum PWM
WemuAuyuvatgashiuawas wazilulasaouiiames
sl . Y
37833 N1e (Raspberry pi) Tunsdsdyyayraunineiy

o a |

1A RINNdeeiAnay fuuruyueud lukanininuy

o

ninIuUlnsFNilete

3.1 FIugITAkITYOI U
luniseanuuunalnvesuaunueud §I3elaly
Tusunsu Solid works Tunseenuuy antutuniugy
Tngldia3 eafiunaudd (3D Printer) lun1saruAuATs
\ndouiiveuauvusud 1Hwoslaneinosniugusiumis

inululaspaulnsaaeseneliivuesadutewmes

3.1.1 N1500NKUUAINYTENOUVIY U UL A
Insniseanuuuntuiusudduuuu 6 dese Uszneu

lumgigashwemasnaun 7 67 uanegui 2 weslha

I o w1

NoWBSNINELAY 0 yiuthddsiasiuyaiaaialiuau

VuBUAAILNTONYUTOUAIL InswuuusuAtanusanyu

16 180 991 Tukuls U (58U x-2), IneLwashiuawmas

v
o o

vanolay 1 wazmnelay 6 \uweslweimesisumin
unAgad s Tuiad euludiuvesdruialva
(Shoulder) vosuvuvi usud ludiuvediwesliuaines
vanelan 2, 3, 4 uay 5 ARnRsludInvesanon (Eloow),
Jailo (Wrist Roll), @aumnyuvestedio (Wrist Pitch) way
d13uAsves (Grip) mua1du Tnsduusznourieges
LLsuun'uauﬁQﬂ%%Iugﬂmam?aaﬁuﬁmuﬁﬁ wazidoin
Fudmanmstugy sdssneudideiuaglfuouviueud

Aanandlugun 3

3.1.2 SyUUTULAADY UAYTTUUAIUANNITAADUT

suuAIUANIzUTENaUlUAY LonndAduUl

&

Insenvifiede wazlulasmaulnsaass nasvinauludiu
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VYBITTUUMIVANAINTUTN 4 15U N lduaansadanuy

YA o

wennAdungidulaiannTuuulnsdnisliede dedsly

[«

13LAE B uT Yo uVUYUBUR HuTUF Y IIUgY
murgiar 3) lugvlulasaeulnsaiassannifu
lulasmeulnsaiaesazdsdyan PWM TWiissuuduindeu
Feszvuduindeuusenaudie uummeddiden-Indies
(MU18La% 8) LAz URIATUNBLADS lABUDIATULBLADTYN
wihlsmdanunaudewmessiudddaaliin wioly
washuawmesindeuiiludiumiseng q auddedilasu
nuenndinduuuiiofie Tunsasanasunmsindeuiives
wwuusudvilalagededyyiuninainndes degn
Uszanaselulasreufimesioufiazgndadiluuanina
Tunonndinduvuilododredyyia Wik Tagszuy
TULAA U WATTEUUAIUANNNTLAR DUT YO IUYLUY U UA

wanslugua 4

JUN 3 uvwjueus

3.2 vorlsuIsvaayue

s

lun1seenuuugeniuITNITIINUVB UYL LB UA
AA98lAl4IUsun Ty MATLAB lunisuan i eviiud
MursavauRvewvLiuEud wagldlusunsy Arduino
IDE dwsuiwuilusunsuasluvesalulasaoulnsaiaes
ileduinsaumansuuuluisuassaumansundy

wazSudadyaansugesiieldlunisaiuauuuiueud

3.2.1 MIVINUTYNILYOIUYUY LIS

Wuivi19u (workspace) ﬁdg‘ﬂﬁl 5 Aoiuil idu
Uansresuruususditndsld memiiuiivhauresuay
yusuiluszuy xz mldan amilewesiiuiiaenay dau
3 xy mldlagnnsthan D-H Parameters 1nAN51971

1 Wldsutvauniseaudians wuulud1andn way

Y

AUAIANTWUURNAY NIV 2 Fauauvi usunly

v

Adeiiusznauludie dese 3 Yase Usynaulusieyy

v
]

lunsnyuvestone (6) figad 6, Aoyuludiuves

wludveausurusust (Shoulder), &, Aoyuluduvos
Faron (Elbow) uay Oy Aousludrudailo (Wrist Roll)

idesnwesluewmesannsonyuldud 180 ssm 0, 3
AIHANTENUADYDUIANITVINNUYD YUY UL UANINT AR

v
U VA v

Tufisedvhmasisuiieunisadives 0, lurag -

e

=

90 £19 90 84AN, -135 D9 45 B9AT kAL -180 D9 0 89A1 LAY

NSAAANYIYLVBAIRTIINDLNBS UARIAIIUN 6
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dausznausruumuauMsIAGauTivasuYuuEud
nuelaY 1 nddsifnagivumenvuiugud
neLaY 2 : nRasvidnagiudundivasusuiusud
nueay 3 lugaugys
wnelat 4 : vesatuvainad
¢ ¢ ' ' 5
wneia 5 : vasalulasaaulvsaiaes a19elu glu (Arduino Uno)
NUBIAY 6 : UBSATIAIUDITHIY
VBLAY 7 : WUALADS

da d a <
UYL 8 : LLUﬂmaiaLﬁﬂu-IwaLuas

nea 9 : wenndnduuulnsdwillofiodmiunluguuauiueud

3UT 4 d1uUsENauszuUAIUANNSIAROUTIVEIUIUYUEURA

180°

. WEUAIWAIUDIS

90 °

90 °|

0 : %29 0° fis 180°

90 °

-45 °

U, BHUATWATUUY

FUT 5 NUOUYBILULueud

-90 ° 90 ° -90 °
05 : 929 -90° fa 90° 03 : 929 -90° s 90°

0, : 929 -135° fle 45° 0, : 939 -180° s 0°

-
0 : 929 0° Fa 180°

0° 180 °
0 : 929 0° fa 180°

JUN 6 nsesAtisnvegeiliomes
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Inverse kinematics

50
45
40
35

T 30

8 25

> 20
15

50
45
40
35

T 30

S 25

> 20
15
10 10

5 5

0 5 10 15 20 25 30 35 40 45 50 0
x (cm)

n. AU 6, B39 -90 §i3 90 BaFn

o

Inverse kinematics

5 10 15 20 25 30 35 40 45 50 0
x (cm) x (cm)

U, MVUAYN 6, B9 -135 B9 45 B3

Inverse kinematics

5 10 15 20 25 30 35 40 45 50

a. ﬁwuﬂgu 6, %24 -180 94 0 @9A1

JUN 7 Wuilihnuveawsuiugudnnsivuatuvetresiwenes

INNITAWINAUNNIUTOUIUY UBUA AIUATT
Avuag e uveges luenessuluuaie q lagld

1UUNTU MATLAB Langsiagul 7 1ngainwan1sa1uim

wuivndsaneslagm 0, eglutds -90 fe 90 aamn

WuINuviuvswvwueud At ldmunganlunisly

o1 Tumsnssenygy 6 T8y -135 8 45 aem Tiud
iaulaundu Weisudunisaaiyalugae -90 &3 90

937 WazhIuusudaansaideuiilamneauiunisly

auase Tudhwnesnsmisnsangy 0, Wy Wi -180

¥ '
o

89 0 091 AMunvireulauinan walimanzanlunisly

U939 s zuvuueus iausaludgaddladadu

Uinnilassadiswesgtu deiu nmsdadsn 0, Az

aglume -135 §a 45 peen

3.2.2 MsImunTIuII LYWL UE S
9nmslilUsunss MATLAB raesitufinsvhammes
wauvuous wansiagud 8 arldnsimunyuveswesls
uowme TN aL IntuiusveUANTTITeLTY
viusud lnoiivungatesfiaaluiniiaaveauisu
(Horizontal) 1 15 Wwufiluas 89 32 19UALNT LATILIAG
(Vertical 1 7 \wuflaing i 24 wufiuns mﬂﬁ?uﬁﬁa;ga

Alaluivuaalulusiknsy Arduino IDE wiafnunsees

MOUTDIABUILUEUA Ao 1717 WuRluAS
Inverse kinematics

50
a5
40
35

T 30
S 25
&
15
10

0 5 10 15 20 25 30 35 40 45 50
x (cm)

sUfi 8 SaruaveUAR LTI UL

3.2.3 SumouIsnIsnIvANR YU

mu%aﬁ’aﬁlﬂumimuauLLsuuvjuszﬁ Tnguanwaiady
vuausninunudyaulsas ndeudunananinuu
vihvenunanaie damthasvemenndiaduazuszneuly
PEnanYEIU é’ﬂgﬂﬁl 9 Tneaud 1 \Judrnudendayeyio
Feusrafugunsal, dudl 2 1Tumiaeuansuaainndes
ANLNA1939 §aLanaNaaINNdeai AnduduUansuy
viugud, daudl 3 1umiveuanmanndosiail 2 9y
wanan NN i1TiuN SNV IUIU U US, dIufl 4
Judunisauauwuuiugusuuy MALM-Control L4131
Paelldannsnnuauuauusudldliieiu, dui 5

d a Y a | P '
Junsauauiiazdedowuudasy uwagdiud 6 1udy
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andudwmiunsiglunisasamumiasuduliniouly
1 warduiladdud ogldvinnsdud sveslauds wau
Vugudazidweslunaidndumia lnegldlidosdadu

YAl

JUN 9 dIuAIUANLULYUEUR wonwAlATuULaNN Tl

4.35n151na949

luauideinelIdelaesenuuunismaassvesuau
viugus Ineutanisnaaendu 2 mmeasman Ao nnass
wsniunisvegeuauaansalunseuaudedure Y

vusuiindoufiiudunsslunumin-mas wazuuitiu-as

'
=

Fadunsiedouiivesuvujusudlussuvassiii 1ngld
wannsvaumansuuuluimiuagsaumansuuunniu
wazmsneassiaondunmafunmsmaaeudussozinand
T¥muauuvuvusudifiendudwes Tnsutsnmsauauiy
AIUANKUY MALM-Control uaznsaiuausiedeanedasy

6 Vo5

=
=te

4.1 msvnasInIsindeuiiveuyuyueuslus UIUFes
MsMAaeINsIAdeUTive IUuBUAlUTT U AR
Fadunsliuruusudied ouidudunssmuuuisy
LATULIR mﬂﬁ?uﬁwmﬁmmaaudwLLsuuvjuauﬁmﬁauﬁ
Judunsdldgnseaselil neldinalulaguszanananm
(Image Processing) LLamé’agUﬁ 10 vinsifpulusunsy
fide11 Open CV fearwilnney (Python)

prelausis

Tagyias eenunedwnebifduvyslatsuauyueud

NUUNADIVEATIVIULAS DINUNUE LAILAIRANIUNS

\AFRUNNNIUANE YUY LU

JUT 10 TUsunsuUszanananIn n5193U9AaUAS LATRUT

AU UYL LA

4.2 MINAABINITAIVUANUYUY USRI sANYITlode
NINARDIBNTIIELIAIUANUIUYUEUAH I ULONNELA
Fuvlnswidofe Tnsliwvurususinduivasesainga
wilelUli8nqands Fefléfosmanuaniiuaninmain
ndasnnunatads Mnduntnismanondunisauaude
Horodaseiia 6 Tore uarAIUANILUY MALM-Control 311
Paglunmsiadeud Feimsvaassliifldia 3 eu neass
a3 afs InglusunsusiaowuaninsnBusvies
1ngeanilslliBnganis nmsveaedily aruaudady

N [

wynueudrulvsAntetie wanafsgun 11

JUN 11 Maveaasliglyd mupudsduwuuueuiny

=

nsdnviieda
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5. Haanswazn1sanUse

HAN3NAAIALY LY LEUAARDUNTLAUNIULLITIU

A A

Tnelindeudilungu vinsvnassianun 3 szu fefien
y =8 cm, 16 cm wag 24 cm mngﬂﬁl 12 uansdadu
Fredasiunys Fadudunisindeuivosuvurususly
WU Aendumsiadeuionly (dudiii) wasidy
nMsiedsufivnduGduddn) annsiesenisadoui
Yosuvuusudiigndanafe i1 Siumiseainadou
nwnfitua iUz 2-3 cm dafnainnisiauay
Wamituiivina vlvussinveswaimosdiuilud ua
Jarenliiiivane wyurueunddlianaunsandulugaunia
Maule ﬁmﬁ 2,3 by 4 1ARnUBWasaIuTIlUE way
Joronwe1g1uAsndvIngaurilsvedlusunsy vinlaia
nanseanlutsil uagmandeuiivowurususialy

WaLYINAU MiiSeuaaNe FUnnaINNISiASIAS19UBY

wyuvusudduvesdeliofinnuadausauin

= a8 v
nsiedeundadulunuisiu

30
2
25 1\_;\,,.—‘1\42\‘\?’\*\‘
| -
NS
~ 20
= R N i ¥ g
< PP N . .
a1 M —
10 4
=<7
5
15 20 25 30
x (cm)

FUT 12 M3lAReuivasuauueudluluITu

soautdunisneassad euidudunuwuii g lag
NAABY 3 S¥AU ABYIAN X = 16 cm, 24 cm way 31.7 cm

n3U7 13 nsindeundsduuuilndidesiunsunluuag

U

NV TiurdsraineasuanwuIntrualIUseann 1

o

alyadunnAan1stAdounivdag x = 31.7 cm Fufin

2N

cm

INMIBaLIUUgUAIlnaiukIveULARuigY v

Tiusalnuaauawasdiuiiva wazdadanliieans

4 da v a
msedsui@adulununfs

25

20

10

14 16 18 20 22 24 26 28 30 32
x (cm)

JUT 13 M3lAfauivasuvuiueud Uz

saundunisneaaenad ouilduduniueuwnnis
9UVDINVUY LB UA mng"d‘ﬁ 14 wanidusn9danns
Lﬂﬁauﬁmmmuﬁuauﬁ nASIElUSILASUUSEIIARAN N
SusLId 9 fvun (ﬁ'ﬁ'gﬂﬁ' 10) v arAnsregring
'iwrmLé’ué’wﬁaﬁuLﬁuﬂWiLﬂﬁauﬁmaﬂLLmuﬂzjuauﬁ 270
Msiesgiigadanndie 909 1 1Wusumisilndrvun
suauwmﬁuﬁﬁwmmammuﬁuauﬁ é’mfumiﬁmwwjuauﬁ
lugesuntasanany vliusednuesusinasdiuiilua
wazdemenliiifioane feanqail 2 Aenisindeufivindy
WRANNBLADITEILIIUE LazderanneneuRInaULIE

suntsvadlusunsy Mlniansnseanluyiell wagand

3 inndednianialaseasiaveiuusueud
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nsiaduadunuvauIIAN TIUTaILYLUsUA

M19197 2 wselnusiasyeraveaLuLiuEUd Wazksiln

25 .
gegaveureslueines
- suvdawes | dwmiln | usslenin | usslngegn
T Tewmes (ke) | MsAwIN | VBIWBLMDS
’g 15 2 (kg-cm) (kg-cm)
- 4 Shoulder 1.74 34.76 41.40
10 Elbow 1.21 24.24 20.70
Wrist Roll 0.68 12.49 20.70
5
15 20 25 30 ; ol . .
« (erm) NI 2 Agiiulaiiussinuesdiu Shoulder &

JUN 14 MIARBUNANUYBULIANITINNUYBILUUY LA

INNITNAFBINITAT DU LF UV YUY UEUATY

[

szurvassdanudn faruaataind ouldniessy
iounanussinvesweilmeimesliiome nagfideds
#vinn1smaaeudadrialusrunimingagelunsndudu
dawosuvurusudaunsand oudeld Tugduuuves
nnmoiusLarlusuiiinssideudaz it ofove Uy
yiususd uanaisguil 15 wasluTeuiiisuseninaussdous
azdasofiuvurusuddosnisiuusedngegaveawesls

UOLADT UAAIAIANT197 2 Ined midngagaveeing

Awualimdu 200 g

Servo Motor (Elbow)

Servo Motor (Shoulder)

Servo Motor (Wrist Roll)

JUT 15 bnwesusaarluwudinszidewiazadese

A 34.76 kg-cm Inaniuusadngeganuainveairesi
WoLRDI7 41.40 kg-cm et lunisiadeuiiasaziiuseln

WisRuasiiuawmes vnlrlunisldauaseeaianing

a1 A

aanmpaeuld Aeundau Elbow ussdaflend 24.24 kg-cm
Fannnidusedngeanvesweslinelnodiiil 20.70 ke-
cm (fiaidnitfos silviorainnsaanaindeulunisldnu
wagludruussdniuvuiueudionisuas Wrist Roll fien
wosniuselngnanvegaslivowas
Han1snaassaluAnlAldAIuANLIU U URR 1Y

wonndnduuulnsdwiliofio ndududswesaingeamialdly

INYANT WARIAINNTIN 3

M1 3 HANITNARBINITATUANLIUYULUA

ASIN | AUANLsaEYD AIUANLUY
foluUdaTy MALM-Control

Aunl | 1 6.12 minute 1.18 minute

2 4.10 minute 0.48 minute

3 2.34 minute 0.38 minute

LRy 4.19 minute 1.08 minute

Aun2 | 1 5.22 minute 0.54 minute

2 3.24 minute 0.44 minute

3 2.18 minute 0.27 minute

alaaY 3.55 minute 0.42 minute

AUN3 1 5.48 minute 0.49 minute

2 2.36 minute 0.36 minute

3 1.43 minute 0.28 minute

aaaY 3.09 minute 0.38 minute
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Tarlumsmuaufisnnluadausn Wesminnsldduiu
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muAufiazderauuudassiinanuduauindeselnuniu

VY]

suluiiguinlug deunisaivauluULAG puFudy
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a v A

wuuvangunuiiau L luadTeildiaieisve s
3 AU WeenIUsyuM 86% WaguiukuuAIUALTiasUe
AauuLdasy 3935n1sAIuANilviiausaNeswiueaud?

Linnsduau Jldaunsanuauliinety

6.83UNaN1INAADY

v
aov a

AdeiliduniseenuuulaziuIuIu ue Uy e
wiudswasnrunur a1 sy tunisussyndine

ngufaauaranswuulUteniuasIaumansuNEY e

¥ v
A A §f A U o o

UIATIEAMNUNTINNUVDILVUY UEUR BN adaiaun
gorduslinsmuauuuususli ety Sadussuuiia
o1 M3muAuMIAdsuTLEAduLUUTABLAY (Multi-
axis linear motion control -MALM Control) a1nn19
yAaeILIN NMTAdeuTivaIILLELRTS 3 MIvaaosde
o LAAoUTI B NdunULLINTI NS (ATULLALAY 4, -X),
LUITU-A9 (MULUIUAY +y, -y) LAZAINTBULANTYNY
yosuvUuELd nansvaaesigadanaiivioutufe nng
\deuiivesuauususienluuarnndy lidsuasiaue
FaAnanmslassaisvesnsuvusuddudedioniuiiya
aduiiunn seunisedeuiilndfuveuniiuiivhan 1in
nussinvesewmesdiuiilva wazdomanliiiewasie
n1snaulugsuniaiy wasdadiinveslaseasiaiuy
viugus Laznsiadeuiivinduaziianisnszann esain
wamesdwiilng uazderonneneuAInaunGiimus
yodlUsuNTL FaHan1TMAaRINUINALUAB LI LS
ANLNTOAADUTTULLIMT-MES (43, ), WUITU-A (+y, -y)

lnuveunfifvue seundunisneaesmuaulig 1y

AUANLIUY UBUA HULET A LATULATIBIN U OTILANS
amanndeInua1aie Inglinduivaswesainganis
TUl33neanils :nuan1smeaesie mMimuawuuTiazde
seuuudaszagliinanunlagianysouusn deldauny
Ifetaduin 1 ea1nglifosnruguamunsuema
wiivevasinsdwiviady shlwlididossunuusasdo
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siteidfngusrasdiiioadanmargowianvesUimarduaelinsdsuutasanmgionme lnsuuusias
CanEsM2 meldaaunisaidiansnisuasefineSeunszan 3 n3al lawn RCP2.6 RCPA.5 way RCP8.5 wuadu 2 92901
Laun szeziiarauiandulnatagiu (a.f.2020 - 2035) wagszeziianauiAndulnaaintaqdu (a.f.2036 - 2099) A
mpdAnsann @R UsrnaAeasaiuiisaemedn Inverse Distance Weighting IugﬂLLUU5waﬁ’wi’mﬁ
ﬂiamquﬁuﬁ‘[mamiwmﬁ’@umﬁLﬁwmﬂmsi’uaaﬂ (Eastern Economic Corridor; EEC) 31NHAN15398 WUI1 ANANY
swanveslSnasluarauseUiedodaiuiine 3 nsdl fdnmnsfisdulussernarowansulnduazeunnsulnasin
ﬁmﬁu‘lmmaﬁﬁaaaz 12, 11, 11 was $eway 10, 14, 22 dwSunsal RCP2.6 RCPA.5 way RCP8.5 mud sy lnedenindial
Samninfiuturesuiinaruissdiduanuniutos Tiun JmINTaYs Tminsreed kasTminaslians) audany
%’HwamﬁﬁaﬁwLﬂu%agaaﬁuauumsﬁwmLLu’Jmﬂﬂ’ﬁU%’U@]’qasmmmzaulumsﬁmi%’mmsﬂfﬂmaié’msmé"ammaa
amwQﬁa’]mvﬂuau’mmﬁm%’uﬁuﬁmiﬁﬂ‘wwialﬂ
AdAgy: ﬂWsmgammaaamwgﬁmmﬂ, TASINTSLYANRIUINLAYAIARLTUDDN, NSAANIATIEIUNEADR, NNRIYBUIARA

Po3USUHY

Abstract
The objective of research is to generate future projection of rainfall under climate change using CanESM2 scenarios

with RCP2.6 RCP4.5 and RCP8.5 for two time periods: short period (2020 — 2035) and long period (2036 — 2099).
The Statistical downscaling technique and applied inverse distance weighting method in the Eastern Economic Corridor
were used in this study. The result shows that rainfall projection of all three-case increased for both periods.
Average increase of the rainfall was 12, 11, 11 (%) and 10, 14, 22 (%) for RCP2.6 RCP4.5 and RCP8.5 respectively.
The maximum increased was Chonburi province followed by Rayong and Chachoengsao, respectively. The result of
this research will be beneficial for water management and climate change adaptation approaches under climate change
in future for the study area.

Keywords: Climate Change, Eastern economic corridor, Statistical Downscaling, Future projections of rainfall.

Naresuan University Engineering Journal, Vol. 16, No. 2, July-December 2021, pp. 56-67 56



NUEJ

Naresuan University
Engineering Journal
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e IPCC lumenuatudl 5 seyin gamgiilanndeldia
a9 un1nnn 2°Carelud aa 2100u"meLatads
ﬁl’ﬂamﬁuqﬁu 0.19m U%uml,ﬁal,%aummmLﬁuqasﬁu 40 %
i ewiuiuganaul§ A gpamnsan 1iand uanudeu
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Fadunansznudfyiid e b adueg98 e (eATun
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Ahrens, 2014) SnisUsinasudusauusildlunsiased
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fin UsgnAulai®y (Huang et al, 2016) sy NN
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mMswasuulawewulusunannigld nsia suudasanm
afieme neweResdlefldlums@inu Ae wuudaesgiiene
1an (General Circulation Models, GCMs) (Bonsal & Prowse,
2005) A9lH@ NP EITLS s UUTIEN A WYY
way fufialan TugUiuuves Grid Cell ﬂﬁaUﬂquﬁyuﬁﬁ"ﬂan
Tnefl AvnuazLs ontd oW ui Uszunas 200 - 500 Km
(N5 anlun uazAe, 2561) L oaAINA BNNSA YT
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(Downscaling Technique) Ineta on35 e adus 218350199119
afi@ (Statistical downscaling method) (Waan 3551148
waLAMY, 2562) mu’ﬁ&ﬁtﬁaﬂﬁwmﬁ’waamﬁmmﬂan
CanESM2 (Canadian Centre for Climate Modelling and
Analysis) n181@ 1a53n15 Coupled Model Intercormparison
Project Phase 5 (CMIPS) @ aiinsldemiuialuussmeduie
(Asharaf & Ahrens, 2014) UsemAslaie (Huang et al,, 2016)
UsemnaaSleWe (Gebremedhin et al,, 2018) wazUsewnelne
(P31 AVELYA wATADLE, 2561; WAAN AITINRE LasAny,
2562; WALNYS dUIUIAT LazAE, 2562; WALNTS dlIUdnS

LazAny, 2563)

1ASIMSUANRIURLAEN1ARE TUean (Eastern Economic
Corridor; EEQ) Lﬁuﬁuﬁﬁﬁﬁ’wﬁ BNSWAIUINALATEYFN IV
Uspinalned sogluraasf sumaifiosesfuniaiied uves
Tasen1s EEC nsnindud ond udumnavesndunud adu
w%’wmmﬁiﬁmwﬁﬁ'ﬁmmﬁﬁzyﬁiaﬁuﬁﬁmémﬂuasjwéq
wazdussiusznaulumsUssdiunudesnsiuayaunani
Tefinuniims@neid safunsenenmnetnaaes3in
Nuiuﬁuﬁ EEC (Walwas dunullng Layanle, 2562)

AT g UszaiRetaThnmasemevesUTina
AusTeLi eutars e B i i aneldnnsa suulasaniw
qﬁmmﬂiuﬁuﬁimqmmmﬁwmﬂ \AwnIARE Tuean (EEC)
Flsudiunswasuasmelfanumsalsiaasnsuses i
15PUNTEAN 3 @0NUNSed be WA RCP2.6, RCP4.5 way RCP8S
Tnefinnsanainyasdoyadaudd 2020 - 2099 Tnsuyadu
2 e Lo seeznaewandulngagiu (Short period)
Ao 9290 A.7.2020 — 2035 wagszezliatauinns ulnaain
199U (Long period) 1341 A.7.2036 — 2099 L asa1neelu
AV HUN SR AUUYE LA UHYNS A DEEe 20 T
AN NTAIENS VIR LUNITHAILATIN SRR RN LAYAA
pefueen elimsAnmegludagiulnedinemminenai
WS (ﬁwﬁfmmmﬁ"wmﬂsﬁ’]Lm'ama, 2562) 1t mﬂu%’auﬂa
anfuayuMIUIMsIaMstuaymse s ia sy
(Drought Index) Tuounannelsinsua guwUasanngdennie
esiuTimsAnwsely

¥

2. WunAnwuasdeyailtlunuide

2.1 fiuiimsiey

Aufinsfnw Ao A uRlwnauIfAenAne Tueen
(Eastermn Economic Corridor; EEC) AT@UAR U Ui 3 Sandn
Ioun asdians ¥ays wazsvees dleRa1san Grid cell vas
LLUUﬁWaaﬂQ‘ﬁ a1 Alan (General Circulation Models, GCMs)
wu3eglu Grid cell 71 X37 - Y37 G il uil uitddaysionis
WannmaAsegiavesUsemealne LLaxangLuﬁde%'ammﬁLﬁa

@ =
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Climate Modelling and Analysis (CCCma) i osnidudl

DouDE NI AT aE9UTEINA (Asharaf & Ahrens, 2014;
Huang et al., 2016; Gebremedhin et al., 2018) wazUseine
Ineg (A1 @nglen wagame, 2561; Waan d1350NN8e
LAZANY, 2562; WALNUT dUNUIAT LavALE, 2562; WaLNTS
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lwite 3.2 Ingnaannsanuinsdumead Aaansatly
as1nmageuan Wy ielunsasenmaiensiieey
Tuewan (Yarnal et al,, 2002; Wilby et al,, 2001)

3.2 N13039FOUAIIIIUENA 1T UNITAANINT I LN NEA
N5V UNANITERULT B ULATNIUABUA 18R il
N9@dd Usenousme
1) duUszavislunssindula (Coefficient of Determination;
R) usviifiuansmudiiusvestoyasnmsiiaseinig
0A0eELT Y (Liner Regression) dlA10g 58131 0 14 1 v11n
Wlng 0 Ae AuUsdaseAuduusmuil anudunusnunu
Uos WAaWT1lnd 1Ae AauUsdaseAun audsniy

Hauduiusnaiuinn uansgnsrmuinaaintsn (1)
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1 WARIIHANTTANIRT @I SAD ATlAIILIUEg A
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nceppl_val ﬂﬂ‘mNaa,fLuLLmaaﬁgmﬁiaﬁummqa 1,000 hPa ()

nceppl_zsl mmé’mﬁuﬁ‘ﬂaammL%’gamﬁqﬁs:ﬁummqq 1,000 hPa () ® ) [ [
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ncepp5_zgl mmﬁ’mﬁuﬁ‘%ammL%’gamﬁs:ﬁummqa 500 hPa [ ) o [ [
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ncepp8_vgl ﬁﬂmaammLLmaaﬁgmﬁisﬁUﬂamQﬂ 850 hPa () ® ® )
ncepp8_zgl mmﬁ"mﬁuéﬂaammL%uﬁm%ﬁﬁisﬁumm@ﬂ 850 hPa () ] [ J
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Abstract

This research aims to verify the influenced factors and performances of carbonation-resistance materials for
concrete. The laboratory was mainly conducted at Nakhon Pathom province. The carbonation-resistance materials
investigated in this research are painting colour and plaster for carbonation resistance of concrete. The water to

binder ratios were 0.45 0.55 and 0.55 respectively. Tests for the depth of carbonation after the concrete was left
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in the environment were conducted at 120, 210, and 300 days. The results show that the carbonation depth of
painting colour and plaster is less than bare concrete. Painting colour and plaster contributed a 75% and 60%

reduction in the carbonation coefficient, respectively. Results from mathematical model analysis. Expressed as
mc )’

the velocity coefficient of carbocation due to paint (ch ), Coefficient of rate of carbonation due to plaster (B

and the coefficient of the rate of carbocation due to the colour of the plaster surface (Bpm ). The results can be
used for designed and maintaining plan of reinforced concrete structures that are exposed to the carbonation

environment at Nakhon Pathom Province by plastering 10 mm thick or use acrylic paint for another coat of

concrete exterior.
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