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| nvention The present invention relates generally to power elect r odli )
nore particul ar|l to power factor correction (PFC) contrgl circuits. 10
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obtained with a unity power factor. I ncrease the power factor of a power
supply, and hence the efficiency of the power supply, it is known to enpl oy
power factor correction (PFC). Indeed, PFC has becone a 20 required feature
for nost power supplies with an input power greater than 75 Watts. In
genersal , PFC requires that the input current have a sinusoidal waveform and
the current waveformbe in phase with the input voltage waveform Of-1line
swi t chi NGARBREROUNPEPF MWF%M PFC exhi bit a sharply peaked current

vvavefornﬁ.a@ gilgh yﬁi ue input capacitors charge rapidly when the input
vol t age # L hxi mum Average filtering and elimnation of the 25
capaci t ors i sTkyp#esaatinbention keldtepgenerallg & posak uletteonicsaand) iereipadicslartg, towei ght |
and performance specjfigcations. It js known to inplenent PFC in a current
cont r ol | RV &sar ceBrrioR(RF CLoPHg! Bl rent  feedback | oop to control the

i npuy current waveform of the boost converter by continuously conparing the

current to a rectified sine wave reference. The anplitude of the rectified
si ne 30 Resecaptief eftheBackgeopnfle nodified to be proportional to an error

signal, which. s based on e 0 t,. Of tEF 4 i | so known
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current. The ratio of the average power to the product of the RMS voltage and the RMS

15  current is known as the power factor. For example, a converter having a power factor of 70%
means that t.he power drawn from the line supply is 70% of the product of the voltage and
current in the line and, thus, only 70% of what could be obtained with a unity power factor.

To increase the power factor of a power supply, and hence the efficiency of the power
supply, it is known to employ power factor correction (PFC). Indeed, PFC has become 2

20  required feature for most power supplies with an input power greater than 75 Watts. In
general, PFC requires that the input current have a sinusoidal waveform and the current
waveform be in phase with the input voltage waveform. Off-line switching power supplies
without PFC exhibit a sharply peaked current waveform as high value input capacitors charge
rapidly when the input voltage nears its maximum. Average filtering and elimination of the

25  capacitors is ordinarily not a practical solution considering size, weight, and performance
specifications.

It is known to implement PFC in a current controlled boost converter using a current
feedback loop to control the input current waveform of the boost converter by continuously
comparing the current to a rectified sine wave reference. The amplitude of the rectified sine

30  wave reference may be modified to be proportional to an error signal, which is based on the
DC output of the converter. It is also known to vary the amplitude of the sine wave reference

with an analog multiplier circuit whereby the rectified input voltage is multiplied by the error




2 2 F EB 2005 WD 02123694 PCT/ US0O/ 128919 signal. The result is that if the
out put voltage is above a desired value, the anplitude of the err ft@ﬂﬁi
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cause th out'put voltage to recover to esired value. It is also known
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the rectrkfeiedde SisitRisdiaMand th pekewan ge s vbltigaght frpm @mrennis uBasiausoidal he i nput
voltage; and (ii) effect a roport i.ona decr ease | B&ﬂhed rg&t i fied sine wave
r ef er enciad i phase sithtke npRtolRee toRealizhBEE. Aesmdinglynid thefpad at C control

Ci reui t sy DOMeVEEe)H, edel:r'eﬁ@etlﬁgutipﬁt \%ﬂ%ﬁé wﬁlma{léettﬂc LforRigeel 19 Shotesse Md, the i nput

power because’'t he anal og nul ler I'S not very accurate. Cbnsequently, t he
power |vimitte anelpg waltyplisy; cause mmctlﬁﬁ%sweravc raserongeito ingraapmy (Ehis/is M gall
ensa

Congl\;t ! Ofgyécgl%enocéo%% er llfpélﬁ, cxgg(eg?tq 18&3%5%2\?1%8% & Meotﬂg outﬁ?B@v étro r&%@&etf)t er may
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USRI JC N S MR A R
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wi thout s ificing overall efficiency 30 and Ctlgg;[ectslt?ég = eSWa\%UMVARY OF THE
| NVENTI d\MS mput voltage is to: (i) remove the unwanted increase in
20 reference resulting from an increase in the input voltage; and (i) effect a proportional
decrease in the rectified sine wave reference required to maintain the input power constant.
Such PEC control circuits, however, are limited in their ability to precisely limit the
input power because the analog multiplier is not very accurate. Consequently, the power
limit may vary by as much 15% over the various input voltage conditions. To compensate
25  for these variations, the boost converter may be over-designed to, for example, include a
larger inductor or a higher-rated FET. These design modifications, however, introduce other
deleterious effects, such as decreased efficiency and/or more expensive components.
Accordingly, there exists a need for a manner in which to achieve power factor

correction more precisely than existing techniques, and without sacrificing overall efficiency

30  and cost savings.

SUMMARY OF THE INVENTION
The present invention is directed to a power factor correction circuit for a boost power

supply. According to one embodiment in which the boost power supply includes a boost




The present invention is directed to a power factor correction circuit for a
boost power supply. According to one enbodi nent in which the boos%ﬁm?
supply includes a boost 2 2 2 feb 20005 WO 02/ 23694 PCT/ US01/ 28919 Upﬁer
responsive to a rectified AC |ine voltage, the power fac r tion

i ncl udes: ™0 %Y age feedback anplifier having a first i f‘igﬁé‘ﬁ?‘é’?ﬁﬁnm
responsive to an output voltage of the boost converter; a swtching
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to a pulcsgnectoli & &h lterigh! of he SWittiify Abltiplier BROB ind RAVEY 4 fcondi@par di ng to
anot her enbodi ment _of the present invention, the power factor _correction

ci rcui t grminaspensiyerte ps inppt surrep) ofdhe haosicenyeriesand @ palse width madulatort er ni nal
responsi . | . rent t cond i nput
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secqnd rrul.tiﬁé%gé circuit; a second multiplier circuit having a first input
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feedback anplifier having a first input_ _teiinal connected to an out put
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20 width contr circuit having an input termnal connected to an
out put tAC ineedltagé; a pdveer feedbaktampli feliiaring anpipvt teeminghepnhepiédig aawutput put

ternmi_nal, far .cannectign to.a pulse w dt ] e boost
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ter ni nal i £es ARSI VRS 2R ButhAbimifdl bf @B wRthihSRLRPNEL cife@USd haingand a second
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the current feedback amplifier and having an output terminal for connection to a pulse width

modulated switch of the boost converter.
According to another embodiment of the present invention, the power factor
correction circuit includes: a voltage feedback amplifier having a first input terminal
25  responsive to an output voltage of the boost converter; a first switching multiplier circuit
having a first input terminal responsive to an input current of the boost converter and a
second input terminal responsive to the rectified AC line voltage; a power feedback amplifier
having an input terminal connected to an output terminal of the first switching multiplier
circuit; a second switching multiplier circuit having a first input terminal connected to both
30  an output terminal of the voltage feedback amplifier and an output terminal of the power
feedback amplifier, a second input terminal responsive to the rectified AC line voltage, and
an output terminal, wherein only one of the output terminal of the voltage feedback amplifier
and the output terminal of the power feedback amplifier is operatively connected to the first

input terminal of the switching multiplier circuit; a current feedback amplifier having a first




circuit; a second swtching multiplier circuit having a first input term nal
connected to both 30 an output termnal of the voltage feedback a I'Etﬁms
and an output term nal of the power feedback anplifier, a second%

term nal responsive to the rectified AC line voltage, ang /%? %Bﬁm
terninal , Wh&26% only one of the output terminal of the'%H %38 eedback
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responsive to the rectified AC line voltage, and a power feedback amplifier having an mput

terminal connected to an cutput terminal of the second multiplier circuit and an output
terminal connected to the first input terminal of the first switching multiplier circuit, wherein
only one of the cutput terminal of the voltage feedback amplifier and the output terminal of

25  the power feedback amplifier is operatively connected to the first input terminal of the
switching multiplier circuit.

The present invention provides an advantage in coniparison with prior art power
factor correction techniques because it is capable of more precisely limiting the input power.
Using the PFC technique of the present invention, it is reasonable to expect the power limit

30  accuracy to be on the order or +/- 5%. In addition, the improved accuracy of the switching
multiplier permits the use of less expensive components in the boost power supply. These

and other benefits of the present invention will be evident from the detailed description

hereinbelow.



25 the power feedback anplifier is operatively connected to the first input
termnal of the switching multiplier circuit. The present inventign2r Y
provi des an advantage in conparison with prior art power factor car E&Mﬁh

t echni ques because it is capable of nore precisely limti put power.
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the power Iimt 30 accuracy to be on the order or +/- 5% In addition, the
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FI GURES For the present invention to be clearly understood and readily
practiced, th&gpredsieatcombimaion hlock/sehératisaliatmas of dbepst poewsPRmY 656FliRg t h t he

follow ng figures, efein: Figure.1 is a conbination block/schematic

di agrégnm %;fong%m(}g]gne\é@gétﬁeg{%e&t&v Brding 5 to one enmbodi nent of the
present i nventiighi,2 iEla@bmBindtibSblackeRiBhai!diggark botie/P3kamsatrolciduingidm of t he
PWM control circuit and the PFC control circuit of the boost wer. supply
of Fi gur thePFscesntial sitguit of hedoesipowerrupply obFisurd jrranagio iOH%@HP‘?‘gWFmFi gure 3
Is a schef%gi ?esgrlt%wf: f a current reference multiplier circuit of the PFC
10 contr Ol "&PreuIt o I’'gure 2 according to one enbodi nent of the present

i nvention; Fi Bigu HisiaSciensatin dingtancofti @yreatmefefenac poitiplienditovitof thePFE rcui t  of
the PFC contro]  circuit_of Fjgure Zgﬁjgc‘?rdi{%]ﬁo onetegté)lﬁocl,i ment of the
preséht  FoRohcrant of filge & eecopdingtoqug embodimeg; QAPSREESF BVENPent reference
nul tiplier ci F%}ér& Rfa sthEndot Giagf@bf Dpovidr bfultipliePEirduitwdtie BFGesnaotli ng to
anot her enbodi ment of the present invention; 15 Figure 6 is a schenmatic

di agr am oircwt gfFagure thakeadrding torongiepmbadimegt ofithepresent WEREHME  circuit of Figure
2 according tg, anot her i j Rfalak cgure 7 is
a schematic d %‘Fea Soafscgéﬁgaﬁggf% giﬁa ‘lt'lﬂn%flgﬁge?lﬁeﬁéﬂut e I(;:tlfﬁrﬁgr?? rﬁlg:ofll?rage of the
power nulchitid] iceEuindf Hiingd Cactrding tr ahothgr ¢mbwivmend wb tuipresant inyentip® pr esent

i nvention. 20_DETA|I LED DESCRI PTI ON THE | LON. | te nder st ood
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Figure 7 is a schematic diagram of a circuit for implementing the current source of the

power multiplier of Figure 6 according to one embodiment of the present invention.

20 DETAILED DESCRIPTION OF THE INVENTION
1t is to be understood that the figures and descriptions of the present invention have
been simplified to illustrate elements that are relevant for 2 clear understanding of the present
invention, while eliminating, for purposes of clarity, other elements of a boost power supply.
For example, an inrush circuit for the boost converter is not shown herein. Those of ordinary
25  skill in the art will recognize, however, that these and other elements may be desirable ina
typical boost power supply with PFC. However, because such elements are well known in
the art, and because they do not facilitate a better understanding of the present invention, a
discussion of such elements is not provided herein.
Figure 1 is diagram of a boost power supply 10 according to one embodiment of the
30 present invention. The power supply 10 includes an AC power source 12, an EMI filter 14, a
rectifier circuit 16, a boost converter circuit 18, a pulse width modulator (PWM) control
circuit 20, and a power factor correction (PFC) control circuit 22. The power supply 10
illustrated in Figure 1 may be used to provide a regulated DC voltage output (Vou) of, for
example, 400V from the AC voltage supplied by the AC power source 12.



invention, while elimnating, for purposes of clarity, other elenments of a
boost power supply. For exanple, an inrush circuit for the boost con}g%@ﬁg
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. u250t rated | Irxlx operation, when the power switch 28 is closed, current flows through the inductor

24 and the power switch 28, and the diode 26 is reversed biased. The current flowing
through the inductor 24 causes energy to be stored in the inductor 24. Accordingly, when the
power switch 24 is opened, the inductor 24 causes the voltage at the node between the

inductor 24 and the diode 26 to increase according to the relation:
25 V=L— 1)

With the voltage at this node increasing, the diode 26 becomes forward-biased, and current
flows through the diode 26 to the capacitor 32. After the energy stored by the inductor 24 has
been transferred to the capacitor 32 through the diode 26, the power switch 28 is closed, thus
again causing the diode 26 to be reversed biased and another quantity of energy to stored in
30 the inductor 24.

In such a fashion, the duty cycle of the power switch 28 may be modulated to regulate
the voltage across the capacitor 32, and hence the output voltage Vou. AS described further
hereinbelow, the duty cycle of the power switch 28 is controlled by the PWM control circuit



Figure 1. 20 In operation, when the power switch 28 is closed, current flows
t hrough the inductor 24 and the power switch 28, and the dlode 26 0
reversed biased. The current flowing through the inductor 24 causgéfew% 8;
to be stored in the inductor 24. Accordingly, when the itch 24 is
opened, t R0 P26t or 24 causes the vol tage at the node bgeﬁﬁg%%ﬁ% I nduct or
24 and the diode 26 to increase according to the relation: 25 V=L di/dl

Wth thegwsd thaPFCatontrbl drcnit @2 bhsed pe dsi ongput trbleagd i\Qg[,etha fechBehA€snput
forward-bjased, and current flows through the |odedlze'aé#o t.he c pacitor 32.
After tHe t@ﬁe‘hgynéﬂm\@&awq%émeﬁmﬁeferstoz@ﬂgd e eI REN o t ho

capaci t Qf, &% H}@g{b@{b%fg)epgg of Borrdchin Power switch 28 is closed, thus

agai n causi e reversed bi ased and another quantity of
energy to st&hesbusaresﬁﬁ)rﬂﬂmalymdumte&mthemtmudmlnoﬂ‘thsbnoe‘monvctr@rdl&ty cycle

of the swi tch nmodul at e re uI ate e vol t. across the
capaéi t e§9 tagéﬁarqq%ﬁlséesgq{cg%&ﬁaglﬂse% '?’55’8 ‘FOI AL 1&%2‘(?? fif‘fgag%ﬁrt her

her ei nbep @y h&leﬁba%gascwdleg% i BropeMRhal Y AHeC Tt dfsheredified A®@thpay the PWW
control circuit FEB 2055 g\o 02/ 23694 PCT/ US0/ 128919 20 and t he PFC

cont rol ligk(dmivted 22 Vinabeeinafier). hvan soplifier (vas shavgn mvyihe copprstadde thersersg AC i nput
vol t age _V. dthevlta t or ro d
2 deor r et e PO B AR AT PP TR RS Y e e hsinleB e ) 0V1 €
sense r agtenitelowd0 may be connected in the return | oop of the boost converter
18. 5 The voltage across the resistor 3Q nma S th

cirdart 22, " Sueaedirs BagemaleIONMEr A S3E PRC YRRl guoi SAgh e
propo” R na@? g{lﬁo%élﬁgﬁ?tac&frdﬁfﬁa Jn%%hfbf)aﬁfén?@th@ﬁ'é&em lnvegiondemet ed -as

Vi ac. anplifirer (not shown) ma connected to the sense
resi st orPWM d;amtrp!r@mudéotrbm\@ppm mppmtaz@alw iy @PF‘? genttod et 2sdngnal VI ., |

o et el LN b B P AR T e PV
Fi gure lcoaédibd chgird] Gerpiiveal em@ gmmrsmtoﬁ 28 twhaebys entirol th\zewitclong ofthe PWM
control circuit 20 recei ves an out PFC fro
CTTE L e e B ensribe SO OIS S iR el T e B
B et AR A A
hence t hehicerswsed/oy tha FEC\eontre! ciseuit Hetogsnepte shpppenal FBC, apilesoobgd ol
hereinbelow. According to one embodiment, the PWM control circuit 20 may be
implemented using one of the UC 3800 series of PWM control ICs available from Texas
20 Instruments such as, for example, a UC 3842 PWM control IC.
The PFC control circuit 22 includes a voltage feedback amplifier 40, a power
feedback amplifier 42, a power multiplier 44, a current reference multiplier 46, and a current
feedback amplifier 48. These components, as well as the other components of the PFC
control circuit 22 described herein, may be implemented using discrete electrical compenents
25  or, according to another embodiment, may be integrated into a single device or chip. Each of
the amplifiers 40, 42, 48 may be embodied as, for example, integrating operational amplifiers
(op-amps).
As described further hereinbelow, the current reference multiplier 46, which is
discussed in more detail hereinbelow with respect to Figure 3, receives the error voltage
30 signal output from either the voltage feedback amplifier 40 or the power feedback amplifier
42 (denoted in Figure 2 as Vemo(t)), and multiplies that output with a scaled product of the
rectified AC input voltage (Kq x V(1)) to produce a rectified sine wave reference
corresponding to the product Ky, X Verolt) x Vio(t). The scaled rectified AC input voltage
(Kq X Vac(t)) may be realized by connecting a resistor divider circuit (not shown) to the output



circuit 20 also outputs a reference voltage signal Vref and a ranp vol tage
signal Vanp, both of which are used by the PFC control circuit 22 t
generate the signal PFC, as described further hereinbel ow. AccordizngFtE%m%e
enbodi ment, the PWM control circuit 20 may be i npl enent eg ﬁji @%ﬂ e of the
UC 3800 s&¥Q&2361 pw control | Cs avail able from Texas 28R nts such
as, for exanple, a UC 3842 PWM control I C. The PFC control circuit 22

i ncl udegs the YQUFROES fofeNaE he aPPboprfidte kcaftfy. Phed¥ified siRasivaciferani i fier 42, a
power nmultiplier 44, "a current reference nmultiplier 46, and a current
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in Figure 2 as Verraqr(t)),. and I pl.ies. that .qutput wth a scal ed product
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Sine wave r?ﬁﬁé%ﬂfkﬁt ofdRE Eﬁ%ﬂ@fé@&%ﬁkhﬂpﬁﬁ'&m! Qhdtel akWipX mdy (e sumne¥adg(t) .  The
scaled rectified AC I nput voltage (Kd x Vac%zt\z‘) may be realized by

conrléct iangdder5@svist @ thel regtified ACi @ currgmh signa andd(ii} the resp (Rlte8y 2 2 FEB
2005 WO 02/23694 P tif] '
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appr opr i H8 o srne wave erence - produced by the
current wiaéiekengsiettd theWHI cofioll circhin plito genemte theepproprisge PWpHLsignadtavi nal  of
the current feedback1 agBlI I fier 48hggong with a current feedback signal
gener at €8n%S) the,duy qusle aothe prEes R ¢m of (i) a vol tage signal Via, (t)

propor tional 4@ volfe fBedbatit Splfer 4O Rittudeds fikbinvartitg Snrut iepminhlresoatiee
rectified AC input voltage signal (Kd x V.,(t)), wich s ?#]EHQJ i.ed to the
non-15i nvte thei awtput vpliager Vrdif el bogst comerter 1§ WA e restemiBferGirgpt ugipe athe
vol t age si.gn Vi . pro, i , inkl S AfelfapPfebdiagk r ent may
be obt airﬁségoﬁ“oarlnm?%(eeg%tgf ?%geAéa%gé&gég tng&lﬂg%n Iel{'rfrépéd;slinstor 30 of the boost
conver t edmpliSier 88 nig de réspatsiveas dienbfefancevoltipe VargapeatatedibyithelP Wi pentiol f eedback

Foet 1 GHEoRR2Pn B e ees ek AER B ragsonchPy AR Rpetbl [ (1) the
si gnal \ﬁngmﬁeﬂ%@ﬁh&%@&nﬁﬁi%ﬁwmwﬂﬁlbosétrcameheem totadegieaideade t he out put
> nZ%l PEcc,ording to one embodiment, the voltage feedback amplifier 40 may have a sufficiently low

bandwidth such that the error voltage signal Veror does not have any significant ripple at or

above a Certain frequency, such as 2o (e.g., 120 Hz), to minimize harmonic distortion of the

input current.

The power multiplier 44, which is discussed in more detail hereinbelow with respect

25  to Figure 4, multiplies the scaled rectified AC input voltage (K X Vac(t)) and the rectified AC

input current voltage Vyu(t) to generate a scaled power signal waveform (Vpin(t) = Kp x P(1)).

This signal is supplied to a low pass filter 58 to attenuate certain frequency components, such

. as the 2w component. Thus, for example, where @ is 60 Hz, the low pass filter 58 may

attenuate the 120 Hz component. '
30 The remaining DC signal (Vpin) output from the low pass filter 58 is proportional to

the average power (P, of the rectified AC input signal which is supplied to the boost

converter 18. This signal (Vpi) is supplied to a first, inverting input terminal of the power

feedback amplifier 42. A second, non-inverting input terminal of the power feedback



which is supplied to the PWM control circuit 20 to generate the appropriate
PWM signal to control the duty cycle of the power switch 28. The \ﬂkgﬁms
feedback anplifier 40 includes a first inverting input termnal re

15 to the output voltage Vout of the boost converter 18 %?@;’g"ﬁzi&i stor

di vi der cRUWHH2 inciuding a resistor 54 and a resisto ¥econd,

non-inverting input termnal of the voltage feedback anplifier 40 may be
r esponsiamglifier 42hmayrtef respensize toathe sdeente orb ltageriéer geresated byt the PRNIcen®e!r ol

circuit 20., uch, the voltage f back anpl |.fier 4 f tion as an
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vol tage feedback anpli 40 may have a sufficiently | ow _bandw dth such
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pass fil 8 to attenuat'e certain frequency conponents, such as the 2a0
c onponertirrefiveferentomubtiptient Geand dhrecueregifeedbagoamplifier A®). |Thgapededermingler 58 may

attenuate the 1 onmponent . 30, The.remajnji sl | out put
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t he rectyifse@eithGn apRbristé BRARVoINMAE M, ivée Stepistor 641 According teaamether converter 18.
This signal (Vpin) is supplied to a first invertifﬁ i&pué tcerrri nal of the
power  fesehoraRsat.anhl ot o themtpuss ofthe yritags Bedash amplifig 404pa &M nal of the
pover f%&f%@&i(%ra%?ﬁe% 45%@%’%@%@61’%6@}2%@&&1 oG 1drafSal Quasm kdfériete 42 may be

responsive to reference voltage Vref generated by the PWMV control
ci rcui t Ratiplérds bytaheultipleser sheleatbior kxamme,iehiFET multiplsyers uncti on as an

integratin ror | fier hayi ol [ I responsi ve
to igdi ff e?e %gfﬁgg%epﬁeemsglpﬁg% I%W%@g%s (@frxg n’?ﬁé’?%asgzﬁf%gtéll %?(}a{&gt][eﬂjtb he a\F/)er age
power (\@ihe) th@ﬂﬂltégh@cédﬁi&lfﬁm\&/iﬁet/m d&xagepd#vﬁffgedgadlampéiﬁaﬂ 4% ps dﬁfscmbfé )
i nst ant aneous error_signal s Verror. generate t he vqlta
anpl i fi diereiabedorg. ke %@r’e?tg@%‘aéﬁl%‘a\mtﬁﬁ ‘@?V%Oémih@("gﬁ}ﬁﬂl ?Iglapfo?q?tﬁog current
ref erencg;g oggllaﬁblﬁ),lak ﬁgs,cﬁﬁedf’%r@ﬁﬁ%l&fr,,is § RictiBeBEId Ravesefeiepse cooregmatisg tor i ng

in

di odes 60, . Accor gly, the anplifier with the | ower t controls
the err ofm3i\prak Vieéuwhich tha reformcs aeplitgdeig coptrolled by heerror voliag? Verer. 18

20  addition, the reference waveform is in phase with the rectified AC input voltage Va.. The

output of the current reference multiplier 46, as described hereinbefore, is input {o an
inverting input terminat of the current feedback amplifier 48. The non-inverting input
terminal of the current feedback amplifier 48 is responsive to the sum of the rectified AC
input current voltage signal Vi (t) waveform and the scaled rectified AC input voltage (K4 x

25  Valt)). The output signal from the current feedback amplifier 48 is the current feedback
signal Vip,.

Figure 3 is a diagram of the current reference multiplier 46 according to one
embodiment of the present invention. According to one embodiment, the current reference
multiplier 46 is a switching multiplier including a comparator 80. The rectified AC line

30  voltage V.. is connected to the output terminal of the comparator 80 via a resistor divider
circuit 82 including, for example, resistors 84, 86, 94 and a diode 88. The current reference

muitiplier 46 may also include capacitors 90, 92 and a resistor 96 connected to the output

terminal of the comparator 80.



current reference nultiplier 46 and the current feedback amplifier 48). The
anode termnals 10 of the oring diodes 60, 62 may be coupl ed toget&zr gas
illustrated in Figure 2, and nay be biased with an appropriate bi i Zﬂc%e
Vbias via a resistor 64. According to another enbodi nent nl ne of the
out puts of"Q A2 t age feedback anplifier 40 and the pO\A/«gFT%IS%’Z\H’g%?ck
anplifier 42 may be operatively connected to the input termnal current
reference nihticphpaatodd) ingludenafitst pettenmisal césparsivefto theeranpoltagean FET

mul tiplexer. 15 The current referenc |.tiplier 46 |tiplies the error

vol t age Sﬁ“@%‘é@ﬁ@éﬁ‘%f‘tﬁ‘hjéﬂ”ﬂwﬂﬁ@h@c a%arrg%lﬂf?r flggﬁtggé’ﬂwg#ﬁ?q%ﬁl%r 40 or the
pover fegdiiaeksARPhdtiifdd HereintRfortl e A GeidAR Shpul RERINBRGRE Smibvatéd B0 eal ed
rectified AC i nput voltage waveform (Kd x "Vag). The product of this

oper at i dw respengiestorthdratiphettegasigiabWremi gneramégtf ittfe Y Ms congroheiveait 28f dhence
corresponding. to,, Kmx Verror. x.Vac, jin.which.the r enc lLLtude is
cont Sol I8P B@“’i‘ﬂ’?&’ rep 150t IRFAY YAipg° @‘é’]"ﬁ?ﬂl}a"}% dom-tolof] tvlogérﬁ% \'?'ﬂ‘lés%cg;%rz gljr?ce

wavef or moits, 2nd apeaselgs bf Vfie Theféridd FeheempVoltige\siinkPge,, 8T, The output of
the current reference multiplier 46, as described_hereinbefore, is input to

an i nverti ngdVhenshe instapignepas value phibe enpr volipgs s Yekr g9 fieer 48, The

non-i nver.t.i i 1,nal e c ﬁﬁ@%ﬁ%rm iif L ; IS
responsiléé@éhp%lepﬁgﬁﬁcné%ﬂa% "rogtégelt??“é"aﬂﬁi&%%%tn%ut current \9'01% '%t%helélgi gnal
Vi ac(t) wedtgd i, aluhvedselyswlmnahe instaptaficond vil@ ofithetamyovdliagesigid Vemp5 Va, (1)) .

The qut put signal fromthe current feedbacgk anplifier 48 . e Lrent

f eed®ac kexc%‘?%@ nsfantagegyy yalue ‘?éheaerfﬂré@&%’?ﬁ}(dﬂmt eeCO@EPI‘afaé?{t% Orolepté‘lr g%lga ©

mul tipli@ils 6 RESRE vaRie! QP BEzerE W R0 IATERRYE erftr vbigzeRI@eEV)  ivanenfrimna.
According to one enbodi nent, the current reference nultiplier is a

swi t chi riginimimiyelieesuch axzereivolts, 1 the Repkvaltese \ae of the 2R ¥qlfagr §gnAV ampne 30
vol t age i.S- C t tont: 1 200 1 via a
resi st ora{'glg{/nle é?t?lggc}ﬁgé%ﬂ?t Ogﬁﬁelrl%g(bﬁ%l ng,otl éotr%gel? ?rgﬁglteafggregg?gtﬂ%{% 84, 86, 94
and a dipied 88, vafisefromrzesntb Tief erence nultiplier 46 may al so include

capacitors 9 92 .and resistor, 96 connected t.o,. LR ipal of the
conpar at or Sgl.vhegcﬁsf‘?r q'—éaaé’d?"z‘ig% Lopa] '%5 ggaﬂg?’@?/dfﬁg%gg 39 13&3{%%1?%6(;@&%% ator 80
i ncl udescadadiior B td Bedual EThai Bakhdnahpompitweltige dftiee @emparatar@0tikigh, the gnal
Verror or generated by either the vol tag& f eedback a Ilfw 40 or tt he power
f eedbac keapasier 99 chargeshrongh thesesisidd and e TriteGAan PAELE SYBE R BYPYer mi nal

of the C%?Eﬁg&g@&d@%w gﬁeg,r RPOAEN) (R éa?aéit}&?% @i3hayds tagephth Fedlstoyr anp

generate contr circurt”20. The 5 rafr}P voltage Vranp is a
|'i near v#f$ amighe fasistor 94 im peaallehg Thuspifithengsistersietvalye ofjthe resistor h&l& RhofEn zer o
20  equal to the resistance value of the resistor 84, then both time constants are the same.

Multiplication of the error voltage signal Venos and the rectified AC input voltage
signal V. by the current reference multiplier 46 is accomplished as follows. The error
voltage signal Veme: is compared to the ramp voltage signal Viump with the comparator 80.

The pulse widih at the output terminal of the comparator 80 corresponds to:

25 ¢ =V @)

on o
pk

where Ty, is the period of the ramp waveform, as discussed hereinbefore. The duty cycle of

the switching multiplier 46 may then be defined as:

t V ror
D(t) = -2n = —emer | 3)
( ) I;'w Vpk

Thus, the duty cycle of the of the comparator 80 is dependent upon the characteristics of the
30 ramp voltage function.

10



volts, and a peak voltage of Vpk. The period of the ranp voltage signal
Vanp is T,,, Wen the instantaneous value of the error voltage signal %/aeium
exceeds the instantaneous value of the ranmp voltage Vanp, the outﬁf&F e

conparator 80 is at a high voltage value. Conversely, when th§
i nst ant and¥82/338%ue of the ranp vol tage signal Vanp 10 eXEL&GY/ARR
I nst ant aneous value of the error voltage Vor, the conparator 80 output

vol t age f al [The tapagiter 0 causes telcomparatee BO astprevoitagoiotbe avéegedyeetimer vol t age
signal Vr vari froma _m ni val ue, .such as.zero .volt to the peak
vol t age Migralueg ﬁlpﬁépqﬂgﬂﬁ%ﬂ %@%7"9%@?%%‘%%3 hlﬂ%rfé" lttcglrﬁ’g%flgaue'{cﬁést t he

out put %fvexraE& AP erle 'vélt% ﬁteaﬁen?%ﬂf%ﬁ‘i L 90€aVPlddSolblel dtheeach ranmp

period Tsw ~“varies fromzero to e fesistor 86 and the di ode 88
cause t haymbhef @enparmordi(sic bauatie the dety cypristimag the odctifisd ACcapaoiolitage 80 t o be

|. That js, .when the qutput. yol f th 0_is.high, th
capadi t GPiusel B geeen GO £ e CPGy B 2 aeoERan pheboreeg o '
par al | el M8 retiBersail RiAI86 20 edubiS HEQIRAT! AiREe 8O SohParatoL8Weorretfuds Vol t s)

the capacitor 90 di scharges through the resistor 86 and the resistor 94 in
paral | elto: Thus, if the resistance value of the resistor 86 is chosen 20
equal to the resistance vglue of . the resistor 84, then both tinme constants
are the same. I\/UII}'hEI__iﬁ i ofinof |he, efreddyol fage |pi gnal Verror the
rectified AC input vV I"ta@ Ry StRpal« %c b?ypkt &, GuRy, ent " ref erence mul tiplier
46 i s acconplished as fol I'ows. e error = voltage signal Verror is conpared

to the ranp voltage signgaf Vpanmpywi th the conparator 80. The pulse wdth at
the output term ndf,(DE E—%ﬁ&t@ﬂ)'%c(amlfmsﬁmﬂi' Kdt) 25 ta, =@ T,s,,
(2) pk where T5 is thesp Riud the ranp waveform as di scussed

her ej nbefore. The duty cycle of the switching multiplier 46 nay then be
def ined ‘gqcD(t) =E= . (3) sw Vpk Thus, the duty cycle of the of the

conparator 80 is dependent fupop the chRaracteristics of the 30 ra%voltage
function. 10 2 2 F E BRR ‘&{ 4 PCT/ USOL/ 28919 The capacittor 90
tput Reot fa

causes the conparator 80 o e to be averaged over tinme. The val ue
]9 ]; e;ngngg}l%?v&ictrg £34%gd 94yarg (talwcrgs?ssti%g vg.llljlgshoft tﬁca ;[esi(s)trc}l'sy845 Bf re@;ia&lfivaw tching
From equation (5), it is evident that the output voltage of the comparator 80 (and
hence the output voltage of the current reference multiplier 46) corresponds to the product of
15 Venodt) times Va(t) with a gain muitiplier of Ky, Assuming that Verar(t) moves slowly in
comparison with V,(t), then the rectified sine wave reference output of the current reference
multiplier 46 is proportional t0 Vemo(t) and in phase with Vac(t).
The capacitors 90, 92 in conjunction with the resistors 84, 86, 94, 96 form a two-stage
low pass filter to remove unwanted high frequency components from the rectified sine wave
' 20 reference waveform. According to one embodiment, the switching frequency of the
comparator 80 may be on the order of 100 kHz while the low frequency signal will be on the
order of 120 Hz (i.e., 2w). For an embodiment where it is desirous for the current reference
multiplier 46 to create a rectified sine wave reference signal that is substantially in phase with
the fundamental frequency o (e.g., 60 Hz) of the rectiﬁéd AC line, the values of the
25  components of the two-stage low pass filter may be chosen such that the filtering does not
result in any significant phase shift of the rectified waveform. Accordingly, the frequency of
both poles of the low pass filter may be, for example, substantially greater than ten times the
fundamental frequency o of the rectified AC line. According to one embodiment, the poles

may be between 2500 Hz and 10 kHz.
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averaged and not the lower line voltage frequency (i.e., 2co) . The average
voltage at the output of conparator 80 is equal to the duty cycle tj’cﬁﬁsz[@ge
rectified AC input voltage Vac 5 reduced by the resistor divider cizr .
Thus, for an_ enbodi ment in which the resistive values QET/"U%E%& grs 84 and
86 are eq¥@P22¥Mb out put vol tage of the conmparator 80 coriesponds to: Vo (t)
= D(t) R94 Va, (t) = V,j,nr(t) R94 Var(t) (4) R84 + R94 VA R84 R94 VO (t) V
R Rsa ) rr(t)Figurd/4 is a (iapram dfthe power mult{piier 44 Magrdintg)to 059 empidingnt afbohere Km =
r R4 (6) V R84 + 1? and where R34 ancgf R94 ar.e thﬁ. {.esié{#ve val ues of the
resi st qreseBUnvatiopedhe eV PlEr Ay StaiSB'HaP?ﬁ mubpLerdnetigeht that the

out put vaol e 805 R4t thage of the
curr entcoi@%gr Jr‘@é’ &ﬁ%l%{] :ﬁg{?g{ﬁ%ttcor raggéég%x{(}g\’l? ga?ﬁlgaggkﬁggﬁ(}?%% 15 Verror(t)
times Vaefdrionad theang@micorrent bf thpbscat comfverter.18 Adssendnd gnyuh tenminekqfithe moves

slowy in conparison with V8,(t), then the rectified si rref erence
out put emparsorchPmesit beTesRNENE R th"rﬁmﬁ”i"ﬁitﬁgrﬂ%fl smpﬁeﬁﬁﬁ?&ﬁ%ﬁ%;ﬁ 0 VClnr(t)

and i n &%@%ﬁ/@ggﬁoﬁ?ﬁ%}]? e e R L ARSI

resistors orm a two-stage w pass filter to renpve

unwant egkcbédy lihd ingtanteneops salnp of ibaitasipfvottage Viemy Be obtpiteaf the ¢papaestcs 1090
reference veform Accordin 0 Qne.enbqdi ment ' ' requency of
t he com§a&t évﬁ VSBa%V%lfe cg?il"?’ﬁ%y’d’ﬁ"&% pledf]g%ﬁw&?—fzva% folf?@tr%rgﬁ' :\@%g% requency

si gnal g/v'g{wh \BE, BXbebdithe RistiBtaneus $20e 612h¢ inpt cundhoyoltafeaigmhVeyihedi ment  wher e
it is desirous'for the current reference nultiplier 46 to ﬁreatte a

recll f i ewnmrater RDautpwveltegsdallsdp g munimpmnyatie sechiss eeiA VP |45 PR BHase with the
fundanmental .fr 0 : § &b verk, AGhE b, the val ues
of the ﬁ?%’éﬁ%@%ﬁ%i@&o\?’a%\%@%@g?‘ﬁ‘gﬁ?uma]%ggus&%? th er na bebchosen such

t hat t heoltdge vy bfibye tomys voltipe sigee Wik, itre timey T idphtiieiostent offheecangiiet of the

rectified waveform Accordingly, the freguency of gles of the I|ow
pass fi 1P "’l‘rﬁﬁq’b@vql € &%y ?eg%g?’gﬁg?%qlf‘vvg‘ﬁeesaf&e}}r%ﬁan en tines the
fundament al frrefHeaREd ACTiRvoltiie V.68 bbiineerd AChE omput témuual @i thg t o one

S\gb gg} Zﬁggé,nawt he/] O*lgj%}safgg'gg 1$idtl=,)recgr\f,;\1§te 1{']101121 191%, or e:?ar@]m%le];gesggs 1(&5}1(‘?‘4,%1(5: E B 2005

and a diode 106. The power multiplier 44 may also include a capacitor 108 connected to the
resistor divide circuit. ‘

Similar to the current reference multiplier 46 described hereinbefore with respect to
Figure 3, the resistor 104 and the diode 106 cause the charge and discharge time constants of

20  the capacitor 108 to \-)e equal. That is, when the output voltage of the comparator 100 is high,
the capacitor 108 charges through the resistor 102 and the resistor 110 in parallel. When the
output of the compé:rator 100 is low (e.g., zero volts), the capacitor 103 discharges through
the resistor 104 and the resistor 110 in parallel. Thus, if the resistive value of the resistor 104
is chosen equal to the resistance value of the resistor 102, then both time constants are the

25  same.

The power multiplier 44 multiplies the input current voltage signal Vi (1) and the
rectified AC input voltage signal V.. The product of these two waveforms produces a power
estimation waveform which has a DC component equal to the average output power and an
AC (i.e., sine wave) component that has a peak-to-peak amplitude of two times the average

30 power. This waveform may be expressed by the following equation:

V(@) = Kp- V() -V,. (1) = Kp -V, - sin(@n)V,, - sin(ax) (7N

Viu () =Kp -V, -V, -sin*(a1) = Kp(-;- - oos(Za)r))- Vo Voo (8)
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Figure 4 is a diagramof the power nultiplier 44 according to one enbodi ment
of the present invention. The power multiplier 44 may be a svm'tchiﬁ 2005
mul tiplier including a conparator 100, which has a first input ter ﬁ§$
responsi vy vol tage signal Viac,(t) that is propor t he i nput
current o?olﬂ?‘f@%%oost converter 18. A second i nput termfr)léﬁﬂgl#mﬁﬁg
conparator 100 may be responsive to the ranp vol tage signal Vranp generat ed
by the PWM control .circujt 20. ﬁfnpe i nst ant aneous val ue of @Pe I nput
current vol tage gkt Kwiholeos(2as Cﬁ'ggvfﬂ@ (rskeasitanbdus val ue the ranp

vol tage Vranp, the output of the co rator 100 is at a high voltage val ue.

Conver sel y, AWdginighe ohoahbetiaagabslowalasiefilod S8 (uee Fipye zaomayd:gexsedstpgnal Vr anp
exceeds the instantaneous value of the input current voltage SI vi,,,,

t he 10 atempis, firexampe, tbgtzqmﬁ@gvbaot}é@éreﬁ@npxcm@%% RN IRIES h as zero

vol ts. current vol tac ni mum

val ue, Séﬂ?é}t“ﬂ'“é%t%&PBor\t/‘STﬁléo 8"??% ggg (bgﬂah%%c%rc\}ﬁgfjﬁtgﬁt th@?"3’£ vol t age
si gral Mn@pRer 44Nhek ﬁ!fenﬁg?;)ttharomtﬂhes vk 58tm#&)f bd dempaetpathatioed ref@encks at t he
hi gh vol tage val ue during ‘each ranp ﬁsermd Ts", varies fromzero to T, The

rectif n@uagaafyuhyéhc/qug'eedback ampliBefreastdserrived PeTEInBEIPISUT BRFAEARI of the 15

conpar at or 0 via feMbe¥@ P! €,

resi st o< Y %’%gef’@ﬂahf %ﬁy %k%%g{ci%%] c}e4%%§mg%%n%&thlep er 44 may al so

I ncl udq;oatrsmawdrigeﬁ;ﬁﬁpsﬁ&nect ed to the resistor divide circuit. Simlar

to the current reference nultiplier 46 descri bed,hereinb forﬁyg\éth respect
|
i

to Figure Fonsepuenibsiagosding . %JHBSSP’HBV%’HBH@OYSBfaﬁt%%OéT ThE Ehtrge and

di sghargeiteh r@ﬁﬂ&%é}?tﬂ%n% corgﬂngd?lew@?ﬁ}ﬁﬁ|a{1Q'FC]i@&ni®eb&cmaamtcﬁfmt is, when
t he output voltage of "the conparator 100 is h| 1? tgﬁ' 08 char ges

t ht oughmnhipliers §i Qs,tqyrremo-gfemgp mptplhes 46 g@q)povg_q_@zq t,zp 1551-1 oK out put
f th 0 ]J;QB
3, sc h:r %Sggp Ii,gﬁ%} 'Qﬁe%%@ys‘%ﬁ tHe Brﬁ g &ﬁ lohSthe plebiSiof 3P@1e pbWer

e resistor 1 10 in parallel.
Thus, ifs lﬁzﬁi&droamlsﬁba\m c\zmhnumnbthletdneesrae&ﬂvtamphm@& of the rupp¥@iree §88 to the

tan | th t 102 the 25
o, TRempobEciniPt PP PR PSR Rk o GERE MR 00l gnal

Viap{t) @gngltgﬁwnndnect i fi ed AC input voltage si gnal V. C. The product of these
t wo vvavef ornms pr oduces a tio ef orm DC conponent
Vo ¢ heAsdisriee Rpiopdwos 4 s Dadof rachal Vgt i

equal conponent
t hat haﬁ]oﬁﬁﬂi%ﬁkl b BreRB@Hea MU fleusBe tind 1O sédidiasctiffed A erlagesigtal Par . Thi s

wavef or eex ressed by the follow,n uatl Kp - VI(t) -
Vi, ( 1)l"h&011¢put SNgnR! of the pqd@x,%/% ayinput togingp- Eﬂ‘%{t "‘,“(lfrﬁa‘g‘?gb%}mm
V.,.sl n%éed@&ci( a%h%exc‘%? GL@kdkNE Berygoé%ﬁ)thhgfm cing the output signal of the adder
20 49 to equal the rectified sine wave reference output from the current reference multiplier 46
and input to the other (inverting) input terminal of the current feedback amplifier 48. Asa
result, if the line voltage input to the boost converter 18 increases, the current is regulated to 2
lower value. By adding to the scaled rectified AC voltage signal V,(1), faster response times
to line voltage changes can be realized. According to another embodiment of the present
25  inventiom, however, ihe adder 49 may be eliminatéd such that the scaled rectified AC voltage
signal V(1) is not added to the voltage signal Viu(1).

In the switching multipliers described hereinbefore, the multipliers 46, 44 multiply a
voltage waveform times a voltage waveform. According to other embodiments of the present
invention, either of these multipliers 46, 44 may be modified to multiply a voltage waveform

30  and a current waveform. Figure 5 is a diagram of the current reference multiplier 46
according to one such embodiment of the present invention. In the illustrated embodiment,
the first terminal of the comparator 80 is responsive to the rectified AC input voltage Ve via

a resistor divider circuit 120 comprising a resistor 122 and a resistor 124. The output
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'p 2 Kp (1- 2 cos(2ut)) - P" (9) According to one enbodi nent, theﬂlfwﬁﬁﬁs
filter 58 (see Figure 2) may be used to attenuate, for exanple, t

(e.g., 120 Hz) frequency conponent. Thus, the remaini ngpd)Gsesh@pal nmay be
proportib%?”%&g"t he average power (Pi,,). Therefore, the output of the power
5 multiplier 44, after filtering by the |ow pass filter 58, ma¥ be conpared
t 0 t he tdrinked of the ecrapaetor Hbistcopdedioah etygr quvent sianel lofc@asaCIVEAPED fiRer 42, as

descri bed herei nbefore, to generat n ror. vold. Sj ~used by the

currenta’?B@P’érraé‘ﬁ]é’goﬁ’ﬁff’E‘?ab??s@?beg&emgg’eg’&WﬁWé%ﬂch%rﬁég‘%ggf%]rgg% e_tng control the
aver age ARl P &4699%}%%&\»1@5}&11&%&&%9@1@& VoPagd e, Rhe 8RB0 curent i on, power
fact or correclPlo may be 10 réalized nore precisely than in conparison wth

prior aighaAGG tbeehealyttesedificd sive wew tefnensg whieh lis prpporipsel the egor SIgRA r ent
reference myltipljer .46 .power nmultiplier 44) are used, rather than
anafog aHﬁiH%F?@F@%‘BAE%%%a%th the present invention, the precision
of the powerryk bt sigha$1ld HireRtkodile) 26z a6 ifplanemenssiig 4 pirsisanGes and t he
anplitude of the ranp vm(’ﬁ'tage signal Vranp. As such, the power [I m t
accur achown)suckeas Grahmplpe opelativngion SpnstorsBd Ljihawng g expaies (TGt nyent i on.
As di scussed her ei nbef or LehalaVi ac(t)

whi ch %€ 6& Gheh Brgf fot RRSELE e bl The 1dlfeY Rebat at the scal ed
rectifige i poud FgBackiagpifieMACHH Jollectditemtind] patpled tgribd owputtérminalidler 49 is
input to a non-inverting input, termnpal.of. the current _feed nplifier
4810as the eqrnpsaer $aad Kb Eﬁ[’z“E’flmaf‘H1°£P§*‘1“’61?18?‘:%‘?&Aﬂ Y‘?%ﬁ’g%uﬁﬁ‘tﬂld‘?gl&h%‘ﬁﬁ%'f@t he adder
20 49 1,0, QY 'mE{&?deEé‘rﬁJea fbrBlb bR Sy ESebtab BIpBRCE tipitupeht bfermed he current
reference nmultiplier 46 and input to the other (|nvertlﬁgﬂ( mgyt term nal
of' t he iultipBert4éfof EFidue k isanyponsivede thpgoutp ofeitherdhe Veltage feqdf@k ampiiitry|  age

Il nput tQt boost, nyer L,1C . I éitant Shelredifcatagd to a

| ower v%l ?fg.ge W%éﬁ%ﬁa&f&g} p? ﬁgrl@c(lg[%éég?{ehgﬁ P]f.l# @gd%g%gil)tagge signal V(t),

faster mpsp@nsg Vires to line voltage changes can be realized. According to

anot her enbodi nent. of,. t he esent 25,1 nvent.i . 49 may be
el i¥¥ nat ed SUBWECHAR dlaﬁ’@ms‘gé]i’e&?vfeé&“f% lgrd&,&égd\}g n?g%\gﬁ/ceé@é&r?a e@gg\tﬁ%) i s not

added tgGeldA€invehticads whidhMid poWeanfultjplied 44 hidpliasiatvohiagegvanefaningoiler s descri bed
herei nbefore, the nmultipliers 46, 44 l.tiply a. vo times a
vol t agecwrsnePayaformcadhediingreed WH@W%&?#W%“%?% é’ﬁgg%ﬁ%zs{tgin?doq}s nventi on,
ei t her féfsp.%r%ﬁé?% el bdiiled RESHAR volldbervaYvib e rett Bivider tivcuit Wicpmprising vl t age

m an

wav ef or a current waveform Fi ur?h 5is a d'Ll&gram qf tr}jg current
r ef er eneiston(132 pid eresigigr 134. The output terminal of the comparator 1s coupled to

20  input current signal lin current source 136, In a manner analogous to that described

2 2 F E B 2005 WD 02/23694 PCT/USOL/2 919 J VP;,, (t) = Kp (I - 2 cos(2wt))
|
|

hereinbefore with respect to Figure 4, the power multiplier 44 may multiple the rectified AC
input voltage Vs, and the input current signal Iix to generate a waveform (X x P(t)) that is
proportional to and in phase with the input power to the boost converter 18. This waveform,

as discussed hereinbefore, may be supplied to an inverting input terminal of the power

25  feedback amplifier 42.
Figure 7 is a schematic diagram of a circuit for implementing the I;, current source

136 according to one embodiment of the present invention. The circuit 136 mcludes an
amplifier 140 and a pair of transistors 142, 144. The transistors 142, 144 may be, for
example, bipolar junction transistors (BJTs), such as PNP transistors as illustrated in Figure
30 7. The input terminals of the amplifier 140 may be responsive to the voltage across the sense
resistor 30 (Vi) of the boost converter 18 (see Figure 1} via resistors 146, 148 respectively.
The output terminal of the amplifier 140 may be coupled to the control terminals (e.g.,
base 1erminals) of both of the transistors 142, 144. The emitter tenninals of the transistors

142, 144 may be biased by a bias voltage source 150 via resistors 152, 1 54 respectively. The
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according to one such enbodi nent of the present invention. In the
illustrated enbodinent, the first termnal of the conparator 80 iﬁb 2005
responsive to the rectified AC input voltage Vac via a resistor di Kééﬁ
circuit 120 conprising a resistor 122 and a resistor 124 &gg’@ﬁprt 13 2 2
F E B 10080%05%62Y 23094 PCT/ USOL/ 28919 terni nal of the cENpHIALH! 80 is
coupled to an error current signal lerror current source 126. In a manner
anal 0gQudBedi@ tbiiahal de SR rfirkadniisoe] 2aedythecconpledtoragspmicterhumeFofghe e 3; the
current reference multiplier 46 may nultiply the rectified AC 'qput vol t age
V., andmidiert4lorAcsoidingro suds agoafigwalionp fhe cogeny Srerthe eolterior Fﬁé@tﬂ?ffq ed sine

wave reference which,i hona : i : ijt phase with

Che. i ot e TS <G8 2 SERLY R PeteriolE B 5 0B PR muRe Bt S P o e

i npl engmpad 6URNcB&dmglts oihel ahpdiriand of ibdierestht igvekionshe fionitdGmayee a bi pol ar

junction transistor (BJT) havin? its emtter termnal coupled, through a

r esidst dilternabvely pesvigyredtio Sumpdy e diptrentsigni vol t age feedback anplifier 42

and the powef;,f ek d ' 4, Qlsait kNgleeupl ed to the

out put ter m,ﬁ}ﬁg‘ﬁé}?ﬁ%&%ﬁ%ﬁ%&gﬁ%@?%a#%;e%%e?m%ﬁ%hﬁ@%‘%gglsrg%r m'cna bi ased with a

fixed vetbcdgeentsAGwee of srdinury skiliinltieer art will retvgnizethetinammodiSsaionbad

her ei nbefore with respect to Figgre , the gyrrent refer$ncpanmﬂg1iplier 46

of Fi guresiatonsof thepsental ipyenfign fag be IRIEIReTFd: di0F RN A Ps T Ha S 8ddback

anpl i fi oMeh @ biilia 40400 (ipdwepfegdtact he of i ng
%Bl?odg%rﬁﬁf Hé?:rég veh§&# _ ﬁ?l | pweffegdbac

di odes and the rectified AC input vo tage V., . 15 Figure 6 is a
di dgr ananglifien 42 pawde chminated|fiosy tha RFG cowiralichigpit 3. omaddifierb assoetive 8f ¢ he
present_inventjon i i : iepl i.RLies cyol t age
wavef or e CIEBO‘{@H’F’?‘%{% a&@@é?%@&%‘éﬁ {eehiﬁle*nutgé lr)}g(?g eérlrtggladii%znt? the first
t er i nathatthe fdeafiedAPanRIt ourretDigha Vik@spootsidded to tetchuentdeedbidka@tage i nput

voltage V,, via.,a resistor, divi circui.t risi . esigtor 132
and a r3&paVay Prieyo ge{‘ﬂ%“@ﬂ{ 19pe ]?@MWHPP%W%%@ @%:f%’éetggfng%e%éf{@iéngoupl ed to
an 20 i #RybndHAE ERImsSrMdndbd/to covéifal] §iidh :86iifi@tods3ad vinztionemnner anal ogous to
that described hereinbefore with respect to Figure 4, the power nultiplier
44 may multiple the rectified AC input voltage VS,, and the input current
signal Iin, to generate a waveform (K x P(t)) that is proportional to and
in phase with the input power to the boost converter 18. This waveform as
di scussed herei nbefore, may be supplied to an inverting input term nal of
the power 25 feedback anplifier 42. Figure 7 is a schematic diagramof a
circuit for inplenmenting the li,, current source 136 according to one
enbodi ment of the present invention. The circuit 136 includes an
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anplifier 140 and a pair of transistors 142, 144. The transistors 142, 144
maybe, for exanple, bipolar junction transistors (BJTs), such as %HEFEBIMS
transistors as illustrated in Figure 30 7. The input termnals of t
anplifier 140 may be responsive to the voltage across the sense resistor 30
(VI.,) of the boost converter 18 (see Figure |) via resistors 146, 148
respectively. The output termnal of the anplifier 140 may be coupled to
the control termnals (e.g., base term nals) of both of the transistors 142,
144. The emtter termnals of the transistors 142, 144 may be biased by a
bi as vol tage source 150 via resistors 152, 154 respectively. The 14 2 2 FEB
2005 WO 02/ 23694 PCT/ USQ /28919 collector termnal of the first transistor 1
42 nﬁ}ﬁﬂé4%oupled to an input termnal of the anplifier 140. According to
such Qon&i%ﬁr tion, the current fromthe collector termnal of the second
trans i nﬁy supply the I'in, current signal for the power multiplier
44 of Fiqure 6a pboepfaiongoirectiohhircuiefdradionriiosrenfupphe vireese the boeslent i on,
the circuit 136 may be 5 alternatively Canigurﬁggéo é lﬁ t he.Ji n, current
si gnpbwenburpdyicludes a ooy sanveariey ) FesROPRYE BRJRCHIEdAS bR Vhkass HeROReT
respect to certain__.enbodipents, those of ordinary skill in the art wll

r ec oS ATFRSHORSHGH ¥t i ons and variations of the present invention
may be i npl GITB/k9ekdbEN arpIFTeR (40) Haokgradirginp@ temtihdl eesponsibott areoutpi t he
present invention, the power nul'tiplier 40 and the power feedback 10

anpl ivbltege dPthedpoktecoebértarnat ed from the PFC control circuit 22. In addition,

according to anqther .enbqdi L Lhe adder elimnated fromthe
PFC controﬁ‘“l‘f“l"?"(‘,g‘i;flgi%é“éc @Fgﬂ{egﬂéthaméwgg&u%?%ﬂ{@%apﬁput current signal Viac
(t) is notaggg@g,im hétRIdr dogttbl ifRitia0)havitgtaadaput sérgiindl cvhiatqditben to bei ng
input to the PMM control circuit 20. The_foregoin q§§%§%$3hon and. the

f ol | owitpyg tetminalofbe cimmn frtdbpokrerdifier apd havingcHn GHIRK KoagRgetion to
\ég:Ir%&qqg%%ﬁéﬁﬁu?%%&g@o@fy\@cbm&ﬁ@ﬂgal med is: | . A power factor

power supply, 'wherein the boost power supply
i ncl udes azhwestaigmednier (18) responsive to a rectified AC |ine voltage,

arpl | 1 or €853 tchiag PduBher FHSH (465 e wri FerPraepantoe ST P RRCL TR =
vol t At ijui pe%nl%)a? nfeRIY TS L&Eﬁlpul termina) of the voltage feedback amplifier, a second
input terminal responsive to a ramp voltage signal, and an output terminal
responsive 1o the rectified AC line voltage,
wherein the current feedback amplifier (48) includes a first input terminal connected to
an output terminal of the switching multiplier circuit and a second input terminal responsive to
an input current of the boost converter.
2, The power factor correction circuit of claim 1, wherein the switching multiplier

circuit includes a Jow pess filter connected to the output terminal of the comparator.

3. The power factor correction circuit of claim 2, wherein the Jow pass filter includes
a two-stage low pass filter (84, 86, 90, 92, 94, 96).
4, The power factor correction circuit of claim 1, further comprising:

a second multiplier circuit (44) having 2 first input terminal responsive to the inpuot
current of the boost converter and a second input terminal responsive to the rectified AC line
voltage; and

a power feedback amplifier (42) heving an input terminal conoected to an output {erminal
of the second multiplier circvit and an output terminal connected to the first terminal of the

switching multiplier circuit, wherein only one of the output terminal of the voltage feedback
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a current feedback amplifier (48) having an output termnal; and a pul se

w dt h nodul ator control circuit (20) having an i nput term nal connect m
an output terminal of the current feedback anplifier and having aﬂ%ﬁ&ﬂ) 5
termnal for connection to a pulse width nodulated switch (28) of the boost
converter; and characterized by. a switching nultiplier circuit (46)

I ncl udi ng a conparator (80), the conparator having a first input term nal
connected to an output term nal of the voltage feedback anplifier, a second
i nput term nal responsive to a ranp voltage signal, and an out put term nal
responsive to the rectified AC |line voltage, wherein the current feedback

anplifier,.(48), includes a fjr | nput_term nal .connected to an out put
t er maHRH aPhé“"sW‘P‘&%Fﬁ@mﬁiﬂftS‘f'?)P‘P%?f fE‘Fd?’éa% FoRRgeds g@%ﬁ@&x ?ﬁ?&f’“f"gf"’r#{ﬁal

respmflﬁutﬁ%ﬁﬂhg@gtéwﬁng?ﬁm li&?&ﬁc@ ost converter. 2. The power factor

correctio al rei e swtching multiplier circuit

i ncl udes as| ow Fhspowed fatfor eomeatich effctipof ainp 4 faithertcdrrprisiag mdans fier
conparator. 3. The power factor correction circuit of claim2, wherein the

| ow [PpSEALivel st eanneeting endy oneof the outpatterminal phibs veltsgedpedback amplifigandthe 94,
96). 4. T t L] iG] ' . i sing.
2k o SRR b8 B Pl AR bBligd 16 Y hrsP Lo Rl of HE RIREREZTE S 09,

t he imaMiplieEtirégNt of the boost converter and a second input term nal
responsive to the rectified ACline voltage, and a power feedback anplifier
(42) havi n& an Thppeweefagionspresionscwtof daiamdoripercompnsingal  of the second

multiplier_gircuit .an out 1.nal ' m nal of
the  oui t chPrg chnedrale €D SivBtb bRkl Be SRR bPee i SeatB T IT

of t henpidhéraga theAfp At fdmina? ofthe sBitdRieR maulipliér] &1d and the out put term nal
of the power feedback anplifier is_ operativel (%onnec ed to the_ first input

ternminal of s¢deadopngSinded 6/ cannestedbetwieen thetoutpnt t ahiye PeRer Bedbaskr ect i on
circyj [ : IS ﬁg] : operatively connecting
onl yLﬁgﬁn%ﬁ%?rqtn}qetﬁ%ﬁfsﬁ&wurtt %?%lﬁagppg?it e @gﬁ‘ggé@%éedback anplifier and the

out put terfi nal Thé pbiver faetse cofreqibhatkuin optlafrh df whereinithe f6cosd mulgqpiier t er mi nal

of the switching nultiplier circuit. 6. The power factor correction circuit
of claigwtinchides peempIMr (%y: a first wing diode (60) connected between

the out put gt er mpaloRkr B eBhtaRR &6l BREMIm 7, wherein the corparator includes a
first input termina] responsive to the input current of the boost converter, a second input terminal
Tesponsive to the ramp voltage signal, and an output terminal responsive to the rectified AC line
voltage.

9. The power factor correction circuit of claim 7, wherein the comparator includes a
first input terminal responsive to the rectified AC line voltage, a second input terminal
responsive to the ramp voltage signal, and an output terminal responsive to the input current of
the boost converter.

10. The power factor correction circuit of claim 7, further comprising a low pass filter
(58) connected between the output terminal of the comparator of the second multiplier circuit
and the first input terminal of the power feedback amplifier.

11. The power factor correction circuit of claim 1, further comprising a first adder
(49) baving a first input terminal responsive to the input current of the boost converter, 2 second
input terminal responsive to the rectified AC line voltage, and an output terminal connected to
the second input terminal of the current feedback amplifier.

12.  The power factor correction contro} circuit of claim 1, further comprising a
second adder (50) having a first terminal connected to the output of the current feedback

amplifier, a second input terminal responsive to the input current of the boost converter, and an
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anplifier and the first input termnal of the switching multiplier; and a
second oring diode (60) connected between the output term nal of tW% Pﬂ?ﬂhﬁ
feedback anplifier and the first input termnal of the sw tching
multiplier. 7. The power factor correction circuit of claim4, wherein the
second multiplier <circuit includes a conparator (100). 8. The power factor
correction circuit of claim7, wherein the conparator includes a first
input termnal responsive to the input current of the boost converter, a
second input termnal responsive to the ranp voltage signal, and an out put
term nal responsive to the rectified ACline voltage. 9. The power factor
correction circuit of claim?7, wherein the conparator includes a _f.irst

i nput O4tEvHEHRInal (95 seRnsriien todhe HPE kegminel ettaeuise Hadthone or GIrcut 5t i nput

t ermqnal ive to the ranmp voltage signal, and an output term na
respdﬁgpbg&?%ﬂﬁﬁéh?nput current of the boost converter. 10. The power
factor corpecti The pbivetfattoptoredctioMcdntrdlirchieof clanpl2,silngein theosecpasaider | t er
(58) connected between the output termnal of the conparator of the second
mul t i ischades a thied input gpminghyespansive 19 A 5P veliage sign2bf t he power feedback
anplifier. 11. The power factor correction circuit of claim1, further
conprising a first adder (49) having a first input termnal responsive to
the i nput current of the boost converter, a second input term nal
responsive to the rectified AC Iine voltage, and an output term nal
connected to the second input termnal of the current feedback amplifier.
32. The power factor correction control circuit of claim1, farther
.conprising a second adder (50) having a first term nal connected to the
out put of the current feedback anplifier, a second input term nal
responsive to the input current of the boost converter, and an 17 2 2 feb
2005 output termnal for connection to the input termnal of the pulse width
nodul ator circuit of the boost power supply. 13. The power factor
correction control circuit of claim212, wherein the second adder includes a
third input term nal responsive to a ranp voltage signal. is
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