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RONNAKORN KHAMBUYA : A HIGH STEP-DOWN SINGLE-SWITCH
DC-DC CONVERTER. THESISADVISOR : SUDARAT KHWAN-ON,

Ph.D., 193 PP.

DC-DC CONVERTER/ HIGH STEP-DOWN RATIO/ SINGLE SWITCH

This thesis proposes a new topology of a high step-down buck converter with
a high conversion ratio of approximately 20 times for high-input and low-output
voltage applications. The proposed converter can step down the high input voltage,
about 400 V, to the lower output voltage level of approximately 20 V, in order to
supply the DC load or to charge the battery for energy storage. The proposed
converter employs only one power switch, resulting in the power loss reduction
compared to the case that there are many power switches located in the converter. The
simple control strategy with the Pl controller can be achieved to regulate the output
voltage at the constant desired level. In this thesis, the proposed step down converter
configuration is presented and the principle of operation for the proposed converter is
topological analyzed. The efficiency of the proposed converter is also evaluated. The
converter parameters are designed in order to select the proper size of the capacitors
and the inductors, operating under the continuous conduction mode (CCM). The
parameter gains of the Pl controller for the proposed converter are ssimply designed to
obtain the desired output voltage. The simulation results are shown to demonstrate the
performance of the proposed converter. In addition, the hardware in loop (HIL)
simulation using eZdsp "™F28335 is applied to implement the PI controller for the

real system. The laboratory prototype of the proposed converter is built for the



experimental testing. Simulation and experimental results show that the proposed
converter can achieve the high step-down conversion ratio of approximately 20 for

high-input and low-output voltage applications.
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Academic Year 2015 Advisor’s Signature
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Va V) Votsenson V)

Adedl 1 adedi 2 adei 3 mae Adedl 1 adedi 2 adei 3 mae
0 0 0 0 0 0 0 0
10.46 10.54 10.05 10.35 0.101 0.103 0.097 0.100
20.21 20.84 20.74 20.60 0.202 0.210 0.208 0.207
31.34 30.18 3145 30.99 0.318 0.308 0.320 0.315
40.28 40.71 40.35 40.45 0.410 0.418 0.412 0.413
50.20 51.23 50.00 50.48 0.515 0.528 0.512 0.518
61.00 61.40 60.18 60.86 0.627 0.634 0.619 0.627
70.60 70.40 69.60 70.20 0.726 0.728 0.717 0.724
80.20 80.80 80.10 80.37 0.826 0.836 0.825 0.829
90.90 91.80 89.50 90.73 0.939 0.951 0.924 0.938
99.40 100.60 101.1 100.37 1.026 1.040 1.044 1.037
110.00 111.10 111.00 110.70 1.136 1.153 1.149 1.146
120.70 121.00 121.10 120.93 1.245 1.257 1.253 1.252
130.40 130.80 130.10 130.43 1.350 1.357 1.347 1.351
140.30 140.30 140.40 140.33 1.453 1.458 1.455 1.455
149.80 150.30 149.90 150.00 1.552 1.561 1.552 1.555
159.80 161.40 160.60 160.60 1.658 1.678 1.667 1.668
169.50 170.50 170.70 170.23 1.760 1.777 1.773 1.770
181.70 181.10 180.80 181.20 1.885 1.883 1.877 1.882
190.50 189.50 191.20 190.40 1.978 1.970 1.986 1.978
200.70 199.00 199.80 199.83 2.085 2.073 2.072 2.077
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L, (A) Vorsenson) V)

Asei Asai 2 A%af 3 mae Asei Asai 2 A% 3 e
0 0 0 0 0 0 0 0
0.126 0.1 0.103 0.113 0.043 0.04 0.041 0.041
0.224 0.202 0.203 0.210 0.084 0.076 0.081 0.080
0372 0.304 0.303 0.326 0.134 0.116 0.121 0.124
0.441 0.404 0.407 0.417 0.168 0.156 0.163 0.162
0.572 0.506 0.499 0.526 0.213 0.196 0.200 0.203
0.673 0.604 0.606 0.628 0.254 0.234 0.242 0.243
0.767 0.711 0.708 0.729 0.300 0.277 0.283 0.287
0.874 0.807 0.806 0.829 0.343 0.316 0.322 0.327
0.986 0.914 0.915 0.938 0.387 0.359 0.366 0.371
1.082 1.014 1.02 1.039 0.428 0.398 0.408 0.411
1227 1.114 1.114 1.152 0.482 0.438 0.446 0.455
1359 1219 1216 1265 0.535 0.479 0.486 0.500
1.486 1315 1317 1373 0.581 0.510 0.527 0.539
1.613 1417 1.421 1.484 0.626 0.558 0.568 0.584
1742 1.527 1.527 1.599 0.674 0.602 0.611 0.629
1.896 1.631 1.629 1.719 0.728 0.642 0.652 0.674
2.034 1736 1.735 1.835 0.775 0.686 0.694 0.718
2.187 1.842 1.848 1.959 0.818 0.728 0.739 0.762
2226 1.936 1.943 2.035 0.869 0.766 0.777 0.804
2.340 2.046 2.045 2.144 0.914 0.810 0.818 0.847
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anudiesdunefuuesalulasneulnsaaes DSP Ju eZdsp " F28335
4 4 1 ™ I a o 4 a o v A
vosaluTnsaeuInsaaes DSP U eZdsp ' F28335 iundafmusivosussnmndasuany
vad o W 4 J 1
I (Texas Instruments) AmaNtAndnyvesuesalulnsaoulnsanos DSP ju eZdsp

™ME28335 Tdasie 1l

" 3 TMS320F28335 dmsuilszuranadaaaainea
< @ a [ 5 @ a
" AN vesd Yy uINnT 150 MHz 130 6.67 ns ADHWHNTO LA QB UIRN
1 a a a v J
" wielszuraranatslszaninmgeviia 32 da 1daorilaenssuiauuuenia
(Harward Bus Architecture) YAN131DY 16x16 1Az 32x32 UNIZUIUNMIABVAUDY
Aa P <
DUIADITNNTIAIG
] o a L v Aa
B 11198A21091 RAM Y119 68 1 la lud luda
] o a L v Aa
" 11198A2109 Y Flash v11a 512 0 la lud ludqal
] o a a 4 v Aa
B 11198A21091%HA SRAM U119 256 1 la ludusndi
A o [ I ana = a ] o a =
" Jawlasdyaraeuiasniudinoannuazioen 12 Ua 16 ¥o3dqauouna lagll

[ [~ v A <] ] o
anyauzulyyLaawan 2 YA A 8 VOITYUINU

o @

Y <3 2% J
" Fsudgnuenou1Aames (Quadrature Encoder Pulse)

[ a Jo C4 o 1
" 50951 mme@uL@@iiW%WﬂQﬂﬂiﬂ!ii’)‘]_lslgh\‘ﬁﬂlmu 45 1IaN

o

" PWM $1uau 16 Fosdaanunamnsosmuanuszdeald 32 da

a J { o o a
" flvesdunanazoiananannsaivuanmsiiauld 96 W

Y o I aa
ﬂ’lﬁiﬂf\ﬂﬂﬂ@ﬂﬁllﬂaﬂ tytyﬂmamaamﬂumma
4 4 [ ™. =\ o [ o
'].I’E]iﬂlllliﬂﬁﬂﬂhq‘ﬂiamﬂi DSP U eZdsp  F28335 1]1]’8]{’;]?]ﬁ'”lﬁiﬂ!tﬂaﬂﬁﬂg%ﬂm@u”laﬂﬂ

I aa A .. £ o = a o
1uAdInoa n3e ADC (analog to digital converter) FIUANUALIDYA 12 UA Taga 505U

[ o [

usaeu e o 3.3 v wedadlesuduanauswudanarndiuindlnziinsuilasainea

g 9

d'SI = | a

Auaui 1Nz lin1gszring 0 — 4095 d1MiUNBga ADC U 16 ¥oadyaauduna laslianyus

U g

a

Wunundafman 2 gaq az 8 ¥esdyana Ae (ADCAO - ADCA7) 1ag (ADCBO — ADCB7)

dmfunuiseilldidenly 2 vesdaam Ao ADCAO ag ADCAI (ADCAO d#115u5Y
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= F% v 14 d d
a1 I‘I.Ii!!ﬂﬁuﬂ1ﬂ1‘ﬁﬂ1§ﬁi1\1ﬁﬁyiy1m PWM ﬂﬂﬂ‘lgﬂﬂﬂiﬂuluiﬂiﬂﬂuiﬂiﬁmﬂi DSP

G R
// MCU: Voltage & Current controller

o o
/I T5UATUMBITNIAIVANLTIAUDIANA

/| B R

#include "DSP28x_Project.h"  // Tvian Device Headerfile L1ag Examples Include File

#include "IQmathLib.h" // Tia@ IQmath Library
#include "Solar_F.h" // Tvia@ Solar Library: SPLL, Data-Logger, INV controller
// Module Enable

// 0 Disable, 1 Enable

//

a) a Jo I Jd o 4
/)am31FaudUADS WA (Interrupt Enable) tazilanduduaveausunsuy

/] ¥***x EPWM Module Enable

#define EPWM2 DB ENABLE 0 // Enable EPWM2 Dead-band
#define EPWM3 DB ENABLE 0 // Enable EPWM3 Dead-band

#define EPWM1_SOCA_ENABLE 1 // Enable EPWM1 SOCA Trigger

/] ¥*¥¥%* Interrupt Enable

#define CPU_TINTO_ENABLE 0 // Enable Timer 0 Interrupt
#define Ext INT ENABLE 1 // Enable External Interrupt
#define EPWMI1_INT ENABLE 1 // Enable EPWM1 Timer INT

#define Flash_boot ENABLE 0 // Enable boot on Flash




153

/l ADC start parameters

#f (CPU_FRQ_150MHZ) // A58 150 MHz SYSCLKOUT (Default)
#define ADC_MODCLK 0x3
#endif
#if (CPU_FRQ_100MHZ) // D58l 100 MHz SYSCLKOUT (Default)
#define ADC_MODCLK 0x2
#endif
#define ADC_CKPS Oxl // ADC module clock = HSPCLK/(2*1) = 12.5MHz
#define ADC_SHCLK 0x1 // S/H width in ADC module periods =(1+ADC_SHCLK)= 2
ADC clock

//

//

/ Parameter & Function Prototype

//

@ d o g { ]
mlsgmeailasdumeusn (andunugiuiioglu Headerfile)

do o 1 4
extern void InitSysCtrl(void); // ‘W@ﬂﬂvumwuﬂmﬁug 1HU93 CPU
extern void InitPieCtrl(void); /1 lan G]?’Llﬂ'liﬂ’J‘]JﬂJJ Peripheral Interrupt Expansion
extern void InitPieVectTable(void); // HanFuansa Peripheral Interrupt Expansion
. . . . . o Jdao a a s J
interrupt void xint1_isr(void); / NanFU 1Y sUnsuUTNMIOUABT WA XINTI
. . . . . o Jdao a a s J
interrupt void xint2_isr(void); / NanFU TUSUATUUTMIOUADTTNA XINT2
. . P . U dou A g a Jo I

void xint_initial(void); // WANFUSTUAUVDIDUNDT T NANWUDN

. o dou a P a4 v 4
#if Ext INT ENABLE // TN FUDUINBTSNANIUDNNTT1NUU

extern interrupt void xint1_isr(void);
extern interrupt void xint2_isr(void);
extern void xint_initial(void);

#endif
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extern void InitFlash(void);

extern unsigned int RamfuncsLoadStart;
extern unsigned int RamfuncsLoadEnd;

extern unsigned int RamfuncsRunStart;

#endif

/1 HandFumsiuin1usunsuly Flash memory

E4

1 Y
i dszmeilandumelu (lasdunasavueaazeglulvai

void Gpio_setup(void);
void ePWMI1 _setup(void);
void ePWM2_setup(void);

void ePWM3_setup(void);

// ISR Prototype statements.

interrupt void epwml _timer_isr(void);

/ lszmaainalsuasMruaninan

/ ManFusmuanTifveavl nput / Output

/ Mt Fuiruam @My ePWMI Timer
// T FUS UM EIHTY ePWM2

J/ HeFUsH UM EIHSY cPWM3

v a a 4% 4
// WanFu 1U5un5005MT0UNDTINA ePWMI INT

//

#define PI 3.1415927
#define ISR_FREQUENCY 20000
float Vdc_ref = 20;

float A=6.25,B=1875.0;

// RSN T
// ANNDUBI ISR 20 kHz

/ USIAURS (V,) ndeemaniuquliai 20 v

// g msumsulaaeid (ADC scaling)

#define ADC_A_Fullscale 3.00
#define ADC_A_Offset 1.50
#define ADC_D_Fullscale 4095.0
#define ADC_D_Offset 2047.0

#define Gain_Vdc 96.0014

// uiaﬁmmmﬁ@mﬁmma (analog voltage full-scale)

1Y) <
// 1599 ULeUIaenooWise (analog voltage offset)

// avneaATANTING (ADC digital full-scale)
// AAIReaEATATIAINA (ADC digital half-scale)

1 < J o
/A UNUUDIWNITEF UL D TUITIAY
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#define Gain_Idc 3.3333333 // AUAUVDIIDTIF WO NITLLE

#define PWM_CMPA 375.0 // MUVBIT YR I PWM 91999

/1 dmasiszianTaseadedmsy SPLL Mniuguussaunazaniugunseud
CNTL_VC_F entl ve; /dsgmadualsdmsuainiuausaau

CNTL_CC F entl_cc; /dsgmadalsdmsudiniuaunszia

// Global variable prototypes =====

int16 Vadc_a0; // @T”JLLﬂﬁgﬁ‘uﬂ'wﬁ%maﬁ"l?fmﬂﬂﬁuﬂmmuﬁsﬁm ADCINAO
int16 Vadc_al; // é’hzLﬂﬁgﬁ‘uﬂ'wﬁ%maﬁ"lé'mﬂﬂﬁuﬂmmuﬁsﬁm ADCINAL1
float32 V_dc; // PV array voltage

float32 I dc; // PV array current

float32 V_grid; // Low-side grid voltage

float32 V_grid pu; // Low-side grid voltage [pu.]

float32 1 L; // Low-side grid current

float32 IL ref; // 1grid reference = I*sin(wt)

float32 U ref P,U ref N; /I Reference signal For PWM compare

//

// Tsunsuvan (Main function)

//
void main(void){
//ﬁ1ﬁuﬂﬁ11ﬁ:‘u§ 1UUDI TMS320F28335 (Initialize system control)
InitSysCtrl(); // Tvian PLL, WatchDog, enable Peripheral Clocks
#if Flash_boot ENABLE / oyanalitiuiinlusunsuaslu Flash memory
memcpy(&RamfuncsRunStart, &RamfuncsLoadStart, &RamfuncsLoadEnd -
&RamfuncsLoadStart);
InitFlash(); /1 iuinnTisunsuaaly RAM (SARAM - LO)

#endif
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/ imuadyananimdmsumsuilauena

// HSPCLK = SYSCLKOUT/(2*ADC_MODCLK) = 25 MHz

EALLOW;

SysCtrlRegs. HISPCP.all = ADC_MODCLK; // HSPCLK =
SYSCLKOUT/(2*ADC_MODCLK)= 25 MHz

EDIS;

Gpio_setup(); // ﬁmuﬂwﬁwﬁmmm%uw@/Lmsﬁ'w@] (GPIO Initialize)

/| M UADUADT TN Peripheral Interrupt Expansion (PIE)

//
DINT; / wq@miﬁnmmmﬁumaﬁwﬁﬁyﬂﬂm (Disable CPU interrupts)
InitPieCtrl(); // G’né\’u PIE control registers
/ WEJﬂﬂTiﬁN”IWUEN PIE interrupts navnaes interrupts flags
/l wqﬂmiﬁmumm CPU interrupt flags uagnaes interrupts flags
IER = 0x0000;
IFR = 0x0000;
/1 314 PIE vector table w3 T1sunsuusnsdunessng
1 mgtgmﬁlﬁ Interrupt service routines (ISR) L%:NﬁWQWHLﬁﬂLﬁﬂ§UL@@§§W§T@]1u Priority
InitPieVectTable();
#if CPU_TINTO_ENABLE
EALLOW;
PieVectTable. TINTO = &cpu_timer0 _isr;
EDIS;
#endif
#EEPWMI_INT ENABLE  //13u8U cPWMI timer ISR tiioifindumeisnd
EALLOW;
PieVectTable. EPWMI1 _INT = &epwml _timer _isr;
EDIS;

#endif
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J

#if Ext INT ENABLE //1538u XINT1 / XINT2 ISR tieifindunedsng
EALLOW;
PieVectTable. XINT1 = &xint]_isr;
PieVectTable. XINT2 = &xint2_isr;
EDIS;

#endif

)/ vuaausududmSuTugaiiey (Device Peripherals)

//

// TugamsuiJasonA (Initialize ADC module)

TnitAdc(); // Twaﬂﬁuéuéfnﬁugmmaqmmﬂmmu?\
// MMUATYIUUINNT (ADC clock) Hagszeznallunsd#n@I9e19 (Sampling Time)
AdcRegs. ADCTRL3.bit ADCCLKPS = ADC_CKPS; //setto FCLK =HSPCLK/2 =12.5 MHz
// FCLK = HSPCLK/1 For ADCCLKPS = 0000b
// FCLK = HSPCLK/(2* ADCCLKPS) For ADCCLKPS = xxxxb
AdcRegs. ADCTRL1.bit.CPS = 0; // Set to ADCCLK = FCLK/(CPS+1) = 12.5 MHz [80ns]
/1 fuanus 2 lumsinlaauena (Conversion rate) 1.25 MSPS
AdcRegs. ADCTRL1.bit. ACQ PS=ADC _SHCLK; // Set to 4.17 MSPS Conversion rate
// Sample rate or Sample Time = 1/((2+1)*80ns) = 4.17 MHz
// Acquisition window(s)= (ACQ_PS + 1) ADC clock
// Sequential mode: = 1/[(2+ACQ_PS)*[(1/ADCCLK)in ns]],

S/H clock (1 ADC cycle)= (2 + ACQ_PS) ADC clock

// MruaanyazYeINsHaena
AdcRegs. ADCTRL3.bit. SMODE_SEL = 0; // 1 @NIBMIFNAIDEILLD Sequential
AdcRegs. ADCTRLI.bit.SEQ CASC = 1; //donTruamsulauenauu Cascaded

AdcRegs. ADCTRLI1.bit. CONT RUN = 0; // vigamsuilaslenanueeliloq




158

// Mmuagosdyanadmiumsuauend (ADC channel select configuration )

1+1=2 %04

AdcRegs. ADCMAXCONV.all = 0x0001; /1 UIUBDIT QYYD
AdcRegs. ADCCHSELSEQ1.bit. CONV00 = 0x0; // ADCINAO as 1st. of SEQ

AdcRegs. ADCCHSELSEQ1.bit. CONVO1 = 0x1; // ADCINALI as 2nd. of SEQ

i fmualdizunsudauenfdledanin ePWM SOCA trigger

AdcRegs. ADCTRL2.bit. EPWM_SOCA_SEQI = 1; /1 oyanali SOCA 131 SEQ!
AdcRegs. ADCTRL2.bitINT ENA SEQI = 0; /1 laioynna SEQI interrupt

[

// Illﬁ]ﬂﬂ"l’i a5 dana ePWM (EPWM Initialize configuration)

g 9

EALLOW;

SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC =0;  // Stop all the EPWM TB clocks

EDIS;

ePWMI_setup(); /7 TnaaA i uAUdMSY cPWMI Timer (50 Us)
ePWM2_setup(); // TranAusududmTY ePWM2 (unipolar PWM output)
EALLOW;

SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC = 1;  // Start all EPWM TB clocks synced
EDIS;

a\ o a o 4
/l LﬂﬂﬂWiVl']\‘]WH“llfJﬂfJuL@@gﬁWﬁ (Enable Interrupt)

//

#if Ext INT _ENABLE / donms lFnuduaesSnaneuen
xint_initial();
#endif

A ° [ v 4
/ ﬂnillé]}uﬁ'l‘ﬁﬁU@]Dﬂ?ﬂﬂﬂlliﬂﬂulﬁ]’l@ﬂ@

CNTL_VC F init(&cntl_vc); /I Twaﬂﬁuéuéfuﬁm%uﬁamuﬂuﬁ”lamamﬁﬁu
cntl_ve.Kp = (0.05); // AUNUAATIUVDIAIAIUANIUITIAU

cntl_ve.Ki = (20.0); // AUNUBUNNTAVBIAINIVANUTIAY
cntl_ve.Umax = (5.0); /1 AR IANAVDIRINILAULTIAU
cntl_ve.Umin = (0.0); / i’hﬁ’@mﬁ'wqmmﬁwmméfammﬂmmﬁu

entl_ve.Ts = (0.00001); /adunnsanle lumsfiiui
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/ ansududmsuanuqunszud W

CNTL_CC_F_init(&entl cc); / Tnaamusududmsudnuauii lovesnszua
cntl_ce.Kp = (0.42); /] AUNUAATIUVDIAINIUAUNTZLLE
entl_ce.Ki = (2400.0); // AUNUDUNNTAVDIAINIVANNTLLLA
entl_cc.Umax = (5.0); // AR IANAVDIAINIAUN LI
entl_ce.Umin = (-5.0); /1 SrdasmgaeIENa IR InIUANNTELE

A a o A Y o
entl _ce.Ts = (0.00001); /Maeunnsan by lumsaiuin

/1 WM aHUedUINe S SNA (Enable Interrupt)

//

#f Ext INT _ENABLE

IER |- M_INTI; // OUANABUIADS SNG INT4 (XINTI1) t1ag INT5 (XINT2)
#endif
#f EPWM1_INT _ENABLE

IER |= M_INT3; // OUANABUIADS SN INT3 §1MTU ePWMI - 6 INT

#endif

// Enable Peripheral Interrupt Expansion [PIE]
PieCtrlRegs.PIEIER 1.bit.INTx7 = CPU_TINTO _ENABLE; // Enable TINTO in the PIE:
Group 1
PieCtrlRegs.PIEIER3.bit.INTx1 = EPWMI1 INT ENABLE;
// oURIABIIABS S NG PIE ngufl 3 INT2 § 51 EPWM2_INT
PieCtrlRegs.PIEIER 1.bit.INTx4 = Ext INT _ENABLE;
// 0UaNABUIABT SN PIE nguil 1 INT4 §1%5U XINTI
PieCtrlRegs.PIEIER 1.bit.INTxS5 = Ext INT ENABLE;
/1 oURIABIIABS S NG PIE ngufi 1 INT5 d 15U XINT2
EINT; // Enable global Interrupt

ERTM; // Enable higher priority real-time debug event
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for(;;)
{ // 9UM39aundn (Background loop)

[

a a 4 J o .
/ T15un5HUTMSBUADTSNATINIUAINIAIVDY ePWM Timer

;
Sy 2

/7 Tsunsuusmssuaedndnasiletduiiadraiues

// EPWMI Timer ISR: TU5unsuuSmsdumessnasanosiy

interrupt void cpu_timer0_isr(void){
CpuTimer0.InterruptCount++;
PieCtrlRegs.PIEACK.all = PIEACK_GROUPI;

}

. a a Jo ] 3 AAaA
// EPWMI Timer ISR: T50n5uUTMIBUABT TNANUILDUANN

//

interrupt void epwm1_timer_isr(void){

I fim?ha%aaﬁ”lﬁ’mﬂmmﬂamuﬁ“lwﬁm Yoy 1 ADCINAO 11ag ADCINAL

Vadc a0 = AdcMirror. ADCRESULTO;

Vadc al = AdcMirror. ADCRESULTI;

AdcRegs. ADCTRL2.bitRST SEQI = 1; /5158 SEQI1 ﬂé’mjﬁmmﬁmé’u (intial state)
i/ mlasidinead ldnnmslaseyfidlunssdunaznazua lidh

V_dc = Gain_Vdc*(Vadc_a0*0.000732601)+0.7721;

I L = Gain_Igrid*(Vadc_al1*0.000732601)+0.0038;

/1 FonlFaudniuguussdueIdye

cntl_ve.Vref = (Vdc_ref); / amﬂm 1: uiqﬁmmﬁwmﬁé’mmi

entl_ve. Vibk = (V_dc); // BUNG 2: 1FIRUNTDITIIIN IR 1T IR
A o o o 4

CNTL_VC_F_FUNC(&entl_vc); // 3UHANFUAINIVAVLITIAUDIANA

4 @ [ a
/1 1ID1ANAVDIAIAIVAULLIIAY ﬁf) .Out ¥UA float32
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IL_ref = cntl_vc.Out; // A9A9INAIAIDANLTIAIQUAIRIuRUN ST

i1 GenlFaudaugunszue luih

entl_ce.Iref = (IL_ref); // BUNA 1: 13IEUNTVININGUUTIAY
a o 4
entl_ce.Ifbk = (I_L); / DUNA 2: NTZUANTUNINTUIEDS NTZUE
A oy o o
CNTL_CC_F_FUNC(&ecntl_cc); /SN FUAINIVANLTIAUAT

// 1D1ANAVDIAINTUANNTLUA A .Out ¥ilA float32
/waennlasm U ref Puaz U ref N dmiunsufiouiouiieadis Yy PWM
U _ref P=(-cntl_cc.Out*13.02)+3750;
/rSeuifieunsedudredaiiondudyana PwM

EPwm2Regs.CMPA .half. CMPA = U ref P; // OWAN cPWM2A, ePWM2B

/!
// dugamsihanuves lsunsuuimsdumesSndlagindes nterrupt flag
EPwml1Regs.ETCLR.bit.INT = 1;

PieCtrlRegs.PIEACK.all = PIEACK_GROUP3;

Y o 9 ~ a o
// MaAFUMHUANHINVYBIVIDUNA/ABIANA (GPIO setup)

//

void Gpio_setup(void){
EALLOW;

o { a o . .
/ ﬂmuﬂwfiﬁﬂjmm@uw@/mmwﬂ (GPIO multiplex configuration)

GpioCtrlRegs. GPAMUX1.all = 0; // GPI0O15-GPI1O0 ﬁmﬁﬁ‘ﬁyﬂu General Purpose I/O

GpioCtrlRegs. GPAMUX?2.all = 0; // GPI031-GPIO16 ﬁmﬁﬁﬁyﬂu General Purpose I/O
GpioCtrlRegs.GPBMUX1.all = 0; // GP1047-GP1032 ﬁmﬁﬁﬁyﬂu General Purpose I/O
GpioCtrlRegs. GPBMUX2.all = 0; // GP1063-GP1048 ﬁWﬁﬂ’TﬁL“ﬂu General Purpose /0
GpioCtrlRegs. GPCMUX1.all = 0; /I GPI079-GP10O64 ﬁWﬁﬂ’TﬁL“ﬂu General Purpose /0

GpioCtrlRegs. GPCMUX2.all = 0; // GPIO87-GPI080 11Tl General Purpose 1/0
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° a a J . . =
A MAUANANNUDIVIDUNA/LDIANA (GPIO Direction) LLﬁ&‘lJﬂi%ﬂW ePWM

GpioCtrIRegs. GPADIR .all = 0; // fviua 1y GPIO31 - GPIOO 1flunduma
GpioCtrIRegs. GPBDIR.all = 0; /1 fmua 1y GPIO63 - GPI032 1lunduns
GpioCtrIRegs.GPCDIR.all = 0; // fvua i GPIOS7 — GPIO64 iluandumna

GpioCtrlRegs. GPAPUD.bit.GPIO2 =1; // Walda ePwMm2a
GpioCtrlRegs.GPxMUXn.bit. GPIOn = 0;
GpioCtrlRegs.GPxDIR.bit. GPIOn = 0;
GpioCtrlRegs.GPxPUD.bit.GPIOn = 0;
GpioCtrlRegs.GPxQSELn.bit. GPIOn = 0;
GpioCtrlRegs.GPxCTRL.bit. QUALPRDn = OxFF;
GpioCtrIRegs.GPxDAT.bit. GPIOn = 0;
GpioCtrlRegs.GPxSET.bit. GP1IOn = 0;
GpioCtrlRegs.GPxCLEAR.bit. GPIOn = 0;
GpioCtrlRegs.GPxTOGGLE.bit.GPIOn = 0;
EDIS;

}

// MatFuiruamdmsy ePWM1 Timer

//

void ePWM1 _setup(void){
// ST YANUUINN 20 kHz (50 ps) SHAYY - 89 (up - down Timer based)
// TBCLK = SYSCLKOUT/(HSPCLKDIV*CLKDIV)

// TBPRD = (1/2)*[SYSCLKOUT/(Fpwm*HSPCLKDIV*CLKDIV)]

EPwm1Regs. TBCTL.bit. HSPCLKDIV = TB_DIV1; // HSPCLKDIV =/1

EPwm1Regs. TBCTL.bit. CLKDIV = TB_DIV1; // CLKDIV =/1

EPwm1Regs. TBPRD = 7500; // MAUAMIVLIAT = 7500 TBCLK [20 kHz]
EPwm1Regs. TBPHS.half. TBPHS = 0; // ﬁWﬁuﬂLWﬁéN&}u =0 TBCLK
EPwm1Regs. TBCTR = 0x0000; // 1385 time - base counter

EPwm1Regs.TBCTL.bit. CTRMODE = TB_COUNT_UPDOWN;
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a’/‘ 1A [ a - J o a A v
/l ﬁiﬂuﬂﬂﬁﬂﬂﬂ'ﬁ"]ﬁﬂiﬂﬁquﬁﬁ iUuﬂﬁﬂlu"IanllﬁgiﬁJLWﬁLﬂJﬂu
EPwmIRegs. TBCTL.bit.PHSEN = TB_DISABLE; /1 amsad Ias ludla
EPwml1Regs.TBCTL.bit. PRDLD = TB_SHADOW; // Tvia@ Period Shadow Register

EPwm1Regs.TBCTL.bit. SYNCOSEL = TB_CTR_ZERO;

// viualyi 1van CMPA Shadow registers (o CTR = ZERO
EPwm1Regs.CMPCTL.bit. SHDWAMODE = CC_SHADOW;
EPwm1Regs.CMPCTL.bit. LOADAMODE = CC_CTR_ZERO;

EPwm1Regs.CMPCTL.bit. LOADBMODE = CC_CTR_ZERO;

/1 SMUASIHBZIOENA (Action Qualifier) Yo cPWM iilefimsn/Seufioy CTR
EPwm1Regs.CMPA half. CMPA = 1875; // MYiUa CMPA 50% duty cycle
EPwm1Regs.ETSEL.bit.INTEN = 1;

EPwm1Regs. ETSEL.bit.INTSEL = ET_CTR_PRD;

EPwm1Regs. ETPS.bit.INTPRD = ET_1ST

#endif

i/ fvuamdmiumsadedyananinguoinisuilaena (SOCA Trigger)

#if EEWM1_SOCA_ENABLE

EPwm1Regs.ETSEL.bit. SOCAEN = 1; //dlams 1911 EPWMI1 SOCA Trigger

a 4

/1 Smualdinadynmunsndg (SOCA trigger) 1o CTRU = ZERO

EPwm1Regs.ETSEL.bit.SOCASEL = ET_CTR_ZERO;
EPwm1Regs.ETPS.bit.SOCAPRD = ET 1ST;
#endif

}
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// IR FUSIHUAMEIHTY PWM2

//

void ePWM2_setup(void){
// ST YANUUINN 20 kHz (50 ps) SHAVY - 89 (up - down Timer based)
// TBCLK = SYSCLKOUT/(HSPCLKDIV*CLKDIV)

// TBPRD = (1/2)*[SYSCLKOUT/(Fpwm*HSPCLKDIV*CLKDIV)]

EPwm2Regs. TBCTL.bit. HSPCLKDIV =TB DIV 1; // HSPCLKDIV =/1
EPwm2Regs.TBCTL.bit. CLKDIV = TB_DIV1; // CLKDIV =/1
EPwm2Regs.TBPRD = 7500; // MYUAALLIAT = 7500 TBCLK [20 kHz]
EPwm2Regs.TBPHS half. TBPHS = 0; // ﬁmumﬂﬁﬁlu&’u =0 TBCLK
EPwm2Regs. TBCTR = 0x0000; // 19@85 time - base counter

EPwm2Regs. TBCTL.bit. CTRMODE = TB_ COUNT_UPDOWN;

)/ famiRoiunsFadTng lud Yuanaanfinuazyaisuduy

EPwm2Regs. TBCTL.bit.PHSEN = TB_DISABLE;

EPwm2Regs. TBCTL.bit.PRDLD = TB_SHADOW;

EPwm2Regs. TBCTL.bit.SYNCOSEL = TB_SYNC IN;

/1 Svuali lviaa CMPA Shadow registers Lﬁ’e) CTR =ZERO
EPwm2Regs.CMPCTL.bit.SHDWAMODE = CC_SHADOW;
EPwm2Regs.CMPCTL.bit. LOADAMODE = CC_CTR_ZERO;
EPwm2Regs.CMPCTL.bit. LOADBMODE = CC_CTR_ZERO;

I/ A IReITUTZ82U0UAE (Dead-band) 2 pis

#if EEWM2_DB_ENABLE

EPwm2Regs.DBCTL.bit.OUT MODE =DB FULL ENABLE; // a9 Dead-band
EPwm2Regs.DBCTL.bit.POLSEL = DB_ACTV_HIC; // donTrua
EPwm2Regs.DBCTL.bit.IN. MODE = DBA_ALL; / SvuAd o190

EPwm2Regs.DBRED = 60;

//Rising edge delay (sec.) = (1/TBCLK)* DBRED (s)
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EPwm2Regs.DBFED = 60;
//Falling edge delay (sec.) = (1/TBCLK)* DBFED (s)
#endif

o @ J . . A~ = =
A MAUAANHUSIDIANA (Action Qualifier) Y93 ePWM Wwalmslseueay

CTREPwm2Regs.CMPA half. CMPA = 3750; // frua CMPA 50% duty cycle duty
EPwm2Regs. AQCTLA.bit.CAU = AQ_SET; // !,?Jmméfw@ ePWM2

EPwm2Regs. AQCTLA.bit. CAD = AQ_CLEAR; /l (ﬂmmﬁwm ePWM?2

H

/ Hardusuduvesdumed Sndneuen
void xint_initial(void)
{
// fviuAv GPIO13 tag GPIO14 1WunAlneadunadmsuaing 1 uay 2
EALLOW;
GpioCtrlRegs. GPAMUX1.bit.GPIO13 = 0;
GpioCtrlRegs.GPADIR.bit. GPIO13 = 0;
GpioCtrlRegs. GPAQSEL1.bit.GPIO13 = 2;
GpioCtrlRegs. GPAMUX1.bit.GPIO14 = 0;
GpioCtrlRegs.GPADIR.bit. GPIO14 = 0;
GpioCtrlRegs. GPAQSEL1.bit.GPIO14 = 2;
GpioCtrlRegs. GPACTRL.bit. QUALPRD1 = OxFF;
EDIS;
EALLOW;
// o GPIO13 iuaindued XINTI waz GPIO14 ifuaiadueq XINT2
GpiolntRegs.GPIOXINT1SEL.bit. GPIOSEL = 13
GpiolntRegs. GPIOXINT2SEL.bit. GPIOSEL = 14;
EDIS;

XIntruptRegs. XINT1CR.bit. POLARITY = 1;
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XIntruptRegs. XINT2CR.bit. POLARITY = 1;
XlIntruptRegs. XINT1CR.bit. ENABLE = 1;

XlIntruptRegs. XINT2CR.bit. ENABLE = 1;

interrupt void xint1_isr(void)

{
Vdc_ref+=5;
if (Vdc_ref>60){Vdc_ref=60;}
PieCtrlIRegs.PIEACK.all = PIEACK_GROUPI;
b
interrupt void xint2_isr(void)
{
Vdc_ref-=5;
if (Vdc_ref<5){Vdc_ref=5;}
/I Acknowledge this interrupt to get more from group 1
PieCtrlIRegs.PIEACK.all = PIEACK _GROUPI;
H

//

// End of SourceCode.

//
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2.2 Tsunsumsadradanuguiile

R R R R AR

// PI_controller.c

/I Tlsunsudrnruqguiilo

I/

#include "Solar F.h" //1¥iaa Solar Library (SPLL, Data-Logger, Sine Analyzer)

Jimuamdindsisudu
float errv=0; float Upv=0; float Uiv=0; float Uiv_1=0; float UV=0;

float erri=0; float Upi=0; float Uii=0; float Uii_1=0; float UI=0;

void CNTL_VC_F_init(CNTL_VC_F *k){
/* Initialize variables */

k->Vref=0; k->Vibk=0; k-=>Out=0; k->Kp =0; k->Ki=0;

k->Ts =0; k->Umax = (1.0); k->Umin = (0.0); k->up =0;
k->ui=0; k->v1=0; k->i1 = 0;
¥

void CNTL_CC F init(CNTL_CC _F *k){

/* Initialize variables */

k->Iref=0; k->Ifbk = 0; k->Out = 0; k->Kp =0; k->Ki=0;
k->Ts =0; k->Umax = (5.0); k->Umin = (-5.0); k->up =0;
k->ui = 0; k->v1 =0; k->i11 =0;

}
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//***************************** FunCtion Deﬁnition ******************************//

void CNTL_VC_F_FUNC(CNTL_VC_F *v){

sdnumsmaudnuguil lelugiluseauy

errv=v->Vref - v->V1bk; / fFuALITUAAIANADY
Upv=0.014*errv; // fnuguigus iy
Uiv=0.8*0.00001*errv + Uiv_1; /1 dnuau logilusedu
. J @ o v g a
UV=Upv+Uiv; /eanagiuseau dmuludunavesginszua
. . S 1w 9 o ° '
Uiv_1=Uiv; /numaniugu ledmsumssnalusevdeli)
[ J Y
v->0ut = UV; / danueianalrigilnssue
}

void CNTL_CC_F_FUNC(CNTL_CC_F *v){

sdnumshadnuguil leluginszua

erri=v->Tref - v->Ifbk; // MUIUAINITZUTAAIAAADY
Upi=1.44*erri; // anuuigilnszue
Uii=9600*0.00001*erri + Uii_1; /1 dnuguleginszua
. .. 4

UI=Upi+Uii; /1 1anagilnszue

.. .. < 1w o o ° 1
Uii_1=Uii; /numidanuny ledmsumssnaluseuds i

(] 1 4 o [ I o kY a

v->Out = UL, / danmoanad v udyanooalums

=) = % 3 td'
nlseumeuny UYIUT TGN
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a o d J
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# [F28335_eldsplcpu_0 - TMS320C 28xx - Code Composer Studio - [Disassembly]
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- RTDX CreateOutChannel(ochanl);

- RTDX_ enableOutput(&ochanl);
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Abstract

This paper proposes a new topology of a high step-
down de-de converter with a conversion ratio of
approximately 20 times for low=-output high-input voltage
system applications. This proposed converter employs
only one single switch. In this paper, the operating
principle of the proposed converter topology is analyzed.
The relationship between the step-down voltage ratio and
the duty cycle is presented. The simulation results are
shown to demonstrate the effectiveness of the proposed
high step-down single- switch de-de converter. In
addition, the experimental results obtained from the
laboratory phototype are shown o confirm  the
performance of the proposed high step-down single-
switch de-de converter.

Keywords: step-down de-de converter, high step-down
ratio, single switch
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Abstract

This paper proposcs a new topology of a high sicp-down dc=dc
converter with its control strategy using the design of the PI controller in
order to achicve the desired output voltage level. The propoesed converter
with an appropriate control technique can generate the wvoliage
comversion ratio of approximately 20 times for low-output high-input
voltage system applications. Since the proposed converter employs only
one single switch. In order to obtain the desired output voltage, this
switch need to be operate properly. In this paper, the design of the PI
control for the proposed converter is described and a Isboratory
phototype of the developed with the designed controller is tested. The
simulation and experimental results are shown to demonstrate the
effective of the proposed high step-down single-switch de-de converter
with its control strategy. The results show that the desired output voltage

can be achieve using the desired proper controller.
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Abstract

This paper proposes a new topology of a high step-down de-de eonverter with a conversion ratio of approximately 20 times for
high-input and low-output voltage applications such as rencwahle system applications. This proposed converter employs only
one single switch with low control complexity. In this paper, the converter configuration is presented and its operating principle
under continuous conduction mode (CCM) is deseribed. The relationship between the step-down voltage ratio and the duty cycle
is also presented in order to illustrate the performance of the proposed converter. In addition, the laborstory phototype of the
proposed converter is implemented. The simulation and experimental results are shown to demonstrate the effectiveness of the
proposed high step-down single-switch de-de converter.
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1. Introduction

Due to the energy shortage and the environmental problems, the rencwable energy sources, such as photovoltaic
(PV) arrays and wind turbine generators, have received increasingly attentions [1]. The electric power generated
from these renewable energy sources can be connected to the grid through the proper power converters, In addition,
the stand-alonc power system bascd on rencwable encrgy and storage devices is an alternative solution to provide
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clectricity for the remote arcas [2]. The stand-alone rencwable energy system typically requires the battery for
energy storage to supply the load power when the renewable energy sources are not available due to the climatic
operating conditions [3]. For storing encrgy in the battery the conventional buck converter is commonly used
because of its simple structure and low control complexity. The battery output voltage is lower than the input voltage
generated from such renewable energy sources. However, for the high-input and low-output voltage systems the
conventional buck converter needs to operate under the extreme duty cycle to achieve the desired output voltage
with high step-down voltage conversion ratio. Consequently, the active power device suffers from the voltage and
current stress and the power loss of the buck converter inereases significantly. As a result, the converter efficiency is
deteriorated.

To overcome the limitation of the conventional buck converter for the high-input and low-output voltage
applications, several step-down de-de converter topologies have been proposed to achieve the high step-down
voltage conversion ratio. The n-stage cascaded buck converter configurations arc employed to obtain the higher
voltage gains compared with the conventional buck converter. However, the use of the n-stage buck converter needs
more active power switches and components including the more gate drive circuits, which not only increase the cost
and the power losses of the converter but also decrease the cfficiency [4]. In addition, the coupled inductor is
introduced to the step-down de-de converter to provide a high voltage conversion ratio. Unfortunately, the energy
stored in the leakage inductor of the coupled inductor causes high voltage spikes on the power switches, thereby
reducing the corresponding efficiency [5]. The isolated step-down de-de converter with a transformer can provide
the high voltage-conversion ratio by properly adjusting the turn ratio of the isolated transformer [6]. However, the
converter efficiency is relatively low because of its voltage stress and leakage inductance energy. In addition, the
cost and the size of the converter increase due to the added transformer.

In this paper the high step-down single-switch de-de converter is proposed for high-input and low-output voltage
applications such as renewable energy systems. The proposed converter provides a much higher step-down voltage
conversion ratio compared with the conventional buck converter without adopting the extremely short duty eycle.
The proposed converter topology is presented in the next section. The operating principle of the proposed converter
under the continuous conduction mode is deseribed. A 100-W prototype of the proposed converter was
implemented. Simulation and experimental results are shown in order to illustrate the effectiveness of the proposed
converter.

2. High Step-Down DC-DC Converter Topology

The proposed high step-down de-de converter configuration is shown in Fig. 1. This proposcd topology uses only
one active power switch to increase the step-down conversion ratio without employing an extremely low duty cycle. As
can be seen in Fig. 1. the proposed converter consists of two capacitors, three inductors and four diodes. The proposed
converter topology can be derived from the combination of a cascaded quadratic buck converter and a diode-assisted
buck converter. By integrating both converters, the high step-down conyersion ratio can be achieved.

I
LUk
=

There is only one power switch located in the proposed converter topology. Therefore, the operating principle of
the proposed converter can be basically classificd into two operation modes; switch S is turned on and switch § is
turncd off, in one switching period. Detailed explanation of cach operating mode is given as follows:

Made 1: the power switch § is turned on. The identical inductors, L;, Ly and Ls, are lincarly charged in scries by
the input voltage source ¥, The diode D: is forward biased whereas the diodes D; and Dy are blocked. As a result,
the capacitor €y is discharged and the inductors, Lz and Lz, are charged in scries. In a charging phase, the inductor
currents, iy, g2 and igs increasc lincarly.
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Made 2: the power switch § is switched off. The diode Dy is turned on simultancously providing a path for the
inductor current iy through the capacitor Cr. The diodes D and [ are turned on simultaneously, providing a path
for the inductor currents, iz and ips. through the output capacitor, Ca All the inductor currents are lincarly
decreasing during the switching-off time. Thus. under this operating mode, the capacitor € is in a charging phasc
and the inductors, L: and Ls, arc in a discharging phase.

In order to consider the performance of the proposed high step-down de-de converter, the voltage step-down
conversion ratio (M) under the steady-state operating condition is analyzed. By applying volt-sccond balance on the
inductors, Ly, Lyand Ls, the voltage step-down conversion ratio M, which 0 is the switch duty cyele, can be expressed as
Vi _(2-D) (n

M=
v, D

The voltage step-down ratio of the proposed converler is compared with that of the conventional buck converter,
quadratic buck converter and diode-assisted buck converter, as shown in Fig. 2. 1t is clear that the proposed
converter has higher step-down ratio than the other step-down converters over a range of the duty cyele.

cofvansonsl Busk comverter
==~ chode-atitted buch comarie
{= = ‘emcaded quasralic buck convere:
—— provated commrte

Fig. 2 The step-down cenversion ratios of the proposed converter
3. Experimental and Simulation Results

In order to verify the cffectiveness of the proposed high step-down de-de converter the simulation model has
been developed using MATLAB SIMULINK. In addition, a 100-W prototype of the proposed high step-down
converter, as shown in Fig. 3. was built in the laboratory to verify the analytical description and simulation results.
The converter parameters constructed in Fig. 1 for both experimental sctup and simulations arc selected as Ly, L; and
L;=15mH, C; and C>= 180pF and R = 100€). The power MOSFET, namely, IXFR32N8OP, and ultrafast-recovery
diodes, namely, MURI1560, are adopted. The switching frequency is chosen at 10 kHz. The Arduino UNO R3
microcontroller board, as shown in Fig. 3, is used to generate the switching signal to the power switch., For
experimental setup the input of the converter is supplied by the single-phase diode rectifier generating the maximum
voltage level of 400V to be considered as the high-voltage power source. The output voltage of the converter is the
voltage across the load resistor, expecting much lower voltage level compared with the input voltage side.

Fig. 3 A 100-W prototype of the p I converter and a mi et beard
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To validate the step-down conversion ratios of the proposed converter, simulation and experimental results arc
considered under different duty cyele operating conditions. However, the scale-down input voltage of 200V is
employed in order to avoid the severe impacts on converter due to the large transient overvoltages in the open loop
operating conditions. For future work the input voltage of 400V will be supplied to the propesed converter operating
with the appropriate controller in order to obtain the desired level of the step-down output voltage.

Fig. 4 shows the experimental and simulation results in both transient and steady-state operations of the proposed
converter with duty cycle of 0.15. The simulated output voltage is about 10 V while the experimental one is about
10.5 V. It is clear that the output voltages obtained from the experiment and simulation are in a good agreement,
providing the step-down conversion ratio of approximately 20. In Fig. 5 the duty cycle of the power swilch is 0.25.
The tested- and simulated outpul voltages are about 16.5 V and 16.7 V, respectively. As it can be seen from the
obtained results, the high step-down conversion ratios can be achieved from the proposed converter.

- L B — T

LT
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Fig. 4 Output voltage waveforms obtained from experiment and simulation when 0 = 0L15
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Fig. 5 Output voltage waveforms obtained from experiment and simulation when D= 0.25

4. Conclusion

This paper has presented a new topology of high step-down de-de converters for rencwable energy applications,
requiring high step-down conversion mtio. The proposed converter provides a high step-down conversion ratio by
employing only one single power switch. The operating prineiple of the proposed converter during each topological
made has been described. The step-down voltage conversion ratio of the propose converter has been analyzed. The
simulation and experimental results obtained from the prototype are in a good agreement, indicating that the proposed
topology, with only one power switch employed, is suitable for high-input and low-output voltage applications.
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