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ABSTRACT

Due to its simplicity and low component count, a self-ascillating flyback
converter is an ideal topology for cost sensitive applications, such as mobile phone
chargers and-auxiliary power supplies.. To regulate the output voltage, the
conventional self-oscillating flyback converter employs a secondary feedback current
mode control scherme whose major components include a TL431 error amplifier and
optocoupler. These two components nonetheless contribute- significantly to a total
cost of the self-oscillating flyback converter. A further cost reduction can be
achieved, if these devices can be eliminated altogether. This thesis proposes a self-
oscillating flyback converter with ' primary feedback control. " In' the proposed
converter, the emor-amplifier and optocoupler are replaced by a Zener diode, and
the output voltage from the auxiliary winding is used as a feedback variable, instead
of the actual output voltage from the secondary winding. In the thesis, the operation
of the proposed converter is described. The prototype converter operating from a
220V AC main and producing an output of 24V/0.5A is fabricated to validate the
performance of the proposed converter. Experimental results show that the
prototype converter exhibits a satisfactory output voltage regulation and the

operating waveforms are consistent with the theoretical prediction.
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{]ﬁ]qﬂ’uﬁﬂ'l'i‘tf’]tma'dﬁ]'WaﬁWéIGIWﬁWLLUUEﬁm‘ﬁ‘?i-& (Switching power supply) 1114
unuituna 13 el wuuEides (Linear power supply) @ suiuldvialulug Unsal
SiEnvsatindlofiuuunnwiaitlmi iy Insdniiletie wiuvied Wudu aunsaimardsaald
wia 1 omasliims oo zuaUines (Adapton i awdasussaulndinszuaaduiiu
usadulihnszuansaier s auummednag gidslniliiuasesdidnvselindfiaganslu
gunsaiBidnvseindloviadiolud mndeuliidamnmnldaznin undsdimdstwiildsesd
yuadnuazdininun luvasderfuanideuludunianaiaiidniswistugs unasng
Adalui1ildwaafisiaign (Low cost) waziinamamugs (High reliability) sewmaua
fana1n 299sunassnemaslnidnarsiuaneuiesines (Flyback converter) [1, 2] Failu
Fdand (nunzaudesanilasiasslidudounaridaunsal saurudosdu (Low
component count) Ml HaIgLUARBULIBSIABIHuLALENNEYATA 510190 Uaziinw
AsUgsAnInsanaUausslsulum e sReiinan ey uenIIN{l 1ITWABUUARBY
nesweiddiniouuasliimifddlinsueniuneliiiseuinsiudgund (Primary
side) wazeUNALNi (Secondary side) ag13gnau Jumsnzdmiuniseenuuuldainlagnss
fuuseulnihinssuaaduainnisiniviandenia Offline application

lnuUniavsaisuunnauiiasimeigneanuuuliaivasustaulniodwavia
nazua AR iieliusTanedananadieiy uesdeddnismuauuuulieunduuay
F8nmsmuAululvaanszua (Current mode control) [3] Wumeiiadiiouiunldunian
Tuvnaddiaesarvgululuuanszuaanmseaialagldledaiuau (4-7) wieairelagld
gunsalians (discrete) usiiissagraiedlaglifilodauau (8] 2sWansuupnaueiinesi
T¥nseuauwuundsiidondt aesasuuerreunesinessiafiinnwisoiies (Self
oscillating flyback converter) (8] nslalgladaiuauvinlvsimanatogiawin 299svany
wuaRauaS e YiadLinmmEfefue Tamnziumstluldlunuiiiausoulwly
Fus1An (Cost sensitive applications) Wy 1A3aNSaRUAABS INsAwidede sy

Nfﬂ'iWa"IEJLLUﬂﬂE)'uL’JE]‘%Lma'g‘dﬁ(ﬂﬁWLﬁﬂﬂ'ﬁ’luaﬁ?Uﬁ’JLaﬂLLUUﬁeﬂLaJJLLﬂﬂd‘LUEU“ﬁI 1.1 (8]
wsauleImne v, nisundsiivzgnieunauluds Error amplifier TL431 lagudIAu

VU RD, uay RD, war13szwinusdsudounduiuussduanadanieluves TL431 augn



genauardulufmulgugiiiunsesyladuasiOptocoupleriudayanssua
dawann (Error current) i, nUudygiunszuaiawainiazgnuSeuvsuiudynyim

nTzwaNealna i v ivarudId Uiy Ry 1ae9asiuSouliisuRauuaadu (PWM

:
comparator) @UsEnausneniu@anes 0, MEIU R, wazdidiumiu R, uaaivaay
MQWﬁWﬂSSLL?{LﬁE}g@@’mJF‘li:’-LLﬁ i whiudaanseua i warasthnieuandaainwdaaud
avalumaudawansuualurnnaiveammhnszualdgnareleuludwaaiavioniiuay
YAAINTILIUMUA DINVANNTTEIIURINGT FsRTHaNBLUARBULasInesdndudnALd
sosneadhaululuanssualisewlos (Discontinuous Conduction Mode: DCM) uagil
aufiaindliasiduagfunsiduBuwnlagn Tl A NATD4I99T 2ITWAILLUARB LB
Lmas{ﬁzjﬁmﬁuﬁmmm?{ﬁaﬂﬁuaaLmuﬁxuﬁulugﬂﬁ 1.1 a1fuaaulnAuilass(Opto-coupler)
wathglinsuondunialviihseminsdulsugiivesniuniduledvanysal uax TL4A31
error amplifier LiiaTrsasndygiunssuaiawaia i aglsia Qﬂﬂsaiﬁ”aaaaﬁaﬁeiwasia
F1N3UBNTHA BUUARBUaRme TYiaf LA uAesaLe Tngnsazdisinignasi
aunsndngunsalyiasssiaoniuls

Fprinus i tduer At ARBUn T Tand A LAG R L0 A LH NS
muauiaundudulguniidaenslusuil 12 anguasiiuiluinasitinaue Opto-coupler
waw TLA31 error amplifier ldgnansanlunazuvuiilasdiusslalen Z, WBNIINTLT Y
rdnavpsuaarntandsgnlfiiusssiudeunduinuuseiulewnavenainnfo i
watiadanausenintseuastdounaunulsund (Primary feedback control) [9-11] M3
auautleunduduuguail umatanisnuuseiuiomanisdan (Indirect output
voltage regulation) Lo 91Au A 0 F IR US SENT 19LIIRULB IR NAVBIUASINYIWUALLITIAY

LI WATBIUARIANH TR IAUNTS

= {%“ ]v,, (1.1)
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0.daux
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9INENNTSAUIT wsssulaenaueeaIngsiudadiuiunssfuiendwavesunalaniond
= o vl s L3 = < £ [ i3 1 oy
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1.4 YBULWANISIAY

WIsHasLuARBUEInasTlanulanuafnedesldnsauauloundusu

]
ada o

Usunfinunausluivednusi dauaudfnislwili (Electrical Specification) sssialuil

o3 u

U UBUNA AC v,, = 176-264V 50H,
WIIFULBIANART v, =24V
AREInG fs =35 - TOkH,
NITUALDRANA i, =0.1A - 0.5A
Anaaluiianng P, =2.4W - 12W
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2.1 unu

TutlagtuiianusasnisunasinamdslniLuuaindds (Switching power supply)
lunaniueisidnnselindvuimdndmiuguilaa (Consumer electronic product) WWasaY

Adalninagdasdvumdn dmdnul nuaanuEs wazsIAIgn 2ITHABUUARDULIDS
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WA [ o w da o o Ala - = v el Y
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wsasulnid uvTeaddmiloudunandatlwiiildualuvneieiduaiunsadvazas
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Taluuandtasoluid: 1 Ivuanssuawuulidaiias (Discontinuous Conduction Mode:
OCM) 2 Tnaianszualuuaeiiod (Continuous Conduction Mode: CCM) waz 3 Wuavaulun
seminnssuanaliowaylidaiiies (Boundary Conduction Mode: BCM) drusunisldad
Tnanmdsluf1ainavidensonuuulisaswaleuuanauresinedviaululyun DCM
issnannsanevateslésndiniile CoM wazdwhausearuiadndaidediou
FupnuaaiatiliAsiagsnsyeululue BCM
Tunsldudnilvaunasseiidalwinagdesdnyusaiuliiedwand usii
anaziniswasuwlas Lﬁamauaua@ﬂamé’aamiﬁméﬂf\i'mﬁﬂé’ﬂﬂﬁﬁqrﬁfaaﬁawsmuau
n1sdeundu (Control circuit) 35n15aruanlulvuansrua (Current mode control) LUu
wintinfinealdlunismueuusiuo iR e sHaBLUARBULIBSLABS unilaznanifans
Y9899 HaNELUARBULBSna s TinsmuANTsundusiuUgugliuazldled VIPERLG
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2.2 AanNIsMIeU

JesWansuUARBURnpsimMsmuaAntieundudulgugfinansiassuil 2.1 it
wlasusznaualsunaln 34 Ao ARal1augan sl (Primary winding) ¥Aa1av @ 64 il
(Secondary winding) uazvaaintiy (Auxiliary winding) 2993sin1svinaululuun DCM uas
ﬁgﬂﬂﬁlumiﬁwmuamﬁagﬂﬁ 2.2 lunilamuainisaind @unsautean1sineauraiasia
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Clock
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THUANITNIUTA 1 9290287 dT: WoaMALINTZULEA USINUANATBULDAN ALY
Aud (vps =0) usadumaduduna (v, ) zanasodvalgunivemlanUauinnszua i
InaruwaUgugiuazinivediludadulas slope waninswminisi (2.1)
di v
&t @2.1)
dr L
g Ly AerAuuilitivesunainugugil

wdanunignazadlundoudas ANLTSOUARAIRIANNTN (2.2)

E=05L/ (2.2)
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[
o s as

Tugrsnartiussumiienivesveaiavionil (v,) wazuaaingie (v, ) slanduau dad

lalen D, way D

aux

Jsegluanzluweandu vinlvliiinszualwaluvaaiayfisniiuazunain

9u lneusaiu v, wanladaaunisi (2.3)

X

Vaur = ( &ﬂ]"m (2 3)



o = . s @ =i v

Tnuan1svineui 2 Tudaanan 47 : weawmaveatinszua wasunazaulilumie
wlasludasnaninuinazgnitgesnun Yinlikssduwileniwemnunainiinisnduita day
lolan D, azlofumsludanss uaznszua i, sglualuniadninulse ¢, uwardwlgdluan

. o v = as =
nssud i, szanandudadulani slope uaninsaunisi (2.4)

L. (2.0)
a L

lae > Aa Ardaivilsnihvmieunie il

Tuthnanfiveamangatingzia usenusnasasteamniiALan W I@unI5H (2.5)

vuu.\‘ a (ﬂﬂ_ ] Vu (26)

Vnaunsi (2:6) Wzt ksiumiioniesuamntny wedudedauiuls siuesun 3
V. ﬁa:gnﬂamé’ulﬂé’mq%muau Lﬁ;a%'nw'umﬁmmdwmlﬁmﬁ

Tvuannsiinauit 3 Tutaenan &F sipavauaslalen D, Mgaiinssua niwy
ﬁaxau’iwﬂauﬂaﬂﬁqmﬁaaaﬂmauwm WIIRU v vy WAE v, ILHAWVIIAUAUE LIy
ANATONLBANAALAAFUIIAUUSIUBUNG (vpg =, )

QGQiMUF’}MIMEUﬁ 2.1 Usznounae Error Amplifier (EA) Voltage comparator wae
RS flip-flop Feanunsnosuronisiraulesi luudazauesmsaing duunitniaud
pevi (Constant frequency clock signal) 9z1m@ RS flip-flop Lam‘wmﬁ'm O dANge i
usunv-geia (vgs) ullusamminssua wswiumionhiivamatag (v, ) WG NG
wardaundusuaens divider TUdawnauwes EA Waw3suiioufunsud1ads (vier ) i

uIn Arrnuuenasazgnueteduussduauan (v,) lag v, azilegaiudle v, <v,,

wazilddesauile v, >v,, WIINUAIUANIYNUTEUTEUAULSIAU vee ALARINNSTLA

HOANAIVAHUFIA UMY R,,,,,, WD veg =V, RS flip-flop axgniien v dandunudiin
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2.3 1995AULUY

19sAunuUTatsuUARauLIBsInainiintsAIvalaunduaulguniiuazldled

hed ]

VIPER16 [9] 18un993muny uansdaguii 2.3 daruuanisluin (Specification) 1892993

AULUUTTwazdunfal

W3R AC BUNA v,, =220V + 20% 50Hz
WSIAUEBITNA v, = 12V + 5% Way 5V.+ 5%

P RTACRIL f5 = 60kHz

NTZLALDIANA i, =0.5A@12V uaz-i, =0.25A@5V

2| 8[Ty

IC

R i VIPER16
Cg 1L

(n)
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JUT 2.3 1ssiuLUuTiagLUaReunBineiiinnseuRulaundum ulsugl
1nelld IC VIPERL6

(N) Schematic (¥) AINwaE

@ al

usasu AC Bunmazgmindlndleglalen D, - D, uwavgnvitliGeulaeduivszy ¢ lag
wseiumnAsew €, dwilAvinaud 244 - 373v wiswlasatouwuagnesnuuuliiisuiusey
e AUgUAN Np iU 125 50U UNAANAENNVBIUTIAU 12V Ny WAL 30 50U 19
VRuNNVDWMIWIU SV N, WY 13 50U UazuaaIntae N, Wil 36 58U fmduviu R
fufiulsya €, waglalen Dy A97193 RCD auiuasdwsutlestutsefuiivuewoang
Annndamieni$indlunuevgainszua 239senuauld IC Viper 16 Ssvihnuiinanud
adndasfi 60kH, Tne Viper 16 lisimensusawmiiusssn breakdown g 800V ¢diu
¥1u R, EA Voltage comparator RS flip-flop uayasasludumuay du 9 Paelusi IC
970 Scheratic 18339950u3U# 2.3(0) asiuitussiuarinavosvarasgnléidulnass
Wiud IC Inerusiafiulsey G uavdaimihiliduussuteunduliiuiasmuau Tae
MuFaduiu Ry R, war R WHmn 4 Fsferauves EA Tuia IC Viper ilaluiFouiiioy
fuussiudneda (v, ) nelu 3.3V asesvaweteunduusenauddadiumu R, duiu

Useq C; uay Gy laemaiivn 5 98¢ IC iieshwiativsanvasssuuaiuau s1ensgunsali

1lur9asaunuy wandlumsnen 2.1
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A15190 2.1 TeavidungunTalilldlulens

aunsed S RELETGIL I
D, D, D IN4007 4
Dy 1NG148 1
B D Dy FR107 3
R, 1K 1/8W 1
Ry R, 17K 1/6W 2
R, 10K 1/6W |
R R, R, 10K 1W 3
c 4.7uF /400V 1
e 470UF/35V 2
£ 10UF/35V 1
¥ 4 0.01uk X7R 1
& 0/1uF 'X7R 1
C 1000pF X7R 1
T, wilauwdas EE19 1
Viper 16 Viper 16 1

s € a8 - =3 Al 2
nsmvALLsiueawalaentsmuantounduaiuguniisvidanuusiugindetioviiouyas
e va v 9 . = ' ' a ) o
#ldiinnsAulas (Coupling) AR szwiTavaaInTIBUazUAa10NABNI Auansluaunisi (2.6)
Tuunillmninausgiuuunisfumioudas 2 wuu AB

1) MIWLYARINUULT 1 Uanadegun 2.4(n) TrgwatirNIaaIawuuiUunfasly

. =Y

furtasHatsLuARBULIBsINBsNtINSAIUANMIIR RSN dnvaznisiusnainandy

q
[

wuvaduiudou lnsduusnivunsailwesuauguail funassiuranisniivsaasuadaiadu
FuiamwudnaimiliwawaainUgunll uastuuonaniuunaIngle

2) MINUVAAIAUUUT 2 UaAIRaguT 2.4(v) Inetuusmiunsaviliasadgugil du

P
as

VasaiuavReil 12V fuiaaiuasmiiveaaiaugund duidiuveainyfed 5V uaz

TUUBNFAWUUAAINT Y
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Bobbin Bobbin

Primary 125 turns

Auxiliary 36 turns
Auxihiary 36 turns
Primary |25 turns

Primary 125 turns

Secondary (SV) 13 wrns

Primary 125 turns
Auxiliary 36 turns

Primary 125 rurns

Primary 125 turns

Auxiliary 30 turns

Primary 125 turns

Primary 125 turns
Sccondary (5V) 13 turns
Sccondary (12V) 30 turns
Secondary (12V) 30 turns
Secondary (5V) 13 turns

Secondary (12V) 30 turns
Secondary (5V) 13 tumns
Secondary {12V) 30

(n) (v)

JUN 2.4 lassaiamsiouuasuuamatsuun
(M) NTRUIAAIALUUN 1

() NISARUVABINLUUN 2

2.4 pani1snaasg

HANTIAL I NaTIaN1I2ANIVBINTIA UL nITaLUadlATIaT s uUn 1

WAYLUUT 2 UARIAIRNSI99 2.2 Wag 2.3 AUaieu 91nHan1snaaasnuil wiawdsuaniig

wnlifivaadudnnzinangan asvsaunuuildmisudawuuiinisaziusduanain

5.2aV 1Ju 2.62V kag 12.8V iU 6.75V d@1u995aulvunlamisudaiuuuiidasiinsaaiuan

9N 5.24V 1Hu5.06V way 12,8V 1y 12.5v Fuduluniudeimuade v, =12V + 5% uay

5V + 5% 1@l

HANISVIAABILANTLALAUIT ATINATLTAlUNITINYILTITULDIANADL T UBE NS

WureaautawlasdgnasiliinsdUvafidssniauamanauiiuayunainvig

A13199 2.2 A1LATNIINUNITATUALLIIAULD M NAYBINITRUTASIALUUN 1

feulalnan USIULDNANR 5V WSIRULD WA 12V
Liifilnan 5.24 12.8
Inangagn 2.62 6.75

M19197 2.3 AWEN50UNIATUALILIITIULE IR NAYBINTHUYATIAWUUT 2

(teulalvan WIIFULDIRAURA 5V WSIRULDIANA 12V
Lifilvan 5.24 12.8
Inanasan 5.06 12.5
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un

AANNISYIIU9THAYLUAADULIDSLADSYLUANLTLAAIUD

U af l::id o/ v )
Aefanin1sAtuANUaunaun Ul Ul

3.1 unud

UNTIIEUaNENN15YN91UT8919T WAL UARDULIDS BT YTnANTARILT A Y
mesfiinisauaudeunduiulgugiivas biltledniuau lagazeSursmsvinurenias
' < o o & o as
wdseandu: (1) M3vieuYeasAds (2) n1sMfueaeasaIual waz (3) nalnnisinw

LL‘idﬁULmﬁwm (Output veltage reeulation mechanism)

3.2 RanNN1SNI9IUYDI293TNAIANIAY

L3 & = o o i 1/ at ﬂiq at 2
'Nﬂ‘i'ﬂﬁ"IEJLLUF’]F]B‘L&L'}@5L£‘]8§“U‘Llﬂﬂ'1LUﬂﬂ’J’]ZJﬁﬂ'JEIﬂ'JLEJ\‘] mumiﬂwauﬂamaumu

Vgupiiwazliilgledaauau wansdazui 3.1 2asusznavsiy

JU 3.1 2995maiiag

wiawlamatsuun ueama (S) MANUATUNIUATIITUNIZUEETIRT (Rg) 1ITLINA

Iivameniegiivavenaintie (D, - C, wag Dy, —C,,) Wanmudumu (R,) wia

wawasuua Ussnausiewnaiaugunidnnusey N, niegiidnunusey N, uazunainyig
Fwuseu N, wwalensasniiviiinnidisusiuewwe v, Wnulvan susdsiiuwsaiy

X

0o (ux

LD WATIVAGINYIEY v, sgniounduludnasauau wasmasluguit 3.1 iandluluue

DCM Tunilamurannsaiag nsYinauTaINasaInsakUseanily 3 lvun fad
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o d L] o ar lsl
THLANTTNIIUN 1 ¥291287 dT: NoaWaUINIEULA ?ﬂﬂiﬁUHﬁLLﬁﬂdﬂdzﬂw 3.2(n)

WsaRuBuUNm (v, ) IzanAsenvaaInUgunll nszuavgugdl i wwuiutuesradudiadu

in

a ' w v i a v 'Y =
WsaFuAsENFIAIUVIY Ry astivdudufiadu wanwisaunisi (3.1)
vps = I R (3.1)

wssuwvienihweseaiaiondl (v,) waraeaindie (v, ) danduau duu lales D,

wae D

aux

Jeegluannizluweandu ilnlifinszualualuveaanfioniivazveaintie Tugi
[ .: s L% %] 1 P= [~
1380 ’Lummamwaaamazgna:auag’luwuauﬂaqﬂammm LIIPUNNATDUUREWRLAILUU

QUE] (Vm' = 0)

Y +
Rs VRs
(n)
- @
Vi
+
® "5
= Vps
Rs
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(m)

gﬂﬁ 3.2 ASVIIUYRINITAIANAIUMTIATULIAIN AN

(n) Tvwad 1 (0) lvaed 2 (A) Tvusd 3

Tuuan19919u% 2 Tudaaian 4T : wedwevemiinszia 1asauyauansaagy
3.2(v) wi s uiavaylilundaudaslurisnaivisiuniazgningeand viliussiuwmileni

vowmnuaaIntintInavia asulalen D, uasv D, vslesunisludanseitlaiinszua i

aux

LaeNIseE /

anx

| iy bl = v & ; o =4 "W od
1wa GER R ERNREMICR ) LUEN?}']HWJLHUU'EST\] L HYUIMLANAITRNILNY

I

Uszy G, 3l i, enaaugudneu i, luranaii wssauaseusanumiy Ry A

X

[ € @ '

Wurue LasiissniuAsouNaaWaLanIRIANNISY (3.2)

v

N
Vps = Vg t —F Vo (32)
NZ

Qaux

In3UTN 3.2(9) Liudn usaduwmienimwesvaaiatgazgniindlialeglalan D, louseiu

Vo e EIARLSIRURANASENLOTOR D, WU v, . HAIGIENATST (3.3)

0.aux [21TAN

v zy =W, (3.3)

O.,aux aux N 0
2

IINAUNSIAUIT v, 4, WULSIAU DC Adudndiuduusssiueang Woanaasinisaing

0,aux

NANUREY WY v, JArAsutNAlunisaunaImsaing lngusiau v U9

0,aux 0,aux

ee

gnlaundudnasmuaudeazaduremsvitnusaluluiiden 3.4
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o CI . at d‘ v 1% 1
wuan1svineuy 3 Tugasnan d,T: ‘WaN']U‘V]Eiﬁﬁlﬂu‘lﬁilé}uﬂaﬁwaﬁﬁLL‘UF"IIﬂEJﬂR]']EJ

° ) = ' =
pRNINAUMYA D, Uay D, MgmihnsEud WIsayauaninigun 3.2(a) lugisnaiiinssua

aix

i waz i, enaandumud Funlleniialua (Leakage inductance) vasviioudaswanouun

& aux

ar  ar =4

wislawuud Aua i ulszguele (C,, ) veamaamn usiny vy anasduguaduledaindd

v, + (NI/NE v, lﬂéjﬂl’] Vi

'
= @ .

JUARLILIIAU vyg NIUA 4 UATATELA 1, UAAIRZUT 3.3 2asWaisuunneues

'
o <

waslugui 3.1 vnnuiaudaisdliailagdsuldasiiuagivaniiznsiteueeansas

1 o

AnuiainduziiingeaailovihnuniL B UNRgIEnLaNTTUAIRNAAIER wazAwDaInd

i '
' o <4

HAREALL DY UNLSIRUTUNARIAARALNTERALBIANAZIER UanANTn1TAI Ty

s

L] W a‘ 2 o A a/l - -
Tvie DCM AzdsnaliusawaisududinTzuan usifuaus (Zero Current Switching: ZCS)

U

turebiinfdsgandelunoaualugag Turn on wginssumsinmiautainglinsiuaz

nsdintinszuaguiuandlasranismasdluuni 5
3.3 MANNITVNNIUYDINTTAIUAN

2smuadluguil 3.4 Ysznauma daduniu R, duivdssy C., faenuviu

o

Ry $91UVIU R, viudawas 0, wasdwesialan Z, daudsiideunsoumeldulszhasi

'
o ok

wUsaAn

@

1488 U1ENITINTUTONIVIATUALZIUTYNOUFTIE UIIFU Vg UWIIAU v, WIIFU

v WABLII v, NMINUYeIRTAIUANaNInesuIelanal

WSIAY v AN

0,aux o, (0ux

gadounduandaviaiinavesdiuesialen Z, dusewiu v
UINNIUTIRU breakdown 189Tiuaslalen Z, maont1uN1IvNIUTINAT LIIRURYID"

lunasdiueilalon Z, Wisviunsnasaziiannsaunisy (3.4)

Yy =V 2 20\ (3.4)

X — Co,aix

g v, Aeuswiudivienlunvesdiueilalen Z, Wiguiunsne

X

v, AakswuusnaTiunasduesialen Z,

AR US9AU v, FwdATuBgiuLIwL v, . leah

NAUNISN (3.5) 1UBIINULTIRY v

zl

WSIU v, 0 WHTU U9 v, vzdannutu Tuvendudu 61 v

n,aux

AnNal W3 v, il

a,aux

Aranas luguuesresn1sAIuAy v, luaunisi (3.5) wWisuaisuussdudanaia (Eror

voltage) Fuduraneseninussnulaundu v, ,, KAZLTIAUINBY v

a,aux



h 4

k 4

Y

VRS

Y

Y

o a a [ )
31]?1 3.3 EﬂﬂaUﬂ'ﬁVI']\ﬂU?l'eN'NfﬂiwaﬂEILL‘UﬂﬂE]'LiL’JaiLﬂa‘ﬁﬂquﬁua
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fduvIu R, Ssunu R, wazvsudames 0, Ussnauiuilunanisuiiou
RAVUANBUTWIMTNTINUTINU v WIWRTIUNIY R, AUUSIU v, (HIUFIATUNIU R,

) Idunssiuua-sinnes (Base emitter voltage) U9 MITUTALNDT O, LaARIRIAUNITN (3.5)

Yy = . Vs + o . v, (3.5)
Re+R, ) (Rp+ R,

JUARY v v, LAY v, wandluguit 3.4 aanguaziiuiussiu v, fueduidudnduiv
ves WaY v, 30U TuFBUTIEU v, nannsuenan (Modulate) NUTEMINUTIOU Ve
war v, Wawsiiu v, [T uaufausenau3aviney (Threshold voltage) T8 udaimes
0, #ailUszann 0.7V i mdFawes. @ Avziutinszua dufiuuszasewinine-vesa
(Gate-source capacitance) UedtaanIzQNHAYIIIUTEIIUMLA Vinlruaamavgmiinzua
nsvinureRImafidsfazihdinuanisvinnui 2 lugui 3.2(0)
saawlnazsnhnsziadnadmdmnndanuiazailumiouasnasuualagnin
penlUd1una 10 Ay QiLazunaIn YL ILNNA Tnsanefinasuietulusewinanisviie
Tulvuad 3 *uanwimﬂﬁwﬁ’mamiugﬂﬁ 3.2(m) Wugaantusaiu v, duiulssuaiine

yaalalan D Hauiunsng sdanduulodasiylueg 196 o1t NI 1INLSe Y v

aux aQux

anaYRoLleY TUIMEALSIY v, . AAIAIY Wauswd v, JANNNIILTIRY v,

.Iux

Wnudsza O, sxiugnialszy nnssualvanludivinnuasioamn wsady gate-source
109 YoAMAITIRLAIVUAIUNTEIDWT LTI YU aWag s dia1Uszunn 5V a1ty
a o o o a o 1/ o < -
UpAWMAIZBIUINTTLE N1SVINIUIDINITNIAMEINITE Inaan13¥eun 1 lugui 3.2(n)
annulsey C,, Geetagluanizyrialszaneldlulvuanisyiiaudi 1 wazaveganne

Aav159UsluluannINNUR 2 JUARUWSIIU v, WA ve, UAE WSIIU v wandlugy 3.4

)

3.4 NAlNNSINEILTIALLEIANA

PnANNSA (3.3) Wiuduseeu v, Wudeduduuseu v, asdudaduldleviay

aux

muAuusiy v, laelduswiu v, ., Wunssiuleundu Fmdnmsdenaniduiuifondnues

o (ux

msmuaudeunduinguiinlgluivevinusil

19995V UNNSZUABUN AR IAALAZNIEUAD N HAZIER LAY v, WABLTIAY v,

0,X

zilAtanas NAUNITH (3.4) WS v, .. NARBIILVITIALIIU v, anawIBlaI9INLsIsu

O,aux

o -

v., AP 91naun1sN (3.5) WIwulsuvinuemsuganes O, daiasiuszuim 0.7V

Wsatu v, Aanasdainliusadiu vy fiAgeliu Sruistuliilotsamminszuaunaum
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E‘Uﬁ 3.4 ﬂ'l‘iﬁ’]ﬁ'l‘ld‘ﬂad?&%‘iﬂ'lllﬂll

’;; o 6 1/ & :? 3 as ! as o (= 1 -
Twilinszua i, 299 nalonmsvihaudangngauaasfigui 3.5(n) lnsaingUaziiuide
WsIu v, anas paAdszneu R, /[(Rp + Ry )ves 3eTANNUTWL 197N MIRRUYUVDI v LU
= @ £ R o W& da o
YUZARBINUDIAUTENBY Rp /(Rp + R, ) v, UATIDIRUU 8IINNTANAIVDY v, UUNABLLD
WSITU v, ARANIITAIUALIERBVAUBIlngNIsanLsURaNa (v,) & Wwethlugniaiudy
1931096 lAaLasAINsIadaaTawWeaNs Fmalnnavineiaena iduAd gz Uszaen
yoamsmuautuluuanssia [12/lun1anduiu WenesiauiusInus uNAgIdaLaENTEULA
WOWHARIAR LSISU v, UWATUSIOU v, . ALY 299 TAUALAIT M SIIUATIA UL

0.dux

ar Sa a Y] v @ -
Aunsaiviasunal ity fuansluzui 3.5(2)

Vbe A

¥

(RiR,LR,),-h Vs Jy =V, v]r Vs T

Y
—+

v
—t

5U# 3.5 nalnn1snsinyinssiuenne

(n) Wouswiu v, anad () Weuwsaiu v, HuTy
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audnleaeuazlinisaruaudaundunisniulgund

4.1 unu

UNTLNANMNIT18ALBEAYBII9TAULUUNA U LUAADULIDS IR S TR A LTAA LD

sasnazlinismuantounduniaiulsunil suvaninisesnuuumlsuUamalouuai

Teluraassiunuy lagrsasaunuuiivedivuanialwily (Electrical specification) ¢ail

w396 AC BUNR
W3961u DC Lo716%e
SUUausiue1ive
Aufieindeings
NSTULAL IR

Uszanonw

4.2 1993AULUU

Qs

Vi ae =220+20%V 50Hz
v, =28V + 5%

Ay, <50mV

/5 win = 80KHZ

[, B0 1AE BISA

ep = 15%

Vin,ac

FapY

—— Vin

Rsta rt Dsn ZS

S
Lita r:ZS/ ﬁl Re

Ra

(n)
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()

JUN 4.1 29950k

(n) Schematic (¥) AwaY

J9asPuLuUNAIELUARBUIRTIE TRa M lnn Ll Mg swatlTn1sATUAY
Joundunsenulsuniinanidgui 4.1 293sgnaeniuulivinieuiunssiu AC Bunm

=220V + 20% (176V i1.264V) 318UsI0U DC 100Ne v, = 24V + 5% (22.8V fia 25.2V)

Vin.ac
WarIUNSTUELEIWA i, =0.1A-0.5A Usau AC Bunmazgnisndinsiduusetu DC (vin) lng
2a5UInISnRMGees (D, - D,) wazgnvitiuulaesuiuliey C,

msun R, fanulsey €, waslalan D, Aedsasadulues (RCD Snubber)
gnesnuuulitsstugeairinainussiuiutavae (Transient over voltage) luraiznye
vinszua dadunaunandaniiaatisalva (Leakage inductance: L,) vasnsiauvaiwany
wun wamsslonuudivadiiudssgulmssndsugl (€, ) vemiiaulauazadaiiy

Uszqui (C,,, ) vosmean lnsussiuiuiivazaunsouanslasaunisi (4.1) [13)

0538

L v. (v. +v,)
y - k m\"o f
Vovershoor = ll.ma\ & (q 1)
CP + Cous n

v v =

We v, =nv, RaustnuedwafiazviounduandiunAeniisndsnnuugund

o4 U

s a

n ARdRINAIUIUIUTBUVRAINUTUNIRBYA IRV

U

Aensruaysuniigean

Il.ma:(
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fdum R wazdlueslalen Z,  viwdiiduiess Start up lumausueuiil

t sart

LY =) L. =3 < 3
usesiu v, azdinszualvalugsosuiuyszann-9esa (Gate-source capacitance) vaduad

washudduniu R lesdweslalon z,, vwdweaudusssuiving-gosa (vy) 109

slari
yoawnlalwilaniy 20v ieltesiuanudsunie 2995 Start up azvinuawizludiasuau
Wity denasdiganizas nalamadinssuauarugadinszuavesmeamaanduly

audildasurglaluuni 3 Mdunu R, miseenwuuliAIAIiiET R, C, HAMINAT

St start

AMULIAINISERATUIN 9 (8] FeEunI1Th (4.2)

R C.>T (a.2)

starr ~— GS

]
<

da €, Aedunulszgine-gesausoaiin
o Aearutiantunsaing
2995AUANYSYNBUMIE AIRTUNIY. R, AIGIWNI R, §261UNIU R, #aLAu
Usyy €, niudawes O uazdweilalen z leasazvisumunululuunnszuauay
e aiadlile it uedfuaniuznisinurensnaiinaundaluiite 3.2 uay 3.3
wsaueIanateswatregnasniuuliiler v =135V easusnanatfueslalen z, 3
fAusauLuInn1I v = 12V Sadtumau R, (Sense resistor) iamiiasavdunseuaiiiva

mwhulguiivsenssuaNeamnaizsoAauldaInaun1ed.14) stensgunsaliildluies

AULUULANITINTG1IN 4.1

A19199 4.1 gunsaiilylunsasiuwuy

AT eazidyn Sl
D\-Dy 1N4007 4
Rs 4.4 1/6W 2 (MRUUIUNY)
R 7 22Q 1/4W 1
R 1.8kQ 1/4 W 1
Cocs 0.01pF (X7R) 1
i - 270kQ 1/4W 4 (Feaynsuiu)
R, 33Q) 1/6W 1
Z 1N5242 1
D UF4007 1
R, 100k€2 1/2W 1
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GITUNUS Fwazdun Fnuild

Cix 2200pF 1000V 1
Cn 100uF 400V 1

Ak 470uF 35V 2 (MOUUUALY)
Dy HER305 1
D 1N4148 1
Caie 221UF 50V il
Zatur IN5250 1
o1 2N4401 1
5 STPZNK60ON 1
wilaudad E128 KV Electronic 1

4.3 NTAINIAUDDAULVUINTTAULUU

Ft o1l uan 1318828 8N 13 AT LI INKUUNAIAULUY AT Tme S AL Tunns

onuuUiLAs D

o unuaslaanualtunuuuin EE28 (4, =87.1mm? ¥, =4,297.8mm?)

e AVMREInTEEn [y . = 40kHz

o daTnduTWIUTEUVARINUTUYIRRUAAIANALNN 0 =4

o UsEAVEMIW e, =T75%

o AAMIVUIRUUNaNGaEnluunueslss AB=025T

o uIIUBUNG DC Gil’ﬁejm Vi o = 1765/2V

o Ustfu@WNRTBIURAIINFAELH v, =24V

o UIWULDRWAVBIVRRINGIE v, . =135V

2,aix

o MAUDWNR P, =12W

Inofivunoun1soanuuUAIl
1) AUSITURSVIBUNGY v,

WU WA aziounduansu e giiundnulguniignlid i umiaAiussuy

AnAsaNsBaMavsrEAUINTELALazAAIRlAREIEn ALTsRuasiaunduansaia



mnaumsiﬁ' (4.3)

vV, =nv,

2) endlafagdn D,

anusouleannaunisi (4.4)

Yy

+v

i I

max

3) Aanuwmilenhaudguai £

anusauileanaunisy (4.5)

22
2

| < e_f,'i (vm.mm Drn‘dx )

: z-f;?.rnm R

=Y

4) anszuagnasiluanudsuall 7

u l.max

arunsonilaainaunisn (@.6)

v:'u nm max
]]‘max =y . .
LI-fS.min
5) uauseUMuYguLll N,
auisemleanaunisy (4.7)
Ll
|2 17 1, max
AAB

6) IUIUTOUVBIVARIANAUDIUAL VAR INY Y

ausamlaannaunisn (4.8) waz (4.9) auanau

25

(4.6)
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7) YUINUDIDII190INA (Air-gap)

Mavhauremlsulasatsuuananasanuiawlaslagnalud e dosdzay
wé’qmulvlﬁwmxﬁmmﬂmﬁwm’:LLaLLazahawé’awuiwﬂwa::aulﬁaanhﬂumm:ﬁnamwwqm
UInsEuLa wé’amulﬂﬁ'}ﬁménQﬂaxaulﬂu"daqd'N'mmﬂmmmmmmmﬂaai%awmﬂlﬁmﬂ

AunIsa (4.10)

0'4][1‘! I.max IOR {a 10)
ap = ————— .
&l AAB
8) PNTELE RMS AUYUNE Jip
anusovilaainaunis (4.11)
¢ il
[I‘R«l«"\' 7 ll‘um -;‘_‘\ (4.11)
9) AIUTIFUFIEAANASBUIDANAU HYAUINTEUANTHUA
Ao leainauns (4.12)
de.mu =H V-ﬂ e lVm_m.w {412)
10) AT IIUAEARNASDILALDALBIANG
anunsovlaaInaunas (4.13)
Vs .
diode mux TAT i an (413)
"
11) AWINIUNIUY R,
annsomilanaunis (4.14)
174
R =—o (4.14)

5

I muax

A unnldannannis (4.3) 8 (6.14) wansluaisiad 4.2

AT 1 e MEOLURATS1T 4.2 gniiunivuavuIavesaIntaelinisedl 4.3 lneRansunne

ATINVUILUUNTELE S5A/mm? @15190 4.4 asusivasiduareviisulamaeuuniiaaniuy
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A1579 4.2 ATILAIINA1TAILINNNGERNKU UV BwUaInaTuLUA

RN Adiuaule
v, 96V
1. max 0.482mA
max 0.28%
L 3.5mH
N, 100 89U
N, 25 58U
14 89U
gap 0.11lcm
1, s 0.147mA
— 469V
il 117V
R, 0.22€2

A1574 4.3 ﬂwuﬁuﬁ’uéssijwumé’umquénawwawmmmaxmmalw%

W uRAUENAN Amp Arnp Amp Amp
(mm) 3A/mm? aA/mm? 5A/mm?’ 6A/mm?
0.36 0.305 0.407 0.50 0.61
0.35 0.289 0.385 0.481 0.577
0.32 0.24 0.322 0.402 0.48
0.29 0.198 0.264 0.33 0.396
0.27 0172 0.229 0.286 0.344
0.25 0.147 0.196 0.245 0.295
0.23 0.125 0.166 0.208 0.249

0.2 0.094 0.126 0.157 0.188
0.18 0.076 0.102 0.127 0.153
0.16 0.060 0.080 0.1 0.121
0.12 0.034 0.045 0.057 0.068
0.11 0.029 0.038 0.048 0.057
0.1 0.024 0.031 0.039 0.047
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A15714 4.4 S18aziRsaUsarlawlatialsuuaaanuy

VA IUIUTAU YUNAAIN
Ugundl 100 sau 0.2mm
YR 14 58U 0.2mm
Aol 25 50U 0.36mm

v
a =

dmiunesnIvan awnsamwingunsailanad
e Fweflalen z Fenld IN524 Feflusaiuiusnanid 12v
® GEuvIu R, uay R, ldenlaainaunis (3.5)
® FUAUUTEY C,, faaliAnnin 10xC,, [8] lny €, AoAminugdunavosueain

x I/;) anx hV?\'mzr A o
ANUNSOWALAIN R, | = Ewet \SigRayn [, =lmA

ZCD Zstart

® GWunIY R,

Astart

4.4 As9d3NITNLTAaInIBuUaINaBLUARBULIBSIRRS

as 1 as 3

nsuvaaIeniiailamareuualiunu MdIA YA A 1TAIUANLIIRULENANATDIIITS
funuuatsuupreunefnesuiniiaanuicediemarldmsmuautioundunisdiu
Ugundl n1smuAuLsIfue el uiud i oto1dun swutaaaanaila v liiie
MsfUURsiR s IR giuazunmatie ueinusifnuimaianmiunaiaule

LUaInLANA A Ug D LU UAD

Bobbin Bobbin

w © %) b 3 w w

w = w v = (%] i v o v
S|E|E|E B LE[E ElLEE E|E|E
2|5l =1|2 S| sl 2 2| E 3 = = £
ol S P = P B = =
=jlo|n |o o | Mg ] = ol = [=3 P4 <

: - ' > L = oy
Elels|e o B E El= = | = 2‘
SElas|lo]= =1 =1 B0 I s | € B 2| 3
ZIELI E|E E| E|E|T =1]e 2 = c | =
=5l 5 |E El o LEI'E =] 3 E E <] =
Zlel 8 | ol 0 ol B =132 | = = 2| 3

(n) ()

sUT 4.2 Tassaiensiundaudasmaisuun
(M) AISRULAAIAUUUNIVT

@) NSNULRAIALUUNADY
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1) AISWUTRAIALUUTINT

msﬁ'ummwﬁauﬂmwmmmmmuﬁuﬁmam‘lugﬂﬁ 4.2 WALANISHUYAAIN
LLUUﬁﬂﬂﬁﬂxlﬁﬁuuaﬂiWawLLUﬂﬂauna%tma%ﬁﬁmsmuqumaﬁmnﬁaﬂuﬁ lnganwuens
Wuanfuwuuaduiudeu neduiinilviueiavilsesamaugugil suilesiunasayiond
‘efxuﬁamﬁ’uﬁnﬂ%‘mﬁwawmmmﬂguqﬁ LLax‘z?vuuanamﬁufnmmmhﬂ Tnoseuinesusig 9 Ay

fiwmvauiuiuey

2) mMsRusIRLUUTdeq

nswuvaalanifaulasatsuuaLUUT desnanslugui 4.2(v) Tneduiini siy
vnmaguQll TuiaomiuuaaianAe i waztufiaiiuuaaatie taesewinsdudng q e
miﬁ’umﬂamuﬁu’uagjmiLU%aULﬁUuﬂixﬁm%ma'l,un'13%’m-nLgsaﬁmmﬁwmmamﬁauﬂaaLm'ax

WUULARIs1Eazdealuuninly



U 5

HAN1INNABN

5.1 unin

unilihauenamvedeuistusuTahtulneuansuansinnssiuednaiie
ussuBuwALaEnsELA FRREnsWABULas kamsinsUadunsruaLarussfiuregUnsel
A1 9 Tu2395 HANTIINDUAUDIVBILT I UL NATUAN1IENT T BUN UazNaN1TTRAN
UsednSn1mue 91933
guUnsniuazisesileiildlunisnaass loun

1) Digital Oscilloscope a1 Keysight 51 DSOX3024T

2) Chroma Electronic load $u 63610

3) Chroma Programmable AC source 51 61604

4) High Voltage Differential probe w83 Keysight 3u N2790A

5) Current probe %84 Keysight u 11478

5.2 HANITIAUTIRULIIANA

Oscilloscope

Programmable AC source

o ¢ oy o & o @ o
UV 5.1 9UNIdLaENIIRIALATDINDAIUIUVIINITNAGDY
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mwmaamaaﬁri’{ut.t.uuuamﬁ'agﬂﬁ 5.1 umasaeusssuluWinssuaaduiuy

t,ac

TUsunsula (Programmable AC source) ﬁ’mﬁ’]ﬁii'lmmﬁ'uauwm Vipae =220V + 20% 50Hz

Taasauuuy l1RnavevisuwuuIzgnaedigliiulvandidnnsaingd (Electronic load)

ﬂ; Ver & VB‘JJ 1 = o o s 3
‘VlﬂﬂIU'iLLﬂ‘iiJI“ﬂﬂ\?ﬂixLLﬂL@WﬂWﬁliﬂﬂ\ELLFI 0.1A uny 0.5A MINTIALITIAULDTIANATDI NG

U

Aunuy Weussiuduwanaznzuamwadsuwladly lasussiudunngsgaidnglviy

293581A1 v, =266V Lazadalian v, , =176V luvuzidldannsetdndlvanainszua

@1UAGIAR 0.1A Uaxasdn i, =0.5A nanmsiaussnuAnauandlunsei 5.1 dmiuieas

'
=1

AU livdaudaiuuui 1 (U 4.2 (N) uaga131ed 5.2 dwmiunsesauiuuinlivioudas

LL“UU‘?II 2 (g‘dﬁ a.2 ()

A5 5.1 wan1sianssueanavamlsudainureainiuui 1

NITUA\LTIPUBUNR Vi =116V Vi ae = 220V Vi ae = 264V
I, =048 24.2V 24.3V 24.4V
i, =0/2A 23:8V 23.9V 24,0V
i, =0.3A LONY 222NV 22.4V
i, =0.4A 21.4V 21.5V 217V
i, = 05A 21.2V 21.3V 21.6V

A13197 5.2 HanI5IRUTIAL W WHUBInTiaL AR UUAa 1IALUUN 2

NIEUANLSIAUBUN vy, = 176V Vi e =220V Vi ac = 264V
i =0.1A 24,4V 24.5V 24.6V
i, =0.2A 24.1Vv 24.2V 24.3V
i =0.3A 23.7V 23.8V 23.9V
i =0.0A 232V 23.4V 23.5V
i, =0.5A 23.1V 23.2V 23.3V

NWaNITeaaslunied 5.1 wuireessuwuuilivifoudatiuun 1 Tusiuednanian

I v, =21.6V Nan1zussiulwirdunn v, = 176V waznszuaioianwaluan i, =0.5A

m.ac
wssuaenaldnnannat 5% eliduluaudenivuanisesnuuu (v, =24V + 5%) lu
YULABINY INRAN1IMAABIUAIIIN 5.1 WU RITAULUUT IEmTBUUALULT 2 TAuSIu
OANAGIAALA v, = 23.3V NianzusaiulivBunn v, . = 176V uaznssuaasnnluan

i, = 0.5A usssiuemnannasliiiu 5% Wulumwdedmuanisesnuuy 2asaunuuiildvile
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wasmuudl 2 aunsanuszduussiueidwalddnimfoudanuuil 1 dWewinlassaiie
wifoutasuudt 2 wnantaglsgniuldlndiuuamiend) yilAnnsfUURsiR sz insnain
viaaes lurniziilassadandoutasuuud 1 azLﬁﬂﬂTiﬁ'tJUﬁyaﬁﬁswdwwmamﬂguqﬁﬁu
wnaataswiniy udliiansdlusiinsewiueaaniogifurnaindioidesiniusgvs
fu wan1snaasslunisiedt 5.1 war 5.2 Buduimdfoudasiiil MsdUUAsiAsEnItsunaie
waagﬁua::'ummm*ﬂ'mim’mehﬁ’cgsiamiﬁwmmamﬂ'iwmmmﬂﬂaunaima%ﬁﬂuawa
nansinAudaIntresIFuLUULAndumIT 99 5.3 2INRan1TYIaaBINUINIeas
pauANnE SN sEAULTITuE Wl AsTlasAsumuiinsaindiloussudunauas
nezuao swaUAsuLUadld Tasanmiaindsngainld 39.6kHz Hanizusesulnindunn

Ve = 176V UBZNSZUALDIAWA i, = 0.5A wazaudasgaiale 107kHz anizusasuluii

m.ac

-

BuUNR v, , =264V WASATELALIAWA i, = 0.1A Han1imaaadluaiseit 5.3 udunisvitau

m.ac

FAua AdlAYD92995AUWUY

M15799 5.3 AUDATATTIVULBWUAINAUVAFIALULT 2

NITUALTINUBUNG % P78V Bl = 220N Virae = 264V
i) =0.1A 100kHz 105kHz 107kHz
i, =0.2A 74.5kHz 80kHzZ 85.6kHz
i\0.8A 58.1kHz 64.3kHz 68.7kHz
i, =0.4A 47.8kHz 52.6kHz 56.0kHz
i, =08A 39.7kHz 44.2kHz 47.5kHz

‘
@ ol b

Han13InFURG UA Y IUTAIA Y IBTIRTAULUULANIAIFUR 5.2 wuitguaduitinle

oo tv}

=

nnsveassiidnuvuglndidesfiuguadulugauadlugun 3.4 ndanisinguadulugui 5.2(
n) avwuidonednegludntzinssud usaiy vy Isiuaud nszua b wiudu e
weaaagluan IzvgalInTzua usau vy dziiAUszunn 345V @avinnuusadusune

v as «

UINAUERTIAIUTILIUTBUIARIAUTUNIRDUAAIANRLNLAMAIBUSIAULDIAWA) NTVUE i T¥
Huaud waznszua i, aganad Wenszua 4, anassudugud 29sasiaudnganiizs
Touuud (resonance) dar1Aannienityivaremisulawatswunvsislouuudiu A1es
udszaudiosmaanndsmaliusadiu v, anandusuadulatan 3a5v amwunde 140V
Fulugaiiveamadutinszuadnadmils anuamsinguaaulugy 5.2() ssuiiuiusediy v,
Wuusadu DC usaiu vy Wulsadu Ramp Waswssiy v,, LAAINKIHIY v, LAZLIIGY
ves SIUAURIANAIST (3.5) ilowsei v, AT 0.7V ueawazveatinsswd ua

msingudanalugui 5.2 Bufunguinsviniurensilaesuisliluuwii 3



T W ~
M
: Chlivgg
: \
B .
Ch2: vp
¥ Ch3: i,

il

x-scale: 5us/div
Ch1: 10V/div Ch2: 200V/div Ch3: 0.5A/div Chad: 2A/div
(n)

v

Ch3:v,

A A

. Chd:v,,

x-scale: 5us/div
Ch1: 10Vv/div Ch2: 0.5V/div Ch3: 1V/div Chd: 1V/div
(V)

o ) v
Un 5.2 sUdnq uteInvsauLuy

€a

JUT 5.3 uanawan15ingUARUAYYIULSIN v,y v,

35

WAy vgg AINEWNU ILAUTIUTITY v,

sringeuluanmuslauuudg Weuseiu v, BudaAmnnndt ve,, AUsEanm 8V daufulsey
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vas s o § v w P-4 ‘ &t 1 v a
C., wlisunismsalszgiliusanu v, ety nszuaiiavszaillvaniu funudsey

v s -] v o nl d" dl a1
C.., WilUdwinaveauedn MMLSIAU v WRNZWU WD vy HAUIZINM 5V uoam

zed
¢=' a L Ek; v 1} at iﬂ' A s = s lﬁl o

AIUSINNTENA WU gy IPERTULURMIBIUAIGIDAMITIRTIAY 1y TausaiuEvin
o a a e ad a o W @ i

yaawaan eluingrwusiagn 5v veamanszGuhnseua nansTagudygalugui 5.3

BUSUTIUNUIMYBALTIN v, Tunnsaneusssunnamneyn LaaNmuINsLLd

x-scale: Sus/div
Ch1l: 20V/div. Ch2: 20V/div Ch3: 10V/div

JUN 5.3 udtyynuveniasiuluy

@ o r v & a o v a 4w
NalnNMIINEINSINUD WNATBINATFULUUTBTUElWTITEN 3.3 anunsnduduni
gnsisaldannuanisiaguaduluzuil 5.4 asiuindonasiuwuuUasuan1aznsinanun
annzussulwiBune v, . =264V uaznszua@inng i, =0.1A Wiluussiulnidune

Vipae = 176V UBZNSTUALDIGNA i, =0.5A UsiU v, anasvnuszanu 1.4V lusun 5.4(n)

inac

a1 '

Wuuszanm 0.9V Tuguit 5.4() desaliiusaiu veg Tuguil 5.4(9) fiAnganialugud 5.4n)
WIOY vpg ﬁ%ﬁ‘iﬂﬁlﬂuﬁ’?ﬂﬂ?}”j’maﬁLWG]lﬁﬁ’mi:iLLE?L"TJUL’JEHUWU‘?}’U HaTinIABNTEA |
WWiugeiu dunandeiieiinisdsuulaan1iznisvinnu 1995AUANNEIEWAIUANT &
WEIHWTNWIUTAULDIANG lnen1sanussiudanain (v,) aaLﬁ"aLﬁ'uﬂssLLauaamelﬁqa"ﬁu

FNADUANNITHINIUTBINITAVANLUUNTZLA (Current mode control) HuL4
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Chl: Ves
4
Ch2: v,
iy Chi: v,
_—_ e JA_L._g e .

x-scale: 5us/div
Ch1: 0.5V/div Ch2: 1V/div_Ch3: 0.5V/div

bag

\
i

x-scale: 5us/div
Ch1: 0.5V/div Ch2: 1V/div Ch3: 0.5V/div
()

JUM 5.4 Ude u99995AULUY

UM 5.4 uanman13ingurdudy U Udaus i uieInng Ay, iU IusIiuy
Av, fAUszm 36mV Gaoutandumszinasialdadinulszanueine C, ¥

Aautalug) (C, =940uF)
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Chl: Ay,

x-scale: 10ms/div Chl: 20mV/div

I

s

Jun 5.5 gﬂanujaunu%ﬂL?Jat.rsaﬁuLawéwmmaaaaﬁﬁmmu

';;Uﬁ" 5.5 LAAINANTTI AN IO UL s AUt UYlusasLS uduYh Iy (Startup
performance) sziiiuiniiloButfaunsiiudunn wraduownmsniudunasdndan1isn
svana 20V ndaanaariuludszinm 6 gnadutadnsiy AC Sunauiaysyany 80ms
Tagluiilowvesym (Overshoot) 1ty lumisulidlnaavessnsnarsiuarauiasinedaz
Huresbidnnsaiindlugunsallodise q Fallnwdouluaroussiloniasgn dafunisil
ussuowmaliilonsfgmidmaniivaniisons

a5l sz AN nIwTe 1IsAULULARRISUT 5.7 nelszAnsnmAesnsndu
Adslwidune AC dariidslwi e emea DC 3 nUIztIuIsEansnmgeanuasiansiala
Uszunw 80% ﬁLLiaﬁu"LWﬁﬁuwm Virae = 176V UAZNSEUALDWNA i, = 0.5A WazUszAninw

aandale 43% uswiulWiiBune v, . =264V LaznTEUALDGNG i, =0.1A

v

Chl:v,

Ch2:y,

as

o 9 a o
3UN 5.6 FUdyeuuusanueanaluan1zizuviny
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~%-Vin,ac=176V —+—Vin,ac=264V
100

-~ oo D
(=T e B ]

Efficiency (%)
(=)
=

0.1 02 03 0.4 0.5
Output current (A)

= a a
JUN 5.7 n3USEENSA YB35

bS

v
1
|
e C———
o}
- )
it |
G
| o
|
|
|
t
|
|
|
|
!
WA_"//!’

N A i i

4,-
9
=
(%)
>y

b,

o AN 74l

x-scale: 5ps/div
Ch1: 200v/div Ch2: 0.5A/div Ch3: Ch1xCh2

dl s s o o
JUn 5.8 U e unsuakasusuveseaaluaniziinssuauarngniinssua

guﬁ' 5.8 LLamwan'lﬂ"mgUﬂaa'uﬁ’mwmﬂuLLsaﬁ’u vpg (Chl) nszud i (Ch2) uax
fdslwihveswaainn (Ch3) 9ngUasiuirlbifinidgydevuzueamaEmingzua (Tun
on) {1839179358N15919URUY Zero current switching (ZCS) ﬁwé’qwungtﬁﬂﬁmﬁm%’u
Tuvmzuaaangninszua (Tum of) windu nsvieuiuy Z¢s dadudalduioures

1ITWA L UATIUIEUD



Fnertinutilmitauesasnatsuuaraunesmestilanndennudniuauelauly

=i s

nsauandaundunieaulgugil dlawdeuiisuivissaisuuaiiaunsod i
fuFueiuuaiuildnsteundunsiunient 1esiiausldswaugunsaitoonds
ieannladdmnstoundunisinuyient Sesznausie 19suenermuianaauazeey
TafUwasieanlirsesiiauaduluuvdsgromadslniiifsuyusiiegnauiaga luraesi
Yaue USIAUDIANATDIAAINTIY (v, ,, ) INLTTUFMIMsTaunduuunswiuednavas
waIanienil (v,) Faldlureasrain wadenisaruaunssduownan1aday (Indirect
output regulation) fanaas awasanszyildidesainissiuednaveweatndedaniy
dodruiunssiuioinaawaaaasgl adalsinunismuauazivssavsuaiionie
wamansuueiinTsaluisinssuitemayiogiitazunaindis asnnisnaassluaing

- v ' ] B ol P =
7 5.1 uag 5.2 uanslisiuimleaulamarsuuaiiviuunamtuwuuias slusun 4.3 anse

' 2 '
= W a =

muALLs U ANAlAIlAFn I L UTIvis dulunsiuaiauuunaesidunnsdwmivld

. .
i

funismauauteunausiulgugd Tusgiarsiuraalaunuuiinidaminsd miuldiunis

aruautlaundusuviisnll nanimaaedlun1sng 5.3 Guandliiiui NaTFULUUYIIUY

audaiadlumnilavunladlaedaluslfinaenan1iEnisyiniIuUe 43995 lagAuaaing

A1aniian 39kHz L1919 IVIITUARTWUBUNRF AR (v

in,ac

=176V) KRN TLLALDIMNAGIAR

a1

i, =05A) uazal1uiaIndgeaniag 107kHz 118299 IW1ITUAUTIAUBUNA

o 1

'
(3 o = ol

=264V) uaznszualemnAR1dn (i, =0.1A) nansingUnaudyyinluims

. 1

(
auan (v

in,uc

L4 [

FunvunuiigUadudyniunialdlugil 5.2 < 5.4 anandasiusUadUdyy IV uii
wandluguil 3.3 Fuduniosdusuimdnnisiisutosasiunuuieduieluund 3 4
Agneies uonantnanisnassluguit 5.5 - 5.7 Swansliifuinesduuuuiiius iy
wwwasuila (av,) i1 wseiuerdnavazuviaubliflenasyn fusvansamaedn
Uz 80% uaziinisvhadiutuu Zero current switching waivaaamniELtINTYua
nansUFouliisusimduyuasialsuuaneuIasnasiiaueiulesuLuY
Fuinuanslunnsed 6.1 uay 6.2 ARy zwuineesidiausifunusenisgnnin
2suuUsLANUsTna 6.14 vv laesagunsallunisnededaainiu Electronic source

wazund@usInmwugnangunsainelulsemalng
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ci 1/ ! 1 - © = ﬂil v @ 4
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A Self-Oscillating Flyback Converter with Primary Feedback

Control

B. Khemmanee ' and C. Bunlaksananusorn'

Abstract - Due o #s simplhiaty and low component cownt, a self-oscillatmg flvback converter is
an ideal topology for cost sensitive applications, such as mobile phone chargers and awxiliary
power supplies. To regulate the output vollage, the conventonal self-oscillating fvback comverter
employs a secondary feedback current mode control scheme whose major components include a
TL431 eror amplifier and opfocoupler. These two components nonetheless contribute
significantly to a total cost of the self-oscillating flvback converter. A further cost reduction can be
achieved, if the ervor amplifier and optocoupler can be eliminated altogether. This paper proposes
a self-oscillating flvback comverter with primary feedback control. In the proposed converter, the
error amplifier and optocoupler are replaced by a Zener diode, and the output voltage from the
awxiliary winding is used as a Jeedback variable, instead of the actual output voltage from the
secondary winding. In the paper. the aperation of the proposed converter is described The
prolofype vonverfer operaling from a 2201 AC main and producing an output of 24V/0.54 is
Jfabricated and tested Experimental vesults are presented to verify the converter performance as
well as to validate the principie of operation. Copyright © 2009 Praise Worthy Prize Sr.l - All

rights reserved

Keywords: Flvhuck Converter, Self-Oscillating Flyback Converter, Primary Feedback Controi

Nomenclature

IDC input vohage

AC input vollage

oulput voltage of a secondary winding
output voltage of an auxiliany winding
voltage across a sensing resistor
base-emitter voliage of a transistor Qy

anode voltage of a Zener diode Z, with respect

to ground

cathode voliage of a diode D, with respect to

ground
break down voltage of a Zener diode 7,

gate-source voltage of a MOSFET switch
drain-source voltage of a MOSFET switch
voltage across a capacitor Coy

npple output voltage of a secondary winding
mduced voltage of a primary winding
mduced voltage of a secondary winding
induced voltage of an awsiliary winding
primary winding current

secondary winding current

auxiliary winding current

Manruscript recelved Jannary 2007, revised Jannary 2007

output current

number of turns of a pnmary winding
number of wrns of a secondary winding
number of turns of an auxiliary winding
tme duration when a MOSFET 1s tumed on
ume duration when a MOSFET is tumed off
4a.T tume duration when resonance occurs

PHAL  pulse width modulator

CCM  contnuous conduction mode discontinuous
DCAM  conduction mode

B LA - A
LN

L Introduction

At present, there is a high demand for a low power
switched mode power supply in modem portable IT
devices such as, smart phones, laptop computers, etc.
These devices require a power supply, or an adaptor, to
draw electric power from the AC mai for operation and
battery charging. The product portability requires that the
power supply must be small and lightweight. At the same
tume. the intense market competiton demands that the
power supply must be inexpensive and reliable. A flyback
converter [1, 2] is an wdeal candidate to meet all these
requirements. The flvback converter has a simple circuit
structure and low component counts, making it compact,
mexpensive, and reliable The circuit also includes a

Copprighs € 2007 Praise Worthy Prize Sr.i - All rights
reserwed
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high-frequency transformer which provides a voltage step
up/down transformation and electrical isolation between
mput and output, making 11 well suited for off-line
applications. The flyback converter can operale m
Conunuous Conduction Mode (CCM) or Dhscontinuous
Conduction Mode (DCM). For low-power applicauons,
the DCM operation 15 preferred due to the smaller
transformer. ease of control loop compensation, and
superior dynamic response compared with the CCM [3]
Moreover. the flyback converter can operate with a
constant or variable switching frequency. With the
vanable requency operation, zero voltage or zero current
switching can be realized. leading to an improved
efficiency over the constant frequency operstion (4]
However. a major drawback of the variable frequency
operation is the difficulty n filter component design In
the Iiterature, vanious aspects of a flyback converter have
been studied The modeling and control design of a
flyback converter are dealt with i [5, 6] for constunt
frequency, and m [7-9] for vanable frequency. The circuit
simulation and related issues are addressed n [10, 11]. The
current research trend focusses on the adoption of (lyback
converter 10 improve power factor in LED driver [12-14].
Typically, the flyback converter s required to deliver
a constant voltage to a load. To achieve this, feedback
control is normally emploved to perform outpu
regulation, with current mode control [15] being the most
commonly used technique. The current mode contral m
the flyback convert can be implemented using dedicated
control Integrated Circuits (IC) [16-19] or usmg only
discrete components [20] The latter mplementation 1s
often referred 10 as a self-osallaung {lyback converter.
Without the control IC, a cost of the converter is lowered
considerably  Therefore, the  self-osciilating  flyback
converter 1s an ideal solution for cost sensitive
applications, such as mobile phone chargers and awahary
power supplies. The conventional self-oscillating flyback
converter [20] is shown m Fig. 1. The output vollage, v,
on the secondary side is fed back to the TL431 emor
amplifier. through the resistive divider. Ry, and Ry, The
differcnce between the sensed output voltage and the
intemal reference voltage of the TL431 is amplified and
reflected through the optocoupler to the primary side as
the error current, #,. The error current is then compared
with the switch current, 15, at the Pulse Width Modulator
(PWM) implemented discretely using Q. Ry, and R,
The MOSFET switch 1s tumed off when 15 is equal to i,
and is tumed on sometime after energy stored in the
flyback transformer s completely transferred to the
sccondary and awaliary windings. Hence, the self-
oscillating {lyback converter operates in Discontinuous
Conducion Mode (DCM), with a vanable switching
frequency. The secondary feedback current mode contral
scheme 1n Fig. 1 relies on the optocoupler to provide a
complete electrical 1solation between primary and
secondary sides, and the TL431 error amplifier to
generate  the error  signal  However, these two
components contribute significantly to a total cost of the

Copyright © 2007 Praise Worthy Prize Sri - All nights reserved

Fig. 1. Conventional secondary feedback self-oscillating flyback
conventear

Fig 2. Proposed self-oscillating flybuck converter with primary
feedback control

self-oscillating flyback converter A further cost reduction
can be achieved, if the optocoupler and TL431 error
amplifier can be eliminated altogether

This paper proposes a self-oscillating flyback converter
with prmary feedback control shown m Fig. 2. where the
optocoupler and TL431 error amplifier have been
removed and replaced by the Zener diode Z;. In the
proposed circuit, the output voltage fram the awdliary
winding, v, - is used as a feedback varable, mstead of the
output voltage from the scoondary winding, v, @ in the
conventional circuit. By analyzing the ideal flyback
converter, it can be shown that v, 15 related to v, as
Vosa = (NawNohv,, where No/N- is a tum ratio of the
auxiliary to secondary windings. Since v, .. 1 proportional
to v, it is possible to regulate v, by using v_ .. as a feedback
vanable. This indirect cutput voltage regulation is a8 main
feature of primary feedback control [21-23] adopted in the
proposed converter. By comparing the proposed circuit in
Fig. 2 to the conventonal circuit in Frg 1, it can be
appreciated that the primary feedback control has led 0 a
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considerable cireut simplification and hence cost saving
The reminder of tlus paper s omamized as
follows. Section 1l describes the operating principle
of the proposed converter. Section Il provides the
details of the prototype converter and  transformer
winding structures Section [V presents expermental
results. Finally, the conclusion 1s drawn in Secuon V

II.  Converter Operation

fo facilmate the explanation of how the proposed
converter in Fig 2 works, this section s subdivided into
(1) power circunt operation, {2) control circuit operation,
and (3) output volage regulation mecharusm

IL1. Power Crrewit Operation

A power circuit of the proposed converter 1s shown in
Fig. 3. It consists of a flyback transformer, a MOSFET
switch (5). a sensing resistor (Rg), recufier cucuits (ID;-
Cy and Dyu-Cua). and a load resistances (Ry). The
fliyback transformer contains the priunary, secondary, and
auxihary windings with a number of tums N;, N, and
N respectively The secondary winding provides the
output voltage. v supphied to the load. Meanwhile, the
output voltage from the auxihary winding, v, ... 15 used
as a feedback signal o the control circuit The power
circuit in Fig. 3 operates in Discontmuous Conduction
Mode (DCM). In one switching cycle, its operanon can
be divided into 3 stages as follows.

Stage I: During the ume interval dT. S is tumed on
The equivalent cuewt 15 shown in Fig 4(a). The input
voltage, v, 1s applied across the primary winding The
pnmary current, i increases Linearly with a slope & idr
viJL;, where I 15 an mductance of the primary winding.
The voltape across Ry also increases linearly expressed by

Vi =4 Re ()

Due 1o the dot polarity of the secondary and auxiliary
windings. both v. and v... sre negative, causing D, and
D, to be reverse-biased Hence, there 1s no current flow
n the sccondary and auxilsary windings (i-= 0 and i, =
0). Duning this mterval, energy 15 stored m the flvback
ransformer The voltage across the MOQSFET switch is zero
(v = Q).

Stage II: Duning the ume interval d, T, S s med off.
The equivalent circunt 15 shown in Fig. 4(b). Energy
stored in the [lvback transformer from the previous
nterval s discharged. causing a reversal of voltage
polanties on all windings Hence, D, and D become
forward-biased. ¢ and 1., start 10 flow. As encrgy is
being released from the flvback wansformer, both i, and
In, decrease lincarly. Since Cu 18 much smaller than C,,
15 (alls W zera before ;. During this mterval, the vohage

Copyright € 2007 Praiswe Worthy Prize Srl - All nghts reserved
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Tig. 1. Operation of powa circuit in one switching cycle
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across sensing resistor s zero (ves = () and the voltage
across the MOSFET switch s given by

Vi =¥, 4 -’—-_-4\‘.,‘ (2)

As seen in Fig 4{b). the mduced voltage on the auxihary
winding. v, is rectified by D, to produce v,
Neglectmy a voltage drop across Deg. v, 15 given by

(3)

It becomes clear from (3) that v, 15 a DC volage
proportional to v, Due 1o a high switching frequency.
V. . 1s relatively constant over one switching period. It s
used as a feedback voltage 10 the control circuil whose
operation 15 described m the next section.

Stage HI: Dunng the ume mterval d,T, energy stored
n the {lyback transformer is completely transferred 10 the
secondary and auxiliary windings. D and D, are tumned
off. The equivalent circwt is shownn Fig. 4(¢) During
this nterval, i and i, are zero. A leakage inductance of
the flyback transformer is resonating with a parasitic output
capacitance, C,,,, of the MOSFET switch. As a result. v-;
drops smusoidally from v+ (N /AN, towards v,

The waveforms of v, i, and i; are depicted in Fig 5
The flyback converter in Fig, 3 operates with a vanable
swiiching frequency, depending on the operating
condtion. The converter's swiiching {requency 15 highest
at the maximum mput vollage and minmum output
current, and lowest at the mmimum mnput voltage and
maxmum output current. Furthermore, due to the DOM
operation, the MOSFET switch 1s always turned on at
zero current (1¢. zero current switchme), thereby no
switching loss at turn en. These facts are illustrated later
by expermental results in Section IV

112, Comrol Circuit Operation

As shown i Fig. 6, the control circuit comprises of
R Coct. Ry, Ry, Qy, and Z;. In the figure, the vanables
surrounded by a dashed box, 1¢ ves Wi, v, and v, plays
an important role in the operation of the control cirewt,
which can be described as follows.

Starung from the awxahary winding. v ... 1s fed back to
overcome v, which 1s a break down voliage of the Zener
diode Z,. The voltage v,. which is the anode volage of Z;
with respect to ground, can be expressed as

LA *
Since vz, is constant, v, thus depends on v, .. [ v, . is
increased. v, is also increased and vice versa. From the
feedback control pont of view, v, in (4) can be perceived
as the error voltage, which is a difference between the
feedback voltage, v, ... and the reference voltage, v,

Copyrighe © 2007 Praise Worthy Prize Sril - All nghts reserved
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The components R, R and Q constitute a PWM
comparator. Through Ry and R,, vgs is summed with v,,

producing the base-emitter voltage of Q,:
‘R/I ‘RF
- ' ; 5)
Yo (RF+R,,)'”+(RF+RA)" ¢

Since wgs is the ramp voltage representing the
primary current and v, is the error voltage which 1s
the DC quantity, vs, in (5) therefore has a wave shape of
the ramp voltage superimposed on the error
voltage. The waveforms of v, vgs and v, are shown
in Fig. 5. When v, reaches the threshold value of
approximately 07V, the transistor Q, is tumed on
discharging the gate-source capacitance of the
MOSFET switch This immediately causes the
MOSFET switch to tum off and the power circuit
enters stage I1 in Fig. 4(b).

The MOSFET swiich is tumed on sometime
after energy stored in the flyback transformer is
completely transferred to the secondary amd auxiliary
windings. This happens during the stage [II of the
power circuit (Fig. 4(c)). During the stage III. the
voltage v,, which is the cathode voltage of D, with
respect to ground, becomes increasingly positive as v,
drops sinusoidally while v, ., is relatively constant.
When v, 1s greater than vey, the capacitor Coq is
charged and the resulting charging current flows into
the gate of the MOSFET switch. This canses the gate-
source voltage, vgs of the MOSFET switch to
increase. When v reaches the threshold value of
approximately 5V, the MOSFET switch is tamed on and
the power circuit operation enters the stage I in Fig.
4(a). C.,y continues to be charged during the stage |
and is discharged during the stage II. The waveforms of
¥, Vo ANd vgcare shown in Fig, S.

11.3. Owtput Voltage Regndation Mechanism

As shown in (3). vaa, 18 proportiomal to v, It is
therefore possible (0 regulate v, by using v,a. as
a feedback voltage. This is a concept of pnmary
feedback control employed in the proposed converter.

Al the mummum input voltage and maximum
output currerd, v, and v, ., are decreased. From (4)
the lower v, ... results in the lower v, as v, is constant.
From (5), because the value of v, to switch on the
transistor Q, 1s fixed a approximately 0.7V, the lower
v, means that vgs must be higher, which can occur only
when the MOSFET switch i1s tumed on longer to
increase the peak pnmary cument ;. The described
mechanism is illustrated by the v, waveform in Fig,
7(a). It can be seen that when v, 1s decreased, the
component [R,/(Rg+R, Jvge 15 increased due to the
increase of vgs whereas the component [Ry/
(RptRyl v, is decreased due to the decrease of v,. In
other words, when v, is decreased, the control circuit
reacts by lowenng the error voltage v,
which subsequently leads to the increase in the
MOSFET switch's tum-on time and the peak primary
cumrent. This

Copynight © 2007 Praise Worthy Pnze Srd. - All nghts reserved

regulation mechanism is a unique characteristic of peak
current mode control [15].

On the contrary, at the maximum input voltage and
mimmum outpul current, v, and v, 5. are increased. The
regulation mechamsm would operate in an opposite
manner as shown in Fig. 7(b).

Vie -~ F R,
oV

Ve v dearased = v, marased. vy, deareased

v —

>t

(a)

Vie 4 v, increased = v, decreased, v,, mereased

Fig. 7. Output regulation mechanism when:
() ¥, is decreased and (b) v, is increased

II1.  Prototype Converter

(b)

Fig & Prototype converter:
(a) circuit schematic and (b) photo
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A prototype converter 15 shown in Fig 8. [t has been
designed and fabricated by the authors for use in the
experiment. The converter is operated from & single-
phase S0Hz AC supply with the RMS voltage v, .. =
220V 4 20% (ie. 176V to 264V), and produces a DC
output voltage v, = 24V The converter’s output current,
i, can vary from 0.1A to 0.5A As shown in the circuit
schematic in Fig 8(a), v, .. is rectified by the diode
bridge rectifier (I),-D,) to obtain a DC input voltage, v,
supplied to the proposed converter circuit

An RCD snubber circuit, compnising R,,. Coo. and Dy,
1s emploved across the primary winding to prevent the
MOSFET switch from a transient over vollage caused by
the transformer’s leakage inductance during tum-off. A
resistance R,,, and Zener diode 7., work as a start-up
circuitt When v, 1is first applied. a gate-source
capacitance of the MOSFET switch 1s charged via R, t0
the clamp voltage set by Z,.. sallowing the MOSFET
switch to tum on. Once switching action begins. the
influence of the start-up circuit must be ceased so that
thereafier the MOSFET switch is tumed on by the
voltage v, as described in Section I1.2. For this reason, the
start-up resistor must be chosen so that the ime constant
RuwCas 15 much greater than 8 switching period, Le.
RewiCas =2 T, where Cay is the gate-source capacitance of
the MOSFET switch and T is a switching pertod.

The control circuit comprises of R4 C.s Re Ry, Q)
and Z; Together, these discrete components implement
the operation of a peak current mode control with a
vartable switching frequency as desaibed in Sections 11.2
and I1.3. The component values used in the prolotype
converter are listed in Table I The Zener diode Z, uses
IN5242, which has a break down voltage of 12V. The
sensing resistor uscs two 4 401 resistors connected n
panallel, giving the total sensing resistance R = 2.200
The output capacitor uses two 470uF electrolytic
capacitors connected in parallel, yvielding the total output
capacitance C; = 940uF. The start-up resistor uses four
270k1 connected I series, resulling m the total
resistance R, = 1.08M(Y The large value of R, is
required to satmsfy the condiion RewiCos ~ T.

The flyback transformer 1s constructed using the gapped
fernite core EE28 MB4. The mumber of tums of the primary,
secondary, and awaliary windings are N; = 100, N; = 14 and
Naa = 25, respectively. The copper wire diameter of the
primary winding 1s 0.2mm, the secondary winding is 0.36mm
and the auxiliary winding is 0.2mm. The transformer plays a
vital role n outpant voltage regulation of the converter. For
the feedback voltage v, .., to accumately represent the output
voltage v.. 1€ Voan = (Mao/Nav,, 8 good coupling between
the secondary and awaliary windings 15 essential. In this
work, two transformer winding structures shown in Fig, 9 are
considered and experimented. For the winding structure in
Fig %a), the secondary winding s placed in between the
primary and awaliary windings. This winding method is
referred herem as the sandwich winding because the
secondary winding is placed in the middle between the other
two windings, For the winding structure in Fig. (b}, half of

Copyright © 2007 Praise Worthy Prize Svl. - All nights reserved

the pnmary winding is placed in a first layer, the secondary
windings in a second layer. another half of primary winding
n a thind layer, and the awaliary winding i an outer most
layer This latter winding method is referred herein as the
interleave winding The effect of the transformer winding
structures on the output voliage regulation of the converter
1s presented n the next section, along with the
experimental results of the proposed converter.

TABLE1
COMPONENT USED IN THE PROTOTYPE CONVERTER
ltems Description Units
DrD: 1N40O? 4
Rs 140 1/4W 2 (paraliel}
Rr 220 14W 1
Rest 18kQ 1AW 1
Coed 001uF X7R 1
Ropee 2T0kQ 1AW 4 (series}
Ra BQ 4w 1
Z; INS292 1
Dea UF4007 1
Rin 100k$2 | 2W 1
T 2200p¥ 1000V 1
Cs 470pF 35V 2 (parallcl)
D HER30S |
Dz INd 148 1
Gl 22pF S0V I
Zosarr IN5250 i
S STP2ZNK6IN 1

Fig. % Transformer windings:
(a) sandwich structure and (b) interleave structure

International Review of Blectrical Enginerring. Vol
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IV. Experimental Results

Fig 10 Expenmental setup

Experimental setup 1o measure the performance of the
proposed converter 1s depicted m Fig 10 The programmable
AC vohage source was employed to produce v,,,. = 220V +
20Pe supplied to the prototype converter The converter's
output was cornected 1o the electronic load programmed to
draw 1. = 0. 1A 10 0.5A The output voltage of the prototype
converter was measured at different iput voltage and output
current conditions. The output voltage measurement results
are shown in Tables Il and [Tl It can be seen that when the
operating condition is changed from the maximum input
voltage (v, , = 264V) and nmmmum output current (1, =
01A) to the miumum input voltage (v,... = 176V) and
maximum output curent (1, = 0.SA) the output voltage
drops from v, = 244V to v, = 21.2V in the case of the
prototype converter with the mterleave winding transformer,
and from v, = 246V w v, = 231V mn the case of the
prototype converter with the sandwich windmg transformer
Obwiously, the latter has the better output voltage regulation
than the former The reason the sandwich winding 1s superior
10 its mierleave counterpart because, as shown m Fig %a),
the sandwich winding layout allows the secondary
winding be placed next to the awaliary winding. hence
resuling m a good coupling between them On the
other hand, the interleave winding layout m Fig %(b)
only yields a good coupling between the prnmary and
auxihary windings, but a poor coupling between the
secondary and auwxibary windings These companson
results reaffirm that the transformer with a good coupling
between the secondary and auxihary windings 1s  vital
for the successful operation of the proposed
converter Due¢ to s superior performance. only the
results of the prototype  converter  with  the
sandwich  winding transformer are presented from here
on

The switching frequency measured from the
prototype converter 1s shown an Table TV As the
control circuit attempts  to  regulate  the output
voltage, the switching frequency 1s vaned automatically
throughout the converter’'s operaing conditions  The
switching frequency 1s mmmumum (39 6kHz). when
operating at the mimmum input voltage (v, = 176\)
and maximum output current (2, = () SA)

Copyright © 2007 Praise Worthy Prize Srl - All rights reserved

TABLE
OUTPUT VOLTAGE OF THE PROTOTYPE CONVERTER WITH THE
INTERLEAVE WINDING TRANSFORMER
g e Vg = 176V Yog g = 220V Vigg = 264V
L =01A 42V 243V 44V
L =02A 238V 39V 4.0V
i = 03A 2V 22V 224V
.=04A 214V 215V 217V
= 05A 21.2V 213V 21 6V
TABLE Il

OUTPUT VOLTAGE OF THE PROTOTYPE CONVERTER WITH THE
SANDWICH W INDING TRANSFORMER

W . Vg o = 176V Vi o = 220V Voo = 264V
i, =01A 244V 245V 246V
i, =02A 40V 242V 243V
i, =03A 3.7V 238V 139V
1= 04A nwv 234V 235V
i, = 05A 3.V 232V 233V
TABLEIV
SWITCHING FREQUENCY OF THE PROTOTYPE CONVERTER WITH THE
H WINDING TRA?
L Vs v g = 176V Vig g = 220V Voo = 264V
o= OIA 100kHz 105kHz 107kHz
i =02A 74.5kHz BOkHz 85 6kHz
o =03A 58 1kHz 64 IkHz 68 TkHz
fo=04A 47 4kHz 52 6kHz 56 4kHz
f, = 08A 39 TkHz M 2kH2 A7 SkHz

The switching frequency 1s maxmum (107kHz). when
operating al the maximum nput voltage (v, ,. = 264V)
and mmimum output current (1. = 0 1A) The results n
Table IV clearly confirm  the vanable switching
frequency nature of the proposed converter

The mportant  waveforms measured from the
prototype converter are shown i Fig 11 It can be
seen that these expermental waveforms closely
resemble the 1deal converter waveforms m Fig 5 As
seen in Fig 11(a). when the MOSFET swich 1s
tumned on. v 1s zero and 7, 1s ramping up. When the
MOSFET switch 1s turmed off. vie becomes ¥, +(N,
Novo (re 345V) 1 1s zero and 7. 1s ramping down
When 1- becomes zero, the converter enters the resonant
stage (Fig 4c)). in which a leakage mnductance of
the transformer resonates with a parasitic capacitance of
the MOSFET = swich Consequently, vp. drops
sinusoidally from 345V to about 140V, at which the
MOSFET switch 1s tumed on As seen m Fig 11(b),
v, 15 & DC volage. representing the emor between
V. s and vz - Meanwhile, vg: 1s a ramp volage,
representing the primary current 7, v, and v are summed
together 1n accordance with (5) to produce v,, It can
be seen that, when v, reaches a threshold value of
about 07V, the MOSFET switch 1s tumed off The
results in Fig 11 venfy the converter's operating
principle described in Section [1

Fig 12 shows the waveforms of v, v, and vs:
The voltage v, starts to increase during the resonant
stage mFig 4(c) As can be observed in the figure,
when v, exceeds v.. at approximately BV, the
capacitor C,4 1s charged and therefore v, starts to
increase The charging current flows into the gate of the

MOSFET swr When
Ry WV&W@ ;P,Mm&uwlﬁi n:ar
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(b) x-scale. Susidiv
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Fig 11 Waveforms of 1he prototype converter operting at
V- 176V and i~ 0 SA
- s i

| O

x-scale Spsidiv
Thl: 20Vihy, Ch2: 20Videy, Ch3 1OV div

Fig 12 Waveforms vwy, o and vig of the proaotype converter
oporslng st v .~ 176V and L - 05A

about 5V, the MOSFET switch is mmed on. The result in
Fig. 12 confirms that the veltage v, plays an important
role in supplving the gate voltage to tum on the MOSFET
switch.

Next, the output rogulabon moechamism descnbed m
Section [1.3 15 validated as shown in Fig 13 When the
converier's  operating  condition 1s  changed from  the
maximum input voltage (Ve = 264V) and minimum output
current (4, = 0.1A) to the mmimum input voltage (V. =
176V) and maxamum outpul cument (i, = 0.5), the emor
voltage v, has reduced from about 1.4V in Fig, 13¢a) to about
0.9V in Fig. 13(b). Dictated by (3). the lower v, in the latter
operating oondition results in the higher vy seen in Fig.
13(b). The higher vgy is an indication that the MOSFET

Copynght © 2007 Praise Worthy Prize Sl - All rghts reserved

e w
|
1
i\ Chl vy
| Ch »
. | Chd oy,
— e o~ —~ —~

() x-xcale Susidre
Rl 0 SV, Ch2 1V e Ch 0 SVadae

b W EET N
a
-1
c
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Chl. 0.53V/div, Ch2 | Vidiv, Ch3. 0.5Vidiv

Fig 13 Waveforms ves, v, and vi of the prototype convarter operating
At (2) Viear = 264V and 1.~ (L1A and
(B} Vs 7 176V and iy = 0.5A

switch has been tumed on loager and hence the pnmary
current iy has become larger. In summary. when the
operating condition is changed, the prototype converter
has exeried a corvective action in attempt to keep the
output voltage constant by loworing the crror voltage so
as to increase the peak primary current. This action is an
inherent regulation ch istic of peak current mode
control.

The npple cutput voltage, Av,. measured from the
prototype converter is shown in Fig 14. Since the time
scale is set at 10ms/div, both the high frequency component
duc to the converier switching and low frequency
compaonent (1.c. 100Hz) due to the line roctification can be
abserved from the Av, waveform. Oversll, the peak-to-peak
ripple voltage is measured to be approximately 36mV.
The prototype converter is able to achicve this low ripple
output voltage due to the large output capacitance, i.e. Cy
=040 pF.

The start-up performance of the prototype converter
is mcasured as shown in Fig. 15. When the AC input
voltage 15 applied to the prototype converter, the
output voltage starts to rise and eventually reaches the
sicady state valuc of 24V, after about 4 AC cycles or 80ms.
The start-up output voltage has no overshoot which
is very desirable. The output voltage overshoot. if
cxisted and uncontained, could pose a problem for,
of even destroy, the load which is normally an electronic
circuitry in the end user device.

Internanonal Review of Electrical Engineering, Vol
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Fig 14 Ripple nutput vollage of the prototype converter operating at
¥ao - 176Vand . = 0 3A
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Fig 15 Star-up performance of the prototvpe converter apoating ar
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Fig 16 Efficiency of the protatype converter
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Fig 17 Voltage, current and power waveforms of the MOSFET
switch
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The efliciency of the prototype converter. which is a
ratio of the measured IDC output power to the measured
AC input power. is shown in Fig. 16. The prototype
converter has the maximum efficiency of about 80% at
the minimum input voltage (¥ = 176V) and maximum

output curreat (i, - 0.5A). and the minimum efficiency of

43% at the maximum input voltage (v, = 264V) and
mmimum oulpul current (i, = 0.1A) The minimum
elliciency occurs at the minimum output current (i, -
0.1A) because the converter's losses become dominant
when the output power is low. Also, as shown in Table
[V. the converter's switching frequency 1s highest when
operating al the maximum input voltage (v, = 264V)
and minimum output current (i, -~ 0.1A). Losses
associated with high frequency operation could be
another contributing factor for the lowest efliciency at
this operating point.

Fig. 17 shows the voltage (Chl), current (Ch2), and
power (Ch3) waveforms of the MOSFET switch, [t can
be scen that there is essentially no power loss when the
device is tumed on, due 1o zero current switching. The
switching loss only exists when the device is tumed off.
due to an overlap between the voltage and current. This
favorable wm-on condition, i.¢. zero current switching. is
considered as an advantage of the proposed converter.

V. Conclusion

In this paper. a self-oscillating flyback converter with
primary feedback control has been proposed. Compared
with the conventional self-oscillating flvback converter.
the proposed converter has fewer component counts duc
to the omission of the crror amplifier and optocoupler,
thus providing a truly low cost solution. In the proposed
converter, the outpul voliage from the auxiliary winding
(Voom} was usod as a focdback vanable, instcad of the
actual output vollage from the secondary winding (v,).
This mdirect output voltage regulation was possible due
ta the proportionality between v, .. and v, However, the
cffectiveness of primary feedback control depended on a
good coupling between the secondary and auxiliary
windings. It has been experimentally proven that the
sandwich winding transformer in Fig. 9(a) yielded the
better outpul regulation than the interleuve wmnding
transformer n Fig. 9(b). The former winding method was
thus well suited for primary feedback control. The
experimental results also shown that, as the control
circuit attempted 1o regulate the output voltage. the
switching frequency was vaned automatically throughout
the converter’s operating conditions. In the experiment, it
was found that the switching frequency ranges from
39.7ki1z to 107kHz. The maximum switching frequency
occurred at the maximum input voltage and mimmum
output current, whereas the mimimum  swilching
frequency occurred at the minimum input voltage and
maximum output current. Furthermore. the wavefonns
measured from the prototype converter in Fig. 11 to Fig. 13
were consistent with the theoretical wavetorms m Fig 5

International Review of Electrical Engineening, (ol
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In other words. the converter behaved as explamned in
Section II. validating 1ts principle of operation
Furthermore, the prototype converter exhibited good
output performance The npple output voltage was low as
tllustrated in Fig 14 and the start-up voltage was without an
overshoot as evident m Fig 15 Fmally, the prototype
converter achieved the maxamum efficiency of 8(Ps
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Abstract—In recent years, an application of a piczoclectric
trunsducer to harvest energy from smbient vibrations has been 2
subject of intense rescarch. As the material technology advances,

|

L [ Fnergy ]
Piemdoctne ¢ _L;‘ mamagement | 3 RFID
rmder | O Fo| MRERE | F

the amount of energy heing able to produce by the t ducer
continues to increase. This paper presents an experimental study
of a vibration based cncrgy harvesting system for an RFID
module. ‘The system consists of a piesoclectric transducer, a
power management circuit based on a buck converter. and an
RFID module. The transducer converts mechanical movement
produced by a finger press into a voltage te charge an input
capacitor. The buck converter then converts the imput capacitor
voltage into a stable DC output veoltage lo power the RFID
module. Experimental results are presented to validate the
performance of the propescd cnergy harvesting system.

Keywords—  Piezoelectric transducer; Power management
circuit; RFID

| INTRODUCTION

A technology 1o caplure encrgy from ambient gnvironment
has been consianlly cvolving. The poiential encrgy sources
include solar. thermal. and vibration. In particular. the vibration
energy Is readily available in most industrial envitonment. A
mechamcal vibration normally occurs, while a machine is
operating. Consequently, u transducer can be attached to the
working machine to harvest the vibration energy | 1] There are
three types of transduction methods for converting vibration
energy into electrical energy: electromagnetic [2]. electrostatic
|3]. and piezoelectric 4] Among them, the piczoclectric is
probably thc most praciical chnology. A piczoclectne
transducer not only has a simple structure and high conversion
efficiency but also 1s suntable for mass production

Recently. an applicanon of a piezoclectric transducer to

harvest energy from ambient vibrations has been a subject of

intense research [5-9] However. there are considerable
challenges in converting the energy  generated  from  Lthe
piezoelectric elements to usable form. |his paper presents an
experimental study of a vibration based energy harvestng
system for an RIFID module. As shown in Fig. |, the system
consists ol a piczoclectne vibrawon wransducer, 8 power
management circuit based on a buck converter, and an RFID
module. The transducer converts mechanical  movement
produced by a finger press ano-an AC voliage. which 1
rectified to charge an mput capacitor, C,,. When the capacitor
voltage. 1., reaches a nsing threshold value. the buck
converter 1s enabled and produces a stable DC voltage supplied
to the RFID module. Once power-on. the RFID module is

978-1-5386-3555-1/18/831.00 2018 IEEE

ig | Lnergy harvesnng system for RTTD module

ready for operation. 1.e it can transmit an identification (ID)
lag 10 a ncarby rcader. When 1), drops below a lalling
threshold value, the buck converter is disabled and stops
working, thus shutting olT the RT1D modulc operation.

11 SYSTEM DESCRIPTION

A. iezoeleciric Vibration Transducer

I'he piezoelectric vibration transducer, SRD-001-BD from
Shindo bauery [10), n Fig 2 has been sclected Jor the
experiment. It produces electricity by a finger press. The
transducer weighs 19 5g with a dimension of 45x34x10mm_ It
has a lilc expectancy of 4 million presses and can gencrale an
electric energy of 170ud. when pressed with a force of 1.25kg.

The output voltage of the SRD-001-BD is AC, with one
complete cycle bemg gencraled per onc press. The vollage
amplitude and frequency depend on the apphied foree and the
rate at which the transducer is pressed respectively. Fig. 3
depicts the wansducer’s output voltage waveform. when it 1s
pressed 4 umes

Fig. 2. Piezoelectric vibmtion transducer SRD-001-H1) [10]
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B Power Management Circuit
The power managememt circuit is implemented using
LTCR3588-1 IC [12] shown m Fig 4 The IC's wicrnal
i circuitry contains a full-wave bndge recufier and a pair of
J"W f‘\ r complementann  MOSFET  switchess The SRD-001-BD
|
\

—

Ji"\‘

\ \ { transducer i1s connected between pins | (PZ1) and 2 (PZ2). and

- %f ¥ “!’f the imput storage capacitor. (i = 1000uF, connected 1o pin 4

\ / 3 [ J (Vin). An external filter inductor (L=10pH) and capacitor
N 4 2

(=10 pF) arc ticd 10 the complementany MOSFET switches
=) via pin 5 (SW) to form a svnchronous buck convernter. whose
3 outpul vollage 15 supphied 1o the RFID module. Pins 8 (D1)

and 9 (D0) are set to a logic “high™ and “low™ respectively.
This logic setting enables the buck comverter 1o produce an
output voliage of 3.3V, to stant working when V', reaches a the
nsing threshold value of about 5V. and 10 stop working when
Fig. 3. AC output voltage produced by SRD-001-BD V. drops below the falling threshold value of about 3.7V The
output voliage 1s fed back via pin 6 (Vout). The feedback
mcchamsm allows the output voltage to be momitored and
regulated accordingly.
C RIFID module

The RFID module shown in Fig. 5 is based on an ultra-low
power UHF transceiver IC SIC8630 [12]. It works in
conjunction with an UHF reader shown in Fig. 6(b). The UHF
reader s interfaced with a laptop computer and programmed
to transmil a wakc-up signal cveny 10 scconds. Afier cach
wake-up signal transmission. the UHF reader waits for the
responsc from the RFID module. IT the wakc-up signal is
detected by the RFID module. i will become active and
transmit an 1D 1ag back 1o the reader. The received 1D tag will
then be display ed on the computer screen

The RF module i1s ongmally run on a battery. In the

expeniment. the batiery is removed and the module 1s supplied

(a) by the proposed cnergy hanvesting sysiem. So long as there 1s

sufficient energy stored m (. 1e }, remains above the

SRI-001-131) falling threshold vollage of 3.7V, the buck comverier will

G operate and provide a 3.3V DC voltage supplied to the RFID

|__ _J module, Otherwise. the buck comvernier will not operate and
1) ] the RFID module be shut ofT.

1 —{ Vi W
2 10uH T
1000,
”f E’ H cap Vout 10uk
I TCRSRE- 1

4 t V2 Pgood

3w
10 m
i G\

rzi PZ2

(b)

Fig 4 Power management circunt 1T TCR3SER-1 [11](a) Internal circuity (b)
comnmochon diagram

Fig. 5 SIC8630 UTIT transceiver [12]
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Fig 6 (a) Fnergy harvesting prototype (b) Fxperimental setup

nr.

The proposcd encrgv  harvesting  prototype  and
experimental set-up are shown in Fig 6. The bar chart in Fig
7 shows the number of finger press required to charge (s to
varous voltage levels. 1t can be seen that C,, reaches the nsing
threshold voltage of SV after 147 presses, where the buck
converter starts to operate Thereafter. the pressing Is
continued and 1. becomes 6V after 187 presses. 7V after 236
presses. 8V aller 284 presses, 9V afler 370 presses. and 10V
after 450 presses As can be seen m Fig. 7. V', »s propornional
to the number of finger press but not m a lincar manncr. In
thcory. V.. would be lincarly proportional o the number of
[inger press, if losses duc 10 the bndge recufier and npul
capacitor were neglected and the successive finger press
produccd an cqual amount of charge

ExXPrRIMENT RESUL TS

Fig 8 shows the input capacitor voltage, }.n, and the output
voltage of the SRD-01-BD. when the iransducer 1s
continuously pressed from the start. The SRD-001-BD
generates a continuous AC voltage (bottom trace). which gets
rectified to charge (.. Consequenth, I, (top trace) continues
lo rise

Fig. 9 shows the input capacitor voltage, F.., and the output
voltage of the buck converter. J7.. when 7', crosses over the
nsing threshold voltage of 5V The moment this happens. the
buck converter is cnabled and starts working, thereby

2018 15th Iniernational Conference on Electrical Engineening/Electronics. Computer. Telecommunications and Information Technology

producing ¥, = 3.3V supplied to the RFID module. After the
RFID module 1s power-up, it starts drawing cnergy from (.
causing the abrupt voltage drop in }'. shown in Fig 9

Fig. 10 shows the input capacitor voltage. V.. and the
output voltage of the buck converter, when }',, drops below the
falling threshold voltage of 3 7V. The moment this happens.
the buck converter 1s disabled and stops working. lts output
voltage falls 1o «cro. shutting off the RFID module

g so0
=100 284
il | I
s .

ooll
i;o
£ SV SV TV 8V SV LoV

Inpu' capacitor voltage

Fig 7 Input capacitor voltage vs number af finger press

N
oo

G e

(5 rdv )

Fig B Mcasured wavelorms of the input_capacior voltage, Ve (lop trace
2V div) and ocutput voltage trom SRD-001-BD (bortom trace: SV div) when
the dh i pressed Iy Trom simr

1l T (el 7 U T -
| oot oc Tl

Tig % Mcasured waveforms of the mput capacitor voltage. 1, (top trace
2V'div) and output voltage ol the buck converter (bottom trsce. 2V div), when
1 cromsex over the nsing threxhold voliage of 5V

57



2018 15th Intemational Conference on Electrical Engineering/Electronics, Computer. Telecommunications and Information Technology

A il T [l Ll
Lo ) L] 3 (i)
: monss s sy |
| |
agfeme e s s
~ I

Fig 10 Measured wavelforms of the input capacior voltage, V. (lop Tre
2Vidiv) and catput voliage of the tuck converter (battom trace: 7V div), when
V.. drop below the falling threshold woliage of 3.7V

Lastly, Fig. 11 shows the ume duration that the proposed
energy harvesting source can supply power to the RFID
module. Starting with F = 10V and the finger press stopped.
1t 1s found that the system operation ume lasts about 90
seconds. during which the RFID module can successfully send
its ID tag back to the UHF reader 7 imes. The waveform
associated with this case 1s shown m Fig. 12 Every ume the
RFID module sends the ID tag, it draws a considerable amount
of energy from C,., causing ¥, to drop in a stepwise manner.
After 7 successive transmission, ¥ has dropped below the
falling threshold voltage of 3.7V, at which point the buck
converter stop working and the power supply 1o the RFID
module shut oft. As shown by the bar chart in Fig 11, the
system operation tme kessens as Vi, is lowered. For example,
with I, = 8V and ¥, = 6V, the operation ume is measured to
be 49 seconds and 12 seconds respectively

1V Conausion

In this paper, an expermental study of a vibration based
energy harvesting system for an RFID module has been
presented  The encrgy harvesting source consists of a finger-
press piezoelectric transducer and a power management cireut
based on a buck converter. When pressed, the transducer
produces an AC voltage, which 1s rectified to charge the mput
capucitor, C.. The buck converter then converts the input
capacitor voltage, /7., mlo a constant DC voltage of 3.3V
supplied to the RFID module The buck converter is enabled
when V7, 1s greater than SV, and disabled when ¥, is lower
than 3 7V. To investigate the system performance, expenment
was performed on the laboratary prototype, with the results
shown m Fig 7-12 lt1s concluded that, so long as there is
sufficient energy stored in C., the RFID module can operate
sanhsfactonily as if 1 was supplied by a battery. The perpetual
pressing torce 1s undoubtedly a vital ingredient to keep C.in a
healthy state of charge and thus the system running. In real
applications, the pressing force does not necessarily come
from a finger press. It can be obtained by other means; for
example, by embedding the transducer into a shoe, energy can
be harvested while a person 1s walking.

sl8
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, % 60
T e 19
g w 2s
Lol o B2
o Lom
VsV TVOBV V1oV
[nput capacitor voltage
Fig 11 Input capacitor vollage ve system operation (ime
-3 a) oC vt 3 (Ws i)
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Fig 12. Measured waveforms of the input capacitor voltage. V. (top trace:
SV/div) and owrput voltage of the buck converter (bottom trace: IVidiv),
ahowing the system operation lasts about %0 seconds with . = 10V and
finger pross stopped
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A Low-Cost Flyback Converter with Primary Side
Regulation for a TV Set Top Box

Bundit Khemmanee. Nontawat Chuladaycha, and Chanin Bunlaksananusom

Faculty of Engincering. King Mongkut's Tnsutute of Technology Ladkrabang (KMITL), Bangkok 10520, Thailand

Abstract— In consumer electronic products, there is a high
denuand for an off-line low-power Switched Meode Power Supply
(SMPS). Applicatious invarfably require the SMPS be small,
lightweight, reliable, and low cost. This paper presents the design
of a low-cost fiyback comverfer to power a TV set top box. To
reduce costs, the conventional output feedback circuit using an
opto-coupler Is removed and replaced by the feedback circult
using an auxillary winding of the flyback transformeer. This
feedback technique is literally called Primary Side Regutation
(PSR). In the PSR, the eutpul regulation performance largely
depends on pood coupling between the secondary and auxdliary
windings. The paper conslders two tramformer winding methods
and their impacts on ouipwl voltage regulation are compared.
Experimental results are provided to verify the ouiput
performance given by each winding technique.

Keywords— Flyback converter, Primary side regulation

I, INTRODUCTION

Currently, there is a high demand for an off-line low-power
Switched Mode Power Supply (SMPS) in eonsumer electronic
products. Applications often require the power supply be small,
lightweight, reliable, and low cost. A flyback converter is the
most common topology used m the off-line low-power SMPS.
It is popular due to the circust’s simplicity and Jow component
counts. Additionally, the mherent electnical 1solation between
input and output makes the flyback converier ideal for the off-
line apphcations The flyback transformer typically consists of
a primary and secondary windings wound on a gapped ferrite
core, and therefore can provide a voltage step up/down
function as well as storing energy The flyback converter can
operate in onc of the following modes Discontinuous
Conduction Mode (DCM), Comunuous Conduction Mode
(CCM), and Boundary Conduction Mode (BCM) between
DCM and CCM. For low-power applications, a DCM flvback
converter 15 often used It has a faster response time than its
CCM counterpart [1], and operates with a constant switching
frequency compared with a vanable frequency m a BCM
flyback converter [2]. In most applications, the power supply is
required to deliver a constant voltage to a load. To meet this
requirement. a feedback control circutt is often incorporated,
with current mode conuol [3] beng the most common
technique used to regulate an output vollage of a flvback
converter

This paper describes the design of a DCM  flyback
converter for a TV sel top box To reduce cost, the
conventional opto-coupler feedback cireuit s removed and
replaced by the feedback circuit using an auxiliary winding of
the flyback transformer In the literature, this technique is

~
-z

commonly referred to as the Pnimary Side Regulation (PSR)
[4] Dunng the mam switch tum-off interval. the auxilary
winding provides an induced voltage. which 1s proportional 10
the output voltage. The auxihary voltage is then used as a
feedback vanable 1o the current mode control cireuit to perform
output voltage regulation. However, the effectiveness of the
PSR depends on good couplings between the secondary and
auxiliary windings. This can be accomplished by carefully
winding the transformer. In the paper. two winding methods
are conswdered and their impacts on outputl voltage regulation
are compared. The flyback converter prototype is implemented
using VIPER16 |3] 08 a control IC It has a total material cost
less than 1USD.

IL

The flvback converter with a current-mode controlled PSR
is shown in Fig | The converter's switching waveforms in
DCM s depicted in Fig 2 Over one switching period, the
converter operation 15 divided into three intervals as follows
(1) During the interval d7, MOSFET 1s wmed on and thus the
volhage across 1t 1s zero (I, = 0). The mput volage. V... is
applied across the primary wmnding The primary current, 1,
increases linearly with the slope di /dr = /L, where L is a
primary inductance. Encrgy 1s being stored in the transformer
represented by £ 050, Due to the dot polanity of the
secondary winding. v 1s negative, Do 1s reverse-biased, and
thus i: 15 zero The load current 1s supplied by the output
capacitor, (7, During this interval. the auxiliary winding
vohage 1s negative gwven by vaux = (NN L

PCM FLYBACK CONVERTER WTTH PSR

» cl i
> —
v
4 ; iy Do
L + * ‘h b
Vo vy ‘“’? Co <V
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L]
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Fig 1 Flyback converter with PSR
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Fig.2. Wavefornss of DCM flyback with PSR

(2) Dunng the interval d,7, MOSFET 1s tuned off Energy
stored m the transformer from the previous wterval s
discharged, causing a reversal of voltage polaries on all
windings. D, becomes forward-biased and i- staris flowing to
charge €. and supply the load current. As energy is being
released. 1; decreases linearly with the slope diyvdf = -17. 7,
where I, is a secondary inductance. During this mterval. the
MOSFET has to block the voltage: vg = Vo, +(N/N:)V. The
awaliary winding voltage s positive given by v... =
(NouNJ Vo This voltage is rectified and fed to the control
circuit.

(3) Dunng the interval 4.7, both MOSFET and D. are
turned off. Energy stored in the transformer is emptied. v, and
v. are zero. so as 1, and 1; During this interval, the voltage
across MOSFET reduces to 1, = V.. The auxihary winding
voltage 1s zero, v, “ 0

As shown in Fig . the cumrent-mode control circuit
consists of an Error Amplifer (EA), voltage comparator. and
RS flip-flop. At the beginning of a switching cycle, a clock
signal sets the flip-flop, the gate dnive signal, vz is hagh, and
thus the MOSFET 1s tumed on. The rectified vaux is fed to the
EA via a resisive divider. The difference between the

reterence voltage, ¥, and the sampled auxihary voltage, v,
1s amplified by the EA to generate the control voltage, v.. At
the comparator, v. is compared with vz which 18 2 MOSFET
current sensed signal. As soon as v reaches v the flip-flop is
reset, vi:; goes low, and the MOSFET is wmed ofl. When the
next clock swenal arrives, the MOSFET 1s tumed on again and
the sume process 1s repeated. Through ths control mechanism,
a pulse width of v ;; is automatically adjusted to regulate the
output voltage against changes in the input voltage and load
current

NI PROTOTYPE FLYBACK CONVERTER

Fig 3 shows a DCM flvback converter with current-mode
controlled PSR designed and prototyped by the authors IL
takes in AC main voltage of 220V42(P% and produces a 12V
and SV DX output voltages to power a TV set top box. The
AC input voltage 15 rectified by the diode bridge rectifier (D,
1oL3,) with a bulk capacitor C;. Given a £20%5 tolerance of the
AC anpul voltage. the DC voltage across C; can vary between
249V and 373V, The tansformer consists of a primary
winding (N, = 125 tums), two secondary windings (N, = 30
turps for the 12V output, and N, = 13 turns for the SV output),
and an auxiliary winding (N, = 36 tums) wound on the
gapped fertite core. R, C., and D; form an RCD snubber
wrreunt, which protects the MOSFET from a transient over
voltage due to the leakage inductance.

The control circuit is implemented using the IC Viper16,
which 15 a current mode controller operating at a switching
frequency of 60kHz The VIPERI6 contains nside the IC a
MOSFET switch, sensing resistor, EA. comparatar, fhip flop
and other cocuitry necessary for control and protection
funcuons  The intemal MOSFET swiich can sustain the
maximum voltage up w BOOV. As seen in Fig 3{a),
theawaliary winding provides both the feedback output
voltage and the supply voltage to the control IC. ¥V, s
rectified and fed back via a resistive divider (R,. R., and R;) to
pin4 of the IC, which is an mvertmg nput of the EA (the non-
mverting Input is connected to the mtemal reference volage
Flrof 33V) At the same time, V), is also used to charge C;
o provide the supply voltage o the IC The EA 15 of &
transconductance type and its output pin § 1s connected o R,
. and 5. This RC network compensates the loop gain,
ensurmg stable control operation Table T lists component
values and device model.

The effectiveness of the PSR in regulatng the output
voltage depends on a good coupling between the secondary
and auxiliary windings This is because the feedback voltage
is a representative of the output voltage reflected from the
sccondary winding, 1.6, Voo = (NawDNoJV,. In this paper, two
winding techniques commonly emploved for the high-
frequeney transformer are compared to determine whether
which one yields a better result with respect to the PSR The
first winding structure is shown in Fig, 4(a), in which the two
secondary windings are laid in the middle and enclosed by
each half of the primary windings. This winding method is
informally known as the sandwich technique, so named
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()
Fig. 3 Prataype flyback conventer (a) circun schemanc and (b) phato

because the secondary windings are sandwiched between the
primary winding The second winding structure 1s shown in
Fig 4(b). m which a half of primarv. winding and the
secondary windings arc lad alternately. This winding method
1s referred 10 as the mierleave technique In both cases: the
auxithary winding 15 ‘wound on the outermost laver of the
bobbin The transformer details. including a number of turns,
wire size and core matenial, 1s histed in Table ]

T'able | Transtormer details

Windings Number Wire size | Core size and
of turns (mm) material
Primary 250 01
Auxiliary 36 0.l EE 19
Secondary 3\ 13 025 MB3
Secondary 12 V 30 0.35
(A% EXPERIMENT AL RESULTS

The prototype flvback conventer.in Fig 3 1s tested to
evaluate its output performance < The steady state output
voltage measurement 1s shown an_Tables Il and 11 With the
transformer based on the sandwich windings. the prototype
converter is able to regulate the output voltages at SV and 12V

Auxiliary 36 turns _KI.I_:I-WI_I_TT EX

Primary 125 turns
Secondary (12V) 30 turns

Secondary (5
Primary 125
Secondary (5V) 13 turns (12

5 Secondary
Primary 125 turns

Primary 125

(a) (b)
Fig 4 Transformer windings (a) sandwich structure and (b) interleave
structure

only at no load At maximum load (1. = 0.25 for the 5V output
and /. = 0 SA for the 12V output). the output regulation 1s lost
as the output voltage 1s fallen 10 2 62V for the SV output and
o 675V for the 12V output On the contrary, with the
transformer based on the interleave windings. the prototype
converter 1s able 1o regulate the output vohages at both the no
load and full load conditions. The interleave winding performs
better than its sandwich counterpart because. as shown in Fig
4(b). the winding layout 1n the interleave structure allows the
secondary winding (1e the 8V output) to be placed next to the
auxthary winding. hence resulting in a good coupling between
them On the other hand. the winding lavout in the sandwich
structure 1in-l1g 4(a) onlv promotes a good coupling between
primary and auxiliarv windings, but a poor coupling between
secondary and auxihary windings These results reaffirm that
the transformer with a good coupling between the secondary
and auxiliary windings is vital for the PSR 10 vield desirable
output regulation

TABLE 1l
Output voltages of the converter with sandwich winding transformer
Test Qutput Output
condition sV 12V
No load 524 128
Max Load b ¥ 675
TABLE Il
Outpue voltages of the converies with iderieave winding transformer
Test Output Output
condition hAY 12V
No load 529 128
Max Load S.06 12.5

The start-up outpul voltage of the prototvpe converter at
minimum and maximum npul voltages are depicted in Fig 5
The output voltages increase rapidly from zero 1o the regulated
values of 3V and 12V after power up. with no overshoot This
1s a desirable result because the voltage overshoot, 1f existed
and uncontained. could destrov the electronic circuitry of the
set top box

The output voltage transient response due to a step load
change 1s shown in Fig 6 The load current is changed n a
step manner, 1 ¢ 0 SA-to-0A-to-0 SA for the 12V output and
0.25A10-0A-10-0 25A for _the 5V output As seen in the
figure, the sudden decrease increase in the load current causes
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TABLE IV Cost of matenals

Items Details Unit Unit Total
> CH2 5V/diw prize (Bath)
(Bath)
D1,234 1N4007 4 0.37 1.48
> CH1 2V/div
% 20msfdiv D8 1N4148 1 0.1 0.1
: o - D5.67 FR107 3 05 LS
R2 1k 1/4W 1 0.14 0.56
R34 17k 1/4W 2 0.14 0.28
> CH2 5Vidwv
RS 10k 1/4W 1 0.14 0.14
RI.ROLRO2 | 10k 1W 3 0.75 228
—p  CHI 2Vt
x:20ms/diw ey 4. TuF/400v 1 1.39 1.39
® C34 470uF/35V 2 1.23 246
Fig 5 Output voltages at start up when the AC input voltage 15 (a) 264V and
b 176V C5 10uF/35V 1 1.05 1.05
C-Hl wsllud C6 0.01uF X7R 1 0.52 0.52
F A7 C7 0.1uF X7R 1 0.52 0.52
_. .
i N Cc8 1000pF X7R 1 0.52 0.52
CHZ2 0 2V/dwv, Transformer
Tl EE19 1 84 84
: VIPER 16 VIPER 16 1 588 588
*.500ms/div
PCB PCB FR1 1 4.5 45
Fig 6 Output voltage responses due to & step load change 12V output (top P v
trace) and 5V output (bottam trace) Total material cost 3155

the output voltage to momentarily rise/drop. Inboth cases, the
PSR is capable of restoring the output voltage back to the
regulated values.

The material cost of the prototype converter is listed in
Table IV. The price is quoted by the manufacturer based on
the ordering amount of 10,000 pieces per lot. The total
material cost of the prototype converter is less than 1USD.
This illustrates that the DCM flyback converter with PSR
provides a low-cost solution to power a TV set top box.

CONCLUSION

This paper has described the design of a low-cost flyback
converter for a TV set top box. To lower cost, the Primary
Side Regulation (PSR) technique was adopted to reduce the
component counts, and was implemented using the VIPER16
1C. With the PSR, the converter’s output voltage regulation
relies on good coupling between the secondary and auxiliary
windings of the flyback transformer. This paper has
considered two transformer winding methods: the sandwich
technique and the interleave techniques. The experimental
results showed that the latter yields the satisfactory regulation

224

*! USD is approximately 35Baht

performance, whereas the former fails. It is therefore
concluded that the interleave winding structure is suitable for
the flyback converter with the PSR. Finally, the prototype
converter was fabricated with the material costs less than
1USD, hence offering a cost-saving option to power the TV
set top box.
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