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STUDY OF ACTIVE FILTER FOR POWER FACTOR CORRECTION

Phenpuck Rattanawongswang

Surayuth Sae-Chiem

Dr. Vijit Kinnares Advisor
Surin Khomfoi Advisor
1998

A serious problem of transmission power system that always found when distribute to
nonlinear load , such as power electronics equipment , is lower power factor and harmonics in line
current. It is an effect to power supply and load equipment. Then, there are many researches to find
the method to reduce these problems. Conventionally, LC passive filter can used to improve the input
power factor but have many disadvantages. For this reason , the active power filters are more
suitable. The active filters used in power factor correction can divide into two types , Harmonic
Current Injection Type and Preregulator Type. This thesis study the theory and operating principle of
both active power filters by computer simulation. A suitable circuit is chosen for making a prototype

and compared the results with computer simulation.
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3.1 esmadnWames (Passive Filter)

wormadriamesilfuinlysrumnesinimesae i Tasaadhesenyldl 3.1

Lowpass Filter

{/Ld \\\

LC filter S i

‘ S — . & X y |

i L : !
= Y i + |

v :_]_ 17 ic TV ’
s : o vy (4T y

T 1

.................

U 3.1 'Jwswm%ﬂﬁama%’ﬁmi"uﬂ%"uﬂsqefhmma%’uﬂnma%’mmns:uaﬁ'mSuvg‘n

Tassa$adszneuday
1. ﬁamﬁmﬁmimﬁmumgmﬁ'm@“uww (Inductive Input Filter: L)
2. STwnuusiueadfames (Resonant series LC-filter) TaodeslFaumiisninalug
wazduiuszemunidnfuumdese
4
3. Ferroresonant Transformer ﬂzﬁﬂlﬂ]ﬂiﬁﬂglmxﬁ1ﬁﬁﬂn1ﬂ
o g o o a A & i )
Vaves G, wlvaan aniu ¥, szlinsnszieunn SeannsondlyTngqes

N38IdYIUAINAM (Low-pass Filter) Milvu1av04 C, Tmajnd1 dmsvluszuu i 1 e
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danilenihunsadesynsuiy IWnssuaadunnunasine nieognmedmidnssuansen 14 ud
Tuszun I/ wwy 3 e sz lddauntisnivvd 3 e wSedumideniivdh 1 e 361 de

L L 1 g A o\ ) Q7 y 1 ' Q’:
aynsuiy Idnssuaaduwiniu dlulSyaniinusaduiiesnanteluss oy W 1 mlawiniu

Wuszyu v 1 ola
A a o o o 9/ [ o o ]
g fnmgadunssuaduynifisutuussauiiowdn Amnesunnmefuaza

1 4 s [ [
wlesiFudmsAnien(% Total Harmonic Distortion) diedamiienhnsesdusunna/doulyTay

a Col a o a 4 Q . . a . P o o
’nﬂi13'Hﬂ1mmmumm‘lugﬂmﬂmﬁﬂimim(Conductlon resistance) NAIANUINULIUILAIY

FuRufruanud M uves Inaadeaunsn 3.1
K, =L/ 7R 6.1

A o A { © 1 L
Taoe K, seudsiue L dio L aldsuliseild K, al@euldTuuua Tu@eadu

wldjUnfunszuadnidunnifousuussdudunnasgli 3.2 uazAumneSudnnesaegali 3.3

U932 dygnunszuadunynindenldawe L

Tulsfduves K, dmiuszun i 1 ola
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o ' o '8 v sa3 o a dy
119 3.3 nsmluamsaimnesurnmesuasanlesiudnts Aaeu

hduiusiue K, dmiuszunivdh 1 ola

ﬂ"lm%‘lﬂﬁtﬂmﬂﬂg‘ﬂﬂﬂ aszuadsissansom danaunish 32

PF =0.9/4/1+(0.075/K,)? (32)

$ A e A 2 4 A ' a
91717 3.2 uaz 33 sztuiudlenn K, iudiuGesq lnoiSunn K, =0.01 fnszsuady
o1 o o J v o o J ~a dy v A A
wnuzlisunnesunmesunduazamlefisudmsinfisuanas udile K, = 0.1 Fuflugage
v td' td' LR A‘l - : ’ A .
Mensuinszuaaznldsusin ludeles (Discontinuous current ) Funszuadeiilos (Continuous
o o [ 4' ] o J o & A ) o
current) NTTUAILUANYULAIZUN 3.2C wozaAnnesurameswzaaasinuunily Aiv AuNIDS
1 v o { [ Y 4 A . 1 .
wlawesdawidy 072 Adlusuiifiiosnnmstouma(Shift Phase) $¥M19 Harmonic
Distortion Factor 4ia¢ Phase angle Wozile a1 K, = 0.5 nszua ezisudetilos uazliduwnes
* QI L= Y ; 9 @ 4 L] Q' J T
urlnmesgagariiiy 0.9 uazluleswudmsAndioudgariiiu 20 % e K, iuiugelie:

[ K] I'd d 1 a [r=1 o o a dy a J
'lﬂmmmﬁmwlﬂmaimmmmmﬂaiwuﬁmiwﬂmaumwu



R I .

.

R Y

Rl ]

JofdeBuvesnasdilawes

dof 1. 1iluneeside

2. f1 EMI (Electromagnetic Interference) @1

3. Aunosunames gagaiiu 0.9
3/ - : 'Y A 9o ~ ° T
doity 1. Tunauaziminun dlesninlddunilsnhvunalng

2. IS

3. 1711 %THD g9

ot A d d' o
4. Beanuggdonin weanndaimileniy
5. Inansenufuaunasvewsu Iinssuaasefiezdievan

d
3.2 390suennnNames (Active Filter Circuit)
wnesueniiMlamesnbhwnSulpsmnefudamefarnsautaiivu 2 Uszian

1 4
Inagjq 1Adil
1. Wesuonfinamesuuvianseuasrs luilnd (Harmonics Current Injection)

2. 1esueniinflamesuyuaffisnnaines (Preregulator)

3.2.1 290sueniWHame suuufanssuagisluding

L utitiey ip =0 i ditorion
O - - Nonlinear
v
load
Utility

T i Silter (= iL,di:torrian - il,loss)

2008 1
)

Switch mode DC
to AC converter

317 3.4 leeozunsunuuidui@ea(One line diagram) vos

woninRawmesuuvRanszuaes lwiing



[y,

TR TR B e e e

10

1317 3.4 wiuhnssuaduyniidr Inanswissneudae
1. 04lsz ORI INAYAg U (Fundamental component : 7y,)

14
2. pan1lszneuATIRAMYY (Distortion component : £, zoron )

dmiudimstiedemsfnnsuceame vienszuafinmou (Compensating Current or
Distortion Current) fiadnonfaneunesimesilaussiunssuansafiuusdunssuaaduuu
a@3nd Tnua (Switch-mode de to ac Converter) 130 Inverter ¥ TufiduBuyniRerndrefy
nszued Tufindlurees Windeudesdyszneunmdiyagniidimnefinmesaau &
Fudefidyfedodimatiansiunumnssuasamsfionngey  ninuszdossonuuiiges
ueniiMames Waunsaadedaygunseuasameanisnnnld  Tasmseenuundygne

v oA A o J d a Jd - o g 1 A
wamﬂueﬂﬂmmwemuf]umsmmmmQﬂnmmm‘lueunesmeswu UB’(’TM‘V](Mosfet)Hiﬂ

103T(GBT) dudu

3.2.2 nesueniinilamesuvudSisnganes
(") =) d dy o dv L o
dmiunesuenfinfaweSunuilyerfviugnivesiadiaueaqian (Pulse
width modulate) Minnaruguadadiilundn feguaeisae
1. Isuuuraisuua (Flyback Method)
2. 35uu11in (Buck Method)

3. A5UUVYA (Boost Method)

1. Asuainateuyn (Flyback Method)

a Y o a o ' e v . . 2 o
Attilinavi ldnssueBunalidnuos lurewlos(Discontimous Current) G Inazuage
qA(Peak Current) gendnszualari(Line current) vuadamioniml¥fosivinalngni’is
LY Qan Y r's Y 9 =) ; ] v A 9
MUILASIBUULY SHRS U U IR ensalSulnganTedindiussrudunala

2. A58UV1IA (Buck Method)

Qddyd o 9 o 9 d Ao ' o 9 a
'Jﬁuuwamimmﬂumummwﬂ WHATNINN UIIAUATUDUNA
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3. 25uU11# (Boost Method)

nszudBURANU  Aanilenifidesynsu(Seres Inductor) seflidnwagdlunseuade

A - & ':: g o L)
(YRNa0 ] uazuﬁﬂuﬁ'mnmﬁvm WNITIHOUDYNUIIAUITAVDILIIAUDUNA

) 1 4
1INAINE1IUIBULUYR(Boost Method) Hiide 1AuSouninndt uazionFluszuylndh
& o o‘:’ ] £ 1 P 9 a P ] ﬁ
Miae ARTUIznaNwATsHUILYA FediRsaa ANz mnsouteenidy
- Low Frequency Power Factor Correction
1 4 [)

mrlfugeaduyamesuramesuvyiies Iawd lumsadadidiu 2 wh
voennudiundenie Taogunsaiadadereld 1e3TAIGBT) nie voama A4 indnms
o A 1 o da A a d o 4 o
Howufle wwdidggnuiadiaueagaaieauguasladaaiafidudime  deei

g 1 o 3 1 -3 1 1 -] 1 1 - é
IWdmiienhndesynsufuundsswiimssionenszualidoivan Faudullan
TnuamsaugunsEua(Curent Mode Control) fitinimua flinssuaduduyaiil
4 . . J ° ' J ot
aulnd Sinusoidal W AU MlilsumesudnmesATu Tasss sz 0.96 uaz
o a o

NOYD9815 lulNNezanas

- High Frequency Power Factor Correction

o ' o [

msdfudgsnunnesunnmesszadwfuuuy Low Frequency Power Factor

Correction UAANAUAAUMTIENIvDY High Frequency Power Factor Correction %zﬁﬂﬁl;j

o a g a o A ° ::’ { ]
Aundevesnesuiadiodlng  uazdamilenthwewuiisziianudgeniuuy  Low

Frequency Power Factor

1 4
dmfulSygrinusaivilefnyssuenfiviamefuvSisagaines Tagl$3suuy

YAYUA Low Frequency Power Factor Correction #afinsunwlasazidoaluumi 5
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ad g
4.1 NQUYIUBIAY
Ansansyuumsdetesde iniweg

__..>
@) ) Nonlinear Load

s 41 szuufhifimsdfudlgeaduynvesirnmes

s, Ay
@) Nonlinear Load
L

il 42 szuudfimsdSulgesmduynmnesuaned

Tagh [g  f@e nszuaduym
I;  #enszuah lvan

{ o £
IF ﬁﬂ ﬂizufﬁiﬂﬁfﬂ(ﬁ’bﬂ‘Dillﬂﬂﬁﬂﬁﬂlﬂﬂi’d%’]ﬂﬂluﬂﬂ
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Tzl 4.1 uamsszuui lifimsdSulmBuymmnesunme Hiufenssuadunmes

finuminunseua Tnaaasauns
IS = IL (4.1)

\ { o ' < A o 1 a
doulugii 42  wamsmsinsssuenfivlamesdsvunufussuuiweuSullgemdunm

v
mesunnmesuazsrannszuaa’ luilnd Auiunszuadunneziiddeaums
Ig=1I; - I (4.2)

o Yoo, a . . 2 &
nandnasiissihhinseuadunmiinruiiuleywessasa (Sinusoidal) wnuriufied

*a 4 ddng a o s  d [ L)
mauwm‘wmamﬂﬂmaiﬂ'uuuaxnmﬂnunﬁaﬂmmaﬁmﬂmn;ﬂ

I I

Ip
D - A S

JUN 43 guUnszuammuanmsi 4.2

dmsulsesueninNamesezilsznoudae 3 daufe

1. wilaloyfauSadduiedines (1- Phase full bridge Inverter)
ﬁmﬁwﬁﬂ'wmzummnfﬂﬁﬁ'aamsuazé'ﬂﬂszqﬁwﬁ'wm( Charging power) 13
sonuuunIugues IdygranodIaueagmanuugil Tnats (Unipolar PWM) AUy
msila-@avesaind
2. AANUTE PTIRUATINT DUN AT 18T IUATI (DC Busbar capacitor or DC Source)
Fmiifinesussunsziase(Constant DC voltage) LA AANTINTZIABLYBLTS
Su(Voltage fluctuationvaue i Inaaideuulas ﬁwu%’mumﬁtﬁanh’hzﬁuaéﬁu

av o o ~ o a
‘Wﬂﬂﬂ'l?l\i‘llB\illﬂﬂﬂﬂﬂﬁmaﬂm% ‘ImﬂIHﬁﬂ
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3. aunileniinged (Filter Inductor)
0 8 % a4 a ¢ oa a &
Wl nszuayawe 7 ldnndunsiwesianuiuSsuau

. 3
'{ o’fqmﬁmﬁmsa@'

/

o o a
CD Aunudszqnse

UNADIUTIAUAT

B0

1 ayavSaidunesined
s 44 dwdsznouvesnesueniinfames

a oa 1 a d
YszAninmlumsudlumsunnmnefudnines
a a (=) 4 o ~ JJ ' o/
dszaniamlumsudlemsuynminesuninesvesssueninames Yuegiiv

PYodo 3 Uszashe
1. Mnlwesvesdunesiney
2. Taruqu PwM Al
3. IBmsmnszuasawy (4 )
) o o [] 1 o é Ad o L] A" é
gwiumaiialumsiuamanszuavasadiuileadonilniinnudngyedngs  #
ﬁag}ﬁaﬂﬁuwmmmﬁﬂmﬁniu Electronics Tuned Filters , Instantaneous Power Theory Thudu ua

a ' qy LR A @ 9 A A a (R ~ <
MAURMNATU  UAURNITNRINTUYOU Llﬁ%’;'ﬁ'lﬂllﬂ'ﬁLﬂﬁﬂullﬂa\iﬂ?'mﬂ‘ﬂﬂ\ulﬂﬁﬂﬂ']f.l INLTINI G

Youfeziinarensdowna(Phase Shift) Ad e MIRned N
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- ~ Aw eia =y d
42 mananuy Fuilansniudduamuaum

(Simple Frequency —Independent Method)

watlawuysudlaniiniuadufwiauy (Simple Frequency-Independent Method) (11138 u

msfnamnssuavary (/p) lasdszinauuulmindennuagansoiaulugimnug

b4
40-65 1350 19 lnoda lusi@asatuisde 1l

Ty

o

nAndnMIRugIM nzua nanslssneudivesnlsenoudwgasil
GO =i,) +i,(O) +i, () + i (2)

i,(t) flo pafilsznOUNTZLEATS (DC Component)

4.3)

ip(1) fin nszuanowafuLsIUYDILMdIT M TonssUaLOATIN(Active Current)

iy(t) o nzuaiueniiv(Reactive Current)

iy (1) o nszuaed ludind(Harmonic Current)

MNAUNTN 4.3 AWITONTSIUN w’"lﬁlﬂu

y(@)=1,+1,cosat +1,sinax +

N3

2150082 jat + @y ;) + D Loy COS[(2K + D)t + Ppp 1]
- k=1
7= J N y

' Y

/s A P PO P
813 luind) 813 lutind#

aums44) duaumsgiialdvesnszuaiiivan ualumealfiidezioiness

uarase( /) Tendosunniiiondn lulegluaums

vnaums43) Sliassueniiviiamesdudswesiilsznounszuanse (7,) ,

44)

sznou
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9
nszuaiueniiv(/,) Aseuerens Tuind(,)  duiuundshwdesiieiioanssuueniin (/ )

o dv J & = d 9 A
PINHANNITULT I IWITARIANINTSUATALB( [F) WQ']Q%?LLﬂﬂﬂﬂﬂmﬂﬂif\'iNﬂﬂﬂ?J'l 10

ipO)=i () —i,(O)=i ()1, coswr (4.5)

1 4
A lé -~
vnaun1sHisesdeaminidseuinyes Ip Fatuvuavesnssuadur o(in-phase

current) 1714 Tae 1% ndnmsamgalil -
_ [
ip(t) Low pass I, Lip(1) .
Filter ) ~ir (1)

Qf

Active Current
Estimator

vs (1) Voltage
Transducer

317 4.5 Taozunsuuuugiidla(Open Loop) M ldfmannszuavawey

v
msdszyiuaives 1 » Tag3tgudlaeuisansinglansil

o { g Q = A Y3
ABINDIIUIHARUYDIAUNIST 44 AUUTITUDI9BI(Reference  Voltage)HauThudaya o

] v ¥ .
Sinusoidal NBwHarfuuswUvBwmasdie luhillfuseiuddalugifledduves cosaor w2l

aumsdedl
| 1, I, .
ir(f)cosawt =1, cosar + —2—(1 + COS2at) + —2——sm 20t
® I,; . .
+ D —=={cos[(2] + Daxt + ¢, ;] + cos[(2] — Deot + 62,1}
j=1

¢ Sl 2;“ {coS[(2k + 2)ot + Boy 1] + cOS[(2kat + ¢y 11} (46)
k=1 '
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aumsdi 46 92QNNIINTBINMWAMHIM(Low "pass Filter) wmmmnﬂwaaﬂ(Cut off

1 — } 4 0]
frequency) 13wy @ nseseemmiofivanol 7” wio I, eimhnhliguduileisu

T P ° . A v . ' s
cosat 9218 i,(f) wienszusruoniin udninueennin iy () e ip (£) uddsmsil

wiilywieg 3 Usznshe
1. unaueuilagauesinus1ada(Reference Voltage) , tnaunniaes(Scaling Factor)
YOINITUURLAV(Gain) YBINIINTBIANUDRINIU(Low pass Filter) linasde
v 1, (7)
4 . { ' v
2. wminfimsifioua(Phase Shift) taaudnioufi Voltage transducer 32 NnadaA LY

19997995
o H [ Py g ° A o A a t 4
3. fuseufiunasselinmsAamiou a2y ld cos ar FudluusetudedRindionly

kel 3 ——
Auilgnme 3 dszmsfieziidanmusiuiunmsdszunam ip () amoune s

e lRlinsdSudlye duleezunsuuniguilaClose-Loop) fag)

Active Current Estxmator

—> 1(?)

vS(t) In-Phase cosax

ir(t)

i 46 laezunsuuuugyila (Close Loop) fildfmnmnszunwais

34171
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vs(2)

Phase — Low Pass —P T Sinusoidal
Comparator fitter Integrator VCO » coswt

gﬂﬁ 4.7 Tnsead9v04 Line Voltage In-Phase Sinusoidal Generator

Low Pass Integrator
Multiplier Filter Muttiplier
Gain 1 1 Gain
@>Fra— a @ @ >1.(s)
1,(s) .

717 48 laozunsulugilues Laplace Domain

nnglit 46 Sequdt 48 Wumsuiulgalifiquiloundy (Feedback Loop) 48 ip (£)
unzuienduiiinsn(integrator Block) tieas9aoUIsIdgan12AISA(Steady state)nFoda
Tasdh A, sowdudensuiinimiugudile lsuansines Iddhganizadaudaihlim
in(0) ﬁﬂszmm'lﬁ’fﬁmmqﬂﬁmuiiut‘hmn%u ﬁufufiwmip(t) vinlaszunsuuuugiitlaes
musaudilymiifadiylaezunsuuuuguidaldde

1. WALV AUDIISIAUSIBY (Reference Voltage) , annaunnnes (Scaling
Factor) Y84MS §OINLA18E8(Gain) YBINTNTBIATIMNARWIU(Low pass Filter)
vz lilinadevun ;(t)

2. ulaezunsuuvuguilasedl Line Voltage In-phase Sinusoid Generator 117
aduussdududmie cosar Faillaseardiedegft 47 wor Awsedudieds
med e niynaserfudsuamanudvewsiudunn 18 lugaents
Tagn15AuANYBY Sinusoidal Voltage-Controlled Oscillator (VCO)

wennntumstssnasvesnszuauenfivifiansn indssansnmassms edida s

1 1 Inaa'ldsndae
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43 msdravawamungyqlaglilisunsuneaiiames (Computer Simulation)

f‘hﬂ%’ﬂﬂ1smﬁamﬁmmmwa“lﬁxﬁ'uﬂ?wanyﬁ'ﬁnfimn v laonisdiaesdan
Tilsunsunau#nes (Computer Simulation) tﬁ‘mmn’nqyﬁ'ﬁﬂa'num:ui’u"lﬂmaﬁ'mizuums
AUAN(Control System) Feigouamiuuenlaezunsuiudnann sohdaudenldTlsunsy
SIMULINK 11 MATLAR deaminsaldinsieszuudendns uenaintiuTalsunsy SIMULINK
darusaminisguamdynuluaums Faldsunsudu 9 e1igu pSPICE v'lai145ndae

9y
dszdulunisdnuiiaeae lidl

LY J

431  msanywavesgldyanuangveslaszunsuuuugililaOpen Loop)

as ]

432  nsdnywavesgldyanuagves laezunsuuuugiliaClose Loop)

4321 Wnsawavegildyyaudeanutvewnassislinisulasunilag

43.2.2 W wavesgUdyaaulieuenilagaussauveaivasnielinisnlaounilas

DU1NTEAUNY
4323 Nnswwannmalasulawduau(Order)v9919950509A N A

i Y
yugaulunissiassdlrelisunsy SIMULINK

: d’ ° o d’d = dy ta ‘s'( .é’
Jupeuii 1 $menszuadunnilinawAaisuvesInaa liseiilosdun
: { ° a 4 9 3 a { :’,
Jupeud 2 hnszuaduynisiaestuaniowdiuion laszunsuisasauuy
L4 1] '
Jumoui 3 @enmminilimesafeammnzanlunsims et
d‘d" - 91 =Y d o dy
Tuntiszidenldmmisilimesasil
- iIAIAA(Time Constant )yo9v3NTOANNAA WU : T) =1.5x 1072
1 Y . [ a a —
- A1701A9A2(Time Constant )vesufendudiingn : 7, =1.5x 107
- aunaunniaes (Scaling Factor) = 0.1 V.1

- AeuilagavewsAudIde= 5 V.

=)

Funouii 4 Sprinandouiamsnsranmmanesdeuzilsznouda
- usedudluvasse : v, (f)
- nszuadunc@de hil&usulgesmnesudnines) - i, (1)
- ITUASAYY : ip (¢)

- nezuadiduwnivdgsamnesudninesuda) : ig(2)
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wnansiidwenarsianubidnsunislynuiionsfnwimtu lueugnlnilulsdsslosuaunisan

luansdllas visdu Bnnamuiiludaudadlienuasnesedaiuarvetenarsynasaminisintuly
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wnansiidwenasianubidmniunislanuiionmsinwimnou lueygnlnilulsdsslosuaunisen

lunsdllas visdu dnnanuiilndaudadlienuaznese1adaiaaivesenaisynasaminisintuly
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0 002 004 006 008 01 812 014 018 018 0.2

Uit 416 Udoann i (8),1,(1), ip () voslnezunsuuuugifila

A a o a r
Wousudgaveussaudredawiniy 1.1 Trast

Tugui 4.15 waz 4.16 uansbimuhmsnfounlasueuldgavessiudadamy

v * - 4 ® ar A ar = 1
whilinadevuaves i,(7) dedhgameasuds  Tasdeussdudredafinsion
uraely 10 %(91n 1 Toavidlu 1.1 Taed) eefimavhfuendgavesnszuauoniinfianioy

asdadounloslidies 4 % (01n 11 Toeidiu 115 Taasd)  TTuRemstseunman i, ()3

P 4
AUV UIUINYU

Nﬁﬂﬂ‘ﬂﬁuﬂﬂﬁﬂﬂzﬂﬂuﬁfﬂuﬁ (Transient Response!uﬁzﬁﬂﬂ&’ﬂﬂﬁ”l (Steady State)

PR [} at ' a J
wafi o laozunsuuuugilaludrausnBondit  manevaussanzns wGEous
(Transient Response) Insuenilagavesdyanuszimsnidoulasnaonna waziiowonila

ganshudauansiseuy ldhganzasd (Steady State) 1da
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43.2.1 msfinsanwavesgldyaauiiennudvedunasdieiinisdsuulas
Tag v, () fio USIAUBUNY

i, () fia nszuaduwn@se lidsmlgsnumaesivnines)

- =)
i (1) AD NILUAYALTY

i, () fe Aszuadum@ElSulssaumesunmesudalas i, () =i, -i,)

e lvaauiulaleauassng WS sssua

012 014 016 018

(n)

T T l 1 I t i l T
10+------- N B T T TR R T, e A P 4
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Vigpletpay = AV =(0.05)V,y .y = (0.05X1.67) = 0.083 pua.

V.

ripple = 0.083x120= 10 V
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B 34
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- Y1911 Distortion Factor
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Abstrnet— A basic ceiteriva that determines the hehavior of
an active pawer filter is the method of caleulating the reflerence
current. There are many ways of generating this reference,
put te mcthods are generally complex and hurd (o tune. This
paper'describes u simple and elTective method for caiculuting the
reference current, necessary ta feed u sruat active pawer flter to
compynsute the newer Tactor and harmenic currents panecated
Ly u ponlincar Jead. Simulations and experimenial resuits ure
preseited, showing that the proposed circuil may operate at
freguencizs runging Trom 40 to 63 Hz withaut adjustment.

I [. INTRODUCTION

T ARMONIC conwmination in power systems is 2 serious
i 1 prodlem due (o the increzse of ne linear loads over the

tast 20 veurs. such &S SIAIC power conveners. arc furnaces,

and Others.

The harmonic protlem is not solved 3§Squzxte2y by passive
LcC ::mers due to their inability to comgéﬁsale rundom fre-
queney variations in the currents, tuning probiems, and paraliel
resortance. To overcome these problems. active power fiiters
have besn developed. such as the shunt active filter shown in
“ig. }, one of the most common topologies {1}, {2}, In this
gure, a full-wave reciifier with 2 dc filter inductor has begh
added as 2n example of harmonic contaminating load.

THe shunt active power filter is a voltage source invener
@gm}icd as a current source bv means of a pulsewidih

= s |

mple Frequency-Independent Method
alculating the Reactive and Harmonic
' Current in a Nonlinear Load

1. Scoastidn Tepper. Juan W. Dixon, Senior Member, JEEE, Gusiavo Venegre,
and Luis Morén. Senior Member, IEZE :

modfglalion (PWM) signal. As it can be seen in Fig. 1. the
shun‘t active filtar is connected in parallel with the load that
is bging compensated. If the filter generates the harmonic
currents 7 that are required by the Joad, the mezins supply
delivers only the fundamental current Is and the harmonics
are eplin‘.inated from the power lines. Adequate conurol of the
active filter not only eliminates the power line harmonics, but
can also improve power factor.

The performance of these active filters is based on (hree
basid design criteria (3), (S]:

Mainuscn'p( received April 12. 1995; revised October I2. 1993. This
work *was supponied by the Conicyt (the Comisidn Nacionai de Ciencia
y Tegpoivgia or the Natonal Science and Technology Commission) under
Provecio Fondecyt 997-94 (Fondecy: is the Fondo de Desarrollo Cientifico v
T=znoldeico or the Scientific and Technological Development Foundation).

J. $ Tepper, J. W. Dixon, and G. Venegas are with the Department of
Ziezyical Enginesring, Catholic University of Chile, Casilla 506. Correo 22,
Santiago. Chiiz.

L. Mocin is with the Depanment of Electrical Engineering, University of

Pupiisher ltem [dentifier S 0278-0046{96)04147-0.

—

} inverter parumetars.

23 PWM control mezihod used;

3) method used to obtain the curent reference. which 13
the subject of this paper.

2

. Traditional methods used o oblaia. the reference current
cequired by the active filter are based oa elettronic wned flters
and instantanedus power theory {41-{A]. kiecuonic fiiters, usu-
ally of the bandpass type, have the disudvantage that 3 smali
change in the mains {r2guency may cause significant phase
shift at the é)ulpul. This forces the use of precision camponents
and the nced for frequen: adjustment. Sven if it were possizle
to 'tLi_rb:"componems to tune the circuit, this wauld be valid only
for a specific operating frequency and wouid not compensaie
vanations due 10 companent aging and temperature. On the
other hand,-the mstanianeous power theory requires compiex
circuitry 1o implement the transformations, usuaiiy {rom four
10 six high-precision anulog multipliers per phase. This makes
the circuit complex and sensitive tc component parameter
variations.

“-A new circuit that is simipler than the insiantaneous power
theory-based design wili be, presenied. This circuit requires no
adjustments at ail and can work properly in the continuous
range of frequencies from 40 to 65 Hz, covering both 50- and
60-Hz distribution s_vs:ems'. The proposed circuit permits toth
harmonic currént canczllation and power factor improvement.”

II. GENERAL DESCRIPTION OF THE ACTIVE SYSTEM - .

A. Basic Principle

Without active filter compensation, the line current, which
is distorted by the power factor and harmonics of the charac-
teristics of the load. results in a load curment I made up of
the following four terms: s

ir(2) = i0(t) + ip(t) + ig(t) +ia(?) )
where
o dc componeat:
i, in-phase line current
1, reactive current; o
in harmonic curents. . 1O Y=

Equation (1) can be further expanced as shown in (2),
where the first and second summation represent the even
and odd harmonics, respectively. This is a very general foan

1 0278-0046/96505.00 & 1996 IEEE
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active current i,(t), 5 A/div. (d) Line voltage reference v {t). 5 V/div.

]
i

3) Voltage waveform distortion in the reference voltage
v,(t) will introduce a “nonclean” cos(wt) signal into
ti'nc circuit.

B. Proposed Circuit

To dvercome the aforementioned problems, the block dia-
gram of Fig. 2 has been modified by adding a feedback loop
and an integral gain block, as shown in Fig. 3(a). To analyze
the circuit, assume it has reached a steady-state condition. The
hvpothesis is that at the summing node, the inputs are 1p(t)
and 3 (t) (2 precise estimation of the instantaneous active
acnvc curren: in the Joad). After the subtraction takes place,
the feedback signal to the active current estimator block will

wbe ip(t), as stated in (3). TWCM
with (3). 1 sho@t have an in-phase component decause

w/
it has bcc—n’;@ctpd from the load current iz (¢),,Oti.erwise,

, the input L\I,, in the integrator would not be zcro, and then

the circuit would not be in a steady-state condmon prcvxousxy .

assumed. After multiplication with the in-phase sinusoid, no.
dc component will be present, as can be observed in (4)
by letting I, = 0. This means that the integral gain block
input AT, shown in Fig. 3(a) will be zero, which will keep
constant the output of the integrator I Finally, if the output
of the integrator corresponds exactly to the magnitude of the
active current 1,(¢), the input at the summing node-will remain
unchanged, and therefore the circuit will remain in this steady-
state condition. In this form, the estimated active current zp(t\
is an accurate representation of the in-phase component in the
power circuit.

Observe that scaling factors in the analog multipliers, in
the integral gain block  [). in the low-pass filter, or in the in-
phase sinusoidal generator shown in Fig. 3(a), are not elevant
to the circuit operation because of the closed-loop operation.
Also. the estimated value of the active cument iy(t) could be
used (o measure the effective power applied to the load.

.

)

A .
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Fig. 6. Experiment with a rectifier load for 40. 50. and 65 Hz. respectively. (a) Load current iy (t), 10 A/div. (b) Calculated compensating current x;-(t)
S A/div. (c) Estimated active current i,{t), 10 A/div. (d) Line voltage reference vy (t). 5 Vidiv.

The tprcscnted method requires a low-distortion sinusoid
with good phase tracking with respect o the line voltage.
To get this clean in-phase sinusoid [cos(w?)], a line volrage
in-phade sinusoid generaror block is required. However, its
amplitude is not relevant. It is not feasible to obtain this
sinusoid by using a voltage transformer due to the relatvely
high thu-d harmonic present in most line udlity voltages and
tl:xc tr_ans'formcr phase shift. It is also impractical to apply a
R andpass filter at the wansformer output due to the frequency
dependence of the output phdse.

The method used to implement the line voliage in-phase
;:inxuo{d generator block showr. in Fig. 3(a), consists in a si-

nusoidal PLL with error filtering and integration. This permits® ’

one to obtain zero phase error under steady state in a wide

range of input frequencies, as shown in Fig. 3(b). As seen, =

the circuit output is a sinusoid that can follow input frequency
variations over a wide range, restricted only by the control
range of the sinusoidal voltagecontrolled oscillator (VCO). |
The exact phase tracking with respect to the input is ensured -
by the integrator after the error filter. Since the PLL can accept
a squarewave as input. e Tdeal transducer for this circuit is
a fast optocoupler which not only provides g ealvanic isolation,
but also ensures good phase tracking with respect to the line
voltage.
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C. Operational Characteristics of the Circuit

Th¢ foilowi.'g factors determine the dynarnic behavior and
sta'oil&’:_v of the proposed circait:
1) closed-inop transier function:
2) variations on circuit parameters (multiplier scale factors,
in-phase sinusoid amplitude);
3) frequency response of the low-pass filter, which also
affects the accuracy of ifp.

(O3

The resuiting closed-loop transfer function determines ba-
sicaiifl the dvnamic response of the circuit. Fig. 3(¢) shows
a simplified closed-loop diagram of the circuit suitable for
analvzing its dynamic performance. For simplicity, a first-
order low-pass filter has been chosen. The gain a accounts for
scalidg factors in the multipliers and vanations in the in-phase
sinusdid voltage. The open-loop transfer gain of the circuit
G(s) is shown in (5). The closed-loop transfer function H(s),
after rearranging terms, is shown in (6). It has a second-order

polynotnial with only positive coefficients in the denominator;

Lhcrc;ore, it is always stable [7]

2
[ _ a .
G(s)—s-T,--(s-T.,+l) (3)
07
His)= — LT 6)
, (s) s’-%—s-%;-%—T‘f’.}g

Th,L damping characteristics of the denominator polynomial
(overdamped, critically damped, or underdamped) determine
the dynamic response of the circuit to a change in the input. It
was found empirically that a slightly underdamped polynomial
gives a good compromise between output overshoot and
serlihg time.

The filtering characteristics of the open loop transfer func-
tion G{s) in (S) affect the steady-state response of the circuit
or, i, other words, its accuracy. Equation (4) shows that the
estimation of [, is based on filteing the non-dc terms that

4F

+p

appear. The lowest frequency is w (the mains frequdncy),
so in order to gst a good esumation of [,, G{s) must
provide enough attenuation for w and above frequencies. Any
frequency-dependent terms remaining after the filtering will
introduce harmonic distortion on the estimated active current
1,(t) and in the calculated compensating current ir.

Finally, it can be seen in (6) that the vanations in some
circuit parameters (muliiplier scale factors, in-phase sinuscid
amplitude), represented by changes in «, modify the closed-
loop transfer function, and therefore may modify the dynamic
response of the circuit; however, it is likely to expect small
variations only. Therefore, the dynamic perfonnanéc will
not change significantly. On- the other hand, the steady-state™
response or the accuracy of the circuit is not affected.,

The performance analysis of the in- -phase sinusoid generator
is less cridcal than the active current estmator .because stepﬂ

changes in the mains frequency are not expected 1o occur

Care must be taken, however, 10 ensure that the smuso:dal
PLL is capable o. staying locked in the range of freouencxes
of interest. . s

Ul SIMULATIONS AND EXPERIMENTAL RESULTS °~ .

A. Parameter Election

The parameters for the filter and integrator {see Fig. 3(c)]
were adjusted empirically by means of computer simulations
for a 50-Hz system. The ime constant for the low-pass filter
was adjusted to T, = 1.3E-2 s. For the integrator T}
1.5E—-3 s was used. The gain factor a of the multiplier and the
in-phase sinusoid is 0.5 V/V (in fact, the muldplier introduces
a 0.1-V~1 scaling factor and the in-phase reference sinusoid
has 5-V amplitude, thus giving an overall gain factor of 0.5
V/V). According to these values and from (6), the closed-loop
mransfer function is

11111 w?
Hs)= giger=niir =

M

. [ a2t
s2 45 € wn T W

ey
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Fig. 9. Experiment for an excitation step in the synchronous motor (50 Hz). (a) Load current i (). 5 addiv. (b) Calculated compensating cument if(t).

i

)

.

In (7)5 w, is the natural resonance frequency and § is the
damping {actor. The resonance frequency is 105.4 rad/seg
or 16.8 Hz. The damping factor is 0.633 (a value of two
is a critically damped system). Both the natural resonance
frequency and the damping factor are related to the response
time of the circuit.

It is important to evaluate the overall attenuation for the
Bndesired frequ:ncy-depcndent terms shown in (4). The lowest
frequency term that appears is dependent on w (the mains
frequency). The attenuation at this frequency is ottained hy
fetiing s = j - 27 - (30 Hz) in the open-loop transier function
G(s) in (5). and then taking the absolute value. The result
is 0.11 or —19.2 dB. At first sight this could be interpreted
as a poor attenuation and 2 11% undesired resduc irom

Y

5 Adiv. (5) Estimated active current ip{t). 5 AJdiv. (d) Line voluage reference vr(t). 5 Vidiv.

s

this frequency. However, after inspecting (2) and (4); one
comes to the conclusion that only the dc component and
a second harmonic present in the load current can generate
an w frequency term, sO they are likely to be small or not
present at all. Further inspection of (4) shows that the next
term is 2w, given by the active and reactive current in the
Joad. The attenuation obtained at this frequency is given by
letting s = j - 2= - (100 Hz) in (5) and taking into account the
additional 1/2 factor in (4). This gives an attenuation of 0.014
or —37.1 dB. From this result it is reasonable to suppose 2
near 2% harmonic distortion in the output.

The sinusoidal PLL was adjusted in order to operate prop-
erly in the range of frequencies {rom 40 to 65 Hz, however, a
targer frequency operuting range is possibte.
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Circuit Topologies for Single-Phase
Voltage-Doubler Boost Rectifiers

John C. Salmon, Member, IEEE
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¥
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Abstract—A new family of single-phase voltage-ddhﬁler PWM
boost rectifiers is presented in this paper. By examining the
switching states of several ustandard" single-phase boost rectifier
circuits, three characteristic PWM v dge switching patterns are
identified: unipolar PWM; bipolar PWM and phase-adjusted
unipolar PWM. From this agalysis, an equivalent family of
voltage-doubler rectifiers is deivea. When high output voltages
are required. voltage-doubler rectifiers are shown to be able
to generate 2c-line currents with the Jowest current distortion.
All circuits presented in this paper are examined using circuit
simulators and experimental results.

1. INTRODUCTION

INGLE-PHASE p’ulsewidth-modulated,-{PWM) rectifiers
J'hzwc been the source of interest in the literature {11-010].
Tougher regulations on the harmonics generated by electrogic
equipment, together with jower costs of control circuits and

Attractive 1n recent years. This paper is concerned with voltage-
doybler boost rectifier circuit topologies. These rectifiers are
used to generate high per-unit output voltages while control-
ling the rectifier input current waveshape to achieve unity
fundampental_power factor (ufpb) curent at a low distortion..
Each circuit within tne tamily of voltage-doubler rectifiers
has a <necific performance feature, such as high efficiency,
low cost. ard ‘:bw_-:unéni&!:’stortitq‘-. levels. Analysis of circuit
-fosctionality-shows that voltage-doubler rectifiers can generate
an output voltage twice as large as an equivalent “standard”
boost rectifier with: the Satne ac-line current:distortion.
Voltage-doubier boost rectifiers have switching frequencies
and current distortion levels that are lower than the equivalent
“standard” rectifier producing the same output voltage and
power flow. Since voltage-doublers have the same number of
switches as their “standard” rectifier counterparts, there are no
significant economic reasons for choosing one rectifier over
its equivalent rectifier. The switches in the voltage voltage-
doubler circuits can, in some cases, be exposed to half the
ak voltage stress that the switch in the equivalent “standard”
rectifier would be exposed. to. This can produce an increased
reliability or, alternatively, devices can be ‘chosen with lower

voltage ratings.
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power semiconductors, have inade PWM boost rectifiers more
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1I. CrCUTT TOPOLOGIES

Several “standard” pwm boost rectifier topologies have been
described in the literature in recent years (see Fig. | and
references [1]1-{10]). The }-switch rectifier, as shown in Fig.
1(a), has one of the simplest circuit structures. The 2-switch H-
bridge (see Fig. 1(c) and (4), (7]) pecforms the same switching
action as the 1-switch rectifier but has the advantage of higher
efficiencies, The 4 switch H-bridge rectifier (see Fig. 1(b)
and (e)], can produce sinewave currents of a higher quality

_than the 1-switch rectifier: The bridge can be operated with
unipolar or bipolar PWM switching pattems. The 2-switch
asymmetrical half-bridge is a 2-switch alternative to the 4-
switch H-bridge (see Fig. 1(d) and (9]-(10}). The 2-switch
half-bridge voltage-doubler rectifier (see Fig. 2(b)] is a low-_
Lo t"'r"ﬁ'c";{'f\"s' of generating a high voltage output. This circuit'can
JTesfsat 10 have a high energy efficiency. orily one semiconductor
"being in series with the current, but with a nonoptimal PWM
switching pattern: bipolar PWM. ) :
The voltage-doubler rectifiers shown in Fig 2(a), (c). (d).
and (e), are described in detail in this paper. For comparison
purposes, the voltage-doubler rectifiers are shown beside their
equivalent “standard” boost rectifier.

.[1I. PWM. SWITCHING PATTERNS

This section, with reference to the voirage waveform de-
_HSted 5y, destibes the_switching states and PWM switching
patterns of the -rectifiers shown in Fig. 1. The “switching
* patterns are assumed to be generated by a hysteresis current
controller. This}',cgﬂgtmllcr is assumed to choose switching
states that best reproauce the ideal “time-averaged” waveforms
(see (10]). This is acheived by comparing the inductor current
with a reference current template, the demand currgat ip
using a hysteresis comparator. The switching_ states of the
proposed voltage-doublet circuits are examined-and compared
with the single-gain “standard” boost rectifiers.

A. Per-Unit System .
The base-quantities for the per-urit system are defined as
follows:

Thase = VS/[WLl
fonse = fs

. - r.
. The following list defines the circuit parameters used in this

Voase = v,

-Zbue =wl

)

paper together with their per-unit symbols (per-unit valyes are
* ., identified with a =" located above the symbol): PO
. B’ e - A P o - A »:‘,f. ,;’,m
~ "k‘ Sy, v -3 s T N
T8t RPN R I e
i R Ay
LES

Sy
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Fig. 1.¥ “Sundard” PWM boost rectifiers. (a) 1-switch; (b) 4-switch H-bridge
with bipolar PWM: (c) 2-switch H-bridge; (d) 2-switch asymmetsical

half-bridge: (c) 4-switch H-bridge with unipolar PWM.

1 4
vy, Ty Voltage waveform used to shape the line current.
Vs, V, Source voltage.
Ipn ip RMS demand current.
E, E Odiput dc voltage.
L. L Rectifier inductance.

Al, Al Current hysteresis band. -a
'Vp.Vp Demand Voltage magntidue for .
T R Ll i R
ot “l - ~ - )
{3 3

o ow J%. M -t

%

Fig. 2. Voltage-doubler PWM boost rectificrs. (3) 1-switch: (b) 2.switch
) half-bridge; (c) 2-switch; (d) 3-switch; (e) 4-switch. :

Is, 1, RMS ac-line carrent.
v fs, fa Supply frequency.

This per-unit system places the per-unit output dc voltage
E at 1.414 (or /2) when the output dc voltage E is equal

" in magnitude (o the peak of the ac input voltage (= /2 V;).

The rectifier output voltage is assumed in this paper to be

2eed 10 AL T

SO At WSAYIATS A Y01 o v e
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ripple-free. The line current and demand current are scaled ; BE S

relative to the size of ’lhc‘r;cglisﬁc;r inductor in thé per-unit 37
e £y il . R | P

e el Y toge &
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Fig. 3, Switching states for the I-phase boost rectifier circuits during the
positive half-cycle. (a) [o] ='|v,| - E; ) 5] =[5 @ 10l = [0 + E.

system chosen. This is a useful per-unit system since the
ac-line current distortion is dependent upon the size of the
inductance. The demand current waveform ip is assumed to
be a sinusoidal waveshape in phase with the line voltage.
Al is the peak magnitude of the current hysteresis band.
The demand current magnitude Ip is an important parameter
and it is used as the reference varable for monitoring the
line current distortion. The rectifier controller may request a
specific current magnitude I p. but the actual rms line current
drawn, I 5, may differ owing to current dlstomon

wB. Possible Rectifier Switching States -

Any boost rectifier circuit uses an inductor in series with the
ac source (Fig. 3). Since the rectifiers have an output capacitor
with a voltage E, three fundamental switching states exist for
resultant inductor voltage ¥y (Fig. 3). The inductor voltage
associated with each of these switching states can be used
to classify the switching characteristics of each of the boost
rectifiers. R

[#] = |&,] = E: Since the output voltage is normally larger
‘than the ac-line voltage, this switching state is used to-decrease

.the magnitude of the _ac-line-current, o

[#t] = |,]: This switching state increases the absolute mag-

nitude of the ac-line current. However, if the current reference

template is increasing rapidly, such as at the begmmng of each

half-cycle of the mains ac voltage, this switching state can be

- —used to.reduce the maenitude af the ac-iinc current relauve ©
the reference temnlate.

[0] = |9,| + E: This switc

_ NaBLE 1 .
¥

SWITCHING.STATéE OF “STANDARD™ BOOST RECTIFIERS
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identical in terms of the curreat distortion, e.g., they can both
implement the same PWM control strategy. Note that when
comparing the two rectifiers, the 2-switch asymmetrical haif-
bridgs has a fewer number of switches and that the 4-switch
H-bridge rectifier has a higher power conversion efficiency.

The 2-switch half-bridge voltage-doubler cannot generate
a zero voltage loop for ©,. This can be a disadvantage in
terms of achlevmg low - switching frequencies. However, the
small number of devices in series with the current makes this
rectifier very efficient.

D. Boost Rectifter PWM Waveforms

Using the voltage waveform @y, the PWM switching pat-
terns of each of the rectifiers can be classified into three
types:

Unipolar PWM: ¥, switches between +£ aad zero in the
positive cycle of the ac supply, and between —E and zero in
the negative cycle. Table [ shows that (bolh the 1-switch and
2-switch rectifiers gcncrate th1§ type of waveform. Distortion
of the ac-line current is ifieVitable at the start of each cycle.
since the PWM waveform is not capable of generating the
desm:d value for vy

fBrpolar PWM: #, switches between +£ and ~E in both
halves of thawue maias cycle. Table [ shows that the 2-switch
T half-bridge’ Voltage-doubler, the 4switch H: “bridge; and—the——

hing state tend$ to increase the 2-switch asymmetrical half-bridge can generate this, type of

maenitude_of_the -ac-line current at a much faster rate than ~ waveform (see also (10]). This waveform permits negative and”

would be obtained by using only the ac-line voltage ¥,. This
switching state is ‘useful at the begmnmg of each half-cycle
of the mawns volitage, where the cum:nt reierence can be .

mcrcasmg rapldly

C “Standard Rectifier” Smtchmg States

Table [ lists the perrmssnblc switching states for each recti-
fier using the inductor voltage classification ‘described above
and shown in Fig. 3. The rectifier switching states are given
for both half-cycles of the ac-mains voltage.

The 1-switch rectifier has the same switching states as

the 2-switch H-bridge. This implies that the performance of

these two rectifiers is identical in terms of current distortion.
However, the Z-switch H-bridge has a hlghcr power conversion
efficiency owing to the lower number of devices in series with
the_ current.

The 2-switch asymmetrical half;\bndgc has the sarie pos-

g, ;sible switching states as the 4-switch H-bridge. This implies ..

that the performance of these two rectifiers can be made to be -

vasitive-time-averagad values of 7., in both haif-cycles of the
ac voltage and the desired tdeal time-averaged wavefarm can
be generated f fo: ufof opcrauon [19] However, bipolar PWM
is commonly’ “¥Sociated with elévated switching frequencies
and sigrificant high-frequency current distortion.

Phase-Adjusted Unipolar PWM: 3, switches between +£
and 0 or.—& and O in both half cycles of the ac voltage,
depending upon whether the ideal time-averaged value for ¥y
is negative or positive (see {10]). Table [ shows that both the
4-switch H-bridge and the 2-switch asymmetrical half-bridge
can generate this type of waveform. However, unlike bipolar ~
PWM, the unipolar nature of the voltage: waveform tends to
lower device switching frequencies or, altemauvcly. to lower
the current’ dlstomon. a g

IV. VOLTAGE-DOUBLER BOOST RECTTFIERS

'I'hxs éécuon describes the voltage-doubler circuit topologies ¥
and exnmmcs their, oper:mon w:th reference to simulated and Q{
cxpcnmcntal waveforms : : .
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A. Circuir Topologies

The switching actions of existing “standard” PWM recti-
fiers can be duplicated in voitage-doubler rectifier topologies.
Figs. 1 and 2 are drawn to place equivalent rectifier circuits
beside each other. Table II lists the switching states of the
remaining voltage-doubler circuits and can be compared with
the switching states in Table L

1-Switch: This is a low-cost rectifier {see Fig. 2(a)), suitable
for operaiion at iow per-unit current magnitudes. A low switch
count is' obtained at the cost of a poor power conversion
efficiency.

2-Switch Half-Bridge: This is a relatively low-cost rectifier
[see Fig. 2(b)], ‘suitable for operation at high per-unit cur-
rent magnitudes. A low switch count is obtained at a much
higher power conversion efficiency than the [-swilch rectifier.
However, the rectifier uses high switching frequencies for any
givcn current distortion level.

2-Switch: This is a relatively low-cost rectifier {see Fig,
2(c)]. suitable for operation at low per-unit current magnitudes.
A low switch count is obtained at a higher power conversion
cfficiency than the single-switch rectifier.

3-Switch: This is a high-performance rectifier with low

~input- current - distortion- A-high-peweérfacter—is-possible-at —

high per-unit current magnitudes. A poor rectifier efficiency is

obtained. This circuit has one more switch than the “standard’”
rectifier equivalent circuit.

4-Switch: This is a high-performance rectifier with low
input current distortion. A high power factor is possible at high
per-unit current magnitudes. This rectifier has a relatively high
switch component count.

Voltage-doubler rectifiers permit the generation of a large
output dc voltage with the advantage of having an input
performance of the equivalent “standard™ rectifier operating
at half the output-voltage. Voltage-doublers have switching
frequencies and current distortion levels that are lower than
the equivalent “standard” rectifier producing the same output
voltage and power flow. Since voltage-doublers have the same
number of switches as theif “standard” rectifier counterparts,
there are no significant economic teasons for. choomng one
rectifier over its equivalent rectifier. However, devices in the
voltage=doubler can, in some cases, be exposed to half the
peak voltage stress applied to the switch that the switches in
the “standard™ rectifier would be exposed to. This can mean
an increased rchablhty or, alternatively$ devices can be chosen

- with lower voltage raungs L -
‘q -

;e st
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Fig. 4. " J-switch voltage-doubler simulated waveforms.

The following sections in this paper examine the switch-
ing patterns of the voltage-doublers in greater detail. For
this purpose, reference is made to waveforms obtained from
practical experiments and from circuit simulators. Reference
is also made to waveforms ohtained from the “standard” boost
rectifiers. Distortion anaiysis of the ac-iine current is used to
illustrate performances of different circuit operations.

B. 1-Switch Voltage-Doubler

The results of a circuit sjimulator, shown in Fig. 4, illus-
trates the functional operation of this rectifier. A low per-unit
demand current was chosen for these waveforms.

The waveform for v, illustrates that this rectifier produces
unipolar PWM waveforms: unipolar PWM waveforms can
result in current waveforms with a low distortion. However,
the line current ig can be highly disterted at the bcgmnmg
of each half-cycle. This is caused by the fact that the rectifier
cannot produce the switching state: |#| = |5,]+ E. Fig. 4 also
shows the currens ips and ip3. These waveforms illustrate

“that erergy 15 passed 1o the upper and 16Wer capacitors every””

alternate half-cycle {see Fig. 2(a)]. This is very characteristic
of voltage-doubler rectifiers.

Figs. 5 and 6 show experimental waveforms that compare
the operation of the “standard” [-switch rectifier with the
voltage-doubler equivalent circuit. A large per-unit current was
chosen, I p = 0.75, and each Tectifier was made to operale
with the same input and output voltages and power level. The
same per-unit hysteresis band was also used in both tests. The
figures show the rectifiers generating the same output voltage
and drawing the same line current with an identical peak-to-
peak current ripple. However, the “standard” rectifier has a
higher switching frequency than the voltage-doubler: Exam-
ination of the waveforms show that the switching frequency
is approximately double. Note also that the voltage doubler
exposes the switch to half the peak voltage stress that the
switch in the “standard” rectifier experiences.

One could also conclude that if the rectifiers were operated
with the same switching frequency with a small per-unit
current demand, then the voltage-doubler would produce ac-
line ‘currents with a lower high-frequency currerit dxstpmon
than-that of the “standard™ rectificr.
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ms/div). Vs =50 V, E = 200 V. (a) vu,i,; () ipy; () iT1, vy

C. 2-Switch Half-Bridge Voltage-Doubler

This circuit (see Fig. 2(b)], has been described in the
literature and the discussion presented here concéntrates on
assessing and comparing the performance of the circuit with
rectifiers that produced phase-adjusted unipolar PWM, such
as the 4-switch standard H-bridge and the. 4-switch voltage-
doubiér {see Fig. 1(e) and 2(e), respectively]. .

Figs.'7 and 8 show the results of spice circuit simulations. ., -

5

The 'per-unit output voltage was chosen to be 2.2 and.the per-
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Fig. 5. l-switch standard rectificr experimental waveforms"(lime scale: 2 Fig. 6. l-switch voltage-doubler experimental ‘waveforms: Vs = 50 V,

E =100 V (time scale: 2 nis/div). (a) vu.is; (b) ip3.ipa; (€) iy, vT1-

current hysteresis band of 0.025. The waveforms shown are
the per-unit line current 7, and per-unit-rectifier voltage #, for
the standard 4-switch H-bridge and the 2-switch half-bridge
voltage-doubler rectifiers, respectively. The voltage waveform
of the, standard 4-switch is a phase-adjusted unipolar PWM

.waveform, whereas the 2-switch half-bridge voltage-doubler .

uses a bipolar PWM" waveform. )
*The current distortion of the ac-line currents were obtained
taking-harmonics-up, to* 190 (= 11.4 kHz). The current distor-

unit-demand.current was cliosen to be 1.0 with a.per-unit peak .. tion,of the 2-switch voltage-doubler ‘was medstired 'at. 1.94%
. AL

e



in current waveforms with a low distortion, However, the line
curmrent ig is distorted at the beginning of cach half-cycle.

This is caused by the fact that: the rectifier cannat proguce the,; unit cument, was, chosen, Ip

sthchmg stat®’ || = Iu,l + £, Fig. 9 also shows the cumrents

- ind - ""‘s ........... e I“IISIIESS Ihal sn::g“ jc n:::“" t

rectifiers. '
Fig. 10 shows cxpcnmcntal waveforms where a large pcr-
0 75, with_input and output

voltagcs 'E =100 v and Vs = 50 V. Thcqc settings arc
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-
. .and the 4-switch H-bridge was measured at 2.1%, However, i
the switching frcqucncy of the 2-switch vollagc-doublcr is ’
much tughcr than the 4-switch H-bridge. The converse is also :
true; with the same switching frequency, the 2-switch voltage- t
doubler produces a larger high-frequency current distortion. !
These observations are caused by the differences between the iU l L ;
. n Py
performance of unipolar PWM voltage waveforms and bipolar
voltage waveforms. - U e e
The main advantage of the 2-switch voltage-doubler is its i AAMAA MLMMMA‘
low component count and the small number of devices in series ' v P
with the current (one). M  Fig
Scales: I = 2 A for current 3 v,
-lmeu~?ldge 4 '.Tl
D. 2-Switch Voltage-Doubler F={ «lm$
200 .00 100 14.0 18.0 3
¢ The results of a circuit simulator, shown in Fig. 9, illus- TIME { mS$ | wi
trate the functional operation of this rectifier. A Jow per-unit Fig. 9. 2-switch voltage-doubler simulated wuvcforms e
demand current was chosen for these waveforms, " 41 . altemate. half-cyc] 3 -
o The waveform for v, illustrates that this rectifier produces lo the upper and lower capacitors every altemate half-cycle «
unipolar PWM waveforms; Unipolar PWM waveforms result lsce Fig. 2(c)]. This is very charactcnsuc of voliage-doubler ‘
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Fig. 11. 4-switch voltage-doubler simulated waveforms.

“standard” rectifier. This fact can ‘be used to increase the
reliability of the circuit or to use switches with: lower voltage
ratings.

The 1-switch voltage-doubler has only one switch as com-
pare to the 2-switch voltage-doubler. This could give the
former circuit a cost advantage. The main .advantage of the
2-switch circuit is the lower number o@ewccs in series with
the current (se¢ Table II). This can allow the circuit to have a
higher power conversion efficiency. An additional- advantage
of the 2-switch circuit could be the smaller overall number
of semiconductor devices. This could make the circuit smaller
with a smaller heatsink. This could result in a smaller size and
weight, and possibly a lower cost.

E. 4-Switch Voltage-Doubler
The resulls of a circuit simulator, shown in Fig. [ 1, illustrate

iici
1 Addiv.

E
-+
4

0A

©
Fig. 10. 2-switch voltage-doubler experimental waveforms: Vs = $0
V. E = 100 V (lime scale: 2 ms/div). (a) vu.isi (b) ip4,ip3; (c)
iT1 —ipy, Ty

waveforms shown in Fig. 6. Comparisons of the waveforms
shown in Fig. 6 and those in Fig. 10 reveal that the ac-line
current and rectifier voltage v, are almost identical. As a result,
the operation of these two rectifiers can be assumed to be very
similar.

The magnitude of the .voltage wavcform vy in Fig. 10
can be compared with the. swntch voltage waveform of the
.{‘standard" l-switch rectifier in'Fi ig. 'S, The 2-switch voltage-
_doubler, as wcll as the I~sw1tch voltage doublcr cxposcs

“'the switches 'to lower voltagemsu'tsscs than thc eqmvalcm"‘ whcn tuming the' devices' 6h* and off. "

‘1 v

v ogga ' TR0 ThT b g3

“the functional operation of this rectifier. A’ large per-unit

demand.current ;.was chosen-foc-these, waveforms. = - . .-

The waveform for’ Uy lllustratcs that this rectxﬁer can'
produce phase-adjusted unipolar PWM waveforms. The line
current i, never deviates from the hysteresis current bounds
and has a low current distortion. The ip4 and ip; current
waveforms are ‘typical of voltage-doubler rectifiers.

Figs..12 and 13 show experimental waveforms that compare
the operation of the rectifier using bipolar switching and
unipolar switching at the beginning of each half-cycle. A large
per-unit current wés chosen, /p =~ 0.75, and each rectifier
was made to operate with the same input and output voltages.
The same per-unit hysteresis band was also used in both tests.
Thus, the figures show the rectifier generating the same output
voltage and drawing the same line current with an identical
current ripple magnitude.

Applying bipolar switching at the beginning of each cycle
is the simpler and more reliable switching strategy. Adopting -
unipolar PWM in this region requires turning on either 73 or
T4 to increase the current, and tummg on either’ Tl orT, to
ganratc the zero voltage and s0 decrease the current relative

10 the current demand. This acuon requires sngmﬁcant overlaps
LR
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Fig. 12 4-swtich rectifier with bipolar PWM at beginning of each half-cycle:
Ve = 50 V, 2°E = 200 V (time scale: 2 ms/div). (2) i, and v.; (b)
ip3 —ir3 and ip¢ — i74; (&) T i1 — iD1-

Unipolar switching in the first portion of each cycle, tends to
produce a Jower switching frequency or a lower current ripple.

F. 3-Switch Voltage-Doubler

The results from a circuit simulator, shown in Fig. 14,
illustrate the functional operation of this rectifier using a high
per-unit demand current. The waveforms show that this circuit
can ‘géncrate phase-adjusted PWM waveforms for producing

.-ac Ilnc currcnts \ulh Iow dlstomon The action of thxs rectifier
h l.sl - b I8 RV

Rt P

Fig. 13. Experimental waveforms for 4-switch voltage-doubler with
phase-adjusted unipolar PWM: Vs = 50 V, 2*E = 200 V (time scale:
2 ms/div). (a) ¢, and vu; (b) ip3 — i3 and ipy — i74; () vy, iT) — iD1-

of this circuit is its Jower efficiency given the Jarger number
of devices in series with the current. The circuit's advantage,
relative to the 4-switch circuit, is its use of one less switch.

V. CONCLUSION

The results from circuit simulators were used to confirm the
circuit functionality of several new voltage-doubler rectifier .
circuit topologies. The family of rectifiers describd represents |
an a]lcmauvc to the family of “standard™ PWM boost rectifiers.
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Fig. 14. 3-switch voitage-doubler simulated waveforms.

tifiers and the volfage-doubler rectifiers with reference to the
circuit operation and the ac-supply current distortion. The new
family of circuits is shown to be capable of producing unipolar,
bipolar, and phase-adjusted unipolar .voltage PWM pattems
identical to the standard boost rectifier circuit topologies. The
circuit family represents circuit altematives based upon the
number of switches used in the rectifier. A small number of
switches can be used for low-cost, but poor-quality ac currents
are 'generated if high per-unit current magnitudes are used.
Alternatively, four switches .can be used to generate high
quality waveforms.
¢

ACKNOWLEDGMENT

The author wishes to thank the University of Alberta for
providing facilities used in this work. Particular recognition is

' . )

t -

529

given to A. Hujzinga for his patience and help in obtaining

- [EEE Trans: on I.E., vol.38; no. 1, pp. T

12
t
AY

the experimental results used in this paper.

REFERENCES

Miwa, “Active power factor correction for

(] M. F. Schiecht and B. A,
IEEE Trans on P.E.. vol. 2, no. 4, pp.

switching' power supplies,”
273-281, Oct. 1987.

{2] M. Kazerani, P. D. Ziogas. and G. Joos. “A novel active current
""" Waveshaping iechnique for solid-state input power factor conditioners,~ -
2-78, Feb, 1990
(3] A.R.Prasad, P. D. Ziogas, and §. Manias, "A novel passive waveshap-

ing method for single-phase diode rectifiers,” JEEE Trans. on [.E.. vol.
37. no. 6, Dec. 1990. - -
{4] R. loh and K. [shizaka, “Singic-phase sinusoidal converter using
MOSFETS.” Proc. Inst. Elec. Eng., vol. 136. Part B, no. 5. pp. 521-530,
-~ Sept. 1989, pp. 237-242.
(51)P. T. Krein, J. Bentsman, R. M. Bass, and B. L. Lesicutre, “On the use
of averaging for the analysis of power electronic systems,” [EEE Trans.
on PE.. vol. 5, no. 2, pp. 182-190. Apr. 1990.
(6] A. W. Green and J. T. Boys. “Hysteresis curreat-forced (hree-phase
voltage-sourced reversible rectifier.” Proc. Inst. Elec. Eng., vol. 136,
part B, no. 3, pp. 113120, May 1989. . .
A. W. Green and J. T. Boys, “Curvent forced single-phase reversible
rectifier,” Proc. Inst. Elec. Eng., vol. 136, Part B, no. S, pp. 205-212,
Sept. 1989.
L Borle and J. C. Salmon, “A single-phase unity power factor soft
switching resonant tank boost rectifier.” {EEE IAS Annual Meeting. pp.
904-910, Oct. 1991, : -
9] J. C. Salmon, “Performance of 2 single-phase pwm boost rectifier using
hysteresis current control,” European Power Electronics Conf., pp- 4-
384-4-389, Sept 1991.
1. C. Salmon, “Techniques for minimizing the input currcnt distortion
of the currentcontrolled single-phase boost rectifier,” in Conf. Proc..
[EEE APEC 92. 1992, pp. 368-375. =

g

{8)

(to]

John C. Salmon (M'86) for a photograph and biography, sce this issue. p.
520.




.r/ I

By

=

d

s

{EEE TRA&SACTIONS ON POWER ELECTRONICS. VOL. 1. NO. 2, MARCH 1996

A High-Performance Single-Phase Rectifier
' with Input Power Factor Correction |

Roberto Martinez, Member, IEEE, and Prasad N. Enjeti, Senior Member, IEEE

Abstract—In this paper, a high-performance single-phase ac-
to-dc rectifier with input power factor correction is proposed. The
proposed approach has man, advantages, including fewer semi-
conductor components, simplified control, and high-performance
features, and satisfies IEC 555 harmonic current standards.
Simulation and experimental results obtained on a laboratory
prototype are discussed. A hybrid power module of the proposed
approach is also shown.

) I. INTRODUCTION

ANY conventional switching power supplies in data

processing equipment and low power motor drive sys-
tems opetate by rectifying the input ac line voltage and filtering
it with large electrolytic capacitors. This process involves
both nonlinear and storage elements and results in undesirable
side effects such as the generation of distorted input current
waveform rich harmonics. The resulting input power factor
is also poor (0.6 or less). Further, the input current has the
shape of narrow pulses. which in turn increases its rms. value.
Buildings with large number of computers and data processing
equipment also experience large neutral currents rich in third
(180 Hz) harmonic currents [9]. The reduction in input current
harmonics and improved power factor operation of motor drive
systems and switching power supplies is important from the
energy saving point of view and also to satisfy the forthcoming
harmonic standards such as IEC-355. The present IEC 555
regulatjons allow a third harmonic lsva! of 2.3 A maximum for
power leveis above 200 W. These limits are further expected
1o go down with future revisions. The expected new limit
is 3.6 'mA/W or 1.08 A maximum for the third harmonic
with rhuch lower limits for higher harmonic components.
Several switching regulator topologies are suitable for power
factor improvement and harmonic current reduction. The most

popuia{'among them is the boost topology in Fig. 1. Several-

dedicated power factor controller integrated circuits (IC’s),
such a8 Microlinear’s ML4812 [8] and Unitrode UC2854 (9],
are currently available. Despité the improved performance of
the ex{st’ing boost topology shown in Fig. I, there are several
disadvantages associated with this approach.

1) The required switching frequency of the boost switch
is high. This in turn increases the switching losses and
lowers the efficiency.

Mam;script received April 26, 1993; revised September 5, 199s.
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Proposed single-phase rectifier with input power factor correction.

2) The diode Dy is in the series path of the power flow
and contributes to voltage drop. increased power loss.
and reduced reliability (see Fig. 1).

Special design of the dc-side inductor is necessary to
carry dc current as well as high frequency ripple current.

4) At anv givea instani. thres semiconductor device arops

~lla.

exist in W
In response 10 these surnserms. WS fufer groposes and in-
vestigates an alternative power factor correction and harmonic
current reduction topology for switching power converters and
motor drive systems fed from single-phase ac mains. Analysis
and design of the proposed approach. along with experimental
results. are discussed. An integrated power module of the

proposed topoiogy is also shown.

II. PROPOSED POWER FACTOR CORRECTION TOPOLOGY

Fig. 2 illustrates the proposed single-phase power factor
correction approach. In this approach, series diode Dy in the
boost topology has been eliminated. Another notable change is
that the dc-side inductor is no longer necessary, and instead an
ac-side inductor is required. The advantages of the proposed
approach are as follows:

1) Improved characteristics in terms of high input power

factor and sinusoidal shape of the input current (see
Figs. 7 and 9).

0885-8993/96505.00 © 1996 [EEE
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Fig. 3. Modes of operation. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4.

2) At any given instant, only two semiconductor device
drops exist in the power flow path.

3) The rms current rating of the boost switches S and S,
ist low.

4) The location of the boost inductor L on the ac side
contributes to reductions in EMI interference.

5) e gate drives for switches S; and S, are referenced
to the same ground.

F1° 3 illustrates the various modes of operation for the
proposed approach. Mode | in Fig. 3(a) occurs when the
input ad voltage is positive and the switches are open (off).
Current flows through diode D,, through the capacitor and
load, and back through the antiparalle! diode of T5. Fig. 3(b)
shows Mode 2. which occurs when the input ac voltage is
positive and the switches are closed (on). Input current flows
through 'switch T and back through the antiparallel diode of
T3, thus providing a path for the inpur current. At the same
time. thé bulk capacitor discharges and surolies current to the
load. Mdde 3 in Fig. 3(c) occurs when the i ingul oc veltage is
negative and the switches are ocen (off;. Current fiows through

de D, through the capacitor and load, and back through

tne antiparallel diode of Ty. Fig. 3(d) shows Mode 4, which
occurs when the input ac voltage is negative and the switches
are closed (on). Input current flows through switch T and
back through the antiparallel diode of T3, thus providing a
path for the input current, At the same time, the dc capacitor
dlscharves and supplies current to the load.

}

' [I. PSPICE SIMULATION

Fig. 4 shows the schematic of the circuit used to simulate on
PSPICE éoftware Suitable gating signals are generated to the
MOSFET switches by comparing a high frequency triangular
carrier with a rectified sine wave of line frequency [see Fig.
5+(a) and (b)]. The component values employed in simulation
are given,in Section IV. Fig. 5(c) shows the resulting input
current, and Fig. 5(d) shows the input voltage and the output
de voltage. Fig. 5(e) illustrates the frequency spectrum of the

VDCM3 O W—l

LM339
Rup RGM3
%m 2 AEMS vDCM4 ™ |
v2
EM4 RGM4
| vm} ERECT
N [}

Fig. 4. Circuit schematic used for PSPICE simulation.

input current. The simulation results demonstrate near unity
input power factor and near sinusoidal input current shape.

[V.-DESIGN EXAMPLE

Fig. 6 shows the proposed rectifier circuit, designed fora 1.5
kW load specification from a 120 Vs single-phase source.
The output voltage of 200 Vg4 requires minimal boosting.
Using per-unit values to simplify calculations we get

Vbase =120V = 1 pu Pyase = 1.5 kW = 1 pu.

Assuming zero switching losses, P, = FPoue = 1.0 pu. This
yields

Prase 1.5kW
Tpase = = —— =125 1
base o 120V 125 A )]

Voase 120V
Zhase = =960N 2
base = T e 125 A @
00V

Voue(pu) = v = 16.7 pu 3)
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Fig. 5. PSPICE simulation results. (a) Comparison of the rectified sine wave and the triangular carrier. (b) PWM gating signals for the switches. (c) Input
<urrent. (d) Input voltage and output (dc) voltage. (e) Frequency spectum of the input current.

. L = Poase _ 1500 _ o, (4) The bulk output filter capacitor may be determined by setting
Vout 200 the output ripple constraint. By allowing a 5% output voltage

el Ak 3 EIAAD. Be -k BaAk &
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«Fig. 6. Ero(orypc circuit design used.
F

ripple and considering the ripple frequency to be twice the
“line frequency. we get,

Viippte = (0.05) Vo (pu) = (0.05)(1.67) = 0.083 (5)
= Viipple =0.083 %120 = 10 V (6)

L I
¢= nwdV ~ 227 f)AV M

f
and I, is the twice the line frequency current. Equating
instantadeous input power to output dc power

S 120 = 12.5
¥ —~
12—70*—‘— 7.5 A. (8)
Therefofe, from (7)
) 7.5
Vo= 5 A = 99%,F. ©

(2)(27)(60 Hz)(10 V)

We chose C = 1300 pF to assure a stiffer dc voltage.

The input inductor, L, may be determined knowing the
switching frequency is 36.5 kHz. To obtain a 10% input current
ripple we find L by

i

AG.Skhz =(0.1)(eouz) = (0.1)(1 pu) =0.1 pu

9)
) Xp =wL = —IIf (10)
. Xin=nwl = I—":nXL. (1D

Letting n = f,/f = 36.5 kHz/60 Hz and assuming V, =
1.0 pu

X, =0.15781 Q (12)
L=2L -9 pH. (13)
w

We chose an available 360-pH inductor.

The upper two diodes are fast-recovery diodes. while the
two lower diodes already exist as the antparalle! diodes
of the power MOSFET's: therefore. 2 towal of only four
semiconductors need to be used. The dicdes and MOSFET s
need to be rated higher than the sum o the dc output raii
voltage plus the anticipated voitage rippie. Fig. 6 shows the
circuit diagram of the power circuit evaluated. Fig. 7 shows
the hybrid power module of the proposed approach. Fig. 7(b)
and (c) shows the dimension diagram of the power module
(courtesy International Rectifier Corp.).

As shown in Fig. 6, the PWM gating signals were generated
through a feed-forward approach. The input voltage was
sensed through a voltage transtormer, then rectified by an
opamp full-wave rectifier. An opamp amplifier stage follows
to control the modulation by adjusting the gain. The rectified
waveform is then compared, via an LM311 comparator, to a
triangle wave generated by an ICL8038 function generator IC.
The comparison is such that the comparator output voltage is
high when the triangle signal is above the rectified reference
signal. A current buffer, MC34152, takes the output from
the comparator into both inputs of the UC3708 dual driver.
Finally, the outputs from the driver are given to the gates
of power MOSFET's, S; and S2, while tying both MOSFET
sources and control circuit ground to the same node.

1w e SRS

e s

At WD



wnansiidwenarsianubidnsunislynuiiensfnwmniu lueygnnilulsdsslosuaunisan

luansdllas visdu Bnnsnuilndnudalienuasnesedadiaaivedenarsnnasaninisiiluly



& a ¥ o [y N A =2 ¥ . ¥ o N o N
wnanstduenansianubidmsunmslynwiiensfinwimidu lueugalmilulydsslosuaunisen

lunnsailag Medu BnviamuiilvdauUaailenuaznetesdatiaavesenarsynasaminisiiluly



wnansiiduenarsianubidmmsunislynuiiensfnwimniu lueygninilulsdsslesuaunisan

lunsdllasg vedu Bnnanudlndnuadlionuasaesesdadaaivedenarsynasaninisiiluly



E RIPOLAR TRANSISTOR 'SILICON N-CHANNEL IGRT

2501
=7 &g

4
iy

POWER SWIiTCHING APPLICATIONS Unit in mm
narsad mean it A RS S A AN
ViIGTOR CONTROL APPLICATIONS
- Zf.\.SMAX. 433£02
. S m
Trra T T E .}eggﬁe ._.!ﬁlm h{é_
2 [ligh Input Impedanice o I=F o {7
§ 3 + ! ”
2 3 Q
1 o 223 [ e P - e H—L +
E ngh Syceﬁ. I —-0..;;;0 Mazx.) o P S!'-gr & ! ”
a Tow Satirrntion Vnltnos =4 GV (Miax) ~ Y 3 Tl U,‘
- ‘IJG LI VTR R R AL EH- G UeLugss o v bn \Sar‘) TRV LAtallaLy »,’!.! l\r! \I;r o !!

t 2,5 i -

2 E“hahnam“v_‘_!cde —_——-lﬂ“ ” !‘! ? E!

I 20 L el

. : ) o3 0ol s

MAXIMUM RATINGS (Ta = 25°C) =z ¥ ¥ u
i . 5.45%0.15 5.45%0.i3
CHARACTERISTIC SYMBOL | RATING UNIT e %l

. by =) &l

 Collector-Emitter Voltage VorS 1200 v @ ol
. P, = T i 3 1 e B
uate—mmu:wr Voliage VGES TZ6 v —
1. GATE
- ‘ nc T a8 -
Collector Current — - = A 2. COLLECTOR {HEAT SINK)

P 1ms 1op 50 3. EMITIER

[ L2 -

—
Coliector Power Dissipation JEDEC —
e Po 200 W
(Té=25°C) ETAJ —

L. - 5 21 —— P
Juncticn Temperature Tj 188 C TOSHIBA  2-2iFiC
Stérage Temperature Range Tetg —55~150 °C Waight : 9.75g

¥
ELECTRICAL-CHARACTERISTICS {Ta = 25°C)

, CHARACTERISTIC SYMBOL TEST CONDITION MIN, | TYP. {MAX, | UNIT
Gate Leakage Current IgGes (VGE=IZV, VGE=0 . —_— — {2500 nA
Cellector Cut-off Current Icpg | Vop=1200V, Vgr=0 — — 1.0} mA

t -
Gate-Emitter Cut-off Voitage |VGE (OFM)| Ic=25mA, VeR=5V 3.0 — 6.0 V
C, !llﬂf‘ff\‘ " REmittor
ak * € v V 3 ) -{Rat" I ,=25A, V 'E:—-l-_v - 3:0 4’0 V
Saiuraiion Voiiage S ARE = -

4

3 - — — e - oo, 3
Input Capacitance Cies [ YOoE=10V, VgE=0, f=1MH: — {8200] — | pF

k Rise Time e Vogr | — 1~021 08

t N Vs Y
Switshing Turn-on Time ten 'é;""__.w\,_‘rr 1= - 03! 038
o — 15V 510 | $« —1 s
imme Fall Time te oV | g A - 0.3 0.5

4 PO =115V 1,',-.,,:.':.'\.'\17 - .

E Turn-off Time toff vCO=uus —_ 0.8 i.5

¥

L 961001EAA2
CETOSHIBA is contmually workmg to improve the quality ard tre rellablht'y o* 1ts preducts. Never\:"elnx samlc nductor degicos in general can

maiuncion br fait due 1o their .nhsre.-. electrical sensitvlly snd vulnerabliily 1o phyuw| stress. it 3 the responsibility Of the buyer, when wiliizing

TOSHIBA produrty, 4o observe standasds of saiety, end to avoid situations in which » malfunction or failure of a TOSHIRA product could cause loss

ot hﬂun life, bodily -njur__y*or damage to prooerty In developmg your deng:s, plebase ensurg thaﬁ TOSHIBA products a'i _usecj :'.th.n ipl.‘(lf!ﬁd

H ;QQHIBA’SQQ\:;-"JGC;;: .ﬂ:[:‘a.b;l:f; l:;.ndv" TSN PISCUCIS IPALMILIUCNS, AlLS, 58358 X3S mnd Tha progtauticns and - Al ]
QTQe intormation contained herein s presented only as a guide for the agfhcatxons of our produns No responﬂblhty is assumed by TOSHIBA

CORBORATION for By Iphlnm:mgn'e of intoliortoat rvnncrfu nt Qthar r‘]‘nnu tha third parties which may rocuit from s use, Mo llconee’ie granrod

13 b{ implication ar atharwise.under any intellectual praperty ‘ar ather ng}ns uf TOSHIBA CORPORATION ar dthers.
® information contained herein is subject to change without notice.

1997-02-03 1/3




\
iy

t
A} k . . > . . L.
Figmre | shows the tynical RC snobher networks for voltaes sharine for switches {S) connected in series in a canacitive
2igure @ SNOWS Ing fypica: nC snunoer netiworks 10r volage snaring IoF Swiines (3 COnNeCil n s& i capact
i j i i the jowest jeakage current is not

discharge circuit. A static voitage sharing resistor Rg is required so that the swi itch with

forced into avalanche and a dynamiic voltage sharing capacitor Cg is needed so that the slowest switch i 1s not forced into

avalanche voltace breakdown durino turn-an. A coninronise must he reached betweesn the nunther of switches in series
anche voltaes areakdo urnge turn-on. A ¢Contpronlisg must be reached be Seres.
valuss for Rg and Cg and cost of the total swiich.
h :

The vaiues of the resistors Rg and capacitors Cg can be computed from the foiiowing:

' . . .
1. Static voltage sharing resistor Rg :

o =

o e

YYyy
A R . Ry Sin vy (max)- Yoo (-0t iget 1
{ - l
| , ‘/,' Qsé —— Cs where: n = number of devices in series
o ! + T Vg (MAX; = maxinmum allowabic yohage across a
l 1——Y~——l | swich {normally 80% of the maximum
1 switch voitage rating)
! ' Ig = maximum leakage current of'a switch
N . .

| 1 |

K -2

i s / rsE Cs

> ! <

I R 2. Dynamie voltage sharing capacitor Cg @ Assuming no reverse
i"__ current flow through the switches, than the major factor to consider in
O sizing cupucitor Cg is the voltuge buildup on the Tust switch o turn-on,
- | Definiti . : It is desirable to prevent the MOSFET from avalanching in order to
L rigure 1. Detinition of teriis and limit its turn-on losses. The warst case scenario is that the switch
.
components. sustainipg the highest volage: is ._"rls-_. the slpwest to turn-on,

Then: AV =1L Atp(ON)/ LS

t where: AV = Avalanche voltage - Vgiaaa x)

y Atprony < = difference in turn-on times

X - iIn
i b _’Vb(,“"(MA")"P-L
Prootami s e 5 aaf e e ? PR we o e acn O AT el 00Oy

Solving for Cg: Cg> 1L Atpgony/ AV 3

.
Fj;“.’;“?i‘-!?f Yoo —2.000V; Ry — 308); BVg — 1.200V; \'S MAXY T 60V Ingg — TmA;

£ n=3 Ate i~ = 3inc

n=31 Atpon)=200ns.
'

Rg <
iy}
Cs

1 I SO ncie
i 2W, 5% resistors)
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" March 1993 - Voltage Controlledr Oscillator
Features

S Low Frequency Dritt with Temparature - 250ppm/°C

* SlmuRtaneous Sine,
Outputa‘

Square, and Trlangle Wave

* Low Dh;tonlon - 1% (Slne Wavae Qutput)

* High Linearity - 0.1% (Triangle Wave Qutput)

* Wide Oeeratlng Fraquency Range - 0.001Hz to 300kHz
Variable Duty Cycle - 2% to 98%

High LeVel Outputs - TTL t0 28

Easy to Use - Just a
Required

Handtul of External Components

Description
The ICLAG38 waveform

generator is a monolithic integrated

circuit capable of producing high accuracy sine, square, tri-

angular, sawtooth and
external components.

be selected externally from

pulse waveforms with a minimum of
The frequency (or repetition rate) can

0.001Hz 1o more than 300kHz

using sither resistors Cr capaciters, and frequency medula-

tion and sweeping can be

accomglished with an axternaj

voltage. The ICL8038 is fabricated with advanced monolithic
technology, using Schottky barrier diodes and thin film resis-
tors, and the output is stable over a wide range of tempera-

ture and supply variations.

These devices may be interfaced

with phase locked loap cireuitry to reduce teMmperature drift

o less than 250ppm/C.

/

Ordering Information

PART NUMBER STABILITY TEMPERATURE RANGE PACKAGE
ICLA038CCPD 250ppmeC Typ. 0°C to +70°C 14 Lead Plastc 0Ip
ICLag3sCCU0 250ppmv°C Typ. 0°C lo +70°C 14 Lead Ceramic OIP
ICLA038BCID 180ponv°C Typ. 0°C to +70°C 14 Lead Caramic OIP
lCLBOGaACsz 120ppav°C Typ. 0°C to +70°C 14 Lead Caramic DIP
ICL8038BMID" 350ppmv°C Max. -55°C to +125°C 14 Lead Ceramic DIP
ICLB03BAMUD® 250ppmAE Max. -55°C to +125°C 14 Lead Ceramic OIP

* Add /8338 B part number if 883 procassing Is required.

Rinout Functional Diagram
ICLB038
(POIP, cOIP, sOIC) —ava
TOP VIEW CURRENT s
. SOURCE -
’ —— > COMPARATOR
SINE WAVE [~ &
ADJUST L'—_‘-’ Nc
g
SINE
2
WAVE OouT E E Nc CCMPARATOR
TRIANGLE 12] SINE Wave b
out ADJUST
outY cYcLe [{ 4 E V- OR GND
FREQUENCY NG
ADJUST N
(5] 2% capactror CURRENT
v SQUARE SQURCE FUP-FLOP
V’E 2 | wave out ” 7 .
ST A V-CATND
FMBlAS OWEEP -sb.:.vﬂ,t“;%:"me«ﬂT“" e et 1
p e, 2. T
SINE
BUFFER —{  BUFFER 1 CONVEATER
‘ s UL W AV

A

Absolute Maximum Rag

Supply Voltage (V- to Va)
Power Dissipation (Nots ...
Input Voltage (Any Pin). . .. ...
Input Curent (Pins 4 and 5)...
Qutput Sink Cumrent (Ping 3 ang
Lead Temparaturg (Soidaring 1¢
CAUTION: Straeses above thoas &s:
of the device at these or any ohar o«

Electrical Specifications

PARAMETERS

Suppty Vokage Operating Range
Single Supply

Dual Supplies

Supply Curent

8038AM 80388M

803BAC, 80388C, 8338CC
FREQUENCY CHARACTERIST]
Max. Frequency of Oscillation
Sweep Frequency of FM Input
Sweep FM Range (Note 3)
8038 AC, BC, CC

8038 AM, BM

Frequency Drift with Supply
Voltage

OUTPUT CHARACTERISTICS
Square Wave

Leakage Curment A
Saturstion VoRage

Rise Time i
Fall Tine

Typical Duty Cyele Adjust
{Note 8)
Triangle/SawtocttvRamp
Ampltude
Linearity
Cutput lmnﬁ’
Sine Wave
Ampliude
THO

THO Adjusted e
NOTEQ‘“W@%YW

1. Derate caramic package-,
2. R, and Rg currents not Ir ¢
3. Vgyppyy = 20V; Ry and Fi
4. 82kQ connected betwee |
S. Figure 1, pins 7 and 8 cc

6. Not tastad, typical value

UTION: Thess devices are sanaitive
ayright © Harmia Corporation 1993

to slectrostatic discharge. Useras should follow proper 1.C. Handling Procadures.
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g - Specifications ICL8038
- — —
Absolute Maximum Ratings Operating Condltions
...................... T.... 36V Operating Temperature Range
| f,:;’z’ww"’v"{)::.............__. .......... 750mW  ICLBOGBAM, ICLBO3BBM. . ...\ rvreeeeness -65°C 10 +125°C
N Input w" v '(lw PIA) .« v oeeernn et et V-toV+ ICLBO3BAC, ICLA038BR ICLBA3SCC ... ... ... C to +70°C
pins 4 and L PR TR IR 25mA  Slorage Tnn'oerlm‘o RANge.....covivninennnan -65°C to +150°C
Input Current (PYS o '3 and 8) .. evvvnenneeenens 25mA v.
2 | Oun Sw 10.SBC): - e nvernernnrnnns +300°C
PF Laad Temperaiir® ( )
mem‘m}dh “Abaciute Maximum Ratngs” may caize permanent damuge 15 v device. This is a siress only redng and aperation
‘ audm,,mawam«mdmmmmrdhmap«uonummdmmmumuﬁvm
mpeclﬂcaﬂons Veyppry = £10V of 420V, T, = +25°C, Ry = 10k, Test Clrcuit Uniess Otherwise Specified
r’f ICLO03SCC | ICLAG3SBC(BM) | ICLACIZAC(AM)
PARAMETERS SYM8OL TEST CONDITIONS MIN | TYP IMAX | MmN | TYP | MAX | MIN | TYP | MAX] UNITS
“T™ [ Supply Vokage Operting Range | Vsyppy
Single Supply V+ +10 +30 ] +10 30 | +10 30 v
Ouel Supplies Va, V- 5 2151 5 £15 ] =5 =5 v
Supply Current leupey | Vsupewy = £10V (Note 2)
BO38BAM 80388M 12 15 12 15 mA
' 8038AC, 80388C, 8038CC 12 | 20 12| 20 12 | 20 mA
; FREQUENCY CHARACTERISTICS (ALL WAVEFORMS) 3
Max, Fraquency of Oscillation fuax 100 100 £ 100 Kz
r Sweep Frequency of FM Input laweep 10 100 10 KHz
Sweep FM Range (Note 3) 6 35:1 36:1
M Unearity 10:1 Ratio [+3-3 02 02 ~
Frequency Drilt with AU/AT
Tempersture (Note 5)
8038 AC, BC, CC 0°C to +70°C 250 180 120 pom°C
8038 AM, BM -55°C to +125°C B0 250 | ppmv°C
Frequency Drilt with Supply AfAV | Over Supply Vorage 0.05 0.05 0.05 “V
Voags ¥ Range
QUTPUT CHARACTERISTICS
Square Wave
Leakage Current ok | Ve =30V 1 1 1 BA
Saturation Volage Vaxr | laig = 2mA 02| os 02| 04 02 | 04 v
Rise Time tq Ay« 4702 180 180 180 ne
Fall Time e R = 4.7 40 40 40 na
, Typical Duty Cycle Adjust aD 2 s8 | 2 98 | 2 98 %
(Note 6)
Triangle/SawtoctvRamp
' Ampitude ViriangLe | P = 1000 0.30 | 0.33 030 | 0.3 0.30 | 0.33 XVauppLy
Unearity ~ 0.1 0.05 0.05 %
3 Output impedance Zour |lour =~5mA 200 200 200 Q
Sine Wave
Ampliude Vaing | Pame = 100KQ 02 | 022 02 {022 02 |02 xVauppy
THO THD Ag = 1MQ (Note 4) 2.0 5 1.5 3 1.0 1.5 %
THO Adjustad THD |Use Figure 14 15 1.0 0.8 %
R TR sty o VR e TR NI o 3%, _ it o
1. Derats ceramic package at 12.5MW/°C for amblent lemperatures above 100°C. I oS -
2. R, and Ry currents not included.
3. Vguppyy = 20V; R, and Rg = 10k, { = 10kHZ nominal; can be extended 1000 1o 1. See Figures 15A and 15B.
4. 82x0 connected betwesn pins 11 and 12, Trlangle Duty Cycle sat at 50%. (Usa Ay and Rg.)
5. Figure 1, pins 7 and 8-cofinectsd, Vgypeyy = £10V. See Typical Curves for T.C. v3 Vauppyy-
6. Mot testad, typical value for design purposas only.
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- Typical Performance Cu

1]
i * b b
| ; ICL8038 -
H
,8rformance Curves (Continued)
) ! 200
02 I/
J’/ o 10 | >
32 D I e B S NS~ b
-4
w 1 30 T~ / 20 +35°C //
g v - 4'/ s
: B, ! 100 &‘C)«.
S ase 101+ o~ < / g e
g ' 30 ) ’/ AA
2 "7 | FALLTIME e~
°'“,J 50 — b2 el
T
T %0 a5 o 25 75 125 °
TEMPERATURE (°C) : ; : ' "’ ’
FIGURE 4. FREQUENCY vs TEMPERATURE NS |
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‘ . .
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5 \
: ; 1.0
3 oo r £ .
=
P 1?1 3 /
J a8 i 5
- 3 ,
: , 3 a4 /i
Gl ,
¥ T V T
™ 100 1K T
10K 100K ™ 10 100
e X 10K 100K ™
. FREQUENCY (Hz)

FiGU
RE 8. TRIANGLE WAVE OUTPUT YOLTAGE vs FREQUENCY

E
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Waveform Timing

The symmetry of all waveforn
external timing resistors. Two
\his are shown in Figure 13.
keaping the timing resistors
controls the rising portion of t
the 1 state of the square wave.

The magnitude of the triar
VSypsyy: theretore the rising F

cx13 X’
R
022>

The falling portion of the tria
state of the square wave is:

exy CX1RAVg
12 T ——
1

v
SUPPLY
2(0.22) _.ﬁ_i-
8

Thus a 50% duty cycle‘is aci

If the duty cycle is to be varie
only, the connection showr

convenient.
With two separate timing re’

{t=
|‘+(2

Of.ifRA=RB=R

Nsither time nor frequency
aven though none of the
integrated circuit. This.is
and thresholds are direct,
age and thus their eifects
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Typical Performance Curves (Continued)
E - ‘
| } - I ] 2 T [
¥ .
! '§ 10
- . ' [
¢ z 10 Zz s
L] s : 1
' 3 E o
: VI //
i § 09 8 4
; 2 UNADJUSTED ADJUSTED //
b | ~ \ A
¥ z l 2
! i l
* °
s 10 100 1K 10K 100K 1™ 10 100 1K 10K 100K ™
FREQUENCY (Hz) FREQUENCY (HZ)
FIGURE 10. SINE WAVE OUTPUT VOLTAGE vs FREQUENCY FIGURE 11. SINE WAVE DISTORTION vs FREQUENCY
!
wWaveform Timing £ T
The symmaetry of all waveforms can be adjusted with the 1
external timing resisters. Two possible ways 10 accomplish
® \his are shown in Figure 13. Best results are obtained by
keeping the timing resistors R, and Rg separate (A). Ra
1 controls the rising portion of the triangle and sine wave and -\
the 1 state of the square wave. \
The magnitude of the triangle waveform is set at '/
VSyppwy; therefora the rising portion of the triangle is,
cxy CXMXVsyppLyXfa RAXC
_: = = 022X Vg ppLy = 56
The falling portion of the triangle and sine wave and the O SQUARE WAVE DUTY CYCLE - 50% 8_
state of the square wave is: 2w
-4 =
o SXY Cx 13 VsyppLY AARgC <3
25 T T v v = Ce8(2R, ~Rg) < &
2(022) SURPPLY oz SU:PLY A8l ﬂi—ﬁ /\ T /\ T /\ 3 O
8 A
- vl // e %
Thus a 50% duty cycle is achieved when R, = Ra. \! // \ //
If the duty cycle is to be varied over a small range about 50%
only, the connection shown in Figure 13B is slightly more / \ / \ /
convenient. pa s
With two separate timing resistors, the frequency is given by 1
1 1
e
e+ (2 RAC ( RB )
Lo ——
A TN o WAk e g i-:-« - ZEA— fe . L_ L
or, f R = Rg =R f_::':-i:w'*’w?«‘ LTy - p 1
0.34—;; - Ry, b Ka b2y VR
| 1= g forFiours 1A SQUARE WAVE DUTY CYCLE - 8%
Naeither time nor fnl'.e_q-ﬂéncy are dependent on supply woitage
aven though none of the voltages are regulated inside the FIGURE 12. PHASE RELATIONSHIP OF WAVEFORMS
integrated circuit. This is due to the fact that both currents
and thresholds are direct, linear functions of the supply voit-
age and thus their effacts cancel.
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ST ICL8038 -

- T

i AN

2F— WYY
_\0

V- OR GND
¢
L T Ve
ha P >
Ry S Rg SR
T 4.. 5 8 39 I I ] |
¥ //_\
. IcLe03s 3sb—5 AN
L\.‘_,_.
104 11 12 2P—— A\ f\y

¥- QA GND

FIGURE 13. POSSIBLE CONNECTIONS FOR THE EXTERNAL
TIMING RESISTORS

To minimize sine wave distortion the 82kQ resistor between
gins 11 and 12 is bast made variable. With this arangement
distortion of léss than 1% is achievable. To reduca this aven
further, two potentiometers can be connected as shown in
Figure 14; this configuration allows a typical reduction of
§ine wave dis;ostion close to 0.5%

‘ \
1 >
<
2Ry Rg 2R

10X

100k

®

¥ OR GND

I
FIGURE 14. CONNECTION TO ACHIEVE MINIMUM SINE WAVE
DISTORTION

Selecting R4, Rg and C

For any given output frequency, there is a wide range of RC
combinations that will workhowever certain constrathts are
placed upon the magnitude of the charging current for
optimum performance. At the low end, currents 9f less than
1A are undesirable becausa circuit leakages will contribute
significant errors at high temperatures. At higher currents
(I > SmA), transistor betas and saturation voltages will
contribute increasingty larger errors, Optimum performance
will, therefore, be obtained with charging currents of 10uA to
1mA. If pins 7 and 8 are shorted together, the magnitude of

the charging current due to R, can be calculated from:
R Ve =vy 022 (V+ = V=)

-
X ——
(R1+Hz) HA R

A
Ry and R; are shown in the Detailed Schematic.
A similar calculation holds for Rg.

The capacitor value should be chosen at the upper end of its
passible range.

1]
Waveform Out Level Control and f
Power Supplies

The waveform generator can be operated eithar from a sin-
gle power supply (10V to 30V) or a dual power supply (£5V
1o £15V). With a single- power supply the average lavels of
the triangle and sine wave are at exactly one-haif of the sup-
ply voltage, while the square wave alternates between V+
and ground. A split power supply has the advantage that all
waveforms move symmatrically about ground.

The square wave output is not committed. A load resistor
can be connected to a dilterent power supply, as long as the
applied voltage remains within the breakdown capability of
the waveform generator (30V). In this way, the squara wave
output can be made TTL compatible (load resistor con-
nected to +5V) while the waveform generator itself is pow-
erad from a much higher voltage.

Frequency Modulation and Sweeping

The frequency of the waveform generator is a direct function
of the DC voltage at terminal 8 (measured frem V+). By
altering this voltage, frequency modulation is paerformed. For
small deviations (e.9. £10%) the modulating signal can be
applied directly to pin 8, marely providing DC decoupling
with a capacitor as shown in Figure 15A. An external resistor
betwaen pins 7 and 8 is not necessary, but it can be used to
increase input impedance from about 8kQ (pins 7 and 8
connected together), to about (R + 8kQ).

For larger FM deviations or for frequency sweaping, the
Modulating_signal,jsapplied between

between the, positive supply, o
Fesh ~=bitage-ahdipid 8 (Figiré™5B). In this w'a;'y the entirs bias for

the current sources is created by the modutating signal, and
a very large {e.g. 10CC:1) sweep rangetis created (f = 0 at
Vswezp = 0). Care must be taken, howevar, to regulate the
supply voliage; in this configuration the charge current is no
longer a function of the supply valtage (yst the trigger thresh-
olds still are) and thus the frequancy becomaes cependent on

[E——

:
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The sine wave output
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and amplitude adjus:
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H. ICL8038
i -
the supply voltage. The potential on Pin 8 may be swept With a dua! supply voltage the external capacitor on Pin 10 '
down from V+ by (/3 Vsupeey - 2V)- can ba shorted 1o §round to ha't the ICL8O38" oscillation,
Figure 17 shqws a FET switch, diode AiDed with an input

——a Vs stroba signal [0 allow the output to always start on thesame

slope.
Ra Rg Ay - ]
Yo

- iﬁ-‘.’—_‘, iasame

H
. A loan
': a Ax S Ra 15K
3p—o 8
H 8 icLacas MW 7 4 s N |
Fd 2 p——s T
if- N 12 Y s 1cL8038 wors K
- -
T [ %lﬂ(
——0 V- OR GND 1 10 2
A IN914
[ 2N4392 STROBE
Y L 100K
t ‘—“ Ve g -15Y oFF
1SV (+10V)
SWEEP R R Ry = U ¥
VOLTAGE % A 9 = oN 1SV (-10Y)
4 s 8 9] nr FIGURE 17. STROBE TONE BURST GENERATOR

To obtain a 1000:1 Sweep Range on the ICLBO38 the voit-
b IcLe03d s MV age across external resistors R, and Rg must decrease 1o
nearly zero. This requires that the highest voitage on control
Pin 8 exceed the voltage at the top ot R, and Rg by a few

—

. 10 N 12 2 Ay hundred mV. The Circuit of Figure 18 achieves this by using
]_ a diode to lower the affective supply voltage on the ICLBO38.
T ¢ 81K Tha large resistor on pin § helps reduca duty cycle variations
- ¥- OR GND with sweep.
» 8
. 10V g
FIGURE 15. CONNECTIONS FRO FREQUENCY MOOULATION Y 1n4s7 s}
(A) AND SWEEP (B) 3 3,
DUTY CYCLE E E
. :. 4: ras
Applications o1uF ~ < 15k L
The sine wave output has a relatively high output impedance >4.7K 47K 8
{1kQ Typ). The circuit of Figure 16 provides bullering, gain &
and amplituda adjustment. A simple op amp follower could
1 also be used. s 4 & 9 “n n
‘ .
& ) v FR‘E": ‘ ] ICL8038 1=
g R Rs ' A%
AMPLITUDE
7 4 s s 2 10 1 12 2 AN
£ a s s
‘ 5® WM%,?:;“ rade % - . F o emast 20K -15?11:{_ b ’E U.ON7)A.F & %?‘;}DRHON
1CL8038 i e nh®] g
-1ov

FIGURE 18. VARIABLE AUDIO OSCILLATOR, 20Hz TO 20kHz

10 1

The linearity of input sweep voltage versus output frequency
T c can be significantly improved by using an op amp a shown in
oV Figure 19.

It

FIGURE 15. SINE WAVE QUTPUT BUFFER AMPLIFIERS
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. ICL8C38
b
MGHPREQUENCY __ [ - <
gl I 1
- [ so0n Jroxa 3 100k v,
NTSIA \k—\ Juma ana -
(s.2n) 1 1 1ma
d AAA A ——oé1°°kﬂ .
1000pF ] \~ L.CW FREQUENCY
P 4 5 s o SYMMETRY
+15V I l | I
: 1% ' SINE WAVE
57 ™ AA . ICLsoas b +18Y OQUTPUT
v FUNCTION GENERATOR AN \ "
Vi I Ps 741 —o
1l hd -
10 11 12 2 _Eo
= 10kQ SOuF =
© OFFSET J. 100kq 15V
3,900pF SINE WAVE
H I DISTORTION
i ‘ 15y
‘ /
b FIGURE 19. LINEAR VOLTAGE CONTROLLED OSCILLATOR
i
F
Use in Phase Locked Loops Definition of Terms
its high frequency stability makes the ICLB038 an ideal SuPPly Voltage (Vgyppy). The total supply voitage from V+
buliding bidck for a phase locked loop as shown in Figure 20, 19 V-
In this application the rgfnaining functional blocks, the phase Supply Current. The supply cument required from the
datector dnd the amplifier, can be formed by a number of  power supply to operate the device, excluding load currents
available [C's (e.g. MC4344, NES62, HA2500. HA2820). and the currents through R, and Rg.
In orger to match these building blocks to each other, two Frequency Range. The frequency range at the square wave
steps must be taken. First, two different supply voltages are.  output through which circuit operation is guaranteed.
| usad and the square wave output is returned to the supply of g aen M Range. The ratio of maximum frequency to mini-
X th.e phasa detector. This assures that the VCO input voltage mum frequency which can be obtained by agglying a sweep
N will r;gl ;aécca)ed the capabilities of the phase datector. If a valtage to pin 8. For comect operation, the sweep voltage
« Smatter signal is required, a simple resistive voltage should be within the range

-T¥

8

divider ns connected betwaen pin 9 of the waveform genera-
tor and tf;e VCO input of the phase detsctor.

Socond, the DC output level of the amplifier must be made
compauble to the DC level required at the FM input of the
waveform generator (pin 8, 0.8V+). The simplest solution here
is to prolide a voitage divider to V+ (R,, R, as shown) # the
amplifier has a lower output level, or to ground H its level is
higher. 'I’he divider can be mada part of the Jow-pass filter.

This apphcatlon not only provides for a frae-running fre-
quency with very low temperature drift, but is also has the
unique feature of producing a large reconstituted sinewave
signat with a frequency identical to that at the input.

oy

-+ For farthér information, see Harri&ABQlcatisH-
“Everything You Always Wanted to Know About the
ICL8038".

!

e

Notg&oTa~" “Trigngla-Wavetocm Jdnearity. The ‘percentage-deviation-

(*/3 Vsuppry + 2V) < Vsweep < Vsuppuy
FM Unearity. The percentage ceviation from the best fit straight
line on the control voltage versus output frequency curve.
Output Amplitude. The peak-to-peak signal amplitude
appearing at the outputs.
Saturation Voltage. The output voltage at the collector of
" Qg when this transistor is turned on. It is measured for a
sink current of 2mA.
Rise and Fall Times. The time required for the square wave
output to change from 10% o 90%, or 90% to 10%. of its
final value.

from the best fit straight line on the rising and falling triangle
waveform.

Total Harmonlc Distortion. The total harmonic distortion at
the sine wave output.

A
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a CYCLE
1 AEQUENCY TRIANGLE
ADJUST out
FU BIAS
i 44 5 $ 310 MV
!. SQUARE SINE WAVE
3 WAVE out
ouTl, 1cLa03s 2o r\f\l
v‘c':‘o DEMOOULATED SINE WAVE
PHASE AMPUFIER 2] . 10 1 1 ADL
OETECTOR - - T
. J.
L—{ TIMING SINE WAVE
—_— CAP. ADJ.
LOW PASS
‘ 0 VGND

FILTER

FIGURE 20. WAVEFORM GENERAT
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- : TOSHIBA PHOTO COUPLER
. SEMICONDUCTOR TLP560
OSHIBA )
g 1 TECHNICAL DATA INFRARED LED +PHOTO IC
& :
(TLPSS0) !
DEGITAL LOGIC ISCLATION Unit in mm
LINE RECEIVER FEEDBACK CONTROL
POWER SUPPLY CONTROL S ESE
SWITCHING POWER SUPPLY %{
TRANSI§TOR INVERTOR T l?
1 2 3
|

l 4
TLP55Q constructs a high emitting diode and a one chip photo diode-

transisfor.

TLP550 has no base connection, and is suitable for application at
noisy eiwironmenta] condition.
This ur%it is 8-lead DIP package.

®  Isolation Voltage
"i Switching Speed

¢ TTL Compatible

: ULI' Recognized

-

: 2500Vrms (MIN.)
! tpHL, tpLE=0.5us (TYP.) (R[,=1.9k(})

: File No. E67349

JEDEC —
C|EIAY - .
TOSHIBA  11-10C4

PIN CONFIGURATION (TOP VIEW)

10 18
e—ys| p7

NI Erase L s VI b - . r. e f% g e
30
40 15

:N.C.

: ANODE

: CATHODE
:N.C.

Ll
=2

: COLLECTOR
:N.C.
: CATHODE

OO I AT WO

SCHEMATIC

e RO wagreaiab, e
H ELLL.L } R ' i
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/ ,
SEMICONDUCTOR
SHIBA TLP55 0
. . TECHNICAL DATA ..
ot ¢ .
3
(TLessey b
MAXIMUM RATINGS (Ta=25°C)
' ; CHARACTERISTIC SYMBOL | RATING | UNIT
Forward Current (Note 1) Ip 25 mA
Puj}se Forward Current (Note 2) Ixp 50 mA
Peak Transient Forward
=
:1 Current (Note 3) IrPT 1 A )
Reverse Voltage VR 5 \Y% E
Diode Power Dissipation
: (Note 4) | TD 6| =W
‘ Output Current Io 8 mA
f—j Peak Output Current Iop 16 mA
£ | Supply Voltage Vee —05~15 | V
Eﬁ Output Voltage y Vo ~0.5~15 A
3] - . e .-
a Ot:t?ut Power Dissipation Po 100 W
{ ) (Note 5)
i}: Qperating Temperature Range Topr ~55~100 °C
. Storage Temperature Range Tstg —55~125 | °C
Lead Solder Temperature (10s) Tsol 260 °C
13
Isolation Voltage
(AC, Imin., RH=40~60%) (Note §) | 'S 2500 | Vrms
Note 1 : Derate 0.8mA ahove 70°C.
Note 2 : 50% duty cycle, 1ms pulse width.
L Derate 1.6mA /°C above 70°C.
Note 3 : Pulse width 1us, 300pps.
N"ote 4 : Derate 0.9mW/°C above 70°C. —
Note 5 : Derate:2mW/2G above-F0°C. - wnmme dodrr & arti, 2 L - ewee o WEe s D Ly
b
3
{
i
:
f
3
1* ‘
K i ' TLP550 -2
> 1996 -4-8
&
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SEMICONDUCTOR
SHIBA N TLP550
: TECHNICAL DATA v

- =]

-

{TLP550)
ELECTRICAL CHARACTERISTICS (Ta =25°C)

CHARACTERISTIC SYMBOL TEST CONDITION MIN. { TYP. {MAX. | UNIT
Forward Voltage VF Ip=16mA 145 | 165| 1.85| V
Fox:'ward Voltage _ ST /9
E] Temperature Coefficient AVp/ATa |Ip=16mA - 2 v /°C
= | Reverse Current Ir VR=56V e = 10| xA
H
Capacitance Between e : ’
Terminal Cr Vy=0, f=1MHz —_ 60 pF
Iog ) {IF=0mA, Voc=Vp=5.5V — 3| 500 nA
é‘ High Level Output IoH (2) |IF=0mA, Voo=Vo=15V — | —|. 5] A
Current =
Q Ip=0mA, Voo=Vg=15V
E 0B |1a=70°C - | — | 50|~
A | High Level Supply . _ _
Voltage IccH |IF=0mA, Voo=15V — | 001 1| A
Ta=25°C 10 30} —
- Ip=16mA
Rank : 19 30| —
++| Current Transfer Ratio Io/Ip |Voc=4.5V — l ail 0 %
K |Rank:0| 15 | — | —
Bl Ip=16mA, Voc=4.5Y,
& | Low Level Output VoL Io=1.1mA . _ 04| v
O | Voltage
(Rank 0 : Ig=2.4mA)
. : R.H.=40~60%, V=1kV DC 2
Isolation Resistance Rg (Note 6 | — 10 — )

Stray Capacitance
Between Input to Output

Cs V=0, f=1MHz — 08| — pF

— ‘
SWITCHING CHARACTERISTICS {Ta=25°C) "™~ * ~

CHARACTERISTIC SYMBOL TEST CONDITION MIN. | TYP. | MAX. [UNIT]
Propagation Delay Time IF=0—16mA, Voo=5V, R, =4.1kQ| — 03 08 |
(H—L) PEL | Note ) |Rank 0 : Ry, =1.9kQ| — 0.5 0.8
Propagation Delay Time Ip=16—0mA, Voco=5V, Ry,=4.1kQ}| — 1.0 2.0 s
(L—~H) PLE | Note ) |Ranko0 : R, =1.9k0]| — 0.6 1.2
Common Mode Transient Ir=0mA, VeM=200Vp-p
Immunity at High Output | CMm [Rrp=4.1k(Q (Rank 0 : R, =1.9k(}) — | 1500 — {V/us|
Level (Note 8)

Commqn Mode Transient Ip=16mA, VoM =200Vp-p
Immunity at Low Output Cym1, |RL=4.1kQ (Rank 0 : R[,=1.9k(}) — |-1500f — |V/pus
Level (Note 8) 1
t TLP550 - 3
¥ 1996-4-8
&
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' SEMICONDUCTOR
EH'B A ) TLP550

TECHNICAL DATA v.
o e
e .
{ .
(TLesso)
Ir - VF AVR/ATa - Ip
10 -26 0 i
so] Ta=25C —= =P {
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100pr — 1.2
T veo=5v
o 50 Vo=0.4V 0
E : P fl/ >
30) - H & ~J
p 4 | Ta=-25C A" L 3 0_3,,4/ N
G R " e
2= 1 Ui, A g 7
#)
s 10 ] 1,°°/ 8§ o4 ’
r-.:o X <~ g
z 5 2 g o4 NORMALIZED TO :
= i z IF=16mA
= 3 ' g
3 i o zc(i 4.‘5,‘1
. i 0=04
' J : Ta=25C
o3 05 1 3 5 10 30 50 % “20 o =2 4@ e 8 100
; FORWARD CURRENT If (mA) AMBIENT TEMPERATURE Ta (‘C)
L 4 13
R ‘ TTLP550 -5
® 1996-4-8
&

TOSHIBA CORPORATICN

EaL?



' SEMICONDUCTOR

gﬁl‘“BA | N TLPR50
!if* TECHNICAL DATA .
= |
— _
(TLPS50) :

Note 6 : Device considered a two-terminal device : Pins 1, 2, 3 and 4 shorted together and
Pin 5, 6, 7 and 8 shorted together
Note 7. : Switching time test circuit.

PULSE o — Vee=5V Ir —
INPUT E CCo ¥
0 =
PW=100us 7 $Ry A
DUTY RATIO=1/10 v ! 5V
Iy MONITOR 6——o Vg 0 :
: ouTPUT
5 ;
‘ }_lMONITOR 15V oy
d toHL toLH
|
N!ote 8 : Common mode transient immunity test circuit.
; | Vgg=5v y Y o0 200V
& 13 E -&l @ VCM /
E : IF T—E} E j RL _..J- —& ov
A o——3 F—— Vo = =
’ t
i & 5]— OUTPUT Vo 5V
¥ MONITOR [
v (Ip=0mA) PAY
‘ ()M 0.8V
A v /TN V.
: PULSE GEN = 0. OL
‘ (IF=16mA)
3 Z0=5OQ
' 160 (V) 160 (V)
' CMg= ———, CMy= ————
E__{ b (ps) L te(us)

% -— - . -y
§ hd .

[}
Note 9 : Maximum electrostatic discharge voltage for any pins : 100V (C=200pF, R=0)
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IRFD1Z

N-Chann&! Enhancement-Modg:
Power Field-Effect Transistory

ﬂmmwtsmm

* 0.4A and 0.5A, 60V - 100V

* rps{on) = 2.40 and 3.201

. m0> is Power-Dissipation Limited
» Nanosecond Switching Speeds

« Linear Transter Characteristics

» High Input Impedance

» Majority Carrier Device

Description

The IRFD1Z0, IRFD1Z1, IRFD1Z2.
mode sdicon-gate power fietd-eflect
ransistors designed for applications sLchias
tors, swilching converters, motos drivers. relay drivers,
drivers for high-power bipolar switching transistors reg
wer. These hypes can be

operated directly from integrated cifcLiis.

n-channel enhancement-

high speed and low gate-drive po

The IRFD types are supplied I the s-p'n CIP package.

Package

DRAIN

Terminal DN@GSS
N-CHAKNEL ENHANCEMENT MODE

4-PIN DIP
TOP VIEW

SOURCE

GATE

Electrical Characteristics @T¢ = 25°C (Unless Otherwise mvmn:_mnv_.

e ,
2ot a2 "y

Specifications IRFD120, IRFD1Z1, IRFD 122,

e

———
e
!

{had

1k

s

Drain-Source Voitage (1) ...o.vee
Drain-Gata Voltage (RgS = 20kf1} (1),
Conunuous Drain Cuirent

Pulsed Drain Current..
Gate-Source Vollage .
Maximum Power Dissipation
T = +259C(See Figure 13}....
Unear Derating Factor (See Figure 13}
inductive Cusrent, Clamped ..
(See Figures 14 and 15, L. 100pH)
Operating and Storage J
Temperature Range

Absolute Maximum Ratings (T¢

TG = +259C cevurnneressanenmunsinens

Maxi Lead T ie lor
(0.063" (1.6mm) trom case lor 1Csi

NOTES:
1. Ty = +259C o +150°C.

2. Puise Test: Pulae widih S J00us. Cuty C,c @ 3%

1RFD120

100
100

0.5
40
=20

1.0

0.008

40

-5510+150

300

IRFD1Z1

60
60

1.0
0.008
4.0

~5510 +150

300

IRFO1Z3 UNITS

60 v
60 v
0.4 A
3.2 A
£20 v
1.0 w
0.008 W/°C
3.2 A
-55t0 +150 oC
300 oC

i

3

@ Haria Corporation 1991
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4-386

ga. Pocar { C. nangling procedures shouw v =

File Numbep 2313

A

C.vani_,w.. -

Parameter Type Min, Typ. | Max. Units Test Conditions
BVDSS Drawn « Source Breskdown Voltags RFD1Zo. 2| 100 - - v Vgs * OV v 4l
wFo121,3| 60 - - v 1 = 250uA P
VGSith) Gate Threshoid Voltage ALL 1.0 - 4.0 v Vps = Vgs. ip v 250sA -
1655 - Source Laakage Forward ALL - - 500 nA VGs = 20V
_mmm Gats - Scurce Leskage Reverse ALL - - -500 nA Vgs ¢+ ~i0V %
2ero Gate Voltage Orain C t e - GS
IS ge Or. urcent ALL 250 #A Vpg » Max. Rang, Vgg = OV .
- = w00 | wA Vs « Mas. Raung = 0.8_Vgs = OV, Tc = 125°C
Iptong  O-State Draun Current @ AFD120.1} 0.5 - -~ A
. AF01Z2.3] 0.4 T = Iy Vos # 101am * RDStont max-VGS = 10V i
Rpsion) Stetic Dran-Source On-State IRFD1Z0. 1 - 2.2 2.4 n
Resmistance D Vgs ¢ 10V.ig = 0.25A
IRFD122.3 - 2.8 3.2 o
Ois Forward Transconductance (D ALL 0.25 | 035 -~ Sun Vs ! IDian) * RDStens manlp * 0254 .
Ci ALL - -
i3 50 of Vgg = OV.Vpg » 25V.1 = 1OMHE
Cos ALL ~ 20 | -~ of . ’
|00 SeeFig. 9 s p: .
C,ys __ Roverse Transter Cupacuance ALL - 50 - of s - t o Ik
t4ion) _ Twin-On Delay Tima AlL - 10 ks ny Voo * 0.5 8Vpgs.lo = 0 25A. 25 « 500
t, Rise Time ALL - 15 25 ns See 9. 16
tawot) _ Tun-Off Dalay Time ALL - e | 25 ny (MOSEET swriching himes are essennaty H¥bptiy
Yy Fal Timo ALL - o | 20 s o vt
Q, Total Gate Charge ' - Aalin
o A N Vgs » 10V, ig + 1.2A. Vog = 0.8 Max, Ralng,
(Gate-Source Plus Gate-Deauny L 2.0 30 nC Soe Fig. 17 tor test cucut :Gate chage .o.:._él.«
T4 ey 4t
Qg Gate-Source Charge Aty - 10 - nC o el
Qgg _ Gate-Drawn "Mitter™) Charge aw - 10| - nC
[0} tnternai Dran inductance AlL - 4.0 - nH Meature from the  * 5"
drawn wad. 2.0mm * F
om ;¥ 1
o canterof "
tg Internal Source Inducrance ALl - 80 - 4 Measured from the
ad. 2.0mm
trom
pacxage to sowce
oonaing pagd.
.
Thermal Resistance R ir
* s ¢« siaba
[Ringa  duncuon-to-ambient Taw [ - [ - o [ cew Frew aw Operavon
Source-Drain Diode Ratings and Characteristics x
15 Conunuous Source Current RFOIZO 1| -~ - a5 A Modlied MOSFET symbol v
iBoay Owoce) showing the mtegral
WED1Z2.3| - - {04 A reverss P-N punction recubar. * 9
[ Pulsa Source Currant @afoIza. 1| - - 40 A ’ ! -
1Body Ciodod
aroz2. 3| - - 3.2 A
Vsp Diode Forward Veltage (& IRFON20 U - - [} v Ta = 25°C. 1 = 0.5A. vyg = OV
wF01z2.3l - - 13 v Ty » 28°C.1g = 0.4A. Vge < OV
t, Reverse Recoveiy Time T S 100 | ~ ns T, = 150°C. g = 0.5A. olpidt = 100A/n8 -
Opp Reverse Aecovered Chargs ALL 02 - »C Ty = 150°C,lg = 0.5A. oprat = 100A/s . °
ton Forward Turn-on Time AlL IATNSIC fuin-0on (ume i3 neghgsbla. Tuin-0n 50ead 13 SubILANLAY Controlled by Lo +

DT, = 25°C to 150°C.

DPulse Tast: Pulse wiatn « 300,5, Duty Cycie & 2%.
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IRFD1Z0, IRFD1Z1, IRFD122, IRFD{£3
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N \ e PULSE TEST
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Vps. ORAIN [0 SOURCE VOLTAGE (VOLTS)

Fi3. 1 — Typical Output Characteristics

1§ f—— 10 PuLSE TEST :ZI\.\\.

1. ORALN CURRENT (AMPERLS)

3 1 y
Vpg. DAAIN TO SOURCE VOLTAGE (VOLIS)

Fig. 3 — Typical Saturation Charactenstics
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Fig. 5 — Typical Transconductancs Vs. Drain Current
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Fig. 2 — 4<v..ma_ Transfer Characteristics
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IRFD120, IRFD1Z1, IRFD1Z2, IRFD1Z3
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Fig. 7 — Breakdown Voitage Vs. Temperature
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Fig. 9 - Typical Capacitance V3. Drain-to-Source Voltags

vgs * 20V

| Rpston MEASURED WITH CURRENT PULSE OF
2041 DURATION INITIAL Ty » 25°C. (MEATING
EFFECT OF 20 s PULSE IS MININAL S

ADStou). ONAIN TO SOURCE ON RESISTANCE [OHMS)
-

0 1 H 3 - ¢
1g. DRAIN CURRERT {AMPERES)

Fig. 11 — Typical On-Rasistance Vs. Drain Cutrent
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v LI, iU i, 1T L0 ’
IRFDI1Z0, IRFD 12175 n\

2 ~
P ;
1 X s
Roga 3 120" CIW —1— %
12 e
g : Features
E 1.0
£ \\ b | *0.8Aand 0,458, 150,
= A »
? o N \\ ® IDS(on) = 1.50 and 3
H ,
2 osj— N 3 * Single Putse Avalanct
F :::JI::‘;“':::‘:'" * SOA Is Power-Dissips
o 18 —
Fia L T our T e:h - * Nenosecond Switchin,
02 N Ves 'jj-""_“_ _T—"‘"m E__ ® Linear Trensfer Chara,
§
@ 6 W 1o 120 o L £-088vpss  Ege 0.5 Bvpgg
o ® 1, AMBIENT TEMPERATURE 1°C)

PR I"gh Input Impedancg
«~ Power V3. Temparature Darating Curve Fig. 14 T treuit
Fig. 13 p 9. — Clamped Inductive Test Ci

ig.

i

Description

The 1RFD210, IRFD211
n-channel enhancement-r
transistors, IRF| D210R, IRF
types are advanced powe
Quaranteed to withstand ¢
breakdown avalahche mod
MOSFETs are designed {
regulators, switching conve
and drivers for high-pow
fequiring high gpeed and I
can be operated directly fro

The IRFD types are supplie
package,

ADISTRL O Voo
T0 OATAIN
SPECIFIED Ig 3 A

TOSCOPE

oo
HIGH FREQUENCY
SHUNT

Fig. 15 — Clamped tnductive Waveforms Fig. 16 — Swi Time T reul
9 ig. 16 — Switching Ti o5t Circuit
» = k> W L SRR I Y ] e L A
ARSI - = = N
£ -’M 2. b - &
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Drain-Sourca Vottage (1)
Draln-Gate Voltage (R g = 20kf
Continuous Drain Current~ gajs!

To=+250C

5o
e 14
SOt AY
CURAENT
REGULATOR surPLY}

> pation S
. S | BTG = 4250 (Seo Figiire 13|
SAME TYPE : et (Soe i 15
AS BUT z

i rvctive mped EY
=100
nche Energy Ra

T ot
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BATTERY
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Fig. 17 — Gate Charge Test Circuit

RAUTION: Thess devices e senaitive
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