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Abstract

This research presents the controller design of buck-boost converters using the
artificial intelligence technique called the adaptive tabu search method. The aim of the
proposed design method is to achieve the best output performance. For the most research
works, only the best output performance is considered during the searching process.
Unfortunately, the resulting controller parameters cannot be implemented because of the
control signal limitation. Therefore, this research will present the optimal controller design
using the adaptive tabu search algorithm to regulate the output voltage of buck-boost
converters in which the control signal limitation and stability analysis are included into the
searching process. As a resulting, for each iterative, the controller parameters are determined
via the proposed algorithm to achieve the best output performance with reasonable control
signal. Moreover, the system is confirmed to operate under the stable operation. After that,
the resulting controller can be implemented. The simulation and experimental results are used
to validate the theoretical results. The results show that the system with the controller
designed via the proposed technique can provide the best output performance compared with
the conventional method. Importantly, the resulting controller can be implemented for the

practical system.
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9 1
TuaoudemAensulasfSua 2 wa feguuunu of Tdeguuunu@ns (dq) Tae

Y v A

nunw d uwag g yhyunu 90° ueraa laaagai 2.3

G
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A ) [ aAa
:.jﬂ‘]/l 2.3 LLWHﬂ'lWL'JﬂW]’E]iﬁ'IWi‘Uﬂ'liLLllﬁ\iﬂﬂ'J

[

4 4 ] Aa 4 e
Mg 2.3 ensamenniaes of Tdeguuunuani Iaanaunsi (2-2) aeil

{E}:{iﬂﬁ% 21?”{2} (2-2)

MNTUNTN 2-1) tag 2-2) aumsdmsumsudassuna 3 e WdludSuna 2 e vu

aa =
UNUARNTI D

f fa
{;}:K-fb (2-3)

1 1

1
2 2 2

A 1
uag 6 A9 HUTEHINUNU o Lagini d
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o w J

aauae laziimsutasdaiunnsanalulszaeuaie q nedenssuaaauves

v v Y
seuulugii 2.1 Falineazidoansae i

U

221 MMmumMutazaunigINvaIaYds

Source Bus AC Bus

R L

Ve, VTSN
Req Leq Iabc

Voo AM AN —

L
Ve, R I 2,
e AVgpe ————

v 9

U 2.4 Mdumunazgdumitenhuesaedamga ludhaala

1317 2.4 Adumuazaiieniwesaeaatiae lwil (ong, 1998)
=) I aAa A a o A 1 1 v
awnsodeuilurersauyanaa ld laeuduinsananussauianasoudisda (AV,,, ) ¥

' ldasaumsn (2-4) Ao

d
A\/abc = Reqlabc Y Leq a(labc) (2-4)

Mnaumsi 2-4) wdunidulsiduglFua 3 wla dsinged Feaunsouladdiidu

¢l
Y
WS 2 e vuunuanl Tagedomas ngmauilasdad (K) Tadail

KAV, = R (K ™4 )+ L %(Klldq)

: ] d/-
KK ™AV, =R, (KK ™, )+ Lqua(K gq)

d, .
AV, =R_I +Lqua(K gq)

g = Meqlag
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d, d
AV = Rylgq + Lqu(aK ljldq +L, (aldqj

’ -1 0
) K(—Klj— 0
dt
0 O

9
v aa

wiuag lagumsvesinuanAsoNdINogUULNUAR AN (2-5)

AV, I, I, -1,
AV =| o |=Ra| " [P L 1 [F oL ¥ (2-5)
q

{ 0 < a 1 o o o !
MnaumMsh 2-5) auwnsodunadailuiesauyadnivesaedaias nlihldaagali 2.5

Req 1 ¥ 4 wa\'m
AN\ 7YY Y\ X -
= _/
Isd
Req Leq @ I—/eiq\lsd
o Y'Y\ + °
1)1 1 N\

' '
Aaa A aAa o 9 % =

31 2.5 295 EuyaRRIMINANNdIR MUz A I Tienhivesaedatias Wi



222 adudulszquasmaas

AC Bus

Vabc

Iabc

lAIabc

= v < 1 o w
1 2.6 dnnvilszguesaedaias Trdh

13

1n31l# 2.6 daRvilszguesaeasmas lihawmlaamnsodiowduis

auyaaa ldlasinsanainnszua lihflvarududvilszy (Al Fedwaaldnn

AuMIN (2-6) Ao

Al =C L (v,)

abc eq a

[ 1 ] a 1Y a 4 e
mmsudasaumsi 2-6) eguuunuaaaTasodomaing K lagail

KAl =C, %(K—lvdq)

KK Al =C,K %(K-lvdq)

d, _ d
Aly, :Cqu(aK l)qu +C,, (avdqj

(2-6)



g -1 0
k) (a ‘1] = 0
0 0

w2 18 aumsvesnszua Wi Tnarudusulse LYUUUNUARA faaumsi (2-7)

+ o—

Vbusd + Ceq %wceqvbus q
+ 2 J_

Vbus,q T Ceq éwceqvbus d

v
aa A A

{ =] 1 o
517 2.7 2sauyafninannadunulszyuesaedemas luih

14
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223 wuUdIaesvedIsnsaaenseuamuila

A =} 9 A
3‘]J°I/I 2.8 N%mfmﬂizgmmmv!mmzﬂammumuuumaeu

Y 1 1
sFeanszuadaad niulaeldlalon 6 @1 uaasldnagli 2.8 e
[ [ I [ 1
uaaussdu Iihnszuaaduuuvamumlailuussduldihnszuaass wann L, luaieds
mas IihnfidedsesiSoenszuaaula vz ldiAayumaon (overlap angle) vi1l¥useau
¢ 2 A vy Lo Y v s
INAan mansenulamsannsanuny lddrems ladadiumu R, nedueidnaves
2993(384nT2UaTUNT (Mohan, Underland, and Robbins, 2003) Tagfian R, amisafiuim

Tannaumsn (2-8)

2 3oL,

o

(2-8)
T

Y a 4 { A {
Wandumsaiatvesnesizeanseuaamannnsan Tngldnnudyagiu (Sakui, Fujita, and

Shioya, 1989) naas ldasgili 2.9



Sm """
Sa

Sp A
o]
L

| i ot

{ o a J =~ a J
gﬂﬁ 2.9 iy}ﬂlﬂ‘mﬂﬁET’JG]GWU’OQ'Ni]ileNﬂi&tﬁﬁ"ﬁuﬂﬁllﬂﬂﬂiﬂﬂ

A = < Y v A A
1ng1i 2.9 aunsadeuiluaums laasaunsi (2-9) Ao

sin(awt +¢)
S.c =S, |=S sin(a)t—z?ﬂﬂzﬁj

abc
sin (a)t 4z + ¢j
L 3 i
23

A A A o = A 1 J v A X A -
53] ¢ ﬂf]‘lglll“l/\lﬁﬂﬂmf]c]f ag Sm ﬂ@ﬂ?ﬂflﬂmflﬂﬁﬂﬂ%uﬂﬁﬁ’m% FEINAUNINY ——
VA

[

o &Y a ’q ¥ 1 ana [ a 4 dy
“I/nﬂ'l'illf]Ja\‘]ﬁ\‘]ﬂ“b’l!ﬂ'liﬁ?@l“b’clﬂﬂgﬂullﬂu@ﬂ’ﬂﬂﬁl’fﬂﬁﬂlﬂﬁiﬂcﬁ K a3u

S, =K-S

q abc

sue] 1] 328 il

aAAa o

3 T Jd o a { ] {
mnualn 6 = ot="+4, v lasndumsadagnoguunnuaaaneaunsi (2-10)

16

(2-9)
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A

A = = (4
o ¢ Ao yulavewny d MeUALIY o

a [ Y4 1 9, 9 A 9 a a
Wmsmmmmauwumzmnmzuﬁ'lﬂﬂmwmuﬂgmqmmzmun%gu

o

= A Y o J o A A
EU'[’)Q'Nﬂﬁliﬂﬂﬂﬁgllﬁﬁ'"m!,w/ﬂalugﬂﬂ 2.7 fﬂgulﬂﬂj'lilﬁmwu‘ﬁﬂﬂﬁllﬂ'ﬁﬂ (2-11) Ao

inabe = Savclac (2-1D)

o A Y 1 Aa o a Y v o
Tl'lﬂ'lﬂlﬂﬁ\‘l'ﬁﬂﬂ'lf!"ﬂ (2-11) Gl‘l’if]gﬂuuﬂu@ﬂ’JI@EJE]'Iﬁﬂmﬁﬁﬂclf K i]ghlﬂﬁhﬂ'liﬂ'ﬂllﬁllwuﬁ

9, H 1 aa % d' % dy
eumﬂizuﬁ"lwmﬁagummmmm@mmim (2-12) A3

K-1 :K'Sabcldc

in,abc

Iin,d - Sd _
inaq _{Iin,q:|_|:3q]ldc 12

Y a Y a

a % o J ' o a
wmmm1mmﬁuwuﬁszmmmﬂu"M%'hmuﬂ%mmmzmunmgmm

) QU

=)

~ A 9 % o o { A
esizeanszuauuuamlaluzln 2.7 oz ldanudiusasaunsi (2-13) fo

Edc,l = SZb V (2-13)

c ¥ bus,abc

° { 1 aa o a 4 v v
mmsuwlasgunsn 2-13) Glﬁ'aguuuﬂuﬂmiﬂﬂmﬁammﬂcn K ' ldaumsanudunus

v H 9
youssau Ilhfeguunnu@fIfsaunsi (2-14) asil

Edc,l = (K-lsdq )T (K-lvbus,dq )

Eues = Siq (2-14)

(K*) (KW

bus,dq
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4 a 4 L] . v ¥ —
Woweasng K Tamainiailuee Inlnuea (orthogonal matrix) aany K =K' az'ld

Vb d
Edc,l = Sgq\/bus,dq = I:Sd SQ] \V/ ;

bus,q

Eoca =SeVousa + qubus,q (2-15)

d' = ~ aa é =
NAUNITN (2-12) Lag (2-15) FIWITOVIUNITANYAVDINITLTIINTSHAUULNUAND HIY

Y 9 9 o A A o Y {
dnpazadiwvsndent)as dgui 2.10 Tash Sy waz S, Aualdaninaumsi @-10)

Iin,d R,u
—> 1:S 'A% % °
+ =2d + _ +
Vbus,d Idc
Iin,q Edc,l Edc
+ > 1:S,
Vbus q
o

71U 2.10 2935 8nTZLAIMH A NOgULIALARY

224 2993aUYAANIVBITZUUIIN

v 9

a o A ) ' v
ﬂ1§53ﬂ30ﬂ§ﬁﬂﬂﬁaﬂ'}ﬂlﬂﬂ AATUNTULASAUNRUIIUIUVDIT YA ﬁjlﬂ'ﬂﬂ5$i}

U

D.

H Y 9 o

YOITYEA Haz9vsiseanseuanaivu e 2.2.1, 2.2.2 way 2.2.3 @sarnvey

=

o Yo A I aa y T A
5'33Jﬂuul,ﬂ QTJJ‘VI 2.11 G]NL‘]JH'J\?ﬂiﬁuyaﬂullﬂu@ﬂjﬂ’lﬁﬁ\ulﬁa\iﬂ’lﬂmﬂﬂigﬂﬂiugﬂﬂ 2.1

U
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l . Sd R‘u
— AN °
lind + +
T Idc
a)Cqubus,q
Ec Edc
1:S,
_> + I-
I in,q
sq
Vg Vbus,q—_(:eq COCqubus§ g

JUM 2.11 295AUYARRIveITEUUN A a e

a o A
‘wmimmwumwnﬂmaﬂugﬂﬂ 2.12

~ d o Y aa
E‘]J‘V] 2.12 LHUMNNINRBS a5 uMsulasan?

1 e a 1 Aa
103U 2.12 Yszneudies unu of Miluunudredluiinsvyu unudaill
1 [ 9 a 1 @ 1 A v d' v 1 1 =) v
YA AN UUANSNBUNINY ¢ dau V, Ae ussaumlaniiaunassie uag V,,, Asusaau
Y : @ Jd o a J
wavaed FalszinaliiyuanssnuiandunsadadvescesBeanssuaaule (S)

o A oA

EEETN Yo ¥ a o 7o a o
MNUNUNTINY ;j’mﬂ"lﬂmwusﬂmmu d lllql?JW\li‘W]i\iﬂUHﬂJﬂl@\iﬁQﬂ‘b’HﬂTiﬁ’J@% NIDUUAD
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4

° "o 4 A < o a ¢ = <

Mruald ¢ iy ¢ e ldtSunavestensumsaiaguuuny q Santlugud iuns
] o 9 o =\ [ g}/ J v a Ja Y
FrvaanNuFuFou lunuuTasvevsFenszudamud asiuangumsaiasaoula

AaUNITN (2-16)

Sd 3 2431
= — |2.=2NY 2-16
qu |:Sq:| \/; pu |:O:| ( )

Y
2 U [ Y

4 a Y o 1o o
uamﬁmi}mmmﬂmam Glﬁm’J‘]Ji‘lmmmmﬂmuuummm I AIUUFTVUITOATIUIUN

U

[

v A o T aa Y o A dy
UIIAUNU TN AINYUULAIUAN (Vsdq)”l@maumﬁ‘n (2-17) AU

Ve | cos(A) ]
Ve Mﬁv sin(2) o

A = aa ) o 9 1w
ANAUNITN (2-16) ﬁ’]ﬂ’]ﬁﬂlmﬂu’l\‘]%ﬁﬁﬂu‘]aﬂﬂ?m@ﬂﬁzﬂﬂvn\iﬂ\ulwaQﬁ]’]ﬂﬁ’lﬂlﬂﬁulﬂiﬁﬂ ?NETJ

2.13

=).

Req Leg @leqlq 1:Sq R,
T 9 lind + ik N
sd I
I T dc
Vsd<‘> Vbus,d__Ceq @CeqVbus,g Eqea Eac
Req Leg wlegly
q .
T —
T> Iin,q: 0
sq
VSq T Vbus,q__(:eq COCqubus,d

~ Aa Y o A
U 2.13 293ErUyAARIveITTUUN A A s e il S, =0
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d

a d o nd'd | Y o dr:;
2.2.5 miwgﬁmmgmmmawmazuumimmﬂmamuﬂmwmmuuﬂn-uaﬂn

U

A o 9 aa Y o o £ 1Y
Lll’E]T]"Iﬂ"IﬁﬁiN’Ni]iﬁlllJaﬂﬂ?ﬂlﬁ]\ﬁ%ﬂﬁ‘l/nﬂPQJQLLWaﬂi]"lflﬁWllW‘lﬁlﬁﬁ]ﬁulm’J

[
~

' =< o o v o AN 1A @ o A ' Yo
ao luh Tnaasrsuasdunuuiian-yadn hifidnuquuisiinisisende uaasladegla

G

2.14

Req I—eq C!)Leq | q |_f Q

_ . ¥ m + -
lsg 1 |dc _rl_u(t)g L :
Vg Viusd [, CoaVousa Baer  Eee Vee>R C ViR
[

- + - :' 0
in,q

!

Vsq Vbus,q Ceq @CeqVus,d

o
3

C
AY

—

-
f=
+

311 2.14 2995 auyavesszuy Tihnnnsanuusnumyuaa)

a 7 o o A ° s | i
mmmﬂwmun‘umam%mmumimﬂgmmmai%ww (Kn‘chhoffs law)

a ¢ ~ 2 v Yo A
iJTJm‘iniNi]iGlugﬂﬂ 2.14 Glfﬂ"]“f@ﬁuﬂ'lif]iélwu‘ﬁ Llﬁﬂﬂulﬂﬂﬂu
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. R 1 1
Isd =——_ Isd +a)|s __Vbus,d +_\/§'VS COS(&)
Leq ’ Leq Leq
Is :_a)lsd_ﬂls __Vbus, +—\/§~VSSIn(ﬂ)
‘ Leq ! Leq ’ Leq
-1 3 243
Vbus,d = C_ Isd +wvbus,q _\/;. ZC Idc
eq €q
. 1
Vbus,q = C_ ISQ _wvbusvd
eq
. 3 2\/§ (Rﬂ+Rf +Rc) 1 RCU('[)
Idc: A v Vousd dc__vdc+ IL
2 rl, L Ly L
. t
Vdc :ildc_U( )lL
C, C;
. t 1-u(t
|L=U(L)Vdc_ Lli( )Vo
. 1-ult 2-18
Vo = U( ) IL _ivo ( )
C RC

A A s a < @ o o 4 Yo A
$\)3} U(t) ﬂ@ﬁ\?ﬂﬂfuﬂﬁt’f’)@l‘]ﬂl@xﬂx‘l*ﬂ‘illﬂﬁﬁNul!ﬂﬂﬂﬂﬂ-u’ﬁ@] Llﬁﬂﬁqﬂ@QﬁNﬂTﬁ‘ﬂ (2-19)

1 O<t<dT
u(t)= (2-19)
0, dT, <t<T,

) Aa 4 ~ = Aa 4 A I
LL‘UIH]TC‘I’ENﬂTQﬂmﬁﬁWﬁﬁﬁiuﬁMﬂﬁﬂ (2-18) WUNUNITINNDT U(t) myu

Jd v { a a o a J o
WINFUVDIIa (time varying) ‘ﬁlﬂﬂ%TﬂWi]@]ﬂiﬁ3JﬂTi'VINTLlGU’ENﬁ?@]ﬂfﬂ]ﬂ\iﬁ\‘]ﬁ]illﬂﬁ\‘mu

v J IR 9 o ° Y I o A 2 AL Y
Llﬂﬂﬂﬂﬂ-uﬁﬁ ﬁ]\‘]@]@\WﬂﬂTiLL’IJflQLL‘]J']J’Iﬂﬁ’t’NGlTTHJULL']J‘]Jﬁan’ENﬂllﬂJ"UHﬂ‘UL’Jﬁ"I Tﬂﬂ‘lu‘ﬂuﬂg‘lﬁlﬂ

1 v 1 ' Y
FaundeiSgianiuzna il Felineazidoadas Tl

Taea'l) dyape £ (t) 1o q Wdludygrasieay Fdlnudu T aunse

] Y
Woulieglugilounsuyf§iesiTadou (T.W. Gamelin, 2000) Tdasaunisf (2-20) fil

F(t)= 2 (X), (t)e" (2-20)

0
k=—o0

[
a

'
o (X), (t) fio dulszdAnsyfaiwdFadou mldnn
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1 |
- 7kast -
(X)), (t)—_l—_j f(t)e " 'dt (2-21)
T
4 2r
Taon o, = —
=
auautansuiuvesdulszansysiofiFadou dmfumsigainm

upuassnuadiamaaivesszuy Iihmdalugli 2.4 TaeldisaundelSgiianiuy

v Y
RYSTRTERY

[

1 H Y
Auauiavedns Msasuulasnunar uaadlaasaunsi (2-22) Al

d .
a<x >k = <dX>k - Jka, <X>k (2-22)

v 4
auantAvesnudiusueINs g taasladsaunisn (2-23) feil

<XY>k :Z<X>k—i <Y>i (2-23)

[

Y A U a 1 A Aa zg [ Y o A dy
o f (t) A9 A1933 (MITINNAVUIN ﬂJuﬂJUTmSTEJﬂ”IU) Llﬁﬂﬁqﬂﬂﬁﬁﬂﬂﬁﬂ (2-24) A3U

<X>7k:<x>k:<x>k (2-24)

a,

d'dy 1a 14 a v W =2 Y v o
Tuntiaz lunnsawavesss lutinsuauge 1 ldnsiszunaduaugud

Jd a
(zero-order approximation) UDIDUNTY 1{{%&85 Fatou (Mahdavi, Emadi, Bellar, and Ehsani,

[
=

1997) Tavuduinsandyanumsadad u(t) dagui 2.15

G
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u(t)

0 dT, T,

A o a o o o o
:.jiﬂ‘ﬂ 2.15 tytywmmimmwmwﬂmﬂmwmmumﬂ-yﬁ@

4
a %

1 @ a = Jd a a %
ﬂTi’Vi'lﬂ'lﬁll‘]Ji%ﬁVI‘ﬁK‘!iLfJiL%Q%@um@ﬁﬁiﬂm'lmﬂ'ﬁﬁ?ﬁ"]ﬁlﬁ]\?'ﬁ\ﬁ]‘illﬂaﬁwu

g 9

U

o J o { 4 a [ Jd o 9 I3 P
puwian-yaalugli 2.15 wennsanmsszanasuaugud v ldTassmualiar k=0
4

uazunue u(t) Maaumsh (2-19) asluaumsi @-21) wla

l dT;
0
<u>0 :T‘S !18 dt

a £ ' v W d @ a 4
uﬂszﬁmmsﬂiw1mmauﬂu§mﬂﬂ1m UYIUNTTINY ﬁ’f)
<U>0=d (2-25)
A A ' v W o o v J 14
wo d Ao f"l"lflg]i]ﬂ'iﬂTSTINWusU’t’N’Ni]'iLL‘]JfNW‘IJLL‘]J‘]J‘]Jﬂﬂ-‘]EIJE‘T@

dmSualsanuzvownuiiaesluaunsi 2-18) awnsodeulioglu

a

o < Jd a v v J o { [ <
sidmlszansfses Fadousuaugud naadladeaunsi (2-26) asil
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P S
—
e}

By ~— ~—”"
o
Il
—
o

= Vbus,q (2-26)

o~~~

<

T
-

~ ~——
o

I

-

<
I
<

YJas 1 =

= a A o a 4
vnauMIn (2-18)  @wsaldisaunaeligiaaiugnaldigeinm

o 2 Y a A o A £ - S a 9 I o
ISINIR NG IN] TﬂﬂlﬁllGI‘Ll‘Wi]’limWﬂﬁﬂﬂﬁgﬁﬂ‘ﬁz‘!ﬁwﬁl%qcﬁ@uﬂl@\1 Isd L‘]Juﬁ’guﬂiﬁmuzmm

Y
v A

o Aq ¥ A 4 9
LL‘JJ“JJi]ma0%1%ﬂ15ﬂ§$u1mﬂ16u@ug{u8 Llﬁ@\illﬂﬂ\?u

<|;d >O =- E: (Ia)o+o(lg), _L%q<vb”5’d ), +L%€V”‘ cos(A) (2-27)

q

NAUMIT (2-27) annsaunu (Ly), =y, <|sq>0 =1, 10g (Vo g >O =Vys g 9 10NN

a o J o a v A ' 3 1o @ { [ -
m@yg‘wummu‘uuﬁ)maamwamﬁ“luﬁuagﬂunmuﬁmmﬁumﬁﬁ (2-28) At

. R
ly =——" 1y +ol —ivbu&d +i\/§Vrn cos(4) (2-28)
L L L2

q q

{ 4 a o a QOJ 14 I o
NNAUMIN (2-18) WonnsanduilszansiSeives I, Wudulsaoue
o o a ] [ a @ 4 ) a [
Yo UuTIaee Audumssuaeny |, 1wldgumasieyiusvewuusiaousinaia

v Y
LAAIAITNNITN (2-29) AN

. R -
<Isq>0 :_a)<|5d >0 _Le_j<|sq>0 _L%q<vbus,q>o+l_%q\/§vm Sm(ﬂ“)

. R
Isq = _a)lsd _ﬂ Isq _ivbus,q +i\/§Vm Sln(//i)
Leq Leq Leq 2

(2-29)
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dmiudwlsaniug V., Vosar laer Ve, 10 wag Vy anuunms

] = 9 k) a v J o [ ~ =
FURAYIND Isd Hag Isq ﬂ$ulﬂﬁuﬂ15l"]f\1@1élwu‘ﬁell@\‘]LL‘U‘U%’]@@\‘]@Q@TNﬂ’]iW (2-30) 93 (2-35)
4

AuAALAIT

. 1 3 23
<Vbus,d >0 = C., <|sd >0 +a)<vbus,q >o _\/;' 7C,, <Idc >o 030
VbL:s,d :Ci Isd +a)vbus,q _\/gzc£ Idc
eq 7 €q
1
<Vbus,q> :C_<Isq>0 a)<vbus,d >0
0 eq (2-31)
1
bus,q zc_lsq_a)vbus,d
eq
. 3 23 (R +Rf+RC) 1 R, (u)
<Idc>0 :\/;'”_Lf<vbus,d >O _#L—f<|dc>0 _L_f<vdc>0 + Lf ° <IL>O (2-32)
L] R R R
Idc :\/g' 2\/gvbus,d _( e C) Idc _ivdc +RLdIL
2 mly, Ly Ly Ly
1 (u)
<Vdc> ZC_<IdC>o C0<IL>0
0 f f (2'33)
. 1 d
VR P
d f d Cf L
(u) 1-(u)
| =100y 0 (v
(1) =), -2, s
d 1-d
IL _Ivdc_ L Vo
1—(u) 1
V) = 0] —(V
0>O C < |—>0 RC< 0>0 (2_35)
v, =% |- R1CV°
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A = = ° a J ° (g
INAUNITN (2-30) DI (2-35) ﬁ']iJ'IiﬂHJle!LL“]J‘UﬂWﬁENT]NﬂﬂMﬁWﬁﬂiiugﬂﬂl@ﬂlLUUﬂ1ﬁ@\1ﬁ’J

nisaoug 1dasaumsn (2-36)

x = Ax+BU (2-36)
y =Cx+Du

de dwdsaeuzde x=[1_ I V V LoV, I, V]|
b - sd bus,d dc dc L ¢}

sq bus,q

ouna Ao u=[V,]

S

4 A

.
wwnaae y=[l, Vi 1 V]

A Y v =
wazsiwavideaues A, B, C uaz D Tuaumsh (2-36) uaaelanail

S )
- NES 0 0 0 0 0
L, -
R
S — 0 A 0 0 0 0
Leq eq
1, 0 g " \E& o o o0
Ce 2 #C,
0 1 - 0 0 0 0 0
A= Ceq
0 0 ﬁ'Zﬁ o _[RFR+R) 1 Rd
2 7L, L, L, L,
0 0 0 0 1 0 _a 0
C, oF
0 0 0 0 0 d 0 1-d
L L
0 0 0 0 0 0 1-d 1
L C RC _18x8



J3-cos(2)
L,
J3-sin(4)
L,
B 0
0
0
0
0
L 0 18x1
00001000
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o ! a 4
%%%%%%%% MUUAATNITIUADIUDITESU U %%%%%%%

Vs=15*sqrt (2) ;
d=0.5;

f = 50;

Reg=0.2;
Leg=100e-6;
Ceqg=2e-9;

Rf=2;

Lf=88e-3;
Cf=188e-6;

Rc=3;

R=80;

L=15e-3;
C=1100e-6;

tstep = le-5;
tcheng = 10;

Lt = 20;

w = 2*pi*f;

Ru = 3*w*Leq/pi;

R total = Rut+Rf+R;
[r,Z] = cart2pol (Req,w*Leq);
Sd = sqgrt(3/2)*2*sqrt (3) /pi;
G=d/ (1-d);

GI=sqrt (3)/(sd);

%%%%%%% g lsunsumsAumaieITuetiaau - dy  %%%%%%

Vbus (1)= 15*sqrt(2);
Lamda (1)= 0.1;
EV=100;

EL=100;

ES=1e-10;

k=1;

clear j

while EV>=ES & EL>=ES

Idc o = GI*abs ((Vs-Vbus (k) *exp (-j*Lamda (k) )) / (Z*exp (J*r))) ;
Vo o = ((G*3*sqgrt(3)/pi*Vbus (k))-(G* (Ru+Rf) *Idc 0));
P out = 1/R*Vo 0"2;
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P loss = (Ru+Rf)*(G"2)*Idc o"2;

dP_out Vbus = 2/R*Vo o* ((G*3*sqrt (3) /pi) - (G* (RutRf)
*GI*abs ((Vs-exp (-j*Lamda (k)))/ (Z*exp(3*r)))));

dP_out Lamda = 2/R*Vo_o* (-G* (Ru+Rf) *GI*abs ((Vs-(-J)
*Vbus (k) *exp (-J*Lamda (k) )) / (Z*exp (J*r))) ) ;

dP_loss Vbus = 2*(G"2)* (Ru+Rf) *Idc_ o*GI

*abs ((Vs-exp (j*Lamda (k) ))/ (Z*exp (J*r)));

dP_loss _Lamda = 2*(G"2)* (Ru+Rf) *Idc_o*GI*abs ((Vs-Vbus (k)
*(-j) *exp(-j*Lamda (k) ) )/ (Z*exp (J*r)));

J(1,1)= Vs*cos(r-Lamda (k) ) /Z-2*Vbus (k) *cos (r) /Z
-1/3* (dP_out Vbus + dP loss Vbus);

J(1,2)= Vbus (k) *Vs*sin(r-Lamda (k))/Z
-1/3*(dP_out Lamda + dP loss Lamda) ;

J(2,1)= Vs*sin(r-Lamda (k))/Z-2*Vbus (k) *sin(r) /Z;
J(2,2)= -Vbus (k) *Vs*cos (r-Lamda (k) ) /Z;

F(l,1)= Vs*Vbus (k) *cos (r-Lamda (k) ) /Z-Vbus (k) *2*cos (r) /Z
-1/3* (P_out+P_loss);

F(2,1)= Vs*Vbus (k) *sin (r-Lamda (k) ) /Z-Vbus (k) *"2*sin(r) /Z;

DX = -inv (J) *F;

Vbus (k+1) = Vbus(k) + DX(1,1);
Lamda (k+1)= Lamda (k)+ DX (2,1);
EV= abs (DX (1,1)/Vbus (k+1))*100 ;
EL= abs (DX (2,1)/Lamda (k+1))*100;
k=k+1

end

%%%%%% %% Namasvod 1alsunsuy %%%%%%%

Lamda = Lamda (k)
Vbus Vbus (k)
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nitid lifidanauau
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o ! a 4
%%%%%%%% NI UAATNITTUODTUDITSUD %%%%%%%

Vs=15*sqrt (2) ;
d=0.5;

f = 50;

Reg=0.2;
Leg=100e-6;
Ceqg=2e-9;

Rf=2;

Lf=88e-3;
Cf=188e-6;

Rc=3;

R=80;

L=15e-3;
C=1100e-6;

tstep = le-5;
tcheng = 10;

Lt = 20;

w = 2*pi*f;

Ru = 3*w*Leq/pi;

R total = Rut+Rf+R;
[r,Z] = cart2pol (Req,w*Leq);
Sd = sqgrt(3/2)*2*sqrt (3)/pi;
G=d/ (1-d);

GI=sqgrt (3)/(sd);

%%%%%% MuaumMsns Inaveamaa llih %%%%%%

Vbus (1)= 15*sqrt(2);
Lamda (1l)= 0.1;

EV=100;

EL=100;

ES=1e-10;

k=1;

clear j

while EV>=ES & EL>=ES

Idc_o = GI*abs ((Vs-Vbus (k) *exp(-j*Lamda(k)))/ (Z*exp(j*r)));
Vo o = ((G*3*sqgrt (3)/pi*Vbus (k))-(G* (Ru+Rf) *Idc o)) ;

P out = 1/R*Vo 0"2;

P loss = (Ru+Rf)*(G"2)*Idc 0o"2;

dP _out Vbus = 2/R*Vo o* ((G*3*sqrt (3)/pi) - (G* (RutRf)

*GI*abs ( (Vs—exp (-j*Lamda (k)))/ (Z*exp (j*r)))));
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dP_out Lamda = 2/R*Vo_o* (-G* (RutRf) *GI*abs ((Vs-(-J)
*Vbus (k) *exp (-J*Lamda (k) )) / (Z*exp (J*r))) ) ;

dP_loss Vbus = 2*(G"2)* (Ru+Rf) *Idc_o*GI

*abs ( (Vs-exp (j*Lamda (k) ) )/ (Z*exp (J*r)));

dP_loss Lamda = 2*(G"2)* (RutRf) *Idc o*GI*abs ((Vs-Vbus (k)
*(-J) *exp(-J*Lamda (k)))/ (Z*exp (J*r)));

J(1,1)= Vs*cos (r-Lamda (k) ) /zZ-2*Vbus (k) *cos (r) /Z
-1/3*(dP_out Vbus + dP loss Vbus);

J(1,2)= Vbus (k) *Vs*sin(r-Lamda (k)) /Z

-1/3* (dP_out Lamda + dP_loss Lamda);

J(2,1)= Vs*sin(r-Lamda (k))/Z-2*Vbus (k) *sin(r) /Z;
J(2,2)= -Vbus (k) *Vs*cos (r—-Lamda (k) ) /Z;

F(l,1)= Vs*Vbus (k) *cos (r-Lamda (k) ) /Z-Vbus (k) *2*cos (r) /Z
-1/3*(P_out+P_loss);
F(2,1)= Vs*Vbus (k) *sin (r-Lamda (k) ) /Z-Vbus (k) *2*sin(r) /Z;

DX = -inv (J) *F;

Vbus (k+1) = Vbus (k) + DX(1,1);
Lamda (k+1)= Lamda (k)+ DX(2,1);
EV= abs (DX (1,1)/Vbus (k+1))*100 ;
EL= abs (DX (2,1)/Lamda (k+1))*100;
k=k+1

end

Lamda = Lamda (k)
Bl=(1/Leq) *sqrt (3/2) *cos (Lamda) ;
B2=(1/Leq) *sqrt (3/2) *sin (Lamda) ;

%%%% AU luuasng A B C uag D %%%%

A = [-Req/Leg w -1/Leg 0 0 0 O
-w -Req/Leq 0 -1/Leqg 0 O
1/Ceq 0 0 w -Sd/Ceq 0 0 O

0 1/Ceg -w 0 0 0 0O

0 sd/Lf 0 -(Ru+Rf)/Lf -1/Lf 0 O

000 1/Cf 0 -d/Cf O

000O0d/L 0 -(1-d)/L

00000 (1-d)/C -1/(R*C)]1;

0
00

[eoNeoNeoNe]

B = [B1;B2;0;0;0;0;0;07;
MC = eye(8,8);
D = zeros(8,1);

o A
%%%% LLf#ﬁS‘]J‘]Jﬁ?Jﬂ”Ii@HlWH‘ﬁ Lﬁamwamma‘mum %%%%

sys = ss(A,B,MC,D)
td=0:tstep:Lt;
N=length (td) ;
u(l,1)=0;
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for k=2:N

if k<N*0.5
u(l,k)=14*sqrt (2);
else
u(l,k)=15*sqrt (2);
end

end

[v,td]=1lsim(sys,u, td);

L Idc = y(:,5);
L vdc = y(:,6);
LIL =y(:,7);
L VO y(:,8);
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o ! a 4
%%%%%%%% NI UAATNITTUODTUDITSUD %%%%%%%

Vo o2 = 30;

Vs?2 15*sgrt (2) ;
Vo ol Vo 02-10;
15*sqgrt (2) ;

i

=

I
e

o |l

.0785;
.04;
.0521;
.736e+3;

Kiv
Kpi

Kii =
f = 50;
Reg=0.2;

Leg=100e-6;

Ceg=2e-9;

Rf=2;

Lf=88e-3;

Cf=188e-6;

Rc=3;

R=80;

L=15e-3;

C=1100e-6;

Ron = 2.4;

Rfx = Rf;

tstep = le-3;

tcheng = 5;

Lt = 10;

w = 2*pi*f;

Ru = 3*w*Leqg/pi;

[r,Z] = cart2pol (Req,w*Leq);
Sd = sqgrt(3/2)*2*sqrt (3) /pi;
GI=sqrt (3)/(sSd);

NN J O~

%%%  muuaumMing mavesmas lwihlugamsihauisudy %%%

Vbus (1
Lamda (1
EV=100;
EL=100;
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ES=1e-10;

k=1;

clear J

Rfn = 0.03;

while EV>=ES & EL>=ES

Idc = GI*abs((Vs-Vbus (k)*exp (-j*Lamda (k)))/ (Z*exp(j*r)));
P out = 1/R*Vo 0"2;

P loss = (Ru+Rf)*Idc"2;

J(1,1)= Vs*cos(r-Lamda (k) ) /Z-2*Vbus (k) *cos (r) /Z
-1/3*GI"2* (Ru+Rfn) *2* ( (Vs-exp (-j*Lamda (k) )) / (Z*exp (J*r)))
*(=1) *exp (-j*Lamda (k) ) / (Z*exp (J*r)) ;

J(1,2)= Vbus (k) *Vs*sin (r-Lamda (k) ) /Z
-1/3*GI"2* (Ru+Rfn) *2* ( (Vs-Vbus (k) *exp (-j*Lamda (k) ))
/(Z*exp (J*r))) *j*Vbus (k) *exp (-j*Lamda (k) )/ (Z*exp (J*r)) ;

J(2,1)= Vs*sin(r-Lamda (k))/Z-2*Vbus (k) *sin(r) /Z;
J(2,2)= -Vbus (k) *Vs*cos (r-Lamda (k) ) /Z;
F(l,1)= Vs*Vbus (k) *cos (r—-Lamda (k) ) /Z-Vbus (k) *2*cos (r) /Z

-1/3* (P_out+P_loss);
F(2,1)= Vs*Vbus (k) *sin (r-Lamda (k) ) /Z-Vbus (k) *2*sin(r) /Z;

DX = —-inv (J) *F;

Vbus (k+1) = Vbus (k) + DX(1,1);
Lamda (k+1)= Lamda (k)+ DX (2,1);
EV= abs (DX (1,1)/Vbus (k+1))*100 ;
EL= abs (DX (2,1)/Lamda (k+1))*100;
k=k+1;

end

Lamdal = abs (Lamda (k)) ;
Vbusl = abs (Vbus(k));
Rf = Rfx;

%%%%  anumausaoiuzlugamaiiauEudy %%%%

E vdc = 100;
E Idc = 100;
E dm = 100;

E IL = 100;

E Xv = 100;

E Xi = 100;

E1l = 0.1;

k1 = 1;
Idc ol (1) = Idc;

while E Vdc>=E1&E Idc>=El&E dm>=E1&E IL>=E1&E Xv>=El&E Xi>=El
Vde (k1) = 3*sqrt(3) /pi*Vbusl- (Ru+Rf) *Idc ol (kl);
if kl==
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dm(kl) = Vo ol/(Vdc(kl)+Vo ol);

else

dm(kl) = Vo_ol/(Vdc(kl)—IL_ol(kl—l)*Ron+Vo_ol);

end

Xi ol(kl) = Arx*dm( /Kll,

IL ol(kl) = 1/(1- dm kl))*Vo ol/R;

Xv_ol(kl) = IL ol(kl)/Kiv;

if k1>1

E Vdc = abs ((Vdc(k 1)-vVdc (k1-1))/Vdc (k1)) *100;

E Idc = abs((Idc ol (kl)-Idc ol (kl-1))/Idc ol (kl))*100;

E Xi = abs ((Xi ol (kl)-Xi ol(k1l-1))/Xi ol(kl))*100;
E IL = abs((IL ol(kl)-IL ol(k1l-1))/IL ol(kl))*100;
(

(
(
E dm = abs((dm(kl)-dm(kl-1))/dm(kl))*100;
(
(
E Xv = abs ((Xv_ol(kl)-Xv ol (kl-1))/Xv_ol(kl))*100;

end

kl=k1l+1;

Idc_ol(kl) = dm(kl-1)*IL ol (k1-1);
end

dml = dm(kl-1)

Idc ol = Idc ol (k1)

Vdc_ol = Vdc (k1-1)

IL ol = IL ol(kl-1)

Xv_ol = Xv ol (kl-1)

Xi ol = Xi ol(kl-1)

%%%  mumaumins imavesmas lihmaalsulasugamsiiau

Vo o = Vo _02;
Vs = Vs2;

Vbus (1)= 0.99*Vs2;
Lamda (1)= 0.1;
EV=100;

EL=100;

ES=1e-10;

k=1;

clear j

Rfn = 0.03;

while EV>=ES & EL>=ES

Idc = GI*abs ((Vs-Vbus (k) *exp (-j*Lamda (k)))/ (Z*exp (j*r)));

P out = 1/R*Vo 0"2;
P loss = (Ru+Rf)*Idc"2;

J(1,1)= Vs*cos (r-Lamda
-1/3*GI"2* (Ru+Rfn) *2*(

(k))/z2-2*Vbus (k) *cos (r) /2
(
* (-1) *exp (-j*Lamda (k) ) /

k
Vs—-exp (-j*Lamda (k) ) )/ (Z*exp (J*r)))
(Z*exp (J*r));

J(1,2)= Vbus (k) *Vs*sin(r-Lamda (k))/Z-1/3*GI"2

* (Rut+Rfn) *2* ( (Vs-Vbus (k) *exp (-

j*Lamda (k)))/ (Z*exp (j*r))) *j*Vbus (k) *exp (-
*Lamda(k))/(z*exp(j*r));

J(2,1)= Vs*sin(r-Lamda (k) ) /Z- 2*Vbus(k) sin(xr)/Z;
J(2,2)= —Vbus(k)*Vs*cos(r Lamda (k) ) /Z;

%%%
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F(l,1)= Vs*Vbus (k) *cos (r-Lamda (k) ) /Z - Vbus (k) "2*cos (r)/Z
-1/3*(P_out+P_loss);

F(2,1)= Vs*Vbus (k) *sin(r-Lamda (k) )/Z - Vbus (k) "2*sin(r)/Z;
DX = -inv (J) *F;

Vbus (k+1) = Vbus(k) + DX(1,1);
Lamda (k+1) = Lamda( )+ DX (2,1);
EV= abs (DX (1,1)/Vbus(k+1))*100 ;
EL= abs (DX (2 )/Lamda(k+l))*lOO;
k=k+1;

end

Lamda?2 = abs (Lamda (k)) ;

Vbus2 = abs (Vbus(k));

Rf = Rfx;

%%%%  muumdwlsaniuznailiun/asugamaman %%%%

E vdc = 100;

E Idc = 100;
E dm = 100;
E IL = 100;
E Xv = 100;
E Xi = 100;
El = 0.1;
k1l

1;
Idc 02(1) = Idc;

while E Vdc>=E1§E Idc>=El§E dm>=E1&¢E IL>=E1gE Xv>=El&E Xi>=El

Vdc (k1) = 3*sqrt(3)/pi*Vbus2- (RutRf) *Idc o2 (kl);
if kl==

dm(kl) = Vo 02/ (Vdc(kl)+Vo 02);

else

dm(kl) = Vo_oZ/(Vdc(kl)—IL_oZ(kl—l)*Ron+Vo_02);
end

Xi o02(kl) = Ar*dm(k /Kii;

IL o2(kl) = 1/(1- dm 1)) *Vo 02/R;

Xv_02(kl) = IL 02( /KlV,

if k1>1

E Vdc = abs
E Idc = abs

(vde (k1) -vde (k1-1)) /vdc (k1)) *100;

(Idc_02(kl)-Idc o2(kl-1))/Idc o2 (kl))*100;
dm (k1) -d
Xi
I

(

(
E dm = abs (( m(kl-1))/dm(k1l))*100;
E Xi = abs((Xi 02(kl)-Xi o02(kl-1))/Xi 02 (k1l))*100;
E IL = abs((IL 02(kl)-IL 02(kl-1))/IL 02(kl))*100;
E Xv = abs((XvioZ(kl)—XvioZ(kl—l))/vaoZ(kl ) *100;
end
kl=k1+1;
Idc_o2(k1) = dm(kl—l)*IL_o2(k1—1);
end

dm2 = dm(kl-1)
Idc 02 = Idc o2 (kl)
Vdc 02 = Vdc (kl1-1)
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IL 02 = IL o2(kl-1)
Xv_o02 = Xv_o02(kl-1)
Xi 02 = Xi o02(kl-1)

o ' a 4
%%%% Muum luwasng A %%%%

ab5 - (Ru+Rf+Rc) /LE;

ab7 = -2*Kpi*Rc*IL o02/Ar/Lf-Kpv*Kpi*Rc*Vo o02/Ar/Lf
+Kiv*Kpi*Rc*Xv_02/Ar/Lf+Kii*Rc*Xi o02/Ar/Lf
+Kpv*Kpi*Rc*Vo 02/Ar/Lf;

ab8 = -Kpv*Kpi*Rc*IL o2/Ar/Lf;

a59 = Kiv*Kpi*Rc*IL o2/Ar/Lf;

a510 = Kii*Rc*IL o2/Ar/Lf;

a67 = 2*Kpi*IL o2/Ar/Cf+Kpv*Kpi*Vo o2/Ar/Cf
-Kiv*Kpi*Xv_02/Ar/Cf-Kii*Xi 02/Ar/Cf-Kpv*Kpi*Vo 02/Ar/Cf;
a68 = Kpv*Kpi*IL o2/Ar/Cf;

a69 = -Kiv*Kpi*IL o2/Ar/Cf;

a610 = -Kii*IL 02/Ar/Cf;

a76 = -Kpi*IL o02/Ar/L-Kpv*Kpi*Vo o02/Ar/L
+Kiv*Kpi*Xv_02/Ar/L+Kii*Xi 02/Ar/L+Kpv*Kpi*Vo o2/Ar/L;
a7l = -Kpi*Vdc o02/Ar/L-Kpi*Vo o02/Ar/L

+Ron/Ar/L* (2*Kpi*IL 02+Kpv*Kpi*Vo 02-Kiv*Kpi*Xv o2

-Kii*Xi o02-Kpv*Kpi*Vo o02);

a78 = -Kpv*Kpi*Vdc 02/Ar/L-1/L-Kpi*IL o2/Ar/L
-2*Kpv*Kpi*Vo 02/Ar/L+Kiv*Kpi*Xv 02/Ar/L

+Kii*Xi 02/Ar/L+Kpv*Kpi*Vo 02/Ar/L+Ron/Ar/L* (Kpv*Kpi*IL 02);

a79 = Kiv*Kpi* (Vdc o2 + Vo o02)/Ar/L + Ron/Ar/L

* (-Kiv*Kpi*IL 02);

a71l0 = Kii*(Vdc o2 + Vo 02)/Ar/L + Ron/Ar/L* (-Kii*IL 02);
a87 = 1/C+2*Kpi*IL o02/Ar/C+Kpv*Kpi*Vo o02/Ar/C
-Kiv*Kpi*Xv 02/Ar/C-Kii*Xi 02/Ar/C-Kpv*Kpi*Vo o02/Ar/C;

a88 = Kpv*Kpi*IL 02/Ar/C-1/(R*C);

a89 = -Kiv*Kpi*IL 02/Ar/C;

a8l0 = -Kii*IL o02/Ar/C;

A = [-Reg/Leq w -1/Leq 0 0

00O0O0O
-w -Req/Leq 0 -1/Leq 0 0 0 0 O
1/Ceqg 0 0 w -Sd/Ceq 0 0 0 0 O

0 1/Ceg -w 0 0 00O 0O

0 Sd/Lf 0 a55 -1/Lf ab57 ab58 a59 a510
0 0 1/Cf 0 a67 a68 a69 a6l0
0 a76 a77 a78 a79 a710
0 0 a87 a88 a9 as8lo0
00O0-100
0 0 -1 -Kpv Kiv 0];

0

O O OO oo
O O O o o
el oNeoNe)

el oNeoNe)
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%%%%
bll = (1/Leq)*sqrt(3/2)*cos (Lamda2) ;
b21 = (1/Leq)*sqgrt(3/2)*sin(LamdaZ2) ;
b52 Kpv*Kpi*Rc*IL o02/Ar/Lf;
b62 = -Kpv*Kpi*IL o2/Ar/Cf;
b72 = Kpv*Kpi*(Vdc o02+Vo 02)/Ar/L+Ron/Ar/L* (-Kpv*Kpi*IL 02);
b82 = -Kpv*Kpi*IL 02/Ar/C;
b92 = 1;
b102 = Kpv;
B = [bll 0
b21 0
0 0
0 0
0 b52
0 b62
0 b72
0 b82
0 b92
0 b102];
%%%% M lumesnd Cuaz D %%%%

o ' a 4
M luwaIng B %%%%

MC = eye(10,10);
D = zeros(10,2);

%%%%

sys =

A 4
Hﬁ%gﬂﬂﬁﬂﬂqﬁﬂuwuﬁLﬁ@ﬁTWﬁﬂTﬁﬁﬂUﬁu@ﬁ %%%%

s(A,B,MC,D);

td=0:tstep:Lt;
N=length (td) ;

u(l,1)=0;
u(2,1)=0;
for k=1:N
if k<N*0.5
u(l,k)=0;
u(2,k)=0;
else
u(l,k)=0;
u(2,k)=10;
end

end
[v,td]l=1lsim(sys,u, td);

L Idc =

L Vvdc
L IL
L VO
L Xv

y(:,5) + Idc ol;

y(:,6) + Vdc_ol;
y(:,7) + IL ol;
y(:,8) + Vo ol;
y(:,9) + Xv_ol;
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%%%%  MUIUMTYYIVAIVAY

for i=1l:1length (V02)
if (i-1) *tstep>=tcheng

%%%%

C _signal(i) = -Kpi*IL2(i) - Kpv*Kpi*VO2 (i) + Kiv*Kpi*Xv2 (i) +

Kii*Xi2 (i) + Kpv*Kpi*Vo o2;
else

C signal(i) = -Kpi*IL2(i) - Kpv*Kpi*VO2 (i) + Kiv*Kpi*Xv2 (i) +

Kii*Xi2 (i) + Kpv*Kpi*Vo ol;
end
end

C _signal;
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%%%%% %% Usemamuean s %%%%%%%%

#include <avr/io.h>

#include <avr/interrupt.h>
#include <compat/deprecated.h>
#define DD 53
#define PB 22
#define PB2 26
#define PL 30
#define PL2 34
int EN = 12;
float d = 0;
pinMode (DD, INPUT)
pinMode (PB, INPUT)
pinMode (PL, INPUT) ;
pinMode (PB2, INPUT) ;
pinMode (PL2, INPUT)

’

’

’

%%%%%%% MHUA TriuadynIn PWM NUA1N0 5 kHz - %%%%%%
void setup() {

pinMode (EN, OUTPUT) ;

pinMode (A0, INPUT);

pinMode (A1, INPUT) ;

TCCR1A = (1<<COM1Al) | (0<<COM1RO0) ;

TCCR1A |= (1<<COM1B1) | (0<<COM1BO) ;
TCCR1B = (1<<WGM13) | (0<<WGM12) ;

TCCR1A |= (0<<WGM11) | (0<<WGM10) ;

TCCR1B |= (0<<CS12) | (0<<CS11l) | (1<<CSs10);
ICR1 = 1600;

TCNT1=0;

}
o @ A 1 Y 9y
%%%%% gUmsau aunsaliumiy-aa A1 Duty Cycle 18 Taof 15 %%%%%

void loop () |

if (digitalRead (PB)==HIGH)
{delay (50);

if(digitalRead (PB2)==HIGH)
{d = d+80;

if(d>1120) {d=1120;}
delay (1000);}}

if (digitalRead (PL)==HIGH)
{delay (50);

if(digitalRead (PL2)==HIGH)
{d = d-80;

1f (d<0) {d =0;}
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delay (1000);}}
OCR1A = d;
OCR1B = d;

}
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%%%%%%% Uszmamueanintls  %%%%%%%%
#include <avr/io.h>
#include <avr/interrupt.h>

#include <compat/deprecated.h>

#define
#define
#define
#define
#define
int V_re
int EN

DD 53
PB 22
PB2 26
PL 30
PL2 34
f=-10;
= 12;

L1177 70077777707077777777777
L1777 70707 7777707077777777777

float
float
float
float

Kp v
Ki v
Kp i
Ki i

= 0.0816;
= -0.0754;
= 3.255;

= -0.8489;

L1177 07077777707077777777777

//float
//float
//float
//float

float
float
float
float
float
float

rv =
ri =

e v =

e i

ek v =

Kp v =
Ki v =
Kp i
Ki i

0.1962;
-0.1936;
1.782;
-0.293;

0;
0;
0;
O.

0;
0

fs= 1.137 kHz
Conventional

ATS

ek i =
I =20
Ik =

float
float
float d = 0
float dk =
int rvs = 0;

int ris = 0;

float sum rv =
float sum ri

0;

0;

Il
o
~

@ ] 1 < 3
%%%%% 15U THUANITOIUMADUINDN UVUITI %%%%

#define FASTADC 1

// defines for setting and clearing register bits
#ifndef cbi
#define cbi (sfr,
#endif

bit) (_SFR BYTE(sfr) &= ~ BV(bit))
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#ifndef sbi

#define sbi(sfr, bit) (_SFR BYTE(sfr) [= BV(bit))
#endif
void setup() {

#1f FASTADC
sbi (ADCSRA, ADPS2) ;
cbi (ADCSRA, ADPS1) ;
cbi (ADCSRA, ADPSO) ;
#endif
pinMode (PB, INPUT)
pinMode (PL, INPUT) ;
pinMode (PB2, INPUT) ;
pinMode (PL2, INPUT)

’

%%%%%%% Mua lvuadyia PWM Naud s kHz - %%%%%%

pinMode (EN, OUTPUT) ;

(
pinMode (A0, INPUT) ;
pinMode (A1, INPUT);
TCCR1A = (1<<COM1Al) | (0<<COM1AO0) ;
TCCR1A |= (1<<COM1B1l) | (0<<COM1BO) ;
TCCR1B = (1<<WGM13) | (0<<WGM12) ;
TCCR1A |= (0<<WGM1l1l) | (0<<WGM10) ;
TCCR1B |= (0<<CS12) | (0<<CS11l) | (1<<CSs10);
ICR1L = 1600;
TCNT1=0;

}

void loop () {
%%%%%%%  SUAMTIAUDINDI AT %%%%%%

if (digitalRead (PB)==HIGH)
{delay (50);

if (digitalRead (PB2)==HIGH)
{V_ref =V ref+10;
if(V_ref>70) {V_ref=70;}
delay (1000);}}
if(digitalRead (PL)==HIGH)
{delay (50);

if (digitalRead (PL2)==HIGH)
{V_ref =V ref-10;
1f(V_ref<0){V_ref=0;}
delay (1000);}}

' ' o J [
%%%%%%% ’E]'luﬂ'llli\‘]@ullazﬂim!ﬁ%'lﬂ@.ﬂﬂiﬂ‘lﬂiﬂ%'JQ %%%%%%

for (int x=0;x<10;x++)
{rv = analogRead (AOQ0)

sum_rv = sum rv + rv;}
for (int x=0;x<10;x++)
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{ri = analogRead(Al);

sum_ri = sum ri + ri;}
rv = sum_rv/10;
ri = sum ri/10;
sum_rv = 0;
sum ri = 0;
rv = (rv*5)/1023;
rv = (81.2*rv)-27.835;
ri = (ri*5)/1023;
(

ri = (1.7046*ri)-0.70436;

%%%%%%%  1TNGNTZUIUMSVBIAINILANT 10QUUTIAY  %%%%%%

=V ref - rv;

Ik + (Kp_v*e v) + (Ki v*ek v);
if (I<0){I=0;}

else 1f (I>10){I=10;}

I1k=I;

ek v=e v;

e v
I =

Y 1 (Z
%%%%%%%  ITGNTZUIUMIVBIAININANT logUnTeud  %%%%%%

e i=1-ri;

d =dk + (Kp_i*e i) + (Ki i*ek 1i);
if (d<0) {d=0;}

else 1if (d>1200) {d=1200;}

dk=d;

ek i=e i;
%%%%%%% 1511 Duty Cycle IagfInIuauon 1uiia - %%%%%%

OCR1A = d;
OCRI1B d;
}
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MSYNAN Initial number neighbor 1A81aan 1F9UIMMIND 10, 20, 30, 40 LA 50 A4

M1519% 9.1 Taefmualy Round = 10, Number neighbor = 10, Radius = 20 % U8 DF = 1.01

A13197 4.1 MINATOUINOWAT Initial number neighbor

Anfanduingussaen (W)

2 Initial number neighbor
AIIN
20 25 30 35 40
1 0.4958 0.4945 0.4937 0.5004 0.5205
2 0.4967 0.4926 0.4938 0.4966 0.5045
3 0.5155 0.4954 0.4909 0.4958 0.4962
nay 0.5027 0.4942 0.4928 0.4976 0.5071

Y
Y

d' 1 4 9 1 9 1 d' {
VN3N 9.1 WIS Initial number neighbor 11101 30 32 1as1 W masiosnga aariu

08en1% mitial number neighbor = 30

ASHIAN Radius 1081200 1FA 1NN 10 %, 20 %, 30 %, 40 % LAY 50 % VYBIVDLVA
Haneaan519h 9.2 Taemnualy Round = 10, Number neighbor = 10, Initial number neighbor

=30 Uag DF=1.01




Q13199 9.2 MINAFDUINOYIA Radius
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anfanduinguszaen (W)

2 4 Radius
AFan
10 % 20 % 30 % 40 % 50 %
1 0.4951 0.4954 0.4963 0.4944 0.5013
2 0.5196 0.4978 0.4886 0.4967 0.4995
3 0.5241 0.4962 0.5073 0.5004 0.4991
Lﬂa‘c’l 0.5129 0.4965 0.4974 0.4972 0.4999
910913199 9.2 WU ¥ Radius 1100 20 % a2 laar W masdosnaa asiududenld

Radius =20 %

Q

A51IA DF Tagdenl¥a1miny 1.01, 1.1, 1.2, 1.3 4ag 1.4 uaadadn1snai 1.3 1ag

fnuald Round = 10, Number neighbor = 10, Initial number neighbor = 30 Us Radius =20 %

Q13199 1.3 MINATOUINDYIAT DF

Anfanduingiszaen (W)

2 4 DF
AN
1.10 1.15 1.20 1.25 130
1 0.4957 0.4890 0.4952 0.4995 0.4953
2 0.5223 0.4908 0.4971 0.4976 0.4981
3 0.4958 0.4950 0.4916 0.5392 0.4894
nay 0.5046 0.4916 0.4947 0.5121 0.4943

H 9
= v W

~ v A qu "o Y S g =2 A )
NATT NN N.3 W’]J’ﬂlllf]clfb' DF NN 1.05 %51@‘?]1 w Lﬂﬁﬁluﬂﬂﬂ’Ljﬂ muumm@ﬂh DF =

1.15
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AIHIAN Round Taedenl¥1u1n1n U 20, 30, 40, 50 1AL 60 LAAIAIAITINN 9.4

Taoivualyi Number neighbor = 10, Initial number neighbor = 30, Radius = 20 % g DF =

1.15

Q13199 9.4 MINATDUINOYIAT Round

Anlangudaguazed (W)

2 4 Round
AIIN
20 30 40 50 60
1 0.4949 0.5173 0.4995 0.4867 0.5045
2 0.4949 0.5045 0.4958 0.5036 0.4951
3 0.4940 0.4949 0.4953 0.4921 0.4953
mﬁﬂ 0.4946 0.5056 0.4968 0.4941 0.4983

v
v v K2 A

1INM15190 9.4 W 1F Round i 50 92 lam W indeilosiga aaiududenls Round

= 50 sz lgmauseumsauriesiga

MINIAN Number neighbor 1ae1aon 143113UM10Y 10, 15, 20, 25 1AL 30 AIANT19N

1.5 Taamvuald Round = 50, Initial number neighbor = 30, Radius =20 % e DF =1.15

A1519N 4.5 MINATOUINONIAT Number neighbor

anfanduinguszaen (W)

2 4 Number neighbor
AIIN
15 20 25 30 35
1 0.4867 0.4949 0.4944 0.4944 0.4867
2 0.4867 0.4867 0.4954 0.4962 0.4867
3 0.4954 0.4958 0.5073 0.4944 0.5168
naY 0.4896 0.4925 0.4990 0.4950 0.4968

v & =

VIS99 9.5 WU 1Y Number neighbor 19101 20 92'1dA1 W maestioofiga aatiuia

1donld Number neighbor =20
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Modeling of AC-DC Power System Feeding
a Controlled Buck-Boost Converter

Rangsan Chanpittavagit, Kongpan Areerak®, and Kongpol Areerak
School of Electrical Engineering, Institute of Engineering
Suranarce University of Technobogy
MNakon Ratchasima, Thailand
*kongpani@sut ac.th

Abstract—Nl is well-known that dveamic models of power
converters are normally time-varying becawse of their switching
actions. Unforiunately, the svstem analysis and design via the
time-varving model is very complicated. Therefore, the paper
presents the mathematical model of AC-DC power system
Teeding a controlled buck-oost converter. The proposed model is
derived from the combination between the M) method and the
generalived state-space averaging methed. These methods are
wsed 1o eliminate the switching behavior o achieve the lime-
invariant model suitable for a system analysis and design via the
conventional control  theary. The intensive  time-domain
simulations show that the resulting model can provide high
accuracies in bath transient and steady-state responses compared
with the exact topology model.

Keywords—Buck-Boost  Converter;  Modeling:  Averaging
Mudet; I method; Generalized State-Space Averaging method

I INTRODLCTION

Generally, dynamic models are very important for a system
analysis and design. Unfortunately, the models of power
clectronic based systems are time-varying in nature in which
the system analysis and designs via these time-varying models
are very complicated. Therefore, several approaches are
commonly uwsed for eliminating the switching actions to
achieve the time-imvariant model. Then, the classical lincar
control theory can be easily applied. The work of the paper
presents how to derive the dynmamic model of the example
system, AC-DC power system feeding a controlled buck-boost
converter, by using two common averaging technigues. The
first averaging technigue called D) method [1]-3] is used o
analyze the dynamic mode] of a three-phase rectifier including
the transmission line on AC side, while the second technigue
namely the generalized state-space averaging (G55A) method
[4]H7] is applicd to derive the dynamic model of controlled
buck-boost converter. The cascade Pl controllers of buck-
boost converter are also included in the model. The derived
model is wvalidated by the intensive time-domain simulation
via the exact topology model. The results show that the
reported models provide high accuracies in both transient and
steady-state responses. The classical control techniques can be
casily wsed for the systemn amalysis and design via the

97E-1-4T99-2993-1/14/531.00 ©2014 IEEE

proposed dynamic model. Moreover, the simulation time by
using the resulting model is very fast compared with those
from the switching model. Hence, the reported model in the
paper can be applied as the objective function for the optimal
controller design using the artificial intelligence techniques.
However, the aim of the paper is focus on only how to derive
the time-invariant model of the considered power system.

The paper is stroctured as follows. In Scction 11, the
considered system is illustrated. In Section 10, deriving the
dynamic model of the considered system using the combination
between both D) and GSSA methods is explained. In Section
IV, the model validation wsing the small-signal simulation is
illustrated. Finally, Section V' concludes and discusses the
adwvantages of proposed model derived from the DO and GSSA
methods.

II.  S¥STEM CONSIDERED

The considered system is depicted im Fig. 1. It consists of a
balanced three-phase voltage source, transmission line, three-
phase dinde rectifier, and DC-link filters foeding a controlled
buck-boost converter. It is assumed that the diode rectifier and
the buck-boost converter are operated under a contineous
conduction made (COCM) and the higher harmonics of the
fundamental are neglected. The three-phase voltage sources are
also balanced. The cascade Pl controllers are used to regulate
the owtput voltage of buck-boost conventer. In Section 111, the
meede] derivation using both D) and GS5A methods to achieve
the time-invariant model due to eliminating switching actions
of diodes and switch @ will be explained. Mote that A
represents the phase shift between source and AC bus.

L. MATHEMATICAL MODEL DERIVATION

In this paper, the D) method is selected to derive the
dynamic model of a three-phase diode rectifier in which the
diode rectifier as depicted in Fig. 2 (a) can be treated as a
transformer on D)-axis [2]]3] as shown in Fig2 (b}
According to Fig. 1, the effect of Ly on the AC side causes an
overlap angle g in the output waveforms that causes as a
commutation voltage drop. This drop can be represented as a
variable resistance R, that is located on the DC side [9] as
showm in Fig. 2 (bl
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Fig. 2. Three-phase diode rectifier model

Using D} method, the switching function of three-phase
dinde rectifier can be transformed into a D)-axis represented
as 5y and 5, The calculation of these switching functions. is

given in (1)
5 -F'z_ﬁ corl=e) in
“ Y2 x| sing=0)

where @4 = Phase angle of D) frame and ¢ = Phase angle

of AC bus voltage.

The itransmission line section in Fig. 1 can also be
transformed into D) frame [10]. The DO) representation of the
transmission lineg is then combined with the diode rectifier as
shown in Fig. 2 (b). As a result, the equivalent circuit of the
power system in Fig. 1 can be represented in the D) frame as
depicted in Fig. 3. The equivalent circuit in Fig. 3 was already
simplified by fixing the rotating frame on the phase of the
switching function { ¢=g [2]-]3].
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Fig. 3. The simplified equivalent circuit of the power system

In Fig. 3, the threc-phase diode rectifier including the
transmission line on AC side is transformed into the D0} frame
via the D) method. MNotice that the diode rectifier can be
modeled as the transformer in which it can provide the time-
invariant model. The GS5A modeling method is then wsed to
climinate the switching action (switch () of the buck-boost
converter. For deriving the dynamic model of a buck-boost
converter using GS5A method, the switching function of such
converter under the CCM condition is firstly defined in (2).

1, O=r=dl .
: 2)
u{l‘}-{ﬂ‘ dT <1<T (2]

where d is the duty cycle of the switch ( as shown in Fig. 3.
Applying the KVL and KCL to Fig. 3 with the GSSA method
[4]. the set of time-invariant differential equations are given
by (3). It can be seen in Fig. 3 that the cascade PI controllers
of the buck-boost converter is mot considered. Hence, the
equivalent circuit of the power system with the schematic of
buck-boost converter controllers on D) frame as depicted in
Fig. 4 is concerned. The PI controllers of the current loop
(inner loop) and the voltage (outer loop) are represented by
K, Kiv, Kp, and K, respectively. From Fig. 4, d" can be
derived and given in (4).

When PI controllers are considered, the X, of the voltage loop
contral and the X, of the current loop control are set as the
state variables of the model. Moreover, when the buck-boost
converter is regulated, the o in (3) becomes d as given in (4).
Therefore, applying d" into d and adding the state variables of

the PI controllers, the dynamic model of the proposed system
in Fig. 1 derived by using the D) and GSSA methods can be
expressed in (5)

1 R 1 1 3
Fo=—"21 4o -—V_,,+—J:=«'_m(i)
L, "o, L2
o= +ﬁtr L By 1% sin(d)
- “opMor ™o Yz
p 1 . 5 23
‘Vw=aru+u&_‘— :-Rf—“;,
. 1 -
lw=c—:”-uw
i
i =F'2—£F ——[R’+R"+H‘]f Ly LR,
& [ =] & - L
2wl L L L,
1 d
Vy=—il,——1
ke L_lr - CJ- L
i=2y, oy,
L L
I-o
poli=d, L, &
C RC

.1 ;
d =z{-ﬁ:,rl—x,,x,p;+x,,j:_x, +Eygn + K K008

pitpit e
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IV, MODEL VALIDATION
The nonlinear time-invariant model can be linearized using
the first order terms of the Taylor expansion so as to achieve
a set of linear differential equations around an equilibrium
point. The DO+HGSSA lincarized model of (5) is then of the
form im (6).

Ji=Alx_u_)dx+ Bix, ,u_ )du )
dy =C(x_,u_ )dx+D{x_,u_)du

where

ada, A, ¥, N, d, ¥, 4, I & &)

su=[sv, &) sy=[sv, on.]
A =[ ]IMD
B=[ ] o

€=l L

p=[ |

The matrices A B C and I are too awkward to put in this
paper.

The DO+GSSA lincarized model in (6) is simulated for
small-signal transients against a comesponding  cxact
topology model from MATLAB. The set of system
paramecters is as follow: ¥, =30V, . = 2m=50radfs,

R=010, L =MyH. C =20F, & =0010,
L,=33mH, C,=500pF, & =04Q. E=10022,
L=15mH, C=141pF, 4, =10, K_=0016, K, =4475,
K, =04377and K, =25,695

Fig. 5 shows the Vy and ¥, responses of the system in Fig. 1
to & step change of l’u' from 40 to 50 V that occurs att=5
5.. Similarly, Fig. 6 shows the responses io a step change of
l"u' from B0 o 90 V. From the comparison results of both
models, it confirms that the resulting model of the
considered system with a controlled buck-boost converter
derived from the DO} and G55A methods provide a good
accuracy in both transient and steady-state responses. The
model can describe the dynamic behavior of the whole
system. Moreover, the simulation time of Fig. 5 when the
system was simulated via the proposed model coding in
MATLAB requires 0086 s_, while the full topology model
of SPS™ in MATLAR consumes 288 31 . For Fig. 6, the
computational time via the reported model is 0.084 s, while
the exact topology model consumes 386,47 =,

3

E m
H
ml --—nﬂwﬂn“-ﬂr
ml 1 1 L T . . .
L] an a2 a3 na as as
b

_——- .ﬁw—ﬂuml'-ﬂr

5 a1 az a3 54 as a8
b=

Fig. 5. V_and y;, responses to a step change of j* from 40
to 50V

ar

e 0 — — — aract iopology okl perchng medel)
— e s mel
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LT
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B B B8
L.L;'
4
4

- - - mract iopology ol (fll swiiching modsl]

——— rratharatical model
=l 1 T
5 5z 54 ) ET ] [
e (a}

Fig. 6. ", and P;mq:mu:swastcpchm@cafpf from B0
to 90V

V. CoNCLUSION

This paper presents how to derive the dynamic model of the
three-phase diode rectifier feeding a controlled buck-boost
converters. The D) and GS5A methods are wsed to
eliminate the switching behaviour of the power converter in
which the D) method i wsed to analyze the three-phase
rectifier and the GS5A method is also applied to the buck-
boost converter. The simulation results show that the
proposed model provide a good accuracy in both transient
and steady-state responses. Moreover, the proposed model
consumes the fast simulation time compared with those of
the exact topology model. According to the advantages of
the resulting model, the classical control theory can be
casily used for the system analysis and design. In addition,
the dynamic model derived from the paper is suitable for the
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optimal controller design using the artificial intelligence
techniques because the fast simulation time can be achicved
from the proposed model.

ACKNOWLEDGEMENT
This work was supported by Suranarce University
of Technology (SUT) and by the office of the Higher
Education Commission under NEU project of Thailand.

REFERENCES

[I] C.T. Rim, D.Y. Hu and G.H. Cho, Transformers as Equivalent
Circuits for Switches: General Proof and D<) Transformation-Based
Analysis, JEEE wrans. On Indws. Appl., vol 26, n. 4, July/August
1940, pp. TT7-785.

[2] E-N. Areersk, S.V. Bozhko, (M. Asher, and DW.P. Thomas, D=
Tramsformation Approach for Modeling and Stability Analysis of AC=
DL Power Sysiem with Comtrolled PWM Rectifier and Constant
Power Load, J3* Inermational Power Electronics ond Motion
Conral Conference (EPE-PEMC 2008}, Pooman, Poland, 13
Sepaember 2008,

[3] K. Chadjaramudomnang, K=M. Areerak, and K<L Areerak, Modeling

(NCAEE 2000), Beipng, Chima: June 1930, 2000, pp56-59.

[4] ). Mahdawi, A. Emadi, M.D. Bellar, M. Ehsani, Analysis of Power
Electronic Converter Using the Generalized State-Space Averaging
Approach, [EEE Trams. Ow Circuit and Spsiem., vol 44, Angust
1997, pp. T&7-770

[51 A. Emadi, Modeling and Analysis of Multicomverter DO Power
Electronic System Using the Generalized Sime-Space Avemgimg
Method, JEEE Trans. On Indws. Elect., wol 51, i 3, June 2004, pp.
] 668,

[#] S.F. Glover, Modeling and stability analysis of power electromics
based systems, Ph.D. dissertation, Purdwe Univ., 2003,

[M 5D Sedhoff, Analysis and Average-Valse Modeling of Dual Line=
Commuiaie Converter=i=Phase Synchronous Machine Systems, EEE
Trans. on Energy Comvention., vol. & n. X, September 1993, pp. 411-
417,

[8] T.Colosi, M. Abradean, M.L. Unguaresan, The Taylor Series = Local
lterative Linearization Method for MNumernical Modeling and

[%] ™. Mohan, T.M. Underland, and W.F. Robbins, Power Electronics:
Converters, Applications, and Design, John Wiley & Son, USA,
2003,

[0] C-M Ong, Dynamic Simulstion of Electric Machinery using
MATLARSimulink, Prentice Hall, 1995,




