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This application is related to and is a continuation-in-part of copending
appl i cat iwo 03®0isas No. 09/ 887,848, filed June 22, 2001, emcirtusez2@Bect roni c
Ballast and is related to copending application Serial No. 10/006, 036,
filed Decenber 5, 2001, entitled Single Swtch El ectronic D nmng Ball ast,
the entire disclosure of which is incorporated by reference herein. FIELD
OF THE | NVENTI ON The present invention relates to electronic ballasts for
gas discharge |anps, such as fluorescent |anps. BACKGROUND OF THE

| NVENTI ON El ectronic ballasts for fluorescent |anps typically can be

anal yzed as conprising a "front end" and a "back end". The front end
typically includes a rectifier for changiln'g alternating current (AC) I|ine
voltage to a direct current (DC) bus voltage and a filter circuit for
filtering the DC bus voltage. The filter «circuit typically conprises an
energy storage capacitor. ElectroBLECHRONEBARLAST often use a boost
circuit for boosting the nagnitude of the DC bus voltage. Additionally, an
el ectronic ballast is known that uses passive power factor correction
means to reducepbaATBptAPPRAHONENt total harnonic distortion. These
means include Iine frequency filter circuits having a high i npedance at
line frequency and Bbeapplichiorf isrelated@o wat isartioosnwitiontie-paitod cépeadingncy. The

hi gh i npedance of. |ine fregue j 1ot ircuit ave._ a,signifi t
reduci ng ef f ect®8 Cat‘r?&leqeﬁlgfﬁ?'n@zggi% rﬁk‘fl tot g:}, zﬁgr’r@ﬁiﬂ_ﬁd E“%BB?‘F?% ?St_These
filters are in ans fedtd totopbMing bﬁﬁlﬁﬁﬁoﬂ/\&r&mN@Y@’Ob&%@ﬁﬁ@dp@%@? 5line
frequency and the rel ated arnmoni cs and therefore have no significant

effect on bal | a801; entited SinglebwitebElgrctrome Divpniing Babasrthe entire dpclosure©f 855
PCT/ US02/ 20281

wﬁigh is incorporated by reference herein.

FIELD OF THE INVENTION

The present invention relates to electronic ballasts for gas discharge

lamps, such as fluorescent lamps.

BACKGROUND OF THE INVENTION

Electronic ballasts for fluorescent lamps typically can be analyzed as
comprising a “front end” and a “back end”. The front end typically includes a
rectifier for changing alternating current (AC) line voltage to a direct current
(DC) bus voltage and a filter circuit for filtering the DC bus voltage. The filter
circuit typically comprises an energy storage capacitor. Electronic ballasts also
often use a boost circuit for boosting the magnitude of the DC bus voltage.
Additionally, an electronic ballast is known that uses passive power factor
correction means to reduce ballast input current total harmonic distortion. These
means include line frequency filter circuits having a high impedance at line
frequency and about the first 30 harmonics of the line frequency. The high
impedance of line frequency filter circuits have a significant reducing effect on
ballast input current total harmonic distortion. These filters are in contrast to
EMI filters which have low impedance at line frequency and the related
harmonics and therefore have no significant effect on ballast input current total

harmonic distortion.



The bal |l ast back end typically includes a switching inverter for converting
the DC bus voltage to a high-frequency AC vol tage, and a resonant tank
circuit wawsngisasrel atively high i npedance for coupling trlag/usogke8r equency
AC voltage to the lanp el ectrodes. The ballast back end also typically

i ncludes a feedback circuit that nonitors the |l anp current and generates
control signals to control the svm'tct%‘ng of the inverter so as to naintain
a desired lanp current nmagnitude. In order to maintain stable | anp
operation, typical prior art electronic ballasts filter the DC bus voltage
to mnimze the anount of bus voltage ripple. This is usually acconplished
by providing a bus capacitor having a relatively |arge capacitance and
hence, a rel ativel y Tlergdasbacigyndtypicalieinchpasa syitclByg invecter for ngnvarting
relatively |arge capaci tor, .the amount, of decay fromthe rectifjed

peak vol t age | dRe P i Bloes G laalé-%ﬁav?ncwtﬂf ¥oliagS, f1d TR EYRIiL.

M nim zing the WRigY bl i i W4Tk t he
current crest f}gdctor r(e%fgl‘—"§15/gl?é lflﬁgﬁldgﬁn% f%%ﬁ{léh}%&éﬁ%@%&ﬁ%%@ I%Hrzr%ecurrent
is defined as tolle lanpiabectrodesh eTheeghast bdek erfd alspetypisally ingiysles adeedhack o t he

magni tude of the rqot-nean-square (RVB) val ue of the |anp, current..
(Bauation 1) 1 peuitaRs: i o Bt et e bt sh ot S P PEM G al i ¢y
for a gas di schafi@fide®TRhe HVEReras adtd MURERS § @Bdirddaiip cGrréhiendpaiti@Nt Crest
factor (CCF) of the l'anp current. A low CCF is preferred because a high

CCF can cause the ddnerdestemabnainistabledampgppratipn.dypintlorigniegielogtsonig

- ecomended by ipaROLE kb Bls Joies BTy iE St okoB 1iERE bl g
CCF of 1.7 or I'HfsisBuslBcagompisdddy prévddingtadsus aiipachiat havidgectelaiveyhni cal

Comm ssion (I EC) Standard 921 - 1988-07. However, using a relatively |arge
bus capacitor tlaresicapasitarceangiencena relaavelplargs cneigy $1gae eHReEY WY h its
di sadvant ages. : Lt ar R SXBERSH lifled S, and
the nore area I;%'EQ\?S L@[}%g@%&%&gg Pﬁ?@%ﬁégﬁ}tﬁf%%gré{%{ 8?9( ?ﬁe ?/f\elg{el,le and the
more vol ume it peaksolbdehisminheizbdfoasdne balfsaycletth ¢hdmext balfageleor is

Minimizing the amount of ripple on the DC bus also tends to minimize the

current crest factor (CCF) of the lamp current. The CCF of the lamp current is

defined as the ratio of the magnitude of the peak lamp current to the magnitude

of the root-mean-square (RMS) value of the lamp current.

(Equation 1) Lo

An important indicator of lamp current quality for a gas discharge lamp
such as a fluorescent lamp is the current crest factor (CCF) of the lamp current.
A low CCF is preferred because a high CCF can cause the deterioration of the
lamp filaments which would subsequently reduce the life of the lamp. A CCF of
2.1 or less is recommended by Japanese Industrial Standard (JIS) JIS C 8117 -
1992, and a CCF of 1.7 or less is recommended by the International
Electrotechnical Commission (IEC) Standard 921 - 1988-07.

However, using a relatively large bus capacitor to minimize ripple on the
DC bus voltage comes with its disadvantages. The larger the bus capacitor, the
more expensive it is, and the more area it consumes on a printed circuit board, or

the like, and the more volume it uses within the ballast. Also, the bus capacitor is



WO 03/ 001855 PCT/ US02/ 20281 -3 dischargi ng whenever the bus vol tage | evel
i s above the instantaneous absolute value of the AC |line voltage, and
hence t hewbuws/oempaci t or recharges only during a rel ativelrgTaisor/2028i ne

wi thin each line half-cycle, around the absol ute value peak voltage of the
AC line voltage. Thus, typical prior art ballasts draw a relatively |I|arge
anount of current during the short ti'fe that the bus capacitor is charging,
as shown in Fig. 1. This results in a distorted ballast input current
waveform giving rise to unwanted harnoni cs and undesirable | evels of total
harnmonic distortion (THD). In an AC power system the voltage or current
wave shapes may be expressed as a fundanental and a series of harnonics.
These har noni csifvhagingwhenened the phievdltage leenkip abbve the irfstamtbaneauw asoluteequency

of the line voltage o rrent. Specifically, the.distortion in the AC
wave shape has V@S{Wﬁéﬁﬁgqmivgﬁgageagggkmcg%gmapzfcbpggecg?rgﬁgnlygﬁagg@nt al

frequency. O paftivaylsRst GRRGHk N 858 1iGalMBLIDHARd iHRabsALR vAHletjeRk €S of
the 3d harnonic. These harmonics add numerically in the neutral conductor

of a three phaseltpgemef the ydi bm voltage.cEhusy typicabpridr drtbatasisclraiv srdativedn i s
cal cul ated usi the first 30 harnonics of .th undanent al frequency.

Tot al har noni cqgﬁg&ﬁwﬁ#wﬁ%@%&?iﬁ%&%ﬁtf‘&%ﬁ”fh’ﬁ ScWﬁ%Ihlfc %g'ﬁllgeferred
to be bel ow 33.3%hbWn i Bi¢EN! TRIKQENBRI N is@irtell BEIIAE iHpuaburvdnt &avéform t hr ee
phase power system Further, nmany users of |ighting systens require

bal | asts to hawgiviagbiat FaerwintgsUharmonice ard enstesiratialevelsiof tadpldagpenien of | ess
than 20% One a(ﬁ rlglacrhh%)l owering the ballast input current total harnonic
di stortion and ﬁﬁ ving t'he bal | ast power factor has been to enpl oy well
known active power hagtAl power ssteim the(VOREES ociureit wave shiapss appboach has
certain tradeoffs including added ballast conplexity, npre conponents,
greater cost, 9¥otesHRd 9&@@“‘?&5@@“@6@F‘éﬁi‘qsiquamlcspﬁ?ﬁ%hwom?g?‘é&%ed power

o 0 DERMB R 0 S My TR PG R et Vel
Anot her appr oaddurtent. | Spweificaldy, b diatettiannpdiie AGCrwavetshamt lels cheupomentcwhich
are integer multiples of the fundamental frequency. Of particular concern are the
harmonics that are multiples of the 3 harmonic. These harmonics add
numerically in the neutral conductor of a three phase power system. Typically,
total harmonic distortion is calculated using the first 30 harmonics of the
fundamental frequency. Total harmonic distortion (THD) of the ballast input
current is preferred to be below 33.3% to prevent overheating of the neutral wire
in a three phase power system. Further, many users of lighting systems require
ballasts to have a ballast input current total harmonic distortion of less than 20%.
One approach to lowering the ballast input current total harmonic
distortion and improving the ballast power factor has been to employ well known
active power factor correction (APFC) circuits. This approach has certain
tradeoffs including added ballast complexity, more components, greater cost,
potentially lower reliability and, possibly, increased power consumption.
Moreover, the ballast with APFC typically uses a relatively large bus capacitor
with its attendant disadvantages as noted above.
Another approach to lowering ballast input current total harmonic
distortion has been to employ a valley fill circuit between a rectifier and an

inverter. One disadvantage of typical prior art valley fill circuits is that they can



distortion has been to enploy a valley fill circuit between a rectifier and
an inverter. One disadvantage of typical prior art valley fill circuits is
t hat t heywoan/ov85903/ 001855 PCT/ US02/ 20281 -4 have great ePCzsoz2q2pl e,
which results in even higher lanp current crest factor, which can in turn
shorten lanp life. Prior art approaches to providing electronic ballasts
havi ng i nproved power factor and THD4%re discussed in T.-F. Wi, Y.-J. Wi,
C.-H Chang and Z. R Liu, "Ripple-Free, Single-Stage Electronic Ball asts
wi th Dither-Booster Power Factor Corrector™, |EEE Industry Applications
Soci ety Annual Meeting, pp.2372-77, 1997; Y.-S. Youn, G Chae, and G -H.
Cho, "A Unity Power Factor Electronic Ballast for Fluorescent Lanp having
| nproved Val | eyhakve gfeaadnduélﬁiblblewhiﬂm&stlltmmven haghtr lahipkhrierkSeest fReaor d, pp.
53-59, 1997; and G Chae, Y.-S. and G -H Cho, "H gh Power Factor
Correction G r CHhigh gan ng”‘%‘aﬁhpg?‘la ;Ffﬁe Punpi ng for Low Cost Electronic

Bal | asts”, | EEE O- 78034489 ﬁfa%s t&grovugﬁ)é)g’le@trorﬁggélﬁs!: rHanng‘iﬁlbrch@Hent S

r epresent ative of atterrpts Po provi tde el ectronic asts ~having i nproved
power factor a@Wemlfaadtorraadﬂﬁ{Darecdlsiumeﬂum’rﬁ -Fndlu¥e-JUVS, CPHL Ehang $1d387, 847,

"Passi ve Power tor st C| C r t he s Dis r.ge Lanps", issued
Feb. 7, 1995 tc}fadBde g*‘%@& Hﬁ“‘c'@ﬁtwf&@ HEGEOOTRE bri v ng
Gas Di scharge” dv?e?lF%QtoP@Brreaér” mmdﬁstﬂoﬂﬁﬂhk%tl@ﬁs Sboicty UnBual b ?
5,517,086, " I\/bd| fied Vall ey Fill h Power Factor Cortection Bal [ast",

i ssued May 14, ppld9e-17e 1997 Héfﬁah@y - Ghae; a@(h@ H €ho Pt Bnity Boyeubl s tor,
El ectroni C Ba S]%l%citt&oqv{\é)égll@g% Cués'&:%h p! al}lla% ro&%wgllegaf'cfl 9hd Vall

Correction", r nce IS l"uor escen

Bal | ast Desi gn B&dsﬂetomﬁr’vel«:ﬁFESC97RIadorﬁzrmt53F9)9u997 @ad G. Chae,by-Feter M
Wood, 1998. This reference shows a _ballast of the type enplo |ng aline

frequency filte¥ournend§.-il. Shpsitigh Paper Fagtrrdaoiesstian Giuit uping Velleyuency and

?RIS/EF\WT hOE\EI fir StCliganél%HB& %Br ]%w &g“t Iélie&Fonié EM%HFPEEE%!%X4QE8E§,%p
2003-8, 1998.

Prior art patents representative of attempts to provide electronic ballasts
having improved power factor and total harmonic distortion include U.S. Patent
5,387,847, “Passive Power Factor Ballast Circuit for the Gas Discharge Lamps”,
issued Feb. 7, 1995 to Wood; U.S. Patent 5,399,944, “Ballast Circuit for Driving
Gas Discharge”, issued Mar. 21, 1995 to Konopka et al.; U.S. Patent 5,517,086,
“Modified Valley Fill High Power Factor Correction Ballast”, issued May 14,
1996 to El-Hamamsy et al.; and U.S. Patent 5,994,847, “Electronic Ballast with
Lamp Current Valley-fill Power Factor Correction”, issued Nov. 30, 1999.

Another reference is “Fluorescent Ballast Design Using Passive P.F.C.
and Crest Factor Control” by Peter M. Wood, 1998. This reference shows a
ballast of the type employing a line frequency filter having a substantial
impedance at the line frequency and about the first 30 harmonics of the line

frequency.

SUMMARY OF THE INVENTION

In accordance with a first feature of the invention, a novel electronic
ballast for driving a gas discharge lamp includes a rectifying circuit to convert an
AC line input voltage to a rectified voltage, a valley fill circuit including an

energy storage device which is charged through a switched impedance, the



In accordance with a first feature of the invention, a novel electronic
ballast for driving a gas discharge lanp includes a rectifying circuit to
convert awo 0A@isshe i nput voltage to a rectified voltage, paTasbt/z028f i | |
circuit including an energy storage device which is charged through a

swi tched i npedance, the WO 03/001855 PCT/ US02/20281 -5 energy in this
device being used to fill the vaIIeys*%etmeen successive rectified voltage
peaks to produce a valley filled voltage, and an inverter circuit having
series connected controllably conductive devices to convert the valley
filled voltage to a high frequency AC voltage. The energy storage device
can be a capacitor or an inductor or any other energy storage conponent or
conbi nati on ofeneyynankindsvicE€bangused tb fidl thaeslipys btiorean eud:esdiwberectﬁi@lr sto

i ncreasing the ner stored int ener.gy, storage devi ce. ontrol |l ably
conductive devitlagsBék sa%vﬁogacevmg@%ﬁwéﬁekwna 31 e fiTCBIt fl@an%y an
external si gna|senIé‘@o?ﬁectE&’@&r{tEHll'aﬁf?z' bR GEV S H¥hGEBthE %ilé&ﬁﬁlléﬁew ces

such as netal oxide sem - conductor field effect transistors (MOSFETS),
insul ated gate \b]ltag@tcaer high dreguiertcy rAC volta@BTIhe emrgpeﬂoeagejdgme lcarnbdzaan5| stors

BJTs), T m t ub th t chi
vl bt ThaC b caes gL an i taer Db her e A S e P tpoRentas GRhimaat e O

circuit for dr'dﬂc@ﬁlp@n&ﬁ§r@ﬁk{rgﬁ1?rt9é'%r@ g@fgééa&qmreg&s td ﬁﬁféas@?glea control
circuit is provided for controlling the conduction of rol |l ably

conduct i ve devianergyistorad fiotheleneigy stosaagaleviger Accontrollatdyl cordustivaidevéestis at o t he

gas di scharge | ed t nic di.st rt| 0 t he bal | ast
i nput current. (%)r}gce VY%OE? F%I}ﬂd asetcoggo{l?r?b %?ﬁffm icﬁ’?@d can drive

nore than one @agodillg b@ﬂ(ﬁl@tl{/@ﬂ@llcels nnmcwd%ﬁz&kﬁ adherbadalrgide sefmit he
bal | ast, the energy storage device of the wvalley fill circuit includes a
capaci tor, conmaeafycteihield etfgctitengistofMQEFEES), plpted gatsduipolyr trapfgersst or es

ener gy duri ng. uEhTS) bEAAEELARIAOLLAR Ol A3 AL ey R soluigde AC 1T ne

vol t age, and de rvers nve CIFCUIt wh urn drives

| anp current thvaough tabegand dilee haitching dwpcedurrhaglga feeemny AIC yohagege

portion of each half-cycle of the AC Line voltage. The sw tched | npedance
of the applied to a resonant tank circuit for driving a cufrent through a gas discharge

lamp, and a control circuit is provided for controlling the conduction of the
controllably conductive devices in a novel way to deliver a desired lamp current
to the gas discharge lamp and a reduced total harmonic distortion of the ballast
input current. The electronic ballast of the invention described can drive more
than one gas discharge lamp.

In a preferred embodiment of the ballast, the energy storage device of the
valley fill circuit includes a capacitor, commonly referred to as the valley fill
capacitor, that stores energy during a first charging portion of each half- cycle of
the AC line voltage, and delivers energy to the inverter circuit which in turn
drives lamp current through a gas discharge lamp during a second discharge
portion of each half-cycle of the AC line voltage. The switched impedance of the
valley fill circuit includes a resistor in series with a controllably conductive
device, through which the valley fill capacitor is charged.

In an alternative embodiment, the energy storage device of the valley fill
circuit includes a valley fill capacitor, and the switched impedance includes an
inductor in series with a controllably conductive device, connected together in a
buck converter circuit configuration. The valley fill capacitor stores energy

during a first charging portion of each half-cycle of the AC line voltage, and



valley fill circuit includes a resistor in series with a controllably

conductive device, through which the valley fill capacitor is charged. In
an al t er mDIB®OBADHOdI nent, the energy storage device of tReTWsb/z028f i |
circuit includes a valley fill capacitor, and the sw tched inpedance

includes an inductor in series with a controllably conductive devi ce,
connected together in a buck conver &~ ci rcui t configuration. The valley
fill capacitor stores energy during a first charging portion of each

hal f-cycle of the AC |ine voltage, and WO 03/001855 PCT/ US02/ 20281 -6
delivers energy to the inverter circuit during a second di scharge portion
of each half-cycle of the AC line voltage. The buck circuit inductor
stores energy idelivemspengsdo the inaniducir¢wonduwingtaeecamihdisahlat gehoyticoofthact | ve

devi ce during the.charqi eriod of the valley fill capacitor,.and
transfers the slia&’@'&?ee‘%léﬁgé(ﬁ&’et‘f? ta%%ﬂfh@?f’“ﬂf F‘Irc‘}{tc‘_gﬁ'é‘i{?rt% °f A @S5Ponse to
non- conduct i on @f,dnbetc@Rtn@lohd2khe GRREHSIY ¥EnHRMY & gevidtur M _tﬁ@&a?é]ﬁ%g' ng
period of the valley fill capacitor. In an alternative enbodi nent, the buck

circuit induct greriod ofthpwatley fillicepacaor, aag transiers dheestored enérgy haithewallexafjd

t hrough a commutati.on.di ode t rovide .different charge and di,scharge
tinmes for the \fﬁP?Cég’ff‘} Tergpoélgf)gocﬁg) oy Pﬁtlogc(ggﬁ%g%@m%ogg%%%H&Vlf%at ure of
the invention, durigvd citk@ peddof thebirytfilf @ipacitdrvi ng a gas discharge |anp
includes a rectifying circuit to convert an C l'ine input voltegg to a

full wave rectified nentaigmative grabodigent, fhe burck eireuit ndugtpr is providedwith ay s

bet ween succesSyEaegkild B OLIRAE MRS LonRLOTGY A HRNL || o

vol tage, an inv Ci'rcu Sér| es-connec SWtching devi ces
(control | ably cdiffeiteait ¢haegeckididisedrgt oinediorahé valhsy Matdpayitdri | | ed voltage to a
hi gh-frequency AC vaol tage, a resonant tank for coupling the high-frequency
AC voltage to a gadndreifaicgavithagseond teahis of the inveption.pdrovelglestonic ng t he

conducti on of 3 . i j . IV iLred
curront 1o ¢he BhETEUAIhS SRaieR s ARG S TE ORI E Lo el BT uh
near the zero cAOdmemgpuoioltdpe to AGll waee reapfitd vdtagagevaley tfiladircuiteo fHl | ast

i nput current total_ harnonic distortion is ,reduc
P tge valleys Ii)theen successive rectpﬁed voltage pea?(

(sj’[o produce a valley filled
voltage, an inverter circuit having series-connected switching devices
(controllably conductive devices) to convert the valley filled voltage to a
high-frequency AC voltage, a resonant tank for coupling the high-frequency AC
voltage to a gas discharge lamp, a control circuit for controlling the conduction of
the controllably conductive devices to deliver a desired current to the gas
discharge lamp, and means for drawing input current near the zero crossing of the
AC line input voltage so that the ballast input current total harmonic distortion is
reduced.

In a preferred embodiment of the ballast, the means for drawing current
near the zero crossing is a cat ear circuit. Preferably the cat ear circuit is a cat ear
power supply that may also supply the power necessary to operate the control
circuit or other housekeeping and auxiliary circuits. The cat ear circuit draws -
current from the AC line around the zero crossing of the AC line voltage at either
the leading edge of each half-cycle, or the trailing edge of each half-cycle, or
both. The cat ear circuit derives its name from the characteristic shape of its
input current waveform. This current “fills in” or supplements the current
waveform drawn by the ballast from the AC line around the zero voltage

crossings. The cat ear circuit may be provided with circuitry that "cuts in" and



In a preferred enbodi nent of the ballast, the nmeans for drawi ng current
near the zero crossing is a cat ear circuit. Preferably the cat ear circuit
is a cat warosopsder supply that may al so supply the power Pagaessa0281t 0
operate the control <circuit or other housekeeping and auxiliary circuits.
The cat ear circuit draws current framthe AC line around the zero
crossing of the AC Iline voltage at either the |eadi ng edge of each
hal f-cycle, or the trailing edge of each half-cycle, or both. The cat ear
circuit derives its name fromthe characteristic shape of its input
current waveform This current "fills in" or supplenments the current
waveform drawn by the ballast fromthe AC |ine around the zero voltage
crossi ngs. The 'tats cadll theicatosar tircratinyesponseviodedd wiriu voltagedevalsy t hat "cuts
in" and WO 03/001855. PCT/ US02/ 20281, -7 "cuts..out”" the cat ear.circuit in
response to fi xfgéemﬁtwgm #4 g GiteyitimaaY DeATP ARG D SIISUItY e MORIORIE ¢ r cui ¢
may be provi ded;iehhdaivn®yi the BallRt BRRIch@and Bfise B¢ daBir Al Bywiiutbal | ast
back end and cause the cat ear circuit to draw input current only when the
back end is notcudreatwmy vdiegthe baskend ssurat drawinBREFCBESITRIERT ON OF THE
DRAWNGS Fig. 1 is a representation of voltage and current waveforns in a
prior art electronic ballast with no APFC or valley fill circuits with
sone ideal i zed BRESFEDESCRIBFIIN OFSTHBPIRAWINGSS. Fig. 2 is a sinplified
bl ock di agram of one_of enbodinent of the electronic ballast of the
invention. Fig. 3 isFig bispleproseationndivaltpge andrearient Wavedpran iR paiof pitst
enbodi nent of a I fLd].ac] j I d Lrguit which
can be used in %lﬁc\eﬁaonkeﬁe%aéltal?to\lﬁll&gh%%?ngot&wg?gf ﬁlé%#%l\h}@ﬁ\?f{?%%&ﬁﬁdg&l’l{fﬁl s a
sinplified represefbmis showafas dhisheddihéey filled voltage in the buck
converter circuit of ,Fig, 3.illustrating the pethod of operation. Fig. 5 is
a sinplified schematkig Zisactimpliged bigek giggrant o nsrafembodipentotfhe  Figo 3
illustrating a Jlé%tﬁ)&l'épqgﬁsmftﬂé)ﬁ(/@ﬁtiogn' Fig. 6 is a sinplified schematic
circuit diagramo {he buck converter

Fig. 3 is a simplified schematic circuit diagram of a first embodiment of a

valley fill circuit using a buck converter circuit which can be used in the
electronic ballast of the invention.

Fig. 4 is a simplified representation of the valley filled voltage in the buck
converter circuit of Fig. 3 illustrating the method of operation.

Fig. 5 is a simplified schematic circuit of the buck converter circuit of
Fig. 3 illustrating a first mode of operation.

Fig. 6 is a simplified schematic circuit diagram of the buck converter
circuit of Fig. 3 illustrating a second mode of operation.

Fig. 7 is a simplified representation of various voltage and current
waveforms in an electronic ballast including the buck converter circuit of Fig. 3
at full light output.

Fig. 8 is a simplified representation of various voltage and current
waveforms in an electronic ballast including the buck converter circuit of Fig. 3
at ten percent light output.

Fig. 9 is a simplified schematic circuit diagram of a second embodiment of
a valley fill circuit having a buck converter circuit integrated with an inverter circuit

in accordance with the present invention.



circuit of Fig. 3 illustrating a second node of operation. Fig. 7 is a
sinplified representation of various voltage and current waveforns in an
el ectroniwomalobmsss i ncl udi ng the buck converter circuit ofeCHgp02/2028at ful l
light output. Fig. 8 is a sinplified representation of various voltage and
current waveforns in an electronic ballast including the buck converter
circuit of Fig. 3 at ten percent Iigh§'output. Fig. 9is asinplified
schematic circuit diagramof a second enbodinent of a valley fill circuit
havi ng a buck converter circuit integrated with an inverter circuit in
accordance with the present invention. W 03/001855 PCT/US02/20281 -8 Fig.
10 is a sinplified schematic circuit diagramof a third enbodi nent of a
valley fill circuit FRagyilfigs asinphifiedsctceitiburkuitdingrnt efra thindecuibodimdnt of

tapped inductor in 't buck converter circuit in accordanc ith.the
nventi on. g, o yaliecfi @R ofisetied Fitksoptaf SGRaERRed ot her
alternative emhpEiioRM thebusk ¥eivkRYr ditcult i hécdkdancdIdth Mgt Mvédtiohack
transfornmer for recharging the valley fill capacitor. Fig. 12 is a

sinplified schemati cFig dtis a sidiptified sehsmatic coowit diagrapoefi anether algmativeal | ey

fill ci it d hih Lh jon. Fig. iS .
Simpl 11 6d schofpranin et Vi) S ieRlERgi A S il ety o,

fill circuit i nt@c\(aqeylﬁncc@pwitbh the present invention. Fig. 14 is a
sinplified schematic circuit diagramof a sixth enbodi nent of a valley
fill circuit integr afwle«vilstmSIamllgﬁ@é@hematlémrew diagiampefcofoygh embaiment he
present inventi op IS : i .l I; Lrcuit diagramof a
sevent h enbodi mgaﬂ% Vﬁ!) tgiglglilﬁtelga??ﬁéd&pr“gg}t?gpﬁeg%%élgvreggéﬁ’e with the present
invention. Fig. 16 i Figl13iigwpsiniplifidd schearmsit ictrcwt diagiain ofi afftaembbddiareneofyht h
enbodi nent of a vall fill circyit in_accordance with the present

i nvention. Fi gs?Vil')’eYaﬁ]éCII%u"a‘lnéC%‘?r Geryiththe PERSRRIINYENEORc Ui t di agrans of a

bal | ast Fig. 14 is a simplified schematic circuit diagram of a sixth embodiment of
a valley fill circuit integrated with an inverter circuit in accordance with the
present invention.

Fig. 15 is a simplified schematic circuit diagram of a seventh embodiment
of a valley fill circuit in accordance with the present invention.

Fig. 16 is a simplified schematic circuit diagram of an eighth embodiment
of a valley fill circuit in accordance with the present invention.

Figs. 17 and 18 are simplified schematic circuit diagrams of a ballast
constructed in accordance with the invention.

Fig. 19 is a set of diagrams on a common time base showing inverter
circuit switch conduction times of Fig. 17 changing over a half-cycle of the line
voltage, and the resultant line current drawn by the ballast.

Figs. 20 and 21 are simplified schematic circuit diagrams of a second
embodiment of an electronic ballast constructed in accordance with the
invention.

Fig. 22 is a simplified partial schematic circuit diagram of the ballast of
Figs. 20 and 21 which includes details of the control, wave shaping, and feedback
circuits.

Fig.23 is a simplified schematic circuit diagram of an automatic gain

control circuit for the wave shaping circuit of Fig. 22.



constructed in accordance with the invention. Fig. 19 is a set of diagrans
on a common tine base showi ng inverter <circuit swtch conduction tinmes of
Fig. 17 cwengioomgsdver a half-cycle of the line voltage, &od/ushz2m28sul tant
line current drawn by the ballast. Figs. 20 and 21 are sinplified schematic
circuit diagranms of a second enbodinent of an el ectronic ball ast
constructed in accordance with the inhvéention. Fig. 22 is a sinplified
partial schematic circuit diagramof the ballast of Figs. 20 and 21 which
i ncludes details of the control, wave shaping, and feedback circuits. Fig.
23 is a sinplified schematic circuit diagramof an automatic gain control
circuit for the wave shaping circuit of Fig. 22. WO 03/001855

PCT/ US02/ 20281 -9 FFrg 224 4 smplifedrplock degram ofiksatbndjembodmeat afgbond

enbodi ment of the, feedback.cirguit of Fig. 20. Fig. 25 is a sinplified

bl ock di agram oeeﬁba[cﬁicrlrﬂu’g%ﬁ’& gzéjnt of the feedback circuit of Fig. 20.

Fig. 26 is a sinplifppd2fionghalitied blobR tfagkdnef 4 herdRAhe? oPthet NE
feedback circuits of Figs. 24 and 25. Fig. 27 is a sinplified schematic
circuit di agr anfegflbagksirceit obFig. 8&t ear power supply. Fig. 28 shows a

"B e “50"an 3o By 205 R Ml R 21

first enbodi mentirdifits of FGRt 24aid Z3.r cui t havi ng fi xeq cut | n a_nd_ cut - out _
points in accordance with the invention. Fig. 30 is a sinplified schematic
circuit diagram of aFigedbifh Bmpbliehishemati¢ cisCuitdiagram ofiapriprerticakeaidi ng
active nonitori f k end current. Fig. 31 shows a sinplified waveform
of the line cur{}(g)v S&P@&m by the

Fig. 28 shows a simplified waveform of the line current drawn by the cat

ear power supply of Figs. 20 and 22.

Fig. 29 is a simplified schematic circuit diagram of a first embodiment of
a cat ear circuit having fixed cut-in and cut-out points in accordance with the
invention.

Fig. 30 is a simplified schematic circuit diagram of a second embodiment
of a cat ear circuit including active monitoring of back end current.

Fig. 31 shows a simplified waveform of the line current drawn by the

electronic ballast of Figs. 20 and 21.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

The foregoing summary, as well as the following detailed description of
the preferred embodiments, is better understood when read in conjunction with
the appended drawings. For the purposes of illustrating the invention, there is
shown in the drawings an embodiment that is presently preferred, in which like
numerals represent similar parts throughout the several views of the drawings, it
being understood, however, that the invention is not limited to the specific

methods and instrumentalities disclosed.
Ballast Overview

Referring first to Fig. 2, there is shown a simplified block diagram of an

electronic ballast 810 constructed in accordance with the invention. The ballast



el ectronic ballast of Figs. 20 and 21. DETAI LED DESCRI PTI ON OF EMBCDI MENTS
OF THE I NVENTION The foregoing sunmary, as well as the follow ng detail ed
descri pt iwp 0afo18she preferred enbodi nents, is better undePstramsd2wen read
in conjunction with the appended draw ngs. For the purposes of
illustrating the invention, there is hown in the draw ngs an enbodi nent
that is presently preferred, in whi ch Pirke nuneral s represent simlar
parts throughout the several views of the drawings, it being understood,
however, that the invention is not limted to the specific nethods and
instrunentalities disclosed. Ballast Overview Referring first to Fig. 2,
there is shown a sinplified bl ock diagramof an electronic ballast 810
constructed in &hbmckdldc&aarewtif}hng tiecuitrB28 capabie oflfeengdednnasted WORIOALCPOLBES

PCT/ US02/ 20281 - 1 i ncl a rectifyin rcui t..820 capabl g of being
connected to anSUReY p\‘ﬂgf‘ g“éeﬂg ire\ﬂ}l‘fr}‘?yalrré% ﬁy%‘%@v?‘? Bﬂ%gﬁ%ﬁfgcﬁ'ﬁgﬂhgal ly,
the given line AtemaRsyppl lstsroeﬁz &CémeeHowpal thelifvédBohits Bt lieAteliZo
However, the invention is not limted to these particul ar frequencies.

Whenever a devi thesd partieilar fraubeciesonbeneser a deyiigsl ie gaid t@b@mrmctpd» @uplednt

relation, or connect blet not her devi t ha Lce may
be directly conﬁ%l@f @3‘“69“8“\}{?‘ Porﬁrorg?l%neftrc?gpet? an&ﬁ% %é’écte t n% g%%lgﬁt‘ﬁ anot her
devi ce such as {dide Iﬂ?& b¢ Hikdtigtohmctad Byeswit of altéthfely, ceptted tHrabdhe
conducti ve devi ce, this connectign may be in a series or par al | el

arrangement . Thenatheriderige sephes (butinot Bowted & adesistor, iodsccantioligblg ol t age to a
full  wave rect | fai¥o B?c%eandltﬂls%% ﬂpﬁﬂ{aﬁx{éﬁ?g eﬁ&eortpgéaglgf' on rect| fying

circuit 820 is connecte CI rcul

descri bed, thr osgdhgam@itodihe r8lying ciricgin 820 emwzeﬂsmeby@mt izolltatgerto a&piam tor
850 i s connected across ({:he i nput termnals ?f the valley fill ci rgzu(i‘t
830. The val | eyWayq fecii¢ mlfaggsbl Q) ephgdyraeny o élwawzgf‘évéwaﬁﬁptkfy% RUFYE

energy storage geyht&iddoh oqg%megﬁﬂ g t3§9,itt§|bsa&%s¢@ thibAkk S¥iodk! | ed

vol tage. The out put termna e val circurt 830 are in turn
connected to th&4d. nphight feequenay tsypass faltericapaeitoedScis comdcte@@@rosT He inpiter t er
cireurt terminals of the valley fill circuit 830. The valley fill circuit 830 selectively

charges and discharges an energy storage device to be described, so as to create a

valley filled voltage. The output terminals of the valley fill circuit 830 are in turn

connected to the input terminals of an inverter circuit 860. The inverter circuit

860 converts the rectified DC voltage to a high-frequency AC voltage. The

output terminals of the inverter circuit 860 are connected to an output circuit 870,

which typically includes a resonant tank, and may also include a coupling

transformer. The output circuit 870 filters the inverter circuit 860 output to

_supply essentially a sinusoidal high frequency voltage, as well as provides

voltage gain and increased output impedance. The output circuit 870 is capable

of being connected to drive a load 880 such as a gas discharge lamp; for example,

a fluorescent lamp. An output current sense circuit 890 coupled to the load 880

provides load current feedback to a control circuit 882. The control circuit 882

generates control signals to control the operation of the valley fill circuit 830 and

the inverter circuit 860 so as to provide a desired load current to the load 880. A

cat ear circuit 884 is connected across the output terminals of the rectifying

circuit 820 and provides the necessary power for proper operation of the control

circuit 882.



860 converts the rectified DC voltage to a high-frequency AC vol tage. The
output termnals of the inverter circuit 860 are connected to an out put
circuit 8w0,03/00s58h typically includes a resonant tank, amdTnesy2/z128D
include a coupling transformer. The output circuit 870 filters the
inverter circuit 860 output to supply essentially a sinusoidal high
frequency voltage, as well as providé§1'voltage gain and i ncreased out put

i npedance. The output circuit 870 is capable of being connected to drive a
| oad 880 such as a gas discharge |anp; for exanple, a fluorescent |anp. An
out put current sense circuit 890 coupled to the |oad 880 provides |oad
current feedback to a control circuit 882. The control circuit 882
gener at es cont r ®he ¥alberaFdl Ciocwsont rol the operation of the valley fil

circuit 830 and the inverter circuit 860 so as to provide a desired | oad
current to the load 880. A cat ear circuit 884 is connected across the
output termnals of tTHgidesdw to/Figg3, thérk GkhowdzchHaty Axuitefadrald ofgcessary
power for proper operation of the control <circuit 882. WO 03/ 001855

PCT/ US02/ 20281 first embadignentd 1%yt the vallegi frlbeirquiti§doret reg. 2owtheforngf aduck her e

is shown a schenatic ci.rcuit~ di agram of fi.rst enbodi ment . 910, of e
valley fill cir ?ﬂvfﬁ%rcblf' anpe eqé?‘ncr?sﬁﬁ?téip%s%%on TR germy %ﬁ%ﬁt%ﬂdég?r cuit.
Connect ed acr 0Sg ahl dhéﬁggadﬁﬁragé‘ﬁ@ﬁld: 9 18P th edrii 6¥a Gp8ciddrain Gedsdwith & figsd

ener gy-storage device 916, in the formof a capacitor, in series with a

first diode 918iodTAES.fihsdunesionef therfauckgenvesisheieruic] 0gh fepiovide®0 is to
provide a cont r Qi . ] . Thil

capacitor 916 i é&letlllloglgd %Fagggl %ggg{ﬂgﬁg@%tcéggc\l}g{?leéaﬁﬁgFépgélgz%%qp 5;rr£lllsibnnect ed
to the junctionreférrddie as dpaillep fill QpscindComectedttt drgundtionhod thid daphcithirode
918 is an inductor 92 nnect e in series with a second

920 which is c cted | a s
(optional) di odel®and tgﬁaatBO%?ﬁtP% irsh gage & i inductereta0cghich s goppestasb s o
a circuit conmop, .G || g@%}ét'- i i . :
nmet al - oxi de senﬁgﬁﬁgﬂ%?gﬁsgﬁgwég e fh¥%§%§¥?§%f%§ﬁE¥é¥§§, Eﬁ?ﬁﬁgéuﬁé a
bi pol ar juncti oswitele9isi, st ocirqustlkcbmmom sératodidblyatoadinitive ldavict b2hsishown
(BT S0 o meta R Rl BRI Srb aihcol NEORE FRPYE) b

bipolar junction transistor (BJT), insulated gate bipolar transistor (IGBT), or

other controllably conductive device. The buck converter circuit 910 also
includes a third commutating diode 926, which may also be a suitably controlled
synchronous rectifier or MOSFET, connected between the junction of the buck
inductor 920 and the second diode 922, and one terminal of the capacitor 916
connected to the input 912. A first output terminal 928 is connected to input
terminal 912, capacitor 916, and the cathode of commutating diode 926. A
second output terminal 930 is connected to the second input terminal 914, circuit
common, the anode of diode 918, and the switch 924.

The operation of the buck converter circuit 910 will be described in
connection with Figs. 3, 4, 5, and 6. The buck converter circuit 910 operates
under two different conditions. In condition I (interval I in Fig. 4), the
instantaneous rectified line voltage 1010 applied to the input terminals 912, 914
of the buck converter circuit 910 is equal to or less than the voltage 1012 across
the capacitor 916, and the capacitor 916 is therefore discharging some of its
stored energy into the inverter circuit. In this condition, the diode 840 (Fig. 2) is
reverse biased, and the diode 918 is forward biased into conduction. This

establishes a discharge path for the capacitor 916 from circuit common terminal



includes a third comutating di ode 926, which may al so be a suitably
controlled synchronous rectifier or MOSFET, connected between the junction
of the buwk osiomdatt or 920 and the second di ode 922, and omeTtusonearal of the
capacitor 916 connected to the input 912. A first output termnal 928 is
connected to input termnal 912, capacitor 916, and the cathode of

comut ating di ode 926. A second output  termnal 930 is connected to the
second input termnal 914, circuit conmon, the anode of diode 918, and the
switch 924. The operation of the buck converter circuit 910 wll be
described in connection with Figs. 3, 4, 5, and 6. The buck converter
circuit 910 operates under two different conditions. In condition |

(i nterval | in9B0,ghrodgh ttehdode QﬂEBtmdttlamwasitqré?dtSj toitkebudknenvatd agpul 010

applied to the |npu r 2, 914 e, buck converter ci CUIt 910
is equal to or '§rEYRA Phg glf"ﬁgh §%‘?"{]‘1 Q%atﬁﬁi’ﬁe%? B%ose’t et TePaRt BPIC8t%, and

the capacitor %Q&lt%@ktl—fked oh&, Qh&ﬁh@wgt@gmﬁ eﬁér ﬂhhl@thesﬁé?l'il@ﬂl:yedﬁﬁ@y into
the inverter circuit. this condition, the di ode 840 (Fi reverse

bi ased, and theeo@nﬁ@dém@mltm Whancthel switels 22 lsnmius:@ngtu@tld enelrgys

establ i shes a di schar th ac 916 rom Ci.rguit common
Cor i nal Vo 03rCuAnEE o bk sisbR 526 HEBCHE RIS shiteayefitb e 915 and
the capacitor Qibhark€d thicughUEKdio@OYEY 4R thesi Atk 924 & diiciRlcoRadfdn. Swi t ch 924
alternately opens and closes at a frequency typically about 30 kHz or

greater, whi chTheresfiessthgrdiodes 092 grd32teare revgrsctthased se tiab Ae Jurdter eprgent
rectifi ed l'ine voI ﬁﬁﬁghﬁg%ﬂcﬁn@g\é@f@ 924 is conducting, residual energy

remaining in tt%le B ctor romthe previous charging cycle is
di scharged through Theordiitdstell fiderea dl inltdg.s4) the linsdatdardeoustertified liomon.
Thereafter, the diodes 922 and 926 are reverse bjased so, that ng fé{ her

current f | ows velwasug aregtte thendhe voltige pePsHbe canagiteifidy ??%Welcflpa(cl‘tﬁf
in Fig. 4), the E‘x%&ﬁﬂ ﬁ@%&ae&l .angﬁ{il%ldta@al Y. 9hd é’lgé?aﬁo% SEab&s t han t he

vol tage across t e capacl tor e capaC| tor I'S 1 Nncreasi ng its
stored energy. chwertegdépends mathe chnductien sfperaftthoswitth 924e buck converter
depends on the CondWItlelnot e g\gvli%éhe%% is E:Ql(ladu%Wné,Ctﬂe 8112& converter circuit 910
reduces to the simplified form shown in Fig. 5 and the voltage across the buck
inductor 920 is equal to the instantaneous rectified line voltage minus the voltage
across the capacitor 916. Thus, the capacitor 916 is charged by a current flowing
from the input 912, through the capacitor 916, the buck inductor 920, and the
switch 924, to circuit common. In addition, the energy is stored in buck inductor
920 by the voltage applied to the buck inductor 920 when switch 924 is
conducting. When the switch 924 is not conducting (as depicted in Fig. 6), then
the current 1210 flowing through the buck inductor 920 commutates through the
diode 926 and flows into the capacitor 916, thus transferring some or all of the |
energy stored in buck inductor 920 to the capacitor 916. Note that in condition II,
the capacitor 916 is charging both when switch 924 is conducting, and when
switch 924 is not conducting.
The result of the operation of the buck converter circuit 910 is that the
capacitor 916 charges over a period of time 1310, as shown in Fig. 7 wherein the

ballast is operating at full light output. The charging of the valley fill capacitor
916 preferably takes place over more than 90 degrees of each line half cycle.



When the switch 924 is conducting, the buck converter circuit 910 reduces
to the sinplified formshown in Fig. 5 and the voltage across the buck

i nduct or WP®3jos18eyual to the instantaneous rectified |inePealusayzn28i nus t he
voltage across the capacitor 916. Thus, the capacitor 916 is charged by a
current flowmng fromthe input 912, through t he capacitor 916, the buck

i nductor 920, and the swtch 924, t&-C|rCU|t common. In addition, the
energy is stored in buck inductor 920 by the voltage applied to the buck
i nductor 920 when switch 924 is conducting. Wien the switch 924 is not
conducting (as depicted in Fig. 6), then the current 1210 fl ow ng through
t he buck inductor 920 commutates through the diode 926 and flows into the
capacitor 916, thusWhearisé dranrging of thewabey fill Icapﬂcitohf@kesemecreg@br gteateethann buck

i nductor 920 tgq.the capaci.t that in.copdition.lT

capacitor 916 ?Q degrae ﬁﬁcrbg’%% %W‘%ﬁ?% ngyhplf &c ECOHFJSWWE baa\t?at when
switch 924 is (gt ARGV EIAIMArmdiE distsitbh hafbeeh SouRidqs 8t r@uced. t he buck
converter circuit 910 is that the capacitor 916 charges over a period of

time 1310, as shownAnathgi @Vantaﬁhef@!erbut?]heonvl@abﬂ agpuitiod Oaphatithie agrush  f ul |

li gh he ch RRVRANE
takes pl ace overbre e anedr LGB bt b FERIRAPpl SRR GERDS) 01655

PCT/ US02/ 20281 the-butR lﬁ/em@mr bhe. nhmagi A & sebhén Figl 7 aythhi the pespiaed dudrent akes
pl ace for greater than 90 degrees of each 180 degree |jne frequency half

cycle, the resdBi?isgresslyirediced phepapased fodhe p@%qlme wEeRbh 1¢ itgtienl Prigh has
been found
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each charge cyelreuiirg. Cufreitdrugly lintitheg #3eoén mosigrmifici? @t inTtidl ald@ntumh-so be

seen in Fig. 7 in_that the peak J|ine current 1312 is gre reduced as
conpared to th&1p&hks, I"‘ihﬁEPEYYF‘f’érﬂrSthRhedotP 3 typicelactips P‘E‘)‘f"er tg?tf’ aTClRs s

having no acti %@agp\eﬁereﬁfe s%rag&me&ar%cﬁaﬁg&@m@Ehevahéabbrfvbité e ik fHi LT Y.

Current inrush mting I'S eve e signi ant at 1tial Iast turn-
on. Thus, whentheqwek valse bF thetAGHipe velthgeo Daringphis ahargmtg| pweog; thweinpitact or
correct ed bal | ast, .t he enﬁ %¥n st.or age capaci.tor 8! unt l t he
capaci tor volt a&@enrtllss%sgen[t@ y Timifed only’by wire resistance 'and fh ance o

AC power source supplying the ballast. The buck converter circuit 910 of the
ballast of the invention is inherently current limited, thereby overcoming another
significant drawback to APFC type ballasts.

Another advantage of the buck converter circuit 910 is that it provides
over-voltage protection for the capacitor 916. That is, in an unloaded condition,
such as when no lamp is connected, the capacitor 916 will charge to no more than
the peak rectified line voltage. This is in contrast to traditional boost and buck-
boost converters wherein extra circuitry must be added to prevent charging of the
energy storage capacitor to potentially catastrophically high voltages in an
unloaded condition.

As shown in Fig. 8, as the lamp is dimmed down to about 10 percent light
output, the charging time of the capacitor 916 decreases. Simultaneously, the bus
ripple voltage is also reduced, leading to a lower current crest factor of the lamp
current.

Turning now to Fig. 9, there is shown a second embodiment of the buck
converter circuit 1410 with inverter circuit 860. The inverter circuit 860, which
is described later in more detail, has a high side switch 2112 and a low side
switch 924. The high side switch 2112 and the low side switch 924 are both



t he peak value of the ACline voltage. During this charging period the
input current is essentially limted only by wire resistance and the

i npedancewofo3pimsss AC power source supplying the ballast. TPh@/usawkoz8pnverter
circuit 910 of the ballast of the invention is inherently current limted,
t her eby overcom ng another significant drawback to APFC type ball asts.
Anot her advant age of the buck convert %~ circuit 910 is that it provi des
over-voltage protection for the capacitor 916. That is, in an unl oaded
condition, such as when no lanp is connected, the capacitor 916 w ||
charge to no nore than the peak rectified line voltage. This is in
contrast to traditional boost and buck- boost converters wherein extra
circuitry nust cherdbtibdcandugivedenices; lsachgpsOSEFETk er 1@BEs.ghn thisor age

capacitor to potentially catastrophicall. igh voltages i.n a nl oaded
cond t on. - as” g g Sk songles e tpuitt g R SO o8 Ren S 16
percent |ight yudRubliablPeosdiRfié 8&/idd 978, afhelsBéondaRdfidiRént 3t Budkecr eases.

Si mul t aneously, the bus "ripple voltage is also reduced, leading to a | ower

current crest femtester ofcuithiet 10 ptherwisgopemates esgrilhgindbssanee wayyas the firfiere i s
shown a second e%bﬁ'diﬁrﬁ‘fnfboﬁ( t he rpuckCi verter circuit 1410 with inverter
circuit 860. TRECPAVER &P CUYS e§8](5,u I'th is described later in nore
detail, has a high guggnsnbwehFixl 18, therd igsHoom Sthita enfbotlingdnt 9Pthe blible hi gh
side switch 2112 and the | ow side switch 924 are both WD 03/ 001855

PCT/ US02/ 20281 convexteg gifguitol Y1480 whichnthgdurk indyetor 88 is replasedawithoirpsd or

| GBTs. In this, L r1:Gh i .

i nverter ci rcuilqﬁgg)gqéggrghe% geggﬁ}%ﬁg%"ﬁ{l@o c%g%‘{)% léé:&@;eig? g);hq‘dg%ﬁoﬁ'he
second enbodi nesil obthehsysped imductoe 520 atcthe capl tattot Hhnahd pmetisieoOthe tzapped
essentially in the sanpe way as.the first. enbodi nent of buck cqnverter
circuit 910. TiNERE 1ﬁ%%ﬁ%thpid&def@,2- tTE%F’éluF@r BRRipremenhpioyidesdisdi ment of

t he buck conv L Cl i i i 3 ) / i pl aced
W th a tapped CERUIEAS P4t nclachatdt B GOk AR S e e BT s
coupl ed to an iopt¢retiomof the buck converter may be reduced, or eliminated altogether.

However, this extra flexibility comes with the tradeoff of extra voltage stress on
the switch 924. Thus, when the tapped inductor 1520 is transferring energy to
the capacitor 916, the tapped inductor 1520 acts so that the voltage applied across
the switch 924 is equal to the voltage across the capacitor 916 multiplied by the
turns ratio of the tapped inductor 1520. A snubber circuit including a snubber
diode 1552, in series with the parallel combination of a snubber resistor 1554 and
a snubber capacitor 1556, is coupled between the junction of the tapped buck
inductor 1520 and the diode 922, and circuit common, to dissipate uncoupled
residual energy in the tapped buck inductor.

In one embodiment of the tapped buck inductor circuit of Fig. 10,
capacitor 916 is a parallel combination of two 47 microfarad, 250 volt capacitors,
diodes 918 and 926 are MUR160 diodes, diodes 922 and 1552 are 1000 volt, 1
ampere diodes, resistor 1554 is a series combination of two 91 kilohm, 1 watt
resistors, capacitor 1556 is a .0047 microfarad, 630 volt capacitor, and switch
924 is a 250 volt IRFI634G MOSFET. The tapped buck inductor 1520 has a
total number of about 180 turns from the cathode of diode 918 to the anode of
diode 922, and has an inductance of about 1.427 milliHenries, with the number of

turns from the cathode of diode 918 to the tap being about 75, with an inductance



coil of the tapped inductor 1520 at the tap, rather than the junction of
the tapped inductor 1520 and the di ode 922. The inductor tap placenent
provi des whe3pegsabi | ity to vary the discharge tinme of thePCmasor/arst520.
The conti nuous node operation of the buck converter may be reduced, or
elimnated altogether. However, this extra flexibility comes with the
tradeoff of extra voltage stress on -the switch 924. Thus, when the tapped
i nductor 1520 is transferring energy to the capacitor 916, the tapped

i nductor 1520 acts so that the voltage applied across the switch 924 is
equal to the voltage across the capacitor 916 nultiplied by the turns
rati o of the tapped i nductor 1520. A snubber circuit including a snubber
di ode 1552, i nofaaue44irti¢roHherigsaaal the numbabofitatns dronothedarstouthb enodeexi st or

1554 and a snubber acit or 56,.1s.coupl ed t we the junction of the
t apped buck i H%Qét%g %E@S(ﬁgaﬁd%gh@“ﬁ?%b@ouégﬁ?e %%087 ‘f%ﬂ“tcr%%"rﬂ‘?ﬁﬁ', to

di ssi pate uncoupl edy E&SI FYRd pr,@ﬂ%ﬁﬁ%‘ gl?%ribg@e&ﬁw]ﬁfén@lb%hé VG G circlt One

enbodi ment of the tapped buck induc circurt of Fig. 10, <tCapacitor 916

is a parallel 830tiigal) drargihgcwent df pipciidnd ledncrezses wothtlongay aondustien

di odes 918 and, (926 e MJ di odes.. dio 2 nd, 1552 are. 1000 volt, 1
anpere di odes, tmes PEE}}S’.rCOTEé‘i%I%C‘H’ IR lgcgl%?n%%ﬁhﬁiar?w bging ;| ohm 1
watt resistorgim@s®aciohlight 3381sl the 3w 924t Gidut@rfoa 10836} tvab tang@rACi tor,
and switch 924 is a 250 volt | RF1634G MOSFET. The tapped buck inductor

1520 has a t oeedunilatinarofshargs onwcangor dkmsicrepsnn Whieh dends seleissfthelbesde 918
to the anode of ,.diodge 922 an.,i 0 . .
CfF is a?i%né%%&rlmsnavg hlg@g}j&}s%(ftg%% %tf%o g&(&% l]eélfléll(% élél05 18 to

mlliHenries, \‘/\AOItt%ethe nu turns from'the

the tap bei ng @auinp #dltayéd inbreades andwclighi ¢/ eWRNAY HIgHe3 Bos Pelldgda08wa @81 -
15 of about 244 mcroHenries, and the number of turns fromthe tap to the

anode of di odéntd hsqrivgnalyough a bigheninnedaiee; Thghar iRt BrpesBatR 492
e
with | onger cordigasti20n1991i toesmllofantehel.,aadtssigiedsd Yuton@ilectionies S, fiwh 924,
]\c/%?nat Ihgnlggrpt : rsmbeg_ﬁg cb%lgmg:%rrgr?t allsOoV\{n!:rle srzats als ﬁl\éevlo?thgé crﬁ?fegevx\lﬁtiglc‘t?etv%ggl t 8 nduct s

rectified line voltage and the voltage across the capacitor 916 increases. This

results in the instantaneous charging current in the tapped buck inductor being

highest in the middle of the line half cycle, and lower towards the tails of the line

half cycle, which in turn results in reduced total harmonic distortion of the ballast

input current.

Turning now to Fig. 11, there is shown another embodiment 1570 of a

valley fill circuit. In this embodiment, the valley fill circuit 1570 includes, in

addition to the capacitor 916, the diode 922, and the switch 924, a diode 1572

connected between the capacitor 916 and the terminal 912, a diode 1574 and a

“flyback” transformer 1576. The “primary” winding of the transformer 1576 is

connected between the anode of the diode 922 and the terminal 928 of the valley

fill circuit 1570. The “secondary” winding of the transformer 1576 is connected

between circuit common and to the anode of the diode 1574, the cathode of

which is in turn connected to the junction of the capacitor 916 and the anode of

the diode 1572.

When a rectified line voltage applied to terminals 912, 914 in Fig. 11

exceeds the voltage across the capacitor 916, then the voltage developed across

the “secondary” winding of the flyback transformer 1576 recharges the capacitor



accurul ati on of charge on capacitor 916 increases, which tends to raise the
bus voltage. It is advantageous to have higher bus voltage at |ow |ight

| evel s siwoe3/ovises | anp voltage i ncreases at |ow |ight |evelcs/soz2@shi gher
bus voltage allows the lanmp to be driven through a higher inpedance.

H gher output inpedance inproves |lanp stability, as is discussed in US.
Patent No. 5,041, 763, issued August- 1250', 1991 to Sullivan et al., and
assigned to Lutron Electronics Co., Inc. The charging current also
increases as the voltage differential between the rectified line voltage
and the voltage across the capacitor 916 increases. This results in the
i nst ant aneous charging current in the tapped buck inductor being highest
in the niddl e 616 threugh the divalk fl 524.cWehen dlrecketifiest liteowdiags fallsdelosi the of t he

| hal f | whi ch i.n turn | i d tal .h i
di stortion of ¥REesSeets ¢ coRiston dieh bR esoplind gtuf €t HPBED QP her o | s

shown anot her emhedid®yanio3@ of a valley fill circuit. In this
enbodi ment, the valley fill circuit 1570 includes, in addition to the

capacitor 916, the duodeg 8®2 to Bigd12,Hkergwi showngpipurth enibodienens ¥¢10 efennect ed
bet ween the ca it 916 and, the termnal. 912 a di ode, 1574 and.a

“Fl ybacke ¢ r andRual et i b8 s BebBh? Rl s SRR T LRSI 1576
i's connected Bgiwgey fillercat0gr) mtluubﬁaﬂmd@ergyatoad}dchﬂs@itbfelaiznal 928 of

the valley fill circuit 1570. The "secondary”™ w nding of the transforner

1576 i s connecternecisdimassies tvithcfitst digdeded bardossdirstraad spesad iprut taminilode
1574, the cath f i ch.j i t 0 i jon of the
capacitor 916 gg% ét:iﬁeto gﬂr%ocgllezugﬁ 61(?’hé%é&gg‘%%?%%f&qﬁeecﬁbg&rdégt@ ﬁ %Sed l'ine
vol t age appl i edotinzctedimarits svithlPsecSddidiode F63p, thklcatlende o€ dhidhHetivdiotthge

across the capacitor 916, then the voltage devel oped, across. the
"secondary" wi Htﬂuﬁal%fAtﬂh‘éA 10064033 I8 capractndmstwees the LBt 9LaPRHIT capaci t or

Y0 051001055 PSRLBRRIGIERnS LAPUE IR Ot SadR R LY

t he capacitor 8of6rtrachhof@ergystaaghcapatipert1 616 és cuinnadted @B e asvdnd dput
terminal 914 by means of a fourth diode 1618 in parallel with a resistor 1620.

~ When a rectified line voltage applied to terminals 912, 914 exceeds the

sum of the voltages across the capacitors 1632 and 1616 by the forward voltage
drop across the diode 1638, then the diodes 1634, 1636, and 1618 are reverse
biased, the diode 1638 is forward biased, and the energy storage capacitors 1632,
1616 charge through the series path of capacitor 1632, diode 1638, capacitor
1616, and resistor 1620. Resistor 1620 limits the charging current into the
energy storage capacitors 1632, 1616 to reduce current spikes in the current
drawn by the ballast from the line, thereby reducing the ballast input current total
harmonic distortion. The capacitors 1632, 1616 typically each have the same
value and charge to approximately one-half the peak input voltage.

When a rectified line voltage applied to terminals 912, 914 falls below the
sum of the voltage across capacitors 1632, 1616, then diode 1638 is reverse
biased. Once the voltage across the input terminals 912, 914 falls below the
voltage across the capacitor 1632 by more than the turn-on voltage of the diode
1634, then capacitor 1632 discharges through diode 1634 and output terminals
928 and 930. Once the voltage across the input terminals 912, 914 falls below
the voltage across the capacitor 1616 by more than the turn-on voltage of the

diode 1636, then capacitor 1616 discharges through the diode 1636, the resistor



Turning nowto Fig. 12, there is showmn a fourth enbodi rent 1610 of a
valley fill circuit which uses only capacitive energy storage. In this
enbodi nerwp o3bbssval l ey fill circuit 1610 includes a firstCensnz2st or age
capacitor 1632 connected in series with a first diode 1634 across first
and second input termnals 912, 914 LP the circuit 1610. A second energy
storage capacitor 1616 is connected series wwth a second di ode 1636,
the cathode of which is tied to the input 912. A third diode 1638 is
connected between the junction of capacitor 1632 and di ode 1634, and the
junction of capacitor 1616 and di ode 1636. The other term nal of energy
storage capacitor 1616 is connected to the second input termnal 914 by
means of a foul620,dndtte Gdms térmipds 928, 8B0.WWhenahe esltagt droplB2@s thihen a

tified | | t to t | 1 ds t.h f
e vol tages. acenes e tREHE el FapiAEh i 78 Todsy S RRFD Fhab G nye
drop across thgjseh26 thR3dh didiRs 1636 161 PaRBPthd 63thut bR fhalsy2d, 518 are

reverse biased, the diode 1638 is forward bi ased, and the energy storage
capacitors 1632 151 siremanyg therdapanilgrs 1633, 5li6j chargsdn Rerisss, angydisdheige in 632,

di ode 1638, capagyibOfelhohg the%n&oﬁema fo 48R0 e Uik fbek e s the

charg| ng curre i'nto energy stor e capaclitors reduce

current spikes disﬁhérgelamp' r'ﬂi&am(drnamﬂrlmle hhthefbah elsdgefis therdblyeeducad;,, t her eby
reducing the ballast input current total harmonic distortion. The

capaci tors 163hichgndumylpadsde rpproyediceape crepdfagighgt th ¢ L cusrrnt delivesed ¢ o
approxi matel y gg) hst Ne peak input voltage. Wien a rectified |line

vol tage applied’to erm nals 912, 914 falls below the sum of the voltage
across capacitors 1632vaﬂ@&ﬁucﬁhﬂnuﬁmaﬂéhg638hﬁ®ss@mékmeﬂyﬁbashdvdﬁnce t he

vol tage across _the input. ter s 912, falls belo olta across
the capacitor f@ﬂr%g} ﬁ;\l lmgt%enﬁ 5&%93%7 @*%&%alblf" Wﬁé’gdf‘ 634,

then capaci tor hﬁ@%&n@'sﬁﬁ@@ﬁg&%ﬂ;ﬂﬁ@m WitIP48iol6 3dnRBIA Dk th/gr M nal s 928
and 930. Once t vol'tage across the input termnals 912, 914 falls bel ow
the vol t age accassitolse Ilmaqnarast the Ve fibycineoit of Figah2 ptmfldeaﬂhﬁmmsﬁwoﬂﬁ%(ge of

the diode 1636, t citor di schar hr ou the dio 636, the
resi stor WO 03/bPAa Ejgt%lpéég%%e paiE,conn cted% FWaer? t-hf: capacitor ?8161

and circult common. This novel arrangement provides the desired improvement
in ballast input current total harmonic distortion, but does so in a manner that
more readily lends itself to additional improvements.

To further improve the ballast input current total harmonic distortion, the
valley fill circuit 1610 of Fig. 12 may be modified by placing a controllably
conductive device 924 in series with the resistor 1620 as shown in Fig. 13. This
creates a switched resistor circuit. The controllably conductive device 924 will
typically be operated at a high frequency, that is, many times greater than the
fundamental frequency of the AC line voltage. The ballast input current total
harmonic distortion may be improved by controlling the conduction of switch
924 so that the conduction time of the switch 924 is increased near the center or
peak of each line half cycle. This results in a ballast input current waveform that
more nearly matches the AC line voltage waveform.

The valley fill circuit 1710 of Fig. 13 may be integrated with the ballast
inverter circuit as shown in Fig. 14 wherein the controllably conductive device
924 is shared by the valley-fill circuit 1810 and the inverter circuit 2110.
Alternately, the switch 924 of the valley fill circuit 1710 of Fig. 13 may be an



1620, and the output term nals 928, 930. Wen the voltage drop across the
resi stor 1620 exceeds the turn-on voltage of the diode 1618, then capacitor
1616 di swbasgesss: hr ough di odes 1636, 1618 and the out put pCarusozizi2gl 928,
930. In summary, the capacitors 1632, 1616 charge in series, and discharge
in parallel, delivering their stored energy to an inverter circuit which
drives the gas discharge lanp. The afount ~of ripple in the bus voltage is
t hereby reduced, which in turn leads to inproved current crest factor of
the lanp current delivered by the ballast. The valley fill circuit 1610 of
Fig. 12 differs significantly fromthe valley fill circuit of Whod in U S
patent 5,387,847. Mst notably, Wod, in Fig. 2 of his patent, shows a
resistor in senidependently gorticdidé coﬁrﬂ@bt}e@nﬂmtmmvmem@méﬂomﬁ@h of n
contrast, the valley. fil it oft ke 12 provides the resistor 1620 in
parallel with tHeW Cga%mlt%‘igwe#?femﬁﬁhs @onnect ed between the capacitor 1616

and circuit comon. REGisGvdIBYRE irffhe 3ADGTEN tirkioY] et Hif &l 3488 beddidgar ovenent
in ballast input current total harnonic distortion, but does so in a manner

that nore readb Blgowrpmdbgl 5@ replaeing dekistoro 0 Wlﬂwwémtm E92071 s¢rifist her
| nprove the ball, gsfi %351 Iil%lilra?tn 1% dar%%ﬁlg}?tgkhe (i%lmsot atloln%?the 198 vaI ley

fill circuit 1671 acl ng acontro abI

conductive deviiogo S@dthe Bwieh Q%mwybb réﬁli&eﬂ(bylagﬁngle ﬁl@ﬁ&oﬁ&lcﬁ%@m then Fi g 13.
This <creates a switched resistor circuit. The controllably conductive

devi ce 924 wi | high-frequeasy wlﬁélwlav afswich9% Wtﬁéqﬂé%wy spplhtands  many

times greater pelsgfluency of the AC |line voltage. The
bal I ast i nput ?:IEE% g t’ol{dﬂptq{i arm)nl ¢ @ stortl on nmay be inproved by

controlling the conolutmlaﬂmmﬁvsw gwdteh 9924a seohduay wilding 20@iuEéman ti ne of

the switch 924 is increased near the center o eak .0 ch |ine half
cycle. This redghl eqq”?n%}’%%ﬂsF I Ry BE SE‘EFF‘F‘EFFE i/\g"\?(‘-}?ldp ig- more nearly

mat ches the AC}h% e ntcg%ﬁééf@féﬁ ?51%5 @ﬁlﬁ’ﬁ%&e%h%éll'ast‘s?'Eﬁﬂl‘efadé‘nﬁ%@on Fig.

13 may be integr ast” inverter circuit as shown in Fig. 14
wherein the comtuerprbpabiuynbconﬂumﬂ of@ sdenridery widdihgj (sreférablydo by alrénely
val ley-fill circu the. i nv circuit 2110, ately t he

Lol oo of ERBlg o) bapiid il Satng Selhtin 58 he gt

series with inductor 1920, alternately opposing and aiding the flow of current
througi'l the inductor 1920. The winding 2024 thereby effectively functions as a

switch.

The Inverter Circuit

As can be seen in Figs. 17 and 18, connected to the output of the capacitor
916 and the buck converter 1510 is a high-frequency inverter circuit 2110 for
providing a high-frequency voltage to a resonant tank circuit 2220 of Figure 18,
for driving a lamp current through a gas discharge lamp. The inverter circuit
2110 includes series-connected first and second controllably conductive devices
2112, 924. The bus voltage is the greater of either the rectified line voltage, or
the voltage across the capacitor 916. When the rectified line voltage is greater
than the voltage on the capacitor 916, then the inverter circuit 2110 draws current
directly from the AC line. When the rectified line voltage is less than the
voltage on capacitor 916, then the inverter circuit 2110 draws current from the

capacitor 916.



WO 03/ 001855 PCT/ US02/ 20281 -18 independently controlled controllably
conductive device separate fromeach of the switches in the inverter
circuit 880.03Bes5stive | osses in the valley fill circuit PCIM@Sot2@8y. 13
may be reduced as shown in Fig. 15 by replacing resistor 1620 with an

i nductor 1920 in series wth switch 4. In an alternative arrangenent,

t he conbi nation of the inductor 192'01 and the switch 924 may be repl aced by
a single inductor. However, the high-frequency switching action of swtch
924 permts a relatively small, and inexpensive, inductor 1920 to be used.
As an alternative to switch 924, a secondary w nding 2024 from a

hi gh-frequency transforner nmay be substituted as shown in Fig. 16.

Hi gh- frequency trandfkanthe gvarter qxvpit@éaws)ﬂumeets@rﬁctlwrfw@arhea%@gmeEgr t he

addi tion of t r lonB ot g ef er abl
to an al ready g%)%l%é@lpa (r?\lggot ;dgggho@fr%?lyé ﬁgql\%%f:fg%gggﬁgggﬁ%g%ﬂa%ﬁ ﬁ‘g%@% arity rr)elty
be introduced ipeak sfah¢ A e thel rashiiigdTHDIE Ghe tadllastrinpudteduyrenyiae deergfoand
aiding the flow of current through the inductor 1920. The w ndi ng 2024
thereby ef fect 1@ lpssthaRP? 8 as a switch. The Inverter Gircuit As can be

seen in Figs. 17 an?g%gpeﬁe&ﬂﬁf%ﬁ%%ﬁe}a&uﬁlztmelnvn@fnom% ReRellpr 916 and

t he buck converter Is a requency inverter circurt 2110 for
provi di ng a hi gbarfecopeith Fig:dOt Byeinverte ciregio A} useanfixed freguanc2 220 of

Figure 18, for_driving a |apmp current through as. di scharge |[.app. The
i nverter circui?) C%@B‘%FWEIW ¥ ¥l F‘@’éqhd%'ﬁlgg‘? 8@" ARy iﬁ'ﬁ %%B%h@pp
control I ably cgpdugl !on(r}, SRVHLHE switdrine d&3ds 21112, 2USs Yeldua@sy Atlitthifesgr eat er
of either the rectified line voltage, or the voltage across the capacitor

916. Wen the fethd diseusibnthe dolytcagle D fys énthecondusiian tims afdhe fige on t he

capaci o 910, AaaL e o NSRRI 00 MR R e L3 o

ggggg: : 8 : gigf tibeeyT thd iy & it @ 922 CohdidlerbtRatdha o tHellel-RBs 21 120024 e
conducting at all times, the sum of the conduction times referred to as D and (1-
D) of each respective device is the period of the switching frequency. In
practical electronic circuits there is usually a time when neither device 2112, 924
is conducting, commonly referred to as dead time. This dead time is normally
very short with respect to the conduction times of device 2112, 924. The purpose
of this dead time is to ensure that both devices 2112, 924 do not conduct
simultaneously. However, this dead time may be increased and used as an
additional control parameter of the inverter circuit. When switch 2112 (referred
to as SW 1 in Fig. 19) is conducting, then the output of the inverter circuit 2110
is connected to the buck converter circuit output terminal 928 which is the valley
filled voltage. When the switching device 924 (referred to as SW2 in Fig. 19) is
conducting, then the output of the inverter circuit 2110 is connected to the buck
converter circuit output terminal 930, which is circuit common. For a given
instantaneous valley filled voltage, the maximum lamp current that could be
delivered to the gas discharge lamp for that instantaneous valley filled voltage is
achieved when the conduction times of the two switching devices 2112, 924 are
equal. In this electronic ballast the lamp current depends on both the
instantaneous valley filled voltage and the conduction times of the switching
devices 2112, 924. The conduction times of the switching devices 2112, 924 are

controlled by a control circuit 882 shown in Fig. 17 in response to the current



WO 03/ 001855 PCT/ US02/ 20281 -19 When the inverter circuit draws current
directly fromthe ACline for greater than 90 of each 180 |ine frequency
hal f cyclwoasomsss the tine of the peak of the AC |Iine, tireTrissut@28ng THD
of the ballast input current has been found to be less than 33.3% The
operation of the inverter circuit 211 will now be described in connection
wth Fig. 19. The inverter circuit 2110 uses a fixed frequency, D(1 -D)
conpl ementary duty cycle switching node of operation. This neans that one,
and only one, of the switching devices 2112, 924 is conducting at al

times. In this discussion, the duty cycle Drefers to the conduction tine
of the first switch 2112, and the conplenentary duty cycle érl- D) refers to
t he conduct i on flopiingthegughiile gascisshargpilareps 2214, 2%@@91%@ Aig- dhathéone of the
devi ces 2112, 4 1. ' . ' of the conduction
tinmes referred%ggagénEf@%g&?&yqﬁfﬁéﬁq%%%ﬂkggigg%@$3%uggvice is the period
of the swi tching fr&puestional dontrprAgdrithmls usddefor conttalling electidnsc bdllaste i s

usually a tinme when neither device 2112, 924 s conducting, ,comonly
referred to as “H’éétﬂrsttb’ﬂég?mﬂl%“ thefan ‘i‘cﬁ’é’nit%nmtﬁ‘éF‘Pfi}ml\?@ryfo%‘éﬁt‘tvevvi th

respect tot hed‘é&i@?s”s%tds‘?ﬁniaiﬂﬁﬁ ok 16y bfent Htllcomdeft valle EURARSal OF this

dead tine is to ensure that both devices 2112, 924 do not conduct
si mul t aneousl y cotdosldoaps,ard $10w inl eaponse ise asrtykeep thexomdastenh tanes afskel as an
addi ti onal control {arret er.of the inverter cir en Si’i\j tch 2112

it. W
(referred to SenEaPly cPRgicive dsyicrsnealy GORTATSVeE MEROVREOAMRL of t he

i nverter Circuigeqedntd haif%y@le.ln Fﬁfétai‘%iarftlﬂn} WRerPApphic® wy%nﬁmpiybe BhllasQUt put
ey en

termnal 928 which i§ the va illed voltage. W e sSwitching device

924 (referred toukbreupin mhigh gurrard rressfacoontithetlamp cutrerdelue tethout put of t he

inverter circuit Q0 is.,connect.ed. tq the buck converter circuit output
term nal 930, \ﬁ'ﬂd%‘#%log OEM%V&ﬂ?Yt@?% Qgfor a gi ven instantaneous valley

filled voltage, theTHeXbmdNciamPofe heRbntlhsefeeedlechbodimeiehdjuss @i t o t he
gas discharge lanmp for that instantaneous vall %vfl |l ed voltage is

achi eved when tchedustiag tisres ehtheicaatsolisblyt ¢radugiiyeslrivicehi Ree eradueton tima of 924
are equal. 1ng LS, Pl AETLRRLE sPR thFTauel Ferk ARy, SHFdwPlisdsRaMs on both the

conduction time of switch 924 is increased so as to produce relatively wide

pulses. This reduces the peak of the envelope of the high frequency lamp current

near the peak of the line frequency half cycle. This is subsequently referred to as

“hump down” of the lamp current (Fig. 19).

Reducing the lamp current near the peak of the line frequency half cycle

reduces the current drawn by the inverter circuit. This effect, on its own, would

thereby lower the ballast input current and raise the ballast input current total

harmonic distortion. However, in the ballast of this invention, the decrease in

lamp current is associated with the increase in conduction time of switch 924.

This increase in conduction time causes an increase in the charging current of the

valley fill capacitor. This increase in valley fill current increases the total current

drawn by the ballast near the peak of the line frequency half cycle. The increase

in ballast current near the peak of the line frequency half cycle has the

advantageous effect of reducing the ballast input current total harmonic

distortion. This improvement counters the effect of increased THD caused by

lowering the peak lamp current. The increase in ballast input current near the

peak of the line frequency half cycle due to the increase in current drawn by the



i nstantaneous valley filled voltage and the conduction tinmes of the
swtching devices 2112, 924. The conduction tines of the sw tching devices
2112, 924werog/oowshtrol l ed by a control circuit 882 shown POTRiSG2/22%1 i n
response to the current WO 03/001855 PCT/ US02/20281 -20 flow ng through
the gas discharge | anps 2210, 2212 shown in Fig. 18. The operation of the
control circuit is described in detai?!bel ow Conventional control

al gorithns used for controlling electronic ballast inverters typically

adj ust the conduction tinme of the controllably conductive devices so as to
maintain rns |lanp current at a constant value. Conventional control |oops
are slow in response so as to keep the conduction tines of the

control | ably comtlexfilleacdeisi snesqnedlyl rigfecedso anthuoyenp’t dfehe baltaseinpdt a | i ne
frequency half cycle._ This Sl gorithm when applied to a valley fill type
bal l'ast, woul FUFERlISee i -d7hi gh current crest factor of the lanp current
due to the modul atigg, gghhhﬁ,s\s@éd Gcriveld! B4 MO I on'tiRe 6PRLRG 21Rng Ui T Of
the presently preferre(? nbodi ment adj usts the conduction tinmes of the
control | abl y coadivetd sves Weprodues reldtiecly nardew pitlses aridrtbe ofndustion gime2£12 i s

reduced so as to. ce relatively narrow pul ses .and the conduction tine
of ‘s ton ooa 1wieh P8 ESairtadust S b MPOUR LB Y LRy oat KRR 1 <
reduces the peak Quld Recr8OMHRIcBRGuEbN tilkRs BF SRitEH ZORaRA%WiRAD26 Withent  near
the peak of the line frequency half cycle. This is subsequently referred to
as "hunp down"appfoprihis cirawib repmiapggrment Bf die vallyy filketraeit pryas teeachighptbeur r ent
near the peak of the |line fr ency ha I S current drawn
by the i nvertersalc'?leth UPP Qfﬁaggsgf%é%f?rrégfﬁaﬁ%/gurg%?&ao%ﬁ&& lgl{%ﬁec}l%}%@t‘ | ower the
bal | ast input current and raise the ballast input current total harnonic
distortion. However, in the ballast of this invention, the decrease in

| anp current i sThedesepant dankCirpuit he i ncrease in conduction tine of switch
924. This increase in conduction tinme causes an increase in the charging
current of the wvalley fill capacitor. This increase in valley fill current
i ncreases the total Ruf¢rriaptgaidt@Rigsbyy, i Bethbaltpassef the atvetthecipaitkk 100 it he | i ne
frequency half cycle. The increase

connected to a resonant tank circuit 2220 comprising an inductor 2222 and a
capacitor 2224 (Fig. 18). The resonant tank circuit 2220 filters the inverter
circuit 2110 output voltage to supply essentially sinusoidal current to the gas
discharge lamps 2210, 2212. In addition, the resonant tank circuit 2220 provides
voltage gain and increased output impedance. The output of the resonant tank
circuit 2220 is coupled to the electrodes of the gas discharge lamps 2210, 2212
by means of a transformer 2230. A DC blocking capacitor 2232 prevents DC

current from flowing through the primary windings of the transformer 2230.



in ballast current near the peak of the |line frequency half cycle has the
advant ageous effect of reducing the ballast input current total harnonic

di storti owoO 030535 npr ovenent counters the effect of increasedsitd8aused by
| owering the peak lanp current. The increase in ballast input current near
the peak of the line frequency half cle due to the increase in current
drawn by the WD 03/001855 PCT/ US02/ 20281 -21 valley fill circuit is
subsequently referred to as "hunp up" of the ballast input current. See
Fig. 19. Although it has been described that the conduction tinme of switch
2112 is reduced so as to produce relatively narrow pul ses and the
conduction tinme of switch 924 is increased so as to produce relatively

wi de pul ses, orthedkirtenelersa Gifceit art coul d reverse the conduction tines of
switch 2112 and switch 924 with appropriate circuit rearrangenment of the
valley fill circuit so as to achieve the sanme hunp up of ballast input
current and hunp dO‘be&im%l?@FifaW tHé’Bz{lﬁ@ttalsoTﬂgluﬁ’@ss@&?fPéntI@fﬁgcﬁ%dlpmﬁﬂo
Referring again to Figs he output of the inverter circuit 2110 is
connected to acomposiagtirstand sejond diades? ashgPdn sandgresistor Adtfcrouplab®? and a

capaci tor 2224 The tt ank c rcuit. 2 & t he
inverter ci rcﬁ%‘t‘e%ﬁ%ﬁ%d?ﬁm zé}g)l’ ?ggg s célﬂrﬁﬂ YESLEN @ﬁh&%ﬁ%ﬁ%%l dal
current to the ygFswawdirs@iTRdoR th @ Rsosd 2dsitor2U8 thdtis p@biioan) tolidigp r esonant
tank circuit 2220 provides voltage gain and increased output inpedance.

The out put of mngem@@dmmr@smﬁwme@pre&ﬁaptuzlzlz@tuogtw@%thécgas gisghpeseledd: r odes

of the gas dischar, 0. ADC
bl ocki ng _capfacicifj hggﬁ%}m cet\?/tge%i% S lt%l% SH&MIS%Q %fu]t FOO%I\AE%Q&E r%ﬁlﬁgﬁe
primary w ndi ng$Fed. 17hén b albghaiveeimbdddhent, Wae Gﬁf&m&ﬁﬁmgﬁﬁﬂ b&@e}f&ﬁeal -22-

The Current Sense Ci rcuit Referring to Fig. the bal ] ast a géhncludes a
current sense &R RANAKIONVIOMAKKHBY HENEG Cf“ir?%‘ttfa&ﬁ@mé% Sheltanybey. ko and

2244, and resi Rk AR tediBYMs € ot Ron-dimming ballasts, and dimming ballasts where

only modest performance is required, the current sense circuit may be omitted.

The Control Circuit

The control circuit of 882 of Figure 17 will be described in more detail
with reference to Figs. 20, 21, and 22. A first embodiment of the control circuit
882 generates signals to control the conduction of the switching devices 2112 and
924 (Figs. 20 and 22). The control circuit 882 receives as an input the half-wave
rectified voltage from the current sense circuit 2240 and generates a DC voltage
that represents actual light output from the lamps. This DC voltage,
representative of light output, is compared to a reference voltage, indicative of a
desired light level, to adjust the duty cycles of the switching devices 2112, 924 so
as to minimize the difference between the voltage that represents the light output
voltage and the reference voltage. In a dimming electronic ballast, the reference
voltage may be provided by an external input such as a 0-to-10 Volt control
signal. Alternatively, the reference voltage may be generated by detecting a
phase angle control signal applied to the ballast by means of the AC line voltage
when the ballast is supplied through a 2 wire dimming control. In the preferred

embodiment of the ballast, the reference voltage is generated from a phase angle



series with the lanps 2210, 2212. The current sense circuit 2240 generates
a half-wave rectified voltage across resistor 2246 that is proportional to
| anp curwers/oarsds r epresents a neasure of actual |ight outhoatusot/2a2Re gas

di scharge lanp. The half-wave rectified voltage is supplied as an input to
the control circuit 882 of Fig. 17. In an alternative enbodi nent, the
current sensing nmay be perforned i n-&3wel | - known nanner by using a current
transforner, or alternatively, full- wave connected di odes. For non-di mm ng
bal | asts, and di nm ng ball asts where only nodest performance is required,
the current sense circuit my be omtted. The Control Circuit The control
circuit of 882 of Figure 17 will be described in nore detail wth
reference to Fig@atroPdgna? dppliddo Rz ballaftivisin sddidetiaivimput wf the ballaststehods
circuit 882 generates . signals_to control . the conduction of the swtching
devi ces 2112 aﬂadengt&dG¢F’g$§-.17266’a%’?oby2t ¥ Weémgﬁlﬂ’uki rcuit 882 receives

as an Input the hal fTM@eéﬁtrP{&f&ﬁtfﬂtlﬂg%éé%'f%@&%cﬁ EEénntimmlc(Flfgr. 00} cohRBSEd ol T cui t

2240 and generates a DC voltage represents actua i ght out put from
the | anps. Thi se@ivemptadmm theeprrestsenset dirceit @240 agrhs conttqdinput cscwbnpared to
a reference voliﬁge, indicative of a desired light Ilevel, to adjust the
duty cycl es of >swWi t ching devices 2112, 924 so as to mnimze the

di fference bet vu%ﬁrsubﬁkl?es\éehmﬁen Giaahls kM RoRMSISelniBalk b8 fHe RHEBIbLLy VOI t age
and the reference voltage. In a dinmng electronic ballast, the reference

vol tage may be qondvitivedepipesadl 1@x924. ThE comipalcirsuié may ptiotaliyondlods/smave ont r ol

2 Tphase angl o woNpEseu o RS Fih gt [ SR ORPEREATEBY ML A

line voltage whenlltHealchalteast détgil BelpRl i ed through a 2 wire di mm ng
control. In the preferred enbodinment of the ballast, the reference voltage

is generated from a pheaiebesgn & Kig 23 toofesdsclarrul olgdes a diffegegtigl ol
ol spol e e 2 Lkt 20,00 Ak i 2k gib vt
circuit includaspesdmailieadkangp Hghticutp2d &Om( the gurréilsenservireait 2240,and tecei ve
'nputs fromt herec(::eui‘l;g gt%s n%?l-r}rsl\?ertci;lgr tCellélin}naFgﬁ% tﬁg gesq’re(c:lqlngillc’ Pelveli rre] el#etnc(e: is{g(x:la i. '

The differential amplifier 2442 produces an error signal representative of the

difference between the actual light output the desired light output. The error

signal is in turn provided to a pulse-width modulation (PWM) circuit 2448 that

generates the drive signals that are applied to the gates of the inverter circuit

switches 2112, 924. The PWM circuit 2448 is well-known in the art and hence

will not be described in detail here.

The wave shaping circuit 2480 provides an AC reference voltage signal

that is summed with the essentially DC reference voltage signal from the control

input circuit 2460. While the shape of the AC reference voltage signal can be

made to take on a variety of waveshapes, a particularly effective, yet simple,

circuit can be designed that takes advantage of the waveforms already present in

the ballast.

The wave shaping circuit 2480, shown in detail in Fig. 22, includes a voltage

divider including a resistor 2482 connected in series with an automatic gain

control (AGC) circuit 2690 that provides a scaled version of the valley filled

voltage from the buck converter circuit 1510. Details of the AGC 2690 are shown

in Fig. 23 and discussed below. If it is not necessary to adjust the gain of the

wave shaping circuit 2480, such



2460, and supplies conduction signals to the control termnals of the
controllably conductive devices 2112, 924. The control circuit may

opti onal Iwoiopobs8e a wave shaping circuit 2480 to provi decarusadadizgi onal
input to the feedback circuit 2440, as will be described in detail bel ow
As can be seen in Fig. 22, the feedbazk circuit 2440 includes a
differential anplifier 2442 connectefi"'to receive at its inverting termninal
2444 the input signal representative of lanp light output fromthe current
sense circuit 2240, and to receive at its non-inverting term nal 2446 the
desired light level reference signal. The differential anplifier 2442

produces an error signal representative of the difference between the

actual |ight owspynon- ﬁenmm badlests it the t(fu690mmay eptianally degerlaceddyian turn
provided to a I PV\M circuit 2448 that generates the
drive signals Fdr%l %%se e eg%% nglllg%éfe{%e{ogat es of the inverter circuit

sw tches 2112, 924. Tlfia:%cﬁl\é\ﬂ/lvcitztgétsllgnalzﬁéi&thsdw&ielnsl@l@pﬁdb;nrrtehﬁs efd diagel hence
will not be descrl bed in detail here, The wave shaping circuit 2480

provi des an AC %éé@a@ﬁgéts\aawee@@n@qt%@the pant 9fdhe g ang it cathpde
essentially DC Rm . -d cuit
2460. Waile th Cro‘ﬁ{ﬂ&rt %ﬁﬁ é%%% #’er[%hé{a volﬁgggﬁg%gﬁ%al (l:éatﬁaggasgghdade

take on a vari ehmugh aMbbbmpgsapaitpaM&SduIbalshmrrreﬁfvﬁdtuhﬂac yedtresdenpl e,

circuit can be dgt hat t akes adva %Be of the waveforns al ready
present in theoHags Q‘E‘tel'ﬁ%“ \‘/‘B’%F\’é‘iﬂ‘% ircuit 2480, shown in detail in

Fig. 22, includes a Qldaa6] ciffutiad@indiiddsUdbRend cI8S) 265 coafiédeLOnnected in
series with an automatic gain control (AGC) circuit 2690 that provides a

scal ed ver si on tetwednshe edrhepn ficlpogd forvthd cqgml inpamwave Sb@mkg o vesdbank

circuit 1510. Details of .the AGC 26 5 d di scussed
below. If it i<HGBHYARLGECHTCOmmAry; g? ‘Yﬁlé gﬁfnﬁ 2%18 tpﬂeé'e fenseng
circuit 2480, s/yhgdbik owhdt thS0 et dBdug }rtﬁélthzp bﬁn@p&ﬁisﬁmeag
bal | asts, then the AGC 2690 may optionally be repl ac

The addition of the AC reference signal has the effect of reducmg the
combined reference voltage when the valley filled voltage is lower, such as near
the zero crossings of the input line voltage, and increasing the combined
reference voltage as the valley filled voltage is increasing, such as when the input
line voltage is approaching an instantaneous peak value. The lamp current
supplied to the lamp by the inverter circuit 2110 will likewise be less when the
valley filled voltage is lower, and increasing when the valley filled voltage is
increasing. Thus, the addition of the AC reference signal, which tracks or follows
the valley filled voltage, has the effect of shaping the current drawn by the lamp
to be similar in shape to that of the valley filled voltage. Consequently the
ballast input current has a shape which is lower near the valleys and higher near
the peaks of the AC line voltage, thereby improving the ballast input current total
harmonic distortion. However, this improvement in ballast input current total
harmonic distortion comes at the expense of greater crest factor of the lamp
current.

An additional feature of the wave shaping circuit 2480 is the diode 2486
for clipping the peaks of the AC reference signal. During the time when the AC
reference voltage signal is clipped, the combined reference voltage remains
constant while the valley filled voltage is peaking. The overall response of the

control circuit is designed to be "fast", so the control circuit responds quickly



passi ve i npedance such as a resistor. The scal ed voltage signal fromthe
divider is clipped by neans of a diode 2486 having its anode connected to
t he out puwooB/ootsss di vi der and its cathode connected to aPDT/uset/zrence

vol tage VREF. The clipped signal is then passed through a DC bl ocki ng
capacitor 2488 to be summed with the_g% reference voltage fromthe control
input circuit 2460. The control circuit also includes a | ow end clanp 2680
connected between the conmon tie point for the control input, wave

shapi ng, and feedback «circuitry, and circuit conmon. The | ow end cl anp
2680 prevents the reference voltage fromgoing so |ow that the current
through the la cannot be sustained. The addition of the AC reference

si gnal has then&mgéhe praks avilieibug veltage se aiisi ieducerthe epnduedon, bine ahewiighen t he

val ley filled volibage i Qe coﬁ&{fclfiﬁﬁlﬁg{gfﬁs%vggﬁ@zles%%s% 88Re g%o?é the

i nput line voltagé, and 1 ncreasin reference voltage as the
valley filled wehttagehipls fneqlwnegwollt@z ts tiehresmandaik, tahé thuspaitonstannmpol t age

i s approachi ng an |nstantaneo val ue. e lanp current supplied to
the lanp by t heUrishkiq B lgmpc fetiep ?Pt\}ﬁtPlre‘i‘%CEé‘i’/ﬁEf‘gB% Fihg damppurrent he

valley filled Véh'vEl%P@ dnd th&"i‘@&uce%ﬂf}e dt| tés??a%’td}%f‘(ﬁk%mb*%%{r‘éﬁﬂe'ﬁ% Fs'shéx%;ij

voltage is increas hus, the ad Ion of the ACre nce signa

whi ch tracks ormmegIl@y\mahlhnpvla‘&vhef/thfeﬂdimpdunmitt agehesmmethhe tied fnerchseah
shapi ng the cur drawn by the | an to be simlar in to that of
Che varl eyt I1ea0vssionathe B sod Mg EHoe cBetingdurieR by Bt has a
shape which is Jaﬁﬂ@for@@@rastsﬂ@wf{ a 1171§YI59 anqs BABESthe BaRAst idfie cRBH S Of the AC
line voltage, thereby inproving the ballast input current total harnonic

di stortion. Howeesase aviai that whic mmi;hluaweroccjatdda\stthompimmwasresntchargml

o cur rent . AToRth orasar o arr BRI O 5EEhmgh g e i e Bhbo | <

the di ode 2486 refiges &d Hliﬂll’aﬂgnﬂd’ﬂ@u@@ﬁk@taﬂfarﬁmﬁﬁw%téﬁ%ﬁr@Méﬁoﬁicmﬁhnné)-”| ng
the tinme when the AC reference voltage signal is clip B s t he conbl ned
¢

reference vol tatgléla$téﬁ@nsmlcteé@ﬁ&rtthwavmhaemgwercvma'@ described kayevshicwse i s
peaki ng The Ov?z{b‘"i‘% 5%{r§t?0910\91§§ Aast 1Q§ut CF%%H t%Lall fhinfhid distorSSShING 90“/0 be

"fast", so the ‘con circuit res
and current crest factor of the lamp current below 1.7.

The AGC circuit 2690, shown in Fig. 22, changes the output of wave
shaping circuit 2480 when the ballast is required to reduce the lamp current and
thereby dim the lamp. The AGC circuit 2690 in Figure 23 includes first and
second transistors 2691 and 2692, resistors 2693, 2694, and 2695, and diode
2696. The conduction of the first transistor 2691 is controlled by the output of the
control input 2460 (Fig. 22). When the input voltage goes low, indicating a
dimming condition, conduction of the first transistor 2691 increases, lowering the
voltage at the base of the second transistor 2692, thereby causing the second
transistor 2692 to become less conductive, effectively increasing the impedance
of the AGC circuit 2690 presented to the wave shaping circuit 2480. The
increase of impedance of the AGC circuit 2690 increases the voltage at the
junction of the AGC circuit 2690 and resistor 2482 resulting in more of the signal
being clipped by diode 2486. As this voltage rises and gets increasingly clipped,
the AC portion of this voltage is reduced, thereby reducing the effect of the wave
shaping circuit.

A second embodiment of the feedback circuit 2440 of Fig. 20 is shown in

Fig. 24 and includes a microprocessor 26102 coupled to receive inputs



WO 03/ 001855 PCT/ US02/ 20281 -25 during the peaks in the bus voltage so as
to reduce the conduction time of swtch 2112 and increase the conduction
time of swiDtoshoB23, so as to deliver a nore constant hi girCrresquaney
voltage to the resonant tank, and thus, a constant lanmp current, to the

| anp. The net effect is to reduce the,peaks of the |lanp current envel ope,
and thus reduce current crest factor'gg'the | anmp current. This is shown in
Fig. 19, as a hunp down of the lanp current. At the sane tine, the increase
in conduction time of switch 924 increases the charging current drawn by
the capacitor 916, as shown in Fig. 19. This causes the ballast input
current to increase over that which woul d have occurred without the

i ncrease i n chaepiepgntatiygrof ghet desfred hghtdevebandthe lanap gumrénisandurpdugp outpat

bal | ast input current. .This effect.. reduces . the ball.ast i t _current total
ar roni ¢ af st ordFB LEFLUPE R (R FohP RIS SrlolaRTob iRtk G te vave
shapi ng ci r cui tthasmvdgecditdagd Ohe\sactamidreprocesssit aliaBleddethad ieis Wi t h bal | ast

i nput current total harnonic distortion below 20% and current crest factor

of the |anp curiawfagiared iy Matorofheomarationuadertho sodel nimghgs MEGOHE8. 22,

changes the outgput.. of;: wav NApk: i 4. 24 IS
required to rgdfﬁogélrﬁé%g\ﬁ?aﬁgl @r%ggalghgﬁ@%lefoe y1 %&tu E}tgﬁf%ﬁipaw%e AGC
circuit 2690 i ninferfycing tikBmioneprockssorf2ion 62 withdhe ambopndrcuitanst the bilksa81 and

2692, resistors 2693, 2694, ~.and 2695, and.diode 2696. The conduction of
the first transioagigeredghe WgﬁE’&H? pesiimasy sigll of the 3t ans are get 55'4‘?@’“ betntrol i nput

2460 (Fig. 22). VW]enAklhf‘d étrﬂtgd&fim\éﬂ' JrREr ISR LRVt 2 ety ies?&um‘ ng

condi tion, conduction o irst transistor 2691 1 ncreases, [owering the
vol t age at t he Figs2 ofd intledsse ooatdittonan sheshro26&2sortd6d02 aygateadriveng t he

second transistor, 0, becone l.ess conductive,.effectively increasin
She T pedance. GRout BT GBI~ YE08 SR LR Pialah o e TFPrletsiing

circuit 2480. Tha(2 hﬁwp@aﬁ&s%i%ﬂa{gﬁ-ﬂaﬁazdré%sf&a‘m&hﬁxgg%%ﬁrat%ﬁ 6ftﬁ@89e&§zrgases
e

the voltage at the junction o circuit and resistor

resul ting in noirsuiswitbleessPgesuch gats drgyee cirgplesiitehle dpotties us4 demanfagthvied
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suitable microprocessors (such as a PIC 16C54A from Microchip Technology
Inc. of Chandler, AZ) and gate drivers may be substituted for the specific
embodiments mentioned here. In addition, an application specific integrated
circuit (ASIC) (not shown) or a digital signal processor (DSP) (not shown) may
be substituted to provide the same functionality as the microprocessor disclosed
herein.

A high-level flowchart illustrating the operation of the feedback control
circuit embodiment of Figs. 24 and 25, shown in Fig. 26, includes the steps of
measuring the lamp current IL (step 26110), and measuring the dimming signal
VDIM representative of the desired light level (step 26120). The measured lamp
current IL is compared to the measured dimming signal VDIM (step 26130) and,
if IL is less than VDIM, then the conduction times of the controllably conductive
devices of the inverter circuit are driven to be more equal (step 26140). IfIL is
greater than VDIM as determined in step 26150, then the conduction times of the
controllably conductive devices of the inverter circuit are driven to be more
unequal (step 26160). If IL is equal to VDIM, then the conduction times of the
controllably condﬁctive devices of the inverter circuit remain unchanged and the

process repeats.



shaping circuit. A second enbodi nent of the feedback circuit 2440 of Fig.
20 is showmn in Fig. 24 and includes a m croprocessor 26102 coupled to
recei ve iwpuwsmoME» 03/ 001855 PCT/ US02/ 20281 - 26 repr esent aCrusowto2she
desired light |evel and the lanp current, and produce output signals for
driving the control termnals of the ntrol | ably conductive devices of

the inverter circuit . One such nicréé?écessor suitable for this use is
manuf act ured by Mdtorola Corporation under the nodel nunber MC68HCO8. For
sinplicity, analog-to-digital and digital-to-analog circuits necessary for
interfacing the m croprocessor 26102 with the analog circuitry of the

ball ast are considered to be within the ordinary skill of the art and are
not shown here. A third enbodi ment of the feedback circuit 2440 of Fig. 20
is showmn in Fi §5 and. includes, in addition to the m croprocessor 26102,
a gate driver g?? Bi 2T 58984 that receives a single gate drive signal from
the m croprocessor 26102 and produces signals capable of controlling the
operation of the inverter circuit switches. One such gate driver circuit
suitabl e for this us€atesr piaenitsdevebesa uses,for yeas fapioyifgIPoRE faricpairolunder t he

nb R2 S ; : . Sui i
PI'C 16C54A 1 1 on 1P GLTGE e BCHREPARY Tkl Aol EhRal ARESHRLT RleR = =

drivers may be Aupsitiltpdioedrtlcateat becuspie shdwit in Bghti Seeidasd sRofréranied here. In
addition, an application specific integrated circuit (ASIC) (not shown) or
a digital signafinppge&gdightipplspyls ewovellgﬁmmanﬁiﬁycu%u%%@@icmaéaow provi de
the sanme functi j 1 1 C i afh1RGkH JE

hi gh-1evel fl ovv%%giljt St %g? %g ﬁ‘?ﬁéﬁoﬁiﬁ% iag‘% &%#‘Bﬁfg’ef dgg{é‘gééﬁloégﬁ? f ol
circuit enbodi ngsiveaf thEiASS lin@dndathel 1624, res¢ivimg as an Fippt sidGsoidal obliakesfrathe st eps
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t he control | abl themondaooductiag triac, and only the trailing portion of the input voltage

waveform is passed on to the load by the triac, when the triac is conducting. The

triac is turned on at a predetermined time and conducts until the next zero

crossing of the input voltage waveform. By varying the time until conduction of

the triac, with respect to the zero crossing of the AC line voltage, the amount of

power delivered to the load may be controlled.

The prior art cat ear circuit of a 2 wire dimmer draws power from the AC

line during a portion of the input voltage waveform when the triac is not

conducting. In other words, the prior art cat ear circuit draws current from the

line, through the load, during the time that no significant load current would

normally flow. However, until now, cat ear circuits have only been used to derive

an auxiliary power supply to operate control circuits within an electronic device.

They have not been used for the purpose of deliberately shaping the input current

drawn from the line by an electronic device. Specifically, cat ear circuits, until

now, have not been used in electronic ballasts to assist in the shaping of input

current nor have they been used as an auxiliary power supply in an electronic

ballast. In the ballast of the invention the input current shaping benefits of the

cat ear circuit contribute to the reduction of ballast input current total harmonic

distortion.



devices of the inverter circuit are driven to be nore equal (step 26140).
If ILis greater than VDIMas determned in step 26150, then the
conduct i owotosoessdf the controllably conductive devi ces @CTtuse2/2msert er
circuit are driven to be nore wunequal (step 26160). If IL is equal to
VDIM then the conduction tines of thg controll ably conductive devices of
the inverter circuit remin unchanged gﬁd the process repeats. WO
03/001855 PCT/ US02/ 20281 -27- The Cat ear circuit Cat ear circuits have
been used for years to provide power for control «circuits in two-wre,
triac based dimers for incandescent |anps and fan notors. A typical prior
art cat ear circuit is showm in Fig. 27. Standard electronic dinmers for

| i ghting | oads are wBhd batlashad tmidveritiopungledesgicatearicaceitB8eAfigdher  suppl y
circuit are also well,.kno I n_such..appl.ications. di riIs. ted
bet ween ¢ he AC TPHECtd dFondns allatt BLUBRB G AL R RS AT B st B89 e
from the AC |imeycapaiiprderindt 4G dfcuitthfig @usignad td drdwcakRdt frb@rtie Diie t he

si nusoidal input voltage in which the |eading edge of the input voltage

waveform i s bl oty sslected pertipan of Bsdine v elg: The e cargiyquis may thsebe ysgi 1 ng

ti f the | : i : h
Pr ac.when' the (e i PlAiEREmalRY K thihhe oRRAEL il bl Sl @RS o1
predet erm ned tfonmpesvé batlad irgius curidnit kotdliarmenit diseorton.cindsed, tige @it eathe i nput

vol tage waveform By varying .the tine until conduction o the triac, with
respect to the &MY r%%yo‘%eslisﬁg f‘HfS%?IHEg e PPy surERtyRysto LYBGHt O%f  power

del ivered to thg.lRag &e%yceg,esue@ §vﬁ|téheﬂf)dérﬂﬁvé?rshﬁﬁlie§%£d aat lifdfo-pr cuit of a

2 wre dinmrer draws power fromthe AC I[i1ne during a portion of the input
vol t age wavef orconwbmers adfdar reducingsnpatcurremtriotathdrmgnicl distottloer wor ds, t he

Guring the ti et hat THECS B FREAE O Betl) EPyErErsmblPE hoRAGF S2P B
However, until [oMe "G FMe phQitielcycleamat BNthY rdSR ofSIRMAinp et 1RIdy¥R  an
auxiliary power supply to operate control circuits within an electronic
devi ce. They huaae thedinebwitagezaed cfossingsh es shompoad'inf28dEhe patrear eifquitdi¥4pi ng
the input curr egllrtaws current near line voltage zero cross and thereby "fills in" the tails of the
input line current drawn from the AC line when the back end of the ballast is not
drawing current from the AC line (Fig. 19). By filling in the tails, the line
current drawn by the ballast is made more continuous, thereby reducing ballast
input current total harmonic distortion, as will be described in connection with
Fig. 31.

The cat ear circuit draws ballast input current for a relatively short time at
the tails of each 180 degree line frequency half cycle as shown in Fig. 31. In one
embodiment, the cat ear circuit draws ballast input current for about 45 degrees
of each 180 degree line frequency half cycle following a zero crossing (interval I
in Fig. 31). Then, the inverter circuit draws ballast input current for about 90
degrees of each 180 degree line frequency half cycle (interval II in Fig. 31).
Finally, the cat ear circuit draws ballast input current for about 45 degrees of
each 180 degree line frequency half cycle before a subsequent zero crossing
(interval III in Fig. 31).

This embodiment shows the cat ear circuit drawing ballast input current
for about 45 degrees after the zero crossing and about 45 degrees before the

subsequent zero crossing. However, one skilled in the art can see that the time

may be varied where the cat ear circuit draws ballast input current. For example:



drawn fromthe line by an electronic device. Specifically, cat ear

circuits, until now, have not been used in electronic ballasts to assist
in the shapioamodss i nput current nor have they been used &€TarsozenBi i ary
power supply in an electronic ballast. In the ballast of the invention the
i nput current shaping benefits of the,,cat ear circuit contribute to the
reduction of ballast input current tbg%F harnonic distortion. WO 03/001855
PCT/ US02/ 20281 -28 The ballast of the invention includes a cat ear circuit
884 (Fig. 20) connected across the outputs of the rectifying circuit 820.
The cat ear circuit may be generally defined as a circuit that is designed
to draw current fromthe line during selected portions of the |ine cycle.
The cat ear ci ribaicat eangireuiudrawe balipstinput cusrepblps pbeirid S Webgeeohesshd O f or
shapi ng the bal | ast i nput Lr \ | v | ast input
current total h ergﬁﬁc?r%fng%qg%%ythﬁcﬁ;ftrﬁy ntggg‘gfygﬁﬁee%ggf ;Ogg?g’p‘ é?r} @ﬁi@eﬁ%‘; be used

for shapi ng t hecifdapWirawdbalREt inp@\cafrontfopiboat 9@ degtas cffeactell ST ddede linedevi ces,
such as sw tch-nmode power supplies and AC line-to-DC converters and for
reduci ng i nput Eequensit halbeyslc, rad Apdivctheralegr erant drgwe ballast bippt qyricabfor gg4
(Fig. 20) draws e LEier I t Jhalls" of the
i nput line cycl %bf%H{ %g{[i'é%r é{s%{fqﬁé&r le%()?c%%ge(%@etfﬁég?r%gu}%lflc?%lee ‘%’g"&f g@ near the

i ne voltage zegubsejuestviengapssse, shthont éxcedding the SlesifiddemadmueaTHDiandui t 884

draws current near line voltage, zero cross thereby "fills in' the tails
of ‘the Tnput | VheowdrRutive BPGHE Rt Rannel e e Ao SRAAd of e
bal ['ast is not ﬁhgﬁﬁ%l'i‘geeqﬁétrs%ﬁfe deh @ MrdeRheRnd bABsE b6t cubht is@¥avid by 1 ng i n

the tails, the line current drawn by the ballast isS nade nore continuous,
t her eby reduci nethsatheast ear icipuit oxcthe irenetter otcalt nhayr ononi withipwteacaeidmg thas wi | |

be described in,connection w [ . The cat ear circuit. draws ball ast
i nput current ﬁf@@ﬁp@fﬂggq@%gﬁ?fﬁhqﬁh@gﬁngfrﬂgitﬁgisqoge&rsgg&ﬂft%go degree
l'i ne frequency Raédiionycl € as shown in Fig. 31. In one enbodinment, the cat

ear circuit draws ballast input current for about 45 degrees of each 180
degree |ine frequench aalsterahadiment)818wf Hig cat cascarceit 884%ishgwp imEigr 81 |

the cat ear circuit 2810 is designed with fixed voltage cut-in and cut-out points.
That is, the first embodiment 2810 of the cat ear circuit will only draw current
from the AC line when the rectified line voltage is below a fixed value. This
condition will occur for a period of time near the line voltage zero crossing. The
cut-out and cut-in voltage points can be adjusted so that the cat ear circuit 2810
draws current during a first interval from a time just after the line voltage zero
crossing to a time when the inverter circuit 2110 of Figure 22 is drawing current
from the AC line, and during a second interval from a time when the inverter
circuit 2110 stops drawing current from the AC line until the next line voltage
Zero crossing.

When the rectified line voltage is lower than a selected voltage, a
charging transistor 2812 (Fig 29)conducts to allow charging of an energy storage
capacitor 2814, which charges toward a voltage VCC. The rate of charge of the
capacitor 2814 is determined by a resistor 2816 in series with the drain of the
MOSFET transistor 2812. This current drawn by the cat ear circuit when
combined with the current drawn by the back end circuit of the ballast combines
to form substantially piece-wise continuous ballast input current. Although the
transistor 2812 is shown as a MOSFET, it may be any suitable controllably

conductive device, such as, without limitation, a BJT or an IGBT.



in Fig. 31). Then, the inverter circuit draws ballast input current for
about 90 degrees of each 180 degree line frequency half cycle (interval |
in Fig. 3up.o3oéssal |y, the cat ear circuit draws bal |l ast ipapaiSozemsent for
about 45 degrees of each 180 degree line frequency half cycle before a
subsequent zero crossing (interval I%% in Fig. 31). This enbodi mrent shows
the cat ear circuit drawi ng ballast Tnput current for about 45 degrees
after the zero crossing and about 45 degrees before the subsequent zero
crossing. However, one skilled in the art can see that the tine my be
vari ed where the cat ear circuit draws ballast input current. For exanple:
WD 03/001855 PCT/ US02/ 20281 -29 the cat ear circuit draws ballast input
current for about 35Whewthsaectdfeddimetyoltats is daupl éwor graetef thagthency hal f cycl e

foll owing the zer&é%{nogesd ‘p‘ﬁfag%’? n tuE—%Egné/ng{SEO%r28lﬂb%€1Hg %?%rgt\é\{ls&%l | ast i nput

current for abdut egr ees Bt egr ée y Ral f cycl e,

and finally theollaétoeafthe chtcalit trafsictas2 $ial fulls thd caphide ©f brZRAtr diode 28200ut 55
degrees of each 180 degree | ine frequency_half cycle before the subsequent

zero crossing, ‘veroYECewhich@ifisetivehetugesqtf B chasgng fransister28d2. Thet hout

departing from splrit | Lan. / ylled in
the art can seeIJT ?%é%&glge‘r?e&gég%l‘c{ ‘%%%Hgggegn%gggfehgg%edi%kp% reglgfr%‘r'eZn I{aigg dr awn
by either the didderastworkriaciutingtedidiersi28¥2aid2824, tocwhich medybage ofithewi t hout

exceeding the desired paxinum THD and wi t hout departing fromthe scope or
spirit of the quﬁﬁ’léhtt“irﬁﬁ.tor‘lzr%§lsf‘iOP’é‘?Ct%bodi ment 2810 of the cat ear circuit

884, shown in Fig. ZPshouid'6e figthd At th_%riﬁgft?éé!r birdHLOF t]!lé iGN AS) Phdvitiel hxed

voltage cut-in and cut-out polnts. Is, the first enbodi hent 2810 of
the cat ear ci rpower supily fanhgcantmhcicanit afithe billasim Theenabldsitieballasttot he

oot et 10 e oA B Bel o Bubted ot T Buc QIR oo
Grave curent . du B e e e e

vol tage zero ombsenmspchpenod iomenybider vigéulipaxied deningthe dine cycddd.10 of Figure
22 is drawing curr er‘ftn a second embodiment 2910 of the cat ear circuit 884, shown in Fig. 30,
the cat ear circuit 2910 includes a circuit that actively monitors current drawn
from the back end of the ballast and causes the cat ear circuit to only draw
current from the line when the back end is not drawing current above a
predetermined value. The current monitor circuit includes transistor 2930,
capacitor 2932, resistors 2934, 2936, and diodes 2938, 2940. The ballast back
end current flows through diodes 2938,2940 and resistor 2936 as it returns to the
input rectifying circuit 820. When the ballast back end is drawing current above
the predetermined value, the voltage at the emitter of transistor 2930 goes
negative by a voltage equivalent to the combined forward voltage drops of
diodes 2938, 2940. Through resistor 2934, the transistor 2930 base-emitter
junction becomes forward biased, thereby turning transistor 2930 on. Turning
transistor 2930 on pulls the gate of transistor 2812 low, thereby turning off
transistor 2812. When back end current falls below the predetermined value set
by the voltage divider of resistors 2936,2934 the, transistor 2930 turns off
allowing transistor 2812 to turn on and provides a charging path for capacitor

2814. This second embodiment yields a slight improvement in ballast input

current total harmonic distortion over the first embodiment.



fromthe AC line, and during a second interval froma tinme when the
inverter circuit 2110 stops drawing current fromthe AC line until the
next |i neweoaBtoayss zero crossing. Wien the rectified |inepealusageo28s | ower
than a selected voltage, a charging transistor 2812 (Fig 29)conducts to

al l ow chargi ng of an energy storage g?pacitor 2814, which charges toward a
vol tage VCC. The rate of charge of the capacitor 2814 is determ ned by a
resistor 2816 in series with the drain of the MOSFET transistor 2812. This
current drawn by the cat ear circuit when conbined with the current drawn
by the back end circuit of the ballast conbines to formsubstantially

pi ece-w se continuous ballast input current. Al though the transistor 2812

i s shown as a MOSFETThq partigujarisanbpdiments eftbe eatceaneiraitt the hpve desnudesetited
devi ce, such assh_o\{y}noth%\gée{;ea% i%uﬁtaéo'{lﬁgdte@tol%ﬁér SO \r;%fia& A@IWem%?é/hSﬁ)éEﬁS

PCT/ US02/ 20281 erec ied 1 nhe age'rs equ 0 or greater

than the predefetifyingadrouin] Udgeursé,Hewotldtbe patsible anbuitd ®tat28dSrdu@tghats
conducting. The collector of the cut-out transistor 2818 gl)lul | s. t he cat hode
of a Zener di odonpgspdirgchiydp therorrce\ghirdhpaysraathes bay thropgisthe rectif g char gi ng

transi stor 2812, e rim < |
determ ned by t lgﬁpégiog%ﬂ&v (\%(S tIgag—gmﬁgﬁt%é%’g%ﬂgrggy\g?ﬁ%%%tn%?ﬁﬁ?%gﬁ?glgﬁgtors
2822 and 2824, teenvhscribed beuldh akemnatklytineude aikepaudte tectifier for oonne2@diBtoi the

connected. It should be noted that the cat ear circuit of the invention
al so provi des @°UFEREAGENSY for the control circuit of the ballast. This

enabl s the bal| ast faddoRth BRAERL o tahDfor Shadi Gk ek BEdRORLPR, Of each

hal f cycle of the ACline. This portion can include periods before and
after |ine vol tthgbaliast & asrtosmproys baldast input gurcané tataldlarmpenic destorton,dhg/cadt her

useful period during.the lin le. In,a s d e di ment 2910 .of the cat
car o rout ¢ soen hgirpo e e o FingpdooR S G T B A5 6 Btes o
circuit that acidvifhyeouBlyipré¥idescaifabenitafliip\Wi the b0adtlang iPAtarRedd 8f thdre
bal | ast and causes the cat ear circuit to only draw current fromthe line

when the back ewpgritingmededt alii brdlastun thegamebwapethat typical prior art trickle-charge
and bootstrap systems are affected. Effectively the cat ear circuit and the

inverter circuit are decoupled from each other allowing the fine tuning of each
without affecting the other.

The result of combining the improved valley fill circuit, control circuits,
and cat ear circuit of the present invention may be seen in Fig. 31. The cat ear
circuit comprises means for drawing input current near the zero crossing of the
input AC line voltage waveform so that the ballast input current total harmonic
distortion is substantially reduced. In other words, the cat ear circuit fills in the
current waveform near the zero crossings.

The improved valley fill circuit of the invention comprise means for
charging an energy storage device over a substantial portion of each half-cycle of
the AC input voltage so that the ballast input current total harmonic distortion is
reduced . This is depicted in the idealized waveform in Fig. 31 wherein it may be
seen that in the middle portion of each line half-cycle, the ideal waveform
conforms substantially to a sinusoidal current waveform.

The combination of the cat ear circuit and the improved valley fill circuit
comprises means for selectively drawing current from the AC power source

The operation of the ballast is further enhanced by the control circuit

disclosed herein which comprises means for selectively varying the conduction



predeterm ned val ue. The current nonitor circuit includes transistor 2930,
capacitor 2932, resistors 2934, 2936, and di odes 2938, 2940. The ball ast
back endwousmersss fl ows through di odes 2938, 2940 and resi PLArUSAYIRSAS it
returns to the input rectifying circuit 820. Wen the ballast back end is
drawi ng current above the predeternlggd val ue, the voltage at the emtter
of transistor 2930 goes negative by vol tage equi valent to the conbi ned
forward vol tage drops of diodes 2938, 2940. Through resistor 2934, the
transi stor 2930 base-emitter junction becones forward biased, thereby
turning transistor 2930 on. Turning transistor 2930 on pulls the gate of
transi stor 2812 |l ow, thereby turning off transistor 2812. \Wen back end
current falls btahgs/\oﬁtheIWGEQHIQUmSm@hQﬁaDm@SPQ@Qe to e husevoltaga soops taicsisder of

resistors 2936, 2934 th nsi stor 2930 tur of f or
D812 o turn oty ek BORESloXa Tt bR £hl tho ¢ BHLEAGLEA R
second enbodi et tivieedfdBe peakd df@hEh llMa@N@FE&Mf thé Alcalihesd]ta s it drawlesent
total harnmonic distortion over the first enbodi nent. WO 03/001855

PCT/ US02/ 20281 cursnt e thsayallezupteack ipe balfreviele Of)fhetA@ lipgolage agj r cui t t hat
have been descr| ecrd?edslh(%w tI@e cat ear circuit connected to the source of AC
power through t 8! fl%ll ng circuit. O course, it would be possible to

build a cat ear circUhd prohion sfannigddpsndént pmt/ér)SuplﬂyI thet 1sm1reahatmifer1#é§ ipower
rat her than through the rectifying circui t he artlcul ar

embodi nents of wa@é&ec@éfroﬁi tPE ting attthﬁfroﬂ‘a‘i}"é‘ Ofﬁlé"ew)i@éts giflies dhrop
aternately nohifle: saova?.%ﬁﬁ&%éz{g;ecsﬂ iR [ LwrURARGI Qe rfRr rifer GBQM ce of

AC power. In ad Ion to provi shapi ng the ‘i nput current
drawn by the bfibmaké sa:OmMy oba tmpsfomrlasdobmﬁetd wmlptlte ballastdack ¢kl  har noni ¢
distortion, the ca 4 provi des the fol i ng additional  ,feature.
The cat ear ci r'éBF{: %.‘le§ ﬁﬂ&gﬁfﬁ’ﬁ dgading %FW?‘B%%C(’&W‘I“Q& BPO%?%{?PP SBUGf t he
bal I ast and is gat, g Fﬁl%ﬁﬁﬁ S abhorinlEor BREEGHifhsRARe Bfesér{i%aﬁame%ﬁéfefrgdt he
same way that typicdal priof art trickle-charge and bootstrap systens are
affected. Ef f ecformeifjputthen mdepaadentpomeusupphnid thehprevionsiz rdp&qub@d cagRr are

decoupl ed from 8%:%% c%tnPlgure als gvﬁﬁovre'gr sup%lyf "G us, th' n%%pendent power supply of the

preferred embodiment allows for the decoupling of the power supply from the
back end, thereby simplifying control of the ballast, while simultaneously
providing a means to more precisely control the manner in which current is
drawn from the line so as to reduce ballast input current total harmonic
distortion.

Although the present invention has been described in relation to
particular embodiments thereof many other variations and modifications and
other uses will become apparent to those skilled in the art. It is preferred,
therefore, that the present invention be limited not by the specific disclosure

herein, but only by the appended claims.



w thout affecting the other. The result of conbining the inproved valley
fill circuit, control circuits, and cat ear circuit of the present

i nvent i onwoeg/obBsseen in Fig. 31. The cat ear circuit comomisey20mans for
drawi ng i nput current near the zero crossing of the input AC |Iine voltage
wavef orm so that the ballast input cuggent total harnonic distortion is
substantially reduced. In other wordS;"fhe cat ear circuit fills in the
current waveform near the zero crossings. The inproved valley fill circuit
of the invention conprise neans for charging an energy storage device over
a substantial portion of each half-cycle of the AC input voltage so that
the ballast input current total harnonic distortion is reduced. This is
depi cted i n t heWhdealclamdd wavef ormin Fig. 31 wherein it may be seen that
in the mddle portion of each |line half-cycle, the ideal waveform conforns
substantially to a sinusoidal current waveform The conbination of the cat
ear circuit and the {nproxgdie¢abiiepalldst for@irifaigl 4t 1ca8OSHR das AfscheRad Banfpor

sel ectively drawing current fromthe AC power source The operation of the
bal | ast is furtfien asenesaod b bpowereviiehhass subptagtially sigyseidablira agepta whi ch
conprises neans _.for,.se tivel ving the conduction WO 03/001855

PCT/ US02/ 20281 gly?bh%ei %g@egﬁyﬁtcﬁrg%ﬁ%égrter circuit switches in response to
the bus voltage so agrdafiigtisSifcuitdayigesQynmit aragaldad BE oupudtcaninatyt e
current fromthe AC power source around the tinme of the peak of each line
hal f-cycl e of tW@A@p‘PP‘Hée%P@&@@}neﬁﬁalediagw Jopece of &y PRWET prad Fectifdng al | eys
of each line hal:f:e : I : i i i 19. The
provi si on of aﬁélfcrtll ﬁ)g!é(ﬁl(?g{r%&%gt\}\ﬁ@ éJ@%I%ﬂ%%%? ts?é{dqgggﬁ?)ﬁg&nﬁglra !:sv‘g%eni ts
power directly daidAaCtihputiter@nas atctemefgizdtbyesad solirdetod Afapdwst , ei t her

t hrough the ballast's ectifier stage, ;or through its own dedi cated
rectifier, rather th%lﬁal?e\é\’&ﬂ gy }?Eg‘ﬁﬁﬁ%lﬁy?n%f’u‘?ufﬁegﬂg’ﬁgi Sed IMPULTSERIARY wi t h

the ballast back &pfyfey iiRficuit 3bfficled 1§ 5MIDdE b@But BENARYrs0G r&biffingnsi ent
conditions upon start up, shut down, and during abnormal or fault
condi tions. |n titmitpsad salileydfibercuitheclpdiegenceergy storage device directly
chargeable from said DC output terminals through an impedance and a first
controllably conductive device, said impedance carrying only charging current
for said energy storage device;
an inverter circuit having input terminals connected to said output
terminals of said valley fill circuit and producing a high frequency drive voltage
for driving a lamp current through said at least one gas discharge lamp when said
AC input terminals are energized by said source of AC power;
said inverter circuit being adapted to draw current from substantially only
said source of AC power and through said rectifying circuit for a time which is
greater than 90° of each 180° line frequency half cycle, whereby the current

drawn from said source of AC power has a total harmonic distortion below

33.3%, and whereby said lamp current has a lamp current crest factor below 2.1.

2. The electronic ballast of claim 1, wherein the lamp current crest

factor is less than about 1.7.



formof such an i ndependent power supply is the previously described cat
ear circuit configured as a power supply. Thus, the independent power
suppl y ofwoOlegoossef erred enbodi ment all ows for the decouplPcagsoi2i2Be power
supply fromthe back end, thereby sinplifying control of the ballast,

whi l e simul taneously providing a rrea%g to nore precisely control the
manner in which current is drawn fromthe line so as to reduce ball ast

i nput current total harnonic distortion. Al though the present invention
has been described in relation to particular enbodi nents thereof many

ot her variations and nodifications and other uses will becone apparent to
those skilled in the art. It is preferred, therefore, that the present
invention be limted not by the specific disclosure herein, but only by

t he appended cl ai ns 1 R 8 dis:
1. An electronic bal%astaféee(i qm““"c“T{a#Sﬁqeaég%o#é“%‘gfg“ I'sc %luhessa‘{a?lez{fe from

a source of AC @falcomfdcedd tbasldaoﬁmbsfé\mpoasbdrysa&i ¢t 84 dﬁhltlbbrmg a‘d@;btédige at a
given line frequenc%/, conpri Si n4g a rectifying cjircuit having AC i nput
termnals and Decondysteumrendorrafist relabely shortitms toliowing %’QI%Z%H%&W&M eto

the source of AR DOWRIevg ﬁtggeg@oemfsyaoﬂa relfiifcfy'blorPiRE PO fe & ﬁs&%xfo' ed

out put vol tage at I'ts sa out put term nal’s when
termnals are edfreﬁsmgzdctata}yhr&amdtag@thlembyw redGeepthortotal lmrmahiceysténtlbh of,thecw t
havi ng i nput and ou rm

n ut. ter nals aid valley
fill circuit cows@eE@@WP %ﬁ%}gﬁe}lrsw RORERPEIap %}rwlgawop@awwng

circuit; said v Elag% Ed bt safd (gaqgéltcdcggl ud| ng an energy storage device
di rectly chargeabl rom sald DC output term nals through an inpedance and

a first controllably conductive device, said |npedance carrying onIy

charging current fof sai evice; nverter cir
havi ng i nput term nafl's coﬂl?f’ertl gyvnfcsbag]ﬁ?tg&cggﬁ"ﬂ&t’ th:%e,] he cfigrendrawn o{}lal | ey
fill circuit angiPéRedMNEC pontoihslarteQURARONRY distertioalbeR@Eabout 20%.

5. The electronic ballast of claim 3, wherein said cat ear circuit
draws current from said source of AC power when the instantaneous value of

said line voltage is less than a predetermined absolute value.

6. The electronic ballast of claim 3, wherein said cat ear circuit
draws current from said source of AC power only when said current drawn by

said inverter circuit is substantially zero.

7. The electronic ballast of claim 3, wherein said cat ear circuit
draws current from said source of AC power at least when said current drawn by

said inverter circuit is substantially zero.



for driving a lanmp current through said at | east one gas discharge | anp
when said AC input termnals are energi zed by said source of AC power;

sai d i nvewDegs/0eisstuit bei ng adapted to draw current from gabdaisantizal |y only
sai d source of AC power and through said rectifying circuit for a tine
which is greater than 90 of each 18?5 | ine frequency half cycle, whereby
the current drawn from said source of” AC power has a total harnonic
distortion below 33.3% and whereby said |anp current has a | anp current
crest factor below 2.1. 2. The electronic ballast of claim1, wherein the
| anp current crest factor is |less than about 1.7. WO 03/001855

PCT/ US02/ 20281 -34 3. The electronic ballast of claim1, which further
includes a cat ear &ircuf\n clsoiiprie ballpst Hr daivingso lnasteonsigandisplares lampaj d cat

ear circuit bei adapt ed conduc rr for.a.fir relatively short
time follow ng fg i%r°8 rcfé’rf é‘t(“g %Vgegiwh%sh% assgllg%Jtallltilarlllé’%\ll%ﬁSP@élehIgn\%ﬁtfi%? lltaal second

relatively shorgivéﬂm@éd&ﬁc}t,@oﬁlbﬁsiﬁgxt zero crossing of said |line voltage
thereby to reduce the total harmonic distortion of the current drawn from
sai d source of AC poweetifydngeiraurdaevingiAh inpyt icgmpelsandiRC optpat tspadale of

said cat ear ci N2E i I 1 Mm.3..; 2.0 the
current drawn f%agdr#\bslg? téﬁ%ﬁ@é@%ﬁe%ﬁ%&?&e Sﬁgltscegi‘tA ?t@&%{a%aﬁ%%?égjﬁtorti on
bel ow about 20%irchit pfédicgectetidfiddcolnmitivakbgeodt itslsaidD G putphereahimakavidncat ear
circuit draws curr%\r}t from,sgi d source %f AG power n t he instantaneous

val ue of said J2idha BP‘F&%}E"P_ SPr@seé“e‘igF?&H_ o BBt P el dlsol ute val ue. 6.
The el ectronic ball agfi,gr 'c%lc::ﬁ'il BaviNPBHE! Rrfifhl cﬁﬁéec?e@rto%hiﬁ%gtﬂut dr aws

current fromsaid source o power- only when said current drawn by said
i nverter circuiterminakwhsaidmedatdyihg creribandprodimenged bighfequiendyakrivasvltage cl ai m

3, yhoreln Sal Gogl, oot s GoLl GLBIR SRS BRL oL O B2 2RSS0 8 POV
zero. WO 03/ 001865nReTdrdaRaé 2828drgized by said source of AC power;
and a cat ear circuit connected to said source of AC power, said cat ear
circuit being adapted to conduct current for a first relatively short time following
a first zero crossing of said line voltage and for a second relatively short time
prior to the next zero crossing of said line voltage thereby to reduce the total
harmonic distortion of the current drawn from said source of AC power below

that which would occur in the absence of said cat ear circuit.

9, The electronic ballast of claim 8, wherein said cat ear circuit

further comprises a cat ear power supply.

10. The electronic ballast of claim 8, wherein said cat ear circuit
draws current from said source of AC power only when the instantaneous value

of said line voltage is less than a predetermined absolute value.

11. The electronic ballast of claim 8, wherein said cat ear circuit
draws current from said source of AC power only when the current drawn by
said inverter circuit from said source of AC power is substantially zero.

12. The electronic ballast of claim 8, wherein said cat ear circuit
draws current from said source of AC power at least when the current drawn by

said inverter circuit from said source of AC power is substantially zero.



-35 8. An electronic ballast for driving at | east one gas discharge |anp
froma source of AC power which has a substantially sinusoidal |ine voltage
at a gi W0 oBjomsss r equency, conprising: a rectifying circacr/usavzegt AC
input termnals and DC output termnals; said AC input termnals
connectable to the source of AC power;.said rectifying circuit producing a
rectified output voltage at its sai d'&:‘out put term nals when said AC
input termnals are energi zed by said source of AC power; an inverter
circuit having input termnals connected to said output termnals of said
rectifying circuit and producing a high frequency drive voltage for
driving a lanp current through said at |east one gas di scharge | anp when
said AC input termnals are energi zed by said source of AC power; and a
cat ear circuit con te 0 id. . r ' s circuit
bei ng adapted to conduct dlé}&:rerlezcﬁrtogfczbgﬂéaﬁf ?%flérgéﬁ'g\é\ri%{/ﬂeﬁa?/@éslg%tr?%%ct ?a?r%m

followi ng a fiincludesemaukilpgpeifgitouplad dhdrétoavhicH kaaga aaridiatyoeiraitsecond
relatively short time prior to the next zero crossing of sajid |jne voltage
thereby to reduRover SEPRILINRNL teRinH sRid cat & ireviberupleditR@nd driviagsaidr awn from

sai d source of . ) ]9% \hi pl d occur in the absence of
said cat ear cﬁﬁ%ﬁ@?}y\&éc ogygé {é@ﬁgﬁ‘?%&&ﬁﬁaast of claim8, wherein said

cat ear circuit further conprises a cat ear power supply. 10. The

electronic ballast of clajm8, wherein said cat ear circuif . draws current
from said source of He p Flegﬁ?wc&ﬁgﬁt%ﬁ@ww&a&ﬁ@%&é‘&@? gisehpzee 9mps 5 o

line vol tage i Sfrélﬁ%%oﬁﬂale@f@ogg&@&t“ﬁﬁm RRA ABSAMBIS sHRksiRal rk-voldge at a

el ectronic ball ast Qf claim vvhe_r'el n said cat ear circuit draws current
from sai d sour cgvef livkGrgesy, omhpristhgn the current drawn by said inverter
circuit fromsaid source sub§t anti

el ectronic ballast df reﬁ’i‘%’%{% ‘Qf%“&ﬁ\g?‘rélﬁ k\sg 4Py '(‘?gflméglralnﬁl[fﬁ é}?@ut]%?ﬂ@%bur r ent
from sai d sour cgidA CAsp R @ETinaY cdrResthbleE thelsBErce UF A€ Bowkiravid Ritifysad d
inverter circuit fromsaid source of AC f)ovver is substantially zero. WO
03/ 001855 PCT/ UseaitposBiing a rectified output voltage at its said DC output terminals when
said AC input terminals are energized by said source of AC power;
a valley fill circuit having input and output terminals; said input terminals
of said valley fill circuit connected to said DC output terminals of said rectifying
circuit;
an inverter circuit having input terminals connected to said output
terminals of said valley fill circuit and producing a high frequency drive voltage
for driving a lamp current through said at least one gas discharge lamp when said
AC input terminals are energized by said source of AC power;
said inverter circuit being adapted to draw current substantially only from
said source of AC power and through said rectifying circuit for a time which is
greater than 90° of each 180° line frequency half cycle;
and a cat ear circuit connected to said source of AC power, said cat ear
circuit being adapted to conduct current for a first relatively short time following
a first zero crossing of said line voltage and for a second relatively short time
prior to the next zero crossing of said line voltage, thereby to reduce the total

harmonic distortion of the current drawn from said source of AC power below

33.3%.



-36 13. The electronic ballast of claim9, wherein said electronic ballast
includes an auxiliary circuit coupled thereto which has an auxiliary
circuit wowsnosspply input termnal; said cat ear circuitrcaaispt/eatst o and
driving said auxiliary circuit power supply input termnal. 14. An

el ectronic ballast for driving at Ieaa{y one gas discharge lanp froma
source of AC power which has a substantially sinusoidal |line voltage at a
given line frequency, conprising: a rectifying circuit having AC input
termnals and DC output termnals; said AC input term nals connectable to
the source of AC power; said rectifying circuit producing a rectified
output voltage at its said DC output term nals when said AC input

terminal s are energi Fed b’i]heseiédr(mdmlnatbstaff cmdéwwht;rem thaltdtalyhatmbhicci r cui t
havi ng i nput ang out put. termnals; saidinput t nal s . f said v ey

P "8 robit cotariBeptebe S Bavarni Bt AL B s Beip oy Tty
circuit; an inverter circuit having input termnals connected to said
output termnals of said valley fill circuit and producing a high
frequency drive voI t Hge Tlmelmtrqnnml@allastlﬁmblmdﬂr whereitsairhiegh eargitfugdt | east
one gas di schar r’r%:)l rs q input termnals are energi zed by said
source of AC po pns it t%r BV euit bei ng adapted to draw current
substantial ly onIy from sal d source of AC power and through said
rectifying circuit for a tine which is reater than 90 of each 180 line
frequency hal f cycl el7-andThe @a‘ttf%b"éiaﬁ iclaiBginwaetstn tai aicdr WUitce of AC
power, said cat 4 first
relatively shorgrggl ﬁ%&# #bows;ﬁ&'s&ﬂc | rs§:$§g:egoxgl ggg;ﬁtﬁaﬁq salt?iéﬁollsrllégssvol t age
and for a seconﬂtaﬁelpeddieteezhmeafabgdlutblvame. prior to the next zero crossing of
said line voltage, thereby to reduce the total harnonic distortion of the
current drawn from said source of AC power below 33.3% WD 03/001855

PCT/ US02/ 20281 - 37 18. The electronic ballast of claim 14, wherein said cat ear circuit
draws current from said source of AC power only when said current drawn by

said inverter circuit from said source of AC power is substantially zero.

19. The electronic ballast of claim 14, wherein said cat ear circuit
draws current from said source of AC power at least when said current drawn by

said inverter circuit is substantially zero.



15. The electronic ballast of claim14, wherein the total harnonic
distortion of the current drawn fromthe source of AC power is bel ow about
20% 16.woOhs/oeisset roni ¢ bal | ast of claim 14, wherein sai ®¢caatSomamscircuit
conprises a cat ear power supply. 17. The electronic ballast of claim 14,
wherein said cat ear circuit draws Cﬁrent fromsaid source of AC power
only when said line voltage is less "than a predeterm ned absol ute val ue.
18. The electronic ballast of claim14, wherein said cat ear circuit draws
current fromsaid source of AC power only when said current drawn by said
inverter circuit fromsaid source of AC power is substantially zero. 19.
The el ectronic ballast of claim 14, wherein said cat ear circuit draws
current from said solff.ce #hclkGrponkallast for dagingwh dmastsaiedzas dischaige Bmpan by

said inverter circuit is tantial.l.y. zero .03/ 001855, PCT/ US02/ 20281
238 20 An ol eckoBimulsof AL PRGE s Sporaiall SHeogaLT IRE | anp
froma source ofijyACiROMEJuchbl, ebmpPaAsing substantially sinusoidal |ine voltage
at a given line frequency, conprising: a rectifying circuit havi nlg AC

i nput termnal s and DecbiyiggrirqughaymglAC inpyhtegmpals amdRC puipyt tganigals;
connectable to th our of. AC power . Ld recti fwi cireuit -produci ng a
rectified out pustal tlgﬁlg%%qm{ﬁ%“gnélf aﬂé%élt}{epsﬁﬁl% é)rf %Cnng?v%er aéﬁrecggﬁngg AC

i nput term nal scigh@ peodictigZedctfedsaitphutsoliigeatafs said IPOVatput Rriialsayheni | |
circuit having input and output termnals; said input termnals of said
val ley fill cireift ACdapydertpals eresapigizod by saidsouice ok aPeVeF sai d

rectifying circuit; i . T Yoy Bt i ng. an rage
device directly charagzéglggefﬁ ?él%c%xgé%lhkg@l{gg{f%h%ﬂpﬁgf #nmrrllg ’sg‘it‘%?@%%}{%%m
i mpedance alnd a%ffshfd_S\talleyﬁfIltdimhit a.]icirmected_m%isuiﬂ Doutpit tem;linslgioﬂ_sziidp@d@r’ipg
carrying only charging current . for. said energy storage device; an inverter
circuit having "?1??}9&'& saidyaHey AL cicyifringpdine ap eaerey somesHevice diRsthal s of sai d

valley fill cirgiidc.pRdrdd Q8 B GuButtb@niis RRUEHEM Medsnchb 3ghst

controllably conductive device, said impedance carrying only charging current
for said energy storage device;

an inverter circuit having input terminals connected to said output
terminals of said valley fill circuit and producing a high frequency drive voltage
for driving a lamp current through said at least one gas discharge lamp when said
AC input terminals are energized by said source of AC power;

and a valley fill control circuit coupled to said energy storage device and
operable to enable said energy storage device to draw charging current from said
rectifying circuit for a time greater than 90° of each 180° line frequency half
cycle, whereby the current drawn from the source of AC power has a total

harmonic distortion below 33.3%.

21.  The electronic ballast of claim 20, wherein said valley fill control

circuit includes an inductor.

22.  The electronic ballast of claim 20, wherein said valley fill control

circuit includes a tapped inductor.

23.  The electronic ballast of Claim 20, wherein said first controllably
conductive device is a MOSFET.



for driving a lanmp current through said at | east one gas discharge | anp
when said AC input termnals are energi zed by said source of AC power; and
a vall ey wold3/emasrol circuit coupled to said energy storaga/heyeeel and
operabl e to enable said energy storage device to draw charging current from
said rectifying circuit for a tine g§ ater than 90 of each 180 I|ine
frequency half cycle, whereby the curfent drawn fromthe source of AC
power has a total harnonic distortion below 33.3% 21. The electronic
bal | ast of claim 20, wherein said valley fill control circuit includes an
i nductor. 22. The electronic ballast of claim20, wherein said valley fil
control circuit includes a tapped inductor. 23. The el ectronic ball ast of
Claim 20, wherein said first controllably conductive device is a MOSFET.

VD 03/001855 PCT/ USOZ%/ 2021%11 etlec"t%rom%db asrl%f %ia'ie [)O\Q a%a cf’rc@i’t m 20,

wherein said inverter circul ncl es sal y conductive

devi ce; wher ebyinslailes shid fikt amn’bn@tbliyabxhdmcue@aduw, meraﬁei@taron&ellﬁaldual

pur pose. 25. The electronic ballast of claim?20, wherein said inverter
circuit incl udegdedive dsviey perses aduad BUHAE-and third control | ably conducti ve
devi ces connected across said input termnals of said inverter circuit,
wher eby each of the three controllably conductive devices are independent
devi ces. 26. An el ecis oniThelsdddtmaic Hadiastcdxf chim@0awhéremssaidoineergasirduis char ge

| anp which drams al l ast input_ curr a ce of AC power which has
a substanti al Ijclufensenpeeannpsiedsrgp e&lst 303%51\%&.\/ PIKECH YetyiseR y

conpri sing: hididd 2908 'sﬁlgqhﬁut hawifnds @ﬁaﬁd‘ﬂ%rt&%ﬁ&hﬁ‘ 3} Ber@iedelr o HeP Ut

term nal s; salégﬁAC Input termnals connectable to the source of AC power;
said rectifyi nghremcpctmltabpr@mductng devices triefindapendenpdevieasl t age at its said
DC output termnals when said ACinput termnals are energized by said
source of AC power; a valley fill circuit having i nput and out put

termnals; said inputs tergd BRtSonic ballast for driving at least one gas discharge lamp
which draws ballast input current from a source of AC power which has a
substantially sinusoidal line voltage at a given line frequency, comprising;:

a rectifying circuit having AC input terminals and DC output terminals;
said AC input terminals connectable to the source of AC power; said rectifying
circuit producing a rectified output voltage at its said DC output terminals when
said AC input terminals are energized by said source of AC power;

a valley fill circuit having input and output terminals; said input terminals
of said valley fill circuit connected to said DC output terminals of said rectifying
circuit;

an inverter circuit coupled between said output terminals of said valley
fill circuit and said at least one gas discharge lamp and including series
connected first and second controllably conductive devices; said inverter circuit
producing a high frequency drive voltage for driving a lamp current through said
at least one gas discharge lamp;

an inverter control circuit coupled to and independently controlling the
conduction times of said series connected first and second controllably
conductive devices;

said inverter control circuit being operable to reduce the conduction time
of said first controllably conductive device to produce a relatively narrow pulse

and, simultaneously, increase the conduction time of said second controllably



of said valley fill circuit connected to said DC output termnals of said
rectifying circuit; an inverter circuit coupled between said output

t er mi nal swofo3maisdsval ley fill circuit and said at |east ooa/gag2a@8scharge
| anp and including series connected first and second controll ably
conductive devices; said inverter ci[g it producing a high frequency drive
voltage for driving a lanp current through said at |east one gas discharge
| anp; an inverter control circuit coupled to and i ndependently controlling
the conduction tinmes of said series connected first and second
control |l ably conductive devices; said inverter control circuit being
operable to reduce the conduction time of said first controllably

conduct i ve devieadugivgrdssige ¢o produses folasivglyreide pwlsp dhgng themgriod around

si mul t aneously,  inc e ' i .sajd s rollably WO
03/ 001855 PCT/ 036295%%%2%05@%@@%03%%# ?@aéée evF‘@Lh’?"oﬁ% “c‘?ﬁ%?ggﬂggﬁe ‘ativel y

w de pul se duriwBerthethpeiidgdttudy efthelenvelligel ofshidnimap eomsntpalps dowalbulosy

vol tage of each line fre%yency hal f cycle, whereh magni t ude of the

. y th
envel ope of sai e MAgBIteds thahy Ould epar dbthes abemssof ﬁ%%cl_hsa@ﬁ i qoRd¥CtifBul d
occur in the abgganee, RinSAlduGRANGAR ¢ i eﬁgg@gft?é‘tg#&iiéam%ﬂ?'éﬁgﬁ t, 813&;'5' ng a

reduction in the current” crest factor anp curre er eby
sai d i ncrease iwhérbley caidhtheodasoin the bendotticaiinke € sxid decond contrd1Bblyy
conducti ve device causes said ball Eyt current to hug&}up above the

.ast.in
megni t ude that SRIAPENG _mcegCﬁusehéal‘iEé&% PHF CWEPHIG R U 899V Bonduct i on
time,  causing gafRAIde iR Yol S hthabo BBkl idbshalihicBRdRliof il bal | ast

input current. 27/, The electronic ballast of claim26, wherein the [anp
current has a «wsingatreducasn irf thettetnl pemonicistortiag of Fhe bellast inpohéwrebtl | ast
of claim 26, wherein the |lanp current has a current crest factor bel ow
about 1.7. 29. The electronic ballast of claim?26, wherein a current only

]f : ows t L hr OUﬁh sai d 47.1 st T8 dtIni b MstCoIRMIRI6Y fheRY B 1S Buriit Bag 4 ent
OoWs rou
J current crest factor below 2.1.

28.  The electronic ballast of claim 26, wherein the lamp current has a

current crest factor below about 1.7.

29.  The electronic ballast of claim 26, wherein a current only flows
through said first controllably conductive device when no current flows through

said second controllably conductive device and vice versa.

30. The electronic ballast of claim 26, wherein current flows

alternately through said first and second controllably conductive devices.

31. The electronic ballast of claim 26, wherein a sum of said
conduction times of said series connected first and second controllably

conductive devices is the period of said high frequency drive voltage.

32. The electronic ballast of claim 26, wherein said valley fill circuit

comprises a buck converter circuit.



sai d second controllably conductive device and vice versa. 30. The

el ectronic ballast of claim26, wherein current flows alternately through
said firswoandosetond controllably conductive devices. 3PCTNse2#2ectronic
bal | ast of claim 26, wherein a sum of said conduction tines of said series
connected first and second controll abl conductive devices is the period

of said high frequency drive vol tage.'4 2. The electronic ballast of claim

26, wherein said valley fill circuit conprises a buck converter circuit.
WO 03/ 001855 PCT/ US02/ 20281 -41 33. The electronic ballast of claim 26,
wherein said valley fill circuit conprises a switched resistor circuit.
34. The electronic ballast of claim?26, wherein said inverter control
circuit includes a m%r o- Eemeleardni balles of Themebe whetsil saidhuallexdill ¢ifcuit] ai m
26, wherein said inverter.gontral jreuit includes a digital signal
processi ng ci rcgolngp.nsg%gg‘?‘ﬁéeheglrgsg?%%%cg&bal | ast of claim 26, wherein said
inverter control «circuit includes an ASIC. 37. An electronic ballast for

driving at | east one | anp _conprising:. a rectifying circuit operatively
connect abl e to an AG%i neTheglegironisbaligstpfickyma6y whereincwithwyedel ctelss sai d

rectifying circyid iﬁ‘élgd%’&&f&}’cﬁ%xﬁfoll%} rcuit connected to said rectifying
circuit that suppﬁ ies a lanp current to said at |east one |anp; wherein

said current drawing circuit draws current fromsaid AC |line when the

i nstant aneous voltage of said AC lLine nears.zero to reduce the total

har moni ¢ di stortion %f th'ghq Won&ﬁaﬁ]éﬁto & aé%f?%vhgr&f”os V’i"%"tr.coﬂtégl The

el ectroni c bal | g84,itQfc16dR1aMiSifal sIMAST BbesSiab dir€YF rent drawing circuit is a
cat ear circuit. 39. Tﬁe el e%t ro}r%ac It;;ral I as? o?chI aim 38, wherein said cat
ear circuit draws current fromsaid AC |ine between predeterm ned cut-in
and cut - out 36. The electronic ballast of claim 26, wherein said inverter control

circuit includes an ASIC.

37.  An electronic ballast for driving at least one lamp comprising:

a rectifying circuit operatively connectable to an AC line;

a current drawing circuit connected across said rectifying circuit; and

an inverter circuit connected to said rectifying circuit that supplies a lamp
current to said at least one lamp;

wherein said current drawing circuit draws current from said AC line
when the instantaneous voltage of said AC line nears zero to reduce the total

harmonic distortion of the input current drawn by said ballast.

38.  The electronic ballast of claim 37, wherein said current drawing

circuit is a cat ear circuit.

39, The electronic ballast of claim 38, wherein said cat ear circuit
draws current from said AC line between predetermined cut-in and cut-out

points.

40, The electronic ballast of claim 38, wherein said cat ear circuit

includes a monitoring circuit that actively monitors the current drawn by said



poi nts. 40. The el ectronic ballast of claim38, wherein said cat ear
circuit includes a nonitoring circuit that actively nonitors the current
drawn by waiod/ovB593/ 001855 PCT/ US02/ 20281 -42 inverter cipCauisnz/amdi only
draws current when said inverter circuit is not drawing current above a
predeterm ned value. 41. An el ectronig bal l ast for driving at |east one

| anmp conprising: a rectifying circuft“ operatively connectable to an AC
line; a valley fill circuit including a capacitor; said valley fill circuit
operable to selectively charge said capacitor from said rectifying circuit
t hrough an i npedance and a first electronic swi-tching device; and an
inverter circuit including at | east one electronic switching device for
suppl yi ng | anp inwrteentrcmit)amhtbrdy dtawsgagentomken sarbinvevte cgicuit saiod deapagi tor i s
charged during at %st 900 f eac | f-cycle of said AC line. 42. The

el ectroni c bal Icé‘g'ienb‘? O¥f &iPHY 4 ?m’Wr'? réﬁ‘l’? said valley fill circuit includes
a buck converter circuit. 43. The electronic ballast of claim4l, wherein
said valley fill circuit includes an inductor. 44. The el ectronic ball ast
of claim4l, whereitlsai dAlﬁﬁllegMOIEC ballasbier drivingiat teastrapedamp ¢emprising:MOSFET.
45. The el ectronic ball claim41l erej sai d v Ie fill circuit

i ncl udes at | east or?erefﬁts Cdrcgft S%SYéléSﬁ nne\xﬁatrﬂl%toﬁapdé lf’%’g of said
inverter circuit. Aaﬁvalﬁ?eillﬁilﬁﬁttﬁmudin@aldagsdlto@f claim4l, which further

i ncludes a flyback trans orner coupled to said capacitor, to control the

delivery of energy ts8id wdiey ﬁélappr&elttoa?rablm 6 Gy ehharaeTeIdsgpAcityp from -

said rectifying circuit through an impedance and a first electronic switching
device; and

an inverter circuit including at least one electronic switching device for
supplying lamp current to said at least one lamp;

wherein said capacitor is charged during at least 90° of each half-cycle of

said AC line.

42.  The electronic ballast of claim 41, wherein said valley fill circuit

includes a buck converter circuit.

43. The electronic ballast of claim 41, wherein said valley fill circuit

includes an inductor.

44, The electronic ballast of claim 41, wherein said first electronic

switching device is a MOSFET.

45.  The electronic ballast of claim 41, wherein said valley fill circuit

includes at least one of said at least one switching device of said inverter circuit.

46. The electronic ballast of claim 41, which further includes a
flyback transformer coupled to said capacitor, to control the delivery of energy to

said capacitor.



47. The electronic ballast of claim46, wherein said flyback transforner
is connected to said capacitor by a controll ably conductive device. 48. An
el ectroniwomalodmss for driving at | east one |anp conpri si mgT/Usa2/2@8t i fyi ng

circuit operatively connectable to an ACline; a valley fill circuit
i ncluding an energy storage devi ce; szgd valley fill circuit operable to
sel ectively charge said energy storage” device; an inverter for providing a

| anp current to said at |east one lanp, said inverter including a first

el ectronic switch series connected with a second electronic switch; and a
control circuit for controlling the conduction time of said first and said
second el ectronic switches; wherein said first electronic switch is

control l ed to conduct.f orThe eleattonicibadlhst of hlaim é6, whereingail Biagk second

el ectronic switch s controll t o .conduct , for relativel y. | on tinme
ur i ng he t1 e TG Frameci tpoif R fRofislBb i 3PRE o' A
| ine whereby the total harnonic distortion of a ballast input current and

the current crest factor of said |lanp current is decreased. 49. The
el ectroni c bal | ast dof8.cl shmelegironigbaliastios drivingaf Jeast ome|lamp FempPEYing:conpri ses

a buck converter circuite .50, i I cl.aim 48, wherein
said valley fill ci raclluélct{1fym ocrlr%rgﬁg)ggﬂagg‘g&ng{%ﬁeg%%iree@?}slt‘%&r hﬁ%’r cuit. 51. The
el ectroni c ball ast aof vatleqifith ABuit Whidingas encdg e stofagedevice;cui t i ncl udes a

m croprocessor. 52. The electronic bal]ast of claim48, wherein said
control circuit i ncleifdedles il qropid opepbls e slsdvelysbrreaapidesetysiesase

PCT/ US02/ 20281 de‘vf%- 53. The electronic ballast of claima48, wherein said
control circuit 1 ntludes an ASIC 54. The el ectronic ballast of claim49,
wher ei n sai d buck comvavdreer for providing a lamp current to said at least one lamp, said

inverter including a first electronic switch series connected with a second
electronic switch; and

a control circuit for controlling the conduction time of said first and said
second electronic switches;

wherein said first electronic switch is controlled to conduct for a
relatively shorter time and said second electronic switch is controlled to conduct
for a relatively longer time during the time around the time of the absolute peak
voltage of said AC line whereby the total harmonic distortion of a ballast input

current and the current crest factor of said lamp current is decreased.

49.  The electronic ballast of claim 48, wherein said valley fill circuit

comprises a buck converter circuit.

50.  The electronic ballast of claim 48, wherein said valley fill circuit

comprises a switched resistor circuit.

51. The electronic ballast of claim 48, wherein said control circuit

includes a microprocessor.

52. The electronic ballast of claim 48, wherein said control circuit

includes a digital signal processor.



circuit includes a tapped inductor. 55. The el ectronic ballast of claim48,
whi ch further includes a flyback transfornmer and wherein said energy

st orage dw0iosmoisss charged through said flyback transfor meCT/U562/20281

el ectronic ballast for driving at | east one lanp conprising: a rectifying
circuit operatively connectable to an fc line; a valley fill circuit

i ncluding an energy storage device; said valley fill circuit operable to
sel ectively charge said energy storage device; a back end which includes
an inverter circuit that supplies a lanp current to a |lanp; a control
circuit for controlling the operation of said inverter circuit; and a cat
ear circuit that supplies power to said control circuit and wherein said
inverter circuit dra¥ws a Thedectoniabatiestiof ghaim48dwheein saed enmirohejreuit

pr edet er m ned poqtion qL ﬁﬁch hal f cycle which is greater than 90 of each
hal f  cycle of B Ke 57, The el ectronic ballast of claim 56,
wherein said inverter circuit draws said first current during a first
portion of each said half cycle, and said cat ear circuit draws a second

current from said AG4 i nelhfigleqiggnye badlassod clagn ¥t wherehy said busk-covericsppi ng

portion of each?&ﬁh@mﬁ&h&aQM&kﬂimﬁﬁunThe el ectronic ballast of claimb57,
wherein said cat ear circuit ® starts drawing said second current at a

predeterm ned fixed $ut iThepgeatoniabatlastiof clagth48cwhich fudifer 3355

PCT/ US02/ 20281 _-45 59. The elgc;%onic, allast of claimb57, wherein said
cat ear circui tilybeelopandiprngragd dherpinsaldmera stPrge dayicaissharesd 8ravsied fi xed
cut out point id;eaack Aahdfofy&G! € 60. The el ectronic bal last of claim 57,
wherein said cagta1 ear glfrcu%? é}ncl udes an active back end current
nonitoring circuit to nonitor. the current

56. An electronic ballast for driving at least one lamp comprising:

a rectifying circuit operatively connectable to an AC line;

a valley fill circuit including an energy storage device;

said valley fill circuit operable to selectively charge said energy storage
device;

a back end which includes an inverter circuit that supplies a lamp current
to a lamp;

a control circuit for controlling the operation of said inverter circuit; and

a cat ear circuit that supplies power to said control circuit and wherein
said inverter circuit draws a first current from said AC line during a
predetermined portion of each half cycle which is greater than 90° of each half

cycle of said AC line.

57. The electronic ballast of claim 56, wherein said inverter circuit
draws said first current during a first portion of each said half cycle, and said cat
ear circuit draws a second current from said AC line during a second

substantially non-overlapping portion of each said half cycle.

58. The electronic ballast of claim 57, wherein said cat ear circuit
starts drawing said second current at a predetermined fixed cut in point in each

half cycle.



drawn by said back end. 61. An electronic ballast for driving at |east one
| anp conprising: a rectifying circuit operatively connectable to an AC
line;, a valosyofssd! circuit including an energy storage dedraso2/andl said
valley fill circuit operable to selectively charge said energy storage
device fromsaid rectifying circuit tggough an i npedance and a first
electronic switch. 62. The electronic”ballast of claim®6l, wherein said
energy storage device is a capacitor. 63. The electronic ballast of claim
61, wherein said inpedance is an inductor. 64. The el ectronic ballast of
claim61l, wherein said inpedance is a resistor. 65. The el ectronic ball ast
of claim®6l, wherein said first electronic switch is a MOSFET. 66. A

met hod for reduci ng ¥he bEhd eeatranipballastinficlaim S/owherehasaitbedt €ar aicyitor t i on
bel ow 33. 3% and_ reduci ng the current crest ctor law 2.1 of th | anp
current provi detPiyAtargade S Bl EPred e AR A pd B Eechae o
03/001855 PCT/ UpliPéy2@281 -46 discharge |lamp froma source of AC power

whi ch has a substantially sinusoidal 1line voltage at a given line
frequency, conprising the steps of: a) receiving the substantially

sinusoi dal 1ine vol tgge frome Al BONGGE BimAT RRUEI Bl cdi 86! diforing L he
substantially sinusoidal Tine voltage from said source of power to
provide a full iwades®cictiVe backvanldicagent mynichmpgingit enmenksiglie stipermge devi ce
fromsaid full wave K rectified voltage through an inpedance and a

control | ably co¥fdadyvaiddsckerdto provide a DC voltage; d) nodifying the
full wave rectified voltage by supplying

61.  An electronic ballast for driving at least one lamp comprising;:

a rectifying circuit operatively connectable to an AC line;

a valley fill circuit including an energy storage device; and

said valley fill circuit operable to selectively charge said energy storage
device from said rectifying circuit through an impedance and a first electronic

switch.

62.  The electronic ballast of claim 61, wherein said energy storage

device is a capacitor.

63.  The electronic ballast of claim 61, wherein said impedance is an

inductor.

64.  The electronic ballast of claim 61, wherein said impedance is a

resistor.

65. The electronic ballast of claim 61, wherein said first electronic

switch is a MOSFET.

66. A method for reducing the ballast input current total harmonic
distortion below 33.3% and reducing the current crest factor below 2.1 of the

lamp current provided by an electronic ballast for driving at least one gas



said DC vol tage between the peaks of the full wave rectified voltage to
provide a valley filled voltage; e) applying the valley filled voltage to
an i nvertwp Boosdvi de a high frequency AC voltage; f) uscmgssaiatshi gh
frequency AC voltage to drive a lanp current through said at |east one gas
di scharge | anp; and g) causing said i g?rter to draw current from said
source of AC power for a tinme greater than 90 of each 180 |ine frequency
hal f cycle. 67. A method of reducing the ballast input current total
harmoni ¢ distortion below 33.3 %in an electronic ballast for driving at

| east one gas discharge |anp, connectable to a source of AC power which

has substantially sinusoidal line voltage at a given line frequency,
conpri si ng t he dschpregeddmp &pny squirgeHfimyC pnweswhmhgwaaarsubsran@ak}bsmamdair om
sai d source of ;. AC power, to provide f regtified.voltage; b)

modi fying the i e voflagsit agdyst ?‘Eﬁ%%%?%ijgégﬁﬁgss‘ﬁ%&eysﬁéﬁg %% "bc vol t age

bet ween the peaks of the dul |l reesieing eatsubstestialglsimgeidabliny witagefram val | ey
filled voltage; c) applying the valley filled voltage to an inverter to
provi de a higtha f@ﬂﬁ@ﬁéy“gQPW@$tage; WD 03/ 001855 PCT/ US02/ 20281 -47 d)

using said high frequenciAC valigee hOutkiatufy SAIBiGPURE fillagk ool sai d

at | east one gas discharg sard 1nverter to draw current
from sai d sour caiddourceGfpaivpowerto prgtidenfullnpadanceiaindlaggont r ol | abl y
conductive device for a tinme %reater t han 90 of ~each_180 Jup frequency
hal f cycle; and f) drawi rfd addRIESHRIN CISFRETiOraghcyice fram saidy Wllivagit from

said source Ofreéﬁie%%%éiﬂ%m 2 iblpb@dnct hfia Eé}{tf‘dn}éﬁiy doRtil@Wevide kd Ne

voltage zero crossing and a second tinme interval just prior to the next
| i ne vol t age zgwoviderdXsvoltage;

d) modifying the full wave rectified voltage by supplying
said DC voltage between the peaks of the full wave rectified voltage to provide a
valley filled voltage;

e) applying the valley filled voltage to an inverter to provide
a high frequency AC voltage;

) using said high frequency AC voltage to drive a lamp
current through said at least one gas discharge lamp; and

g2) causing said inverter to draw current from said source of

AC power for a time greater than 90° of each 180° line frequency half cycle.

67. A method of reducing the ballast input current total harmonic
distortion below 33.3 % in an electronic ballast for driving at least one gas
discharge lamp, connectable to a source of AC power which has substantially
sinusoidal line voltage at a given line frequency, comprising the steps of:

a) rectifying the sinusoidal line voltage from said source of
AC power to provide full wave rectified voltage;

b) modifying the full wave rectified voltage by supplying a
DC voltage between the peaks of the full wave rectified voltage to provide a
valley filled voltage;

c) applying the valley filled voltage to an inverter to provide
a high frequency AC voltage;
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68. A method for reducing the ballast input current total harmonic
distortion below 33.3% in an electronic ballast for driving at least one gas
discharge lamp from a source of AC power which has a substantially sinusoidal
line voltage at a given line frequency, comprising the steps of:
a) rectifying the substantially sinusoidal line voltage from
said source of AC power to provide a full wave rectified voltage;
b) providing an energy storage device to modify the full
wave rectified voltage by supplying a DC voltage between the peaks of the full
wave rectified voltage to provide a valley filled voltage;
c) applying the valley filled voltage to an inverter to provide
a high frequency AC voltage;
d) using said high frequency AC voltage to drive a lamp
current through said at least one gas discharge lamp; and
€) causing said energy storage device to draw current from

said source of AC power through an impedance and a controllably conductive

device for a time greater than 90° of each 180° line frequency half cycle.

69. A method for reducing the ballast input current total harmonic
distortion and for reducing the current crest factor in an electronic ballast which

drives at least one gas discharge lamp from a source of AC power which has a



frequency AC voltage; d) using said high frequency AC voltage to drive a
| anp current through said at | east one gas discharge | anp; and e)
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substantially sinusoidal line voltage at a given line frequency, comprising the
steps of:

a) rectifying the substantially sinusoidal line voltage from
said source of AC power to provide a full wave rectified voltage;

b) modifying the full wave rectified voltage by supplying a
DC voltage between the peaks of the full wave rectified voltage to provide a
valley filled voltage;

c) applying the valley filled voltage to an inverter having at
least first and second controllably conductive devices to provide a high
frequency AC voltage;

d) using said high frequency AC voltage to drive a lamp
current through said at least one gas discharge lamp; and

e) controlling the conduction time of said first and second
controllably conductive devices to hump up said ballast input current and hump
down said lamp current during the time around the time of the absolute peak

voltage of said source of AC power.



