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ABSTRACT

This thesis presents an experimental study on the development of a
programmable logic controller (PLC) function for energy saving in a temperature
process. The proposed function, called “Intellisent”, in the form of ladder diagrams is
created by using Studio 5000 software for running in the CompactLogix L30ER PLC to
minimize the energy consumption of a heater used in the studied on-off temperature
control. Based on the created “Intelligent” function operations, there are 3 specified
cases to determine the controller output in the range of 4-20 mA to supply power to
the heater; ‘Undersupply’, ‘Oversupply’, and ‘Sufficient Supply’. If the event of
‘Undersupply’ is detected, the proposed “Intelligent” function will set the controller
output to be ‘On’ (20 mA) to fully supply the power of the heater. Otherwise, the
proposed “Intelligent” function will set the controller output to be ‘Off” (4 mA) to
shut off the power of the heater to reduce energy losses in the event of ‘Oversupply’
as well as the event of ‘Sufficient Supply’. In addition, to demonstrate how the
“Intelligent” function can save electrical energy, the tests of the intelligent function-
based temperature control were, therefore, repeated 5 times in the same conditions
for SP = 80% and SP = 90%. Compared with the traditional on-off control action, the
proposed “Intelligent” function can minimize the energy consumption of the heater

by 4.57% and 6.65% when setting SP = 80% and SP = 90%, respectively.
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ouliléfnviniidmdouniinddnseuiiteunnssfenmstuiindoyan Ssazann  led
mathunlddmsuiiuteyadisesesiivead

2.2.2 MINNUVINLDATY
nsuvesiinead [20] dauvainvanglusunisuseyndldany aunsoden
TUsunsunsviuvanadesdnsiifienudavugailiuianisvauvesfiveatlédd
2.2.2.1 mMsiauvesiinead iniesdnsiléfueadnuaunisiinu azansn
uilvusuussTsunsunsyinny saddnses (Timen wwniaes (Counter) wazddanng 9
uannilgefinnsfindedeansiuaeuiinmesuiantinaevidnduda (Touch Screen) Lito
nanasudeyasevineiu
2.2.2.2 M3MuYNIsUAnLAeS Liefiueadegluan1znieurinau (RUN
Mode) ud il elusunsalumitgarudivesineadvineu szfinisuszananaiviae
Uszanananansuazdssadndalalugmedstoyavosiinead
2.2.2.3 wavgudne 9 miveldnuiveaddedinnudnluluaygiusing q neu
wredundnnmsifiueadliusznanauaginderugldou fwmei 2.1 Fudldsd
1) taugIudU (Decimal System) niaeyszaranauaaiuaadldiavgiuaodlu
myUsznanauagldiavguduludndedudldfiusatingzinvguduionuguildanuinly
fravguiiinlas dauiildeuiad 0 8 o
2) tavguded (Binary System) tiunisuansandu 0 uas 1 uaavidnves
lwugEediendn In B Wuawgwilnulumbeysznananaisvesinead galdlunns
Auteyanag arunsasudaliidunausenda lud (Byte) Aenissiudn 8 Tn uaziisa
(Word) fan1s5udn 16 U
3). szUueenia (Octal System) Aalavgnuiua 909a1Aan 3 luw3 Anavgm
wndseuaslguinenitaugiua yinliineatisuldiavgiunundmsuaedaminesu
foua midsieya uarioguamienu
4) szuuenewndda (Hexadecimal System) Astaugiudunn ludnws A fis
F unuiniay 10 fis 15 Mdmsudnadamhesutoya whodstoya was feguamnoniud
fifpsnsiuilumaiudoyaiiuniu
5) 3¥UU BCD (Binary Code Decimal) Aiatavgiudnuiu 4 Un unuiaygiudu

Aa

73iAn 0 84 9 TunsandnnudunmlasieAnmNiLeaddwIuan 9 1o
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A15199 2.1 LWTUBUANAYITULAZLAYEIUAN 9

AU LAUgIUEY LAY IUEDY LAUFIUMUA | LAUgIUEUUN
Aug 0 0000 0 0
il 1 0001 1 1
GOR 2 0010 2 2
&l 3 0011 3 3

3 a 0100 a 4
W 5 0101 5 5
nn 6 0110 6 6
130 7 0111 7 7
UM 8 1000 - 8
e 9 1001 - 9
du 10 1010 = A

Auon 11 1011 - B

duang 12 1100 - C

duau 13 1101 . D
aua 14 1110 : E

AUr 15 1111 : F

2.2.2.4 29950530 (8930) wnetnsasliihfivseneumegunsaldiannselind
= o = a A > . = waqn
v3ean1rvesdynui 2 ¥iafe Luuuln (Positive Logic) wnuanizasdn “1” uashuy

au (Negative Logic) WUaN19£aadn “0” syuumuANesiiueadaziitean1izuujun

'
a 1% % A

aadneieiu Wslndiueunsmuau tnefmunfegnn A wey B ludyaiaduns

< [ 13

Y LlUUAUUNULDR

A

I a wa a b d‘l
Ne MUQU@ﬂWiﬁ@%ﬂ PNU

Bunn L ine
A B Y
A ¥
Buwn - 0 0 0
B LN
0 1 0
1 0 0
1 1 1
(n) dydnwal AND Gate (¥) M519 AU Tua3ves AND Gate

gﬂﬁ 2.6 719939330 AND Gate
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1) #&nN13983 AND Gate vibideyayranerdnsduy “17 Analiodunn A uaz
B e “1” wintiu ¢lagunt 2.6
2) #&nN15Ue9 OR Gate vinlvdgaasordnmiu “17 Arodieldunn A uay

B fialadiiiladlen “17 slaguit 2.7

Bumm Rt
A . A B Y
gjunqm - 0 0 0
5 Rt
4] 1 1
1 0 1
1 1 1
(n) dydnwal OR Gate (2) M519 AU ueseves OR Gate

gﬂﬁ 2.7 13959330 OR Gate

3) wann1sves NOT Gate vinbidgyganordnaly “1” AdellloA18unm

oo q

Wiy 0 wazdtyeaueanadu “17 ArodlorBunawindu 0 fsgun 2.8

9 Y

A NOT A
dunn A X 11ANA 4 ]
A NOT A)
1 0
(n) deydnwal NOT Gate (@) msemuaaluasees NOT Gate
35U 2.8 193501550 NOT Gate
4) vann13ves NAND Gate vinunsadiuiu AND Gate fagui 2.9
Buwm LANA
A B Y
A ¥
dunm 0 0 1
B LOIANA 5 . )
1 0 1
1 1 0
(n) dydnwal NAND Gate (¥) M5 uANUduadwas NAND Gate

gﬂﬁ 2.9 193950550 NAND Gate
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5) m&nn59a3 NOR Gate yhanunsetmifu OR Gate faguil 2.10

Fumm LD1FM
A B Y
A v
Aunm o——— 0 0 1
5 CREIE)
0 1 0
1 0 0
1 1 0
(n) dyanwal NOR Gate (2) 5199 1uAUduaswes NOR Gate

gﬂ‘ﬁ 2.10 19930330 NOR Gate

2.23 nrwruguvesiinead
AwdmsuRsulUsunsumuauveiiteadiduns e uluunwdydnealadne
1995191 Tmeuvadu nrwidydnwal (Graphical Language) Wazn1w1demau (Textual
Language)ﬁhﬁ
2.2.3.1 a1 uaALAa3 (LD 6311310 Ladder Diagram) gnldanuuusnnsgiu
1038 61131 Usenausesdauannesiug i uassdsannosfimdss
1) Adsydu (Boolean Instruction) i urdsianiaasfiugiu dmsuvufod

a

ASINVDINNATUANADS AITUN 2.11 Fawuslanadl

Y

BOOL BOOL
(n) vihduRawdaUnAUA () nduiavdaunAive
BOOL BOOL
(A) vAaInTHAUNALUA (1) YeaniaUnfaUn

I o

UM 2.11 Adsydu

- mhdudaviauniidn Arnssnasaiudiwdsyiinyiu BOOL
- mhdudayinunite Amssnassiuiududseiiaydu BOOL
! (% s

- ARPNVUAUNFLUA ANRNTINATINUNANTINYDINNATLAALADS

- YPAATLAUNAUA ANNTINATITIUNUKNANTINVDIIIATHAALADS
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2) AFIwINaInRn/aU (Set/Reset Coil) luAFIanARsALAY d1rsusnun

[ A

ANRMTINVDINATHAAADS AISUN 2.12 wudlaeail

Y

BOOL BOOL
() 0
\_/ N4

(n) VINAINGA () VINAINGY

JUN 2.12 AMdInaInFa/fu

- 99@2979 (Set Coil) ¥ lnunalInfinlngnansINUeIINTHantAasL1ile
fAnssnvinlivnadnfiauiazedluanisinliiuaeuudad
- 93annU (Reset Coil) YNunaInnulngNansINUDIINATHANLADS

A A ] v % v U I d‘
Lll’e]llf"]’]ﬁ]iiﬂ'ﬂﬂﬂﬂ@ﬁ')@l@llLLa'JT\WE]EﬂUﬂﬂTJSG]UVLiJLU@HULL‘UﬁQ

o 1y

3) mdsdureudygin tumdmannesiby amnsuiudsurinssnlngdu

Y v

YUY IUATINTBIVBINITHANADT AIUN 2.13 wudlenadl

BOOL BOOL
|| |
F N
= |
() STy () WNFUNETUVDUIA

BOOL

BOOL
0\
@ &)

UV (3) ANeAIUANAITNTIALUTUNTY

(M) VAAIAIUVDUARY

Y
sUN
U

2.13 AdUIBUAY QI
- niNduRaduvreuv13U (Positive Edge Detection Contact) Wamssn
a1 <@ 1 a & 1 [ a 1 1 [~ 1
AAINIIN 1 AADILBNANTINUDILAALADINDUNTLNUTIUAIINAINTIA O L1DUAIRSIA 1
:j a1 o oA Y v @ o U o a 1 <
PNUURARTTNATLAMITN 0 Tuviuiidesannnindudavesiddinisilasuainssn 1 10u
»330 0 Tuviui

- niduREIUUR U8 (Negative Edge Detection Contact) HanTsn

a1 @ 1 = & 1 4 a J ! I !
AZUAINTIN 1 NADLUDNANTINVDILAALADINDUNUNUAIUAIINAIATIN 1 LUUAINTIN O
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IMNUUNANTINATIA1M5IN 0 Tuiuiidlesanmindudavesrdsinisilasuainssn 1 1
7550 0 Tuviud

- YPAINTUVOUFYYIUVIVU (Positive Edge Detection Coil) Han5sn

a1

efiAnssn 1 NeewllonanssnvosuaninasneuntinAnssniiuy 1 uasnanssnvauanaesi
agndsunaaduveudyaanduilildsuainssn 1 1ufnssn 0

- YPAINTUVDUARY Y1018 (Negative Edge Detection Coil) Hanssn

a1

9ilAInsIn 0 NralileranssnveslanadsnauntnAAsINIUN 0 LazHANIINVBILAAADST

agndsunanduveudyaaumTuiasuainssn 0 1WuAnssn 1

'
[ s

4) Amdipuaun1snsIalusunsy wWumduanmesiay dmsuildsunlas

v
IS v A

F1PUNSNIIALUTENTUYRINLDAT Fa5UN 2.14 wuslanadl

Y

(n) YRaIRTRIAIUALIAN (V) URAINAUGASAEIAIVANYIEAN
LABEL LABEL
(A) YnaIANTELAR (1) wihduasann

5UN 2.14 AdsnIvANn1INTIAlUTINTY

- YnaASIAdAIUANEN (Master Control Relay) tilafndatiing1uiing

i liNavaanne3N1EluNIAIUANTNANTIN 0 IWTIAFIVATINAUANIIRTIAGAIVANTEN

[
a

_ 9aa1nA ugniiagaunundn (Master Control Reset) Ll ofdsil
vhaouialifdsnainisesiadmunuvdnugaiud

_apaannsylan Jump to Label Coil) dlafdaivnauaziinsnszlan
Fuduneuuni Tnednludminduiaaan

- wihdudaaain (Label Contact) LUWAWMLIEAYNETBINITNTINIAT
Lannesiinszlaadudunauundn ImEJ"LaJﬁmiﬂi']mqmﬁazujszmwﬁ']é'“q vpannszlanng

PNdUREAANN
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23 WUUAIUAU

sruumIuAy [21] Usenauluaieszuuses (Subsystem) WagNsEUIUATT (Process)
thinvsgneuidifmeiuagiliiAanadnsilefimsteudunmdiludilednds nsiana
poUALBIYBITTUUMUANLUIBaNIATY 2 Ussinn fi3Ufl 2.15 Aenansuaussiang uazan

v
v a

RanaIanan1nzadd aunsawudlaidy 2 asdusenoundn el

G LE
- s IEUUAIUAY -
HANDUAUDINIABINTT HARDUAUDITI S

5UN 2.15 5ULUURE1418UBINTAIVA

2.3.1 iSUUﬂ’JUQuLLUU’NLTJﬂ (Open-Loop System)
JTUUMIUANKUUINTA 93UN 2.16 Tneiiazisususienisadunn 1Wunddunn
a s a o/ a Y o o v 14 Y
N uaRLgesiNalldsusUkuuasd st unaliiimuauaunsadlUldaule uaven
mupuazlidyruitiluiduedounszuaunisinunselrsesdns antuazdidyainlu

duau 9w W dygrusuniu azgndeutd1uiniuni1eansiudyaiad (Summing

o~ a v

Junction) @ F Y IMINNUATIANNIMNINYATINF QI AT TINAULUUNYANA ANy

VBITLUUMUANLUU AU ATIAIUUANANIINTEUUAIUANLUUB LA IA QB Y 9 L1913

o
'

wemagunlasiula

q

(3

sunmulussuy ssuumuauwuuiitsliannso gAYy IaLeN

INANANWIAINTAATUNIUVRITTUUMUANKUYILTAlafl Welldanaudunndn

v o q

Y I~

wltuszuuamuagukuunlnagladyuianeidnneanun InediuidaudAyuin Aessuy

o

o w

FIunan wagdsddy@nusenmanil Aedne dnsvessyuuniuauwuLIndalidinisiinduan

>

(%
a LY

= a oM T ¢ vy X ) o  a
WIHUNEUNUAIBUNS ALY ﬂ'ﬂllLL@Ju’EﬂGUENL@q@wmﬂlﬂf\]g‘ﬂuaﬁ UNSUTUNYUYDITLUUY

q
aa £

Aausisusuity Tunsainddygyiusuniudimnlussuy ssuuauauwuuInnagliaiunse

o

lyAeanenfensla

Aynyusunu 1 AryeyeusunIu 2
=3 + + 7
ounn G . + AIEUIUNNG + omn
> R > fnuAl —» —> R —> —>
niuaiaeei WinwATaans
AT 057
Aryayned Feynyed

5U# 2.16 spuumuAuLULILTn
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2.3.2 EUUAIUANLUUASUANIBSEUUAIUANKUUTUBUNAY (Closed-Loop System
or Feedback Control Systems)

Mnfinarandedevesszuumuauiuuinde Aewdeddygyiusuniudiuilu
szuvitlifinasiedeidnaiisenuvilidednaiisonulinssiuanudeants Faszuy
m*uqmLLUUN%mmﬁaLLf’Tﬁﬁgmméﬂﬁié’ 13U 2.17 szuusedlunisudasdyanney 2
TYUU ADBUNANTIUARILYOTUALIDMNANTIWARITRIUIBISENTIWITUS Bunansuaiiwes
Tilunsiwasusuvesdyanadunalndusuuvuiannsailuldouiufmnunuls dw
ldwsmIuaR e Az A1 USInaenmkazUABusULUUYe sy Al e liaNNA 5

inlulgiudmuaula

diygnmsunau 1 Heyryausunau 2

A N\

Sum v 4 - R LA

A Fuwm + - + nsELIUNG + '

> S m—— — ERLRIGE — — — —>
AR e yEaLriasing

RlEetT TR e SR

daynm g

LA

nInERITDI

5UA 2.17 syuuaiuAuLUUln

o |

ATANF IR 1 9$INITIINFYYIULUVUNTAANALAIZTINFYQYIUIINA

[ A7)

Y

NN lagasidyaratardnauiandunistdaunduundignsiy

o a

DUNALAYE

)}

)
dryy1ad deyy100e1ANmgniINNaueeNANF Y IUBUNS Lz HadNSVR Ty LaTY

Ingluasgnisendayaunszau (actuating signal)
o A= ! (3 aada o
seuumuankuulounduliliruanunsatunsuae Anedns lunsalnddy sy
sunmunutuszuulneagyinsiafIunaednawazinAte e Indu T uLg Uiy
vy I Ao = = U a1 v
fnvlaesminuUSsusuRudAsneiY
2.3.2.1 Uszianvasszuualuauuwuulaundu seuumuauiuulounduaung
wuslavianeguluuuegiuing Uszasalagail
1) szuuauAueuudadusasiuuliidugdadu dnsiiensanainisnig
a 3 J A a £ < av o I a a wva
AsIErkazn1seenkuUnaIfe ssuudadudussuuildiiegasdunadfuiinig ssuy
muanteunduuuuilisduiudunisdraedunsgauaiiielddmsunisinssiuaznns
DONWUUDEINY
2) 5ruuAUANLUULILUIHUAIUIAIMATLUULUSIUAINNET SEUUAIUAN

wuulduysiumunaAsllaAI i esvesssuuAuANdAIAguiuaaT wilunig
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UuRaziduszuumuauuuuwdsdunuandesainszuunisnigaindulagdnig

Wazuwlaansuusueen1svinau

1 A

3) syUUAIUANLUUTBNYaRaIlaIwazuUUTRLATYR TEUUAIUANLUUTYA

' [
=

sawlostiduszuumuauussinmilandsdyaraivsingeglunn 9 druvesssuuiu

T o

[ a [

gramiduilsiduresiwdsnaiaeiios t lneluazuvadudygrunszuansas

Q‘.‘J v v
Hey N TELAFaU

a

9N 2.18 (n)

a

TunangA I NUUEI LTI ULNUAIEI995 [T RC %1395 UUNNANUSDUNS DDUNNT LAy

9 Y

2.3.2.2 52UUdUAUNTS (First-Order Systems) S¥UUSUAURTEY flagU

Y

I3 o

v < Y 4 [ PN v Y v 6 1 a v
LLNumﬂUﬁ@ﬂVIQﬂaﬂgﬂLLﬁ’l GN?J‘U‘V] 2.18 (%) leﬂﬂ’l’]ﬁJﬁNWNﬁﬁ%M’)N@UV‘!WﬂUL@’](E]‘WW N

9

aunsN 2.1

Cis) 1
R(s) Ts+1

(2.1)

NTIATILANANBUALDIYITE UL BuNmAelsidutudulaniionie Wedeuls

SuduAwviiuaud

Ris) Els) 1 (s
o, 5 v
Ts
R(s) 1 ()
Ts+1
() WHURIUAONVBITTUUSUA U () wruaudenvesszuUsuiundwuuangy

JUN 2.18 wruiIudenveITEUUTuiUnil

NANISADUAUDIADNIATUTUTULANTINUN8UD 952UV UM UMY N1suUasanvane

Ye9antutuTUlanTtarefe 1/s 92 l9ANRaUVRIEUNITIUNIIALLIULIAN

c®)=1—etT Jat>0 (2.2)

1 [

a Y 1 a a £ % I IS s =
NAUNITN (2.2) wanglImiiLd MIaNSUAUAT c(t) Q%Nﬂ’]LVHﬂ‘UﬂUEJ LS LIBLIAN

¢ I3 i v a

iuldautiassesotudslianlunils lnennudnvauzamzvaadulindAylinanauauss



23

v A P

AR UaT Ad9AaNIa1 t = T A1989 c(t) 927U 0.632 %39 63.2 LWasiduduainis

WasUWUaIanua 9N 1unuel t = T adluauns ct) Asau1ni1si 2.3
c(t)=1—e1=0.632 (2.3)
A1AITN VD387 (Time Constant) 11 98 A1 08AINANDUAUDIVDITSUUA D 93]

AMULENNTU AT man e T wisitiees T aznanlainAiasivednaifsnainyiliua

movausweilidututulavesszuuiliin 63.2 Wesiduvesrgarine Aaguil 2.19

1
cwa Slope =— :
T C(t) :]_*C-“tr”
A
I \
v e wr g \N
A =
f y >
0.632 §

63.2%

———— 86.5%
. 95.0%

—— 993%
v

= 8
B e——— 932%

5T

—~+

JU# 2.19 idldwansuausduzuiliduendliiuuiea

2.4 MAUANUNA

nsmIvAuaungll [22] $35nsnvarnvansuuusaiuuideusaz il uninsgiunus

Y
¥

ponledu 4 wuv sl

a a

2.4.1 msauAukuULla-Ua (on/off control)

Junismuauaamgiiugiuvenaiesmunuaamald lnedyaiaingumgll PV

Y
degningaumiiidmung SV azviliiaTesmuaugamlidedyaiuniunuaam)il MV 31y

a o

d
Maslnihueaeausewhlvvaaiaauioudn wardygainoumgll PV innitgamai

9 Y
[ a

Wwne SV asvilviesesmuaugamillddsdyainnivaugamnll MV vgadtamaslii

T o U

YARINANUTBUVINTIATIAAIUTBUAY FaguT 2.20
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SN N,

PV \/ PV

z 3

12 ve 1

g 4 [wewnin

= c

g z| sv PV PV PV

G & . . .

’g = annd | wasnd1 | W
=]

S E sV sV sV

e e

E o

3

u

YARIAGA  [UAAINAL | BAAIAGA |BARIAAL [YARIAAR

AYUIMATUANIUHN MV

5U# 2.20 N15AIUANLUUABITEIY

2.4.2 miﬂ’JUﬂ&ILL‘UUﬁ (P control 8113190 Proportional control)

nsmuausuull lun1saruavaamgiveansesntuangungd Tnedyyio

o

AIUANEUNNN MV dadrudunanieseriteeumngiidiving SV dudyaningumgd PV

A U a

MIad Y IUAIUANEUNAT MV IYIAURAAMTENINSRIINITAIUANLUUT KP AUNan1s

o o

aauvnidvang SV AuduauInaurall PV asduni1si 2.4

9 Y Vv q U

MV = KP(SV — PV) (2.4)

[ a

n1sAUANRUUN MIndggraingamvgil PV unnsinaanauunndidvung SV

o Y ] ]

[y LY a

ARBAUNNIAIVANKUUABISEAU Tnedtyaaingnmgil PV lilundeseugamgilidming sv

A q U

a

1 a U U U
LULABINUNTIAIUANLUUEFDITZAY GNE‘LJ‘V! 2.21

sv
\_/—_ PV

AYYIINYMNIN PV

i

o

]

MV amuniiulvane SV

1mm1.|nuanmt‘1,u

,
dyay
—1
I—
I—
—_—

 —
——
—

I s |

CaN
(el
=3

2.21 N3AIUANLUUT
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2.4.3 msmuqmwuﬁla (Pl control &au131n Proportional Integral control)
msmuRuuuUile Wunsmugugumgivesedssniuaugamnil Tnsusulge
NSAUANLUUT v idaaingamgil PV wiriugamaiivdmang SV
nsmvANkUUle dygInAIuANeMnYll MV WIAUNaAMIENINEBNTINITAIUAY
wuule KI fun138udingm (Integrate) wassgaumndidivang SV dudyaaingamall PV

A9AUNNSN 2.5

MV = KP[(SV-PV) + KI /(SV — PV)dt] (2.5)

Al o Y % a g, a
ﬂ'ﬁﬂ’JUF’liJLLUUWbL@ quiﬂﬂiyiquﬂﬁﬁ]‘&m{]ﬂ PV LV]WﬂUE!mVQNLﬂWWNWEJ SV uagnIs
[y a < o

AUANLUUALE tTBInUANgM i asdannIvaNamgl MV ludyaiunlunuass

T o q Q

TEAULUUAREI LI UALTUNISAIUANLUUT AegUN 2.22

278\ <y

N~ PV

u

AYUIA WA N PV
v

qmﬂnﬁ;ﬂﬂwum sV

ANAUIHAILANI KN MV

WAL L

I \ROP ey, g Yy
5UT1 2.22 MsmuANLUUTile

2.4.4 N15AUANLUUN LA (PID control 811310 Proportional Integral
Derivative control)

a

A A - a 9
nsauanwuuiiled Wun1srivaugamniiveasssntuauaamgll lneusulse
Al o Y o (% a (- a < 4;(
muAnwuiile vilvidyaadneamgll PV wiivgaumgiiidmung SV s1a59%u
NIIMIVANKUUA deyayiaumivataamil MV wniunanuseni1eensIn1sAIuay
WUUA KD fiun1seuius (Derivative) wasnsgumgiitd g SV Audyaiuingaumgil PV da

aunsil 2.6 LLazgﬂﬁ 2.23
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d(SV-PV)

MV = KP[(SV-PV) + KI [ (SV — PV)dt + KD =—

] (2.6)

N\

sv
~— PV

dganInamwuna PV

3

MV amumniihwang SV

WAL AN WA

a

Ll

Ay

LT L]

\\T//V 73T T T%g

UM 2.23 n13AIUANLUUTLOA

@ o A o a
25 N13IRLLASLAIDINDINY EUAA
@ a4 A o a = o o = o % Y -
nyinkazinsaiioingamgil 23] Tanudidganniliesainnisiiniuseuivaaivse
Tnglaq i liaansuudsuslasautinangedns 3sdasiinisiaTeslliodnuagisnising
wngauiuanuazau dmsidenldnunsesdeinngnees
2.5.1 gunsailvinuiau
a1ANTeU 130 Heater AvgUnsallviainusauiunuiiiein1saIusougs 24
wingdnsulddugunsallunsindeanudeulunuanamnssy Nlausouds wu mugy
wdslaneus osunasulans WOudu arennusowduaialanyarudiumiuliiiigs sfu
awulnidesiunssualniingniees anunsauuaiinlaasd
2.5.1.1 araAduTauvidanay (Tubular Heater) Aa YaaInfiasaA1uTau
aeluvie Mldanudeulagasilaglufnniu laseasneves Tubular Heater Ao dun
a1ANToUUTIY agluvalanedaineseninunaInauioukariolany wgndnuueiey
o 13 = v 1 v A Yo
nawuniiFeneanles wazgninaslidauvunuiunuunsgiu Jannldi Tubular Heater

fvangviassiunudnuaznisldonu dagui 2.24

>

y

5UN 2.24 mpanuSeurianay
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2.5.1.2 a9AA1N3aUvIAATU (Finned Heater) A® ¥na1A7 liA11uTouAY
Fuaulagnannisdimiaiuseu ldanulugeursenundedianuiouiueinanisluies

LU UBUTUIIURAFIUNTTUSEUA, Bunaladn, auld, suuuniun, aud, euledn, an

< ! a

Anuduluszuuyaudu Wudu J9197n Tubular Heater 1aadusuaes uagti

Y

UL
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gunInliluend ntufiuead axden 4 daduouus tioTauay 20 fiaduouuds weilians
F1enF99ulUEY Power regulator SANGI SCR-1A030 91n15918W&991 0 Vac Ll a3y
Funas 4 Daduouuys wazdiendanu 220 Vac desudyau 20 Tadueuwys WU
vasdamadreumen Jmdinseensuunseulasiuuuda nsiiuasl waznisincs
gunsal Tnofimsdandanuiildaedinedinamasa1u Schneider Electric Powerlogic
PM5300 Tunsandeerud i aruluwsaysau Current transformer Schneider Electric
METSECT5CC04

[

2. S¥AUAIUANANLIUNT qui’susuaamiﬁmﬁgqLLazﬁgqumUaGm 9 VeIHLOaTY
LUsunsu Studio 5000 #ikea®iu Allen-Bradley CompactLogix 1769 L30ER LLaqu@aé’aﬁ
- Slot 1 Tuga Modbus TCP/Pl: MVI6IL-MBTCP
- Slot 2 luga Modbus RTU: MVI6IL-MBS

- Slot 3 Tuga Advia Bunm: 1769-1Q16
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Pioo2 393 Peso — Piooz 19 4.612

Proposed Pigos 381 Psoo — Pioos 31 7.524

Function Piooa 384 Psoo — Pioog 28 6.769
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1) AMENUNIENNITAWIN AIPTIRRRRNS LI INEYRIUN = 4.182 (/(kgK)) Leandmail

7i 80 °C Q = mCy(T, — Ty) (5.1)
Q = (0.3)(4.182)(80 — 25) (5.2)
Q = 69.003 KJ (5.3)
30 Q = 19.1675 Wh (5.4)
7i 90 °C Q = mCy(T, — Ty) (5.5)
Q = (0.3)(4.182)(90 — 25) (5.6)
Q = 81.549KJ (5.7)

w38 Q = 22.6525 Wh (5.8)
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ABSTRACT. In order to save electrical energy for on-off temperature control, a useful
concept of on-off intelligent function to exccute in a programmable logic controller (PLC!)
is presented. An implementation of PLC-based control systemn based on electric heating is
also described as a case study to demonstrate the performance of the proposed function.
IEC 61131-3-based ladder diagrams were created by using Studio 5000 software to run
in the PLC maodeled CompactLogiz LI0IKR. Compared with the {radilional on-off control
aclion, the propesed on-off intelligent funclion can minimize energy consumnplion of a
heater used in the implemented temperature control by 4.57%-6.65%.

Keywords: Energy consumption, Intelligent function, On-off control, Programmable
logic controller, Temperature control

1. Introduction. As an essential system to industrial manufacturers, temperature con-
trol should be well designed and properly installed for maintaining optimal conditions
on a manufacturing process. Recently, various techniques to enhance operating efficiency,
safety, and availability of hardware components used in temperature control have been
introduced [1-5]. An optimal control method to design a temperature controller for im-
proving transient responses of thermal inertia systems has been proposed [1]. In addition,
for improving input tracking and load regulating responses of electric furnace temperature
control, an optimization technique to design a proportional-integral-derivative-accelerated
(PIDA) controller has also been suggested [2]. In order to demonstrate advantages of di-
agnostic capability of digital field instruments used in temperature feedforward control,
practical technigques for Foundation Fieldbus-based device configurations to enhance pro-
cess safety and production availability have been presented in [3.4], respectively. Morcover,
to demonstrate advantages of diagnostic capability of WirelessHART devices for opera-
tions and maintenance, an engineering technique for system integration of temperature
control based on proportional-integral-derivative (PID) algorithm and supervisory control
and data acquisition (SCADA) has been proposed [5]. Additionally, an on-off controller
is widely used for temperature control in heating applications because of its structure
simplicity. However, its normal condition in steady state is sinusoidal cycling, and a con-
trolled parameter will then constantly switch around a setpoint (SP). To overcome this
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68



534 S. PONGSWATD, W. SOPHA, F. ASADI, K. SMERPITAK AND T. THEPMANEE

on-off control limitation, a correction method by using a programmable logic controller
(PLC) has been suggested [6]. The on-off controller with additional correctors was im-
plemented in ladder diagram of the PLC modeled S7-1200. However, in this article, the
idea of utilizing the PLC for on-off control was developed in different way. This article
aims to minimize energy consumption of a heater used in the PLC-based temperature
control. The proposed power saving function is called ‘on-off intelligent function’, which
was implemented in ladder diagram of the PLC modeled CompactLogix L30ER. Because
industrial energy efficiency can provide environmental and financial benefits such as reduc-
ing greenhouse gas emissions and reducing energy costs to produce products and services
[7-9].

The remainder of this article is organized as follows. The studied temperature control
and concepts of traditional on-off action and on-off intelligent function are described in
Section 2. Details of the PLC-based temperature control implementation and results of
the experimental tests are presented in Section 3 and Section 4, respectively. Lastly, the
conclusions and possible future work are summarized in Section 5.

2. Concept of Proposed On-Off Intelligent Function for Temperature Control.
Figure 1(a) shows a piping and instrumentation diagram (P&ID) of the interested tem-
perature control, which is based on basic electric heating by regulating the temperature
developed in the heater. A host (TLC-22), which may consist of engineering and oper-
ator workstations, is connected to the on-oft controller (TC-22) not only for configuring
control loop conditions and sctting the desired temperature SP of a controlled object
but also for monitoring control loop operations. A temperature indicator transmitter
(TIT-22) coupled with a temperature sensing clement (TE-22) is installed to measure the
actual temperature, which is the process variable (PV) being monitored and controlled.
The TC-22 performs calculations according to deviations between the desired S and the
measured PV to generate its output (OUT). Based on two-position control action, the
controller OUT is in the form of an on-off signal for controlling operating statuses of a
final control element (TY-22), which is a power regulator to turn on or off the heater.
If the PV is less than the SP, the OUT will be ‘On’ (100% of output scale). Therefore,
the heater is turned on by applying the ‘100%’ power supply to increase the PV value.
On the other hand, the OUT is ‘Off” (0% of output scale), and the heater is turned off
by applying the ‘0%’ power supply to decrease the PV value. However, the control loop

Sp y
T PV
o I i // T
L4 — 2 i Ca 0.632 (SP - PV,)
! PV ¢
_;l\ 04 i
'TE 100% of Output Scale
(2 ) < on] ¥
Controlled Object '1 0% of Output Scale
ANININSN =2 Off
Heater j &
i W 3 :
= 22 Time, (1)
(a) P&ID drawing (b) Open-loop step response

FIGURE 1. Studied temperature control based on basic electric heating
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cannot respond instantly due to its capacitance or thermal inertia. The higher the inertia,
the longer the time that it takes to react to changes in the PV. The inertia of the studied
temperature control can be determined by a thermal time constant (7). This means that
the 7 can describe how fast the PV (or p(t)) moves in response to the change in the OUT
(or o(f)) as shown in Figure 1(b), which is the open-loop step response of the studied
control system in manual mode to the step change in the OUT. The PV and OUT are
initially set at steady state with p(t) = PV and o({) = ‘Off”, respectively, for time ¢ < 0.
The desired SP is constant for the duration of the step change experiment. At time t =
0, the OUT is stepped to o(t) = ‘On’. In case of the first-order lag control system, the
process variable rising in the exponential manner can be stated as

p(t) = SP — [SP — PVyle=t/" (1)

After the passage of one thermal time constant, the process variable at time t = 7 (PV,)
can be given hy

p(r) =PV, =8P = [SP — PVgle~! =PV, + 0.632(SP — PV, (2)
The difference between the process variables at time ¢ = 7 and £ = 0 can be written as
p(r) = p(0) =PV, — PV, = 0.632(SP.— PV,) (3)

From (3), in onc time constant, the PV value reaches 63.2% ol its total change. It is shown
that the smaller the time constant, the faster the process response.

Figures 2(a) and 2(b) display the concept and the plots of PV and OUT values against
time ¢ for running the traditional on-off control algorithm in automatic mode, respectively.
The controller OUT causes changes in the measured PV to correct any deviation from
the desired SP within an upper limit and a lower limit. The PV is increased by applying
the ‘On” OUT to the TY-22 to turn on the heater whenever it is below the target SP.
If the PV rises above the SP, the ‘Off" OUT will be applied to the TY-22 to turn off
the heater for reducing the PV. In order to minimize the heater energy consumption for
rising the PV to reach the SP during 0 < t < 7, Figures 3(a) and 3(b) illustrate the
concept and the time plots of PV values for implementing the proposed on-off intelligent
function. There are 3 specified cases to determine the controller OUT value to supply
the power the heater; “Undersupply’ (mps < mpy), ‘Oversupply’ (mps > mpy). and
‘Sufficient Supply’ (mps = mpy). The mps and mpy denote the slope of the process
variable being measured during {; < { < {; from the closed-loop response and the slope
of the process variable being measured during 0 < ¢ < 7 from the open-loop response,

e UppEL Limit - — £\
si £\ N /-{_‘_,,A.,._\};
B = e e e e e A7 TSN N T TN
21 VS« S [N
Lower Linit /t i i
P oY

Yes — S,

Set OUT to be
‘On’ (100%)

Set OUT to be
‘Off” (0%)

(a) Concept

Off4

Is PV < SP? PV { = ; i
On bl - !
I =

Time, (1)

(b) Response

Frcure 2. Concept and process response of the on-off control in automatic mode
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FIGURE 3. Concept and process response of the proposed on-off intelligent function

respectively. Based on the closed-loop control scheme, the slope mpg can be written as

where PS; and PS; are the process variables being measured at time ¢; and #;, respectively.
The period of ¢; is longer than that of ;, and the difference between #; and ¢, (At) should
be less than 7/10. Based on the open-loop control scheme, the slope mpy can be stated
as

mpy = (P\’T *PVO)/(T*O) = (PVT *PV[))/T (5)
Compared with the open-loop step response, the ‘Undersupply’ happens when the process
response of the closed-loop control is slower than the thermal time constant, whereas the
‘Oversupply’ happens when the process response of the closed-loop control is faster than
the thermal time constant. In case of ‘Sufficient Supply’, the process response of the closed-
loop control is the same as the thermal time constant. If the event of ‘Undersupply’ is
detected, the proposed intelligent function, therefore, will set the controller OUT to be
‘On’ to fully supply the power of the heater. Otherwise, the proposed intelligent function
will set the controller OUT to be ‘Off" to shut off the power of the heater to reduce energy
losses from the event of ‘Oversupply’ as well as the event of ‘Sufficient Supply’.

3. Implementation of PLC-Based Temperature Control. To verify the perfor-
mance of the proposed on-off intelligent function in terms of energy saving, the studied
control system as shown in the P&ID of Figure 1(a) was implemented. Figure 4 shows an
overall architecture of the implemented temperature control. At the control level, the PLC
modeled CompactLogix L30ER is used as the controller TC-22, which is communicated
to the engineering and operator workstations (TIC-22) through Ethernet connections. At
the field level, the temperature of a cup filled with water of 300 ml in range of 0-100°C is
defined as the PV, which is measured by utilizing the temperature transmitter modeled
Rosemount 644. The measured PV in range of HART 4-20 mA is sent to an analog input
module modeled 1769-1F4 of the PLC. The controller OUT in range of 4-20 mA is sent
from an analog output module modcled 1769-OF4 of the PLC to the power regulator
(TY-22) modeled Sangi SCR-1A030. The power supply values of the 1300w heater are 0
and 220 Vac/50 Hz when receiving the 4 mA (*Off”) and 20 mA (*On’), respectively. In
addition, electrical power consumed by the heater is measured in watt-hour (Wh) by us-
ing a power meter modeled PowerLogic PM5300, which employs the current transformer
modeled METSECT5CC004 as a current, sensing element. The power meter output is sent
to the Modbus RTU module modeled MVIGIL-MBS of the PLC to monitor the amount
of heater power consumption. Figures 5 and 6 illustrate the flowcharts for PLC ladder di-
agram programming by using Studio 5000 software to operate the automatic temperature
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FIGURE 4. Overall architecture of the implemented temperature control
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Fraure 5. Flowchart for PLC programming when using the on-off control action

control based on the concepts in Figures 2(a) and 3(a), respectively. The default value
of the controller OUT is sct to be ‘On’, and the time period for experiment (Z..) is set
to be 30 min. From Figure 5, the PLC ladder diagram created for temperature control
based on the traditional on-off action will set the OUT to be ‘Off" in case of ‘PV = SP’
or ‘PV > SP’. From Figure 6, the PLC ladder diagram created for temperature control
based on the proposed on-off intelligent function to reduce energy consumption will set
the OUT to be ‘On’ in case of ‘“mpg < mpy" only. On the contrary, the OUT will be ‘Off’
in case of ‘mpg = mpv’ or ‘mps > mpv’. Figures 7(a) and 7(b) show the partial IEC
61131-3-based ladder diagrams in accordance with operating processes in the flowcharts
of Figures 5 and 6, respectively, in the ‘Run’ mode.
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FI1GURE 6. Flowchart for PLC programming when using the on-off intelli-
gent function

4. Experimental Test Results. A step test of the implemented control system of Fig-
ure 4 in open-loop scheme was performed to determine its thermal time constant (7),
which is approximately equal to 625 s (for SP = 80°C) or 749 s (for SP = 90°C) when
setting PV, = 25°C. Therefore, the slopes mpy = 0.09591°C/s and mpy = 0.08914°C/s
for the desired SP of 80°C and 90°C, respectively, can be obtained. For experimental test
setup, £, = 30 min, At = 1's, and t., = 30 min were chosen. Figures 8(a) and 8(b) show
the experimental results of the implemented PLC-based temperature control by utilizing
the traditional on-off algorithm and the proposed on-oft intelligent function, respectively,
in case of SP = 80%. It is seen that the measured PV curves of both Figures 8(a) and
8(b) are similar, but the on-off switching frequency of the controller OUT in Figure 8(b)
during 0 < ¢ < 7 is higher than that of the controller OUT in Figure 8(a). To demon-
strate how the proposed on-off intelligent function can save electrical energy, the tests
of the intelligent function-based temperature control were repeated 5 times in the same
conditions for SP. = 80% and SP = 90%. The calculated values of power consumption
from experiments when setting SP = 80% and SP = 90% are summarized in Tables 1 and
2, respectively, where Ppyo and Pggy arc the powers consumed by the heater from using
the basic on-off control algorithm in the cvent of SP = 80% and SP = 90%, respectively.
The Prsgr and Prog, denote the powers consumed by the heater from using the proposed
on-off intelligent function in the event of SP = 80% and SP = 90%, respectively, and %
(=1,2,3,4,5) is the experiment numher. The average powers consumed by the heater in
case of using the proposed function are less than the powers consumed by the heater in
casc of using the traditional on-off control action. It is apparent that the proposcd on-oft
intelligent function can minimize the electrical power for the studied temperature control
by 4.57%-6.65%.
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Fioure 7. Partial ladder diagrams created for operating the studied tem-
perature control
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FIGURE 8. Responses of the implemented temperature control for SP = 80%
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TABLE 1. Power consumed by the heater for controlling the temperature
at SP = 80%

Power Difference power
Control algorithm —— Value P TRAER Value Value
7| (kWh) - (kWh) (%)
Traditional action Prao 341 Preo-Ppso 0 0
PI&[]I 323 PBS()_PTSUI 18 5278
PTH[]Z 318 PRR()'PTSUE 23 6744
- P]S[]Ji 333 PT‘}H()'PH‘QUH 8 2346
Proposed function i 320 Sl o, 19 3519
Plgg;, 324 PBSO'PISO-'S 17 4.985
Plitme 3254 | Puao-Prsompe 166 | 45744

TABLE 2. Power consumced by the heater for controlling the temperature
at SP = 90%

Power Difference power
Control algorithm Y/ falue RedaTer Value Value
A (kWh) - (kWh) (%)
Traditional action Pgog 412 Ppoo-Proo 0 0
Pioo1 375 Pgoo-Ploot 37 8.981
Prooa 393 Ppoo-Proge 19 4.612
) Proos 381 Proo-Proos 31 7.524
Proposed function . 380 PrionProos 35 5760
PT!J[].') 390 PREJ()'PTSIUE) 22 5339
Plofve 384.6 \ | Proo-Pisoavg | 204 C| 6.6504

5. Conclusions. An effective concept of on-off intelligent function to minimize electrical
power consumption of temperature control based on electric heating has been presented.
In order for demonstration of how the proposed concept works, engineering details for
implementing the PLC-based temperature control have heen described. Experimental test
results of the implemented temperature control to compare the proposed on-off intelligent
function with the traditional on-off control action have been demonstrated. Utilization
of the proposed intelligent function in PID-based control systems to reduce their energy
consumption is future work.
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