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Name : Mr. Somsak Manman

Thesis Title : Analysis and Design of Interleaved Input Current Technique for Paralleling
Single - phase AC to DC CUK converters

Major Field . Electrical Engineering
King Mongkut’s Institute of Technology North Bangkok

Thesis Advisor : Associate Professor Dr. Viboon Chunkag

Academic Year : 2006

Abstract

The purposed of the research aims to analysis and design of Paralleling Single - phase AC
to DC CUK converters to improve the input line current to be nearly sinusoidal. The system
consist of 3 parallel CUK modules. Each module is operated in continuous conduction mode
(CCM) and Power Balance Control method is used to control input current. Digital Signal
Processor (DSP) is employed to generate switching control signal among each module and
Interleaved technique is applied to reduce ripple input current.

The prototype system was designed to operate at 220 V 50 Hz input voltage, -48 V output
voltage and 750 W maximum total output power. The experimental results indicated that the
dynamic response of system was effectively, nearly sinusoidal input current. At the maximum
power rating, the system gave more than 0.95 power factor, 80 % efficiency and the total
harmonic distortion of line — input current less than 5 %.

(Total 109 pages)

Keywords : Paralleling of Single - phase AC to DC converters, Interleaved Technique

Digital Signal Processor, Power Balance Control method
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L2 o 2 dt ( )
i =i, 27)
i, .

o Y < a  J o A v w A '
dmuald T, duaunaimsadagly 1 Munainsiay D Asdginsnumiesia

I3 4 a day 1 a  Jda
weosidudnaives T, yuzdladila uaz 1-D wio D' Aornawes T, vauzaiadmila
4 v o = o o = 4
AT WBILUVINFZANIZTUGA NAANMITN 2-1 DIaumIi 2-8 asorwveuzilaau

[ o N Yo t:‘
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M 2-4 Jiladudyaamdsvenssrauazus iy luan1za)

a H 1 1 4 [ 1 1T @ 4 4
W3aNA 2-4 wuwaswamasvesdy iy 1 munangiaumnugudie

g U

v
Yo A
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V_ =DV, +(1-D)(V, -V,) =0 (2-9)
V_ =D(-V,-V,)+ ({1~ D)(-V,) =0 (2-10)

o =DI,+(1-D)I,=0 Q-11)
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9150100 29 wazaums 2-10 ez lmiiemmnuduiutvesdasidIums

Y
~

nilaaruusasu 1aeil

\V/
V, =4 2-13
' 1-D e

V
V,=——=2 2-14
1 D (2-14)

V
L =—— =M 2-15
V ( )

[

A 1 Y v o 1 @ v o
ﬂﬂzﬂﬁilﬂﬁ‘ﬂ 2-11 Glfl’illi]%llﬂﬂ’ﬂllﬁilwu‘ﬁﬁxﬁ’ﬂﬁﬂ'ﬁZLLﬁﬂ‘U A9INIINU D

Lo Dy (2-16)
I, 1-D

A A o 1 )
we M a0 E)Gl‘ﬂﬁ’mmil,l,ﬂmwu

9 @ J A A o A - o w
A1 IUAIANUNTSINDUUDINTELTUADIAN UYIUN |_1 R |_2 D Lae AI2 ANARY LU

E4
v A

o [ a J A A A =< = I kY
useauanasouadnes C, Ao Av, lnsAafiaiveanieen Wewduaums laaai

d‘ a oA
Woanawle

d V.V, o)
it Lo L
d_iz — VL2 — _Vl _Vo (2'18)
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d‘ a o A
woaawmile

dv, _de iy (2-19)
d C G,

% = Vi = V_d (2-20)
d L L

d, Vi, _—v-V, (2-21)
a L L

dv, e iy (2-22)
d C, C

A l A @ J 9 [ a a = A
Mer1AANUNTZINONAINa1 laglFranmsniusvinaa [12] NFUNITN 2-17 IFUNITN

o = | A a Y A
2-22 ﬁ'lllﬁﬂunﬂlfllEJHLﬂuﬂ1WLW’EJ®‘ﬁ‘1ﬂEJ]1ﬂﬂQﬂ'IW‘ﬂ 2-5

4 a ) Y Y] . v . ) o
Lﬁamﬁmmwwummﬂizua@mmn AI1 NITUAATUDDN AI2 LAgAIMUFUUBDIULINAU

] a A [} { 1 o @
Tugraiasila aunsaeu ldaeaunisn 2-23 daaunsn 2-26 Muday

A, = Va2 (2-23)
L, f,
A, = -D(v, +V,) (2-24)
L2 fs
Ay, = 2P (2-25)
Cl fS
DT
Av, = [ 1,dt= ,,DT, _ DV, (2-26)
c, ! C, f.RC,



11

i, iy

¢ 1 G

d‘ o d‘ QU d‘ o U
HNN 2-5 FYYIUNTTINDUVDINTSUTA AU UYIUN Ll, L2 HASHINAUY,

A v Y Y v <3| o Ay Y 2
2.1.3 ﬂim‘ﬂLliﬂﬂuﬂn!lﬂlTsllﬂxi’Ni]'iLL‘]JﬁQW‘L!L‘]Juuiﬁﬂu‘ﬂ"l,ﬂmﬂﬁﬂ%iliﬂﬁﬂizuﬁlm‘ﬂ

v3ad ieshmsauauiuisesnlasiu Iiihnszuaadudulihaszuanssiimsniugu

v A

E4
o a 4 @
Uszneufida Imsinsigs 11, [13] 1daail

nsegugmudnvesvesudasiu Iihnszuaadusu Iwihnszuans e

[v,| =V, [sin(at) (2-27)

1

A A v Y F o A v KR =
U |VS| ﬂﬂlliﬁﬂLlﬂ"IULGU"Iﬂlﬂ\?’Nfl]5LL‘]Ja\TWHTIL‘]JHUlV\Iﬂ']ﬂiguﬁﬁﬁ‘U%QNT‘LKNﬁ]ﬁliﬂ\?

9 ~ A 1 [ A A F2
NITLLELRAD VS 19 ANYDAUDILYIAIY Lmzmmmuaﬂummiw 2-27 ﬁ]%llﬂ

Vo _ m(awt) (2-28)

v.|
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9
[ Y [

ueniarumsuasiuussaulurienselsnane

v M
1) = — ° = 2-29
m(at) v [sin(at)] _ [sin(at) 229)

dmSumanudumuauyaven1szling (Apparent Load) NA1uepnionedaIn

Y
dullihnszuaadunansandil [1]

r(wt) = Vo (2-30)

i (o)

Wemnsandnuddmuald v, =V, [sin(et)| iledalsznoumidsdmduiuniing 18
~ v
i, = I [sin(wt)| Aaniu

A A

p, =V i, =V, sin’(at) (2-31)

S§'S §°S

o w

faaluihdesn
p, =V,i, =V, 1, sin’(at) (2-32)
R } A a /2 o o &
Tagsmuald v, =V, uaziileszuuiilszansnm 100 weosidud p, = p, duivezla

A

IV, sin?(at)

(o) == (2-33)
Maumsi 2-33 unvasluaumsi 2-30
V 2
r(ot) = 0o —— (2-34)

IV, sin?(ct)

A a 1 A o w 09.:’ 9 9 vy v o v
Lllf]ﬂﬂmW13ﬂHﬂﬁEJ"U’ENﬂ1ﬁ\‘1111/‘h?11%%@1ulﬂl1llﬁ3ﬂ1u@@ﬂﬂu1’i‘ﬁﬂﬂ15ﬁﬂﬂﬁﬂ16\ﬂﬂﬁ1

A o o v Y Y & £ A
HJ@GI'J‘]J?%ﬂfJ'UﬂWﬁ\‘i@nuL"U'IHJUWU\‘]ﬂ@
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P=P =V, =V]I, (2-35)
uaganaumsi 2-33 unum V, = V2V uay I, =21, mddllihdueende

2V 1 sin’(at)
Vv

(]

i (at) = (2-36)

uaznINauMsn 2-35 unuarasuaunsi 2-36 lugilvesnszuduazussaudiuoen

o v Vo v
i 1, @ w2 ld

2V 1 sin’(at)

i, (wt) = (2-37)
o (wt) V.
unuaumsi 2-37 aslugumsd 2-30 a2 181y
R
rot)=——— (2-38)
2sin”(awt)

NNAUMIN 2-38 HUNAMAUNIY r(ot) dldsuntlasldmuiladdu sin(wt) Ao

Ao | Y A = I v A ~ 1
wumMdgaminy R/2 fiyn 7/2 Uagegaduetiuanyy 0,7 uazainaumsi 2-29 A

q

A W | o IA = v W A
m(wt) aiminy M uazgagatluoiudnyufeInuaanIng 2-6
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U Quasi Static Approach 19v3uasin Iihaszuaaduidulvihaszuaassenuise
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asefitanedludouluiiey mszidosnnusedu s una V, wasuulasmasanar Tu
seningana 1 lmAavesmunannuiyagiu luvasiussduednaadunsolssna
arudliiimaed Suihldsasidiuvesisesudasiulithnszuanss m  wazase r d
voutiuTagrvasudasiuimsldeundadldlundazasalmfavesnnud laiduna

9
gunsannsannaumsasae i

v, M _
m(©) = V, [sin(@)]  [sin(0) (2-39)

V.2 /P M
r@)=—=>--2-= (2-40)
-©) v, [sin@)f  2[sin(@)[
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k4
m(8) Tuits 2 Tuavesmsiau Tasmmuald K fe

2L,
K=—2=2 (2-41)
R.T
Tagh
A a
T A9 MUNAIMITIAY
A
R, A9 N13gU0TL VY
L !
Lo =L1—2, (2-42)
L+L,
4+ L
Tagh L, =—=2
n

] [ A ng I a 9 o % 1 A
TiJﬂfﬂﬁﬂ'J‘UﬂlJﬂﬁgllﬁllﬁﬁl’i]ﬂTQﬁ@LUﬂﬁuu!ﬂuﬁ]ﬁﬁllﬂﬁTWi‘]Jﬂ'l‘lJ@Q o Glﬂ‘] 9

1

K 2-43
g 2(M +nlsin(9))* (243)

Tagh n Ap dasrduseuvesrdoutlas N, /N,

o w A A A o Y1 I a
2.1.5 NIT9DNUUVINITNIAN mmwu'lﬂuﬁumsw 2-43 ﬂ'nﬂﬁﬂﬂu&ullﬂﬂ'llﬂufﬂﬁﬂ
o w 1 A B A d? J 9 1 1 A
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22 amilnenssuvesiiiszinanadyyia@dnea TMS320LF2407A DSP Controller|15]
funlasdaanaueuuzasniiuddneannuazidea 10 9a 1 A (10-bit analog-to-

1 4
digital converter) 16/8 ¥osdayana Feldarlumsulasdyananiios 375 ns ao 1 AT 39

= =} A o v I aa
nfFsuaiioulialasdyanaeunzasniluavnoa 2 ya

drafedaanar PWM (Pulse Width Modulation) 16 %04

v @ a

AIUUVVUIA 16 VA 2 YA

v o o I 4
Gl’Ji“UﬁﬂJuiUﬂmmﬂL’fJuIﬂﬂmai (Quadrature Encoder Pulse)

Controller Area Network (CAN) Module

a J 4 1

DUNA /101NN NOTA 41 WO

Il
A

ﬂaﬂﬂﬂﬁﬂﬁﬁlmﬂﬂuﬂih

J J

dunesmessuld 5 veedynm

g
g f
A edynasgIwnan (Dead time)

§13AITMINUUULYUIA 16 X 16 Tanadnsvua 32 Ta

NUIWANUTT RAM Y119 544 X 16 11ag Flash EEPROM 9119 32k X 16 U Tagll

a2 o =
FYALIDYAAINTINN 2-7
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Data Bus
JTAG Test/ 7
-+ ——>»
¢ # Emulation
ROM or Flash DARAM DARAM
EEnROMT Bo B1/B2 External 41
< Memo
Program Bus ¢ ¢ ¢ Inlerfac?:a [
Memory ¢ T Caxx Software
- > it
Cotitral Instruction cPU =% Welk-Siale
Register Generator
Interrupts Program
] v v
Controller
Initialization Event
+ - ARAU Input Multiplier Manager
Shifter
i o Status/ General- 4
Control ALU TREG Purpose le———»
Reqgisters Timers
>
Auxilia
<+ > Regislerr{s Accumulator PREG 9
Compare "
Unit
Memory- NS
Mapped Output Product
Registers Shifter Shifter
Capture/
Quagralure < ﬁ »
% T 2 Encoder
L 4 v v Pulse (QEP)
l ¢ t PDPINT
4
> [——» Interrupts
Clock — System-Interface 2 ¢
4> 44— Digital | t/Output
3 Module Module kg oy
¥ 4—— Reset
¢ ¢ Peripheral Bus
Mote: The number of # ¢ # ¢ #
PWMS/digital 11O, ADC
channels, and peripheral 10-Bi
modules are dependent 0-Bit Serial- Serial-
upon the device family. Analog- Peripheral Communications Watchidog CAN
to-Digital Interface Interface Timer
i = Converter
T C24x devices contains ROM: ‘F24x

devices contains Flash EEPROM I 16 % 4 I, 2 { 1 ’I 2

MNN 2-7 Wqﬁsi?uuﬁaﬂ”lﬂazuﬂimm TMS320LF2407A

22.1 madszuianana1syed TMS320LF2407A
) [ 4 . =
TMS320LF2407A  1¥aonilaenssudlunuuennisa  (Harvard  Architecture)  ¥auien
W2en T 151051 (Program Memory)  1ag1i18n11u31903a (Data Memory) HONDATE
o =K I Y 1 A A ] o ] o 9
pon9nnY  duiluma liaunsaeunIowsuLlen N Ilsunsuuasnieaud1veya
FY = Y] o Y o 1 = < 1 v A dgl o Y o
18 lunandedu  ildmsiiauangiinnusiasuaznaesdigu  uazdalsmannms
WMDY Pipelining 1a8AT291M5 Fetch , Decode 1ag Execute M¥aanaedny il
idedulug ldnarlumsiszunanaiiios 1 50U (Cycle)
[y d v [ . .
222 flanFuvaenlaezinsy (Function Block Diagram)
J v a2 { { o
HanFuvaen laozunsunuaaamuamin 2-7 uaaIMINOIUYeY TMS320LF2407A

% < v o o o J J [ % 4 1
Taedita Tsunsy Wumadieensiamdwazmsilenlosusud druiadoyasziFouds
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1 ] Aa sa <
Taeasanua99sseniana 194 CALU (Central Arithmetic Logic Unit) uag3vamasniu

s ' % ° ° a s IS s s
"Mﬁsi’llﬂilﬁﬂ@ﬂ ARO — AR7 “LI?QTﬂ’iQﬁ%)Nﬂ1iﬂ1ﬂ1uﬂ1u3mﬂ1\1ﬂmﬂﬁ1fﬁﬂﬁ%zlﬂu‘élTiﬂL!’J'iLLEJﬂ

QU

= o

Sz sehlinszihmdaimendamansiivsz@ndamgann Wamsideudn maidds
AWAT H3eMAINIaedn

223 MITARNKUIEANNAT (Memory Map)

Tun13819ueaATAVY0T TMS320LF2407A vziimsdraneaasauensznIg
wiheanus lsunsu wiheanudideya uaswilsanuiBuNMmeRNe (e uiin
PS, DS, uay IS)lunnniteanuiramnindweamsa’la 64 Kwords

Gluwﬁaammﬁw%’auyan%aﬁ 96 AWHULTN (0-5FH) Suitufasudmiuiy
gorumsaiiiuvesdlszuiananals nnd 28 1zuEAITIEazIBeAYeIN1TTAN

Y
HUIYAUIIVDING 3 HiA

Hex Program Hex Data Hex o
0000 Interrupt Vectors 0000 | Memory-Mapped Registers/ | 0000
003F PR et e nn e R
0040 Flash sector 0 (4K) 005F Reserved Addresses
OFFF 0060 ;
On-Chip DARAM B2
1000 007F ol
0080 llegal/Reserved
01FF
Flash sector 1 (12K) 0200 On-Chip DARAM (BO)¥
02FF |(CNF = 0) Reserved (CNF = 1)
0300 | 5, Chip DARAM (B1)8
3FFF 03F0
0400
i |
4000 O7FF Reserved/lllega
0800 | SARAM I(2}() (DON=1) External
nternal
Flash sector 2 (12K) s Reserved (DON = 0)
1000
lilegal
6FFF 6FFF
7000 7000 | Peripheral Memory-Mapped
S Flash sector 3 (4K) Registers (System, WD, ADC,
8000 SARAM (2K) (PON = 1) 7eEF | SCI. SPI, CAN, IO, Interrupts)
Internal 8000
87FF External (PON=0)
8800
FEFF
FFOO
Reserved
External FFOE
External FFOF | Flash Control Mode Register
FDFF (Only for Flash Devices)
FEOD R;s:ervele c(:ilr;Fjo‘l) FF10 Reserved
FEFE xternal ( =0) FFFE
FFOO On-Chip DARAM {BD)T Wait-State Generator Control
(CNF = 1) External (CNF = 0) Register (On-Chip)
FFFF FFFF FFFF

On-Chip Flash Memory (Sectored) — if MP/MC = 0

External Program Memory — if MP/MC = 1 [_—_' SARAM (See Table 1-1 for details.)

MNAN 2-8 NMITIARNIHUIBAINET (Memory Map)
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v 1 o 4 .
224 miﬁmwwmammmqﬂmmeu%’n (Peripheral Memory Map) [16]
o 1 o 4
lumsmuguasnuniseuaniugmsiauvesglnsaisoudielu TMS320LF2407A
1 [ o A 4 o ] o
amnsneunsolouaslunitennudunaoIANad e 0000-7FFF Tasginsaisoudis

UABTAIUA N UIAININA 2-9

- i
0000
Memory-mapped registers I 0003
and reserved Interrupt-mask register 0004
005F
0005
Lbai On-chip DARAM B2 ~ LT
88;5 ey Interrupt flag register 0006
llegal . Emulation registers 0007
00FF ~ and reserved
0100 00sF
Reserved / llegal 7000-700F
01FF / System configuration and
0200 Omchio DARAM B / control registers 7010-701F
ooFF nchip // Watchdog timer registers 7020-702F
gg(;f; On-chip DARAM B1 // llegal 7030-703F
0400 / SPI 7040-704F
Reserved /
04FF / SCI 7050-705F
0500 lllegal / lliegal 7060~706F
SESE SARAM (2K) // External-interrupt registers 7070-707F
OFFF / lllegal 7080-708F
1000
- lllegal / Digital I/O control registers 7090-709F
7000 Peripheral frame 1 (PF1) ADC control registers 70A0-70BF
73FF N llegal 70C0-70FF
7400 Peripheral frame 2 (PF2) Ay
743F x CAN control registers 7100-710E
N
7440 lllegal \ \\\ llegal 710F-T1FF
T4FF \ D -
7500 Peripheral frame 3 (PF3) W\ O N CAN mailbox 7200-722F
753F \\ NON lllegal 7230-73FF
7540 Illegal v\ N
77EF VAN Event manager — EVA
;;Eg Code security passwords v General-purpose timer registers | 7400-7408
\
77F4 (Y Compare, PWM, and ¥
Reserved v \\ deadband registers el
;ggg \ \\ \ Capture and QEP registers 7420-7429
— lllegal \\ W\ Interrupt mask, vector, and 74207431
8000 e t v\ \ flag registers
xternal v\ lllegal 7432-743F
FFFF \
\\ Event manager — EVB
llegal “lllegal” indicates that access to these \ General-purpose timer registers | 7500-7508
addresses causes a nonmaskable
; \ Compare, PWM, and .
interrupt (NMI). \ deadband registers 7511-7519
“Reserved” indicates addresses that are \ Capture and QEP registers 7520-7529
Reserved reserved for test. \
Interrupt mask, vector, and
\ ; 752C-7531
. . flag registers
T Available in LF2407A only \
Reserved 7532-753F

4 v | o J
ﬂﬂ"lﬁ 2-9 ﬂ'lﬁﬂﬂW\iﬁﬂ?ﬂﬂ??ﬂ%?@ﬂﬂimﬁ’ﬂﬂ‘fhﬂ
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2.3 dmmunuitlenvuatlaiferiiod (Discrete Time P1 Controller)[17]

v 1 J I
anugui leuuuteunzasngnldedisneuialuszuuniuquuuuaieg  dunm

v A g 9 A
GIHLH‘LlSJ‘]JﬁEJﬂhlﬂflg!,l,ﬂﬁllﬂﬂﬂWWﬂ 2-10

e(t)

—»

d' <} o ~
HMNN 2-10 ‘Uﬁf)ﬂllﬂ’ﬂ&m‘iiﬂl@\‘lﬁ'Jﬂ'J“lJﬂqll‘Wvl@

< = | a N Yo
iﬂﬂﬂa’E'Jﬂllﬂ’flgl,l,ﬂillfﬁllﬁﬂmEJ“L!!“]J“L!’L‘TNﬂ1iﬂ1\iﬂm§]ﬁ1ﬁﬁillﬂ@\1

@1151 Z-transformation U84 Discrete Time PI Controller ‘Vi”lllﬁl AN

| e(t)dtH

R 0

(-, 2le(0) 22

9
frualy Trapezoidal Rule of Integration Back ward Difference fariuaz 1

(o)
Je

1 Ti1+z7*
1-z71

oor| (S

U(z):K{E(z)+ﬁxE

u(t)

(2-47)

(2-48)

(2-49)

(2-50)

(2-51)
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Taeit
K. =K KT (2-52)
.= + -
T,
KpT
Ki = (2'53)
TR

4

&5 Discrete Time ¥4 PI Controller a1313ot@eu 1daail
k
U =K, e + Kizei (2-54)
i-0

= A < < o A
C]NZ‘T”IlJﬁﬂLGIJEJl.!L‘]Ju‘I_IﬁﬂﬂUlﬂ@SﬁLLﬂﬁJﬂQﬂTW‘VI 2-11

\
e

pi

Yo A
K 3 _‘ £ 2

Y

M 2-11 Tassadednuauuuuiile

=K A 1 a

d aa 1 J Y % a 1
Lﬁﬂ\1ﬁ]WﬂﬂgﬁﬂﬂﬁﬂﬁﬂnﬂWﬁﬂ@lﬂlﬂﬂﬁ’Jﬂ’)UﬂﬂJ “])'\111ﬁ?ﬂﬂ?iﬂ?ﬂﬂﬂl!ﬂﬂﬂu‘ﬂLﬂﬁ@]@gﬁ}’lﬂ

a 1 a a

Q {1 J aa a a § o a 1T a A
Gdlﬁ611il!3ﬁﬂ1!,@W]w%@@auﬂﬁﬂu@uﬂlﬂiﬁﬂgﬁ@\iﬁﬁjﬂ@uﬂlﬂ‘iﬁ Lﬁ@ﬂiﬁlﬂﬂﬂ?@ﬂﬂmiﬁﬁgﬁﬂ

A J 1 A dgl Y . a 2/' o Y a
vagomna luansouiuld (ntegrator  Windup)  ingiusziildmansaiuquine

F4
a v W

J 1 % a A Y 1 (% {
Tonesyaganinlnd aaiudidesldarnruguaianudnadena auaaslunind 2-12
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\i
A

=< |
Y
2 =
+
+
N
i
C
vy~
C
\/

cor

d' 9 @ =~ A Ya a ~ 4 A aa
MNN 2-12 Tﬂiqaﬂqmmuammuw% NUNDUNINTATSTUUUSNID I NAAAANA

9

FY a a A 4 A aa A [ 1 4 a
NITUNHAUDIDUNINTATS A UVUSNIDIANAAAANAY GWW‘EJNﬁ@'NL@"IGW\!ﬂ%iQ(Uk)

J Aaa R Y1 A a aa Y 1 A Jya a
Hagpiananaua (Ulk) m%%mmamﬁmmmmﬂam FUAIIATPNINNITUNDUNING A

>

a

[ F4 [
azay (K, ) udnhlduinfuminfasinmsaivguuuuduiinga daiumiasinisud

DUNNITATLANLAIINANNITN 2-9

Kcor =— (2-55)

9

) 1Y = o ~ = 3 o )
fﬂTﬂIﬂiQﬁi?\?ﬁ?ﬂ?ﬂﬂﬂllﬂﬂw]’l@ﬂﬁﬂ']‘wm 2-11 @ wse U UTUADUNITHINIUUDY

£4
a [

{ a A ! 4 aa
Tdsunsumsaruauuuvi lefiudduiinsaazauvuz Miodyaaaaiea laaedl

INPUT Yt + Yo
€ =Yt Yo
u =X + K e
ul, =u,
IFu, >u,,, THENu, =u_.,
IFu, <u.,, THENu, =u_.
OUTPUT U,
€y = U — Uy
X, =X + K, + K, €

cor
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24 MIMWIMIVUNANENAIN (Fixed-Point Arithmetic) [17]
) a d'dyd a
nmsmsuuyanadeunsiibiunsdszuaszuuavnadonluTanvesnnuiiy
a ' o [ a 9y A < J o
959 15U dyanavesnszuavosmszuuy idlugudu  wieanusisevveswones 1y
Y Ay = T < o
au Tagunundrgavgiuaesrauiuinnuaumeludnlszuiana  luszuuavgivaes
o o a Y o I o < Y 9y
Suudravansonnsanlded luinwavuinmaziwduanld  Tagldgiuuuves
& Aa 9 A I a A aad & aada Yo
2’s complement  GadaaeNogailuiiauaaunioanue I5HuITNHeN AU usE Y
Uszuranana
1 z o w = A o A Aqu [
Tumsumuaniveznszinnulugiuuy XY Format %3 X Ao 1auiianlsunuiugu
1 A o A A 9 o a v A o A A 9
@y ez Y Aodiuduiian lsumus nunaiey uaznasINgsrine X tag Y Asduiuiainly
o A o a o o £ A Yo a d? 1
Tumsinnamiediuiuiiavesdnlszuianaiiues Hamaaenlsdiuiuia X uaz Y yueg

v 99 9 Yo 1 o 1 dy
nudliudimuaeegduuumsunumannsadnunngasae 1l

C=-b, ,x2"+b, ,x2""+..+b,_ x2°+b ; x27"+...+byx 27

Taeh z Ap Swrudavesillszuiana
A o a d' 1
C fo v TIngnunualuguuy XY format
B fo wugiudesluunazia
&£ = I a Ay Yy ) dy S 1w -y a
Fannuazidoaaedan laonmasnalugduvuiivelauiny 27 wazazlizg
anunAvesiamveglugie (-2°71) fe (2 —27) luvagimsuwlasnnausiuivesa

H 4
huavluszuuganadsunsiannsosiilddade lil

XYf =C x 2/

Taeh X.Yf Ao S1uauaiavluszuuganaidonnsiuiy X.Y Format
o a Y 1 :JI 3 Y
Tumsulasnnmydmausialvunedlugiuuuves XY Format 11y Tuunensaeianss

v
o o ] o <] @ 1 '
Imsiady Ns123 11U X YT uuag“lugﬂuummmmumu AIDYINLFU NITUNU

1 72. 1
fi1=-(157079632679) Trieglugalunw 2.14 Format

%(2.14f ) = % x 21 = 25735 .927 ~ 25736 ,, = 6488

] 9
nndedzmuimsilamuielszanalfeglugives 2.14r Idiimsilamuin

NSIENAUSUNAINN
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2.4.1 miﬂizﬁWﬂNﬂiﬁﬂmﬁﬂg (Arithmetic Operation) [15]

v Y
MINsERIMANAMAAS YOI VIR IAVIUUYANATENAINTIUIZ5ENEUR 185 DIN

9
1 o =}

\ S o o Vo
mmmmzmiﬂm mumi‘m’iuumﬂszmawa”luummu ']cﬁ']ﬂéll’f)\iﬂ']iﬂ']ﬁﬁ']ﬁﬁfﬂuﬂu

Y
D
Y @ A o a 4 A Y v at A
ﬁ]%@ﬂﬂﬂmlﬂa%‘ﬂaEJ‘IJ?J‘]JLL‘]J‘]JﬂTiﬂizﬂ”l‘ﬂﬁﬂm@]ﬁ1ﬁ@i 130 150 anoaTUNIAY

2.4.1.1 MsuINLazn1sal (Addition & Subtraction) Tunsnsziinig

v v
a

a J om o & ' = 9 Yo o o IS
AAAMENTVOINMIVINUAEMTaUHTANUI T U 1BINAB InT IUNIdeId1uIuTIYA
a ~ o = Y 1 Y 1 [
nadeunasaiy dadnezgaunualdedaeg iy
@ ' 1 yo | [ Y {
A296719 191 1.25 (2.146) + 2.5 (4.120) Tunsaifisuiluszdesialdduavioglu 2,141 1%
=\ a [ = 1 A a 9 a = 1 = Y [ 4
Hyanateunsan 4.12f @enouTaemsideudaniniedne 2 da idenou F99z lanaans
"o A
A 3.75 Neglugduuy 4.12f
2412 M3gm (Multiplication) 1H9111311714959 2 Smrudeglugiuuvves
v J @ < 9 = a v A o Y
X.Y Format waansazdanauny 1ilugiuuuves X.Y Format milowday uailonsziiuuea
@ 9 v 7 a KX o 9 =\ A a 1 9
guludilszunana szldwadnioonun 32 0a Fedududestimsdondaneuinldanulag
= A 1 aaaA A v A Y o 24 Y a 7Y
Hmadeneg 2 35a0 1) @eulimedne X da oz ldwadnsiny I3 luneniygamesduga
4 A v g a 4
(high side accumulator) %150 2) taou U Y Oa vz Idwadnsiny I3 lunenfyamesaiu

° . R Yo A
#1(low side accumulator) cmsmm"l’;mmww 2-13

MSB LSB

M 2-13 MIYUILVVYANATINAIN
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242 52UUNDYUIY(Per-Unit System)
o A o Y v 3 aa A o 9
dyaaeuuzasnagniadiu uaulannueuuzasniluavneamoiimnlylu
o = o S a A J 9 k4 [ 3 A =
MImun Faundyaralyremsalasunlasaouranig undyaanaasumlaaiie
3 9 £ o Y v A 9 Y] [ 3 A Y 1 o T w
@nies dailveindensidenlsgluundanay  daiume lniaensdnaaidilag
1 I~ 1 ] ] . 1
a1eazgnualauilumaenyiig (Per-Unit) 11y

' N ! ; iAct
ANNTSUANDNUIY : |pu = —
|

Base

Taoh i,, AONTZUADTI
ADNIZUAAIFIU

I Base

9 3
AINTZUAAIFIUIZYNAIHUATUAINANUMIZANTUITANTZUATA VT IV
E4
anszuagazgnimualilaumnnunszuayen (Peak) fadl
IBase = \/E'IRated

T A . A o Ao
AN 1 5.10q ADNITLUANNA

9 9 )
AR |, =1 p.u.=4000h (2.14f) HIBATZUAVTUMAVNTLUTAIFIV

NIALNA (Scaling)

DSP
| =-5A U=-2V 1FFh
sa [ Sy N i, (2.141)
o————» U > D » K |—»

3 A I T ]
flTINﬁ 2-14 m'i:mmﬂszummuuza@ﬂuﬁ”mmmﬂummwmﬂ

1 o 1 A 9 @ Y o o 1 9 o o3|
mmu‘ﬂimﬂmﬂ%mmmmmm/nmimuamgﬂmmﬂnmmmmﬂamauuzaamﬂu
aa .. VoA Y I 1 Aa 9 o A g o ]
A998 (Analog to Digital : ADCs) ﬂﬁ/‘lllﬂ%&ﬂu@]']%3\1fﬂgﬁ’ﬂ\ﬁﬂ']ﬂ'lﬁﬁlﬂﬁlW@L‘]Jl!ﬂ'WI@ﬁU')ﬂ
o os/’ 1 { 3 1 4 1w I T ] Y ' 1
muuT}Jmﬂ’iuﬁjmmimmﬁwﬁﬂm (K) Lﬁe”lﬂmﬂammuﬂiﬁlﬁﬁﬂuﬂmewuaﬂmeﬂnwu
{ < @ % 1 ' 1 [ [
Tunnd 2-14 1 Jumsianszuadgaogludig —15 99 +15 A Anszuarzdosndauiunsadu

! DT, Y q 9 A v 3 o
ﬂaumgﬂuﬁaumunmmmﬂﬂ ADCs 11910 Ta ummonssua+15A  szutdaudlunssgu

9
v A

+2v 1aidlua1@daea 01 1111 1111b=1FFh = 511d 33mM3fuiaiim K i laeail
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MAUAAITIUFU
igose =15 A=> iy, =511d =1FFh
i, (2.140=K xi00
5’1ﬂizum§qwiﬁummmgmﬁﬂfu
i, (2.14) =4000h = 2 =16384d
K — 16384

=32.0626d=100h (8.8f)

Y (] I~ 1 1 1T A ] Y & 1 ] 1 o
1NAIRE1zIUNA K daunusasdaaulugiuuy 2.14f Faliareglugae £ 2 dilddel

1¥lugtuuy 8.8f gadisnlugiedinan
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MIANTIZHUAZNMTT 009N TN

dy 1 = a d o o o/
uniivznandimsinigduazmsdiassmsianvesmsvuuaasudadu i
Y < o !
nszudaau 1wl fulWfhnszuanse TaeldTugarasuasduiFoanszuaunugniing
o o w Y Y 2 o J A v o a
auquiilsznoumdalilnamemia shnululuanszualvadeiiies Saufumsnasan
4 v o w = a Jdn A o a J
agvanmsaugama i anudluadadlined  uazdimsinngiwamsnaasins
o Y . . A = = a @ o
W Taeld Tisunsy Simulink MATLAB 1o AnH1DINOANTIUNINATAV0UT1AD
A v & a4 o5 = o = = o
yoaszuunad Iy luvazisuihnunanzasdmazinnlasunlainiss 2asulasdy
Y | @
Tihnszuaadn 1 wla Ju'lwihnszuaasalaeld Tugarsudasiussanszuauuuynain
and 2.1 Idwnidsves C gnunuidlevdontdasanudgeaouen Taanialdd[ii] au

1 v Y {
5e1INAINUsey C, i C, uaaaluning 3-1

[ C . C L
—> r'vl;lv\ — 1 lin e A,
—_— ] 1] «—
+ Il oo I2 B
V) T I L
- +
mwi 3-1 2esutlasiuInldhnszuaady 1wl dulwihaszuaesauyn
) [ ] 9 o dy
dmsumannuilszy C, awnsom laninaumsasil
C,n’C
Cl _ a b (3—1)

~ C,+n%C,



30

msanTed 2valasiulihaszuaady 1 ola Wuldihascuanswouynhaululua

A

Y Y
ATLUANDINDY WA UTUAI

3.1 aumsvesrssulasiuldihnszuaady 1 wla dulvihnszuaassuuvynl 11]

=

{ g o o A ' 9 4 { q 9
@ 3-1 ilusesmamasiiimsaenieulasaudgaionsn Taana Trldh e 14

a a

] ' a IR o 9 ' a J 9 9 9 Y
\Tlﬂ@]'E]ﬂ’li']Lﬂ5’]314i]\TVI'lﬂ'liIE]11!El'lElﬂTW'li'llllﬁ'ﬂiTl'Nﬂ'I"L!‘V]G]ﬂﬂ“MGU@QWiJ@LLﬂﬁQN']hl'JVI'Nﬂ'Iu

q

a v v J 1o <3| 1o { Y Y <
UgupluazunudydnyaiunasioduurasienimsiGeanszudGousoondl Fedmwninan

sUlwii Iddan i 3-2

.Ll
Y YN\ PY
_il> + _
R v,
(o) R LB T
+

i 3-2 2aslasiu Ifhaszuaady 1 oleduIdihnssuaesauuugn vdsn

v 9 U a 4
aﬂgﬂ waza1 louden s INnes

A A o 1 o Y Y a a1l 9 AL A g
(10 n AEdRIAIMYRITIUIUNBL AR uNAEineA Ul Ul SaA v 0.5

o o @ I
msiauvesulasiuliihnseuaadu 1 ola Hulwihnseuaasawouynlu

1 4 [ o | [ o y
Illﬂﬂfl'gﬁllfﬁ'@]E]Lﬁ'ﬁ]\°|ﬁ"]ll']5ﬂLLL]J\3°]ﬂ\TL'Ja']ﬂ'ITVI'I\Tlu@@ﬂlf]Ju 2 “]f']\iﬂilﬁ

a o

1 4 1 { 1 IS l {
3.1.1 Twanszuaaeiilowrden 1 lugana 0<t <t Wusnnandiagsiaiens

4

@ ) < [ { o
aﬂHﬂ!$ﬂl@\13\3%ﬁﬁi.lyjal!ﬁﬂﬂﬂWﬁﬂ%ﬂulﬂuﬂ\‘]ﬂ'lWﬁ 3-3 fﬂifliﬂﬁlﬂuﬁuﬂ'ﬁ]lﬁ}ﬂﬂﬁ

a_lu o
dt L
di, —i(vl—vo) (3-3)

dat L,
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dv, i

—1__2 3-4
dt C, G-
dv, 1(. v,

dt cl(z Rj 9

mwi 3-3 2wsutlasiuIdhnszuaady 1wl Sulwihnszuaasawugn vazlaaiad

a 4

' A ] ~ 1 I 1 A a
3.1.2 Tuanszuaaoilosen 2 lusanan t1 <t<'[2 Wurranainsilaiees

e

@ o <3| Y { o
aﬂ‘]ﬂﬂ!ﬁf‘“@ﬂ'J\i’l]ﬁﬁil%ljﬁllﬁﬂ\‘]ﬂ']ﬁWTQTULﬂu@QﬂWWﬁ 3-4 ﬁWNTiﬂL%ﬂuaﬂJﬂWiqﬁﬂﬂﬁ

&) &9
% _ _K_Z (3-7)
% :é (3-8)
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Y'Y Y Y Y'Y\
_ — —
Il |2

< M

i 3-4 20vsulasinTihnssuaady 1 wle dudihassuaesauugn vasdlaadiad

+

|Vs| C1 Vl C2 § R V0
+ T Iy

fiuadsaanvosnssutlasiu Inihnszuaady 1 wla Juldinszuaasau

[

YN 19

=1,

- = d‘ 1 v d‘ o

i, Aonszuad Inarmuauniionii L

- A ~ 1 v ~ )

i, Avnszuai lvarudnnieniiL,
A v 1

v, AousiauaAnAsen C,
A v 9

V, ABUIIAUATUDDN

A A =
ennsandegluuuaummanalay
X=AXx+Bu+F (3-10)

A =) a 4 a S a 1 a 4
e A ﬂ’f]LiJ@]iﬂ%ﬂlﬂ\iWWi?ML@]fJiﬂlliJ@@ﬂ1ﬁ'ﬂ1u3ﬂ]ﬂﬂ’ﬁ’)@l‘]ﬂ
A J a saa 1 a
B A9NN@DIU0INITINADINAAMMADIUSUDITINY
= J a A d T
F Aonnmosvosnsimosniiuuraiag

Tagh
x=[i, i, v v] (3-11)

a o a  J J ] 1% {
NNTUIFUMITLAAINTITNNUYDIAIAT IULABZ I L!é}’m@g“lJE’fiJﬂﬁ@lWiJ?I“]JLL‘iJU"UENﬁiJﬂﬁﬁ

A = A 9 A a da = @ A a Jday
3-10 Iﬂﬂﬂmﬁﬂﬂﬁﬂ 3-2 DIANMIN 3-5 A0 U leaInsla99s Tuvnzmeinuleaiadila
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4 A = A Y o o’/’ A A do
Nﬂﬂﬁﬂmﬁumiﬂ 3-6 9AUNITN 3-9 AY (1—U) ANUUNDFAIAFNINIUATY 1 MULIAY

9 a oI a o a [ 1 dy
"lﬂwaiammaum3GumzmmGmJmwnmzammﬂmwmmumme'lﬂu

[

A7

U

dy _1

dt

di,

dt

a1

1
L

Cl

_1
L
0 0
0 0

o _

1 [ voj
dt G,

(Ive] - @-u)v,)
= —i(UVl _Vo)

((A=u)i; —ui,)

Yupvaumsi 3-12 893-15 Indawguovaunisi 3-10 Tdas

J7'|¢< I |=<

u+

+

9

v A
U

o o o |,

o O

(3-12)

(3-13)

(3-14)

(3-15)

(3-16)
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a d
3.2 mﬂmiwﬂatysymmmmﬁn (Small Signal Analysis)
a 4 o a 4 9 [ a o v
NITAATICHUASH IV UIDINWNAUAAITANT GI,GI)”HEIﬂﬂ?iﬂlﬂ\i!ﬂﬂuﬂﬁﬂﬂaﬂ"laﬂuh\lﬂ"l
an o w ) a "o 9y J 1 =
17, 8] Tavauydain Maslwvhdmduyamiinuduerdana szuulilimsgadoaunsvuia
d' 0o A Y a 1 A
ﬂlﬂﬂﬂi%uﬁﬂlﬂaﬁ]ﬂl'ﬁuEJ'JH'I'EJHV!G]E]'N@\‘]GLULMﬁgiﬂﬂﬁﬂ@

A~

=1+, (3-17)

I Lrefy;

1] A~

we 1 Ao vnagegavesnszuavaniamilsniluidaz Tuga
I, Ao daanawd lvildnndnuaunuyiile

Wenasanaazauqgaiias i awnsodiuamaivuiavesnszuguaaia

d‘ o Aa Y dy
mintgniouna ladsil

q

N ~
Vg ) Z ILli = kSvolload (3'18)
i=1

° g ~ ~ A ~ o Aa ' =~
dvualv 1, =1 =I_aumsnszuaveanauvaadamiivniduyaluudaz Tuga fe

— ksvo I load (3_19)

Ly NV

g

= ' d‘

o k. flo A9 peak

= d' ]

Ao nszuad lnarunse
[ o

V, Ao u3a@ueIang RMS
[ a 4

V. Ap usasusad s

N fo $wauluganasvuiu

Y o A 9 a 1
aumsnszudvaadamienivunadedluudas Tuga Ao

et = lirer, [SIN(t)] (3-20)
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[ J
FUNMITNANAIANAUDIANAVDITEUY ﬁ’f)

I d
i =1 =C,—V_+1 3-21
izzll Ly; o} 2 dt 0 load ( )

{ < o { o a
NNNN 3-5  LEAAIUADN lABZUNTUMIMUIUNTEUAVARIAMT11181999 Taed)
daulsgneufididn 2 daufediumuinvagigaussnszuauaalamilenidiemaiin
o w 1 o ] [V 9 £ ~ U 3 [
augatiasldi wazdiusniszavuseaudiueen Fenasiun ldvsidudyaio

| e, [siN ot| fictagio lldadumrugunszuanuudmaeidacio luduaaslunmi 3-6

Power Balance |
Lrefy;

|
|, — + To Current
load Current Calculator ] X |—s Controller
Vs—b ILrefli
Voref—» + Digital-P!I |\ ‘Sm a)t‘
V—1 - Controller

3 <3 o { ) a
anﬁ 3-5 ‘]_la’E)ﬂllﬂi’]$LLﬂiﬂJﬂWu’JmﬂiglLﬁsllﬂa’JmWﬁEJTJ‘LHE’%}N@Q

\ A 4

To
—T» Gate Drive
Circuit

=
[

iy [
i_

"| Frequency|

MU 3-6 AIUAIVANNILUAUV T AIND S Tl
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VINTUNTN 3-17 DIadums 3-21 @151 Average Small Signal Model [7] U84

[ = o < £ 9 9 09/’ [V ;
ITUY Tﬂﬂﬂ?ﬁllﬂuﬂ’]iﬂaﬂllagﬁﬂJﬂJUWill‘llu']ﬂlaﬂ GIN%Ulﬂﬁumﬂauﬂwmmiw‘um‘mmmu

~ N GVR\7g krms

_ v
° V.Cs+NG,Vk, k,

g Nrms

(3-22)

A A ' A
Wwo k. A9 71990 rms

rms

k, fo masntlounduvesszuy

A 9 o ~
G, Ao aumsloudevesdiniuauuuui lo

3.3 MS9NUUUMAAIUAN [19]

<1

ref +

A

A4

v <

Gye () Ge (s) Z,(8)

K (S)

Y < o
M 3-7 uden laozunsuvesgiaiuauII IRy

<] Y A A o @ [ 4 A
Uﬁ@ﬂqﬂﬂgllﬂﬁmﬂlﬂﬂgﬂlliﬂﬂu uaadlunIng 3-7 INBINYITSAVLINAUBIANA LD

=\ A 9 a <Y A A o 1
Mszumsilasuntlas Glflfﬂ”li')!ﬂﬁ'lgﬂﬂ'JfJI‘]_lﬂ]lﬂ'ﬂzllﬂﬁ3J5U'E)\1§$‘U‘U Tagiaenaudaa 1/6 (N1

[ ] 4 v

YDIAMDAUUMAIDIBUNA 11AZ W11 Phase Margin  MAATUTZHINANUDAANUIN

o [ A A a J = o
—180 v9952UU aanaasluning 3-8 L‘W’E)'Jlﬂi']gﬁﬂ'l!,ﬁﬂﬂiﬂ'lwsluﬂ'lﬁﬂ'lﬂﬂllgﬂllﬁﬂﬂu
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st sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskskok sk sk sk sk sk sk sk sk sk sk sk sk sk skosk sk kokokokokok

King Mongkut's Institute of Technology North Bangkok
Master Thesis
parallel AC to DC Cuk Converter

CUK.ASM

RN SR N R R SR DR O
* K K X X ¥ ¥ X %

st e sk sk sk sk sk sk s sk sk sk sk skt sk sk sk sk sk sk s sk skl sk skl sk sk sk sk sk sk sk sk kol sk kol sk skok sk skokoskoskokokoskokokskokokskskok

.nclude "240xA.h"

.mmregs
sk e sk sk sk sk sk sk sk sk sk sk sk sk sk sk skosie sk skt sk sk sk sk sk skl sk skl sk sk sk sk sk kosk sk kol sk skok sk sk kol skokokoskoskokskskokosk
* Start *

st sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeosk skoskosk sk sk skosk sk skosk sk skosk sk sk sk sk skeoskoskoskok

.globl ¢ int0 ;set c int0 as global symbol

.sect "vectors"

b _c_int0 ;reset interrupt handler
_c intl b _c_intl
b _c_int2 ;PWM interrupt handler
_c int3 b _c_int3 ;
c int4 b _c int4 ;
_c_int5 b _c_int5
_c_int6 b _c_int6 ;
.space 16*6 ;reserve 6 words in interrupt table

sk e sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ks sk skt sk sk sk sk sk skl sk skl sk sk skosk sk koske sk skl sk skok sk sk kol skokolkoskoskokoskskokok

* Auxiliary Register used *
* ar7 pointer for context save stack *
* ar5 used in the interruption c_int2 *

sk s sk s ok sk sk o ok s sk s ok sk sk sk ok sk sk sk ok sk sk sk ok sk sk sk sk sk sk sk sk ok sk sk sk ok sk sk sk ok s sk sk ok sk sk sk ok sk sk sk ok ok sk sk ok

stack .usect "blockb2",15 ;space for Status Register context save in Page 0

st sk sk ste sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskeoskoskoskoskok skoskosk sk skoskoskoskoskoskoskosk sk skoskoskskok

* Look-up table .includes

* N.B. it includes 256 elements
sk sk sk sk sk sk sk sk sk sk sk sk skosk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoskosk sk sk sk sk sk sk skoskoskoskeoske sk sk sk sk skosko sk skosk sk sk sk sksksk ok

.sect "table"
sintab  .include sine.tab ;sine wave look-up table for sine and cosine waves generation
;generated by the BASIC program "SINTAB.BAS"
;4.12 format

*#% END look-up table .includes

sk e sk sk ok sk sk sk ke sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ksl sk skl sk sk skosk sk ks sk skl sk skok sk sk kol sk kokoskoskokoskskokok

* Variables and constants initializations
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeosk sk sk skeoskosk sk skoskoskosk skoskok

.data

ok Gain of voltage , current and vdc

Kvoltage .word ~ 2000h ;8.8 format (9.78) sampled voltage normalization constant
;(220/242)*1024=930.909,930.909-512=418.909,4096/418.909=9.78
;9.78%256=2503.111=9C7h

Kcurrent .word 1000h ;8.8 format (62.29) sampled current normalization constant
:(7.95/50)*409.6=65.13,4096/65.13=62.29,62.29*256=16100.63
;=3EE4h

K Iload .word  600h

Kvdc .word  500h;1500h;69Ah ;8.8 format (6.6) sampled voltage normalization constant



Kvdcl word  1500h
Kcf .word  0182h
VDC ref .word  1000h

*** PWM modulation constant
PWMPRD .set 1000

**% PI voltage regulators parameters

85

;(600/990)*1024=620.61,4096/620.61=6.6,6.6*256=1689.6=69Ah
;1 pu,Kef=(T/Tcf), T=100us, Tcf=1/(300*pi),fc=150Hz

;4.12 format (1) VDC Reference (VDC/Vbase)
;Vbase=Vm*sqrt(2)/sqrt(3),VDC=600 V

;PWM Period=2*1000
; ->Te=2*1000*50ns=100us (50ns resolution)

Kiv word 410 ;205;1024 ;2048 ;Kp =1 Tn=2ms T=100us
;K=0.2,T=40mS

Kpv .word  3891;3994 ;3584 ;3072 ; Kp=10

Kcorv word  431;210;1170 ;2730

*** ySqref and VdSr limitations

Vmax .set 1400h ;4.12 format=1.25 pu

Vmin .set -1400h ;4.12 format=-1.25 pu

**% iSqref limitations

Isqrefmax .set 1400h ;4.12 format=1.25 pu

Isqrefmin .set -1400h ;4.12 format=-1.25 pu

***DC current limitation

Idcmax .set 1000h ;Idecmax=1.25

Idemin .set -1000h ;Idecmin=-1.25

*** Constant for N Module

k2 .set 1305 ;2048;0006h ;3 Module Kout= 0.33 (1/3)

k1 .set 2048 ;4096;000Dh ;2 module kout= 0.66 (1/2)

*** Constant for square root[2]
sqrt_2 .word  16A0h

**% Constant for Square Root
_ a0 .set  06a48h

_al .set  05d1dh

a2 .set  0a9edh

_ a3 .set  046d6h

a4 .set  0bb54h

_as .set  00e5ah
__isqt2  .set 00b50h

__isqt2d .set 05a82h

*** End Constant for Square Root
ctrl_n

.bss tmp, 1

.bss tmp1,1

.bss option, 1

.bss daout,1

.bss daouttmp, 1
*** Kout for N module ***

.bss kout,1

*** Keep Inductor Current Value
.bss Countl,1
.bss Count2,1
.bss Count3,1
.bss IL1,1
.bss 1L2,1
.bss 1L3,1

; 1.4142 in 4.12 format = 4675d = 1243h

;0.1037903 scaled by 2*18

; 0.7274475 scaled by 2°15

; -0.672455 scaled by 215

; 0.553406 scaled by 215

; -0.2682495 scaled by 216

;0.0560605 scaled by 2”16 for Immediate MPY
;(1/sqrt(2))=0.707106 in scaled Q12 format

; Also sqrt(2) in scaled Q11 format

;(1/sqrt(2)) in Q15 format

; Also sqrt(2) in Q14 format

;Defind Data Page Label for keep Variable and Constant
;label control variable page

;temporary variable (to use in ISR only !!!)

stemporary variable

;virtual menu option number

;address of the variable to send to the DACs

;value to send to the DACs
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.bss IL1_new,1
.bss IL2 new,1
.bss IL3 new,1
*** Power Balance Calcution Variable

.bss ILoad,1
.bss Vo,1
.bss Vs, 1

.bss IL peak,1
*** DAC displaying table starts here

.bss va,l
*** DC Voltage PI Controller
.bss xiv,1
.bss upiv,1
.bss epiv,1

.bss elpiv,1
*** END DAC displaying table
.bss VDCinvT,1

.bss Index, 1
* PI regulators variable

.bss upi, 1

.bss elpi,1

.bss vSalfa,1
.bss vSbeta, 1

.bss vSd,1
.bss v3q,1
.bss switch,1

.bss delta_vSq,1
.bss delta vSd,1
.bss iSdref v,1
.bss iSdref v2,1
.bss countl,1
.bss data,1

**%* Square Root variable

; I/O and Local symbol definition

sqrt_input .usect  ".bss",2,1
sqrt_output .usect  ".bss",1
sqrt_outputl .usect  ".bss",1
temp .usect  ".bss",2

*** Inverse number variable
; I/O and Local symbol definition

inv2_input .usect  ".bss",1
inv2_output .usect  ".bss",1
inv2_outputl .usect  ".bss",1
temp2 .usect  ".bss",1

*#% Square X2
; I/O and Local symbol definition

sq2_input .usect  ".bss",1
sq2_output .usect  ".bss",1
temp3 .usect  ".bss",1

*** END Variables and constants initializations

text ;link in "text section"

;phase voltage va

;VDCinv*(T/2) (used in SVPWM)
;pointer used to access sine look-up table

;PI regulators (current and speed) output

;PI regulators (current and speed) limitation error
;alfa-axis voltage

;beta-axis voltage

;d-axis voltage

;q-axis voltage

ks sk sk sk sk sk sk sk sk sk sk sk sk sk sk skosie sk skt sk sk sk sk sk kst sk kol sk skok sk sk skosiosk kol sk skok skoskokokoskoskokoskokokskkokosk

* ¢ int2 ISR

*
*

* synchronization of the control algorithm with the PWM *

* underflow interrupt

*

st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoskoskosk sk sk sk sk sk sk sk sk sk sk sk sk skoskoskoskokokokokokokokokok

_c_int2:
sk sk sk sk sk sk sk sk sk skosk sk skoskok skoskoskok skskoskosk sk

* Context Saving *
st sfe st sfe sk sk sk sk sk e s sie sk ske sie sk ske sk skeske sk skeskeosk

larp ar7

scontext save



mar
sst
sst
sach
sacl

%

#1,*-
#0,*-

*o
*_

st sk st sfe st sk st sk sk sk s sk sk sk sk sk sk skosk sk sk skoskosk

* END Context Saving *
sk e sk sk sk sk sk sk sk s kol sk skok sk skokoskoskokokskk

st sk sk sk sk sk sk sk sk sk sk sk sk ok sk ok ok sk sk ok skosk sk sk sk sk skosk sk skosk

* Initialization phase *
sk sk sk sk sk sk sk sk sk sk sk sk skeosk sfeosk skeoskeosk skeosk skeoske sk skokoskoskosk sk
1dp #OE1h
lacl PEDATDIR
1dp #etrl n
sacl switch
bit switch,BIT2
bend noinit, TC
1dp #OE1h
splk #0000h, MCRA
splk #OFFOOh,PADATDIR
splk #0FFOOh,PBDATDIR
lacc #0
1dp #etrl n
splk #k2 kout
lacc #0
sacl IL1
sacl 1L2
sacl 1L3
sacl IL1 new
sacl IL2 new
sacl IL3 new
sacl Countl
sacl Count2
sacl Count3
sacl ILoad
sacl IL_peak
sacl Vo
sacl Vs
b init
noinit
1dp #OE1h
splk #OFC4h,MCRA
1dp #etrl n

sk e sk sk sk sk sk sk sk sk stk sk stk sk sk sk sk kol sk skokoskoskokokskok

* END Initialization phase *
st sk sk sk sk sk sk sk skosko sk sk st sk s sk sk sk sk sk sk sk skoskeoskoskokokokokosk
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;status register 1

;status register 0

;Accu. low saved for context save
;Accu. high saved

;Set IOPA Enable
;Set Data Port A=0
;Set Data Port B=10

; Kout = 2 N-module Normal Operation

;Set PWM Enable

st sk sk st sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skokokokokokokokokokok

*

;Take ADC out of reset
; Complete current conversion before stopping

; Conversion clock prescale Fclk=clk/1

; Cascade mode. Single 16-state sequencer

; Setup for 16 conversion

; Convert Channels 0,1,2,3

; Convert Channels 4,5,6,7

; Convert Channels 8,9,10,11

; Convert Channels 12,13,14,15
; Start the conversions

* Sampling analog signal

st sk st sfe sk sk sk sk sk e s ik ke sie sie sk she she she she ske she sfe she she st she she st sk sk ste sk sk sk skokokoskoskok
1dp #0E1h
splk #02010h,ADCTRL1
splk #0Fh, MAXCONV
splk #03210h,CHSELSEQ1
splk #07654h,CHSELSEQ2
splk #0BA98h,CHSELSEQ3
splk #OFEDCh,CHSELSEQ4
splk #02000h,ADCTRL2

CHK EOSI:
bit ADCTRL2,BIT12

; Wait for SEQ1 Busy bit to clear
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bend

CHK_EOSI1,TC

sk e sk sk sk sk sk ok sk sk kol skoskoksk sk

* ADC CHANNEL 1 * TEST Signal:Va

sk sk sk sk sk sk sk sk sk skoskok skoskoskookok

lacc
1dp
sach
lacl
and
sub
sacl
spm
It
mpy
pac
pt
sfr
sub
sacl
spm

RESULTO,10
#etrl n

tmp

tmp

#3FFh

#512

tmp

3

tmp

Kvoltage

#1
#230

va
0

« 3k sk sk sk stk sk skok sk skokok skokoksk
5

;* Example for sin input*®
« 3k sk sfeoske sk sk skosk sk skeskoskok skoskoskok
2

;1dp
;lacce
;1dp
;sach
;lacl
;and
;sub
;sacl
;spm
;t
-mpy
;pac
;rpt
;sfr
;add
;sacl
;spm

#0E1h
RESULT1,10
fetrl_n
tmp

tmp
#3FFh
#512
tmp

3

tmp
Kvoltage

#1
#0

vb
0

ks sk sk sk sk sk sk sk sk skok skoskoksk sk

* ADC CHANNEL 2 * Send Vo Input

sk sk st sk sk skoskoskok skoskoskoskoskoskoskok

1dp
lacc
1dp
sach
lacl
and
sacl
spm
It
mpy
pac
pt
sfr
;add
sacl
spm

#0E1h
RESULT1,10
#etrl_n

tmp

tmp

#3FFh

tmp

3

tmp

Kvdc ;Kvoltage

#1

#320
Vo
0

sk sk sk sk sk skeskoskoskoskoskok skoskoskookok

* ADC CHANNEL 3 * Send Vs(RMS) Input

sk e sk sk ok sk sk sk s skok skoskokok ok

1dp

#0E1h

; If TC=1 ,keep looping. (Sampling va)

; Digital signal to ACC.

; Subtract the offset (2.5V)

; PM=11,6 right shift after multiplication

; Subtract a DC offset
; Sampled voltage va, 4.12 format
; PM=00

; Sampling vb
; Digital signal to ACC.

; PM=11,6 right shift after multiplication

; Subtract a DC offset
; Sampled voltage vb, 4.12 format
; PM=00

; Sampling VDC
; Digital signal to ACC.

; PM=11,6 right shift after multiplication

; Sampled voltage VDC, 4.12 format
; PM=00

; Sampling VDC



lacc RESULT2,10
1dp #etrl n
sach tmp
lacl tmp
and #3FFh
sacl tmp
spm 3
It tmp
mpy Kvdc;Kvoltage;Kvdc
pac
pt #1
sfr
;add #820
sacl Vs
spm 0
st sk sk st sk sk sk sk sk sk sk sk sk skeske sk

* ADC CHANNEL 4 * Send ILoad Input

ks sk stk sk sk sk sk sk kok skoskoksk ok

ldp
lacc
1dp
sach
lacl
and
sacl
spm
It
mpy
pac
pt
sfr
;add
sacl
spm

#0E1h
RESULTS3,10
#etrl n

tmp

tmp

#3FFh

tmp

3

tmp
Kvdc;Kvoltage

#1
#820

ILoad
0

ks sk stk sk sk sk sk sk skok skoskokskk

* ADC CHANNEL 5 * Send IL1 Input

sk sk ste st sk skeskeoskosk skoskoskoskoskoskoskok

1dp
lacc
1dp
sach
lacl
and
sacl
spm
It
mpy
pac
pt
sfr
add
sacl
spm

#0E1h
RESULT4,10
#etrl_n

tmp

tmp

#3FFh

tmp

3

tmp

Kvdcl

#1
#820

1L1
0

sk sk st sk sk ki skoskoskoskok skoskoskoskok

* ADC CHANNEL 7 * Send IL2 Input

st st st st sk sk sk sk ke sk sie sk ske sk sk sk sk
1dp #0E1h
lacc RESULT®6,10
1dp #etrl n
sach tmp
lacl tmp
and #3FFh
sacl tmp

; Digital signal to ACC.

; PM=11,6 right shift after multiplication

; Sampled voltage VDC, 4.12 format
; PM=00

; Sampling VDC
; Digital signal to ACC.

; PM=11,6 right shift after multiplication

; Sampled voltage VDC, 4.12 format
; PM=00

; Sampling VDC
; Digital signal to ACC.

; PM=11,6 right shift after multiplication

; Sampled voltage VDC, 4.12 format
; PM=00

; Sampling VDC
; Digital signal to ACC.

&9
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spm 3 ; PM=11,6 right shift after multiplication
It tmp
mpy Kvdcl
pac
pt #1
sfr
add #820
sacl L2 ; Sampled voltage VDC, 4.12 format
spm 0 ; PM=00
st sk sk sk sk sk sk sk sk sk sk sk skeskesk sk

* ADC CHANNEL 8 * Send IL3 Input

st sk sk sk sk sk skesk sk skoskosk skoskoskockook

1dp #0E1h ; Sampling VDC
lacc RESULT7,10 ; Digital signal to ACC.
1dp #etrl n
sach tmp
lacl tmp
and #3FFh
sacl tmp
spm 3 ; PM=11,6 right shift after multiplication
It tmp
mpy Kvdcl
pac
rpt #1
sfr
add #820
sacl IL3 ; Sampled voltage VDC, 4.12 format
spm 0 ; PM=00

ke sk sk sk sk sk sk sk sk skl sk sk sk sk sk sk sk skosk sk kol skoskok skoskokoskoskokokoskokokskkok

* END sampling - AD conversions *
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeosk sk sk skosk sk sk skoskoskoskoskok sk skoskokosk sk

sk e sk sk sk sk sk sk sk sk stk sk sk sk sk sk sk sk sk ks sk stk sk sk sk skokosk skokokoskoskokskskok

* Inductor Current Monitor *
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoskeosk sk sk skosko sk skoskoskoskosk sk sk sk skskoskosk

1dp #etrl n

lacc IL1

sacl IL1 new

and #OFFFFh

sacl IL1 new

lacc L2

sacl IL2 new

and #0FFFFh

sacl IL2 new

lacc IL3

sacl IL3 new

and #OFFFFh

sacl IL3 new

lacl IL1 new

sub #820

sub #300 ; sub offset inputl
bend NI1,LEQ ; check IL1 new if IL1 new <0 jumpto N =3
lacl IL2 new

sub #820

sub #300 ; sub offset input2
bend N3,LEQ ; check IL2 new if IL2 new <0 jumpto N =3

lacl IL3 new
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sub #820

sub #300 ; sub offset input3

bend N4,LEQ ;check IL2 new if IL3 new <0 jumpto N=3
lacl #k2

sacl kout

splk #00h,Count1
splk #00h,Count2
splk #00h,Count3

B N5
N1 lacl #0Fh
sub Countl
bend N2,LT
lacl #k2
sacl kout
lacl Countl
add #01
sacl Countl
B N5
N2 lacl #k1
sacl kout
B N5
N3 lacl #0Fh
sub Count2
bend N2,LT
lacl #k2
sacl kout
lacl Count2
add #01
sacl Count2
B N5
N4 lacl #0Fh
sub Count3
bend N2,LT
lacl #k2
sacl kout
lacl Count3
add #01
sacl Count3
N5
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeosk sk ok skeoskoskosk skoskok
* inverse number *
sk sk sk sk sk sk sk sk sk skosk sk skeoskoskeoskoskoskoskoskosk ko skok sk
LDP #etrl n
LACL Vs ;4.12 format
;LACL  #0200h ;8.8 format
;LACL  #2000h ;4.12 format
sfr
sfr
sfr
sfr ;conversion 8.8 format

SACL inv2_input

SPLK #8192,inv2_input ; Store LSW of X at sqrt_input

SETC OVM ; To saturate ABS value of 0x8000 to Ox7fff
SETC SXM

SPM  #0

LAR AR2#inv2_input ; AR2->inv1_input

LAR ARO,#temp2 ; ARO->temp
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MAR *AR2

b
; From here the code is same as CcA

s

LACC *,16,AR0 ; Load the input to the ACCH
BCND calculate, NEQ ; If input is zero, return with 0
LACC #0000h

B returnl

calculate: BCND positive, GT

ABS ; Obtain the absolute value of x<0
positive: SACH * ; Store [x| in 16.0

LACC #01h,15 ; Load 1 in Q15

RPT #15

SUBC * ; Perform division to obtain Q

AND  #0ffffth

SACL *

BIT *,0,AR2

BCND isnot], NTC

LACC #7fffth

isnotl: BIT *,0
BCND returnl NTC
NEG

returnl: CLRC OVM

s

; Upto this point, The code is same as CcA

s

MAR  *AR2
LAR AR2#inv2 output
SACL *

lacl inv2_output
sfl

sfl

sfl

sfl

sfl

sacl inv2_outputl

st sk sk sk sk sk sk sk sk ok sk ok sk skosk sk skoskoskosk sk skoskoskoskosk

* End inverse number *
sk sk sk sk sk ske sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskeoskosk skoskosk

skt sk sk sk sk sk sk sk sk skok sk skok sk sk kokoskoskok sk kokosk

* Power Balance Control *
sk sk sk sk sk sk sk sk sk skosk skoskoskoskoske sk sk sk sk skoskskoskosk sk

spm 0 ;multiplier kout For N Module
lacc kout

sacl tmp

lacc Vo ;Output Voltage Value
sacl tmpl

1t tmp

mpy tmp1

pac

sach tmp,4

lacc ILoad :Load Current Value
sacl tmpl

1t tmp



mpy
pac
sach
lacc
sacl
It
mpy
pac
sach
lacc
sacl
It
mpy
pac
sach
lacc
sacl
It
mpy
pac
sach

sk e sk sk sk sk sk sk s sk sk sk sk sk sk ksl sk skok sk skokoskoskokokskokok

tmp1

tmp,4
inv2_outputl
tmp1

tmp

tmp1

tmp,4
sqrt_2
tmp1
tmp
tmp1

tmp,4
#930
tmp1
tmp
tmpl

IL_peak,4

* End Power Balance Control

ks sk sk sk sk sk sk sk s sk sk skok sk sk kol sk skokoskoskokskoskokokskkok

init

;1/Vs Value RMS Value

;Multiplier by 1.414 for Peak Value

;scale IL_peak for control Output

sk e sk sk sk sk sk sk sk sk stk sk sk sk sk stk sk sk ksl sk skl sk sk sk skokok sk kokoskoskokskskokosk

* DAC Displaying

sk sk sk sk sk sk sk sk sk sk skl sk skosk sk skok sk sk skosk sk kol skoskok skoskokokoskokokoskokokskskoksk

lacc
pt
sfr
add
sacl
sacl
out

lacc
pt
sfr
add
sacl
out

lacc
pt
sfr
add
sacl
out

lacc
pt
sfr
add
sacl
out

lacc
pt
sfr
add
sacl

IL_peak
#5

#80h

data

daouttmp
daouttmp,DACI1

Vo
#5

#80h
daouttmp
daouttmp,DAC2

Vs
#5

#80h
daouttmp
daouttmp,DAC3

ILoad
#5

#80h
daouttmp
daouttmp,DAC4

IL1
#5

#80h
daouttmp

*
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out daouttmp,DACS5
lacc 1L2

pt #5

sfr

add #30h

sacl daouttmp

out daouttmp,DAC6

lacc IL3

pt #5

sfr

add #80h

sacl daouttmp

out daouttmp,DAC7

lacc IL peak

pt #5

sfr

add #80h

sacl daouttmp

out daouttmp,DACS

out daouttmp,DAC9

out daouttmp,DACI10
out daouttmp,DACI11
out daouttmp,DAC12

lacc #001Ah
add #80h
out daouttmp,DAC13

lacc #001Ah
add #80h
out daouttmp,DAC14

lacc kout

pt #5

sfr

add #80h

sacl daouttmp

out daouttmp,DACI15

out daouttmp,DAC16

sk e sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk stk sk sk sk sk ko sk kokoskoskokskoskokok

* END DAC Displaying *

sk sie s sk sk sk sk sk sk sk skl sk sk sk sk sk sk sk ksl sk kol sk skok skoskokok sk kokokoskokskskoksk

sk sk st st sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskoskoskokosk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskoskoskokokokoskokoskoskokosk skokokoskoskoskoskoskoskskokoskoskok

1dp #0E8h
splk #200h,EVAIFRA ;Clear all flags, may be change with only T1 underflow ;int.

sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskeoskeosioskoskoskosk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk steoskoskoskokokok skoskosk sk skok sk skoskoskoskoskoskoskoskoskokokokok

sk e sk sk ok sk sk sk sk sk sk ke s sk sk sk sk ks sk skl sk kol sk skokok skokokoskoskokoskskok

* Context restore and Return *
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeosk sk sk skeoskoskosk skoskok
larp ar7
mar *+
lacl *+ ;Accu. restored for context restore
add *+.16
Ist #0,*+
Ist #1,%+
clrc INTM
ret
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeosk sk sk skeoskoskosk skoskosk
* END Context Restore and Return  *

sk sk sk st sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skokokokokokokokokok



sk e sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sie sk skt sk sk sk sk sk ksl sk skl sk sk sk sk sk kosi sk kol sk skok sk sk kol sk kokoskoskokskkokosk

* END c int2 ISR
* synchronization of the control algorithm with the PWM
* underflow interrupt

st sk sfe sfe sk sk sie sk sk sk s sk ke sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ste sk sk steoskeosieosieoskoskok sk sk sk sk sk sk sk skoskoskoskoskoskoskoskoskoskok

_c_int0:

st sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok sk skosk sk skoskoskook ok

* Board general settings
sk sk sk sk sk ske sk sk sk sk sk sk skosk sk skoskoskok skoskoskok sk sk

clre xf

st sk st sfe sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskokokokokokokok skokokoskokosk

* Function to disable the watchdog timer
st e sk sk sk sk sk sk sk sk stk s stk sk sk sk sk sk ksl sk skl sk skok sk sk kol sk skokosk skokoskoskokok sk
ldp #0EOh

splk #006Fh, WDCNTR
splk #05555h, WDKEY
splk #0AAAAh, WDKEY
splk  #006Fh, WDCNTR

splk #006Fh, WDCR ; Disable WD
sk sk sk st sk sk sk sk sk sk sk s sk sk sl sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skoskoskoskoskoskostkoskoskostkoskoskoskokokokokokokokokokokoskosk
* Function to initialise the Event Manager
* GPTimer 1 => Full PWM
* Enable Timer 1==0 interrupt on INT2
* All other pins are [0

st sk st st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk st sk skeoskosioskoskosk sk sk sk sk sk sk sk sk sk sk sk skoskoskoskokokokokokokokokok

;Set up SYSCLK and PLL for C24 EVM with 10MHz ;External Clk

splk #02FCh,SCSR1 ; Enable clock 20 MHz
1dp #etrl n
splk #0100h,tmp ; I/O Wait state 4 Clock , Program

out tmp, WSGR

;Clear All EV1 Registers
zac

1dp #OE8h

sacl GPTCONA
sacl TICNT

sacl T1CMPR

sacl T1PR
sacl T1CON
sacl T2CNT
sacl T2CMPR
sacl T2PR

sacl T2CON

sacl COMCONA
sacl ACTRA
sacl DBTCONA
sacl CMPRI1

sacl CMPR2
sacl CMPR3

sacl CAPCONA
sacl CAPFIFOA
sacl CAPIFIFO
sacl CAP2FIFO
sacl CAP3FIFO
sacl CAPIFBOT
sacl CAP2FBOT
sacl CAP3FBOT

;Initialise PWM ; No software dead-band

95
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splk #666h,ACTRA ;Bits 15-12 not used, no space vector
;PWM compare actions
;PWM6/PWMS -Active Low/Active High
;PWM4/PWM3 -Active Low/Active High
;PWM2/PWMI1 -Active Low/Active High
splk #05f0h, DBTCONA ;dead time generate 40 nS
splk #100,CMPR1
splk #200,CMPR2
splk #300,CMPR3
splk #0207h, COMCONA ;FIRST enable PWM operation
;Reload Full Compare when TICNT=0
;Disable Space Vector
;Reload Full Compare Action when TICNT=0
;Enable Full Compare Outputs
;Disable Simple Compare Outputs
;Full Compare Units in PWM Mode
splk #8207h, COMCONA ;THEN enable Compare operation
splk #PWMPRD,T1PR ;Set T1 period
splk #0,TICNT
splk #08800h,T1CON ;Ignore Emulation suspend
;Cont Up/Down Mode
;x/1 prescalar
;Use own TENABLE
;Disable Timer,enable later
;Internal Clock Source
;Reload Compare Register when TICNT=0
;Disable Timer Compare operation
;Enable Timer 1
splk #08840h,T1ICON

ke sk sk sk sk sk sk sk sk skl sk skok sk skok sk sk skoskoskokok sk koksk sk

* Initialization New Module *
sk sk sk sk sk sk sk sk sk skosk sk skoskoskoske sk sk sk sk sk skoskoskoskoskosksksk ok

1dp #etrl n
splk #k2 kout ; Kout = 2 N-module Normal Operation
lacc #0

sacl IL1

sacl 1L2

sacl 1L3

sacl IL1 new

sacl IL2 new

sacl IL3 new

sacl Countl

sacl Count2

sacl Count3

sacl ILoad

sacl IL_peak

sacl Vo

sacl Vs

sk e sk sk sk sk sk sk sk sk stk sk sk sk sk sk sk kosk sk kok skokokoskoskokoskskok

* End Initialization New Module *
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeosk sk sk skeoskoskosk skoskok

st sk sk st sk sk sk skosk sk sk ok skoskosk skoskoskoskok

* ADC Initial *
sk sk sk sk sk sk sk sk sk sk sk skeoskeoskosk skoskoskosk sk
1dp #0E1h
splk #04000h,ADCTRL1 ; Reset ADC Module

sk e sk sk sk sk sk sk sk sk skosk sk skok skokokskok

* End Initial  *
st e s s s sk s sk ks ok sk o

s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skosk sk sk sk sk skosk skoskoskoskeoske sk sk sk sk skoskoskoskosk sk sk sk sk skskk
* PWM Channel enable

* 74HC541 chip enable connected to IOPC3 of Digital
* input/output



st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskoskoskoskoskok skoskosk sk skosk sk skoskoskosk sk sk skosk sk skok

;Configure IO\function MUXing of pins
1dp #0E1h
splk #0000h, MCRA
splk #00F9h, MCRB
splk #0001h,MCRC
splk #0000h,PBDATDIR
splk #0000h,PEDATDIR
splk #0FFOOh,PFDATDIR
*#* END: PWM enable

ldp  #ctrl n

splk  #3E8h,VDCinvT ;vdc=VDC/Vbase=600/600=1 VDCinvI=PWMPRD/vdc=1000/1=1000

;VDCinvT=PWMPRD/vdc=1000/1=1000 , 3E8h ,4.12 format

sk e sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skt sk sk sk sk sk skl sk skl sk sk sk sk sk kosk sk kol sk skok sk sk kol skokokoskoskokskskokosk

* Initialize ar7 as the stack for context save

* space reserved: DARAM B2 60h-80h (page 0)

sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk s sk sk sk st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskeosk sk skoskosko sk skoskosk
lar ar7,#7%h
setc OVM
spm 0 ;no shift after multiplication
setc sxm ;sign extension mode

sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk ok skeoskosk ok skoskosk sk skosksk ok sk

* END Variables initialization

st sk st sfe sk sk sk sk sk sk sk ok ok sk sk sk sk sk sk sk sk sk skoskoskoskoskokoskokokok

ks sk sk sk sk sk sk s sk skl sk sk sk skok sk skokokoskokokskkok

* Enable Interrupts
sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok skeosk sk ok skoskoskosk skosk sk ok sk
;Clear EV IFR and IMR regs
1dp #0E8h
splk #0200h,EVAIFRA
splk #0000h,EVAIFRB
splk #0000h,EVAIFRC
;Enable T1 Underflow Int
splk #0200h,EVAIMRA ;PDPINT is disabled, with 0201h is enabled
splk  #0000h,EVAIMRB
splk #0000h,EVAIMRC
;Set IMR for INT2 and clear any Flags

1dp #0h

lacc #03Fh

sacl IFR

lacc #0000010b

sacl IMR

1dp #etrl n ;set the right control variable page

clrc INTM ;enable all interrupts, now we may serve interrupts
st sk sk st sk sk sk sk skoskosk sk sk sk sk sk sk sk sk sk skoskoskoskokoskeskok
* END Enable Interrupts

sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok sk skosk sk skoskoskoskoskoskoskosk

sk sk sk sk sk sk sk sk skeosk sk sk skoskok
* Virtual Menu
sk sk sk sk sk sk ok skeoskeosk sk skoskosk ok
menu
;default mode (will be saved as context)
1dp #0E1h
splk #0FFOOh,PFDATDIR
B menu
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeosk sk sk skeoskeosk sk skosko sk sk
* END Program

st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskoskoskoskoskok skoskok sk skoskoskoskokoskoskosk sk sk skok
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Analysis of Interleaved Input Current Technique for
Paralleling Single - phase AC to DC CUK converters

Somsak Manman, Uthen Kamnarn and Viboon Chunkag
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King Mongkut’s Tnstitute of Technology North Bangkok, Bangkok, Thailand 10800
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ABSTRACT

The analysis of interleaved input current technique
for paralleling single — phase AC to DC CUK Converters
is presented in this paper. The proposed scheme include
three parallel CUK modules using single voltage loop
control and inductor current caleulator for input wave
shaping, inductor current sharing and output voltage
regulation. Interleaved technique is proposed to reduce
ripple input current. All control parts are implemented by
Digital Signal Processor (DSP). The converters have a
[2CC output voltage -48 V and output power 1,500W. Each
converter operates in Contimuous Conduction Mode
(CCM) together with PWM current control. All systems
are simulated by MATLAB/Smulnk to venly the
proposed technique.

Keywords: interleaved input current technicue, current
sharing, power [actor correction, Paralleling Smgle —
phase AC to DC CUK converters.

1. INTRODUCTION

In recently, all technologies have been developed.
The operation of distributed power system require high
efficiency power supplies. Conventional ofl-line
swilclhing power supplies draw non-smusoidal mput
current waveform, resulting i high mput curent
harmomes, low mput power factor, lugh losses on power
lnes and causmg malfunction of electrical equipment.

The ideal AC' to DC converters is to shape input line
current to be mn phase and simusoidal as the mput voltage.
The mput power [actor can be mnproved to nearly unily
by eliminating the input current harmonics. Active power
factor correction technique, using a DC to DC converter,
has been successlully mmproved the power factor and
reduce input current distortion[1] in single-phase line
current rectification.

The parallel-connected single-phase power factor
correction circuits have been developed recently. Boost
and CUK converter[2][3] are used in PFC applications.
Interleaved current technique is proposed for reduce
npple input current. This techmique consists of a phase
shifting of the control signals of each modules in parallel
operating at the same switching frequency.

In thns paper, N module for paralleling single — phase
AC to DC CUK converters approach is proposed to
control input curent by power balance control

technique[3][4]. Each module operates in CCM and input
current among them. The objecuve of the proposed
parallel PFC scheme 1s to reduce the mput ripple current
by interleaved technique and improves controller for fast
response. The sunulabion results demonstrate that the
proposed system works well, fast dynamic response, and
good power factor correction.

2. PROPOSED TOPOLOGY

The schematic diagram of the purposed systemis
shown m Fig. 1.

2.1 The Power Stage
The power stage of the system consist of three AC to
DC non-solated CUK converters PFC, a bridge rectifier
.a DC-DC CUK converter. A single output capacitor ¢,
is connected at the output terminals for filtering the
output voltage ripples for all modules.
7 :

s Ly ':-u_ Ly

ENENIE

Fig 1: Modular single-phase AC/DC CUK PFC scheme

2.2 The Control Stage

The power balance control techimque for the proposed
system 1s shown in Tig.2,. Tt can be easily implemented
by digital control usimng algonthm programs m DSP clup.
It comsists of a smusowdal reference, de-voltage Pl-
controller and inductor current calculator. The inductor
current caleulator computes the desired AC input current.
The output voltage 13 measured and compared o a
reference voltage. The resulting error is injected into the
Pl-controller. The summation signal of the PI- controller
and the inductor current calculator computes are
multiplied by a signal of rectified input voltage and



compared to a signal of the input inductor current. The
resulting modulation signal is processed by a suitable
PWM current control together with interleaved switching
frequency, generating the driving signal for each modules
to control the switch.

o V.
lag——
Iy, Power Balance *
h J:m‘
Control v
g ¥
Digital-p1  [&=—V.
Controller |g Vo

Fig.2: Block diagram for control Stage

2.3 The Interleaved Technique

Interleaved technique can be possibly implemented
because general DSP controllers have several numbers of
timers so that the switching frequency of supply current is
N-time as much as those of inductor current. Therefore,
EMI filter can be minimized in the proposed parallel
CUK PFC. Fig.3 shows the waveform of interleaved
switching techmique. Fig4, Fig 5 shows mterleaved
technique algorithm implement by DSP.

Fig.3: Interleaved switching technigue of 3 CUK PFC
modle.

3. AVERAGE SMALL SIGNAL ANALYSIS

The averaged small signal model of the parallel CUK
PFC circuits is based on a power balance control. In this
case, the small-signal analysis is performed on an average
basis over a complete half-cycle of the sinusoidal input.
3.1 The Power balance control

The power balance [3] [4] equation for operation is :

N
v, 31, =V, )
i=l

V. is the RMS value of rectifier voltage

I, is the RMS values of input inductor current in each
module

V. 1s the DC output voltage

I, 1s the average output current over a line cycle
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N is the number of converter in system

L =0, 31, @

-

1, 1s current signal from inductor current calculator
I, 1s correcting signal from Pl-controller

Set system param efer
rated current

Number available
maodules (N=3)

Calculate Reference
Inductor current

Set N = working
module now

determine Interleaved
Time for N module

S
._/
<7 Over 1 module fault
oy i e

Yo

Fig.d4: Interleaved Technique Algorithm

YES

Shutdown system

Drive Signals

1 1 1

1,
Power et
v Refference || Based on DSP Cgl;ll:?:ttor p;
) Curent I
Section
Digital-PI
Current Sense Controller

Fig.5: Block diagram of current and voltage control are
implemented by DSP algorithms.

The basic concept of the power balance control is that
the input power and the output power of the system are
equal for one cycle operation, the computed peak value of
the inductor current is :

N

Vg 'Z‘!r‘, =kV.1,. 3)
iml
let Iy = ) = Lz
i ksp'u‘{cmi
f, <Al @

E
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The inductor reference current is :

sin(mt)| 5y

L [

The dyvnamic equation of the output voltage is

4 v

Sk =4, =0d 4k, )
— Fie 14 T el

I,.; 18 the load current of proposed system

Applying the perturbation for small signal transfer
finctions [3][4]. The output voltage can be expressed as

L, NGmﬁkrm =
Vo o I vref (7)
V.S + NGk, ks

k.. 18 RMS gain
kfb  is feedback gain
3.1 Analysis of Loop Gain

Block diagram of the wvoltage loop is shown in
Fig. 6,. The Nyquist criterion can be translated as the
crossover of the loop gain. Phase margin, the difference
between the phase at the crossover and -180°, in Bode
diagram analysis is larger than -180°.

Got) | 20 |4

Ey (5) L|-

Fig.6: Block diagram of the voltage loop.

i
23 Gz ()

4. CONTROLLER DESIGN

Feedback compensation is required to regulate the
output voltage when output load is change. A suitable
crossover frequency is 1/6 the frequency of line input

Here, a PI controller is :

&, (o= B )

®

When
G, (8) is transfer function of PI controller.
k,(s) is the gain of P1 controller.
, is the location of zero.
Plant transfer function is :

@

Open loop transfer function is :

NV k. ke, J

W,CDs -

OLTF = (G,,R)[

Fig. 7.. show the Bode plot for voltage loop transfer
finction. The voltage loop is designed to have a crossover

frequency of 8 Hz. It also gives a 56° phase margin at
crossover frequency.

‘}\anl Transfer funclion

©Open Loop Transfer ruﬁﬁkm\

Magnitude (d8)

Pi-Controller

Phesa (deg)

Fig.7: Bode plot af the proposed system.
5. SIMULATION RESULTS

The proposed interleaved input current technique for
paralleling single — phase AC to DC CUK Converters
have been verified by MATLAR/Simulink with the
following parameter. Where as, there is one redundancy
module.

Supply Voltage: 220V 50Hz
(:2‘1 ’(:22’(:23 : 1 ’MF
C1 : 2x 13,600 /JF
sl 5mH
SO A 1 mH
2% 22 23

Output Voltage: -48V
Rate Module: 750 W/module
Output Power: 1,500 W
Switching Frequency: 50 kHz
Sampling Frequency: 20 kHz

5.1 Steady state response

Input current and voltage waveforms, and inductor
current waveforms are shown in Fig. 8, when N=3 and
simulated at the full load (1,500W). Evidently, the line
current is exactly in phase with the input line voltage and
nearly sinusocidal. Thus, the input power factor
approaches unity. Fig. 9 and Fig 10. show the simulated
of inductor currents at full load.

v
oty
e

tagr Volage asnl Curmwat
.5
3

Fig.8: Simulation result of input voitage and currert
wave jorms of the proposed svstem
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et Curvent (A}

Fig.9: Simulegion result of inductor current
waveforms of the proposed system.

imdacior Carmme T

it Curest 1LY Inductor Curnwen 2417

Bimagens

Fig 10: Simuldation result of inductor current waveforms
with interleaved technique of the proposed system.

5.2 Transient response

The simulation result of transient response of the
input voltage and current at load step chang from 1,500W
to 750W are shown in Fig 11,. In Fig. 12,. shows transient
response of inductor currents while load had been stepped
from 1,500W to 750W. And Fig13 shows transient
response of the output voltage and step load current from
1,500W to 750W and 1,300W.

s Vihage and Current
—

Fig 11: Transient response of input voltage and current
with the proposed controller for step load

5. CONCLUSIONS

The interleaved input current technique for
paralleling single — phase AC to DC CUK Converters are
presented in this paper. The simulation results
demonstrate that the proposed system can be performed
as expectation. It has been shown that good output
voltage regulation, high power factor correction and the
inductor sharing are achieved by controlling duty-ratio
for all modules.
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Moreover, the interleaved technique can reduce ripple
input current. And EMI filter can be minimized. All
control part employ Digital Signal Processor (DSP). It is
simple to generate program algorithm for control the
system .

P ——
T R

teeh i Currend (A
\

Temngure)

Fig. 12: Transient response of inductor currvent with the
proposed controller for step load.

Ot Valtage £V}

Sty load 0x 1 SEOW ta TSIW St S 1 TSOW i 1 SO0
i ] g

Lasd Cirrent (A}

0§
Tier(sox)

Fig.13: Transient response of outpiit voitage and load
cirrent controller for two step change load.

5. ACKNOWLEDGEMENT

The authors are grateful to the Department of
Electrical Engineering, Faculty of Engineering King
Mongkut’s Institute of Technology North Bangkok,
Bangkok Thailand for the simulation tools of this project.

6. REFERENCES

[1]J.Sebastian, M. Janureguizer, and Uceda,” An overview
of power factor correction in single phase off line
power supply system,” IECON'94, Vol 3, pp.1688-
1693,1994.

[2]A. Newton, T.C. Green and D. Andrew, “AC/DC
power factor correction using interleaved boost &
cuk converts ,” IEE Conf Publ, No. 475, 8% pp 293-
298, 1994,

[3]UKamnam, V.Chunkag, “Analysis and Design of
Paraallel CUK PFC Circuit based on Power balance
control technique,” JPEC 2005, 2005.

[4JUKamnarn, V.Chunkag, “Power balance control
techniques applied to parallel AC to DC converters
using single — phase SEPIC rectifier modules,”
TENCON 2004, Vol 4, pp 57 - 60,2004



104

msInnzesnasivlvady - ldase 1 ravdayn dedFunu

a F 11 = y & vy
iﬂﬂﬂi ']‘ilﬂ"ﬂi3!I'ﬁﬂ]u!l'ﬁﬂﬂﬂ1ﬂ!“ﬂﬂ'§ﬁlﬂﬂl IIﬁzrl‘]ﬂ'ﬂﬂ“ﬂﬂ11!ﬁﬂﬂ“ﬂ5=l!ﬂﬂ1“ﬁ“

Analysis of Interleaved Input Current Technique for Paralleling Single — phase AC/DC CUK Converters

with Line Current Sensing Only

o o o1 = oA
TUANA HTHIY @MU AT L!ﬂ:'l'uﬁ!j‘lf'l-ll.!‘tlﬂ

R . P
madwimnaau i aeedmnaaumaad aoniuma T Tafnizeeundmazuaamviio

- 4 T \
IS18 0.WYATIATIN U1eFa njamna 10800 Tns. 0-2013-2500-24 Ao 8518 T 0-2585-7350

E-mail:smm_kmitnblvahoo.co.th, dee6O002& kmitnb.ac.th, vekigkmitnb.ac.th

st L}
unnaue
- = o ) a

unaNuiiuanemiIATIE 19 sulain Irlady
Tasa 1 ola wiagndaeiiun Tasasredunseuaaiumaing
i o P 4 v d
PROIRIAD l!n:lmkﬂﬂurltl'lilﬁnuu‘umnizlmﬁ"luw'l lﬂ'ui:u‘u‘rl
sznevdrermsalasinhlass - Tlasiayndevuriu 3

i - P .

Tuga Mdmaiinaugaids s nnaminszuavansmriionii
d1384 Tavandnnuvesdaniunizuavaalam ionihluuday
- - A y 4 i
tuga uazldmatiamavaauva nszuadd eaamsnaiian
woangzwaa i ludmveasiamerdnavzaiugulinegg Tnold
= i ] [ - ' 2
dnguuuniile sevuiinrue ldgniwaeiuaziineims
FTUA 90 MATLAB/Simulink Tz adnduna 220 Trad 50 @sas
VIALE DA RA - 48 Taad 1,500 Tad

= A =
ATHIAY  MAVANITIH flf)!l"l.lanﬁm!ﬁﬁ'l'l—H'ﬁ'l, INAUATUAD

fds s, nsamaseswlasdu Inadu - Tidas s 1 olaviiagn

Abtract

This paper present the analysis of interleaved input current
technique for paralleling single — phase AC to DC CUK Converters
with Line Current Sensing Only. The proposed scheme consists of three
parallel CUK modules. The Power Balance Control I'echnique used to
calculate reference inductor current in each module, and interleaved
input current technique used to reduce ripple input current. The output
voltage is controlled to be constant by using Pl controller. T'his paper

presents the simulation results by using MATLAB/Simulink based on

220 50Hz input voltage and -48V |, 500W output system .
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