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Abstract

Traditionally! thefeedback comtrolhofa/Switched Mode Power-Supply, (SMPS) employs
an analogue circuit. Despite simplicitysand being . inexpensive, the ‘performance’of the analogue
controller is greatlyp) affected 7by; | noise| jand .componeént drifts;degrading, the power supply’s
reliability. A digital, controlier=-can “alleviate.’ the probiems —associated with | its analogue
counterpart,but |at~thef (cxperise | 'of incresaing  cost.. Therefore \the/ digital centroller is often
employed in SMPS-for, high-end products such - as7satellites,where reliability supercedes the cost.
This thesis presents-the digital,-cdntrol. of a (buck’/convertér. The “PI control algorithm was
implemented digitally ofi, the DSK)board o, regulate /the/ ouitput “voltage of a buck converter. In
the thesis, the desigm, procedure for rselectings.4hic ~proportional gainy (Kp)/and integral gain
(Ki),with the aid of MATBAB{i§«described. It is shown that-the digitally controlled prototype
converter is well regulated agaifist, the 'specified fnput voltage~and output current changes
without the steady-state error, and exhibits=the=transient performance as closely predicted by

MATLAB.
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~ d ' @ o a
51 2-2 uanydUfseine Towsidszunaranary Taoizamundedeuiesue

) ¢ /% DADDRI bus N
N 5T FUABDR2 bus - R
/ Multipiexer. \
" CAUB (M &
N 2a 3 )
CPU2 bus \
= I ) i t
REG1 bus \
- A7 | IO T I
A1 '"REG2'bus \,\
i f iy
2| I3 i) (lhgl (Bfr =t Siv
S E B Bd P2 Ta0o2S 7 aff
& ix S5 g» 32-bit barrel
g g g é’ g Muitilier shifter
SIS ALD
’hﬁg_._._______. § '4 0
? 40w A [
T Extended- gife 140
40 o | ePfECiSion
. *‘l registers 40
s @l (RO-R7)
e e ¥ v
N—{ —i
2l 24,
24 M Auxiliary ‘_\:’
S 9o registers 24
g Ny 7 —*55* (ARO-ART) 32
- \‘ &-
32
= Other 22
registers b~
32, (12)
st ey e

gy A v o o %ﬂﬁ 2'2 Wﬁ')ﬂﬂﬁ&’lﬁ.’l@ﬂ AN v o 1 5% v
L@ﬂﬁ?ﬁULUUL@ﬂﬁ?ﬁ%ﬁﬂ'ﬂﬂlﬁﬁ?ﬁiUﬂ’] BITULNDATIANYINTIUU :uayaunGﬂwmlﬂhmﬂwumumam

lyidnsdllas visdu Bnnauilvdauadilen wagdesdnedeiadivaaenaisynasandnisluly



2.1.1.1 fge (Multiplier)
@ o = [~{ 1 o o a 1 a a
Frgaszimsgauuuseniiey lasluminnuay 24 U wazA1IATIYL 32
a a o a o 4 < a =
Fa SEssIuaauausenssrilues TMS320C3x vz ldvhauiinus 2 1iBensswil (fixed-
point) H1UNWTBUAIT 50 W TUIUIH LagTEULIUBVUIUANT
A o o a o a g a = a ] v o
iiofganihmsgauaudenssvil, suyazilumudnsssil 32 Ua 1oz IANAON T
=] a =) a
WUavInss¥l 40 U
Aia ° ° dina 3 ° a3 a Y] S
idiofganhmsguuavimauausuyassiumuimouan 24 Ua ez IANADN T

I~ o I~ a
WuEUIIUIUAN 32 UA

2.1.1.2Ahei 13 aillazas3n (ALU)
' o [ o ] a a

HUAUATUIUHATAIING llﬁﬂﬂﬂ']iﬂﬂﬂ?ﬁ%ﬂmva%']u?ulﬁﬂ 32 UAAITN 32 UA LA
a = a a 3 = o < a P
D9ATITH 40 U IIHUIDUATT 5'JiJVlQﬂ'liLﬂﬁﬂu%’lu’)um&llmzﬂﬂﬂﬁﬁ‘ﬁﬁ BUUIDURYI WA
v d ' o Qs ° < a a a
awmawmﬂmmmuamﬁﬂ%zUdﬂu{lumﬂmmumu 32 ﬂﬂﬂgﬂﬂﬁﬂii‘vﬁ 40 UALTUD
1 o B A adly 9!::} A A a = = =
mumtaaumaﬂyunimaga ﬂzl‘HLWﬂiﬁGUﬂﬁﬂﬁHuUﬂ%uﬂQ 32 UWGIS']EJ“SEJ‘U'J']ﬂ"IEﬂu
SOULAUD

@ o

seioly, CBUL/CPU2 LASREGHREG2.1U377 2 AaanAnduns (perand) 9101128

AU Lm‘vmsa}2monmmumi%muﬁmaﬁmai muu%&mmmamunmmu Hag

‘1J:m/a1Jmmi‘imaumummaﬁmmwu 4 ﬂ?‘lﬂiiﬁﬂﬂlﬂﬂﬂ

2.1.1.3 1HBRII8E A0 IE(ARAUS)

ARAUO LA ARADIg 1119083 7) @itk lusetiAtn mitoduiasiaaesse
MNULUDVWIUAIBAIMIAE ALD a2 é’f’s‘f:ﬁﬁ'umgumﬁLi’fﬁqﬁumﬁeﬁ'wmﬁgmuﬁ
(addressing with displacements ), ?%ﬁ’m@;ﬂiﬁ‘ﬁﬁ(index register : [ROUDIR]) , M504
FUMLUUDINTOY  (circular  addressing)  HAZASINDIRMMHMVUNAUTA (bit-reversed

addressing)

J
2.1.1.4 udlasdamesveeraedszuianard (CPU register file)
w Yt 4 @ [ aa St L] A a o
TMS320C3x dzsalisames 28 daegluuduitamesnimaudieonraionesnany

1 1 v @ [ [ a o
nu1eszuIaNanal mumuﬂﬂmﬂm (Program Counter : PC) 9 liisaueglusvaines

@

fad19du 53 @@smﬂm gnmmwmyiﬂﬂmﬂm HIAUINUAS 3TN LDY
Laﬂmﬁuﬂﬁmaﬂm NadUFMIUNT sumul,wamsﬁﬂmmmuTuaumm mw%%ﬂaﬂwumumam

[
Y

e e a (%
13J’J’]ﬂifflﬂ@“] NG ﬂWQWWZJNELMﬂﬂLLUaQLUE]MW b4 @BQEJNENQQL’%’]"U@QL@ﬂﬁ’]i%ﬂﬂiﬁ%@iﬂ?iﬂ’ﬂﬂiﬁ



9 aa 4 4 a dydn da A do a [ aa
ansalfidustamesaunilszasd 32 da uenanilssaeesseliflensumay wu 53
A a Y ° Y [~ v Jd a a
1903 1WA (extended-precision) 8 AavzmzdmSUIiUNaANTILLBIAsSYE, SmmeT
929 8 @1 szavivayu InuamsisedmmisTagdey (indirect addressing mode) ¥Inam

) aa oo g i aa & aa P
waneuazasa Indus Smmes suawdn 32 il uagsimmesuuuassng, Simaesh
maevzdalWuaazlafTuveIsZ Uy 1FU MDA MUY, PITIANTANAR (stack), ADIUL

o a dor o 3 A rate

Yaealseuiana, NSBUIABISNALAZUABN(block) NHHT
A aa g S o v J o
FvssIvamasiazlandunimuaseegluaisng 2.1 aumanwusssiailnyu

1 Aa oo U aa [T '
“UEN!M'LWSi]ﬂ'!ﬂ'f)i'ﬁi@ﬂ@ﬂﬂﬂﬂiﬂﬂlﬂ@ﬂ?@ﬁﬁﬂ@"’]

Register name Assigned Funetion
RO-R7 Extended-precision register) 0-7
ARO-AR7 Auxiliany register 0=7
DP Data-page ‘pointer
IRO Index register
IR1 Index register
BK Block' size
SP System-stack-pointer
ST Status| register
IE CPU/DMA..Interrupt enable
IF CPU interrupt flags
IOF I/0 flags
RS Repeat start address
RE Repeat end address
RC Repeat counter

dsj [ d‘ Y o U 14 dl = 1 5 1 Y o ¥ € v ¥
nansiluenansianulidmiunisidnuienisfinyivintu leygelvihlvlduselesimunism

lidnsdlla visdu Bnnsuilidauailen wagdesdnedeiadivaaenaisynasandnisiluly




aa g a a =1 [ <
RO-R7 FVANDIINHINY (extended-precision register) 0-7 Hanueusalumsiany
o @ o < a a a
uazaiuAYUMIIAMsAYs LAY 32 Ua wasiaudansssi 40 1a
aa a0 3 . Y <X Y i
ARO-AR7 S3eN9D398(auxillary register) 0-7 @11150UI1D9 1A Iaeruelszuiana
Y ] 13 aa o1 @ a o 42’ aa LR o
nae tazud 1 Iaenuef s R TIe 2 67 e FUNUIUVDIT VARSI HION
a o ' a 2 I~ LY 3 a 4
TWiRadumds 24 9n  Feansolidudniugdoop counter) wielluSimaesown
o a 2 @ 1 a
Yszaad 32 On Feamwrsoud luladagouazniioauadiauuuasin
@ y a o a o a 1
DP f¥Wvpatoya(data page pointer) ADIVNABS 32 Ua lash 8 dmaragn
[ o 1 . R 1< @ dyo '
11 Inuamsdndedimaelaensd (direct addressing “mode) (AUBUITUAITAMNUUND
Vv
ad o
Y037y INIvoItElAln1WEIT- 64K 1330 (Wold) AIATIINUMISE 10D
Aaa o =} =) < U Y @ ' o aa R A
IR0,IR1 STADIASSFIL 32, ~1R_ ISAUAUNT TN UWAMIUIINADIBIEY 1D
" Y f
AU WU UINY
aa o < g . a 9 ' ° aa
BK 390D ST DABAN(block size register) 32 1n ‘galylasriitoAnsia
R o v \ c 4 3
wosydlinamdd e imEliu AN (Circular. addtessing) ; LRs¥ yTNAvRIUABNTOYA
(data block)
(Y e x A aa o a 4 g
SP MATLUHNVDIT 2V (System stack. \pointer), A0 33995 320 Ua  FUAU

o

) é 3 ’d. el .
AWMU BITUAULAR. (topstack) F SPIZFOUNAAATNURGANY (push) /0911 (MINY
k4

@ 1 1 2 ' 3,' [ =~ ) 1 =2 v
WunouWwA1aY SP IzanMilneNYRA T I UA1TU o1l (pop) veinfstlaunousiaanilu

1 = a ¥ oV o g = a ad o w
SP 1 SP widunalasdins Sulmasina, in 31 uap)isontcall) ST (etun) M dansLAL

o v &
Ardatley
sa ¢ ; Siing) o d4 9 o
ST ITRMDIAD ML (status  register) mwagam"ﬁﬂmﬂmmmﬂ‘uamumm
nuelszulananang
aa Ja e 1 9/ 1 o
IE SEADIDUNDT I NANHIYSEITTNANA1Y/MIID1DIM LA TAonT

(CPU/DMA interrupt enable register) Wusemees 32 da
TaounessnaniIolszuIanana1s (CPU interupt enable bit) i U@ 10-0
Tasunossnanstnaaniennui 1aenss (DMA interupt enable bit) Ao Un 26-16
Tag 1= Vl@glj(enable) - o=1114 (disable)

IF 3o oumes snauvlanveanieYseulananals (CPU interrupt  flag

% aa J a a do o 1a Ju  J
register) Lﬂui%ﬁm@ﬁ 32U6 Tag 1=@uLﬂ@55WGI,O=IlN@HL¢I@5§W@

Aaa 4 a J Y
IOF 5’1)’dmﬂiLLWﬁﬂ‘UEN@HWG]/LE]WW!GI(I/O flag register) mmuﬂaﬁ%ummﬂnma
Aa Y da = v .{
é‘lﬁ A%{F neX NV UKEAILDIANA L‘IJ 1D ﬂ
L2NE1IUL ‘HL %‘g)ﬁ% ”J ﬁ/%mUﬂ’ﬁliSUQWULWE] ﬁﬂ‘t}’]m’]‘ﬁu ’]Mﬁuwﬂﬁ“ligix EJGZMG]’]‘L!ﬂ’]iﬂW

ladnsdilag Nedu ﬂﬁqﬁmﬁiﬁﬁmmauﬁam LLazé’faqé’NSqmLmsuaqLaﬂmiﬂqﬂﬂ%’wmmiﬁﬂiﬂ%



v @ o qy aa o a o 3 a4 g
RC #7013 (repeat counter) 1HUSTamns 32 Ua ldszydwaunsinudon

v
0 .0 O _ 9 -0

@ A o :’ g <] {
YDITH A (code) NN Lﬁ@Uﬁﬂﬂﬁ‘Vﬂ% AN NI

a do oA ° oy a 3
RS SFmmesMuntasuAUMIRI (repeat start address register) 32 U@ (AU

v
o

o i =1 ' o 1o
AurdaSudurpIudonYe LAY 1UsuAsuNRIE :
a 7o ' ° :' . = 3
RE FAANDTAMMUIIUMINIDY (repeat end  address register) 32 UA AU
o 1 9 < d' o 3’
AUNUIgAMEUBIVADNNN N
v @ aa o a < ) ] o
PC fTuTsunsy (program counter) tHuSTaumes 32 O NuAuMUIvDIR
q'/ 1 c:; o 1 T a 4 [
&1 aelUfioziiun (fetch)ALaPC 2z 1y lsandsmiBianesyeearuedszulans

1Q ) o H
nate uanausoud lwlasmdennd lwagaildsungs

2.1.2 M3antiIenamdIves TMS320C31

TMS320€3% ﬁﬁyuﬁﬂlmwﬁwmmﬁwﬁwnmﬂu 16M (itlion) 8207 35a lag
vssylsdngy doda uamﬁaﬁmmﬁuwm/&mﬁwmagjmsﬂu GRS A U151 3(table)
ﬁ}uﬂﬁzﬁﬂ‘%’(coefﬁcient) syaUnallsunsy (program code) w%’eaﬁ‘@ga vl%lhlﬁ’ﬂgﬂu RAM

A 0y ad 9 LT o .9 = o Eld
Y139ROM ﬂ‘lﬂ Gluﬂﬁmuﬂsziﬂﬁ'ﬁJ1531%?1“33ﬂ’31“%71ﬂ“7ﬂ7]q9’[ UAS-VANUNYIUIYAINN

o Y v
$11dauAndnas

2.121 RAM,ROMIipzCaché
UM 23, AR RS M UATA TS INOT TMS320C3x laolu PMS320C31 1 RAM 2
o ' o A a 1o a a \ 3 o o
&1 upazdiluua Kx 32 da 138 ROM unazil Cache, @419,64/ 32 T BINUMTIN
By
T4 (i 1dAan)
td
TMS320C31 Hiinsusnytieasausawenan unilenus lUsunsueonniniuag
o ac J £ o = s g @
#ramulaeds 1 lari(pipeline) Fevhldiianusagedn msuontiaveelisunsy (program
&Y 9 o Y X2 ' 3 o Y
bus) Tervosdoya (data bus) waztavesmsdifanisnnuiilasass (DMA bus) 1ilvi
) & y o Y K ] o Yy Y v T
ansalhihldsunsun ewdeya uazdhimsdhtemiteanusilagaseldniougiu 1w
a ' o w w v 9 1 @ 2 " S o o
Tuvazimitolssuananarsideiamsiudeyasglu RAM dwilseg ndeenmsalihin

] o ) L% &
Tsunsuu laeshaanuteanusi Iasasadiy RAM dadanilalanieluseufen

dgj [ d‘ Y o U 14 dl = 1 3 1 Y o ¥ & v ¥
nansihluenansianulidmiunisidnunenisfinyinintu leygelihlvlduselesimunise

lidnsdlla visdu Bnnauilidauailen wagdesdnedeiadivaaenarsynasandnisiluly



Cache RAM RAM
g block 0 block 1 Boot ROM
( ) (1K x 32) (1K x 32)
132 J24 24 a2 {24 132 124 132
3 Fhi 3 l"}h; v lJ - \
“PDATADBUS . | :
=1
“PADDR bus . _
SRBY =t
HOED = " s | DDATA bus 5
HOLDA —+ = T £
TR —+—+ A & [ DACDRYbus = 3 2
R/W ey, e 2 I | 5
D31-D0 —+ ¥ = I'DADDR2bus__.. I S Eel owotng B =
A23-A0 % il ! 2
- DMADAFA'bUS . i i A S =
~ DMAADDR bus | 2|
\ 32 24 37V Y24 24 324 {24 / 5
v v L0
5

Program-counter/ v DMA
instryction régister CPU controlier

i 243 msdanisnuiada I

2.1.22 msunytioya(Vermory Map) Y93 TVIS320C31
b4 ¥ it 'y 0 b4
a5t TRt RgiUM SReRIN MCBL/MP Teghalvialebesilanindai

0 Inuallnglsisdmes (ME/MP#38 MCBE/MP =0)
a  TnuelyifsnouR A osMC/ MP %32 MCBI/MP =1)

msunudeNaiilavzagun A IR 23

& = Yo o v .:4' = Y
nansihluenarsianulidmiunisidnunenisfinyiintu eygelvihlvlduselesimunism

i = gj tgj a :j % at Y ¥ L4 1% a = ¥ & i
ldnsalles vivdu snnamudlvaaudasilon wazfesonsdstadnvesonansnnassndnisualuly
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ch oh
03Fh W/ Edmpreh A Reserved for boot-
040h itpmes T ) loader operations

el OFFFh
Ex ':f;, 1000h
TH3 active
/1921 Words
il 400000n | B
7FFFFFh i a i R o 7FFFFFh &
800000N 800000h
Reserved Reserved
(32K words) (32K words)
807FFFh 807FFEEN
808000h 8080000
Peripheral bus Peripherai bus
memory-mapped memory-mapped
registers registers
BK Y i (5% ds internat
8097FFh (6K words.intérnal) e [5%, words internat)
8095800h 809800h
RAM block O RAMblock O
(1K words.internal) (1K words,internal)
B803BFRFh 809BFFH
809C0O0h 809C000
RAM block 1
(1K —63'words mternal)
809ECORLS o daic = = = S0l - - - o
RAM block 1 BO9FC1h
(1K words internal) User program interrupt
and teap branches
i (63words internal)
803~FFh 8039F EFN
80A000N 4 : 80A000N i
FEEOO0h
FRFFFRh FEFRREh LR TFE

Microprocessor mode Mierocomputer/boot-ioader mode

i 4 paunn 10y AeY TMS320C31

2.1.3 mssamstanioli

daulng TMS32003 silauTTAn TG Tanull HAZNSUONIULYUTUY
Saupalalsunsy (PADDR WagPDATA) 1awesdeya (DADRIDADDR2 Lag DDATA)
LasTaueamsiihamuioanui lavass (DMAADR Liaz DMADATA) szenuse lhin
Tosunsuumuueuy msihdedeyn wazmsdhdeniisanuiilavase Taotamdiiioz
AofuRLfRamA (ﬂﬁwmm*{imwﬂ mieanuiwendl uazgUnssinuuenai)
i‘l.]‘YlZ 5 uamnﬁmﬂummu LasmIaanefuUaenvasnitsANi U luaz wenFl

< viuTsunsuaeagiutasumialysunsy 24 Un (PADDR) muiﬁmmasmm
(Instruction register : IR) aoogiutadeyaveslisunsy 32 Ua (PDATA) Tﬂuwuammu

g1u15n1ﬂu1xasﬂmmmmm”lﬂmqsawmmsm
nansiituenansfianulidmsunmslinuionisinuindy lleugalvhluliuselomifunsén

lsinnsdllag vy Snsvaudldiaudaciion wavdesdrddudvssenamnasiinsiluly



3

fasuniavesdoyn 24 in (DADDRI 1oz DADDR2) uagtiavesdoya 32 1

ko]

4 v
(DDATA)  vzeniuayumsihaamissanuiwesdeyans 2 lupnsouvounsos 1

Y

4
DDATA azifiudoyaldimiwiszuananmedily fa cPUL waz CPU2 1Nty o

o

g o o Aa v o @ Y 1
CPUI waz CPU2 sufudigndniiumsvesmipanuiidoya 2 dlflddnga wmie
o a o 4 ] a v @ @ a 4
fuaezassn wasuilusTamesynsonses wwRvINUAUTTv0TImADsS REG] Lag
1< < 9 v aa Y v ' °
REG2 faufiudoya 2 Amnuflissames lUlddgu uagmiudiwinuazassnynsey
d‘ d‘ = % QJ 1 )
YDIAUATDI 517 2-5 uaasiananlyldsdmveamiielszulananai
Frnrunumaiddsiaer i lavase (DMAcontioller) gaaviueayu laviiues
v
@unue 24 Un (DMAADDR) uazumm*ﬁ'ay’a 32-Ua (DMADATA) TanailzoyaIe

' o S| @ Y
TWnsshaanidednui laasathdunvuy e ninvesdeyauastiovea lalsunsu

d
2.14 Qﬂﬂiﬂmltmaﬂ(Peripherals)
aa o I o 3 9 v
$eaes Mmoo 1nlqN aunsal nlolBhY 8 TMS320C3% nua  Taulid
3 2 o a s o ' a = a
voaniaspisopuendsiiuaueden 42 Ma unzlitwasditimie 24 Ua Pozooulae
1w 8 g -
sefuglnsaaiuen Ipgase_aynieispuaenye) TMS320031 Usznpudne  adunm
(timer) 2 §7 ~tazBIAGY Hau(serial port 199 U 2-5. {lgaagupsdisoyueniuiinuay

@ A4
TUYINUNYIUB

2.1.4.1N\30 U831 (timer)

Sr3una1 NI iaday TMS320C3x  1nddunaTauptlsfass  (general-purpose
timer) / @1TUMAAIBL Yextntscounter)’ 32 |{A A luaa gy 2 f uasdaana
WIAM (clocking) MelunSemuiB (a2 ansaldisunauiodedyanald
TMS320C3x 130 Tann1oueniugiee mmﬁﬁmuw?aﬁumqmﬁﬂfmﬂuaﬂ

ms“lq’s'ﬁagapmmﬁmma“lmzﬁ11ﬁ'a1u15a”l%'ﬁa%maauﬁadaﬁ'&yiym‘lﬁ'ﬁmﬂaa
YoanaeuaenijudyamAinen (A/D  converter) N1BUBN JiSudumsiountas
nipannsadumes SuATImuAuMsdianiieaui lagnsaves TMS320C3x W5 udu

[

Y Y a Jo o a o 4 £ 1 9
a1 UvYN ﬂ'l'i’f]umﬂiSWﬂﬂ?ﬂUnﬁ’]L‘ﬂuﬂTi@um@i§W¢lﬂ"lﬂclullﬂﬂﬂu3 ﬁ'JUﬂ151°15

a o Yo @ @ 4 a s d ]
ﬁiyfg'liuu']Wﬂ'lﬂ"lﬂu@ﬂi]z'ﬂﬂ‘ﬂWllfﬂ‘]JL')ﬁWﬁuJ’lﬁﬂuﬂ!ﬁﬁﬂﬂWimﬂ"lﬂuﬂﬂllﬁgﬂulﬁﬂi3WGI°H°L!']EJ

@ o ¢ v @ ' o a Jd 4
UszurananaanAInNIEyS UMM el AITUNAWAEA2NDUNS/ABINWA/O pin)

dgj [ d‘ Y o o 14 dl = 1 gj 1 Y o ¥ L84 ¥
nansihluenansianulidwiunisldnunenisfinyiintu eygelvihlvlduseleslmunism

o ¢ O A A Yy agvo = o7 RS el e g A ° v
i nsdllas visdu Bnnanuilidauailen wagdesdnedisdivaaenaisynasandnisiluld
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& [~ a a : v @ o a
Fewrsodaouiiuduaiuunouna  (input  clock) e une  dya MU

a J g
Lmﬁvm (output clock) N300 auwﬂ/mmwmasuﬂﬂizmﬂ (general-purpose 1/O pin)

N P
erial 0
e Serialport0
] - Port-contro! register ¢—>— FSX0
Qr’> i - —<+—>— DX0
Memory gl | R/X timer ragister «—>— CLKXO
space P ittt
r = Data-transmit register ——>— FSRO
/ ettt sssnsrasesent L¢—P— DRO
1a-receive regist
Data-receive register CLKRO
le- = s 5 AR T
<4 o Sedalportl €L 7
/—-D—I/.‘v., o e _'__’_ £8X1
Zut#Post:control register - -f-
R — -~ g A

RIX limer register - iy 4P CLKXd
—— gl R b— FSR1
Data“transtut regisier

e e ——

o 2 1/ 7 = . | RO
o 0
] @ Daia-receiveregister } —~¢—»== CLKR1
o 2 L ¢ com—
k<] =
T (4 aler
AR e WY —.
Shiis [
& 2 Glgbakeontrol register
O a.
o) . i H4»— TCLKO
a Timer-period register
; A Ah \ W~
Timer-counterregister
= >
A T'_m P’ '_, i mm——
3 Giobal-conirehregister
YATA' ——>— TCLK1
Timer-pefiod register
Timeétigounter register
\. \

C] Avallableor T30

~ g -k o d'c;
oy 2-5 uamqﬂmmmwaﬂﬂuummzﬁnumpmmﬂmi’fm

4 H1.2

Counier {32-bit} ‘—G Exigmai clock
NV

G Counter register
Period registesnid - 0} 310
} 32
32
A
Comparator

?
Seried = counter

y

Puise generator

——j'NV -C—-——b STAT

fimer aut

~ < v @
s 714 2-6 vAeNlABTLATUYBIAIVLLIA
= PN v o o 19 A Py i ' >
nansiiluenansianulidmiunisldnunenisfinyivintu leygelihlvlduselesimunism

I = gj tgj al :j % at Y ¥ L4 1% a = 14 & i
ldnsdlley viedu snnemudlvaaudasilon wazfesonsdstadnvesonansnnassndnisualuly
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msunuiteyadmsudivunm waadlugii 2-7

Register peripheral address
Timer0 Timerl
Timer Global Control (ﬂ table 1) 808020h 808030h
Reserved 808021h 808031h
Reserved 808022h 808032h
Reserved 808023h 808033h
Timer~Cotinter 808024h 808034h
Reserved 808025h 808035h
Reserved 808026h 808036h
Reserved 808027k 808037h
Timer~Period 808028k 808038h
Reserved 808029h 80803%
Reséryed 80802ZAh 80803Ah
Resérved 80802Bh 80803Bh
Reserved 80802Ch 80803Ch
Regefved 80802Dh 80803Dh
RRserved 80802Eh 80803Eh
Reseryed 80802Fh 80803Fh

5% 27 SumdsmsunudoyavesdiTunm

Tuumagarvunm %zﬁ?%ma{ﬂmmu‘i’f'e)yjaﬁaﬁy
o $5emmesaluANdINARIl  (Global-control register)  fMuA InuANTHIOY
(operating mode) VBIITUNIAT  ATIVHBUADIULVBIAIIVNIAWALAIVAN
HasFumee YNBUNA/ADIMNAVBIRITIAT
o 53emesaIum (Period register) szuﬂ’smﬁmqﬁmﬂgmmmﬁﬁmam

a Jdao @ 2 g U o v o oA a 4
3qm035Y  (Counter register) tnuA1IuilagiuveIAItUNINLAN

el

a

L@ﬂﬁﬁi%@ﬂﬁﬁ%@%ﬂ%ﬂﬂﬁﬁi@mLﬁ%&ﬁmﬁfﬁﬁﬁlﬁ”@ﬂ@u}@ﬂmiﬁiﬁﬂ“ﬂﬂ%@%%ﬁyﬁhuﬁﬁ%%

(%
(9
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{a) TSTAT and timer output {INV = 0) when CIP = 0 {pulse mode)
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4.3.3 AHIUDIHIUIDUVDIVAAIAN DAY
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4.3.5 A5IVTOVUAIAND WA TONU A0 3l

AwKw > aN

AwKw =170%x0.6

lg =1.944x107> m = 1.944 mm
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4.3.7 MUIUIA C V9923051A
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ﬂﬂﬁ:!gﬂﬂ Buck converter

>>fs=20000;
>>Misri=n i sl
>>Vs=15;
>>Vo=5;
>>L=500*10"-6;
S>C=470*102~6;
>>rc=0.281;
>>R=5;

s18azRea PWM

>>D=Vo/Vs;
>>Vp=Vo/D;

-----

------ f wa¥ Buck convefter 4a/ 1% tuma s Insulainin

> Ly v
r function 'ﬁ‘lﬂ

N
s,

Y
Q. v Q
2+ 987.5 s + 4.255¢006 Qa&ll:ﬂ’eﬂ'\\’

>>Buck? = c2d (Buck, Ts; zeh')
Transter function:

0.0326 z - 0.02223

222-1.941.2+0.9518
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Vref(2) z [Kp + 1;—']+ (—T? —Kp] Ve(z)_[[0.03262-002223 | Vo(D)
72 -1.9417 +0.9518
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1=0.00005

0
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i gain-cross-over frequencyilzlﬁi)ﬂﬁ 20000 (rad/sec)

wnansiiluenansiianulidmsunsldnuienis@nuwintu Weygslhilvldusslenisunisd

lidnsdllas visdu Bnnauidlvsauailen wagdesdnedeiadivaaenaisynasandnisiluly



68

dmSudesmualuniseanuuuniugu Buck Converter

1. Phase margin 9213007 45° [11A35gIUVBAATETNINVBITTUUAIUAN Taen 1]
. A = 5 o fs fs
2. Gain-cross-over frequency 3210901 20000 (rad/sec) [Tasmruaiszuim e (rad/sec)]
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Phase margin L8 Gain-cross-over frequency Wuldauidmuanse'lu
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>>PIZ = c2d(PIW,Ts, 'prewarp',0.0001)
Transfer function:

29.85z —29.85 29.85(z-1)

____________________ or e

Vref(Z) 0.0326Z - 0.02223 VO£Z>)
p:_\ 9417 + 0.9518
*Buck(Z)
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v o
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Initialization Init. Timer
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M3NAaRIn 3 MINARDIIIITNABTUAIMEUIABN(Analog interface circuit : AIC)
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UD3 Matlab

LW@ﬂNﬂﬂ ) ﬁ%}\
e =

54305+8.383:007
Sk v
$2+937 55+4.255e008

Budk Converters
Vs=15 L=500e-8C=470e-0
1c=0.281 R=5

Limit A2D 1+B27M3) Zero-Order Hold
0-9102 0-8Vto0-8102 20 kHz sample

g1t 5-16 uuuinosmsiaulay Simulink
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Tsunsuil¥auaumsianveninneunesines

:Main ASM
start "intsect”,0x809FCs :Starting address for interrupt
Start " textr,0X809800 ;starting address for text
start »data",0x809870 :starting address for data

.include "aic&pi.asm” :Init and ISR routine
BR
AICSEC

BEGIN

>
|

ST L T O

i)

dy [ d' ¥ o Ly ¥ d = = i 1 Y o v
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;Aic&Pi.ASM

.data
PBASE .word 808000h
C Afloat 0.5,-0.5%0.98
E float 0,0
Ve float 0,0
E_addr word E
C_addr word C
Vc_addr .word Vc
Min .word A5
Max .word210
SETSP wotd 0E970300h
ATABLE mord—AICSEC
text
AICSETE®
i
1di @PBASE ;ARO
1di 1,RO
sti RO +=ARO231)
1di 03C1h,RO
sti RO+ ARQE200)
RRTS 99
1di 22h,IOF
1di (@ATABLE, AR
1di 131hRO
sti RO *ARO0(42h)
sti RO,*+ARO43N)
1di @SETSP,RO
sti RO,*+ARO0(40h)
1di 0,R0
sti RO,*+ARO0(48h)
OR 26h,I0F
1di 03h,RC
rptb secend
CALL TWAIT;()
1di 3h,R0O
sti RO,*+ARO0(48h)
CALL TWAIT;()
L@ﬂﬂ?ﬁumu@ﬂﬁﬁﬁl‘ﬁ%ﬁ’]u‘hﬂﬁ‘ﬂ

secend ., 9

HO gy

13J’J’]ﬂ§fflﬂ@“] VSGD E]ﬂVNM’]ZJiJELM@@LLUaQLUQMW bhae G]%NE]NENENL"i]’]sU’eNL@ﬂﬁ’]i%ﬂﬂiﬁ%@iﬂ?iﬂ’ﬂﬂ%ﬁ

:assemble into data section
;peripheral base address
B, oo (2.16)uaz(2.15)

;E(n), E(n-1)
Ve(n), Ve(n-1) wia Ve[1], Vel2]

wio E[1], E[2]

:5% Duty ON
:70%-Duty ON
‘serial-port set.—up data
:SPO/AIC init-table-address

‘assemble into text section

:Initialization-Timer
:AR0~>80800h

timer/ CLK=H1/2*(AIC master CLK)
itimer period reg(FCLKO = 6:25 MHz)
:init timer global register

{PCLKO 6.25-MHz To MCLK

:Initialization Serial

:repeat next instr 100 timies

7AIC resét =0

:AR1 -> AlC:nit'data

"X & Riport controlregister data
'FSX/DX/CLKX=SP operational pins
“FSR/DR/CLKR =SP operational pins
‘RESET ->SP:16 bits,ext clks,std mode
:FSX=output&INT enable SP global reg
:RO=0

;clear serial port XMIT register

;bring AIC out of reset
:Initialization AIC

:RC=3 to transmit 4 values

;repeat 4 data transmit of sec com

:wait for data transmit

;value for secondary XMIT request
;secondary XMIT request to AIC

;wait for data transmit
;ARL 2 ext AlC mI]tgdat

ijlﬁu CUWCH}J%@

wﬂﬂiﬁ’fﬂsvgla%ﬁﬁmmiﬁw



1di Oh,IF :clear IF register

or 10h,IE ;enable EXINTO CPU interrupt

or 2000h,ST ;global interrupt enable

RETS :return form subroutine
)
TWAIT;() :TRANSMIT WAIT ROUTINE
af

PUSH ARO

PUSH RO

LBl (@PBASE, ARG
TWI1 LDI s+ ARO(40h),R ;RO = conte P global control reg

=R
S

SN I Bl W V] G2l "

e P
Y

] 10 21a
Lo O 0l
mec—

sti R1,*+AR5(48h)

Ish 16,R1 ;left shift for sign extension
ash -18,R1 ;right shift keeping sign
float R1,R1
1di 2090,R4 ;Vref
float R4,R4
;Summing
subf3 R1,R4R1 ;E(n) = Vref-Vout
stf R1,*AR2 :E(n) > E[1] duluesévesii 1

d’l | dl Y o U v ﬂ' = 1 g 1 ¥ o ¥ & v ¥
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:PI Control

MPYF3 *ARI.*AR2.RO ;B*E(n) > RO
MPYF3 *+ARI1(1),*+AR2(1),R1 ;0*E(n-1) > R1
ADDF3 RO,R1.RI :o*E(n-1) + B*E(n)
ADDF3 *+AR3(1),R1.R1 :Ve(n)=Ve(n-1) + a*E(n-1) + P*E(n)
stf R1,*AR3 ;Ve(n) > Ve[l] duluoisddosii1
:PWM
1df 0.0177033492,R4 ;(1/Vp) = ( DutyON(%)/Vref) = 37 /2090

MPYF3 R4.RI1.RI Duty = (1/Vp)*Vc

Go

(
v

Goo
ON

> A
AL .
’ - . ". .
NAA
‘ @ AR,
AARARAN
J —
S - $¥
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TsunsuMatlab #1%senunuszuumuauinnsunesines
clear all
phase_magin-4s;
p=1;

Vs=1s;

Vo-s;

D-Vo/Vs;
Vp=VoD;
fs=20000;

Ts = ifs;
L=500%10"-6;

C=470*10"6;
. rc=0281;
R=s;

"/nGd B ]

Gain=10"\-29.5/20
Phase=-135;
W gco=20000;

K p=(cos(so+phase_magin-Pha

Ki=csinwso-phase_magin-Phasey-3eoypivisoyGainWgco

numPIW=Kp+1 KiKpy;

denPIW-=[10};

PIW=tfinumPIW,denPIW)

(MAR,PHE}-bodePIW*BuckW,W);

[gm,pm,wp,wg]=margin(MAR,PHE,W);

fprintf(\n\tgain magin=»24f(dB)\t\tat=s46.4f(rad/s)\n\tphase

magin-+i24fideg\t\tat-zs.4ftrad:sec)\n’,gm,wp,pm, wg);

% xgure(p);p-—-pﬂ;bode(BuckW,P’IW,(PI’W*BuckW),W);grid on;

"';.ﬁgure(p);p=p-+1;b0de(PIW‘BuckW,W);

PIZ - c2d(PIW,Ts,'prewarp’,0.0001)

srltoolBuckZ,P1Z); : i
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Simulation and Modeling of a DC-DC Converter Controlled by an 8-bit Microcontroller

R. R. Boudreaux, R. M. Nelms, and John Y. Hung
Department of Electrical Enginecring
Auburn University, AL 36849

Abstract - Traditionally, analog control technologies have
been employed to regulate the output voltage of dc-dc
sonverters. The utilization of digital control techniques
for this regulation function is currently under
-onsideration.  Critical issues in a digital control
implementation include analog-to-digital conversion
range, resolution and delay, calculation time,.~and
aumerical precision. Results from an investigation”into
the modeling and simulation of dc<dcconverters
controlled by an 8-bit microcontroller are described “in
this paper. Many of these critical issues_have~been
modeled using Matlab™ and /Sifulink™’ _from¢ The
Viathworks Inc. Simulation results from this modelrare
compared to experimental wayeforms obtained frem, a
buck converter controlled by/a Microchip PIC16€74 8-
bit microcontroller. ExperimentalTesults agree well with
the simulation model. The buck conyerter is represented
by its state-space averaged model in the simulation,

1. INTRODUCTION

Output voltage regulation for “dczdcconverters has
traditionally been accomplished using analog" “control
concepts. Interest is beginning o develop in“the” application
of digital control principles to this regulation function [1-83:
Digital control can provide, several benefits over, analog
control methods such as less susceplibility to-environmental
or parameter variations, monitoring and’ self-diagnostics; and
communication with a display or host computer. In addition,
the complexity of a digital control system is contained mostly
in softwarc. Oncc working propCrlys, software is more
consistent and reliable than a complex*analog system.
Advanced control techniques are more easily implemented-in
a digital control system.

Even though some advantages can bc gained with-a
digital control implementation, several issues must  be
carcfully examined. These include analog-to-digital
conversion (ADC) time and resolution, PWM frequency and
resolution, computational or calculation delay time, word
length, calculation precision, and sampling frequency
limitations.  The hardware selected for a particular
implementation determines the degrec of impact that cach of
these issues has on converter performance. For example, a
digital signal processor (DSP) performs calculations faster

This work was supported by the Center for the Commercial Development
of Space Power and Advanced Electronics with funds from NASA grant
NAGW-1192-CCDS-AL, Aubum University, and the Center’s Industriol

Partners.

and more accurately than a typical 8-bit microcontroller but
at a system cost increase. Another example is related to ADC
resolution. Many 8-bit microcontrollers have on-chip ADCs
which only have 8 bit resolution. An 8-bit ADC can only
measure a voltage to one part in 255 of its reference voltage.
For a typical reference voltage of 5 volts, the voltage
converted to"asdigital representation is guantized into steps of
19.61 mV.

Discussed in thisypaper are the results of an investigation
into /modeling and simulatingidc-dc converters controlled by
an' 84bit microcentroller using Matlab™ and Simulink™, a
commercial -simulation packagéyfrom The Mathworks, Inc.
Simulation'permits evaluation of the impact of these issues on
de-do. converter{performance=and proyides insight into the
design 7and*.control (of a, dc-dc comverter with an 8-bit
microcontroller./ It-also alloWswan eyaluation of different
converter models such as ‘state-space-averaging and discrete
time in the design of the digital controller. The accuracy of
the simulation-results has been eyaliated through comparison
with experimental resuits from a laboratory prototype which
consists” of .a* buck-convertet controlled by a Microchip
PICT6C74 8-bit micfocontrolier[9-10].

This paper is ofganized as follows. | The next section
contains. a description of the buck converter testbed utilized
as‘the laboratory prototype.. The Simulink/Matlab model for
the Jprototype ,is thew presented and’ discussed.  After
comparing:the_simulated’and agtual converter waveforms, the
effects |Of /several issues related to the digital control
implementation~are’ investigated and discussed using the
model!

1L-BUOCK-CONVERTER TESTBED

The buck-€onvefter in the testbed operated with an input
voltage.0f20V and supplicd an output voltage of 12V. Two
different values of load resistance were utilized in all
cvaluations, 10Q and 1Q. The converter inductance and
capacitance were 150pH and 1000pE, respectively, which
yields a natural frequency of about 400 Hz. The equivalent
series resistance for the inductor and capacitor are 38m<2 and
30m¢2, respectively.

The Microchip PIC16C74 microcontroller was operated
at a clock frequency of 20 MHz. The switching frequency
and resolution of the on-chip PWM module are software
selectable from 5 MHz at 2 bits of resolution to 20 kHz at 10
bits of resolution. A 78 kHz PWM frequency (f;) at 8 bits of
resolution was implemented in the testbed. The conversion
time of the on-chip ADC was fixed at 16 ps. The converter
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duty cycle was calculated using a propciuonal-integral-
derivative (PID) controller. The continuous time transfer
function for a PID controller is given in equation (1).

1 <d

Glo)e Kyt ip 1)
S

where Kp, is the proportional gain, Ki, is the integral gain,
and Kp, is the derivative gain. This transfer function is
converted to a difference equation for digital implementation
using Euler’s method [11] which yields

K
dk) = K pye(k) + K,HTEe(j) +—-T’Ji[e(k) —e(k-1]2)
J

This equation can be rewritten as

dk) = Kpe(k)+ K, Y e(YHHp e(k) ~2tk=1] Q)

J

where Kp is the digital proportional gain, Ki-is the,digital
integral gain, and Kp is' the digital jderivative ain. < The
variable d(k) is the calculated-duty cycle for the K™ sampie of
the output voltage and T is the sampling period. The error,
e(k), is defined as the/ difference between the ‘measured
output voltage and the desired output voltage. In software;
the error is calculated by,

e(k) = tef - ADC(k) 4)

where ref is a numerical reférence that comesponds'to the
ADC result at the desired outpufvoltage:
The PID controller caleulations také between 18<Hs and

28 ps depending on program branches and gain- selection.
This PID implementation also inclided software-to allow on-
the-fly externally selectable controller gains. \The-code
necessary to perform this function would nor be necessary“in
a final design, which would reduce the ‘maximamh calculation
time to about 24 ps. Based on the ‘maXimum controller
calculation time and the ADC cornversion time, 2 sampling
frequency (1/T) of 20 kHz was selected for the=digital
controller.
; The duty cycle calculated from (3) is passed to the on-

chip PWM module of the PIC16C74. Since this module
operates in a synchronous fashion, the duty cycle can only be
updated at the beginning of a PWM switching cycle, even if
the new value is available earlier. This introduces a variable
delay which depends on the point in the switching cycle when
the control calculations are completed. It can be as short as a
single oscillator (not instruction) cycle or as long as the
- switching cycle, 1/f; (12.8(1s).
As stated earlier, the resolution of microcontroller on-
~ chip ADCs is typically 8 bits or 256 discrete levels. The
ADC is usually referenced to the microcontroller power
supply, so its range is limited to O - S volts. The base
. resolution of the ADC is 5/255 or 19.61 mV between levels.

Since the buck converter in the testbed has an output voltage
of 12 volts, external circuitry must be utilized to bring the
voltage measured by the ADC into its range. Two problems
arise if a simple voltage divider is employed. First, a loss of
cesolution occurs since the 256 levels are spread over a wider
voltage range. If a converter output voltage of 12V
corresponds to 2.5V on the ADC, the output resolution is
24/255 or 94.13 mV between levels. The loss of resolition
will increase steady-state errors and the magnitude oI
controller-induced oscillations (limit cycles). Second, a gain
reduction is introduced into the system due to the voltage
division. This gain reduction can be corrected in software,
but resolution can only be restored in hardware. Fig. 1
describes the circuit utilized in the testbed to solve this
problémm=The voltage divider reduces the output voltage to a
level compatible,with the ADC. The op-amp UlB removes
the offset and“restores gain and resolution. This circuit
offéetsthe.5V ADC'ranige around a 12V operating point, with
12V, comresponding to 2.5V on the ADC. Asa result, the
conyerters output_voltage, range of 9.5 - 14.5 volts is
wadsformed_to the O - 5 velt,range for the ADC. If the
converter Gutput voltage is outside of this range, the ADC
will‘efily read its;maxjmum or minimum value. If necessary,
this*“window’ efféct can be.minimized by using multiple
ADC charmels om the ‘microcontroller or a programmable
gain_ op-amps-Using two ADC, channels, one channel could
meastre-a/wide range-at-low fésolution. Once the cony .rter
output yoltage isywithin the 9.5 - 14.5 volt range, the secona
channel could be utilized to measure a small range at high
resolition. “Examination of Fig. 1 reveals that the circuit is
inverting; however, this is easily accounted for in software by
changing the- sign <ofthe Ccalculated error. For many
applications] this circuit does not require precision op-amps
to obtain satisfactory performance.

utA
LMI24A

Fig. 1. Offset Circuit.
III. THE SIMULINK/MATLAB MODEL

The objective of this model is to include non-ideal
effects such as analog-to-digital conversion range, time and
delay, calculation delay, quantization, and numerical
precision. The Simulink block diagram for the buck
converter testbed described in the previous section is given in
Fig. 2. Note that the buck converter is represented by a state-
space-averaged model; other buck converter models could
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asily be substituted into this diagram. The output voltage of
1e converter is labeled V, in this figure. The effect of the
ffset circuit is simulated by the first block in the feedback
ath ‘Suml’, which subtracts an offset voltage of 9.5V from
1e output voltage. Referring to Fig. 1, a low-pass filter is
dded to the output of the offset circuit to remove noise and
wffer the ADC input. This is modeled by the block ‘ADC
:C filter’ in Fig. 2. The next block in the feedback path
aodels the ADC conversion delay, which is 16 ps for a
Aicrochip PIC16C74 operating with a 20 MHz oscillator. A
|0 kHz sampling frequency is implemented with a zero-order
wold block. The next three blocks in the feedback path
onvert the 0 - 5 volt signal to an 8-bit representation in the
ange of 0 - 255. The value out of these blocks is referred to
s the “ADC result” and is compared to the binary
epresentation of 128, which corresponds to_the desired
wutput voltage of 12V. It is also possible” torSimulate a
ywrogrammed  soft start or refercnce #Change  using the
Software Ref Change’ block.

The error signal e(k) is the input’to the PID controller
ind is generated by the block ‘Stm2’. Note the Timitets.in
»oth the proportional and integral paths—of” the controtier
vhich impose bounds on /the intermediaté; numerical
-alculations similar to that in the actual software.” Multiple
wtes are actually utilized /in the PID calculanons in' the
nicrocontroller to avoid | intermediate numerical \error.
Jowever, the on-chip PWM meodule for the PIC16C74.only
mplements an 8-bit representation for the duty cycle atthe
selected PWM frequency (78 kHz for the/ PICI6CT4 with'a
)0 MHz oscillator). For this reason; the duty.cycle, which is
he output of the block ‘Sum3’, must be limited to.bebetween
) and 255. It is rounded up|to the nearest-integes,and: then
sonverted to a number between Osand 1.” Caleulation delay.is
‘hen modeled with a fixed 30 us delay. Recallthat'the PID
salculations require between 118, -"28 s depending on the
value of e(k) which determines the <cquence in which)the
software commands are executed.

IV. COMPARISON TO EXPERIMENTAL RESULTS

The degree with which the model ofwFigs2 predicts
converter behavior was evaluated by comparing the converter
response from the simulation and the testbed. Fig. 4 is‘aplot
of the actual output voltage and the output voltage predicted
by the simulation. In this plot, the output voltage of the
converter is changed between 10 V and 14 V by changing the
software reference. This is accomplished in Fig. 2 with the
block labeled ‘Software Ref Change’ and in the testbed
through the software in the microcontroller. Note that the
simulation and experimental results are closely matched. As
can be seen in Fig. 4, the load is 12 and the gains for the
digital PID controller are Kp = 1/8, Ky = 1/64, and Kp=2.

Note in Fig. 4 that two diffcrent simulations are plotted
with oscilloscope data from the testbed: one from the block
diagram of Fig. 2 which is referred to as the non-ideal
simulation and another from the block diagram of Fig. 3
which is referred to as the ideal simulation. Fig. 3 is 2

simplified version of Fig. 2. The feedback path is reduced to
two components: the zero-order hold which simulates the 20
kHz sampling frequency and the block which provides the
proper scale factor. As a result, the ideal simulation has
infinite ADC resolution and discretization effects, but does
not have quantization effects. The forward path is also
simplified. The limiters in the PID controller have been
removed. The most significant reduction is the elimination of
the calculation delay. As can be seen in Fig. 4, the two
simulations are very close cven with the many
simplifications.

Fig. 5 is another plot of the output voltage as it is
changed from 10V - 14V through a reference change. The
load remained at 1Q for this experiment. However, the PID
controllér“gains have been changed to Kp = 1/4, Ky = 1/32,
and Kp = 2:==Notewthat the response, of the converter is
underdamped for these ‘gains. As expected, the non-ideal
simulationAs.closer to thévexperimental results obtained from
the téstbed than theideal simulation.

Examination-of Figs. 4 and § alone could lead to the
contlusionsthaf the ideal Simulation, predicts approximately
the samc response as the nea-idcal simulation with less model
complexityy. Figs. 6 and 7 contain startup transients for the
Conyerter. «dniboth figures,\ the.simulations predict a faster
responsc sthan/ measured with, the testbed. The non-ideal
simulation response has-a similar shape to the experimental
response. - The.impact-of removing the calculation delay and
the offset cireuit cancbe seemin-the stastup transients from the
ideal simulation. | When'the output voltage is outside of the
9.5V~ 14.5V- range, the/ADC ‘saturates at its minimum or
maximum valle in the nonsideal simulation. For the ideal
simulation, thé actual voltage is converted by the ADC over
the, full range/of output voltages. ‘As aresult, the effects of
the-offset circuit dre-more pronouficed in/the startup transient
when . the outpit| voltage is out’of fange. This was also
verificd (by the-responses of Figs. 4/and 5 where the output
voltage remains in'range. '

Anether mportant restilt can' be seen by comparing Figs.
4737,/ Not€ that a ‘bettersreference change response is
obtained with’the-gains of/Figs. 4 and 6. However, a faster
startup-transiert'is obtained with the gains of Figs. 5 and 7.
This illustrates«the potential advantage of using different
gains"depending on the operating condition of the converter.
For example, one set of gains could be utilized during startup
and another set for small perturbations around steady state.
The ability to change gains based on converter operating
condition would be very difficult with an analog controller;
however, a digital controller could perform this function quitc
easily.

V. CONCLUSION

The topic of this paper has been the simulation and
modeling of de-dc converters controlled by an 8-bit
microcontroller. A buck converter testbed was modcled and
simulated using Simulink/Matlab. Numerous simulations
have been performed with this model, and the results are
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summarized as follows:

1) The offset circuit increases ADC resolution resulting in
smaller steady-state error. If the output voltage is measured
directly, it must first be scaled to a level between O and 5
volts. Assuming that the desired output voltage of 12V
corresponds to 2.5V at the ADC pin, a loss of resolution
occurs because the output voltage is effectively represented
by 255 levels separated by 94.11 mV. This loss of resolution
can produce oscillation if the actual output voltage is between
two of the 255 levels. The offset circuit takes the range from
9.5V - 14.5V and translates it to the 0 - 5V level of the ADC
to minimize the loss of resolution and reduce the magnitude
of an oscillation induced by discretization in the digital
controller.  Controller-induced oscillations typically limit
cycle around 1 or 2 levels. Reducing the resolution (by
omitting the offset circuit) will increase the magnitude=of
these limit cycles. The offset circuit.does~introduce a
nonlinearity into the system whenever,the.output voltage falls
outside of the 9.5 - 14.5 V rangé./ The response “of.te
converter is not affected by the offset cireuit.if the-output
voltage falls within this range./ In fact;- simulation \results
from the non-ideal and thef ideal simulation: ‘are-ncarly
identical if the output voltage is in thisirange." /Thisvalso
indicates that the cffect of the delays-and quantization is very
small.

2) Simulation results appear to, be Sensitive-tothe values.used
for the equivalent series resistance of the output capacitor and
inductor in the buck converter. = Neglecting thesc values
reduces the damping in the'model whichincreases overshoot
and oscillations.

3) The simulation results afe notrag~Seasuiveito’the ADC
conversion and calculation’ delays as-they are to'the offset
circuit and equivalent Seties<Fesistances, | This results' from
the 20 kHz sampling frequency,being much-greater than'the
bandwidth of the system (400 Hz). :

4) Quantization affects steady-state .error, limit cycles, |and
controller-induced oscillations.

5) Simulation results comparable, tothe;experimental results
were achieved using only a state-Space-averaged model for
the buck converter. It may be pessible ‘toydesign digital
controllers for dc-dc converters using.familiar state-space-
averaged models instead of more sophisticated*models such
as discrete-time models.

6) Simulation can be a uscful tool in the analysis and design
of dc-dc converters controlled by an 8-bit microcontrolier.
For small perturbations about the steady state, responses from
the ideal and non-ideal simulations are almost the same. The
most significant difference between the simulations occurs
when the output voltage is outside of the range of the offset
circuit. As a result, the non-ideal simulation should be
utilized during a startup transient, a large load transient, or a
large change in the input voltage, while the ideal simulation
could be utilized for small perturbations.

7) Recall that the PID calculations require between 18 and 28
is to determine the new value of the duty cycle. Considering
the synchronous operation of the PWM module, the delay in

updating the duty cycle may be between 0 and 12.8 ps.

Therefore, a variable delay of 18 - 42.8 pus cxists in the
testbed between the calculation of e(k) and the update of the
duty cycle. This variable d:lay is not modeled in tk
simulation and may be one reason for the difference between
the non-ideal simulation and the experimental results.
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Fig. 3. Ideal Simulation with Full Converter Model and Software Reference Change.
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Digital Controller Design for Switchmode Power Converters
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Abstract - A thorough and systematic evaluation of different
Zgital control design approaches is presented. The performance
& the approaches is compared in terms of both the bandwidth
=2 the phase margin of the control loop, as wellas thesoutput
seansient responsc subject to line and loadsstep change.
Farthermore, the difference of these design approaches under.a
Swwer sampling rate is studied. Best digital design approach for
gswer converter applications is identified “based-_on “the
zamparison results.

1. INTRODUCTION

With the advance of microprocessors/DSP; digital controt
i increasingly used in various applications-of switchmode
power converter Systems. Digital control jeffersa number of
advantages over analog control: ‘it s easier’ fol implement
zomputational functions and ‘more flexible in modifying) the
cade for other applications; [and less sensitive to-noise and
environment variation. The disadvaniages; however; include
fimited signal resolution due_to finite word “length 1of the
pracessor and A/D CORVErTEL; sampling time ‘delay, and
t#imited computation power and control, 106p) bandwidth:
wevertheless. as the price/performance ratio -of digital
processors continues 10 declirie, » digital-—controllers <are
secoming a viable and competitive option, especially-in high-
2nd switching converter applications.

There are, in general, two approaches; to design a,digital
sontroller: digital redesign approach, and{direct digital
approach. In the digital redesign approach,_the controller is
designed in the continuous domain, and then discretizedinto
the discrete form. In the direct digital approach;en the.other
hand, the system plant in the continuous domain is=first
sransformed ,into the z-domain, and the controller design is
carried out directly in the z-domain. Furthermore, there are
several discretization methods and digital design methods,
which can yi :!d results of different performance.

The objective of this paper is to review and compare
different digatal controller design approaches, and identify the
best approa h for power converter applicatiens. Similar
efforts have been reported in the literatures [1-3]. In (1
redesign apj roaches are compared with the direct digital
methods in -erms of output voltage transients. In (2], the
Energy Rese nblance Index is introduced to compare three
discretizatior. methods, and in [3], the plant input mapping
method is p-oposed for digital redesign. In [4], redesign
approaches & e compared with the digital PID and Deadbeat
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control. In addition, several direct digital controlier methods
are evaluated in [6]. These studies, with the exception cf [4],
however, do*not_provide a quantitative comparison of the
performance in“terms of the control loop bandwidth, load
disturbance rejection ‘among different discretization methods,
and | bétiveen the digitalsedesign and the direct digital
approgeh, The werk in (4] is foctsed on a single-loop system.
But it is-uptieariow the controller performance will vary in a
twa-loop ‘structire or under different sampling rates.

This paper_provides a thorough and systematic evaluation
of bdifferent. digitalt=gontrol  design approaches. The
performance of each . approacilis compared in terms of both
the bBandwidth’ and the phase margin of the control loop, as
well'as the output mansient response subject to load change.
Furthermore. the difference of thesa desien approaches under
afower sampling rate is studied. Such a result is useful since,
for low-cost/ processors, the controlrsampling rate can be
several timeslowerithans the, conyerter switching frequency
due to limited computation power. Also, this paper proposes a
direct | digital (controller design ‘'method for practicing
engineerswho are mostly £Armniliar with the continuous domain
design|approach;

In this papér, an (nverter system with the typical double
conirol/ loop! structure is used, as the fest case, and results
under different operating conditions are provided.

H..DIGITAL CONTROL DESIGN APPROACHES

In this sectiom;\the:basic concept of the digital redesign
approach and the direet digital approach is discussed.

A-Digital-Redesign Approach

In the digital redesign approach, an analog controller is
first designed in the continuous domain. Fig. 1 shows a
system in the s-domain.

In Fig. 1, H(s) is the plant of the converter, G(s) is the
controller to be designed, Hs:(s) represents the time delay due
to the sampling and hold process of the digital control. The

o e—T,x

time delay can be expressed as . where T is the

sampling period. Often the sampling frequency is sufficiently
large, and we can approximate the time delay term as:
el 1
&) l+z‘—s
2
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Converter

H(s)

Controller

G(s)

Y
\ 4

Sample and Hold
HsH(S) <

Fig. 1. A system with feedback control

After the time delay term is linearized, the standard.design
approaches such as the Bode plot approach.can _be-used to
design the controller G(s).

Once Gs) is designed, it can be diseretized. Table | gives
several commonly used discretization methods:-Eor the step
Invzriant method, Z represents the'z transformation.

TABLE ]
DISCRETIZATION METHODS
s
Transformation s-Domain z-Domain
Metnod
Seckward Eul iy
zexward Euler s id
o Ty
i =
ilinear 5| SISy 1
Poia?Tsl
: 1—-e—T"'
St2p Invariant Ge(s) Z( Ge(9))
sta 122
Pole. Zero Match = B _
s-atp| 1€az e Tcoshl, + 2 e 2%

The Backward Euler method is easy“to”apply, but it does
not preserve the impulse and ‘{requencygresponse of the
analog controller. The Bilinear Transformation method, also
referrad to as Tustin or Trapezoidal“Rule;, transforms ‘he
wholz left-hand-side s-plane into the unit cirele,n the.z-planc;
hence there is no aliasing effect. The most attractive=feature
of this method is that it preserves both the gain and phase
properties of the controller below 1/10 ‘of the sampling
frequency. The Step Invariant Transformat on preserves the
step response, but does not preserve fic impulse and
frequency response. The Pole/Zero Matcl Transformation
preserves the pole-zero location, but is sub'sct to aliasing if
the trequencies of the zeros are greater than the Nyquist
frequency.

B Direct Digital Design Approach

With the direct digital approach, the digtal controller is
desizned in the discrete-time domain using tie step invariant
modei of a continuous time plant when zero-order hold is

used. Once a discrete-time approximation of the plant is
available, the controller is designed directly in the z-domain
using methods such as discrete-time - frequency response
method, root-lecus method, or deadbeat method.

The frequency response method is particularly convenient
to practicing engineers who are familier with the Bode plot
design method in the s-domain, and can use the same concept
such as the gain-cross-over frequency and gain/phase
margins. The limitation of this technique, hewever, is that the
sampling frequency must be at lease 10 times higher than the
closed loop bandwidth.

The root locus method is a graphical method that solves an
n-order.polynomial. By adjusting the controller parameters,
the polesizerosw=of the system can be tuned to favorable
positions. The™stuning process, however, can be long
gspgcially if there are @, number of undecided controller
parameters: :

The deadbeat-control forces the output of the system to the
expected value-aftef-a~finite number of sampling intervals.
This 'miethod 15 highly dependentonythe accuracy of the plant
function, Therefore, the advantage of the deadbeat controller
is not obyious in most cases.

For the direct digital design approach, we propose to use
the 'frequency response method-first to obtain an initial
design, then usesthe-Toot locts to_fine tune the controller. In
this way, the/advantages.of both techniques are utilized, and
an-optimum | controfler;| can  be ° designed quickly and
conveniently.

IIT. DESIGN EXAMPLE

To [ilustratesthe ‘procedure-of the digital controller design,
we will use a simple single loop/system, shown in Fig. 1 as an
example:’ The system parameters fare based on the inner
currefit-100p-0f the-power converter system (Fig. 4) to be
discussed. in-Section IV. THewplant transfer function which is
the=funetion betiveen the, filtér /inductor current and the
modutationwave, is derived as:

120119(1.3227 s + 1)

2

\ 158c7"s% +1.24¢75 +10.3 i
With the samplifigrate of 40kHz, we have the function for the
sampling and'hold time delay as:
e @
1+1.25¢ s
If we use the digital redesign approach, based on the Bode
plot method, we can obtain an analog controller G(s) with the
control loop bandwidth of 6kHz and phase margin of 60°:
-4
6.6(l+2.61e s) @)
2.67e¢"s

In this paper, the definition of bandwidth is the same as the
gain-cross-over frequency.

Using the transformation methods listed in Table I, the
digital controllers can be easily obtained. For the Backward

H(S) : 3

Hgy{s) =

G.(s5)=
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Euler method, for example, we substitute s by l:_z_s to have
2.5e
the digital controller as:
7.227(z-0.914)
G = @)

z-1
The digital controllers for other discretization can be obtained
in a similar way.
[f we use the direct digital design approach, on the other
hand, the plant in (1) is first discretized into discrete-time
domain using the step invariant transformation, as follows:

2.480z-2.051
H(z)= = )
z° —1.7862z+0.822
We do not need to consider the sampling”and hold in this
approach, that is He(s)=1. The discrete-time .plant “has
already taken this delay into account.

First, we can obtain an initial direct digital contreller using
the frequency respense metfiod in the Ww-plane. jBase,on
w= 2= , the plant A(z) is transformed (O

T z+1 3
—1.256w? +9700688w £74615¢]
HOv)= 1 SSW +9 0396e w+ 71 e @
W’ [+ 7:88e° w +76.526¢
A digital controlter is designed in the weplane-with.d control

locp bandwidth of 6kHz and phase marginof 60°. Thatis:
5.389(1 +2,629¢="w)

G (%) = - @
2629w
The z-plane expression of this controtler is:
5.645(z =0.909
) \ - ) @)

z—1
Fig. 2 is the root locus plot of the-system with the frequency
response method.

Root locus and close loop poles
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Fig 2 Root locus and close loop poles of the system using the frequency
response method

For the digital PI controller, the pole is always 1. Only the
gain and the zero of the controller can be adjusted. Starting
from the gain and the zero from the frequency response
method, we adjust the gain and zero based on th= root locus
plot in z-plan to have the closed-loop pole closer to the
desired place. Normally, the system is faster when the closed-
loop poles are close to the origin, and more stable when the
poles are on the positive real axis. From the root locus plot, it
is easy to find the trend of the closed-loop poles, when
changing the gain and the zero of the controller. In this case,
increasing the gain and putting the zero of the controller more
close to 1 will let two closed-loop poles closer to the zeros.
Consequently;uihe effect of the two zero/pole pares become
very small. THesgaifisshould not be very large, otherwise the
third' pole will be far_away from the origin. After some
iteration; we obtain the directdigital controller as:

6= 8.5(z%,0:98)
z-1
The rootlocus ptotofithis controller is shown in Fig. 3.
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IV. DESIGN EXAMPLE AND SIMULATION RESULT

To study 1’-_1e performance of various digital control design
approaches, a sample double-loop switch-mode inverter
system in F 2. 4 is used. A prototype of this system is
currently be ng implemented. This particular system is
selected sinc: both the 2™-order circuit and the two-loop
control struct ire are typical of switchmode power converter
systems. Sy lem parameters are: V=215V, K=0.06,
Kv=0.01, R=2.3Q, L=1.2mH, and C=13.2pF. The load can
be either a 1(.-Q resister or a nonlinear load. The switching
frequency is 4 JkHz.
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Fig. 4. A double loop inverter system

The transfer function block diagram.of the system._is shown
in Fig. 5. In the diagram, G(s) 4§ e cuirent controller, and
G,(s) is the voltage controller, F(s) and"H,(5) arethe transfer
finctions of the plant which are defined-as H{(s)=i/vs jand
H,(s)=v./i.., and v is the modulation wave.

Current
Controller

Voltage
Controlier

Fig. 5. Control block diagram of the inverter §ystem in £ig4

The voltage and current controllers are designedwith five
design methods: direct digital design, digital redesign using
Backward Euler, Bilinear, Step Jnvariantffand Pole/Zero
Match discretization methods. Two sampling rates are used:
40kHz (the same as the switching frequency)y,and “10kHZ.
Controller design and frequency analysis “are donc_ in
MATLAB, and the time-domain simulation is done in PSIM.

The performance is compared in terms of the following:

- Control loop bandwidth and phase margin
- Load step change (from 20% to 100%)
- Nonlinear load

A. Single Loop System

We first examine only the inner current loop. The plant
transfer function of the inner loop is given in (1). The design
process of the five digital controllers is discussed in the last
section. The performance of the controllers is shown here.

Fig. 6 shows the average current waveforms under load
change with a sampling rate of 40kHz. For comparison

purpose, the average model of the converter is used. Table Il
compares the five design approaches.
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Fig.'6: Simulzated average current waveform, with the enlargement, for load
stcp-change from 20% to_100% (sampling rate: 40kHz)

TABLE II

PERFORMANCE.OF FIVE DESIGN APPROACHES FOR THE INNER CURRENT LOOP
WITH A SAMPLING RATE OF 40KHZ

Design method Overshoot Bandwidth Phase Margin
Direct Digital 28% 8/9kHz 50°
Backyard Eulzr 32% 7.2kHz 54°
Bihnear, 33% 6:9'kHz 552
Pole/Zero Match 33% 6.9 kHz 5 552
Stépdavariant 35% 6.6 kHz 56°

The waveforms in Fig. 6 and Table/II show that the four
digital/ redesien dpproaches are comparable in terms of the
performance, that is; the overshoot under the load change and
the .control foop bandwidth. Ameng the four discretization
methéds, Backward “Euler/gives the largest bandwidth,
followed by Biliriear and Pole/Zero Match. Step Invariant has
the narrwest bandwidthyand gives slightly higher overshoot
in load changz-résponse.

Jrcomparison, the direct digital design approach shows a
notable improvement over all the redesign approaches. It
gives the highest bandwidth, 24% higher than the Backward
Euler method, and 31% higher than ' the Bilinear
transformation method. The overshoot to load change is also
the lowest among all the approaches.

The bandwidth and phase margin in the tabl: s are obtained
in discrete time domain, with G.(z)H(z) representing the loop
function of the whole system. The value is sligh ly higher than
the 6-kHz bandwidth with the analog approach.

If the sampling rate is 10kHz, using Bode pl>t method, we
2.66(1 +19.81e7’s)
19.81e7’s
with the control loop bandwidth of 2.5kHz and phase margin

can obtain an analog controller G (s) =

Xz A ¥ o Ly 14 = =2 & 1
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of 60°. [f we use the direct digital approach, we can find the
controller as: G (z) = E-EILZT—%Z@

Fig. 7 gives the simulated current waveforms under a load
change from 20% to 100% when the sampling rate is reduced
to 10kHz while the switching frequency of the converter is
still 40ktz. Table 11 summarizes the values of the overshoot
as well as the bandwidth and the phase margin.

Basad on the result, the same conclusion can be drawn for
the four redesign approaches and the direct digital design
approach, but the relative difference is bigger. The bandwidth
of the dircct design approach, for example, is 33% higher
than the Backward Euler method, ani 48% higher-than the
Bilinear approach. This finding suggest tivat,at a lower
sampling rate, it is more critical to selécisthe right design
approach that will give the best performance.

! {
D .a =¥ &

ow 243 53 933 8.50 1053 1278 ‘g% 1700
Time (ms)

Fig 7. Simulated average current waveform, with-(he enlargement-for10ad
step change from 20% to 100% (samphng rate: 10kHZz)
TaBLE III

PEFFORMANCE OF THE FIVE DESIGN APPROACHES FOR THE INNER CURRENT
LOOP WITH A SAMPLING RATE oF 10KHz

Design method Overshoot Bandwidth Phase Margin
Direct Digital 73% 3.5kHz 40°
Backward Euler 87% 2.6kHx 43°
Bilincar 97% 2.3kHz 48°
Pole;Zero Match 96% 2.3kHz 48°
Step Invariant 100% 2.0kHz 53°

B. Double-Loop System

The outer voitage loop is designed for the double-loop
system shown in Fig. 4. The voltage controller in the s-
129(1 +1.13¢7*s)

domain for the digital redesign is: G, () = =
1.13e s

with voltage bandwidth of 2.8kHz, and phase margin of 65°,
when the sampling rate is 40kHz. The voltage controller from
the direct digital design approach is

G (o) = 2.1(: 01.802) ;

Fig. 8 shows the simulated output voltage waveforms uader
a load step change from 20% to 100%. And the overshoot and
bandwidth information is summarized in Table 1V.

Again, the backward Euler transformation method has
slightly larger bandwidth and better performance than the
other three discretization methods, while the direct digital
approach remains the best design approach. The improvement
in-the bandwidth of direct digital method is and 29% over the
Backward Euler method, and 40% over the bilinear
transformation methods.
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Fig. 8! Simulated output voltage waveforms, with enlargement. for load step
change (sdmpling rate: 40kHz)
TABLE IV

PERFORMANCE OF THE FIVEDESIGN APPROACHES FOR THE DOUBLE LOOP
SYSTEMWITH A SAMPLING RATE OF 40KHZ

Design'method QOvershoot Bandwidth Phase Margin
Direct Digital 20% 3.9kHz 532
Backward Euler 22% 3.0kHz 67.5°
Bilinear 23% 2.8 kHz 66.5°
Pole/Zero match 23% 2.8 kHz
Step Invariant 24% 2.5 kHz

When the sampling rate is reduced to 10kHz, the controller
need to be designed again based on this sampling rate. The
voltage controller in the s-domain for the digital redesign is

259 -5

G (s) = -QMLQ , with voltage bandwidth of
6.647¢™’s

0.9kHz, and phase margin of 65°. The voltage controller from
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e direct digital design approach is

G- 1.28(z - (:.275) .

Fig. 9 shows the simulated output voltage waveforms under
aload step change from 20% to 100%. And the overshoot and
sandwidth information is summarized in Table V.

From Fig. 9 and Table V, the direct digital approach is still
the best, followed by the backward Euler approach. The
improvement in the bandwidth of the direct digital approach
is 67% over the Backward Euler method, and 101% over
bilinear rransformation method.

This result reconfirms the conclusion that the difference

among the different design approaches becomes more

sigrificant as the sampling rate drops, with_the_direct digital
design approach far outperforms the other approaches.

24 a3 038 850 1063 275 1483 (&)
Timk(rs)

Fig. § Output voltage waveforms, with enlargementy forload step change

(sampling rate: 10kHz)

TABLE V

Dc37ORMANCE OF THE FIVE DESIGN APPROACHES FOR THE DOUBLE-LOOP
SYSTEM WITH A SAMPLING RATE OF 10kHZ

(" Desien method | Overshoot Bandwidth Phase Margin
i Direct Digital 39% 1.7kHz 59°
Backward Euler 40% 1.0 kHz 78°
Bilinear 41% 09kHz | 54°
Sale/Zero Match 41% 0.9 kHz 67°
[ Sicp Invariant 43% 0.8 kHz 70°

C. Nonlinear Load

When the load is nonlinear, the load voltage will be
disiorted. A fast control loop is essential to maintain a low
valiage distortion. Fig. 10 shows the simulated output voltage
and current waveforms under the nonlinear load with a

sampling rate of 40kHz. The Joad consists of a diode bridge
and parallel resistor and capacitor on the dc side.

Table VI compares the THD ( total harmonics distortion )
of the output voltage with five digital controllers on the total
harmonic distortion.

From Table VI, direct digital approach has the lest THD in
the output voltage waveform, especially when the sampling
rate is relatively low. Backward Euler approach has Jower
THD than the other discretization methods, but the difference

is minor.

TABLE VI

TOTATHARMONIC DISTORTION COMPARISON OF THE FIVE DESIGN
APPROACHES FOR TRE,DOUBLE LOOP SYSTEM WITH NONLINEAR 1.0AD

Samplingrate Sampling rate
msign method [ 4%1(:2 lpolkr;%z ’
Dicect Digital— | 5.58% 9i98% )
Backward Euler 1| 8.62% 13.40%
Bilincar 8.66% 14.69%
Step Invariant 8.95% 18.85%
PolefZero Match 8.81% .. 14.38%
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Fig. 10. Nonlinear J6adoutputvoltage and current waveform of direct
digital controller comverter for sampling rate of 40kHz

From.thescomparison above, the most recommended design
method-to"design controller for switchmode power converters
is the direct digital approach. It has a much wider bandwidth
while keeping the system stable. The advantege of this
approach over other method is even greater when the system
is multi-loop and the sampling rate is low.

Backward Euler is the recommended transformation
method when discretizing the analog controller to digital
controller for power converter control designs, especially
when the system is multi-loop and the sampling rate is
relatively low.

[1I. CONCLUSIONS

Five different digital controller design approaches for
switchmode power converters are presented in this paper.
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Comparison on these shows that the direct digital approach is
the most recommended method, and backward Euler is the
better discretization method when redesigning the digital
controller from the analog one. Results also show that the
difference in performance becomes greater at a lower
sampling rate.
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intersil IRF520

9.2A, 100V, 0.270 Ohm, N-Channel Features
Power MOSFET

This N-Channel enhancement mode silicon gate power field
effect transistor is an advanced power MOSFET designed,
tested, and guaranteed to withstand a specified level of + SOA is Power Dissipation Limited
energy in the breakdown avalanche mode of operation. All of - Single Pulse Avalanche Energy Rated
these power MOSFETS are designed for applications such
as switching regulators, switching convertors, motor drivers,
relay drivers, and drivers for high power bipolar switching «=Linear Transfer Characteristics
transistors requiring high speed and low gate drive power:
These types can be operated directly fromintegrated
circuits. + Related Literature
< TB334 “Guidelines\for:Soldering Surface Mount
Componentsto PC Boards”

= 9.2A, 100V
* IDS(ON) = 0.270Q

» Nanosecond Switching Speeds

* High Input.Impedance

Formerly developmental type TA09594.

Ordering Information Symbol
PART NUMBER PACKAGE BRAND
D
IRF520 TO-220AB IRE520
NOTE: When ordering, use the entire part number.
G
S
Packaging
JEDEC TO-220AB
SOURCE
DRAIN
7 GATE
DRAIN (FLANGE)
4-172 l CAUTION: These devices are sensitive to electrostatic discharge; follow proper ESD Handling Procedures.
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IRF520

Absolute Maximum Ratings T = 25°C, Unless Otherwise Specified

IRF520 UNITS
Drain to Source Breakdown Voltage (Note 1) . ... ... .. ... i Vps 100 \Y%
Drain to Gate Voltage (Rgs =20kQ) (Note 1) ... ... ... it VbGR 100 \
Continuous DrainiCUIMent- = o4 G s s 8 oL 8 d s v i miians e 08 e senaiar 5 w5 e herdon v Ip 9.2 A
To e 009G e o i el il e st L R R S D ) e R et Ip 6.5 A
Pulsed Draiy CUTenti{NOe 3) .. . . <ol v mnicin e o sinive sirisaiiianmioini s o 3 o0in ool sin & 5.4 SiEiiio 5 6 & Iom 37 A
Gateito'Sotirce Voltage:zer i sin e it e S s S e e Vgs +20 \
Maximum:Power: DissIpation’ ;. .« ciimi s §uiuis od soaidy o S0 Saiaiins’d s o &0 ssps wisions: s s faimibgeriels o ohe Pp 60 w
Dissipation: DeratingiEactor=-o s fimes ol S i e e e 0.4 w/rC
Single Pulse Avalanche Energy Rating(Note 4) .. ........ ... ... ... ... ... .. ... Eas 36 mJ
Operatingiand:StorageiTemperaturer. . . .- .o.lvav s i dlnai s v il e Ty, TsTG -55t0 175 ¢
Maximum Temperature for Soldering
Leads at 0.063in (1.6mm) from Case for10s........... . . e ———— . . ...... iT| 300 °c
Package Body for 10s, See Techbrief 334 . . .. ... 0%  _ o oeseeessSmms. . . oy Tpkg 260 °c

CAUTION: Stresses above those listed in “Absolute Maximum Ratings” may cause permanent damage to'the device. This is a stress only rating and operation of the
device at these or any other conditions above those indicated in the operational sections of this specification is notimplied.

NOTE:
1. Ty=25°C to 150°C

Electrical Specifications /' T¢ = 25°C, Unless-Otherwise Specified

PARAMETER SYMBOL TEST CONDITIONS MIN | TYP | MAX | UNITS
Drain to Source Breakdown Voltage BVpss |[lp=250pA: Vgs = 0V (Figure 10) 100 - - \
Gate to Threshold Voltage Ves(r) |Ves = Vs, /b 7,2500A 20 - 4.0 A%
Zero Gate Voltage Drain Current Ipss- - | Vps = 95V, Vgs = OV - - 250 HA
\ps = 0.8 x Rated BVpss, Vgs =0V T= 150°C B - 1000 HA
On-State Drain Current (Note2) Ibion) 1| Vbs.> Ipony % psionmAx: VGs = 10V (Figure 7) 9.2 - - A
Gate to Source Leakage Current lgss: | Vgs' =220V < . +100 nA
Drain to Source On Resistance (Note 2) rps(oN) “|p = 5:6A, Vgs = 10V {Figure 8, 9) > 0.25 | 0.27 Q
Forward Transconductance (Note 2) Ofs Vps 250V In'=56A (Figure 12) 27 4.1 - S
Turn-On Delay Time tyon) | Voo 50V, Ip =9.2A, Rg=18Q, R =5.50 - 9 13 ns
Rise Time & MOSEET Switching Tlmes are Essentially y 30 63 T
Independent of Operating
Turn-Off Delay Time td(OFF) Temperature - 18 70 ns
Fall Time t¢ - 20 59 ns
Total Gate Charge Qg(TOT) Vgs=10V,lp = 9:2A, Vps-=0:8 x Rated BVpgss;, - 10 30 nC
(Gate to Source + Gate to Drain) Ig(REF) = 1.5mA(Figure 14)Gate Charge is
Gate to Source Charge Qgs Essentially Independent of Operating 2 25 B nC
TFemperature
Gate to Drain “Miller” Charge Qg4 - 2:5 - nC
Input Capacitance Cisgw. | Vbs:= 25V, Vgs = 0V, f = 1MHz - 350 - pF
Output Capacitance Coss ipe PR, - 130 - pF
Reverse Transfer Capacitance Crss - 25 - pF
Internal Drain Inductance Lp Measured From the Contact | Modified MOSFET - 3.5 - nH
Screw On Tab To Center of | Symbol Showing the
Die Internal Devices
Measured From the Drain inductarions - 4.5 - nH
Lead, 6mm (0.25in) From
Package to Center of Die
Internal Source Inductance Ls Measured From the Source - 7.5 - nH
Lead, 6mm (0.25in) From
Header to Source Bonding
Pad
Thermal Resistance Junction to Case ReJc - - 25 ocw
Thermal Resistance Junction to Ambient Rgya | Free Air Operation - - 80 °c/w
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IRF520

Source to Drain Diode Specifications

PARAMETER SYMBOL TEST CONDITIONS MIN TYP | MAX |UNITS
Continuous Source to Drain Current IsD Modified MOSFET Symbol D - - 9.2 A
Showing the Integral
Pulse Source to Drain Current (Note 3) Ispm Re:::zg P-N Jun?‘,ﬁon Diode - - 37 A
G
S
Source to Drain Diode Voltage (Note 2) Vsp T, =25°C, Igp = 9.2A, Vgs = OV (Figure 13) - - 25 A"
Reverse Recovery Time trr Ty =25°C, Igp = 9.2A, digp/dt = 100A/ps 5.5 100 240 ns
Reverse Recovered Charge QrR Ty =25°C, Isp = 9.2A, digp/dt = 100A/us 0.17 0.5 1:1 ncC
NOTES:
2. Pulse test: pulse width < 300us, duty cycle <2%.
3. Repetitive rating: pulse width limited by Max.junction temperature.'See Transient Thermal Impedance curve (Figure 3).
4. Vpp = 25V, starting T; = 25°C, L =640mH, Rg = 250, peak Iag.= 9.2A.
Typical Performance/Clrves.uilessotherwise Specified
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IRF520

Typical Performance Curves unless Otherwise Specified (Continued)
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Typical Performance Curves uniess Otherwise Specified (Continued)
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IRF520

Test Circuits and Waveforms
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FIGURE 16. UNCLAMPED ENERGY WAVEFORMS

FIGURE 15. UNCLAMPED ENERGY TEST CIRCUIT
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FIGURE 17. SWITCHING'TIME TEST-CIRCUIT FIGURE 18."RESISTIVE SWITCHING WAVEFORMS
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FIGURE 19. GATE CHARGE TEST CIRCUIT FIGURE 20. GATE CHARGE WAVEFORMS
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IRF520

All Intersil semiconductor products are manufactured, assembled and tested under ISO9000 quality systems certification.

Intersil semiconductor products are sold by description only. Intersil Corporation reserves the right to make changes in circuit design andlor specifications at any time with-
out notice. Accordingly, the reader is cautioned to verify that data sheets are current before placing orders. Information furnished by Intersil is believed to be accurate and
reliable. However, no responsibility is assumed by Intersil or its subsidiaries for its use; nor for any infringements of patents or other rights of third parties which may result
from its use. No license is granted by implication or otherwise under any patent or patent rights of Intersil or its subsidiaries.

For information regarding Intersil Corporation and its products, see web site http://www.intersil.com

Sales Office Headquarters

NORTH AMERICA EUROPE ASIA
Intersil Corporation Intersil SA Intersil (Taiwan) Ltd.
P. O. Box 883, Mail Stop 53-204 Mercure Center 7F-6, No. 101 Fu Hsing North Road
Melbourne, FL 32902 100, Rue de la Fusee Taipei, Taiwan
TEL: (407) 724-7000 1130 Brussels, Belgium Republic of China
FAX: (407) 724-7240 TEL: (32) 2.724.2111 TEL: (886) 2 2716 9310
FAX: (32) 2.724.22.05 FAX: (886) 2 2715 3029
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FAIRCHILD
R e e |
SEMICONDUCTOR ™

1N5820 - 1N5822

CCB8INI-0C8SNIL

Features

* 3.0 ampere operation at T, =95°C
with no thermal runaway.

* For use in low voltage, high
frequency inverters free L
wheeling, and polarity DO-201AD
protection applications. CoLORBAND'DENOTES CATHOBE

3.0 Ampere Sehottky Barrier Rectifiers

Absolute Maximum Ratings* 7, =2s;cunlessothervise noted

Symbol Parameter Value Units
Irav) Average Rectified-Current 3.0 A
3/8 "{ead length @ Ta =95°C
lesm Non-repetitive Peak Forward Surge Current
8.3:ms singlehalf-sine-wave, 80 A
Superimposed on rated load (JEDEC method)
Po Total Device Dissipation 3.6 W
Derate above 25°C 36 mW/°C
Rosa Thermal Resistance, Junction to Ambient 28 °C/W
Tstg Storage Temperature’Range -651t0 +125 FC
Ty Operatifig Junction:Temperature -65-t0 +125 °C

*.
These ratings are limiting values abovewhich the serviceability of any semiconductor device:may be impaired

Electrical Characteristics; _ r, -25:cuntess otnerise noted

Symbol Parameter Device Units
1N5820 | 1N5821 | 1N5822
VRrRM Maximum Repetitive Reverse Voltage 20 30 40 \%
VRus Maximum RMS Voltage 14 21 28 Vv
VR DC Reverse Voltage ~ (Rated VR) 20 30 40 \Y
Irm Maximum Instantaneous Reverse Current Ta=25°C 0.5 mA
@ rated Vg Ta= 100°C 20 mA
VEm Maximum Instantaneous Forward Voltage @30A 475 500 525 mV
@94A 850 900 950 mV
Cc Typical Junction Capacitance 190 pF
VR=4.0V,f=1.0MHz

©2001 Fairchild Semiconductor Corporation 1N5820-1N5822, Rev. A1
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Schottky Barrier Rectifiers
(continued)
Typical Characteristics
Forward Current Derating Curve Forward Characteristics
4 20
T =28 I 1N5820 /%
— __ 10 } Pulse Width = 200uS —
<L : < 1N5822 —
[ - ¥
c ) 0 Pz
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5 oz 2 L
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1N5820-1N5822, Rev. A1
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DO-201AD/AE Tape and Reel Data EAIRCHILD
SEMICONDUCTOR
DO-201AD/AE Packaging
Configuration: Figure 1.0

FB63TNR or Human
Readable Labe}

Corrugated Outer liner DO-201AD/AE TNR
Intermediate Container

White (Anode)

Red/Blue_k(Cathod e)

KraftPaper.waounded

between.layers
: : 340mm x 340mm x410mm
i & (6,250 max)
f FE3TNR Label le

DO-201ADIAE Packaging LR {8 <ar

Information Table :.Figtre 2.0 lor ceykraiion arv: 1250
) ‘Flllel)lI!u(l}llllﬂlllllllllllllll !Eﬂlllllllll
DO-201 AD/AE Packaging Informati | AR S
o O 11 R A LA 1A

Packaging Sptgh code P3 | pie; Te3% ) Qrvs SPECREV:

Packaging type TNR | FARCHILC SEMICONDUCTOR INTERNATIONAL  (F63INR)3 2

Qty per Reel/Tube/Bag 1250

Ree) Stogingg demetg = Human Readable Label-sample

Inside Tape Spacing (mm) 52

Int Box Dimension (mm) 340x340x410 5 R

W ay Bor 86 2% 25 e

Weight per unk (gm) 1.20 AD/1.10 AE. “ Fa\ =

Weight per Rasl (kg) 150 AD/1.20AF s -

e s ANTIoS TATIC

DO-201AD/AE Taping

Dimension: Figure'5.0
TAPING DIMENSIONS

INCH MM MILS NOTES
A 2520 8400 2519 Overall width

40056/ *¥59/ +56.5

0027 0.69 :27.0

1295 33.00 1496

+0 05 *¥5 +59

003%. -10 -39
B 204740027 52 10.59° 2047427  Inside Tape Spacing
c 0209 +00157 10082040394 2157  Component Pkch
o 0.047(max), 12(ma¥) 47(max)  Component Misalignment
E 0/022(rrax) 055(max) 22(max)  Tape Mismatch
F 0.027(max) 10.89 127 Units in line w/ one another
G 0 125(min) 3.2(min) 126(min)  Lead amount between tapes
H o o 0 Lead amount beyond tapes
Lz 10 027 $0.69 127 Dela between two leacs

REEL DIMENSIONS

ITEM DESCRIPTION SYMBOL MINIMUM  MAXIMUM
D1
Resl Diameter D1 13875 14125
Artor Hole Diameter (Standard) D2 1.245 1.255
02 Core Diameter D3 3190 3310
Flange to Flange Outer Width w1 3.400

Note: All Dimensions are in inches

o ol

[

D3

©2000 Fairchild Semiconductor International August 2000, Rev. A
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; : T R R
DO-201AD Package Dimensions EAIRCHILD
frsmmenruaannes)

SEMICONDUCTOR ™

DO-201AD (FS PKG Code P3)

14

Scale 1.1 on letter size paper

Dimensions.shown below are in:
inches [millimeters]

Part Weight/per.unit (gram)..1.1

F0amin  (25.4)

0.3759.53)
>

©2000 Fairchild Semiconductor International August 1999, Rev. A
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TRADEMARKS

The following are registered and unregistered trademarks Fairchild Semiconductor owns or is authorized to use and is
not intended to be an exhaustive list of all such trademarks.

ACEx™ FASTr™ PowerTrench® SyncFET™
Bottomless™ GlobalOptoisolator ™ QFET™ TinyLogic™
CoolFET™ GTO™ Qs™ UHC™
CROSSVOLT™ HiSeC™ QT Optoelectronics™ VCX™
DOME™ ISOPLANAR™ Quiet Series™

E?’CMOS™ MICROWIRE™ SILENT SWITCHER®

EnSigna™ OPTOLOGIC™ SMART START™

FACT™ OPTOPLANAR™ SuperSOT™.-3

FACT Quiet Series™ PACMAN.™ SuperSOT™-6

FAST ® PP SuperSOI™-8

DISCLAIMER

FAIRCHILD SEMICONDUCTORRESERVES-THE RIGHT TOMAKE CHANGES WITHOUT FURTHER
NOTICE TOANY PRODUCTS.HEREIN. TQ IMPROYE RELIABILITY, FUNCTION OR DESIGN. FAIRCHILD
DOES NOT ASSUME ANY LIABIUTYARISING OUT-OF THE APPLIGATION OR USE OF ANY.PRODUCT
OR CIRCUIT DESCRIBED'HEREIN; NE[FHER DOES IT CONVEY ANY.LICENSE'UNDER ITS PATENT
RIGHTS, NORTHE RIGHTS OF OTHERS.

LIFE SUPPORT POLICY

FAIRCHILD'S PRODUCTS ARE/NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS:IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTENAPPROVAL OF FAIRCHILD SEMICONDUCTOR CORPORATION.
As used herein:

1. Life support deviees ‘or systems!are devices-or 2./A critical component is any. compenentof a life
systems which, (a)-ar& intended for surgical implantiinto support device or system whosefailure to.perform can
the body, or (b) support or sustain life, or'(c) whose beredsonably expected tocause the failure of the life
failure to perform when properly usedtin accordance support device or system, or'to affect its safety or
with instructions for“Use provided in the'labeling, can be effectiveness.

reasonably expected-to result in-significant injury.to.the
user.

PRODUCT STATUS DEFINITIONS

Definition of Terms

Datasheet Identification Product Status Definition
Advance Information Formagive or This datasheet Contains the design specifications for
In Design productidevelopment..Specifications may change in

any manner witheut netice.

Preliminary First Productien This. datasheet contains preliminary data, and
supplementary data will be published at a later date.
Fairchild Semiconductor reserves the right to make
changes at any time without notice in order to improve
design.

No Identification Needed Full Production This datasheet contains final specifications. Fairchild
Semiconductor reserves the right to make changes at
any time without notice in order to improve design.

Obsolete Not In Production This datasheet contains specifications on a product
that has been discontinued by Fairchild semiconductor.
The datasheet is printed for reference information only.

Rev.G
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