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ABSTRACT

This paper presents coordination of directional overcurrent relays by optimization technic using
memetic algorithm, combined with genetic algorithm and shuffled frog leaping algorithm. In addition,
this paper proposes a new unconstrained objective equation to reduce miscoordination of main and
backup relays, considered near and far-end faults. The proposed method is implemented in two
different test cases, three and six bus network. The results show that, in the case of the 3 bus system,
the discrimination times are decreased. And in the case of the 6-bus system, the proposed objective
equation can reduce miscoordination, at the far-end fault, from 8 points to 2 points. It is found that
the effectiveness and superiority of the memetic algorithms compared with the performance of genetic

and shuffled frog leaping algorithm.

Keyword: Relay coordination, directional overcurrent relay, optimization, memetic algorithm, shuffled

frog leaping algorithm, hybrid.
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ABSTRACT
This paper presents the stability analysis of a power-switching converter with an EMI filter for
PV systems. Impedance comparison technique, typically used by EMI filter designers, is investigated.

The accuracy of this technique is compared to other techniques i.e. Bode plot, Nyquist plot, Pole-



NFATIAINTTUANENS UM INY1SUASUASUNTILSA

U 13 adui 2 hsunguniau - &amAN w.A. 2561

13

Zero plot, and closed-loop poles. From the simulated results, it can be concluded that the imped-

impedance comparison technique is valid, and the overall system is stable if the input impedance of

a power-switching converter is at least 10 dB higher than the output impedance of an EMI filter only

at some certain frequency.

Keyword: EMI filters, grid-connected systems, power-switching converters, stability.
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ABSTRACT
This paper present current based algorithm for the maximum power point tracking of stand-alone
system. The proposed algorithm can improve the tracking performance compared with the conventional
perturb and observe (P&O) method. The current based algorithm directly uses the change of photovoltaic
current. As a result, the response and the achieved power are better than there of the P&O method. To verify
the advantage of the proposed algorithm, the simulation via MATLAB and the experimental results from the
hardware implementation are used. The results show that the current based algorithm can provide the better

performance in both transient and steady-state response compared with the P&O method.

Keyword: Stand-alone photovoltaic, Maximum power point tracking, Perturb and observe method,

Current based algorithm.
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ABSTRACT
This paper presents the performance comparison of harmonic elimination in electric railway systems with
two shunt active power filter (SAPF) structures: split capacitor structure and joint capacitor structure. The indicators
of the comparison for the two SAPF structures are the total current harmonic distortion (%THD), the ripple of DC bus

voltage (% AV iy ) @d the dynamic response of DC bus voltage during load changes. The harmonic detection,
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synchronous reference frame (SRF method) is used for calculating the reference current of both SAPF structures. The
conventional Pl controllers are used to control the compensating current and regulate the DC bus voltage of SAPF.
The hardware in the loop (HIL) simulation technique which process by Simulink/MATLAB program  and
TMS320C2000™ Experimenter Kit board is applied to simulate harmonic elimination in AC-electric railway systems.
The simulation results show that both SAPF structures can provide good performance for harmonic elimination and
the 9%THD, of source current after compensation are satisfied under the IEEE std 519-2014. Furthermore, the SAPF
with joint capacitor structure gives less ripple of DC bus voltage than the split capacitor structure. However, the split

capacitor structure has better dynamic response than the joint capacitor structure when loads in the system have

been changed and greatly increased.

Keyword: Active power filter,

Hardware in the loop
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wonitviiielfanunsadnnszuavaseiidnssuain
#eg19gnies Ingluvnenuiazesuionisnsradu
gnsueiindaeiinsousnsdadslasila w5eds SRF dad
FupeunsuIMTILR 5 Tunau fil

7uil 1 wlasanszualwdaiiluan (i, ) Tieg

Y

vuunu af (iy, ,i,,) laeldaun1sn (1)

] [ i
iy | iy (@t —(z/2) W

Taem i, Ao nszwalniiluanuuwnulean

i, A nsudlnirAlvanuuunuum

uil 2 wasAnszuailnanuuinu of ey
VUYL DQ (iLd,iLq)Iﬂai%aMﬂWiﬁ (2) Fein 0
lannsldmaiiamaiongy (Phase-locked loop:
PLL) fivsuseyuvesussiuluiiiveaundsdiedian

AT (Voo ) VOITEUUNRDITAN

i, | cos(0) sin(0) | |1, 2
i, B —sin(@) cos(0) | | i,
Toen i, Ao nsvudlnihilvanuuunuf

iy, f nzualniiilvanuuunufl

a

1NENNITN (2 A1 i, AzUTrnauAe

perUszneududygrunsuanss (7,) Nvsuends

o

o T

YSunauyagnu uazdyunseuaadu (i, ) Avauven

faUSunauasuednsanandluaunisn (3)
i, =0,+I, (3)

7ui] 3 1439330504 (filter) WonUIUIULAZIY
i, eana1nUsuiueIsuelln i, (@wmsuunarul
\@onld2993n999[1URT Low pass filter: LPF 8usu

1 AUDeaWNAY 15 Hz)

43

TUY 4 ATUIUNINTTUED19DIVULNY aff

(icy icy) Ineldaumsi @)

icg | _[[cos@ sin@)" [y ~i)
iy | | —sin@) cos(d) i, @

1A i, Ao nzudlningredsuuLnuLeani
ic; A nszugliindaBauuinuium
i, fo Usinanszuansafildanndiuvesszuy
AuALLsIuTEL AT
T 5 AuammnszLas B uuLn U (i)

98929950509 asanTnlaanaunsh (5)
i =i —i, (5)

NTUNBUNITNTIITUBNISUBNNAILIT SRF 119 5

Tunoud19fu aunsoaguidunaunInnIsaiun

wandlanaguit 5

4. nsdraesdatunsalindngnsueiinluszuusg
InAdrematingsawaslugy
As91apsdaIunisaivesunaduiarldnis

Tapsanunsalmemaling1sawisiugy (Hardware

in the loop: HIL) Al41Usuwnsu Simulink $331f1

Ua3A DSP 3u TMS320C2000™ Experiment Kit 1ng

filaezunsumsvinuvesszuuuanslddagui 6 3s

Usznaumediuressenuls (software) Ao TUswnsu

Simulink/MATLAB U1 ABNAILADS WA AIUVD S

9Unsaisn$auas (hardware) v DSP A¥inenu

suAulUsunsy Code Composer Studio (CCStudio)
nsdsiazSuteyaseninegeniiiuaza1iauas

Aana1azeglusUluures Real-time data exchange

(RTDX) &elulusunsy Simulink 9¢lduden RTDX

write d1miudsdoyaludavesa DSP uazlduden

RTDX Read dm3ufuteyaainuesa DSP luvazd

vasa DSP axldnslusunsusiedds Read From

RTDX dwSusudeyaannlusunsy Simulink uagld
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l’m

a4
AN o 0] Tes) sin®] [ ]2 -l-
- [im}{i (th—(ﬁ/Z)) Jl’_;{ild}:{—sin(ﬂ) cos(H)}LLa} i, .C”}
LB L i 1y 15 q » ics

Step1 Step 2

Step3

| cos(9) sin(0) ’1. (i, —iy) ﬁ»*_
| =sin(d) cos(6) i,

Step 4

Step 5

JUN 5 wHunmnnsnsRiuanueiindieisnseuindsdlasia

Fds Write to RTDX dmiudstoyaludslusunsy
Simulink [11] F3nszUrunIsNsIdoudeuaniUasy
Touasendnalusunsy Simulink kaguesa DSP
flananazidensafusinuans (USB JTAG emulation)
fauanslugud 7

058UV A AR5 uR1TResueiinly

'
a

U7 1 wazguil 2 iileldnnsdrassanunisaisae
wadaesauasluguanansauandyilisiagui 8 uas

U 9 muddu 91nguRana dauvesszuudlitin
uazasasnsaatdaueniin axgnasnsdudisgnuden
InAria9 (SimPowerSystem blockset) Tulusunsa
Simulink luvaiefidiumesnisasiaduensuedndeis
SRF N13ATUANNTTAANTEUATALTELATNITAIUAN
usedudalninssdeimunuitleasgnadisduuuuede
DSP 91nszuUTAesanUNSaigUT 8 Teyadunniign
ddliiuuesn DSP Usznausne Ausuluiinigase
VocasVoes )

ANTELALNAR (i,,,7,,) BAZAINITTLAYALYYVDINAT

39U (Vpegy» Voo ) AIBS90UTATNATS (

nsasmdeniiv (i, i, ) d3seUUTNaeEnIUN15al
Tuguin 9 awiuldinfideyadunafiunndrsainssuuly

=]

U7 8 fio A ssrudalinsaiisaaion (V) g

e

1% (3

Toyaldnailaninuasen DSP YevisaedssuuTae

] o

a0uNIIel Ao AMSITUSNBY (i), u, ) Nazgnasluda

Y

TUsunsU Simulink waluUSgudigunudaanunie

[}

gnaagY (triangular carrier) muasn1sveLmnAiANg

o o

UH

o
o

AINTLUU PWM 210113 YyruNadn

laluaruaugunsaiaindlodifivesieasnsasniag
waniiniivedanseuavaveindngnsueinluseuusng

Iyfindsarsegunlusunsy Simulink sely

e —— — e ——

TMS320C2000™
DSP Board [hardware]

Simulink/MATLAB

Computer [software]

S GED

e —— 1

3
U

2. JTAG emulator

1. SimPowerSystem ™ Simutink

3. TMS320C2000 " Experimenter Kit

JUN 7 Mm3deuseseninalusunsu Simulink fiu

UBSA TMS320F28335

Ve 69kV 60Hz

Vsp
Vsc
L i 1 i

Other Loads

A
_LM:' }Scott transformer
| 69KkV:26kV

ARG

|
Phase-a } Phase-b
: | .

Isa Isp

! i
N« pcc Sby  pec kby o
Traction T i Vecea Veces i T Traction
load ca cb load
— |7 T T =
=== Ikvi2ekv 1kV: 26KV S22

TMS320C2000™"

SRF Harmonic detection,
PI Current and DC bus voltage controls
'

U1 8 52UV HIL n3dllassasnanuudunuyszquen
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Vsu 69kV 60Hz
Vss
Vsc
i i i

2
! T 1scott transformer
|
Phase-a | :Q | 69kV:26kV  Phase-b

iy, i, | ! i ‘b
A< pec sa PR % R Sby  pcc Ly

Vv, .
Traction . PCCa Vl’(,(‘h . Traction
ey Iey
load load
LT

Th
1kV:26kV Z===
L

=S IkVi2eky
MM = PF o
Y ﬁ‘_ + Coe ‘JG Y
IGBT L[

Other Loads

SRF Harmoric detection,

Pl Current and DC bus valtage contrls

U7 9 szuu HIL nsdilassadauuudniulseqs

5. Han13IN@ReEnIuN1TRiLazN1seAUTIY
N13318san1uNTaiNIsANdnenfuelinlussuy
sslnihdemadaesauslugudsszuulugud 8
waz 9 Aziarsauunuluansaliiin (Traction Load)
frounasienszuanisgauaifiusznoudie
psfdsznouyaguLarassUsEnoueinedindiindy
a3sluszuusalnia (3] lnensalnisindagnsuetin

FI9INTDINAILDAANLUVIWIUNLTATIAS 190U

'
a

dafiudsequen (3UA 8) uavlassadsuuudaiiy
Uszq3an (§U7 9) agldArmisndimesangg aud
Uimgiuiwugﬂﬁ 1 LLazgﬂﬁ 2 MUY INTEUY
nsassaaunsaiaziuansasuLUassua
yuauvesluansaluiiifintulundiavesssuvds
emadlildin (d @ wasia b) mrugiaiainig
dusaliihauydifonsalunsddnwviduaned
m15797 2 Fevzuvadu 4 Hra0an fe Friandl 1
Fausnan 0 3unft 981 0.25 Jundt azfvunalid
Tnansalwiiiiioada a wiady daudaanand 2
Faustaan 0.25 3und faaan 0.5 Juadt samunli
gurusalriiadeufiosnaina a Tudana b
danaliina b dlnansaluda 1 aviu wava a 14

1lvam sau1TI93a79 3 FaLaIan 0.5 IUNDeIan

45

0.75 3wt AMuuslrdiluansalwdfiudunAvwla o
ylvanla a wazwla b lvansaldaasy 1

v | a & | a PP
YU UATANYTNETINIAIN 4 Aausiiaan 0.75 Junitde
1181 13U aziasaunlrilransalidiuedu
waay 2 WUIU LA8NAN1SINAIENIUNITINISANTN
g15uinluLAaLYI917a19897995050INAILBN TN

Mandlassainaunsogtineainil

A3 2 B aausalniausys

van Frunulvansalui (vuaw)

SPUUTN | ghanandi 1 | @i 2 | dheneii 3 | danandi 6
W a 1 Tl 1 2
wla b Taifl 1 1 2

n3l929950 509 1AIOATINLUVYLIVIATIT T

o &
wyusAnUYsEUEn

NANNSINAaRIAUNSAIAIRENsUaTnvaLNd a
wazld b NSb995NIRINaaweN N kU UTLIWAL
lassadanuudfiuyszguenaiunsouanslafgu
10 3n3Udena lurisiand 1 fdilwansaludi
RINEE @ 91U 1 IUIY XFUAALAIN ABUNS
YALYEAHLIAT 0 JWTiDe 0.1 Ju7 Fadelaifinnsde
nsruayaeiidng1suelin Uy IunTELaT
wnasRnela a (i, ) waznsswanlvaawa a (i,,)
p Y] P U A a & = a P )
fanwazmleuiufedaledliusuaiulel lnain
A1 %THD, lavinfu 22.16% 31ntusaaan 0.1 3wl
Wuduld 1lor93snsesrdwanfinveaa a
NsTuavALYy (i) singssuusalnin wudn 5U
[ . 1Y 3 44' 4 X
dyanves i, ndvundusuaduleiuintulay
A1 %THD, anaLaD 2.26% luvayiiwa b Selad
nansalndn F9ldiinnsyavenidnersuednfna
AINA?

Tugia3a19 2 fawsiiian 0.25 w9 9 0.5 Ui
Wasinswavuwladlvansalidrfe wa a lufilvan
@l b Tvansalnidnguay 1 v asdanslain

Jasnseaidweniinvenna a vgadanszuavaLe
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Tusasinsesnsesidweniinveana b awnsavih
wihidanseuavaela b (i) fdnensueinld
Tagen %THD, vesnseuaiiunasdnewla b (i)
AMYNSINTVALTIUANAIAY  2.22%  (NOUNITVALYE
AT %THD, w83 i, dmsutananidewini
22.16%)

sounlutaaan?l 3 aausinan 0.5 Junit 84 0.75
Ui ala a wazia b Tlvansaldfiuaas 1
U ardaunmldin 1sasnsesiduendivideva
aunsaannsranelanseunudnaliian %THD,
VI i, WAZ iy WAINITVALYEIAVINAY 2.25% Waz
2.22% suaauLia

o [

dmsutianand 4 saaan 0.75 3undt Huduly
idlevananailvansalwiiiivdudumans 2 aui
axdunaldin 29asnsesindaendivsaonadng
ausadanszuasaseiidasisuadnle laud
A %THD, 989 iy, Wy iy NENSINITVAEFNTU
nsdllvanidA ity 2.47 % uay 2.44 % Ay

INHARINANINUIEAIINIT 29ITNTDINAILDNTN

ABUATVALSE
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wuvruiilassaiauuuduiudsequensiuiuin
muAuiile (K,=3.26, K =43453) [9] Al miunuay
ANsTuarAY TaussauzninnuLayAUALA
maamvgmhaL'Jmﬂmﬂ?i'auLLﬂawaﬂwamzﬂ,w%
dlefinnsannanisauguussiudalnnsaves
WATnTaIMasendWa a wazwa b astansly
gﬂﬁ 11 azdunaladn datuauitle (K,=9.4442,
K=0.986) [9] flanssaur NRAIL1TAAIUALAILTINY
Talwmsslifiaiiuadnsded 1700 v fldeanuuy
15 lénvasnavesmaasuudasivansalii 91
nadandailefiarsuidiuinAesidudnis
nszilonvansatuTalnaTs ( YAV i) ALY
auni1si (6) wudn lunsdlvesina a 9=iian
YAV i rippie Tuusagglaiavesnisiudsunyas
anwinnu 0.819%, 0%, 0.81% wa 1.62% AUARU
drlunsdlvena b AAwvindu 0%, 0.81%, 0.80%
WAz 1.62% Auddiu uenanil Weinrsanans
ABUAUDINIINATR (Dynamic response) U9IN1T

mvAuAsIudalnsadolnaniniswasunlas

AYNFINITUALSE

-500 1
0

1
0.1 02 03 04 05

0.6 0.7 08 09 1

time (s)
<— Gaa 1 —» [ €3l 2 —> | €¢— Fuai 3 —>|<— a9 4—>|

U7 10 nansiaesanunsalidnensuednila a wasila b nsdilassadrauuuiiiuusequen
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2000

a7

1700
1400

Voca 1050

700

350

0

2000

1700

V 1400

DCbh
1050

13.6V ;f /\\/\/\ 276V i

timeo's(s)

0.75 1

<+ P 1—>l<—°zmnmﬁ 2 —p|e— i 3 —>|<— a4 —»

1

afausniinan 0.25 Junitdaunlddn Auseudalnngs
wa a feussiugafugeganiiiu 1890 V luvaed
wsesrulalvmsana b ﬁﬁhmaq@?wqmﬁﬁu 1515 V 1ag
aapaaldialunisgidnganiugasiafiausady
1700 V (Setting time: T ) Uszanadwindu 0.12 Jundl
seunlutasilvaninisiasuulasmiefiaesdinat 0.5
Aunit danalsn ussdudalinsanaa Temnawinan
Wiy 1500 V wagldiianlunisgidnganiugaea
Wiy 0.13 3und Tuvauzfiussdudaluasaa b den
Asfivindu 1700 V (fesannldfinsidsundadani
wiat b) warludrefilnasiinsdsuudandsiannd
nan 0.75 317t Funalddn eeussulaliasana
wazila b SlFnnasinaawintulssnaaviiy 1520 v
Tnesaeanaldinanlunisgiinganiugasiuszaunn

Wiy 0.12 U9

AV
YAV o trippiey = V—*DC x100 (6)

DC

n3alle99sn e Iauen Ik uUYLIUIA TN
o I3 1

HUUAANUYIEgI
NANSINABIEnTUNNSAIN W RNSUelnusand a uay

wa b NIl lg299905097 18 NN NWUUYUIUA L

JUT 11 wansmvauwssiudalinsala a wasla b nsdilassassnuuiiiudssquen

lassasanuudiiulsegsiu anunsauanslanagui
12 mﬂgﬂﬁmdn‘[w}mnmﬁ 1 faudiaan 0 Fundt ds
0.25 3unt fiillnansalvfinamza a wuii e
1995n5MaLenANYeuNd a Kin1sdanssud

3
a o '

YaefIdna1suatingansiian 0.1 3ud tusuly

o . =

eiiuladn sUdyaInves iy, ddnvuzilugUled
113U et %THD, 189 ig, IHvinfu 2.24%
wa » laufiluansalwi3elufinns@anseuavaiye
Admansuedin)

sounlutianadl 2 fausan 0.25 Junit 84 0.5
A dlowla a liflnansalwi lusasdivia b 3
ansaldi191uau 1 auIu dunnlaiin 19950589
Mawenfinvesng a levinisvendanssuavaivey
drunasnsesidaeniivvena b leviuindian
nszuagatvelinussuuseinila Tnedarn %THD,
VRINTVAIEVRY I, IAAWNTY 2.23%

dwsuludianandt 3 daudiaan 0.5 3undt 8
0.75 3undl wleveaoaaiiluansaluiwaas 1
YU FUNALATI 2995NTRIAGILENANWU UYL
anunsadanseuaidnensuednldnana 2 andou
Au e ¥n %THD, 199 iy, waziy, AU 2.20%

LAY 2.21% Uaiau
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AURINTVALYL

m
Vsa & Vsb 0

1
1] 1 JAY
II ¥

-5
500

iLa 0
-500

500

i, 0
-500

200

¥ .
icg & lC_a’ 0

* . 200
icy &igy 0
-200

500

-500

500

-500
0

0.1 02 0.3 0.4 05

0.6 0.7 0.8 0.9 1

, , time (s) ‘ ‘
<+— e 1 —» | €— e 2 —» |4— 42989 3 —>|<— 9389 4 —>|

U7 12 man1sdiaesaaunsalindnensuelinma a wasla b nadilaseadsuuuiufiulszgs

2000 :

1700

1400

VDC 1050

13‘6VI

10.1V;f'v~ww i

(=]

5 0.75 1

|<— Frananii 1 —>| <— i 2 ﬂf& 1817 3 —p |4_ TN 4 —p

JUT 13 man1smunuussiudalissansdlasadauuudiiulszqsm

wazluyranan? 4 ilevedasnailvan

saludnAuduslaas 2 YU WUl 2199505949

o L% a 14 LY <@ 1 cY

Maskenfnlaseasiswuudiuyseyiiudang
anunsadanseuavaivandng1sueinliiussuy
sl isaeunalaivuiiy lneinA %THD, ves

i, WaT iy LW1AU2.32% uaz 2.31% Aua1au

INNARINENT WUIEAIINUIN 2995N5DIANFILDNTAN

wuvruuiilassadrsuuudifulszgsausaudy
AIAuANNLe (K,=3.26, K=43453) [9] aunsaly
Uszdniuanisiidnersueiininasnnnyiaiad
nadsuntasvesivansalii
Han1sAIuAuALTInudalnasansaldaeas
nsosfdaneniinuuvruuiilassadeuvudauiy

Uszasauarusouanslugui 13 lngaziiuledn
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nslddnruauiiloios 1 9a aw1sanluaulial
Voe Ay 1700 V 1annY391381113
WasuuUadlunanvesieaesinalaeinan
%AV,

0.79%, 0.30% Way 0.58% MINAIAU UBNINNY

Copley FHMARZYITIAT ToAYINTU 0.8%,
VoM UINANITABUAUDINIINATATBINS
muauAusiudalinsaflolnaniinisiasundag
adausniiinan 0.25 Junft danaldsn Aruseduda
IWassiinsniauniadndosdidngeaniindy 1755
V uazsaaiviniy 1630 V mmfummmq'lfzﬁgj
danruzaadafiaiusasu 1700 V ialasldiaan
Uszanausiniv 0.03 Junft sewrlugaeiilnanins
Wasuwlasndefiaesiitnan 0.5 3undt dunnldin
wsssudalwnseaanasaavintu 1560 v lagld
nattunsgidnganiugasiivingu 0.07 3wl uaz
Turhafilnaniinisideuntasndafiauiitnan 0.75
Funit dunelaan SaAtuseduvalnnssininnas
danuszanauiniu 1450 v Taslunsdidldinainis

Wrganugasiauszaaminhu 0.19 Junil

e

AINHANITINADIANIUNITAINITANTATISUBNN
AIYIIAINTDINIAILDNANNI@B9LATIA519 L8N
AslSe UL uaNsIauEnIsAnInalsuainlaely

A1 %THD, A1 %AV, WAZNANBUAUBINIA

C (ripple)
wainvesdussfualnsiduisilnanvosszuud
nsasunuas anunsaagunaldfanisned 3 fa 5
ALAIRU 21NA15199 3 WU 29aINTEIA TN
Anilflassadranvudniuussquenuazlasaing
wuuAAuUsEysulieaT %THD, vaua a uay
wla b Tuwsiazgrsaaalndlfseiu lnelasaadisg
wuusuAulszeauliien %THD, Andnanies uax

Ty

A151991 4 WU 29ITNTBINALBNTANTA LT ATIASS

A A a P ' 0
LWANANTUINANISLIUTEULNEUAN AAVDC(W,E)

(3 < o ' Yo 0
WUUAAUUSETINANTALAAT YoAV e

Hesninlassadiswuudiulszquenluyngisia

YaN1NHl O NUSHUTIEUATHARDUAUBINIINATH
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yosausinudalnnsalugaaaaifilvaninas
Wasuulas Ldun aussfuansian dussdums
\Wiugean wazAIatlunsgiinganiugasda (7y)
Fam15197 5 azwudn lutaenisiwdsunlasivand
1181 0.25 Funil wazfiaan 0.5 Fulv 29950509
Adsuendinildlassadrauvudnivlszqsn
anunsalinansuaueniamainfinninlaseadi
wuudaLAuuszanen uailelvansaluiidngg
WasuwUaaiududumaas 2 Uy Aan 0.75
AU W31 2993nTeeRdnendindildlaseadi
wuudanfvdszquenaylinaneuaussnianaind
fndnlassadrsuuudanfulssgaa eilidesain
29950509 nenfinisaeslaseadraldma iy
Uszaiiflauainduiwihlisesnsesidmeniing

q

Ilassadrsuvudniudszgsuiiiduiuuseiies

= [ '

nilsddinsgayidendenuuinnitlasaiiuuud

o

Ao &

iudsyaueniididuiulsey 2 i

AT 3 ASUTYULTBUAT %THD,

Trseadne | danad 1 | danad 2 | e 3 | daanaii 4

SAPE | uala a| wia b | wia a | wla b | wia a|wla b | wia a | wia b

%THD, ABUNITTALYY

lifhsas
SAPF

p2.16%)| lalil | il [22.16%[2.16%[22.16%P2.16% [22.16%

%THD, NMENRAINITVALYE

wuusnfiu I
2.25% | il | il [2.229 |2.25% |2.22% |2.47% | 2.44%

Usgquen

wuudLAY

2.20% | Tifl | Wi [2.23% (2.20% |2.21% (2.32% | 2.31%

Uszasu

A15799 4 MsiUSeudisuan %AV,

DC(ripple)
o %A I/I)C(ripple)
TAseasng i _ ‘ -
a1 | TR 2 | 1nand 3 | Faanaiil 4
SAPF
wid a [wla b | wla a|wld b | wa a|wla b | vl a|wa b
wuusfiu s
0.81% | Taifl | laifl [0.819% [0.819% |0.80% |1.62% |1.62%
Uszquen
wuudfy
) 0.8% 0.79% 0.30% 0.58%
Uszgaw
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AN 5 NMSUTBUMBURNANITHOUALDINIINA IR

maUasuudasivan

WaN1T

Tassasns i Aaan fan
ADUAUDINIG
SAPF . 0.25s 055 0.75s
NAIN
waa|wab |weaa|wab|waa|wab
L . hsviupnean 1515 V{1500 V 1520 V{1524 V
HUURLAY ——
WIINUNAINU 1890 V
Usgauen
Ty 0125 (0125|0135 | - [0.125|0.125s
L . hswiuendgel 1630V 1560 V 1450 V
LUURILAY ——
. |ussiumiaiu 1775 v
U3z
T 0.03s 0.07 s 0.19s
6. @yu

uneuiliinauensieuiisuaussnuzng
mMingsuednluszuusalninlagldrsasnsesingy
wonfinuuvvwiulaseadanuudnAuUssquen uay
laseas1swuudaivdszyson Tngnan1sdnaes
an1un1salminensusiinmenaiingniawislugy
Wy 2msnsesiidiueniilisasdlassadieanangn
TiUsgavsuantsidaetueiiniifivag G %THD,
AenaIN1svaLYeaglunNTeUNIATEIU IEEE std 519-
2014 2819l3AA0 1993nT0IMFIBNTANKUUTUIY
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ABSTRACT

Decomposition is a basic strategy in traditional multi-objective optimization. At present, it has
been interested and widely used in multi-objective evolutionary optimization. This article proposes an
adaptive MOEA/D hybridized with differential evolution (AMOEA/D-DE). The concept is based on a multi-
objective evolutionary algorithm based on decomposition (MOEA/D) and adaptive differential evolution
algorithm (ADE). It decomposes a multi-objective problems (MOPs) into a number of scalar optimization
subproblems ( decomposes a MOPs into several SOPs) and optimizes them simultaneously with
adjustment of control parameters and strategies to achieve a diversity of approximated true non-
dominated solutions. Each subproblem is optimized by using information from its several neighboring
subproblems, which makes AMOEA/ D-DE had lower computational complexity and adapt itself to the
current search requirements. In experiments, AMOEA/ D-DE is compared with a MOEA/D and a multi-
objective differential evolution algorithm based on decomposition (MODE/D) in order to solve continuous
MOPs. The result from experiments show that AMOEA/ D- DE outperforms the others in terms of
convergence rate but it takes more time consumption when compared to the equivalent number of

function evaluations.

Keyword: Many-objective problems, decomposition, multi-objective optimization, evolutionary algorithm,
adaptive differential evolution.
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v

Winu 0.1 Imedveuiunluriasyning 0 89 1 uag CR;
ggnduAIdaTEAIuNITLANLANL ULy I Ty Aid)
BUAUYINAY 0.9 Inellveulwmlugiesyning 0 89 1 wa
' = Y ° al' <
N15MARBINUI1 JADE 1n1581010eeAImaunTInLs?
11 Adaptive DE Msvina 9nnsgaiinisusumsndines

T9menuLeY

5. 9ana3¥iu AMOEA/D-DE

WA Taunsuuuliuialagldnasndmiv
Jgninareinguszasalasdanannisinwun
(AMOEA/D-DE) flumAnuazusstiuaalaainiadesile
mmf’ﬁjiwmmaﬁmqﬂszmﬁuwﬁgﬂLﬁm, MOEA/D
waz MODE/D [3, 7, 8] tneil MOEA/D Wudanasiiu
fuglumsesniuunasitandanasiiu

TuunanuE e SaDE, iDE uaz JADE Faduis
WaiTmunslagldnaniauuuususa (Adaptive DE:
ADE) snUszgndldifu MOEA/D 1iles97n DE Operator
Wussmsitanndmeuiigniigatiinddmiutamuuy
fnguszasdifien Snvianisth ADE Wanuiuld Su
idanesfiuaiunsaiiousianiavesssuuin
wWasuwadlulufiamsla wazanansaususlidatu
anunsalvessanesiiulunsaumeaneuls

5.1 msUsudamenagns

n13USudIRIenagns (Strategy Adaptation) &
LUIAAIIN SaDE ¥4 Huang, et al. [15] Fafu
SanosfiuiiinsBouingAnssveszuy uazduiden
nagnslunisAumAnauanarnuuazduli
WizaniuanIunIsel

quwmmﬁ e sbest (Best so far solution)
910 best (Best solution) wuULAY WieliiAnUsEAvE M
firgelumsUssgndldiu MOEA/D Tasmdnnisiiugu
U84 sbest Agmilauiu best NN ABLFBNLINADS
vdneuiiafigaunidunnmesiiudiu Base vecton
wEriundmeufiraisreInmesd Wotuia

walstudaly Avgsinnisidannmasinlisinauia



58

o
(YK

niddnAss F99199zAvSanenINTaunoUMNALe Fatiy
sbest Fsgnifiunsdnivnnnesfilirneuiiaiigal

v
o

wazazgnUNUNAInaUlalid1neuNAnd Nty oy
f3de imnnuanifenldnagndviaoun 3 wuy fsil
1) Nagnsh 1: “DE/rand/1/bin”

vi — xrl + F(xrz _ xr3) (3)

2)  nagnsi 2: “DE/sbest/1/bin”

vl = shest! + F(x™ — x™?) (4)

3) ﬂaq%ﬁ“ﬁ' 3: “DE/rand-to-sbest/1/bin”

vl = x" 4+ y(sbest' —x™) + F(x"? —x%) (5)

nagnsy 1: DE/rand/1/bin Wunagnsuuunadu

q q

a o

vaa35imunsiagldnasine (DF) wastiewldfiuegi
uninans lasnagnsd aziinisdudenanines
ﬁyug'm (Base vector) 3117 1 LINADT Uazdudan
nNwasnacia (Difference vector) FIUIU 2 LINLADS
wldlunsAasmnnmesmnaunateiug (Mutant
vector) wazyiniselinesunsealeas aldlinmes
mnausulmivisenInmesnaaes (Trial vector) danly
UszilluuazAnidandnay [9]

nagmsi 2: DE/sbest/1/bin tlunagndfisiaiy
AEBARaTY DE/best/1/bin WUUAAY usinagvs 1z
Foufuenfiffian (Best so far: sbest) vasusaydaym
gouly Tngminldfinnmesdmouiidnianines

o

shest! voslgnigoed i azldiAnn1sunuiinge

€

WasuuUasinauvesnmes shest Kadu nagnsi
usnanaziinsgiinvesdmeuiiniaiiuvilounagns
wuAaduuds Sntsfsnaiuiiaian liianisgny
meresrmeuiinannisumuiivesymeesdiafios
Favilsiandlumsiumneulifinnsudsunyag
wuuneyTLY

nAYNST 3: DE/rand-to-sbest/1/bin iunagmsi

fanuaateadenu DE/rand-to-best/1/bin wUUALAL

NFENTIAINTTUANEANS UNINNFBASUASUNTI LS8

U9 13 atull 2 Weungenau - AL w.A. 2561

oA

Taglduannisiiuafiafgaliduidendy
DE/sbest/1/bin lngnagnsil fanimasnugiu 2

LINLABST ABLINLABTENLALLINIABS shest QNEY

a

Umdneieal y iienigandasuauluniswaun
ArneuluLAEIiunagnsdy 9 lag DE/rand-to-

sbest/1/bin ALANITAUNIAINBUNNAINNAE LA bl

a

1IN DE/rand/1/bin kagdin1sgiinvesminey

552N DE/sbest/1/bin Fevinlinagnsd &

N1SAUMAINBUBLTENIN 2 NAENSVIHU kazeae

v
=1

winil rvvilisadieguuuuvesmneuivannvaiy

q
v

uazAvula
nssusuALluvureINsUTudmenagns Tu
wiaznagnsazinnuiranduindu lnsaziinnis
Souduazusuaruiiasiduresnagnsluites 9 an
° o 1o @ da &
Iuauanudnswaglidnianiniu [20] wangns
AwndIdeladaudasursdiuieiiung iy

danasTunlelunuive fall

ps,g+1
= Pmin + (1 =5 X Dyin) * [(1 - a)ps,g t+a- (Zﬁj?;;gcs)] (6)
_ nsgg
Sucs g = gt +¢ (7)
nssg = XLy X1y DSR , (8)
nfsg = i1 Xj=1(1 = SRi; o) ©)

\dle p,, Aorrmnuhasulunisdenldnagns
7 s luawwewstud g (The probability of choosing
s strategy) 1A s =1,2,..,S, Sucg, AodndIu
anudndalunmsairsdmousulmivesnagnsd s lu
RIDEITE AL g (The rate of offspring vectors
successfully creating by the s™ strategy), nSs g Ao
Frnumnudifalunsaisineuiulvsivesnagmsi
s LT g (Number of strategy s successfully
creating survival offspring vectors in generation g),

nf, o FeduuANulidnsalunisadedmougulu
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VoNagnsN s Tuiauelstuil g (Number of strategy
s unsuccessfully creating survival offspring vectors

in generation g), SRS;, ABATSUNUNAIADU

Lj.g
(Solution Replacement) %ﬂiﬁmﬂﬂﬁqmﬁ{ﬁ s AzdAN
Wity 1 deifeaudisalunsaiadinousilly
Yeymdosd i nnwesit j wiuesdudl g (Stratesy s
successfully creating offspring vector that are
better than or equal to the parent vector and its
neighboring solutions of subproblem i), DSRY; , #i®
MsunuiidineusuuAsoUd (Dominated Solution
Replacement) dslFa1nnagnéil s azflanvindu 1
doifaaudsalunisaiudmeuiulniuuuaseui
ﬁmamﬁﬂuﬂmmﬂaaﬁ [ NWEST j wuelstuil g
(Strategy s successfully creating offspring vector
that are better than the parent vector and its
neighboring solutions of subproblem i), P, ADAT
mwﬂwmﬂuﬁ’lqmaqﬂawﬁ‘ (The minimum
probability of each strategy), S Aod1UIUNAYNT
(Number of strategy), « ADdnI1n15UTUG
(Adaptation rate) ffnsz1ing 0§14 1, & AoAasiiiiie
wandsansdmailild Inelusuideidldean 00001
(The constant value is used to avoid possible null

rates of success), shest! ﬁanmma%ﬁma‘uﬁaﬁqm

(Best so far vector) @15ullgyuigaei i lnef
shest = (shesty, ..., shest,)
52 nsUSUAIAIENISIdmeTAIUAL

nsUSUAIAIENISIEmesAIUAN (Parameter
Adaptation) finTENUADAHASNEUBIAINOUDLIUN
1184910 DE Operator l¥n11dimesarunuiiy
i vunszoziAdouYedania dreg1adu van
fmuadn F fisin agsinlinnsindouvesqaiidnmiig
MngauduLn dawalilianaunsameariidninly

Uinadlndifissgnisusiule vsemninvuedn F Ndes
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azvilinisindeuvesaidalndaaisusiu vinlsd
Tomammegludmeuiifiamznguls

TuaAdei] 3dldiuunAnues JDE ua JADE 91
Brest, et al. [13], Zhang and Sanderson [19], Zhang
and Sanderson [21] M WauIwasUssendldiu
MOEA/D TiiinmsiSeusuazusuamnilinesaunu
dledmeuiifluszuuldiinnsdsuudas wanadain
nMswEsuamwessuusil

ity =1 - gy Bl [ e (1)

g g
Zk:1Xi~fk NRZk:lxis,k

ASRS; , == (SRS
2

Dig = DigF DSRL-SJ-,g) (11)

o 15, Aedrdadiuarulidnialunisadie
Fmeugulmionnnslinagnsi s lullymeesd i 19
el Tud g (The ratio of unsuccessfully creating
offspring vector that are better than the parent
vector from using strategy s in subproblem i

generation g), ASR}; , ADANAAINITLNUTIAINOUAY

iLj.g
nmsuwvuiuuaseuittudameesi i nwesh j 1a

lWoLSTUN g (Average of SRS

s =
i1 @nd DSRL-J-,g), B AD

mdaﬂﬂf’mﬂﬂiwdwmmﬁwL%f\ﬂumsa%f’mﬁwauiu
Tmivesilymeosdt | furmudiSalunisadiesdineu
iulmmaq{‘]zymsjaaﬁ jeB@ HAN5¥1319 0 §19 1
mNAIMUAAIYIIAY 1 nunefsaulannneiAiney
FANUAYD B() vawinnu 0 nunefsaulaenie
wneedi i veslynides i (Scaling factor for
weighting the successfully creating offspring at the
subproblem i and the successfully creating
offspring in the neighborhood of subproblem i),

5, Aolauguaes wirdu 1 Weldnagnsi s Tutlgm
goufl i walstudl g, NR Aesiuiumsunuiidiney

@98 (Maximum number of solutions replacement)

EVANRE]
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521 msUsuivesn e vegnan 1

n13USuUsvesAladuveenanie (Adaptation
of scaling factor) Tua1u3ded I¥duurAnn1sUsy
W1513L98591n JADE lagazsinn1susunisiiitnes
ﬂw@ﬂunﬂﬂmméaanﬂlﬂmam%"uéhamsl,wmm

wuulA¥ (Cauchy Distribution) tilaf1duaenden

o

meuanulidisalunsaisrneuiulng uansgns

MsUSursiwesaIUANAsl

Fs {cauchy(,uf-yl-“l, 0.1), ifrand; <1},

(12)

Lg+1 Fisg, otherwise

S
HEig+1
_ (A= LR) - piq + LR Ff,
Urig otherwise

it ¥}, DSR; , > 0(13)

e FE, AoAndadvensnasiing (Scaling factor)
vosnagnsi s Jayngesil i luawelstud g, us,,
Aoandetadrenanasng (Mean of scaling factor)
vosnagnsi s dapmdenil i luaiuelsiuil g, LR fe
8n51N1338U3 (Learning rate)

522 msUsusesensinisnsoalonas

n1sUsuMveIdnsIN1sATedalares (Adaptation
of crossover rate) lunidsei Waunsanaeslunis
Uumsiwes esane cr Aiveeasiliandiinl

d' a ' v v ° Aa
WagulUasaneuuin aqmaiﬂaqﬂqﬁﬂﬂquﬂ']m@UWﬂ

aa VY o

Tuusnalndldesiummeunfiiy §33e3arimuelien
cr Hepauiloifivuiuduuaeistugsgalunns
aduuganaiiiu Ingazyinn1susuAmisfimes
muaulunndgmeesynaiueisiu ierdutiasnin
Admdueulidnsalunsasisimeugul
ilesannan cr fnaromsiAsuLasiiAmees
Fmeuiiinn ifesaneTuduiunulndasudmaue
welstuiidivun sgfmueliian cR anaseg1eTInig
demendidfianluuinaddady q fedu fAdeTls
YNAUNITONDDYIINLUIAAYBY Lin, et al. [22] W

sanlasliimuizaududanesiunazUyminldlu

NFENTIAINTTUANEANS UNINNFBASUASUNTI LS8

U9 13 atull 2 Weungenau - AL w.A. 2561

MUY wansaunsanasslunisusunisfines

AIUANAIT]
CRSgur =
1 1—NA‘§'L0A8
RG 5 s
0.55 + p X arctan —i Il ifrand, < Ti,g(m_)
CRf,g, otherwise
NAf; = X7_  naj), (15)

\dlo crs, Aednsn1sasealelind (Crossover
rate) vosnagnsi s Jymidesil i lulaiueisdui g,
NAS, fesruauafsiiAanisuiunisfines cr
( Cumulative number of crossover probability
adjustments) vosnagnsi s Jameosd : luiaiue
\5uil g, naf, Folaugiuaes Wiy 1 Welinmsusu
wisiines crR veanagnsi s lullapmdesi  1aiue
\stuil g, RG Aesiuaiueistuiivde (Remaining
number of generations)

523 n19UsusvesR I INmeT gL

¥

A15U5UMU9AN8 19U NYNLINMBSNUF U

o«
v

(Adaptation of weight of base vectors) Tus1u3duil
TuAnn1sUsUNSEeesaIn jDE Ingazviinisusu
wisfiwesauaulunndamgosnniaiusisiudie
N1349NUALUUYHNeIY (Uniform Distribution) e
ArduiesninAdadiuanulidnivlunsadisdneu
Julwl

Wasnllanunsausuanlainana s vinnnmes

g

fugumsdumile Jeimusliusuiuuunszaemi
7 fiu WeriuanuvannvanevesgUuuUAmelin
fiam LLamqmmiﬂ%’meﬁma%muauéﬁf‘j
}’isg+1 _ {r(ind4, ifrand3. < ng (16)
g Yigr otherwise

Wie yf, AeAdrnimlnnmesitug iy (Weight
of base vectors) ¥aanagnsi s Jymdeen i luia

LWeLSTUT g
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53  svaiguves AMOEA/D-DE

danasiy 1: dnausidsnisaniuanudanasiy

AMOEA/D-DE fgguhuusiaLiiey

1:
2:

8:
9:
10:
11:

12:
13:
14:
15:
16:
17:
18:

19:
20:

21:
22:

23:
24:

25:
26:

* Initialization
Generate N weight vectors A= (Ai, é, s }\,,),
i=1,..,N
Fori =1,..., N, define the set of indexes B(i) =
{iy, ..., inp} where {21, ..., Aivv} are the Nb closest
weight vectors to A! (by the Euclidean distance)
Generate an initial population Py = {x?, ..., xV}, x' =
(xf, %, .o, xh)
Evaluate each individual in the initial population Py
and associate x? with A!
Fori =1,...,N, set shest! = x!
Initialize z* = (23, ..., Z3;) by setting

FR— i -
Zy = 1I2ilsr}v{fk(x )}, k=12,..,.M
Setg=1,75=0
For all strategies s = 1, ..., S, set pg g = 1/S

and DSR?

For all SR} iig

ij.g are set zero

/* Main computation loop
repeat
for each parent vector xii=1,..,Ndo

Select strategy s from the pool according to p; 4

/* Parameter adaptation
if rand, < t{4_; then //Adaptation of F
(rand in U[0,1])

Generate Fy = cauchy(yf-lilgﬂ, 0.1)

else
[ — S
Fi,g - Fi,g—l

end if (step 18)
if rand, < tj,_; then //Adaptation of CR

Calculate CRf_g
NAS
1-—4-038
1 x arctan <L>]
T 0.1

CRf_g = CRL-Slg_1

=0.55+

else

27:
28:
29:
30:

31:
32:

33:
34
35:

36:
37
38:
39:
40:

41:

42:
43:
a4:
45:
46:
ar:
48:
49:

50:
51:
52:
53:
54:
55:
56:
57:
58:

59:

61

end if (step 23)

if randz < ‘L'f’g_l then //Adaptation of y
Generate y;4 = rand

else

— S
Vi,g - Yi,g—l

end if (step 28)

/* Update real best solution
If the tchebycheff value of x/ is better than
sbest!, j € B(i) then

Set shest! = x/

end if (step 35)

/* Reproduction
Generate a new solution y by DE operator
(repair it if necessary)

Apply polynomial mutation to produce y’

(repair it if necessary)

Update z*, z; = min(z;, fi(¥")) and setn, =0

/* Selection
for each subproblem j € B(i) do
if n, < NR then
if g¢(y'|V,z*) < g*¢(x/ |V, z") then
Replace x/ by y’, increment n,. and set
SRiSJ-'g =1
if g(y'|V,z") < g**(x/ |, z") then
Set SR,
end if (step 50)

= 1//true is equal to one

end if (step 48)
end if (step 47)

end for (step 46)

/* Update mean of scaling factor

if any DSR}

ij.g of subproblem j € B(i) be true

then

Update Uz, g+1
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60: else

61: ﬂi‘,i,g+1 = ﬂi‘,i,g
62: endif (step 58)
63:

64: Calculate all ASR?

S
ij,g @nd T; g4 for each strategy

65: end for (step 14)

66: Calculate and update the probability pg 44 for each
strategy

67 g=g+1
68:untilg > G

Msi3udures AMOEA/D-DE axaderngasimiin
AL Taeld@uindnduanfion loid (Simplex lattice
design) WumSaduuawiniy $auudsyng (V) x
IIINGUTEAR (M) UAZAIUINITLEYNNTENINNTA
fifnvenmosaasimin At sevua (Euclidean
distances) faaun1sii 23 uazdmiunnmesdiafes

vosusazlameosi i adlun B(i)
M i 72
dj = \/Zk:1('1k - /1;()

Walar d;; WA (d;; ADIruErIeTeNINgAves

(17)

v
' o

A1829u19TNINAes T | funmesd j ey i =
1., N 482 j = 1,.., N) Ifa¥annmesmneususu
muduulszyng Wnglsduidondase wunannmes
WINAUSIUIUNER ST aLA (n) 21nLTURUR g
LAY i WA 1, ﬁmumﬁhm’mﬂ’mgLﬂuﬁ'ué’wﬂamﬂ
nagns (py ;) WU 1/, AwineianduingUssasd
(F(x) veanimasAIneulTudu Lagdnuae
e z; = min {£(x)) Taof k=12,..,M

PAIINIVTUADUNITIIUAY DANDSNNILLUNG

Y

v
o

FupeunsUFuls Sadugundn (Main loop) Tunns
fniunu Gunoudl 12-67) Busilneduidonnagns
Mneahaziduvesnagvsluaiuesiuil g ()
wazduA5z1I1e 0 B9 1 Wiumsiiwesaiuruyne
mnAtduuesnsfiwmesaiunule WeaninAdndiu

to @ i3 ° ! 1
anuladnsalunisadedmeusulmi (5, ) veua
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Wwelstui g — 1 %ﬁwmsU%’umwwiwﬁLmas‘mmuﬁy’u
Tuaiualsdudl ¢ Anldanaunisdi 18 20 uaz 22
Indudaden sbest :NINABSAIRBUTIAY
(j € B(D)) meAswmudiaond arnaunsii 2 wazduden
RNWBS rl, r2 kaY 13 IINVINMBIVIABIVBILINADS
7 i Qaw 1l # 2 # 3) Wieiniswauiinmes
Wavnnedenagndil s lag s =12,..5 a15190

¢

Arurulaanaunisi 9 o9 11 wazvirasealaias

s

sendneanmesidiving (x) wazianmesnaigiug
(v) MmeTseinesunsealenias lngiloniainnis
waniasumlunsazsiunisi ¢ vuanwes i Wity
A1dnsIN1sATealaies (CR;) uagyinisgualugas 1
N n ﬁwLaﬂLmaﬁﬂmﬁﬁ’uaﬁuﬁﬁLmﬂqﬁejuﬁﬂmmuﬁ
nnwmesimng nmesiilaainnisasealaties
13890171 LINMBSNAaBY (Trial vector: ul) LARAIAY

aun1sN 24
. vl
ul = { :
X¢,

d' 1 ¢ 1% P A o
LNQi@L?ﬂLWaiW@aaﬂLLaq (ué ABYANNAVD

q

if rand; . < CR} or ¢ = randi; (18)
otherwise

nAMDSNARBITILIN ¢ vunnAed 1) avUFuUge
nNWEsAIEIENIINANENUSUUUNIUIYN (Polynomial
Mutation) LileanlanianisiinAineuiiuiloudy
Auadldannaunisi 25 wag 26 (Fvualsd y = uf

W87l y = 3, s 7))

yo= 1% +0,(y.? — y¥) with probability p,, (19)
¢ Ve with probability 1 — p,,,
o, = (2 xrandg )t —1 ifrand, < 0.5(20)

1
1—[2(1 — rand,)]m+* otherwise

dlo y? feAvauivauu (Upper bounds) 184
naweftsnefumisd ¢ vuninesuln, yiv
AoA1vuaULYnane (Lower bounds) U83L1nLADS
Wvinesunled ¢ vunnnes Il

MNsAnEanINAeS j € B(Q) medsinudiuni

AadleanauniIsh 2 ntuAIuIuAdRdILAINY
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lignSalunsadredmeusulmi (5,) veslymidendi
i et g ansnsadunildannaunisd 16 uay
17 W08l s = 1,2, ..., s AUNsRLIARoUTR W
goufl i Al i =i+1
Lﬁaﬁ@umﬁmawaﬂﬂmmﬂaaﬂsunﬂ{]zyvn Iy
UNTHALAIMB IO ALeLTTUT ¢ TR A
auhaziduvesnagnslulaiuelsiuil g + 1 (o g4,

ANU150AUIULARINENNTTA 12 D9 15 Laedl s =
12,..,S
MsngAdane3iy aengan1sUTuUTIAIna Uy

JuuaueLstugedn (6) Afvun nndeans
YSuusemmauliimun g = g + 1 udwanines
Anaunlalwaestuiountn luvinsusulgme

Tugunan fAmun i =1

6. MSNAADY
6.1 'z'f/zyvnmmsgwwa78/5’97@1/535{0@’@'7@'@427@0
Tuunannuil vinsissuifieuausseuzsanes iy
MOEA/D, MODE/D taz AMOEA/D-DE lpgnisvinaes
witayn 2 TngUsvasa ZDT d1udu 3 Jaywn [23],
Uaywn 3 Inguszasd DTLZ 91uau 2 Jaym wazlyn
10 TmQUszasA DTLZ 9w 1 Yy [24]

dwsunndgmilunsdinmameaniosiign

1) ZDT1
filx) = xq
_ fi(x)
f() = g() ll e

gx) = 1+9in/n—1
i=2

1 817{ n =30 kag x; €[0,1] Pareto-optimal

front (PF) 971 g(x) = 1

2)  ZDT2
fi(x) = x; )
_ f1(x)
) = 9@ |1~ <g(x)) ]

e g(x) WaLIUIANNMBS x WiNNuYes ZDT1

63

3) ZDT3

f2(x) =gx)|1- ];gz)) - ];gyj)) sin(10mx,)

1089 g(x) WATTIUIAINABS x WNNUYes ZDT1

Yoyl 11 PF uvaliuaing

4) DTLZ1
1
filx) = 5 %1%z e xyo1 (14 g(xa))

1
f2(x) = 5 %1%2 -~ 1- xM—l)(l + g(xM))

1
fu-1(x) = 5951(1 - xz)(l + g(xM))

ful) =3~ x)(1+ gxa)
glxy) =
100[xp| + Ty, (i — 0.5)% — cos(20m(x; — 0.5))]

1087 n =10, x; € [0,1], M Fuuingusvasd,
WA k = (n— M + 1) fgaevasinmos x wandly
gﬂnmma% xy (lxy| = k,M = 3) LLazﬁmauﬁﬁﬁqm
(Pareto- optimal solution: PS) A® NN 9 x =05
15U x; € xy

5) DTLZ2

fi(x) = (1+ gCxn)) cos b ...
fo(x) = (1 + g(xp)) cos 65 ..
fo(x) = (14 g(xu)) cos 6 ...

€0s 0y _5 coS Oy_1
€0S Op_p SiNBy_q
sinOy_,

FuG) = (1+ gCa) sin 6,

el x; € [0,1], g(xy) = Yriexy, (Xi — 0.5) LAY
6, =% Tuunauifivun n=10 way n =20
duiuleyy1 M =3 wag M = 10 ANEINU Wag PS
Ao x; = 0.5 @15V x; € xy

62 msimsiisesaiu

nsvaaesd Mmssdunures MOEA/D uaz
MODE/D ¢ulbuued Zhang and Li [3], Li and Zhang
[4] Tng MOEA/D 3gl4 Simulated binary crossover
(SBX) wazn1snalgwuguuunyuiy (Polynomial
mutation: PM) Tun1sWaiuA1meu @i MODE/D 2y
14 DE Operator wag PM

Ussrnsisuduesia 3 Sanadfiu azgnduiden

daszmuveuandululdvesineulundaydym



64

WAZNITTWMBIAIVANAIN 9 81989910 Zhang and Li
[3], Venske, et al. [10] wanslupnsnd 1

6.3 HANIIVAAEY

dane371 MOEA/D, MODE/D wag AMOEA/D-DE
axgminsnmauitlymdsmahsidassdanaifiuay
30 p%1 UwASEIAENRIADS Intel(R) Core(TM) i7-
4790 CPU @ 3.60GHz RAM 16 GB Windows 10 64
bit operation system waziflosandnuazues MOPs
asldid TnaussougnanesuuuuLiiaIeuifioy
UseAnSn1nv099anasNumg o [25-27] Tuuneui
A Snaussauz 3 fu il

1) mMsgvesdney

nsgidnvesAneu (Convergence metrics) tlu
nsinszoginiivosiignszninangudineudildain
dane39u (Obtained Pareto Optimal Solution) U
ﬂﬁjuﬁmauﬁuﬁﬁﬁ& (True-Pareto Optimal Solution)
Taerdwmualsl P 1ungudimeudinszaneasiaue

vudu PF waz s Wunqueineuiidana3iiumile

v
v

LEAPIALRAYTEEYINITENING S WSS P dail

GD(s, P) = Bt Slel) (1)

=]

Lﬁa d(x,P) A8 Euclidean distance ﬁﬁawiqm
FENTNANBY x AUIAAINBUTDY P, || ABTIUIY
Amaunelusla 9

2)  MIGUIUATANUIAINTIAIEYDIAINEY

M3guazAIVaINVIaNeYBsA ey (Convergence
and diversity metrics) {unsiUSeuidisussesinedition
ﬁqmaqﬁmauﬁLw’hﬁqﬁLLﬁiasmﬁUﬂduﬁmaUﬁlﬁmﬂ
Sanes iy wamseneAyszezvinesring p 1S s fetl

16D (P, ) = 222200 (22)

Lﬁa d(y,S) fi® Euclidean distance ﬁﬁaaﬁqm

FEMINAMOU y TUAFINBUVRY S

3) AUNAINTAYUDIANNDU
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AUNAINNAI8YIAIMBYU (Diversity Metrics)

wUaninaussausiluasssnu lown 1) N13nszaesi

'
a

favnanevesdmeauiivilé (Distribution Measures)
Fadumsianarissseyineiitosfignszninadiney
Tnededlamannsfidosuansdmmouinsnszanesadi
athiaueun e 2) AN NTBINTITUNINTTANEVBS

Amaufivla (Spread Indicates) Wun15inszoymng

~ ' °

ffesfigszminsdnoumeanuesineuiiuviaiaiu
Amauiimle Lﬁaﬂi&ﬁudﬁﬂa:uﬁmauﬁmlm”ﬁﬁ’mau
finsounquiniely lnedadidsvesiidosuansds
fmeufinisunsnszanedi meqmﬁwmmﬁaﬁ

3¢, ae+3hac-al

YE, d(E)+|sj|d

(23)

A*(S,P) =

ija d(x;) A®a Euclidean distance ﬁﬁaaﬁqw
sewinernaudl i fusiaeu y T 9 vee s Taefl y = i,
d foAaduved d(x), d(E,) AO38¥9U1958N3e
AmauUaEanveIRIMBUTILYIITS (Extreme solution
in the set of true Pareto-front) AUANNDUVBULURVD
frmoudinalé (Boundary solution in the set of
obtained solution), ¢ ABI1UIUAINBUUAEANVDS
AneuTiuias

ANSANUIUAIAIYINAUTTOULTANDINY 21

AnouiiAfigaiiudazdaneifiumle (seuiiesn 1
Yasmmauiinle) snlSeudisufuen P dainns
Msad1edmeuTinszanefaiaueuwdy PF vosun
szl agazadia 500 yarney dmsudym 2
TagUseasd, 990 Aweu dwsulym 3 TnguszasA
wag 2002 Awmau dwsulam 10 Tnguszasd
dlelddidTnaussousluniazdurasusas
Fane3iuuds Wit nlusuifusssudiou
veadd Ingluunanuiiinmun 3 sane3fiu 3914
IBMTUATIEIANULUTUTIU (ANOVA) uazidilyises
w3l (Fisher pairwise comparisons test) Tuns

PNAFBUAINULANANNVDIANGIT INANTTO UL DANDS VY
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A3 1 wsfiwesmuauildlunmmeaes

Parameter  Value  Description

DE parameter

N 100 Population size (for instances with 2
objectives)
300 Population size (for instances with 3
objectives)
715 Population size (for instances with
10 objectives)
CR 1.0 Initial crossover rate
Urp 0.5 Initial mean of scaling factor
Pm 1/n Polynomial mutation probability
n 20 Distribution index of polynomial
mutation
G 250 Maximum number of generation

MOEA/D parameter

Nb 20 Number of weight vectors in the
neighborhood
NR 5 Maximal number of solutions

replaced by each offspring

Adaptive parameter
0.3 Adaptation rate
B 0.3 Scaling factor for weighting the
successfully creating offspring at the
subproblem i and the successfully
creating offspring in the
neighborhood of subproblem i
LR 0.8

Pmin 0.05

Learning rate
Minimum probability value of each

strategy

Tups197t 2 Wumauansendsnaididuem
fudarSanesiuldluwnazdani lnsazidiulddn
MODE/D fhandniunuiitiesiigalunniym dw
AMOEA/D-DE Tdhanlumsdfiunusnniign

nartunisadunuvesisazdano3nuwysiu
Tagaserudiuaudneudignitam (The number of

function evaluations) #3831UIUTUVBIAIMBUTYN
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o

Wl (The maximum number of generation) 41

am aa %

5aﬂ@iVliJVliJﬂ’]iaL‘U’W‘U@ﬂﬁ’m@lﬂﬁi’)mé’)LLﬁ%iﬂﬂﬂ’jW

Y

FawanduuraITEEIaINsAumAneuld JUT 1

v
o

wansdiannmsvesAedefid inaussauzsunsg
\iwesmeu (Average GD) Famuin MOEA/D fimsg
WiwesimeuinnEfiandusudam 2 Taguszacd
dnlam 3 uaz 10 TngUszasd wui1 AMOEA/D-DE
finsgiinvesdmeuusinnEiign uidndndides

fiu MODE/D

v
o

Ingradnsgavievesing inaussaugmunsgen
299A179U (GD) nA1suATeynn Continuous MOPs
wansluguuvuesAedsuazdudsuumnsgu
Samns1eft 3 Faawiiuléin AMOEA/D-DE finiade GD

Agalunnilym sntiuilym zoT3 7 MOEA/D

q

v ¢ £3 '

NAdWSgAvEYRsNIg TR G
uenandaneiufinazliidmeudifiainisgidng
Ua? §9AITHAUNAINNAIBLAENITNTLANLAIVB S
mmauiiadiauednsie gﬂﬁ 2 LEnTuUINISYRY
ﬂ'ﬂLa?{aﬁa%i’mammuzé’mﬂﬁ@jL%WLLasmm
VaNViaNBueIrImeu (Average IGD) BImui1 MOEA/D
ﬁmiqjLﬁ’ihLLagmmwmﬂwmwmﬁmauﬁaLLasi’mL%q
fawlutisdu dwiudam 2 Snquszasd dawdigm
3 uay 10 TmgUszasd wuin AMOEA/D-DE dimsgidh
LAEANUVANTANEYDIAINBULAT LA TIALS iR
widfamslndLAeiu MODE/D WulRenfudadsa GD
uayNHadNSaAveYed IGD lumseft 4 azuiiuleiin
AMOEA/D-DE fieniade IGD Afignluyniaym
Tums197t 5 1Hunns1aansALededg Tasu
ANUMAINUAIBUBIANNBY (Average distribution and
spread) Tagazwuin AMOEA/D-DE #n15UNNS2aNe
yaarmauiindranaziinisnszatedivesdineud

adnaLeuNTan
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3 ZDT1 4 ZDT2 2 ZDT3
25 AMOEA/D-DE] AMOEA/D-DE] AMOEA/D-DE]
2 MODE/D 3 MODE/D MODE/D
A MOEA/D MOEA/D MOEA/D
ols 82 81
1
05 1
0 0 0
0 50 100 150 200 250 50 100 150 200 250 0 50 100 150 200 250
Generation Generation Generation
600 DTLZ1 0.5 DTLZ2 (3 Obj.) 12 DTLZ2 (10 Obj.)
AMOEAD-DE[ (4 AMOEA/D-DE] AMOEA/D-DE]
400 MODE/D : MODE/D MODE/D
MOEA/D 0.3 MOEA/D 0.8 MOEA/D
3 3 3
200 02 0.4
0.1
0 0 0
0 50 100 150 200 250 50 100 150 200 250 0 50 100 150 200 250
Generation Generation Generation
JUN 1 ATnmsvesindinaussaugaunsgidnvesdineu
3 ZDT1 4 ZDT2 15 ZDT3
AMOEA/D-DE] AMOEA/D-DE] AMOEA/D-DE]
5 MODE/D 3 MODE/D 1 MODE/D
MOEA/D MOEA/D MOEA/D
la) a a
o 02 o
1 0.5
1
0 0 0
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Generation Generation Generation
250 DTLZ1 0.4 DTLZ2 (3 Obj.) DTLZ2 (10 Obj.)
200 AMOEA/D-DE] AMOEAD-DE|| 1.1 AMOEA/D-DE]
MODE/D 03 MODE/D MODE/D
A 150 MOEA/D MOEA/D Qo8 MOEA/D
V] 0 0.2 0
= 100 = -
50 0.1 0.5
0 0 0.2
0 50 100 150 200 250 50 100 150 200 250 0 50 100 150 200 250
Generation Generation Generation

JUN 2 ATMIvesint InaussausauNgidlarANUva N A e vesAIneu

a = ° Y aa
E‘U'V] 3698 LLﬂ@QﬂWﬁﬂﬁgQWEJGUE]QW']WB‘UE;WVHEJ‘VW]

'
a

Pan Felpannisaiiunurediiazoanasiululias

q

Jynid1uau 30 99Un97 (The distribution of the
final solutions obtained in the run with the lowest
GD value of each algorithm for each test instance)

Tnetleywn ZDT1 4 3, DTLZ1 wag DTLZ2 (3 Obj) 4%

gnuansluzuveensm Scatter plot @3 DTLZ2 (10
Obj.) AEYAUAAINIINTFAEMIENTIN 3D-RadVis [28]
1n3UT 3 Fs 8 iiuldin Msnszatedives
fmeugavineyes AMOEA/D-DE figuuuuiidaiau &
#Nn31 MOEA/D wag MODE/D Tuifeunnlaym eniiu

Yguw1 ZDT3 7t MOEA/D fAuvnainvasuinnia
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du MODE/D finmsgiinvesdmeugaineiintosniy
Fane3iudy q lageziituldingadneuegmieidy
PF Tutlgywn ZDT 91 1 84 3 usl MODE/D fnsnseane
fwesimeukaznsgiinfiani1 MOEA/D Tullymiid
3 Snguszasdanly

AN 2 LIaINTALELOWRAY (Avg. CPU time (s))

67

M1319% 4 ALRdeMYInaNsTaULAIUNTEIUILAY

ANUNAINVANYDIANRNDU (Average IGD)

AMOEA/D-DE | MODE/D MOEA/D

ZDT1 3.87x10° 9.09x10” 3.90x107
(8.12x10°) | (1.54x10%) | (1.48x107)

ZDT2 3.81x10° 5.68x10” 3.77x107
(1.57x107) | (5.60x107) | (5.67x10?)

ZDT3 1.07x107 4.50x107 7.52x107

g (7.85x10%) | (630x10%) | (4.19x10%
2 DTLZ1 2.68x107 | 1.47x10" 4.74x10'
(2.38x10™) | (4.27x10™) | (2.33x10")

DTLZ2 2.85x107 2.90x10° 6.21x107

(3 0bj.) (3.18x10™) | (2.98x10™) | (1.24x10?)
DTLZ2 2.94x10™ 3.26x10" 7.05x10"
(100bj) | (1.65x107%) | (2.96x10%) | (4.38x107)

AMOEA/D-DE | MODE/D | MOEA/D
o1 16.66 9.77 1020
0.42) (0.30) 032
012 17.97 10.97 11.87
037 (0.38) (0.43)
Z0T3 19.57 12.46 1331
g (0.61) (0.40) (0.43)
2 [onz 86.50 49.79 52.42
(13.49) (6.44) 6.70)
DTLZ2 66.81 39.16 41.06
(3 Obj.) 0.71) (1.21) 0.76)
DTLZ2 250,37 160.50 160.61
(10 Obj) (13.58) (16.84) (18.75)

*TNYIHIMUT Ao NQUVBINARNSNANGAMINVANETA

(UANFNNNASNEDY 7 p — value < 0.05)

M13199 3 ANRREATRANTIAUEAUNITEIIVRN

A1MaU (Average GD)

AMOEA/D-DE MODE/D MOEA/D
ZDT1 7.11x10™ 7.36x107 9.23x10™
(2.84x107°) | (1.46x10%) | (3.96x10™)
ZDT2 7.67x10™ 3.93x10” 8.40x10™
(4.01x10°) | (7.38x107) | (2.03x10™)
ZDT3 5.05x10° 9.71x10” 4.15x10°
g (1.08x10%) | (4.66x10%) | (4.78x10)
g DTLZ1 1.11x10% | 1.70x10? 7.09x10"
(2.61x10%) | (5.54x10™") | (2.87x10")
DTLZ2 1.23x107 1.33x10” 2.85x107
(3 Obj) (1.90x10) | (3.65x10% | (3.28x10%)
DTLZ2 1.78x10™ 1.82x10" 5.13x10"
(100bj.) | (1.45x10%) | (4.20x10®) | (7.87x107)

A1599 5 ALRRYFITIALSIOULAUANUTAINTATE

Y03A198U (Average distribution and spread)

AMOEADDE | MODE/D | MOEA/D
ZoT1 0.2884 03412 0.4980
(0.0051) | (0.0350) (0.1014)

ZoT2 0.1494 0.1758 0.4285
(0.0068) | (0.0317) | (0.2496)

ZoT3 0.6136 0.7239 0.7437

g (0.0122) (0.0611) (0.0779)
2 [onzn 0.3672 0.3841 0.7529
0.0091) | (0.0664) | (0.1738)

DTLZ2 0.4069 0.4161 0.5843

(3 Obj) (0.0099) | (0.0131) | (0.0740)

DTLZ2 0.4980 06117 0.8305
(100bj) | (0.0108) | (0.0177) (0.0408)

NnHaEWSTNa1IN asnsaaguléin AMOEA/D-
DE Tdmeudianindaneifindu o uaxiinisgidnves
mmoufisngingt vlianuseansiuausoulunis
Haumnauadls wadsasliuseansnineesmneuluy

FUFN 9 ANl MOEA/D wag MODE/D
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ABSTRACT

This research aims to increase productivity of the coffee kit assembly process of a case
study. The procedure are as following: production recording, analyzing and improving, new jobs
balancing and new working methods designing by using techniques of ECRS (Eliminate, Combine,
Rearrange, Simplify), line balancing techniques and motion study. They were used in real production
and performance was measured for process improvements. The results obtained from the recording
and analysis of data were found that there were 13 stations of coffee kit making process, straight line,
and each step took very different time. This has resulted in some waiting stations and loss of
production. There were 24 workers in manual coffee assembly line which was unsuitable. A
processing time (takt time) took 1.266 second. The assembly line performance is 74.97 percent. To
reduce a cycle time in workstation, an assembly line was balanced in order to meet the required
production rate. The results showed that one workstation and 2 workers could be eliminated. Labor
savings were 8.3 percent and takt time was reduced to 1.20 second. Productivity was increased by 5.2

percent. Moreover, the assembly line performance was increased to 84.93 percent.
Keyword: Coffee kit, Assembly Line, Balancing, Increase productivity.

1. Introduction coffee exporters, which has become our major

Currently, coffee has been known to have
effect to people. Finland and Norway are the top
of the world's biggest coffee drinkers, 12 kg and
9.9 kg per capita per year respectively. Today,
Thailand is one of the top coffee producers and
has exported roasted coffee bean to Poland and
United State, 82 percent of total coffee exports.
A coffee export amount to the United States is
higher than to Poland. Vietnam has become the

second largest and one of the fastest growing

coffee export’s competitor. Vietnam had become
the world's second coffee producer after Brazil
and Vietnam Robusta has been exported
worldwide. However, the coffee business in
Thailand is still growing because Thai people
enjoy drinking coffee. If the price of coffee is not
much expensive, they will be able to drink coffee
everyday so that the coffee business in Thailand

will continue to grow strongly in the years ahead.

Thailand produces both Robusta coffee and
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Arabica coffee. The South of Thailand had already
become big players in the coffee industry growing
Robusta, in Krabi, Surat thani, Chumphon, and
Ranong provinces and Arabica coffee is grown
mainly in the north, Chiang Mai and Chiang Rai
provinces. Thailand produces more tons of
Robusta than Arabica. That is why coffee Arabica
price is higher than coffee Robusta and the
in Thailand is

Arabica coffee grown mainly

consumed in Thailand. Agricultural Research
Development Agency (ARDA). A mixture of instant
coffee or 3 in 1 coffee is mostly produced by
small and midsize enterprises with the support of
Thai In 2016, Thai

government. government

launched the project namely [1], “Increase

Manufacturing  Production  Capacity in an
Industry”. The aim of the project is to support
small and midsize enterprises for increasing
production capacity. There were a number of
expertizes and researchers who participated in
this project and helped the companies by giving
useful recommendations about the causes of
production losses in manufacturing in order for
them to enhance productivity and decrease
losses in each stage of the product life cycle or
service. There were 8 companies that participated
in the project. One of the company is an instant
coffee company. The company needs to increase
its production in each stage of the product life
cycle. Interestingly, this company has been
certified by ISO : 22000 : 2005 - Food safety, Good
Manufacturing Practices (GMP), Hazard Analysis
Critical Control Point (HACCP), Corporate Social
Responsibility(CSR). The sample of instant coffee

mix and coffee cups are shown in Figure 1.
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Fig. 1. Instant coffee products

This company uses a conveying machine for
making a complete set of instant coffee or
coffee kit (including cocoa, and other products).
An instant coffee kit consists of instant coffee,
non-dairy creamer, coffee cup, and coffee stirrer.
The company still uses workers working in each
stage of the assembly line (manual packing).
Nowadays, the company is facing some
problems such as low productivity, number of
workers, and high cost of employee. The aim of
this research is to measure and increase
productivity at the assembly lines by making a
balanced workflow. The productivity must be
improved and increased at least 5 percent and
number of workers can be reduced. Figure 2
presents a group meeting and figure 3 presents
the problem investigation in the assemble line.
The productivity must be improved and

increased at least 5 percent

e ‘vwwﬁ;

Fig. 2. A group meeting
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Fig. 3. Problem investigation in

the assembly line

The aim of assembly line balancing is to
minimize production cycle time and create a
well-balanced operation to each station [2].
Assembly line balancing using Differential
Evolution (DE) techniques in garment production
or textile industry can be used to solve variety
of textile problems and productivity is increased
[3]. Assembly line efficiency can be determined.
An efficient heuristic method for the assembly
line balancing problem was proposed.
Researchers applied the maximum acceptable
time to meet the demands of the customer and
minimize the balance delay of an assembly
line[4]. Finally, productivity was increased by

27.18 percent.

2. Research Methodology

The process of organizing consists of
following 6 steps.

2.1 Study the existing process of making an
instant coffee kit, observe and evaluate a
workers' performance in assembly line from VDO
recorder, analyze processing time allocated for
each process to determine the proper time

interval
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2.2 Propose suitable solutions by analyzing
the balance of making coffee kit in an assembly
line (using method study for Reducing cycle
time) by Heuristic method and Largest Candidate
Rule and find maximize performance by using
equation (1). Total cycle time (Tj) ; Number of
workstations (m) Maximum time (Max(T1)) [5], [6]

ST

Max P = Max [—m.MaX(Ti)

X100 ] (1)

2.3 Train the workers to understand the
process of the performance improvement plan

2.4 Monitor the outputs after amendment
and revision process

2.5 Evaluate the expected outcomes

2.6 Make a final conclusion

3. Data Collection

The flow process of making instant coffee kit
as shown in figure 4 consists of the followings:
prepare coffee, coffee stirrer, non-dairy creamer,
sugar; put them into a paper coffee cup; lid on a
coffee cup; wrap a cup with shrink film and fill
them in a paper tray and wrap it with shrink film;
put them into box and put the box on a palette
roller

and transported by conveyor. The

assembly line consists of 13 steps.

The number of workers in each step or
workstation were collected as shown in Table 1.
We found that we have many workers in steps
5-8, which leads to operations having to wait for
product to be delivered due to delays (the
waste of waiting). We investigate the impact of

controlled imbalance levels on assembly lines.
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It can be found that there are 24 assembly line

workers in charge of producing product.

place a paper coffee cup

put a coffee stirrer

put coffee

put non-dairy creamer

put sugar

lid on a coffee cup

wrap a cup with shrink film

fold shrink film

put it into an oven

weight it

fill them in a paper tray

wrap it with shrink film

put them into box

0,0,0,020,0:0:0,0,0:0,0,0

Fig. 4. The flow process of making instant

coffee kit
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Next, we measure the time of each step and

also total time for a complete set on
production. We measure 10 times and compute
the average using equation (2) and find samples
size using equation (3) at a 95% confidence

level[7], [8].

TABLE |
No. of workers in each step (Existing procedure)
Step Procedure No. of
worker(s)
1 place a paper coffee cup 1
2 put a coffee stirrer 1
3 Put coffee 1
4 Put non-dairy creamer 2
5 put sugar 3
6 lid on a coffee cup 2
7 wrap a cup with shrink 4
film
8 fold shrink film 4
9 put it into an oven 1
10 weight it 2
11 fill them in a paper tray 1
12 wrap it with shrink film 1
13 put them into box 1
Total 24
Mean = % 2

40/n Y. x%2 =(2x)?
x

sample Sizes (N) = [ ]2 3
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Table 2 shows that step 6 (lid on a coffee
cup) uses 1.266 seconds which can cause the
bottleneck and delay further steps. It has a
significant impact on the overall performance of
an assembly line.

TABLE I

Average time for each step (Existing procedure)

Average
Step Procedure Time
Seconds
1 place a paper coffee cup 1.136
2 put a coffee stirrer 1.083
3 Put coffee 1.056
4 Put non-dairy creamer 1.181
5 put sugar 0.720
6 lid on a coffee cup 1.266
7 wrap a cup with shrink | 0.587
film
8 fold shrink film 0.593
9 put it into an oven 1.200
10 | weight it 0.688
11 | fill them in a paper tray 1.014
12 | wrap it with shrink film 0.893
13 put them into box 0.923
Total cycle time 12.34

The overall performance of an assembly
line (P) is computed as shown in equation. Total
cycle time (Tj) = 12.34 seconds.  Number of
workstations (m) = 13 stations.  Maximum time
(Max(Ti)) = 1.266 seconds

(12.34)(100)
(13)(1.266)

= 7497 %

P =
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4. Acknowledgement Improvement of the
overall performance of an assembly line
The overall performance of an assembly

line was analyzed by observing on production

line behavior and workers’ behavior through

VDO recorder[9], [10]. Then the processing time

of each station was recorded and analyzed by

using the principle of ECRS (Eliminate, Combine,

Rearrange, Simplify)[11]. It was used at the level

of process, operation and motion. ECRS is one of

the motion study technique used to improve
production lines. ECRS processes activities with
the following core principles: E = Eliminate
unnecessary work, C = Combine operations, R =

Rearrange sequence of operations, S = Simplify

the necessary operations[12], [13]. The proposed

solution was built for target product and process

to identify and improve the bottleneck[14], [15].

There were 8 workers who worked in the step 7

(wrap a cup with shrink film) and step 8 (fold

shrink film) so that both steps could be

combined (see figure 5). We can see that the
step 7 and 8 spent less time on the average.

When both steps were combined, we needed

only 6 out of 8 workers and took 1.180 seconds

which required less processing time than step 6

(lid on a coffee cup). In step 5 (put sugar), there

were 3 workers and spent 0.720 seconds per

unit. When it was compared with the total
average time, we found that the processing time
in step 5 was the lowest. We could reduce the
number of workers from 3 to 1. The processing
time was increased by 0.956 seconds. Then we

could move 1 worker to work in step 6, the
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processing time in step 6 was reduced from

Fig. 5 Step 7 (wrap a cup with shrink film)
and step 8 (fold shrink film)

We also offered to conduct training for
workers on what performance loss and Kaizen,
which are shown in Figure 6. They will be able
to measure the process time and burden in

each step. The detail is shown in the list below.

Fig. 6 Training for workers on what

performance loss and Kaizen

- Place a paper coffee cup into a box, we
should adjust the proper position of the box
placement by adjusting the height of the box
placement.

- Put the coffee and non-dairy creamer, the
working styles in these 2 steps looks similar but
they are not. We study the characteristic of both
steps based on accuracy and processing time
and then we select the best one as the standard

process used for both steps.

I

- Lid on a coffee cup, damaged lids are
separated and placed into another box to avoid
mixture of damaged and good ones.

- Put into an oven, a place is prepared for a
basket before putting it into an oven to ensure

that it will not fall down.

5. Results

After improving the overall performance of
an assembly line and training workers, the
processing time for each step was presented in
Table3 as shown below. The overall performance
of an assembly line is computed again after
improvement as shown in equation (3).

Total time (T)) = 12.216 seconds

Number of work stations (m) = 12 stations

Maximum time (Max(Ti) = 1.2 seconds

TABLE Il
Comparison of the performance of an assembly

line (before and after improvement)

Step Procedure Average Time Seconds(s) Number of
Worker (s)
Before After Before After

1 place a paper 1.136 1.136 1 1
coffee cup

2 put a coffee 1.083 1.083 1 1
stirrer

3 Put coffee 1.056 1.056 1 1

4 Put non dairy 1.181 1.181 2 2
creamer

5 put sugar 0.720 0.956 3 2

6 lid on a coffee 1.266 0.924 2 3
cup

7+8 wrap a cup with 0.587

shrink film + 1181 8 6
fold shrink film 0.593

9 put it into an 1.200 1.200 1 1
oven

10 weight it 0.688 0.688 2 2

11 fill them in a 1.014 1.014 1 1
paper tray

12 wrap it with 0.893 0.893 1 1
shrink film
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13 put them into 0.923 0.923 1 1
box
Total cycle time 12.320 12.216 24 22
12.216)(100)
hat; p = (2210000
S0 that ; (12)(1.20)
= 84.83 %

(increasing 9.86 %)

24-22)(100
Labor saving = 24-22)(100)

(24)
= 830 %
Increased productivity = %(100)
= 520 %

Comparison of average time and number of
workers before and after improvement at each

workstation can be shown as a graphical

presentation in Figure 7 and Figure 8.

Takt time 1.2
B pore—eoeene —  wemcmeai

Pr—
rwroms  1herson
Thenen
tremen 2 persoms
1pwsen
2rersons W perione oo
e

‘I [ I I

WoRK STATONS.

Tove.
fcondls) 2o

st
© Bedore merracing Prodactne

* Afer ncroacing Productrey

Fig. 7 Comparison of average time and number
of workers before and after improvement.

1
Time
(second) ,,

Takttime 1.266

Takt time 1.20

Performmance
74.97% 84.83%

|
\
|
22 Person ‘
|
|
|
\
|

Befors increasing Productivity Atter increasing Productivity

Fig. 8 Comparison of Takt time, number of
workers and performance before and after

improvement.
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6. Conclusion

There are 13 stations for making instant
coffee kit in a straight assembly line. The
processing time spent for each step or
workstation is different. It leads to operations
having to wait for product to be delivered due
to delays (waiting in queue). It causes in a loss in
production time. Before improvement, there are
24 assembly line workers (manual packing). After
improvement, we found that the step 7 (wrap a
cup with shrink film) and step 8 (fold shrink film)
can be combined. There are 22 out of 24
workers in an assembly line. Labor cost saving
decreases by 8.3 percent. Maximum time is 1.2
seconds. Productivity has been increased by 5.2
percent. The overall productivity has been
increased by 13.5 percent. Further study, the
processing time in step 9 (put it into an oven)
should be reduced. We need to improve worker

performance and skill in the process that has

been expensive and time-consuming.
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ABSTRACT
This article proposes a mixed-model double U-shaped assembly line. Two individual U-shaped

lines are placed adjacently in parallel. The double U-shaped line balancing problem in this
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research optimizes many objectives simultaneously, i.e. minimum number of workstations, minimum
number of stations, minimum work unrelatedness, minimum different workload between and within
workstation. This research applies a Multi-Objective Evolutionary Algorithm based on Decomposition
(MOEA/D) to find the optimum solution since this approach is found to be effective for many-objective
optimization problems. The experiment results show that MOEA/D performs better than MOPSO in
terms of convergence and ratio of non-dominated solution. Thus MOEA/D is suitable for solving Double

U-shaped line balancing problem with many objectives.

Keyword: U-shaped Line balancing, Many- objective optimization problem, Multi-Objective Evolutionary

Algorithm based on Decomposition, Multi-Objective Particle Swarm Optimization
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Y Y Y Y

anusauusguuuvannaundn ba 3 sukuy
fail 1) @anilarusan (Multi-line Workstation) #e
anrflufieguuastansnisuseneu 2) aandauge
413 (Crossover Workstation) Lﬁuamﬁﬁagjmﬂugﬂ
Frgdsegsenineuninazfundavesaisnis
Usznoau uway 3) anilauung (Regular Workstation)

IwaguuaIeN1sUTENOUREYT a1emsusenauguiig
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A09a18a1115050UNAINSHARTILANA9T UL wag
251938151159 UIAIN1HARN TN (Common Cycle
Time) [1] sWoUsulviisouia N 1SHanNYINNY Lag

wleaananenisusznauiluguuuundndasina

v
o

dudusazuiifunuiidesiuazinatduiunisi
wANANNALTIIAETINITAT LN INAIRUNDUNE
371 (Combined Precedence Diagram) [7] kagnns
Furnatuuadsuuudasimin (Combined
Task Time) [13], [14] A78619NTAF U UAINEIAU
roundasndulunumugud 2 dmsunsdiuon
nartunuadsuuutaimn $38nseundl
Avuali MA L Judiuruguvesduiiuuaisns
Usznau A, MB 1 Judruiuguvesdufiuuaisnis
U52n0U B, Dy, WuUSunanswdndudigu m vuene
MsUTENOU WY q,, \Dudndiuveslsununisuan
dufgu m WeiflsuiuTunadudnuuuamens

Usgnou, t; ADLIAITUIIUIINT | LA g
Dm
Tm=1Dm

1158 MB WaA1uiana1en1suseneay A ¥5e B

t =XM_ gt Yawe@ M = MA

ANUEIAU A9FDE19IURII9N 1 kAL 2 WEARILIANTY
IUTIUYVDIHANTUN A LaE B AUaIAU bannua b
a1en15Useneu A nandud 2 Ju laun 4, W A,

Q)I a o 1 a _ l _ E o
Lavlaaldndiun1indn g, =3 qa, = ;uav

inualiuuanen1sUsenoy B nandudn 2 Ju laun

1

B, ua By, Wil qp, = qg, = E

A A8

AHX \
| Al AS/ ~.AG':/'1’ A9t‘|

AT

.

(n)
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:fB{‘:Y; Bz‘]i B3}

(B4) (85> B6)

\'; B7)

()

JUN 2 ununmEnduneumassi (n) windue A uu
@1en15Usenay 1 Jaeschke 9-tasks) way (v)

NAnAU9 B uua1en1susenau 2 (Mertens 7-tasks)

715199 1 13819 UIUSIUVDINANA N A UUANAS

Usenaudl 1 Tewanduasu Al uag Al

Task Time Combined
Task
Al All Task Time
Al 15 15 15
A2 9 9 9
A3 12 9 10
Ad 15 12 13
A5 12 9 10
A6 15 15 15
A7 3 3 3
A8 12 12 12
A9 18 15 16

A15199 2 1A TUNUIIUVBINAR AU B UUA18ANS

UseNoud 2 Bewanduau Bl uay Bl

Task Time Combined
Task
BI BII Task Time
B1 2 0 1
B2 10 10 10
B3 8 6 7
B4 6 6 6
B5 10 10 10
B6 12 12 12
B7 10 10 10
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3. Werzunanadngulszaed

o

noUszadnldluauidei Wudymuuuuin

s

TngUsgasa (Many-objective Optimization
Problem) %ﬂﬁmwuﬁwﬁwﬁaﬂmmmﬁmamama
msUszneu tetaelvinisinaunaaenisuszneud
UsgaNEN N d8RARBINUTEUUNITHAALUUTLLIAN
wod waz Wudszlevdsenisuiluusuldlunsujun
1553y Tneld38msariimnzaudigaluniondu
ninguszasd Ysznaulume 5 Tnguszasd Lawn
F1uIUan1 391U ANV IE18N15UTENBY
Anuduiusvesnuluanil ANNANAATEINITEII
JENINNEN Y ANNaNRaTeINTEUnluanll
9 fswandon fail

3.1 Fwauanrdoudesign

Inquszasdusnie nsanduruanninu fudu
Snquszasivdnvesiyminisinaugaussiani 1 3
fnsivuaseunaINIsNanulikasinn1smnuau
annflauiidesiign Wunisanailddislunisasng
aninuuazauswaminmy Tudseviniuilld

oy Lo Ny WDudwiuaanilau (Workstation)
Minimize : N, o

3.2 augarildegiign
ApnsTIlYiAIINe1Ia1n1sUTENBUAUTIAR
welildnunnsinudesiian lneivuali NW

N, \Judwiuannd (station)
Minimize : Nj 2

lumsdnaunaviliindneuresnisinaunala
vaneguuuy Fanstiuiuauandauuanddugud 3
(M-(A) MuEdU NsuUsUTEIANNNSTUTILIUENN
suileyjaiiliiAndneuainnsiaaunaluzuuuy

Aagn1sUsENausUMe fagull 3(A) Wniian
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33 pouduiusvesruiliifeuieiunely
aordarnioeiign
Wunisananuldduiusiuvesnuluaanieau
Tliouiign figauszasdiiiednassliaufiiaig
WRendestuegluandauderiulinnian daazdu
Uszlewiranisueunuisauiiesainaiunsaiden
Jnassnnnudhaulansmuauatn @awise

AMuadbansauns (3)

Minimize MIWR = — (3)
22y SNy
\ile SN, Aosiurulaedisvostuaudisl
anuduiusiound dnenssluaaniaud k
3.4 AIUANA NYDINTISITUTERI NI TUT
Anleeiign
Tudnguszasdiifunsvilinasuveaiainis
vhaluudazandnuiinulndidssiunniigelae
ﬂ’]ﬂ@iv’iﬂﬁﬂ’]i%’mau@aLﬁmmmﬂmﬁmmﬁmm
dAulluunsaanilanu Stuneulunisiuamsil
Al m, Aoguvesdusuuaen1sUsznoy

M, Ao InuRanSugiuuaIen1sUsEneu h, CCT

=

ABTBULIAINTHAAIIN, TTyp my, Aotatuanuy
e lugandend k Faduuszan b fiszneu
AuA13u m vuamensUseneu h, @1 Sgp m, Ao
LﬁmLuuﬁ:u‘gmimmsaunmmamﬁm’mLLaznméﬂy’u
MU Fawvsmuaafuussiavannd auaunis
4,5 18z 6 AIUAIAY

andnuung

Skbmh = | CCT - Tkamhl (4)

ANl

Skb‘n‘L(h'h_‘_l) = | CCT — Tkamh - Tkamh+1| (5)
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A01991U9ANY

Sk.CW.m(h(front),h(back))

= |CCT — Tkamh(front) - Tkamh(back)l (6)

NTUUIAT S, IMNAINANNTT 4, 5 UAE 6

| = & oA Y] ¢ o
wldlunmsmen S, Fuduandeauuduyselade
9AONTIUN k A1NUSTANANITUY fedunIs 7,8

LAY 9 AINANU

aandauung

M
Skb = Zm2=1 Ay, X SkRW,my, ()

an18ausal

_ yMn Mp4q
Skb - th=1 th+1= 1 th X th+1

X SkrMW'm(h,h+1) (8)

a01991uATl
_y'Mn Mp,
Skb —thzl stzl th X qms

)

XS k,CW, M (n(front),s(back))
Adeauuduysalsin (74D) anansamilaan

aun1s (10) We N, ABIUINENNLNIAUA
TAD = % Y3 S (10)

ﬂl’]ﬂ’J’]llﬁll@!asUE]ﬁﬂ’]i%ﬁ’]ﬂi%%’jﬂaﬂ’]ﬁﬂ’m

=

B, @1u150m1tA21na@un1s (11) Feanuuasuiain
@1n15984 Vilarinho wag Simaria [15] lag B,agilAn
9g381i19 0 011 1 AB, fladiamaznunedenise
ARITREPRHEITT

Minimize

N, 1

w NW S " 2
By= s T T6%w (2 - ) (D)
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3.5 MIIUAUAARAYeINTTZIUNIE AN 13N

ign

Tuimgusrasiidadunisuianszaunisnanli
TndAsaiulundazndndust ievilinnsdaaunalsl
vilunssansneifansudaiiinnuietesauwiuly

N3l aanflueguuaensuszneuided Teun
annilauunid wazanauandiuagiiisn1sAuIn
Aarwaugameluaniinu (B, ,) fil

muuali Ny, ﬁaf\i’m’;uamﬁmuﬁagwm&’Jm'ﬁ
Uszneu h wiithy, Skm AD NIANINNUVDINANA A
m Tuannau k way, Sgy, A9 dAdIU128171997U
VOILABTNAN AU ﬁm%’uamﬁmuﬁa&gvuawmi
US2NOU K @ITAWIAN Sppy HAZ S HAINENNTT

(12) waz (13) #uaey

Sgm = max(0,CCT — TTyxpm) (12)

dm x Skm (13)

Skm =M
me:ll dm x Skm

nuumen By, , Jadurimiuaunavesnise
uneluaaidaruvuaisnisisznay hlaann

aunis (14)

2
By = $2g21 %Zl(skm —Mih) (14)

Tunsdifiaanfoudu aandeusinesiindnsos
funnaesaienisuszneu gldn1sniALauna
eluanfaus By unsr)) il

31970 AIuIA Skmenesy Fadunarinenu
AAanguLuuMsusnAuseandn s m 7
aguuAIEN1SUTENBY h way h+ 1 lAa1naunis
(15) uATUNNFULUY ntumAn A Fadu
fndunarinenu luaandou k ﬁLﬁmmﬂgﬂLmumﬁ
MUTIWAUVBINAN AU m vuE18n1SUSENRU h

war b+ 1 lnemuialanuaunisn (16)
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Skm(h,h+1) =

ma.x( 0, CCT - Tkamh - Tkamh+1) (15)

Skm(hhe1) =
dmp X Ampyq X Skmep pi1)

Mp Mp 11
Einp=1Zmy, 1 q =19mp X Gmp g X Skmp pioy

(16)

AN By, (na+1) %uﬂuﬁwmmamaaﬁuanmsz
sunglugnfanusin (Multi-workstation) Uuane
AsUsEneu h way h+ 1l¢eanaunis (17) e
mMuuald W Asdwiuaaisiun way MC fe 911y
giJLLUUﬂ'liv‘hmui'wﬁuﬁu’wmmmwamﬁmsﬁwaw

ANSUTENBU h wae h + 1,

)2 (17)

MC 1
By, nn+1)= mz}ﬂlﬂ P (Skc ~we

v '
v v W fa v

AanuingUszasdniife n1sviiliaiiuauna
MeluanBNUaiY (By ang)) $071E0

Minimize B, (g

1
Bwavg) = 757 (Bwn *+ Bwpst + By nneny)  (18)

Imgﬁ T = {1, LIBLNAFNTUIIUII

ayia o
0, Aeliiranniauson

Anevveslynmateingusvasiazegluguves
nguAtmouTimzandansla Fefudeldis
WigulilguAnauAuraNNISATBUIMUUNLS AL
ﬁmuﬁaﬁ‘Luﬂizﬁﬁzymmimmﬁmmzauﬁqmu;uu

ilvliadesian k Ingussasd A1nau x aghion

@ 1 =

ATaUdIMIBRnIIAIReU y (x<y ) Arawdatlulumiy
Roulusieil

1) fi(x) < f;(y) dmTunnen uag

2) (0 < £i(y) Tuegratiosniae

dioi e {1,2,...,k}
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Regular
Workstation

Line 1 | Station1 Y Station2 { Station3 [ Station4 Y Station 5!

]
i Multi-line 1
! .) h —>|: Ws2 oo ol wsg fi ws3 |l ws1 f—»
1

\____ ws-s |- 4T o
!

! I | 1
! ! 1 | 1
1 J Multi-lme I | |
! 1 | 1
! | | |

 Workstation|

Liﬂe2f----, F====9 rTS=
—) ws4 f--——-f wso .]' Ws-10 a' WS- I_ >

(n)
e e m mmmm pmmmm am—m -
[ sutionl ¥ Swmtion2 Y Station3 YI Station 4 ‘I' Station 5 \I
Front |[~=~=~y/ """ | 1
— L_ws2 ! | 1
- == | 1
I I b Ws1 oy : | !
7 . Il Crossover ¥ ! !
[
Lme 1 i workstation ! X ! '
] 1, Multi-Line i ' I
| .) b | o-——=4 | |
1 N Back | U L ] 1
| | |l | | 1
N 2]l ] | | 1
h ji WS4 | | 1
! Jl Molti-Line o I I |
Line2 | | Workstation I | | I
< T g J-—-=]!
I 5. 1 I ' r |
i —fwo f Awse {wer fowse |
cece=~tr -~ === S — ===
.
()
Front [~~~ .7~ ~JTr———~ ~ ammmmm e ——-
_4 WSs-1 [ Station 1 Y station 2
! i \ Te====x ————~
. C')rossoxgr Fl_.lont :;' i ows2 |
Line 1 1 Workstation T T S
1 nows !
1 .) Line 1 1 Crossover :
Back' 1 Workstation
J " W o - — o
1~_ _____ ) Back " T T
1
T ¢ |.\ ‘ ws-4 |
1 .) 1 ! —=——= i : i
| , Workstation \ | Multi-line :
Front . 1 ] 1 [Workstation
Ws-3 ,| i Front |' - “.| !
Crossover ; : -
P IWorkstatiom Ws-3 1
Line 2 . | Line 2 Crossover |
) B Workstation |
1 1
Back | Back Hr=——====
N m < |\\ _____ J'“’Sf)

(m)

JUN 3 mstiuAnugnigaensuseneugudig () aandauunaviavaauaziianiausiy @) aannuge

duvuaensUsEneudigkaziiannus (p) aandnulatunsdeswnenisseneuwagianidanusiy
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a

4. BsBATauINsuuUAIeIngUseaea
WswdimunsuuunaneingUssasdlaedn
“ann1TI1kun (Multi-Objective Evolutionary
Algorithm based on Decomposition : MOEA/D) &
nann1stunsuAdymnane Ingussasnmenisius
Tdutynigessiurunatsdgynivazniand

wingangalunsauiu wasianndneulaeinanse

Aneusugnilaluunuianssimeululymessiioy

Y
afgaielilarmnauneiauligudaly

4.1 an3vamay

o

luwdazgtuautuaziinIssryaInuANdIAY

o

Y99TUNUNTOIRENI1ANEANSIUNTIANIIU (Priority)

Faflndaust 1 9udia n wle n Wuswutunuimun
Tnsnudiflanudrdguiniignaziinansitesiian
W vesTitdeinnsan Svuiiaunsadnasanniany
Ifnansau nudisidrdnidesnitezgnidenieu
fogeanssinoudusmsied 3 Feiisuauduau
Vavun 16 duauiaudesnidy 16 90 danSeAiney

' =%

Susuazadalaensdurd@nsae 18316 Tiuus

v '
[ = a a

ArduaU Faunsrazduauaziia1dnslddnnu n1s

INATIVUINUAIFDIRINUILLUD TN UG A UIVD

Qe

yarundnasloiialindnaulugafausivuay

2

anfigaduaunsavinulivuaenisusznouiiui
agfnfuLazanuisassgunuuiiazegludumnia

Y

Agasiulalaliiu 1 @and
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17
Vaia

fvuanisEimes NT,R

v

asannwedendmin (ﬂj) Toei5nns Simplex

Lattice Design

v

AnsEes g RAEusEIanneeia U min

v

adwansemmpuilasiuiiuduiulseng

v

5 v s awe L .
Ausilymdnadslinuusaz Tgunden

%

du 2 arsanmaurnnguiyvdtafissvastam

gaunimasiansan uaziinsasedlanod

v

vsulsadmeulfludmeuiidulls

v

o ew o G a
UsdiuailantuingUsvasruassienen 2;

v

Uszdiuendlarifumotie

v

UFupansadmeurealymdiafies

v

Ysulgaelsssnsdmauniauan

il

v

j = FnulsEing

1

Tafld

t = Twrua ety

'31J‘1’7i il

v e

FUATIIUY

JUNBUNITNINIIUVBS MOEA/D

AT 3 ML NARTIANNDUTBINTTIRANAGAENTUSENBUFUMMgLUUNERS i HE

Task

String
Al | A2 | A3 | Ad | A5 | A6 | AT

A8

A9

B1

B2 | B3 | B4 | B5 | B6 | B7

7

9

13 5 11 | 14 | 16 | 12
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4.2 N1900ATVaaNTIAINDY

5EUIUNNTADASTAARSIAMOUIL ST ULl
Hulumudeiingusumiwestusnilaeiduney
Fastoluil

1. Wienvestuauiianunsasuly

2. \Aontuaunnnenuludei Tngdusnuid

£ @ =

ANdNSUpYTnNInasdnUNDU

)

3. fionsandeulududiundawesdusy uay
vateunulugaauaraeadiiusouiainis
udn aldidulumudeulaaznduluidonsulmlis
ANaVsUoyTRawunlude 2

5. wé’ammﬁaﬂ%umuimaqgjamﬁmul,l,ﬁmw“fm
FunuiuesnanuruA LIS

6. mnlsifiduaufiaenndesiudoulafisimun
waazinstugandanulvl Tnevinnssnassiuau
aqgjamﬁwuauﬂwnﬂ%y’umu

7. Uszidiumleiduinguszasa

4.3 sersrumuiimsi

BmslumsuvastynmaneIngUszasalndu
Yameesludsanaisivasd’d 3ndunidendenis

TlasFumutiou muaunis (19)
Minimize g;(x) = 1 < 2% {41 fi(x) — z; |} (19)

We g;(x) An nadsuIniansenineafleandu

npUszasAnuaAdmunengaiuAdmnveanss

Y
jole j=12..N lag@ N iJudrwaudseanng
wag i =1,2,.,m e mAe Iuiuingusvacd
Nanue, A;; Ao A1UImlinves TngUsvasa § ves

Yaymdoen j, z; e Andmune Jadumfimunzau

[

NandmsuilanduingUseasd i lunsallaminim

q
= '

ANz aNtesNanan z; = min{f;(x)} Tuunag

1

0 x* %Lﬁuﬁmauﬁmmzau

88

4.4 TunpuveEana3iu MOEA/D
Junouves MOEA/D TunisuAdgynivane

LY

npUszasAdmsunsdnaunaaen1susenausUiag
Fadullymmameniitiosiian i

AMAUANITITRDIUDS MOEA/D

- 9uYUsEHNT (N) = 11

- Pty ntnafes (T) = 5

- ﬁhmuﬂ%ﬂiuﬂﬂsLquﬁﬁwmauqaqm (R) =2
ﬂ%ﬂ/wﬁﬁﬂéjmﬂﬁwﬁwﬁm

Fudl 1 mnuadnuIulyniges (N) kazaing
nanesarimtnlundasJynidoslagldd
wanduaniiefle (Simplex lattice design) a1y
WNINGIUIRN AU 91uUUTEEINT (N) X 971U7U

° a

flaifutnqusrasd (m) feusiuaufifvesendimiin
vgivinAudutuiladduinguszasd Tnod
4 = (Ao dajoeer )T AOVINIMDSANIMTNYDS
Uaymndes j uae A;; ﬁaﬁhﬂf’mﬁfﬂmmi’mqﬂigaaﬁﬁ i
maq{jq;meiaaﬁ jimﬁ j=12.,N,i=12.m,
Aj =0 uag I A = 1 43081980 1INAaSAN
hwinwestlgmeent 1 Tailduauingusvasd
Wanua 5 Hefduinguizasd (m= 5
A=(Ay1 ) Agn,. ., As1)T= (0.1,0.1,0.6,0.1,0.1)7

$ut 2 S ddadusszeshessaing
99 (Euclidean distances) voanmeiAnminves
Yaymeesdl j fu k

Ui 3 adransneuilosdiusiua N dmsu
Ygymdovdau N lagldanusnvesansaviniu
Sruudunuiivan fansed 4

suit 4 muunIuIudgymtafes (7) Tuiuus
azlymgon (V) lngfiansanannseuzinsgaiiagu
GUENnﬂL@@%ﬁwﬁwuﬁﬂizwdwﬂmmsjaa

sufl 5 warsaudgmidgesdinsn wasdgyun
fraReswestiymeesuanil iMsduanseAneuIn
$ruau 2 §1 andgmdrufsavestlynidesusni
A1&afiansan ilensealetiaslnedsnng Partial-

Mapped Crossover (PMX) [16] Arnounlaaziu
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A1MBUTUANIINIU 2 A1nay Anregsluiiilduld
String 2 uag 3 UALlAANIIAINBUTUGNANUATTIN 6
ui 6 Usulgssmmeulidumenauiduldla

o

$udl 7 UssidueniladduingUsrasduaanss
ﬁwmauﬁu’wmiwﬂgaam%aﬁmauﬁugﬂ Fapsnadt 7

Suit 8 UuugsanilsdiutngUszasdiianan (z;)
MnUszansanun Tnesmunls z; = min{f;(x)}
Tne i =12..m lusegadanlssansvamunay
16 zi=6,2z5= 3, z3= 5.4546, z;= 0.0492 LAy zi=
0.2918

wit 9 Usziiuaniladdunudiou g;(x) Vo3
Yaymdrafes fadaegremsed 8 Tagldnsuewea
lad (Normalization) Ainflatuinguszasdlagayly

auni1si (21) FaduaunisnuSuunannaunis (19)

.
fi—z;

Minimize g;(x) = 1 <;'em {Aijl —
l

|} (21)

\io j=1,2 3.,N, fi Ao A1dlsAdu

° (YY)

TaUsrasRrealsErInsUaguua s UIRgUssaen

9 ] 9

=

' ' v
ca v -:4 o '

i, z; fe AleAtuingUsvasAntdeeNganaumnig
sfiuaulusauusnissevtagiudmsuingussasd
i i, fitmay) A1® mﬁaﬁ%’ui’mqﬂizmﬁﬁmnﬁqmiusau
Hagtulutnguavasddl | Seluseudlaan
fimax) 7, famax)y = 6 f3umax)y =6.4615
fa(max)=6.8515 UAE f5max)= 0.5447 Fam579fi 7
$udt 10 UszduaritesdFumuioulnl Tnonns

wiuenflanduingUssasdvesansemnausugnuay
fnsanunuiianisdinou Fhegransmendmang
i 9) il

1. guaniadinouiugnifioidenldifios 1
fmoulasldarnuurasduminfy luidquls
Offspring 2-1

2. MvualidinsiefleanduingUssasdves

ansemnausugniilaannnisduluden 1 unuasly

89

Herdumutimiivesdyminafsdadusuiesfu
Jumdesiifinrsan dufullymeesialdaileidu
ity

3. dudgymdnafisan 1 Haymlaglaisdaym
fgnduuda Tnglidgudradssiaanuiiaz duly
nsgnguiianwiniy wawnualeiduingUsvase
voansemmauiugnadiuilsidumudivnifvastiom
Fradesiaiulymiadesiiarldmftaidumuiou
Tl

4. dndlaridumudieulidly dowseudiou
fumilesdunudiwuin @leludui 9) aunsaus
188y 2 nsdl 1) aftedFumudiwnluilgadiunnn
Adslunsdituansindneulmlildananseiney
sugnifudnouildungdmivgmiafeaiuis
Tyivinsunuiiansesineutiy 2) Aritsidumution
TmilgeittosniAnpunsowinfuiildandud 9 o
Mnsunuiianssdmeuiinvesymdadedae
GLENGRULITRVRTY

5. yduneu 3.4 91 Ingdudymdnnfessia
3u AlignAuielfAnnisiftounudnitsddumud
wiilaean3sdmauiugn uazngansyuIunsduly
$oit 3 iaiinnisunuiiandsinounsunusIuIl
nMsunuiidmeugeaniidivun (R) n3oiiloduanss
Frafesaunsu arldAdmnsedt 9 uagideludui
11

fudl 11 \AudansadneuvesUssnnsinfian
lutgnvesUszrinsaineunigusn (External

°

population :EP) Wileiwn EP Lifan3sdmeulnogay
wmssiusaeudilUlueni winsdlfifidneud
ogazifiuanamzaniadineudilignaseudiain
ﬁwauﬁag”lummﬁwﬁﬁu

suit 12 Sounduldviduit 5 Tnefinnsaniym
wdnidnll wasdaymdnndemeslymeesiidngs
fi915m1 waziidrduneuAtIuAsUAILS UL

U5297n5 LEDATULAIIUTIMNLLIULBLSTUTIAIUA
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M3l 4 anehmeuBuiuresnsinaugagaensusznousUiiguuuRan fasine
Task
String
Al | A2 | A3 | Ad | A5 | A6 | AT | AB | A9 | Bl | B2 | B3 | B4 | B5 | B6 | B7
1 4 2 3 1 15 10 8 7 9 6 13 5 11 14 | 16 12
2 g 1312|1015 9 [ |1w6|e6|5|a4a]|7|2]18]1]3
3 8 11 10 | 15 16 9 7 12 6 1 5 13 4 14 2 3
4 15 16 7 5 14 8 6 13 1 10 2 3 11 9 4 12
5 3 8 2 14 | 10 6 11 1 16 | 15 5 13 9 4 7 12
6 9 12 6 3 11 1 16 8 15 5 13 2 10 7 14 4
7 12 | 16 14 | 11 5 13 6 9 7 8 10 | 15 1 3 2 4
8 15 16 7 5 14 8 6 13 1 10 2 3 11 9 4 12
9 7 14 2 a4 1 11 9 15 8 12 13 5 6 3 10 | 16
10 14 3 4 9 1 11 13 | 16 2 15 6 8 7 10 12 5
11 10 | 12 5 11 2 6 3 9 15 1 13 7 4 14 | 16 8
ms51a7 5 nwesAmtnuesyng (Weight vector)
String () 4
1 (0.1,0.1,0.6, 0.1, 0.1)
2 (0.1,0.1,0.1, 0.1, 0.6)
3 (0.1,0.6,0.1, 0.1, 0.1)
4 (1,0,0,0,0)
5 (0.6,0.1,0.1, 0.1, 0.1)
6 0,0,0,1,0)
7 0,0,0,0,1)
8 (0.2,0.2,0.2,0.2,0.2)
9 0,1,0,0,0)
10 (0,0,1,0,0)
11 (0.1,0.1,0.1, 0.6, 0.1)
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37471 6 arermeULgN (feasible solution) filsiinnnsasealariesues String 2 waw String 3
Task
Offspring
Al | A2 | A3 | A4 | A5 | A6 | AT | A8 | A9 | Bl | B2 | B3| B4 |B5|B6 | B7
1-1 8 11115110 | 16| 9 7 12| 6 1 5 13| 4 14| 2 3
1-2 8 1311012 15| 9 11116 | 6 5 4 7 2 14 1 1 3
m3afl 7 fegamsdszifiuailedduingussasduesUssnsirafsuaranisdmeuiugn
Neighborhood Objective
String (j) Ny Ns MIWR By Buw(avg)
1 7 4 6.4167 0.1394 0.3874
8 7 5 6.3000 0.1029 0.4548
10 7 3 6.4167 0.0492 0.2918
2 7 4 6.4167 0.1137 0.4435
3 7 4 6.4615 0.1370 0.4333
Offspring 1-1 7 a4 6.4167 0.1298 0.4388
Offspring 1-2 7 a4 6.4167 0.1137 0.4435
M9 8 eiterFumutisvesdgminaies
Neighborhood Aijl f}(?’fr‘l]ax_i)ZiZ] -
String (j) g
Obj. 1 Obj. 2 Obj. 3 Obj. 4 0Obj.5
1 0.1000 0.0333 0.5733 0.1000 0.0378 0.5733
8 0.2000 0.1333 0.1679 0.1191 0.1289 0.2000
10 0.0000 0.0000 0.9555 0.0000 0.0000 0.9555
2 0.1000 0.0333 0.0956 0.0715 0.3599 0.3599
3 0.1000 0.2000 0.1000 0.0973 0.0560 0.2000
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M1599 9 Ardlantumulinlvdvestymdrnfganinainnisunuailaiduingussasdves Offspringl-2 lag

TgAnminues String 1 way 8

fi—7
o Aijl — |
String () fimax) = 7 New g(x)
Obj. 1 Obj. 2 0bj. 3 Obj. 4 0bj.5
1 0.1000 0.0333 0.5733 0.0715 0.0600 0.5733
8 0.2000 0.1333 0.1679 0.1191 0.1289 0.2000
M5 10 Vymdunuildlunisinaunagaienisusznaugusing
. o . o U | 59U
AU | BRSIEIU U | BRTIEIU -
No. | gy , N Uy , _ | 9u | msudn | Generation
U NSNS U ANSHAR .
53 (W)
P1 | Jackson 11 3 1:2:1 Rosieg 25 2 3:1 36 18,22,26 500
P2 | Rosieg 25 3 1:2:1 Rosieg 25 3 2:1:2 50 42,50,32 500
10902,4510,
P3 | Kilbridge 45 2 1:1 Heskiaoff 28 2 2:3 73 800
11880
P4 | Tonge 70 2 3:1 Wee-mag_75 3 1:1:1 145 | 210,252,303 1000

5. ASNAABININABUNANDS

5.1 A50ONBYYNNAITNAGDN

Tunmasesldlédaymeegartady 4 Jaym
Fadutlgmitogludas 36 &1 145 Fuaulnousias
Yaymrazuiseanifu 3 Yymdosmuseuiainig
nAnTuAns1aTueenly (sauvdy 12 Jgymeon) g
537 10 Fsandgmfithuldlunsmeaeaduiee
vostlamunpsgiudmiuaenmsussneuguiagiien

v
YR

Fegniandug seuluusiasdyvinaaes (P1-P4) 3¢
Usgnoumedymuinsgiu 2 Jagv Muuanunves
Yeymmudrwuduanunuls ¢ ssauauadgm P1
P 2 Ao & v A

Fodulgnivuadndduudunusiutesiign 1J
quilslgum Pa Fadudgmvuialugndsiuiudu
NUFWNINAER Wevnsnaaeulinseunaufiat
YUIATUIIUTINVOITYNRIAINATY WasyiInIg

Wisuiguiudanesiiun1smeiminzauianuy

faoynin mfiwesvesdaneifuililumsuitaym
waneannseit 11 Tnelusuiseidldisdumanuan
fnlunsadrsannesimdndsdanasrenisfinus
§ruudszansdaluid 1S wulssnnswiiiy 131
W1 $ane3fiu MOEA/D uag MOPSO dmdunisuus
Ardindnlanediduiwanduanfiaiiioldiin

Jsgansanlunismeineuazdanukananenulag

3

1Y

WRAUAIWININUTEAIALATNITAMMUANITLUIY

2N,

v
1o

Yot FeaunsafnwniisfinainauitelL]
munIuIutymItIaABIIes MOEA/D VnFu10
[11] f&’ﬂmuﬂ%”’ﬂuﬂmmuﬁqqqmiaﬁauﬁﬂLﬁumu%m
1 Ugynidae (Maximum number of replacement:
R) 289 MOEA/D gnimualiiiinfiu 5 3ednidu
50% Y99 uIuUTENNIT9ABe) Tudiures MOPSO
AmiinnnswYae (inertia weight) mMuualiyindu

1([17], [18) dwfumiiwmesdun léun adudse
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ﬁwémsﬁaui (Learning factor: c1,c2) ¥84 MOPSO
lAnanAsvaaeawuy Full Factorial Design 3747u

3 Replicate

MI3N7 11 wsdiwesvesdane3nindmsutym P1-
P4

MOEA/D

Population size 131
Neighborhood 10
Maximum number of

replacement °
MOPSO

Population size 131
Inertia weight 1
Learning factor cl= 1.5 c2=1

£%
o o o a

5.2 favinaussousvesganasi

NIT T g S naniiesuiliuuas
\Wisuleuaussauzvessanesfiuseg Siuuveay
5 #21n Idun 1) msgiingndudneuiianzauitan
WBanusle (Convergence to Pareto optimal Set) 2)
n3nszaeRIveangudneudild (Spread) daman

P 1 ' o ] =

ﬂﬁ:uﬁ’m@‘UNi% $M9TEUINAMDUNaNLALDL ]

[ '

N13n5298MTF 3) Snsdruvesdinouitlign
nseuivesaneiiiniieglunguinouiiuiinsaiioy
fudruudneuiifiigafidana3fiumils (Ratio of
Non-dominated  Solutions:  self-comparison:
RNDS1) 4) §nsndruvasimeuiilignaseuiidaduy
AneuiiuiiaTeiisaneiiumld (Helfisufungy
f1noufiffigniiniiaevianun (Ratio of Non-
dominate solution: Pareto-optimum comparison:
RNDS2) §9 RNDS1 Ludivsdindnauiliiignd
Sanesfutulfunasiidneuiiusiaseegidusnadiu

Winlns Fadun1suseiiulseansamnisuieinau
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yesdane3iuieviniy 3esfudecih RNDS2 1
f9150015us 188 RNDS2 azidusauSeuiiouin
Fneuiiwiaseiildansanesfiufiaulafidnsdiundu
wirlnsidlaiuFaufisuiusiurudinoufiniiasd
VuafisIusIAIneUINane3Tius sy uas 5)
nanfldlunsmeneu

5.3 WanI1sVnaed

TunsuAtdgminismarfmunzauiiandiniy
Hamnisinaugalunuitedldlusunsy MATLAB
Uszananamenauiiaes Intel® Core™ i7-7700HQ
CPU@2.8GHz RAM 8.00 GB lanan1snaaassianisi
il 12

Innsnaaenilofiansansiuauaaeau (V)
waz Srauannil (N) deofigailld wuindanedi
MOEA/D @1u15aAunIA maulafifiguLiiny
MOPSO TaglviAnfilvangaufigaiindu defisauiu
anilauviniuan lower bound ludgwn P1 fiseu
NANNSNAAWINGU 36 waz P2 fisuliaInIsHan 50
way 52 warlulgmimdeanunsamensiuauannil
nuiitesiigaliivinduan Optimal snifutlam P4 7
seUaINIsRANYINTY 252 fsruauanndeuiile
11nN31A1 Optimal

WellSeuiguaussauslunismdmeulaggain

'
a

AFITTA waneliiiudn MOEA/D flaussous?

witlandn MOPSO Tudunisgiingnqudineud

U

= &

U939 Faiuladalauin MOEA/D §iA1 convergence
#fa1tauninA1u0e MOPSO wavilfidindiu
é”mmehusuaaﬁmauﬁiﬂgﬂmauiwm RNDS1 uag
RNDS2 fi11nnd1 MOPSO wansliiiiudisnmain
f1meuft MOEA/D wldduiisnsndruresdinoud
wirsafinnniuaziidnnudmeuiilignaseuieg
Tungumeudiwia3aannnin MOPSO
TuA1uN19nTL8AIVBIAMBYU MOEA/D Wag

MOPSO fimnulnaAgaiukasdainisnseaiesa 0
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1nd 1 Fanmurefanisnszanefveanguaineulyl
aiave
Fruaniildlunisnidiney wuinneass
ganesnuldirarlunitsmidineulndifgeiu
IINHANIINABBIT A UTIa1U5aTULladn

MOEA/D Haussauglunismdineuiinnin MOPSO
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f1usnsrdruiliignaseudn (RNDSI, RNDS2) Tu

'
=]

Hyvmnuua Geasiiuldannisidineuiiaiged
wisefiuszanaldunain MOEA/D \udlng Tne
#in1snszanefvesfineuvesiaae ssanesiulsl
athianedsiidnisnssanedalndidesty wasiaes

danesvuaINITanIAIgIuIuan e (N,) uag

v

ludunisgudnge

1MaUTNILA (Convergence) uag

M1397 12 wan1sveaedtunisundemiaieeng

Fuuanil (N, Meeiigalaauas laiuansieiu

Problem P1 p2 P3 P4
No. of Task 32 50 73 145
(Linel-Line2 (21-11) (25-25) (45-28) (70-75)
Cycle Time 30 ‘ 36 ‘ a2 | a ‘ 50 ‘ 52 | 10902 ‘ 4510 ‘ 648 | 210 ‘ 252 ‘ 303
Number of workstation (Nw)
Optimal 11 10 8 9 8 12 15 10 10 39 32 27
Lower bound

(Balance together) 11 9 8 9 7 11 15 10 10 38 32 27
MOEA/D 11 9 8 9 7 11 15 10 10 39 33 27
MOPSO 11 9 8 9 7 11 15 10 10 39 33 27
Number of Station (Ns)
MOEA/D 4 3 3 3 4 5 a4 a4 12 11 9
MOPSO 4 4 3 3 3 4 5 [ [ 12 11 9
Convergence
MOEA/D 0.065 0.029 | 0.017 | 0.110 | 0.085 | 0.039 | 0.086 | 0.073 | 0.057 | 0.005 0.000| 0.000
MOPSO 0.094 0.129 | 0.120 | 0.136 | 0.184 | 0.276 | 0.487 | 0.108 | 0.218 | 0.385 0.223| 0.181
Spread
MOEA/D 0.880 0.864 | 0.924 | 1.020 | 0.869 | 0.780 | 0.962 | 0.974 | 1.049 | 0.996 0.842 | 0.872
MOPSO 0.713 0.885 | 0.816 | 0.824 | 0.861 | 0969 | 0.862 | 0.863 | 0.838 | 0.685 0.721 | 0.786
RNDS1
MOEA/D 0.534 0.682 | 0.736 | 0.333 | 0.513 | 0.723 | 0.545 | 0.587 | 0.702 | 0.980 | 1.000 | 0.990
MOPSO 0.236 0.196 | 0.081 | 0.420 | 0.217 | 0.076 | 0.043 | 0.094 | 0.077 | 0.017 | 0.064 | 0.100
RNDS2
MOEA/D 0.673 0.753 | 0.893 | 0.424 | 0.712 | 0915 | 0.925 | 0.880 | 0.909 | 0.962 0.943 | 0.933
MOPSO 0.327 0.247 | 0.131 | 0.576 | 0.288 | 0.085 | 0.075 | 0.120 | 0.091 | 0.038 0.057 | 0.067
CPU time(s)
MOEA/D 2286 2161 1873 2798 4995 4204 | 10589 | 11541 | 8462 | 52158 | 56729 | 47794
MOPSO 2216 1940 2057 2764 4636 3684 | 11335 | 9951 8522 | 49273 | 56714 | 44023
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6. @yu
unauithiauenisuidgmnisiaaunagans
nsUszneuguigdadunsusegndlivszlovives
aensUsEneuIUY Weliuuseavsninueansdn
aufauNIaNeNTUsENOUIURgILUUAET uaziile
antesfadufiuiivesansnisusznouguuiuly
sATeTHLIN mu%%’aﬁﬁwLauaﬂr:gmmﬁmu@a
Tusduvuanninguszasd Taglditmsdaiiauinis
wuuvanginguizasAlagdanannisdinun
(MOEA/D) TunrsuAdguinazvinnisiuieuiiisu
UsgdvBamiuisnsmariimns aunuugsoynia
(MOPSO) GufuAsifeslduidaminisinaunaais
n13UsEnou Wui1daneiiu MOEA/D Huansom
fmeuiivnzanignluiymuninguszasdldang
MOPSO tfla3a1n MOEA/D Sinarndadnaussourly
Funsgiingnguaineuiiniass wasdaiiadnu

“mwehumawﬁ’wauﬁhjgﬂma‘ui’q (RNDS1,RNDS2) 71

X

Y

fAndndanesiiu MOPSO lutlgywmnawin Jsazuiiula
fmoufi MOEA/D mildidummeufinusauiignd
wiasafiourismun Fsanunseazuladn MOEA/D Wu

ganasnuanansahunldlumsuitymnsdnauna

'
o =

AanensUsTNaUTURgNI UM UNERS AL LAzl
Taguszasddruuunldegefivsednsnm
dnsunuImianisfnyisiosonn1suAdgninis
Jnaynalusuinn aunsaiau1Isn1sinaunaly
sUnuuvesmensuseneugUigraieans (Multiple

U-shaped line) wisaidgnin1sdnaisunisnanun

'
¢ a

fsuiduingussasdianfniieliinysyansam
1Nt vennildsil ingusraslududuiianunsn
thinfinsandianfslunsufifiou nmsandldane
fuedesiie NsanseunAINITHAR N5TAMIIINS
HAAULAE NITHAIUINEANINWLTI9U (labor

productivity) 1ufu
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Laboratory Model Testing for Investigating the Consolidation Behavior of
Soft Clayey Deposit Improved by a Floating Soil-Cement Column with a
Cement Stabilized Slab

45 Yoeiiand™ Anans wdfzadng’

vys

Mgmansnn1sd A1pInimnssulesn anImnTsuaans unnIngndemnalulagsivasnat
Suthee Piyaphipat™* Supasit Pongsivasathit®
"Assistance Professor, Department of Civil Engineering, Faculty of Engineering
Rajamangala University of Technology Thanyaburi

*Corresponding author: Email: suthee.p@en.rmutt.ac.th

UNANED

uAteiiagUssasdifioAnviguauiBnisgudadiane fuaq%guaumﬁméauﬁgﬂﬂ%fw@qﬁw
dufufiuuduuulivdsdnhufuusiuiudandfonmeaeuuuuaeduiesufoinig uwusassgy
mqnﬁwaﬂﬁﬁmumLé’umuquéﬂawwiﬁu 0.45 A3 gewiiu 0.8 was gnindukuuiaensnagasy v
Msvadeu 4 nsdifnwiednenienansenuvesnuruLHuRuLa A sSuLsadeuuuullsyunethves
Wiy druAwisiimeslaua é’mwa'aumwﬂ%’uﬂqqﬁuﬁ gns1duMIUTUUTIANED wazhwtinnsesi an
fvualind ﬁuﬁﬁwmﬁw%’uﬁumﬁmLﬁaﬁﬂmqmauﬁ’ﬁlﬁud AUMTEINTINN PNNANITNAAOUNUIN AT

o w ' v o

WINTUYRIA UL LA UTUAI AN RRvestuAveglitd 1Ay Adeiuusedeunuuly
srurstvesiuiuliinadonandinisgudadinetn antulignsiilogues Pongsivasathit WagAny. 11
Useandldiuns 4 nsdlinwiiiemainisniamaning dinaansilaannsiwinuseuiisuiunanagey

WU gasnana AN sngaduiun AN Inlan T ow U LANG AT ALY
Arddsy: NIUSUUTIRA AL lEdnAuuud mamegeuluieslfiinismenuuiiaes

ABSTRACT
This research aims to investigate the consolidation behavior of soft clayey deposit improved
by the floating soil cement column with the cement stabilized slab on the ground surface by the
laboratory model test. The cylinder mold with 0.45 m in diameter and 0.8 m in height was used for
the laboratory model test. Four cases of testing were conducted for investigating the effect of slab

thickness and undrained shear strength of slab. The other parameters as the area improvement ratio,
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the depth improvement ratio and loading intensity were fixed. Bangkok clay was used as soil sample

for making a soft clayey deposit. As results, it can be seen that the increase of slab thickness reduces

the consolidation settlement significantly. The undrained shear strength of slab effects on the

consolidation behavior slightly. The existing method of Pongsivasathit et al. was applied to 4 cases of

laboratory test for estimating the final consolidation settlement. The calculated results were compared

with the measured results. Obviously, this method over-predicts gradually the settlement when the

slab thickness increases gradually.

Keyword: Ground improvement, floating soil-cement column, laboratory model test.
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ratio, @) i19A1 a L JudnI1diusenInadunu

Audnansvenandy (d,) fudurugudnaisresium

' v
a a =

Ngnusulse (d) lagdrnsngadimiindu uiisd
Tumauduanuin ansngadanta Gaminanneila

PNMTIntUNAEUNBENRALATS [3]

CL f i
4 e P k
Dl
rained
. Slab Hs
X 87
B B
§
e "
©
[
‘_§ TH“ L 2
/5 Soft soil f
A e
o jEEH
7 e

JUT 1 wuudnaemianedmiuianduiy

Fuunuulandsdn

Chai et al. [3] livinnsnaassluiesufianis
feluusaemilaniag (Unit cell model) waz¥in
nsnsenseleuisideinauaie Btnludadawun
(Finite Element Method, FEM) maﬁuﬁumﬁmﬁga
Usulgseanduiuiuug andurinisaueiing
fuandmangasagaiine lasistdannsafiansan

HANTENULHBINNAT o WazA1dnTIdun1TUTuUse
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AUan (Depth improvement ratio, f) dloen [ ap
nTdusEieAnuevesandy (H,) ldsimany
vunveHUuALTLS fuaudnvesuRumien
(H) dwsuannsngeda anansadalaannsuds
fubuansdu Inefituvurieduiignusuug (1)) &

ANUNUWTY H-H, wdldngufdangudiuinum
nsguiesiuiuduil Ineflen H, Fuandlugui 1
Wuiladduvesan H,, Suaz a dutuanvdotuAun
fodlalagnuiuuse danunuwiiu H-H, AIN13
ngafrestuilFduInIInguantivestuiy
willgaiiigaegnafien

(%

910U Chai and Pongsivasathit [4] ldLaue
Frsmuumnidldsmangaiaiuae vestufud
gnusulsshsaduAudiuuduuulivdadn Taeiien
aﬂmmiqvﬁmﬁamaﬁ? (Degree of Consolidation)
095UV mmmmlﬁmmqwﬁmiqué’fmﬁammﬁw
vosauRidnvaziduassdy (Double soil-layer
consolidation theory) 11 5U35n19ATUTUAY
FuUsAnsn1sTurinu (Coefficient of permeability,
K wazA1duusyAninisivdsundasuiuins
(Coefficient of volume compressibility, m,) Vlﬁgﬂ
dniaue uiisazliainisngadafiuiniiulunsd
ﬁwﬁﬂviinﬂ (Loading intensity, p) We&ni1 50
kPa wazazlvasAulunsdifidn p wnndn 150 kPa

=

Pongsivasathit et al. [6] lavinn1sAnwinaln
meluszniaanduiuduuiuuulinddnfuiud
BgUTIINTOUY AlEN1TNAaBILUUINaDsly
WosUuAnisaiugludunisvin FEM Taeld
LLUUﬁ’laaﬁﬁﬁﬁﬂﬂﬂﬂﬁJﬁuu’lmi (Axisymmetric Unit
cell model) 8nads lupdaiitivauuuiiuaslyidusuiiu

ada

LAzLNeYININISLUSIUBUNANSANWINT N LN
NUAUTLUUANUNT AU BN UAUAUTLUUR fa8an
gn31duNIsUTUUTIRNANREIRY AMNITITiNeS

Tnddmsunsainfuiunufuguudlagninausdsl

99

H H
ﬂr _ L+ (1)
H+H;

o B’ Aesasdunsuiuussmnudnlunsdl
AflusuuRuTiaud

2ndu dwan1sAnuilduiufudseisnng
AaEUlAIANENTSTENI AN VIR U
L381U89 Chai and Pongsivasathit [4] Tngil H. gn

Ugsugslnduilanduese H, dnsrdunsudulss

¥ '
A A

WU (Area improvement ratio, @), 9AT147UNT

o

Usuus9maruan (Depth improvement ratio, A),

1

v
° o

dmindingzin (Loading intensity, p) wazA1R1&4
fuusadounuulisyuietn (Undrained shear
strength, s,) YesRuwteIUSMUaEIE LT
agalsAnuns Rk uRuRuT uRanuY
iy ietasanaududuresmiieuss (Stress
concentration, n) ﬁﬂisﬁwum’mﬁu WUTIAINY
SangurosisiuiuAufiuudianaadofiarumuives
wHURURUT LU (Slab thickness, Ho) Liiudu B4
ALK LLNn g wiuudfingRnssudu
Jaqudande urlun1531As18%A28 FEM v03
Pongsivasathit et al. [6] laguufliaIAIunuIves
urluftunsfiifu 1 wes Sadimginssuduuuuan
oy Fedumuideiidunsfinyinanssnuresns
wqmﬁwm%uﬁuﬁgﬂﬂqwqqé’asJLmL%uau%LuuﬁLLUU
TyindsansaufunsuiiuAudwud fdnasenn H, uas
Arfdedunsudeunuuldssuraiivesuruiiy
(9u)sie) Lﬁamﬁﬁ'aa?ﬂumwaﬂ%uﬂqnﬁﬁﬂWiwwﬁ1ﬂ1$

nyadaiuaIvessEULlsaly

2. uwuusrasmagdeuuazSanly

g‘dﬂl 2(a) uag 2(b) uansgUluuuINABINAARY
wazndiassneluresuuuinans Feldnuasdy
n3anszUanTsliduruAuSnat iy 0.5 Lums

wazdlaugaswiniu 0.8 wns vinTan PVC
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Y] ~ ~

a Al av o a I
Auildluns3dell Ae Aumieingamn ignifiu
AavgrawuugnIuNIu Innantivesiuduwandly
M3 1 lunsussyazaeeldiuasiulngszdnseda
LiliAngesirdlusenineussy dnduudldyudesn
wauaUsziand 1 Jadudwudnieuldieusulse
AN nduRudmsuUsTvelne Twivledunsien
(Geotexile) 1310 TanUszLan Polypropylene il
AUNUILUUTENINM 140 nFudDgNUIARLUAS

a_a 2. v ] =
AMunuT 3 faduns WDudanlunisdisseuien

a 1%

USLIUANUANLALATUUUVDILUUIIADINAFDU NS
1398131115133 14 Mini-PVD 71911910 wiule
Fuasrznthuuniauszanu 3 Fudeudu Intindne

Yszuad 30x9 RIS NHARLUNT

Drainage
Air

Pressure

Geotextile

; H,=0.10-025m

H=080m Hp =018-03Tm

Soil-cement column

Geotextile

l—) Drainage
0.45 m

- -

(a) nmwguUdndaesngluvesiuuinaes

(b) uUTI@DINAEDU

JUN 2 wuudnaedluiesujuinis
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o [y =1 1 [ a v

dmsunsaldnewuseenu 4 nsal Aakanaly
AN5199 2 NSWANEIN 1, 2 way 4 TgdmSuAnu

~ & 1 aa

NANSENULLDINANUAUNVDILRUNY @IUNSTN 3
ke 4 THE1USUNSIIFDUNANTENULLBIINAINIAS
Suusedounuulissusdve NN (g, 90
A15197 2 NUSUIUTLUUALNIAY 16.42% way
25.65 % VBIUNMUNAULKI AAIN1SISULTINADA
AANI19Lfe (g,) tM1Au 400 kPa haz 800 kPa
ANUANRU TLHINNANITNAFDULIINADARANIAAE

VOIAUMTLINTUNN NAUTUUATIUTH UGN

3. JupeuNINAGBY
dmuiuneunisvadey awnsoudsesndy 3
Suneusielud
3.1 Sumeunrsvhtudumde
Suannaunuleduasizisiuau 3 wudl
Fuarsvasnuusiasaiterdudusyunet andum
32duney fivsnaiiiuluvesuuiiass wiean
usadenmudisziiniussuinsfunienfunaves
LUUsIane ntuRuieadietsnaufui
(Reconstituted soil samples) THiUSuanu Ty
Wity 68% Faganinandadaiaimad Vediiionan
fesomsussguadluLuusiaes aintudes Ussy
Auntlenaslunvudiandaesedeluliingosing
Junseetufumioafinnunuiusz i 800
fiaduns 39%1n151d Mini-PVD Afenansvas
wuusraedaslduiandnsudluludufumies
UDIAUEN waeiumsLEuleduAs1ERduIu
3 wiufifuuvesduiu Fwandlusuil 3 Usgney
gUnsallsiimiinnasvindoussiuay Fuandusui
2 Mntualiiuinnsyinsfivinfu 40 kPa itely
auqué’mﬁamaﬁw melfanmmsszuisiuuuans
719 (Two-ways drainage) Tuszwinenstidnidn

n3gyin yinsanduiinAInNInInveItuny
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a a WL WP % kh k\/
YUARY Vv A €0 G
(%) (%) (kN/m?) (X10° m/day) | (X10° m/day)
Bangkok
L 4664 | 3515 | 16321 | 03 [ 0249 | 138 | 267 0.432 0.432
clay

MW w, ABANIATIIAAIINMAY, w, ARAadiawaiadn, y Aoniieumingiy, v AsAdnsiau

thAges, A Aeautureadu virgin compression lunsmANuduUS e - (n p’ e, AoABRIIEIU

YDIINADUTUAY, G, ADANANNEWTUNE, k,, Uag k, AoAduuseanon1sTunuvesilufululuissuu

LAY IULUIAY AUAIAY.

o e
ANTNN 2 ATUANEN
» USanaudiaug (%) AU
ATEANE - — a®) | p) | B(%)
LYY LU Hg (mm)
1 16.42 16.42 0 20 70 70
2 16.42 16.42 100 20 70 64.1
3 16.42 25.65 100 20 70 64.3
q 16.42 16.42 250 20 70 49.6

3.1 Tumeun 1T AN TIuasha Uy

JUN 3 Wi Geotexile wag Mini-PVD

HUUTIad

Wad1sEAunIsyUSAfIAIgUIveITURY
witlgrlunuudaeadiduseunn 90% Javganisiv
Wminnszi Wauuudnaesesn diukuledunsien

PANUVY Wag Mini-PVD 1N9Na199898%UUINADI88 N

A ﬂgﬂﬁﬂﬁmﬁmwﬁ’u 20% waz 70% suasu Tu
nansdinyt annduwangsiivinainaies
wuudaeslidvuindurugudnalniafiu 200
fadiuns wazliaudnvindu 440 adiuns Al
guUnIninstangdsiafumlsiiailan (Hand auger)

fanansluzun 4

U7 4 maeRuiieviiaduiudiuug

NUUVUTIRDY BetunaultuAumde NI INAca

VAR BANUMUNVRITURUUTEIUTTU 630 TadlUns

WAIINNI5I a5eaY dmsunsdfned

WENTUWANTENUVRIUNUNUAUTIILA f1 o way 2, 3 uay 4 TiihnsyanthlaAueenanysyana 100
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— 250 fiadluns dmsueSouviusuity Wesainnns
11 Mini-PVD aonaziingidne fiusiudiuaiaves
347z thAuLLALENY Sy mﬂﬁy'uﬁuﬁgmm
2ONNIUINNANTUTLUUA (16.6% LAY 25.65% Lag
hutinAuuia) wagiiteliiiesonisuan Aufignyn
aaﬂmQmj’wmmauﬁﬂﬁﬁﬂ"lﬂ%mzumw%uwhﬁ’u
68% faunisway dmsunsdd 1 Fadunsdlufusiu
fududiiAuiinaudsuiunussgauneisans
doudaraznaneduandy dmsunsd 2, 3 uay 4
(@usiuity) vianiiussydudiuudeud Thindudn
daunils (MnnsyaRmtifiuesn) unanBiaud i
AARUNAURIBANALIWIRY Wendianudadiaz
naneofuunuiy Vuaduuasuruiupud iy
e 28 Yu deuduinismageumsgudadaeti
32 ~ﬂ3umaun7574@5@1/,‘7755;/1/@”@97”9@75/1%
dleldengnisuuasu 28 u auiule
Faasnzvidiuau 3 wiu Aduvuiilelduiandae
LU mﬂﬁ?ﬂdqﬂmaiahuﬁmﬁawzm:umLﬁa
W3sufvageu Aeulsuiinisnaasu Tkdimdn
sy 40 kPa RewitelituRuiAnnsUINEA

LY a o o

naswiRuiutuludunaun 1 1Wuian 1 - 2 Yu

'
a o

LadFusUINITNAEaUlALUSULANWSIAUNTE
frag1duiniu 120 kPa 51319015 NA@aU I

BRIININIAMINANTUARBANTNAOU

4. NITAATITANANTSNAFDU
4.1 NANTLNUYEIRIIUAUIVOMAURUTUT IS
Flodnansgusammeniiau 95% shns
ngantsvadou laaUseun 32 - 40 Su a1niy
LU%EJ‘ULﬁa‘umammaauLﬁa@maﬂiwmﬁaqmamm
VUNYDIUHUNURUT LA 1ﬁwaﬁqLLamq1ugﬂﬁ 5 WU
muﬁumwwmﬁumLLNuﬁuﬁmaﬁﬂﬁmmsmﬁﬁa

vostufunieafignusulshaadufudunduuy

v
P~

dusaAvuRuNuAuTUdanasoeeltedfny 9

E]’Y*'.]L'ﬁuw\li’]%ﬂ’J’]lIMuqﬁLﬁN‘iUVTﬂﬁﬁﬁi’]ﬂ’]iﬁ]ll‘l’]%ﬁ

q
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vouandufuTuudiaiesas dwaliAinisnnd

anasmulusie

t (days)

5 10 15 20 25 30 35
g T I e

150 q, =400 kPa

—o— Hy=025m

—+— Hs=01m

10
15
20

25

Settlement (mm)

30

35- . 1 L L 1 n ] L ] L 1 L 1 n 1

JUN 5 Wansenuuaee H, fon1snsaanuim

4.2 HANTENUVONAITIAITULTINNOATIAYINIAE
Yo TR I

Iug‘uﬁ 6 WAAINANTENUVDIAT (G, )00 HOAT

ﬂ15'1/1jmé’fmm%uﬁumﬁmﬁgﬂﬂ%’uﬂgﬂ NUIN NS

RUTUVD9A (G))ues fnasioAn1sngadiegnglad

v o v W

HedhAny dananslugun 6

t (days)
0 5 10 15 20 25 30 35
- 1 - 1 - 1 1 - 1 7
=
5 N9t Hg=0.1m
-5
) " —7— (qu)sun = 800 kPa
Er — (gu)sun = 400 kPa ]
= 15}
& L
E 20}
= | i
~—
< 251
m L
30
357 L L 1 L 1 i 1 1 1 " " 1 L 1 i

JUT 6 HANTENUVDIAN (G,);0p FONITNIARIY
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5. ABn1mAINIINIAfgaTinevatuRumlean
o v & a o s =
anUSuussdasandufudmuduuubingsan
Pongsivasathit et al. [6] lAl@uoIon1TAIUIUM
AINIINTAMITRITUALNgNUTUUTIIE 1@ Tufy

FoUUALUULUNTIANTIUA UMK UNUAUTLUUA Lag
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fansanduiumiefignuiuuse eendu 2 du dall

v
o

Fuusnlaun Tuuy vistuAuiignuiulssmeady

AUTLIUR ALY (H,) Wiy H - H. 119

MAININIAGIEATNEaTNTambAaIN

n Apy;H
5; = 5 lit*y; (2)

i=1 Dcia +(1- a)DSi

v v
(%

druduiass launduas wisdudunlilagn

Y

UFuuse danumuiiiiu H - H, Inglidn1smiae

gavng Nanunsamlaann

5y = | 1y, Ai ln(1+Ap2iJ ©)
i=1

'
1+60i Oy

e Hy; kag Hy ABAUNUIvestuauileangn
LUSEREAINTUAULUTYINTAIIUAUT H, Lag H,

ANUAIAU NIUNITRUSTUAULLNDNANITAIUIUN

v
= =

azldunlu, o, AonulusIUszansHaluLuIfnou

fuwmiinnseyilutudiy Hy, ey ADABRTIAILYBIIN

nouluInInuINTEYn, A, ABANNTUVBILEU virgin

compression TunsaNANENNUs e - In p’, Apy,

a

waz Ap, Aentisussniudulunuinsludunu

1Y

H, Wagtuau Hy, aUaeu, D, wag D, AvAluada

U

o inAuTuduazAuTogsoulandutiulutuf

H,; Bsaunsamlaanaunisaneluil

Ei(l-v;)

j = o) @
(1+vpHad-2vy)

o (1 +ei)o-'avi
Si 1.

1

(5)

e £ Aeanlugdavesdardmiuiandy, v Ao

dnduthAgeeuandy, e, AednsidTaIINg
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Youa iy uay o, AeNtIBLSIUTLANSNALULLIAY

v '
Y N

wisvesduiusufumbeuseiiviusuiosain
Y dinszein

Tuaun1sit (3) uar (5) Wildaraudurendy
unloading - reloading Tunswaruduius e - Inp”
Tuielden &, wnuen 4, 1uﬂizﬁﬁ%uﬁua§”lmmamw
MsguaRfiuUn@ (Overconsolidated state) Fatiy
AnsngaFiaaTeTuiAntuiuna (s) arunsam

1931

§ = 8+S8 (6)
d11Tuaun15nIAT H, U Pongsivasathit et al.
(6] laauslinad
NS UNTAITLHUNUAUTLIUA

H. = Hp-f(a) g(B) h(y) (M

AU UNT N bR LK UNURAUT IS

H. = Hp - fi(a)-g(B) h(y) (8)
Lﬁla
0.75-0.025(a)  (a <20%)
fl@) = 1045-0.010(a) (20% < <45%) (9)
0 (@ > 45%)
3 1.62-0.0164 (20% < B <70%)
g(p) = {0.5 0% < ooy 0

h(y)=027In(y)-0.41 (> 10) (11)
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139 p, ADAIIUAUUITEINIA LAZ 5, ABAINIAT
SuwsadauwuulisyutevesRuieIusaUane

2 = 1%
Lﬂ’]L“UiJ"?Nﬂ’]?J’]iﬂUigiﬂm‘lﬂﬁﬂﬂ

u = Mé\’lc p'MC(OC'RL’)A (13)
A
R M?+n? (14)
Me T M+ M, 2

o', OCRA+IKL) | oo

OCR, =( 3 ) (15)
Pe
o (16)
P,

Wl p’, AeAn Equivalent initial mean stress; g
AoA1 deviator stress; n, ABAT Stress ratio; M ABAN
Anuturenduitilu g - p wien (Fauandlugzud
7); K AoArduUsransussiududisuuuly
Lﬂ?ﬂlauﬁiuamwﬁauﬁﬂﬁquﬁméﬁﬂﬂa; Myc ADAN
mnufureaduaunsteulumsivivewes-gasut
lu g - p/wéen; p’,c AAT Equivalent mean stress
UULEY M, line; A =1- k/ A; A, k ABAIANUTUVDS
L& Virgin compression kagldu swellinglu e -
lnp"wheon (e ADOMIIAIUYRIING LAy p’ ABAN
Effective mean stress) A1ua16U; OCR, ADAN
BN 1dUNITIUBARLAUUNG; /Ao TIdaLAY
Usedndug; ¢ Femiasranudsaniunislufu;

o, Aeruseruduilasulutagdu

\ Yield
\\ Surface

gﬂﬁ 7 wuudaes Soft soil Tu p 2g waen
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6. N15LUTIULNIBUNANIINAGDUAUNANITATUIN
ﬁ%ﬂgﬁlﬂjm Pongsivasathit et al. [6]
Useyndldgnsn1sAmuiumAINIsnnaITILYes

Pongsivasathit et al. [6] funsddnwie 4 nsdl

dmsumadmesisndudedilunsdualeign

wansbilunnsnsdi 1 waz 2
vislddnedenisesute favunliAininy

maaLAA ey (Relative error, RE) @1u1sadeule

Fastoluil

RE = S~ Smea (17)

A15197 3 MSUSEUTIEUNANISNAABUNUNANS

AU
- AINITNIAFIFATINY
nsal H, RE
(mm)
Anw1 | (mm) (%)
(5 )mea (Sf)cal
1 0 28.50 29.60 3.72
2 100 26.97 28.83 6.90
3 100 25.21 28.40 11.23
4 250 22.92 26.22 12.59

dlodn s awnsamldanaunis (6] waeen s,
ﬁammsmﬁﬁaq@ﬁwﬁlﬁmﬂmswmaau (Smee) 110
YINANTNAFDUNNUSEUTIEUAUNANITATUINL A3
wanslumisned 3 wud Tunsdifiaunuivesuny
HuAuBluudifiady nan1sAuIndie3ives
Pongsivasathit et al. [6] flauedounaiatunans
wmaauqnﬁu AsTuduNuAug L udinlgNans

ANUIAIEENTAINAINAININATINATLARINANS

v
[ o

nagevsdeiivedingy nedoraduinsiglunng
3A518968 FEM Womaunislunisdiuime H,
94 Pongsivasathit et al. [6] A1 H, gnlvinsiviniy
1.0 m Feilinanisiiasiziuanssiulunsdiiien

H, fialdwiniu 1.0 m
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7. @3y

1) msiiinTuresnumuLHLRuRUTusTNG
ﬁﬂﬁﬁhmimmﬁwm%ﬁuﬁgﬂﬂ%’uﬂgqﬁama’n%m
Autuduuulindednsrufuunuiunuguudden
anasoeelltydfgy

2) AfdeSunsnadaiviaiien vesuruiuu
Fuudiinansenudedinisngaiivestududign
Usulgssheianduiuismduuulsingsdnsmiuum
NuRudwusidesunn

3) 9INANNITVDY Pongsivasathit et al. [6] AN
msmméf’gﬁié’ «’\]zﬁﬁhmmd’lﬁwmiwqmﬁaﬁiﬁmﬂ

ASNAADIIUNTUNWHUNUAUTUUAT AL UIUINTY

8. nnfnssudszNA
unauiidudiunilavednisdIdeiios n1s
WAIUINIS I AUAULESUAELA NI LA UT LU UR LU UADE

vedosduivig Falasunuatuauunisiseann

q 3

[ a v

unmdnerdenalulagsvusnasyys dlgy

uUsENLEUAY Used1d 2557 (39.) F9evounm

11 . lannadl
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Pretreatment on Fast Pyrolysis Products
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ABSTRACT
Three solvents including water, hexane and acetone were used to pretreat cassava rhizome.
The pretreated biomass samples had lower extractives content compared to the non-extracted one.

The pretreated samples together with the original biomass were fast pyrolysed in a fluidised bed reactor
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producing bio-oil, char and gas. The results showed that after extraction with water, hexane and
acetone, the yields of total bio-oil, heavy bio-oil and gas increased at the expense of light bio-oil and
char yields. A maximum total bio-oil yield of 54 wt% was achieved when using water as solvent. Based
on the property analyses, all solvents hardly affect the pH, solids content, ash content and density of
bio-oils. However, hexane and acetone could increase the bio-oil heating value. In addition, the flash

point, fire point, hydrogen and oxygen contents were increased by the solvent extraction, whereas the

carbon content of bio-oil reduced except when using acetone.

Keyword: Fast pyrolysis, solvent effect, extractives, bio-oil.
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ABSTRACT
The paper presents the theoretical behavior of hydrodynamic air lubrication of Tapered-land
type air thrust bearing under steady state condition. When not considering the effect of temperature

changes on the air film in thrust bearing. Using the finite difference method and multi-grid multilevel
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technique with Newton-Raphson method for solving modified Reynolds Equation to obtain the air film
pressure and air film thickness profiles in thrust bearing surface with various the applied load, shaft
speeds, thrust tapered height and air inlet temperature. The simulation results shown the increasing of
applied load, the maximum film pressure increases but the minimum film thickness decreases. When
shaft speed increases cause the maximum film pressure decreases but minimum film thickness
increases. For increasing of thrust tapered height, the maximum film pressure increases but minimum

film thickness decreases, and air inlet temperature increases cause the maximum film pressure

decreases but minimum film thickness increases.

Keyword: Hydrodynamic lubrication, air lubrication, tapered-land type thrust bearing, modified

Reynolds equation.
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Tneuvsnineoniduseaue wiagszauaziisiuiunia

11U N1SAIUINDIIVLLSUIINTEAUNT AL

S a

azBunveINIANINNgawddAIatluaseduiinga
NeunINasllisess AuTITEAUNNeIUNgAnaa9In

Wwudsarnewialanduuinszduninazidenfign

1%

g luiTes auninaasdrgiiidainauniian

pd )}

ANuURANaInNeausula
3.2 msoeloun) (Grid Transfer)
AMsaelauan Ae NSAIAIMIANIALLUNTEY

Tou (Operator) Ingdsarainszauninagidealids

=

SEAUNTIIUIUNSAUBENIN Aaiun1satelouain
szAUNIRazIden (Q,) lUszAunIaneIunIl (Q,)
LSenIndan1tdunitsanelousnm (Restriction

Operator, 181")

- S

JUN 3 wanan1sussanaAlInmesnsaaIeves

@

SEAUNTTIUIUNTALUUKIU (Q,) 31NN5aEToUA

NTLAVNALLBEANIT (Q,)
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n1sanelouAainseduiifisruiunsaiesnia
@, WissgAuiifsnaunismnnii (@) awiSeni
adunistunisansleuindmaniunisatslaunuy
L¥39Ld U (Linear Interpolation Operator, 72)
MAUAL N ADTIWIUNTA Lag h ADAUAI VDL

agnIAlANAY Q, =1/n

Q 7y _ ),
I I =U® (5)
Wo U #o 1neasudseaunidsnuiuk uuneu

@

U @9 1nmasuuseaundanuiusuuasiden

SU 4 w@nInsUSEINUAILINMBIINNSEA U

L]
a0

wunsanuuneu Q) Wluszauniiduiunia
wWuuazldEn (Q,)

Vo

v o & ' Q ~ &
mwdutussywing Iy uaz 1o anunsandeuldal

3.3 ininsvesiadniauuyl (Multigrid V-cycle)

'
a

Sududuiniindnazifennounazdeniiey
an@ns (Residual) TuszauiindaneuuazazUsuLaa
AuRanatn (Error) a1nA1AuRanaIniiliann
sEduinIavenuLaziinsAuIngIdnafinga

azLdnauUNINALLAAIAINBUNTANAINURANAIAT

gouUlALAAIRITUT 5
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b
f——— AP yb=¢" Correct
h u"<— ul+e

Compute ph— " _A"

Interpolate
h o H

U7 5 wansisn1svesiainsawuu (n) T9dns

Yaelafnsawuud (v) NsanelauAIsEnInasEAu

aunisludnesisiluanduaunsliidudadu

asdalaUsenAlidSnaneduloasnAusEdeuIt e

Y 9

o

AU-51dU LarseleulstannsAunIAIAINBUYDS
aunistufvnessdluan lneauuAaIveIAILnLN
YRIHALDINA LANBAIUIUNIAIAIUAUVBITAY

2INIAYINIAITANUIUGITUNTE

X Sl o
Z::” z::f p(r, 0)k+1

<0.0001

WaZNITIUNITLILBIINALALTDITANDIN A

6 (Rur (o
[ j (p—p,)rdfdr| 00001  (7)
w, Ry 90y

4. N1391ADINA
memﬁau%iaqguﬁ’u?ummﬁﬁLﬂu
druvsznevvesgunsaliihaiuseanuiaseugs
i Ledessuinesluiaundn (Micro gas turbine)
38 UaLasAULTIGe (Spindle motor) Feldiinun
fAuagvuInvesTsauiusueIMafitvunlndiAss
funsldnuasaftednwunlfuvesdadosieg il
Swﬁwaﬁiawqﬁﬂﬁumwﬁaﬁu [7], [16]
YUIAYBITOIRUAUTUUAAIFIAITIT 1 U

ANANURATDIDINIALARIRINTIN 2
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M50 1 YuInveeTasauiugY

IAvess0AUiuTY UM
Inlet radius, r, 0.005 m
Outlet radius, r,, 0.015m
Inlet angle, 0, - /8rad
Outlet angle, 6,, +m/8rad
Land angle, 6, z/16
157971 2 AnawTAveteIne
AuALURYRIRINA iveld]
Atmosphere pressure, p, 1.01325 bar
Absolute viscosity 1.78x10”
at 15 °C, u, kg/m-s
Density at 15 °C, p 1.225 I<g/m3
Molecular mean 64.3 nm
Free path, /,

3MNN153188908 Len1seiisesduiugulasy
1 [ &

(w.) 111U 30 N AasasaulunIsvyuewnal
Wiy 10,000 rpm gaungiienaAnvndnsesduiuy
FJUWINAY 15°C S388AIUEIIVILNULTEU (6,)
WU 7/16 rad AINEIVDILKULDEWINU (S,)
1x10° m waziarsumannsideuloaveduiana
YBIYUBINA NUINANUAUTANDIN AL AN ANT WU
ANGIAAUTIUAIUNUITRYAD VR IULHULDEILAZUHY
a o v A P a va
seurlinunangldnisluavesenniagniuld
YALaNaY dawalinisinaveseiniagniuisuan
< I3 o o & = A A P
AnusItUduAuaY rasntudadirtanaaiiolng

USIUNI90BNIURAIYNAUANUAUUTTEINA LAY

¥
= A

AutuTide N Agegaiinvuiianviaiy 3.17 bar

a1 '

wazAUNUIaNeNTAliA1HesaniiAwwiniy 1.65

um Wansfasuil 6
\lowssuiiisufusesaufusunvunsiudos

(Tapered Type Thrust Bearing) ‘Uﬁ‘lﬂgﬂ [3] WUIINIg

ANANTDIANUAUNANAIT AR AULANNLTUD LT 9)
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fuinamadauiiangsgaiiviialndmasenves
wusesduiuzu antunnuduresiidumndodud
AanateusmFuiiuintuasuussenad
USaN190en Lu uarANy [9) uisesdufugu
LWUULHULDELAZWHULS8U (Tapered-land Type

Thrust Bearing) A1ANAUNANATYaAUNLAA]

'
1 a

ANGIFATNUTIIANUTEUM 75% VBIAIUYIVDIUHY
FedduiuIY AntuANURuveiiduasaei e
ANAIIUMINNUAIUAUUTTEINIA NUIIUNDNUBS

vosduiugulunalissduiusuiuuisudouay

[

LH U LS Ud@1d1SasSUunNs e

lagendt nieluan1ignissunisedieaiu anunu

Tdue N AvesTesduiuTULUULH B LA IS 8U

P o ' = |

JgdA1dandn Je9danaliilonnaiin
ANUdseUsenin aauuluunauiIwdendnyl
589AUAUTULUULNULBg LAz uuTeuiinng

Uszgnd lflugunsalivhaudieninuniiseuss

Unit : Bar
1.0
- .5
2,0
- 2.5

3.0
1.5

4.0
- 4.5
- 5.0

-4 2 0 2 4

. X (mm)
SUM 6 LAAINISNSEANUFMVRIANUAUTALDINA

U

a

mMmaﬁuﬁusﬁu o w, = 30 N, Shaft speed =
10,000 rpm, 6, = 7/16 rad, S, =1x10°m

e Air inlet temperature = 15 °C

4.1 71591309KaI T UAEUN 15 NTOIAUNUTY

lasu

=

U 7 3U7 8 uaz3uil 9 LanINITNIEANLVRS

Y Y

AuFuildueIn1a Wenseisesduiugulasuminiy



124

10 N, 35 N 4@z 60 N aud1au ausiseulunis
VUYWAY 10,000 rpm gaumiivesenne
yudrsesduiusuiiavitiu 15 °C szozauen
VBIUKUTIUWINAY 7/16 rad AIUEIVBIUKULBEN

|

Wiy 1x10° m waziansumaanmsideuloaves

v
o '

Tuanavestueinia wuinanseiiusiusosaufugy
T@3uiAnfiudu dwaldanusuiiduoiniaiion
fiuty udeuuNTiduenediAianas Tnoarudy
WéummﬂgaqmLLaszlmeéummm‘hqm dan
WU (1.67 bar, 3.27 pm), (3.57 bar, 1.48 um) wag
(5.70 bar, 0.98 um) ANEIRNU

n13wWasukUasvesaiuvuildueIniafign

' '
13 I

LazANFUTldueINAgeaa WeldsuuUasnsed
sesdufuzuldiu uansfagul 10 wuianumTidy
o1mesaniiAanasLfn LT uidueInAgIaniien
ity wandefinsamamadeuloavednanaves
Funne wutaumunilaueniaman edewa
yeansideulaavedluanasimaiidriosninilel
Anwanisdoulaavestulianasinie ilesninua
vosmsideulaavedluanasinimilinuniinves
g1nafiananawmnaunis (2) Wunaliennidlva
ponnsasautusuliieduiinaliiszosvineseuing
sosdufuguuas Thrust Collar fepamIeanamun
YITANOINIANANANDY UALHAVBINITANGIVBIATY
mnfiduomaminliAnnisiasuulasgussweanms
Inavesanidludnwardavinisivadamaliining
fuildueniafaniintu uagnisivi uresnised
seadufusuldsuiiavdnanonisnszaneiivesniny

futlaneInFALazANRUNTIaNINIARBUT19INN

NMIANTIFINTTUAEAS UNINGIRBASUASUNTI LS
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Unit : Bar

2 (=]
i

4 2 0 2 4
. X (mm)
5‘Uﬁ 7 LLammiﬂimﬂammﬁuﬁuaﬁ\lﬁummﬂ

Y

Wannsefisesduiusuldsuminiu 10 N

Unit : Bar
0
- 15
2.0
- )5

30
3.5

4.0
45
- 5

-4 -2 0 2 4
X (mm)
SUT 8 uanINISNTEANBANNALYDINANDINA

Y

Wenseisesduiusulasumindu 35 N

Unit : Bar
1.0
. 1.5
2
- )5

30
35

4.0
4.5
. 5.0

-4 -2 0 2 4

. X (mm)
SUM 9 LaAINISNTEANYANUSUYBINALBINA

U

Waniseiisesauiusuldsuminiu 60 N
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T 40 260 2
= - A Py 3355 ﬁ
-g 35C ® Huin 177 n
= E —— Molecular siip flow 450 §
£ 3.0 E ——= Continuons flow 345 QU
. o
£ 25t i 3
':EJ F 435 B
= 20F =8
E : 330 E
o OISE 425 =
g f J20
g M 35 E
£ E " E
E 5 ERINEEREFTA N RRUTACRRTI SR RN FAANA RRU NI SRR RN RRRANUN Y FRUN, 10 E

TS5 10 15 20 25 30 35 40 45 S0 55 60 65
Applied Load, w., (N)

JUN 10 wanansiudguudasuasmnumuniidueinie

3 =

AgakazAMURUaLeINAgEn Wadsuwlas

Asiisesauiusulasy

4.2 msdassmailon/seuninniaseumar

g‘dﬁ 11 g‘dﬁ 12 LLasgﬂﬁ 13 LaAINIINTLIY
yesnufuTidue e ionnuiiseulunisnyu
YDIWANYIITU 5,000 rpm, 10,000 rpm tag 15,000
rpm AMEIRU AsziisesauiugulaFuviniy 30 N
gavgivesenniafividrsesdufugudavinfy
15 °C 328¥ANUYIVBUHUTEULINAY 7/16rad
ANEIVBIHUBEUNIAY 1x10° m waghinsana
mnmsideuloaveslianavesiuoinia nuindle
arfisoumanfiafintuauduresiduenmei
ogneldfinvessesduiuguiidianas udndnumun
Aguenniafianiiutu 1esindnsinislnaves
oA iTuaInANEIseumafiA RNty Tng
AUAUTANDINAGIGALATAIUNUNTANDINA
A TR (3.66 bar, 0.91 um), (3.17 bar, 1.65
um) ag (2.96 bar, 2.24 pm) AUa10U

E‘U‘ﬁl 14 uanensasunlaswesnnufuildy
91MAGIAALATALUTIANENARIEA WU

suilduonagegaiiAanas winuRdaueIne

N A

anTAANTY LBIRININIINTIaveeINAENLDN

q

=,

de0duiuguiliAinTu LagnSLTUYEIAINST
saulnatlgninasenlunuIldueInIAdgn

ABUTI9LN
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Unit : Bar
1.0
. 1.5
2.0
- 2.5

30
- 35

4.0
- 4.5
5.0

-4 -2 0 2 4
X (mm)
JUN 11 WARINNINTELVBIAIUAUTDITRY Ll

avusaseulunsmureawanitiu 5,000 rom

< ~
h

-4 2 0 2 4
X (mm)
SUM 12 WaAIN1SNTEINUVBIANUAUVDINAY Ll

Y

AusIseulunIsmyuve a1ty 10,000 rpm

4 2 0 2 4

X (mm)
SUN 13 w@nINIINILANEVBINUAUVDINAY 11D

Y

AusIseulunIsmuva a1ty 15,000 rpm
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T 30 140 %
ES A By E)
2 £ ® Hyin 7 38 =
g 25 E —— Molecnlur siip flow : g
ﬁ_ ; === Centinuons flow ': 36 Ry
w £ 1 o
g 20t 134 3
2 13
:_é' 32 B
B st T =
=k ] g
g J30 2
o E F B
E ] =1
5 1.0 £ 428 §
ER- i, E
é’ F 426 #
.i JEf) T EVUTY RUEE FYYEY FUUUY FRTVI FRTRUNTTRI FRRVNPRRTY INUUY FUUY ﬁ
4 5 6 7 8 9 1011 12 13 14 15 16

Shaft Speed (x103, rpm)
JUN 14 wanansiasuwdasuasainumuniidueinie

AaakazAMUGUaLeINAgEn Wadeuula

ﬂ’J’]ﬂJL%’Ji@UL‘Wﬁ’]

4.3 msTraewaklonFeunIINg oGS

E‘U‘ﬁl 15 gﬂﬁ 16 LLazgﬂﬁ 17 WaAIN1INTLAY
yospNusuTidueIna Wonnugaweuueaiien
Winfu 5 um, 15 um wag 25 pm Auasu A5
sedufuguldFuinAy 30 N Anusiseulunisvyy
YBANAINAY 10,000 rpm gaungiiveseIniediu
\ihsesAuusuiarinAy 15 °C szezANEIves
WHULTEUWINAU 7/16 rad Wagfia1TUIHARINNTT
Boulnavesluanavesiueinia wudnilenwgs

oA A A

vosukuBesiidnfistudsnalinruduiidueinie
asanfiAniuty uddnmumuniiduoinasmaniie
anas iesanniiuiinisivaveserniainnis
WasuuasuaNugsvosiudes Tnsauiuiidy
91MAgIEALALANILTEL N ARER AT
(2.67 bar, 2.07 um), (3.73 bar, 1.25 um) way (4.77
bar, 0.72 um)
ﬂ15LU§auuﬂaammﬁu?\léummﬂqqqmLLax
AmuideMAian Welldsuuyaaugeves
wiuBssuansisguil 18 wuinausugegavesidy
pmafAnfindy uidnnumuiduonaiandin
anas LlesnnarugeesusuBesiitauiady vinlk

sUsMslvavesonminnsildsuUadludnuose
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v
=

FAYIN daabimuAuNduaINFIA1@ITUINNNNS

U

WasuanzvesrusIluduanuy

Unit : Bar
1.0
- 1.5
2.0
- 2.5

3.0
3.5

4.0
. 4.5
50

-4 -2 0 2 4
X (mm)
15 LEAINITNTLINYVDIANUAUYDITALBINA

a

sUN
Y

WennugavewsuBeilanyiniu 5 pm

Unit : Bar
- 1.0
- 1.5
2.0
- )5

3.0
3.5

4.0
- 4.5
L]

X (mm)
16 WAANINISNTLINYVDIAIUAUVBINALDINA

=

UM

= LA A o
Lllaﬂ'.]']llqm@ﬂLLNuLaENlIﬂ'WWﬂﬂU 15 pm

Unit : Bar
s 1.0
. |5
2.0
. 25

30
. 35

4.0
45
- 5.0

4 2 0 2 4
. X (mm)
JUN 17 waman1snTeaN8veIndniiuvesiliaueInie

= oA A o
Lllaﬂ'.]']llqm@ﬂLLNuLaENlIﬂ'WWﬂﬂU 25 um
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= ~
£ sop 55 B
= E A Ty ] e
§ : ® Fuin —: 5.0 i
m 25 Molecular stip flow ] 3
N N === Contirnous fiow 45 nf.‘
= ¢ J40 2
= " 3 5
= 14k 35 =
£ 1, &
L; C J30 &
5 10 E
E I 423 §
= C 1 F
= _5|||I|||I>||\|..|I|ww.||n..'2_(]§
0 5 10 15 20 25 30

Thrust tapered height, Sgr (pum)
SUT 18 wansn1sidgunlasvasanurunilay

Y

BINAMEALEYANALUTIRIIN AR 1o

WaABUMUAIAINGVDINLDE

4.4 mstraewadlonsseusamploniaiond
SOIAUAUTY

gﬂﬁ 19 gﬂﬁ 20 LLasgﬂﬁ 21 LAAINIINTEANY
yosmuAuiiduenie egamgivasermaiivdi
seaRuAuTUIIAYIIA 10 °C, 35 °C wag 60 °C M5y
Aseadufusuldfuindu 30 N anusaseulunis
NYUYDUNAWYINAY 10,000 rpm T¥8EAINY1IVRS
WHLITEUWINAU 7/ 16 rad ANNEIvedLHLBeniY
1x10° m uazfinnsannannsideulaaveslanana

v
o

YBITUDINA WUILLeRUNYRNY Y1 TBIRUAUTY

a

Fsuienfisdudmaliauduiiduenniagaaaden
anas uwiA1AIuidue AR gadaniuty
desananuniinvesornadidifindunugamad
TnganuiuildueIn1AgagakazANUTaLeIN A
Agn f1A1iAAY (3.16 bar, 1.66 um), (3.13 bar,
1.74 pm) wag (3.09, 1.83 um)
ﬂ’]iL‘Ua‘IUULLUaﬂﬂ’Mmﬁu‘Wﬁuaﬂﬂ’WIQQQWLLaS
AnuvildueInAdige eldsunlasgamgdi

1Y [

YNATRIFUAUTUUANIAITUT 22 nuTrauduildy

9

9IMAgeAliANanas iiAIAIUrLIHdNIN AR

WIuLilsguvgonNANvIUIToAUAUTULAT

9

=).

Yals

3

ao

WA LHe9nn1siiuTueIAuninenAlAN

e 2N

a

UAMANNTT (2) [14] UagnsiiuTueIgumqd

Y

2D

L
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v «:4'

91IN1ANV IR AU UTUTBVENAsaN1INTEAEH

YaIANUAUTANNARDUTNILRY

4 2 0 2 4
X (mm)

SUN 19 LAAINISNTEIYVBIAUAUVBINALDINA

U

- a 1% Py o o
Luaamwﬂmmmmﬂ‘mL“Uﬂia\‘iauﬂuzuwnﬂu 10 °C

9 Y

Unit : Bar
e 10
- 1.5
20
- 2.5

3.0
- 35

4.0
- 5
- 5.

-4 -2 0 2 4
. X (mm)
SUN 20 LAAINISNTEIUVBIAUAUVBINALDINA

U
'

- a 1% Py o o
Luaamwﬂmmmmﬂ‘mL“Uﬂia\‘iauﬂuzuwnﬂu 35°C

9 Y

-4 -2 0 b 4
X (mm)
E‘Uﬁ 21 LEAINISNIENUVBIAIUAUTDIHALDINA

g ive@INIAY LN TeaauiuTUYIIAY 60 °C
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E 200 35 B
= r v 3
g F o9 e
= C el <
E 18F _o-8% 34 3
I I -8 B
o R A
% r 4
o - (4]
g 1.6 - A Ppyc 33 §
Jé : ® Hyin z
=] [ Molcelar siip flow A
] 14 = === Continuous flow 32 o
= r E
= [ i
E e S s
E L2 —“""‘-—A-._,.,_ 31 E
g [ e A g
£ [ 2
= E
s 10 30 s

5

10 15 20 25 30 35 40 45 350 535 60 65
Air Inlet Temperature (°C)
gﬂﬁ 22 wanan1silasukUasuesmunuNduenie

'
o

AaakazAMUGUaLeINAgEn Wadeuula

gaungieniAnv i sesauiugy

5. a3Unan1sInaas

5.1 wan1sideulnavesluanavestuaniaviilyi
ANaTldNeInEigasiatanainiilolifnna
yesnsaulaavesduluanaeinia uwanuduilds
oIn1Agsgniiangeninilefanavenisdulaavesiy
Luananie

5.2 flonseiisesiufusuldsuifindunuiny
winfidueniaianiaanas udanudufidueinie
quandiAnfinty

s =

5.3 AUAUYBINANBINAGIEANAIAA AL

a1 oa

ANUNUINALDINARAATIAALTU 1iIDAULSITEU

q
v

Tumsvuveswandawiutu
5.4 MafintureInugwe LB samali
mmﬁu?\léummﬂqﬂqmﬁmLﬁuﬁu WAAIAIIUTUN
Hduonasaniirnanas
5.5 1egaungiienniaiivinsesduiusuian

Winudanalinununiidueiniaiianiidiiniy
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7.

o

Heyanual

p lubricant film pressure, Pa
p, atmosphere pressure, bar
r radius coordinate, m

r, inlet radius, mm

r outlet radius, mm

out

T, T, shear stress, Pa

» angular velocity, rad/s

P lubricant film density, kg/m’
h lubricant film thickness, m
S, thrust tapered height, mm
6 angular coordinate, rad

6,, inlet angle, rad

i

outlet angle, rad

out

0
6, land angle, rad

T temperature, °C

K, knundsen number, 4, /5,

b constant sutherland, kg /m-s-K"?
S constant sutherland, K

M lubricant viscosity, Pa-s

u

, initial viscosity, Pa-s

u, absolute viscosity, kg/m-s

w,, molecular slip flow viscosity, Pa-s
u, temperature viscosity, Pa-s

w_ applied load, N

A, mean free molecular path, nm

13”[ The coarse to fine grid transfer operator
18" The fine to coarse grid transfer operator
U *" The vector of fine grid

U*" The vector of coarse grid
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ABSTRACT

The purpose of this research is to examine the goodness of fit model of the Success factors
on Government Construction Procurement Project. Data were collected from 353 procurement Staff
from 353 Thai Government Agencies; the questionnaire was used a 1-5 rating scale of 22 question items.
The questionnaire was tested by five experts, which item objective congruence (I0C) of .50-1.00, and
reliability (a). of 0.986. The data were analyzed with second order of confirmatory factor analysis. The
results showed that the questionnaire of four main factors: Scope and Coverage, Project Management,
Legal Transactions and Contracts, and Administration and Management. The variance in successful
Government Construction Procurement project is found at 61.2 percent. With reference to factor
analysis, it was found that Scope and Coverage (B = 0.827) Project Management (B = 0.817) Legal
Transactions and Contracts (B = 0.794) and Administration and Management (3 =0.744) showed the

highest factor loadings respectively.
Keyword: Success factors, construction project, government procurement, confirmatory factor analysis.
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Chi-squre = 8.579, CMIN/DF =4.290, df = 2, p=.014 Chi-squre = 637, CMIN/DF = 637, df =1, p= 425
NFI=.987, GF| = 889, CFl =.990, RAR = 005, RMSEA = .097 NFI =.999, GFI = .999, CFI = 1.000, RAR = .001, RMSEA = .000
' @ Y o
(n) nowUsuluaa (¥) nasn1sUsulLLea

U 2 nan1slaseilunassAuseneutdududuiuiaesvestadsanudisalasinisnsdngednding

foai1anasy

AIFNN 2 HamsTessiesrUssneudsBududuiuusn lunanudisanisdndedndneadneniasy

Y . Standardized
k) U2y SE t-test SMC
Factor Loading (B)

Obj: NENNITUALIVIANS/VBULIALALATEUAAN (Scope and Coverage)

1| msaseseuusIsunivig 0.901 1 *x 0.648
2 | danundeusuRatou 0.892 0.058 16.381%* 0.796
3 | mulusdlaluusavduney 0.737 0.050 15.685%** 0.543
4 | ANUANA 0.785 0.060 14.131% 0.617
5 | msiiuszansam 0.777 0.059 13.684** 0.604
6 | m3Uamedeya 0.677 0.067 13.013** 0.459
7 | msldidenUjun 0.651 0.079 11.076** 0.497
8 | AmuANAIveITIMNaI N 0.589 0.063 9.368* 0.545

PM: #MUn15U31151AS9N1S (Project Management)

9 msnovausitmenIsInnIg

0.703 1 *x 0.494
A519L980
10 | MInuuMsTnTedadis 0.736 0.057 17.984%** 0.542
11 | emudeosusunailiudiess 0.693 0.054 | 17.390% 0.480
12 | UsvdvsnmiAnainnislausylowd
o 0.785 0.080 | 14.068* 0.617
IUUTENIUDYWANAT
13 | muLdeded uniseaniuuLay
0.770 0.082 13.150** 0.593

AUNUNU
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519 2 (o)
Standardized
) Uadey SE t-test SMC
Factor Loading (B)
14 | arwdanguludumounisrhanmey 0.686 0.086 11.707** 0.471
15 | muderiuvessulszana 0.866 0243 |  5392% 0.555
16 | walulag 0.558 0.092 8.467* 0.412
L: dnuiifinssuuazdeysyn (Legal Transactions and Contracts)
17 | msufUanungseileuvesngmung 0.973 1 * 0.946
18 | mMsdnnsidudayaiia 0.862 0.032 27.166** 0.742
19 | msmuunngszdeukastatanu 0.866 0.034 25.552%* 0.781
M: #1UUSHI5UaZN153AN1S (Administration and Management)
20 | msfldrusinvesilanladiudy 0.803 1 xx 0.645
21 | M3InasIANUTURAvEU 0.930 0.66 14.860%* 0.865
22 mﬁﬂmimwm?m 0.681 0.115 6.026** 0.608
0.612
VUGG ** TUEh sefuTTodAneadiisesu 0.01 uag * mneds sedulididynieadnisedu 0.05
M7l 3 AadiinwaenndesveduinassduszneufudeyaeUsziny 1Badudususiuiasses
Haduenudisalassmsmsiatednineatianiesy
e A . naunsusuluag naensUsuluea
AAil Lnaue —— — —— —
AEnn NANITNATEUN AEnn NANTITNANTUN
X2/df < 3.00 4.290 Talusnoust 0.637 U9
p-value of X* | >0.05 <0.014 Talsnunesst 0.425 HULA
NFI > 0.90 0.987 HAULNEUN 0.999 HULNQIN
GFI > 0.90 0.989 HAULNELN 0.999 HULNEUN
CFl > 0.95 0.990 HAULNEU 1.000 HULNQUN
RMR < 0.08 0.005 HAULNELN 0.001 HULNEUN
RMSEA <0.08 0.097 Lalnnoust <0.001 HULNQUN
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A1519 4 HaNISIATTMUnaRIRUsENaULRNE U UsUsUNFRw oIt ALES

1A5IN15N1599W0INAN0AI19N1AST

U Uy Mean SD A SE t-test SMC
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ABSTRACT

This study aims to compare the areal daily rainfall interpolation derived from ground
measurement rainfall by applying 3 techniques of areal interpolation: Co-Kriging, Thin plate spline,
and Thiessen polygon. All the techniques were used with SRTM-DEM numerical topographic
information of NASA whose horizontal resolution is 90 meters by using daily rainfall data from 12
rainfall stations in Tapi Basin and 8 adjoining stations.  This study focused on rainfall data in
November 2010, March2011, November2011, and January2012 by testing the accuracy of the
interpolation using ME, MAE and RMSE. The result shows that in southern part, whose topography is
plain area with few mountains, ME from all methods were negative which means that the
interpolation was over-estimated. It was also found that the best ME and RMSE came from Thin plate

spline technique, following by Co-Kriging and Thiessen Polygon, respectively. The Thin plate spline is

suitable areal rainfall interpolation in Tapi Basin.

Keyword: Areal rainfall interpolation, thin plate spline, co-kriging, Tapi basin.
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ABSTRACT
This paper aims to review the techniques for fault diagnosis in dynamic control systems. The
basic concept including definition and type of fault is firstly addressed. Following by the current fault
diagnosis techniques published in the literatures such as hardware redundancy, model- based, data-
driven and signal analysis approach. Discussion and future trend of the fault diagnosis are also

presented. This information can be used for improving the fault diagnostic in dynamic control system.

Keyword: Fault diagnosis, dynamic control system, hardware redundancy, model-based, data and

signal
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Tusguuils fidunisidadedeunnioddussuy
AIUANNA TN UNEDIN1INTIITULALNNTITYA UL

Jaunnsad (Fault detection and isolation: FDI)

AIATINVU  |—  NITHENLEE

Y

nsaSunsAudinuMy

JUN 3 dwiunsvinuvesseuuitiidedeunnsesly
FTUUAIUANNA IR
4. wallansidadedaunnses

[

n153adedeunndesdidiefunalsds 3
vdelazauamadainumeunslyunanuivnis
swdmsldnuatdduniegnamnysy o
4.1 ﬁ75§@@%@ﬂﬁ§ﬂj‘%%u (Hardware
redundancy)

feulditadedounnissvesgunsaiinau

wadSuslaeiindnnisinudisgun 4

A ;
UM [ gunsalvhau L1AnA
fn3us
b v '
daunwsas
fins2duld
gunsaidrdou ANV —>

' v
o

JUN 4 mydtladeteunnseanenisinasgunal

U

A1n3UN 4 gunsalgrdeuszinaunieuiu
gUNIRIATI UaTATIIFIUTRUNNTDIAINHARNTENIN

gunsalaseuazaunIalddounudeuly

|r| >0: fault

3
I =0: R

fault- free
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lagf r Asnasr19szndnegunsalaseiuaunsal

U 1IuNINFILUSHEwUae (Residual)

[ '

1157998898 UNNSBIA283TUA LD

A5I9FULAL TEUAIWnUIARTaUnNTBela lwaan

o i

Wiy wananddalianudiyeiogunungdmsu

gunsaififin31udnfsy (Major component) +9u

< v

gunsalluesedu wnufnsaliiedes \Ousu wedl
Jodnnalusesiuiuazauulunisings
4.2 m9lduvvdiaesndlnmans (Model-based

fault diagnosis)

v
U ada

n1539399e35UTuuuIanIAdnfEnS

AU ILUTLENANA LA US B UL B UAULD AN DS

q q

YBITTUU TIAULANGNADAILUSLAYUNAD 91NUY
THSaulvnuaunisi (3) snduinnudeunnsoslu
syuunseld laglasedasnevesnisinadeunig

LLUUﬁTWammﬁmmam%LLaméfﬂgUﬁ 5

Bunn GREIT)
sruunain

Jounnsas

- @ v
Ansdula

,
[UVIEREEN N3N —»

AflAANENS

JUN 5 MITadetounniowigluuinaes

AAFAENS

ABasemuUsAvraolnaIeis 1Tl 3584
Fad31ne (Observer-based) davi191uuuuisla
(Closed-loop residual generator) @115UUUT189
wina R (Deterministic model) Honldiidaunnaa
wUsanug (State observer) fhdaunndunnilaingm
A1 (Unknown input observer) {uu [8-10]

fetaszuuiidounniesiasuslusuligh

A0UTRUULIA bs Bl RsENNS

x(k) = Ax(k —1)+ Bu(k 1) @)
(k)= Cx(k) + D, f5 (k) (5)
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Woldmdwnalunsasiesuwlsirunioay

TanainvoasuUsiAwnd anaaunig

r(k) =V (y(k)~ 3(k)) = VCe(k)+ VD, f5 (k) (6)
e(k) = (A LC)e(k -1) (7)

Taedl (k) = Ci(k) AaAUTERIA LU AN
e(k) = x(k)—x(k) AeAuAnnainlun1sUsEUIN
ATAILUTEDNIUY (State estimation error) L @A
9317818 1d9LnA (Observer gain) Wag V Ao

Umtinduusiawnae (Residual weighting)

PNANNMST (6)-(7) FuUsimuvdeasidou

au £ leden L,V il lim e(k) =0
k—0

d1miuuuuitaesvilngu (Stochastic
model) fenldiansasnraniu (Kalman filter) @319
FauUsimunde esruuddyyasuniunieuen
wuuguiaynszanedwuuln@ (Normal distribution)
NI0FAINTOIABUIULUUVEE (Extended Kalmand
filtter) dmiunuudnaesyiinduliidadu (Nonlinear
stochastic model) [11-13]

ATas19AILUsIARAD UL TR (Open
loop residual generation) #1laA2 Hﬁgﬁlﬂ%qﬁ‘wﬁﬁy
(Parity space) [14-16] lagLdondunauwasziorfng
$wu N A dmsuszuuidaduluaunisi @)-5)

lidoyadunnuaziofinnAsauns

Yy (k)= H, yx(k = N)+H, yUy (k) + H 7y Fy (k)
(8)

Tnefl
y(k—N) u(k—N)
Yo = y(k—:N+l) Uil u(k—:N+1) |
y(k) u(k)
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Sfs(k=N) C
k—N+1 CA
Fyty=| 8¢ : ),HO,N= p
S5 (k) ca”
() () ()
CB 0o -
cAV ' CB 0
D, 0 0
H y(k)=diag(D,) = 0
0 0 Dy

AR USACRDINANNNT

ry (k) =Vy[Yy(k)—H, yU (k)]
=Vy[Oy(K)x(k=N)+H ; yFy(k)]

FatudsoonuuuA T ndLUsIAvIYEe
vy vt 7,0, (k) =0 weliiulsiamnde
Wasumaueunwsaayiity

AsUsruIAINIS1TLmes (Parameter
estimation) \Jusnisnilsfimunzdmsudeunnsesd
Aarumelunszuiums Inefulsirundonenass
YPIN1S1TALABIINNUUUIIADIALAAIAATAU
A TELIMINdy B UNALazLeANA [17-19]
drnsuszuududuluaunisd (9)5) ifdeunnses

YBINSNLHDSLARNIAIEAUNTT

x (k)= Apx (k=) +Byu (k=1)  (10)

¥ () =Cpx (k) (11)
sglaawmaiadudsiodinndiuau N dsaunis

Y ()=, (k)0 (k) +Ek)  (12)
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Tneil
yi(k=N+1)
Y00 yi(k=N+2) 6. e
s\ = : AT A B Y
: By Cy
v (k)
Wk = xp(k=N) x;(k—=N+1) xp(k=1)
r k)= up(k=N) up(k=N+1) u (k-1

waz E(k) Aoanudanainlunisuszunual

¥

We E(k) girdaudasiuinaussinn

229510905 lANNAMUFUNUS
O (k) =Y, (k)Y (k) (13)
way A LU AW E oA D

r(k)=0-6 (k) (14)

; ATcT
IG\EJ‘V! ®= T ADATNITIHLNDTUNAVDITEUU
B'C

o ' v v ' (%

f19819n1531928U0UNNTDINIYNIT

[

Uszuraa1fnyslulniosdnswudan (Winding

q

machine) wandlugui 6

(Volts) Bias on sensor (k=300)
0.08 ; T T —

0.06

0.04

0.02

0

-0.02

-0.04

008 i i i i
o 100 200 300 400 500

k™ sampling period

(n)
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Variation of a;;

-0.968
initialisation

-0.97

-0.9721

Stability after
-0.974 convergence

-0.976

Perturbation

0.908 due to the fault

-0.98
0 100 200 300 400 500

k™ sampling period

(@)
U7 6 fegamsitdadedeunnsesmenisussiiu

AMISELeS [4]

INFUT 6(n) Uag 6() Lansfean1siudeuan
V0I5 AWBS ap, Weindounnsadudiiul Q,
a19u k =300 vestoyady

153099890 UNNTDINIBULUUINADI

o
o

adinaransarunsaaniiuiinasdunulunising
gunsnlsdeudominnszuaunsienueyinaudae
TUsunsureufiamesuarssannsaluldiussuuii
avinuvatedl vlilasuauaulalu@edzinis
waznpamamnssluegaunn uadymdidgues
A38A0Auiud1vosnuUdinesadaaians
iesmnuuudrassadinmanifiosuiemsiauves
sruulfusiugilaifiogatslumaufod faunisindu
feaunisit (3) Jsldanunsaldldnazdndudos

ANUAAITALSY (Threshold) NNz d@UNDARAWI

v
£ ' =

ndaunnsesdunseby [1] wastadaulalunns
pnaulane

|r|>J,h: fault
|r|SJth: fault- free

Ine? J, AoAITALRY
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msimunadasuriild 2 wuu fe wuumsdl
(Fixed threshold) wagwuulUAeuan (Adaptive
threshold) IneUszandldnguniag wungquinis
ATz ay (Optimization) N9 B AIUANKUY
AINULazUIuAa (Robust and adaptive control)

Wudu [20-23]

LY '

H9E19ANTALTULUUAITILAT LU
WaguA eI NadeTaunNnIad ik uUINanIsAD NN

(Markov system) LLaﬂﬂugﬂﬁ 7

6
7 [|—Evaluated residual signal
---Threshold: J,

[4)]

N

n

Evaluated residual/ Threshold
w

==}

200 800 1000

400 _ 600
Step Time [k]

(n)

o

==Evaluated residual
...Threshold: .Jm

3]
T

£

n

Evaluated residual’ Threshold
w

=

200

400 600 800 1000
Step Time [K]

()
UM 7 fMeghadIguiiigumsnsinniy ()

WUUA () RIS [23]

9n3UR 7 wuindetfndeunnsesiiiaan
k=500 Admsunuuildsuaiazyinlinsiany
Founnsadliidniuvuamdnisuadi

uammmﬁé’aamwaﬂ%’uﬂﬁqnﬁaLLUﬁmeﬁa
Tilanuaanu (Robustness) Aaaaulailsiugves
WUUINA0INI DA IUTIUNIU walullaaula
(Sensitivity) siadaunnTe [24-26] L1 naslgawl
H,/H_ \femefiuvzan fegnsyuudadui

LEAASAIEANNTT
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X=(A+Ad)x+(B+AB)u+B,f +B,d (16)
y=Cx+D,f+D,d (17)

Tnefl A4,AB Ferulilusiugrvosiuusiass d fe

Fyeusunu ay £ ABTOUANTDY

v
o

TURDULTUIINNITODNUUUFILUTLABLNGD

AIYFIFANARIANNTT

x=(A-LC)Z+Bu+Ly (18)

r=V(y-Cx) (19)
laNaInvoI LU AN BAIENNTS
e=(A—LC)e+Adx+ ABu

+(B; —LD,)f +(By; —LDy)d 20)

r=VCe+VD,f+VD,d (21)

INUUDDNUVUTATIVENY L Uay V 1iWonian

Wiz auAULIouly

. "Grd (S)”OO

B ool

el G, (s) Aoilanduatalourssfiuusimunas

[V

fudyusumu G, (s) Aeflaidunealourasi

wUSLAR AR DAUTBUNNT B

nslduuuiasmateya (Multiple model)

& = v ' )
Wudnuwamendlslunisundamanulildugives
LUUIBBIAINFNANS AL NS ATUAAITALSY [27-29]
LUUD18090USENDUMELUUINRDIEDUTILNUNIT
NULUUUNALaz N1 TV UL oL ART D UNNT DA
Taglaminsasmauiatioussaaaswdsanusuay

AULUIUTINTI (Covariance) wanldusulsaniu
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Waziureswuuiianigos (Mode probability) Ing
wuudassgesiifidmniandugaiianazununis
weuwesszuvlusasdu 3eniinisitadedie
LLUUﬁiﬂaaﬂ‘Viam‘qm (Interacting multiple-model
fault detection and diagnosis : IMM FDD)
ﬁmiﬂmwum%dLé’uLLUUEju?ﬁqLﬂquﬁﬁfj’u

Y9 UUIa0EeY (Mode) m(k) feaunis

x(k-+1) = AGnQk + D)x(k) + BOm(k + D)uth)
+ T(m(k +1))E(k)

y(k) = C(m(k))x(k)+n(k) (23)

22)

Toedi E(k),n(k) e HEUQIUIIUNIU

NsAgURUUINABIERETIUIU N YA
ArunlagAIuU1LluYeInN1sUAS UL UUI 18D

(Transition probability)

Pl (k+1) | m, (k)| = 7, (k) ; Ym,,m, €S (24)

N
Y ryk)=1; i=12..,N (25)
Jj=1

wazaNUIviduiiuuusnansdes j agvinaud

A1 k+1 LNUAIY
Pn (k+1) | z(k+1)}= g, (k+1)  (26)

e S={m,m,,..my} AoLEnuUUTIa03L 0

waz P{-} Aeanuinazfuvesiuudiasitoy

33 IMM FDD Usznaudne 4 Suney suney
WsnABNISAIMUAAIS UG UYeIILUTA Y A
unagifuresiuuinassdes (Re-initialization) uay
AMULUSUSILT N Funeudt 2 Aen1sUszanaAif

LUSEDIULLATAULUSUTIUTININANSUAUA LG
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nseeAIauTa (Filtering) Tumaui 3 Avn1sUuUTe
AR UTANIUE AULUTUITIUIIN WATAIINUIRY
< ° ' Yo 4 Ao v
Wuveswuudtassdeslagldretdnniiale
(Updating) wagtumauanvinefan1sandunienis
NAADUANLAFIU (Hypothesis testing) ¥84A1A1Y

Unazifureawuuinassgesmuiouly

> pr t H ; :fault j occurred

yj(k+1):{ 27)

< pr : Hy :fault free

F19819N195IU8TDUNNTIAI8TD IMM
FOD Tugunsaldenisauiuwiinangndou (High

redundancy actuation) kaneRIFUN 8

Model Mode2 Mode3 Mode4 Mode5S
g 1 e
Z 09 s [Rre LA
3 0.8 K :;u 5 :
0.7 i i
S 05 % R l |
o 0.4 ! 3 e
g o i LEE
g ol ; - F Ho=ad
] 5 10 15 20 25
Time (s)

U7l 8 fegensitadedeunnsoaiuy IMM FOD
510 Mode 1 unums¥ihauuni Mode 2 unu
an1zAuTouliu 20% Mode 3 UNUANTIFAI
Soulin 50% Mode 4 unuanzfigunsaldenis
Feve 1 90 uaz Mode 5 unuanniziigunsalds

nsideme 2 ya [27]

91n3U7 8 Womnutnazfuvesuuuiiass

898 (Mode) HANUNIAU 1 3LLAATDUNNIDIATY

LUUSABIgRstAL LU S¥inanan 5 - 10 Funit A

Unaviduvesiuuinasidey Mode 2 fiA1vindu 1
LERIINARAIINSDULAY 20%

4.3 msaTIsivoyauazayeIad (Data driven
and signal analysis)

dwiusruumiuaunainnvuialnguay

FugaulullanuIsamwuuInaoIntinFansnilaL
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o v '

wdugnfoanaiieldidadedeunnsasld vy
nszuaunsmaaiivazUlasiadl nszuaunsndu
sy FeduTefoulddeyaifalauiiinszy
w1918maslulatuulian (Time domain analysis)
wiolamuaud (Frequency domain analysis)
Tulatuia1vinnasitasiziandygiu
Tnonse 1y aun wa fauszneveennay (Crest
factor) Wudu wseldidiAs1eiuarnagauneai
WU Aade (Mean) AND8suuuNIATEU (Standard
deviation) ALaAsf1d9d09 (Root mean square:
RMS) A1aulas (Kurtosis) A1y (Skewness)
AINedsveandyday (Cumulative sum test :
CUMSUM) dmsidauaatuurazidusialy
(Generalized likelihood ratio: GLR) Hotelling’s 7>
Q -test wag Square prediction error (SPE) 1Dudu
[30-32] @93atvmnsdmiunsidedeiinann

[ '

f18619N1530B8VBUNNIBILUTBNAY

v

(Distillation unit) A835NAFBUAITATIAINUUIL

Huvil [8] wanssiaguil 9

Fault time (8173s)

Overhed Temperatuer (C)
o
w
w

Time (s)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

(n)

b

o

e lThreShOId Fault time (8173s)

T 3

“§ 2 Normal zone Detection time (8206s)
£ ; W

2 5500 6000 6500 7000 7500 8000 8500
- 2 lThreshoId

o

N3

¥ I

2 . Norma[‘[zone Timel(s)
U

(U]

()
JUN 9 shegumitadedounnseswnenisvadey

Fas1anutnazduily [6]
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ﬁ]'mg"dﬂ' 9(n) 1indeunnsesilingn 8173
Jundl uazanunsonsIadulafinan 8206 Juit fagu
7 9() Tnedanmansnsianuunazduiluidey
A199NANUILINUNG

dmSumshaszilulawunnudldvaie
nsuUasdyaraainiauuial wWu nsulassie
(Fourier transformation n1sUsedaA@UARSUAIY
381189 (Welch’s periodogram) n15Usgu1uAn
aansumeisiuesn (Burg’s periodogram) tHudu
wE s zaUansunuanle [33-35]  fegenis
AAsznen1sUTTRnuAalAnSui1aalnin3g
natuazweiniiedtadedeunnsedusiiilsines
vosuawmoslnimienidinissivan 70% wanadi
U7 10

70% Loed

PSD - Welch Method

——— HTf

T

PSD - Burg Method

88888 .88

3

3

:

)
U7l 10 fegamsitadedeunnsesnensUszuna
AaUAnsy (n) 3B1ad (V) BLuesn
dlo HLT Aenewmesund CRB Aawrssiilsinesdn
1BB uay 3BB Aalvieftilsimesindiuiy 1 uag 3

WV BNNANGU [35]
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913U 10(n) WuIMsUsEINMAAUARSL
fuItnadezananuanuitiufesninuindnya
Imammmw’wL.LawumLﬁuﬁumumw?umwm
JaUNNTOI Ao UBLRasUNR wieddlsinesin 1
WS WIIAIEILSIABI51 waruvesu1lsmesYin 3
WIS ANUAIRU WANISLYNLEETOUNNTDIANLAIN
W 1w wasurisiaidadslidesdaau Tusmed
35U 10(9) kananaaNNIsUsznAaUAnTaes
LUDSA NUINEINITOLENLELTOUNNTBIRINLYIAIUN
N 1 wne waguriedairdnlaana

yenanifiannsoidededeunnsosiag
nsUTEYNAlingun13391 (Machine Leamning) 19y
lassvreUsza sy (Artificial Neural Network :
ANN) N58UUANTNTUENTIN (Genetic Algorithm :
GA) \Hudu [36-38] dusuislasstreysyanmifiewil
Fumauitlude nsdenuwasiiuAiuUsdunawas
LmeﬁwmimsJmiﬂawﬁayjawqaﬂiﬁmaﬁzuuﬁgaaﬂng
Unfikagan1zunnsnesneg (Data generation and
collection) MsfmuagULuuvesdeyaliiens3dn

LAZULYNULYZTRUNNTDITLAMA199 (Pattern

v
o A

THanutaranunse

aal

recognition and classification) 3
nRdunazuenvlinvestounnsedlausdedlddoya
Tun1siFeudifudiuiuninuazdesasaungy
founndesianun dsfeyatounndesuisgiuuuens
lianunsataldasennseuuiasdndudedddiusunsy

9188901591191

o o = o

Avesdeyaludndudsnisidmanionts

pd}

aaa

Fadevounnsesmedoya FaTruiudanunyinluly

wannnLagiinANNANTIouTeItaya Aatlunau

a a

Udayaluliaseiidsdenaniiivestoyaliniowiny

v v

Fududmsunsiiadedounnses (Dimensionality

= a v

reduction) FeiTaniiAvesdoyalsenausietunay

ANSLABNWATAISAIANYAILLRNILINTauaTNTnla

U

(Feature selection and extraction) 357 1aulglawn

MINATIERBIAUTENOUNAN (Principle component

161

analysis: PCA) 3A5189N 59w unNguTaLd (Linear
discriminant analysis: LDA) 1Jufu [39-41] 1ng3%

a

PCA agl3Banedoya (Projection) lUdaU3gdigen

U

'
Saa

(Subspace) AidfifsnI
#asundeyavessruualvnunadnly
4n12zUnf X e R™™ Faufvanndiuls m &9
U 7 Y9 FuURBUNITIATILMTUIINNNTFIUIN
LWR3NgANULUTUTIUSIU (Covariance matrix) Wa2

' 4

W1N15n5¥318A1890a15 (Singular value

' [

decomposition: SVD) tHBUIATENYULLAN Y

a o

(Eigenvalue) Uadufazili AIauns

s L xTx_pap” (28)

e
Taeil A = diag(A, Ayses dyy) ABLUATNGNUE Y
(Diagonal matrix) FafAndnuazianzizenineaunn
TUdnes tufe 4, > 4, >...> 4, >0 uag V € R™"
AolumsndfiusznaufisImmesanwasLIaNL

(Eigenvector matrix) NidonAaesiuAIaNwUzIANIE

Tu A

NUUHBNIAMBTANYULIANIE o A1
nuesnd ¥ dieasralussduszneundniuuves
wnsnganelow (Transformation matrix) P e R™“

Aatudeya X awnsanandlafaaunig
X=TP" +E (29)

lngf TeR™ Asiunsnddoyaniiidfivifu

P a ¢

2IAUSENBUNAN ¢ A1 Pe R™“ Apwmsndanalou
E=X-X A0LUnsndiAwLas tia X Ao

AsEIvRIleYn X
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In1siruar1dnsulagleisnaaaunie

o W

affenae auseautedfey (Significant level: o )

o v

nduldnisnageun1sadfiiudouadasiuad

Wiguigunuadasunnivuald unisneaey

Hotelling’s 72 Fauanesisaunis
T?=xP(2,)2P (30)

a xe A 5 v a c A
lagfl x e R Aananeideyadss T, e RV fio

LUPSNEVUELNAINBIAUTENBUNEN @ A7

f79819N15IATIEIUNTDUNNT DIVDITEUU
AINULADAI8ITILATILVBIAUTENDUNSN LARIAS
JUN 11

200

150

2
2. 100} L

a

501

A n AN
0 \/W,“WW b4 ki wow W ow B
0 200 400 600 800 1000 1200 1400

samples

(n)

L —Q

) —— Qa

0 200 400 600 800 1000 1200 1400
samples

(v)

JUN 11 N1505393UT0UNNITawIENTIATIENAY

Usgnaunan (n) T2 -test (1) O -test [41]

91n3U7 11 wandliifiuinnisveaauiuy

2 a £ S a
T test uay 0 -test LNUATNNTUIULRYIAUVALTN

Watintounnsasluszuundeyadidui 700 Tnens
naaauuuy 2 -test fidnantsnrmgniesunnndy

2
Asnageulkuy 1 -test
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5. d3d

3

v v

sruvitiadedaunniaslussuuatununain

o i ] =

Lasuainudrfyegisseilioswazgniiunldlu

o

magaamnssududuiuinn esandosnsiiia
Anuvasnds AnmLdeie waztaglunisununs
fauvngesnvdanensal lnensifadedeunnses
Tuszuumunuwaindifeuldlduninisiasegunsal
ddounazmslilusunsurenfiuneifouuuiians

AllnAansNTeAlATIERIINToyauwazdyayn oy

sl o w ]

gunsalndanuddguinazlienldizinnegunsal

3 o
v
o v [ o

U N15INIVYAYLUUIIABIANAAIANS ALY

A5 USTUUNT WU U A DIAAAAER SN UG LN IND

o o o

Tuvagfin1 s zidayans odyy 10z dmsu

Y

sevviiflvualnguasdudoudanismuuudiaes
adiaenansitldeinnitnisiiudeya  szuuidedy
JounnsesluszuualvAunaindsaiuisouily
Uszgndldidumiiedidglussuuaiuaunimuse
Founnios (Fault tolerant control: FTC) Lt ol4

szuurinaunaldlanielddedndauniiinagiin

1% '

dounnses lagszuuaiuANIzldloyavinszuy
IMyvaunnsasiedaliinnsilasulasaEs19vse

Wauay MlgauauiinalunsunugeuUige

£
a a =

Taviuviafnazduse@nsain  wanaininsiiund

unumeeslasaviedluiuuuliany (Wireless

v

sensor network) Y9V NUINAdIVoUA RN UTTUY

U
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Usgendldmssuwisuunseiavulugeanvnssunisndndilnasddueuiag
AEARY: NMsPULUUNTERATY Taanumsinens ilden duussavionisanemanuiouliauting

ABSTRACT
Impinging stream drying (ISD) is technology that has been studied worldwide. In Thailand, the
first publication of ISD was shown in 2007 and continuing been studied from then. This article reviewed
the principle of impinging stream, and research of ISD in. Most research were focused on designing and

verifying factors affected the efficiency of ISD. Testing materials are mostly agricultural products,
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including soy bean residue, rice paddy and parboiled rice. To assess the efficacy of ISD, volumetric

water evaporation rate, volumetric heat transfer coefficient and energy consumption were determined

in most research. Recent research was focusing on using ISD in rice which is a most important agricultural

product in Thailand. The research was expanded to study in the field of rice’s quality. This will lead to

the realistic for the application of ISD in rice production industry in the future.

Keyword: Impinging steam drying, agricultural products, paddy, volumetric heat transfer coefficient
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m‘ﬂ”ﬂmiﬁugmﬁuamimaw %39 impinging
stream A8N158INTEUE 2 NSTUATIUTTNBURIY
vosuduazuiiaegluszuulilwmaaiuneiuluiionig
asstudnuien N SIguazieiian sy dwali
\Rnnnudiduimsifagenluvasiionisou 39
Fofiunseemuanidsuiianasanudoussning
wavearts 2 nszua (1] Wedudounuidenia

ANY1AIA@NIVBINTERAYU Wu (2007) [1] 518970313

v
[

nshwaianszuaruinUszgndldasousnluades
NaRLToIMATanauRuifidedn Koppers-Totzek
gasifier Tula.A.1953 waziin15UIldUOnaNN15U0
nszuavuluddinermaninsusnlae Elperin Tud
A.A. 1961 uaNa N Wu (2007) Tdutsgauasnis
wnszuavunUszgndldoanidu 3 g loun gawsn
(9297 A7, 1961 fevresuvesgn 1970) lnengy
Ussinaanamlaion Mjatunstnssuavuiiufa
Duwlasioriios (continuous phase) uazilevaauda

wazvoumadumanszaned (dispersed phase) gn

q

o

2 (9390 A, 1994 faaanansem 1990) NN
NNUseinAdasnea ¥1lng Tamir wazAne e

PIASANEIVELALINUNTLUAYUNT LA A LAL VD ILUAT

v
=1

Wuadeiies Tugasdlafnsifinsindede
mmé“mqmdmwﬂﬁﬁ%aﬂﬂ “Impinging-Stream
Reactors: Fundamentals and Applications” R
FIUTIUTUIVDINTERATU NENNITVDINTERATY 67

WUSNAINARUTEANTAINYDINTLUATY WAZANT

Uszgnaldinaiinvesnseuavulussuuuazian
vannvaneUsznn [2] gad 3 (Hudauddasaioya
1990 Huduun) dn1s@nu3Teiisatunsuavulag
dninemiansainnainnaneUszing 13U Ju
an¥ger3n uawen uay wesifu (udu dilugaild
ms@nwinszuavuiifivesvandumadedoafiuuin
Fu Fwandliiudedinenmuosmaiiagendifia
WaUszenaldluseAugnainnssy 1y n1sHaNans
ﬁﬁaymmumlﬂm (micro-mixing) N15@ A
(extraction) N1sAdagaines (desulfurization) n1g
Vil (concentration) WazA15ULYAS (drying)
Jusu

NTOULAILUUNTZLATY (impinging stream
drying) Aa N1TRULKeLUUSIALSY (flash drying) i
mm%yuﬁzmaaaﬂmﬂi’a@ﬁﬂaﬂﬁammaamm
(liquid droplet) TuuSiufiinn1svuvesnsswd
assudny 2 nszua lnedndmasedomdensyua
Wuufia uagiivlanszanesh vieTagiidesniseunsia
\uvewdmiersanal NS0 ULAIUUUNTELEYY
N30 impinging stream drying ﬁ%a AAYAUNTS
DULRILUY impingement %38 impinging jet Leidl
FENMFTINTANANTUTARUANANSTU Ma UL

WUU impingement Aan1siU1ufia/a1n1AANEE

¥
o )

(gas jet) 3109 UN (nozzles) TIUIULINAIUUNUE
Ya3¥anfidoanisounianiianvastlundudauluy
AAN19AaINLAEATY N1TIXNEVDIUDBNAINTANTL

WARTUAUSIIAL jet-zone [3] AIUUTIAITUENATS



168

auuRa 2 FRdeenanniy
wé’nmiﬁugmﬁuaamsauLLﬁQLLuumzLLa%u
NITUIUNITOUNIRILUUN ST LA U asAUsEnaUdAey
Tuszuu 2 eadUsznau W (1) nszud 2 nseuad
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fu sulunaiflosnannusaiou (shear force) #
Anduainnisvuiuvesnizuaresivg 2 nzua
waannIzhavestnasuiudfvzlvasenanszuy
wazvilffaniinnutuananilonsvuvenszua
\AetuaziAn narrow zone fiflarumuiuiiuvesey
Jutau (turbulent intensity) g9 Fa1duaniazi
wngunnstemnauazaieugs deluuiinid
finuvuiuiuveseyniaudetanuiniian uasd
AuMUILUuanaailelndouiioonaindiunis
Audnan Elperin (1961) ldlaueuugivuavesian
ANz adM3UTTUUNLUUTILUUN SEUATUAS
fvuinoglugag 5 um 8¢ 2-5 mm [2] U7 1 uans
nsindouilugauafvesianieogluszuunis
ouuanvunszuavy lnstagiiduvesudnie
ypavasulvaludunszualanszuanils A
199787 929N43991nA S UATUAUE (zero
velocity; Up) aufisnnudasedunisdudunaniain
lelaslauniinvesnisivavesveuduazufa Wonu

5¥UIUNTYU (impingement plane) Janazunsnéa
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v
=1

i mnuwesianazanas wagngaitszaynaniily
Uinansvuansafudiu andutagasiannua
Wiutudnads uazedeuiiteunsuiilosnusaves
nszuaiinanniianseiudna wasiadoudinduly
ndunnilesninnisifinnazanaiuisasaliun
\flasnnnisvuiuresnszuansafudiy nsindoud
Tuiimmensaiudaiilauasiniug q AUNTLI
FagluvnaiiAanisvu (impingement zone) 3
AMILEWNAUAIIIEIEAYINE (terminal velocity)
LATNRABONIINTEUUNITOULNILUUNTERATY [3]
fenalnniseuuiaduivlildszesiaailunis
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AFeLaLUY coaxial hag WUYU mutually
perpendicular x configuration (gﬂﬁ 2a WAy 2b) (2)
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#N9 9) (gﬂﬁ 2¢, 2d, 2e way 2f) (3) 52UUNITVUVDY
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geometries) 1¥U JULUUATEUANITYUWUY planar
with radial flow 715l §nwazN15TULUUATIANY
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wuasedl (gﬂﬁ 3a) JULUUNIZUANITBULUY planar
with circumferential flow AflnwaEMITURUUASS
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N15%U (JUA 3b) JUKUUNTZUANITVULUY tubular 7

a

fanwagfiansvesnseudlarunuiuiiefanig

Wied (JUA 30) uagFULUUNTZUANISYULUL annular

o a

Alanweagienenszualvay 2 Aanslunimsaiu

3 (SUN 3d) [3] FathuungueanisAneniesnail

Y

Ailadlsiiuszeviiain1snsegvesiaglussuy

(residual time) T dtia1u 1 uTutfialiiia
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auULTTaRlALNEo Wi UAUNTEULIAMUULAY 19U

IMPINGEMENT PLANE

FEED PLANE
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GAS STREAM ®

PARTICLE

IMPINGEMENT ZONE

R
E GAS STREAMLINES

gﬂﬁ 1 #aNN1594 impinging stream drying [3]

NTBUAIELAng nsenslddevauiou lu
N150URIAHUUNTZRATULY NalNN1SAITAAIINTY
voeian Winduluusiinisendt impingement zone

Fanna1nn1su (collision) LagmSIVDINTLLANTINU

aa o P

913 2 nsrnaninudnwuridunianindouianie

q

< | X2 o

AMISIEe warediees 1 Tu 2 nszuaililuding
TanNfDINTB VLA UTHINNTIY BeTanNtiun
v e’fé‘ﬁ ) <@ =
auwnakuvilitue1tluouniaveswlaten (wet
particles) vionenvotma (liquid droplets) Ald [3]
L999INNTRULILUUN SEhav T USSR UL TN

é’smL%’;LLazﬂﬁzﬁw%mﬂumiﬁﬁmmm%umaﬁa@

A9 AIUUNHIULITINTANWIITULALWAIUN LB

Y

annsninlugnmsldasdusedvanamnssy danulu

v
=

UNANULITIR TN UseaIAiiesIUsINToUaLNgINY

9 Y
v

PANN5UDIAUYDINTTUIUNTOUBAILUUN T WEYU

fanUshazUadeiinedvaanuUse@nsnIneeenns

a =

QUL UUNTELATY bazuITeNINISANYINITLY
ANTDUMAILUUNTEWEATULNB UL UA N 9 U

o v

HAANAN19INTSINYATNANYIUTEINAlne Lo lANT

Y

a

aulvanunsnthdeyadlulfifienifevionsliade
lusyivgnavnssusialy

dwsuluvsemalng deuflazfinmsthnseuusis
wuunszuasualdeunieagmenisinun sty Tud
N.A. 2550 Sathapornprasath et al. [4] lAoanwuu
LAZRANLASOIDULTILUUNITUATUFURUL (proto-
type) Tu warAnwiUsransanvenniosduluy
Ffandrlasldouusiasiu (rasin) fiflaautugs
saualisfudiamutududu 81-85% (d.b) gl
Alflunseuuriadie 70-110 °C uazaedeiioynia

agluszuudseuna 2 Ui wuIIN1TBULTILUY



170

NITUATUAINNTOANANTUTDUITULAR TonTINTS
FTLUYUNTIUTUIAT 110 Kgpe/M” h hATAN
dudseAnsnmsarewmanuieudeliuinsaais 880

W/m? K i Tuuae iS50 90 UWAIL UUN L ATy

v '
£3 o a

AULUUTSIR0INITAITHAILISTUULNILAL [5] WAa1n
uATesudud 4] wanspnudululglunisldnns
pULTILUUNTELATUAMTUARA LT UTaR VTS
MANEATTIvUINDLAIATLALEN

o Jantaka et al. [6] Tud w.a. 2551 Tamiun
WS esRULTIUUNSRaTUINAS W uwUUTdluns
auwiussuiieldeuniinindundes Tnefinsvene

4 |

VUIALHUH T UAUGNA1VD VDA TANINATOIB UL

Y

v
o P~

Tidvunelngau vilvinislnavesianluviedsiags
u LLazmiLU?aquﬂizﬁ‘i’]aui’a@mmauﬁLi‘]uu,w
@rem1uany (screw conveyor) WJunwuuatgniy
811884 (belt conveyor) Yrgannisinefiniuvesian
fidosnisounisld [5] wazlunuideves Jantaka et
al. i [6] ¥Anwmavesdnsinistiontan (feed rate
of drying particle) s£82n15%U4 (impinging distance)
LLazqm%QﬁmmﬂmL%’W (inlet air temperature)
wuisnsnsteuanuintu 10 ke/h nmaifinszes
Asuan 5 cm 1w 13 cm ildsasnssemeii
LF9UTUIM T (volumetric water evaporation rate)
wardulszaninisatemaiiudouidausunns
(volumetric heat transfer coefficient) 48901 he
AR998naUTEUIA 16-20% LALUNNATIAUTINNTT
dinsregn1s9uan 5 cm v 13 cm Aisasudinis
Heutanuintu 20 ke/h uazmsiingmgiionia
91n 130 Ju 170 °C drewfindnsmsssimenins
V3103 7.5% wiliifinaseduusansnsdemanny
SoudaSunasveaniniumiesesaivedfy (o <
0.05) [6] ASHALILATDIDULIILUUNTZRATUIN
LA OIFULUUYDS Sathapornprasath [4] lLaga1n
NUIVRY Jantaka [6] asiin1sAnwILAZNAILIAD

1ae Choicharoen et al. [7] 19vinn1stANI1UIU
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wwsealvanusounuuluin (electric heater) 3n 1

(3

[ o

Tazdnw Ui aaiasliauSeunuu
Wadoaduvewiodwautouldiieseuusi (drying
chamber) Tuszoyfivindu wenaniidsldeanuuy
izwmuqmqmmﬁu,emLﬁamuamqmwgﬁmaammﬂ
YULILAAE N T UE u,axLﬂﬁaugmmwaqmiﬁaui’a@
PULIIALUY orifice-type Wuluu nozzle type
dlovhnsmuAS oo ULTILUUN TELAT
Aanaal Choicharoen et al. [7] la@nwinavoada
wUsTidamanaUssanSn nee s Ui Taun
gaungienniavd (130, 150, 170 °C) s¥82n15YY
(5,9, 13 cm) 5@15’1?\’131’]@145’?191 (particle flow rate;
10, 20 kggy soia/h) AVMFIONIEVNAT (inlet air
velocity; 20, 27 m/s) Imai%n’mﬁ"amﬁauﬂu’iﬁ@
vegey MNnNUITenuImsivgumgioniavd,
AuEIoINIEd  wazdnsinistouian i
FATINMITEMETLEWINNG HAYBISEHEMSYLRBAN
SasnssemeidiunnsestuiuAve e
21NAYTN miLﬁuqmwQﬁ%mmmﬂmLﬁfhvl,ziﬁwaGia
Sudszavianisarmanudeudellinnseed
Teddy widlofiuanudioinmandiuazsnsnis

Joutandmalirdudssdnsnsaemanuseuaa

v v
[ N v o

Guwsdedy  lunidseiisasnissamedngs
USH05g9aainiu 524 kgue/m’ h Andulsyans
NsMgmANUTUIUTIRTEEAWAU 4,593
W/m? K uavAienwEuddemdanusny
(specific energy consumption) Gt];’]i‘jﬂw]"lﬁlll 5.6
MI/KS ater WU WA 2552 Seysywsuazing@ [8] 1al
WAUAS UL UUN SEUATURNLAS AT LU UTTLE
rnantundausnlull wa. 2550 wazthuedesouwei
Warnnudunvhnseuwiiiadendusdusn  Tae
iAeseuuILUUNszuaTUTiaLTuliisouwagn
a%qqﬁumﬂﬁaammaawmLﬁumuquéﬂa’m 9 cm

(3.5 #7) 817 25 cm SEELInUNSTTUYINAU 20 cm
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Vi mAvIvisan Ui v A uAugnan 4

cm

a) b)
AR OUT
FEED AIR OUT
t__> PRODUCT ‘1‘
. I : PRODUCT
— FEED %
T J/ PRODUCT
AR IN AR IN
C) : AIR OUT
FEED d )
AR IN
FEED

AIR OUT

FEED  ppoDUCT

AR I \
AR IN J

PRODUCT

FEED
AlR OUT

FEED

AR IN

..ﬁ

I

FEED —»— : : J

' i
R -
AR IN PROCUCT

AIR OUT

A-A 8-B
AR IN
ED —
AR IN L
AR IN AR IN PRODUCT

JUN 2 fiAn19iugIuYeINIsakuUNIZwaYw: a) Coaxial; b) Mutually perpendicular X configuration;

AVAY,N
Y

F

7=

)

) Curvilinear countercurrent; d) Semicircular impinging streams (‘‘chain’’ configuration;) e) counter

rotating countercurrent; f) Co-rotating countercurrent. [13]
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gﬂﬁ 3 Impinging plane/zone geometries: a) Planar with radial flow; b) Planar with circumferential

flow; ¢) Tubular; d) Annular [3]

A v < Y
anzlunisveaesfie dnsusinsiivindu 25 m/s
gaungivesernafeuiilyluniseuuisegluyis 70,
90 way 110 °C warwssnulndrmanvindu 4, 10 wag

a1

14 Taadt 1teldlunisaruausnsinisteudan fidn
gn91d7un15¢ (loading ratio) 3814119 0.1 - 0.7
(nsdiunise Fednndiuvesdnsinisleuianse
Sasnslwavesenie) Sradenildluniveaesd
AT UENFUYSTUI 20 - 30% (d.b.) vB9n1S
pULFILUUNSELAETULipAanALTUTe 1t LUEon
wud leifingungiiuasdnaaiunisy Anuduves
FaUdenanas Feudndeadulszananisanem
ANUEOU LALENIINITTEMETBWINASTLRNT Y
Filunsneaesi aunsaanauduvesiadenls
asanuszanu 5% (d.b.) ﬁL’JaWLa?{&maﬁa@ﬁa%ﬂu
syuuUTENne 1-2 N

NS kAU sTENAlYNITRURAILUUN T LA
sufuandudnainsiauinariduediseiiios Tu
Yw.@. 2553 Nimmol and Devahastin [9] 14
Uszgndldineseuuisnuunszuavuiiioniinig

vy & v v 4 v & al' A
'P]ULL'VNLU@QWUIUGUT_JLUaaﬂWﬁﬂLﬂ‘ULﬂﬂ’JIVTN Y

o

hUszasiioanauiuresiniudenuisdiu T
Anvidiouiisussuuniseunisiigadeuian 1 90
Wigudunisfigadeutan 2 9a lneiiladei
vinnsAnwidisidn Toun gunpfiveserniaridn
(110, 130, 150 °C) s¥EgM3¥Y (5, 10, 15 cm) o
n1sUeuian (particle flow rate; 130, 150 kg,
/N warll3euliauUsyanSAInueInN15o UL
LUUNTEUAYUVDIYANITNARBIIYAIBATINTILINY
tidaiinns AdulssAvsnsmemanuieu way
AINISIENA 991U (energy consumption) WUI1NT
suwiafigamgiionnimu i 150 °C Sasnnsliou
Ta0 150 Kgyy soue/N FEHENITVU 5 cM WAZIEUUNIS
Joufanuuu 1 90 dswaliAdnsinisszimennds
USHAI5g9aAIU 198 Kgyae/m” h WANSEUWT 7]
Teduuszansnsdiomauioudauiunsgaan
Aenseunsisiigumgionnavid 150 °C $n51n3
Uoudan 150 kgyy soio/h 588¥NTVU 5 cm Uagsyuy
nstleutanuuu 2 90 lnedarduuszdnsnisdiewm
AUV 7,013 W/m® K kaganauive

UNUIINITOUBAILUUNS AT UL UAN1ILAINETD
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anunsaanAuTuveUEenadldussunn 3.4 -
7.7% (d.b.) Tuszeziian 1.81 - 2.42 Juii Iagliinu
mauaniinveudndn wasiideldaueuuginantie
Avunzaufignainnimaasade Viqquﬁ 110 °C
SrEENIT¥U 5 cm 8n5IN15UoUTAR 150 kgyy wie/h
Tngldszuunslioutanuuu 2 9a Lesandieinsld
ndrudgn warlinalunisanainuiuves
Fruddeneglutiefivmnzan

wayrlul w.A. 2554 5 Choicharoen et al. [10]
FameiauszuunseusRaLuunsziasulagldninga
wmdondutannaaou wildldlodrdeean
(superheated steam) Jusnanslunisuanieu
amufouwnuanseulussuudildvihnisdnelunind
Wiesnounth [7.8] lneiitlasefiviinisanwiie ns
ldo1n1m¥euiiguugd 130, 150 waz 170 °C
LU%‘EJUL‘ﬁauﬁumﬂéﬂaﬁw?jwmﬁqmmﬁ 130, 150,
170 war 190 °C \Jusnarslunisuanildsuany
£ou fiszoynsvu 5, 9 way 13 cm snsnsdauian
(particle flow rate) 10 wag 20 kgdry solid/h 1ag
wuindieldledfeusandadusinarslunis
wanwasunaudeusrinliarsnsinisseineiags
Uimsuazanduusyansnisanemauieutiang
A1NSldeINAsou damsunisitenniasoudnali
éﬂnmmiizmaﬁm%w%mmqaqm 549 kgwater/m3
h warAduUsEANEN1Sa1ewALSewTUTunS
g9gn 4,805 W/m3 K dvdulethsnsnsseimedn
WBeUTunmsgedn 807 kgwater/m3 h uagan
ﬁuﬂazﬁwémsﬁwwmm%fam%aﬂ%mmgqqm 7,983
W/m3 K wazuenannidmuinnisidletheusnds
anunsaUszndarnislandanusimsianun (total
specific energy consumption) agludis 9 - 46%
dlafisusumseunianuunszuavuiildansoudy
Fnarslunisuanidasurinudou Tnseuided
annsauszendldtulothioufivionnnssuiunan

PnJuwraalinnudeutunisauniauunsshasy
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FadedunsmanunduinldsiteliianussTovy
g9

Tul w.e. 2555 guduazane [11] lAnwinis
suwiauunszuariluiuAeniusivalon 2 iile
AARNUHAYEINTBULTIFINERDSHIINTIEWEL
FeU3unng Sevazdudng waznisiUdsundasdves
FINHIUNTZUIUNITO UL IR UUNTZUATY LAT8Y
aunuunsyuaruiildiduiaiosfivauiann
LASDIRULUULEY SasaunTImuUnTERasulunis
NAaesl Usznaudie NARULTIAUFIVUIA 5.5 KW
W3aAUSEUIUIN 6 KW $1Wau 2 4 weatlou
”a@uwism%‘mmm 117 W %3uYnAIUALLBLADS
nseuanss Usunasvisseunsiaiivuiamingu 0.018 m’
warldausoudusnandunisuaniuasuaudou 14
gaumgilluniseuuiavindu 130, 150 wag 170 °C
ANUL5IVDIDINFLIN T IB UL 20 m/s TLEEH
N5YUIAY 5 cm wardnsinisleudan 90 ke/h
IINNITNABBINUINANITVAaBT Lidennd e
nuiTodesdu udldinshinseidnvaznig
Aenmeeadonifiuidy TnenuinA1nnudy
Youudad1nuden wazdevazdudndaiananie

gaumgiauuiegelu Turaeidnsn1ssemeuids

v
t% =

USunasiiiuduileldonmgiiouuviegadu uagnaaiu

=

N1soUWAUUNTERaTUTlTuMTwAnaafiY A3

Y

P

YouUEAT NS INSeULTITinanIdIEAT L*, a%, b* &
Arlumneneduannin esinniseuuisdemaia
nseuanildszeznanlunsouusdy

1T w.. 2555 § Nimmol et al. [12] l&¥nns
naaewesonniTeEansliniseuniuuns LA
FUIINAUNI5OULAILUUNIEaN LR DanA U TY
%’wuﬂaaﬂﬁﬁmmfgugq Taglavinn1sAnuinaves
annzluniseuuiadildluszuuniseunsiedangn
eun gaumgiiauusie (70, 90 uaz 110 °C) 0515
Uoudan (22, 47 waz 62 kg/h) lagldansowdu 7

fNadlunITaULAY WarsTarnabuNISYUINAY 20
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cm d@ananaUszansninn1slgna a1 (energy
consumption coefficient) Fn31n1558metLT g
Usums dudszansnisaromariudou n1sld
NA991Y (energy consumption) LagAMNATNUB
410N 1RgNUINNITOULKILUUNSELETUSINAY
N15OURKILUUNIZaN B LUz AN ann 514
NH991Y é’mwmiﬂaui’a@ﬁqa%mﬁwLﬁmé’mmﬁ
DULMILAZAANITIING 91U ANUB9588aEAUYN?
(head rice yield) %uﬁ’uqmmﬁmmﬁw,%’ﬂLLazéme
nsteuian LﬁaqquﬁmmﬂmvﬁwLLaxé’mwmﬁ
Joutaqiutuvinlifesarfuinanas wigumgd
a1 n1AvILYIuardnsinisdeudanliinaegiall
Hed1AtysoA1UU17 (whiteness) 983t1LUGDN N5
DUWAILUUNTELAYUIINAUNITOULAILUUNI AL AL
Ypuanunsaanautuvesidenldunnds 9.7%
(¥opazAruiusudy - fopazAnutundanis
pULY) Tuszezaan 3.2 U9 @1Un150ULAILUY
nsuaTUAILsaanANNTUTadenld 6.5% lu
a1 1.9 3unil Faduszeznanfidunnileiouiu
AMTOULIILUU spouted bed drying wag fluidized
bed drying WielHldsnsnsanmauilngifs iy
figodldinan 900 waz 144 3urd suddu wazidle
Wigullgunavesgunion1AvIiLagsnsIN1g
doutan wuiilegumgiveseimiavidiuazdns
nsfloufaniiiutu Adosazvesiuindaanaesng
HvledAgy

monlul w.A. 2556 Swasdisevi et al. [13] 19
MnsAnwINTeULRILUUNSELavUlutUGenlag
Tadnanslunisanewmanuiou 2 wila fie 91nAsaU
wazlothdeusinds (superheated steam) wazdsld
NAFRULUSIUTBUUSEAVBAMNNNTOULAILUY 1 ey
2 50U (passes of drying) Taalaviin1sAnwinaves
ﬁa%’aﬁdqmaﬁiamiauLLﬁQLLUUﬂﬁzLLamusiaﬂmmw
Yol UADNAU @ ANBITRAYAUTNN LaYIEAU

A3LANLATDIEAN5¥1NUUS917 (degree of starch
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gelatinization) $2H9UsEENBAIMNUBINITOULIAT 1A

n1snaaeanUIlun1ToULIILUY 1 Seu gaungilly

v
= ] a

N15eULIgudIHaliA1§nI1N1 332 neULA

v
=

USumswardudseansnisangmanusoui A nuau

@ I

2819008E 1A WA UNIINTIN UYL BYIINITOULIAS

o

sauUN 2 aaunniluniseuwsantiudurinlaan

] Y
£ . o

FuuszansnisarsinaliuiouiiAtanas uag

v
o a

wanINHugnIuansaiy (130, 150, 170 °C)
lifinanednwuzdvasinden wiogalsiniunis
TdlotnSaugandevinlitniduwnaardnasauinnin

IEIUNITO UL UUNTELATUNLTDINAS DU Wh

e

v
o

satimsldgamgiluniseuuisiigiiuriliafouay
Fudanas wavniseuntanuunseuavuilylotn
Soundetioiinsysunisiineavesanisaluuds
Fraunninislderniadou Feaunsatiuilednaia
anautRlunsfnmamatuilvldlunswdnemisd
finuaudRwandneiula

Tud w.¢. 2556 wag .. 2557 Pruengam et al.
[14,15] I§mnnssuumseunieuuunss wasuive 1
annsaUszgndldldatdlunisouwisindenia
(parboiled paddy) winiseuwisdruudenilsdae
NITOULIMILUUNIZLATUASUAUAITUN (tempering)
Hudruau 2 seu [15] was 7 50U [15] Wloaansiin
508510Uu8n917 (kernel fissuring) 11niln5ld
gumgiigufioananuuvonudadiuasyinliiie
anupdeanieluudndin Seevdwmaldiinnis
wanEnUaRUAAT1Y Usevinlir1vessesazdudin
sasiuies Inslunisveassues Pruengam et al.
[15] faneildlunisinwie qquﬁmmﬁ%@u‘ﬁ
130, 150 wag 170 °C ALY 20 m/s 2oy
AsBUMfY 5 cm sasnsteudiudeniiaringu
80 kS paay/h FINITOUMRETUA UM ST UG
7 59U wiarsauvesnsudldatLanaaiy Tewn o,
15,30, 60 Wag 120 W19 31ANITNAABINUIN

UsEAN5NINN15ARAINNTUTDIUI I UFD N TatuI U
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gamgiennafeulaziiatlunisuy Weseulunisvia

WAL ALTUUSUIUANUTUVRIT1UERNTIanAS
o W & X cy Sy w a0 v P

pudey MadlunuideidslayadulunnSesazdu

3

v
P

F1aLATTEANUVIIVEBUEATY BauduaAnlTued

AN MYesiIRenils TngAseuazvasutifed

o

AliAninfesas 60 Fefetfurignainnssy
pausuld uazAdvlinnuuniveudndinisinigs
Tngadedinuad1BaInnseuuiaLuuan s
nstdlugnavnssutagdu dewindu 55.4 + 0.1 e
AYIAUVIIFINNIEAUTIT1ITAINYININ 2N
N13NAABIIIE LAAUDULEIINITOURAIUUUN T LA
yuflgamgiiunnnimSewindu 130 °C arsiszezian
A1TUNDENURY 15 WITlULAaZ T9UYDINITOULNAS
wazn1sUNInnda 30 wiitulUdmaliendosasiu
FnfiAinaniy warnsountenuunsruasull
msltnmgiigandt 150 °C ilelidsnaliAndivdos
Tudnd

Tud w.A. 2559 Pruengam et al. [16] lavinng
Fiuseidouiiouszgndliniseuurisuvunszuanily
9AaMNITNNNTHAAT2Te (parboiled rice) Tnely
ATelald91andeeie (parboiled brown rice
kernel) vhnsnaaevluanneiindrefuimiAdeneu
wih [14,15] lngnaaeuilgumaiienniaseuwiiiy
130, 150 k@ 170 °C ANUSIAUVINAY 20 m/s Seee
3Ty 5 cm Sasnstendaudendavintu
80 Ky paay/h FINTOULRSETUAUNSUILTUT W
7 s9v ldanlunisiuvindu 0 wag 30 uai Tu
nuAei {feldvhmafinmdnuarmameningas
F1indesdafiudy audnvazivhnisdne loua
anvurdugIurenNand1 A1fevasAuda Al
Qmauﬁamnmﬂmwﬁifmﬁaami‘wmaa‘u three-point
bending test fivn1snageuauaIsalunISEIY
nsinveadndn wasnsidieduiavesudn

INNLERIRIBAT tensile strength ag A1 modulus

of elasticity 31191WINUIINITOURASIUTOUN 1

175

nay 2 ﬁmé“mﬂmiaw,ﬁaﬁqa LHAIENFIAINNT
aUWHITEUT 2 Snsn1seuwiiliAanas nsUNTae
Iﬁﬁﬁaaazﬁu%nﬁmqaﬂdwmﬁmﬂaaaﬁlﬂﬁmiﬁm
wazlumsneassinuinniseuwiuuunssuaudwa
TiinsosuenauIndn (microcrack) dandudadilyl
FBaN13lugRAINNTIY Lﬁawmsaml,aﬂﬁﬁwlﬂfjnﬁ
anawesiosardudng lnvaumailuniseuusied
atudamalfiAnsesusnuuiadnifiuuiniy (e
1NN 25% Faduassdvestnafiniuniseuwis
Lmummﬁqmmﬁ 45 °C) UBNANTENUIN AT
qaqmﬁﬁﬂﬁlﬁmmiﬁ’ﬂ (maximum breaking force)
A1 tensile strength tlag A1 modulus of elasticity
voadndnindesdefidanadeldgumgilunis
auuﬁqqa%u LaTHIUNNTOULTITISIuIuS UL INTY
ilesanmseunisiionmgiigauasnatuudanali
TAssassveaudndoauLoas

Tud .. 2560 dnstulazang [17] YiAsAnm
AenfunslieIeseuuisnseuanilunindamiesds
Hunanassldainnszuiunswaniiuudmdes T
gaudosslindanuegieiiuszansam Tasnan
Fundesdlnnutududulszana 288 B 362% (d.b.)
Tasfirutusiigeiildanmsouusistivndy 23.7%
(d.b) Tuns@nwillflFgamgiiniseuuiaiify
100, 130 way 150 °C §n51A15TunINdna 0
WinAu 15, 30 wag 45 kgy, woi/h LWviNs@neinis
QULKT 1 50U uay 2 58U NUMSHIINTIEMET
Faiasgeganarduseavsnisiemanuound
U31105898iiAn 1,784.2 kgyue/m’ h Uae 3,385.3
W/m® K auddu aziintuiliseud 1 Aguugid

150 °C wazfidnsinistou 45 KSary soia/N A SECioal

P

ATiandian 2.07 MI/Kg, e ﬁqmuqﬁ 150 °C wasi

q

8n31n1380U 85 kgyy wi/h TadiornTuioulenia

Nanveslszansamnisiindenuresnuided way

° v oZ 1 = ~ a
VA AUIA1999 SEC,y wAANANAILNDYUNYY

P

wardnsinsloutaniintu uafidnsinsleu 15
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A [

Aa duuse@nSnisanemalnusou

WBaUSuns (W/mK)

A fe Arufoundeveanisseine
(kJ/kg)
ATim fe nasnsgungiiaigasniais

(K
KSary soli/ N WU SECi o1 Lﬁm%ummqquﬁmi
auuis danlunsounieseudl 2 wuisnnsITLe
YdesunsuasdulsEansnisanemanuieuids
Usuastiinduniusnsinistounindaundes us
qquﬁmsa’uLLﬁﬂl@idmaﬁiaé’mwmﬁzLmﬁu%a
Usumsuazduussdvisnisanamainusewdasuns
17N%N
3. ANfikanedeuszAnEnInueIn1soUNTILUY
NTZUEYY
Turuidvdruluginnrsinusz@nsaannis

NNIUYDILATOID UL UUNTE WATUIINAITATUI

v
o o

ANSATINSIEMET TSRS wavAduUsEaNENIS
a1emANNSouTUsNIRS wagluunsauideds
Ailsfandsnuiild uagiadnsauddemdnuann
ApnuAuUdomdsnus e Fermanidunan
MNNAFILYS 1WUSRSINISIEIMET TSRS

aunsamlaainaunisi (1)

Wp (Xi‘Xo)

N, =
v v,

(D

N @

AD ORIINITILLUNEUNTIUSUINS

(kgwater/m3h)

e N,

Wy fo dnsnistloutan (keyy sie/h)

Xi fo mm%wﬁuﬁwaﬁa@ (kg/kg;
db)

X, fo Armdugadinsvestan (ke/ke;
db)

Ao USumsvasioaauLiia (m’)

=
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druAduUseansnisanemaNSouIUsSuIng

mleanaunish (2)

WpA(Xi-Xo)
VeAT 1

h, = 2)

A AT, Wildainaumsii (3)

[(Tg—Tw)o—(Ta—Tw)il
ATy, =
T l(Ta=Tw)o/(Ta=Tw)i] ©
We T, Ao gamilnswiizuie (K

T, fo gamaiinseiheden (K)
(F108 0 LAY | NUIYTINIDBNLALNINUIVBIN B

DULIANUANGIU)

AMUAULUADINA I UTUNILVDINTEUIUNT

auLIEIMAANANNITA (4)

E
SEC = = @
my,
Wo SEC Ao anuaduUananasaudlnizued
ATEUIUNTOULAS (MI/KGer)
E Ao nasnulniideuliuinnay

WAL RYAYTINANLTEUAY

Tyl (M)
My fe Uinnnuduiithesnainian
(kg)

A1 m,, wildenaunisi (5)
my, = Vl/p(Xi_Xo)t'L (5)

o ¢ fAe wakgluniseuwe (h)
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4. WUUINADINIIANAAIENIVDIN1TOULKILUU

NSTUEYY

TumBdety Tn3suanunsosiassanisnaans
warn1sUulAsudiuysnig o lddeainnas
Aa1eiiulUsunsunsneniames wefienin
A15E51UVUINRBIN1ANAAIERAS (mathematical
model) Taen1531a09 (simulation) nan15348
Wuldlalaensldannisneadinaansyiiuenanis
naaes uazedesdiefifeuldantuaziinszinanis
nnasdlAnlgszuuAauiImes Ae LUSLATY
computational fluid dynamics (CFD)

Tusideues Khomwachirakul et al. Tud w.a.
2559 [18] lalglusunsu computational fluid
dynamics (CFD) wazlusinsy computational fluid
dynamics and discrete element method (CFD-
DEM) Tun1sd1asenisiauazdnuwagn1sauliewes
agmﬂmm%uqﬂumiawﬁaLLU‘UﬂszLLaﬁuu 20
Ry Wt vusdnUssudaduannzlunisvmnaes
1AUA VUIABYNIA AUVUIUIUTEEUNIA AIAIINY
AINTOUVDIBYNIA AINITUIAIUTEUVBIDYNA
mm%uﬁwﬁwawymﬂ uUNYTBINIAYILYN
ANIsI0INIArIdl dnsinistoudan uagszezns
i wazlunsldluszunsy CFD iediassmsinauas
Snwaiznseuudaty fnnssmundfaudsuisdy
Ao A1 restitution coefficient of particle-wall A1
gas time step agA1 particle time stepiuﬁumzﬁ
nsdnaeslaelylusunsy CFD-DEM laldan spring
constant A1 friction coefficient wag AN restitution
coefficient of particle-particle iy Tnendnnis
fiferdestunissiaesienans ldun ngfnssunis
\nAoufivesufia (gas motion behavior) wgAnssu
mim?{auﬁﬁuaqwmﬂ (particle motion behavior)

LAY FAUANAATUDINITOURTNVBIDUAIAAIINTUE ¢

(kinetic drying of high moisture particle) wagil
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aun1smneades o @un1s continuity equation

(@un157 (6))
2 (ap) + > (apu) = M (6)
at P +6xi apuy) = Mm

Ao time (s)
a Ao void fraction
#® gas density (kg/m’)
X f® coordinates (m)
Ui f@w gas-phase velocity component
(m/s)
My, @@ source term in mass balance

equation (kg/m’.s)

Aunslumusiy (Momentum equation)

(a:umiﬁ )

d d ap
o (apw) + a—xi(apuiuj) =-a -+ [0((/1 +
ouy | 0uy

He) (ax,-+a )] + apg + Mg ()

J
Xi

&

A® gas-phase velocity component

(m/s)

e  u;

P @9 pressure (N/m?)

Xj  fie coordinates (m)

u  fAv gas dynamic viscosity (kg/m.s)
Ke @9 turbulent viscosity (kg/m.s)

9 @8 gravitational acceleration (m/s’)
My flo source term in momentum

balance equation (N/m’)
@unns Particle motion equations (@unsii (8))

du
p—L =+ Fp+Fc 8)

e my o mass of particle (kg)
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Uy @ particle velocity (m/s)
9 A9 gravitational force (N)
Fp f® drag force (N)

F¢ @@ contact force (N)

AUNTINA 997U (energy equation for the gas

phase) (AN (9)

5 (@a1) + 5 (apcyu)
= aixﬁ (akj—;) + M, )

#® heat capacity of drying air
(J/kg.K)

T fio gamgdl (K

k@9 turbulence kinetic energy

(m%/s?)
My fe source term in energy balance

equation (W/m?)

LAZAUNTT species (water) balance equation

(@unsh (10))

d(apC) ad(apu;C)
+ =
ot axi

aixi(a (pD +S”—Cft)"—c) +M,, (10)

6xl-

fi® particle concentration (kg/m”)
D fo diffusion coefficient in gas
phase (m?/s)
Sc:  fo turbulent Schmidt number
M:, &g source term in mass balance
equation (kg/m’.s)
Inuddedandis (18] deldinaunas
AAA1EASUTIINa8INSIraLATS N YL N1TB UL

aun1ANilAINTuas lagiuSeuliisuadnuudugl
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SEMINNITALINNIUIUSLATY CFD waglusunsy
CFD-DEM wW3suifisusuandildannnismaasiasa
wu3n1sl4lusunsy CFD-DEM l9inanisvaaesd
waiug1nInstalusunsy CFD wenmiialuainns
4519018999990 UN1ATUTEN TN TOURAIUUY
nszlavunelisinsuAIna1Inal Khomwachirakul
et al. [18] lésonunaradsvesszoriaiiianes

Tusguu (mean residence time) LLazf-ﬂ"]mm%umad
Yag (moisture content of particle) TUsunsy CFD-
DEM uanssanLadevesszezianiiianoglussuudiil
ALAIALAADUIINANTT Ui BT £4% Wity ue
TUsunsu CFD uansnaAindevesszoznaniiianeg
TuszuuiifinuaanndenanA1ase +8% dmsue
AraturesTaniu TUsunsy CFD-DEM wagldsunsy
CFD LLamwhmm%u‘uaﬁa@ﬂammﬁéu + 3% WAy

+ 7% ANUAGRU

5. &3
AsoURFILUUNSERauduIsn s UL
?Tﬂamwiumﬂ%’ammm%wuaﬁa@mamsl,ﬂwiﬁuaa
Uszinelne Tnslannzegdiniden saduian
nensineasiidunandandnveslszmalneg

{999 InNsa UL UUNSERavulduITN1seU kAN

S

a5 8A19nsInIssE e BaUSUIATLa Y

g v
< '

duuszdvsnisanemanuiougs uwinaiidadendu

1Y ' a

MUUTEARYFIDUTEANENINYDINTOULIILUUNTL UA
1 siavessanarslunisuanuasuainudeu
gauuniiveteINAToU Seeianisvu dnsin1sleu
Tan svuuvie deslinisaruaulivsgansziing
ARUSEANSNNYDINITOUWAY LazA1nslanasauly
NTOUWIAY
Tusununmyestaniiiiun1seuLaLuy
nszuavy lnglanzegabeinnuden ANYTAMNIN

Arnileds Town ANAYaNNAAT1Y AMNTY Sesazdy

Y o a 2 v = & | ag Y&
9717 ¥AUN1SAALRavaBLand1? Fuduarntgidu
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WUANIITUIAUAINYDIT1I WU TOAVDINTS
QUL UUNTE AT UAD LG5 L 8L A I UNITOULIIA Y

wedaldanusalenaunuiSnisauwis ULl

1Y P

seaugnaInnssulaliinsinaunmauduaznis

2 v Ao i

LANANYDILUAATIIN

DULMILUULAY A9UUTIATTININ5AN WAL LB LN

a

A1 NINT1INHIUNS

Wannesesiondeiinseuuiefivangausely
NNFTIUTINEITEREITUN SO UL UL
nszuavuludannieanisinens wuinisAnuidele
Anwaudnlndnmisuszendldasdussivgaamnssy
unTuides q feiieldaunsaldmadaniseuntie
wuunszeatuliasteansiinisnuideedeneiiies
sioly Tnesesihmsinuiseiielifagnisnisinuns
frinunseuusdigaameglunamifivensuld vie
agluinauai uagaisvenevsesnseau (Up scaling)

nsUszendldlianunsaldluseuun1seuniaes
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ABSTRACT

This research aims to study the college lifestyles such as behaviors and the factors that affect the
use of Information and Communications Technology (ICT) in the classes of undergraduates,
posteraduates, doctoral students and faculties at King Mongkut's University of Technology Thonburi.
The data were taken from 1023 research participants. A conceptual framework used in this research is
Technology Acceptance Model (TAM). The instruments are questionnaires, and a 5 rating scale check-list
survey. The statistical analyses were Percentage, Mean, Standard Deviation and Correlation coefficient of
Person (). The results suggest that Perceived Usefulness, Perceived Ease of Use, Attitude toward the Use
of ICT, Behavior Intention to Use, and Actual System Use have an effect on the ICT behaviors of
undergraduates, postgraduates, doctoral students and faculties. The results can be useful for those
involved with the use of ICT in classrooms, and the development of ICT for learning which can be

beneficial to both the students and the professors.

Keyword: ICT, Digital Learning, Technology Management, Digital University, University 4.0.

1. Introduction These are some examples of an effect of

been Information and Communications Technology

(ICT).

For centuries technologies have

changing and new innovations are being

discovered every day. These technologies play a
crucial role in human lives whether in a positive
or negative way. We then need to move on with
the technologies, and learn to adapt ourselves
to a new environment such as reading a
newspaper, listening to a radio, or watching a

television on a mobile phone or a computer.

Since the effects of ICT are wide-ranging, an
awareness and an adoption of ICT in a learning
society is important, especially at present when
ICT is widespread and widely used in teaching
which leads to extensive research on teaching
related to

and learning ICT to promote
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education based on students’ interests and
aptitudes.

According to Ministry of Digital Economy &
Society Thailand [1]. ICT is perceived as a more
highly potential teaching tool than other
teaching tools. This suggests that we can use ICT
to improve the learning quality of students as
well as the teaching quality of teachers. ICT can
be used to store educational data and materials
in a systematic way so anyone who is interested
can access such information or make use of the
(ICT on

data or materials

Education Reform, 2552).

collaboratively
This use of ICT in education is also
consistent with the Government's plans for
economic and social development of digital
Thailand BE 2559 - 2563 (Digital Economy) [2].
Digital Economy is the economy and society that
use Information and Communications
Technology (also known as digital technology).
Thus, ICT is an important mechanism to
drive reforms as well as run business, trades,
services, education, public health, and public
administration. Therefore, the use of ICT covers
both economic and social activities that lead to
the economic development, improve the quality
of people’s life in the Thai society, and increase
the employment opportunities (Digital Thailand).
The mechanisms to promote digital
economy are promoting online community
stores via digital community centers, coaching
SMEs to go online and standardize product
items, developing digital clusters under the
government’s cluster

super policy, and

encouraging digital technology startups to
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innovate and create new products and services
(Digital Thailand).

Digital Thailand plan is created with six
strategies [3]: (1) Build a country-wide and high-
capacity digital infrastructure, (2) Boost the
economy with digital technology, (3) Create a
quality and equitable society through digital
technology, (4) Transform the government into
the digital government, (5) Develop workforce
for the digital era, and (6) Build trust and
confidence in the use of digital technology
(Digital  Thailand). AWl of these are related
building hard infrastructure across the country
and introducing the Internet to remote villages,
so that more people can get access to the
Internet. Another related issue is creating a
Digital Learning System that contributes to
lifelong learning and digital media related to the
public interest and consistent with the needs of
electronic services of the public, potentially
leading to increased revenue, reduced expenses,
and better infrastructure facilities.

According to Digital Thailand 2016 plan, its
3" strategy says, “Build a quality society with
digital technology by creating fair use and
equality throughout the country”. The actions
include ensuring inclusive and equal access to
digital technology, developing digital
literacy/media and information literacy, creating
local digital contents and knowledge resources,
providing education opportunities with digital
technology, and increasing access to healthcare
with digital technology (Digital Thailand). The

goal is to ensure that people of all groups with

different abilities will be able to access and
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make use of digital technology, so they become
digitally literate, and have access to education,
healthcare, and essential public services via the
digital means. In short, this means creating
Digital Learning in Digital Society.

Also, the g" strategy of Digital Thailand plan
says, “Transform the government into a digital
government by facilitating fast and convenient
services”. The actions include transforming to
citizen-centric  smart  services,  increasing
efficiency and good governance with digital
technology, promoting open data and civic
participation, and developing government
service platforms to encourage new services
(Digital Thailand). The goal is to make
government services meet the demands of
people and businesses with speed, accuracy,
and convenience. This will help people to easily
access government data to ensure transparency
and civic participation. To provide such access,
government functions need to be integrated into
the government infrastructure (Digital Thailand).

While ICT has benefits for classrooms such
as an easy access to a large amount of
information making learning new things easy, it
may have some other effects such as changing
ways of learning, or relationship among students
who interact in or do group work through online
learning platforms. These effects have not given
sufficient attention.

Therefore, we focus on digital learning by
digital lifestyles. It is hoped that exploring this
issue will help us understand more about (1)

relationships within the social network that can

lead to the development of relationships in a

183

society in a more intimate way leading to the
real effective exchange, and (2) issues related to
a plan to formulate policies for the university to
make use of various technologies in enhancing

learning and teaching.

6. Build trust and
confidence in the use
of digital technology

Updating laws and regulations,

Encouraging investments,
Ensuring security

Developing skilled workforce, (“
Creating Jobs |
Building strength from within
| Driving New S-Curve,
Raising Competitiveness,

Building new businesses,
Creating values.

4. Transform into
digital government

Creating open government,
Facilitating people and busine:

3. Create a
knowledge-driven
digital society
Building participation,
Ensuring inclusive and
equal usage

egrating into One Governi

Fig.1 Digital Thailand 6 strategies
Source: https://www.itu.int/en/ITU-D/Regional-
Presence/AsiaPacific/Documents/Events/2016/

Apr-Digital2016/52 Present Pansak_Sirirucha

tapong.pdf

1.1 Objectives of Study

1) To study the behaviors of postgraduates,
doctoral students and professors related to the
use of ICT in learning and teaching at King
Mongkut's University of Technology, Thonburi.

2) To study the relationship among the
perceived benefits and the perceived ease of
usage, and the behaviors of the students in the
use of ICT in Master and PhD courses.

3) To summarize the results from the survey
to make recommendations on the development

of ICT.
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2. Materials and Method

2.1 Research Model

In studying the behaviors of post-graduates,
doctoral students and professors related to the
use of ICT in learning and teaching at King
Mongkut's University of Technology, Thonburi, a
conceptual frame-work concept was used and is

presented in Fig. 2.

Perceived
Usefulness | \H2
Attitude H5 Behavior He Actual
T H1 Toward [~ Intention [—> System
Using to Use Use

Perceived H3
Ease of Use

Fig.2 Conceptual Framework and Theoretical

Research on technology adoption. (TAM) [4]

2.2 Assumptions
H1: External Variable of use effects in Perceived
Usefulness in using Information and Commu-
nications Technology in the course. (EV = PU)
H2: Perception Ease of Use effects in Perceived
Information  and

Usefulness  in  using

Communications Technology in the course.
(PEOU = PU)

H3: External Variable of use effects in Perception
Ease of Using Information and Communications
Technology in the course. (EV = PEOU)

Hd: Perceived Usefulness of use affects Attitude
toward the use of Information and
Communications

(PU=A)

Technology in the course.
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H5: Perceived Ease of Use affects Attitude
toward the use of Information and

Communications Technology in the course
(PEOU =2 A).

H6: External Variable of use affects Behavior
Intention to the use of Information and
Communications in the course

(EV = BI).

H7: Perceived Usefulness

Technology

of usage affects
Behavior Intention to the use of Information and
Communications in the course

(PU = B).
H8: Attitude toward the use of ICT affects

Technology

Behavior Intention to the use of the system and
Information and Communications Technology in
the course (A= BI).

H9: Behavior Intention to use affects Actual Use
Information  and

on the adoption of

Communications in the course

(B 2U).

Technology

3. Results and Discussion
In this study, 32 sets of questionnaire were
checked for the reliability by Cronbach’s

Coefficient Alpha scale. [5].

TABLE |
Summary of Reliability Analysis
Cronbach's
Variables

Alpha
External Variable 0.822
Perceived Usefulness 0.871
Perceived Ease of Use 0.883
Attitude toward the Use of ICT 0.885
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TABLE |
Summary of Reliability Analysis (Cont.)
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TABLE I

The relationship between the factors affecting

Cronbach's the intended usage. (Multiple Linear Regression)
Variables
Alpha Regression | Adjust R Std. 4
Behavior Intention to Use 0.892 Test Square ° Error -
Actual System Use 0.804 (Constant) -0.193 | 0.113 | 0.088
BI 0.837
The reliability test results of the research EV 0.181 | 0.034 | 0.000
instrument presented in Table | reveals that all PU 0.242 | 0.041 | 0.000
questions were consistent and reliable to be A 0.619 | 0.037 | 0.000
applied as the research instrument in this study
with Alpha greater than 0.60. Following:

TABLE I

Summary of Correlation Analysis

EV | PU |PEOU| A BI u
EV | 1.000 | 0.657 | 0.621 | 0.657 | 0.700 | 0.713
PU | 0.657 | 1.000 | 0.875 | 0.819 | 0.823 | 0.688
PEOU | 0.621 | 0.875 | 1.000 | 0.812 | 0.801 | 0.686
A | 0.657 | 0.819 | 0.812 | 1.000 | 0.895 | 0.762
Bl | 0.700 | 0.823 | 0.801 | 0.895 | 1.000 | 0.807
U |0.713 | 0.688 | 0.686 | 0.762 | 0.807 | 1.000
Table 1l shows the results of Pearson
Correlation  Coefficients. Each variable is

statistically significant at 0.01 and is in the same
direction. More detailed explorations of such
results are presented below.

1) Factors that affect the behavior of usage

EV = External Variable
PU = Perceived Usefulness
A = Attitude toward the Use of ICT
Bl = Behavior Intention to Use

From Table Ill, it is found that relationship
level between three factors (that is, external
factor, perceived benefits as well as attitude to
use) and behavior of intended usage at the level
of Adjust R Square at 0.837. This suggests that
external factors, perceived benefits as well as
attitude to use affect the intended usage at
83.7%. Each factor is equal to the significant
level at 000.0 which is statistically less
significant than at the 0.05 level, so we can
accept assumptions H6, H7, and H8, and these

can be written as a multiple regression equation

shown below.

Bl = (-0.193)+0.181(EV)+0.242(PU)+0.619(A) (1)

From the equation, it is found that when one

EV increases, the Bl Increases by 0.181 units,
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given that other variables stay unchanged. When
one PU increases, the Bl increases by 0.242 units
given that other variables remain unchanged. If
the value of A increases by 1, Bl will increase by
0.619 units given the other variables stay still.
When all variables are 0, the Bl is -0.193.

TABLE IV
The relationship between factors affecting to the

Actual System Use

Regression | Adjust R Std.
B Sig.

Test Square Error
(Constant) 0.161 | 0.133 | 0.228
A 0.709

PU 0.512 | 0.062 | 0.000
PEOU 0.416 | 0.058 | 0.000
Following:

PU = Perceived Usefulness
PEOU = Perceived Ease of Use
A = Attitude toward the Use of ICT

From Table IV, it is found that the attitude
toward using (A) factors are related to perceived
benefits (PU) and perceived ease of use (PEOU)
at the level of Adjust R Square at 709.0. This
implies that perceived benefits (PU) and
perceived ease of use (PEOU) have an influence
on attitude to use (A) 70.9%. Each factor is equal
to the significant level at 0.000 which is
statistically less significant than at the 05.0 level,
so we can accept assumptions H4 and H5 which
can be written as a multiple regression equation

shown below.

A =0.161 + 0.512(PU) + 0.416(PEOU) (2)
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If a PU is increased by 1 unit, A will increase
by 0.512 units given that the other variables are
unchanged. If one PEOU is increased, A will
increase by 0.416 units given that the other
variables remain the same. When all variables
are 0, Ais 0.161.

Hence, it is found that perceived benefits
(PU) to use is a factor that can increase the level
of attitude to use with the highest rate (0.512
units). To understand more about PU, Table V

shows the related factors.

TABLE V
The relationship between factors affecting
Perceived Usefulness. (Multiple Linear

Regression)

Regression | Adjust R Std.
B Sig.

Test Square Error
(Constant) 0.358 | 0.116 | 0.002
PU 0.785

EV 0.202 | 0.033 | 0.000
PEOU 0.706 | 0.028 | 0.000
Following:

EV = External Variable
PU = Perceived Usefulness
PEOU = Perceived Ease of Use

From Table V, it is found that perceived
benefits (PU) relates to external factor (EV) and
perceived easy to access (PEOU) as Adjust R
Square is equal to 0.785. As the result, external
factor (EV) and perceived easy to access (PEOU)
affect attitude to use level (A) 78.5% Each factor
is equal to the significant level at 0.000 which is

statistically less significant than at 0.05, so we
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can accept assumptions H1 and H2 which can

be written as a multiple regression equation as

PU = 0.358 + 0.202(EV) + 0.706(PEOU) (3)

If one EV is added, the PU will increase by
0.202, given that the other variables remain
unchanged. If one PEOU increases, the PU will
increase by 0.706 units, given that the other
variables stay unchanged. When all variables are
0, the PU is 0.358.

However, it is found that perceived easy to
access (PEOU) to use is a factor that can
increase the level of attitude to use at the
highest rate (0.706 units).

To understand more about PEOU, Table VI

reveals other its relationship with related factors.

TABLE VI
The relationship between factors affecting
perceived easy to access. (Multiple Linear

Regression)

Regression | Adjust R Std.
B Sig.
Test Square Error
(Constant) 1.286 | 0.201 | 0.000
PEQU 0.384
EV 0.731 | 0.047 | 0.000
Following:

EV = External Variable
PEQOU = Perceived Ease of Use

From Table V, it is found that perceived
easy to access (PEOU) is related to external

factor (EV) as the Adjust R Square is equal to
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0.384. As a result, external factor (EV) affects
perceived easy to access (PEOU) 4.38%. The
external factor has the significant level at 0.000
which is statistically less significant than at the
05.0, so we can accept assumption H3 which
can be as a written multiple regression equation

as

PEOU = 1.286 + 0.731(EV) (4)

If one EV is added, the PEOU will increase
by 0.731, given that the other variables stay
unchanged. When EV is 0, the PEOU is equal to
1.286 units.

2) Factors that affect system usage (Actual
System Use). The findings in the previous section
show the relationship of factors related to the
intention to use the technology. This section will
show the relationship of the factors that affect
the acceptance of the Actual System Use (U) as

following.

TABLE VI
The relationship between factors affecting to the

Actual System Use (Multiple Linear Regression)

Regression | Adjust R Std.
B Sig.
Test Square Error
(Constant) 0.478 | 0.135 | 0.000
u 0.650
BI 0.849 | 0.032 | 0.000
Following:

Bl = Behavior Intention to Use

U = Actual System Use
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From Table VI, it is found that the
relationship level between behavior intention to
use (BI) and actual system use (U) is at the level
of Adjust R Square 0.650 which suggests that
behavior intention to use (Bl) affects to actual
system use (U) 65.0%. Behavior Intention to use
factor (Bl) has the significant value at 0.000
which is statistically less significant than at 0.05,

so we can accept assumption H9 which can be

written as a multiple regression equation as

U = 0.478 + 0.849(BI) ®)

If one Bl increases, U will increase by 0.849,
given that the other variables stay unchanged.
When Bl is 0, U is 0.478.

The results can be summarized as in Fig.3.

H7, B=0.242
B=0.202 | Perceived | B=0.512
H1, / Usefulness NH4,
Attitude Behavior Actual
External (PU) ‘
Variable H2, B=0.706 Toward Intention System
) Perceived Using to Use Use
H3, | Ease of Use [ Hs, A H8, @) H9, S
B=0.731 (PEOU) B=0.416 B=0.619 B=0.849
H6, B=0.181

Fig.3 The research framework displays the
relationship between factors and behavior
intention to use. It affects the actual use by the
coefficient of predictive variables in the form of

raw scores.

Fig. 3 shows the research framework
Technology Acceptance Model: TAM to predict
the adoption of technology. It is found that TAM

is a model that can explain the relationship of
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factors to the intention to use. This result affects

students” use of ICT as followings.

1) Behavior Intention to Use: This study
shows that three factors that highly affect the
intention to use (83.7%) are external factors,
perceived benefits as well as attitude to use.
This can be explained that when the students
have the intention to make use of ICT, when
they know about external factor (B=0.081) such
as the good quality and the stable connection
of the Internet as also revealed as perceived
profit (B=0.242). They can use social networks to
learn new things, connect or update information
with colleagues.

Moreover, the intention to use affects the
attitude in using ICT (B=0.619). They can update
the way to study the changing of technology,
essence of learning via internet by ICT devices
such as smartphones, tablets, and notebooks.
Besides, ICT such as the use of smart phones or
notebooks is brought into learning, the intention
to use ICT is also increased.

The results are consistent and different from
Timothy Teo [6], who studied the effectiveness
of the Technology Acceptance Model (TAM).
Similar to Teo (2011), this study found that the
variables that could explain the intention to use
the technology were the same as the perceived
benefits of using the technology, as well as
attitude to use technology. However, some
findings in the current study are different from
Teo (2011). In Teo’s work, there is an easy
perception of use as a common variable
intent to use

describing the technology.
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However, in this study, it was found the
relationship of external factors with the easy
perception of use (B=0.731). Moreover, it is
found that external factors related with
perceived benefit (B = 0.202). This result is
similar to Davis, Bagozzi, Warshw’s research [7]
which found that external factors are likely to
influence the perceived benefits of information
technology and the ease of use. This will lead to
the adoption of people in using information
technology eventually. Also, Andrew Burton-
Jones, Geoffrey S. Hubona’s research [8] that
found external variables affect perceived ease of
use and perceived benefits which lead to a
belief of attitude and actual usage behavior.

2) Actual System Use: The study also found
that the effect of behavior intention to use on
the actual use of technology by university
students was quite high (1.65%). To explain that,
each student has the intention to show one's
behavior based on the potential positive effects
of the use [9] When university students show
their intention to use at a higher level, it will
affect the adoption of ICT-based learning
systems such as online classroom, online library
as well as online search by increase (B = 0.849).
This is similar to the findings of Napaporn
Chatmaneerung [10]. The TAM was used to
display the factors that contributed to the
acceptability of E-Learning technology in the
form of supplementary media. It is found that
when the teacher uses E-learning as the
supplementary media, the students have a

higher level of intention to learn. This has

189

resulted in the acceptability of E-Learning in the

learning process.

4. Interpretations and Analysis of Results
The results of this study suggest that bringing
Information Technology to be used in the

course or in  teaching  undergraduates,

posteraduates, and doctoral students has

benefits and can develop Information

Technology for studying in class as following.

1) In terms of Perceived Usefulness, the use
of ICT should be promoted. Teachers and
students can use ICT in classroom and research.
For example, teachers may encourage students
to search for the course contents, to learn
through the Virtual Classroom, to interact with
other students by using questions, or to
communicate with the teacher. With a large
media contents over the electronic system that
can be used to support optimal learning and
human capital development program, the
students and teachers can create and use
information effectively, improve critical literacy,
develop ICT knowledge, and increase expertise
with international standards.

2) In terms of Perceived Ease of Use of ICT,
teachers and students should be encouraged to
use the Mobile Application in teaching and
researching to enhance the ability of teachers
and education officers to use Information and
education.

Communications  Technology for

Then, teachers and educational officers will
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develop the ability of using Information and
Communications Technology for education.

3) In terms of Attitudes toward the Use of
ICT in teaching, teachers and students should be
encouraged to use the Virtual Lab and Mobile
Application laboratory models to understand
the course contents.

4) In terms of Information and Commu-
nications Technology usage in the course, The
University should maintain the stability of the
ICT network. The network should always be in a
good condition in order to meet the demand of
teachers, students, and university officers who
use the Internet. The infrastructure of
Information Technology should be standardized
for e-service education which needs the unity
information database. The development of ICT
infrastructure which has a high speed Internet or
Broadband should be available to all users in
different sectors.

5) The university should develop a
communication system to be more efficient in
terms of expansion of the Internet speed, the
access point, and the service area of wireless
network (WIFI) to cover the areas within the
universities to support researching and learning
outside the classroom. This system also needs

to be flexible, stable, and has a high level of

security.
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6) In terms of Internet Access, we need to be
aware that apart from the Internet usage at the
university. Houses, dormitories and apartment as
the main points for access, there is a need to
consider the number of students. The university
should cooperate with operators in offering
mobile Internet connections or Fixed Broad
Band for a special rate for the students to
support Information access on education at a
reasonable price.

7) In terms of providing advice and services,
students should be provided with an easy
access to the advice or services such as central
contact questions & answer, or suggestions on
applications related to the use of ICT, especially

when they need help.

5. Conclusion

The results indicate that the perceived
usefulness, the perceived ease of use, the
attitudes toward performance, the external
variables, the quality of internet signal, the
system stability and the multi-device capability,
the multi-devices, and the multi-platforms of
ICT systems have an influence on the intention
to use ICT and the real use of the systems of
graduate students, master's degree students,
doctoral students, and faculty members of King

Mongkut's University of Technology Thonburi.
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6. Suggestions for further research

Further research can be done on the
following topics:

1) To study groups of high school students
in other schools,

2) To study groups of undergraduate, master
and PhD students, and professors in other
universities,

3) To compare Information  and
Communications Technology usage behaviors in
courses at different educational levels,

4) To study other factors that affect the use
of Information and Communications Technology

in other courses such as personal factors, risk

perceiving, or the environment impact.
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