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a d a a U W o VY
Nﬂﬂ]ﬁ‘nﬂﬂﬂ‘ﬂ‘v\n‘ﬂu!ﬂf’]ﬁsllﬂ\‘lﬂ]5%‘]41’11&IJ’JEI’J?iﬂT]q.!!‘lNﬂiﬂﬂ?ﬁ]ﬁiﬂﬂ?ﬂ?ﬂﬂﬂ!!ﬂﬂmﬂ

M15199 4.1 mInageuiiuIumaeuiEuAY (dmSuainiuguuuud lo)

A 2 4 2 4 2 4 2 4 2 4 4
4 AN 1 ATIN 2 ATIN 3 ATIN 4 ATIN 5 AUNDY
AMNNATDL
Sumee G iRty 10 Aoy
mw 0.0034 0.0034 0.0033 0.0075 0.0029 0.0041
SumaouEuR Y 20 Maol
mw 0.0036 0.0038 0.0034 0.0037 0.0039 0.00368
SumaouEud N 30 Mau
MW 0.0036 0.0035 0.0033 0.0036 0.0034 0.00348
SumaeuE RNy 40 Aoy
MW 0.0029 0.0034 0.0033 0.0055 0.0036 0.00374
SnuRmeuiENd TR 50 MAey
10/4 mw amw mw mw mw mw
Sumae UG IR 60 Ao
MW MW mw aMw mw MW mw
A15190 .2 MINATOUTIUILFIABTTOUTI (@ m5umnuauuuuiilo)
adai Y 4 1ok 2 4 2 4 2 4 o
4 ATIN 1 ATIn 2 ATIN 3 ATIN 4 ATIN 5 AUNDY
AMNNATDU
NUIUMABUTOVIUMAY 10 A
MW 0.0080 0.0030 0.0033 0.0029 0.0065 0.00474
NUIUMABUTOVIUMAY 20 FADY
mw 0.0038 0.0036 0.0030 0.0030 0.0041 0.0035
NUIUMABUTOVIUMAY 30 A
mw 0.0033 0.0036 0.0042 0.0029 0.0033 0.00346
NUIUMABUTOVIUMAY 40 FA
M w 0.0043 0.0055 0.0080 0.0033 0.0030 0.00482
NUIUANBUIOUNIUMNY 50 MADLY
mw 0.0028 0.0036 0.0031 0.0029 0.0031 0.0031
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FJ

ATIN v 4 4 Y Y 4 4
y ATIN 1 ATIN 2 ATIN 3 ATIN 4 ATIN 5 AnaY
AMNNATDL
UIUMADUIDUTIUNINY 60 FIRDL
MW 0.0028 0.0034 0.0041 0.0031 0.0029 0.00326
M350 0.3 MInageumsalizuAu (dwsudnuquuuyiile)
A3l 2 4 2 4 2 4 2 4 Y 4 o
L Ay 1 A7aN 2 A3an 3 ATIN 4 ATIN 5 ARDY
AMNNAADL
AsanGuRumY 1
MW 0.0041 0.0030 0.0049 0.0028 0.0031 0.00358
TG uR UMY 2
mw 0.0059 0.0052 0.0030 0.0036 0.0039 0.00432
MIANG VALY 3
mw 0.0029 0.0034 0.0035 0.0033 0.0035 0.00332
etz uRYAY 4
mw 0.0038 0.0031 0.0035 0.0045 0.0035 0.00368
' o Aaa ¥ 1o
MIANBNAMMNY 5
mw 0.0029 0.0041 0.0029 0.0030 0.0032 0.00322
MIAVF VAU 6
mw 0.0033 0.038 0.030 0.0029 0.0032 0.00324
M15199 1.4 manaaeualivaasall (dmiuanruguuui o)
A3 2 4 2 4 2 4 2 Y o
L A799 1 AT 2 ATIN 3 AFIN 4 ATIN 5 ARDY
AMNNAal
AalsuaasalmIny 1.1
mw 0.0031 0.0033 0.0041 0.0035 0.0028 0.00336
amalsuaasalmIny 1.2
mw 0.0042 0.0038 0.0028 0.0033 0.0030 0.00342
malSuaasaimnu 1.3
mw 0.0035 0.0028 0.0033 0.0029 0.0034 0.00318

td' 1 [ v A o cu % = 1
AN V.4 MInadeumlTuaaial (ﬁWWiU@I’Jﬂ’JUﬂﬂJL!UUWulfJ) (919)
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Al 2 4 2 4 2 4 2 4 2 4 4
. AT9N 1 A39N 2 A399 3 A9N 4 AN 5 AUNQY
MANATOL
malivaasaimn 1.4
mw 0.0028 0.0033 0.0035 0.0030 0.0030 0.00338
malsvaasaimny 1.5
mw 0.0032 0.0031 0.0029 0.0030 0.0035 0.00334
MalsvaasaNmNY 1.6
MW 0.0035 0.0030 0.0028 0.0030 0.0033 0.0032

a 4 [ a a v o ¥ v
VINMINATOUNITINADT VDI ANDS NUMTAUNIUUMYFIUSUAIMInuad1sdn §Ie

Y o A 9 a 4 o AR o 1 = Y v dy
ldhmsidenldmatimesvesdanesnuainan seagyldail
~ A A [ o Y1 o ~ o o A v

- 919915199 ¥.1 Wefiasanana w dunalanar w luasaisiuiudiaauiEudu 50
° A Y A =< A Yo ° A v 1o °
Meol UAmTpeNga 3uaen 1FTIUIUMADVIFTUALINNY 50 Ao

- Tuhueafeny @159 .2 wua1 w lunsainMsnaae UL T VG950
o Ay d' ® A Yo o Y 1w o
Meoy UAeeNga 3uaen 1FT1UIUMADUTOLTINMAY 50 AInDL

- Tuhuea@endy 15190 4.3 wuna w lunsainsnaaouasaANTUAUMINY 5 Ja
Ay A =S A Y1 v A g 1w
uanfesnga dudon s sANEUAWMIND 5

- TushusaReInu 9151990 ¥.4 nu1a w lunsamsnageumdsuaasalminy 1.3 3

Y =

1 =KX A Y1 @ v A 1w
amvesnaa 3u@enlsalsuaasaimny 1.3

q

a d a 4 Y
Naﬂ1§ﬂﬂﬂﬂﬂw1‘513~l!ﬂﬂisllf’Nﬂ]5?;’]!‘]41'11g‘IJ'JEl'J?iﬂ]‘if’a]j‘l!?n!!ﬂﬂﬂ1§!ﬂ§§)uﬁﬁll@ﬁﬂ’cjNfz)‘léﬂ]ﬂ

fmdudmnuauuunle

A15199 1.5 HanmInadeUTIUINEYNA (11 TUAINIDANLLUN To)

ST ki | ebin | edils | ehiila | ekl | duedo
AMNnagol
NUIUDYNIANMINY 10
mw 0.0032 0.0046 0.0052 0.0052 0.0031 0.00426
IUIUDYMANINY 20
mw 0.0030 0.0032 0.0036 0.0043 0.0034 0.00350
IUIUDYMANIAY 30
M w 0.0030 0.0032 0.0032 0.0034 0.0039 | 0.00334

M5199 1.5 mamsnadouTiveyma (drusudnuauuuuiile) (de)
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Al 2 4 2 4 2 4 2 2 4 4
. A39N 1 AN 2 | A3 | A4 | A5 | Aunde
MANATDL
UIHBYMAIMIAY 40
mw 0.0031 0.0033 0.0031 0.0033 0.0033 0.00322
NUIUDYNIANINY 50
amw 0.0034 0.0033 0.0031 0.0032 0.0032 | 0.00324
NUIUDYNIANINY 60
amw 0.0033 0.0032 0.0036 0.0031 0.0030 | 0.00324
13197 1.6 wamINATeUAIAIRAIIIS LY C, (@m3uAnILAuUULT lo)
Al 2 4 2 4 2 4 2 4 2 4 4
y A5 1 ATIN2 | A3 | AIeN4 | A5 | Aunde
MANATDL
i C, 1A 0.25
amw 0.0032 0.0033 0.0031 0.0033 0.0039 | 0.00336
A C, 1A 0.50
mw 0.0031 0.0036 0.0031 0.0031 0.0031 0.00320
m C, iy 0.75
mw 0.0032 0.0031 0.0032 0.0033 0.0030 | 0.00316
A1 C, 101 1.00
mw 0.0031 0.0036 0.0031 0.0036 0.0032 | 0.00332
A C, 1m1n 0.25
mw 0.0031 0.0030 0.0034 0.0034 0.031 0.00320
A C, A 1.50
mw 0.0035 0.0031 0.0034 0.0034 0.0040 | 0.00348
i C, 1mnu 1.75
M w 0.0031 0.0034 0.0033 0.0034 0.0031 0.00326
i C, 1w 2.00
M w 0.0030 0.0030 0.0032 0.0034 0.0033 0.00318

M15190 0.7 namsnageumasianuswuy C, (dmiudniuguuuyiile)
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A 2 4 2 4 2 4 2 2 4 4
. AN 1 AN 2 A399 3 A9 4 A39N 5 AUNQY
MANAaol
m C, 1M 0.25
MW 0.0033 0.0031 0.0030 0.0033 0.0030 0.00314
1 C, 1A 0.50
MW 0.0031 0.0038 0.0033 0.0032 0.0031 0.00330
i C, A 0.75
MW 0.0030 0.0030 0.0034 0.0035 0.0032 0.00322
A C, 1A 1.00
MW 0.0031 0.0034 0.0033 0.0034 0.0031 0.00326
A C, A 1.25
M w 0.0033 0.0031 0.0030 0.0033 0.0030 0.00314
i C, 1nv 1.50
aw 0.0038 0.0034 0.0032 0.0040 0.0038 0.00364
i C, Wi 1.75
M w 0.0038 0.0032 0.0035 0.0034 0.0033 0.00344
i C, i 2.00
aw 0.0033 0.0037 0.0032 0.0032 0.0032 0.00332
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HINTU Cp MNY 0.75 UM W Usanga aen lFAInINaNUs LYY Cp MmNy 0.75

- Juhuea@enu 151990 4.7 wuna w7 lunsaimsnaaeuaInInANIT I C,
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a d a a U W o VY
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alands
A15197 .8 MINATOUTIUIUAAB VISR Fusumauguuun Tnuadaladag)
Al 2 4 2 4 2 4 2 4 2 4 o
4 AgaIN 1 ATIN 2 ATIN 3 ATIN 4 AgIN 5 AUNY
mnnaaol
SumaeuEumuiy 10 faey
mw 0.000252 | 0.000251 | 0.000252 | 0.000274 | 0.000253 | 0.0002564
SumaouEuR N 20 Maol
mw 0.00026 0.000252 0.000258 0.000256 0.000258 | 0.0002568
SufmaouEud N 30 Mal
mw 0.000253 0.000254 0.000254 0.000255 0.000252 | 0.0002536
SuumAs UG NALIINY 40 Ao
mw 0.000255 | 0.000256 | 0.000252 | 0.000252 | 0.000251 | 0.0002532
SnnuRneuBNA IR 50 MAey
mw 0.000251 0.000252 0.000251 0.000253 0.000251 | 0.0002516
SuMaouEUR WA 60 Aaol
mw 0.000251 | 0.000252 | 0.000252 | 0.000253 | 0.000251 | 0.0002518
A15197 4.9 MINATOUTIUILAABTTOUTI Fusudniuquuuy Tnuealadaq)
adai 2 4 2 4 2 4 2 4 2 4 o
4 ATIN 1 ATIN 2 ATIN 3 ATIN 4 AIN 5 AuRaY
manaaol
NUINMABUTOVIIUMAY 10 fAdY
mw 0.000262 | 0.000251 | 0.000253 | 0.000257 | 0.000256 | 0.0002558
NUIUMABUTOVIUMAY 20 FADY
mw 0.000258 0.000256 0.000253 0.000253 0.000253 | 0.0002546
NUIUMABUTOVIUMAY 30 A
mw 0.000253 0.000254 0.00026 0.000251 0.000253 | 0.0002542
NUIUMABUTOVIUMAY 40 A
mw 0.000255 | 0.000254 | 0.000254 | 0.000253 | 0.000252 | 0.0002536
NUIUANBUIOUNIUMNY 50 MADY
mw 0.000251 0.000253 0.000251 0.000252 0.000252 | 0.0002518
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FJ

N ki | ez | oabits | oabita | eiits | sumds
ANNadod
NUIUMABUTOVIUMAY 60 AL
mw 0.000252 0.000252 0.000253 0.000253 0.000251 0.0002522
a3 v.10 mManageuasaitudy (dmsudnuguuuy Tnuaalasa)
afai 2 4 2 4 2 4 2 4 2 4 o
. AN 1 A5 2 A59N 3 A5 4 AIN 5 ANy
ANnagel
M3AT G R 1
mw 0.000257 0.000253 0.000255 0.000251 0.000253 | 0.0002538
MATE R 2
aw 0.000254 | 0.000251 | 0.000253 | 0.000253 | 0.000253 | 0.0002528
m3aliEud iy 3
aw 0.000252 | 0.000254 | 0.000253 | 0.000253 | 0.000253 | 0.000253
AMSATIGUAUIAY 4
mw 0.000254 0.000252 0.000251 0.000253 0.000252 | 0.0002524
M¥ediGadmi 5
aw 0.000251 | 0.000252 | 0.000252 | 0.000253 | 0.000251 | 0.0002518
M3aNEuR Y 6
mw 0.000253 0.000253 0.000251 0.000253 0.000251 0.0002522
a3 v.11 managevafuansail (dmsusmuauuuyTnuad ladas)
A 2 4 2 4 2 4 2 4 2 4 o
y A9 1 A5IN 2 A59N 3 AIN 4 ASIN 5 ANNY
ANNaded
malsvaasalimny 1.1
mw 0.000253 0.000253 0.000254 0.000253 0.000253 | 0.0002532
malsvaasaiumN 1.2
mw 0.000255 0.000254 0.000251 0.000253 0.000253 | 0.0002532
malsvaasaimnu 1.3
aw 0.000252 | 0.000254 | 0.000253 | 0.000253 | 0.000253 | 0.000253




111

A 1 [ v A ) [ Ia 1
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FJ

N | akdn | akido | ebidts | afidia | abids | duede
ANNATOY
malSuaasatitmiu 1.4
mw 0.000251 0.000251 0.000253 0.000251 0.000252 | 0.0002516
malsvaasaimINy 1.5
aw 0.000252 | 0.000253 | 0.000251 | 0.000251 | 0.000252 | 0.0002518
MalsvaasANmNY 1.6
mw 0.000253 | 0.000252 | 0.000252 | 0.000253 | 0.000251 | 0.0002522
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- Tuhuea@ennu @15190 1.9 wunal w7 lunsaimsnaasus UL IO UT1950
o S 19 ~ =K A Yo o £ ' [
Maou NAdeenga 3uaen 14T 1uIUMAUTOUTINNINY 50 AADL
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- Tushueuaedny @15199 v.11 wuna w luasaimsnageumlsuaasaliminy 1.4 3

Y =

1 =KX A Y1 o v A 1w
Mivenga v@enl¥musuaasaimny 1.4
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A15190 V.12 Han1INaaaUNUIUDYNIA (ﬁ”lﬁiﬂ@]’m’J‘]JﬂiJLHJTJT‘VilIﬂﬁllﬂﬂﬂﬂ)

T ki | akdo | ekl | ekfle | afids | dusde
MANATD
NUIUDYNIANINY 10
amw 0.000257 | 0.000254 | 0.000251 | 0.000255 | 0.000252 | 0.0002538
NUIUDYNIANINDY 20
amw 0.000253 | 0.000253 | 0.000255 | 0.000252 | 0.000253 | 0.0002532
TUIUDYMANINY 30
mw 0.000254 0.000253 0.000253 0.000252 0.000253 0.000253
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FJ

T kit | akdte | ek | ehie | afids | dunde
AMNNAAD1]
TIUIUDYMANINY 40
mw 0.000252 | 0.000253 0.000253 0.000253 0.000251 | 0.0002524
UINBYMAMIAY 50
amw 0.000251 | 0.000253 | 0.000253 | 0.000252 | 0.000252 | 0.0002522
NUIUDYNIANINY 60
mw 0.000253 0.000253 0.000252 | 0.000253 0.000252 | 0.0002526

1 ' 1 1 ) v W Ja
A15199 V.13 HANSNAFGOUAININAIINT ULV Cp (?HWTUﬁ?ﬂ?ﬂﬂullﬂﬂjﬁuﬂﬁqaﬂﬂQ)

FJ

e 2 4 2 4 2 4 2 4 2 4 o
L A9 1 A9N 2 A399 3 ASIN 4 AN 5 ANaY
MANAToL
A C, 1M 0.25
mw 0.000253 | 0.000253 | 0.000253 | 0.000254 | 0.000252 | 0.000253
M C, 1AL 0.50
mw 0.000253 | 0.000253 | 0.000252 | 0.000253 | 0.000253 | 0.0002528
m C, 1t 0.75
mw 0.000253 | 0.000253 | 0.000251 | 0.000251 | 0.000251 | 0.0002518
A C, 1A 1.00
mw 0.000252 | 0.000253 | 0.000252 | 0.000253 | 0.000251 | 0.0002522
i C, A 1.25
mw 0.000252 | 0.000251 | 0.000253 | 0.000253 | 0.000252 | 0.0002522
i C, 1A 1.50
mw 0.000254 | 0.000252 | 0.000253 | 0.000253 | 0.000253 | 0.000253
i C, 1mnu 1.75
mw 0.000252 0.000255 0.000253 0.000253 0.000253 | 0.0002532
i C, 1w 2.00
mw 0.000251 0.000253 0.000253 0.000253 0.000253 | 0.0002526




113

{ 1 { J ) [ Ja
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FJ

T | akdn | akido | ebidts | afidia | abds | duede
MANAAoL
m C, 1M 0.25
mw 0.000251 0.000252 0.000251 0.000252 0.000251 0.0002514
1 C, 117 0.50
mw 0.000253 | 0.000251 | 0.000253 | 0.000253 | 0.000252 | 0.0002524
A C, A 0.75
mw 0.000251 | 0.000251 | 0.000252 | 0.000252 | 0.000252 | 0.0002516
A C, 1A 1.00
mw 0.000253 | 0.000254 | 0.000253 | 0.000252 | 0.000254 | 0.0002532
A1 C, A 1.25
mw 0.000251 | 0.000252 | 0.000251 | 0.000252 | 0.000253 | 0.0002518
i C, 1w 1.50
mw 0.000254 | 0.000253 | 0.000253 | 0.000253 | 0.000253 | 0.0002532
i C, 1mnw 1.75
mw 0.000252 0.000252 0.000254 0.000253 0.000253 | 0.0002528
i C, 1A 2.00
1w 0.000253 0.000251 0.000253 0.000253 0.000253 | 0.0002526

a I'4 [ a 4 { 1 g’z
NNINATOUNITADSUDIBANDINUMTAUNIDUMTADOUNVBINGUOUNIANINNA
Y Y gmnw Yo A D) a P o AR o & Yo A
A19@u §a9e lavhmaidenldmsilinesvesdanei iuainan Feagilaaedl
- 910915190 .12 tefasaninal w duna'lddar w lunsainisnagausiuiu
& A o 1w s 9 ~ 2K A 9o (Y o
PUNIA FINTANUIUOUYMAMIND 50 WA W osNga 3uaon 1F91UIUOUMAMINY 50 AMADL
- Juueu@edny 15199 1.13 WU W lunsain1snaaeuaInInnINE UL C,
= =~ 1 A Y A 2 A Y1 ~ 1 1 o
gansal C, Wiy 0.75 UM w Hesiga Jaudenldminsnanuswyy C, Ay 0.75
- TumueuRennu @151990 ¥.14 wuna w lunsainmsnagounIAINAIUIS LY C,

é IS ! v ISl 9 ti' = = 91 td' J ! v
PINT U Cg MNUY 0.25 UM W UBINga vmenlgmasnanusauy Cg MmNy 0.25



MANUIN A

Y a a d
Tilsunsumsesnuuualnuguuuunladlgdsmsmafyaniszavg

a9
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sk sk sk sk sk sk s sk sk sk s sk s s e e e e e e e e e e e e e s sk e sk s s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok

a.1 Tsunsumseenuuudiniuauii ledre3smsuuuaiy

Tagureaisa sagnasusny @113x13enssu ih v InendomaTuladgsuts w.e. 2554

st sk sk sk sk sk sk sk sk sk s e s e e e e e e e e e e e e e e e sk e sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok

Tisunsy ATS.m

N=4;

xlimit = [0.1347 73.5 16 200000;
0.0027 3.375 1.6 2000];

for r=1:50

I Y Y

% N A9 UM ADT NADINMITAUNT

% 11029 1 Vo4 xlimit ﬁi’] ﬂJﬂULﬂJ@]‘]JU“U?NW"Ii”IﬁL@]@%

% 11029 2 V0 xlimit A0 VOUUNANVDINITIADT

S(r,))=((xlimit(1,:)-x1imit(2,:)).*rand(1,N))-+xlimit(2,:);

End

a Jd ()
VDI WITWABDIUADSAINIUIU 50 >R

for k=1:size(S,1)

% guAnoUEUAUNE IUVBUIUATDINITAUN

g=design1(S(k,1),S(k,2),S(k,3),S(k.4));

costvalue(k,1)=g;
end

[best_error,index]=min(costvalue);

S0=S(index,:);

Youiigal3lu so
max_count=round;
best_neighbor=S0;

fanfeuiiga
neighbor_list=zeros(6,N);
radius=>5;

Number neighb=50;

overall best_error=best_error;
overall neighbor=best neighbor;

n=0;

a o 2 Jdo o 4
% 1sziinmnouiEuduaeienTuinglsaed
' o o Iy A
% malanguInglsasaniosngalu costvalue
[
waziny 1314 best_error

a3 ' a I o 9 Jdo v 4
% uAWTImeT NI laansuingiseaea

% MruadIuseugegalumsdun

<3 1 ) sA o Y Jo o J
% Lﬂ‘]_lﬂTW1511]!@]@5%%11Wﬂ1ﬁﬂﬂ°§u?@]fr]ﬂ5$ﬁﬂﬂ

% 3LTAAT I neighbor_list
o = Y = Y
% MAUATANUNITAUHUTUAU
o 1 ] Y A
% mwuﬂmiqmﬂﬂamm
% U3uan overall_best_error = best_error
% U3uan overall_neighbor = best_neighbor

Y
2 Y I3 o

% MUUAAUTUAUUDITIUIUNMTHIVOIAADL

A

% MUUAAIRUADUF NI local

% MUUAAIAAADUTIMTY tabu_list
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ttt=0;

count=0;
n_backtracking=0;

iAutiausas
tic;

% GuTUs1ATU ATS
t=t+1;
tt=tt+1;
ttt=ttt+1;
local(t,1)=count;
local(t,2:5)=best_neighbor;
local(t,6)=best_error;
tabu_list(tt,1)=count;
tabu_list(tt,2:5)=best neighbor;
UYD4 tabu_list
tabu_list(tt,6)=best_error;
best_error_list(ttt,1)=count;
best_error_list(ttt,2:5)=best_neighbor;
YDV best_error_list
best_error_list(ttt,6)=best_error;
best error_list

for count=1:max_count

S1=random_neigh(Number_neighb,radius,xlimit,S0);

[best_errorl,best neighborl,best error,best neighbor]=objectivel(S1,best_error,S0);

v A

% MUUANIANADUTINTU best_error_list

2 Y I3 Y

% MUUAAUTUAUUDITIUIUTOUMTAUN

% MrUAATuAUVDITIIUMTFTonldna lnng
A 9 o v
% sudumuIuna lunsdum

% YSuumAaeud 115y local

% YT UNUAIAUROUFIMTY tabu_List

% YFUnuma1aoud M5y best_error list
< 1 v oA

% NUAT count 13 Tuneduin 1 o4 local
< 1 . o da =3

% INUA best_neighbor 13 1uADaNIT 2 B4 22 Y04 local
<3 1 o oA

% NUA1 best_error 13lunednin 23 veq local
] J o oA .

% AUA1 count 13 1HADANIN 1 veq tabu_list

2 . v A =
% INUAT best_neighbor 13 1uABSNIIN 2 D14 22

< J v oA .
% INVAT best_error 1$unediniy 23 ves tabu_list

<3 1 o oA .
% IAUAT count 13 1UABANIN 1 ¥D4 best_error list

< 1 . o A =2
% VAT best neighbor 13 1uABSNIIN 2 D14 22

< ! v Ia
% INUAM best_error 1Aunednin 23 ves

% i5on 191151051 random_neigh tiegualndifes
soumaey S0 melufsgimsdumiagiv
a dyéi . .
% BHWG]ﬂJBQTﬂSLLﬂﬁJuﬂ@ Number neighb, radius,
xlimit L8 SO
4 A ' Y A ' o o
% 1ID1ANA AD AT INAIALI (S1) IMAVTIUIU

Number neighb

% i58n1911)51n5% objectivel tios2iiiumm
Tndinseangu'la

q
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% ounAved 1sunsuiiAe SI, best_error LAz SO
o
% LE)WI‘V!GIﬁ@ best_errorl, best neighborl, best_error

I best_neighbor

neighbor_list(k,1:size(S0,2))=[best neighborl];

S A s o 1 o o o,
% inummimes N Idmansuiagiseaenll
antosngamelulSginmsaumiogiulilu

o P
ADAUUN 1 1A 2 Yo neighbor list

neighbor_list(k,size(S0,2)+1)=best_errorl;

if (count>1)

if (tabu_list(count,6)>best_error)
n=n+1;

else

n=0;

end

end

tt=tt+1;

tabu_list(tt,1)=count;
tabu_list(tt,2:5)=best neighborl;
UYB4 tabu_list
tabu_list(tt,6)=best errorl;

ttt= ttt+1;
best_error_list(ttt,1)=count;

best_error_list(ttt,2:5)=best_neighbor;

YDV best_error_list

best_error_list(ttt,6)=best_error;

' '
@ s 1 Y =

< 1 Jd v
% Lﬂ‘]_lﬂ"lﬂﬂﬂ“ﬁu?ﬁﬂﬂﬁxﬁﬂﬂ‘ﬂuﬂ]u@El‘ﬂq@

Q

% molulfSgimsaundagiiu 13 lunedinii 3

VDN neighbor _list

Y

% A59dUMIF1vemnoL Iaemsiseumay

' 2
5291714 best_error! 1% best_error S14N15H1UD4
o Y (v A 1
fneu 1Wlsumua n
% YSUNNAIA RO UAIMTD tabu_list

<3 ' o oA .

% 1NUAN count 131UABENIITN 1 Y04 tabu_list

a3 1 . o oA
% INUAN best_neighbor! 13luneduiin 2 945

< J o da .
% UM best_errorl Puneduiin 6 ves tabu_list
% YT UNUAIAUAOUFINTD best_error list

<3 1 o Ia .
% 1AUA1 count 13 luneduiin 1 ves best_error_list

1< 1 o {
% INUAN best_neighbor 131unodunif 2 545

<3 1 o A .
% INUM best_error Funeduin 6 ves best error_list
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disp([count tabu_list(count,6) best_error n n_backtracking ])

if best_error<=0.5&& radius>1e-3
radius=radius/1.3;

end

if best_error<=0.05&& radius>1e-3
radius=radius/1.3;

end

if best_error<=0.01&& radius>1e-3
radius=radius/1.3;

end

if best_error<=0.008& & radius>1e-3
radius=radius/1.3;

end

if (best_error<0.0001)
t=t+1;

tt=tt+1;

% LEAAIA count, tabu_list(count,6), best_error, n
I8¢ n_backtracking

% 1Isuna lnmsisSuansai

A A Y 9 o o
% Nf]ull(’llcn o best_error UYINIUNINY 0.5

TimsiSuaasai

% [ou'lui 2) 81 best_error 10EAIUNIND 0.05

ImmsiSuansan

% [9ou'lui 3) 81 best_error 108NN 0.01

TvimsiSuansai

A = Y ) oo
% (90U lui 4) 91 best_error HBINIUNINY 0.008

Tvimsdsuaasan

Jd A Y A

% ATIVFAOUVINUNYANITAUN LUD best_error < 0.0001

% USunuAa A UF MU local

% YSUnuMAIaeUd M5 tabu_list

disp([count best_error overall best_error])

local(t,1) = count;

local(t,2) = tabu_list(count,2);

local(t,3) = tabu_list(count,3);

local(t,4) = tabu_list(count,4);

% LIEAIA count, best_error L& overall best error

< 1 o Ia

% 1AUA count 13 TuABdNIN 1 ¥4 local
< 1 o I

% NUA1 tabu_list Y9INBAUN 2 Yocount 131u
v da

ABANUN 2 VBN local
<3 1 o oA

% INUA tabu_list Y9IADAN 3 Yodcount 131u
v da

ABANUN 3 VBN local

] 1 @ {
% INUA tabu_list Y9IABA NN 4 voscount 131u
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local(t,5) = tabu_list(count,5);

local(t,6) = tabu_list(count,6);

break;

end

if n>=100

n_backtracking=n_backtracking+1; % A n_backtracking

TEMP=tabu_list(count-3:count+1,:);

[MAX,INDEX] = max(TEMP(:,6));

RANK(S5,:) = TEMP(INDEX,:);

TEMP(INDEX,6)=0;

[MAX,INDEX] = max(TEMP(:,6));

RANK(4,:) = TEMP(INDEX,:);

o oA

ADANIITN 4 V94 local
< 1 v A

% INVAN tabu_list Y94ADANNN 5 YoIcount 131U
o oA

ABANN 5 V94 local
< 1 v oA

% INVAN tabu_list Y94ADANIN 6 Yodcount 131U
o oA

ABANITN 6 V94 local

% gANIAUN

% Isuna lnmMsaudousoe

Y 1 QJ
% tgﬁmmumammmm@aummu 100

v o w 1 d o @ 4
% IAE1AY rank VOIMWINFUINQUszaen uay
] a 4 Y [ = = 9 9
AN INe0s 5 yagatenoulimsisenldna lndousos

Y
NITAUNI
< 1 J v % 4

% TEMP gnuamianyuingissasn uay

1 a J ' o v o w
AINITINLABT 5 “Ij@’ejﬂﬁlmﬂﬂuﬂWﬂﬁi]ﬂa1ﬂU

1 Jdou o J o w A 1
% mmlanguinglseaengaga uazanunvesm
Jdo o 4
Wanduingilszaengaga
2 % 1 =

° o w P
% daaraualanFuiagilscasAniaigega  uas

1 a N YI o w A
ﬂ’lW’lﬁWﬂJL@lﬂﬁVl’Jlﬂua'lﬂUﬂ 5 Glu RANK

' Jo o s
% unuanlanFuingissaaaniagagalu TEMP
Y 4
ABAUY

dy A 1 Jo 4
% Yz 11 TEMP azmaaianduingilizasa

=) 1
NG 4 AN

1 Jo o s o o A '
% W1ﬂ1ﬁ\1ﬂ%“]ﬁf}ﬂ5$ﬁ\19qqq@ Haga1nNUNUBIA

o o
Wanduingszasdgega

I 1

¥ o w 1 Jo o 1
% IaaauAanguIngssasaniiaigaga azan

'
o v A

W”Iﬁﬁ@]i’]gll’i']djuﬂ”lﬂﬂﬂ 4 Tu RANK
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TEMP(INDEX,6)= 0;

[MAX,INDEX] = max(TEMP(:,6));

RANK(3,:) = TEMP(INDEX,:);

TEMP(INDEX,6)= 0;

[MAX,INDEX] = max(TEMP(:,6));

RANK(2,:) = TEMP(INDEX,:);

]
o v A

Wﬁ"uﬁma%"liﬁumﬂum 2 T4 RANK

TEMP(INDEX,6)= 0;

[MAX,INDEX] = max(TEMP(:,6));

RANK(1,:) = TEMP(INDEX,:);

TEMP(INDEX,6)= 0;

! g =

7o P
% unumInsuinglszasanuaigagaly TEMP

Y 4
ABAUY

It A dw s
% vzl i TEMP agimidomilanduingiszan

= 1
NP3 3 AN

' Jdo o J o o A 1
% mmﬂm“vmﬁqﬂixﬁmgqu Haza1AuUNUDIN

WanFuingilsyasdgega

@ o o 1 Ju W s 1
% ﬁlﬂaﬂlﬂ‘ﬂﬂﬂlﬂqﬂ%ujﬁflﬂjxﬁﬂﬂ‘ﬂllﬂ']qqq@ IS EAT NI

wisimes Iiluaidun 3 Tu RANK

1 v

Jd v { 1
% unualanguiagszasaniiagegalu TEMP

Y 4
ABAUY

dy A 1 Jo 4
% vzt 1y TEMP azmaomilanduingilssasn

=) 1
N9 2 AN

1 Jdou  w J o o A '
% mAnlanuIngszaengaga uazdiaunven
Wardudnguszasdgegn

v o w 1 dou W I
% ﬂﬂﬁWﬂ‘UﬂWﬂQﬂ%uﬂﬂqﬂigﬁﬂﬂﬂhﬂ1ﬁiﬁﬂ s

£ q

! v

Jd o { '
% unumlansuiagszasaniiagegalu TEMP

Y 4
ABAUY

dy A 1 Jo 4
% Yzt Iy TEMP azmaemiantduingilssan

=) 1
NG9 1 A1

1 o o J o o A '
% W1ﬂ1ﬁ\1ﬂ%“jﬁf}ﬂ5$ﬁ\1ﬂqqq@ Haga1nNUNUBIA

Jo o
Wanduingszasdgega

v o o 1 Jd o s J
% ﬁlﬂaAlﬂllﬂwﬁ\iﬂcﬁujﬁﬂﬂjxﬁﬂﬂﬂuﬂ']qqq@ LUaga

Q

]
o v A

a J I

wiiimes 1ifludaui 1 lu RANK

1 Jo v P 1
% unuamlanFuingissaaaniagagalu TEMP
Y 4
AU

¥ ] 1 o v I
% vzl TEMP a2 lifialanduingilszaed 19

o N o v A 1
ﬂ1ﬂ13%ﬂa1ﬂ‘ﬂﬂﬂﬂﬂhlﬂ
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neighbor=RANK(5,2:5);

SO=neighbor;
if best_error<overall best error
overall best_error=best_error;

overall best neighbor=best neighbor;

t=t+1;

local(t,1)=count;
local(t,2:5)=best_neighbor;
local(t,6)=best_error;

end

best_error=RANK(5,6);

else

SO=best neighbor;
best_error=best_error;

end

end

if overall best_error<best error
best_error=overall best error;

best_neighbor=overall best neighbor;

end

] . 1 A d o w {
% LNUAN neighbor ABAMTIABIAIRUNA 5 Tu

L I A s o ' o o 4
RANK Fuiluammsidimes nnlnawlsnsuiaglseasd

v
v A

1 o td' 90’ d’ Lﬂ' = o A o
uanaNINmne U INNgalofounLdn 4 d1aun
maelu RANK

% 13uA1 S0 = neighbor

Y o 1
% 91 best_error < overall_best_error TSum
overall best error Taounua overall best_error Ay
1 a 4
best_error ASLNUATNITIULADT

overall best neighbor A best neighbor

% USUNuMAIaeUE MY local
< 1 v oA
% INUAT count 13 Tuneduiin 1 ¥e4 local
< ' . o da
% INUAN best_neighbor 13 1uneduii 2 84 5 vo4 local

< 1 o oA
% INUAT best_error 13 1UABANN 6 Y8 local

] ' Jdo o J
% UNUA best_error AAINTUIAnUsEan

[

A19UN 5 11 RANK n=0;

% UNUAT SO A28 best_neighbor

% LUNUA best_error Ay best_error

Y [ 1
% 91 overall_best_error<best_error TySum best_error
Tagunum best_error fe overall best error
1 a 4
HASUNUAIWITIUADT best_neighbor

f overall best neighbor
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time=toc; % gANIMUIUNIAINTAUN

count % LLﬁﬂ\‘]‘ﬁWUﬁHﬁ@Uﬂ’lﬁﬁh?ﬂ
best_error % LIEAAIA best_error
Kpe=best_neighbor(1) % LLEAAIA Kpe

Kie=best_neighbor(2) % AR Kie

Kpd=best_neighbor(3) % LLEAAIA Kpd

Kid=best_neighbor(4) % LLEA9AT Kid

figure(1)

plot([0:1:count],best_error_list(:,6)) % Wg@@ﬂiﬁl\lizﬂ’jﬁ count N1 best_error_list
xlabel('number of cycle') % mm%mmu X ﬁJu number of cycle
ylabel('"W') % uam%mmu y T w

T/sunsu random_neigh.m
function S1 = random_neigh(Number neighb, radius, xlimit, SO)
. < J '
% T1J514n 5 random_neigh 1IluT1sunsuguan
IndiReeseumne SO
% dUNAYD4 1151N53 Ao Number neighb, radius,
xlimit 118 SO
4 A 1 Y A o 1T W
% 1919%A Av A1INAIREY ST TIUIUNINY
Number_neighb
for u=1: Number_neighb
for k = 1: size(xlimit,2)
S1(u,k) = SO(1,k)+(radius*(xlimit(1,k)-xlimit(2.k))*rand1(-1,1));
% mmsgua IndifesTaeiFon 19 11Usunsw rand1
Taglvsimsguanlugag -1 991
while ( S1(u,k)>xlimit(1,k) | S1(u,k)<xlimit(2,k) )
% mlndinsangu Idvzdosogmeluveumauunas
[ ] A d Y Y A A Y
YDA NVBIATNITIADS SenIndiResngn 1a
nANPUYBLIALUIAZ VO LA N UAlHYINS
U U Y A ]
quanlndnosln

S1(u,k) = SO(1,k)+(radius*(xlimit(1,k)-xlimit(2,k))*rand1(-1,1));
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end
end
end

return

11sun35y randl.m

function x = rand1(a,b)

x = atrand*(b-a);

return

Tisunsu objectivel.m

% navugwinldsunsuiizonldlandu

I J ] Aa 4

% T1J5unsy rand1 1WuT1sunsuguamsiimes
Tugaanmviua

a A a 4
% BUNAVDA1UTUNTY AD VD LIVALUYDINIIINDS

1 ) 14
a AZ VD UIUAA NVDINITADT b
J A v

% 101ANAV4 11351051 A HAYDINITGN
1 a A ] =
AMWISUABS TUBI a DI b

1 1 a J [ % A
% GUANITINNDS IAgo1FEANNAUNUS a rand b

[ 1 { Jd o
% navugnii TsunsufiFonlglendu

function [best_errorl, best_neighborl,best_error, best neighbor]=objectivel(S1, best_error,S0)

error = [];

for k = 1: size(S1,1)

I a 1

% Ti5unsu objectivel 1y T1sunsuaseiiiua
Indifeanguldsou so

a =
% DUNAVDI 15NN A S1, best_error LA SO

o

% L@Wﬂ/\!@]ﬁ@ best errorl, best_neighborl, best_error,
1 best_neighbor

o o [ o 1 o o 4
% A1ls error AMIVIDITVAIMINYUIAUTZ A

1 Y A Ay v '
ﬂl@ﬂﬂWﬁlﬂﬁlﬂﬂQﬂVlﬂﬁ]WﬂﬂWiqm

g = design(S1(k,1),S1(k,2),S1(k,3),S1(k,4));

error(k,1) = g;

end

% dszdualndifeslu s1 delsdduiagiszasd
TuTdsunsu design

2 o @ ' Y 2
% Lﬂ‘UﬂTVQ\r\‘]ﬂ“lfu’)@li}ﬂi&c’fﬂﬂﬂlﬂﬁﬂﬂﬂﬁtﬂﬁliﬂﬂﬁhﬂ
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[best_errorl,index] = min(error);

best neighborl = S1(index,:);

if best_errorl<best_error

best _error=best_errorl;

best_neighbor=S1(index,:);
else

best_neighbor = SO;

end

return

T/sunsu design.m

=

1 o @ oA 1
% mmansuingilszaesrntiesnga lunssaia
<3
Tndides tazinu 1311 best_errorl
< 1 a 4 1 Y A A o Y Y
% inummimesvesai lndinseny lialandu

o o 1 {
Tagulszeasnnaiosfgalilu best neighborl

% 15U best_error Nl best errorl < best_error
Tagunumm best_error A best_errorl
1 a 4
% UNUAINITINADS best neighbor @28 S1(index,:)
o A g’./ 9
% laiuriungn

% LNUAN best neighbor #18 SO

% navugwinldsunsuionldiandu

function g=designl(varl,var2,var3,var4)

Kpv_a=varl;
Kiv_a=var2;
Kpi_a = var3;

Kii_a = var4,;

R=130;
L= 15e-3;
C=150e-6;

Vi=30;

[T 1 Jd o a
% Tlsunsusuduna 4 A1 Ao WenFutaaauIsn
MNUBIAINILANLLUT |0
4 A 1 1 =
% 191aNAUed 11)3unsy Ao AMUIVBNDIANTIOUL
YDIAINIVAY

° (J 2 Jd o a
% mwusamuﬂnmﬁ’ummﬂqﬂ%uuﬁmﬁmwm‘w

o ! a 4
% muuamwsimesveldsunsy
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A=[ -(Kpi_a*Vi)/L -((Kpv_a*Kpi_a*Vi)/L)}+(1/L)) (Kiv_a*Kpi a*Vi)/L (Kii a*Vi)/L;

1/C
0
-1

B=[((Kpv_a*Kpi_a*Vi)/L);

%%%%%%%% AT INTOULADITNINVOITEUL%%%%%%%%

Hold on
figure(4)
plot(eig(A),'*")

hold off

% %%0%0%0%%%6%0%%%%0%%%%6%%0%%%6%%%%%%:% %%

sys=ss(A,B,C,D);
tstep = le-4; tend = 2;
t=0:tstep:tend;
N=length(t);
S1=15;
S2=20;
u(1)=S1;
for k=2:N
if k<N/2
u(k)=S1;
else
u(k)=S2;
end

end

I3 a J { Aa
% !,L‘U‘Umﬁﬂ\‘l‘ﬂNﬂﬂ!@lﬁ1ﬁ@liﬂl@ﬁi$Uﬂﬁﬁlﬂ\‘lﬂﬁwmﬁﬂﬂ

-1/(R*C) 0 0 ;
-1 0 0 ;
-Kpv_a Kiv a 0 1

v
a 1 =

% muuausaau T dunasan 1 wdu 15 v

q

v
a 1 =

% muuausaau T dunas1an 1 wdu 20 v

q
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[y.t]=Isim(sys,u,t);
V_out=y(;,1);

%%%%% AUIUAT overshoot VBITLUY %%%%%

PO=abs(S2-max(V out));

v
a

%%%% HNUAATNAUTIUSTUAIUINUAT rise time YVDITLUY %%%%

char=[V_out,t];
t0=((length(t))/2);
Vo_tr=9%*S2;
ts=0;

tr=0;

%%%% ANUIUA rise time VDITEUY %%%%

for i=1:size(char,1)
c=char(i,1);
if ¢ >=Vo_tr

tr=char(i,2)-1;

end

iftr~=0
break;

end

end

%%%% ATUIUA setting time VOITEUL %%%%

for i=size(char,1):-1:1
c=char(i,1);
if c <=82-1e-2 | ¢ >= S2+1e-2

ts=char(i,2)-1;

end

ifts~=0
break;

end

end

a=(1/xxx);b=(1/xxx);c=(1/xxx);

° Y . < 7 v
% 1DITDIUNTITUAY Isim Iﬂﬁllﬂﬂ!@WﬁVg@lll’Jﬂ y LA t

9% WI1TAUN rise time N 90% UYDI S2

% MUUAAIYIN error NeousD Tdvoan g

4
a o v

% Myuamdulszansdmiumsliugu

Tagan xxx Ao PO, tr, ts 71 1A91NNT step response




127

4 ) o o I
e lddmiur iy pu.
w=a*PO+b*tr+c*ts;
g=w;

(% ' { Jd o
return % naugnih TdsunsuiiFonldlendu
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ADC _ Viy <4095 (3-3)
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sk sk sk sk sk sk s sk sk sk s sk s s e e e e e e e e e e e e e s sk e sk s s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok

[

9 Y J 4
1.1 Tlsunsumsadedyana PWM aregaveialulasnouInsamos AVR

o

Tagureaisa sagnasisny @113x13enssu Iih v InendomaTuladgsuts w.e. 2554
S oo oo oo s o o
#include <avr/io.h>

int EN =11;

int duty_cycle =0;

void setup()

{

%%%%% MMUA THNAYDINITAS 19d I PWM %%%%%

pinMode(EN, OUTPUT);

TCCRI1A = (1<<COM1A1)|(1<<COMI1Al);

TCCRIA |= (1<<COMI1B1)|(1<<COM1B1);

TCCRIB = (1<<WGM13)|(0<<WGM12);

TCCRIA |= (0<<WGM11)|(0<<WGM 10);

TCCRI1B |= (0<<CS12)|(0<<CS11)|(1<<CS10);

ICR1 = 800;

OCRI1A =0;

OCRIB =0;

TCNT1=0;

}

void loop()

{

duty cycle= 66.667; % mﬁwﬂﬁauﬁi’gﬁ’ﬂﬁwﬁ’wﬁﬁﬁuﬁﬁu 66.667 %
OCRI1A =8*duty_cycle ;

H
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sk sk sk sk sk sk s sk sk sk s sk s s e e e e e e e e e e e e e s sk e sk s s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok

@ 4 4
1.2 Tdsunsumsadrednuquii ledroyavesalulasaouInsames AVR

Tagueaisa saaoatisny @13x3enssu Iih vmanendemaTuladgsuls wa. 2554

st 3k sk sk sk sk s sk sk sk sk e sk e e e e e e e e e e e e e e s s s sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok

#include <avr/io.h>

#include <avr/interrupt.h>

int EN =11;

float setpoint=0;

%%% mruamsimesvosguusaau lulih %%%
NI Noltage /1111111711111

float err_v,Upv,Uiv,Uiv_1,Upi_v;

//float kpv2=0.0027,;

//float kiv2=3.3750;

%%% mruamsimesvosgnszua lvih %%
I Carrent /171101011101117

float err_i,Upi,Uii,Uii_1,Upi_i;

//float kpi2=1.2;

//float kii2=2250;

int Upi_max=800,Upi_min=0;

%%% MNUA sampling time %%%

float Ts=0.00043; // ms

%%% MUUANUTIMTUTUTYANVIINYAATIITY %%%
int voltage sensor =1;

int current_sensor =0;

v A 9 1

%%% MYUAA T THTVTVTYYIVINYAATIVIVNAUTUAUNINY 0 %%%
int Read_Voltage=0, Read_Current=0,ii=0;
float Vo=0, IL=0;
void setup()
{
%%% mnua Ivuamsas Nudynna PWM %%%
pinMode(EN, OUTPUT);
TCCRIA = (1<<COM1A1)|(1<<COM1A1);
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TCCRIA |= (1<<COMI1B1)|(1<<COM1B1);
TCCRIB = (1<<WGM13)|(0<<WGM12);
TCCRIA |= (0<<WGM11)|(0<<WGM10);
TCCRIB |= (0<<CS12)|(0<<CS11)|(1<<CS10);
ICR1 = 800;
OCRI1A =0;
OCRIB =0;
TCNTI1=0;
H
void loop()
{
setpoint=400;
while(1)
{

Y
o 1 Y 19 [ I G
%%% Suamseau lihuaznszua llihswnalsugaliiluanse %%%

Read Voltage = analogRead(voltage sensor);

Read Current = analogRead(current_sensor);

Vo = ((((float) Read Voltage)*1211/1023)-2)*1.97,

IL = (((float) Read Current)*6170/1023);

%%% 1ingguusaa IWihwesinruguuunitle %%%

err_v=(setpoint-V2)/10;
Upv=kpv2*err v;
Uiv=kiv2*Ts*err_v+Uiv_1;
Upi_v=Upv+Uiyv;

if (Upi_v >= Upi_max)

{

Upi_v=Upi_max;

H

else if (Upi_v <=Upi_min)

{

Upi_v=Upi_min;

H
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%%% 1hgginszua Iifhvesinruguuuuiile %%%
err_i=Upi_v-(12)/1000;
Upi=kpi2*err i;
Uii=kii2*Ts*err_i+Uii_1;
Upi_i=Upi+Uii; // PI value
if (Upi_i >=Upi_max)
{
Upi_i=Upi_max;
H
else if (Upi_i <=Upi_min)
{
Upi_i=Upi_min;
H
%% dam PWM Tugafiuii 11 %%2%
OCRIA =Upi_i;
Uiv_1=Uiv;

Uii_1=Uij;

0%%A3 VAR LRIMTTIAT sz S enlendu P2 Wieds (Tendudmilfunldeuseuns s
Tihendne ) %%%
if (ii > 20000)
{
setpoint=600;
call P12();
h
else {
ii++;

}
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%%% 3o ManTu PI2 %%%
void call PI2()
{
while(1)
{
%9%% oz Tlfhuaznszua Tihs e fugaldiduaese %
Read Voltage = analogRead(voltage sensor);
Read_Current = analogRead(current_sensor);
Vo = ((((float) Read_Voltage)*1211/1023)-2)*1.97;
IL = (((float) Read_Current)*6170/1023);
%%% 1ggius e Iihvesdrnuguuuniile %%
err_v=(setpoint-V2)/10;
Upv=kpv2*err_v;
Uiv=kiv2*Ts*err_v+Uiv_1;

Upi_v=Upv+Uiv;

if (Upi_v >=Upi_max)
{
Upi_v=Upi_max;

}
else if (Upi_v <=Upi_min)
{
Upi_v=Upi_min;

}
%%% 1hgginszua Ilfhvesinruguuuuile %%%
err_i=Upi_v-(12)/1000;
Upi=kpi2*err_i;
Uii=kii2*Ts*err_i+Uii_1;
Upi_i=Upi+Uii; // PI value
if (Upi_i >= Upi_max)

{

Upi_i=Upi_max;
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H
else if (Upi_i <=Upi_min)
{
Upi_i=Upi_min;
H
%% daa PWM TEaiuf 11 %%%

OCRIA = Upi_i;

Uiv_1=Uiv;
Uii_1=Uii,
H

H
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1.3 Tsunsumsadesdmuquuun Tnuada ladaediegansa DSPwes ezdsp ™ F28335
Tagueaisa sadoatusny a13xienssu Iih umanendemaTuladgsuts wa. 2554
s s sk ko ok ok ok ok ok ke e e e e e e e e e et st sk ok ok ok ok ok ok ok ok e e
#include "DSP28x_Project.h"

#include "DSP2833x Device.h"

#include "DSP2833x Examples.h"

#include "math.h"

%%%% THUARGUAUUDITINTUAI %%%%

#if (CPU FRQ 150MHZ)

#define ADC_MODCLK 0x3

#endif

#if (CPU_FRQ_100MHZ)

#define ADC_MODCLK 0x2

#endif

#define ADC_CKPS 0x0

#define ADC_SHCLK 0x1

#define AVG 1000

#define ZOFFSET 0x00

#define BUF_SIZE 1024

%%%% UszmelenduduninlFau %%%%

void InitEPwm1Example(void);

void InitEPwm2Example(void);

void InitEPwm3Example(void);

interrupt void epwm1 _isr(void);

interrupt void epwm?2_isr(void);

interrupt void epwm3_isr(void);

interrupt void cpu_timer0_isr(void);

void Gpio_select(void);

void CalProgramSMC2(void);

%%%% tviuaalsdmsuleau PWM %%%%

Uint32 EPwmIlTimerIntCount;
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Uint32 EPwm2TimerIntCount;
Uint32 EPwm3TimerIntCount;
Uintl6 EPwml1_DB_Direction;
Uintl6 EPwm2_DB_Direction;

Uintl16 EPwm3 DB_Direction;

%9%%% tmuadudsisuiudmiudonTilsunsy %%%%
float adc_0,adc_1,adc_2,dac_2=0;

float va,vb,vc,ii=0,jun;

int Duty;

float V2,V1,11,Vin,Vo,IL,setpoint=0,R=30,L=0.015,C=0.000150;
float w,x,y,z,Down,Ueq;

float aC,bL,aLK,aRC,MRLC,bRL,aRLK;

%%%% @Tamuﬂuﬁllﬁ'mﬂmsaammuﬁ'@&ﬁmmm&uﬁm %%%%
//float a=3,b=25,M=2600,K=2000;

%%%% Famuaui I8 nnMseeniuudIeTD ATS %%%%
//float a=2.8789,b=90.2589,M=7018.8,K=4936.9;

%%%% SIILANT IR INMIEENULRITE PSO %%%%
float a=2.9380,b=56.1244, M=7114,K=5518;

%%%% MHUAAT dead-time YDITYYIY PWM %%%%
#define EPWM1_MAX DB 0x03FF

#define EPWM2 MAX DB O0x03FF

#define EPWM3_MAX DB 0x03FF

#define EPWM1_MIN DB 0
#define EPWM2_MIN DB 0
#define EPWM3_MIN DB 0
#define DB UP 1

#define DB DOWN 0

void main(void)

{

InitSysCtrl();
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EALLOW;

SysCtrlRegs.HISPCP.all = ADC_MODCLK;
EDIS;

Gpio_select();

InitEPwm1Gpio();

InitEPwm2Gpio();

InitEPwm3Gpio();

DINT;

InitPieCtrl();

IER = 0x0000;

IFR = 0x0000;

InitPieVectTable();

EALLOW;

PieVectTable. TINTO = &cpu_timerQ_isr;
EDIS

InitEPwm1Example();
InitEPwm2Example();
InitEPwm3Example();

InitCpuTimers();

#if (CPU_FRQ_150MHZ)

%%%% mnuadalsunanite 18 18dyana PWM finnwd 10kHz %%%%

ConfigCpuTimer(&CpuTimer0, 10, 2500);

#endif

#if (CPU_FRQ_100MHZ)

ConfigCpuTimer(&CpuTimer0, 100, 50000);

#endif

CpuTimerORegs. TCR.all = 0x4001;

// Configure GPIO32 as a GPIO output pin

%%%% fvua 1 GPI032 oz 79 1T ne %%%%
EALLOW;

GpioCtrlRegs. GPBMUX1.bit. GPIO32 = 0;
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GpioCtrlRegs.GPBDIR.bit. GPIO32 = 1;
GpioCtrlRegs. GPCMUX1.bit.GPIO79 = 0;
GpioCtrlRegs.GPCDIR.bit. GPIO79 = 1;
EDIS;
%%%% MHUAAEHAUT MM 1911 ADC A0 — A7 uag BO - BT %%%%
InitAdc();
AdcRegs. ADCTRLI1.bit. ACQ_PS = ADC_SHCLK;
AdcRegs. ADCTRL3.bit. ADCCLKPS = ADC_CKPS;
AdcRegs. ADCTRLI1.bit.SEQ CASC =1;
AdcRegs. ADCCHSELSEQ1.bit. CONV00 = 0x0;
AdcRegs. ADCTRL1.bit. CONT RUN =1;
AdcRegs. ADCTRL1.bit.SEQ OVRD = 1;

AdcRegs. ADCMAXCONV.bit MAX CONVI1=0xf;

AdcRegs. ADCCHSELSEQ1.bit. CONV00 = 0x0; //A0
AdcRegs. ADCCHSELSEQ1.bit. CONVO01 = 0x1; //A1
AdcRegs. ADCCHSELSEQ1.bit. CONV02 = 0x2; //A2
AdcRegs. ADCCHSELSEQ1.bit. CONV03 = 0x3; //A3
AdcRegs. ADCCHSELSEQ2.bit. CONV04 = 0x4; /IA4
AdcRegs. ADCCHSELSEQ2.bit. CONVO05 = 0x5; //AS
AdcRegs. ADCCHSELSEQ2.bit. CONV06 = 0x6; /IA6
AdcRegs. ADCCHSELSEQ2.bit. CONV07 = 0x7; /AT
AdcRegs. ADCCHSELSEQ3.bit. CONV08 = 0x8; //BO
AdcRegs. ADCCHSELSEQ3.bit. CONV09 = 0x9; //B1

AdcRegs. ADCCHSELSEQ3.bit. CONV10 = 0x0A; //B2
AdcRegs. ADCCHSELSEQ3.bit. CONV11 = 0x0B; //B3
AdcRegs. ADCCHSELSEQ4.bit. CONV12 = 0x0C; //B4
AdcRegs. ADCCHSELSEQ4.bit. CONV13 = 0x0D; //BS
AdcRegs. ADCCHSELSEQ4.bit. CONV14 = 0x0E; //B6
AdcRegs. ADCCHSELSEQ4.bit. CONV15 = 0x0F; //B7
AdcRegs. ADCST.bit.INT SEQI CLR =1;

AdcRegs. ADCTRL2.all = 0x2000;

IER |=M_INTI;
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PieCtrlRegs.PIEIER1.bit.INTx7 = 1;
EINT;
ERTM;
EALLOW;
SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC = 0;
EDIS;
EALLOW;
SysCtrlRegs.PCLKCRO0.bit. TBCLKSYNC = 1;
EDIS
EINT;
ERTM;
%%%% ﬁ’mamﬂ'muﬁaamaaﬂumsﬁnmmaﬂﬂmﬂm %%%%
aC=a*C;
bL=b*L;
alLK=a*L*K;
aRC=a*R*C,;
MRLC=M*R*L*C;
bRL=b*R*L;
aRLK=a*R*L*K;
%%%% FUUAR setpoint 71 10 V %%%%
setpoint = 10;

1 @ Ja
%%%% I9GNMIAIUANRIBAINIVANILY THUAT 1aARY %%%%

for(;;)
{
9%%% Suamsaau lifuaznszua liihangans199u %%%
adc_2 = (AdcRegs. ADCRESULT5>>4); // reading current values Ia
adc 1 = (AdcRegs. ADCRESULT6>>4), // reading current values Ib
adc 0 =(AdcRegs. ADCRESULT7>>4), // reading speed values

%%% USuguarii Iqnn ADc Tlumas %%
Vin=30*(adc_2*3.3/4095)-0.05645;
Vo=30*(adc_1%*3.3/4095)-0.05645
IL=(adc_0%*1.24*3.3/4095)+0.0223;
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%%%% 1ingaunszud Iihvesinuauuuuiile %%%%
w=(bL+aLK+aRC)*Vo;
x=(((setpoint-Vo)*(K+1))-IL)*MRLC;
y=(-bRL-aRLK)*IL;
z=(wHx+y));

Down = aRC*Vin;
Ueq=z/Down;

%%%% Aad I8 PWM 00NN14 Pwml %%%%
EPwml1Regs.CMPA. half. CMPA = Ueq;
ii++;

%%%% ATIvaeuMaemfimmuandnioll iofiaziaoua sepoint Ardalal %%%%
if(ii>220000)

{
setpoint = setpoint16;

%%%% 560 1¥WaneU CalProgramSMC2(); %%%%
CalProgramSMC2();

}

%%%% Lélgljnj Mq f{‘]?’u CalProgramSMC2(); %%%%

void CalProgramSMC2(void)

{
for(;;)
{
%%% Suamseau lfhuaznszua Trldhangans199u %%%
adc_2 = (AdcRegs. ADCRESULT5>>4); // reading current values Ia
adc 1 = (AdcRegs. ADCRESULT6>>4); // reading current values Ib
adc 0= (AdcRegs. ADCRESULT7>>4), // reading speed values

%%% UFugumi 1don anc hilumese %%%
Vin=30*(adc_2*3.3/4095)-0.05645;
Vo=30*(adc_1%*3.3/4095)-0.05645;
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IL=(adc_0%*1.24*3.3/4095)+0.0223;

%%%% 1inggunszud Iihvesinuauuuuiile %%%%

w=(bL+aLK+aRC)*Vo;
x=(((setpoint-Vo)*(K+1))-IL)*MRLC;
y=(-bRL-aRLK)*IL;
z=(wH(x+y));
Down = aRC*Vin;
Uegq=z/Down;
%%%% Aad I8 PWM 00nNN19 Pwm1 %%%%
EPwml1Regs.CMPA half. CMPA = Ueq;
%%%% WaAFU InitEPwm 1 Example() d15uikadayana PWM 10 kHz%%%%
void InitEPwm1Example()
{
EPwml1Regs. TBPRD = 7500;
EPwmI1Regs. TBPHS.half. TBPHS = 0x0000;
EPwml1Regs. TBCTR = 0x0000;
EPwmlRegs. TBCTL.bit. CTRMODE = TB_ COUNT_UPDOWN;
EPwmI1Regs. TBCTL.bit. PHSEN = TB_DISABLE;
EPwmlRegs. TBCTL.bit. HSPCLKDIV = 0;
EPwmlRegs. TBCTL.bit. CLKDIV = 0;
EPwml1Regs.CMPA half. CMPA = 10;
EPwmlRegs. AQCTLA.bit. CAU = AQ_SET;
EPwmlRegs. AQCTLA.bit. CAD = AQ_CLEAR;
EPwmlRegs. AQCTLB.bit. CAU = AQ_CLEAR;
EPwmIlRegs.AQCTLB.bit. CAD = AQ_SET;
EPwmI1Regs.DBCTL.bit.OUT_MODE = DB_FULL ENABLE;
EPwm1Regs.DBCTL.bit.POLSEL = DB_ACTV_HIC;
EPwmIlRegs.DBCTL.bit.IN. MODE = DBA_ALL;
EPwmlRegs.DBRED = 3;
EPwml1Regs.DBFED = 3;

EPwml_DB_Direction = DB_UP;
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}
%%%% WanF1 InitEPwm2Example() dvfuiadana PWM %%%%
void InitEPwm2Example()
{
EPwm2Regs. TBPRD = 100;
EPwm2Regs. TBPHS.half. TBPHS = 0x0000;
EPwm2Regs. TBCTR = 0x0000;
EPwm2Regs. TBCTL.bit. CTRMODE =TB_COUNT UPDOWN;
EPwm2Regs. TBCTL.bit. PHSEN = TB_DISABLE;
EPwm2Regs. TBCTL.bit. HSPCLKDIV = 4;
EPwm2Regs. TBCTL.bit. CLKDIV = 4;
EPwm2Regs.CMPA half. CMPA = 10;
EPwm2Regs. AQCTLA.bit. CAU = AQ_ SET;
EPwm2Regs. AQCTLA.bit. CAD = AQ CLEAR;
EPwm2Regs. AQCTLB.bit. CAU = AQ _CLEAR;
EPwm2Regs. AQCTLB.bit. CAD = AQ_SET;
EPwm2Regs.DBCTL.bit. OUT_MODE = DB_FULL ENABLE,;
EPwm2Regs.DBCTL.bit. POLSEL = DB_ ACTV_HIC;
EPwm2Regs.DBCTL.bit.IN. MODE = DBA_ALL;
EPwm2Regs.DBRED = 3;
EPwm2Regs.DBFED = 3;
EPwm2_ DB _Direction = DB_UP;
}
%%%% WanFU InitEPwm3Example() dvfuiadana PWM %%%%
void InitEPwm3Example()
{
EPwm3Regs. TBPRD = 100;
EPwm3Regs. TBPHS. half. TBPHS = 0x0000;
EPwm3Regs. TBCTR = 0x0000;
EPwm3Regs. TBCTL.bit. CTRMODE =TB_COUNT_UPDOWN;
EPwm3Regs. TBCTL.bit. PHSEN = TB_DISABLE;

EPwm3Regs.TBCTL.bit. HSPCLKDIV = 4;
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EPwm3Regs. TBCTL.bit. CLKDIV = 4;
EPwm3Regs.CMPA_ half. CMPA = 10;
EPwm3Regs. AQCTLA.bit.CAU = AQ_SET;
EPwm3Regs. AQCTLA.bit. CAD = AQ CLEAR;
EPwm3Regs. AQCTLB.bit. CAU = AQ_CLEAR;
EPwm3Regs. AQCTLB.bit. CAD = AQ_SET;
EPwm3Regs.DBCTL.bit.OUT _MODE =DB_FULL ENABLE;
EPwm3Regs.DBCTL.bit.POLSEL = DB_ACTV_HIC;
EPwm3Regs. DBCTL.bit.IN MODE = DBA_ ALL;
EPwm3Regs. DBRED = 3;
EPwm3Regs. DBFED = 3;
EPwm3 DB _Direction = DB_UP;
H
%%%% MR NI 51 interrupt void cpu_timer0_isr(void) %%%%
interrupt void cpu_timer0_isr(void)
{
CpuTimer0.InterruptCount++;
GpioDataRegs. GPBTOGGLE.bit. GPIO32 = 1;
PieCtrlRegs.PIEACK.all = PIEACK _GROUPI;
H
%%%% ManFudmsudanesadunatazednad i lFau %%%%
void Gpio_select(void)
{
EALLOW;
GpioCtrlRegs. GPAMUX1.all = 0x0000; % GPIO0 —GPIO31
GpioCtrlRegs. GPBMUX1.all = 0x0000; % GPIO32-GPI047
GpioCtrlRegs. GPCMUX1.all = 0x0000; % GPI064-GPIO79

GpioCtrlRegs.GPADIR.all = 0xFFFF; % mrualy GPIOO ~GPIO31 ﬁJmmﬁwm
GpioCtrlRegs.GPBDIR .all = OxFFFF; % mnualy GPIO32 ~GPIO47 ﬁJmmﬁwm
GpioCtrlRegs.GPCDIR.all = OxFFFF; % mrualy GPIO64 ~GPIOT9 ﬁJmmﬁwm
EDIS;
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Abstract

This paper presents the application of the averaging model of the buck converters
derived from the generalized state-space averaging method to the optimal controller design
of the buck converters. The proposed dynamic model is used with the artificial intelligence
techniques to design the cascade PI controllers of the buck converter so as to achieve the
best output performance. The averaging model of the buck converters is used as an
objective function instead of the exact topology model from software packages to reduce
the simulation time. Moreover, the stability criteria based on the eigenvalue theorem can be
included into the searching process via the proposed mathematical model to confirm the
stable operation, The results from the simulation and the experiment show that the
proposed method can provide the best output performance compared with those designed
from the conventional method. Moreover, this approach is convenient and flexible for
electrical engineering to design the controller of power electronic systems with good
performances.

Keywords: Cascade PI controllers, Generalized state-space averaging method, Adaptive
tabu search, Particle swarm optimization, Buck converter, Modeling,
Simulation, Artificial Intelligence

1. Introduction
Presently, power electronic converters are widely used in many applications. For the system analysis
and design, the dynamic model of the power electronic based system is very important, Unfortunately,
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the power converter model is time-varying in nature because of the switching behaviour in which it is
very complicated for a system analysis and design. Hence, several approaches are commonly used for
eliminating the switching actions to achieve a time-invariant model. Then the classical linear control
theory can be easily applied for the system analysis and design. For DC/DC converters, the generalized
state-space averaging (GSSA) method is normally used to achieve the averaging model (time-invariant
model) (Emadi, 2004; Gatto et al., 2011; Bor-Ren et al., 2010; Isastia and Meo, 2011). This method has
been also used to analyze uncontrolled and controlled rectifiers in single-phase AC distribution
systems (Emadi, 2004). and 6 and 12- pulse diode rectifiers in three phase systems (Han et al., 2007).

The artificial intelligence (Al) techniques are widely applied to many works of engineering
such as the system identifications using adaptive tabu search (ATS) (Puangdownreong et al., 2002;
Sujijorn et al, 2006; Puangdownreong et al, 2005; Kulworawanichpong et al, 2003;
Kulworawanichpong et al., 2004). the protection design in power system via ATS (Areerak et al.,
2004). the active power filter design using genetic algorithm (GA) (Narongrit et al., 2010). power loss
minimization using particle swarm optimization (PSO) and artificial bee colony (ABC) (Leeton et al.,
2010). reactive power optimization for distribution systems based on ant colony optimization (ACO)
(Lirui etal., 2008). and etc.

According to the literature review papers, the aim of this paper is to extend the work of
(Chonsatidjamroen, et al., 2012) in which it presents the idea how to design the controller of buck
converter to achieve the best output response by using the artificial intelligence techniques called the
ATS and PSO algorithms. This is because the ATS algorithm has the mathematical proof to confirm
that the algorithm can escape the local solution. As for the PSO algorithm, it is very simple compared
with other Al-based heuristic optimization techniques. The structure of the controller in the paper is the
PI cascade having the current loop control as the inner loop and voltage loop control as the outer loop
(Tsang and Chan, 2005). Normally, the simple block diagram is used for the controller design using the
conventional method in which some system dynamic is ignored. Hence, in the paper, the averaging
model derived from the GSSA method is applied to analyze the buck converter to achieve the dynamic
model that can explain the behaviour of the whole system. In addition, when the controllers are
designed via the ATS or PSO methods, the searching process needs to simulate the power electronic
system for each tuned controller parameter until the appropriate parameters are obtained. It is well
know that the transient simulations of the power electronic system consume the vast simulation time
due to the switching devices in the circuit. Therefore, according to the huge simulation time of the
switching devices, the application of Al techniques is not widely applied to design the controller of the
power converter, To solve the simulation time problem, the proposed averaging model derived from
the GSSA method can be also used in the paper instead of the exact topology model. Before using the
reported mathematical model, this model has to be compared with the intensive time-domain
simulation via the full switching model of software package in terms of accuracy and simulation time.
The comparison results will show later that the proposed mathematical models provide high accuracies
in both transient and steady-state responses with the faster simulation time, Hence, the reported model
derived from the GSSA method is suitable for the optimal controller design via the ATS and PSO
algorithms. In this paper the additional results from the work of (Chonsatidjamroen, et al., 2012) are
that the stability analysis based on the eigenvalue theorem (Areerak et al, 2011; Areerak et al, 2012) is
included to confirm the stable operation during the searching process via the averaging model with Al
algorithms. Moreover, the final results from the simulation and the experiment show that the proposed
technique using the ATS and PSO algorithms with the averaging model can be used to design the
controller of buck converter in which the better output response is obtained compared with the
waveforms from the conventional design method.

The paper is structured as follows. [n Section 2, considered system with deriving the dynamic
model by using the GSSA modelling methods is firstly explained. Moreover, the comparison results
between the reported model and the full switching model from the commercial software package in
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terms of accuracy and simulation time are also illustrated in Section 2 to ensure that the proposed
model can explain the dynamic of the whole system with the fast simulation time. In Section 3, the
controller designs using the ATS, PSO, and the conventional method are addressed. The simulation
results are fully shown in Section 4. In addition, the experimental results are also given in Section 5 to
support the simulation results. Finally, Section 6 concludes and discusses the advantages of the
proposed technique for the optimal controller design of the power electronic systems.

2. Dynamic Model of Studied System

The power system considered in this paper is shown in Fig. 1. It consists of a DC voltage source V3, the
elements of buck converter represented by L and C, the resistive load R, and the PI controllers of
current loop (inner loop) and voltage loop (outer loop) represented by Ky, Ki, K, and Ki,
respectively. The schematic of cascade PI controllers for a buck converter is depicted in Fig.2.

Figure 1: The regulated buck converter with a resistive load
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Figure 2: The schematic of buck converter controllers
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The dynamic model of a controlled buck converter as shown in Fig.1 derived from the GSSA
modeling method can be written as:

x=Ax+Bu
y=Cx+Dx (1)
) o X=X x-]] . _u=[v‘] .yz[v]
where state-variable: o vt input; ol and output; o
The details of A, B, C, and D are as follows:
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Notice that the cascade PI controller parameters (K, K\, K, and Kj; ) appear in the dynamic
model as given in (2). Before using the averaging model of (1) with the details of A, B, C, and D as
given in (2), the transient simulation from the reported model has to be compared with those from the
commercial software package; here is the SimPowchystcmTM (SPSTM) of SIMULINK. The exact
topology model of SPS™ for the system in Fig.] is depicted in Fig. 3. The more details how to derive
the model of the buck converter with the cascade PI controllers using the GSSA method can be found
in (Chonsatidjamroen et al., 2011).

Figure 3: The full topology model in SPS™ of SIMULINK

The set of parameters for the system in Fig.1 is given as follows: R=20Q, L= 15mH (Al =
0.12 A), C =150 pF (AV = 10 mV), V;, = 100 V, and T, = 0.1 ms. Fig. 4 and Fig. 5 shows the
comparisons of the output voltage responses and the inductor current of the system in Fig. 1 between
the exact topology model as given in Fig. 3 and the averaging model as given in (1) to a step change of




156

343 Satit Chonsatidjamroen, Kongpan Areerak and Kongpol Areerak

the voltage command v:; from 40 V to 50 V that occurs at t = 1 s., respectively. Similarly, Fig. 6 and

Fig. 7 show the comparison responses for a step change of the voltage command v: from40Vto 70V
that occurs at ¢ = 1 s.. The parameters of PI controllers for Fig. 4-Fig. 7 are designed via the
conventional method by setting the bandwidth of current loop is faster than the bandwidth of voltage
loop by 10 times. The PI controller parameters for this case are K, = 0.01, K, =9.375, K, = 0.6, and
Ki;=937.5 in which @, ¢, @, and & are equal to 250 rad/s, 0.8, 2500 rad/s, and 0.8, respectively.
The details how to design the Pl controllers using the classical method for buck converter having the
schematic as depicted in Fig. 2 can be found in (Tsang and Chan, 2005).

Figure 4: Response of vo for changing the Yo from 40 V to 50 V
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Figure 5: Response of i, for changing the P:; from40Vto 50V

exact topology model

] T — matheratical model

26

2.4

LA

2.2

0.8 1 12 14 16 1.8 2
time(s)




157

The Application of Averaging Model for the Optimized Cascade PI Controllers of
Buck Converters using Artificial Intelligence Techniques

Figure 6: Response of v, for changing the v; from40 Vto 70 V
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From the comparison results of both models as shown in Fig. 4- Fig, 7, it confirms that the
mathematical model of the power system with a controlled buck converter derived from the GSSA
method provide a good accuracy in both transient and steady-state responses. The model can describe
the dynamic behaviour of the whole system. Moreover, the simulation time when the system was
simulated via the proposed model coding in MATLAB requires 8.82 second, while the full topology
model of SPS™ consumes 1920 second. Hence, the proposed model as described in this section is
suitable for the optimal controller design of the buck converter via the PSO algorithm because the very
fast simulation time can be achieved. Moreover, the eigenvalue of the system can be calculated from
matrix A in (2) during the searching process in which the PI controlled parameters are varied following
from the ATS or PSO algorithms. For this case, the stability analysis based on the eigenvalue theorem

can be applied during the searching process via the proposed GSSA model.

344
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3. Controller Designs
In this section, the controller designs for the buck converter via the conventional, ATS, and PSO
methods are illustrated.

3.1. Conventional Method

The details of PI controller design using the conventional method via the simple block diagram can be
found in (Tsang and Chan, 2005). The PI parameters for the conventional method in this paper are
designed by selecting ¢, = 0.8, {; =0.8, @, = 2500 rad/s, and @, = 250 rad/s. Hence, the PI controller
parameters designed by the conventional method are given by K, = 0.01, K, = 9.375, K,;= 0.6, and Kj;
=0375.

3.2, ATS Algorithm

The block diagram to explain how to search the PI controller parameters using ATS algorithm is shown
in Fig.8. The mathematical model derived from the GSSA method is used to simulate the system
during the search process in which the computational time can considerably reduced.

Figure 8: The Al methods for the cascade PI controller design
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In Fig.8, the ATS algorithm will search the appropriate controller parameters K),,, Ky, Ky, Kj; in
which the objective value (W) is defined by

W(I,T ,P.0)=0T +al, +yPO. (3)
and

cta+y=1 4)
where

P.0. is the percent overshoot of the v, response.

T, 1s the rise time of the v, response.

T, is the setting time of the v, response.

a, i, and y are the priority coefficients of T,, T;, and P.0., respectively.

In this paper, the values of @, @, and y are set to 0.34, 0.33, and 0.33, respectively. The ATS
searching method will try to search the best controller parameters until the minimum W is achieved. It
means that the controller parameters from the searching process provide the best performance of the v,
response. In addition, during the searching process, the eigenvalue is calculated via the matrix A in (2)
to confirm that the controllers from the ATS can provide the best performance with the stable
operation.
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According to Fig.8, the steps of searching controller parameters by using ATS are as follow;

Step 1: Determine the boundary of parameters. In this paper, the upper and lower limits of K,,,,
K, K, K are set to [0.0027 0.1347], [3.3750 73.50], [1.6 16], [2000 200000],
respectively, These boundary values are calculated by using @y = 2mx2000 to
2mx20000 rad/s and a,, = 2nx150 to 2nx700 rad/s with the constant {=0.8 and the
system parameters as defined in Section 2,

Step 2:
Step 3:
Step 4:
Step 5:
Step 6:

Define the initial value for each parameter by random within the search space.

Define the radius value (R), the one of ATS parameters.

Define the condition for ATS back tracking.

Define the cost value, here is W calculated from the objective function as given in (3).
Define the maximum of searching iteration for ATS (count,,,). This value is set as a
stop criterion for ATS algorithm. In this paper, it is equal to 300 iterations. Note that
the more details of ATS algorithm can be found in (Sujitjorn et al., 2006).

3.3. PSO Algorithm

According to Fig.8, the steps of searching controller parameters by using PSO are as follow.

Step 1:
Step 2:

Step 3:
Step 4:

Determine the boundary of parameters (the same as ATS algorithm).

Define the initial value for position and velocity vectors by random within the search
space as defined from Step 1.

Define the NP =60, C, =2, and C, = 1.75.

Define the fitness value, here is I given by (3) in which it can be calculated from the

output response of the objective function as given in the model of (1).

Step 5: Define the maximum of searching iteration for PSO (NT,,,). In this paper, it is equal to
300 iterations.

The more details of PSO algorithm can be found in (Leeton et al., 2010).

4. Simulation Results

In this section, the system as shown in Fig.1 having the controllers designed by using the ATS, PSO,
and the conventional methods is simulated by using SPS™ in SIMULINK as given in Fig. 3. The aim
of the ATS and PSO approaches are to minimize the W value to achieve the best output voltage
response. The comparison results of the controller parameters that are designed from the difference
methods are given in Table 1.

Table 1:  The Comparison between ATS and Classical Methods

Controller Design Methods
Parameters Conventional Method PSO Method ATS Method
K;,, 0.0027 0.1228 0.1174
K, 33750 27.1625 25.9984
K,,,- 2.4 9.3736 11.4548
K, 4500 70103 77629
W 0.6821 0.0034 0.0030

According to Table 1, the controllers designed from the ATS and PSO methods provide the
minimum W value compared with those of the classical method. Fig.9 shows the v, response to a step

change of '.f; from 15 V to 20 V that occurs at 1= 0.15 second. The comparison results show that the
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output response when the controllers designed by the ATS and PSO methods is better than that from
the conventional method in terms of percent overshoot, rise time and setting time under the changing
of command input. In addition, the convergences of W value during the ATS and PSO searching
processes are depicted in Fig.10 and Fig. 11, respectively.

Figure 9: The comparison results of v, response
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As for the stability analysis, the eigenvalues of the system during the searching process from
the ATS and PSO algorithms are depicted in Fig. 12 and Fig. 13, respectively. There are four
eigenvalues for the proposed system having the dynamic model as given in (1) and (2). It can be seen
that these eigenvalues of the best solution from the proposed searching methods are located on the left-
hand side of the s-plane. Based on the eigenvalue theorem, it means that the system with the controller
parameters designed from the ATS and PSO algorithms can provide the stable operation.

Figure 12: The eigenvalue plot during the ATS searching process
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5. Experimental Results
The test rig of the system in Fig. | is shown in Fig, 14,




162

349 Satit Chonsatidjamroen, Kongpan Areerak and Kongpol Areerak

Figure 14: The testing rig of the system in Fig. |

1. DC Voltage Source 4. Voltage and Current sensor
.DC 5 DC-DC Buck converter
3. Controller for Buck converter 6. Resistance

The controller of the rig was implemented using. The buck converters have been constructed
using 3A and 220 V.

The PI controller parameters as shown in Table | were coded in the microcontroller of the rig
in Fig. 14. The comparison of the output voltage response between the controllers designed from the

conventional and the ATS methods for a step change of the voltage command v, from 10 Vto 12 V

that occurs at t= 0.1 s is given in Fig. 15. Fig. 16 is the results when the controllers are designed from
the PSO algorithm. Similarly, for other operating points, the experimental results using the PI
controller parameters designed from the ATS and PSO methods for a step change of the voltage

command v:, from 10 Vto 14 V and 10 V to 16 V are shown in Fig. 17-Fig. 20, respectively.

Figure 15: The experimental results of v, for changing the v; from 10 Vo 12V
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Figure 16: The experimental results of v, for changing the v; from 10 Vo 12V
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Figure 18: The experimental results of v, for changing the v; from 10 Vo 14V
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Figure 19: The experimental results of v, for changing the '.f; from 10 Vto 16V
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Figure 20: The experimental results of vo for changing the Yo from 10 V1o 16 V
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The comparison results from the simulation and experiment show that the output responses
when the controllers designed by the ATS and PSO methods are better than that from the conventional
method in terms of percent overshoot, rise time and setting time under the changing of command input.

6. Conclusion

The paper presents the cooperation between the averaging model derived from the GSSA method and
the Al methods called the ATS and PSO algorithms to design the appropriate cascade PI controller
parameters of the buck converter. The resulting output responses using the ATS and PSO designs are
better than that of the conventional method for variations in command input, Moreover, the paper also
show that the simulation of the switching converter system using the averaging model consumes the
faster computational time compared with the simulation time of the exact topology model from the
software package. The eigenvalue of the system can be also calculated via the proposed averaging
mode! for the stability analysis during the searching process, Hence, the reported dynamic model is
suitable for the optimal controller design application in which the repeating calculation during the
searching process is needed. In the paper, the experimental results from the testing rig are used to
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support the simulation results. The results shows that the proposed design technique is very useful for
engineers and it can provide the best output performance with the stable operation confirmation. The
concept of the optimal design for the buck converter using the Al methods described in the paper can
be applied to other converters such as boost converters, buck-boost converters, and cuk converters. The
GSSA method can be also used to derive the averaging model of these DC/DC converters in which the
work of this paper show that the GSSA averaging model is suitable for the optimal design using the Al
techniques.
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