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NIAIUANNTYINUYANAFRUIRTRUaUMAT T Luuyadis seraiuautuilgn
AIUANNIYIUmMENsIERmuaNiled lngsyuugnauauaiunsleulusinsulunivd
iWemuaumsiausuvesialulasreulnsaaes lasiildidenltueinlulasreulnsaians
DSP §u eZdsp™F28335 uanslaluguil n.1 dwfunisuszananalunisaiuny uazaing
dyaruniugun1svieueesaing Wundndugiainuiem Texas Instruments Tnafidnway

uazdrulsznaunayselul

sU7 n.1 vedalalasaoulnsaians DSP fu eZdsp™F28335
pasauTAna Ay vasvasalulasaeulnsataes DSP ju eZdsp F28335
1. weUszananadygyiuninea 32 U 5995UNTUSTINARAT SUUL floating
point unit e fixed point unit
2. &yamunin 150 MHz lunsuseanana u5e 6.67ns sevidesaudymyio
U
3. WeAMUIIUTZNBUME
- WAUIIUTENYT RAM 68 Alalus (68 K bytes on—chip RAM)
- wieaudUszean Flash 512 Alalud (512 K bytes on—chip Flash
memory)
- widleAUIIUTELIAYN SRAM 256 Alalud (256 K bytes on-chip SRAM
memory)
a. wesnidousio XDS100 JTAG Emulator uagnasadeuse RS232 wuuusndmsu

TUSUNTULUULIANASS (Real-Time in System Programming)
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5. wesauwlasdygraueunasniduidnea (Analog to Digital converter) WUy 12
Un 917U 16 Yoy 1dune
6. friudyaannduldnwes (Quadrature Encoder Pulse) $1uau 2 4o

ePWM 12 Yoadtysya (6luga) dvsuasredayayias PWM

®© N

Serial Peripheral Interface modules SPI 373U 1 4@ (SPI-A)
9. Serial Communications Interface modules SCI 914731 3 yn (SCI-A,SCI-B,SCI-
@)

10. ¥18uns wazwnadmiuidenlusnsuiialdnuiiua 96

luganisas1vagygras PWM (enhanced PWM modules)

luganisainsdyaa PWM Tunaasdmiuide-Ua adnduuveialulasroulnsaaes
DSP 3u eZdsp™F28335 Usznausie ePWML — ePWM6 1193un 6 %a GeudazynaIinT
ad9ld 2 93 fla ePWMXA uaz ePWMXB Matusaudenisadradayaa PWM sauau 12
Fyanamanun Ineflvuansduiaun 3 Tnue Téun Tnuadudu (Count Up mode) Tnun
1fuas (Count Down mode) uaglnunnisuiu—as (Count Up-Down mode) @%13un1s
asedryeyos PWM vadluga ePWM Huld3EmsSeuiisuamiiines (Counter Compare)

Yosdayayuunin Auteya vieAlusdamesiiioadaeulvdmsuimuaguwuudyayiu

'
a =

PWM Trilaednfiuana1siy wazdnaudvesdygiainesnts duanunvesdygyiu PWM

annsanvualaniesdaimes TBPRD (ePWM Period Register) fidlaunn 16 Un lag TBPRD
argluyie 00000 - 65535 laedl AnudURUSAUTPUUAYYINWIRN 150MHZ kar3Tawmes
USuAdyIauuin HSPCLKDIV tay CLKDIV anuginis (ﬂ.l)Imaé’agtgmﬁgmﬂ?amﬁau
mmfu%qﬂa'qaaﬂm"mm GPIO2_EPWM2A 1t alsfinavesaadndldvinaiuluaeas

v

a & a 6o
diannselindnasioly

1 -]‘;YSCLKOUT

TBPRF = — (n.1)
2| £, (HSPCLKDIV X CLKDIV)

I 1 v @

loe9l  TBPRD A9 ANAIERUDIAITUA QI IUNRNT

VRS |

o

HSPCLKDIV e sauSupnuaanusagedayanaiuniing (High Speed Clock Scalar)
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CLKDIV A fuFuAndy MU (Clock Scalar)
FsvscLrout A9 AUNYBITTUVAYQYIIUNRNT 150MHzZ
Foum A ANUDVDIFYE I PWM AI9109n15a579 (Hz)

msldandugauasagygramauraaniiuadnaa ADC (Analog to Digital Converter)

o Y [ o v s 4 1
N33 UH ﬁycywzuuamaaﬂmnmauaﬂmmuuaimluimﬂauimamai DSP U

'
Y]

ezdsp™F28335 filuganildlunisulasdyarasewdendudyarafivan
3

=

ANAZLDUATN

'
(YY)

(Y a o < A [y =) 1Y 1 1 =2 = s
AU 12 UA dMUTUAYYIULBUIRBNNTBITU NLL?Q@H@QIU‘U’N oV 09 3V lneliauasa

fu o [ [~ 1 LY

lulasmeulnsalaessudyuiuuauasniiusswuainan aginsulaniumadvaniouin

=< a1 1 1

12 O Fadlenagszwing 0 - 4095 dwmduluga ADC dvianun 16 dosdunndyaia wiadu

U q

WasnYA A 31U 8 Yasdeyry1ad (ADCINAO — ADCINAT) uagwasnym B 31171 8 Yasdayay1od
LU (ADCINBO — ADCINB?) Tusnuwidedilaidenld 3 desdygin Ao ADCINAL dususu

doyarunszuadumne i, Nivarudamilednd L, wag ADCINA2 Sudya o ssnue1snafion

aseulrantuisulasiumasliuuuyadSewotuaiutu
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4.1 Wsunsunwdasedayana PWM mevesalulasaeulnsaiaes DSP u eZdsp™F28335

ARy

dmsumuAuLiue I NAsUasumdliiuuyadiSederivanudy

#include "DSP2833x_Device.h"
#f (CPU_FRQ_150MHZ)
#define ADC_MODCLK 0x3
#endif

#if (CPU_FRQ_100MHZ)
#define ADC_MODCLK 0x2
#endif

/lwan Header file wag Examples Include File
/n38d SYSCLKOUT AN 150 MHz

/&fy1auuniint ADC_HSPCLK = 150/(2*3) = 25MHz
/n38d SYSCLKOUT &A1 100 MHz

/&fyauuniint ADC_HSPCLK = 100/(2*2) = 25MHz

//external function prototypes

//Usgnailendunteuenlu Header file

extern void InitAdc(void);

extern void InitSysCtrl(void);

extern void InitPieCtrl(void);

extern void InitPieVectTable(void);

extern void InitCpuTimers(void);

extern void ConfigCpuTimer(struct CPUTIMER _VARS *,
float, float);

extern void display ADC(unsigned int);

filsriduruunsniiugiues ADC
JilsfiFurnuuaditugures CPU
/ilsfidupauau Peripheral Interrupt Expansion
/e dunsng Peripheral Interrupt Expansion
/ﬁaﬁ‘z‘j’uﬁmumﬁhﬁugmmm CPU Timer

/e FuruunlasEs1e CPU Timer

v
1

/lsiduirunaugIures display ADC

//Prototype statements for functions found within this file.

//Usenailendudmiunisidanu

void Gpio_select(void);
void Setup_ePWM(void);
interrupt void cpu_timer0_isr(void);

interrupt void adc_isr(void);

/Usznnaflaidu Gpio_select
/Usznadflanidu Setup_ePWM
/Usgnaflandu Interrupt cpu_timer0_isr
/UsznAfilanidu Interrupt adc_isr

// Global Variables of inputs and outputs

UsgnadiuUsdunn uaziendng

unsigned int Voltage Vout;
unsigned int Current_lin;

float vout=0, iin=0, Ts=1e-5, T=0, Trit=1e-4, Vref=400;

int duty=3750, ii=0, jj=0;

float Vref=400;

float Vref1=400, Vref2=400, Vref3=0;
float T1=4, T2=8, T3=12;

/senmadinlsussiuednnaniutes
/JsEMAfILUINSEUABUNARINIYTDS
/UsEnAfILUTLIIuANG, NTUaBUNG, MeNanIs
Yuiindeya, 11an1 A1uvesEind uasusaiueinnd s
/Ussmﬂﬁmﬂﬁgé’fﬂwﬁwﬁaim%, i way jj
/U3EMARUUTL UL ANAS1984
/UssmﬂﬁaLLUsLmﬁuLmﬁwmé"N@aﬁ 1,2 uag 3

AlsgmiAmiudsiia® 1,2 uag 3

//Global Averaging Variables

//dsEmAslUsnIsmALRAY

float iLsum=0;
#define AV.S 10
#define ITAAV 10

/JsEMARILUTNATINVDIAINTHUADUNA
/Useneawds AV S
/Jssmafiuls ITdAV

//Global Fuzzy Controller Variables

//dsgmasuUsimuauilyd

float dtT=10e-4, mref=160, deltaD=0, pis=0, ss1=0,
iL[10]={0,0,0,0,0,0,0,0,0,0};

#define IT_ S 100

#define Vintv  17.5

AlsgmiAmuusnswasunlaireaial, Audueness,
deltaD, pis, ss1 4% NITUABUNALUUDTE
/Usgnesuys dtT/Ts

/UsenAfwUsve uwnvesaunBniaidu AV,
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float VMFs1, VMFs2, VMFs3, mMFs1, mMFs2, mMFs3,
mMFs4, mMFs5;
float NLmax, NMmax, Zmax, PMmax, PLmax;

float NL=-0.04, NM=-0.02, Z=0, PM=0.02, PL=0.04;

/senmaduUsileituannBnues AV,
T My /Mees
/sgmasudsangegaailanduaindniendne

Asgmadiulsiletve silanduaunnues AD

//Main Code

Taavian

void main(void){
InitSysCtrl0);
EALLOW;
SysCtrlRegs.WDCR= 0x00AF;
EDIS;
DINT;
Gpio_select();
Setup_ePWM();
InitPieCtrl();
InitPieVectTable();
InitAdc();
AdcRegs. ADCTRL1.all = 0;
AdcRegs. ADCTRL1.bit.ACQ PS = T;
AdcRegs. ADCTRL1.bit.SEQ CASC =1,
AdcRegs. ADCTRL1.bit.CPS = 0;
AdcRegs. ADCTRL1.bit. CONT_RUN = 0;
AdcRegs. ADCTRL2.all = 0;
AdcRegs. ADCTRL2.bit.INT_ENA SEQ1 = 1;
AdcRegs. ADCTRL2.bit.EPWM_SOCA SEQ1 =1;
AdcRegs. ADCTRL2.bit.INT_MOD_SEQ1 = 0;
AdcRegs. ADCTRL3.bit ADCCLKPS = 3;
AdcRegs ADCMAXCONV.all = 1;
AdcRegs. ADCCHSELSEQ1.bit. CONVOO = 0;
AdcRegs. ADCCHSELSEQ1.bit. CONVO1 = 1;
EPwmM6Regs. TBCTL.all = 0xC030;
EPwm6Regs. TBPRD = 2999;

EPwm6Regs.ETPS.all = 0x0100;
EPwm6Regs.ETSEL.all = 0x0A00; EALLOW;
PieVectTable.TINTO = &cpu_timer0_isr;
PieVectTable ADCINT = &adc_isr; EDIS;
InitCpuTimers();
ConfigCpuTimer(&CpuTimer0,150,10),
PieCtrlRegs.PIEIERL.bit.INTX7 = 1,
PieCtrlRegs.PIEIERL.bit.INTx6 = 1;

[ER |=1; EINT; ERTM,;

/36 Void Main
/3uFun ST UL DSP2833x_SysCtrl.c
/nan EALLOW

Awan WatchDog

/vaa EDIS
/MgAMIINUTRIBUABS TG
/AamuaviiiivesuiBuns uaziendne
/AuaeEududnsy ePWM
/AunenSusudmsy PIE table
/uneEududny ISR's T PIE
/vansisuduituguresnisuas ADC
/#sfn AdcRegs ADCTRLL.all

/&afn 7 = 8 x ADCCLK

/(9?\1@1"1 1=cascaded sequencer

/e divide by 1

/RsAlvanLUY Single Run

/#afn AdcRegs ADCTRL2.all

v
v 1

/P31 1=enable SEQ1 interrupt

e

¥ 1

/#3A1 1=SEQ1 start from ePWM_SOCA trigger

(33

/A3 0= interrupt ME9INATIVNNEGU
/#3A1 ADC clock: FCLK = HSPCLK / 2 * ADCCLKPS

e

/MvunIuIUTosd N 1+1= 2 909
/mvun ADCINAO as 1st SEQ1 conv.
/fuua ADCINAL as 2nd SEQ1 conv.
/Configure timer control register

/ TPPRD +1 = TPWM / (HSPCLKDIV * CLKDIV *
TSYSCLK) Tnefiwiifu 20 ps / 6.667 ns
/Configure ADC start by ePWM2

/ Enable SOCA to ADC

/&af PieVectTable.TINTO

/&9 PieVectTable ADCINT
/KsfniEudiu CPU Timer0, 1 and 2
/e Sampling time 1e-5=10*1e-6
/CPU Timer 0

/ADC
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CpuTimerORegs. TCR.bit.TSS = 0;
while(1){
EALLOW;
SysCtrlRegs.WDKEY = 0x55;
EDIS;}
}

/\549U timer0

/Service WD #1

//Function Gpio_select

Hleridu Gpio_select

void Gpio_select(void){
EALLOW;
GpioCtrlRegs.GPAMUX1.all = 0;
GpioCtrlRegs.GPAMUX1.bit.GPIOO = 1;
GpioCtrlRegs.GPAMUX2.all = 0;
GpioCtrlRegs.GPBMUX1.all = 0;
GpioCtrlRegs.GPBMUX2.all = 0;
GpioCtrlRegs.GPCMUXL.all = 0;
GpioCtrlRegs.GPCMUX2.all = 0;
GpioCtrlRegs.GPADIR.all = 0;
GpioCtrlRegs.GPBDIR.all = 0;
GpioCtrlRegs.GPCDIR.all = 0; EDIS;

}

/35U void Gpio_select

'

o

/619A1 GPIO15 .. GPIOO = General Puropse I/O

o 1

/99A1 ePWMI1A active == S
/613A1 GPIO31 .. GPIO16 = General Purpose /O

/63A1 GPIOAT .. GPIO32 = General Purpose I/O
/613A1 GPIO63 .. GPIO48 = General Purpose /O

/63A1 GPIOT9 .. GPIO64 = General Purpose 1/O

o

/613A1 GPIO87 .. GPIO80 = General Purpose /O

e

ee

ee

ee

ee

e

e

o

/6131 GPIO63-32 as inputs

o 1

/A3 GPIO87-64 as inputs

e

//Function Setup_ePWM

ety Setup_ePWM

void Setup_ePWM(void){
EPwm1Regs. TBCTL.all = O;
EPwm1Regs. TBCTL.bit.CLKDIV = 0;
EPwmM1Regs. TBCTL.bit. HSPCLKDIV = 1;
EPwm1Regs. TBCTL.bit. CTRMODE = 2;
EPwmM1Regs. AQCTLA.all = 0x0060;

EPwm1Regs. TBPRD = 3750;
EPwm1Regs.CMPA.half.CMPA = 3750;
}

/3 void Setup_ePWM

/default status

/CLKDIV =1

/HSPCLKDIV = 2

/up — down mode

/Set ePWMIA on CMPA up

Clear ePWM1A on CMPA down

/3750=10KHz — PWM signal

/ dutyl => 30%=2625, 50%=1875, 70%=1125

//Function interrupt void cpu_timer0_isr

Heridu interrupt void cpu_timer0_isr

interrupt void cpu_timer0_isr(voidX{
static int up_down = 1;
EALLOW;
SysCtrlRegs.WDKEY = OxAA;
iftlup_down){
if(EPwm1Regs.CMPA.half.CMPA <
EPwm1Regs. TBPRD)
EPwm1Regs.CMPA.half.CMPA,

else up_down = 0;

/3us interrupt void cpu_timer0_isr

/Service WD #2
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Jelse{
if(EPwm1Regs.CMPA.half.CMPA > 0)
EPwm1Regs.CMPA.half.CMPA;
else up_down = 1;}
PieCtrlRegs.PIEACK.all = PIEACK GROUP1;
FUZZYC();
T=T+Ts;
if(T>T1&&T<T2)}{Vref=Vref1;}
if(T>T28&T<T3){Vref=Vref2;}
if(T>T3){Vref=Vref3;}
iftvout>500){Vref = 0;
EPwm1Regs.CMPA.half.CMPA = 3750;}
if(in>10){Vref = 0;
EPwm1Regs.CMPA. half.CMPA = 3750;}

/Senilafdu FUZZYC
/luian

¥ .. o a y) Y a
Alaid if dmulAuLIiueRnngned

/ilitulasiuleeiinnunnnd 500V

wazNIELEBUNALINNT 5A

//Function interrupt void adc_isr

Hleidu interrupt void adc_isr

interrupt void adc_isr(void}

}

Voltage Vout = AdcMirror. ADCRESULTO;
Current_lin = AdcMirror. ADCRESULT1;
AdcRegs. ADCTRL2.bit.RST SEQ1 =1
AdcRegs. ADCST.bit.INT_SEQ1 CLR =1,
PieCtrlRegs.PIEACK.all = PIEACK GROUP1;
vout=(0.1223*Voltage Vout)+1.8988;
iin=(0.00274*Current_lin)+0.1698;
iLsum=iLsum-iin, ii++;
if(ii >= AV_S)

for(jj=0;jj<ITdAV-1; jj++){iLGjl=iL[j+1];}

iLIITdAV-1] = iLsum/AV_S;

ii=0, iLsum=0;}
mdmref=((L[ITdAV-1]-iL[0])/dtT)/mref/100;

/Fud interrupt void adc_isr
/Fuiidnoavansiueding
/SUANATNOAYRINTELABUNA
/Reset SEQ1
/Clear INT SEQ1 bit
/Acknowledge interrupt to PIE
/JFuLiguAUL s ANe
/UTuiiguAINTELAD UG
/mafiuavanAInszia wasnisiun i
/s i unndn AV_S
wdailaridu For loop dmsuideus iL
nsmALads iL 10 iLsum/AV_S
A1TWAAN ii ke iLsum

/AR My /Mo

//Function void FUZZYC

H9idu Fuzzy Controller

void FUZZYC(void)}

VMFs1=0, VMFs2=0, VMFs3=0;

mMMFs1=0, mMFs2=0, mMFs3=0, mMFs4=0, mMFs5=0;

NLmax=0, NMmax=0, Zmax=0, PMmax=0, PLmax=0;

dvdvref= (Vref-vout)/Vref;

if(dVdVref>0)}{VMFs1=0;

Jelse if (~Vintv<dVdVref && dVdVref<=0){
VMFs1==(1/Vintv)*dVdVref;

Jelse{VMFs1=1;}

if(dVdVref>Vintv{VMFs2=0;

/31Fu void FUZZYC

/imunenSuduaudniteddu VMFs
/unensuduaunilaity mMFs
/RavuadnEuduaundnileidugagn N NM Z PM uay PL

/AUINAT AV/V o

/ilaiFunsraaey AV, lug N ieve VMFs1

/ilafdunsinaay AV, lugae Z Witewen VMFs2
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Jelse if (0<dVdVref && dVdVref<=Vintv}
VMFs2=—(1/Vintv)*dVdVref+1;

Jelse if (-Vintv<dVdVref && dVdVref<=0)
VMFs2=(1/Vintv)*dvdVref+1;

Jelse{VMFs2=0;}

if(dvdVref>Vintv){VMFs3=1;

Jelse if (0<dVdVref && dVdVref<=Vintv}
VMFs3=(1/Vintv)*dVdVref;

Jelse{VMFs3=0;}

iftmdmref>-1){mMFs1=0;

Jelse if (-2<mdmref & & mdmref<=-1){
mMMFs1=—(mdmref)-1;

lelselmMFs1=1;}

iftmdmref>0){mMFs2=0;

Jelse if (-1<mdmref && mdmref<=0){
mMFs2=-(mdmref);

Jelse if (-2<mdmref & & mdmref<=-1){
mMFs2=mdmref+2;

lelse{lmMFs2=0;}

iflmdmref>1){mMFs3=0;

Jelse if (O<mdmref && mdmref<=1){
MMFs3=-(mdmref)+1;

Jelse if (-1<mdmref & & mdmref<=0){
mMFs3=mdmref+1;

Jelse{mMFs3=0;}

iftmdmref>2){mMFs4=0;

} else if (1<mdmref && mdmref<=2){
MMFsd=-(mdmref)+2;

} else if (O<mdmref && mdmref<=1){
mMFsd=mdmref;

} else{mMFs4=0;}

iftmdmref>2){mMFs5=1;

Jelse if (1<mdmref && mdmref<=2){
mMFs5=mdmref-1;

Jelse{mMFs5=0;}

if(VMFs1>0){
if(mMFs1>0){

if(VMFs1<mMFs1){
if(PLmax>=VMFs1){PLmax=PLmax;
lelsefPLmax=VMFs1;
Jelse{

if(PLmax>=mMFs1){PLmax=PLmax;

/ilafiFunsaaaoy AV, lugas P itemnan VMFs3

5o ' P '
/e unTI9aey My /m.er lugae NL ienen mMFsl

o ' al '
/e unTInaaU My /Mo lUg3e NM el mMFs2

5o ' al '
/e unTInany my /m.e luga Z iilevien mMFs3

/HefitunTInaay my /m.e lugas PM e mMFsé

/ilfidunsiaaeu mill/mref lutas PL iiemen mMFs5

/ngiledii 6 4 10 N3l VMFs1 w9 Z 1nnndn 0
/ngted 1 HaidunSouiiou VMFs1 was mMFs1 il
16iA1 PLmax ﬁlqﬁqm
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lelsefPLmax=mMFs1;}

}
iflmMFs2>0){
iftVMFs1<mMFs2){
if(Zmax>=VMFs1){Zmax=Zmax;
Jelse{Zmax=VMFs1;}
Jelse{
if(Zmax>=mMFs2}{Zmax=Zmax;

lelse{Zmax=mMFs2;}

}
iflmMFs3>0){
if(VMFs1<mMFs3){
if(NMmax>=VMFs1{NMmax=NMmax;
lelse{NMmax=VMFs1;}
Jelse{
if(NMmax>=mMFs3){NMmax=NMmax;
lelse{NMmax=mMFs3;}

}
iflmMFs4>0){

if(VMFs1<mMFsa)
if(NLmax>=VMFs1){NLmax=NLmax;
lelse{NLmax=VMFs1;}

Jelse{
if(NLmax>=mMFs4){NLmax=NLmax;
Jelse{NLmax=mMFs4;}

}
if(MMFs5>0)1
if(VMFs1<mMFs5){
if(NLmax>=VMFs1){NLmax=NLmax;}
else{NLmax=VMFs1;}
Jelse{
if(NLmax>=mMFs5){NLmax=NLmax;
lelse{NLmax=mMFs5;}

}
if(VMFs2>0)1

v o co  a d oy
/ngden 2 HlaiduSeuiiou VMFs1 waz mMFs2 Liteli
16iFin Zmax Tigafign

/ngiiedl 3 Heitudouiiiey VMFs1 wag mMFs3 Lite

P A =
16F1 NMmax igafign

/ngted 4 faiduSoudiou VMFs1 way mMFsa il

4@ NLmax ﬁq&ﬁqw

/ngTed 5 HiduSeuiiey VMFs1 uag mMFs5 tivali
1iF NLmax igefian

/ngilas@il 6 fa 10 n3dl VMFs2 494 Z 1nnndn 0
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iflmMFs1>0){
if(VMFs2<mMFs1){
if(PLmax>=VMFs2){PLmax=PLmax;
lelse{PLmax=VMFs2;}
Jelse{
if(PLmax>=mMFs1){PLmax=PLmax;
lelsefPLmax=mMFs1;}

}
if(MMFs2>0)1
if(VMFs2<mMFs2){
if(PMmax>=VMFs2){PMmax=PMmax;}
else{PMmax=VMFs2;}
Jelse{
if(PMmax>=mMFs2){PMmax=PMmax;
Jelse{PMmax=mMFs2;}

}
iflmMFs3>0){
if(VMFs2<mMFs3){
if(Zmax>=VMFs2{Zmax=Zmax;
Jelse{Zmax=VMFs2;}
Jelse{
if(Zmax>=mMFs3)}{Zmax=Zmax;

lelse{Zmax=mMFs3;}

}
iflmMFs4>0){
if(VMFs2<mMFsa){
if(NMmax>=VMFs2{NMmax=NMmax;
lelse{NMmax=VMFs2;}
Jelse{
if(NMmax>=mMFs4){NMmax=NMmax;
telse{NMmax=mMFs4;}
}
}
if(MMFs5>0)1
if(VMFs2<mMFs5){
if(NLmax>=VMFs2){NLmax=NLmax;
lelse{NLmax=VMFs2;}
Jelse{

if(NLmax>=mMFs5){NLmax=NLmax;

/ngiiedl 6 eituSouiiiey VMFs2 wag mMFs1 Lite

v a a
161 PLmax Ngeiian

v o co  a d a0y
/ngden 7 flaidunSeuiiou VMFs2 waz mMFs2 Liteli
1giFin PMmax f1gei1gn

/ngiiedl 8 Heitudouiiiey VMFs2 wag mMFs3 Lite

P a) a)
161 Zmax Tigeiign

/ngted 9 faiduSouioy VMFs2 way mMFsa il

4@ NMmax ﬁq&ﬁqw

/ngTed 10 HerduSeuiiisy VMFs2 uag mMFs5 tivali
16iF NLmax igafian
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telse{NLmax=mMFs5;}

}
if(VMFs3>0){
if(mMFs1>0){
ifVMFs3<mMFs1){
if(PLmax>=VMFs3){PLmax=PLmax;
lelsefPLmax=VMFs3;}
Jelse{
if(PLmax>=mMFs1){PLmax=PLmax;
lelse{PLmax=mMFs1;}

}
iflmMFs2>0){
if(VMFs3<mMFs2){
if(PLmax>=VMFs3){PLmax=PLmax;
lelse{PLmax=VMFs3;}
Jelse{
if(PLmax>=mMFs2){PLmax=PLmax;
lelsefPLmax=mMFs2;}

}
if(mMFs3>0){
if(VMFs3<mMFs3){
if(PMmax>=VMFs3){PMmax=PMmax;
lelse{PMmax=VMFs3;}
Jelse{
if(PMmax>=mMFs3){PMmax=PMmax;
Jelse{PMmax=mMFs3;}

}
if(MMFs4>0)1
if(VMFs3<mMFs4)}
if(Zmax>=VMFs3){Zmax=Zmax;
Jelse{Zmax=VMFs3;}
Jelse{
if(Zmax>=mMFs4)}{Zmax=Zmax;

lelse{Zmax=mMFs4;}

/ngila@il 11 fis 15 A5l VMFs3 983 N 1nnndn 0
//npdieft 11 Heidu3ouifiou VMFs3 wag mMFs
wielwlsiAn PLmax figafian

/ngiiedl 12 flerduSeuidiou VMFs3 uag mMFs2 iilelik

P A A
161 PLmax figeian

/ngted 13 HeiduuTeudiou VMFs3 uay mMFs3 Lt

4@ PMmax ﬁq&ﬁqw

/ngTed 14 HrduSeuiisy VMFs3 uag mMFsd tivali
1iF Zmax Tigafign
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}

iflmMFs5>0){
if(VMFs3<mMFs5)
if(NMmax>=VMFs3{NMmax=NMmax;
lelse{NMmax=VMFs3;}
Jelse{
if(NMmax>=mMFs5){NMmax=NMmax;
lelse{NMmax=mMFs5;}

}
deltaD=(NLmax*NL+NMmax*NM+Zmax*Z+PMmax*PM
+PLmax*PL)/(NLmax+NMmax+Zmax+PMmax+PLmax)
*(Ts/Trit);

pis= pis + deltaD ;

duty=3750—(pis*23.4375*5);

iftduty>3750){duty=3750;

Jelse if(duty<750){duty=750;
else{duty=duty;}
EPwm1Regs.CMPA.half.CMPA = duty;

// End of SourceCode.

/ngiiedl 15 flerduiuSeuidiou VMFs3 uaz mMFs5 iilelk

v a a
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#include <stdio.h>
#include "SumbDiff.h"
#include <rtdx.h> /* RTDX_Read */
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#include "target.h" /* TARGET _INITIALIZE */

void FUZZYC(float *Vo, float *iin, float *miL1, float *Dout, float *CS);

void SW1 2 3FAULT(float *Vo, float *iin, float *milL1, float *Dout, float *FDSW1, float *FDSW2,
float *FDSW3);

//#define MAX_BUFSIZE 1024 /*—— Upper limit on data buffer ——*/

/*—— define buffers, leave uninitialized, to be supplied by MATLAB —*/

//INPUT

float Vo[1], iin[1];

//OUTPUTS of Fuzzy Controller

float miL1[1], Dout[1], CS[1], FDSW1[1], FDSW2[1], FDSW3[1];

//Controller Parameters

/* Input parameters */

float Vref=400, Ts=1e-5, dtT=500e-6, mref=160, dVdVref=0, mdmref=0, miin=0;

/* Fuzzy parameters */

float Vintv=10, VMFs1, VMFs2, VMFs3, mMFs1, mMFs2, mMFs3, mMFs4, mMFs5;

float NLmax, NMmax, Zmax, PMmax, PLmax, iL[50]={0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0};

float vC3[10]={0,0,0,0,0,0,0,0,0,0}, difvC3[10]={0,0,0,0,0,0,0,0,0,0}, NL=-0.04, NM=-0.02, Z=0,
PM=0.02, PL=0.04;

/* Output parameters */

float deltaD, Duty=0, ss1,;

/* Switching parameters */

float Tri_table[100]={0,0.02,0.04,0.06,0.08,0.10,0.12,0.14,0.16,0.18,0.20,0.22,0.24,0.26,0.28,0.30
,0.32,0.34,0.36,0.38,0.40,0.42,0.44,0.46,0.48,0.50,0.52,0.54,0.56,0.58,0.60,0.62,0.64,0.66,0.68,0.70,
0.72,0.74,0.76,0.78,0.80,0.82,0.84,0.86,0.88,0.90,0.92,0.94,0.96,0.98,1,0.98,0.96,0.94,0.92,0.90,0.88
,0.86,0.84,0.82,0.80,0.78,0.76,0.74,0.72,0.70,0.68,0.66,0.64,0.62,0.60,0.58,0.56,0.54,0.52,0.50,0.48,
0.46,0.44,0.42,0.40,0.38,0.36,0.34,0.32,0.30,0.28,0.26,0.24,0.22,0.20,0.18,0.16,0.14,0.12,0.10,0.08,0
.06,0.04,0.02}, Trit=1e-4, Triwave=0;

int16 point=0, Tripoint=0;

//Fault Detection for SW1&28&3 Parameters

float dref=0.635, L1=15e-3, Vin=20, Rload=1600, C=500e-6;

//Membership function intervals

/Fault detect SW1

float mFS1=0, iFS1=0, midmf1=0, iLdif=0, mf1MFsN, mf1MFsZ, mf1MFsP, if1 MFsPS, ifl MFsPM,
ifIMFsPL, VNF1=-1, VZF1=0, VPF1=1, NF1, ZF1, PF1, FD1=0, FS1=0;

/MFs of mFiL1/mFS1
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float BB=0.5, AA=0.3;

/MFs of iL1/iFS1

float CC=0.1, DD=0.3, FF=1.7, GG=1.9;

//Fault detect SW2

float dreff2=0, mFS2=0, dduty=0, midmf2=0, FLD2=600, dtMFsN, dtMFsZ, dtMFsP, mf2MFsN,
mf2MFsZ, mf2MFsP, VNF2=-0.05, VZF2=0,VPF2=1, NF2, ZF2, PF2, deltaFD2=0, FD2=0, FS2=0;
/MFs of deltaddif

float HH=0.08, 11=0.12;

/MFs of mFiL1/mFS2

float JJ=0.5, KK=1;

//Fault detect SW3

float dv3ref=0, ddv3ref=0, dv3=0, ddv3=0, dv3in=0, ddv3in=0, FLD3=50, dv3MFsPS, dv3MFsPM,
dv3MFsPL, ddv3MFsPS, ddv3MFsPM, ddv3MFsPL, VNF3=-0.05, VZF3=0, VPF3=1, NF3, ZF3, PF3;
float deltaFD3=0, FD3=0, FS3=0;

/MFs of dvc3/dvc3ref

float LL=0.1, MM=0.2, NN=1.8, O0=1.9;

/MFs of ddvc3/ddvc3ref

float PP=0.3, QQ=0.4, RR=1.8, S5=2.5;

/*—— defines actual size, must be less than limit =*/

/*— defines RTDX channels —*/

RTDX CreatelnputChannel (ichan1); /* Channel from which to receive filter input */
RTDX CreatelnputChannel (ichan2); /* Channel from which to receive filter input */
RTDX CreateOutputChannel(ochanl);  /* Channel to output coefficient updates */

RTDX CreateOutputChannel(ochan2),  /* Channel to output coefficient updates */

RTDX CreateOutputChannel(ochan3);  /* Channel to output coefficient updates */

RTDX CreateOutputChannel(ochand),  /* Channel to output coefficient updates */

RTDX CreateOutputChannel(ochan5);  /* Channel to output coefficient updates */

RTDX CreateOutputChannel(ochané);  /* Channel to output coefficient updates */

/* main *
void main(}{
TARGET _INITIALIZE(); /* Target-specific initialization */
RTDX_enablelnput (&ichanl); /* Enable channels */

RTDX_enablelnput (&ichan2);

RTDX_enableOutput(&ochanl);
RTDX_enableOutput(&ochan2);
RTDX_enableOutput(&ochan3);
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RTDX_enableOutput(&ochand);
RTDX_enableOutput(&ochanb);
RTDX_enableOutput(&ochané);

while (1) {
/* Read inputs from host */
RTDX_read( &ichanl, Vo, 1 * sizeof(long) );
RTDX read( &ichan2, iin, 1 * sizeof(long) );
/* Call function */
FUZZYC(Vo, iin, miL1, Dout , CS);
SW123FAULT(Vo, iin, miL1, Dout , FDSW1, FDSW2, FDSW3),
/* Write outputs to host */

while ( RTDX writing 1= NULL ){  /* wait for previous write to complete */

#if RTDX_POLLING_IMPLEMENTATION
RTDX_Poll();
#endif}

RTDX_write( &ochan1, miL1, 1 * sizeof(long) );

while ( RTDX writing 1= NULL ){ ~ /* wait for previous write to complete */

#if RTDX_POLLING_IMPLEMENTATION
RTDX_Poll();
#endif}

RTDX_write( &ochan2, Dout, 1 * sizeof(long) );

while ( RTDX writing 1= NULL ){  /* wait for previous write to complete */

#if RTDX_POLLING_IMPLEMENTATION
RTDX_Poll();
#endif}

RTDX_ write( &ochan3, CS, 1 * sizeof(long) );

while ( RTDX writing 1= NULL ){  /* wait for previous write to complete */

#if RTDX_POLLING_IMPLEMENTATION
RTDX_Poll();
#endif}

RTDX_ write( &ochand, FDSW1, 1 * sizeof(long) );

while ( RTDX writing I= NULL ){  /* wait for previous write to complete */

#if RTDX_POLLING_IMPLEMENTATION
RTDX_Poll();
#endif}

RTDX_write( &ochan5, FDSW2, 1 * sizeof(long) );
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while ( RTDX writing I= NULL ){  /* wait for previous write to complete */
#if RTDX_POLLING_IMPLEMENTATION
RTDX_Poll();

#endif}
RTDX_ write( &ochan6, FDSW3, 1 * sizeof(long) );
}
}
[F e add sub buffers ——————————— */

void FUZZYC(float *Vo, float *iin, float *milL1, float *Dout, float *CS){

short t, ij;

/set zero innitial membership fuction

VMFs1=0, VMFs2=0, VMFs3=0, mMFs1=0, mMFs2=0, mMFs3=0, mMFs4=0, mMFs5=0;

/innitial for find maximum value

NLmax=0, NMmax=0, Zmax=0, PMmax=0, PLmax=0;

for (t = 0; t < 1; t++) {

/ set iL parameter in array
for(ij=0; ij< 50-1; jj++)GLLijl=iLlj+1];}
iL[50-1] = iin[t];

/Fuzzy input calculation
dvdVref= (Vref-Vo[t])/Vref;
miin=(iin[t]-iL[0])/dtT;
miL 1[t]=miin;
mdmref= miin/mref;

//Check voltage membership function
if(dVdVref>0){VMFs1=0;} /Check if dvdVref is in N interval
else if (<Vintv<dVdVref && dVdVref<=0{VMFs1==(1/Vintv)*dVdVref;}
else{VMFs1=1;}
if(dVdVref>Vintv){VMFs1=0;} /Check if dvdVref is in Z interval
else if (0<dVdVref && dVdVref<=Vintv){VMFs2=-(1/Vintv)*dVdVref+1;}
else if (<Vintv<dVdVref && dVdVref<=0{VMFs2=(1/Vintv)*dVdVref+1;}
else{VMFs2=0;}
if(dVdVref>Vintv){VMFs3=1;} /Check if dvdVref is in P interval
else if (0<dVdVref && dVdVref<=Vintv){VMFs3=(1/Vintv)*dvVdVref:}
else{VMFs3=0;}

//Check current slope membership function

iflmdmref>-1{mMFs1=0;} /Check if mdmref is in NL interval
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else if (-2<mdmref && mdmref<=—1}{mMFs1=—(mdmref)-1;}
else{mMFs1=1;}
iftlmdmref>0{mMFs2=0;} /Check if mdmref is in NM interval
else if (~1<mdmref && mdmref<=0){mMFs2=—(mdmref);}
else if (<2<mdmref && mdmref<=-1){mMFs2=mdmref+2;}
else{mMFs2=0;}
iflmdmref>1){mMFs3=0;} /Check if mdmref is in Z interval
else if (O<mdmref && mdmref<=1{mMFs3=—(mdmref)+1;}
else if (<1<mdmref && mdmref<=0){mMFs3=mdmref+1;}
else{mMFs3=0;}
iftlmdmref>2{mMFsd=0;} /Check if mdmref is in PM interval
else if (1<mdmref && mdmref<=2){mMFsd=—(mdmref)+2;}
else if (0<mdmref & & mdmref<=1{mMFsd=mdmref;}
else{mMFs4=0;}
iftmdmref>2){mMFs5=1;} /Check if mdmref is in PL interval
else if (1<mdmref & & mdmref<=2{mMFs5=mdmref-1;}
else{mMFs5=0;}

//Check Rule bases 1-15
if(VMFs1>0)1 /Rule bases 1-5 VMFs of N >0

if(mMFs1>0}{  /1st Rule base
if(VMFs1<mMFs1){
if(PLmax>=VMFs1}{PLmax=PLmax;}
else{PLmax=VMFs1;}

Jelse{
if(PLmax>=mMFs1){PLmax=PLmax;}
else{PLmax=mMFs1;}
}
}
iflmMFs2>0X{  / 2nd Rule base
if(VMFs1<mMFs2){
if(Zmax>=VMFs1){Zmax=Zmax;}
else{Zmax=VMFs1;}
Jelse{

if(Zmax>=mMFs2){Zmax=Zmax;}

else{Zmax=mMFs2;}
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}
if(mMFs3>0}{  / 3rd Rule base
if(VMFs1<mMFs3){
if(NMmax>=VMFs1){NMmax=NMmax;}
else{NMmax=VMFs1;}
Jelse{
if(NMmax>=mMFs3){NMmax=NMmax;}
else{NMmax=mMFs3;}
}
}
iflmMFsd>0}{  / 4th Rule base
if(VMFs1<mMFsa)
if(NLmax>=VMFs1{NLmax=NLmax;}
else{NLmax=VMFs1;}
Jelse{
if(NLmax>=mMFsd{NLmax=NLmax;}
else{NLmax=mMFs4;}
}
}
if(mMFs5>0){  / 5th Rule base
if(VMFs1<mMFs5){
if(NLmax>=VMFs1{NLmax=NLmax;}
else{NLmax=VMFs1;}
Jelse{
if(NLmax>=mMFs5){NLmax=NLmax;}
else{NLmax=mMFs5;}
}
}

}
if(VMFs2>0) / Rule bases 6-10 VMFs of Z >0
iflmMFs1>0}{  / 6th Rule base
if(VMFs2<mMFs1){
if(PLmax>=VMFs2}{PLmax=PLmax;}
else{PLmax=VMFs2;}
Jelsef

if(PLmax>=mMFs1{PLmax=PLmax;}
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else{PLmax=mMFs1;}

}
}
if(mMFs2>0}{  / 7th Rule base
if(VMFs2<mMFs2){
if(PMmax>=VMFs2)}{PMmax=PMmax;}
else{PMmax=VMFs2;}
Jelse{
if(PMmax>=mMFs2){PMmax=PMmax;}
else{PMmax=mMFs2;}
}
}
iflmMFs3>0}{  / 8th Rule base
if(VMFs2<mMFs3){
if(Zmax>=VMFs2){Zmax=Zmax;}
else{Zmax=VMFs2;}
Jelsef
if(Zmax>=mMFs3){Zmax=Zmax;}
else{Zmax=mMFs3;}
}
}
if(mMFsd>0}{  / 9th Rule base
if(VMFs2<mMFsa)
if(NMmax>=VMFs2){NMmax=NMmax;}
else{NMmax=VMFs2;}
Jelse{
if(NMmax>=mMFs){NMmax=NMmax;}
else{NMmax=mMFs4:}
}
}
iflmMFs5>0Y{  / 10th Rule base
if(VMFs2<mMFs5)
if(NLmax>=VMFs2{NLmax=NLmax;}
else{NLmax=VMFs2;}
Jelsef

if(NLmax>=mMFs5{NLmax=NLmax;}
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else{NLmax=mMFs5;}

}
if(VMFs3>0) / Rule bases 11-15 VMFs of P >0
if(mMFs1>0}{  / 11th Rule base
if(VMFs3<mMFs1){
if(PLmax>=VMFs3}{PLmax=PLmax;}
else{PLmax=VMFs3;}
Jelsef
if(PLmax>=mMFs1}{PLmax=PLmax;}
else{PLmax=mMFs1;}

}
iflmMFs2>0}{  / 12th Rule base
if(VMFs3<mMFs2){
if(PLmax>=VMFs3){PLmax=PLmax;}
else{fPLmax=VMFs3;}
Jelse{
if(PLmax>=mMFs2){PLmax=PLmax;}
else{PLmax=mMFs2;}

}
iflmMFs3>0}{  / 13th Rule base
if(VMFs3<mMFs3){
if(PMmax>=VMFs3)}{PMmax=PMmax;}
else{PMmax=VMFs3;}
Jelsef
if(PLmax>=mMFs3}{PLmax=PLmax;}
else{PLmax=mMFs3;}

}
iflmMFsd>0}{  / 14th Rule base
if(VMFs3<mMFsa){
if(Zmax>=VMFs3){Zmax=Zmax;}
else{Zmax=VMFs3;}
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Jelse{
if(Zmax>=mMFs4){Zmax=Zmax;}
else{Zmax=mMFs4;}
}
}
iflmMFs5>0}{  / 15th Rule base
if(VMFs3<mMFs5)
//ANM[INM]=VMFs[2];
if(NMmax>=VMFs3){NMmax=NMmax;}
else{NMmax=VMFs3;}
Jelse{
//ANM[INM]=mMFs[4];
if(NMmax>=mMFs5}{NMmax=NMmax;}
else{NMmax=mMFs5;}
}
}

}

// Defuzzification by Sugeno fuzzy interference

deltaD=(NLmax*NL+NMmax*NM+Zmax*Z+PMmax*PM+PLmax*PL)/(NLmax+NMmax+Z

max+PMmax+PLmax)*(Ts/Trit);
Duty=Duty+deltaD; // Duty cycle
if(Duty>=1){Duty=1;} // Saturation
else if(0<=Duty<1)}{Duty=Duty;}
else{Duty=0;}
Dout[t] = Duty;
point=point+10; //PWM method
if(point>=100)}{point=0;}
Tripoint=point;
Triwave=Tri_table[Tripoint];
if(Duty>=Triwave)Xss1=1;}
else{ss1=0;}
CS[t] = ssi;

return;
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void SW1 2 3FAULT(float *Vo, float *iin, float *milL1, float *Dout, float *FDSW1, float *FDSW2,
float *FDSW3){

short t, im, in;
// Fault SW1
/ set zero innitial membership fuction
mf1MFsN=0, mf1MFsZ=0, mfLMFsP=0, ifIMFsPS=0, iflMFsPM=0, ifIMFsPL=0;
/innitial for find maximum value
NF1=0, ZF1=0, PF1=0;
// Fault SW2
/set zero innitial membership fuction
dtMFsN=0, dtMFsZ=0, dtMFsP=0, mf2MFsN=0, mf2MFsZ=0, mf2MFsP=0;
/innitial for find maximum value
NF2=0, ZF2=0, PF2=0;
// Fault SW3
/set zero innitial membership fuction
dv3MFsPS=0, dv3MFsPM=0, dv3MFsPL=0, ddv3MFsPS=0, ddv3MFsPM=0, ddv3MFsPL=0;
/innitial for find maximum value
NF3=0, ZF3=0, PF3=0;
fort=0;t<1;t+4){
// Fault SW1
mFS1=-Vin*dref/(L1*(1-dref));
iFS1=Vref/(Rload*(1-dref)*(1-dref)*(1-dref));
midmfl=mil 1[t]/mFS1;
iLdif=iin[t)/iFS1;
// Check voltage membership function
iflmidmf1 <= -BB)Y{mf1MFsN=1;} / Check if midmf1 is in N interval
else if (midmfl > —BB && midmfl <= —AAMFIMFsN=(midmf1+AA)*(AA-BB);}
else{mfIMFsN=0;}
iflmidmf1 <= -BB)Y{mf1MFsZ=0;} /Check if midmf1 is in Z interval
else if (midmf1l > —BB && midmfl <= —AAXMfIMFsZ=(midmf1+BB)*(BB-AA);}
else if (midmfl > -AA && midmfl <= AA){MfIMFsZ=1;}
else if (midmf1l > AA && midmf1 <= BB)Ymf1MFsZ=(midmf1-BB)*(AA-BB);}
else{mf1lMFsZ=0;}
iftmidmfl <= AA{mMfIMFsP=0;}  /Check if midmf1 is in P interval
else if (midmf1l > AA && midmf1l <= BB)Ymf1IMFsP=(midmf1-AA)*(BB-AA);}
else{mfIMFsP=1;}
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if(iLdif <= COfifIMFsPS=1;} /Check if iLdif is in PS interval

else if (iLdif > CC && iLdif <= DD){ifIMFsPS=(iLdif-DD)*(CC-DD);}

else{ifIMFsPS=0;}

if(iLdif <= COfif IMFsPM=0;} /Check if iLdif is in PM interval

else if (iLdif > CC && iLdif <= DD){if IMFsPM=(iLdif-CC)*(DD-CQ);}

else if (iLdif > DD && iLdif <= FF{ifIMFsPM=1;}

else if (iLdif > FF && iLdif <= GG){if IMFsPM=(iLdif-GG)*(FF-GG);}

else{ifIMFsPM=0;}

if(iLdif <= FR){if IMFsPL=0;} /Check if iLdif is in PL interval

else if (iLdif > FF && iLdif <= GG){ifIMFsPL=(iLdif-FF)*(GG-FF);}

elsefifIMFsPL=1;}

// Check Rule bases 1-9

if(mfIMFsN>0)Y /Rule bases 1-3 mflMFsN >0

if(if IMFsPS>0){  / 1st Rule base
if(mfIMFsN<ifIMFsPSY

if(PF1>=mfIMFsN){PF1=PF1;}
else{PF1=mf1MFsN;}

Jelse{
if(PF1>=ifIMFsPSYPF1=PF1;}
else{PF1=ifIMFsPS;}
}
}
ifif IMFsPM>0){ / 2nd Rule base
if(mfIMFsN<ifIMFsPM)
if(ZF1>=mfIMFsN{ZF1=27F1;}
else{ZF1=mf1MFsN;}
Jelsef
if(ZF1>=ifIMFsSPM){ZF1=7F1;}
else{ZF1=ifIMFsPM;}
}
}
if(if IMFSPL>0)  / 3rd Rule base
ifmfIMFsN<ifIMFsPLY

if(ZF1>=mfIMFsN)Y{ZF1=7F1;}
else{ZF1=mf1MFsN;}

telsef
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if(ZF1>=ifIMFsPL{ZF1=Z2F1;}
else{ZF1=ifIMFsPL;}

}
if(mfIMFsZ>0)X / Rule bases 4-6 mflMFsZ >0
if(if IMFSPS>0){  / 4th Rule base
if(mf1IMFsZ<ifIMFsPS)
if(PF1>=mf1IMFsZ){PF1=PF1;}
else{PF1=mf1MFsZ;}
Jelse{
if(PF1>=ifIMFsPS{PF1=PF1;}
else{PF1=if1MFsPS;}

}
ifif IMFSPM>0){ / 5th Rule base
if(mf1IMFsZ<if IMFsPM){
if(ZF1>=mfIMFsZ}{ZF1=2F1;}
else{ZF1=mf1MFsZ;}
Jelsef
if(ZF1>=ifIMFsPM}{ZF1=2F1;}
else{ZF1=ifIMFsPM;}

}
if(if IMFSPL>0){  / 6th Rule base
if(mfIMFsZ<if IMFsPLY
if(ZF1>=mflIMFsZ)}{ZF1=7F1;}
else{ZF1=mf1MFsZ;}
Jelse{
if(ZF1>=ifIMFsPL{ZF1=2F1;}
else{ZF1=ifIMFsPL;}

}
if(mf1IMFsP>0){ / Rule bases 7-9 mfIMFsP >0
ifif IMFsPS>0){ / Tth Rule base
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}

if(mf1IMFsP<ifIMFsPSK
if(ZF1>=mf1IMFsP}{ZF1=2F1;}
else{ZF1=mf1MFsP;}

Jelse{
if(PF1>=ifIMFsPS}{ZF1=7F1;}
else{PF1=if1MFsPS;}

}
if(if IMFSPM>0){ / 8th Rule base
if(mf1MFsP<ifIMFsPM){
if(ZF1>=mfIMFsP{ZF1=2F1;}
else{ZF1=mf1MFsP;}
Jelse{
if(ZF1>=ifIMFsSPM){ZF1=Z7F1;}
else{ZF1=ifIMFsPM;}

}
ifif IMFSPL>0)X  / 9th Rule base
if(mfIMFsP<ifIMFsPLY
if(NF1>=mfIMFsP)NF1=NF1;}
else{NF1=mf1MFsP;}
Jelse{
if(NF1>=ifIMFsPLYNF1=NF1;}
else{NF1=if1IMFsPL;}

FD1=(NF1*VNF1+ZF1*VZF1+PF1*VPF1)/(NF1+ZF1+PF1);
if(FD1>0.8 && FS2==0 && FS3==0){FS1=1;}
else{FS1=0;}

// Fault SW2
dreff2=pow(Vin/Vref,1/3);
mFS2=2*mref;
dduty=Dout[t]-dreff2;
midmf2=milL1[t]/mFS2;
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// Check voltage membership function dtMFs, mf2MFs
if(dduty <= —I){dtMFsN=1;} / Check if dduty is in N interval
else if (dduty > Il && dduty <= —HH){dtMFsN=(dduty+HH)*(HH-II);}
else{dtMFsN=0;}
if(dduty <= —II){dtMFsZ=0;} / Check if dduty is in Z interval
else if (dduty > Il && dduty <= ~HH}{dtMFsZ=(dduty-+I1)*(ll-HH);}
else if (dduty > -HH && dduty <= HH){dtMFsZ=1;}
else if (dduty > HH && dduty <= I){dtMFsZ=(dduty-I}*(HH-II);}
else{dtMFsZ=0;}
if(dduty <= HH){dtMFsP=0;} / Check if dduty is in P interval
else if (dduty > HH && dduty <= IN{dtMFsP=(dduty—HH)*(Il-HH);}
else{dtMFsP=1;}
iflmidmf2 <= -KK){mf2MFsN=1;} / Check if midmf2 is in N interval
else if (Midmf2 > —KK && midmf2 <= —JJ{mf2MFsN=(midmf2+JJ)*(JJ-KK);}
else{mf2MFsN=0;}
iflmidmf2 <= -KK)Y{mf2MFsZ=0;} /Check if midmf2 is in Z interval
else if (midmf2 > KK && midmf2 <= —JJ)}{mf2MFsZ=(midmf2+KK)*(KK-JJ);}
else if (midmf2 > -JJ && midmf2 <= JJ)Y{mf2MFsZ=1;}
else if (midmf2 > JJ && midmf2 <= KK{mf2MFsZ=(midmf2-KK)*(JJ-KK);}
else{mf2MFsZ=0;}
iftmidmf2 <= JJ{mf2MFsP=0;} / Check if midmf2 is in P interval
else if (midmf2 > JJ && midmf2 <= KK}{mf2MFsP=(midmf2-JJ)*(KK-JJ);}
else{mf2MFsP=1;}
// Check Rule bases 1-9
if(dtMFsN>0){  / Rule bases 1-3 dtMFsN >0
if(mf2MFsN>0){ / 1st Rule base
if(dtMFsN<mf2MFsN){
if(ZF2>=dtMFsN)}{ZF2=7F2;}
else{ZF2=dtMFsN;}
Jelsef
if(ZF2>=mf2MFsN){ZF2=2F2;}
else{ZF2=mf2MFsN;}

}
iflmf2MFsZ>0){ / 2nd Rule base
if(dtMFsN<mf2MFsZ){
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if(NF2>=dtMFsN)Y{NF2=NF2;}
else{NF2=dtMFsN;}

Jelse{
if(NF2>=mf2MFsZ}{NF2=NF2;}
else{NF2=mf2MFsZ;}

}
if(mf2MFsP>0){ / 3rd Rule base
if(dtMFsN<mf2MFsP){
if(ZF2>=dtMFsN)Y{ZF2=7F2;}
else{ZF2=dtMFsN;}
Jelsef
if(ZF2>=mf2MFsP{ZF2=2F2;}
else{ZF2=mf2MFsP;}

}
if(dtMFsZ>0){  / Rule bases 4-6 dtMFsZ >0
if(mf2MFsN>0){ / 4th Rule base
if(dtMFsZ<mf2MFsN){
if(ZF2>=dtMFsZ)}{ZF2=27F2;}
else{ZF2=dtMFsZ;}
Jelsef
if(ZF2>=mf2MFsN){ZF2=2F2;}
else{ZF2=mf2MFsN;}

}
if(lmf2MFsZ>0)} / 5th Rule base
if[dtMFsZ<mf2MFsZ){
if(NF2>=dtMFsZ){NF2=NF2;}
else{NF2=dtMFsZ;}
Jelsef
if(NF2>=mf2MFsZ){NF2=NF2;}
else{NF2=mf2MFsZ;}
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if(mf2MFsP>0){ / 6th Rule base
if(dtMFsZ<mf2MFsP)
if(ZF2>=dtMFsZ)}{ZF2=7F2;}
else{ZF2=dtMFsZ;}
Jelsef
if(ZF2>=mf2MFsP){ZF2=2F2;}
else{ZF2=mf2MFsP;}

}
if(dtMFsP>0){  / Rule bases 7-9 dtMFsP >0
if(mf2MFsN>0){ / 7th Rule base
if(dtMFsP<mf2MFsN)
if(PF2>=dtMFsP)}{PF2=PF2;}
else{PF2=dtMFsP;}
Jelse{
if(PF2>=mf2MFsN){PF2=PF2;}
else{PF2=mf2MFsN;}

}
iflmf2MFsZ>0){ / 8th Rule base
if(dtMFsP<mf2MFsZ){
if(ZF2>=dtMFsP}{ZF2=27F2;}
else{ZF2=dtMFsP;}
Jelsef
if(ZF2>=mf2MFsZ}{ZF2=27F2;}
else{ZF2=mf2MFsZ;}

}
iflmf2MFsP>0){ / 9th Rule base
if(dtMFsP<mf2MFsP){
if(PF2>=dtMFsP)}{PF2=PF2;}
else{PF2=dtMFsP;}
Jelse{
if(PF2>=mf2MFsP){PF2=PF2;}
else{PF2=mf2MFsP;}
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}
deltaFD2=(NF2*VNF2+ZF2*VZF2+PF2*VPF2)/(NF2+ZF2+PF2);
FD2=FD2+deltaFD2;

if(FD2 < 0){FD2=0;}

if(FD2/FLD2 > 1 && FS1==0 && FS3==0){FS2=1;}
else{FS2=0;}

// Fault SW3

dv3ref=—Vref/(Rload*C);

ddv3ref=Vref/((Rload*C)*(Rload*C));

for(im=0; im< 10-1; im++){vC3[im]=vC3[im+11;}

vC3[10-1] = Volt];

dv3=(Vo[t]-vC3[0)/(dtT/10);

for(in=0; in< 10-1; in++){difvC3[in]=difvC3[in+11;}

difvC3[10-1]=dv3;

ddv3=(difvC3[10-1]-difvC3[0DA(dtT/10);

dv3in=dv3/dv3ref;

ddv3in=ddv3/ddv3ref;

// Check voltage membership function dv3MFs, ddv3MFs

if(dv3in <= LL){dv3MFsPS=1;} / Check if dv3in is in PS interval
else if (dv3in > LL && dv3in <= MM){dv3MFsPS=(dv3in—MM)*(LL-MM);}
else{dv3MFsPS=0;}

if(dv3in <= LL){dv3MFsPM=0;} / Check if dv3in is in PM interval
else if (dv3in > LL && dv3in <= MM){dv3MFsPM=(dv3in-LL)*(MM-LL);}
else if (dv3in > MM && dv3in <= NN){dv3MFsPM=1;}

else if (dv3in > NN && dv3in <= OO){dv3MFsPM=(dv3in-O0)*(NN-OO):}
else{dv3MFsPM=0;}

if(dv3in <= NN)X{dv3MFsPL=0;} / Check if dv3in is in PL interval
else if (dv3in > NN && dv3in <= OO)}dv3MFsPL=(dv3in-NN)*(OO-NN);}
else{dv3MFsPL=1;}

iflddv3in <= PP){ddv3MFsPS=1;} / Check if dv3in is in PS interval
else if (ddv3in > PP && ddv3in <= QQ){ddv3MFsPS=(ddv3in-QQ)*(PP-QQ);}
else{ddv3MFsPS=0;}

iflddv3in <= PP){ddv3MFsPM=0;} / Check if dv3in is in PM interval
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else if (ddv3in > PP && ddv3in <= QQ)}{ddv3MFsPM=(ddv3in-PP)*(QQ-PP);}
else if (ddv3in > QQ && ddv3in <= RR)}{ddv3MFsPM=1;}

else if (ddv3in > RR && ddv3in <= SS}{ddv3MFsPM=(ddv3in-SS)*(RR-SS);}
else{ddv3MFsPM=0;}

if(ddv3in <= RR)}{ddv3MFsPL=0;} / Check if dv3in is in PL interval

else if (ddv3in > RR && ddv3in <= SS{ddv3MFsPL=(ddv3in-RR)*(SS-RR);}
else{ddv3MFsPL=1;}

// Check Rule bases 1-9
if(dv3MFsPS>0){ / Rule bases 1-3 dv3MFsPS >0
if(ddv3MFsPS>0) / 1st Rule base
if(dv3MFsPS<ddv3MFsPS)
if(NF3>=dv3MFsPSHNF3=NF3;}
else{NF3=dv3MFsPS;}
Jelse{
if(NF3>=ddv3MFsPSHNF3=NF3;}
else{NF3=ddv3MFsPS;}

}
if(ddv3MFsPM>0) / 2nd Rule base
if[dv3MFsPS<ddv3MFsPMX
if(NF3>=dv3MFsPS)YNF3=NF3;}
else{NF3=dv3MFsPS;}

Jelse{
if(NF3>=ddv3MFsPM){NF3=NF3;}
else{NF3=ddv3MFsPM;}
}
}
if(ddv3MFsPL>0) / 3rd Rule base

if(dv3MFsPS<ddv3MFsPL)
if(NF3>=dv3MFsPSYNF3=NF3;}
else{NF3=dv3MFsPS;}

Jelse{
if(NF3>=ddv3MFsPLYNF3=NF3;}
else{NF3=ddv3MFsPL;}
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}
if(dv3MFsPM>0){ / Rule bases 4-6 dv3MFsPM >0

if(ddv3MFsPS>0){ / 4th Rule base
if(dv3MFsPM<ddv3MFsPS)Y
if(ZF3>=dv3MFsPM}{ZF3=7F3;}
else{ZF3=dv3MFsPM;}

Jelsef
if(ZF3>=ddv3MFsPS{ZF3=7F3;}
else{ZF3=ddv3MFsPS;}
}
}
if(ddv3MFsPM>0) / 5th Rule base

if(dv3MFsPM<ddv3MFsPM)
if(PF3>=dv3MFsPM){PF3=PF3;}
else{PF3=dv3MFsPM;}

Jelse{
if(PF3>=ddv3MFsPM){PF3=PF3;}
else{PF3=ddv3MFsPM;}
}
}
if(ddv3MFsPL>0){ / 6th Rule base

if(dv3MFsPM<ddv3MFsPL)
if(ZF3>=dv3MFsPM}{ZF3=7F3;}
else{ZF3=dv3MFsPM;}

Jelsef
if(ZF3>=ddv3MFsPL{ZF3=7F3;}
else{ZF3=ddv3MFsPL;}

}
if(dv3MFsPL>0){ / Rule bases 7-9 dv3MFsPL >0
if(ddv3MFsPS>0) / Tth Rule base
if(dv3MFsPL<ddv3MFsPS)
if(NF3>=dv3MFsPL)YNF3=NF3;}
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else{NF3=dv3MFsPL;}

Jelsef
if(NF3>=ddv3MFsPSHNF3=NF3;}
else{NF3=ddv3MFsPS;}

}
if(ddv3MFsPM>0) / 8th Rule base
if(dv3MFsPL<ddv3MFsPM){
if(NF3>=dv3MFsPL)YNF3=NF3;}
else{NF3=dv3MFsPL;}

Jelse{
if(NF3>=ddv3MFsPM){NF3=NF3;}
else{NF3=ddv3MFsPM;}
}
}
if(ddv3MFsPL>0) / 9th Rule base

if(dv3MFsPL<ddv3MFsPL)
if(NF3>=dv3MFsPLYNF3=NF3;}
else{NF3=dv3MFsPL;}

Jelsef
if(NF3>=ddv3MFsPLYNF3=NF3;}
else{NF3=ddv3MFsPL;}

}
deltaFD3=(NF3*VNF3+ZF3*VZF3+PF3*VPF3)/(NF3+ZF3+PF3);
FD3=FD3+deltaFD3,;

if(FD3 < 0){FD3=0;}

if(FD3/FLD3 > 1 && FS1==0 && FS2==0){FS3=1;}
else{FS3=0;}

FDSW1[t]=FS1, FDSW2[t]=FS2, FDSW3[t]=FS3;

Jreturn;
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Abstract— This paper presents a new method of fuzzy
controller designed for the boost converter. The proposed
method can regulate not only the output voltage but also the
input current in transient and steady-state responses. By reason
of no requirement of a precise mathematical model, the fuzzy
logic controller is designed. However, the knowledge and
experience of the boost converter behavior are needed. The
proposed fuzzy logic control technique is relied on two input
membership functions consisting of the output voltage error and
the slope of the current flowing through the inductor. One
output membership function is a change of duty cycle. The
system output has a linguistic association with the system inputs
with the fuzzy rules. The appropriate duty cycle is generated for
an active power switch. In order to evaluate the effectiveness of
the proposed method, the simulation results demonstrate the
performances of the proposed method in terms of effective
output voltage regulation under various operating conditions.

Keywords—fuzzy logic controller, boost converter, duty cycle,
current slope

1. INTRODUCTION

The DC-DC converters have been recently heightened as a
consequence of their applicability in the exploitation of
renewable energy sources, such as wind turbines, fuel cells, and
photovoltaic (PV). However, most of the renewable energy
resources provide the uncertainty of generated power due to
environmental conditions. Therefore, the appropriate control
technique needs to be taken into consideration for output voltage
regulation. The boost converter is employed to step up the input
voltage froma low level to a desired high level of output voltage.

In the previous decades, many researches have been
performed to accomplish all aforementioned. It turns out that
many types of controllers have been indicated such as analog
integrated circuit technology DC/DC converter and control
design techniques in linear system. In earlier days the PI and
PID controllers [1], predictive controller [2], and sliding-mode
controller [3] have been achieving attentiveness due to their
ability to deal with uncertain conditions. However, an accurate
mathematical model is required for these control design
procedures to earn appropriate performance. The fuzzy logic
controller is a perfect method approach to control such
nonlinear systems. It becomes one of the intelligent controllers
because the precise mathematical model is unnecessary for
this method. Nevertheless, the enlightenment of converter
behavior and expressing control rules in human language are
needed for fuzzy controller design.

Research on the fuzzy logic controller for the boost
converter has been carried out extensively [4-6]. The output
voltage error and the change of output voltage error are
considered as input variables in the fuzzy logic system. The
results demonstrated that the output voltage has been
regulated [4]. However, an overshoot in the transient response
of the current passing through inductor still occurs. This paper
proposes the new method of the fuzzy control design for the
boost converter. It is designed to control the output voltage

and the input current flowing through the inductor. The
proposed control technique is relied on two input membership
functions consisting of the output voltage error and the slope
of the inductor current. The change of duty cycle is an output
membership function. The duty cycle is generated properly for
the power switch of the boost converter. The simulation
results show satisfactory system performance under various
operating conditions, comprising of the variations in the
reference voltage, the input voltage, and load resistance.

II. CONVENTIONAL BOOST CONVERTER

The conventional boost converter is a DC-DC power
converter which an output voltage is greater than its input
voltage in a steady-state response. The conventional boost
converter configuration is presented in Figure 1. The boost
converter basically contains a diode ( D ), an active power
switch ( § ) that divides the circuit into two modes of ON and
OFF, capacitor ( C ), inductor ( L ), and load resistor (R ).
Evidently, the boost converter can operate in both continuous
conduction mode (CCM) and discontinuous conduction mode
(DCM). In this paper the boost converter operating in
continuous conduction mode is considered. Therefore, the
conversion volage ratio can be expressed as (1)

mMpy=te-_1_ M
V. 1-D

im

[+ ]

Vin S ¢

Fig. 1. The conventional boost converter configuration.

III. Fuzzy CONTROLLER DESIGN

Figure 2 presents the structure of the fuzzy logic
controller. There are three important stages in fuzzy logic
controller, consisting of fuzzification, aggregation, and
defuzzification. Numerical input variables are transferred into
a membership function at the beginning of the fuzzification
process. The output of the system has linguistic relationships
with the inputs. The output of each rule is a fuzzy set, and
these associations are referred to as fuzzy rules. These rules
are implemented in order to obtain the proper output. The
aggregation is the process of combining the input fuzzy sets
of each rule to produce an output fuzzy set. Finally, the
defuzzification is the procedure that the fuzzy set is transferred
to a crisp output.

Aggregation and

| Defuzzificati
Fuzzy Rules e

Fuzzification

Fig. 2. The structure of fuzzy logic controller.

The 2022 International Electrical Engineering Congress (IEECON2022), March 9 - 11, 2022, Khon Kaen, THAILAND

978-1-6654-0206-4/22/$31.00 ©2022 IEEE

Authorized licensed use limited to: Suranaree University of Technology provided by UniNet. Downloaded on January 04,2023 at 09:16:36 UTC from IEEE Xplore. Restrictions apply.




284

The boost converter control structure collaborated with the
fuzzy logic controller is shown in Figure 3. The proposed
fuzzy controller consists of two inputs and one output. The
inputs of the controller are the output voltage error (A7 ) and
the slope of the inductor current ( 7z ). The output of the
controller is a change of duty cycle ( AD ). The design of
proposed fuzzy controller is described as follows.

Logic
Control

Fig. 3. The proposed fuzzy controller for the boost converter.

A. The inputs of fuzzy logic controller

The first input of the proposed fuzzy controller is the
output voltage error (A7 ) which can be determined by the
difference between the reference voltage ( 7er ) and the output
voltage (70 ), as (2).

AV =V, -V, ®

Before the output voltage error is converted into the
fuzzification, it was divided by the reference voltage (7ier )
into an appropriate scale. This step is called voltage error
normalization.

The slope of the current flowing through the inductor
(mz) is also considered as the input of the presented fuzzy
controller. The slope of the inductor current can be expressed
as (3) and the current error can be calculated by (4). Figure 4
shows the current slope explanation.

Al
mlL:A_rL 3)
AL (1) =1,(0)— 1, (t— Ar) *
) |
;l — " J’l
: At

0 005 01 015
Time (s)

Fig. 4. The current slope calculation.

The change of time ( A7 ) must be greater than the
switching period (7s) because the input current slope (mz )

directly varies with switching frequency ( £ ). The current
slope is divided by the reference slope (mrer ) to generate an
appropriate value, sending to fuzzy controller. This step is
called slope normalization. The reference slope ( mrer ) can be
determined by using boost converter response. The inductor
current at steady-state ( /z.ss ) and the desired settling time
(s ), as shown in Figure 5, are employed to calculate the
reference slope, as expressed in (5).

1LiA)

: I

13
0 005 01 018 02
Time (s)

Fig. 5. The reference current slope calculation.

55 5)

B. The fizzy logic controller

Numerical input variables are transferred into a
membership function under the fuzzification process. The
symmetric trapezoidal and triangular fuzzy-set values are
considered into five linguistic values comprised of negative
large (NL), negative medium (NM), zero (Z), positive
medium (PM), and positive large (PL). Each membership
function interval is defined by the behavior investigation of
the boost converter. The membership functions of the output
voltage error (A7 ) and the current slope (mz ) are shown in
Figures 6 and 7, respectively.

NL NM z PM PL

-0.5 025 0 025 0.5

Fig. 6. The output voltage error membership function (AV" ).

NL M z PM PL

0

Fig. 7. The input current slope membership function (mz ).

The aggregation is the process of combining the input
fuzzy sets of each rule to produce an output fuzzy set, which
is defined by the rule bases in the form IF-THEN as shown in
Table 1. The rule bases are the most essential part of the
control decision, which is obtained by intense system
observation. As can be seen in Table I, the 25 rules are
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generated by the consideration of boost converter behaviors
under different operations. By defining the appropriate rules,
the proper duty cycle can be generated for the boost converter,
resulting in satisfactory performance of the converter.

TABLEL RULE BASES OF FUZZY LOGIC CONTROLLER

my \AV NL NM z PM PL

NL PL PM PM PL PL
NM z Z E PM PL

z NL NM z PM PL
PM NL NM [ NM Z Z

PL NL NL NM NM NL

The aggregation can be divided into three important cases
by considering the membership function of the output voltage
error, which are described as follows.

1) The output voltage error (A7 ) is in a set of PM or PL:
It means that the measured output voltage is less than the
reference voltage. Hence, The fuzzy logic controller
generates suitable change of duty cycle to maintain the
inductor current slope as the reference slope (mz = myey) in
order to raise the output voltage.

2) The output voltage error (A7 ) is in a set of Z: In this
case the measured output voltage is approximately equal to
the reference voltage. Hence, The fuzzy logic controller
generates no change of duty cycle to obtain the inductor
current slope of zero (mz = 0) in order to keep the output
voltage equal to the reference voltage.

3) The output voltage error (A7 ) is in a set of NM or NL:
In this situation the measured output voltage is greater than the
reference voltage. Hence, the fuzzy logic controller generates an
appropriate change of duty cycle to maintain the inductor
current slope equals to the negative reference slope (mz = -miye).
In this case the output voltage should be decreased.

As can be seen the rule bases shown in Table L if A¥is Z and
my isZ, thenAD is Z. Inthis case it implies that the output voltage
is controlled at the desired level. No change in duty cycle is needed.
For the defuzzification process the Sugeno fuzzy inference is used
to obtain the change of duty cycle as shown in (6).

N
2y,
-1

AD =1 (6)

N

du,

i=1

Where AD is the change of duty cycle.

y; is the output from each rule.
u; is each output membership function value.
N is the number of rules.

At the defuzzification stage by using Sugeno fuzzy
inference, the fuzzy logic controller output is defined as a
change of duty cycle (AD ). Five singleton linguistic values,
consisting of negative large (NL), negative medium (NM),
zero (Z), positive medium (PM), and positive large (PL) are
determined for output membership function, as shown in

Figure 8. The appropriate duty cycle ( D ) for the power switch
of the boost converter is generated to regulate the output
voltage at the desired level.

5 NL NM z PM PL

005 002 0 0.02 0.05

Fig. 8. The change of duty cycle membership function (AD ).

C. The output of fizzy logic controller

The change of duty cycle (AD) is obtained by the
defuzzification. Therefore, the converter performance relied on
the duty cycle generation. The duty cycle (D) can be calculated
by (7). The switching signal for the power switch is generated by
using pulse width modulation technique, as shown in Figure 9.

D, =D, ,+AD, (M

[+ toy =% 1,=DT >
— T=topt tpy —>

Fig. 9. Switch control signal.

IV. SIMULATION RESULTS

The boost converter with the designed fuzzy logic
controller, as shown in Figure 3, is simulated by the MATLAB
SIMULINK program. The capacitor and inductor are
designed in order to provide small ripples of the output voltage
across the capacitor and the inductor current. The inductor
L=15mH and the capacitor ¢=500uF are chosen. The load
resistance R=25Q and the switching frequency f=10kHz
are employed to investigate the performance of the proposed
fuzzy logic controller for the boost converter.

To demonstrate the effectiveness of the provided fuzzy logic
controller, the simulation results under various operating
conditions are considered. Figure 10 shows the obtained results
where the reference output voltages are 50V, 40V, and 60V at
the time of t = 0s, t = 0.5s and t = 1s, respectively. The input
voltage of 20V is constantly supplied to the boost converter. As
can be seen in the simulated results, the boost converter with the
designed fuzzy controller can rapidly regulate the output voltage
at the desired level without overshoot under reference output
voltage variations. The current flowing through inductor is also
controlled at the constant levels of 5A, 3.2A and 7.2A, when the
reference output voltages are changed to 50V, 40V and 60V,
respectively. It is seen that the proposed fuzzy logic controller
takes approximately 0.1s to settle the output voltage at the
desired levels. Therefore, the boost converter with the proposed
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fuzzy controller achieves satisfactory performance under both
transient and steady-state operations.
Vg =0V e V=0V V=60V

75

0 05 1 15
Time (s)

Fig. 10. Simulation results for the reference voltage vanations.

V=15V +

AN

Vin=30V —— Vin=25 V——|

78’

0 05 1 15

1L (A)
= = B

-

Time (s)

Fig. 11. Simulation results for the input voltage variations.

o Ruai =25 0——d—— Riaas =150 ——f—— Riy =300 ——

50 r

Yo (V)

Time (5)

Fig. 12. Simulation results for load resistance variations

Figure 11 demonstrates the input current and the output
voltage of the boost converter under input voltage variations.
The reference output voltage of 50V is commanded. At the
beginning, the input voltage of 15V is supplied to the
converter. It is appeared that the output voltage reaches the
reference level about 0.1s and the input current is constant at
approximately 6.67A. After that at the time t= 0.5s and 1s the
input supply is changed to 30V and 25V, respectively. As can
be seen in the simulated results, the output voltage remains
constant at 50V in the steady-state.

The simulation results under different load resistors of
25Q, 15Q, and 30Q are shown in Figure 12. The reference
voltage of 50V is still required for the load. At t = 0s the
converter operates with the load resistance of 25Q. The
obtained output voltage is regulated at the desired level. Then,
the load resistance is changed to15Q, and 30Q at the time
t = 0.5s and ls, respectively. It is seen that the overshoot
occurs in a short time at transient state. Afterward, the output
voltage is remained at the level of 50V.

V. CONCLUTION

This paper presents a new method of fuzzy controller
design for the boost converter. The input variables are the
output voltage error and the slope of the current flowing
through the input inductor. The input membership functions
are defined into the proper symmetric trapezoidal and
triangular shapes whereas the output membership function is
singleton fuzzy-set values. Moreover, the appropriate base
rules are described to generate the suitable change of duty
cycle. The switching signal with the proper duty cycle is
obtained for the power switch of the boost converter. The
simulation results demonstrate good performances of the proposed
fuzzy controller to achieve output voltage regulation under various
operating conditions in both transient and steady states.
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Abstract—Control performance is the ability of a control system
to attain the required system dynamic responses. This paper proposes
comparative analysis between the suggested fuzzy controller based on
input current slope and the PI controller for a two-stage cascaded
boost converter. In an effort to accomplish the effectiveness of all
above objectives, the si ion results rate the performances
in terms of proficient regulation of output voltage under alteration in
the system operations. In the identical simulated scenarios, the fuzzy
controller outperforms the PI controller in terms of system
performance.

Keywords—itwo-stage cascaded boost converter, PI controller,
Juzzy controller, current slope.

I. INTRODUCTION

In the previous decades, the exploiting renewable energy sources
plays an important role in economic efficiency improvement.
Currently, the renewable energy sources are solar modules, wind
turbines, hydro energy, biomass energy and geothermal energy.
However, these renewable energy sources provide precariousness of
generated power due to the environment conditions, especially solar
energy. Photovoltaic (PV) provides not only variability of generated
power but also low voltage. Therefore, the DC-DC converters with
appropriate control technique have been proposed to accomplish the
aforementioned issues and ameliorate output voltage stability,
especially when uncertainty of the voltage source and the power load
occurs.

The traditional boost converter has been widely used to increase
the voltage source from a low level to the desired higher levels of
output voltage. Unfortunately, the boost converter conversion volage
ratio is limited due to circuit structure. To increase the conversion
volage ratio, the cascaded connection of the converters is determined
as two-stage cascaded boost converter [1].

The PI controller is the most commonly used in order to achieve
all of the above features. However, its design requires an accurate
converter mathematical model, which is hard to achieve for a
complicated converter topology. In addition, PI controller has low
capability to manage with uncertain conditions for nonlinear
systems. On the contrary, fuzzy controller have also been developed
by several researchers for DC-DC converter systems [2-5]. Because
this strategy does not necessitate an exact mathematical model, the
fuzzy controller is one of the intelligent controllers. Nevertheless, the
converter behavior perception which is obtained from the trial-and-
error tuning procedure is used to consider control rules in human
decision. The output voltage is employed as the input of the fuzzy
controller design for the boost converter [2-3]. Then, the converter
output voltage is compared with the commanded voltage, generating
the error of output voltage. However, this fuzzy design method
cannot cover for all changing operation points when uncertainty
occurs. Therefore, researchers consider the current passing through
inductor as the fuzzy controller input including with output voltage
[4-5]. The obtained results show the system performance exceeding
expectations for all operating conditions in both transient and steady
states.

978-1-6654-6019-4/22/$31.00 ©2022 IEEE

The comparative analysis of the proposed fuzzy controller based
on input current slope and the PI controller for two-stage cascaded
boost converter will be presented and discussed. The systems operate
under different simulation situations, containing of the alterations in
the load resistance, the input voltage fed the converter and the
reference voltage.

II. TwWO-STAGE CASCADED BOOST CONVERTER

L D, L, D,
iy l 4+ i & +
| A \ S G T"a \ s G /I\ v R :: Vo
Fig. 1. Two-stage cascaded boost converter.

The two-stage cascaded boost converter is presented in Figure 1.
1t raises a low level of voltage source to the appropriate output
voltage at the higher levels. The conversion voltage gain (/) can be
attained by considering the switching-mode operations [6].
Therefore, the conversion volage ratio of a considered two-stage
cascaded boost converter is represented as (1). where V; is the
voltage source and ¥, is the output voltage. D is the duty cycle for
both power switches.

S, O )

e By

¥, (l-D)
This paper considers the two-stage cascaded boost converter,
operating in continuous conduction mode (CCM). However, this
power converter can operate in discontimous conduction mode
(DCM) as well The two-stage cascaded boost converter is
fundamentally composed of two power switches (S}, S>), inductors
(L1, Ly), diodes (Dj, D»), capacitors (Cy, C»), and load resistor (R).
These capacitors and inductors are designed aiming to minimize the
ripples of currents passing through both inductors and output voltage
across the load.

bl

III. THE PROPOSED FUzzZy CONTROLLER DESIGN

Fuzzy
| Controller

The fuzzy controller structure.

Fig.2.

There are three essential fuzzy controller stages, consisting of
fuzzification, fuzzy inference, and defuizzification as shown in Figure
2. Fuzzification is the beginning process which transfers the input
variable into a fuzzier set. Afterward, the technique of employing
fuzzy logic to map an actual input to an output is known as fuzzy
inference. This process offers a foundation on which patterns can be
found. All the components that are discussed in membership
functions, logical operations, and if-then rules have been used in the
procedure of fuzzy inference. Eventually, Fuzzy set is converted into
a crisp output which is called defuzzification.
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Figure 3 depicts the converter structure together with the
proposed fuzzy controller. The suggested fuzzy controller output is
the change of duty cycle (AD) whereas the output voltage error (A¥)
and current slope, passing through 1% inductor (mg;) are inputs for
fuzzification procedure. The design of proposed controller will be
explained as follows.

———————————————— I v |
11 |
] |
Fuzzy Logic Duty Cyde D| pwum }
Control [ Generaton [ | Generain |
1|
Topats || ___ FC, . ____ Ouput]

Fig. 3. Two-stage cascaded boost converter with fuzzy controller

A. The inputs and output of suggested fuzzy controller

It is capable of determining the output voltage error (A¥), which
is based on the difference between the measured output voltage (V)
and the reference voltage (¥;«), as shown in (2). This is initial input
for the suggested fuzzy controller.

V=V, @

Equation 3 allows for the calculation of the current slope (mz1)
by employing the 1¥ inductor current. It is the second input that is
based on the difference in current, which is delayed and divided by
the change of time (Af). Due to the direct relationship between
switching frequency (f) and the current slope, the change of time (A7)
is necessary to be larger than the period of switching.

zfu(’)_izx(’_m) 3)
At

The first input is divided by the reference voltage (¥;¢) and the
second input is also divided by the reference slope () for the
normalization. These inputs are converted into an appropriate scale
for the fuzzification process.

From the enlightenment of boost converter behavior. the
reference slope (1) can be obtained by using ripple current of the
first inductor (Aiz;) as can be expressed as (4).

Dy, 4
207L,

The suggested fuzzy controller output is a change of duty cycle
(AD), which is produced by defuzzification process. Then, the duty
cycle generation is depended on the converter performance. The duty
cycle (D) can be obtained by (5). The switching signals for both
power switches are produced by using pulse width modulation
method as depicted in Figure 4.

PWM |

| |
-ty =>4 1,=DT >

My,

P Al
2At

Triangle wave signal

Duty cycle signal

1 7

t

Fig. 4. Switching signal from pulse width modulation method.

D,=D

n-1

+AD, ®)

B. The suggested fiizzy controller

Fuzzfication is the beginning process which transfer the input
variable into a fuzzier set. For the output voltage error (A¥), three
linguistic values are constructed from the symmetric triangular and
trapezoidal fuzzy-sets, named negative (N), zero (Z), and positive
(P). Moreover, negative big (NB), negative medium (NM), zero (Z),
positive medium (PM), and positive big (PB) are five linguistic
values for the current slope (my;) of the first inductor current. The
proper membership functions, presented in Figures 5 and 6, are
generated by the investigation of the converter behaviors.

1 N Z »
0
-0.5 0 0.5
Fig. 5. The output voltage error membership function (A7 ¥¢.
i NB NM Z PM PB
0
-2 -1 0 1 2
Fig. 6. The current slope membership finction (m:/mt,).

Using fuzzy logic to convert an input into an output is known as
fuzzy inference. The platform for decision-making is provided by the
mapping and the identification of trends. The fuzzy inference process
has made by the use of every element appropriately covered in
membership functions, logical operations, and If-Then rules as the
following.

IF|AV/ AV | AND | ™2/ e AIM | THEN(AD=WAD)
¥y My

where AIV and AIM refer to any interval membership function of
output voltage error (AV/¥¢) and the current slope that passing
through 1st inductor (mizi/mye), respectively. WAD is the weighted
average of the change of duty cycle.

In the defuzzification process, the change in duty cycle (D) is
considered as the suggested fuzzy controller output by using Sugeno
fuzzy inference. As indicated in Figure 7, the output membership
function is determined by employing five singleton linguistic values.
This output membership function is designed based on the converter
behaviors. In order to maintain the output voltage at the desired level,
the proper duty cycle (D) is created for both power switches of the
two-stage cascaded boost converter.

NB NM z PM PB
1

-0.04

The change of duty cycle membership finction (AD).

-0.02 0 0.02  0.04

Fig. 7.
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The most crucial component of the control decision, which is
gained by classifier observation, is the rule bases. By employing the
converter behaviors under various operations the 15 relevant rules
are generated as shown in Table I It is possible to obtain the optimal
duty cycle for the converter, which will lead to satisfactory converter
performance.

TABLE L RULE BASE TO GENERATE FUZZY RULES
MiL1/ Meef
NB NM z PM PB
AV/ Ve .
PM b4 NM NB NB
PB PM V4 NM NB
i PB PB PM Z NM

By taking into consideration the output voltage error
membership function (AV/ Vig), Table I is separated into three
significant cases. In these situations, it is implied that the fuzzy
controller provides a proper change of duty cycle (AD) in order to
maintain the output voltage at the specified level. These three
significant cases can be explained as below.

Firstly, the output voltage error (A¥) is under the set of P interval
It denotes that the difference between the command voltage and the
actual output voltage is positive. The output voltage should be
increased in order to retain the current slope closed to the reference
slope (mzs=mi). Therefore, the change of duty cycle must be
increased.

Secondly, the output voltage error (A¥) is in the Z interval. It
means that the actual output voltage in this case is almost identical to
the reference value. To obtain a zero value of inductor current slope
(mgz=0), the output voltage should be preserved at the required level.
Thus, the change of duty cycle should be no change.

Thirdly, the output voltage error (A¥) is under the interval of set
N. The actual output voltage in this instance is higher than the desired
value. The inductor current slope would therefore be maintained by
the fuzzy controller to be equal to the negative reference slope
(mi1=-my). In this case, the output voltage needs to be reduced by
decreasing the change of duty cycle.

IV. PI CONTROLLER DESIGN

Two-stage cascaded boost converter with PI controller.

The converter structure based on PI controller shows in Figure 8,
consisting of voltage and current loops with PWM generation. The
PI controller design is described as [7]. The parameter gains of PI
controller are designed by considering the two-stage cascaded boost
converter as the traditional boost converter. Figure 9 illustrates that
the inductor (Lp) and capacitor (Cp2) can be estimated by the
combination of the components in two-stage cascaded boost
converter as the boost converter topology.

v, \ s CHT R 3: Vo

Comparing the two-stage cascaded boost converter to the
traditional boost converter topology.

The parameter gains for the PI controller can be designed as

Fig. 9

K, =2{w,(C,+C,)-1R (6)
K, =& (C,+G) (7
K, =200, (L,+L,)/V, (®)
K=, (L+L)/[7. ®

where @), and @), are the voltage loop and current loop natural
frequencies, respectively, and ¢ is the damping ratio.

V. SIMULATION RESULTS

The simulation of considered systems are carried by the
MATLAB SIMULINK platform. The inductors (L~L,) are 20mH
and the capacitors (C/=C>) are S00uF. The load (R) is 75Q and the
switching frequency is 20kHz. The input voltage V=20V and the
desired output voltage V=150V are chosen.

The two-stage cascaded boost converter behavior was intensely
examined for a suitable design of proposed controller. Input and
output membership functions are not only the proper symmetric
shapes with their intervals but also appropriate base rules. The
reference slope of 80A/s is chosen for the proposed fuzzy controller.

The control parameter gains of PI controller are designed as
K,»~0.012, Ky=0.178, K,=5.07 and K;=3555.56, respectively.

The simulated results are used to clarify the converter
performance under various scenarios of system operations. The
effectiveness of the proposed fuzzy controller in comparison with the
PI controller is taken into consideration.

f—— Rea=50 Jr Rie=100Q s Ruu=30Q
150 fo— =
- 4 —\C-Fuzzy
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2 1P
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o
28
(=——ik2-Fuzzy
f—i2pt
20 {—1L1-Fuzzy]
—wim
=1
z — . —
= P o B e i~
= 10—/
5 ?,7—“
o

Time ()

Fig. 10. Converter per under al
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The simulation results under various load resistor are shown in
Figure 10. The load resistance is varied as 75€2, 100Q and 80C2 at
the time t = Os, 5s, and 10s, respectively. To accommodate the
performance comparison from both controllers a command voltage
of 150V is desired. The voltages across the capacitors, Ci and C>, are
monitored. The currents passing through both inductors, Z; and Ly,
are also considered. It is seen that when the load changes the
overshoot and undershoot appear in the transient state for both PI and
the proposed fuzzy controllers. However, it is obviously seen that in
steady-state operations, the suggested fuzzy controller can rapidly
regulate the output voltage at the commanded level of 150V.

V=25V

f—— =20 +

V=175V

150 b
, [ - =

—iL1-Fuzzy,
— ]

Time (s)

Converter performance under alterations of the voltage source.

Fig 11

The two-stage cascaded boost converter performance
under varying voltage source conditions is shown in Figure
11. It is specified to use load resistors of 75Q and a
reference output voltage of 150V. The converter is first
supplied with a voltage source of 20V. As can be observed,
the output voltage obtained from the proposed fuzzy
controller reaches the reference level in about 1 second,
whereas the PI controller initially takes about 3 seconds.
The input current is maintained at the constant level of 15A
in steady state for both controllers. After that, the voltage
source of 25V and 17.5V is supplied to the converter at the
times t = 5s and 10s, respectively. In the steady-state, the
output voltage stays at 150V although the voltage source is
changed. To compare the performance of both controllers in
presence of voltage source alterations, the suggest fuzzy
controller can accomplish the better performance than the PI
controller, especially under transient operating conditions.

Figure 12 shows the simulation results obtained from the
various reference output voltage. The two-stage cascaded
boost converter is supplied by the voltage source of 20V
with the load resistance of 75Q. The reference output
voltages of 150V, 175V and 125V are taken into
consideration at the times t = 0s, 5s, and 10s, respectively.
The simulated results show that the converter with the
aforementioned controllers can quickly maintain the output
voltage at the required levels without overshooting under
alterations in the command output voltage. When the
command output voltages are altered, the currents passing
through both inductors are also regulated in the steady
situation. The obtained results shown that the proposed
fuzzy controller provides fast response to regulate the output
voltage at the required levels.

— V,4=15‘7\'—4l-— V=115V s =125V
200} 1 i

175
150
~ 125

Clm

0 s 0 15
Time ()

Fig. 12. under al of the refe
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VI. CONCLUSION

The fuzzy controller based on input current slope has been
presented in this paper in order to compare with the PI controller for
the two-stage cascaded boost converter. The converter performance
in transient and steady states is considered under the alterations in
operations. The simulated results of converter performance
associated with the variations of resistance of load, voltage source
and reference voltage show the effectiveness of the suggested fuzzy
controller to regulate the output voltage at the required levels for the
two-stage cascaded boost converter. The satisfactory performance
with fast recovery can also success when the converter operates in
different situations. It can be concluded that for all considered
operating situations, the suggested fuzzy controller can archive the
better converter performance in both transient and steady states than
the PI controller.
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Abstract— The reliability of the converter system is often reduced
by power switch failures. Therefore, converter systems currently need
fast switch fault detection and precise switch identification. The approach
for the fault detection method for a boost converter based on fuzzy logic,
suffering an open-circuit switch fault. The suggested fault detection
technique considers the converter behavior investigation, especially the
input current slope, when operating in both healthy and faulty states.
Moreover, the fuzzy controller is applied to boost converter, which is
supplied by a renewable energy source. The simulated results are
presented in order to demonstrate the reliability of the suggested fault
detection technique under various scenarios.

Keywords— open-circuit switch fault, fuzzy logic, fault
detection, fuzzy control, current slope, boost converter

I. INTRODUCTION

Recently, the requirement for harvesting techniques for
alternative energy, such as photovoltaics, wind, and fuel cells, has
been rising exponentially. The development of alternate energy
generation methods has received substantial attention. However, the
unpredictable and low-voltage power output of renewable energy
sources are drawbacks, particularly for wind and solar systems.
Therefore, the use of a step-up DC-DC converter with appropriate
controller has increased to boost a low-level voltage source to the
proper output voltage at steadily higher levels, applying for many
applications such electric vehicles and motor drives.

Any system components, especially the converter, could fail. The
component that is most susceptible to failure is a converter switch.
21% of all power converter failures are switching errors caused by
semiconductor problems [1]. Either short-circuit faults (SCF) or open-
circuit faults (OCF) may be present in these faults. These defects can
happen fora number of causes, such as erroneous gate voltage, wiring
problems brought on by thermal cycling, and driver failures. It is
important to remember that OCF might occasionally result from a
gate malfunction or SCF. Fast fuses are often wired in series with the
switches to guarantee service continuity during a SCF. By adding a
switch to the circuit in series with the circuit, the short circuit mayalso
be broken. As a result, after the shortcut is cut, an SCF might become
an OCF.

In the past few years, many researchers have suggested the switch
diagnostic method for DC-DC converters. Essentially, [2] shows the
open and short-circuit converter fault detection method for DC-DC
converters. It relies on continuous monitoring of the slope of the
inductor current, whose rapid changes provide important information
for fault diagnosis. In [3], an open-circuit fault detector is suggested
based on a comparison between duty cycle and inductor current slope
for hybrid electric vehicles. Also, multimode bidirectional DC-DC
converter is used for transmission. Therefore, a fast diagnosis method
should be prepared for converters in reliability studies of photovoltaic
systens. Fuzzy logic systens become one of the technical skills
because fuzzy design needs to come with behavior function and
express control from human perspective. The application of fuzzy-
based error detection decision making methods has been extensively

979-8-3503-8359-1/24/$31.00 ©2024 IEEE

studied. According to [5], a fault-tolerant control (FTC) is created by
combining fuzzy logic, battery life, and hovering ability.

In this paper, for boost converters used in PV systens, a switch
open circuit fault detection method is presented. The fuzzy technique
is applied as the principle of the suggested fault detection. Moreover,
the fuzzy technique is also used as the controller to modulate the
output voltage at the desired levels. The fault detection algorithm is
based on the sign of the measured inductor current and the slope of the
inductor current. The controller does not need additional sensors. A
simulation was also performed to validate the effectiveness of the
method. The overall system structure is shown in Figure 1.

[ Faut Detection Method Based on Fuzzy Logic|

LT
b

O Se s R | peav | Load

11 L]

PV module

Fuzzy Controller

Fig. 1. The converter with proposed fault detection method in system.

II. PROPOSED SYSTEN DESIGGN
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Fig. 2. The proposed systesm structure.

Figure 2 presents the traditional boost converter with fuzzy
controller and the proposed fuzzy-based fault detection method used
in a PV system. The PV system is one of alternative energy sources
depending on environment conditions, which provided unpredictable
and low voltage generation of 30V to 40V for the boost converter. The
higher output voltage of 75V to 125V is considered range, which is
raised up to the appropriate levels by DC-DC boost converter in
continuous  conduction operation. To prov:de output voltage
regulation under different operating situations in both transient and
steady states, the fuzzy controller is employed. Eventually, in-depth
behavior analysis provides an essential component for the suggested
fuzzy-based fault detection approach. To observe the converter
behavior under fuzzy controller observation of the faulty response the
different behavior between healthy and unhealthy operations is
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considered. The converter responses under the unpredictability of the
voltage input and the change of power loads are also investigated. The
following will provide an explanation of the recommended design of
the proposed system.

A. The fuzzy controller

At the beginning of the process, the measurable numerical input
parameters are transferred into appropriate scales for the fuzzy
controller. Based on the difference between the measured output
voltage (¥5) and the reference voltage (¥, the output voltage error
(AP) is calculated. Afterward, AV is divided by Ve for normalization.
In this operation the normalized output voltage error is determined as
the first input for the fuzzy controller. The input current slope (1)
divided by the reference slope (1) is represented as the second input.
my is calculated from the difference between actual inductor current
(iz(t)) and the previous inductor current (iz(--Af)), dividing by the
change of time (Af). However, At is demanded to be greater than the
switching period. The my,rcan be expressed as (1).

s 88 (1)
2At

The change of duty cycle (AD) acts as the fuzzy controller output,
which has linguistic relationships, depending on two considered
inputs. The defuzzification process is employed to obtain AD.
Subsequently, the duty cycle generation creates the duty cycle (D),
which is based on the sum of actual duty cycle (D) and previous duty
cycle (Dy.1). However, the initial duty cycle is zero at the beginning of
operation. Then, D is used to compare with sawtooth signal to
generate the switching signal for the power switch.

Afterward, actual inputs are mapped to an output by employing
fazzy logic. The triangular and trapezoidal shapes are represented for
input membership functions of AV/ Vyer and mg/Myrer, as shown in
Figure 3. The AV represents three linguistic values. The AV/ Vyer
consists of three linguistic values with the interval 4, depending on the
converter puwer

.

NLNM Z PM PL

WW

NLNM Z PM PL
1 ‘
0
-0.04-0.02 0 0.02 0.04
c)

Fig. 3. The membership functions ofa.) AV/V;er, b)) mi/mrerand c.) AD

TABLE L CONTROLLER RULE BASE
miL / Mref
AV/Vig NL NM z PM PL
N PM z M NL NL
z PL PM z NM NL
P PL PL PM z NM

The membership function of m/iyerconsists of PL, PM, Z, NM,
NL, which refer to positive large, positive medium, zero, negative
medium and negative large, respectively. To produce a suitable
outcome in logical operations, this membership function interval

needs to be fixed. The AD is considered by using Sugeno fuzzy
inference with five singleton linguistic values, as shown in Figure 3.

The rule base is created by the investigation of converter behavior.
The 15 relevant rules are produced in the IF-THEN form as can be
seen in Table I This operation will lead to satisfactory converter
performance, which is described in [4].

B. The suggested approach for fuzzy-based fault detection

The fuzzy-based fault detection method is introduced to ensure
the continuity of proposed system service. The fault detection output
is fault status (FS) as shown in Figure 2. The healthy and faulty modes
are represented, respectively, by the status '0' or'1". In order to succeed
the fast and precise fault detection, the converter behavior under both
healthy and faulty modes is used to design fault detection algorithm
Figure 4 shows the one of plenty scenario observation responses under
both healthy and faulty modes.

Healthy mode Faulty mode _,
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130! 1

Healthy mode Faulty mode
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Fig. 4. The considered behavior of v iz and my when a fault occurs.

Figure 4 demonstrates that the fuzzy controller can regulate the
output voltage up to the reference level by controlling the input current
slope, mye The output voltage settles at the desired level of 100V in
about 0.1s, while the input current remains steady at around 3.8A. The
input current slope is monitored to show boost converter characteristic
during normal and fault operations. At the steady state response, the
current slope value is in the interval of 200 to 100A/s under healthy
mode. Nevertheless, inthe transient state the current slope value is out
of aforementioned interval. After an open-circuit fault is produced by
stopping the switching signal from going to the converter at time t =
0.3s, the output voltage decreases from 100V to the voltage level of
PV module. However, it should also be noted that the current flowing
through the inductor drops from a steady state at a value of
approximately SA to 0A by about 1.16ms. Subsequently, the slope of
the current passing through the inductor is negative due to the sharp
drop in current, which is approximately -3,200A/s. It is obviously
shown that the operation system is impairment, especially the input
current. The system s no longer continuity service for the needed high
voltage load. For this reason, the proposed fault detection method can
be accomplished by considering the monitored continuous inductor
current slope (mqz) and the actual inductor current (iz) to detect an
open-circuit fault associated with ﬁﬂy technique.

A

+ "’l +
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Fig. 5. The boost converter structure while open-circuit fault occurs.
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The measured numerical input variables are converted into the
proper scales at the beginning. The continuous inductor current slope
(mez) is considered as the first input for fault detection process.
Afterward, mcy is divided by the current slope () while an open-
circuit fault occurs. This operation is called the normalization,
providing the mciz/mr. The membership function of meiz/mr can be
determined by the fault behavior, as shown in Figure 6.

The voltage drop across the inductor can be considered. It is
obtained from the voltage amplification of the boost converter circuit.
Therefore, mr can be calculated as (2) by employing Kirchhoff's

Voltage Law at Loop! of Figure 5.
P = =, g
o s S Bt "Wy 6)
dt L L

The voltage across capacitor is proximately qual to the
command voltage output level at the instant open-circuit fault
situation. For the second input of fuzzy-based fault detection,
iz is divided by Zto provide the normalized value, whichis obtained
by analyzing the boost power converter circuit under normal
conditions. The referent current (Z) flowing through the inductor can
be determined from the current conversion of the boost converter
circuit. The calculation of Lrunder healthy mode operation before the
open-circuit fault occurs can be written as (3).

gl aer_ Y56 (3)
" R(1-D)

Fault detection (FD) is defined as the output of fuzzy-
based fault operation, which has linguistic associations with
two chosen inputs, ir/Zerand mciz/mr. The converter behavior
understanding under various scenarios inspires appropriate
membership functions. The shape of trapezoidal is illustrated
for input membership functions of maz/mr and iz /e The
membership function of mez/m rhas three linguistic values consisting
of Negative (N), Zero (Z), and Positive (P). Otherwise, Positive
Small (PS), Positive Medium (PM) and Positive Large (PL) are
described for the membership function of iz /= The centers of
membership functions are fixed and depicted by trapezoidal shape for
the purpose of fault detection that covers all various considered
scenarios.

The FD takes the shape of a member function as a tonal linear
constant by using Sugeno fuzzy inference. Three singleton linguistic
values are determined, as shown in Figure 6, consisting of Negative
(N), Zero (Z) and Positive (P).

N z P PS PM PL
W 1 W
0
0503 1 03 05 0503 1 1719
3 b
£ N z P )

1
0
1 0 1

c)
Fig. 6. The membership function of a.) mar/mg, b.) ilgand c.) FD

TABLE IL RULE BASE OF FUZZY-BASED FAULT DETECTION
P MmcGL/ mr N z P
PS P P z
PM Z Z Z
PL z Z

The relationship between two inputs and one output is designed
by investigating the converter behavior in order to achieve effective
fuzzy-based fault detection for the failed switch. Three linguistic
values of each input membership function can be used to represent the
nine rules to succeed in the fast and correct fault detection, as shown
in Table 2.

Nevertheless, the fuzzy defuzzification gives the FD output value
as an analog signal in the range between 0 and 1 from the Sugeno
Fuzzy inference engine with weighted average or weighted sum
technique. Fault status operation is presented in order to provides FS
as digital signal. F'Sshows *“1” when the fault is detected. It means the
signal FD is greater than a fault detection limitation (FDL) of 0.8,
otherwise it shows FS of 0. The flowchart of fault status operation is
shown in Figure 7.

[ Determine initial parameter: FDL = 0.8 I

Determine input: FDL

Update parameter: F.S

Fig. 7. The flowchart of Fault status operation.

III. SIMULATION RESULTS

The simulation results show the current passing through the
inductor (iz), the voltage across the capacitor (vc), and the signal of
fault detection status (FS). To illustrate the efficiency of the fuzzy
procedure for controlling and detecting the open-circuit fault for boost
converter, the MATLAB SIMULINK program is employed for
simulations. The A10Green Technology A10J-M60-240 is chosen
for PV module as the power source supplying the converter. In
addition, the parameters of the system are explained as follows.

Firstly, C=>500yF, L =20mH, R = 75Q and f,s = 10kHz are
determined for the boost converter circuit. Secondly, 4 = 0.5, At =
500ps, myer = 100A/s and Vyer = 100V are chosen for the fuzzy
controller. Finally, mr =-3,200A/s and I;;r=4.1A are recommended
for the proposed fuzzy-based fault detection technique.

The reference voltage Vo= 100V and the load resistance R =75
are employed to illustrate the effectiveness of fuzzy-based fault
detection.
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Fig 8. The converter performance when the load resistance is increased
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A time interval between 0 and 0.5s is used to apply at usual
working state of the converter. Subsequently, the circuit system
conditions are changed at the time of 0.4s consisting of desired output
voltage and load resistance variations. Eventually, an open-circuit
fault is introduced to the converter at the time of 0.8s in order to
proclaim the performance of the converter in both normal and faulty
states during the occurrence of the open-circuit fault. The operating
scenarios are described as follows.

Firstly, figure 8 displays the outcomes of the simulation. The
open-circuit fault occurs after the resistive load is changed up from
75Q to 100Q. 1t is evident that the output voltage rises up to
approximately 110V. Afterward, at the specified level of 100V, the
fuzzy controller can quickly regulate the output voltage. The input
current drops and maintains a constant value of 1.8A. The fault is
detected within 50us.
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Fig. 9. The converter performance when the load resistance is decreased.

Secondly, an open-circuit fault occurs after the resistive load is
changed down from 75 to 509, as shown in Figure 9. The output
voltage drops down to about 90V. Then, the voltage output is
controlled to the reference level of 100V, taking about 0. 1s. The input
current iz is regulated at 5.95A in steady state.

Unfortunately, in the power switch, an open circuit fault
happens after 0.8s. As may be observed, iz suddenly drops.
The fault status is alerted (FS=1). Within 48 ps, the fault is
quickly identified.
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Fig. 10. The converter performance when the reference voltage is increased.

Finally, the simulation results when the open-circuit
switch fault occurs during the changes of output voltage are
considered. The demand output voltage is increased from
100V to 125V and decreased from 100V to 75V are shown in
Figures 10 and 11, respectively. 125V and 75V reference
output voltage variations, the developed fuzzy controller can
quickly regulate the output voltage at the required level

without overshooting. At 6.3A and 2.1A, respectively, the
current passing through the inductor. is regulated.

Subsequently, an open-circuit switch fault then
manifests in the switch after 0.8s. As a result, the current iz
is suddenly decreased. With a detection time of 44 and 51 s,
respectively, the defect is identified immediately (FS = 1).

From the simulation results there is no false fault detection
during the change in resistive loads and reference output
voltages. Additionally, the suggested fuzzy-based fault
detection technique can rapidly detect the switch open-circuit
fault before the input current drops down to 0 A. Therefore,
deterioration of the converter performance due to the open-
circuit fault can be avoided by employing the proposed fault
detection method.
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Fig. 11. The converter performance when the reference voltage is decreased.

IV. CONCLUSION

This paper proposes fuzzy technique applied to open-circuit
switch fault detection method for boost converter. To aim reliability
of the converter system, intense response observation is contemplated
for understanding the converter operations under both normal and
faulty states. The membership functions are generated to enclose
possible operating variations of considered system. The suggested
fuzzy-based fault detection technique can rapidly detect the open-
circuit switch fault, approximately S0ps. The fault status is used to
alert the malfunction of the converter. Therefore, the fault tolerance
can be applied to the converter for continuous operations.
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Abstract

A novel fuzzy controller based on an input current slope for a three-stage cascaded boost converter is presented for high-
voltage DC applications. The control objective is to achieve satisfactory converter performance, facing not only variations
in load resistance and renewable energy source voltage but also in the interaction of the individual converter in each stage.
The intricate configuration nature of multi-stage cascaded boost converter renders the mathematical model complex, which
is perplexing for the design methodology of controllers. In response to these challenging problems, the fuzzy controller can
function without a precise mathematical model. It uses an understanding of the converter behavior to develop control rules
that imitate human decision making. In addition to controlling the output voltage, the proposed fuzzy controller in this paper
can manage the input current along with the reference current slope without overshooting or taking a long time to settle. The
input current slope and the output voltage error are determined with suitable membership functions and their intervals. The
fuzzy output is a change in duty, linguistically associated with the system inputs through 15 fuzzy rules. The simulations and
experimental results indicate that the output voltage of 400 V is finely regulated with robustness. In addition, the results imply
that performance performs effectively in both transient and steady states, even when the converter functions under conditions
of fluctuating load resistance, input voltage, and desired output voltage.

Keywords Fuzzy controller - Current slope - Three-stage cascaded boost converter - High-voltage gain

List of symbols Air; Ripple of the current flowing through the first inductor
(A)
V,  Output voltage (V) fs Switching frequency (Hz)
Vin  Input voltage (V) Ty  Switching period (s)
D Duty cycle u(t)  Switching signal
M Voltage gain Dy,  Present duty cycle value
At Change in time (s) Dy.; Previous duty cycle value
AV Voltage error (V) AD  Change in duty cycle value
Vyer  Reference voltage (V) AD,, Present change in duty cycle value
mir; Slope of the current flowing through the first inductor  y; Output from each rule value
(A/s) uj Output of each membership function value
mpy  Reference current slope (A/s) N Number of rules

iry Current flowing through the first inductor (A)
iz Current flowing through the second inductor (A)
S ir3  Current flowing through the third inductor (A)
sudarat kh@sut.ac.th ver  Voltage drop across the first capacitor (V)
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1 Introduction

Switching DC-DC boost converters have become increas-
ingly popular owing to their capacity to increase the input
voltage to a greater level of output voltage. In the previ-
ous decades, these converters have been extensively used in
renewable energy resources such as wind turbines, fuel cells,
and photovoltaic. Regarding air quality, sustainable devel-
opment, and the detrimental greenhouse impact associated
with global warming, interest in renewable energy has grown
recently [1].

1.1 Literature review of switching DC-DC boost
converters

Switching DC-DC boost converters have been widely used in
various fields, such as DC microgrid applications [2], trans-
portation industry [3], and transmission systems [4]. Most of
the application fields require a high-voltage supply around
380 V. For this reason, there must be a suitable topology of
boost converters, which are capable of substantially increas-
ing the voltage. For renewable energy resources, a voltage
conversion ratio of approximately 20 times is required to
increase the low voltage of 20 V. Determining a high-gain
boost converter of this kind is a difficult task due to the
challenges of high conversion efficiency, low component
number reliability, and effective dynamic performance. The
comprehensive review presented in [5, 6] addresses these
requirements by focusing on the topology of boost con-
verters with different forms of high-voltage gain, aiming to
enhance their performance and efficiency by combining sev-
eral voltage boosting techniques such as multi-stage cascaded
connection, switched capacitor, voltage multiplier, magnetic
coupling, switched inductor, and voltage lift. Each boost con-
verter topology is efficiently displayed in its common form
followed by diverse models of each technique with its pros
and cons, thereby enabling the reader to fully understand the
characteristics of each topology.

Among the numerous accessible topologies, the multi-
stage cascaded boost converter can provide high-power appli-
cations with beneficial results. These advantages include
high-voltage gains and high efficiency compared with the
conventional and quadratic boost converters in the field of
high-power application [7], making it well suited for appli-
cations such as photovoltaic and fuel cell systems. In terms
of power losses, [8] discussed that in low-power applica-
tions where equivalent series resistance losses are a main
constraint, the two-stage cascaded boost converter provided
better options than the traditional boost converter. The current
and voltage stress rating of the switch are considered in [9].
The study found that the stress of the two-stage cascaded
boost converter is less than the quadratic boost converter.
Furthermore, the first stage can function at a high frequency

@ Springer

and has a comparatively low-voltage stress. As a result, it
benefits from great power density. Nevertheless, a low fre-
quency can be adopted for the subsequent stage to minimize
switching loss [5]. However, the multi-stage cascaded boost
converters suffer from transient interactions [10], changing
operation points [ 11], and uncertainty consisting of variations
in parameters, level voltage of renewable energy resources,
and sudden load changes [12]. Switching stress and overall
system instability may be caused by the interactions between
each individual converter in each step [13].

1.2 Literature review of controller

To address transient interactions, changing operation points,
and uncertainties, the development of an appropriate con-
trol strategy is the main subject for the multi-stage cas-
caded boost converter. Several control design strategies aim
to achieve the requirements and robustness quality. For
instance, researchers have developed a conventional PI con-
troller for the three-stage cascaded boost converter [14].
Although the output voltage can be satisfactorily controlled
under uncertainties, the controller parameters of one outer
voltage loop and two inner current loops need to be cal-
culated by the estimation parameters of the configuration.
Furthermore, to provide the appropriate reference currents
for both PI current loops, the current weighting approach is
used, which needs to be properly adjusted. Another PI con-
troller design for a two-stage cascaded boost converter was
proposed in [15] to accomplish interactions between the con-
verters ineach stage. However, this controller design requires
input current and voltage across the first capacitor for the first-
stage PI controller. Contrarily, the current passing through the
second inductor and output voltage are used for the second-
stage PI controller. Therefore, the reliability of this controller
is reduced due to the number of sensors. Recently, the model
predictive control has received increasing attention owing
to its capacity to handle uncertainty, incorporate constraints,
and encourage optimality [16]. Although predictive control
is a relatively new control technology, its higher computing
demand has drawbacks that make the employment of short
control periods difficult [17]. Subsequently, a sliding mode
controller of the two-stage cascaded boost converter demon-
strates a great performance in the presence of interactions
and corresponding uncertainty [18, 19]. However, the mis-
matched uncertainties are reflected in the chattering and poor
performance of the sliding mode controller. Thus, knowledge
of the upper boundaries of uncertainty is required to achieve
an efficient design. Several other techniques, including ji-
synthesis [20], nonlinear observation control [21], adaptive
control [22], and robust control [23], were proposed by other
researchers. The aforementioned controllers can effectively
address the effects of variations in input voltage and load.
However, these controllers rely on an accurate mathematical
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model, which can limit their performance if the model is not
precisely known. Contrarily, the popular method for estimat-
ing uncertainty that has universal approximation capabilities
is the fuzzy controller [24]. This approach eliminates the
requirement of an exact mathematical model. However, the
fuzzy controller design requires an understanding of con-
verter behavior and the human-readable expression of control
rules. The use of the fuzzy control method can be benefi-
cial for uncertainties and interactions because the universal
approximation characteristic of fuzzy systems makes them
suitable for use in uncertainty estimation. Recently, some
studies on the application of the fuzzy control technique
for the traditional boost converter and two-stage cascaded
boost converter have been conducted [25-27]. These studies
mainly focused on the consideration of the output voltage
error and the change in output voltage error as two input
variables for the fuzzy logic control system, resulting in the
successful regulation of the output voltage. However, these
controllers have been observed to still exhibit high overshoot
in the transient response of the current flowing through the
inductor [25]. Therefore, the input current that passes through
the inductor needs to be contemplated as the fuzzy inputs,
along with the output voltage. Considering these findings, the
previous work of fuzzy logic controller method was proposed
for the conventional boost converter [28]. The output voltage
error and the slope of input current serve as the two input
membership functions that the technique depends on. The
simulation results indicate that the proposed fuzzy controller
performs well in both transient and steady states in terms of
achieving input current and output voltage regulation under
various operating scenarios. The controller design requires
the reference slope, which can be estimated by employing the
current response of open-loop traditional boost converter. In
addition, 25 rules are employed to acquire change in duty
cycle as the fuzzy controller output. However, the reference
slope of [28] could not be used to control a three-stage cas-
caded boost converter due to the higher conversion of voltage
and the intricate configuration nature of the three-stage cas-
caded boost converter. To achieve satisfactory performance
of the converter, this paper presents anovel approach to fuzzy
control design for a three-stage cascaded boost converter.
The controller is based on an intense converter investiga-
tion to design appropriate membership functions of both the
input current slope and output voltage error as control inputs
and change in duty cycle as the output. The contribution of
controller design for greater performance is based on the ref-
erence current slope employing the ripple input current at
the steady state. Furthermore, a lower number of 15 rules,
controller parameters, and membership function intervals
were designed satisfactorily for the considered three-stage
cascaded boost converter.

Through comprehensive literature review, several con-
trol techniques have been employed to obtain the desired

converter performance. To summarize the existing con-
trol methods used for multi-stage cascaded boost converter,
Table 1 presents the control techniques applied for the two-
stage cascaded boost converter. The advantages, limitations,
and measured variables required for each control technique
are also mentioned. However, there is only one control tech-
nique proposed for the three-stage cascaded boost converter
[14]. In this research, the PI controller is developed with one
voltage loop and two current loops by using three voltage and
current sensors. To obtain good converter performance, the
appropriate weighting factors are required to generate the
appropriate reference current for each current loop. In this
paper, the fuzzy controller based on input current slope is
proposed for the three-stage cascaded boost converter. Only
two sensors are used to measure the input current and the out-
put voltage. In the design process, the mathematical model
of the converter is not required. However, the enlightenment
of the considered system is needed for the proposed fuzzy
controller design to obtain the satisfaction of converter per-
formance. The comparison between the PI controller and the
proposed fuzzy controller for the three-stage cascaded boost
converter is illustrated in Table 2.

The proposed method aims to overcome problems such
as variation of load resistance, level of renewable energy
source voltage, and interaction of the individual converter in
each stage. The effectiveness of the proposed fuzzy controller
will be evaluated through comprehensive simulations and
experimental results.

1.3 Contribution and paper organization

The main contributions of this paper are as follows:

e A novel fuzzy controller based on the input current slope
for a three-stage cascaded boost converter is used to
increase the low-voltage source of around 20 V to desired
output voltage of 400 V.

e The reference current slope is the most important param-
eter for the proposed fuzzy controller as it uses the ripple
input current at the steady state. Atany changing operation
points, the input current will be regulated along with the
reference current slope, which impacts the output voltage
to the desired output voltage without experiencing over-
shoot or slow settling time.
The design of three voltage error membership functions
and five input current slope membership functions pro-
duces the appropriate 15 fuzzy rules in the Sugeno fuzzy
inference. Membership function shapes and overlapping
intervals are designed to cover the functional range for
converter operation.

Simulations and experiments show that the input current

and output voltage exhibit a great performance in both
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Table 1 Control techniques for the two-stage cascaded boost converter

Reference  Controller technique Measured variables Advantages Limitations
i i va  ve
[15] Proportional Integral ) 4] ) The controller is simple for the The controller must design
(PD) i ion and impl i properly for each stage with
different tuning strategies to
overcome interactions
[18, 19] Sliding Mode = 5] The controller is suitable for a The chatting and inadequate
variety of nonlinear systems, performance are caused by
especially higher order mismatched uncertainty
[20] -Synthesis - - ™ ) The controller can ensure The mathematical model of the
excellent performance with converter is required for
stability for nonlinear systems designing and incredibly difficult
in the presence of uncertainty to develop and implement
[23] Robust - ™ ™ ] The controller can eliminate both ~ The mathematical converter model
quantifiable and imperceptible is needed for controller design
disruptions during point and the implementation is
tracking complex
[27] Fuzzy Logic - - - The mathematical model of the The performance might be

converter is not required for the
design process

inadequate if the system
parameters vary significantly and
unpredictably

Table 2 Comparison between the PI controller and the proposed fuzzy controller

Reference Controller technique Measured variables Advantages Limitations
Ly i i Vo Ve Va3
[14] Proportional Integral “ - ) - - “ The controller is To achieve good
(PI) designed by performance, the
estimating the weighting approach is
high-order used for both current
complicated loops and the controller
configuration to the parameters need to be
conventional boost properly tuned
converter to obtain the
controller parameters
Proposed Fuzzy Logic ) - - - The complicated The enlightenment of
Con- mathematical model considered system is
troller of the multi-stage needed for the

cascaded boost
converter is not
required for the design

controller design
process to succeed
satisfactory

of controller and only performance

two sensors are used

transient and steady states, even when the converter func-
tions under conditions of fluctuating load resistance, input
voltage, and desired output voltage.

The remainder of this paper is organized as follows: The
three-stage cascaded boost converter is discussed in Sect. 2.
Section 3 presents the proposed fuzzy controller design,
outlining its key components and operational principles. Sub-
sequently, Sect. 4 presents comprehensive simulation results
to evaluate the performance of the fuzzy controller. Section 5
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discusses the experimental findings. Finally, Sect. 6 presents
the conclusion.

2 Three-stage cascaded boost converter

A three-stage cascaded boost converter is used in many appli-
cations to increase voltage, particularly renewable energy
resources. This converter is based on the power transfer
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principle to produce a significant voltage gain by control-
ling the switch states, which alternate between conduction
and non-conduction stages. This study investigates convert-
ers that operate in the continuous conduction mode. The input
voltage of around 20 V is less than the required output volt-
age of around 400 V. For this high-voltage conversion, the
conventional boost converter struggles to achieve such a con-
siderable voltage increase, mostly because of an extremely
excessive switch duty cycle value. This ultimately leads to
increased power dissipation and a discernible decrease in cir-
cuitefficiency. To overcome these limitations, the three-stage
cascaded boost converter design was presented as a practical
means to obtain the required voltage conversion, as depicted
in Fig. 1.

Figure 1 shows that the converter configuration consists
of three boost converter stages interconnected in series. Each
stage is equipped with its own inductor, capacitor, and switch.
The duty cycle values of all three switches are equal. A volt-
age gain can be calculated using (1).

. )
T Vi (a-D)

In the simulations, an overshoot was observed in the volt-
age across the capacitors along with the current flowing
through the inductors during transient response and changing
operation points. This response damaged the components of
circuit devices, rendering it unable to function and the con-
verter operation took a long time to reach a steady state.
Furthermore, the intricate configuration nature of the three-
stage cascaded boost converter renders the mathematical
model complex, which is perplexing for the design method-
ology of controllers. To address these issues, the next section
will discuss the proposed fuzzy controller design for a three-
stage cascaded boost converter. This design will reduce such
problems and ensure that the output voltage and input cur-
rent remain stable, even under changing conditions of the
operating points.

3 The proposed fuzzy controller design
The main objective of this work is to develop a fuzzy con-

troller for a three-stage cascaded boost converter, which is
based on repeated extensive investigation of procedures to

il
Vin }Sl OR

|
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e |
T First Stage Second Stage | Third Stage |
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Fig. 1 Three-stage cascaded boost converter

understand the converter behaviors. It was discovered that
ir; and Vo increased as D increased whereas Vg and ip;
decreased as D decreased. Therefore, the controller design
aims to prevent overshoot and ensure a rapid transition to the
steady state for iy ; and V. These behaviors are employed to
develop control rules that imitate human decision making as
fuzzy controller. This is presented with the appropriate con-
troller parameters, particularly the current slope reference,
membership functions, and consistency of rule bases. The
fuzzy control structure for the three-stage cascaded boost
converter is depicted in Fig. 2.

It incorporates the proposed fuzzy controller and the
switching signal generation. The fuzzy output is only depen-
dent on the measured Vo and iz ;. These values are transmit-
ted to the fuzzy controller for processing, and the appropriate
switching signal is generated for three switches in each stage.

3.1 The proposed fuzzy controller

The measured values of V¢ and iy are inputs whereas V ¢
is a desired output voltage level for the proposed fuzzy
controller. These create a suitable change in duty cycle for
switching signal generation, as depicted in Fig. 3. The fol-
lowing explanation will be provided regarding the design of
the proposed fuzzy controller:

The first input is AV, which is different between Vs
and V. Before undergoing the fuzzy process, AV is scaled
through a process known as AV normalization to convert AV
into an appropriate scale for the fuzzification by dividing AV
by Vyer. The second input is mjr; as expressed in (2). The
calculation is the difference between iz;(t) and iz;(t — At)
at a present time and a prior time, respectively, then divided

Proposed AD | Switching Signal | «

Fuzzy Controller Generation
|—. T D T p,  Switching Signal

]
\s, 7

Fig. 2 Three-stage cascaded boost converter with the proposed fuzzy
controller

7T

\s; (o

AV Normaliz
) Fuzzy

Mg,
Mg | 1" “mier | Process)
my; Nor

Proposed Fuzzy Controller

|
AV AV, |
on I

i

|
iz Slope C:
b

Fig. 3 The proposed fuzzy controller
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Fig. 4 Association between switching signal and the current ir;

by the change in time (Af). Subsequently, m;z; normaliza-
tion, a scaling adjustment process, is divided by mys. This
adjustment enables a comprehensive approach to be taken
to ensure that the input value remains within the functional
region for fuzzy control.

() —ip(t — At
s e D~ T ) AL;( . @

The converter operating principle further demonstrates the
association between switching signal (u(7)) and iz; in the
steady state. Specifically, when the switch is closed, energy
accumulates, which causes an increase in i7; and results in a
positive m;z;. Conversely, when the switch is opened, energy
is released thereby causing a decrease in iz ; and resulting in
anegative m;z;, as illustrated in Fig. 4. Greater performance
can be ensured by considering that Ar should be greater than
Ts. This preference aims mjz; that is always greater than
the change in current by either increasing or decreasing the
energy. Otherwise, the fuzzy process is unable to generate
a suitable output as these changes in current are out of the
functional region for fuzzy control.

The appropriate my,s can be determined by (3). This
involves the calculation of mys by using Ai; observed dur-
ing the steady state divided by Ar.

Aipy DV
At T AtfiLy

Mref > ®)

The inequality represents mpy, which depends on the
converter behavior. Furthermore, the selection of mys signif-
icantly impacts the membership functions within the design
of the fuzzy control system. The fuzzy controller generates
the output data as AD. This can either be positive or negative
depending on the rules applied in the fuzzy control system
governing the three-stage cascaded boost converter behavior.
Subsequently, AD is fed into the switching signal generation
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Fig. 6 Membership functions: (a) AV/V e, (b) mi1/myys, and (¢) AD

process to earn suitable Dy, which can be determined by
adding Dy, —; to AD,,.

The pulse width modulation generation process is pre-
sented in Fig. 5, whereby D is transferred to the process
and then compared with a triangular wave signal. The pro-
cess output is the switching signal for three switches in each
stage.

3.2 Membership functions

To design a fuzzy controller, it is necessary to define AV/V ¢
in three terms of “Negative: N.” “Zero: Z,” and “Positive: P”
as shown in Fig. 6(a). Similarly, the miz;/mys is categorized
into “Negative Large: NL.” “Negative Medium: NM.” “Zero:
Z,” “Positive Medium: PM,” and “Positive Large: PL” as
depicted in Fig. 6(b). Notably, the consideration of these five
fuzzy sets for the input membership function of mjr.j/myer is
to prevent unwanted fluctuations in the voltages and currents
of converter. In the case that when V¢ is lower than Vi,
AD must be changed to increase D, causing the increase in
input current. However, AD needs to be generated properly
to achieve good performance. The use of only three fuzzy
sets (NM, Z, and PM) is inadequate to obtain the appropriate
AD. The rapid increase in D can cause fluctuations in the
input current, resulting in uncontrolled output voltage. To
overcome this situation, one more set of PL is added to con-
trol the input current slope along with the reference current
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Fig. 7 Fuzzy inference

slope. Asaresult, notonly the Vo is raised to V s but also the
input current is properly increased without fluctuations. Con-
versely, when Vg is higher than V ., the converter should
be operated by decreasing in D. To avoid the quick reduction
of input current, AD should be suitably decreased to main-
tain both output voltage and input current. In this case, the
set of NL is required to achieve the appropriate AD. There-
fore, five sets for the membership function of my ;/m are
designed for the proposed fuzzy controller. Each fuzzy set has
a different shape and interval ranges. The membership func-
tion shapes of triangle and trapezoid are considered. There
are overlaps between two sets to ensure consistent output
from the fuzzy controller and to cover all operation points.
The membership functions play a pivotal role in allowing
the fuzzy logic system to duplicate the understanding and
expertise of the converter. The membership function of AD
follows a linear constant pattern in the Sugeno fuzzy infer-
ence format, as illustrated in Fig. 6(c).

3.3 The fuzzy inference and rules

The Sugeno fuzzy inference is employed to control the three-
stage cascade boost converter. This approach involves three
key steps, namely, fuzzification, fuzzy rule evaluation, and
defuzzification, which are illustrated in Fig. 7. Fuzzification
involves the calculation of the membership level of the lin-
guistic set of input variables. Numerical values are used to
represent the input variable values entered into the system.
The membership level of those values is obtained from the
membership functions. The fuzzification of input variables is
also dependent on the fuzzy rule because a given input only
affects some of the fuzzy rules.

The fuzzy rule evaluation comprises two parts: The first
part involves the evaluation of the variable obtained in the
fuzzy rule evaluation after calculating the membership of all
inputs. This step, known as the IF section, aims to determine
which rule in the THEN section should be executed based
on whether the condition value from the input triggers it.
Because the system has multiple inputs, there may be more
than one rule in that condition and each input condition is
evaluated by the operator of the fuzzy set with some overlap
between the two sets. The result of this step is a numerical
value that can be evaluated for the THEN part, which is later
used to determine the membership level of the output vari-
able in the next step. The second part involves combining
rules through a process known as aggregation, which occurs
after evaluation of the rules. In this process, the results of all
evaluated or scaled member functions that are not equal to
zero are combined into a single set for each output variable.
This is done using the union operator in joining rules. The
result of this rule combination is then converted into a sin-
gle numerical value for further processing in the next step.
The defuzzification process is the final step of conversion of
the fuzzy values of the input, rules, and output values into a
usable format. Because fuzzy values can only be understood
within the fuzzy system, it is necessary to convert the output
values to a crisp value that can be used outside the system.
The aim of defuzzification is to obtain a single numerical
value that represents the output of the system in an under-
standable and clear format.

The proposed fuzzy controller for a three-stage cascaded
boost converter behavior is used to develop control rules,
which depend on two inputs of AV/V s and mipi/Mps. To
earn the suitable output AD, the fuzzy rules of the three
variables are presented in Table 3, which can be represented
in IF-THEN form as follows:
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1 IF AVNVnp =N AND
2 IF AV/Vnp =N AND
3 IF AVNV,f =N AND
4 IF AVNV,f =N AND
5 IF AVNV,y =N AND
6 IF AV, =Z AND
7 IF AV g =7 AND
8 IF AV =7 AND
9 IF AV g =Z AND
10 IF AVNV =72 AND
1 IF AV/V g =P AND
12 IF AV/V s =P AND
13 IF AV, =P AND
14 IF AV =P AND
15 IF AV/Vyg =P AND

mig.1/mypef =PL THEN AD =NL
mir 1 /inpef=PM THEN AD=NL
mig e =7 THEN AD =NM
mi 1/myep=NM THEN AD=Z
mip/imper =NL THEN AD =PM
mig p/myp =PL THEN AD =NL
mir.1/my; =PM THEN AD =NM
mi1/Mpef="27 THEN AD=7Z
mig1/mpep=NM THEN AD =PM
mig /myp=NL THEN AD=PL
mig 1/myep=PL THEN AD=NM
mip /myer =PM THEN AD=Z
mipmyep =7 THEN AD =PM
mig 1/mp; = NM THEN AD =PL
mir.1/mpeg = NL THEN AD=PL

For the Sugeno fuzzy inference, the output of each rule is
in the form of a tone linear. The defuzzified output is deter-
mined using the weighted average, as presented in (4).

N
2 it
i=1

N

> ui

i=l1

AD= )

3.4 The fuzzy control processes

The behavior of the converter can be observed to design
a fuzzy control using fuzzy logic algorithms. The control
process can be separated into three cases based on the mem-
ber functions of AV/V s, as presented in Table 3, which
consists of N, Z, and P, respectively.

Incase 1,if AV/V s is a member of N, which occurs when
Vo is greater than V , the fuzzy logic algorithm can satisfy
fuzzy rules 1 to 5 by considering iz ;(f), as can be observed
in Fig. 8. The first fuzzy rule is applied when mji/myer is
very positive in the PL set, indicating that iz; is extremely
increasing. The fuzzy control must reduce D by generating
a AD of NL to cause mjz; to considerably decrease to —
myes. The second fuzzy rule is applied when mjgj/myr is

Table 3 Rule base of the proposed fuzzy controller

moderately positive in the PM set, indicating that iz; is not
increasing much. The fuzzy control must still reduce D by
generating a very negative AD of NL to cause mjz; to con-
siderably decrease to — ms. The third fuzzy rule is applied
when mig j/my is approximately zero in the Z set, indicating
that iz; is unchanged. The fuzzy control must reduce D by
generating a AD of NM to induce a slight decrease in mz;
to — myer. The fourth fuzzy rule is applied when mig;/myep
is moderately negative in the NM set, indicating that i;; is
slightly decreasing. The fuzzy control must maintain D by
creating a zero AD to make /m;; exactly negative, approxi-
mately — myer . The fifth fuzzy rule is applied when mig.1/myes
is very negative in the NL set, indicating that iy ; is greatly
decreasing. The fuzzy control must increment D by gener-
ating a AD of PM to cause a small increment of m;z; to —
Myef -

Overall, when Vg is greater than V., it results in the
fuzzy controller generating appropriate AD to control iz; as
follows: atany operation point that mjz.;/my is less than — 1,
the fuzzy process will generate the positive AD to increase
mir;. Conversely, when mijr;/mye is greater than — 1, the
fuzzy process will generate the negative AD to decrease mir ;.
Therefore, iz is controlled by forcing miz; toward — iy,
resulting in Vo to decrease equal to Vs, as presented in
Fig. 9.

mip 1/ Myep NL NM VA PM PL
AV /V s

N PM z NM NL NL
VA PL PM z NM NL
P PL PL PM z NM
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In case 2, the fuzzy logic algorithm focuses on the behav-
ior of iz and its relationship with AV/V . This scenario
assumes that AV/V s is a member of Z only when Vo is
approximately equal to V. Fuzzy control rules 6 to 10 dic-
tate the actions to be taken based on the value of 7z /My,
whichis a measure of the current inductor value relative to the
reference value. If mj. l/m,ef is very positive, which means
ir; is rapidly increasing, the fuzzy control must generate a
AD of NL to greatly reduce m;z; to zero. On the other hand, if
mir1/mpes is moderately positive, indicating that iz is not sig-
nificantly increasing, a moderately negative AD of NM must
be generated to cause m;z; to slightly decrease to zero. When
mirj/Mpy is approximately zero, iz is unchanged, and the
fuzzy control must create a zero AD of Z to maintain m;z; at
approximately zero. Similarly, when miz ;/mys is moderately
negative, indicating that iz ; is not significantly decreasing, a
moderately positive AD of PM must be generated to cause
mirj to slightly increase to zero. Finally, if miri/mys is very
negative, which means iz is quickly decreasing, a very pos-
itive AD of PL must be generated to bring m;z; back to zero.
The process is shown in Fig. 10.
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In this case, the fuzzy process will produce a positive AD
to increase migj at each operation point whenm;g;/mp is less
than 0. On the other hand, if mig;/mys exceeds 0, the fuzzy
process will produce the negative AD, which decreases m;p ;.
As aresult, m;z; will be controlled to zero by the fuzzy con-
troller. Depending on whether i ; increases or decreases and
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i i
AD 15"Rule 14"Rule 13"Rule 12"Rule 11"Rule

Fig. 13 Fuzzy output where AV/V s is a member P

then maintains, Vo will be adjusted accordingly and remain
as Vg at the steady state. Figure 11 presents the fuzzy pro-
cedure for this situation. The system can efficiently manage
the output voltage and keep the inductor current within the
intended range by using these fuzzy control rules.

In case 3 of the fuzzy logic algorithm, AV/V ¢ is assumed
to be a member of the positive set only when V¢ is lower than
Vyer. By considering iz at any given time, the fuzzy rules
can be satisfied to control the system. The process can be
explained by fuzzy control rules 11 to 15, which is presented
in Fig. 12.

Fuzzy rule 11 indicates that when mig;/my is very posi-
tive in the PL set, which means that iz; is very high, the fuzzy
control should reduce D by generating a moderately negative
AD of NM to cause a slight decrease in m;z; to my,. Con-
trarily, fuzzy rule 12 states that when g ;/m;s is moderately
positive in the PM set, indicating that iz, is not increasing
much, the fuzzy controller should maintain D by creating a
zero AD of Z, keeping m;r; constant at myer. When mig, j/myef
is approximately zero in the Z set, as shown by fuzzy rule 13,
izy is unchanged. Thus, the fuzzy control must increase D by
generating a moderately positive AD of PM to cause a slight
increase in mjr; to mys. Fuzzy rule 14 indicates that when
mir1/myr is moderately negative in the NM set, which means
thatiy; is not decreasing significantly, the fuzzy control must
increase D by generating a very positive AD of PL to cause
a large increase in mjr; toward myer. Finally, fuzzy rule 15
states that when mjp;/mps is very negative in the NL set,
which means that iz; is considerably decreasing, the fuzzy
control must increase D by generating a very positive AD of
PL to cause a great increase in m;z; to Myef.

In the case where V¢ is smaller than V f, the fuzzy con-
troller produces the proper AD toregulate iz ; inthe following
manner: when miz;/my is less than 1 at any operation point,
the fuzzy process will generate a positive AD to increase
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mir;. Conversely, if mij/mpy exceeds 1, the fuzzy process
will produce the negative AD, which will decrease m;z;. As
a result, as presented in Fig. 13, iz; is directed up driving
mjr in the direction of my.s, increasing Vo to Vyr.

In summary, by designing overlap between sets in the
member functions, the fuzzy logic algorithm can adapt to
various input values and generate an appropriate AD to con-
trol Vg equal to Ve in the steady state as well as maintain
stability in the system. From the design of the proposed fuzzy
control for the aforementioned three-stage cascade boost
converter, it can be explained by the fuzzy control structure
presented in Fig. 14.

4 Simulation Results

To simulate the three-stage cascade boost converter circuit
under the proposed fuzzy controller, MATLAB SIMULINK
is employed. The inductor parameters and capacitor values
in the circuit are designed such that the ripple of the current
through the inductor and the voltage across the capacitor are
maintained within reasonable limits. The three inductors in
the circuit (L;, Ly, L3) are designed with values of 15, 18.75,
and 70 mH, respectively, whereas all three capacitors (Cy,
C3, C3) have a value of 500 wF. In addition, other parameters
such as Vi, =20V, fs = 10 kHz, and a load resistor of 1600
€ are used in the design.

To ensure that the fuzzy controller is properly designed
for the circuit, extensive observation of the behavior of the
circuit is performed. As a result, a my, value of 160 A/s
from Eq. (4) and Af = 500 s are determined as appropriate
parameters for the design.

The converter performance associated with the proposed
fuzzy controller was analyzed through simulation results
under three different cases, consisting of load changes
(Rioaa), input voltage changes (V;,), and reference voltage
changes (V).

In the first case, simulation was conducted when the Rjoaq
was changed to 1600, 2000, and 1600 € at intervals of 0,
6, and 10 s, respectively. The constant parameters V;, and
Vyer are chosen by 20 and 400 V, respectively. The simu-
lation result showed the voltage drop across the capacitors
and the current flowing through the inductors, which is pre-
sented in Fig. 15. At the beginning of the operation, V, was
continuously supplied to the power converter circuit at 20 V.
Then, Vo or vcs increased from 20 V to Ve at 400 V for
about 2.5 s, and the currents iz, iz2, and iz3 rose up from
about zero then remained constant at approximately 5, 1.8,
and 0.7 A, respectively. Later, Rjpqs Was changed from 1600
to 2000 2 at 6 s, which resulted in a power change from 100
to 80 W. It was observed that, after changing the operating
point, an overshooting occurred atvey, ve2, and Vo, which is
then regulated down. V¢ decreased to V,r at400 V, and iy
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Voltage Error Calculation: AV=V,-V,

Current Slope Calculation: m; ;=

Normalization

Aigy

At
AV iy
Vig ° Mref
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I

Delay D, |
2

Fig. 14 Structure of the proposed fuzzy control for the three-stage cascade boost converter

was controlled to have a — myy slope, settling at a constant
value of approximately 4 A in steady state. At about 2.1 s,
after changing point at the time of 10 s, Rj,,s Was changed
from 2000 to 1600 2. After changing the operating point,
ver, ve2, and Vo suddenly dropped. Subsequently, the out-
put voltage was controlled to increase toa Vs of 400 V, and
iy was controlled to obtain the slope after m.s and settling
at a constant value of approximately 5 A at the steady state.
The settling time for this process was also 2.1 s.

In case 2, the simulation result was considered when Vi,
was changed to 20, 25, and 25 V at intervals of 0, 6, and 10 s,

respectively, with Vs at 400 V and Rjpaa at 1600 2. The
simulation results of the voltage drop across the capacitors
and the current flowing through the inductors are presented
in Fig. 16.

At the beginning of the operation, V;; was continuously
supplied to the power converter circuit at 20 V. Vo increased
from 20 V to Vs at 400 V for about 2 s, whereas the currents
through the inductors (i, iz2, ir3) increased from zero and
then remained constant at about 5, 1.8, and 0.7 A, respec-
tively. At 6 s, the Vj, voltage increased from 20 to 25 V. It

@ Springer




306

Electrical Engineering

|

iy (A

OFF Joe dlee e e e e e Fuzzy controller is ON |- — e e e e e e e e -
o = = (RO} — i~ — {000t — s~ {Ripg=Te000]) ~
] 1
i ! ! i
0, + +
I i |
o —— T ———
S | | |
/ i 1
o 4 4 I
<t .
~1s0f | '
2 I
o | |
= wf | !
o i
.l i
-~ 60 | !
2 ot |
el |
L o |
]
2= :
i H 1
-1 i 1
gL i !
] 1
= ashoy '
o= I
' !
|
|
]
> |
.
|
|
:
+
|
|
|
|
"

%
Time (s)

Fig. 15 Converter performance under alterations of load resistance
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Fig. 16 Converter performance under alterations of the voltage source

can be seen that the overshoot responses occurred in volt-
age across the capacitors and the current flowing through
the inductors. Subsequently, V¢ was controlled to a constant
value of 400 V, and iy, i1, ir3 were reduced to maintain a
power value of 100 W. iy ; remained constant at about 4 A, and
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Fig. 17 Converter performance under alterations of the reference volt-
age

it entered at about 2.4 s. At 10 s, the voltage V, decreased
from 25 to 20 V. From the simulation results, the voltage
drops across the capacitors (vcy, vea, Vez) decreased due to
the decrease in V. Then, Vo was regulated toward V s at
400 V, and iz, if2, ir3 were increased to maintain a power
of 100 W. iz; reached a constant value of approximately 5
A, and the access time was about 2.4 s.

In case 3, the simulation was conducted with Vs being
changed to 200, 400, and 300 V at intervals of 2,6, and 10's,
respectively, with Vi, at 20 V and Rjpqq at 1600 . The cur-
rent flowing through the inductors is presented in Fig. 17.
At the beginning of the operation, V' was continuously sup-
plied to the power converter circuit at 20 V. Vo was increased
from 20 V to Vier at 200 Vin about 2 s, and iz, ir2, ir3 also
increased from zero and then remained constant at approx-
imately 1.25, 0.8, and 0.35 A, respectively. Afterward, V s
was changed to 400 and 300 V at the time of 6 and 10 s,
respectively. From the simulation results, it can be seen that
the developed fuzzy controller was able to maintain the ve3
value by adjusting iz;, i12, iz to appropriate values based on
the Vir. The controller also prevented iz; from overshoot-
ing by controlling the slope according to the mys, which
took about 2.5 s. Subsequently, Vs was reduced to 300 V.
The proposed fuzzy controller decreased Vo from 400 V to
Vyer at 200 V in about 2 s. iz, ir2, ir3 are also reduced and
then remained constant at approximately 2.8, 1.1,and 0.5 A,
respectively.
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Fig. 18 Converter performance under alterations of the switching fre-
quency

To consider the influence of the switching frequency (/)
on the performance of the converter by using the proposed
fuzzy controller, the simulation results were considered when
fs was changed to 20, 10, and 40 kHz at intervals of 2, 6, and
10s respectively, with Vs at 400 V and Rjpaq at 1600 . The
simulation results of the voltage drop across the capacitors
and the current flowing through the inductors are presented in
Fig. 18. At the beginning of the operation, V;, was supplied
to the converter at 20 V. An output voltage increased from
20to 400 V for about 2 s, whereas the currents (iz;, i1, ir3)
passing through the inductors increased from zero and then
remained constant at about 5, 1.8, and 0.7 A, respectively. It
can be seen that there are no inferior transient and steady-
state responses on the capacitor voltages and the inductor
currents when the converter operates under different switch-
ing frequencies. However, the change of switching frequency
affects the ripple of the inductor currents. As the switching
frequency increases, the ripple of currents decreases. At 6 s,
the fy was changed from 20 to 10 kHz. The ripples of the
currents (Air;, Airz, Airz) passing through the inductors
(Lj, L2, L3) are increased from approximately 0.07, 0.09,
0.04 A to 0.14, 0.18, 0.08 A, respectively. At 10 s, the f
was increased from 10 to 40 kHz. The ripples of the inductor
currents are reduced to 0.04, 0.05, and 0.02 A, respectively.

Overall, the simulation results indicate that the developed
fuzzy control has good control performance in maintain-
ing the Vo value to V¢ by spending an appropriate entry

i (A) s (A) var V) vew (V) Vo V)

i (A)

"
Time (3)

Fig. 19 Performance of five-stage cascaded boost converter under alter-
ations of the reference voltage

time to reach the steady-state response and no extreme over-
shoot occurred. The three-stage cascaded boost converter
performs satisfactory operations under the variations of load
resistance, input voltage, reference voltage, and switching
frequency.

In addition, the capability of the proposed fuzzy con-
troller is not only finely regulated with robustness for the
three-stage cascaded boost converter but also n-stage cas-
caded boost converter. For more explanation, the five-stage
cascaded boost converter is considered. The converter com-
ponents are designed suitably for stepping the low input
voltage up to the desired voltage level of 400 V. The mea-
sured values of the current passing through the first inductor
and the output voltage are employed as the fuzzy inputs.
In the fuzzy process, the 15 fuzzy rules and membership
function intervals were designed satisfactorily for the five-
stage cascaded boost converter. To show the effectiveness
of the proposed fuzzy controller designed for the five-stage
cascaded boost converter, the converter performance under
difference of the reference voltage was analyzed through the
simulation results, as presented in Fig. 19. Simulation results
were conducted with Vs being changed to 400, 600, and
500 V at intervals of 2, 7, and 12 s, respectively. The con-
dition of Vj, at 20 V and Rjyqq at 1600 2 is applied to the
converter. It can be seen that the proposed fuzzy controller
can quickly regulate both currents and voltages. Notably, the
output voltage is finely controlled to the required levels with-
out overshoot by taking approximately 2 s of settling time.
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Fig. 20 Prototype of a three-stage cascaded boost converter

Table 4 Components of three-stage cascaded boost converter prototype

Components Symbol Rating

Power MOSFET 51,8283 80 A, 600 V
(IXFK80NG660P3)

Inductors L; =15 mH 25 A, 200V
L, =18.75mH 15 A, 400V
L; =70 mH 10 A, 400 V

Capacitors €1 =Cr=0C3 =500 uF 450V

Diodes D, D, D; 30 A, 600V
(RURP3060)

Load resistor R = 5400 Q in series 1A

Current sensor HX15P 15A

Voltage sensor LV25p 500V

Optocoupler IC PC923L 15-30V

5 Experimental results

To confirm the efficacy of the designed fuzzy controller
for the three-stage cascade boost converter, an experimen-
tal prototype was constructed, as presented in Fig. 20. The
three-stage boost converter circuit was built by power elec-
tronic components as shown in Table 4. The code composer
studio (CCStudio) software and the C programming lan-
guage were implemented based on the proposed fuzzy logic
process. The entire system was digitally implemented in
the TMDSOCK28335 DSP board. The Joint Test Action
Group emulator was interfaced between the host computer
and the target DSP board. At the beginning of the process,
the input current and the output voltage are measured and
transferred to TMDSOCK28335 DSP board. Subsequently,
these values are adjusted by normalization then transferred
into the proposed fuzzy controller process and switching sig-
nal generation as previously shown in Fig. 14. The output
of TMDSOCK28335 DSP board is the switching signal of
5V, which is amplified to 15 V. Finally, the proper switch-
ing signals are identically sent to three Power MOSFETS of
converter.

The experimental results of the developed sys-
tem indicate that the proposed methodology of using
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Fig. 23 Experimental result under the load changes with resistance

a three-stage cascade boost converter under a fuzzy
controller can improve the overall performance of
the system. The fuzzy controller effectively controls
the operation of the circuit in both transient and
steady-state responses while using input voltage changes
(Vin), reference voltage changes (V ), and load changes
with resistance (Rjqqq), Which are presented in Figs. 21, 22,
and 23, respectively.
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From the experimental results presented in Fig. 21, the per-
formance of the converter in case 2 was analyzed, where the
input voltage (V) is varied. The converter initially operates
with a continuous supply of V;, at 20 V. It can be seen that
Vo gradually increases from 20 V to the desired reference
voltage of 400 V, taking approximately 4.2 s. Concurrently,
iz also increases and stabilizes at around 7.2 A. During the
transition from V, of 20 to 25 V, both iz; and V¢ exhibit
an overshoot. However, the fuzzy controller effectively reg-
ulates the system, ensuring that i; reaches a steady-state
value of 5.2 A and V¢ is maintained at 400 V. At 10s, Vj, is
reduced back to 20 V from 25 V. Consequently, a decrease
inboth iz; and Vg is observed. Nevertheless, the fuzzy con-
troller promptly responds, successfully regulating the system
to restore iz; and Vo, which settle at approximately 7.2 A
and 400 V, respectively, within a settling time of 1.6 s.

The experimental result showing the reference voltage as
varied is depicted in Fig. 22. The simulation involves chang-
ing V'rer t0 200,400, and 300 V, while keeping Vi, at20 V and
Rioaa at 1600 . Initially, the fuzzy controller successfully
regulates Vo to 200 V without any overshooting, reaching
a steady state at around 2.8 s. In addition, iz; increases and
stabilizes at 1.1 A. At intervals of 0 and 5 s, the developed
fuzzy controller effectively adjusts i; based on mys and
Vrer, resultinginincreased Vo and i ; values. It takes approx-
imately 1.9 s for V and iz to increase from their previous
values and then remain constant at approximately 400 V and
6.6 A, respectively. Subsequently, V¢ is reduced to 300 V,
and the fuzzy controller regulates V¢ to the new steady state
in about 1.2's.

In case 3, the experimental results pertaining to load
changes with resistance (Rjqq) are presented in Fig. 23. At
the beginning, the converter operates with a continuous sup-
ply of input voltage at 20 V and Rjyaq is set at 1600 Q. In
this phase, Vo gradually increases to the desired reference
voltage of 400 V, requiring the settling time of about 4.2 s.
Simultaneously, iz; increases and stabilizes at around 7.8 A.
Subsequently, Rjpqq is modified from 1600 to 2000 €2, which
resulted in a demand power change from 100 to 80 W. This
changing operation point caused a notable overshoot at V.
However, the fuzzy controller promptly responds, adjusting
Vo to decrease to the desired Vs of 400 V. Furthermore,
irg is effectively controlled, settling at a constant value of
approximately 5.6 A at the steady state within 1.6 s. Finally,
Ripaa is changed back from 2000 to 1600 €2, which caused
the required power to rise from 80 to 100 W. This adjustment
causes a sudden drop in V. However, the fuzzy controller
swiftly acts to regulate the system, increasing Vo to the target
Vyer of 400 V. Simultaneously, iz; follows the desired slope,
settling at a constant value of around 7.8 A in the steady
state. As can be seen that when the load power increases, the
input current also increases. The overall access time for this
process is approximately 1.4 s.

6 Conclusion

A three-stage cascaded boost converter was analyzed in this
study, and a fuzzy control algorithm based on input current
slope was developed to regulate the output voltage under
varying input voltages, reference voltages, and load resistors.
The performance of the proposed fuzzy control algorithm
was validated through simulations and experiments. The
results indicated that the proposed algorithm was effective in
maintaining stable output voltage and input current without
overshoot under varying operating conditions. The appro-
priate switch duty cycle values were determined to achieve
the desired output voltage value. The developed fuzzy con-
trol algorithm has practical applications in the control of the
operation of three-stage cascaded boost converters, partic-
ularly in renewable energy systems, where fluctuations in
input voltage and load can frequently occur. By using fuzzy
control, the converter can adjust its operation in real-time,
ensuring a stable output voltage and efficient power transfer.
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