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Full-Bridge Resonant Inverter with Asymmetrical Voltage Controi
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This thesis presents a study with worked of full bridge resonant inverter series

for control duty to positive induction heating. The test circuit propertype used for the

analysis has a vanable duty level 20-50% with fixed frequency and can operate

successfully.



naanssniszana

1J‘%zyz:y'wﬁwuﬁnﬁuf:éi'u'ﬁa]qa';am%ﬁ’ NIRRT @B IDANTILYBLWTZA L
SR @5, 3T Wimsdasg ﬂw'mriﬁﬁl‘%memg%ulﬁﬂ'nmmr_lmﬁa wuziuuwInalu
MIRNMIALATIAA NN 1T LAz =ua°1mw]lmﬁ gievtfrinrsanudlanargualy
'i:%'hun'n'ﬁﬂﬂ'iaﬂ’]iﬁwﬁu%ﬂaga'*m“l,ﬂvl,ﬁﬁw6‘1 PANTILVOUWTERATATTT
Feansan Wiy ansdenssumaad sotwmalulafiwszanundudrgunmsmansel
lwlamalunisfinm waz Fowinlaiieluizdugandnm

wargaring vansusauwizgm 97 un3en ﬁl.if'lunﬂ%mﬂam'n Lﬂ%ﬁi’lﬁﬁ‘ﬁdl%@

NBRG m:;ﬁmﬁw yinlwan e ananudnsasudsdssnu



v

A9
nin
unentanim Ing |
UNAAL AN BINT 1 i
AadnITudsznme 1
AR \Y
Ttz Vil
BIUTYAIT X
Ui 1 Ui
11 AN DUIAZATNUEIA VDI e e i
1.2 anuwiawlayaadywiuas TanUsIAUsINIANI. oo 1
13 W B AT I S T 2
14 AUEIMINBUAZ TATUTZRIN. oottt 2
15 yPefalunpided. <1 XA a2 X Y. Bw AN 2
16 BUAIMLRTA T IO NTUI oot et 3
17 sz Tt e I AN T AT oo e 3
und 2 'ﬁuﬁ_mm's’quu.iamﬁn@hnn’rﬂﬁ'mm%’auiﬂﬂnﬁmﬁmﬁ']‘lvlﬁ'rﬁ
mmﬁga ................................................................................................................. 4
21 K. 9.y LN\ ®d . SN e ... 4
22 Augmmalanaiereandnlu i WA e 4
2.2.1 ﬁugmanuﬁmﬁamﬁnﬁuﬂ%ﬁn'ﬁ'lﬁamm’ausm
AR ATIR IUAZAAR IS DU TIAT Vs 4
2.2.2 nyaAtlumsthiiAeenuuddunszuaumsguuds
THFULLIIIN G, e 5
2.2.3 mIsaaulTzraananilannuudwsianudas
MTRRIMNTTUIIN oo eemmsse s eeeeeensee s seessssss e 7
224 namaaﬂ%‘mmﬂﬁuauﬁaqmauﬁ'ﬁmaﬂﬁnﬁmmmﬁn ........................... 7
23 Augrunauimdnwihmassmemmsiienudeulasnmniloat.. ... 8
231 WugmmsiieanuienlasnamienirmaamEntwim . 8
232 qmauﬂ'@lmﬂwﬂmazmaqm%gﬁmmmﬁn"“ﬁm']u .............................. 11

233 ﬂ']i%lﬂi’]:ﬁ'lﬂi]iﬁu}dﬂﬂj D4UARIALARS U UTOW. 13



J 1 1 o Qs [\ ar L= 9 dl Q

24  WuguasaumaIdoids Wi niunslianuiaulesnts wileanb... 17
Un# 3 ﬂﬁﬂm‘sﬁugmmanam‘%‘lmmuﬁﬁ'ﬁﬁ’umsﬂuau‘%m%ﬁunaima? ....................... 19

TR T 1 Yoo VRO R OO U RO OO OO SRS SUSPP RSSO 19

= & [ .3
32 auna‘masﬂsm.l.uuml.uuagnm ...................................................................... 19

L= o J Ao

321 AANTIINI T DB, 19

3.2.2 MIFUAFHVIINVIFIATI. oo e 22

323 mimuqummﬂuiaﬁu ............................................................................ 22
3.3 WATIATTET LTI o oeeoecir e e oo 24
3.4 naTsungutefuaslisi®ntadies

ﬁunaﬂﬂaﬁimmuﬁ"ﬂﬁ@a%nimmmmu ....................................................... 25
35 MYLeTIERE N6 q‘lmwfﬂmuuﬁﬂgnm ................................... 26
36 MTIATISHLIING NI LLaszmﬁumanwswuau‘%m‘

=y & 2] €

aunasmmﬂmuuﬂagnm ............................................................................. 29
37 msﬁwmmmmmuﬁmmuua:ﬁuﬁnmeﬁam&amamwi

F=e £ ) £

e T P AU AUAN R A 50 N ‘d LY ROV ER Y el | T 33
38 a'gﬂ ..................................................................................................................... 34

UNT 4 31U TNE WA U nOUM R AT e e e, 35
41 WU D....... o lemr.e... e nd e e " e o A 35
B O P T UL B Lzl l- G D EA 2 T b L 1 1 PO OSSR 36
4.3 HANTZYNUADFAIUTZNALRIAIU I LARALLITIE Yoo 37
44 HANTENURBAGIUTENAUMRIUB ARAWUL LI 38
Pr & a6, ) o a0 e

4.5 pansznufiliaanaieainddazuuing IWihsdonde

MR N N R LA e, 43

= a A A 5 & o gl Cod
Unvn 5 Iﬂﬁ'\‘]m’]ﬁ“ﬂ3\1Lﬂiﬁ]\‘]ﬂ'u:l.']El'ﬂ@lE]Tw“ﬂuTﬂﬁliisﬂuuuﬂﬂllﬂ’ljﬂ']Uﬂ”

wnsenuus liruunssdmiultnulienufoudismsmitonth

‘lm,ﬂ'%f'aa"QULLﬁaﬁa'[am ........................................................................................... 44
Bl LTI ettt e e et e e ee et er ettt et ee e eeeers e 44
5.2 299N TLINTEULRLULLGNNE (Full Bridge InVerten)... ...oooomeoeroooooooooooeooo 44
5.3 NUTTULNARIATUBARUNE. oo er e see e ene e 45

5.3.1 MIADNKLUVIITILLNAF M TUNasWR NI4T



Vi

asin(aa)

win
5.3.2 DIUTLAO NI ..ot eeee e ee e men st e 49
5.4 199U IDTLABT (INVEREI) . .cooeooeree ettt 51
55 ﬂﬁ'auﬂmﬂ’nuﬁga ............................................................................................... 51
5.6 TALMAMWIITLUT e 52
5.7 MFTUNHA DT OULAZNTIOBMMUL e esoeooeeoeee e ssessssees st reces e ereens 53

5.8 WANNITURIBWIBTLA a%ﬂuau‘%miﬁma§Lma§mm:ﬁ'uIﬂaﬂLiImLLuuﬁ

au‘,nmﬁi"m’rsmuquﬁmmsﬂ%’mmuﬁ ............................................................. 56

1ndl 6 mimmaam‘%mquuﬁaﬁﬂam ................................................................................ 59
R RIS & A e Ty INNSEC o SPr oo I, N, NS 59
6.2 mimmaam‘%amuwﬁaﬁ'ﬂamiﬂmﬁ’nmsé’@ﬁrgnunmﬁ Duty 199 c.ooereeerrereeee 59
undi 7 FfsgueGY. I AN 3 0. U0 ). B ) - d Y- 71

LANETaI8

NIAHWIN



'
r=3

Eﬂ'n
2.1
2.2
2.3

24
2.5

26

2.7
2.8

2.9
210
21
3.1
3.2

3.3
34

Vil

gzl

Wi
anafuRuiTnivaidudaiuauta manAuanIl e 5
navaalafidusanfuauiiddamsifuinsasnnuudues
LmhmiﬁaLm:miﬁﬂwpﬁ'mmxﬁmamﬁn .......................................................... 7
naradasiduda S auAdaemMsia MIRALAENTINSIUNNUBINEN. e 8
FnenenmyinaInyaanszua W Ua s AL ILIMENFIUA R 1ALAZE R oo 9
araduT sz inn i fuanadnaszLef walundnd
QUANE 25 OC W82 900 Corriiii i e 11
ANUFNRUT TR A NNTY T RUNLLAMEN
maomﬁnﬁaﬁmuﬁuqmmqﬁ ................................................................................ 12
auFuRuS i mA Tuas AR AW 13
'JmifmgamawamamﬁmﬁﬁaﬁmauLLﬁﬂﬂﬂ:ﬁﬁ;ﬂMfiaihm
AT IUAN B A I A LA NI O IR AL R e, 14
'Ni)‘iﬁllHﬂﬁﬂdﬂﬂﬂ?ﬂlﬁﬁﬂ?ﬁﬂﬁﬁuiﬂuLLﬁﬁl‘HﬁﬂIﬂH:‘.ﬁl
msﬁﬁ?umu“[ﬂaﬁmimmnﬁmﬁﬁugﬁ ................................................................. 14
auRURuts e nad nutuRnamas Wi
AMTUUNTIIEIGBUIRZTIRO. e 18
anufRutsswstua il nunudtansan
A N AT LI O T Y ettt 18
nasBuwefieeilowwwiniuayniy (¥) WITRULE R-L-C
() A1 UTTNOGINYBINAAOUEUDHTINTID oo 21
Naﬂauauawiagnﬂﬁmwi'éunaima%@mmuﬁunuagnm ................................. 24
laneafiovasinrsyariadauiafine Tl ouuuiaunn. e 26

ATURUAUTIZWIN Normalized Buwadufuauduasisasily
WU BUNTUAUA AR WURITAT QAN Y. 28



VIl

arstiyg(da)

Eﬂ'ﬁ' B
35 amunFvasdunaduRuaudrassasdunefiae i louund

AUNINGD amuifidsueafiar Q. @149 (Phase angle)

ANLANUERMINTZUTEWINY |, EABITIWOWINN Ve 28
36 299TANYATB 3 INALSAdEUE A T UMY BN TN 29
3.7 ﬂﬁmmﬁuua:m:ummﬁvmmanaaiwﬁﬂu‘%ﬂ{ﬁunaﬁma‘?zﬂfmmuﬁ

EEATITAL s o 29
3.8 Normalized nszualnaauadnesduiafianiayniu

DRI TITIUR IUUUBITIAT Q) 195 eeeeestree e e eeseese e 32
3.9 Normalized aslWiLaninnwaasEuiaiiaad

ﬂmmuﬁmgmmﬁammﬁﬁma‘ﬂuLLﬂaaﬁm 2 (I P oD, N, N 32
3.10 INETa T laasun T DT IBURYIBWNTA ..ot 33
4.1 gﬂﬂﬁuﬁﬁﬂLﬁﬂﬂﬂﬂﬂﬂ'lﬁﬁﬁ%@ﬂi:ﬂmjr.éhUmuﬂs:ﬂaumwﬁuﬁﬂyaiw

fansuafindgd 3 uazeemuRpuasuniings28 (THD) WY 30%..oov..e.oeeeceee 36
42  $ageanzins i ewa 1 W AU TR AUUDIBIEU. oo 37
43 Fassannzfimsiwidenasn Wi Wi insauuylaidhwdadu. 38
4.4 sstlznaufdsdasemuiouaniusfindrusesnszualwin

nsi BTl weBaltoae) . | GESEBUREaD [ <" Al A &S ... 41
45 (n) EanBUrRT bR ORI e 42
45 (@) muvanumasiWiwesfynnalmiddawdsznevansuefind. .. 42
4.6 Namz"nwaagﬂﬂﬁum:uﬂwﬂ'}ﬁhaﬂuummq ..................................................... 43
54 VNILINTEURLUUGTUARY (FUN Bride RECHIED)......r..rvovevevevesioosseoeectosiionnnennmeennrnnn B
5.2 VT E N TEURUUULTURR oo oot eett oo 45
5.3 (N) Switch mode Pulse Width Dead time and feedback Control Circuit................... 45
5.3 (1) Switch mode Pulse Width Dead time and feedback Control Circuit................... 46
5.4 @I0HIINTTTULNAVBIUBELWATVRT oo ceeeeee s B8
5.5 AT TTULNAMUL DI I oo see et sees s e essense s 48
5.6 ladasyladiatwessartuinaffitwina fuuy TRTaIWS oo 48
5.7 §UQIMTLIAN S1, 52, S3 UAZ $4 AUTEIHINYccoeee oo 49
o R P E 8 TSI 101 K b 6 =0 S0 1< 1 (SO USSR 50
5.9 gﬂﬂﬁimmﬁu'lumiﬁi:%nm ................................................................................... 50



gﬂﬁ
5.10
5.11
5.12
5.13
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15
6.16
6.17
6.18
6.19

IX

arsinl(@n)

Wik
MEAIIITT DM IEIADT ettt sttt 51
wifaurlaolwihn gl FunwmBnNe Tl e 52
WRAITART IARATUUTIR AN 52
M lwa s Ag RN TN 55
WLUMIIA LA ITIN oo seenese s B0
TR A B UANUREAD TN oo 60
Sy U A WAL, s 61
Ay o NI 00T. e e 61
lniwniinnud 60 khz lanuSoufauiuosdadganoadmadnnn. ... 63
Lmﬁvgﬂﬁmmﬁ 58 kHz lasSouifinunua A o wRaaIgnLMN........... 64

a v g5 =

@ iwnfianad 54 kHz lapuBaudsunurseaesggisiasmagnuan..........65

U TOF N RRIBWIATLADIIOURTI..o. oo 65
SN AN TARTUAULTER. oot s 66
TUEIRUTIYINN, peoseen. WM. RERR. XCe M oo 3= L L. 66
A FUAANFNTUENULTIGUAN TV 60 KHZ LEZ DULY 22 Tornreieere oo 67
N FUDANENIZUETUUTIGUTAITUE 60 kHz UBT DUty 30 %..oveeeeeeereerr i ocereensarrcnroen 67
aSuafingnysuaALLTIGUAANE 60 kHz UaZ DUty 50 %o oo e 67
S UainEnTTuARULTIUTANE 54 KHZ UWSE DUty 22 %o 68
A5 UANFNITURALUTIGUARNUT 54 kHZ UWSZ DUY 30 Torrrrrrenrrrrroerreenerressreeeen 68
anfuafindgnisuaiunsisuiinnud 54 kHz uay DUtY 50 Youeeeeciemereeec e 68
AU ANENTIURAUUTIGURAIUT 58 KHZ USRS DUty 22 %ue e osreeeerssreeeeeeee 69
35U ANENTLUEAUUTIGUAA LT 58 kHZ AT DUBY 30 Forvemrrreriomrrereroreeeseeeeeeeee 69

A TVAANENTIURNUUTINUANIUE 58 kHZ WAL DUty 50 %ounirreoceeeeeeeeee e 69



VYAV

a9 Wi
2.1 qmugﬁLﬁﬂuﬁ‘uﬁmmm§na’*m%’umumﬂﬁ’mm§au .................................................. 6
22 swmiieeiae gmalWihvesisasunusiiad 9nlslu

PVSTUITI AL oo 17
3.1 muBsufisudadusstalfovaarduneiinad

= & a

ST TR UN TUUREYWI Moo 25
5.1 () AUz AU A DTIAZETYSIOL oo 54
51 (1) ANUFIUIIUANINTORUAZRIURNIIL . corvvvoee e eeeeeececeesesssees 54

[ a L 4

52 ATIAGIUNTUATIMTABUAZTRQANEDE .. oeeeereeeceneeeesssessessseesessesas e 56
6.1 oininlunzAfinae1a9 18929938U0 AN IUNTINARDI v 59



unii 1

UNWI
1.4 anauansazanadraguoailgm

Tnausrunisliannufoulasmamilean gnduction  Heating) Faldwdnnis
mﬁmﬁﬂamnuajmﬁnwﬂ’!ﬁmwﬁgaffu ‘luﬁ%qﬁ’uﬁwl*&"‘auna%ma%’mwﬁlgui‘lu
unsainaias Wi iU Tnaefdlusenslawuud lasfunudaduduinezdvg &
g1iFerro Magnetic a:ﬁQquﬁmﬁu%umunmﬁl’ﬁ’lun‘s:mums'lﬁmm‘?au Falutae
nm"uaan's:mumﬂﬁﬂm'lu%auﬁ%umuauﬁmmnﬂﬁuuuﬂadﬂmauﬁnﬂa'lwﬁ'\u.a:
NHLUMENLITY AUTUMULAZ AT UM Tsﬂmam:nﬁa%umuﬂqmmnﬂﬁtﬁuﬁu
U999 Curie temperature asiinamdufuauduniinuanadatnonin uasvin by
a 5 &l

i Voo o o L o ] a & & = [ o
?J%L’JE]‘il@]i']‘iﬂl‘].luu.ﬁﬂﬁ]']Elﬂ’]ﬂx‘ld']%ﬂt’]xﬁﬂﬂ'ﬁ:ﬂ'l‘ﬁﬂUﬂ’lﬂdlﬂ'm'lﬂ'm’ﬂ% TIAULIDILaAaT

.I:i' o as 1 _ ol J ] x hgt
ﬂﬂ’lﬂ\‘lﬁnﬂﬂagmﬂddﬂﬂﬂuwufulﬂuLLuuLmﬂ\ﬁﬂEII.I.T»:I@m ( Voltage Source Inverter VSH)

I

o e a 1 o o i 1 L - Qe z v ﬂl
Hslapinddaduadlimansnavguiidsnuisslldlnaald dsulunsldonwda
auquiasiniueslnaalaanalyazlieg 3 75 [2)

1. WU PAM (Pulse Amplitude Modulation) iflumserugurdsinilasmaisu
JTAUUTIN MDD LN TUEA3D.C Link)lasld Thyristorized Phase Controlled Rectifier

W 4 cad a o v a i . - a & o

wiald  Chopper @#9iTHaziinayinlviiiia Harmonic Noise 1 Line anninvsadsznay
sl namausnaslunnivuaudenlonszuaasabulylad usdofidunu
ﬂuﬁ§aaﬁaamn°gmmm3uLmﬁm‘ﬁaﬂmmzt.i.amaﬁnﬁm

2. uuy PFM (Pulse Frequency Modulation) flunisaaunuriidsamlasnsiiy
anuddueiieatazmynnauguliduneiwaimauluaniz zvs (Zerovoltage

4 . ya ™~ . | [ a e

Switching) FsaxvinlAlailinIgudsvme turn-on switch usiazannlumsuiuanufiie
Pumrdsnwlugiuiniie uaziutrafieadesiiussiniawduladpanamasnuseey
o

3. WY Phase-Shifted Controlled  Hun1smiunuidsnulagmsuiudium

a A L3 P & 5 a ar a4 ot a -

unaulihanuiigsduaanuasduieiinaidonannmfewadyyraimines
a I3 ¢l aad o o [ i . - w g
BunefinaideitfasinariliiiaY oo Harmonic 11 Line fiszdtidn szuvasaauanas
« , A W - o & o o ' o a & e o
3 whdlaiuguwmdswRninniuanfedywilalaaasanaieduasdunsiiaed (ia

. = [ gt | 3 - N J
EMI noise uazifinidsaugaiiuiiiasnnnisaiad (switching losses) aniiu

1.2 arnnhanlevasifgwinaziagussasdnaenisdnmn
nnitmInuguiasnunIBuULTauL udardtalinuinyuzyazuunis
yamifiduduszarmdnfiuandniu Bygrinufaiviiiusuamaiianisd§y

mmn’hwaaﬁaﬁtmu‘lﬂimmm*’uaow“au‘%ﬂﬁﬂcmmuﬁﬁmam‘ma‘%’mﬁmﬁwmmﬁgo



(Asymmetrical : Unipelar Voltage-Cancellation Control of Resonant inverter for Induction

. 4 = aa ~ adds | oa
Heatlng) ‘ﬂﬂLﬂu']ﬁnqﬁﬂ?Uﬂ‘u“aﬂl“uﬂ'ﬂqﬂjﬁﬂuﬂQlﬂ“

1.3 uwaanNAAITE InomIdait

1.3.1 'LimﬂﬁﬂmsmuqummﬂiﬁwmﬁaE?*%dﬁﬁtauuuﬁmnm(Symmetrical
:Bipolar Voltage-Cancellation )uﬂtl,mu'l.iiaumﬂi (Asymmetrical :Unipolar Voltage-
Cancxallation)l:if”ia1J%":U‘LJ‘%11'1m.tmvav"f'u.‘lw'.'rhfmuf:"{ggac»ﬁuaan"ua:.l5‘3'14.|.”3a§|.vmaﬁr

1.3.2 @M UmaianINIANANUNTIIYIRRRLLLEUNR T (Symmetrical :Bipolar
Voltage-Cancellation )

- gunsodiuunauliiadnuanuasfnay

ermsuiurhdsiintha

- °um:ﬁﬁﬂmﬂJfnuwé’ua}:ﬁaaﬂ‘fummﬁtﬁammmﬁga 9

- Lﬂumimn%:mnqummﬁlﬁmﬁnﬁa'Lﬁmammﬁ‘a'Lﬁ'ﬂaamu:ﬁ zvs
ANNZEY

1.3.3 dmiumafiansauguauninusaiaduuyliauunes (Asymmetrical

:Un ipolar Voltage-Cancellation )

- dFuusseuldlanizdnuan

- o lwaadinef

- LﬂumidﬂUﬁﬁ]:mqulﬁﬁw\u%muz ZVS fimanzau

1.4 n'nmjmu'wuaz*'inqﬂ's:aaﬁ

141 Lﬁa'l.ﬁ‘lﬁ}ﬁmé’ﬂmw‘hammaonw‘lﬁ'ﬂ’nm”auuuumﬁmmmmﬁgo

14.2 Lﬁa'lﬁl,ﬂi'ﬂ'limﬁnnﬁﬁ'm'mmaawuau’%ﬂﬁlmmuﬁﬁunaﬁﬂa"fmﬁmﬁ'm'rmﬁ
&4
%

1.4.3 Lﬁaﬁnuﬁ%nﬁmuquﬁwé”a'lw%mauﬂau?ﬂﬁhuuuﬁ‘éunaﬂrﬂa%
mﬁmﬁwmwﬁga

1.4.4 g uaSadauusy tRanagaunannsiiuaus

1.5 BOVLDA BN
ﬂau‘%mﬁ‘mmuﬁﬁma"ﬁmﬁmwﬁga?iﬁmimuquuuuhiaumm:hm”u‘liﬂu
Twanuiansomsmilgnihamunsowiseen et
unii 1 anuiusiuazanudrdyveilgnn Anufanansuazianyzan

Paulwe wnFIn Tuseulasditmisiines Uelonfmane §suanmsisy



unfi 2 ﬂ:ﬂﬁiﬂﬁwé’nmiﬁugwwaamnﬁmmm?au‘[@umimﬁmﬁ'\mmﬁga
wasnanmMIsenTsuEmiieni Wiiaanuian %aﬁm‘:mﬂumumﬂﬁﬂmimuqu RS
noudintaadna g

undi 3 aFunlase a%"m"uaaLﬂ’%‘aaﬁunaﬁ@m?ﬂuau’%mﬁhuuuﬁﬁﬁnﬁmuqu
LLiaﬁ’uLLuu'laiaummﬁw%’ulﬁa'm'lﬁ'ﬂ'nu‘fauﬁqﬂnﬁmﬁmﬁﬂum‘%‘m‘quuﬁaﬁﬂavﬁ:

unfi 4 v\ﬁnmﬁisnLLuuﬁmgnmﬁ‘l-ﬁ'ﬁuvjau’%m‘ﬁuna‘?mm‘ afunsnanmsiied
lawuuwt uamsienzidmmiine e glunilowuwiaunsy

unft 5 asueding usr dalsznaumdd v asndafeanuninarasaniue
And wazenlsznauday il Taafsnanenurasaiuafindnudrdadssnaumasiwiln
aaTzuy Wi

unfi 6 m'mﬂaaam“?aaquuﬁ"ioﬁﬂaw:

unf 7 *iamniua:a‘;ﬂ

1.6 TRADRUAZIEN1IA I WITH
1.6.1 ﬁﬂmﬂi’a%mLﬁmﬁmﬂ%m‘lﬁmw%’ammumﬁmﬂﬂmwﬁqa
= o 3 3 L) 5
1.6.2 ANWTIIVIURE NI YA TAULIDTLAB TS LTUWUT aunI
1.6.3 FNILAIBIHLLLLNONARDURANN I L EUE
1.6.4 ynminagavussui lullgwuialdsaasdasiungudiiieus
1.6.5 INMIIAFU I ULRE ATIVROUN QI L6)
1.6.6 4@V Ry iinus

1.7 dszlaminaranlasuannisdive
mansoduaguussaulasnydsunnuiaafivia L UNINAILAUMIAIL NN
IfisuaznRanminiissdggrsisuniwiesiifeeufaslufindsudud ol

™ 5 o e d oA g oA, &= o o
IﬂE|ﬁuu@ﬂ“ﬂut?ﬂ?lﬂE]gn']\‘nuﬂﬂquuﬂlﬂqﬂu‘ﬁﬁlﬂua{ﬁ]']Lﬂu‘luﬂfljﬂQUﬂUﬂqﬂ'ﬂvlwﬁq



<
unn 2

=y o & _ v @ Y < o o
Augrumsgudominaianisiianuiaulaamsinienirliim

mwﬁga

2.1 Unu
J ) - 2 L 8 = ndd‘ - 1
wugmms-qmmmmanmummsauuuwmzmmmm‘ml'ﬁ'lum's'l.ﬂﬂﬂmau
wnigwaw s dumslt Wi umsgiWanudseumn fluidizing bed BunW I
wuirtmaiman Wi waaziteslivefuazdasanludy Iug 20 tidwan my
lﬁ’mm%’auT@um‘smﬁmmmaLui|.v|Ea’n“lwﬁwﬁwmwﬁqo‘lﬁi’ummﬁuugaqﬂ LAANR
ﬂﬁnﬁﬁﬂ'lﬁ'n'\ﬂﬁ’ﬂ'rm%'auiﬂunwsmﬁmﬁn‘lﬁ%’uawuﬁﬂugaqﬂﬁammmmm flasyin
w 2 F-3 =) { i L 73 d‘ & ; L3 L7 =]
THanusouAaamwizundanisie wanm '[ﬂmelwaum'lwawammnmi
w PR g @ 7 a i v oa
Tanuiauwithilgunmwg LaznIzUwII e Nt laamnni i Rgih A
\ o g o — k- i ] - [V A o \
madams Wi fidsinBnwigs sanazdnguiu Feads afufe axdeant
1 3 : [ 2 w :U L ﬂl L
GRER I I Lm:n”a'ﬂnm'miau'luuuuum'l.'mm‘lunm.mﬂmmmu‘ﬂnszmumi
: r .ﬂl A [t w 4 i r L b
Asrairniuuydnaiinsnmiflunisldnaiuiananizi wasdimadunulunidig
wunmu'lun'rsmuquﬂ‘izu'mms uaztalFRualumstnsanalaatasldiaantunsli
anuiouwdpdin lasszoznanfildlumsldenuiauasiunudnsusmidegndldnu
1 g LAY -3 -9 ; : = - J nv
uaz i IdiAanmsAarAswy a3gUnTITUI Tanung@anuisunow iy BITUNTITUIUAL
a & o & v & o = [ [ ] o o
mmmua‘[w:gnmlmawu mi'q‘umu,“uaTﬂﬂms‘lumwiauTﬂumsmummu
o A o ¥ /A A oA =l & o oa X e P u
audncivlilanaiidunuliaiosning AUl NuALAaTURasiaI NNITIA
L .ﬂl L] J » “: - o H * o L
m’m‘mﬂmum‘fmummm:‘l’mmauu.a:ﬂﬂmua:ﬁ]:mmwwzq‘mﬁmmm's 1A
unu'lmjaa%uo'mﬂ'amLﬁuagua:gﬂmwaa-‘ﬁmmﬁumﬁmﬁmmwﬁﬁﬁmﬁu

4’ a « 9 . [ "
2.2 Aingwnlassaiiesasmanluamdmnisiianuion
ry o « & & ad » v o |
2.2.1 Angrwnrsquiiudaminarnidnisliaiufonanindnilaaw
Tassaduazananaionatnsatio
Y. | (3 =3 .'-: a w L
nssdflunaruuiandnunlunaasmnaaansailalasnisldanuiau
' Y - a o - . 4 -
uriminauflgunnigefiegainnfdmiayszanu Curie temperature (720- 840 °C) a4
J .d' [ [ = [} - o o L4 - ﬂ. L
Qﬂumammﬂn'l.ﬂaﬂqmm{}uamnmLi'nzm‘lmv\anunfmﬂauuuﬂaﬂmaEmamu‘lu



%a%:ﬁﬂﬁu‘%nmﬁﬁmnﬂﬁﬂuuﬂmqmﬂgﬁaﬂnﬂm%i{ﬁmmLlﬁaLﬁuﬁu%oziﬂu
qmﬂqﬁﬁlﬂummﬁ%mﬁguﬁaLLﬁamﬁnmmmuﬁﬂﬂ@ﬂugﬂﬁ 2.1 Housesliifingn
-nmqm}sgﬁﬁ‘lﬁumﬂﬁmm%‘ammmﬁnn‘autﬁﬂgnﬁzmumsﬁﬂﬁlﬁmmﬂuuﬁﬂﬂﬂms
8aA21030u (Quenching) laslunslinuiauszdasliunimanlutsamnyd ﬁgmfh
qﬂ"‘mqﬁv‘in (Lower Critical Point) “fmﬁaqmﬁmﬁm‘%'mﬂﬁyuiﬂwm"wL-n‘mﬁmﬁ’u%v"ia:ﬁ
nmﬂﬁsmImaﬁ%”mﬂu‘lmﬁaqmuqﬁﬁqq@Lﬁamﬁ 100 °C &71u3AInnAg (Upper Critical

Point) 1aandnzdszaufinandunuausiauadinan

-+

93
(LI 1038

13 I

paingAa

T

LU

5~

Temperature

%0 T

RIS ‘1 o
120 : 1 ban
AINOAA
nm T s

1000 L 1 L L 1 L L 1 : 51K
n 02 n4 a6 08 [N 12 1.4 L& 14 0

I*ercemt Carbon
A:‘ as ar g A & & & 5 3 L) Fy
31]11 2.1 m'mauwum:wmmawnummmaumaamannuqnmnu

U

= © L ZI:Y = [+ 4 []
2.2.2 nssuidlumailiiiaanaudluaszuawmsguudsluwiunudna 9
lunszuaunisguui andnlannisiienafauuszananaianstsnaii
s A o v a - ' -y o o ' = - 2]
nandBfhlimanuialugtuuud i geziuiunsldanuiauurininsugunndied
d‘ . . N A = % - sll
waniipulasaadraniolu (Micro  construction) Tyundaziuraingevesmriddiow
ENWRAN (Curies Temperature) s97UH 2.1 uazniaIMUURBIiIMIAasaTaumndn
Ad o el L A L] (<1 -‘: g Qs Add o niA g4
8488 I sseenuinwRalilfisnnuundasiuzlidronunaoitsslean lUnfionlde
ol a4 J
fiaaft
1) aaenuisulasdusdlubufvesi lininudoendnldiieslu Bew #n
uszLeInlafMILane1a 9
2) asnnufaulesuaslwihdueianhliingn udusnniion ldvimaabad
aswninfidasnmsamaniisuszuduazBonguld
g 1 B I3 L3 (3 J’ [ L = o -t
3) asnnuiaulamthdrsauinbimanudetuldaninundazltluen vluiia

Py

d‘ Lo D L") A [ 3 -~ 1
Adasalaimuldluruliazuniidasnsaneudsueids:



J = d. L PIE) . [ n z 1 r-v-| .+«
uanmnumann‘l’ﬁmqﬂn'miua:m?mﬁamo‘]uam‘sw:uua'mmm@ﬂﬂmau
AUAN MW MARNTRA Plain carbon steel 3:1Tn1IRanuTaud It ManHEY
. b €4 :‘ L J + L A’ o
(alloy steel) 3zl saannuiaudiduuazaugimIaannuiswalsauiiansadiy
ﬂ’nm%mmﬂﬂwaaqquﬁﬁmmwL%mamuﬁLﬂ'] wnzlunszurumsssauianlay
Al o ' o [y - P =& [ anf v g & & A o o
A5a4na1 ﬂ:ﬂaa'lwnua'muqmﬁqmuumwmszﬂuﬂnran'l‘nmqﬂmmummmmau

[
o =

mumau‘gu bbY

A o ol s el -} s a“ &
@A171901 2.1 qnmgm‘nuunua‘naamﬁnmmmmmﬂmm'\mau

Colors Fahrenheit Process
White 2500
. High-Speed
2400 steel hardening
4 2250-2300 F)°
Yellow white 2300 ( )
22007
2100
Yellow 2000
Allioy steel
1900° hardening
(1450 -1950 F} °
Orange red 1800°
Heat colors 1700°
1600
Light cherry red
3 AN 1500° Carbon steel
Hardening
Cherry red 1400° {1350 1550 F) ~
1300°
Dark red
12007
1100
Very dark red 1000
. High speed
200 steel
Black red in dull light or 800° tempening
darkness (350-1100 F)
700° Carbon steel
, . tempering
Pale biue (590°F)
Violet(545 F) 600 (300- 1050 F)
Temper colors PUrple(525°F) 500'
Yellowish brown{490 F) .
Straw(465'F) 400
Light .
ght straw (425F) 300
200°
100



(-1 L% [ 3 7] [
2.2.3 miaam'tmﬂﬂwaaman1ﬁ1an1wuummamumaammmm‘squ
3
wiia
manilalasuauiouuazvinldudlasnmisaannusoustaiiisiaiiiaz i
mé"nﬁmmw‘ﬁaE;mfgﬂLLﬂ:W‘i"aurTvﬁﬂTmmﬁ:Lﬁaﬁ'l"lﬂ'limumw:ﬁﬂﬁmﬁnumn%‘%ﬂﬁn
[YETVEE o o R & o & Y o«
16 esnudaunmnih WlFnumdnfidiunisguuds suiludasaranuidnzaaunings
1 o @ - A o k2 1 s r-Y
naum"lﬂ'l'ﬁmm'sa‘nam'l.@%Umiﬁ'\'lﬂ'lumwi’auluu1u5:muqmmuﬂs:mm 300-400
c® usrlsanliBunuiidaniyaannuidnzdas guisasasfzaunsaidininid
auLdsanugaImIuas Widsewlauanwndp
] CPr w
2.2.4 nazanlSanaarivandaamauidnmal@ndnaandn
& = g = o & a
ostdudaivaneziiinardinuaninundsvsanandianuudsvaunana:
P o ol . ' I ' \
waummﬂai‘ﬁuﬁmaam‘?ﬂaunwauag uaa AL LTI IWEIUY BIANUNUG DN
- . 1 X | 4 = o o 'Y =
USsEaRYUVBINAAN (tensile strength and yield strength) FINADUIINUINTZHIMAUNED
- a & & % & & A A P s
RUINHAUSENE aclRvAinaulaTisudaTuauInief 0.83% latRulafiauauan
P | a v « o o Lid ' ' . o .
dunalivinlwindnarunsofeuaznasilddndalvudluginvasanuuda (brinell
a R P o ¢ % & & P Y o
hardness) sxfansmanyntwndnluldizes gfianlsfidudariuowAuiudinandluzn
2.2

450 s e By ! { A f 1 ,

400

Brineil
hardness (HB)

Brinell hardness

Tenstle strength

yield strength

Tensile and
yield strength (psi}

|
0.2 0.4 0.6 038 1 12 1.4 1.6 1.8 2
Carbon %)

< ¢ s & & oot a A & o
Ellﬂ 2.2 Hﬂ'ﬂﬂ\'lLllﬂ'il,‘ﬂuﬂﬂ'ﬁllauﬂllﬂﬂﬂ']'il.ﬂll'ﬂu'ﬂ ﬂGﬂ']']lllL'ﬂ\'lllﬂ:kﬁﬂluﬂ'ﬁﬂdttﬂzﬂ'ﬁ

- | oA o 4 &
HEWA F,I!'H:‘Y] AMMNITNINALARN



' 30

80 120

Impact (Tb-ft)

10

Impact

% Elengation
and % reduction arca
=

40

rednction

elongation

‘J 1 1 — i |
0 0.2 0.4 .6 08 1 1.2 14 1.6 1.8 2

" Carhon

& £ s &€ Aal “ &
:J:lh"l 2.3 HaUaILa T T uAR I LUAUNNADNITEA DIIMAURSNITNISUNNYDIREN

lugnraatafidudnstia niInaal(% Elongation LR% Reduction) WazmMy
NzUNN (impact) ﬁauﬁmﬁnazmﬂaam'mﬁ'uluminﬂaauﬁuanngﬂﬁ 2.3 azululng
gjmsfﬁamﬁmﬁaml:'himminﬁﬂuﬂ:ﬁﬂdaiﬂmﬂatﬂm‘v‘iuﬁﬂﬁuaumnn'ﬁ 1.5%
ﬁnfumngﬂﬁ 2.2 uaz 2.3 ssfuusmnolumadenminfifiulefidudarivsuiinuzsy

an e

Fy -1 I v v P o
2.3 fingrwnsusimanindhzassmamnisinanasenlasninmiteania
3 =, E| o 1 [-3
2.3.1 Hugnuntiaanauanlagaismigaimiausivman i
4 L7 dl o -\ - L A & J
s iaNsanlasniawionih@aniszuiunmitfeanuiaulugnsanin Wi g
Tastndasiiulan: lagaudaunifiatuiiesiauannismianin Wi n Tzuaaay i
~ o H - ' o o v s o & 4 a A ol
‘lmamﬂummumgﬂﬁ 2 4 @adlananudmumuii ldiiaanua uiunuSiauAinIzus
"Lﬂashuuﬂ:mu’rmuaa'lﬁ"i'uﬂun"ﬁ'lmmmm:LLaﬁLﬁﬂmnmimﬁmﬁﬂuwmﬂ‘qﬁﬂgﬁ
w s P o \ a A ° Y 'Y
mawuauﬂmmuﬁmlugﬂﬂ 2. 8 lapfigaurianannIatuinnazvinninfiadaunuuag
- e I A" A -l 1 | - A.ﬂld o
ﬁuaLLﬂmLm:mnmmmawmwwmumul.ﬂ'luaaga:tﬂu'ﬂﬂmﬂﬂﬂm‘}uﬂmwmmau
. e A o ' = & o
WAL 1 Tau Seansmmems avadnizuanmoluurananszitiudnwmenis nauwseu
2 y = A o a oo e o a X 4
LRUTOLIIUAIUYIILMEN ﬂnaanummaam‘imﬂmm'lwﬁﬂgmuLamuﬁ)zmﬂwmaamnm:uﬁ
%874 (Eddy Current Loss) iiuidsinuntzudivaiuifialundauasiuios gunns
mastihgyFafiesnnnizudinsudmivwiauassansafmualdlasaunis 2.1)

o
A%



2 2.2 2 2 16
KW B f X10
pP= '“‘2 (2.1)
sl +1)

P . o o
lagh P = mm'l.ﬂﬂ'lgtyLﬂﬂmaoﬁnnn‘i:ua‘lmm(Eddy Current Loss). Watt

K = ﬁﬂﬂaﬁmaogﬂﬁauwﬁuﬁﬂaﬂwﬂm
W = aUNTIHTEINTIWKYRRIG © cm

B ANIURWILUUYAIFULTILALWEN :Gauss
f = a1ufi : H,

p = anwsnunmuwlifmastueu : Yem

SEULATIUANAD = L —

Ve \ X ~

— —_—
% — X\

N A ¢y~

: T Y
Lyl ]:[: y{f IF:
Do) RS o=\
|:|.];I| |:lf."'
Ell : [
iS4 b1t
l!;.l;{; I:i:.lll

§ '

1 O @
ANYAULMT IMBIUVBINTZLLE % > i I | : ) | : |
yaadamteninuiay : ;ilb. : I[ | : : @
i | I

. i @ il 11 @
R GBI TEa LT Hl >|:|! :|!; /||I
o LA P71
¥ v g A4 9 At Y /J\ "// \ A
FunsuBMan ARG oM AV AN B - v, N y
S~ = S~ -

(
!

3UN 24 AT IASTINT WA IUT 8IN TR M IR AR LT ILU A A NATARINUAT T WINW

snansmzlaserirasinaaniasnouluudunisivanuiaulagnns
mﬁmﬁﬁm%’m’mm‘squuﬁﬂam‘[ﬂﬂﬁ‘ﬁﬂm:ﬁﬁnmm:ﬁdugﬂﬁ 2.4 Fadiailon
Lma‘oahumé'ﬂwﬁ"lm:nmaé’miﬂﬂEamﬂmﬂﬁmﬂguqﬁmawﬂm@mﬁmﬁwmwm’au
%aﬁuagmuummﬁn'ﬁmm sz ldiAemnnionifaldAenzualnamluninnie
Fua laonrsuadananas insdnwasiurastasauurieduan uasifiesnniums

L o oo & o . s 5 “ -~
TuavaslWinizuradudsiulsfianauas Skin Effect deazvirldnizualnaanzudinm



10

Avdunanaaididuan lagfinnudnveaanszusi namoluiunuitnauduanu fuas
nazua Wi fitnaris dsezifluanuidoriuanuifidewd W lweasafWuseuura
mﬁnﬁuaﬁaﬁﬁaﬁwuﬁguqi‘aﬁmmé’afuﬂ‘%mtun'i:uﬁ?i‘lwa‘lmwiamﬁnaztﬁ'aﬁ'uﬂ?mm
NIzUEIUUARIA working coll AL IHIUTOUTBIVANIN @earuiiiuies
uanmnﬁaaﬁﬂs:naumaamnﬁﬂmw%aﬂﬂst'sm'l"imﬁ']E%’m%’um?quui'jaﬁ';
waneztsr nevludpanufuwusessaudsars guanananuinvaanszus Wi g

Tnaluuranén {Current depth:S)ﬁaﬂ'J'mﬁ (Frequency:f) anweunu W

Vo oa - o o
(Resistivity:2) W\ AMWANUTUTIUFUUUANREN (Permeability: L1} TI&@ 10T TUY

o a =S A J’
AMuRUAREIUANNEnIaIN1T InaraInTeuF IelasaunT (2.2) a9k

2
O = 174, (2.2)
U
fwualy
N 3 £ (2.3)
Tw
stz usuns (2.2)1elnsisoil
X
0= of=— (2.4)

Wof g = g,
T =27

PNAUMT (2.4) a:tﬁu‘lﬁ'j’nfiaFmnﬁqaﬁua:ﬁﬂﬁ’m:ua‘hﬂaﬁnm'lﬁ‘luummﬁn
ladonnsdaflathan Plot Graph azifudnwmzanududuiszwinanuinusinyzus
”lumuﬁ'um'luﬁ‘lé’ﬁagﬂﬁ 2.5 aziiwiBsdEnd W nuiamdnsuiaveanssusil lnafazs
USnmansd uszfinufl 500kHz-1000kHz  awane:liuandrstudaswlunsln
anufaulasmaniionhaansofiezlfungsie Wi anudlugnuilidis 500kHz

lduazanmadIauiauszwinaduniv annil 25 °c v 900 °C sunsnatuiele



11

1 ol = & A ) L & A 1 P
PRLENE QWMJJIJ gwum:u.m:'lmﬂnaa'lﬂ'lum‘lﬂmn‘uumaamnmmﬂawaammﬂ ALY

m'mﬁmmu&mﬁnmm%m’méf\mﬁmLl‘l.'uqﬂﬁ 2.6

x 1(]73

&)

b
o

~

w
tn

(5]

suan aluuvamdnouas)
[
e

b

1.5

ANUARYDINT

0 1 2 ~N [ 4 5 6 7 Po==g s
i I & - ' o &
anudyeanszua ihAvalufuviaman(dz)  x10

A s L. 1 d' Lo :ll _® dl =
51N 25 ﬂ’ﬂ11‘61&!%&%1%:“1'10@1’]'1NﬂﬂUﬂ’]’mﬁﬂﬂizuﬁﬂ'lﬁﬂl%m&ﬂﬂqm‘lﬂgu 25 °C uae

900°C

2.3.2 qmauﬁﬁma‘lﬂﬂma:maqmngﬁﬁmmgnﬁm'\u

Welweausanurmdnaziuarilddianudusiuswivniivanisuwiaaassuis

- ; 4=' o == a - a 1
aumnligedu alaanmnigaiiage Curie Point ( Uszaa 750 °C) v lddanudy

1 = J 1 = A 1 = = ] s
FIURWINLRANTARRIaENITa T RlFIe T U URBINLIME NIRaULYIR U
A d‘ e ] A‘ 3 -l d' . =
(Uszanae 1) Sangmmpil asnaniunanazianiwilisuain Ferro magnetic 1iiu Non-
. :J Fo) a ﬂ' & s d' =l [
Ferro magnetic Fagwrsnafuisanwmeznisiffouulaslddalugui 2.6 uazazinarh
[ P @ - : & s
IWdauwmilening Inductance © L ) 183tnAnaasdatnaann WENIINUURUFNTHN
TWHNaaamanfezilaowllde T,ﬂmmmwﬁﬁumuﬁugammmﬁm:aﬂmtﬁmmn
- o & 4 > A LYY
nizurinaues nadnaslulufnvaaninldnntudsldaiunaiudr luaunis @.4) lu
. , q . . & .
WOANITNVBY Skin Effect Lm‘lumumaamﬂmwmumu‘lwﬂwzgwumuqm‘nquama
oA Ad A a
dalitasdatun ﬁ‘l’ﬂugﬂn 2.7
L3 = = :I. : 1 ¥ -3 el

Tunslfruadann@nsuasmalfouulasiazdanadanisaiuguidalni

o o o A e v o |
rauniiisuTIduaMuigImdasanisanrunuszuuIiiuluaniazifinig

WaguwlsamalWiuaznmeswrunamanlaatraradilas mngﬂﬁ 2.6 VEFIULAALAWT



12

ﬁauqmﬁgﬁﬁaw Curie Point @1AUSNTIUEWINLIRANTZRARINLILBNKBHALNS

q

davlaaviuudifiais 750 °C w3nda Curie Point wwUTnghenamuduriuranag
ataTa i niuia e uenuiasseninened Srezndwinuiualeuuurt
azflag 2 anufinangia mmﬁl.ﬂ‘ml,uuﬁﬁauﬁaqﬂ Curie Point fiuaafiislauuust
W8951999 Curie Point %wé’amnﬁoqﬂ Curie Point uﬁ’mamﬁ'ﬁlzggﬁmﬂuﬁnqwﬁa
d’aifulumsaanu.‘mJLﬂ?‘aa‘lﬁmmfauﬁaﬁﬂL"ﬂuﬁaﬁzuumuqummmﬁ%‘umwﬁﬂ.ﬁ

h o o T e _ i 1 J
ﬂ']"NWBm“i‘ljﬂ’ﬁtﬂGle]GIﬂTillﬁﬂﬂ'l'nﬂ'u

[¥3]
-]
(=]

Relative Permeability, gy — &
[ £
[= [
= (=]

—
(o]
o

360 460 S[IJO 600 700 800 900 1000 1160
Temperature,oc e

A Qs Qs I [} [} Av s oy

Eﬂ'ﬂ 2.6 A7 auwuﬁs:mwmmw%umuﬁmuuumﬁnmmmﬁnvﬁammunugnmgu

P g e o ) v £,

WANIINTHILH I MKV Skin Effect m'n'lﬁna'nmLmuummwmﬁumuauga
vaundnzaasuiluatirannifiasannaniisge Curie Point nizurazinatanizuiianda
A4 ad He L : P w P oo ' a
Toliwuilaounudnasniiage Curie Point udlanwwiziliagmngiifauandnoinidh

Qe L "3 = o L 5 L J o x

Thdulupssununanazrildnszuglvaiusansolnalddnuniu AIUUNATAILAY
o s ) o [ d‘ 2 J { 1
mm"l.vi%lﬁamLﬂuwfa:@aomuqum's"lﬂamaans:uamﬁaomﬂm'saﬂmmaammw
L A’W D e ) Lo z A' J 1 ' "I -
MUNIUiaI8 mmu'l.umwmﬁmwmmmumuuuﬁmwwuammamaamuqmﬂn“u

Lt@mﬁamﬂﬁaqﬂ Curie Point a7 fiazt3uasn



I3

=
=

Resistivity, L (e 1
2 &

a4r

02

| 1 L L o Y L " 1 L N
200 400 600 BOG 1000 1200 1400
O

Temperature, C
d [ 7] s N -y 1 A os
sun a7 mmﬂnwm‘fﬁ:wmqmm;}uua:mamwmumu‘lwﬂﬁ

'
]

s luinwneeasiessuyg mwﬁtﬁaqmﬂnﬂmwuﬁmuﬁa Curie Point
ﬂ"m'nu@'fmmuﬁugmmﬂmLfimmnm:uaﬁﬁuﬁlumﬂ'naﬁnaa"lﬂ'lml.ﬁamé‘nmn%u
HiasnniTanaduasie e uTuAM LI NnENTuIN FeesaTeiuiue
ansunwiniaassunuiisieafiududnd@nday ti"l'afumanﬁm‘mma‘lﬂﬁma:
mIgwNumanuaanan mursnesualailunsmiinuedinnasiunweazdtny
it luaud umﬂv?ﬂ'nm”aufu@i’mﬁm‘:m'lué”nﬂmmamauyja‘?‘iqmvx.q edeg
Wz Ll E I TD W AR N UM RUAZ AN AT UL RN LA R NIRRT IR UA A
anusunRLazananumistaaninldlagass asannmuasuudasasdn
m’mmﬁmﬁw:ﬁuﬁufﬁ’ummwﬁmmuwaamﬁnﬁqmv@ﬁ@mG]@aaﬂmn

2.3.3 MYINATIEH NI TANYAD paramIAmilaiIaNNTan

ilssmamawisnihanuiaudnsnmslndidosduanmslundaudasland
m@lmﬂmﬁmﬁmﬂwﬂﬂgu:‘]ﬁua:"‘t‘;umu‘ffag}mﬁ"mﬂﬁaa@hmﬁumau.&imﬁnmnwmﬂ
ﬂgugﬁa:ﬁé’nﬁm:mﬁamﬂwmﬁuqﬁﬁﬁﬁﬁmmﬁm 1 700 landfldBudnuand L,
uazdIfEIuMu R, usenumilsniussanasuiazanudusasiunu ez
feduanuaud L, uarsianudiwnin R, dudannwiisriussianadums
ua:fi'm'n:Je"humwawﬂmﬂmﬁmﬁ'\ﬁmﬂgugﬁ“ﬁatfiaﬁjsmuma@i‘amws‘ld’ﬁ’dgﬂﬁ
2.8 T.ﬂﬂﬁuﬁdwmugaﬂﬁﬁagmﬂlﬁﬂau'lm'hm:ummﬂﬁ'lﬂfﬁa [ Falwarunizus
uunitladedusnuand £, fidnibsunawlibmninranlwies



14

] L R IDEAL LL

i - oo e . o A o
51 2.8 ‘]\‘liliﬁl.l%jlﬁ‘l}ﬂ\‘l"ﬂ@]R’JﬂL‘Ir‘luEI'J‘Wl‘HﬁW%ﬁ'BULL‘HGIﬂ‘H:‘YI“ﬂHJ’]%lNE]‘l«l']ll’l

ATl

AT RN RS A HNUNANNN T aI N Bl A

9Nyl 2.8 Wamafmsfwasan g nedundogllunuiumsdwlgund

Lo

fusoud umwmu;ﬁlamawﬂmﬂmﬁmﬁ'\ﬁﬁmauLLﬁeTw:ﬁUﬁﬁﬁumu‘l@ﬂﬁajﬁagﬂﬁ

29

Leqg= N’L

7 ‘ Req=N’R

O

A = a_ s s . & ol Py -
gil'n 29 'milimlga'uawﬂmﬂmummnwmauummanTamnqumumu'[ﬂﬂwm‘sm'\

mnﬁmnﬁﬂgﬁ

ﬁrm;s‘ﬂﬁ 2.9 ”:aarsauga‘uawﬂmﬂmﬁmﬁﬁﬁﬁmauLLﬁaLnﬁn‘[w:ﬁmfsqﬁumu
o g | e e f [ ' o
mlh:naummﬂ'\aumnumwﬁauga L., URZFNAMUMUMUTLYS R, AAIINIAT L6

w &
adu
2
R, =R, +N°R, (2.5)

L,=L,+N'L (2.6)



15

A

unudn  Re=N'R. unz Lr=N2L 214
R,=R,+R, 2.7)
L, =L, +Rp (2.8)

eq

viia N = §aussprasuaaamnisninAwusauuviamanlan:
R

R, R = enushwmusasreaiamilnihuazsesnaatunuead oy
L., L, = fanuwniianihilnausmesaamionihuss Inaadunu
MUEIY
R,= mm@’i’ﬁumummvaﬂﬂ"}‘jpumw‘fxaﬁmimmnﬁmﬂguq“
9 4 ehmwmﬁmﬁwaoTvmﬂ?;uﬂwfnﬁmim’m’mﬁmﬂguqﬁ

nnguUf 2.8 wanamvammdsiwihagidslusesamnisniildasunis
2

P.=I"pR, (2.9)

a a “ ' e a da & A v

Twihsaadnanufiswsnmdmss i adiadinh naaldasmauns

P.=1"sR, (2.10)

AI oy W« Pt ‘:; b

uazillafinsasnnnandulgundlesh 7, =NF  eld
P.=1% R, @2.11)

a I, = nuzuslusaalamniioai

nzuFlulraadwiT

B
w3
I

1 - =y n“ - A’
PINFUMT (2.8) — (2.10) Sursamisdss&nsnnua lnaaTuanue s

-4 (2.12)
n_ﬂ+& '

UNUEUNTT (2.8) - (2.10) luauny 2.11) ale



16

1'R
n=——-71 (2.13)
'Ry +17,R,
R,
n=—->"— (2.14)
R,+R,
77 ! (2.15)

C1H(R, IR

A - i ) =3

\{l8991NKHEYRS Skin - depth  MTIRAIRIAINIIURRAR AW IZAUTII A B4
Yaarainiyuss iU aE e T WA InnauLa T sd U lanllanuaninny
Qor & ' L7 dl . = L L 1 A‘
FINUIUNITWIFIUFIWNL R, usz R, Avilnfimumnmomldannaunisaselyd

Py
R, = ra = P T (2.16)
. i, o |
Uae R, |7 P, T (2.17)

L

Wa &, = anuinfAizaszeasiainiiedi

S = anuRnuaIBuiIn
p, = snmdunulnismesamitoni

p. = smwauwnuwiuesuau

FIUINFINNTT (2.17) aziinldindnnudiuniuna s nan R azuihinw
Tatasatuanwausunun1dlWi o vestunu danudumuuiimanduing
H, uazAra N I nIzuaRaL f filousnduaafiand 9 (2.4) uRz (2.17)
unmhandwmmaiwiiesiene g 'F'i'l,'ﬁ'lwquuﬁaﬁﬂau:‘lﬁd’amﬂaﬁ 2.1



d1tnmemynnand Hszseund1aIANsEIY 17

A 1 Pl ] 8 : () ] A LAY
@137191 2.2 smmnilieaiding gneluihassiagtunusiiada galdlunmmguudin

Tane

Resistivity Relative Skin | Surface
Material £ 20°C Permeability | Depth | resistivity

(Qm) (Jur.\' ) 5;‘-‘ RS
(mm.) ()

Iron* 9.71x10°* 100 0.0592 | 1.6402x107°
Silver 1.59x107 1 0.2398 | 0.0663x10
Aluminium | 2 65 10°* 1 0.3096 | pogs6x10~°
Lead 20.65x107" 1 0.8644 | 0.2383%10™

-9 lﬂ. (23 =1 J
*gilalanzAlElumsguudsialavzlulasinuil

; 1 L L] Qe o e L 7 L 4 o
2.4 Aingvvasunasirp it liidamiunisivanaioulasmawite i
umioﬁi'mﬁ'm”o“lwﬁﬂﬁ'm%‘unw‘lﬁmw?au‘iﬂymsmﬁmﬁﬂﬁfuﬁagﬁmuuuu
L L= = o x [} ol B z L7 =
munuua:um‘mmmmmu.ﬂ'luaﬂmuﬁaﬁ%quummamugﬂuum:uuuﬂ:'ﬁuﬂ
€ ' o - v I P & v - & &
Qﬂﬂﬁmmﬂumum:naumanﬂaamsaa'lmmﬂmauu%:mumwumaunaimamlu
el L4 o, ﬂl-' r-3 dl ;
afeasRINIn1TaIwlana 10 kHz 'lumuqﬂmummm‘lﬂ Tﬂnaunaﬂﬂafﬂﬂung\mm:
lfurundaulasunuadisani Loss fismafigadmnildunundaudsdivuiedn
f93n @i‘aﬁ'uluﬂﬂqﬂ’u‘ﬁ'aﬁuulf semiconductor (nverter (ilutnasamings v luu
L7 : o 5 1 +“ b H o. [}
gruntivanuianlasmamisinWiasudmisitonludiualnuddar awdagn
| | 5 . ' X o
mmﬁfjﬂﬂuﬁmwﬁmn'ﬂ 1 kHz 9uiistnuaudlIwnas 10 kHz 9219 SCR Inverter
wazguaufiliunand 10 kHz ﬁamummﬁga 50 kHz 171GBT iflusdetuss
duliaiiaad ﬁmai'mmmﬁga 50kHz — 450kHz 19 Mosfet Inverter Lm:‘luai'mmwﬁga
i1 450kHz Hamduiudoaldnasagygimavacuum  tube) BfiguAN sziRw
- wa ' € = v o s a o v v
gursnfszlsauaiaafidwunadsdnamartWwir g nivaunslvanudaulannis
d' [ vu‘: a 1 dl ul t i Ld oﬂl d
B laasud lugunuden 50Hz %uﬁamumwﬁgq 450kHz @a'lugll'n 2.10 49
a‘ﬁmEJm']:uu.ﬂn@iws:mwaﬁﬁa‘lﬂﬂﬂua:ﬁﬁ'ﬂmmﬁmaaqﬂnsrﬁusia:mﬁﬂﬁﬁ‘maﬂlﬂu
agiiudia Thyristor, IGBT, Mosfet, Vaccuum Tube uazfidainalainginsaifianansn
'11"1uﬁwé’ﬂﬂﬂﬁﬁga'lﬁa:gnl"ﬁ'luzhummﬁG'hd’mqﬂnﬁrﬁﬁmmmv‘i'mu‘lurhuﬂ'nuﬁga

aanInI g W lddndn

62640



18

Sk‘u’/
Ve
s
v
Sk\n'/
2kv/ BTs R 5 Curranl
LR . '7‘—;1
) Wezzzzzasoer:
T 77777 777 77T T e
¥ SO0 A DA TEDO A 000 A 2500 A 3000 A

Frequanty

51U 2.10 anuFuRuITEwienud i Fnuiuiie

LanzTie

nia

L

e mivgunsalaiad

Lo ' i o oo oa | o - s o v @
ﬂT]BJﬂuwuﬁizﬁ')']wﬂU'luﬂ'.l"mﬂﬂﬂWﬂﬂﬂ"lTiﬂﬂﬂ']ﬂﬂiﬂﬂ'\mﬂ?ﬁﬂ"lﬂ.ﬂﬂ?'}uiﬂu‘lu

] =y d' J 1 -~ s A‘ Al s o s o [T
WULF i]aﬁmu"l.ﬁ’l,ugﬂn 2.6 Gagumsidanadauiivzdanvasad onuanudunus

SN T UAn a8 IWHN dmiugUnisiefudazaialagezduitenase

ﬂi:mm"l.@'f'hé’nummﬂimumaa:i'm]:mm:ﬂuﬁuqﬂnmfmwﬁﬂ‘lﬁ wuluiu Scan

4 9 . A -
Hardening @slFaufitnulizuio 1 kHz fiagszano 50

0 kHz fazduenufily (GBT

ua:uamﬂmﬂuqﬂﬂstﬁ 1os IGBT szl s e s nuddiuazuasnsazuldu

' i & &
mum’mﬁgs’lumumiqumu."uau

L
TMW
! | Swip Heaty
Pre-Heating }
E Contour Hardening

------------------ ingle S ing|

ok w =N figloShgoblardeniny
v ) VPN

iy,

LKW -

(kw

Tempering,

14y TH 1kH,

JUR 241 Aanusunuswihediuenadldnuivine

9
ANNIEW

1OhH»

1MEH .

M3TeAa W a T uly



UNN 3

@ 4 ¢ 2o o Ea o ¢
wnan ﬂ'ﬁ“%g'l%’ﬂBﬂ']\'l%‘Sli‘[ﬁuﬂﬂﬂﬂ‘lﬂﬂﬂﬂﬂﬂ‘iﬂ“ﬂﬂiﬂﬂ FULIAILADT

3.1 unu

& . a4 I ry a & - a g4 A €
'lum'um:nm'zmmanm‘iwugmmamﬁsaunmmamumjamﬂsﬁmuIﬂaﬂLawn
"v!ﬂﬂ's':ﬂé]‘l.lﬂE]U’QQ%NE}LLURGWJ’]UﬂEJNLLR:’Q@LL'YIGI‘Hﬂﬂﬁ!olﬂuﬁud’luﬂﬁ‘:mﬂiﬂﬁ: Afad
mﬂﬁlﬁﬂmﬁu%’auﬁdumimﬁu'Jﬁﬁmnﬂﬁunmﬁgammmﬁvgﬂ'um?mnai’maﬂﬂs‘fwﬂ

A , i v a - o a d e &
mmﬂwmammamﬁﬂL'ﬁa'l.w.n@m’numummmum‘lumuﬂ’nungwmwmumu'lu

. & & - rg - a - & a o & P
wiawan legdlewfiesiuauaiiazifsamumaiwiesiawnieaia gfildlwiens
Truunuyl 15% Normalized  AuNueusd quw\lfﬁzwmLm@Tml.a:n's:ua‘lmnsﬁuna%’
Lﬂa'i‘mm:ﬁqmu‘lmhulné’l.ﬁmalms‘[mmuﬁmamu{h‘lé’ndﬂﬁo MIIATIZRLTION
NI2UE  NITWE Lm:ﬁﬁa'lvlﬁ'manwiwﬂau‘%m’fﬁunafmaﬁﬂfmmuﬁagnm IR
14é’nmﬁf‘hmmmf‘f’nmwuﬁﬁumuﬂugaua:ﬁwmmmﬁmﬁwauy‘amanaasﬁunaﬁﬂa"s’
n’[sﬁLmuﬁaqmwm:ﬁ'um:uam’mﬁfgmﬁaii'mmuv\ﬁauﬂmmmﬁgo‘lﬂﬂ’o%umumn

Tuuriaman

3.2 Swneiianislgunuriuuyanna

3.2.1 nanAIRN I BIANR duafeaiilsunniuuuayniuifensuiiad
ma‘?ﬁuﬂmﬁﬁé’omn"lwﬂﬁmzua@mLﬂumumé’ué’auam‘lugﬂﬁ 3 (mygsazioniniiu
1amﬁhuuufﬁ|.|.uuagmmw*n:ﬁ@ﬁmf'imﬁ’m.a:ﬁ':Lﬁuﬂ‘szqﬂdmkn'mﬁ'uﬁ'ﬂuaﬂmm
FTUM™ mmﬁﬂ’ﬁazﬁﬂﬁtﬁmusoé’ugﬂaﬁﬁmﬁnu‘[anﬁﬁ'zmﬁmmua:ﬁmﬁuﬂizq (C)

a v o A o . . s i & -
ﬁ]:‘ﬂﬂIﬁlﬂﬂﬂ’]'\JJl'lLTI‘HLL““‘(T‘INQ]:ITIﬂ']l.ﬂ']ﬂi]ﬂ')’]llﬁﬁ'lﬂ‘ﬁo

o o & o = e A
Fiurueaunm ezl
1. Ansannaaauaunsndennufizesnes R - L - C daurasluglf 3.2(n) 9z

o . o G A o &
1@] SRV EIHLAUDDINIDTTI f}ﬂ’nuauwuﬁmu

A R
d

JRE + (a)L ...]
ol

v, 1
L = (3.1)

v, [wL 1 )
[ [
R wRC




20

2. anudisuwwdazidnyinnu

fo === (3.2)

— a &£ 3 o A g o P a - “ a as @

Aenudulowued ddufRuauduaddumiianiuazanimbizyazunainyu
vaduiulnasiidianizanusumurintgu

dlawsesiulwiheusanidugadudindounanud £, waves L-C axvhwihil
aduiluiinsasanud fevhldenaindnusiwld uazzaauwadyiusesaniue
A€o w4 o Y a o : @ & a e ¢ dAa
unamﬂmmG]m‘lmgﬂﬂﬂmnmuﬂnmaummmummﬂugﬂﬂaumyrmm'lﬂnu i

mmﬁtﬁmﬁ'uﬁ’umwﬁmaagﬂﬂﬁu&wﬁmj

(n)

1
JoC

Jjel jaC
7 7,

(1)




21
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THD, Y
Vs = Vi 1+( 100"] (4.11)
I =t 1+(ng3’} (4.12)

PNUUUNUFUNTIIA (4.11) Uas (4.12) adluaunisf (4.0) azlddrdatsznay
) b A L7 “: J:Id. (=1 = L 1 - 7
fads gl lematunimnnaa uididunaz T wsadu

)]
I avy

y2) & - = (4.13)
o P I e (RSN Ik o,
Y 100 ‘ 100

pf ‘Pavg 1

Vlrmx"lrms 1+ IH,D,J . ]+ THDI ?
100 100

o L, ] L J
Tursdfidimansoswualeasis

(4.14)

L

1) Iﬂﬂﬁ";‘lﬂﬁﬂé’ﬂﬂﬁﬂmﬁﬂ'ﬁLﬁﬂmnm{uaﬁna‘fé’uﬂugan'ﬁmﬁngam:ﬁmﬁaﬂ
NI Pavg = Pravg

2) dlnsnneamuipunueindrevesusdulwinmy Wi (THD,) Tag
Yndazdantosnin 10% aowngunish 4.11) azle Vims=V1mms Lm:ﬁ':m'faamalﬁﬁﬁuﬁza
gaadadmardiosn mwun1af (4.14) awnanaiiu



41

P 1 ‘
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Qs { A =3
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4.5() [6]

Reactive Fower { kVar }

Reaclive Power ( kVar )

-5
Apprrent Power (KA ]
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Raal Power { kW )

-

!

Real Power { KW)

n) (1)
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\-/ PE,, <l PE <1
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Cocking Appliances

Fernando Monterde
Universidad de Zaragoza
Marna de Luna, 3
30013 Zaragoza, Spitn
fernando. monterdedibyse s

Pablo Hernandez
Universidad de Zaragoza
Mana de Luna, 3
50013 Zaragaza, Spain
pable hernandezihyse es

Abstract — Generally, power inyerters Tar induction cuoking
applimnces are centrollob varying frequency Lo candrol
current through moucier col). When maore than one pawer
canverier is operated at different frequenciey greater thon
pudtble  nnise  upper  threshold, low frequency  Lnter-
hurmsnics are generuted In common impedance due to nan-
lincar effects. Suppression of audlble noisc in multlple-cnily
induction cookers lesds to bigh-performance Ared-frequency
control. This puper presents m new unipolar yniteges
cuncellution contrul fur serles resanunt inverters. This
rontrol  stralegy 3 wsed kg~ faki-hrid tapologiey for
induction conkers, ullpwing ﬂmﬁmﬁc_‘f control with
ZVS operstion nver w wide power ronge. So performance of
current-mode and yoliupe-cancellatlon ls improved. This
control b Impletmented in » series-resonant fuli-bridge
inverter Tor Inductlen conkers using IGBT: wnd diglral
eontrol implemented in & PLD which can be casily
impicmented in un ASIC far mass production.

I INTRODUCTION

Almost all induction cooking applances use vanable
frequency control 10 adjust power consumption {1.2]. This
teads 10 audible noisc when bwo or more inveiters are
operated at the same time with different switching
frequencies [3). This noise is the result of low-frequency
inter-harmenics.

In order 10 avoid audible noise, constant-frequency
control is used [34]. Constant-frequency  operation
supposes thal every inverter in Lhe appliance is operating
at the same lrequency, making neccssary ta conual power
without frequency variations.

Constant-frequency contrel in fuli-bridge topologics is
possible using classical voltage-Cancellation control [5-7].
Voltage-cancetiation contrgl has severe linutations for
serics-resenant full-bridge converters cperating under low
load conditions. Und_:r this simation ZVS opertjan is
lost, so increasing losses and temperutures.

In this paper 2 new uwmpalar voltage-cance!lation
control 1s proposed, which allows constant-frequency
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control while maintainine ZVS cperation over a wide
power range. 5o autdible noiseless and ZVS operaucn e
assured over all the power range,

[l LIMITATIONS OF BIPCGLAR VOLTAGE-
CANCELLATION CONTROL

Constant-frequency contrel using voltage-cancellavion
control js only possible using full-bridge inverier topology
(Fig. | a}). Hall-brndge and fuli-bridge inverers can be
also operated al constant-frequency using asymmetrical
duty-eycle contre! [ [0 induction cocking opphances tha
load is a pianar conl which can be medelled as a sencs
conneclion of an inductor and a resistor. A series
capacitar ts added for resonant eperaton (Fig. 1 b))
<apaciuve lossless snubbers are uswuly placed 1 paraller
with the power transislors lo reduce turn-off losses.

Bipolar® voltage-cancellation control allows constant-
frequency  comtrol for jpdpction  cooking  full-bridge
inverters (non resonanvtopalogyyup the rated power, Gare
signal of ransistor ip the-TFpverrar and vollape and cunent
wavelarms are shown o r1g. 2

Bipolar voltage—cancellation control  allows  fixed-
frequency operation over a very wide rnwer range for nen-
resonant  full-brdge twopefogy 10 induction  cooking
applications. Conuol strategy provides ZVS operation,
making this conirol ideal 1o be implemented with power
MOSFETs.

In order to reduce turn-off losses tn power devices and
also [0 decrease current throwgh  devices, rescnant
topologies arc preforred. Series-resonant  fuli-bridge
topology provides the maximum load voitage, which can
bc as much as twice wnen compared with non-resonant
full-bridge ropology. This improvement can be used to
increase equivatcnt semes resistance of the inducror.
reripient crapling. This can be donc i two different wivs
‘ihe lirst supposes to increase Lhe number of wms of the
coil. The other, increasing the switching [requency, As a
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Figure 2 - Gate sipnals and comesponding outpul voltape
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frequency is overcome by the reduction n the twm-off
curient.

Newerthelogs g series-resonant full-bnidpe topalogy 15
difficult 1o be operated at low power load condiaon with
constant-frequency contrel without loosing the ZWS
condition |5}, In Fig. 4 b} it can be obscrved that the dinde
15 not conducting when the ransistor 15 wmed on, 50 ZV5
condition is lost. In thus case, with capacitive snubbers, the
encrgy stored in the capamiar s dissipated in the
transisior at m-on, produging very high current peaks
and. consequently. very high pewer dissipalion peaks

III. NEW UNIPOLAR VOLTAGE-CANCELLATION
CONTROL

In bipolar voltage-cancellanon control T3 and T4 (in
Fig. | b}) are rered-ofT before the corrcspénding T2 and
T1, making D4 and D3 to conduct respectively U 1s also
possible 10 turn off enly Td before T, shart-circuiting
only to the positive rail. This s the umipolar voitage-
cancellation control. Gate signals and output voltage and
inductor current waveforms are shown in Fig 1.

Using thiz stratepy, urn-oflT current is always greater
than zero and, consequently, there ts encuph energy stored
in the inductor to charge and discharge  snubber

n o |

B 1
HEEY |
>
| |
T4 ’ 7
| !
] ' »
o | | |
T3 : iR
Gt | »
v ol
==

T
TITd Tim ™mmn
D103

o1 D4 oo

Figure .- Gale signals and corresponding cutput voltage
and inducter current wavelorus Ior senes-rasonant full-
bridge inverter with unitpolar voltage-cancellatiun
control.



capacitors Once the snubber capacitors are fully charged
(discharged). the antiparailel diode stants 1o conduct. Once
the diode ts conducting, the correspending transistor 1s
turned-on with no losses. Finally, when cument through
the diode decreases to zero, the transisiar stans carrving
the current. Fig. 4. a} shows the PSPICE simuiaed
wavcforms, and 11 can be observed that the diode is
conducting  when the transister s turned on. In
conclusion, the cancellation time is not limiled as 1hc
classical voltage-cancellation time

|V, CONTROL STRATEGIES COMPARISON

The main oulpul vanabie in power inveriers for
induetion cooking 15 the output power. Quipul power
depends on both the inductor current and the equivalent
resistance.

The indugtor current can be casily  calculaed n
stationary conditions using harmonic anlvas of the load
vellige In this case, the load voltage is the voltage drop
between the midpaints of both Jegs of the full-bridge As

B PP -
20mn T . Sun
Bt 2110 o TR & Vb 27210 w RE3CIIRLD)
L]
)

2 Vab o
&LH’I‘ISE /L,< (=2
rfi/z%

ey ./ Cs ;
Hus Wy p- ua 3-¥1)
6 UL IR o [ARLY & Wb, 2)/08 ¢ ASEILRL))
Time
b)

Figure 4.- Simulated output vollage and inductor current in
series-resonant [ull-bridge inverter using:
a) new unipolar-vollnge-cancellation control, b) bipolur voltage-
cancellauion control,
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the laad volage 15 deally
simplifies  very much  the

shown in Fig 2 and Frg. 1.
rectangular shaped  Ths
harmonic analysis

The load voltage in bipolar valtage-cancellatton contrel
has anly odd harmonics duc to the svmmetry of Lhe
wavcform, as shown in (1)

S 18—’
Vo= — .w:[ ————J h
oA i =

Voltage harmomcs of umpolar velage-cancellation
conirpl has both ¢ven and odd hanmonics due 1o s
asvmmctry. Voltage harmenic component are calculaied
in {23

% i
“Toak

s (180 - &)+ (2 - (- 1)~ cosk(180 - a)y’
[P3]
[ both cases the load is the siumg,; Lhe series association
of equivalent inductor and resistor and the scnes resomant
capacitor, So, for every harmaonic component the

impedance is calculated in (3).

Ve 3
R* ~+v‘l w /] -

] 2
\ IF] @

The peak valuc of the incuctor currenl harmonic
components arc calculated using the expressions for load
valtage and impedance sn (4},

Ers s

Y/
fo=5- ()
“k

The power factor for every harmonic comporent is

= {5)

R
R:+‘( e __LW
\ {\ET @C/

The cutput power is calculated using the expression of
the active power in {6),

P, =V, PF, ()

The output power s abtained from the summation of
the power of diffcrent harmonics. Accurale niwnencal
calculations can be obtained with only the first five or
scven harmonic components, provided that PFy decreises
rapidiy with the harmonic order.



Table T shows the output power as function of the angle
e (phasc angle or voltage cancetlation angle) for unipalar
and bipolar vohape-canceliation control. This example
shows the results of a 2000 W rated pawer ipduction
element.

TABLE |

DUTPUT PIWFER (W) VS af* FOR BIPOLAR AND UNIPOLAR
VOLTAGE-CANCELLATION CONTRDL

of*l Bipalar Unipalar
(W) (W)
4] 1997 1002
g 187% 19602
&80 1500 1A
90 999 1273
120 513 903
150 146 als
1 R{ 0 A0

Fig. § shows the same as Table [in a figure, [1 can be
obscrved that the output power in bipolar voltage-
cancellation control allows Lo rcach zero power whereas
unipotar one does not. This characieristic of unipolar
voltage-cancellation control, that could be considered as
undesirable, can be considered as a protection, Provided
that here it is no prabability of loosing ZVS transition, you
arc not concerned about limiting duty cycie in any
condition.

Nevertheliess, the outpul” power for maximum phase
angle is onty theoretical due ta the prescnce ol parasitic
output capacilances of transistors or snubber capacitors. If
T4 is nol tmed-on (maximum phase angle). depending
or the inductor current, the senes-resonant capacitof
valtage and the snubber capacitor value, capacitor charge
process lakes same time o charge the snubber capacitor
of transister T3 and then, when the inducter current
changes its sense, 19 discharge this capacitor again, This
makes the Joad voltage to be paositive during 3 minimuem
interval,

The situation described above can be climinated
maintaining T3 permanently ON and T4 permanzntly
OFF. In this operaling condition, the output power (s
equal to the theoretical maximum phase angle condition,
and equal to one fourth of 1he full powcr.

120

[0 150

Fig. 5. Output power v 8 for bipoiar and unipolar voltage-capcellation.
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It is possible 10 use the same unpalar vohage.
cancellation control inlerchanging the control waveforms
of T4 and T3. In this case averaged value of output
vollage is positive. This supposes an advaniage for designs
using bootstrap tcchnigue 10 supply high-side dnvers
provided that, in this case, pulse width of T4 15 constan(,
and refresh time of bootstrap circuits is guaranteed.

V. EXPERIMENTAL WAVEFORMS

An experimental prolotype has been impiemented to
lest unipolar voltagecancellation control. For  this
purpose, a serics-resonant full-bridge inverter, equipped
with four S00V/44A IXGH22NS0BUI IXYS IGBTs nhas
been realised. The control strategy has been implcmented
in a Programmable Logic Device (ALTERA EPMY320).
IGBT drivers use high output-current pholocoupler and
bootstrap lechnique for supplying high-side drivers.

The load consists of a fat inducter coil coupled to 2
standard cooking recipient. Model parameters of the load
are R=967 00 and L=60.0 uH. The scties resonant
capacitor is 2 paralic] cannection of two 220nF/630V
MKP capaciiors.

Fig. & shows inductor current and outpul voliage
waveforms of this prototype in minimum power operation
mode. Note thar the voltage is measured between the
midpoint of both legs,

o

B~

b — [ 1
Lo ; u'l ms—-rmj.—ﬁ—rrfl

< E
Cn1l 0% Cha 700 vOA

Figure 6.- Oscillogram of output voltage (CH2), inductor cuzzent {CH4Y and
seriesrezonant capacitor velage (CH3) in 2 sene-resanant full-bridge
inverter using new unipalar voltape-caneeliation control. Controlied power
operation (640 W)

Scalex:CH2 230 Vidiv, CH3 100 V/div, CHd 20 Addiv, § pwdiv

Fig. 7 shows the same waveforms at full-power level
{1850 W). Note that switching frequency (48 kHz) is far
enough from resonant [requency, This makes easier the
fixcd-frequency control for a wide variety of recipients
(loads) and input voliages.



Yigure 7. [sarllogram of culpul voltage (CH2). inducter current {CI14) and
wemes-reannant capacitor vollage {CHIY i a sencs-resanant full-hndge
neener Laing new unipolar vollage-cancelfshion contrel, Full-power
nf'-era%mn (1530 Wy
Scates L)) 1530 Vodyw, CHT I00 Vidie, CHA 20 Addiv, 5 jawtiliv

Vi, CONCLUSIONS

Limitanons of classical bipofar-veltape cancellation
control for serics-resanant full-bndge inverter have been
shown. {n order to cvercome this hmtations the new
urupolar-voliape cancellation control s presented. This
control strategy affows fixed-frequency ZVS operation
over o wide output power rmange. Fixed-frequency
aperation allows noise-free operation of inverters when
more than onc is operating at the same time. The proposed
control does not need minimum ON-lime protection (o
assure ZVS operation. Furthermore, unipelar control is
casy 1o implement wit) bootstrap drivers.

Vil. REFERENCES

[1 Henry W. Koertzen, Jacabus D, van Wyk and Jan A,
Ferreira, “Design of the Half-Bridge Serics Resonant
Converier for Induction Cooking,” in Proceedings of
the }995 Pewer Elactronics Spectalisis Conference,
9SCHIS818, pp. 729715,

{2]Espi, J.A. Carrasco, E. Navarro, E. Sanchis,
“Funcionamiente v esuategia de control cn las
topologias  cuasirzcsonantes  para  calentamicolo
inductivo, ™ in Proceedings of the 994 Seminario de
Anual de Automatica y Electromca [ndusirial, T.1746-
94, pp. 146-150

[3{ lzaki, ¥ Hirota, H Yamashita, M. Kamli, H Omon
and M. Nakaoka, "New Constant-Frequency varinbie
powered quilsi-resonant inverler topeiogy using sofi-
switched type 1GBTs for induction-heared cooking
appliance with aclive power filter”, 17 Proceedings of
the 1995 European Power Electronics Conference, pp.
129-134.

G-T303450 3 TUNS 000 1998 |[EFE 52

4} lzak:, H. Omon. K. Hacer, H. Noma. Jaducnes
heating  cooker, European Palent N 93102981 8,
13,

[53Tsas. and F.C Lee, "A Campleie DC Charactenzation

of Constani-Frequency.  Clamped-Mode.  Series-
Resenant Converier”, «n Procecdings of the /19538
Power Electromes Specialist Confercnce, pp. 987-

994,

[6] Grajales, F.C. Lee. “Small Signal Analysss ef o Seres-
Resonant  Inverter  for  Induction  Heating.” i
Proceedings of the 1994 Uirgia Power Electroncy
Conference, pp, 2009-210.

[7] Grajaies, 1A, Sabatg, K.R. Wang, WA, Tamsz, T.C
Lee, “Design of a 10 kW, 500 kHz Phase-Shli
Controtled laverter for Induction  Heating,”  in
Praceedings of the 193 Viegima Pawer Electrancs
Conjerence, pp. 181-188

{8] Imbersten, N, Mohar, “Asymimelrical Duty Cyele
Permits Zero Switching Loss in PWM Circuits with
No Conduction Loss Penalty, " JEEE Transactons on
Indusina! Electronics, valb - 29 no. 1. Feb 1993,
pp. 121-125



EEE TRANSACTIONS ON POWER ELECTRONICS. VOL. 1%, NG 2, MARCH 2001

461

Asymmetrical Voltage-Cancellation Control for
Full-Bridge Series Resonant Inverters

José M. Burdio, Member, IEEE, Luis A. Barragan, Fernando Monterde, Denis Navarro, and Jesis Acero

Abstract—This paper presents and analyzes the asymmelrical
soltage-cancellation (AVC) control, s generalized contrel technigue
for resonant ipverters. It is applied (o the popular full-bridge se-
ries resonant ipverter. The proposed coniroel technique achieves
setter efficiency performances than conventional fixed-frequency
control strategics, while considering zero-voltage-switching opera-
livn, eutput power and load variations. The theoretical results are
verified experimentally, using a prototype for an induction-heating
cooking appliance.

Index Terms—Asymmetrical contrel, induction-heating cooking
appliances, resonand inverlers, zero-voltage-switching.

1. INTRODUCTION

ESONANT de-ac inveriers are used ina number of ap-
Rpliczui(ms 10 convert de energy into ac energy [1]. Some
examples include de-de resonant converiers, induction heating
systems for industrial processes or home appliances, electranic
ballusts for lighting, radio transmitters, and others.

The outpul voltage or power in many resonint inverlers
has been traditionally controlled by varying the swilching
frequency. This variable-frequency operation has  several
disadvantages [1] including a wide noise spectrum which
makes 1t difficult 10 control clectromagnetic interference
{EMI), more complex f{iltering of the output-voltage ripple,
and poor wtitization of magnetic componenls. In addition,
zero-voltape-switching (ZVS) operation is normally preferred
in most applications, and conventional resonant converters
operate with zere voltage for the active devices when the
swilching frequency is above the resonant frequency [1]. High
above-resonance operation imposes a low power factor loading
of the inverler, resulting in large circulating currents which
reduce efficiency.

The problems mentioned above can be overcome by using a
fixed-frequency or a narrow frequency-range control technique.
The two conventional fixed-frequency control technigues
proposed for different de—dc or dc-ac converters, are the
phase-shifi or clamped-mode control [11-[9] and the asym-
metrical duty-cycle or asymmetrical PWM control [10]-[13].
The phase-shift (PS) conrol technique, used in full-bridge

Manuscript received February 24, 2003; revised Sepiember 18, 2003.
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Fig. 1. Full-bridge series resonant inverter,

topologics, allows output vollage or power variations by
phuse shifting the sequences of conduclion lor the switches,
achieving a symmetrical voltuge cancellation. The asym-
metrical duty-cycle (ADCY control technigue can be used in
half-bridge or full-bridge topologies. 1t is bused on an unequal
duty-cycle operation of the switches in the converter,

Despite the advantages of conventional fiied-frequency con-
trol techniques., they can not guaranee soft-switching operalion
of the resonant converter for large load or output power varia-
tions, as analyzed in this paper. As a result, the switching {re-
quency must be again increased if a ZVS operation is reguircd.

The objective of the present work is twofold. First, to de-
fine and analyze a generalized conirol technique for resonant in-
verlers, the so called asymmetrical voltage-cancellation (AVC)
control. Then, as a consequence of the analysis. to obtain the op-
timum ZVS control stralegy 1o minumize losses n the switches
of the inverter. The analyses are carried oul by considering the
series resonant hverter. We introduced a preliminary version of
this contro} technique in [14]. A reexamination, extension and
generalization are presenied here.

The paper is organized as foliows. In Section 1I the asym-
metrical voltage-cancellation control is presented and applied
1o a serics resonant inverter, An analysis of the oplitmum control
strategy for ZVS$ operation is provided in Section Il The per-
formance of fixed-frequency control strategies are compared in
Section 1V. Some experimental results are given in Section V,
using a prototype for an induction-heating cooking appliance.
Finally, some conclusions are presented in Section V1.

1. ASYMMETRICAL VOLTAGE-CANCELLATICN CONTROL

One of the most popular resonant inverters is the half-bridge
or full-bridge series resonant inverter. The full-bridge 1opology
{shown in Fig. 1) offers more control possibilities and it will be
considered in this work.

0885-8993/04$20.00 © 2004 1EEE
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Fig. 2. OQuiput voltape and control varkubies for the asymmetrical voltage-

cancellahion controi,

Fag. 3. Typieal wivelorms for the asymmetrical voltupe-caneellation controlb.

Considering a full-hridge inverler topology. Fig. 2 shows a
peneralized quasisquare output voltage (v, in Fig. 1) applied
10 the resonant circuit. This voltage is determined by four con-
trol variables at most: three control angles (cey, a—, and f)
and the switching peried (T7,). In a fixed-frequency control, the
switching period is constant and only three control variabies are
considered.

The waveform in Fig. 2 is obtained by the so called asym-
metrical voltage-cancellation control. So 2 generalized control
technigue is considered, including as particular cases the con-
ventional phase-shift control (with vy = & variable and A=
180° constant) and the asymmetrical duty-cycle contrel (with
ey = a_ = ( constant and J variable).

Considering the converter in Fig. 1, Fig, 3 shows some typ-
ical waveforms for the proposed asymmetrical voltage-cancel-
lation control technique: the sequence of conduction of switches
5, — 54, the quasisquare output voltage vy, and the output cur-
rent 7, of the full-bridge topology. The dashed waveform vai
represents the fundamental (first) harmonic of v,y

The time variation in steady state of the voltage v,, may be
represented by the following Fourier series, where the amplitude
and phase of the fith harmonic of w,, are denoted as ‘“’:,_M, and
g, s TESPCCTVELY

r Vt z o X

‘;(lbh = E\/aﬂ + bj’, (1)
. 4

Gy, = tan™" il ]

Th
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TABLE |
OQPERATION MODES FOR THE ASYMMETRICAL
VOLTAGE-CARCLLLATION CONTROL

MNDE £, 5 5 5 Condition
VS maae A% Ve Zvh vE Agal
T - ZVSZCS VS FAY I SRS < A< D
Mised mode 11 204 205 FAYS FACT e < Ag (180"
Mixed mode 11 208 208 1 ZVSACS —a (IR0 =) < Ag< ~a
ZCSmode | ZCK 705 S e Ag < e -(160°- ]

where V; 15 the de input voliage, and
ap = sinfifd — o)+ sinhfd 4 shiho_ (3}
by =1 =cosh(ff — oy )~ coshff + cosha_. {4}

The average output power J? can be abtained as

o (A G
= 2
2
e S ()

s
Vo

A :gu Ay (1 + ()# (hwu - n'"))

where the () factor and the normalized switching frequency wy,
are defined as usual

21

(= +—— [§

g T (6)
- 1

Wy, = (:i Wy = = (7}

wo VIEC

being w, the angular switching frequency and w, the angular
resonunt frequency.

Assuminy that the filtering provided by the resonant tank per-
mits the neglect of all high-frequency harmonics, the cxpression
(5} for the oulput power results

1,!”2“ ) (8)

i 21 (1 + Q- _%“)2)

Consequently. only the fundamental harmonic of the output
current is considered. This assumption provides an accurate
analysis when operating at frequencies close to the resonant
frequency of the tank, as considered here to optimize the
efficiency as studied Ixter.

Taking into account the previous expressions, the phase lag
¢ (see Fig. 3) between the voltage vy and the current i, can
be obtained as

1
lw"L_u,.C_ 1 . __]_'__
— = tan (Q (wn wn)) . D)

The normalized voliage amplitude 1'-"(,5,1,, and the normalized
output power £, are defined, respectively

¢y = tan”

% 1'411
1"0&171 = “—‘"l"l—'* (]0]
ufi] max
T
N L e =S N
= Pmux - ]jnmx - IIUMT' (] b
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where ¥ou1 may and Dy are the corresponding maximum mag-

nitudes, obtained with ay = a_ = (and 4 = 1807
- 4"’
“m"l max — _ (12)
Ponx = N (13

7

. . ‘ ! A
21—~ ° (ufi, - -
“r

According 1o Fig. 3, the output current can be expressed us

it = e — S (14

where [, is the amplitude of the output current assumed to be
sinusoidal, and the phase
A = dq — . {15}
There are several operatien modes with the asymmetrical
valtuge-cancellation control techrigue: the traditicnal ZVS and
ZCS operation medes and three mixed modes at most. The
different resultant operation modes are summarized in Table L
where it 3s assumed that 4 < 180° by symmetry. «y < J.and

< aG0T — A

i
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Fig. 4 shows some typical waveforms for the different op-
eration modes in Table I. For each switch, ZVS operation is
achieved if switch current is negative (antiparallel diode is con-
ducting) when tuming on, and ZCS operation is achieved if
switch current is zero or negative when turning off. Considering
expression (14) for the current, the different cases in Fig. 4 are
obtained, depending on the phase A¢ of the current. In all cases,
the dotted waveforms represent the limit conditions for the cur-
rent in the corresponding operation mode.

1II. ANALYSIS OF THE OPTIMUM ZVS CONTROL STRATEGY

As mentioned above, ZVS operation in all active devices is
commeonly pursued to obtain good efficiency results. Using the
ZVS conditions presented in the previous section, here we ob-
tain an optimum ZVS§ conlrol stralegy as a particular asymmet-
rical voltage-cancellation control that minimizes the losses in
the devices of the converter with ZVS operation.

According to Table 1, the condition for ZVS operation in all
devices of the full-bridge series resonant inverter is

A¢= ¢S] y ¢vl > Q.

This condition is a requirement to agsure that there is enough
energy in the inductor L 1o discharge the corresponding parasitic
and snubber capacitors of the devices before turning on. So the
value of A¢ needed 10 guarantee ZVS operation for the swilches
actually depends on the values of those capacitors [16].

In order to satisfy (16), ¢y can be increased as in traditional
approaches by increasing the switching frequency [see (9}]. At
the same time, there will be greater conduction and turn-off
losses, since the current should be inicreased in order to transfer
the same power, and the switching frequency is also higher, As
a result, lo minimize the losses, the converter should be oper-
ated at the mipimum switching frequency above the resonant
frequency, with ¢ > ¢,; to maintain ZVS.

A better approach to satisfy (16) is to reduce ¢3, which isa
function of the control angles oy, -, and A, according to (2)

(16)

sin(f# -~ ay) +sinf+sina_

1 —cos(f—a_)—cosf+coso_ i)

o1 = tan—:

So the optimum conlrol strategy will be that one that mini-
mizes the phase ¢, by varying the control angles cey, e, and
A, taking into account the required output voltage.

Considering (17), Fig. 5 shows some graphs that represent the
phase ¢, as a function of the control angles a4, a—, and 3. It
is also shown the optimum control strategy 1o reduce the output
voltage: maintaining S5 = 180° constant and only varying the
control angles cr, or - individually (trajectories AB or AC in
Fig. 5(2), and further on BD or CD if necessary). See Fig. 7(c),
with o = ay.

Following any other trajectory on the surfaces in Fig. 5, the
maximum ¢,; obtained is greater than before, so the perfor-
mance of the control strategy is worse. For example, the phase-
shift control (see Fig, 7(a), with @ = a, = a_) and the asym-
metrical duty-cycle control (see Fig. 7(b), with o = 180° — By

Fig. 6 shows the normalized voltage amplitude ffubln as a
function of the contro] angles oy and o.., with 4 = 180°. We
can see that the minimum normalized voltage amplitude using

|EEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 19, NO. 2, MARCH 2004

mptjmum control strategy ]

D

B=45
(c)

Fig. 5. Pbase ¢,; as 2 functiop of 1he control angles oy and a—: (a) with
A= 160°, (b) with 3 = 90°, and (¢) with 5 = 45°. Angles in degrees.

just one control angle (. or a_) is 0.5. To further reduce this
voltage, the other contro] angle should be varied.
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As a consequence, the oplimum ZVS contro] sirategy recom-
mended to control the cutput voltage or power 18 the optimum
asymmelrical vollage-cancellation contro} shown in Fig. 7(c}.

As mentjoned abave, in ZVS converters, snubber capacitory
are commonly added in parallel with the switches af the par-
dsific capacitors of the devices have to be increased 1o achieve
soft switehing when trning off the devices. In any case, any ca-
pacitor in purallel with switches modifies the slopes of voltage
waveforms as shown in Fig, 8, where the optimum asymmet-
rical voltage-cancetlation control ts considered. As a result, us-
suming an overall capacitor C, in paralicl with every switch of
the full-bridge inverter, the minimum Ag¢ previously obtained
{16} should be increased [7] as

(18)

9 )
Ad > cos™! (] - M) .

1o

IV. COMPARISON OF FIXED-FREQUENCY CONTROL STRATEGIES

Considering the results of the previous section, here we com-
pare the three different fixed-frequency contro} strategies shown
in Fig. 7. The purpose is to find out which strategy performs the
best from the point of view of the least losses in the devices of
the conventer in Fig. 1. In any case, a ZVS operation is required
for all active devices, and load and cutput power variations are
considered in the analysis. [n order to compare the control strate-
gies, this section considers the minimum requirements to obtain
ZVS as expressed in (16).

The amplitude and phase of the voliage v,y are obtained
by particularizing (1) and (2) for the three different cases (see
Fig. 7):

. 4V,

Vopr = —cos o (19;
s 2
a

P =5 (20}

for PS control (witha = ¢y, = a_ and 5 = 1807)
. v
Vo = 2 cos @
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(c)

Fig. 7. Typical waveforms for the control strategies: {a} PS control, {b) ADC
control, and {c} optimum AV C contrel.

(4]

Py = 3 (22)
for ADC control (with o = 180° — Sand ay = a_ =0)
. vV, o—
Vol = —‘;\/IO-F 6 cos o (23}
SN
4 =1 - 24
Dol At 3+ cosa (24)

for optimum AVC control {with & = ¢v... and § = 180%).
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Fig. 8. Influence of capucitors m paraliel with swilches for the optimum AVC
chontrol.

Fig. 9. Minimum normalized switching frequency w, required for ZVS as o
function of the control angle a (in degrees) and the ¢} factor. Solid lines for PS
and ADC controls, dushed lines for opimum AYC control.

As can be seen, (20) and (22) are the same, but (24) is dif-
ferent. So, not all 1he control strategies can maintain ZVS op-
eration for the devices in the same way. Substituting (9), (20),
(22), and (24) in the condition {16) produces

1 tan &
Wy, — — > —= (25)
W Q
for PS§ and ADC controls, and
iy — 1 - 3:—1202(1 (26)
W Q

for optimum AVC control.

A, First Comparison: Minimum wy, versus o and )

From (25) and (26}, the first comparison between the conirol
strategies is shown in Fig. 9. For each of the three strategies,
we represent the minimurm normatized switching frequency w,,
required for ZVS (that 15, with A¢ = 0), as a function of the
control angle o and the (7 factor. As pointed out in (6), the ()
factor represents the load variations: the larger the @) the larger
the load current 7,4, assuming L and C are constant.

1EEE TRANSACTICNS ON POWER ELLECTRONICS, VOL. 19, NO. 2. MARCH 20K

Fig. (0. Minimum normalized switching frequency w,, required for ZVS as a
function of the normalized power P, and the € factor. Solid lines for PS and
ADC controls, dashed lines for oplimum AVC control.

As shown in Fig. 9, the optimum AVC control reguires a
lower switching frequency to attain ZVS for each & and «r. That
means that the total losses in the devices will be lower in every
operaling condition.

B. Second Comparison: Minimum w,, versus I, and ¢

Substituting (19), (21), and {23) in (11}, the normalized
output power %, is obtained as

P, =cos® = 27
i)~ {27

for BS and ADC controls, and

54 3cosw
8

for optimum AVC control. In this case, according to (28) the
minimum normalized output power is limited to 0.25, because
the minimum nermalized output voltage is limited to (1.5. The
power is further decreased with the optimum AVC control
by increasing the other control angle (e_), as explained in
Section III.

Using {(27) and (28}, & can be obtained as a function of the
normalized output power (o be replaced in (25) and (26). In this
way, Fig. 10 shows the second ¢omparison between the con-
trol strategies. In this figure, the minimum normalized switching
frequency wy, required for ZVS (that is, with A¢ = 0} is repre-
sented as a function of the normalized output power P, and the
& factor.

We can see again in Fig. 10 that the optimum AVC control
requires a lower switching frequency to obtain ZVS for each )
and P,,, which means the 1otal] losses in the devices should be
lower.

For the particular case of ZVS dc—d¢ series resonant con-
verters, fixed-frequency control strategies have been compared
in [15]. The results are very similar even though that work
includes a different comparison ceonsidering input-voltage
variations.

P,o= (28)
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Fig. 12. Experimental waveforms of the output voltage (Chl) and the cutpul current {Ch2) for the implemented full

.

(d)

-bridge series resopant inverter; () maxinum

output power (P = 2000 W), (b) P = 800 W with PS control (ZVS is lost), (¢) P = 800 W with ADC control (ZVS$ is lost), and (d) P = 800 W with optimum

AYC control (ZV5 is maintained).



468
57
96 1
® 95
< —8—PS
£ 94 —a— ADC
é % —H—AVC
3 1
5]
%1 —
400 BOO 1200 1600 2000
Output Pawer (W)
Fig. 13.  Expersmental efficiency comparisan of the [hree conlrol siralegics.

V., EXPERIMENTAL RESULTS

Some testing results are presented in this section to verify the
theoretical predictions of previous sections. An experimental
prototype has been implemented for an induction-heating
cooking appliance.

The block diagram of the system is shown in Fig. [1. The
power stage is a fuli-bridge series resonant inverter, equipped
with four IGBT devices with diode (Fairchild G4ONGOUED).
IGBT drivers use high output-current photocouplers and the
bootstrap technique for supplying high-side drivers. The load
consists of a [at inductor coil coupled to a standard cooking pan.
Model parameters of the Joad are B = 33 Q and L = 195 e H.
The series resonant capacitor is € = 56 n¥. The converter is
operated with an input voltage Vi = 310V and a switching fre-
quency f. = 55.5 kHz. As a result, the ¢ factor is 1.8 and the
normalized swilching frequency w,, = 1.15.

The gencralized AVC control strategy has been implemented
in a programmable logic device (PLD in Fig. 11} Altera
EPM9320 using a hardware description language (VHDL in
this case). The design is fully synchronous, using a 4 MHz
system clock. The PLD generates the pate signals for 5y, Sz,
53, and S, (see Fig. 3) that control the power stage.

The PC host runs a graphical interface developed using Mi-
crosoft Visual Basic. This high-level Janguage provides an easy
way to modify the AVC control parameters in real time via the
RS$-232 serial port. The AVC control parameters (wy., a—, 3,
and T.) and the dead time parameter are sent by the PC and
stored in the PLD configuration registers. These parameters are
binary numbers that represent pulse widths as PLD clock cy-
cles. Basically, the AVC signals are generated using a timer and
a finite state machine. The transitions between stales are deter-
mined comparing the timer with the values stored in the config-
uration registers.

Fig. 12 shows same output voltage and current waveforms of
the prototvpe for two different output powers: 2000 W (max-
imum power) and 800 W with the three different control strate-
gies previousiy analvzed. As can be observed, at the same output
power and foad, ZVS operation of active devices is lost with PS
and ADC controls, but is maintained with AVC control, as pre-
dicted by the graphs in Fig. 10.

The measured efficiencies for several output powers with the
three different contro! strategies arc represented in Fig. 13, The
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performance of the AVC control technique was better than the
other control stralegies. The efficiencies were measured with the
power analyzer Yokogawa PZ4000 (bandwidth of 2 MHz).

VI. CONCLUSION

In this paper. the asymmetrical vollage-cancellation (AVC)
control is described as a generalization of the conventional
phase-shift and asymmetrical duty-cycle control iechniques.
The proposed control technique is applied to a full-bridge series
resonant inverter, with five different resultant operation modes.

An analysis of the optimum control strategy for ZVS opera-
tion is provided. As a consequence, the optimum AVC control
achicves the best performances in terms of the least losses in the
switches of the converter. in comparisen with conventional con-
tro] techniques. A performance comparisen of the three fixed-
frequency control technigues has been presenicd, considering
load and output power variations.

The theoretical results were tested experimentally using
an induction-heating cooking appliance, For this, & 2 kW
full-bridge resonant inverler was built. At different output
powers, the AVC control lechnique reached better efficiencies
than conventional control technigues, without losing ZVS
operation for the active devices in the converter.
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ing edge for what concerns swithing speed, gate

charge and ruggedness.

APPLICATIONS
x SWITH MODE . OW POWER SUPPLIES

(SMPS)

« HIGH CURRENT, HIGH SPEED SWITCHING

« DC-AC CONVERTERS FOR WELDING
EQUIPMENT AND UNINTERRUPTIBLE
POWER SUPPLIES AND MOTOR DRIVES

ABSOLUTE MaXIMUM RATINGS

TO-247

iINTERNAL SCHEMATIC DIAGRAM

L)

SCART AN

Symbo! Parameter Value Unit
Vs Drain-source Voltage (Ves = 0) 500 vV
Voor Drain-gate Voltage {Res = 20 ki) 500 W
Vg Gate- source Voliage +30 V

In Drain Current (continuos) at Te = 25°C 18.4 A
s} Drain Current (continuos) at Te = 100°C 11.6 A
Ioh (@) Drain Current (pulsed) 736 A
Prov Total Dissipation at T = 25°C 220 W

Derating Factor 1.75 WG

dvidt(1) Peak Diode Recovery voltage stope 3.5 Vins
Taig Storage Temperature —-65 to 150 °c
T, Max. Operating Junction Temperature 150 °C

(*JPuse widlh limiled by safe operaling area

May 2001

()50 €18.4A, didt <100A/Ls, Voo £ ViBRjDSS, T = Tomax




IRFP460

THERMAL DATA

{ Rthi-case | Thermal Resistance Junction-case Max 0.57 “CIW
Tilthamb Thermal Resistance Junction-ambien Max 30 ‘Chw
Rihe-sink | Thermal Resistance Case-sink Typ 0.1 “CIwW
T Maximum Lead Temperature For Soldering Purpose 300 “C
AVALANCHE CHARACTERISTICS
'_Symbnl Parameter Max Value Unit
| Avalanche Current. Repetitive or Not-Repetitive 20 A
AR {pulse width Imited by T max)
Single Puise Avalanche Energy
Eag (starting T, = 25 °C. Ip = Ly, Voo = 50V) 960 md
ELECTRICAL CHARACTERISTICS (TCASE = 25 "C UNLESS OTHERWISE SPECIFIED)
OFF
Symbol Parameter Test Conditions Min. Typ. Max. Unit
Drain-source r .
VBRIDSS | greakdown voltage lp PPSUG~cs 0 — v
Zero Gate Voltage Vps = Max Raling . 1 A
Ipes ; =
Drain Current (Vs = U] Vipe = Max Raling, Te = 125°C 50 LA
Gate-bedy Leakage . W -
lgey Currenl {¥ps = 0) Vs a0V +100 nA
ON (M)
Symbol Parameter Test Conditions Min, Typ Max. Unit
Vasn Gate Thresheid Vollage Vps = Vs I = 250pA 2 3 4 \Y
R Static Drain-source On Vs = 10V p =8 A 022 0.27 (9
DS(en! | Resistance
) Vpg > ]D{nn] R RDS{on)max.
IDjon) On State Drain Current Ves = 10V 18.4 A
DYNAMIC
Symbol Parameter Test Conditions Min. Typ. Max. Unit
Vos > | R M
gig ! Forward Transconductance IDD=S QAD(OH.‘ * Ros(on)max, i S
Cres input Capacitance Vps = 26V, f= 1 MHz, Vgs= 0 2980 pF
Coss Outnut Capacilance 410 pF
Reverse Transfer
Crss Capacitance 58 pF

28
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SWITCHING ON

ELECTRICAL CHARACTERISTICS (CONTINUED)

Parameter Test Conditions Typ. Max. Unit
Turn-on Delay Time Voo = 250V, Ip = 10A 29 ns
‘ ‘ Re = 4.7 Vgs = 10V
Rise Time {see sl circuit, Figure 3) 21 ns
Vpp = 400V, Ip = 20A,
Total Gale Charge Ves = 10V a5 128 ncC
Gale-Source Charge 14.7 nC
Qgu Gate-Drain Charge 41.7 nC
SWITCHING OFF
Symbol Parameter Test Conditions Min. Typ. Max. Unit
Vpp = 400V, In = 20A,
trvoff) Off-voltage Rise Time Rg =470 Veg = 10V 20 ns
(see lest circult, Figure 5)

t Fall Time 21 ns
| 1 Cross-over Time 58 ns
SOURCE LRAIN DICDE

Symbol Parameter Test Conditions Min. Typ. Max. Unit
fsp Source-drain Current 18.4 A
lspm (2) Source-drain Carrent (pulsed) 736 A
Ven (1) Forward On Voltage lsp = 1848 Vg = 0 1.6 Vv
Isp = 20A, difdl = 100A/us,
= Reverse Recovery Time Vpp = 100V, T;= 150°C 480 ns
{see tesl circuil, Figure 5}
Qrr Reverse Racovery Charge 5 uC
IrRM Reverse Recovery Current 21 A

Note: 1. Pulsed: Pulse duration = 300 ps, duly cycle 1.5 %.
2 Pulse width lmied by safe operaling area.

Safe Qperating Area

|_\‘."‘) ! -
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Qutput Characteristics
FVOUSUAL

le{a)
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Transfer Characteristics
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Normalized Gate Thereshold Voltage vs Temp. Normalized On Resistance vs Temperature
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Fig. 1: Unclamped Inductive Load Test Circuit

Fig. 2: Unclamped Inductive Waveform

- URCLAMPED INDUCTIVE WaVEFORME
L
Y(BRDSS
Al S— | Vg e
i {2700 3.3
O Lt |ur Vi
. o] fervn —— 1
Iy 2 - —— — | o
! & ‘ /\
-
‘ : e . - \
o e 1 e N
Y ’ Y ST | VDo P A Vi
- | = v N
. = : | e \
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Fy N N | EA. .. N
—
sCosB7C SCOS580
Fig. 3: Switching Times Test Circuit Far Fig. 4: Gate Charge test Circuit
Resistive Load
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Fig. 5: Test CircuitFor Inductive LLoad Switching
And Diode Recovery Times
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TO-247 MECHANICAL DATA

mm. inch
DIM. MiIN. TYP MAX. MIN. TYP. MAX.
A 4 85 5.15 0.19 0.20
3] 2.20 2.60 0.08 0.10
E 0.40 0.80 0.015 0.03
F 1 1.40 0.04 0.5
F1 0.11
F2 oo
F3 2 240 0.07 ©.09
F4 a 3140 0.1 013
G 10.90 0.43
H 15.45 1675 0.60 n62
L 16.85 2015 0.78 0.79
L1 3.70 4,30 0.14 017
L2 18.50 0.72
L3 14.20 14.80 0.56 0.58
L4 34.60 1.36
5 550 .21
M 2 3 0.07 011
v 50 5
V2 60¢ 6O
Dia 3.55 365 0.14 | 0143 |

j L
J L L : » 1|
f S PHa i £
- \U i i
% X '

,\/

RS
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FAIRCHILD

SEMICONDUIETOR 1

DM74121

June 1889
Ravised November 1999

One-Shot with Clear and Complementary Outputs

General Description

Tha DM74121 is a monostabls multivibrator featuring both
posiive and negalive edge triggering with complamantary
outputs. An imternal 2kl tming resistor is provided for
design convenlence minimizing component count and lay-
out problems. thik davice can be used with & single exler-
nal capacilor. Inputs {A) are aclive-LOW trigger transition
inputs and mput (B) is and active-HIGH transibon Schmitt-
wrigger input that aliows jifier-free triggering from inputs with
transition rales as siow ns 1 volt/second. A high immunity
1o Ve noise of typically 1.5V is elso provided by internal
circuitry at the input stage.

To obialn aplimum and trouble fres opsration please resd
operaling rules and one-shol application notes carefully
and observe recornmandations,

Features

B Triggered from acilve-HIGH transition or active-L OW
transition inputs

B Vanable putse wigth from 30 ns 10 28 seconds

W Jitter frea Schmitt-irigger inpul

B Excedlent noise immunity typlcally 1.2V

W Stable pulse width up to 90% duty cyrle

B TTL, DTL compatible

& Compsnsated fof V. and temperature variations

B Input clamp diodes

Ordering Code:

Order Number | Package Number Package Doscription
DM74129N N14A 14-Land Plaslic Dualk-in-Line Package (PDIP), JEDEC MS-001, 0.300 Wids
Connection Diagram Function Table
\ ' Inputs Outputs
RAggT/ -
Yoo NC NC  CEXT Cgxt PNt wC A1 A2 B Q q
1 [t:r Jrz | lm L L X R [C H
] 2K X L H L H
e r— X X L L H
. L] H A X L H
H 1 H . Rvd
a I H H iy r
i I H iy r
L X T Y r
X L T s 1
' ' 2 i 3 I B I % ¢ ' 7 H : HIGH Logic Leval T = Positive Going Transilion
[+ NG A4 A2 8 a  GND L = LOW Logic Levsl | = Nogativa Going Tremaiton

Functional Description

The basic output pulse width |s determined by selection of
an imemal resistor Rgyr or an extemnal resistor (Ry; and
capacitor (Cy). Once triggered the output pulse width is
independent of further transitions of the inputs and is func-
tion of the iming components. Pulsa width can vary from a

X Can Be Ehhar LOW or HIGH
L= A Paslive Pulke
“r - A Nepative Pulsa

few nano-seconds to 2B seconds by choosing appropriate
Ry and Cy combinations, There are three trigger inputs
from the device, two negative edge-triggering {A) inputs,
one postitve edge Schmiftt-triggering (B) input.

© 1999 Fairchild Semiconductor Corporation ~ DS006538

www.fairchildsemi.com
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i Operating Rules

l 1. To use the internal 2 kel timing FeSisior, connett the

Ry Pinto Ve

2. An external resistor (Ry) or the internal resistar (2 k1)
snd an extemnal capadior {Cy) A'E required for propar
oparation. The value of Cy may vary from [ fo any nec-
assary value, For small time constants use high-quality
mica, glass, polypropylena, polycarbonate, or polysty-
rene capacitors, For large time tonstants use sokd tan-
talum or special aluminum capacitors. If the timing
capachions nave leakages approaching 100 nA or if
stray capacitance from either terminal 1o ground is
greater than 50 pF the timing equalions may nol repre-
aent the pulse width the device generates,

3. The pulse width Is essentially determingd by extemal
timing components Ry and Cy. For Cy < 1000 pF see
Figure 1 deslgn curvas on 1y as function of Urning com-
ponents value, For Cy > 1000 pF the output is defined
as!
tyy = K Ry Gy
wheve [Ry is in Kilo-ohmj

[Cy is In pico Farad)
[ty is in pano second]

(K=0.7]

4 If Gy is an elacirolytic capadilor a swilching diode is
ofien required for slandard TTL one-shots {0 prevent
high INVErse leaknge current Figure 2,

5. Dulput pulsa width versus V. and oparation lempora-
wres; Figure 3 depitis the relabionship betwssn pulse
whdth varaton versus Voo Figure 4 deplds guise
widlh vartation versus ambient Wnperaiune.

§ The K" coathcient is not @ constant, but vares a8 s
function of the timing capacitor Cy. Figure 5 datalls this
characiernstic,

7. Undar any oparaling condition Cy and Ry must be kept
as £0se to tha pne-shol device PING as possipie 10 min-
imizo stray capaciiance, to redice noise pick-up, and
o reduce | X R and Ldidi voltage developed BoNg
their connecling paths. it the lead length from Cx o
pins {10) and {11} |5 greater than 3 cm, for example,
ha output pulse Width might bs quie differast Trom vai-
wes predicted from the appropriate equations. A nron-
inductive and iow capacitve path is neclssary to
ansure compiote diacharge of Cx in each cytie of fts
operation so thet the output pulse width will be accu-
rale.

8. Vg and ground wiring should conform to good high-
frequency standards and practices so Whaf swiching
yensens on (he ¥ e B ground mbum laads do nat
eause Interaction between one-shots. A D0t uFio 010
WF bypass capacitor {disk ceramic or monoifthic type)
from Ve to grovnd is necessary on each device. Fur-
fermoTa, the bypass capaciior should be located as
tiose jo the W o7 Pin BS Space permits.

For furthes detaled devios charadenistics and oUlput pes-

formance plaase refer to the one-shot application note, AN-

366.

DM74121

www.fairchildsemi.com
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Absolute Maximum RatingsNote 1)

Supply Voliape ™
Input Voltage 5.5V
Dperaling Free Alr Temperature Range 0°C 10 +70°C
Siorage Temperalure Range —65"C to +150°C

Recommended Operating Conditions

Note 1: The Absolute Maximum Ralings are those vakss buyond which
1he salaly of tha davice canncl be guiacanised. The device shoult RO be
operate-' al thase kmits. The parametric yaluos defined in the Electrical
Chructaralics whled aro nol guariead B the ahsolute maximum raknge.
The Recommended Cparating GConditions table wili daline [he condilions
for aclual device oparation.

Symbod | Parameter Min -[ MHom Hay [ Units
Vi [ Supply Voltage 475 3 828 LV
T, Poshive-Going Input Threshold Yollage - ' ; v

atthe A Input {(Vep ~ Min)
Vi Negative-Going Input Threshold Voltage ol 14 v
at the A input (Ve = Min)
Y, Posfive-Going Input Threahold Vohage 15 2 v
al the B Input {(Vzp = Min)
Wy MNegative-Going Input Threshold Voltage ds 13 \
attha B Input (Vo = Min)
lon HIGH Leval Qutput Current 0.4 ma
Tor LOW Leval Oulpiit Cirrent 16 mA
tw Inpurt Pulse Width (Note 2) 40 ns
dvidt Rate of Rise or Fall of ] Vie
Schmidt Input (B) (Nole 2)
dvidt Rale of Riga or Fall of
8 3 Ve
Schrdi Input (A} {Nole 2}
Rext Exiermmal Timing Resistor (Note 2) 14 40 T3]
Cext Extamal Timing Cepacitance (Naote 2) a 1000 uF
DC Duty Cycie (Nota 2) Ry« 2 k0 67 %
Ry = Rpyy (Ma*® ]
Ta }Fm Air Operating Temparaiure 1] 70 *C
Wote 2: T, = 2575 ard Voo =&V
Electrical Characteristics
over Meoor d op g tree ois tamip ronge (untess Ktherwise no'
Symbel Prramwlar Conditions Min (N’z::" Max Units
V) Inpul Clamp Voltage Vg = Min | = =12 mA -15 v
Vor HIGH Lavel Cutput Voo = Min, Iy = Max, e 5.4 y
Vokage Vi = MRX, Vi = Min

Yoo LOW Lavel Outpul Voo = Min, igy, = Mak, 08 04 v
Voitape My = Man, V= Min

; et Current @ Vg - Max, V) = 5.5V 1 mA
Mex inpul Voltage

™ HiGH Lovel Voo = Max, AT A2 40 A
Input Curront V)= 2.4V B BO

Iy LOW Level Ver = Max, Al A2 -6 A
Input Currestt Vi= 04y B -3z

[ Shorl Circuil Oulpw! Current Voo = Max (Nole 4) -18 -55 mA

lec Supply Currenl Vg = Max CQumscent 13 25 A

Trigparad 23 40

ots 3 Al lypicale afe Bl Vo = 5V, T, = 25°C.
Note 4: Nol morm than ona outpul should by shored 31 & me.

www.fairchiidsemi.cam
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DM74121

Switching Characteristics
Af Mpo = BV and Ta = 25°C [Sow Test Wavelonns and Oulpul L oéd 5ewe..

From (input)
Symbaoi Parameter Condltions Min Max Units
To (Output)
WLH Propagation Delay Time Al A2 Gy = B0 pF 0 s
LOW-o-HGH Level Oulpil ta @ Ryyr 1o Ve
oL Propagation Delay Time Blo Cy = 15pF 55 e
L. OWAD-HIGH Leval Output Q Ry = 40011
L Propagation Dray Time Al AZ
HBHAG-LOW Lavel Gratgnst wd & ne
Yep Propagation Delay Thne 8
HIGH-to-LOW Lave! Oulpt ©Q 65 "
bwrouT) Cutput Pulsa AL A2 ot B Cpxr = 80 pF
Widlh Lising the 1ea b Ryt 10 Ve 70 150 .
Intarmal Turwng Resisto R, = AA
C = 15pF
TwiouT) Culpul Pulse Al AZ Crxtr=0pF
Widih Lining Zare o0 a Ryt 1o Ve
Turing Capacitonce Ry = 40041 50 ne
€, =15 pF
WiouT; | Outeul Pulse Al AZ Ceyr = 100DF
Wihth Using Externol 0 Q.4 Ranr = 10 k0 N o )
Tirwng Realstar Ry = 401
Cy e 15pF
A, AZ [
Qa4 Rigr = 10 k) - 3 i
Ry = 40001
L= 15pF

www.fairchildsemi.com 4
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Physical Dimensions inches {millimelers) uniess otherwise noted

| oTaR- DI
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¢ .
o ] T
L0 T e : PHND 1
DENT ILJL?_I'L?_ILUT%,VLBJUJ

0082 2 MAX

i [n.762) DEFTH

oFTEN 1 DeTHON 02
0135 £0.085 -
RAATTIZ (g :jfr:p 1.06%
0148 -0.p00 - . Do aTVE : : =
D I[ *! l‘ g™ \ i : J
i
oyt L
} |

.00 | it oy
{0881 4 -
Wi 7h—0.180 '! 1\ LT sameeon

FrR—aan “ = EE )
omi-p o
PR TP el B.106 £ 9,070

[ emsoem o, o
rvnt 2 ———
1 e ez
U T
(omelgm LN
4L ead Plastic Dual-in-Line Packapr JEDEC MS5-001, 0,300 Wide
Package Number N14A

Fairchild does not assume any responsibillty for use of any circuitry described, no circult patent licanses are implied and
Fairchild reserves the right al any time withou! nolice 1o change " circuitry and specificabions.

LiIFE SUPPORT POLICY

FAIRCHILD'S PRODUCTS ARE NOT AUTHORIZED FOR 45 CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES DR SYSTEMS WITHOUT THE EXPRESS Wriiicn aPPROVAL DF THE PRESIDENT OF FAIRCHLD
SEMICONDUCTOR CORPORATION. As used herein:

1. Lite support davices or systems are devices or systems ~ritical component in any compaonent of a hie support
which, (8} are Intended for sumgical implant N the dewvice or gystem whose fallure to perform can be rea-
body, or (b) support or sustain ife, and {c) whose fallure sonably expected to tause the failure of the life support
to perform when properly used in accordance with vice or system, or to affect its safety or effectiveness.
nkrruciiona for use provided in the lebeling, can be raa-
sorrably expected to result in a significant injury to the www.fairchildsemi.com
user,

5 www. fairchildsemi com



74121 or 555 Timer
As a One-Shot

74121 Monostable Multivibrator

Shown below is the pinout diagram for the 74121. The 74121 has three trigger
inputs: A, A,,and B. Depending on the circuit design, any or all of these three pins
may be connected to the input trigger signal. The "A' inputs are active low and the
the "B" input is active high. The input logic circuit reads: If A, OR A, goes low

AND B goes high the one-shot will fire it's pulse.

Notice also that pins 2, 8, 12, and 13 are not connected to anvthing inside the IC.
Therefore, these pins are labeled "NC" for '"No Connection''.

The time of the pulse is determined by an external resistor and eapacitor connected
to Rpyps and Rpy o/Cpyp. If the value of capacitor connected to Crxr Is greater

than 1uF the pulse width (tw) is equal to .33 * Ry * Cpxt The 74121 is a

retrigerable one-shot.

74121

4] v,

- 13l NC
N2} NC

1 Rexy/Cexr

T Cexy
9] Ry

oo -|8f NC

Monostable Multivibrator
{One-Shot)

The schematic diagram below shows how a 74121 may be wired. Here we are
using pin 5 (B) for the input trigger signal which will fire on a high input pulse,
When a trigger input activates the device, the Q output will go HIGH as illustrated
in the timing diagram. The length of the pulse is determined by the formula Tw
=33 * Cext * Rext,

http://www.utm.edu/staff/leeb/3b3.htm 9/11/2548
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555 Timer
Ground E ‘f
Trigger E
Output E
Reset E T St L’:‘- Voltage
8-Pin DIP
+5U
10k §
8
? ouTPUT [
6 555 g .

INPUT . 3
puLse < L Timer s
o4 IC
Lz

~ 1

5y T B.81uF _:;J-l'\

+

-
%J
] +
i
=
=
=
e~}

v
555 Timer as a Monostable Nultivibrator

Trata Sheet for 741721

http://www.utm.edu/staff/leeb/3b3.htm 9/11/2548
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+50

8 oureur I

Tw = .33 * 20uF * 10K = .066 Seconds

Timing Diagram

Ay

D

1
Ag

1]

1
B

1]

1
Q

ﬂ e —

%55 Timer as 2 Monostable Mullivibrator

Shown below is the pinout for the 555 timer and how it can be configured to
operate as a monostable multivibrator. This one-shof is non-retrigerable.

http://www.utm.edu/staff/leeb/3b3.htm 9/11/2548



TOSHIBA TLP250
TOSHIBA Photocoupler  GaAlAs Ired & Photo—-IC
Transistor Inverter
Inverter For Air Conditionor _
. Unit in mm
IGBT Gate Drive
Power MOS FET Gate Drive -y
o
i|
The TOSHIBA TLP250 consists of a GGaAlAs light emitting diode and a S
integrated photodetector. .:L L .:J =

This unit is 8-lead DIP package.

T1.P250 is suitable for gate driving circuitl of IGBT or power MOS FET.

e Input threshold current: I¥=5mA(max.)

e Supply current (Iec) 11mA{max.)

e Supply voltage (Vceo) 10-35V

» Output current (10): +1,5A (max.)

s Switching time (t(pLi/tpHLY 1.5ps(max.)

v Isolation voltage! 2500Vrme(min.)

e UL recognized: UL1577, file No. E67349

«  Option (D4) type
VDE approved: DIN VDEQOSB4/06.92, certificnte No. 76823
Maximum operating insulation voltage: G630VPK
Highest permissible over voltage: 4000VPK

(Note) When a VDE0884 approved type is needed,
please designate the "option {D4)"
» Creepage distance’ 6.4mm(min.)

Clearance: 6.4mm{min.)

Schmatic
oTe
4—
—0 Vg
JT g
I (T 1}
—
2+ j 0 Vg
Ve ::; >7 7
3- -——0 Vo
lo 6
T (Tr 2}
* * ©  GND

A 0.1pF bypass capcitor must be
connected between pin B and & (See Note §).

Truth Table
Trt Tr2
input On On Off
LED Off Off On

T

VN

d

!
12:0.151..‘[1[‘ rJ
A

Dheda® 3

'y
i ¥
— i
L RVP¥Y S "
wingd
TOSHIBA 11-10C4
Weight: 0.54 g

Pin Configuration {top view)

1 s
2 [ 17
3]:}_* e

4] s

CN.C.
 Anode

: Cathode
CN.C.

. BGND

* Vo (Output)
. Vo

“Veo

Lo IR B o L S R S

2004-06-25



Absolute Maximum Ratings (Ta = 25°C)
Characteristic Symbol Rating Unit
Forward currenl IF 20 mA
Forward current derating (Ta = 70°C} Alg FATa -0.36 ma, 1 °C
@ Peak transient forward curent (Note 1) IFpT 1 A
Reverse voltage Vs 5 \Y%
Junction temperature Tj 126 °C
"H'peak cutput current (Pyw < 2.5ps f £ 15kHz) (Note 2) \oPH -1.5 A
‘L"peak cutput current (Py < 2.5us f = 15kHz2) {Note 2) lopL +1.5
(Tas 70°C) 35
Outpul valage Vo v
5 (Ta = 85°C) 24
8 (Tas70°C) 35
] Supply voltage Voo \%
{Ta=85"C) 24
Output voltage derating (Ta 2 70°C) AVp f ATa -073 Vi<C
Supply voltage derating (Ta 2 70°C} AVeo {ATa -0.73 VoG
Junction temperature Tj 125 °C
Operating frequency (Note 3} 1 25 kHz
Operating temperature range Topr -20~85 °C
Storage temperalure range Tstg ~-55~125 °C
Lead scldering temperature (10 s) (Nole 4} Teol 260 L
Isolation voltage (AC, 1 min., R.H.5 60%) (Note 5) BVsg 2500 \Vrms

Note 1:  Puise width Py < 1ps, 300pps

Note 2:  Exporenential wavefom

Note 3:

Note 4:  1tis 2 mm or more from a lead root.

Note 5:

Note 6:

Recommended Operating Conditions

fogether.

Exporenential wavefom, |ppi £ =1.0A( s 2.5us), lopL S +1.0A( = 2.5pus)

Device considerd a two terminal device: Pins 1, 2, 3 and 4 shorted together, and pins 5, &, 7 and 8 shorled

A ceramic capacitor(0.1uF) should be connected from pin 8 to pin 5 to stabilize the operation of the high

gain linear amplifier. Failure to provide the bypassing may impair the switching proparty. The total lead
length between capacitor and coupler should not exceed 1cm.

Characteristic Symbol Min. Typ. Max. Unit
Input current, on {Note 7) IF(ON) 7 g8 10 mA
Input voltage, off VF(OFF) 0 — 08 v
Supply voltage Vee 15 — 30 20
Peak output current lopH/loPL — — 10.5
Cperating temperature Topr —20 25 70 85 °C

Note 7: Input signal rise time (fall time) < 0.5 ps.
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TOSHIBA TLP250

Electrical Characteristics (Ta = -20~70°C, unless otherwise specified)

Test
Characteristic Symbol Cir- Test Condition Min, Typ* Max, Unit
cuit
Input forward voltage VE — IF=10mA K Ta=25C 1.6 1.8 v
Temperature coefficient of N _ ~ _ .
forward voltage LVE{ATal —  |lr=10mA 2.0 v oG
Input reverse current In — VR =5V, Ta=25°C — 10 pA
input capacitance Cr — V=0,{=1MHz, Ta=25C — 45 250 pF
. I =10 mA
H" level lopH 3 -G.5 -1.5 —
Vep =30y | Vas=4Y
Qutput current 1) — A
wpn F=
L level iopPL 2 V5= 2.5V 0.5 2 —
gh Ve, = +18V, Vg = -15V
Hlevel Vo t |R= 2000 IF = 5ma no) 128 | —
Output voltage v
wy Veooq = +15V, Vggpq = =18V - _ _
L" ievel VoL 5 Ry = 2000, VF = 0.8V 14,2 12.5
Voo =30V, Ig = 10mA _ 7 _
"R level lccH — Ta=257C
Ve = 30V, IF = 10mA — N 11
Supply current mA
Voo = 30V, Ig = OmA . 75 _
“LY level leeL — Ta=25C
Vee = 30V, IF = 0mA — — 11
Threshold input “Output (o o Voo = 15V, Vegr = =15V = 12 5 ma
current L—H" R = 2000, Vg > OV i
Threshgid input “Quiput X fmiml ) / Voo = +18V, Vg = -15V 0g ) 4 R Y
voltage H—=L Ry = 2000, Vg <DV
Supply voltage Vee - 10 — 35 Y
Capacitance Cs _ |vs=0,f=1MHz A 1.0 2.0 pF
{input-output) Ta=25
. Vs =500V  Ta=25°C 12 14
Resistance(input-output) Rs —_ R?H.s 60% 1x10 10 — Q

* Al typicat values are at Ta = 25°C  (*1): Duration of gy time s 50ps
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TOSHIBA TLP250

Switching Characteristics {(Ta = -20~70°C , unless otherwise specified}

Test
Characteristic Symbo! Cir- Test Congition Min. Typ." Max. Unit
cuit
Propagaticn L—H toLH — 0.15 0.5
delay time H— toHL If = BmA (Note 7) — 0.15 05
6 Voot = 15V, Vg = —158V ps
Output rise time tr RL = 20002 - - —
Cutput fall time tf — — —
Common mode transient . -
immunity at high level Crat 7 |yom= SO0V IF hme 5000 | — — |vis
autpul ce '
Commeon mode transient _ _
mmunity at low level Ce 7 |yemz BROV. e = dme 5000 — — v
output CcG !

* All typical values are at Ta = 25°C

Note 7: Input signal rise time (fall time) < 0.5 ps.
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TOSHIBA TLP250
Test Cireuit 1: Test Circuit 2 . I0PL
8
v B 1 B I
[ :l [: ] 0.1pF
Vee

Test Circuit 3 10PH

1

=

al

7
L ™

Vee
0.1pF

Ve

loPH

RS

—

Test Circuit 5 VgL

al

VF_[:
L
«{]

)

l 0.14F —T-Vccj

Ri

VoL

L[J oy
—(—4

T VeeT

IoPL

Test Circuit 4 - VOH

1

a[
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TOSHIBA TLP250

Test Circuit 6. (piH. tpHL. tr by

= i ] I
OJF—-E j 1 0.1uF v 1 veer
i T A

T
i

1000

' L VeEE1

Test Circuit 7: Sy, CmL

r_’—E j = AAVCC
=

V
Pl

60OV
Ve
P ¢ Cpi 280V}
1 fus)
v Cr G 40V
Ve — 28V 4 us)
Cui

SW B(IF=0)

CMLICMH] is the maximum rate of rise (fall) of the commen mode voltage that can be sustained with the output
voltage in the low (high} state.
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TOSHIBA

TLP250

=V
100
Ta=25'C
50 ~
30
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5 10 = L
5 F
L 3 I,
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o 1
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T o 7
g
i 0.7 = : —
008 4 — |
7 — I —
D03 7 —1 1
G.01 [ J |
10 1.2 1.4 1.6 18 20
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IF—-Ta
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;
T 30
2
5
o
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m
2E 5
L
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:
T 10 !
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a 20 AD 60 B0 160
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3
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Y
'g- T
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[
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Allowable supply voltage Ve (V)
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20
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]
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0.1 03 05 4 305 10 30
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Veo —Ta
40
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N X
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0
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TOSHIBA TLP250

RESTRICTIONS ON PRODUCT USE

» The information contained herein 1s subject to change without notice.

« The information contained herein is presenied only as a guide far the applications of our products. No responsibility is assumed
by TOSHIBA for any infringements of palents or other rights of the third parties which may resull from its use, No license is
granted by impiication or otherwise under any patent or patent rights of TOSHIBA or others.

+ TQSHIBA is continually working to improve the qualily and retiability of its products. Nevertheless, semiconductor devices in
general can malfunction or fail due la thew inherent electrical sensitivity and vulnerability to physical stress. ILis the responsibility
of the buyer, when utilizing TOSHIBA products, to comply with the standards of safely in making a safe design for the entire
syslem, and 1o avoid situations in which a malfunction or failure of such TOSHIBA products could cause loss of human life,
badily injury or damage & property.

In developing your designs, please ensure that TOSHIBA products are used within specified operating ranges as set forih in the
most recent TOSHIBA products specifications. Also, please keep in mind the precautions and conditions set forth in the
"Handling Guide for Semiconductor Devices,” or “TOSHIBA Semiconducior Reliability Handbook” etc..

+ The TOSHIBA producls listed in this document are intended for usage in generat eleciranics applications {computer, perscnai
equipment, office equipment, measuling equipment, industriai robolics, domestic appliances, etc.). These TOSHIBA products
are neither intended nor warranted for usage in equipment that requires exiraordinarily high guality and/or reliability or a
malfunction or tailure of which may cause loss ¢f humnan life or bodily injury {"Unintended Usage"). Unintended Usage include
atomic energy cantrol instruments, airplane or spaceship instruments, transportalion instruments, traffic signal instruments,
combustion contral instruments, medical instruments, a!l types of salety devices, etc.. Unintended Usage of TOSHIBA products
listed in this document shali be made at the customer's own risk.

s« The products described in this documert are subject to the foreign exchange and foreign trade laws.

« TOSHIBA products should not be embedded to the downstream products which are prohibited to be produced and sold, unger
any law and regulations.

+ Gaas(Gallium Arsenide) is used in this product. The dust or vapor is hamfu! to the human body, Do not break, cut, crush or
dissolve chemically.
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National Semiconducitor

CD4009M/CD4009C Hex Buffers (Inverting)
CD4010M/CD4010C Hex Buffers (Non-lnverting)

General Description

These hex buffers are moneiithic complementary MOS
(CMOS) infagrated circuils. The N- and P-channel enhance-
mant mode transisters provida @ Symmaelrical circuit with
putput swings essentially agual 1o the supply vallage. This
rasults in high noise immunity over a wide suppiy voltage
range. No DC power olher than 1hal caused by laakage cur-
rent is consumed during slalic conditions. All inpuls are pro-
lected mgainst slatic discharge. Thase gates may be used
as hex buflers, CMOS 10 DTL or TTL mertace or as CMOS
currenl drivers. Conversion ranges are {rom 3V 10 15V pro-
viding Voo < Vpo.

February 1986

Features
m Wide supply vollage range 3.0V 1o 16V
» Low powsr 100 nW {typ.)

0.45 Vpp (yp.)
B mA {min) at ¥p = 0.5V

= High neisa immunity
m +hgh current sinking

capabilly . and Vpy = 10V
Applications
® Auiomotive | Alarm syslem
®» Dalg jorminals | m indusirial controls
m Insirumantation ® Reamole matering
u Medica: slectronics u Computers

Schematic and Connection Diagrams
Dual-in-Line Package

Yoo

||5 18 ‘u _lu IH

=

||: }H

Dual-in-Line Package

&3 |I‘ ]LJ 12 |n |1c IQ

E
i

Ly
2

?

] 7 is 4 A |1 [n 1— 2 1 “ s 3 Ii la
Yoo Vss Ve 8
TLIFrbRas-¢ TLIF 1545 -4
Top View Top View
Order Number CD404% or CD4010
CD4003M/CD4008C CD4010M/CD4D10C
Ve e Yoo Ve
P FEPY ® t R P Xk
2 1
x Yee Yoo —O X Ver
-u_ oHD D —r-]— \ —‘-L- oD

Hex COS/MOS 1o DTL or TTL TL/F/5045-14
convanser [non-nverting).
Connact Yoo o OTL or TTo supphy.

Connect Voo 10 COSFMOS supply.

L

[

Yoy T
Hex COS/MCS 10 OTL or TTL TL/F/5945-0
converier linverling}.
Cennast Voo to DTL or TTL supply.

Connact ¥px 1o COS/MOS supply.

1985 hational Samicanoucior Corporeticn. TL/F/BB45

(BunraAul-uoN) siayng xaH 20L0¥AD/W010¥AD
(Bunsaauy) siajng xaH 0600/ W600VAD
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Absoclute Maximum Ratings
If Mittary/Aerospace specified devices are required,
pleage contact the National Semiconducior Sales
Oftice/Distributors tor availabllity ang speclfications.
Voltage al Any Pin {Npte 1) Vgg — 0.3V to Vgg +15.5V
Operating Temperalure Range
Ch40XXM
CDA0XXC

—55°Cio ~125°C
—45°C o +88°C

DC Electrical Characteristics

Smal

fr-Line
| Quiline

Lead Temperalure {T )

{Soldering, 10 seconds)

Operating Aange (Vpo)

Storage Temperalure Range (Ts)

Power Dissipalion (Pp}
Dual-

-

PR \
\—65"C1o +150°C !

700 mw
500 mw/

260°C

Vgg + AV io Vgg + 15V

[
Test ; Lin-ilta 7
Symbol Characteriglics Cncdl!ions i €DaaxxM CDAAxXXE Unlts
{Valts) —§5°C 1 25°C 4 125°C [ —40°C + 25°C i +85°C |
Vo Vop! Min |Max] Min | Typ |[Maxi Min Max| Min [Max| Min Typ Max Min MaxE
lcc  |Owascen Device 5 0.3 0.01 (03 0 a o.o3 3 | 23] pA
Current 10 0.5 001|085 a0 5 oos 5 | 70 | A
Fp Quiascent Device 5 1.5 0.05 | 1.5 100 15 015 15 210) uW
Dissipaticn/Package; 10 5 a1 | 5 300 50 Q.5( 50 700} uW
Oulpul Voltage ] 0.01 0 |0.01 0.05| 0.01 o 0. 0,05 V
VoL Low Lavel 10 0.01 0 |0.01 0.04 .01 ¢ 10.01 Q.05 V
Vou  IHigh Level 5 | 490 499] 5 455 4.99 499 | & 4.95 v
10 | 8.9% 988 10 8.95 9.95 999 |10 995 v
Ngise Irmmunity
(Al Inputs) :
I Vp2d40| 5 1 1 2.25 0.9 1 1 j2.25 ca Vv
VraL I B RV Y. I 2 | ak 19 2 2 las 1.9 v
Voe15] & 1.6 1.5 | 2.25 14 1.6 1.5 |2.25 1.4 v
Vi opeciom | Vo x 30| 10| 32 3 | 45 29 3.2 3 a5 20 v
VM Vped5| 5 | 14 156 | 225 1.5 1.4 1.5 |2.25 1.5 v
Voz 701101 29 3 4.5 3 2.8 3 |45 3 v
Output Drive Current 0.4 5 (375 3 4 2.1 3.6 3 2.4 mA
inN N-Channel {Note 2} 0.5 10 10 8 10 5.6 9.6 8 6.4 mA
InP P-Channa! {Note 2) 2.5 5 |—1.85 —-1.25%-1.75 -0.9 -15 —1.25 =1 mA
9.5 10| —09 —-06]-08 -~ 0.4 -0.72 -0.6 —0.48 mA
Iire tnput Current 10 \ 10 pA
Note 1: This osvice shouid not De connaciad to circuls will Ihe power on bacauss hQh fransiant vollage My Couse pormanant damage.
Note 2: ipN and IpP Ace Isslad one ouipuL &1 8 tme
AC Electrical Characteristics™
T4 = 25°c. O = 15 pF, unless ctherwise nolad, Typical Temperature cosfiicient for all values of Vpp = 0.3%/°C
Test Limits
Conditlons
Characteristics COM R L0408 Unlts
Voo
(Volts) Min Typ Max Min Typ Max
Propagation Delay Time: Ve = 5 — 15 55 — 15 70
High-to-Low Level () cc = Yoo 10 B, 50 30 — 0 40 V.
Vpp = 10V _
Vig = 5V —_ 10 25 10 35
5 — 50 BO — 50 100
Low-10-High Level {ip 1) Voo = Vop 0 i 25 55 r a5 70
Vpp = 10V
=z 0 —
Voo = 5V 15 3 15 40 ns
Transition Time: Ve = V ] — 20 45 — 20 60 ns
High-to-Low Lavel (ira ) cc = Yoo 0 — 16 40 — 16 50
_ 5 — BD 125 - b 60
Low-1o-High Level {tyy 1) Voo = Voo 10 _ 50 100 _ i 120 ns
Input Gepacitance {C) Any [nput — 5 — — 5 - pF

*AC Paramelars 8re guaranesd by DD corralalad 18stng.




Typical Application

- TL/F/5045-5

| Physical Dimensions inches (milimelers)
e LT
J 16 g

# 16.84] t

0.025 /‘D—RJ U T Y \"'
)]
R

0.037£0,005 145

0.005 [c.9dz0.03] 0,290-C.330

. Ay

[0.13) S __uosszn.oa? TeP 17.27-8.15] 77
WIN TYP [ldoz0.13 GLASS SEALANT
{ 0.070-0.D6D1yp

€.200 lo.51-1.52] 180 ax 1

|5.08) r A

MAX TYR I RO

[0.253 0.0

t
7 15
Pb‘ﬁﬁ MIN TYP / g
| 90‘01 4 550 2 5°
L - TYP
L.0B0 A ! e

MAX rmo{ e N
aolrln'ozfujns ' J 0,014 £0.003 ] £310-0.410
To.46¢0.00] "7 [7.87-1¢.41 J1bs w0
010020010 0
{7.5430.25]

Y §

0.175-0.200 145 ]
[3.18-508] 1P

Ceramic Dual-in-l.Ine Package {J)
Order Number CD40GoM.1, CDA009CJ, CD4010MJ or CD40T0CY
NS Package Numbaer J16A




ing)

CD4009M/CD4009C Hex Buffers (Inverting)

CD4010M/CD4010C Hex Buffers (Non-Invert

Physical Dimensions mncres (miimeters) (Cantinued)

0.740=-0.780

. -
VB0 - 19.81 0.090
! { iy {22889
(&) [i1] H _
0.150£0,010
5.35040.254
ORTION 01 0.08
0.13040.003 0.060 TP .300 - 0.320 {3.651)
i HUUTETRED By Wl a7 AL "\I" OPTIONAL ‘I (em-sizs [ }
£.145 = 0200 E 1 i \
{3.683- 5.080) | }
i 937450 0.005~0.016
0.020 H 0ot 4° TYP - P
{o.508) MM -!— I___ 0,280 __I {e.03=.408)
0.125 - ¢.150 I'" 0.03020.015 T
{3175 - 3.810) —' {07622 0381) WIN
0.014 ~ 0.023 0.10020.010 +0.040
— 035252
W 0.05040.040 l.-‘.z-ﬁ‘%","'“‘} 3%oagrs wI6E (REY F)
D1.27620.254) (passtLOE)
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LIFE SUPPORT POLICY

Muolded Dual-in-Line Package (N)
Order Number CD4008MHN, CD4009CN, CD4010MN or CDA010CN
NS Package Number N16E

NATIONAL'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPQRT
DEVICES DR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL
SEMICONDUCTOR CORPORATION. As ussed harein:

1. Lila support cevices or systems are devices or

2. A criticat compopent is any component o a lile

systems which, (a) are intendad for surgical implani
into the body, or {b) supporl or sustain life, and whoss
tailure to perform, whan properly used in accordance
with insiructions tor use provided in the labsling, can
be reasonably expected to result in & significant injury

to the user.

support device or system whose failure 1o pertorm can
be reasonably expacted to cause the faiiure of the jile
support dawice or systermn, or 1o aflect its safaly or
sifectiveness.

National Semiconducior
Carporation

1111 Wesl Bardin Roac
Aflinglon, TX 76017

Tet: 1{800) 272-9950
Fex: 11800) 737-7018

N

National Semironducion
Europe
Fax: {+49) 0-180.530 85 BS
Email; cnjwge §18vmZ. nac Com
Deulsch Tai {+49) D-180.630 85 b5
Englah  Tal {+48) D-1B0.532 78 32
Francais Tal: {+49) D-1B0.532 83 58
halenc  Tek (+48) D.1B0.534 36 B

Mattonsl Semiconductor
Hong Kanp Lad.

13t Fioor, Strmghi Block,
Ocaan Gantre, 5 Canlon Rd.
Teimshaisui, Kowioon

Hong K

Tel: (B52} 2737-1600

Faw (B52) 2726-9860

Japan L1d,
Tel: 01-043.299-2308
Fax, 81-043-299.2408

Natonal diws not R350me any Aeagunubilty 10¢ uss Of ay CHTUTY BriChbed, N0 oroull Datent icenses arn mpved Bad Nelions! reserves Ihe TR Lt anry [ withol nabce (o changs sid SrTwdry and apeciCelons

Nations( Sermiconducior




	Title Page
	Abstracts
	Contents
	List of Illustrative
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Appendix



