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Abstract

This research presents the optimal controller design of buck converter using an
artificial intelligence technique. The cascade PI controllers are used in the system.
The aim of the research is to achieve the best output performance when the power
converter is operated with the controller designed by the proposed method compared
with the conventional method. In the research, the mathematical model derived from
the generalized state-space averaging method is used as the objective function for the
searching algorithm. The adaptive tabu search and the particle swarm optimization
method are used as the searching algorithms for this research. The proposed
mathematical model of buck converter is suitable for the optimal design because the
model consumes the short simulation time. Moreover, the stability analysis via such
mathematical model can be included in the searching process in which it is not
possible to do via the model from software package. The simulation and experimental
results show that the buck converter with the controller designed from the proposed
method can provide the best output performance compared with those designed from
the conventional method. The concept from this research is very useful for electrical
engineers who need to achieve the best output performance for the power electronic

based system.
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1 C, 1A 2.00
mw 0.0030 0.0030 0.0032 0.0034 0.0033 0.00318
A151991 .7 HAMSNAFBUAINTAE WL €;
afail 2 o e 2 4 2 4 2 4 o
. AN 1 | ATIN2 | AsIN3 | Asen4 | asans | aumae
MAnNadol
M C, 1M 0.25
anw 0.0033 0.0031 0.0030 0.0033 0.0030 0.00314
M C, 1M1 0.50
mw 0.0031 0.0038 0.0033 0.0032 0.0031 0.00330
M C, 1M1 0.75
mw 0.0030 0.0030 0.0034 0.0035 0.0032 0.00322
M C, 1M1 1.00
mw 0.0031 0.0034 0.0033 0.0034 0.0031 0.00326
M C, 1M 1.25
mw 0.0033 0.0031 0.0030 0.0033 0.0030 0.00314
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adai 2 4 2 4 ¢ 4 2 2 S
L ANl | AseN2 | AsaN3 | Asen4 | Asans | aunae
MNNAaol
1 C, 1Ay 1.50
Mmw 0.0038 0.0034 0.0032 0.0040 0.0038 | 0.00364
1 C, 1Ay 1.75
M w 0.0038 0.0032 0.0035 0.0034 0.0033 | 0.00344
i C, 1M1 2.00
mw 0.0033 0.0037 0.0032 0.0032 0.0032 | 0.00332

MINNISNATOUNITINIADSYDITANDI NUNITAUM VU NTIARDUNVBINGUBYAIA

9
1%

Y Y gaow Yo A v A ¢ o Ak o 1 & Yo X
NINUAUVINAU m%"lﬂmmsmaﬂ“lsv‘wﬁmmasmmaaﬂaﬁwmmn “Nﬁ?ﬂllﬂﬂﬂu

- RINANINA V.5 Wenasannna w dunaldine w lunsainsnagousiuiu

& A o " W a Y ~ =< A 9o ' o
2UNIA FINTUITUIUDUYMANING 40 U W UBINGA waaﬂclsvmmumgmmmﬂu 40

AMaoU

- Juiueau@edny 15199 1.6 WuNA 7 TUATANISNAFBUAIAINAIINT I

C, @nsdl C, whriv 0.75 e w esiiga Judenldmnsinnuswuy C, Ay 0.75

- TuiiueuAeINY 915190 1.7 WUNA W lUAsaiNIsNaaauUAIAINANIS I

C, N3t C, 1 0.25 U1 w veeiiqa Judenldmasianuisauy C, iy 0.25
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sk st sk sk sk sk sk sk sk sfe 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 sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skokok

a.1 TsunsumsoanuuuaInIuAui loa1e3s Mauuuay
Tagueaisa sagnatisn @13x3enssu ih vnanendemaluladgsus

N.7. 2554

sk sk sk sk sfeosie s sie s sk s ke sk sk sk sk sk sk sk sk skeosk skosk skeosk stk skt sk skosie skosie sk sk sk sk sk sk sk sk skeosk stk skeosk stk stk sk skt skokeoskokoskokoskokosk sk

115un53 ATS.m
A o a A Y Y
N=4; % N A9 IUIUNIT D INODINITAUTN
xlimit = [0.1347 73.5 16 200000; % 11939 1 Y94 xlimit A® VOUIVAVUVDINIIININDS
0.0027 3.375 1.6 2000]; % LLﬂ’Jﬁ 2 Y9N xlimit ﬁ’f) ‘U’E)‘]JHJ@]'G%N‘U’ENWWﬁTﬁLWO%
for r=1:50

S(r,))=((xlimit(1,:)-x1limit(2,:)).*rand(1,N))-+xlimit(2,:);
End % FuamouENduMe LT UAYEINIALN
YOI WTABIUADZAITIUIU 50 %A
for k=1:size(S,1)
g=design1(S(k,1),S(k,2),S(k,3),S(k.4));
costvalue(k,1)=g;
end % sziiumaeuiududoisisuingissasd
[best_error,index]=min(costvalue); % WA AU G]Qﬂi LA ﬁ ﬁjﬂﬂﬁq Al costvalue
uaziin'131u best_error
S0=S(index,:); % inummaiaes ivh ldmiladsuinguszead

touhgal3lu So

max_count=round; % MruasiuIusougegalumssum
. ] ' a A o Y1 Jdo o J
best_neighbor=S0; % tnuasIme s Ivmlandguinglseaen
Ay A
1]?]']1!15]81/]@@
neighbor_list=zeros(6,N); % F1HAA1 U neighbor _list
radius=5; % MUUASTATMTAUNUTUAY
Number neighb=50; % mnuanmsgua Indifes
overall best_error=best_error; % U5um overall best error = best_error

overall neighbor=best neighbor; % U5um overall neighbor = best_neighbor
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tt=0;
ttt=0;

count=0;

n_backtracking=0;

\Aufiausat)

tic;

% 5uT15Un3Y ATS

t=t+1;

tt=tt+1;

ttt=ttt+1;

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

local(t,6)=best_error;
tabu_list(tt,1)=count;
tabu_list(tt,2:5)=best neighbor;
U4 tabu_list
tabu_list(tt,6)=best_error;
best_error_list(ttt,1)=count;
best_error_list(ttt,2:5)=best neighbor;
U4 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);

% FHUARE LAV ITIUIUMITIYDIAADY
% SMuamANAUd MY local

% fvuamE AU NS tabu list

% fvuamEaaeud T best error list

% HUARIGUAUYDITIUINTOUMTAUN

° Ay ° a Y

% ﬂﬁ’iuﬂﬂniuﬁi.l"llﬂﬂ%1u3uﬂ15&58ﬂ1"]§ﬂahlﬂﬂﬁ
A 9 o Y

% Lﬁmummunaﬂumsﬂum

% YSUNuAIA IR UE M local

% USUNuAIA RO UE M tabu_list

% USUNNAIANAOUTIMTD best_error list
< 1 v oA

% 1NUA1 count 13 TuABENYT 1 Y84 local

< 1 o 1
% INUAT best neighbor 13 1unadutif 2 84 22 Vo4

< 1 v I

% INUAI best_error 15 unedusin 23 vea local
<3 1 v A .

% INUA1 count 13 1UABENNN 1 V04 tabu_list

] ' . o oA
% INVAN best_neighbor 13 lunoduiii 2 84 22

I ' o oA .
% INUA best_error 13 1uABANLIN 23 VDI tabu_list

] J v A .
% INUAT count 13 1UADANIN 1 Y4 best_error_list

1< J o ~
% HUA best neighbor 13 lunadunin 2 54 22

1< ] v I
% IAVAT best_error 13 1UADANIN 23 Vo3

% i5on 191151051 random neigh tivegualndifes

soumae S0 meluifsgimsdumtlagiv
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% dUNAV04 1U5un5uTA® Number neighb, radius,
xlimit tag SO
o A 1 YA ' o o
% B1NA AD ﬂ"lclﬂalﬂf]\‘i (S1) tMNUIIUIU
Number neighb
[best_errorl,best neighborl,best error,best neighbor]=objectivel(S1,best error,S0);
% 5n1%11/5105% objectivel tio1l52ITUM
IndiResngula
a dyd
% auwmﬂmﬂﬂmﬂmuﬂa S1, best_error L& SO
o
% L@Wﬁﬂﬁﬁ@ best errorl, best neighborl, best error
18 best neighbor
neighbor _list(k,1:size(S0,2))=[best neighborl];
< ' A P 91 Jo v I
% Lﬂ'lJﬂ'l‘W']ﬁ'liIm@i‘V]‘V]'IGI,Wﬂ']ﬁQﬂ“]fu'J@'QﬂigﬁﬂﬂiJ
atesnganielulfSginmssunnlaguiulily
[ P
ADAUUN 1 1Az 2 VD4 neighbor list
neighbor_list(k,size(S0,2)+1)=best errorl;
< 1 Jou o A 9 A
% inuAlanyuInglszaesanuaiesnga
% molulSgimsaunilaguiu 13 lunedinin 3
U949 neighbor _list
if (count>1)

if (tabu_list(count,6)>best_error)

n=n+1;
else
n=0;
end
y . -
end % A59AUMTFIVDIAInoU laen1silSeuney
' y
JEVIN best_errorl LAY best_error fMimstves
[ Y (v A 1
fAmeu Inlsumua n
tt=tt+1; % USUINUAA Ao UE M5V tabu_ list
. < ! [ P .
tabu_list(tt,1)=count; % INVAT count 13 1UABANYN 1 Yo tabu_list

tabu_list(tt,2:5)=best neighborl; % GHGE best_neighborl $unednin 2845




VY04 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

VDY best_error_list
best_error_list(ttt,6)=best_error;

best error_list

< ' o da .
% INUA best_errorl Puneduiin 6 ves tabu_list
% UYSUINUAIANAOUTINTY best_error list

I ' o oA .
% 1DUA1 count 13 1uABENIIT 1 vog best error_list

< ' . o I =
% INUA best_neighbor 13 lunodutin 2 84 5

< J o Ja
% NUAT best_error ]l’ﬂuﬂﬁlauuﬂ 6 VYD

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

% LIAAIAT count, tabu_list(count,6), best_error, n
Iag n_backtracking

A o o A
% l.ﬁllﬂa]lﬂﬂ1§ﬂ3‘llaﬂﬁﬂll

% (901 1M 1) 81 best_error HoEAIWNAY 0.5

TimsiSuaasai

!

A

% (99U 17 2) 81 best_error &AWV 0.05

TimsySuaasan

% (99U 'luh 3) 81 best_error 108NNV 0.01

yhmsdSuaasad

A A Y 9 o o
% Nau"lw 4) 0N best_error UINIUNINDY 0.008

yimsdSuaasad
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if (best_error<0.0001)

t=t+1;

tt=tt+1;

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);

local(t,5) = tabu_list(count,5);

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

break;

end

if n>=100

n_backtracking=n_backtracking+1; % WA n_backtracking

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

Jd A 4
% ASINADUNUNYANITAUN 11D best_error <
0.0001
% USUNUAMANAUTINSTY local

% YSUINNAIA RO UMD tabu_list
% LIEANA count, best_error LQE overall best error

<3 1 v oA

% NUA1 count 1ﬂuﬂaauuw 1 U®4 local
< J . v A

% NUAT tabu _list YDIADANUN 2 YBIcount 1’3ﬂu
o Ia

ADANUN 2 VDN local
] J . v A

% NUAT tabu _list YDIADANUN 3 YBJIcount 1’3ﬂu
o Ia

ADANUN 3 VDY local
< 1 . v A

% NUAT tabu_list YDIADANUN 4 YBJIcount 1’3ﬂu
o oA

ADANUN 4 VD4 local
1< 1 . v oA

% INUAT tabu _list YDIADANUN 5 YBdcount ”lﬁhlu
o oA

ADANUN 5 VDY local
< 1 . v oA

% UM tabu_list YBIADANUUN 6 YDIcount 1514
o oA

ADANUN 6 VDY local

% gANIAUN

% Isuna lnmMsaudousoe

Y
% 5)1%114’31“715@]51511’0\‘1?11@@1_]L‘VHﬂ‘}J 100

o o @ 1 Y J
% AN rank VOIMWINTUINQUszaan tag
] a 4 9 1 = = 9 9
ANsees 5 yaganenoulimsienldnalndou
30N IAUN

< 1 o o 4
% TEMP 90Uy uInglsead uag
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[MAX,INDEX] = max(TEMP(:,6));

RANK(5,:) = TEMP(INDEX,:);

TEMP(INDEX,6)=0;

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

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

TEMP(INDEX,6)= 0;

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

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

TEMP(INDEX,6)= 0;

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

1 a 4 ' o Y o v
ANITINADT 5 G]q)'ﬂﬁjﬂﬁ}"lﬂﬂﬂlwnﬂ']ﬁ%ﬂﬁ']ﬂ‘u

1 Jo o s o w A '
% ﬁ?ﬂWﬁQﬂ‘]ﬁU’)@]QﬂigﬁﬁﬂQQQQ LAz a1AUNUYDIN1

v o w 1 v o S
% Jadraumenduingilszasaniaigaga uag

~

Awniiwes Iiluddud 5 lu RANK

% unumilaisuinguszaasniimgegaly TEMP
Aogud

% vaiziilu TEMP wivdsmlanduinglszasd

1e9 4 A1

' o o 4 o o A '
% AN TUInglszaengega tazaaunveem
Jo o 4
Wanduingilszaengaga

oo

v o w 1 Jou A 1
% damAauAanTuInglsasaniamgega uazm

v
o w A

wistiimes 1iifludaui 4 Tu RANK

% unuAladFuSagUszannfimgagaly TEMP
awugud

% vaiziilu TEMP wmdemlanduingiszasd

= 1
INYd 3 AN

1 Jo o 4 o w A 1
% MAansuInglszasngega tazaaunveem
Jo o J
Wanduingilseaengaga
v o w 1 Jdo A '
% A UATINFUIngszaeanliagega uaza
a N Y o A
wisiimes 1ifluaauh 3 Tu RANK
' LA s
% unumlanduingiszasaniaigegalu TEMP
4
AU
dy = J o o 4
% Yz 1 TEMP azmanamiandguingilszasn

~ J
WYY 2 A




90

RANK(2,:) = TEMP(INDEX.:);
a J9 ¥ I o w A
wislwes Iluaeun 2 lu RANK

TEMP(INDEX,6)= 0;

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

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

TEMP(INDEX,6)= 0;

neighbor=RANK(5,2:5);

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

overall_best neighbor=best neighbor;

1 Jo v s o o A '
% mnlansuInglsyasngaga tazadunvean
Wandudnguszasdgegn

1
A0

v o o ' Jo v J 1
% A uAanguInglszasaniaigega uaza

' d‘dl

Jo J
% unuamlansuiagissasaniiaigegalu TEMP
Aogud

1 J Jou o 4
% vz tilu TEMP azmaomensuingilszaen

= 1
Y9 1 A1

1 Jo s o w A J
% MAlansuInglszangega tazaaunvee
Jou o J
Manduingiszaengaga

I 1

@ o o 1 Jou J
% YA uAanTuInglszasAaniamgega uaza

v
o w A

Wﬁ?ﬁl@@gul’i’ﬂUﬁWWUW 1 T RANK

1 A

Jdou o .
% unualanduingssasaniagagalu TEMP
o
AU
o ] 1 o o o
% vz lu TEMP ag lufislansuingiseasd 19
mmsdsaasudnas
1 d ] a o w ~
% LNUA neighbor MeAIMITINmesawuf 5 Tu
= 2 1 a A o Y d o
RANK #9i]uammisiumesnm lvawanau

@ J ' o ~ Y A 4 =t
m’qﬂizmmmmnmﬂmmummmmmqmﬁamﬂu

1
o A o v a A

AUDN 4 ARUNKae 11U RANK

% 151 S0 = neighbor

Y o 1
% 91 best_error < overall_best error T/5um
overall best_error Tagunumm overall best_error A
1 a 4
best_error LAZHNUATWITIUIADT

overall _best neighbor fy best_neighbor
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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

time=toc;

count

best_error
Kpe=best_neighbor(1)
Kie=best neighbor(2)
Kpd=best neighbor(3)
Kid=best neighbor(4)
figure(1)

plot([0:1:count],best_error_list(:,6))

% USUNUMANAUTNSTY local
I 1 v A
% LNUA count "lﬁ‘luﬂaauu‘n 1 U84 local
I 1 o P
% INUA best neighbor 3 1unaduin 2 64 5 vod
local

3 1 v oA
% INUAT best_error 13 1uAddN1IT 6 V94 local

1 9 1 Y 4
% UNUAT best_error A8AINANTUIAYL T2 arad

[

#19U9 5 1 RANK n=0;

% LNUAT SO A2 best_neighbor

! Y
% LNUA best error A8 best error

% B overall best error<best error T5um
best_error Tagunuan best_error fy
overall best error

HAZUNUAIMI AT best_neighbor

e overall _best neighbor

% gANMIAIUIUNIAINITAUN
% UAAITIUIUTOUNTAUN
% LA best _error

% AAIA Kpe

% 1AAIA1 Kie

% 1anIA1 Kpd

% LAAIAT Kid

<] ' [
% WARANIINILNIN count N1 best_error list
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xlabel('number of cycle') % UAAFOUAY x (DU number of cycle

ylabel('W') % uaAeuAY v (HU W

T/sunsu random_neigh.m
function S1 = random_neigh(Number neighb, radius, xlimit, S0)
% T1/511n53 random_neigh FuTsunsugusn
TndiRgaseumaoY SO
% DUNAVD91151N51 AD Number neighb, radius,
xlimit tiag SO
o = 1 Y o (Y
% 191ANA AD ATINAIAYI ST UIUNINY
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));
% msgua lndifeslaoison 14 115un3u rand1
Taglihmsgualugg -1 D 1
while ( S1(u,k)>xlimit(1,k) | S1(u,k)<xlimit(2,k) )
' ya A v v '
% minaineaigu ldvzdesegmeluveuvanunaz
] 1 a S Y Y A Y
YOUIAANVDIAIWITMIRDS S IndiRsangn1a
HauduveuwaUULazveUnRa 1N mrualiing
dumlnaifeslni
S1(uk) = SO(1,k)+(radius*(xlimit(1,k)-xlimit(2,k))*rand1(-1,1));
end
end

end

[ { Jd o
return % naugnih TsunsunBenldendn
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11s5un5Y randl.m

function x = rand1(a,b)

x = atrand*(b-a);

return

Tosunsu objectivel.m

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

error = [];

for k= 1: size(S1,1)

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

error(k,1) = g;
end

[best errorl,index] = min(error);

best_neighborl = S1(index,:);

I [ 1 Aa

% T1sunsu rand1 WluTlsunsuguamnaiines
Tuagranmvua

a A a J]
% puUNAUD 1151UNTN AD VOUVIALUYDINIIINDT

1 a J
a UAZUIUINANUDINITINNDS b
4 A 1

% 191ANAYD3 11/51NTY Ao WaYDINTGN
1 a o ] =4
AN51U905 1119 a D9 b

1 1 a 4 [ [} [} 4
% gUANITNNDS IAg01FEANNAUNUS a rand b

% navugwinldsunsuionldilandu

. . d =) 1

% 1151053 objectivel 1HuTsunsudsemiumm

Y A A
IndiResngulasou so

a =)
% DUNAVDI 11/51nTW AD S1, best_error AL SO

o

% Lamwﬁﬁa best_errorl, best_neighborl, best_error,
I8¢ best_neighbor

@ 5] [ ] 1 Jo o 4
% fuals error #MTVIDITVANINFUIAU 5294

yoem1 lndifosh Idanmsgu

% UszifiumIndifioalu S1 drefanduingiszad
Tuldsunsy design

< 1 Jo 1 g’/
% nuslanduiagiszassueslndifesianue

1 Jo o I { '
% maanduiagilszaeantesigaluussaism
<
TndiRee uaziny 131 best errorl
3 ] a 4 ] Y A A o Y Jd o
% NUAMII MBS YeIA1 Inamesn lralandu

@ I 1 ~
Tagiszasanniosfiga’lilu best neighborl
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if best_errorl<best_error

best error=best_errorl;

best_neighbor=S1(index,:);
else

best neighbor = S0;

end

return

T/sunsu design.m

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

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

Kii a=var4;

R=30;
L= 15e-3;
C=150¢-6;

Vi= 30;

% U5um best_error oy best errorl < best_error
Tagunum best_error fe best_errorl

% UnUMIMNINes best_neighbor #28 S1(index,:)
% laiguiunds

% LNUA best neighbor A28 S0

% navugwinldsunsunienldlandu

o A = I o a
% Tﬂmﬂsm‘uauwm 4 A1 Ao MINTFULAAIT TN
% =
ﬂ?WﬂJ@x‘iﬂ?ﬂ?UﬂN‘Wq@
4 A 1 1 =
% Lemwmaﬂﬂmmu 1D ATLNUDNOITNIIDUS

VDIAINIVAY

° o 2 9 J o a
% MAUUAALY T UAUVDININTULAAITIITNA N

o 1 a 14
% MUUAANWITINAND 5TV 151N T 1

o a 4 {
% LL‘]J‘]Jﬁﬂﬁi’)x‘]‘V]Nﬂﬂ!@]ﬂ”lﬁ@ﬁﬂJﬂ\iiS‘]J‘]Jﬁ@s]}@\ifﬂi

N1
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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 -1/(R*C) 0 0 ;
0 -1 0 0 ;
-1 -Kpv_a Kiv a 0 1

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

%%%%%%%% G]i')i]ﬁ@ﬂm’aEJiﬂ']‘W"U’t‘]QiZU“U%%%%%%%%
Hold on

figure(4)

plot(eig(A),™")

hold off

% %%%%%%%6%%%%%6%%%%%%0%%%%:%%%%6%:% %%
sys=ss(A,B,C,D);

tstep = le-4; tend = 2;
t=0:tstep:tend;

N=length(t);

]
1 = 1

S1=15; % mmuaussau Iiihduwaed 1wmdu 15 v
$2-20; % ﬁ1wummﬁ’u”lvxli7h§uwwﬁmﬁ 1M1 20 V
u(1)=S1;
for k=2:N
if k<N/2
u(k)=S1;
else
u(k)=S2;

end




end
[y.t]=lsim(sys,u,b); % $1a09eaUMIAA0 Isim Taeiuowna 137 y
oy t
V_out=y(.,1);
%%%%% AUIUAT overshoot YDITLUY %%%%%
PO=abs(S2-max(V_out));
%%%% THUARISUAUFIMSURIUINAT rise time VOITZUU %%%%
char=[V_out,t];
t0=((length(t))/2);
Vo _tr=.9*S2; % 1915811 rise time 71 90% YD S2
ts=0;
tr=0;
%%%% AIUIUA rise time VOITLUY %%%%
for i=1:size(char,1)
c=char(i,1);
ifc>=Vo tr

tr=char(i,2)-1;

end

iftr~=0
break;

end

end

%%%% AIUIUA setting time V93T VU %% %%
for i=size(char,1):-1:1
c=char(i,1);
if c <= 8212 | ¢ >= S2+1e-2 % MUUAAITIN error NeousD Tdvoan g
ts=char(i,2)-1;
end
ifts~=0

break;
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end
end

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

w=a*PO+b*tr+c*ts;
g=w;

return

7
A o 7
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sk st sk sk sk sk sk sk sk sfe 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 sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skokok

[

1.1 Tsunsumsaiedaana PWM segavesalulnsneuInsames AVR
Tagueaisa sagnatisn @13x3enssu ih vnanendemaluladgsus
N.F. 2554
PR
#include <avr/io.h>

int EN =11;

int duty_cycle =0;

void setup()

{

%%%%% U THNAYDINMIAT T YIB PWM %%%%%

pinMode(EN, OUTPUT);

TCCRI1A = (1<<COMI1A1)|(1<<COM1A1);

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

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

TCCRIA = (0<<WGM11)|(0<<WGM10);

TCCRIB |= (0<<CS12)|(0<<CS1D)|(1<<CS10);

ICR1 = 800;

OCRI1A =0;

OCRIB =0;

TCNT1=0;

H

void loop()

{

duty_cycle= 66.667; % mimﬁau"ﬁi’g‘]ﬁ’ﬂiwﬁﬁﬁﬁﬁuﬁﬁu 66.667 %
OCRI1A =8*duty_cycle ;

}
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1.2 Tdsunsumsadedmunuil ledeyaueialuTasneuInsames AVR
Tagueaisa sadoatisy a13xienssu ih vminedemaTuladgsuts
N.F. 2554
P
#include <avr/io.h>

#include <avr/interrupt.h>

int EN =11;

float setpoint=0;

%%% mvuanislmosvesguussauluih %%

1N Noleage /171117171711111111

float err_v,Upv,Uiv,Uiv_1,Upi v;

//float kpv2=0.0027;

//float kiv2=3.3750;

%%% muuamsimesvosgnszua luih %%

i Careent /1001010101111

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

%%% MUUANUTIMTUTUTYIUIINYAATIITY %%%

int voltage sensor =1;

int current_sensor =0;

%%% tnuasaulsdmsuiudayananngan e sulmEudumiy 0 %%%
int Read Voltage=0, Read Current=0,ii=0;

float Vo=0, IL=0;
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void setup()

{

%%% Mnua Tvuam a3 udynn PWM %%%
pinMode(EN, OUTPUT);
TCCRIA = (I<<COMI1A1)|(1<<COM1ALl);
TCCRIA |= (1<<COMI1B1)|(1<<COM1B1);
TCCRI1B = (1<<WGM13)|(0<<WGM12);
TCCRIA |= (0<<WGM1 D|(0<<WGM10);
TCCRI1B |= (0<<CS12)|(0<<CS11)|(1<<CS10);
ICR1 = 800;
OCRI1A =0;
OCRIB =0;
TCNT1=0;

H

void loop()

{
setpoint=400;
while(1)

{

v9% Sususadi fhuaznszua st Sugaldiilumesa %
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);
%%% 1ingguusaau luihvesinruguiile %%%
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)
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{

Upi_v=Upi_max;

h
else if (Upi_v <=Upi_min)
{

Upi_v=Upi_min;

}

%%% 1ngginszua liihwesdraiuguii lo %%%
err_i=Upi_v-(12)/1000;
Upi=kpi2*err i;
Uii=kii2*Ts*err i+Uii_I;
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
%% daa PWM Taaiui 11 %%%
OCRI1A =Upi i;
Uiv_1=Uiv;

Uii_1=Uii;

L= 1A o ~ = d o A [ J o o [ [ d'
%%% 93390V INDIANMHUANVLITNWINTFU P12 H50d3 (Wensudimsvlsulas
Y] 9 o
seaunsau liluordna ) %%%
if (ii > 20000)
{
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setpoint=600;
call P12();
h
else {
ii++;

}

}
%%% Fon1FHandu PI2 %%%
void call_PI2()
{
while(1)
{
v49%% Sususadi fuaznszua llfhs s Sugaldiilumesa %
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);
%%% 1inggiuseau liihvesdniuquitle %%%
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)
{
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Upi_v=Upi_min;
h
%%% 1inggunszua lihvesiniuguiile %%%
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;
}
else if (Upi_i <=Upi_min)
{
Upi_i=Upi_min;
H
%%% i1 PWM ldainii 11%9%2%
OCRI1A =Upi i;
Uiv_1=Uiv;
Uii_1=Uii;
H
H
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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
glectrical 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 etal., 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;
Sujijom et al, 2006; Puangdownreong et al, 2005, Kulworawanichpong et al, 2005;
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 et al., 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. In 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 Vi, 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, Kiv, Ky, 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

v,

PWM

Figure 2: The schematic of buck converter controllers

K;ﬂ'

Ky

a ll{s —
Xy X

Xi

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

where state-variable: x:[lL Yoo v X’T , input: 4= [vﬂ], and output: y=[va]
The details of A, B, C, and D are as follows:
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_KEVM _KEI'KEV;!’F-'—I KH'KEVM Kﬁym

L L L L
1 1
- = -— 0 0
A= C RC
0 -1 0 0
-1 -K,, K, 0,
KerpJVin
L
B=| 0
I
K
» dwc=[0 1 0 0],,ad
D=[[]]I><I (2)

Notice that the cascade PI controller parameters (K, Kiy, 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 SimPowerSystcmTM (SPSTM) of SIMULINK. The exact
topology model of spS™ for the system in Fig.l 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 =15 mH (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
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the voltage command v: from 40 V to 50 V that occurs at ¢ = | s., respectively. Similarly, Fig. 6 and

Fig. 7 show the comparison responses for a step change of the voltage command v:; from 40 V to 70 V
that occurs at t = | 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, Kj, = 9.375, K, = 0.6, and
K;;=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 PI 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 1': from40 V to 50 V
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Figure 6: Response of v, for changing the v: from 40 Vio 70V
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From the comparison results of both models as shown in Fig. 4- Fig. 7, it confinns 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, @y = 2500 rad/s, and @, = 250 rad/s. Hence, the PI controller
parameters designed by the conventional method are given by K, = 0.01, Ki, = 9.375, K, = 0.6, and K
=9375.

3.2, ATS Algorithm

The block diagram to explain how to search the PI controller parameters using ATS algorithm is shown
in Fig8. 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

objective function

fiPOT. T)
" eigenvalue
) calculation
searching parameters ATS or
Ko K Ky K PSO
[
- - 9
Vo, mathematical nm(‘J‘EmF-cml_l;ollcd buck converter Vv,
+ C give in (1) with the details of ¥B, C, Din (2)
— = - - -
14 o

In Fig.8, the ATS algorithm will search the appropriate controller parameters K, K, Ky, Kj; in
which the objective value (W) is defined by

W(T,T.,PO)=0cl +al +yPO. (3)
and

oct+a+y=1 (4)
where

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

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

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

a, a, 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.R, the steps of searching controller parameters by using ATS are as follow:

Step 1:

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

Determine the boundary of parameters. In this paper, the upper and lower limits of K,,,,
Ki,, K, Kii 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 = 2nx2000 to
2mx20000 rads and @,, = 2nx150 to 2nx700 rad/s with the constant {=0.8 and the
system parameters as defined in Section 2.

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 valug, 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:

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.

Step 4: 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
va 0.0027 0.1228 0.1174
K, 3.3750 27.1625 25.9984
Km- 24 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 # value compared with those of the classical method. Fig.9 shows the v, response to a step

change of v; 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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Figure 10: The convergence of W value from the ATS method
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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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Figure 13: The eigenvalue plot during the PSO searching process
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5. Experimental Results
The test rig of the system in Fig. 1 is shown in Fig. 14.
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Figure 14: The testing rig of the system in Fig. 1

1. DC Voltage Source 4. Voltage and Current sensor
2.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 V to 12 V

that occurs at 1= 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 Vto 12V
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Figure 16: The experimental results of v, for changing the v; from 10 Vto 12V
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Figure 17: The experimental results of v, for changing the v; from 10 Vto 14 V
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Figure 18: The experimental results of v, for changing the v; from 10 Vto 14V
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Figure 19: The experimental results of v, for changing the v; from10Vto 16V
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Figure 20: The experimental results of vo for changing the Yo from 10 V to 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
model 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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