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ABSTRACT

This thesis presents an efficient design and analysis of bifurcation control for'a Current
Mode Boost Converter (CMBC) for. a Photovoltaic (PV) system with Maximum Power Point
Tracking (MPPT). A CMBC offers significant improvement over.a direct duty- ratio control
such ‘as automatic “overload protection and is easier in a parallel operation.“However, the
drawback of a current-mode boost convert is- nonlinear characteristics, i.e. bifurcation
phenomenon, of switching devices employed. in this conveérter. The main function of the CMBC
is to optimize a slope compensation which is generated to keep the system adequately remote
from the first bifurcation-according to the relationship between'a solar output voltage and
battery voltage, in spite of nonlinear characteristics and instabilities for steady-state responses of
the converter. The proposed compensation technique-is simple and particularly suitable for
CMBC in a photovoltaic (PV) system equipped with the MPPT mechanism. Although the
compensated system is stable in steady-state response, the system transient response is
degraded. Thus, a novel Fuzzy Logic Controller (FLC) for MPPT is designed and tuned by
Particle Swarm Optimization (PSO-FLC) in order to provide the faster tracking of Maximum
Power Point (MPP) under varying light intensities and temperature conditions. The proposed
MPPT technique is simple and proper for the PV system equipped with CMBC. Experimental

results are shown to confirm the superiority of the proposed technique.
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15l
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dav v
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diy
E o vin S voui (23)
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C BEDUNG _ I'L V. aut (24)
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unu daao d, Tu 2.16) 32 ladeu ly lmiveanszue #8198 i, ndanisaae
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3 Vin I:RLoaa‘T Mc+0'5+4(Mc+1)2:| (2.23)
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19199 2.1 Wisees luilsnsuoio Toudmsua9as VMC

7993 VMC G | Guo o @y @
o o o
UANDUIDIINDT
VulD,| D, | RJCIL |IJIC |
(Buck Converter)
o o 4
TANDUIIDIINDT : ; 2 v '
b V..ID. | /D, p/RJC/LD, /VLC D,ZR/L
(Boost Converter)
o o o 4
1AYaAnoUNBIINDT : 2
v.,/D.D| D,/ |/ RJCILD, [NIC|D2R/L
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void input power from solar_ array(void)
{
long TempVk, Templk, TempPk;
set_adc_channel( 1 );
delay_us(50);
TempVk=read adc(); //get voltage
Vk=(float) (TempVk) ;
Vk=Vk*5.0%2.0/1023.0;
set_adc_channel( 0 );
delay us(50);
TempIk=read_adc(); //get current
Ik=(float) (TempIk):;
Ik=TIk*0.1229*5.0/1023.0;
Pk=Ik*Vk;

}
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lf((ps(kTv) —Ps (kTs 'Ts‘))>0)
if{(vs(kT5) — vs (kT - T5))>0
iref = iref 'Airef;
else lrop= fryy TA iy
end
else
{(v(kT5) = vk T T:))>0
iref: iref +A Ilref;
else i,.ef: iref-Af,‘ef;
end
end
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float Degree of MMF(float x, float a, float b, float c)
{
if (x<=a)
return 0.0;
if (x>=c)
return 0.0;
if (x<=b)
return ((x-a)/(b-a)):
1. Tx>b)
return ((c-x)/(c-b));:

}
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ferr[0]=Degree_ of MMF(error,ENB([0],ENB[1], ENB[2]
ferr[l]=Degree_of MMF(error,ENS[0],ENS[1],ENS[2]
ferr[2]=Degree of MMF(error,EZE[0],EZE[1],EZE[2]
ferr[3]=Degree of MMF(error,EPS[0],EPS[1],EPS[2]
ferr([4]=Degree of MMF(error,EPB(0],EPB[1],EPB[2]);
fcerr[0]=Degree_of MMF (cerror,CENB[0],CENB[1],CENB[2]);
fcerr[l]=Degree_of MMF(cerror,CENS[0],CENS[1],CENS[2]);
fcerr([2]=Degree_of MMF(cerror,CEZE[OQ], CEZE[1],CEZE[2]1):;
[ 1):
[ 1):
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’
’
’

)
)
) .
)

fcerr([3]=Degree_of MMF(cerror,CEPS[0],CEPS[1], CEPS[2
fcerr[4]—Degree_of_MMF(cerror CEPB[0],CEPB[1],CEPB[2
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fleat min{float x3,float x4)
{
if (x3<x4)
return, x3;
elseé refurn x4;

}
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for (i=0;i<5;i++)
for (3=0;3<5;j++)

{
w=min(wl([i],w2[3]);
wD=DIref [k] *w+wD;
sumofw=sumofw+w;
k=k+1;

}

return (wD/sumofw) ;
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Taymilsenauilungunioria. (73] ngninsicia posii
T
pos’={pos,,pos,,....pos, | (5.1)
Al = - ] 9/ o ' = o =
iia pospudimge sndsvnoudsodiumisvadwisdives lu MMF Aty

pos, = [poshl [ 97/2098 posj‘j] (5.2)

o = o o s v A s g
AU pbestval; TN TuRRMMMIzaNf Yaadnmosoymamall Iautuy
pbestval, = f, (posj) (5.3)

4 Ao 1A o g ¢ s
BN pbestf “L‘]JUW-MWNQWITlq@mﬂﬂﬂHﬂTﬂﬂggﬂﬂﬂlﬂﬂcluwfl]usﬂﬂﬂnﬂlﬂ'ﬂﬁ E{Iu
i
pbest = [ pbest,, pbest, ..., pbest, | (5.4)

< a aa 1 o
Wansuanuimunzew  angalungu ghestval svuaily

gbestval = min (pbestval) (5.5)
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vel = [vel,, vel,,..., vel, | (5.6)

o

& g & d 1 do g < ' i ) e
LIBNIHUA Vel,' ﬂ]ulcﬂﬁﬂﬂﬂﬂﬂﬂlﬂﬂﬂ31wﬁ’3maQliﬂﬂzﬂquﬂuﬂ’]ﬂ uadneu

vel, = [velf,] ,vel, , ,...,vel,.gjil (5.7)
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v Y A < o ' 3 k4 3 '
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DUMANNTAUNITN (2.52) AU

vel; (m+1)= wvel % (m)

+cyrand )(pbes!j =p0S [k (m)) (5.8)
+ ¢y Rand )(gbest = POSjk (m))
LAy
POS; 4 (m+1) = pos; (m)+velj’,( (m+1), (5.9)
N A AT
k=12,....r
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° =1 =] o
WIBUM I vel; (m) Lmzpos“(m)uJuﬂ’nmswadmgmﬂimaﬁﬁmmiﬂmm
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W= — L Wi (5.10)
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= o

auigniiauematien 13 luandde (73]
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1
pos, =|:m s MM iy mfy  mf s, C s] (5.11)
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Tueaunsh (5.14) szegmanlasuntaanes A, Tuszuuiivhld MPPT Hiafesniwlums

Y
MaudmsuIneinusauil enveuuadulsiiiu
mf, €[0,R,] (5.15)
o

C' e[0,R,] (5.16)

& . a da &, dw w s o &5 P
148 R1 l!ang Lﬂuﬁ]’]u’lu‘ﬂsqwuﬁx SUYUDUNUANANEHUSVBIDTLITULAIDINGY LAY

U q

[ ¥V v
anedia i ldsern MepT Tfwassawlumaiida e unvededunsi (5.14)

53 m3uSutlye FLC @wn5u MPPT luszuis PV
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R0 pbestval fangansevesiiga Ty ghestval 19

9

phestval 10% ghestval Wudwstiluna@end s pbest, fu
ghest

¥ T ' v
Wipeuis: - Yiunldenun Tunus1vadeynia asaunis i (.8)

: = a 3 P ' ]
YHADUN 6: AIIVAD UV UL UATVBIAITHTIUDIDUAIAVINUYHADUT 5 ’]’lvlll

AUUDTUNARIHUA

duaguil 7 lfuplavustlad wviiseseuna Asdunsn (5.9)

¥ ' 1
1 = = 1

Yupaudl 8:  DIIWIUNTBUNITAIIVIONNBLUMANIRUANTOIATEY NN

]
o

I 3
Tumnsa)aeun)asozdy Tdvuasuhn 9 uadid 1IN s ouMs

N ho ¥ Y @ g tr i '
Ao ldipuaisamua nau S usinusndasun 3 Tuy

G 1

2 - a o v o o A
VUABUN 9: LABABYNIANYNVUNNAY ghest MNVUABUN 4 Lﬂuaumﬂ’n

- ]
1

Nz Az AN lungy

9

¥ F ¥ 1
INVUABUYBY PSO-FLC 119 9 Msmulaaziug llisess sunidineuvesilyn

v

| = al: E - =2 o 1 ¢ e
Qi‘lf’limﬂﬂ\‘m HIDVTHIUATINNTHUAINTOUNITIATUIUDINTIHUA ﬂ?l@qﬂwﬂﬂﬂﬂq@lﬂzgﬂ

¥ 7o A a4y A =& = "o
Llﬁﬂﬂﬂﬂﬂﬁﬂﬂ“ﬂuﬂ'}'llllﬂu"lzﬁll ff NI gbesr ‘Vluilfmf!ﬂ WQWNWHQQBHﬂWﬂiUﬂE}&!HH“}

1 B4 ]
aunsminnaiie PSO-FLC g ldina MPPT 1951maunsalunsgidivm Mpp fesiiga



108

54 9and3ny PSO-FLC U4 MATLAB

) a { o v
9IN8aNa35u PSO kUL MsU5uiljeaussouzves FLC adw PSO Tulilsunsy
1 = kY
MATLAB awisoutseen ladlunsdumafimuizauveseynindig PSO 1agnsaing
o s o A ¢ A o S Hq Yo Y
nuuaesesisdudiorindied1uramiileansuanumngauve ey AN 15TAaI1e

o A 9/ oY) 1 A U @ 1 ::’
PSO-FLC ﬂ"muﬂﬂusummmmeuwmeamuﬂsma«‘m%wﬂu PSO mm'lﬂu

VRmin=cnes (D, 1) *1;%xx ~100;

VRmax=cnes (D, 1) *100;

VR=[VRmin, VRmax];

Pdef =+110.200D 2 2 0.9 0w4,1500, 1le-25 250 NaN];
Plenr =s#Tength(P);

P = [P, Pdef\(RPlen+l:end) ]:;

df =P N \3 \the/ dupérof ¢ t

me e A NN

ps = R-(5¢

acl = P14);

acz? = P.A3);

iwl = _P(6)y

iw2 =| BN

iwe = P(8);

#GERSFamt \of erion fon fitdng sB iteration loop
ergrd ="P(9):

ergrdep =.'Py(10);

errgoal.=_P(11);

mv=47;

pos (lips, L Numberofbatda) =, rand ( [ps,NumberofData])*100
possEsorti(pos)

vel (l:ps,Ll:Numberofbata) = rand([ps,NumberofData])*mv

51 5.1 Smuavenwatosd miflsenly pso-FLC

4 & & = ' o ol v
18, pos” way velATganumungueynIALazaE I eI AN PSO-FLC
o w b g =}
AWAEWY VRmin'Wa? VRmax 11520x0Uwai1gaias gugaved vl aymaludga pos
waz  vel znnangultsgezidivuan ey lesdumsn  (5.15) waz (5.16)
WIIReTANUT acl a2 ac2 Hhudaudsnldume o/l ¢, Tuaumsh (5.8) mud
o Y 1 a g o ﬁ:ly =) d Y . . o Yt 1
fvualdtausudwdy 2 yenvnimniwes iwl AU iw2 uag iwe EHIMUATANA
A Y a Y] 3 1 dyd Y “ a o
GUAUN 0.9 U 0.4 uag 1,500 N NATUA TN ITUNY Winin U Wimae  HAZTIUIUY
soumsingagan1dlunsySulgedunls w Tuaunsi (5.10) awdAy
1 o ar & a
HAAZINTBUMIAIUINUVEY PSO oYnIaTu pos dznadaunudanFuaNMMINZ A
& o a 1 o w Ay ¥ 1 o w
WORIUIUNT pbestval fAnaasavesilanduanumnzauiildan pos  A1fanguaw
d.'ﬁ) 2 dd' 1 o o oA v o as
mnzanitesga wieangalunguues pbestval nuAwMUIAYT azgndnuAyluduls

ghestval Aifigmmuluily idc1 audidy faglit 5.2
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% returns column of cost values (1 for each particle)
out = feval (functname, pos) ;
if i==1
% initially, pbest is same as pos
pbestval=out;
¥ this works for straight minimization
gbestval, idxl] = min(pbestval);:
oldgbestval=gbestval;
% preallocate a varlable to keep track of gbest for all iters
bestpos= zeros(me,NumberofData+l) *NaN;
% this is gbest position
gbest = pbest(idxl,:);
end
keep track of global best val
tr (i+l) = gbestval;
* returns epoch numnbghebeomewiNmmg,program when done
te = 1i;
bestpos (i, L:NumberofData+l) = [gbest,gbestval];

U052 maam phest 1o PSO TuTalsunsy MATLAB

29501UTAVOINITATHI Bana3 51 PSO-FLC Unis a1l
o Y ]
- MU UA pbest AWAT pos
] a ci di o a @ [~] 1
- nagaUsazauaniz1ylu pos oM uIRMAHes TUANUImINE AN AU
LBTﬁWﬂqﬁﬁ;meﬁvd

v 3 1
- AuimnmIdae poest HaziAVRTET AWML 1IN gvestval 7 idex1 w1

Tuudaz g0 UM A WA MmReTowHATBIlsnTun UMINz aun oA 1T out
TuTusunsuet PSO. asidlummadns nuansauzsous lumsia. MPPT 1esngueynini
3 y =) = 1A { a o
a1y manfsuivutazAumaditosngalunnined out tiag Aauilsopbestval iy

1 ]

o Het A = = 1 ) o ~ 9 P [ 3 1 ::’
IANATATYANT D ghestval M1 199 1AINIADT phestval MipoNgaRsTUABLAD 1)1

% new win pBestwals
[tempi]
5 update pPestwals
pbestval (tempi;l) =wout(tempijs
update pbest positioms
pbest (tempi, :) = pos (tempi, :);
[iterbestval, idxl] = min (pbestval);
if gbestval >= iterbestval
gbestval = iterbestval;
gbest = pbest (idx1, :);
end

]

find (pbestwal>=out);

317 5.3 M3 gbest ¥4 PSO TuT15unsn MATLAB

M3UTudgedaulsves iwt fU acll wag ac22 emuimmidumisveseynialy
= Y @ o 1 1 Y < g v {
K¥AEBY pos AIWMITUTUMUMIIVBINGNOYNINAILANIUNGT vel,, 1TudauMTH (5.8) Tab

¥
mruaszezeIalulsa1eg Tu PSO Aatl
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meilx l-f vel - m“x
vel, =< vel, if V,fm <vel, <VE, (5.18)
ij if vel, < Vnﬁn

o ] o 1 @ T .dy
AITATUIUNWIAIINLTD vel LAZALH U pos Lﬂuﬂdﬁﬁlllﬂu

rannuml = rand([ps,NumberofDatal):;
rannum?2 = rand([Ps NumberofData]),
% common ] :

~ funct w.r.t.

if i<=iwe

iwt (1) = ((iw2-iwl)/ (iwe-1))*(i-1)+iwl;
else
iwt (i) = iw2g

end

Om_gIUse T A\ B¢cgliefation consTaRt's

glmplon. PSO W

acll & #Fannuml. *ael;
ac22 = rannum?2.¥*ac2;
vl & 1wt el e).

+acll. K PESE paS) 4
+ac22 *(repmat(gbest,ps Ly—pas)-;
1t el @Rt Lot [ hoPeP Ty i e m iRy

Ve lg= ( (vel-<= velmaskmin).*velmaskmln .
£ (el > welmaskmin) . Fvels) 7
vel = (" (vel’ >= velmaskmax).*velmaskmax ) .o«

+ (4 elvx velmaskmax)wivel
POs =Lposs=irels

% positroprmasking,) Nimits prs itiopswtoydesirad search

Ro el

od O 0N nd pésTerenaasiting] 1) (satufation(@t Aimit,

% A Twwe B ateund st iimitl 7 ST oancayoff fesl imik
minposmask throwaway = pos <= posmaskmin;

minposmask keep = posH > posmaskmin;

maxposmask throwaway = pos >=/ posmaskmax;

maxposmask_keep = pos. <  ‘posmaskmax;

& whig Js FRe bouded/nethod, wart/ode T bounde” of £

fhe %)@ wWiiarie
POSRTN( mlnposmask throwaway'. *posmaskming) .

+%( minposmask keep.*pos );

pos = (wmaxposmasksthrowaway.¥posmaskmax )« ..
+ ( mawposma;k_kpap *pos ),

vel = (vel.*minposmask.keep)=
+ (-vel.*minposmask-throwaway) ;

vel = (vel.*maxposmask keep)

+ (-vel.*maxposmask throwaway) ;
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function [out]=test PSO_FLC(in)
global fuzl

Norl=10;
Nor2=100/Norl;
Nor3=100/0.3;
Nord=1;

Nor5=1;
[k,j)l=size(in};
out=zeros ([k 1]):

for j=1:%k %length(in)
Antecent=sort(abs([in(j,1) in(j,2) in(j,3) in(3j,4) in(j,5)...
n(j,6) in(3,7) in(3,8) in(3,9) in(3,10) in(j,11)] ))/Nor3;
fuzl.output (1) .mf(2) .params=Antecent (11); %[1 2]
fuzl.output(l) .mf (3) .params=Antecent (10); %[1 2]
fuzl.output(l) .mf (4) .params=Antecent (9) ; i1
fuzl.output (1) .mf (5) .params=Antecent(8); %l
fuzl.output (1) .mf (6).params=Antecent (7); %@l
i
1

0¥

b % ST

fuzl.output (1) .mf (#).params=Antecent (6) ; [
fuzl.output (1) .mf (8) .params=Antecent/(5) s %E
fuzl.output(l) .mf (9)..params=AntecentA4)s

2]
T o
fuzl.outputdl) .mE(10) .params=Antecent(3); 1
(
o |

4
1 2]
fuzl.output(l) .mf(11).params=Antecent(2); %[l 2]
fuzl.output (1) .mf(12) .params=Antecent (19 ; < (1

2]

fuzl.putput (1) .mf(1%) .params=-1*Antecent (1) =Tk

e

fuzl loutput{l) .mfA1l5)wparams=-1*Antecent (2); ~% Ll 2]
fuz¥. owtput (1) .mECL6) . paramsF-1¥Antecent (3) 7 & (1ol
fuzl.outputl) .mE(LY ) Lparams=+1%Antecent (4). " 5 {124
fuzl.cutput (1) .mf (18) \params=-1*Antecent (5) 7 «{11 20
fuzl.oeutput (1) .mE(19) .params=#-1*Antecent (&), {1 23
fuzl.chtputt Bamtt20)spdrans=—- 1 Antacent (@) EEEE 24
fuzl output(1l) .mf(21).params==I*Antecent (8) ; [ 2\
fuzl ioueput (1Y ME(22)  parvams=—1*Antecent (9) ;. TLLT20
fuzl.output (l).mf(23)rparams==1*Antecent (10) % [1 29
fuzl.output (1) .mf (24) .params==1*Antecent (11)7 {1 2|

fuzl.imput (1) "mE(L)wparams={~200 +Norlv-=1*abs (in(jal2))/Norll;
fuzl. input (1) .mf{2)<params={~Nor2.-1*ahks (in (j), 13))}/Norl 0]
fuzl.inputil) .mFE) . params={-1*abs{in (j;12)) /Nor1=Q

1*abs((in (j/£2)) MNorll%
fuzl.input(l).mf(4).params=[0 abs (¥n (j13)) #Norl Nor2l;
fuzl.input (1)smf (5)Lparamss (abs{in (F»l2) ) /Norl.Nor2 200];
fuzl.inputy(2)<mf (1) .params=[=200" ~Ner2.—1%*abs (in (j,14)) /dNoxrl) ];
fuzl.input (2) .mf (2) .params=[-Ner2 =1*¥abs (in(j, 15) W/ (Norl) O01];
fuzl.input (2) .mf (3) Jparams=[-1*abs (in(j, 14Y) /(Noxrl) 0

1*abs (in (J, 14)).MA(Norl)d';
fuzl.input(2) .mf%4) "params=[ 0 aks|(in{7,15) ) / (N6rl)” Nor2];
fuzl.input (2) .mf (5) “params=fabs (in (j, 147 (Norl) Nor2 200];
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while (x1<4),
Vk=ns* (A*k*T/q) *log(((Ilg-Ik+Ios)/Ios))-Ik*Rs;
if (Vk<0)
Vk=0;
end
if (~isreal (Vk))
Vk=0;
end
Pk=TIk.*Vk;
if (Vk==Vk 1)
ek=0;
else
ek=Nord* (Pk-Pk_1)/(Vk-Vk_1);
end
ek;
cek=ek-ek_1;
if(ek>UPPER_LIMIT)
ek=UPPER"LIMLL;
end
il B (ek<LOWER_LIMIT)
ek=LOWER.LIMIT;
end
if (cek> (UPPER. LIMIT) )
cek= (UPPER_LIMIT);
end
if(cek((LOWER_LIMITM
cek= (LOWER’ LIMIT) ¢
end
Vk 28V _1p Vi T=Vk;/Bku2=Pk 1y Pk “1=Pk}
Sk gt
clk=evalfis( ek cek], fuzl)s;
Ik=Tk+cIk/Ner5;
S it e |
Ik=Ilg;
end
1EATRSOY
ILk=0;
gnd
1TE4RI>350)
break;
end
nl=nl+17;
if (abs (ek)<TOL)
if(absicek)<ToL)
if((abs(Pk-3.4978).)<Scaler*TOL)
x1=x1+1;
else
x1=03;
end
end
end

end

=; o d a
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A daa 9 = & u s o a o o =
I,Lﬂﬂ'ﬂ’]ﬂﬂﬂ‘l’luﬂ?’lﬂlmullﬁﬂﬂﬁUullﬂﬂ\‘l lﬂ't’]ﬂll‘]_l‘l_l‘ﬂ']'ﬂ'ﬂQ“{li’]\i@’liﬁﬂll'ﬁﬂﬂ‘lﬂﬂmﬂuﬂQﬁ"JJﬂWi“W

(4.2) 14 (4.4) Amualiefisduasenindneldaninuiadeuigun

=

u

DUAIN

35°C AU

¥ 3
Uer S6mW/em® fU 77mW/em® 1ag 88mWiem® moldidoulutionsisduaseriindos 1

P W 3.62W 1 4.92W 1ag 5.58W eudIey waved PSO-FLC iiludagili 5.7

PSO: 1/500 i

PSO: 10/500
PS0O: 20/500
PSO: 30/500
PSO: 40/500
PSO: 50/500
PSO: 60/500

PSO: 70/500

PSO: 80/500

PSO: 90/500

PS0:4100/500
PSQ: 4110/500
PSOs 120/500
PSO: 130/500
PSO: 140/500
PSO: 150/500
PSO: 160/500
PSO: 170/5Q0
BPS0O: 180/500
BSO: 190/500
PSO: 200/500
PSO:_210/500
PSQ: . 220/500
PSO:' 230/500
PS®: 2404500
PSO: £50750Q
PSQ: 260/500
PSO:., 270/500
PSO+* 280/500
PS0:~200/500
PSO: 3004500
PSO, 3104500
PSO: 320/500
PS0O: %330/5060
PSO: 340/500
PSO: 3504500
PSO: 360/500
PSO: 370/500
PSO: 380/500
PSO: 390/500
PSO: 400/500
PSO: 410/500
PSO: 420/500
PSO: 430/500
PSO: 440/500
PSO: 442/500

terations, G
iterations,
iterations,
iterations,
iterations,
iterations,
iteratdons,
iterations,
iterations,
iterationsy
iteratiens;
iteraticnss
iterations,
iteratlions,
iterations,
Llteratifns,
iterations,
iterations,
iterations,
iteratdions,
iterations,
iterations,
terations,
iterations,
iterations,
iterations,
LEerat JORSy
iterations,
Tterations.,
iteratiorns,
iterations,
iterations,
iteragtions,
iterations,
iterations,
iteratidns,
iterations,
iterations,
iterations,
iterations,
iterations,
iterations,
iterations,
iterations,
iterations,
iterations,

>>[0UT, bestout, varargout]=. ..
pso_fuzzy mppt('fuzzy PSO MPPT 25rules',2,15,500,10);

Best =

GBest =
GBest =
GBest =
GBest =
GBest. =
GBest =
GBest =
GBest =
GBest| =5

GBest//=

GBest

GBest =

GBest
GBest
GBest
GBest
GBest
GBest

WAL

1Lt

l

GB&suN =

GBest

|

GBest =

GBest
GBest

W

GBest =
GBest |=
GBest =
GBest, =

GBest
GBest
GBest
GBest
GEest

1l

(|

GBest =
GBest =

GBest
GBest

o I

GBest =

GBest
GBest
GBest
GBest
GBest

Il

GBest =

GBest
GBest

||

131
128.
99
7.,
65.
52,
51
5.
51
.

) ™
s 'R
51%
5.2
46.
46.
46.
46.
46.
46.
45.
45.
45.
45,
45,
45.
45,
454
45,
45.
45,
454
45 .
45.
45.
45.
45.
45.
45.
45.
45.
45.
45.
45.
45.
45.

--> Solution likely, GBest hasn't changed by at least 1le-025 for 250 epochs.
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1 0.02 0.011 0.018 | 0.031 0.046 0.121 D.I 50 | 0.166 | 0.246 | 0.263 | 4.150 | 6.217 3.100 3
1 2 | 0053 ] 0110 | 0125 [ 0.139 | 0.152 10195 1 0254 | 0273 | 0.283 | 0294 | 4544 | 7.774 | 5.124 | 5.164 |
1 0.014 | 0.023 [ 0.030 | 0.043 | 0.058 0,133 | 0,162 | 0.177 | 0.258 | 0.275 | 4.550 | 6.617 | 3.500 | 1.408
2 2 o064 | 0121 | 0136 | 0.150 | 0.163 10206 ] D264 | 0284 | 0294 | 0.300 | 4904 | 8134 | 5484 | 5504
] 0.026 | 0,035 | 0.042 [ 0.055 | 0.070 | 0. 0.145 [ 0.174 | 0.189 | 0.270 [ 0.287 | 4950 | 7.017 | 3.900 | 1.808
3 2 {0074 ] 01300145 | 0460 | 0.472 | 0.192 | 0.216 | 0.274 | 0.200 | 0294 | 0300 | 5228 | 8457 | 5.808 | 5848
1 0011 | 0211 | 0270 | 0272 | 0273 | 0.273 | 0278 | 0.282 | 0.283 | 0284 | 0.287 | 5316 | 9.040 | 5.082 | 8.246
130 2 0004 | 0212 | 0.266 | 0270 [ 0271 | 0272 [ 0.276 | 0.283 | 0.284 [ 0.284 | 0.285 | 5.119 | 8.673 | 5.055 [ 8.265
1 0.010 | 0.212 | 0.270 [ 0.271 | 0.272 | 0.277 | 0.277 | 0.281 0.284 | 0.285 | 0.285 | 4.916 | 8.640 | 5.014 | 8.646
131 2 0016 | 0213 | 0266 1 0271 | 0272 | 0272 [ 0273 | 0.282 | 0.283 | 0.284 | 0288 | 5117 | 8831 | 5161 | 8267
T 0.014 | 0213 | 0269 | 0271 | 0272 | 0273{w0276. 1 0279 | 0.283 | 0.284 | 0285 [ 4.848 | 8263 | 5414 | 8387
132 2 0.023 | 0212 | 0.266 | 0.270°] 0.271 | 027240277 | 0.283°4..0.284 | 0.284 | 0.285 | 5.110 | 8.517 | 5279 | 8.272
1 0.032 | 0208 J50.2345] 0.265 | 0265 | 0265 | 0.274 | 0.276 | 0, 376, ] 0286 | 4.656 | 7.024 | 6.100 | 7.147 |
440 2 0.032 | 0200 [ 0.235 | 0.259 | 0.266 | 0.267 | 0269 | 0272 | 0.280 | 0281 [ 0.287 [ 4.499 | 6.841 | 5.983 | 7.123
1 0.032 |7 0208 | 0234 | 0265 [~0.265 | 0265 | 0374 |/0.276 | 0276 | 0276 450. 7656 | 7.024 | 6,100 | 7147
441 2 0.033 [ 0197 | 0.235-]-0.262 |-0.264 | 0269 | 0270°] 0.2721° 0279 0.281 [ 0290 | 4424 | 6.794 | 6383 [ 7.156
1 00325] 0208 [~0:234. | 0.265 |~0265-] 6265 | 0274 | 0276 | 0.276.1.0276 | 0.28 56 | 7.024 | 6.100 | 7.147 |
442 2 0033 | 0209 | 0.23¢ | 0.261 | 0264 | 0267 | 0.270-] 0.271 [ 0.282 [ 0.283 [ 0.285 [ 4.824 | 7.025 [ 6358 [ 7.013
ﬂi Y] (] o &
ATT19N 5.2 @Y NHAAWTVDN vel
4 W’
- J 2 i o :ff ‘ o i
~ ! id o VoAl 4 b A0 I
i e 97 Poomerend BT/ MR | /S Powrreng O wigigol g fniéuns
o i W 1\l 4 e s
1 4.000 | 4.000° | 4.000 | 4.000 | 4.000 | 4.000 | 4.000 ] 4.000 | 3.610 | 4.000 | 3.850 | 4.000 | 4.000
1 2 3.600 | 3.600°| 3.600 | 3600 | 3.600 | 3.600 | 3.600 | 3.600 [ 3600 [ 3.600 ( 3.600 | 3.600 | 3.600 | 3.600 | 3.600
1 4.000 | 4,000 4.000 | 4.000 | 4,000 | 4.000 | 4.000 | 4.000 1 4.000 | 4.000°| 4.000 | 4.000.| 4.000 | 4.000 [ 4.000
% D 3.240 | 3.240+). 3,240 3.2407(.3.240. |1 3.240° 3.240. | 3.240| 3.240=3.240-|.~3.240 | 3.240 | 3.240 | 3.240 | 3.240
1 4,000 | 4.000 ) 4.000 | 4.000 | 4.000| 4.000-{-4.000 {4,000 | 4,000 | 4.000 | 4.000 | 4.000 | 4.000 | 4.000 | 4.000
3 2 2910% 2910/ 2910 | 2.910 | 2.910 | 2910~y 2.910 |/ /2910 } 2.910 | <2910y -2.910 | 2910 | 2.910 | 2.910 | 2.910
1 -0.430 | 0.110 | 2,400 | 4.000 | 4.000 | 4.000 [ 1.140 | -4.000 | -4.000 | -3.900 | -3.420 | -4.000 | -4.000 | -0.680 | 4.000
130 2 4000 | 0320 | -0.010°] 4.000 | 4,000 4000 [ 4000 [ -4.000 { -4.000-] -4.000 | =4.000 | -0.020 | 1.590 1.060 | 0.010
| 1.320. | 0390 1.0.500 | 4.000.| 4000 2.710 | -0.270/| -4.000{ -4.000 | -4.000.] =1.970 | -0.680 | -3.770 | 4.000 | -2.590
131 2 2.350 [ -0.080 | -0.080 | 4.000 | 4.000 | 4.000 | 4.000 | -4.000 | -4.000 |*=4.000 | -3.730 | -0.080 | -3.140 | 1.180 | 0.050
1 1.880 | 0.140.| 0290 3930 | 4.000 | 4.000 | -0.200 | -3.500 [-=4.000 | -4.000 | -2.370 | 1.570 | -1.090 | 2.850 | -3.690
132 2 -3.730 | -0.430. 0.080 | 4.000 | 4.000°| 4.000 |-4.000 [ -4.000:( -4.000 | -4.000.§ -4.000 [ 0.010 | -1.160 | -2.650 | 0.000
1 0.000 | 0.000 | 0.000 [ 0.000.| 0.000 | 0:000 | 0000 | 0.000 ( 0.000 [ 0.000 | 0.000 | 0.000 [ 0.000 [ 0.000 | 0.000
440 2 0.080 | -1.000 [ 0.090 | 4.000 | -0.660 | -1.920 | 4.000 | 2.410 | -3.330 | -4.000 | 1.160 | -0.750 | -0.470 | 4.000 | 0.320
1 0.000 | 0.000 [ 0.000 [ 0.000 | 0000 | 0.000 | 0000 | 0,000 [ 0,000 [ 0,000 [ 0,000 | 0.000 | 0.000 | 0.000 | 0.000
441 2 0.020 | 4.000 | -0.180 | 2.860 | -0.030 | -2.490 | 4.000 | 4.000 | -4.000 | -3.140 | -1.650 | 4.000 | 2.310 | -0.260 | -1.430
1 0.000 | 0.000 | 0.000 | 0,000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 [ 0.000 | 0.000 | 0.000 | 0.000
442 2 -0.110 | -0.740 [ -0.130 | 4.000 | 0.690 | -1.920 | 4.000 | 3.380 | -4.000 | -4.000 | 1.030 | -0.380 [ 1.020 | -2.400 | -0.540
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>> L=160e-6;C=2200e-6;T=1/25e3;Vbatt=14;Ts=0.05;

>> Impp=0.68;Vmpp=>5.5; Rmpp=Vmpp/Impp;

>> Fm=[0.1 1 10];

>> for i=1:length (Fm)
sys_c_cmbc=tf(-Fm(i)*Vbatt, [L*C...
L/Rmpp+Fm (1) *Vbatt*C 1+Fm(i)*Vbatt/Rmpp]l) ;
sys_d cmbec=c2d(sys_c_cmbc,Ts, 'zoh');
sys_mppt=tf (-Impp/Vmpp* (1l 1],([1 -1 0],Ts);
[num,den]=tfdata(sys mppt*sys d cmbec, 'v');
dbode (num, den, Ts) ;
hold on

end
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function [OUT,bestout,varargout]=...
PSO_FLC (functname, D, NumberofData, Iteration, df)

global fuzl

fidl = fopen{'position cal.txt','w');
fid2=fopen('velocity cal.txt','w');
fid3=fopen(’best position.txt','w');
bestout=[];

PSO PARARMETERS

if nargin <= 4 % only specified functname and D
disp('Not enough input argument')

ouT=[];

bestout=[];

return
end

VRmin=ones (NumberofDatagl) *15%xzx -100;

VRmax=ones (NumberofData;1) *100;

VR=[VRmin, VRmax] ;

E= [lq

mv = 4;

fuzl=readfis (' gl d_fuesy) WPeT {45 ;

Pdef = [Iteration D 2 2 0.9-0.4 3500 le-251250 NaNil;
Plen = lengthi(P) 7

P = [P,Pdef (Plentl:end) ]+

me 3 F (Lg%
ps FEZ); &
acl =8P (8) ;
acz = P(4);
iwl = Puiell) /
iw2 = B(6) ;
iwe = BdT) ;
ergrd | = P(8):
ergrdep| s P¥9) ;
errgoal \=\ P {I0) ;

if (P(1))~=0
plotflg=1l;
else
plotflg=0;
end

tr = ones(l,me)*NaN;

velmaskmin = -mv*ones (ps, NumbereofData) ; A A vel gD matrix
velmaskmax = mv*ones (ps,NumberofData); Limax _ar

159

posmaskmin - repmal (VR (I™Nunb®relDala, 1) ', peely ; % min pos, psXD maliix

posmaskmax = repmat (VR(l:NumberofData,2) 'sps;1);
message = sprintf ('PS0O: %%g/%g iterations, GRest =

max pos
20.20g.\n",me) ;

initialize population of particles and their velocities at time zero,
pos (l:ps,l:NumberofData) = rand{([ps,NumberofDatal)*100;
pos=sort (pos) ;

% construct initial random velocities between -mv,mv
vel (1l:ps,1:NumberofData) = ones([ps,NumberofData]l) *mv;

% INITTALIZE END IN: /
rstflg = 0; % for dvnamic enviror
% start PSO iterative procedures

cnt = 0; % counter used for updating dispiay according to df in the
options

cnt2 = 0; % counter used for the stopping subroutine based on error
cenvergence

iwt (1) = iwl;

pbest = pos:

close all

oldi=1;

[ZE END INITIALIZE END
hecking
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for i=l:me % start epoch loop (iterations)
[xx1,xx2]=slze (pos);
for xx=1ixx1,;
pos (Xx, :)=[sort (pos(xx, (1:11))) pos(xx, (12:xx2))];
end
out = feval (functname,pos); % returns ceclumn of cost values (1 for each
particle)

it m==
pbestval=out; % initially, pbest is same as pos
[gbestval,idxl] = min(pbestval); % this works for straight minimization

oldgbestval=gbestval;
% preallocate a variable to keep track of gbest for all iters

bestpos = zeros (me, NumberofData+1) *NaN;

gbest = pbest(idxl,:); % this is gbest position

end

B (A41) = gbestval; % keep track of global best wval

te = 1i; % returns epoch number to calling program when done

bestpos (i, 1:NumberofData+l) = [gbest,gbestval];
3 this section does the pddTs gur AT ILerothens

if plotflg==

if (rem(i,df) ==40" )} (i==me)\ \ \(i==1)
fprintf (message, i, gbestval)s
cnt = cnt#l x@ countThay manpiimes se disptay (useflyl Yor movies)

figure(lf';

heold og

plot (foldi,i], [oldgbestyal, gbestval] s

plot([oldi, 1], [oldgbestval,gbestwall lot);

oldi=i;

oldgbestval=gbestval;

end % end uptlaet display eweny/ [T \sfdhemant

end % end pletfild ifistatement
% diperkiacles) whsrerywe| Mave new PREST, dependingrom minmax chgice
n findYgbast mnd-gbest val
% [size found, silze (PHSSTEYENY ]

[tempi] =-frnd(pbestyvals=out)/ } New minpbestvals
pbestval (temp, 1) = out (tempi); YV opdate\obestyals
pbest (templs:) =pos( Cemp i ) isi Upaatel phast positions

[iterbestval, idx1]’ =“min{pbestvall;
1f gbestval«>= iterbestwval
gbestwval =-iterbestwal;
gbest ="pPest (y0X%, : ) %

itaes, pesithans SALhie 13 the(heart of, the BS0 gigorithm)
ch epoch, get“new seiluof|randcm nunbers

rannuml = rand ((ps; NumberofDatal)« & E8rTreleca and Cle¥wc THDES

rannum2 = rand ([ps,NumberofData]);

% common PSO algOywihth “ngniia wt

s get in welghg, Wust“aYW Mean funcih-wirht® epoall giirameter iwe

if i<=iwe

1wt (1) = ({(iw2-1wl)/ (1we=1)V*(i=1)+iwl;
else
iwt (1) = iw2;
end
% random number including acceleration ccnstants
acll = rannuml.*acl; % for common PSO w/inertia
ac22 = rannum2.*ac?2;
vel = iwt(i).*vel... % prev vel
+acll.* (pbest-pos) ... % independent
+ac22.* (repmat (gbest,ps, 1) -pos) ; % social

% limit velocities here using masking
vel = ( (vel <= velmaskmin).*velmaskmin )
+ ( (vel > velmaskmin).*vel );
( (vel >= velmaskmax) .*velmaskmax )
+ ( (vel < velmaskmax).*vel );
% update new position (PSO algo)
fprintf(£id3, "%6.2£\t" ,gbest);
fpEint e (Fid3: S § &
[xx1,xx2]=size (pos);
for xx=1:xx1,

fprintf (fidl, '%6.2F\t",pos (xx, )},

vel
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fprintf (£idl,"\n');
end
[xx1l,xx2]=size (pos);
for xx=1l:xx1,
fprintf (£id2, '%6.2f\t',vel (xx,:)):
fprintf (£fid2, *\n");
end
pos = pos + vel;
5 position masking, limits positions to desired search space
% method: 0) no position limiting, 1) saturation at limit,

% 2) wraparound at limit , 3) bounce off limit
minposmask_throwaway = pos <= posmaskmin; % these are psXD matrices
minposmask keep = pos > posmaskmin;

maxposmask throwaway = pos >= posmaskmax;

maxposmask keep = pos < posmaskmax;

% this is the bounce method, particles bounce off the boundaries with -vel
pos = ( minposmask_ throwaway.*posmaskmin ) + ( minposmask_keep.*pos );

pos = ( maxposmask_throwaway.*posmaskmax )=+, ( maxposmask_keep.*pos );

vel = (vel.*minposmask” keep) + (-vel.*minposmask ‘throwaway) ;

vel = (vel.*maxposmask keep) +- (=vell rmaxpgsmask throwaway) ;

% check for stoprifig criterfen bafed\un/speéd of-Ctonvergente wo desired
% error
tmpl = abs (tr{1i) - gbestval):
if tmpl > ergrd
cnt2 = 0;
elseif tmpll <= ergrd
cnt2 = ent2%1;
if cnt2 >= ergrdep
if pletflg ==
fprintf (message, i, gbestval) ;
disSH (' "D
disp ([\»3/50lutign ldke vpGResth hase! 't changed byl atypeast

NN ZibdePE T ™) £ QAN L
numZsEr (Ent2) , ' epocEiiN;
%% Eval (plotiernys
end
break
end
end

% this stops WA usjgy corefraihed oftunisavlan”/add goal is\ wealfhed
if ~isnan(errgoal)
if ((gbestval<serrgoal) & (minmax==0))"" ((gbestval>=errgoal) &
(minmax==1))
if plotflg == 1
fprintf (message,di,gbestval);
dispi(? ")
disp(['-->» Error Goal reachedy=successful termination!']);
end
break
end
end % end ~isnan if

bestout=[bestout, gbestval];
end % end epoch loop

5% clear temp outputs
% evalin('base’, 'clear temp pso_out temp te temp tr;');

5 output & return
OUT=[gbest';gbestval];
varargout{l}=[1l:te];
varargout{2}=[tr(find(~isnan(tr)))];

Norl=10;
Nor2=100/Norl;
Nor3=100/0.3;
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Nord=1;
Nor5=1;

Antecent=sort (abs ([0QUT (1) QUT(2) OUT(3) OUT(4) QUT(5) OUT(6&) OUT(7) OUT(8)
OUT (8) OUT(10) OUT(11)] ))/Nor3;

fuzl.output(l).mf(2) .params=Antecent (11); %[l 2]
fuzl.output(1l).mf(3).params=Antecent (10); %{1 2]
fuzl.output(1l).mf (4) .params=Antecent (9); H[1
fuzl.output(1l) .mf(5) .params=Antecent (8); %[
fuzl.output (1) .mf (6) .params=Antecent (7) ;
fuzl.output(l).mf(7).params=Antecent (6) ;
fuzl.output (1) .mf(8) .params=Antecent (5);
fuzl.output (1) .mf (9) .params=Antecent (4);
fuzl.output (1) .mf(10).params=Antecent (3);
fuzl.output(1l).mf(11).params=Antecent (2);

BT

BN N

P OB et b e

fuzl.output(l).mf(12).params=Antecent (1); %1

B

fuzl.output (1) .mf (14) .params=-1*Antecent (1);
fuzl.output(1l).mf(15) .params=-1*Antecent (2) ;
fuzl.output (1) .mf (16) .params=-1*Antecent (3) s
fuzl.output (1) .mE£A(17) .params=-1#Antecent/ (4) s
fuzl.output (1) .mE£(18) .params==-1*Antecent/(5);
fuzl.output (1).mf (19) .params=—l1*Antecent (6} ;
fuzl.output (1)smf (20) .params=-1*Antecent (7)i;
fuzl.output(l) .mf (21).-params==1*Antecent(8);
fuzl.output (1) .mf (22) .params=s-1*Antecent (9)
fuzl.output{l) .mf (237 . params=-4*AEntecent (L0Ys %[ 2]
fuzl.output ()" mf(24)parans=-1*Antecent (11); %1 2]

fuzl.input (EYimfi(l) .params=\[200 ~-Noxr2:-1*abs (OUT(12)) YNorll;
fuzl.input (39 .mf (2).. paramss= [=NOr2 /- 1*abs (OUT(13)),/Norl 0] ;

fuzl.input (I) .mEA(3 ) patams=[ =T*abs (QUT(12) ) ¥ Nofl” 0 L*abs(0UT(12)) /Norl];
fuzl.input (1) .mf (4) . params= [0 abs (QUT{13))/Norl, Nor2];

fuzl.input (1) .mf(5) .params=labs (OUT (12)) /Norl Noxr2 200];

fuzl.input (2).mf (1).params=[-200 =Nor2 —1*abs (OUT (14)) /(Noxl)];
fuzl.input (2 .m£ (2) .params=[~Nor2 =1*abs'(QUT(15) }/(Noxl) 01;
fuzl.input(2)emf (3) .params=[-1*abs(0UT(14) ) /(Norl) ©

l*abs (OUT\(14) )4 (Norl)ls

fuzl.input (2) mf(4) .params=[0vabs (OUT(15) ) //(Norl) Nor2]:
fuzl.input(2) .m£i(5) .params=fabs (OUT (14)) / (Norl) ‘Nor2 200];

fclose (fidl) ;
fclose(£fid2) ;
fclose (£id3) ;

save history b
writefis (fuzl,

return
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//Configuration Word = 3COE
#include <16F876A.h>
#include <stdlib.h>
#include <math.h>

#include <float.h>

#fuses HS, BROWNOUT, NOWDT, PROTECT
#use delay(clock=4000000)

#define CLR _DAC PIN Cl
#define L_DAC PIN_C3

#define CS_DAC PIN_C4
#define WR _DAC PIN C5
#define Al _DAC PIN C6
#define A2 DAC PIN C7

#define Max Error 10.0

#define Min Error -10.0
#define Max CError 1040
#define Min_ CErrorg~10.0

#define Timer_ I Count 65536-2500 //Count-every 0.0lsec for Timer 1
//Sampling. Time 5%0.01 See¢

#define Samplin:Time S

static const/float~ENB[]=v;

static const float ENS[]={-10.0,~3«453,0.'0k;
static congt fleeat EZBE[1=1-2.824;0.0, 2824}
static censt™ float)EPS)[ds (0.0 33453/ X0L0)) §
static consty,floatfEPRI={2.824,10./0,100.0};

static gonst floeat CENB[J={-

static lconst)float |(CENS[I=(-10.0,~2/722,0.0};
static [c@nsto fI'9dt [ECRARFI—{= 5333, QU0,95:833] §
static const~fleoaty CERS [J={0L0, 2.724,2000%;
static const float CEPB[\={5.333,10.0,100:0}:

static const float PIref[257=1{0.3000,0.1956,0.,1852,0.181140.,1%694,0.1491,
P D371, 85 T30, @~ 11807021104 0, 10 Be0. 0155

0. 000

-0.-0035 5=0¥ FOVOMT Ol 11 0/50 ¥1.180,50-4329, 0. 137 1,
-0.1491,'-0.1694,-0.1811,+0.1852,-0.19565=0.3000};

static float§ K;
static float k%
static float Pkj
static float Vk_MWy
static float Pk_1;
static float outputX;
static float outputXl;
static float M;

static float wl[5];
static float w2(5];
char data=0;

long datal=0;

float error;

float error_l;

float cerror;

float output_fuzzy;
boolean Ae,Start Bit;
unsigned char Count_ Sampling=0;

void input_power from_solar_array(void);

float Degree_of MF(float x, float a, float b, float c);

float min(float x3, float x4);
float Defuzification(float x1,float x2);
void Initial System(void):

float Degree of MF(float x, float a, float b,
{

LUOY J- 1 BaMelal 5.3 #3 | 2

float c)
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if (x<a)

return 0.0;
if (x>e)

return 0.0;
if (x<=b)

return ((x-a)/(b-a));
if (x>b)

return ({c-x)/(c-b));

}

float min(float x3, float x4)
{
if (x3<x4)
return x3;
else return x4;

1

float Defuzification(floatsx1l,fleat x2)
{

float wD;

float w;

float sumofw;

int §:

int j;

int k;

sumofw=0.0;
wD=0 .07

if (x1>Max Brror)
xl=Max Errox;
if(x1<Min_ Erpér)
X1=Min Enror}
if(x2>Max ,CErron)
x2=Max CError;
if(®2<Min_ CError)
x2=Min CExmor;
wl[0]=Degree of MF (%1, ENB{0],ENB[1], ENB{2]) ;
wl [1]=Degree of MF(x1,ENS [0D/ENS [T, ENS[Z]);
wl[2]=Degree' of MF (31,EZE[OJ,\EZBE(1],EZE{2]);
wl[3]=Degree_of MF(x1l;EPS[0J],EBS[1],EPS[2] )
wl[4]=Degree o6f MF(x1,.EPBPO];EPB[1],ERB[2])7
w2 [0]=Degree of) MF (%2, CENB[0]4CENB{1T,CENE{2])7
w2 [1]=Degtee, of MF (%2, CENS.[OTYCENS{1] /CENS{2]) ;
w2 [2]=Degree_of ME{x2,CEZE[0],CEZE[17,CEZE[2])
w2 [3]=Degree of "WMF (x2; CERS (0] ,CEPS[1],CEPS[2])%
w2 [4]=Degree of WMFYx2, CEPB[0]9CEPB}113CEPB[2]) ;
k=0;
for(i=0;1<5;1++)
for (j=0;j<5;j++)
{
w=min(wl[i],w2[]]):
wD=DIref [k]*w+wD;
sumofw=sumofw+w;
k=k+1;
}

return (wD/sumofw) ;

void Initial System()

{
set_timerl (Timer 1 Count);
setup_timer_l(Tl_INTERNALlTliDIV_BY“4);
set_tris_C(0x01};
port_b pullups (TRUE) ;
set_tris b (0x0);
setup ccpl (CCP_PWM) ;
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setup_timer 2(T2 DIV _BY 1, 40, 1);
setup port a(ALL_ANALOG) ;
setup_adc(adc_clock_internal);
setup_adc_ports( ALL_ANALOG );
set_pwml duty(1l):
enable interrupts(GLOBAL);
enable_ interrupts(INT_TIMER1);

}

void input power from solar array(void)
{
long TempVk, TempIk, TempPk;

set_adc_channel( 1 ); //get voltage
delay us(50);
TempVk=read _adc();
Vk=(float) (TempVk) ;
Vk=Vk*5.0%2.0/1023.0;
set_adc channel( 0 ); //get eurrent
delay us(50);
TempIk=read adc() ;
Ik=(flcat) (Tempdk);
Ik=I1k*0.1229*5.0/1023.0%
Pk=Ik*Vk;

}

#INT_TIMERL
isr() {
set{timerl (Tim&n 1 Celinty;
Count Sampling+&l;
if(Count_Sampling>Samplin  Time)
{
Count Sampling=0;
Start BitEl;
}
}

void clear watchdog()
{

restart wdty() ;

setup_ wdt (WBT 2304MS)y;
}

void main (veid)
{

Count_Sampling=07

RAe=0;

Initial System();

error=0.0;

error 1=0.0;

cerror=0.0;

output c(input_c() |0xF2);

output_low(CLR_DAC) ;

delay ms(10);

output_high (CLR_DAC) ;

M=0.02;

Vk_1=15;

Pk_1=0;

data=0;

outputX=0.2;

while (1)

{

clear_watchdog () ;
if (Start_Bit)

{
output low(CS_DAC) ;
output low(WR_DAC) ;
output_b(data);
output_low(Al_DAC);
output high (Al DAC);
output c(input_c () |0xF2);



output_low (L DAC);
output_c(input_c() |0xF2);
input_power from solar array();
if (fabs (Vk-Vk _1)<0.0005)
{
error=0;

error=((Pk-Pk_1)/(Vk-Vk_1));
}

cerror=error-error_1;

output fuzzy=Defuzification(error,cerror);

output_fuzzy=2.4*output_fuzzy;

outputX= (outputX+output_ fuzzy);

1f(Ik<0.01)
outputx=0.2;

if (outputx<0.2)

4.0;
output
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An Adaptive Fuzzy Logic Controller by Sliding Mode
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Abstract— This paper presents the design of an adaptive fzey
logic controller for DC/DC buck converters. The praposed
controller uses a sliding mode control mechanism to improve the
performance of a conventional buck converter. Despite of the
nounlinear behavior of the converter, the performance of the
closed-loop control system can be considerably improved
compared to the results galned from other previously proposed
schemes, such as the adaptive fuzzy logic controllor by back
propagation algorithm. This claim i8 obvisusly shown by the
simulation and expevimental cesults both in regulating sed
fracking modles.

Kuywords-componert; DOGDC buck converier;. adaptive fuzy
logic controller; slidingmade control; back propagation algorithm;

I.  INTRODUCTION

The application/ of DC/DC conyerter has been widely used
specially as a key part of g switching power supply. Control of
these switching devices, however, is quite difficuli because of
its ponlinear behavior. ‘The “deviation  of * the  practical
performance from the predicted one can be commonly seen
because of the mismatch of the mathematical model. Some
designer tries to find an-optimal composition between analog
and digital eireuits for closed-loop operation of the converter
[1], but this makes the problem rather difficult to solve.

Recently, Fuzzy- Logic Control (FLC) has “becore 2
popular candidate for solving this nonlincar control problem,
because it is casy to implement in digital manner. The
operation of a FLC refics uipon a setof linguistic rules, which
dependants on the system model. There are a number of
research works telating to the conirol of DC/DC converter
using fuzzy logic comirol. The work presenfed in [2], for
example, uses conventional structurd implemented by a digital
circuit to regulate  the converter’s —output- voltage. The
combination of fuzzy logic and PID controller to improve the
tracking performance of system was presented in' [3]. These
conventional fuzzy-based systéms, bowever, still lack of the
adaptability to deal with time-varying cnvironments: Several
adaptive fuzzy logic controllers (AFLCy have been proposed.
The back propagation algorithm for adaptive fuzzy controllers
(BAFLC) in [4], moreover the advanced mathematical method
[5] has been applied for AFLC in order o _cope ‘with the
varigtion of the system characteristic. Theses algorithms,
however, face new class of problems, such as-the delay
leamning rate, oifline training requirement and the complicated
fuzzy parameters update tules.

‘The Sliding Mode Control (SMC) has alse been applied
widely for control systems with uncerfainties, especially power
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electronic applications [6]. The use of SMC for power
electronic converter with fuzey logic has been deseribed n (7).
The application of SMC with dynamic defuzzification strategy
in an Adaptive Neuro Fuzzy Inference System (ANFIS) for a
motion control system has been presented in (8], An ANFIS
controller combined with SMC also has been applied
successfully o for maximum-power point fracking of a
photavoltaic system {81 Nonetheless, using ANFIS controller
requires a relatively high performance processor and may not
by appropriate for certwin applications where cost is 4 prime
convern. ‘Also, the fuzzy rules setupfor inference engine 15 o
fime-consuming tusk, and could be limited by the processor’s
memary $ize [ 10].

fiy, this paper, therefore, we use a simple Adaptive Fuzzy
Logic Controller {AFLC) for 3 DEDC power converter, Apart
from _their simplicity, the fuzzy rules we use occupy a very
small memory space and casy to implement. With the
mcorporated | SMC  scheme, the control system  performs
outstandingly both regulating and wacking modes, in spite of
System uncerlainties.

The paper 15 organized as follows. In Section H, a FLC for
DE/DO converter is introduced, the derivation of the controller
parameters update algorithm is then expressed in Section [1L
The simulaiion results from the control system are given in
Section IV, Finally, cenclusions are drawn in Section V.

I, AFLCFroRDC POWER CONVERTER

A System Operation

i our design, the conventional buck converter is adopted as
the systemy w) be controlled. Fig.do depiets the circuit
configuration of the control system. This system comprises of
the purposed AFLC, the conventional DC/DC buck converter
and load. The AFLC provides output ¥ to adjust duty ratio 1)
for-the opertion of the switch. S, of the DC/DC Buck
couyerier, The purpose of the control 8ystem is to regulate the
output vollage (17,), accordingly to the desired output voltage
(e, i spite-of the fluctuntions n the inpui vollage (V) and

the toad changes. Duty ‘ratio (D(n)) for 8 DC/DC Buck
converter can be found as:
D{n)=D{n-1)+ KF 0

. where K and F are the gain factor and the output of fuzzy
controller, respectively. Let us define the error (e(n)) and the
associated change of error (Ae(n)) as:
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Ae(n)—e(n)—e(n-1) (3)

The controller’s function isfo force the-error, which s the
difference of the current and desired output voltage to zero.

B. A FLC rules

To control the DC/DC converter, (the criterions of the
linguistic rules in the controller are given-ini [4]. This can be
translated meta-rules into following fuzzy control rule:

Rule (i}: if e(n) isA; and. Ae(n)is B
then AD(H) is C, {4)

, where A; and By ate the fuzzy subsets in their-universe of
discourse including positive  (PO), zero (ZE) and. negative
(NG), and €' is the ontput fuzzy subsets, or fuzzy singleton for
Sugeno fuzzy model [11]. Note that the number of fuzzy
function should be-optimally determinsd with considering the
interrelation of control accuracy and calculation capacity. The
membership function of each-fuzzy set is selected based on
trial-and-error such' that 'the region of interest is covered
appropriately, To avoid complicated calculation process the
triangular shape membership will be used.

The membership functions in each universe of discourse are
shown in Fig. 2, and the fuzzy rule base is shown in Table I,

1. ADAPTIVE STRATEGY

A. Back-propagation algorithm

In [4], the BAFLC was proposed to Tesolve the parameter-
tuning problem of controller. for. DC/DC Converter. The
advantage this method is the adaptive learning algorithm to
adjust fuzzy singleton of FLC to the most appropriate values.
The leamed parameters are update until the peiformance index
is less than the given threshold value. The training procedure
could be both of on-line and off-line learning to minimize the
error energy function £f such as

-

B () =) )
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The update C'in FLC ¢an be denoted as:

it (n)=c’(n—1)—n%t ©®

, where 7 is the leaming factor

B. Derwvative of Update

An' approach based on the adoption of a dynamic de-
fugzification strategy has been proposed for establishing a
sliding, motion in the phase plane [8] and [9]. 1t has been
shown that the algorithm is able te compensate the deficiencies
due to imperfect sensory -mformation and abrupt change in
system dynamics. The algorithm adjusts only the parameters in
consequence part of fuzzy rules, while the parameters in the
premise part are fixed. Clearly, the method is a desirable
solution for real-time controls, including the control of DC/DC
converter system proposed here. For the sake of convenience,
all parameters in FLC are denoted in a matrix-vector form as
follows:

The collected vector w of wy can be defined as:

w=[w ow, o ow] (7



L where
W, = .._._.........".."5....____ ()
ayfebt i {de)
and

= (e)‘u,’ {ae)s for ij = 1,23 (9)
» where wy is the normalized firing strength of premise part
from each rule. Let us denoted €' .C% are the coefficients in
the consequence part of fuzzy rule and represented as:

.- Ca]rj

, where R is the number of fuzzy rules. The resultant control
output equation is obtained when applied the center of gravity
method as:

Y=[C © (10)

Foaw'yY 1

Now, let us define e, as the errap-function chosen, in
accordance with the objective of the svstem delined as:!

g =F -F, (12)

swhere F; is the desired output. The update funclion 1§ adopted
by means of the time defivative of the matrix ¥ given by (11),
which can be shown as:

Y = () (13)
w W

To mitigate the effect of chattering, the signum function on
the right hand side of (13yis replaced by the following
function:

3 2, \
Sxﬂ(ﬁ-)"m (14
» where ¢ is & positive constint

C. The SMCmethod
In the design of SMC, the switching function i3 defived
and described in [8], The symbol ¢ denotes the discrepancy
between the reference state and obsarver state valpe. The
switching function is defined by
S étie (15)

» where 4 is a positive gonstant. To replace e, in {12)with § in
(15}, the Lyapunov function m (16) is nuimimized in e and
its time derivative is enforced {0 have negative values dug 1o
the adjustment strategy in{13)

p o g (16}

IV. RESULTS

A, Simulation Results

To evaluate performance of the proposed DAFLC for
DC/DC converter, computer simulations were conducted using
Matlab/Simulink®[12], The DX/DC buck converter model de-

138

173

TABLE 11 DODC BUCK CONVERTER PARAMETERS
4 i Rinb, Ry | RinC, Re | Switching
Jrequency
100H | 470uF {1,1£3 (1014 20kHz

scribed in the previous section with the parameters given in
Tuble 2 were invoked.

The variation of supply voltage and load resistance have
been fictitivusly set as follows. The supply voltage is 30V and
the values of load resistance are 20, 10 and 20€2 from 0 to 0.6s,
0.6 10 0.7s and 0.7s onward, respectively. the output voltage
converges from the starting point to 12V as desired for all cases

The comparison of the resulls obtuined from two
cantrollers, BAFLC and AFLC at without imtial value, is
shownin Fig. 3 (a). It can be seen that while FLC takes 54ms
to settle with the evershoot 22%, the setting time of AFLC is
only 25ms with. 10%. overshool. Morcover, when both
controllers are denoted fo operate with the initial values as
given in Table [ is shown inFig. 3 (b). In this case, the settling
fimc is feduced 10 35 and 20ms with 11 and 8% overshoot for
BABLLE and AFEC respectively.

Fig' 4 (4) and (b) show the systom response to load
changes. ‘Whaen the load resistance changed the system with
AFLL, again, could maimain the output at the desired value
with faster and Smaller overshoot response both in the case that
the pad resistance. decreased and increased, as shown in Fig, 4
(o) and" (b), cespectively. In addifion, it is noticeable that, the
output voltage response hetween AFLC with-and without imtial
value is slightly difference,

B, Experimental Results

The | performance  evaluation was,  conducted by
implementing AFLC into (a /DSP_TMS320F2812 using the
programmed Code Composer Studio [13]. “The DC/DC Buck
converter circuit was utilized as pammeters as described
previously,

To validate the performanee of AFLC for regulating the
ouipul at'the desired value, the experiments of joad resistance
changed was camied oul.’ A DC voltage inpit source was
taned on-at r=0s at 30V and the output veltage response was
observed using a digital storage oscilloscopes As a result, the
output voltage Tesponses have a smalh.in recovery time and
tluctuation a8 shown in Fig 5 {a) atd (b). These results depict
the output voltage xesponse for the variation of load from 20 to
10 and from-10 o 200 respechively.

M.\, CONGLUSIONS

fn-this papet, the advaniages of an Adaptive Fuzzy Logic
Controller for DC/DC Buck converter has been demonstrated.
The simulation results reveal that either with or without expert
knowledge, the proposed controller can give taster and better
response comparing to an Adaptive Fuzzy Logic Controller by
back-propagation learning algorithm. The technique introduced
m this paper can be efficiently realized by means of a sliding
mode control, which enables an on-line learning operation.
tence, an adapiability contol system can be easily
implemented in real-time,
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ABSTRACT

This paper presents the analysis and-design for a
control scheme of bifurcation for switching current-mode
DC/DC boost converters with maximum power  point
tracking of photo-voltaic applications. The proposed
system is a simple current-mode DC/DC boost convester
with optimal slope compensation so fhat -the system
adequately remotes from the first bifurcation peint. — In
spite of nonlinear behaviours. and-instabilitics of -the
converter. simulation results show that-the perfonmance
of the closed-loop control svstem can-be considerably
improved 1o ayoid bifurcation phenoriena,

Kevwords: 4 current-mode hoost convertery Control of
Bifurcation; Maximum Power Paint Track-
ingy-Fholovoliaic:

1L INTRODUCTION

Nowadays,—a solar .“photovoltaic™  power which
converts the sun-light into theelectueity energy through a solar
cell [1], is a strofig candidate in wmany countries where 4
solar power density is relatively bigh, Under a certain
temperature and light intensity, there is onfy one single
maximum-power _point (MPP) in . nommal cell!
Therefore. maximuim power point tracking (MPPT) of the.
PV cell is normally necessary in-practice-as far ds ‘the
system efficiency is concerned. Among wvarious MPPT
techniques, a conventional perturbation and abservation
(P&O) |2] method is the most popular method because of
the simplicity of its control’ structure. One of \ the
implementation of P&O MPPT on a low cost-elfective
RISC microcontroller was reporied in [3].

Once MPP is determined via MPPT, hardwarg
circuitry is required fo move a curren! operating point of
the system to MPP. To this end, DC/DC power conventer,
which connects PV to any loads, is widely emploved. “in
|4}, improvement of P&O technique by means of a
current-mode DC/DC boost converler was presented, The
output voltage from the DC/DC converter is achieved by
chopping and filtering the input voltage through an
appropriatc  switching action. However, nonlincar
characteristics of the switching devices employed in the
converter can lead (o a rich variety of bifurcation [3].

Recently, the main amtecedent in the study of
bifurcations and chaos in power electronic circuits has
been observed and anafyzed. It is known that, for a
system with bifurcating when changing in a certain

paramieler, an.essential problem is the control of
bifurcation or-.chaos control {6]. The border bifurcation
curves were presented win |7] providing the useful
information for the circuit design and control. A variable
ramp compensation for in a DC/DC boost converter was
proposed_and ™ implemented in [8]. So far. these
approaches- have been employed. with constant input
power sources only. Recently, the stability of the PV
system with DC/DC-buck converter in was reviewed in
19). However. the-design of bifurcation centrol for PV
with a simple current-mode. DC/DTC boost converter was
not mentioned.

This paper propases a-simple current-mode DC/DC
boost converter, (CMBC) with bifurcation control for
MPPT in a PV system. This svstein has high efficiency
and is cffective to avoid nonlincar-behaviors. Following
this the circuit configuration is intraduced in Section 2. In
Section 3, the noalingar comrol scheme of MPPT is
expressed. Simulation results from the control system arce
shown in order 10 verify the capability of the system in
Scction 4, Finally. conclusions are drawnii Section 5.

2. CIRCUIT CONFIGURATION
2.1 Systems ang Circuits

The proposed MPPT in a PV aray with simple
CMBC and a bifurcation control scheme is depicted in
Fig. 1. The system_comprises-a PV array source, a
CMBC, & ramp -compensation to avoid bifurcation
phenomena and loads (Rie.g), Allcomponents are imple-
mented based on MATLAB/SIMULINK® [10} models.

2.2°The characteristic of a solar arrvay

For a PV army, under a certain light intensity and
temperature-devel, there is a unique point located at the
knee of the IV curve, at which the maximum power can be
generated. The relationship between a current 7, drawn
from a solur and impressed voltage v,, can be described by
an exponential charmcteristic derived from a semiconduc-
tor physics as [9]:

P
i =?Ju[lm(«§‘-‘-J ] M

Jwhere v, denotes a PV array's voltage, p is an integer.
Besides. /.. is the array’'s short-circuit current, F,, is the
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Fig. 1: The proposed simpie CMBC for8PPT in PV

open-circuit voltage and 21s afactor denoting the relative
solar illumination. The characteristics of the PV array can
be depicted as an IV curve shownin Fig, 2.

2.3. A current-mode DC/DC boost converter.

In CMBC, the load (or inductor-4) cwrrent, .. is
chosen as the programming variable which, by comparing
with /.. generates the tarning-outpuf signal for switeh S.
The switch & is turned on by 2 free-minning clock pulse
signal at tune of 47 and wred off when /; climbs up 0
reach the assigned value of /¢ and remains in off position
until the next cyele begins.as shown in Fig, 3.

Typically. the system siate equation CMBC which
shown in Fig. T can be represented by | [3]:

v;w " =R C gl v ) 0 o
)} g [ 0 7, Wi
, where v, is"an ontput voltage of CMBC. ¢ is a
switching function which is zero during. the switch off
interval while one during on interval,
Let us define i (n) and j; (n+1)-as the inductor current
at a 1= a7 and r=(n#1)F, respectively. In stcady state
condition. the inductor current can be derived {rom |8} as:

£ g
i (n+ )=y +(—‘i'«—}5°—aalm;; 3)

-

=] o]

. where T is a clock pulse period and mod() is the
modulus function.

and {4

2.4 MPPT using P&O

In an original MPPT controfler using P&O method, the
adjustment of the operating point is achieved by changing
the reference voltage of the controller [4]. To be used
with CMBC. the controller is slightly modified so that the
adjustment is made through reference current f.x The
algorithm is summarized as a pseudo code in Fig. 4.
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i
“Fig 3xInthuctor-etrrent i of CMBC

(P (k=1) - P(&-1)3-0)
H{(P -1 - Pk 10
Fodky = T ok 1A,
else] k) =l ol 1)+
endif
else
{0 1) + FORDED
Ly Ay (R=-1) AL 3
else ok & Lolhal F 0
endit
endil’

Fig. 4: Pseuda cade of proposed P&O method

it is noted that P(fyand Jk) are the power and voltage al
time £, respectively "The time instant £ is corresponding to
the sampling time of an A/D and is intentionally chosen
1o be different from 7, ‘which is corresponding to the
switching time of the switch §. In additions A/, denotes a
change of refetence current.

3. THE PROPOSED MPPT SYSTEM

3.1 The border of ytable system

The slope of induetor current shown in Fig 3. can be
expressed as:

fm,—fb(f’.'+1)=vm—v’ )
(i MD)T L
and Im‘ _‘f)‘ (?I) ¥ (6)

Dr L

.where 2 s defined as a duty ratio for switch § of CMBC.
In order to maimtain a stable period-1 operation [8], a
CMBC must operate with duty ratio J set below the valoe
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of 0.5, For CMBC, the equivalent criterion which the
bifurcation does not exist, in terms of /s using the steady-
state equation relating Ry .0 and D is given by:

1, <t DR, ] : -
RM"‘ 2L (l i D) Todth]

Therefore, applying (1) into (7) an equivalent criterion
that gives no bifurcation for MPPT system can be verified
as:

4v,
}ei.omz‘ < ; IHT (3)

ET AL

3.2 Control of Nonlingar Characteristics

It has been found that the period-doubling can occur
when /s exceeds the above-stated limit. To prevent this
event, the level of 4., must be controlled. In fact. the use
of a variable compensated vamp will raise the upper bound
of /. As a result. the operation range is widened /as
shown in Fig. 3. [8].

A variable ramp compensation for a CMBC must, be
controlled accordingly to:

n L Y
Al % e o e 9
m M‘,('.,)z’:——izv’ 1 (9

. where .. is a slope of compensating tamp,

4. SIMULATION RESULTS

To evaluate performances of the proposed system.
computer | simufations _ were © conducted - using
MATLABISIMULINK*[10]. The PV model desoribed in
the previous sections with the parameters given in Table
L and the CMBC withi the parameters. given in Table 2
were invoked. The dynamic environmenis' of the PV
model result in two maxinum power points of 2.87W and
of 6.16W. The proposed MPPT s¥stem is tested underan
environment of two Ry.sset at 40 and 1002 The slope
(m.) of ramp compensation is defined a1, 5.000 in phase
with clock pulse signals.

The bifurcation diagram for the-CMBC is used 1o
study system nonfinear behaviors with the. bifurcation
parameter [, and /. ar different light intensities (1), By
varying 1, from 0 to the array’s short-circuit current
(I). the sampled i, is observed and recorded. Fig, 3
depicts the bifurcation diagram of this system when A is
S0mW/em® with Ry of 4002 and 100€) . As a result. the
period-1 is stable in all ranges of £y when Ry, is 4002
and until 0.43A for Ry, of 10002 Further increase of /.,
beyond 0.43A with Ry .. of 1002 results in iy, undergoing
stable period-2 subharmonic operation until /., meet /.
of PV array.

The obtained power (2) from a PV armay and inductor
current (/) operating in the steady state are shown in Fig,
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Table 1;: PV Mode] Parameters

Variable Definitions
short-cireuit current (7s¢) 1.0A
open-ciretit voltage (17,) at S0mWiem” 8.0V
open-cireuit voltage (V) at 100mW/cm® 9.0V
p 33

Tuble 2: Boost Converter Parameters

Variable Definitions

Inductor (L) 1.5mH
Capacitor () 20uF
Switching Freq (1/7). 10kHz

6 (a) and«b) for R, of 4082 and 10002 respectively 1o
demonstrate the effect of the ramp compensation. It is
noticeable that forR;..0f 40€2 the inductor current (i;)
ismot different for the presence of the ramp compensation
as/wel as the absence of the ramp compensation. In
addition. both cases operate in period-1 at MPP, as shown
inFig 6 (a). dnconifrast, for Ry aq0f 100£2, and without
compensating ramp, the system, then, becomes period-2
operation. By -adding, the ramp compensation, the
operation of the-system changes to period-1 with the
limitation for the rippleof 4, (Ai,) at 0.25A as depicted in
Fig 6 (b

Fig 7 shows the bifurcation diagram when this system
operated at 2 of 100mW/em™, It can be seen that, at this
light intensity for period-1-operation, ., can not be varied
more than 0:48/ A for By, 0f 40 Q-and 0.88 A for £,..0
of 10082 respectively. Againwith R, = 100€2, when /.,
exceeds 0.48A, the system undergoes period-2 operation.
Nevertheless, with the ramp compensation although the
systen is chaotic, it remains stable, and A7, is limited to
0.25 A for Rpo.s of 40€) and 0.30A for Ry,..q of 100€2, as
shown in Fig 8 (a) and (b). At any raie, our proposed
system can determine MPP of a PV array and operate
under period-1.

5. CONCLUSIONS

fnn | this paper, a simple current-mode DC/DC boost
converter (CMBC) for maximum power point tracking
{MPPT) in phiotovoltaic systerm with control of bifurcation
has been demonstrated for stable sysiem operation. The
proposed CMBC for MPPT 1s simple but more effective
cirguit which casy to implement in low cost power system.
The sinmlation resulls reveal that the proposed CMBC can
give the-desired stable period-1 with fully MPPT in PV
syslen.
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Abstract— This paper presents the design of a fuzzy logic
controller for switching current-mode DOC/DC  boost
converters. The proposed simple fuzzy logic controller, with
nine rules, provides an optimal slope compensation-to keep
the system adequately réemote from the first bifurcation
point by means of redueing the current specirum. peak. In
spite of nonlinear characteristics and instabilities of the
converter, the performance of the closed-loop control system
can be considerably improved to avoid bifurcatien
phenomena, It is found that the technigue introduced fn this
paper gives gafisfactory resulls with the regulatiop and
tracking modes under changes in operating conditions.

Keywords-a Curr ie Boust G tery Fuzgy Logic Con-
wroller; Bifurcation Phenomiena, - Slape Compen-
sation;

i INTRODUCTION

Nowadays, DC/DC converter is widely used, especially
as a key part of'a switching power supply. Generally; this
is achieved by chopping and filiexing the ‘input veliage
through  an appropriate - switching | action,. mostly
implemented via Pulse O Width "Modulation (PWM)
circuits. However, duc fo ponlinear charactedstics of
switching devices employed in the converter, the design of
a control scheme for such a converler may be. diffienlt
with a rich variety of bifutcation [1].

Recently, the main antecedent in the study of
bifurcations and chaos has been observed and analyzed for
various kinds of power electronic wircuits [2]. Tor ‘a
system that exhibits bifurcation when o certain parsmeter

is changed, the key design problem is the coutrelof

bifurcation or chavs connol [3). These circuits are
designed and guaranteed for stable operations. In most
practical situations, the required stable operation is a
period-1. Several researches have focused on the control
of bifureation for ingtance, the work presented in [4], with
uses of the discrete time map to analyze and control the
bifurcation for switching control converters. The proposed
border bifurcation curves hayve heen presented in [3] to
provide useful information for cireuit design and control,
Although, & variable ramp compensation i a DCDC

1-4244-0449-5/06/$20.00 €:2006 TEEE

boost converter has been presented and implemented in
[6], /however, the design for automatic closed-loop
opetation has- not_been mentioned. In addition,
applications of chaos anti-control to swilch-mode power
supplies-to reduce spectral peaks have been shown in [7].

In the past decades, Fugzy Logic Control (FLC) bas
beconye, a popular candidate for-applications in power
electronic. circuits, nonlinear control or optimal search
problems. [8].- The outmost  performance of FLC
comparing with a conventional controller has been
Hlustrated. in' [9)-and [10], when being applied to search
the maximum power point tracking w solar arrays.

In this paper, the circuit configuration of the proposed a
current-mode DC/DC boost converter (CMBC) with
bifurcation control lis_introduced. ~A simple FLC is
criployed to scarch an optimal ramp compensation for
CMBC. ‘Apart from simplicity; the fuzzy rules, used in
this research, ‘occupy a very small memory Space in a
computation process, and are casy to implement, The
performances of the control system are simulated using
MATLAB/SIMULINK® (11} with various operating con-
ditions of the system.

The papér is organized as tollows: In Section II, the
eircuit. configuration. of CMBCois introduced. The
proposed FLC for conizol bifurcations is then expressed in
Section TE Simulation results from the control system are
given in Section V. Finally, conclusions are drawn in
Section V.

Il CGrCurCONFIGURATION

Theproposed FLC for a CMBC with bifurcation
control 3§ depicted in Fig. 1. The system consists of a
constant DC vollage source, & CMBC and a load. The
current proportional plus integral (PI) controiler is used to
regulate the output voltage (vuu), accordingly to the
desired output voltage (v, in spite of the fluctuations in
the input voltage (v.) and the changes in load levels
{(Broa)-

In this system, the inductor current, i, is chosen as the
programming variable which, by comparing with
reference current, f,, from current controller, generates
the turning-output signal for switch S, The swich 3 is

{PEMC 2006
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: Current-mode DC/DC boodt converter
i

Figure 1. The proposed cumrent-controlled mode DCDC hoost

converter (CMBC)

turned on by a ¢logk pulse signal at time equal to 72" and
turned off when i climbs up to the denoted value L and
remains in off pasition until the begin of the next cycle as
shown in Fig. 2.

Typically, the sysiem staté equation can be represented

by [5]
pri s § 4225000 8

;
» where ¢ is a switching function which s one during the

“’“} [" @
switch off interval while zero during on interval.

Lu

NI. " THE PROPOSED CONTROLLER

A, Contral of nanlinear dynamics

Let us define ir{r) and (1) as the inductor current
at a1 = nT and r=(r]) T, respectively. I steady state
condition, the inductor current ¢an be derived from [6] as:

y (vh - "am‘}Ttr

iL(31+l)=lrd 5 A (23

and

£ = ’I‘wl‘[( - )nmd ‘! 3
B

|
L.

, where T is u clock pulse period and mod() is the
modulus function. The slope of inductor current can be
expressed by inspecting as:

Mo

Ly =iy (1) Vg™ ¥y
{1-Dyr L @

}(") -""__,.5§';:(ﬁ1>’ P \5"“:;?;7”
— el i]v""’“; F
Figure 2. The inductor current iz of CMBC
and
dy =i () v, ®
n’f’ L !

In order to maintain a stable peried-1 operation [6], a
CMBC must-opérate with duty ratio D set below 0.5, so
that the eriterion of no bifircation can be achieved. For
the CMBC, the equivalent critezion of no biftwcation in
terms of £ ¢ “using the steady-state equation relating Ry,.
and DD is given by:

) YA [DRE A }] -

To prevent the operation in period-doubling when /.,

exceeds the above-statéd Timif, @ variable compensated

ramp’ i3 Wsed to raise the upper bound of 4, thereby
widening the operation mnge as shown in Fig. 2, with dot
and dash lines desctibed in [6)

A varfable ramp compensation for 4 CMBC needs only
be controlled according to:

m L

Vr

§ . A

. whete m, is a slope of ‘compensating ramp which is
appropriate for system onyironments,

B, An FLC for Control of Bifurcations

Inn_order to-decrease current spectral peaks, the FLC
can be established to search an optimal value of m, from
(7). In particular, this optimal value of m, can be achieved
by the fuzzy algonthm based upon the meta-rule : “If the
lesst change in the Am, has cansed the magnitude FFT to
decline, keep moving the Am, in the same divection;
atherwise, if it has cawsed the magnitude FET to incline
move if in the opposite direction.” “This can be translated
into the following fuzzy control rule:

Rule () 1 i AFFI(E) is A, and Am, (k-1) 8.5,

then A, (k) is € {8)
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, where 4; and B, are the fuzzy subsets in their universe
of discourse including positive (PO), zero (ZE) and
negative (NG), and C' is the output fuzzy subsets, or
fuzzy singleton for Sugeno fuzzy model [9]. It is noted
that AFFT(k) and Am (k) are the change of magnitude
FFT and the change of m, at time £, respectively. The
time instant k is corresponding to the sampling time of
controller unit in system and is intentionally chosen to be
different from », which is corresponding to the switching
time of the switch S.

It should be noted that the number of fuzzy function is
optimally determined with considering the interrelation of
control accuracy and calculation capacity. The
membership fimetion of each fuzzy set is selected based
on ftrial-and-error such that the region of interest is
covered appropriately. To avoid complicated caleulation
process, the triangular shape membership will be used.
The membership functions in each universe of discourse
are shown in Fig. 3, and the fuzzy rule base-is shown in
Table I.

For any input pair of (AFFT(k),Amk-1)), the output
can be caleulated by fuzzy inference to-determing the
crisp value of Ami (k). When using the implication by
production, aggrepation with sum and defuzzification
with centroid, the relation of AFFI(k), Am(k-1) and
AmJ(k) is caleulated by (9]

4
2] T
9
PR
, where we= i l AFFIUO) pismy 4 1 (Aon (k1)) i8 the

compatibility (weighting factor) and A - is a’ value

corresponding to the membership fanction of Am, (F).
The coefficient slope m. of (7) for this nonlinear
controller can be found as:

At (k)= @)

()= my (k—1) -+ (k)

(10)

IV. SmMULATION RESULTS

To evaluate performances of the proposed system,
computer  simulations  were  conducted  using
MATLAB/SIMULINK®[11] as shown in Fig. 4. The
CMBC model described in the previous section with the
parameters given in Table II was invoked.

The bifurcation diagram for the CMBC is used to study
system nonlinear behaviours with the bifurcation
parameter 7., (horizontal axis) and [ (vertical axis).
Corresponding to the variation of I,,; from 0 to 1A, the
sampled i, is observed and recorded. While Ry,.q is equal
to 80€, the bifurcation diagram of this system is shown
inFig. 5(a). In this figure, it can be seen that the period-1
is-stableuntil Iris equal 1o 0.18A and 0.36A while v, is
fixed at constant-walues of 3V and 6V, respectively.
When changing R;..; 1040}, this stable point is shifted
10 i,y 0£/0.30Aand 0.60A as shown in Fig. 5(b).

The variations of supply voltages and load resistances
have been fictitiously set as follows. The supply voltage
are denoted constant at 6V and declined to 3V at 0.15,
and the values of load resistance are 80€2 and 40Q2 from 0
1o 043 and 0.4s -onwards, -respectively. . The output
voltage converges from the starting point to 8.2V as
desired forall cases

The output current and inductor current for the non-
compensated CMBC are depicted m Fig. 6(a). Fig. 6(b)
shows the frequency spectrum of inductor ‘urrent. In this
case, the system response is in chaos situations. After

,g = 1‘\ NG ZE PO

1
g
EE

g

B
S 0 15
g - 0 1 =
E vanation of AFFT(k) and Awe (k1)

Figure 3. The membership functions afthe proposed FLC
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\
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Figare 4. MATLAB/SIMULINK® model for CMBC with control of bifurcation
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applying the proposed FLC, the output current and TABLEI ~  RULES OF THE PROPOSED FLC

inductor current and frequency spectrum are depicted in k1)

Fig 7(a) and Fig 7(b) respectively. These results are NG ZE PO

confirmed that the proposed FLC can compensate effects AFFIK)

of the bifurcation phenomena. Fig 8(a) and Fig B(b) NG cden | o | )

show the comparison of inductor current when the load 5
resistance is changed for the system with and without £b ' c10) o
FLC. It is found that the FLC can maintain the output at PO () | sy | el
the period-1 in both decreases and increases of load
resistance. The current ripples with R, of 80} and

4092, while v, is kept constant at 3V, are 0.12 and 0.10A TABLEIL ~ THE CMBC PARAMETERS
respectively. In addition, it is noticeable that, the output Variable Definitions
veltage and current respense between with and without Tnductor (L) 1.5mH
FLC are clearly different. Capacitor (C) 20,F
Switching Freq (/7). 10kHz
Output voltape (¥g.) 82V
Input voltapge (v} 3-6V

£

Output voltage (V)

Inductor current ( 4)

o

b e - 1,
i L

- ' 1 = 0
015 020 W0.250300 035 040 045 1050

Reference output current I, "f(/i) T:n;c (se0)
a

ﬂg L = i i i
1 03 0 oX 04 U5 0 og| By ez geinase

(@

Amplitnde (dB)

v 8.1 i].l‘“ 03 04 015 0.6 0‘7 u‘s D.'G &) Time (}:8)
Reference output current /_.(4) @®
& Figure 6. System responses without bifurcation control
Figure 5. Bifurcation diagram in (/.44is) plane with comparison of {4) output voltage V. and inductor current iz and () current spectrum

input voltage and load change Ry,.» (a) 8002 and (5) 400 at 3V of Vi, Reoes 0f 80Q
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V. CONCLUSIONS

In this paper, the advantages of a fuzzy logic controller
for a cument-mode boost converter with control of
bifurcation have been demonstrated for stable system
operations. The simulation results reveal that the
proposed FLC controller can give the desired stable
period-1 under changes in operating conditions. The
technique introduced in this paper can be efficiently
realized by means of a simple FLC, which can be easily
implemented in a real-time control scheme.
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A Novel Fuzzy Logic Control Technique tuned by Particle Swarm Optimization

for Maximum Power Point Tracking for a Photovoltaic System using
a Current-mode Boost Converter with Bifurcation Control

Noppadol Khaehintung, Anantawat Kunakorn, and Phaophak Sivisuk

Abstract: This paper presents a novel fuzzy logic control technique tuned by particle swarm optimiza-
tion (PBO-FLC) for maximum power point tracking (MPPT) for a photovoltaic (PV) system. The pro-
posed PV system composes of a current-mode boost converter (CMBC) with bifurcation control, An
optimal slope compensation technique is used in the CMBC to keep the system adequaiely remote
from the first bifurcation point in spite of nonlinear characteristics and instabilities of this converter.
The proposed PSO technique allows casy and more accurate uning of FLOC compared with the trial-
and-crror based tuning. Consequently, the proposed PSO-FLC method provides faster tracking of max-
fmum power point (MPP) undervarying light intensities and temperature conditions. The proposed
MPPT technique is sinyple and particularly suitable for PV system equipped with CMBC. Experimen-
tal rosults are shown to confirm superiority of the propesed technique comparing with the conventional
PVVC technique and the trial-and-error based tuning FLC.

Keywords: Bifurcation control, curtent-mode boost converter, fuzzy-logic control, magimum power

point tracking, particle swarm optimization, photovoltaic system.

1L INTRODUCTION

Normally, in an operation’ of & photovolisic (PV)
system, there is a single maximum. power point (MPP)
with the specified temperature and the light intensity [1].
The MPP is a single operating point where the values of
the current (7,) and veltage (3.) of the solar array result in
a maximum power outpul. In order to achieve the MPP,
the maximum power point tracking (MPPT) process is
required.

Various kinds of control strategies for the MPPT
system  have  been <presented. The pertiwbation [and
observation method (P&O) [2], which moves \the
operating point. teward (he MPP by periodically
increasing or decreasing ‘the array voltage, is often nsed
in many photovoliaic system: It has been shown that the
P&O method works well when the light intensity dees
not vary quickly with time; however, the P&O method
fails to quickly track the maximum power points. The
power-versus-voltage characteristics (PVVC) of the solar
array can also be exploited for the MPPT [3] In
particular, the Instantaneous power slope. al the salar
array output can be used for tracking of the MPP. Both
methods are well accepted for their simplicity in terms of
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hardware implementation. Tu addition, the sophisticated
artificial intelligent (AL} mecthods, such as fuzzy logic
control (FLC) {4], adaptive fuzzy logic control (AFLC)
{5] and adaptive neural fuzzy inference system (ANFIS)
[6] have been applied for the MPPT with better
petformances interms of tracking speed and gecuracy.

In general, the adaptive approaches, ie., the AFLC
and ANFIS offer the better performance than the
conventional FLC due to the adaptivity-of the fuzzy rules.
A drawback of these methods is that the structure is more
complicated, and high performance controllers are
normally required. To dmprove e performance of the
FLC swhile davoiding the high performance processor, an
optimization technique may be employed for uming of
the: fuzzy conteollor-parameters, ToThis end, a genetic
algorichm {(GA) [7] or acparticle swarm optimization
(PSOY (8] is widely appled. The PSSO is one of the
modern heuristic algorithms J91 It is developed through
simulations of a simplified soeial system, when the aims
of the design processes are fo be robust in solving
continuons nonlinear optimization problems. The PSO
technigque can.géncrate a high-quality solution within
shorter calculation time and more stable convergence
characteristic than other stochastic methods [10].

In order to obtain an operating point close to the MPP,
the PV system usually employs a DC/DC converter into
the control system [11]. Traditionally, the DC/DC
converter in the MPPT takes on a switch control using a
pulse-width-modulation (PWM} technique with direct
duty ratio control (DDRC). A current-programmed
converter becomes the regular scheme in the DC/DC
converter, and offers the significant improvement over
the DDRC technique, such as automatic overload
protection and flexibility in the enhancement of small-
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signal dynamics [12], and possibility for parallel
operation especially for the PV applications [13].
However, due to nonlinear characteristics of the
switching scheme employed in the converter, the design
of a control scheme for such a converter may be difficult
with a rich variety of bifurcation {14, leading the system
to an unstable operation. For a system that exhibits the
bifurcation when a certain parameter is changed, the vital
design problem is the control of bifurcation or chaos
control [15]. For a current-mode DC/DC boost converter
{CMBC), the compensation scheme is required to avoid
the bifurcation phenomenon.

A low cost implementation of the CMBC using an
RISC microcontroller based upon the FLOC with fixed
ramp compensation was presented in_[16]. However,
using the fixed compensation may restrict the fast
response of the system. To prevent the bifurcations while
maintaining the fast response for the CMBC, the variable
ramp compensation was presented-[17]. Nevertheless,
the technique relies on the compensating circuit that has
low and nonlinear ‘input impedance, which is not
practical for the PV system-equipped with a battery, In
order to overcome the previous problems, a novel linear
and high ioput impedance of jthe ~variable ramp
compensation for a: CMBC has been recently proposed in
{18] for a variety of bifurcation controls,

This paper proposes the application of the PSO-FLC
for the MPPT ~with the compensated CMBC. By
inspecting the relationship of the PV voltage and battery
load voltages, the rtamp compensation technique suitable
for the CMBC for stabilizing in the PV system with the
MPPT is developed 'in this paper. Furthermore,  the
stability analysis of the system is'provided leading to the
system design framework. Both the design concept and
analysis is detailed. The remainder of the paper s
organized as follows, Following this, a review of the
MPPT system is addressed in Section'2. In'Section 3, the
development of PSO-FLC for the MPPT is. discussed.
The bifurcation control of the CMBC is presented in
Section 4, in which the stability analysis is-also given. In
Section 5, the experiments are_performed in-order-to
demonstrate the superiority of the proposed algorithm as
compared with the conventional ‘techniques. Finally,
conclusion is drawn in Section 6.

2. MPPT SYSTEM

The MPPT system scheme is illustrated in Fig, 1. The
system consists of a solar array source, the CMBC with a
variable-ramp compensation for bifurcation control and a
battery load at the voltage of V.. The purpose of the

CMBC is to improve system dynamic characteristics [19].

The variable ramp generator in this research work is
based upon the circuit introduced in {18], which relies on
the cooperation between differential amplifier and
voltage to current converter. The cireuit has the advan-
tages such as the linearity and high input impedance,
which are suitable for solar array applications.

The MPPT algorithm is used to determine the optimal
operating point for the power converter in order to

Sular Arm G e 8 Iyanr i
1] Cf} =y
5 — 7
CMBC f 1
" Clack
Guppz) 0

MPPT Algorithm

> TG v
Vs %;‘,‘ b the;p:ﬂr M
Vit B’

Fig. 1. MPPT system with ramp compensation,

Ramp Compensation

control the output power of the solar array to produce the
reference signal. For the CMBC used in a PV system, the
MPPT algorithm is acquired by adiusting the reference
current 4., for the CMBC, leading to moving the
operating_pointof the solar amay. Consequently, the
output current of the solar-array is regulated at the recent
irgr before the next sampling.

2.1/ PV array characteristics

The - characteristics of a “solar array can be
comprehensively described by its operating curve known
as an I-V curve, supphed by the manufacturer. It shows
the relationship between an output voltage and current of
the solar array at certain lightintensity and temperature.

Mathematically, the relationship’ ~between each
parameter of the solar array when internal shunt resistor
is neglected are as follows [4]:

f,;- M ILG _‘Iav {cxp{ Aqu

b4

(v_‘+R_(iS}:!_§}. (1)

Table 1. Solar array specification (25°C, 100mW/em®)

Parameters Definitions

Maximum power, Py 6.1W
Voltage at Maximum power poiat, Ve 7.33V
Current at Maximum power point, Jyyp 0.83A
SHORT CIRCUIT CURRENT, f¢ 0.90A
OPEN CIRCUIT VOLTAGE, Ve 9.42V
MODEL SIZE 275x270x26MM

16 5 Y i 7 3 v 10
Py i 1. : f ‘: dpvldl‘;()l‘lt'(k) "'0 . .dp v, ig
\:ng......‘:.....f..,...‘i. S _oreky<0
g ] H i §
§ 0.6}
203

The PV generator power (W)

2 0.3 foraan Gl eifosnan| = Powercwve BEomb ol 1
F-:-' «l #® Maximum Power Point, Pl i W]

1 n

T T e

Dt The PV generator voltage (A) 2%

Duty ratio (£ or reference current (i) i ,;n

Fig. 2.1-V and power curve under a certain light
intensity and temperature of the solar array.
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where /. denoles an output current of the solar array, v,
denotes an output voltage of the solar array, A4 denotes
the ideality factor, £, is the Boltzman’s constant (J/K), 7.
is a cell temperature (K), 7, denotes a cell reverse
saturation current (A), g denotes an electron charge (C)
and R, is series resistance (£2). Table 1 shows the
specification of a commercial solar array used in this
paper supplied by the manufacturer. Fig. 2 shows the
relationship between output voltage and current of the
solar array at the certain light intensity and femperature.

2.2. Conventional MPPT techniques

The P&C) algorithm [2] and the PVVC method [3] ase
among the conventional MPPT technigues. o the
original MPPT controller using the P&Q algorithm the
adjustment of the operating point” is achieved by
changing the reference voltage of the controller. When
operating in the current mode, the controlleér-is slightly
modified such that the adjustment is rather made thrangh
the reference current £z The algorithm is summarized in
Fig. 3(a). Note that p(A7,) and v{kT,) respectively are
the power and voltage ul time- kT, where 7, is the
sampling period of the MPPT coniroller. Besides, Af,
denotes the amount of the reference current required for
each update.

Similar to the P&O algorithm, the PVVC method can
also be modified for the operation in the current mode.
The PVVC method is summarized in Fig, 3(b). Note that
K, is the step-size comector and Ap (kT AVAET,)
denotes the instantancous power slope at the solur array
output. The difference “between both  algorithms is
apparent from the figure. Tn particular, itis observed that
while i, is updated with the constant Al in the P&O
algorithm, it is updated by the texm K Ap kT VAVAET)
in the PVVC algorithm. For the sake of convenieucs, in
the sequel we will use the time index X to referto the
time £7,.

ifl(pRT,) - py KT, ~TJY>0)
(v RT) v, (AT~ T)=0
Frey = frer B
else  drm FatA iy
end
else
(v dAT) ~ vk T - T )0
Lpt = Iy TA byt
CISC o= Iper-Adyesd
end
end

(a) P&O algorithm,
ApART)=pAKT.) - p; (KT, -T.)
Av(T)=v(KT,) ~ v, (kT -T,)
4p, (kT,)
Av, (KT,)

(b} PVVC algorithm.
Fig. 3. Conventional MPPT.

Ertf{kn +I:v) =iﬂ.}" (krr)_Ks

3. MPPT USING OPTIMAL FLC
TUNED BY PSO

Basically, the MPPT algorithm attempts to move the
operation point of a solar array as close as possible to the
MPP or the knee of the I-V curve shown in Fig. 2.
Mathematically, this is equivalent to finding the point
where the derivative dp/dv, is equal to zero, In the
PVVC method, at each time & the reference current i (k)
is updared as {(c.f. Fig. 3(b)):

Ap, (k)
" Av, (k) @

by (F41) =1 (k) - K

When being implemented in 4 digital systom, the
instantaneous power slope at the time & Ap(AVAv(%) can
be estimated from the eutput voltage and current at the
time &-1 and k. To this end, let us define the error
function e{kyas [4]:

Pe(k)=py (k=1)

W = Wil

where p(k)y=v k)i, (k).

The PVVC controller endeavors to force the error
function, which is the derivative of power with respect to
the' ‘measared | voltage, to zero. Thus, the optimal
aperating point can be obtained.

@)

3.1. Current-mode MPPT using FLC

Instead of calculating the underlying derivative, the
MPPT cun also be achieved by means. of fuzzy logic
control. Originally, the FLG for the MPPT is achieved by
changing the duty ratio in PWM converter to an optimal
operation [4]. In the absence of o PWM converter, the
CMBC -5 conirolled by changing the reference current
ins leading to indirect modification of the duty ratio. In
addition to the error function e k), let us further define
the associated change of error ast

AnckY= e (k) 42k ~1), @)

As appose to the PYVE, the FLC tries to force both
the error function e, and the associated change of error
function Ae, to zevo. It was reported that this mechanism
canincrease the tracking speed of the MPPT [20]. With
reference to the T-V and Power curves as depicted in Fig.
2, the fuzzy meta-rule used for the current mode MPPT
can-be stated as: “If the last change in the reference
current (iye(k)) has cawsed e (k) and de (k) to positive,
move the reference current (i.p(k)) m the opposite
direction; otherwise, if it has caused the e (k) and de (k)
to negative keep moving it in the same direction”. This
can be transiated into the foliowing fuzzy control rule:

Rule(i):if ¢, (k) is 4’ and Ae, (k) is B ®

then Ai (k)is €',

whete 4 and B' represent fuzzy sets including positive
big (PB), positive small (PS), zero (ZE), negative big
{NB), and negative small (NS) for the premise in the
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FLC rules. Besides, ¢ is the output fuzzy subsets, or the
fuzzy singleton for the consequence in the FLC rules.

Usually, a fuzzy set is represented by a membership
function (MMF). Among various types of curves,
friangular or trapezoidal shaped MMFs are the most
common MMF due o their simplicity in hardware
implementation. In our work, the triangular MMF iz
chosen. Moreover, it is specified by three parameters,
namely mify, mfy and mfs, ie.,

Hgor ity {xi s My mfii)

' o B A &)
= max(min( :t, ”Ud s ’7‘”;; ‘i J1{ s (
Mfin =mify mfi; ~mfiy

where max(*) and min(*) ar¢ the maximum and minimum
functions, respectively. Clearly, the performance of the
FLC heavily depends upon the choice of the parametets
mfy, mfp end mf;. A trialsand-crror approach-may be
employed but may easily lead Us to-a  subopfimal
selection of the paramefers.

From an implementation point of view, the Sugeno
fuzzy inference model is appropriate for realizing {5) due
to its computational efficiency [4,21]. In our context, the
controller output is the change of the réference current af
time Ak, Ai.dk), which for any, given input pair of
(e{k),Aelk)) is caleulated by the defuzzification using
the centroid method as:

MCJ,_.
Ai,; (k) =—Z~"~‘~"§;~§’", (n
el 2

where Z=minfugledh)), LidAe.(k)]is the compatibility
(weighting factor). Subsequently, the reference cuirrent
i AK) is given by

gy (K 1) %ty (K)# AL (K). )

Comparing (2) aud (8), the FLC approach cffectively
replace the term KAp YAV (L) in the PVVC miethod by
the fuzzy system output Ad,, (k).

3.2. Particle swarm optimization algerithm

Since the performance of the F1.C heavily depends on
the choice of the parameters mfy, mfa and mfa, 4 proper
means for selecting such parameters is inevitable.
Among  various optimization methods; the ~PSO
algorithm is a popular algorithm due to several
advantages [8-10]. In the PSO algorithm, a swarm
represented by x={x;|, X2..... X p} consists of j particles,
which move around in a D-dimensional search space.
Initially, a random velocity is assigned to cach particle,
which modifies its flying based on its own and
companion’s cxperience during each iteration. Each
particle keeps track of its coordinates in the problem
space, which is associated with the best solution
(evaluating value) it has achieved. The best solution for
the ;* particle is denoted by pbest= {pbest,, pbest;,.. .,
phestp}. The index of best particle among all of the
particles in the group is represented by the ghest; The

rate of the position change, ic., velocity, for the ;"
particle is denoted by v={v,1, v2...., v;p}. At each time
step, the modified velocity and position of each particle
can be caleulated using the current velocity and the
distance from pbesy,; to ghest. The fitness function /
evaluates the performance of particles o determine
whether the best fitting solution is achieved. The velocity
and position of each particle is modified according to the
following equations [9]:

Vo (m ) =wy;  (m)
+oyremd )(pbm':j‘k - X {mj) ]
i coltand { }(gbe;st,- x5 (m))
and
¥ (ms1)= x,  (m)*x, p{m+1),

(10)
PEIRCTON. A . A

where ¢ and r are the number of particles in the group

and members in the particle, respectively and m denotes

the number iterations (generations). Besides, v,{m) and

¥(mY are_the current position and the velocity of j*

particle at fteration 7 and w is the fnextin weight fuctor.

The constants ¢y and ¢ represent the weighting of the
stochastic  acceleration terms. that ‘pull each particle
moves_toward pbest; and ghest, positions. Low values
allow particles to roam far from the target regions before
being wgged back. On the other hand, high values result
in abrupt’ movement toward, of past, target regions.
Heace, the accelerafion constants are often set to be 2.0
according to past experiences. However, other choices
are also available and, normally, its range is from 0 to 4
[8-10]. 'Note that rand(), Remd() arc random numbers
between (tand 1,

The velocities of the particles are limited within the
interval 17" ¥, The selection of inertia weight w
provides /a balance between the global wide-range
exploration gnd the Jocal neatby exploration abilities of
the swarm, which is set according (o [9]

W = Waa

W, _dea-, (11
Mery

where w;, and w.. are the minimum value and

masxipaum value of inertia weight w, respectively, #er,
is the maximum number of iterations (generations) and
iter is the current number of iterations.

3.3. MPPT using PSO-FLC

In our work, the PSO algorithm is employed for
optimally searching the FLC parameters in the MPPT
system. Throughout this paper, the proposed controller
will be referred to as "PSO-FLC". Essentially, the
aiﬁwﬂhm is utilized to determine the parameters mfy and
€' described in Section 3.1 so that the MPPT system can
achieve the better tracking performance. In our context,
the particle x; represents the parameters in the premise
and consequence of the FLC, ie,



191

A Novel Fuzzy Logic Control Technique tuned by Particle Swarm Optimization for Maximum Power Point Tracking for... 2983

-1
x; -={m“,m (2 1135 18y Mt s s 11300y © }, {12)

r

where, mf} is the tuning point in the premise and C' is the
tuning point in the consequence of the PSO-FLC. If there
are g particles in the group, the dimension of the group
is gxr. After each iteration (c.f. (9) and (10)), the updated
parameters are tested. More specifically, compatibility
between the output of the MPPT using the FLC with the
parameters and the I-V curve depicted in Fig. 2 is
verified.

The fitness function f used for evaluating each

particle in the group is defined as

1

MPP,,,’

J= (13)

where MPP,,, is the number for iterationsto_reach the
MPP. The searching procedures of the proposed PSO-
FLC are presented as follows.

Step 1: Specify the lower and upper bounds of the
controller parameters and initializerandomly . the
particles of the group inchuding searching poims,
velocities, phest, and ghes:.

Step 2: For each initial -particle x, of the group,
employ the criterion to verify the PSO-FLC, to test the
PSO-FLC with the variety power cuives and record the
summation of numbers of operation steps to reach the
MPP.

Step 3: Calculate the evaluation value 7 of each
particle in the group using the fitness funcrien given by
13)

Step 4: Compare each particle’s evaluation value with
its pbest. The best evaluation’value among the pbest is
denoted as ghest.

Step 5: Modify the member velogity v; of each particle
x; according to (9).

Step 6: Check the velocities of the particles are limit-
ed within [F,™", V.05,

Step 7: Modify the member position of cach particle x;
according to (10).

Step 8: If the number of iterations reaches the
maximum, then go to Step 9. Otherwise, go to-Step 2.

Step 9: The particle that generates the latest ghest is
the optimal controller parameter for PSO-FLC.

4. BIFURCATION CONTROL AND STABILITY

Similar 1 other power electronic applications, the
nenlinear characteristics of the switching device in the
CMBC may lead the system to the bifurcation [14]. To
guarantee stable operation of the proposed MPPT using
PSO-FLC, one of the critical design issues is the
bifurcation or chaos control {15]. Fig. 4 illustrates the
coneept beyond the bifurcation control of our system.

4.1. CMBC characteristics
The inductor current waveform iy in the CMBC {c.f
Fig. 1) plotted at different reference current i, j={1, 2,

£ period-2 (period-doubling )
i e border collision
¥ X, e
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A perind-1 // \"3/ /"'\ / e
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Fig, 4, Inductor current i, of CMBC.

3} is depicted in Fig. 4(a), where solid, dash and dotted
line represent the period-1, period-2 and border collision,
respectively. At jg the- CMBC marginally operates in
the period-1 stable region [17], ive., the period of i is
equal to 7. From the figure, it is verified that

Sn =i, _(KMJLL:L)T Fudl 281,
and
dT = ;I;N(fn:f 'if. (li)). “5)

®

By substituting (15} into (14), the inductor current can
be iteratively computed by [17]:

i [ );L{u) s oy [ﬁﬂ%)mm)

where d is the duty ratiowhich is d=( ¥,/ Viar. When
i/ increases, /i, may operate in period-2 known as the
period-doubling at which i (dotted line) until it
submits to the border collision and then becomes chaotic
at which /... The time index n corresponding to the
switching time of the switch S is chosen to be different
from &, which corresponds to the sampling time of the
A/D for v, and 7, measurement.

It is apparent from the figure that i;(n) and /;(n+1) are
not necessarily equal. The difference between i;(n) and
ir(n+1) in {16) indicates the different operation modes,
Le. period-1, period-2 and border collision, and is
determined by the duty ratio d.

4.2, Bifurcation control using ramp compensation
By using (16) and geometric inspection of Fig. 4(a),
the stability of the CMBC is guaranteed under the
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condition that #;(m)=i(ntl) or equivalently at steady
state condition as:

d <05, (17

In other words, the CMBC must operate with the duty
ratio o set below 0.5 in order to maintain the stable
period-1 operation [17]. With the compensation using &
varigble ramp m, the reference i, decreases before
being compared with 7, as shown by the dashed-dot line
in Fig. 4(b). It is verified that to guarantee the condition
in Eq. (17), the slope of the variable-ramp m, musi
satisfy the following condition [17]:

ml
‘3‘

=M, {v i“” : (18

For simplicity, we have defined the normalized slope
M=m Liv, in the above cquation.

The dynamic response of the CMBC were addressed
in [17,22], which reveals that as we attempl to-increase
m, or equivalently &L to avoid the bifurcation, the
transient response of the system is detériorated.

4.3. Overall stability analysis

The proposed MPPT system consists of the tracking
mechanism and the CMBC. Therefore, in addition 1o the
bifurcation control in the CMBC, other stability criteria
of the system mustalso be addressed.

To this end, we firstly introduce a small signal model
of the system. Basically, the system, parameters can be
decomposed into-two components, particularly TC and
AC components. For example, the reference current 44
inductor curtent 7, and duly ratio can be respectively
decomposed as

ip =1 +4,
by = Loy Ripp, (19)
d=D+d,

where Ig, L. and Doare the DC components. of the
inductor current, refercace eurrent’ and the duty vatio,

respectively, Moreover, ?,. fof dnd d denotes (he

AC components of the inductor eurrent, reference current
and the duty ratio, respectively.

Using the small-signal model reported in {2],.a transfer
function of the boost converter Gs,,,45) is given by

gs (v)" ‘!':S.m
d(s) [1;6’514— £ .s+1J
Rypp

where ¥, denotes the AC component of the solar array

output voltage around the MPP and Rypr=Vypp/lype.
Besides, Figpp and ypp denote the voltage and current of
the solar array at the MPP, respectively.

Furthermore, the unified modulator model represeni-
ing the small signal model of the CMBC [12] is invoked.
Consequently, the relationship between the duty ratio

Goioont (3 } = (20

d, inductor current i, and reference current ?",f is

given by
~ 2L 1 {3 _3
d-_- LL-jﬂf)
¥, 2m '
il f Bl S AR a1
DV, -
= F (i =1 ),

in which we have defined the modulator gain factor of
the CMBC

P 1

T 2o

and/ ' =t-D. Tt was reported that to guarantee the
stability of the CMBC F,, must be positive, i.e., F,>0
[12], which can be-assured by the condition of m. given
by (18).

¥or the MPPT pant the small signal transfer function
of the conventional PVVC algorithm  Gyppr(z) s
obtained [23] as:

(22)

ing (2) e 8|
GMI’!'T(:)"‘ ( }“ I\:V‘-M! - (23)

Mpr 3522

Therefore, the MPPT with the CMBC of Fig. 1 can be
represented by the small-signal block diagram depicted
irr Fig. 5(a), from which the open-loop transfer function
is exprassed as!

e | G &
G(-"’) Gyppr {z)( {:'“g‘“‘g‘?“‘g“‘)‘.l
3 (24)
£9 &m("“)‘g’ Game (5)
Viwp''s? g )
wheye Z[+] is-the » transform and

Gﬁm‘ {,?)"::;M 25)

MGF?)Q«W (9)

Ly
whiere G /(s ) I8 F /{1 18, Viad L), therefore,

Gerpe ("')

-Fmecx: (26‘1

= - ( 3
L1Cs* 4| -2 s F, I"M"C}S-r(ivFth}
 Rupp Mep

As a consequence, the block diagram can be simplified
as illustrated in Fig. 5(b).

The unalysis given above provides us a design
framework for the proposed current mode MPPT using
the PVVC algorithm. Specifically, to aveid the
bifurcation one should select the slope m, according to
(18), which implicitly ensures that the modulator gain
factor F,, is positive. In effect, this confirms the stability
of the CMBC in the system.
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{a) Block diagram of MPPT system.

G ()

~F 1,

¥ i v
. - OO OTdeT I PP ¥,
sty sl it caing

’—/ seerr(s) hald st -;‘ ”‘: OF S iw ?-Ey( & R,A E

(b) Simplified block diagram.

Bode Diagram
R ; e

Frequency (radisce)
(¢) Example of discrete frequency response of CMBC.

Fig. 5. Block diagram and frequency response.

From Fig. 5(b), it is-also apparent that the loop gain of
the system i3 also‘equal to G(z). Since F,, depends on

m. and V,, is fixed, a parameter that determines the

overall stability of the system is the step-size corrector K.

To guarantee the overall stability, K, must be chosen
such that the phase margin of ‘the, system is within
[0°,180°] [23]. A small gain is preferable, but will limit
the bandwidth of the system and thus deteriprate the
transient response. of the system. In other words,
choosing K is a tradeoff between the stability and the

transient response of the system. This is illustrated in Fig.
3(c), which shows the frequency response of the system
with various values of K,. The design framework van be
extended to the current mode MPPT using the FLC By
comparing (2) and (8), it is staightforward o verily that
the stability condition for the MPPT using the FLC is

M .
FZM(_";;, <k Ap, (k) @n
R o 8)

11 Lt g (kJand v, (4)

Therefore, once the optimal value for K, is determined
we need to compute the term Ap, (k)/Av, (k) to find
the bound for ¢’ resulting in the bounded Ai (%) In
practice, the ratio Ap, (K)/ Av, (k) is estimated by the
slope of the -V curved provided by the solar array
manufacturer.

5. EXPERIMENTAL RESULTS

§.1. Hardware implementation

To evaluate performances of the proposed system, the
MPPT system was developed by C-programming on
RISC PICI6F876A microcontroller [24] equipped with
MAX 303 D/A 10 bit resolution with free-running clock
S= T (25kHz) generated from PWM unit to provide the
reference current i Fig. 6(a) and (b) depict the block
diagram of the proposed system and its hardware
experimentation, respectively.

A sampling interval for the FLC algorithm was
selected to be 50ms. The variable-ramp compensation
was employed 1o avoid the bifurcations by providing an
optimal slope _m . for the CMBC, depending on the
voltage of the PV array.or the current charging through
Cmyp 1rthe compensation circuit. Thus, the slope

’ 3
L A e 1 A SR
£ {05¥ o =) (28)

=38,000 x(0.5V,,, v, ).

The current-of the solar array was drawn by the

CMBC and fed through to a 12V battery bank. The

CMBC model was invoked with its parameters given in
Table?2.

A solar array

-

f variable ramp 1,9
| of =
compensation

f,f‘mm J e
;," ’ Vidddeny
{20048 100k

§ H
Vo ! )

{a) Circuit system.
The solar array

Battery

Controller
and CMBC

(b) The hardware prototype.

Fig. 6. The proposed system.
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Table 2. CMBC parameters.

Variable Definitions
Capacitors (C and C) 2,2004F and 4704F
Inductor (L) 1604H
Switching Freq (1/7). 25kHz
Output voltage (V) | 12-15V, a voltage of the battery bank
Input voltage (Vi 0-9V, from a PV panel

5.2. Performances of PSO-FLC

Firstly, performances of the current mode MPPT using
the conventional FLC based on trial-and-error and the
proposed PSO-FLC were compared. The symmetrical
triangular-shaped MMF was invoked for both input
variables, i.e., (k) and Aey(k) as depicted in Fig. 7(a)
and (b}, respectively. Besides, Table 3 collects the fuzzy
rule for Ai.{(k) obtained by trial-and-error basis. Note
that m1f; is the tuning point of MMFs.

For the proposed: PSO-FLC, the symmetrical
triangular-shaped MMF was also used for both e.(k) and
Ae(k). Using the solar array characteristics supplied by
the manufacturer, the initial ranges of parameters were
selected as:

mf, €[0,10] (29)

<

membership function
value of py

.10 e =0 5 10
i L ny
variglion ol etror e.(4)
(a) Brror g,
[
X
T
53
L= ._"
=3B
e
£
5
= R
-10 -5 0 5 10
-y Ay
variation of change of crror A, (&)
(b) Change of error s

Fig. 7. Membership functions of the FLC for MPPT.

Table 3. Fuzzy rule base table of Ai,-(k) for FLC.

Ae(k

i ®l x| ne | z= | ps | vB
s TS VG VG e RG
0.300) | ©.275) | 0250 | 0.225) | (0.200)

. [l
©.175) | 0.150) | (0.125) | c0.100) | (0.075)

Cﬂ 2 Fal e M
= 0.050) | (0.025) | (0.000 | (-0.025| (-0.050)
el o . o o
PS 00.079) c0.100)] c0.125)| 0.150) | -0.175)
FB & - - - G
0.200) (-0.225)| 0.250)| 0.275) | -0.300)

and
' e[0,0.300]. (30)

The group size of initial generation was selected to be
100 with Wy, of 0.9 and w,y, of 0.4. The maximum
number of generations was set to be 200. After
performing the PSO algorithm 32 times, many optimized
results were valid. The convergence was found at 48
iterations reaching the different MPPs of the solar amray
under different conditions. After convergence, the uning
points for all MMFs were obtained as shown in Fig. 8(a)

£ NS & PS PB
g3
G
&3
= U
EZ
-’ >
£
£ /| >
10 3433 [) 3453 10
“Variation nfﬁmrc,%kﬁ
() Error g,
§ ML Nz ps m
A
de
E3
Z o
£
v
E a

&=
=

<5335 -2.724 0 27245313 10
variation af chaage of crear Aw(k)

(b) Change of error .
Fig. 8. Membership functions  of the PSO-FLC for
MPPT.

Table 4. Fuzzy rule base table of Ai (k) for the pro-
posed PSO-FLC.
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elk)

b o [ o o
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and (b), respectively. In addition, Table 4 provides the

fuzzy rule for Ai,,{k) obtained from the PSO algorithm.
The variety of the performance function fin (13) of

the optimization process is shown in Fig. 9. The example

ol o

ES

B

The PV generaior power (W)

=]

0 oy 02 3:3 04 85 06 037 08 09 1O
The PV generator current (A)

(a) Trial-and-error based FLC.

The PV generator power {W)

b 08 02083 04 05 06, 07 W& 69 /10
The PV generator current (A)

(b} The proposed PSO-FLC.

Fig. 10. Operation step on P-1 power-curve.
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{b) The proposed PSO-FLC based MPPT.

Fig. 11. The experimental results with bifurcation com-
pensation of CMBC: power, voltage and cur-
rent of the solar array.

of comparisons of MPPT results between FLC set up by
trial-and-error and PSO-FLC are depicted in Fig. 10(a)
and {b), respectively when testing both algorithms at
different MPPT conditions. It can be seen that the PSO-
FLC requires less numbers of steps to reach the MPP
than the trial-and-error based FLC.

The performances of the proposed PSO-FLC
algorithm is evaluated using the hardware prototype
described in Section 5.1. All the experiments described
in this section are carried out with the compensated
CMBC demonstrated in Section 5 due to the superior
performance. Fig. 11(a) and (b) depict the experimental
results of conventional FLC and the proposed PSO-FLC
with variable-ramp compensation for CMBC under light
intensity of $6mW/em® and temperature of 35°C.

It is noticed that the PSO-FLC demonstrates superior
responses with the settling time () of 0.4s compared
with'7,.0f 125 in trial-and-ervor based FLC. In addition,
the PSQ-FLC with the proposed variable compensation
for CMBC provides the fast transient response and stable
in steady state for MPPT in the PV system.

5.3. Biturcation control and stability

Fig. 12(a) and (b) show: the experimental results for
FLC based MPP tracking with :maumpensatcd CMBC
under light intensity. of 56mW/cm’ and temperature of
35°C. The MPP of the solar array m prototype system
corresponding to these operating conditions is 3.62W.
Fig. 12(a) shows the tracked power obtained from the
prototype system with' the battery voltage being 14V
state of charge. It is seen that the power reaches the MPP
within, 0.9s, but tends to be unstable in the steady state.
This is because the inductor current submits to period-2

/ p,l'.’.O?W-‘Div}

The mal~and-error basevd FLC

[ TR W RRY o

I {3.00V/Divy
. gt e

{140.6BA/DIV)

{a) Power, voltage and current of the solar array.

i (0.30ADiv}

| /’\/\/\/\/\\/‘x/‘iu//\/\/\/

i,.,eo.zumiv;

P o a0, 14;\

i

(b) !ndu(.u)r and banery current.

Fig. 12, FLC based MPP tracking without bifurcation
compensation of CMBC.
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operation in steady state as shown in Fig. 12(b).
Moreover, the DC-link cuwrrent flowing through the
battery is also unstable in the steady state as shown in
Fig. 12{b). The battery current is approximately 0.14A.

Fig. 13(a) and (b) illustrate the experimental results
with the variable-ramp compensation from the CMBC.
The operating conditions of solar array and other systems
are kept as same as the case with uncompensated CMBC.
As can be seen in Fig. 13(a), the tracked power curve is
stable and smooth in the steady state operation at the
MPP. The response time to reach the MPP is about 1.2s.
Slight increase in the response time can be observed due
to the slower transient response from the slope of
compensating ramp m,. [17]. Note that the Fig. 13(a)
replicates with Fig. 11(a).

in this operation condition shownin Fig. 13(b), the
inductor current is submitted to period-1- with' the
limitation for the ripple of i, as Aj; at 0.75A. Comparing
with Fig. 12(b), the DC-link current-flowing through the
battery is stable in the steady state at about 0.25A. This is
about 1.8 times inerease compared with the battery
current for uncompensated CMBC.

Next experiments aim to compare the performanee of
the proposed algorithm and the conventional algorithm.
The light source is turned on at =0s under the light
intensity of 88mW/cm® and temperature of 35°C, The
MPP corresponding to this operating condition is 5.58W.
Fig. 14(a) and (b) show the tracked power of the
conventional MPPT using the PVVC algorithm with the
step-size corrector K, being 0.05 and 0.25, respectively.
It is seen that the smaller K results in the longer tracking
time ¢, of 1.6s as compared with 0.35 of the larger K.
Nonetheless,  the  smaller - Ky provide us. smaller

A - P §
o - MBIV : e A2.0TW/Div)

\ T e

i H ) t £
The trial-and-error based FLC

§ [ ) | ¥, {5.00VIDiY)
RN e - I W w7 =mgel
i 3 H | ] i
N 1O :
i i £{0.68A/DiV)
- : £ ; Yy

¥
(0,50 Div)

| i ; i | i
; | ¥ i i 0.20AV)
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{b) Inductor and battery current.

Fig. 13. FLC based MPP tracking with bifurcation com-
pensation of CMBC.

fluctuations than the larger one. This confirms a trade-oft’
between performance indices, i.e., the tracking time and
the suppression of fluctuation in generated power at the
steady state.

At any rate, the MPPT using the PVVC algorithm is
outperformed by the MPPT using the PSO-FLC. This is

AT

! PVVC
e o j.V..,,_(sm._,_m;
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4 ¥ ({0 SRADIVY.
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Fig, 14, MPPT using PVVC method: power, voltage
and current.
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(b} The proposed PSO-FLC.
Fig. 15. MPPT: power, voltage and current.
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demonstrated by Fig. 15(a) and (b), which show the MPP
tracking results obtained from the trial-and-error based
FL.C and the proposed PSO-FLC respectively. In this
experiment, the parameters given in Section 5.2 are used
for the trial-and-error based FLC. The proposed PSO-
FLC method demonstrates superior response with 7, of
0.3s to ¢, of L.1s in the trial-and-error based FLC. As seen
in Fig. 15(b), the steady state of MPPT of the proposed
method shows very little power fluctuation. It is noted
that the tradeoff in the conventional MPPT (i.e., between
response time and the suppression of steady state tluctua-
tion) is not critical for the proposed PSO-FLC method,
both features can be maintained.

5.4. Performances under dynamic environment

The systems tracking performance was also assessed
under various h%ht intensities. The light intensity was set
to be 77mW/cm*® from =0 to #8s, 88mW/cm’ from r=8s
to =28s and S6mW/cm® from =285 onwards. The
temperature of the solar array was kept at 35°C during

* i ¢
p,(_2,ﬁ7Wil)iv)‘ k3
i H
3623\ 1

z L.?i‘; Y

:
i i
-~ ' v--—&-wmh:
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#""‘fw * L..—-._‘

(a) PVYVC at K, o U.OS.

M ol

.y ?'.?_ YT 207w
ran ¥ i 4 r—)-

(¢} The proposed PSO-FLC.

Fig. 16. MPPT under varied light intensities: power,
voltage and current.

these tests. The various light intensities result in three
maximum power points of 4.92W, 5.58W and 3.62W,
respectively.

The results obtained from the MPPT are shown in Fig.
16(a) for the PVVC algorithm with K, = 0.03. In addition,
the results of the trial-and-error based FLC and the
proposed PSO-FLC system were depicted in Fig. 16(b)
and (c), respectively. It is clear that the proposed PSO-
FLC can track the MPP relatively fast and yet with very
small fluctuation in the steady state even under the time-
varying environment.

6. CONCLUSIONS

A PV sysiem utilized novel fuzzy logic tuned by
particle swarm optimization for maximum power point
tracking’ has been discussed. The particle swarm
optimization for tuning optimal fuzzy logic controller, i.e.
PSO-FLC for maximum power point tracking has been
implemented, and the advantages of the method have
been. demonstrated. | The proposed PV system has
emiployed- | a- curtent-mode  boost converter  with
bifureation control. The stability analysis has provided
the design framework for the controller. The
experimental results have shown that the variable-ramp
compensation technique can -eliminate the fluctuations
caused by bifurcation and allows the stable operation of
the converter. It has been found that'the proposed PSO-
FLC offers significantly faster tracking speeds compared
with the conventional MPPT method and trial-and-error
based fuzzy logic controller for operation under various
light intensities.
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