BOOST CONVERTER CROSS REFERENCE TO RELATED APPLI CATI ONS Thi s
application clains the benefit of the filing date of U S. Provisional
Application Ser. 5 No. 60/578,372, filed June 9, 2004, the teachings
of which are incorporated herein by reference. FIELD This disclosure
relates to DC to DC converters, and nore particularly to boost DC to
DC converters and controllers for such boost converters. 10
BACKGROUND A DC to DC converter may be used to convert an input DC
voltage to an output DC voltage. A boost converter is a type of DC
to DC converter that converts an input DC voltage into a higher

out put DC vol tage. Such boost converters may be utilized in a variety
of electronic 15 devices incl udi ngBEOPT EBNVERTER: r oni ¢ devi ces
deriving power froma battery source. Usually, the output voltage is
regul ated to a required value, while the input voltage varies due to
battery dischargi ng or CROSSREEFRENCE HO RELATERXAPPIRGATIONSIt vol t age
of the boost converter may be <controlled.by a controller which

controls a st at eTok applieation chimsdheshentfitlofthe filingeddte/gfd). OfPrevisidnab A ppl@ReH Ser.
provided to the switches nmay be a pul se wi dth nodul ated 20 (PW)

si gnal wh®r eNd.I68/5TBA72, Gledimedt 2004sthdMldhivipy ofkhiviodrs BSorpra®d BéreR bylrierence.
state of the switches. |In a boost converter utilizing a PW control
signal the current ripple in an associated inductor of the boost
converter depends on the duty cycle (D) of the PWM control signal.
The inductor current ripple is maxi nunfifsb D = 0.5, and decreases
when the duty cycle is either D> 0.5 or Dc 05: Wile designing such
a boost conver t ellhis Hiselosiey elates RIBC toTHTICnOErteRs) biidribre parfinilarie bbekt BE to BC
converters and controllers for such boost converters. '
10
BACKGROUND
A DC to DC converter may be nsed to convert an input DC voltage to an output DC
voltage. A boost converter is a type of DC ta DC converter that converts an input DC voltage
into a higher ontput DC voltage. Such boost converters may be ntilized in a variety of electronic
15  devices inchuding portable electronic devices deriving power from a battery sovrce. Usnally, the
output voltage is regniated to a required value, while the input voltage varies due to battery
discharging or to variable load current. The output voltage of the boost converter may be
controlled by a controller which controls a state of one or more switches,
One type of control signal provided to the switches may be a pulse width modulated
20 (PWM) signal where the duty cycle of the PWM signal varies to control the state of the switches,
In a boost converter utilizing a PWM control sigrial the current ripple in an associated inductor of
the hoost converter depends on the duty cycle (D) of the PWM control signal. The inductor

current ripple is maximum for D = (.5, and decreases when the duty cycle is either D = 0.5 or

D < 0.5. While designing such a boost converter, the worst case inductor current Hmit should be




taken into consideration. This requires an inductor to support the
peak current w thout saturating the core. For a boost converter
controlled by a PWM control signal, the inductor has to be sized for
t he peak current that occurs at D = 0.5, when the input voltage is
VIN = Vour / 2. For any other input voltage the peak current wll be
smal l er, thus the inductor will. be under utilized. The 5 sane under
utilization affects all of the boost converter conponents, including
the power switches, and the output and input filtering capacitors
meant to snmboth the output voltage and filter the input voltage. A
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BRIEF DESCRIPTION OF THE DRAWINGS
Features and advantages of embodiments of the claimed subject matter will become
apparent as the following Detailed Description proceeds, and upon reference to the Drawings,
where like numerals depict like parts, and in which:
15 FIG. 1A is a simplified block diagram of an electronic device having a boost converter

consistent with an embodiment;
FIG. 1B is a block diagram of an embodiment of the boost converter of FIG, JfA;
FIG. 1C s 2 timing diagram of the embodiment of FIG. 1B;
FiG. 1D is another timing diagram of the embodiment of FIG. 1B contrasting operation
20  under heavy and light load conditions;
FIG. 2A is a block diagram of another embodiment of the boost converter of FIG. 14;
FIG. 2B is a timing diagram for the boost converter of FIG. 2A operating in a continnons

carrent mode;




2 FIG 2Cis a timng diagramfor the boost converter of FIG 2A
operating in a discontinuous current node; FIG 3 is acircuit

di agram of the voltage controlled current source of FIG 2A; FIG 4
is a circuit diagramof one potential enbodi ment of the voltage
controlled current 5 source of FIG 3; FIG 5 is a circuit diagram
of the voltage controlled switch-able current sink of FIG 2A;, FIG
6 is a circuit diagramof one potential enbodi nent of the voltage
controlled switch- able current sink of FIG 5; FIG 7 is a plot of
waveforms for Vcap, ndr, and pdr of FIG 2A in a continuous current

10 node; FIG 8 | | qQt .of .wavetor r Vcap, and pdr. of FIG
2A in a disconti %Iu%dgcs:%aé ur réﬁ%\&%#é;m%s?ﬁmivgﬂi °’E€‘?3;:8ﬁ°l’8r?§‘§r1&ﬁm of

one enbodi ment IRi‘f%t he feﬁégb ck control circuitry of FIG 2A; 15 FIG
10 is a plot STRARPE FEY %€ ust rat i ng voltage and current plots of
one. embodi ment - of G A ASIFL{ESR AL P ek eIy Soeoraares o RC. 4% hough
the follow ng Detajled Description will proceed with reference being
made to 20 111 uEEk 4 ARSCET R Erne Potepiial emfiodipent f the wltage controlled current
nodi fi cat ons,ui[&%[a/ riations thereof wll be apparent to those

skilled i°Pn £fE ccordingly, it is intended that the clai nmed

subj ect matter bﬁ gi,ewed Jbroadl y, .
G. 5 is a circuit diagram of the voltage controlled switch-able current sink of FIG. 2A;

FIG. 6 is a circuit diagram of one potentizl embodiment of the voltage controlled switch-~
able current sink of FIG. 5;

FIG. 7 is a plot of waveforms for Veap, ndr, and pdr of FIG. 2A in a continuons current

10 mods;
FIG.8isa pln"t of waveforms for Vcap, ndr, and pdr of FIG. 24 in a discontinuous
curzent mode;
FI(. 9 is a circnit diagram of one embodiment of the feedback control circuitry of FIG.
2A;
15 FIG. 10 is 2 plot of waveforms illustrating voltage amd cament plots of several

components of FIG. 2A; and

FIG. 11 is a circuit diagram of one embodiment of the carrent sensing circnitry of FIG.

Although the following Detailed Description will proceed with reference being made to
20 illustrative embodiments, many alternatives, modifications, and variations thereof will be
apparent to those skilled in the art. Accordingly, it is intended that the claimed sobject matter be

viewed broadly.




3 DETAI LED DESCRIPTION FIG 1A illustrates an el ectronic device 190
havi ng a boost converter 100 consistent with an enbodi nent. The

el ectronic device 190 nmay be any variety of electronic devices,
including, but not limted to, a server conputer, a desk top
conputer, a |lap top conputer, cell phone, 5 personal digital
assistant, power tool, etc. The electronic device 190 nmay receive
power from any variety of power sources such as a DC power source
180. The DC power source may be any variety of power sources such
as, for exanple, an AC/DC adapter, a DC "cigarette" type adapter, a

battery, or a rechargeabl e batt §apaifeh @g?ﬁ battery may
I ncl ude any type of rechargeabl e%[latter?ﬁsguc a?hfi t hi umi on,
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tage, Vout, to 2 10ad 170 that is greater than the input voltage Vin.
FIG. 1B illustrates aI;Iock diagram of one embodiment 100za of the boost converter 100

of FIG. 1 in more detzil. In general, the boost converter 100a receives an input DC voltage, Vi,
and provides a desired outpnt DC valtage, Vour greater than Vpy. 'The boost converter 1002

i5 may generally include an inductor 112, a main switch SW2 and current sensing circuitry 113, a
sy;nchronous switch SW1 109, a rectifying diode 110, and an ontput capacitor 111. The swiich
SW1 109 and the carrent sense circoitry emhedded in the circuitry 113 may be omitted in some
embodiments. As used herein, “circnitry” may comprise, for example, singl} or in any
combination, hardwired circoitry, programmable cimJiiry,_ state machine circuitry, andfor

20 firmware that stores instructions executed by i)ro grammable circaitry.

The switch SW2 may be driven ON and OFF by the drivers & break before make (BBM)

circuitry 116 via path 115, while the switch SW1 109 may be driven by the same circuitry 116

via path 114. The circuitry 116 may include BBM circuitry to avoid simultaneously conduction




via path 114. The circuitry 116 may include BBMcircuitry to avoid

si mul taneously conduction 4 of SW and SW2. Wen the switch SW is’
driven ON, the current through the inductor 112 increases linearly
with the slope VmIl L. The anplitude of the current ranp nay be
proportional to the on-tinme of SW2. After SW2 is tanmed OFF, current
may be delivered to the output line 103 through the diode 110 or the
switch SWL 109. The feedback circuitry 108 nmay nonitor the 5 output
vol tage Vooreither directly fromthe output |line 103 when the switch
SW 109 is OFF, or fromthe node 128 when switch SW is ON, and

provi de the ar 7 with,f ack information, e.g.,.voltage
Vfb on path G%g . a?ﬁﬁng é&%% ﬁw}t‘fﬁe@?ﬁﬁt%%w (ﬁ&&ﬁ'{‘%ﬂﬁ‘gﬂt %“@g'lhﬁ fductor T12
current conponent .besi de vol t age o to assure |loop stability. The
conpar at or 1‘5‘5‘%&“&%‘3‘5‘@‘%&’ e 998’9,( do g@ﬁ apphitpdend ey TRy ro7aR may bioprp
the 10 feedbagk cirscui 8 wth the set voltage Vsm applied on_
path 102, arf@! PB\?F”&@%%‘ ég?ftq’ is g QY pyrrent g bedshiverpd 1 the quinyk Lige
-ow signal vi ath 106, coupl ed to_an_ output of the conparator 107.
The Vour. i w03 fereh Heipde KBk thsswit RS Wa AP <Eieandbars comiiay &0fmer mamdir the
bet ween the output voltage VO and the set voltage V= A_si%%g .
r epr esentiat | WEUbYOltagreYaunpither Gsriyfaum the uipailing d0% whan thesswitsh 1091is @@ or
controlled 15 toNgenerator circuitry 125 via path 124. The voltage
control | ed tiomw e pied2dwheniswiteh YWY isO%, apd provida thssempariior H¥ with/eedgack
duration toN based on the ingyt vol tage VIN and a constant. In
particul ar, niprestion gy yelteee ¥ib areppthd80, This fesdlapk nfospatian mavgmbed an priput
i nput vol tage as given by equation (1) where Kis the value of the
constant . ( FPFepleMrronegt besple pyolinge onaip geedonp stakilithy be 058*1 04. The
conver si on fron1¥¥a to toN according to_ equation %}) may be
i mpl enent ed by el fafEmPHALT WY may compare e fopdback ypliage Yiron pash 130 T ey
be
10  fesdback circnitry 108 with the set voltage Vet applied on path 102, and provide the control
fogic circuitry 121 with 2 Vour Low signal via path 106 coupled to an output of the comparator
107. The Vour row signal may therefore be representative of a difference between the cutput
voltage Vour and the set voltage Vggr.
A signal representative of the i.ﬁput voltage Viymay be applied to the voltage controlled
15  tongenerator circuitry 125 via path 124. The voltage controlled toy generator circuitry 125 may
outﬁut a pulse having a duration tow based on the input voltage Vipy and a constant. In particubar,
the ton duration may be reversely proportional to the input voltage as given by equation (1)
where K is the value of the constant.
Dtow=K/Vmy
20 | In one embodimert, K may be 0.5 2*10°. The conversion from Vv to tox according to
equation (1) may be implemented by either analog or by digital means, The ton pulse may be
triggered by the TON_START signal originating from the control logic circuitry 121 via path

122, Control logic circuitry 121 may generate the TON_START signal if the Vour row signal,




triggered by the TON START signal originating fromthe control |ogic
circuitry 121 via path 122. Control logic circuitry 121 nmay generate
the TON START signal if the Vourr tow signal, 5 provided by the
conparator 107, indicates that the feedback voltage Vfb is |less than
the set voltage Vs TT. The tort pul se nay be sent to the control
logic circuitry 121 via path 123. During the toN pulse, the control
logic circuitry 121 may assert the signal SW2 ON on path 127 to
drivers 116. In response, the drivers 116 may drive switch SW2 ON.
This may then cause an 5 increase of current flowing fromVIN through

the inductor 1 ode 128 d | urrent . slgpe be. VIN /
"Gur i ng- s ey eomeir A Sl e e St totede PR 3t -
when SW2 is ON nay bhe therefore defined b equat i Qn ) . \
AL Lo Vit 1 L5 Ehtos et PiOL RS20 e RegHP e ey A iR Ruies -
proportionally with toN and the slope of the rising current. Sjnce
toN i s par dhtfon Pes the gontrgblpgin aigpuityy 128 may pigert @Ef{@ﬂé%&ﬁp‘aﬁfwsh Ty be
rewitten as detailed in equation %3) substituting in the val ue of
tort from eHiyeslth Ineppaopg, e davfrnlioawry doye w&}lﬁwﬁ@%m}w ey fansepy |
15 As can be observed by equation (3), the current ripple Al is
const ant3 bdBaeaseoficument fpwing fram Mpnthrongh the indyctantldoroge $48, 2nd $\W3- Thagugent
al l ows optinmal design of the boost converter 100 wusing in full the
current capipemey fe ¥in/ Lideringrycica epndition and the switch SW2 in 113. As
such, the inductor 112 and ot her congonents of the boost converter
100 do not have Thecugentsippledn thenducorilh2 wherpWa is QN may hp Bgicirapdefinpdbi e
ef ficiency of the boost converter 100 nay be increased. The size 20
of the conpapatierémay al so be decreased to save space in an

envi ronment having a prem um on "~ such space. The cost of the
components may al so @bAlked¥mykaNtaver si zed prior art conponents.

10 - The amplitude of the carrent therefore increases proportionally with ton and the slope of .
the rising current. Since toy Is parametrical, as defined in equation (1), equation (2} may be .
rewritien as detailed in equation (3) substituting in the value of toy from equati.on (¥) into
equation (2).

DAL=V /LyxE/Vm)=K/L

15 As can be observed by equation (3), the cutrent ripple Aly. is constant because K and L
are constants. Advantageously, this feature allows optimal design of the boost converter 100
using in full the current capability of the inductor 112 and the switch SW2in113. As such, the
inductor 112 and other components of the boost converter 100 do not have to be oversized asin a
prior art embodiment. Hence, efficiency of the boost converter 100 may be increased. The. size

20 of the components may also be decreased to save space in an environment having a premium on
such space. The cost of the comﬁonents may also be less than oversized prior art components.

‘When toy has elapsed, the control logic circuitry 121 may switch the SW2_ON signal to

non-active. Inresponse, switch SW2 may tum off. The control logic circnitry 121 may also



When toN has el apsed, the control logic circuitry 121 may switch the
SW2 ON signal to non-active. In response, switch SW2 may turn ofd The
control logic circuitry 121 may also 6 issue the TOFF START comrand
on path 105 when toN has el apsed. The TOFF START comrand on path 105
may trigger the voltage controlled topp generator circuitry 101. The
vol tage controlled tow generator circuitry 101 nmay output a topp
pul se via path 129 to the control logic circuitry 121. During tom
the control logic circuitry 121 nmay assert the SWL ON signal 5 which
may then be provided to the drivers 116 via path 126. |In response,
the drivers, 116 ma drive swwtch SW119 ON. The ener accumul at ed
in the i nduéWskheTOFE SAARTcommaad prmpatiyl3 raen fpvibaelprspd- Fhe TREF._SRART Y a
to the output line 103, recharging the output capacitor_ 111 and

pover i ng t HEOMUsEHoN pRék 105 sms iRaectidn rRllagesanirelled dirs 2qnetatns cliqringL0L. The

si mul t aneous conduction of SW2 and SW, for a very 10 short tine
these two sYaltagerariraled torreepaper drytnp {01amy capug & forr BRistiTiacnRtiAR? ththe control
enbedded in the circuitry 116. The current fromthe inductor 112 may
f | ow dur i ngloginpiscuisNeL.i Brerigtorer thegontrel fogia citeuitty d 2H mew essart e S3VE PN signal
output line 103. If the VOUT LONsignal on path 106 indicates that

t he feedbacwhichneyther bepbovidsd kathedniverstiiGmia phid 126t Invesprasgcthe/daiverdldh maygN
el apses and the TOFF START signal is generated, the control 15 logic
circuitry 1dtive menchib®ep1IOHBN.TOFF ACCEL signal inactive. In this case,
the duration of the tow pulse will correspond to equation (4): (4)
tow = K | ((VsefThee®gy accvimifiatedihibe jdirtérd 13 miap bl Bissikatédabriog the topr time
Vout/Vfb. In contrast, if the signal VOUT | ONon path 106 indicates

t hat the f eistépabik theobipatfine 103, becharging the opfputrapisitosidit apdpoverying theyloddrieot
after toN el apses, the control logic circuitry 121 na 20 make the
TOFF ACCEL shownjeconngcted tpdVout-nTa dviol! simgdtanconpenndidtion pESWe cod 8W4t fodz vernd

will have a
10  short time these two switches may be kept OFF by BBM circnitry which may be embedded in

the circuitry 116. The current from the inductor 112 may flow during this BBM time interval
through the diode 110 to the output Line 103.
Ifthe VOUT_LOW signal on path 106 indicates that the feedback voltage Vib is larger
than the set voltage Vser when iow elapses and the TOFE_START signal is generated, the control
15 logic circuitry 121 may keep the TOFF_ACCEL signal inactive. In this case, the duration of the
torr pulse will correspond 1o equation (4): -
(@) tore = X / (Vser * D) - Viv), where D is a feedback factor = Vout/Vib.
In contrast, if the signal VOUT LOW on path 106 indicates that the feedback voltage
* Vib s less than the set voltage anytime after toy elapses, the control logic circuitry 121 may
20  make the TOFF_ACCEL signal active. In this case, torr will be accelerated, and will have a
shorter duration than the one described by equatioa (4).
When torp has elapsed, control logic circuitry 121 may look to the VOUT_LOW signal.

If the VOUT_LOW signal on path 106 indicates that the feedback voltage Vib on path 130 is



shorter duration than the one described by equation (4). \Wen tow has
el apsed, control logic circuitry 1212 may | ook to the VOUT_LOW si gnal .
If the VOUT LOWsignal on path 106 indicates that the feedback
voltage Vfb on path 130 is 7 less than the set voltage Vssr, then
the control logic circuitry 121 may imrediately issue the TON START
command, initiating a new cycle. If the signal VOUT LONon path 106

i ndicates that the output voltage is greater than the set voltage
Vssr, the control logic circuitry 121 may wait until VOUT LOW
changes state and then issue the TON-START command. In 5 this way,

t he out put vol tage Vour on path 103 max be regul ated. This_nethod

al so provi ddss hpikthe s yolisee Heendhen ke Gentl fsir it 18k payinupedjately ispusithe

| oad currents by skipping pulses when the load is very small and the
capaci t or 1F9N_§T%T somprgandeiaisiatinga nswrogele. X dersiggd YOUT HOWongpethfigf a

| onger time than the switching period. The current sense circuitry
enbedded i nindisategtbafthe entut waliegais gtepten thany the se1 wolisgsy Var.dheemtrollopic becnitry
power conponents from over-current conditions. The current sense
circui try mdyl paowiibetd] YORTOLOW changes siete ind thesvigsue the GON| $TARTommatd. In
I ndicative of the inductor current. The current signal on path 117
may t hen She thiwayathe dutpyt voltage Moo pathcl03 tm9 bevreghlatad pThis eethod plseprovides the
limt signal OVClimfrompath 118. The output signal fromthe
conpar at or d@ntageof printeii@ohiptpsffitiency et lowdoad\whments byskippihg phises when terivad
exceeds the preset limt. Wen the over-current signal on the path
120 15 is adtvieysmall hwl thecapaaitor 11dgs Slatiokeapi the guii® toltagy indbe megeiot a lohger
SW2 ON signal. This may induce the OFF state of the SW2 switch, and
trigger thetivekieaths swischtinggefiedl t ore generator circuitry 101. At the
sane time, the over-current signal on path 120 nmay reset the voltage
control |l ed tow (Benugndsensesdincuity embedd@bn SN2 & curexpipnsd cippsity 113 ey protect

control logic circuitry 121 may initiate a new cycle by triggering
toN. - 10 the power components from over-current conditions. The cument sense circuitry may provide

via path 117 to the comparator 119 a signal indicative of the inductor carrent. The carrext signal
on path 117 may then be compared by the comparator 119 with a preset current limit signal
OVC_lim from path 118. The ontpni signal from the comparator 118 via path 120 me;.y be active
when the inductor curzent exceeds the preset limit. 'When the over-current signal on the path 120

15  isactive, the control logic circuitry 121 may de-assert the SW2_ON signal. This may induce the
OFF state of the SW2 switch, and trigger the voltage controlled torr genetator circuitry 103, At
the same time, the over-current signal on path 120 may reset the voltage controlled toy generator
circuitry 125. Adter torr elapses, the control logic circuitry 121 may initiate a new cycle by
friggering tox;;.

20 Those skifled in the art will recognize that the functions of the above described circuitry
101, 121, 125, 108, 116, and 113 and comparators 107, 119 can be realized using aralog
circuitsy, digital circuitry, or combination of such circuitry. For example, the comparators 107

and 112 should be understood as being either analog or/and digital number comparators.



20 Those skilled in the art will recognize that the functions of the
above described circuitry 101, 121, 125, 108, 116, and 113 and
conparators 107, 119 can be realized using analog circuitry, digital
circuitry, or conbination of such circuitry. For exanple, the
conparators 107 and 119 shoul d be understood as being either anal og
or/and digital nunber conparators. S Simlarly, the voltage
controlled.timng generator circuitry 101 and 125 and the feedback
circuitry 108 could be built using analog circuitry as well as using
programuabl e counters, gates, -analog to digital converters, etc.
Furthernnre,_%gﬁ v It@ge contralled timng generator circuitries
101, 125 and YHEalotie yepss qogirelled timig sppeparansircwiny 1Weand 23 apdthefeedbacty
single controller or presenting 5 other partitions as long as the
functi onal i t§Feyisy {48coyd hebuikpsiag wglog sisepitrasavell \af puirgmogirmmatie counters, gates,
current sense circuitry may be integrated totally or partially into
the sane i nta@ypalodigitalcouigriers, et Fugharmomdheyoitageepntrolied digrieg geierator citiuitties
means a sem conductor device and/ or mcroel ectronic device, such as,
for exanpl e,10% 12&madiherenteldesic eitcaiyy 40 bwax by igtggmated it psingld @otrolPriosprasenting
timng diagramto further detail. operation of the enbodi nent of the
boost 1 cowheepartitions Blengoh el factiamlityinthe sanee. i Ngverthelessl the awitches sidghal s
to the control logic circuitry 101 are illustrated over tine. During
the time i ntasmentbenieatimdenmay bamtbgazd tatdily or phrtiallcintooke samk fnpefrdtaiNirenit. As
generator circuitry 125 may provide a TON I N pul se of a duration
based on t has¢ddiswin, spiintegated aitchitzmebns heemicondudtenievise ayidfpe midmyeleetromit Hevice,
(1) or toN =K/ VIN In response, the SW ON signal maybe asserted
to turn sw tsathas\igr e@himple, Bisemicpmtinctouintegmaied einguiti chip. nduct or 112 may
begin to 15 ranp up during this tinme interval between tines ti and
t 2. The change i HG. i¥discttoning dingramto fxther detail oparationiof thi: ppbwliment bhige bbnss
time interval may be given equation (3) or AIL = (VIN/ L) x (K/ Vm
K/ L.  Ret wewverter1ARaof FIG. AR Magioustipmut sl cndpnyé sigrnls to die|coriral ingis circuitry 101
generator circuitry 101 nmay provide

are illustrated over time. During the time interval befween t1 and 12, the voltage controlled .

ton generator circnitry 125 may provide a TON_IN pulse of a duration based on the input voltage
VIN and the constant K given by equation (1} or ton = K/ Vv In response, the SW2_ON signal
may be asserted to turn switch SW2 ON.. The inductor current in inductor 112 may begin to
15 ramp up during this time interval between times 11 and t2. The change in inductor current Afy, or
current ripple during this time interval may be given equation (3) or Al = (Vin/ L) x (K / Vix) =
K/L.
Between times t2 and 13, the voltage controlled tore generator circnitry 101 may provide
a TOFF_IN pulse equal in length to that detailed .in equation (4) or torr =K./ ((Vser * D) Vin)
20  since the VOUT_LOW signal indicates that Vil is greater than Vger. Switch SW1 may be ON
and SW2 may be OFF during ﬁus time interval and the inductor current may begin to ramp
down. At the time t3, the VOUT _LOW signal indicates that Vib is less than Vsgr hence the

TON_START command is immediately issued at this time initiating a new cycle. If Vib is less




a TOES? IN pulse equal in length to that detailed in equation (4) or
topr: = KI ((Vsnr s D- VIN 20 since the VOUT LOW signal indicates
that Vis greater than Vs Er- Swtch SWL. nay be ON and SW2 nay be OFF
. during this tine interval and the inductor current nay begin to ranp
down. At the tinme t3, the VOUT LOWNsignal indicates that Vfb is |ess
t han Vsgr hence the TON START command is inmmedi ately issued at this
time initiating a new cycle. If Vb is less 9 than VsEr as indicated
during the tinme interval between tinmes t4 and t5, an accel erated Toff
may occur (TOFF ACCEL is asserted) where tow nay be | ess than K/
((Vsn * D) - VIN. FIG 1Dis a timng diagramto further detail

oper at i on ofhai Wesr emindickiteriaintingthe tie idterad betweortinesstt4and15)Ga acdelefatd@ Toffnay
and contrast operation under heavy and |ight |oad conditions. 5
General |y, pdcot(TDBB _AGCEL ip kwtrted whenshaginmay bedess et KI/G(VskireD) Mgt or

112 over tinme during light load conditions and plot 182 is a plot of

i nduct or cur r entFIGVEY is b tiffingdiinptanto Hiertheydet Olanpefatinwibfithemsboditita of VA Ibost
LOW si gnal provided by conparator 107 may be provide an indication of

light and bosster 1.00adf EFIGOUB kadudstrasbipentivi bodeShdaep sndiipanodbshditibil S
may be representative of heavier |oad conditions and when Vfb

i s. great ¢r Ghrplyght180 RiaplordsindiRior ORfeesPAhe idduioT12loveiin®S dukig@Hght 14
conditions. Between times t1 and tZ for plot 180, inductor current

may rise dugdndigions 2h@plof 1978s 4 NbEOF hctorfitadt ovér thfMufing RVYRAH cdddiRfs. 'Bhe
and t3 for. plot 180, inductor current may fall during a tom tine

i nterval . TROUTOBEW i préVi®E bR bod)Rit 462907 iaf®s plodida AdinkiRaddalof Byt and 80
may be equal to equation (4) or tow= K/ ((Vskr *-D) - Vin). At the

expiration hdirpiokd Rditioise WRh Va8 is lds€iad Beer) 1BRGnal e ERRAbrtIB 5 KEBYier load
still be light load conditions as indicated by the V QUT LOW signal .

At this ti god#iondAewhitVWBidgredtdt tad Vier Vs 08y FeltResentiRIbI 1iBRer 104UCT OF
current reaches zero, a reverse current may flow fromthe higher
out put wol t egaitisar ce t hrough the high side switch SW. .and
Between times t1 and t2 for plot 180, inductor current may rise du;ing a Ton Hime interval
equal to X/Vin. Between times 12-and t3 for plot 180, inductor current may fall during a tops
time interval, The topriime interval between times t2 and €3 for plot 180 may bs equal to
equation (4} or torr = K/ ((Vser * D) - Viv). At the expiration this time interval at time t3, load
15  conditions may still be light load conditions as indicated by the VOUT_LOW signal. At this
time t3 the inductor current may be zero. When the inductor cutrent reaches zero, a reverse
current may flow from the higher output voltage sonrce through the high side switch SW1 and
inductor 112 into the lower input voltage source Vin. To prevent such a reverse current flow, the
contro} logic circuitry 201 opens the high side switch SW1 during the time interval between
20 times t3 and i4 of plot 180. The control logic circuitry 201 may keep both switches SW1 and
SW2 OFF between times t3 and t4 of plot 180 until VOUT_LOW changes states {when Vib <
Vser) and then start the next T_ON cycle at time t4. The open state of switches SW1 and SW2

between times t3 and #4 of plot 180 may be referred to herein as a skip state. Advantageously
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i nductor 112 into the |ower input voltage source Vin. To prevent such
a reverse current flow, the control logic circuitry 201 opens the
hi gh side swtch SWL. during. he tinme interval between 20 tinmes t3 and
t4 of plot 180. The control logic circuitry 201 may keep both
switches SWL and SW2 OFF between tines t3 and t4 of plot 180 until
VOUT LOW changes states (when Vib < Vs r) and then start the next
TON cycle at tinme t4. The open state of switches SW and SW2 between
times t3 and t4 of plot 180 nay be referred to herein as a skip
state. Advantageously 10 therefore, the control logic circuitry 201
can. predict when the zero current inductor condition wll be reached
(time t3) bakseforsyihesepirgl dngicairceiry EPlecan predictivhen theossraientdaduster condition
equation (4) or tom K/ ((Vser*D)-Vna) In contrast, plot 182
i || ustr at es valhbe iechedh(timedBbassd au expiratiopad thedimsi durating defthad by emationg() orforr
| oad conditions may be indicated by the VOUT LOWsignal when Vfb is
| ess than VEK/ (Ber®®enVig.me interval t2 and 0 of plot 182 the toFF
time interval maybe less than K/ ((VM D) - Vm..As such, the torv
period in plot 1BRontgmstsplorsailbdirgesmpeantish undertheatierddadgbnditidB0Suchtheavier
times t3 and t5 of plot 182, the valley of the inductor current of
pl ot 18235 s lgpdeatditions inaynbezndicatairty thet VRUP rTddW cignelovten b fsdess Han 8 st me
offinterval equal to KI ((Vsm* D) - VIN to predict when a 10 zero
current i ndiBetveeen tnediickvabi2 aod Swf plot $82ntH tosreine il vialmiy thededs ik BV(EVspr *
Hence, a high side and low side swtch OFF or skip state is not
reached in )i ¥pi)nas aul,che thisGericdAn plot 1821 shokemt agmpumedih tiawn ol a1 80.0a6t
converter 100b consistent with another enbodi ment. The charging
current soutines G aadth of pC1sy e valeg of the mtfuoruurent 3f playl 82dn@eatraha zero and
vol tage waveform at node Vcap, which sinulates the current that flows
t hr ough t he thermiedidtior fotmnlaeld a Tie offdmprval eljs ah geK i (Yeirtal) AW to pretijetivhen a
vol tage of the feedback conparator conp3 may trigger the control
| ogi ¢ cilOcuiztmoyu2d inthgtoy eonditioh @caupyis ¥ rdaghed ip thisipstance. Hencem Higteside aphl low
side switch 204

side switch OFF or skip state is not reached in this instance.

FIG. 2A is a block diagram of another boost converter 100b cunsiﬁtent with another
embodiment. The charging current source 1 and discharging current sovrce 2 may penerate a
voltage waveform at node Veap, which simulates the current that flows through the inductor L1.
15  The Vcap voltage together with output voltage of the feedback comparator comp3 may trigger
the control logic circuitry 201 fo generate appropriate pulses to drive the high side switch 204-
and low side switch 206.
FIG. 2B is a timing diagram fo explain the operation of the boost converter 100b of FIG.
2A. operating in a continoous current mode (CCM). Plot b is a plot representative of the output
20  voltage Vout scaled down by the resistor divider including resistors R2 and R3. The b plot may
be one input to the comparator Comp 3. Plot Vout_1 is plot representafive of the output of the
comparator Comp3 which compares the fb plot with a reference voltage. This Vout 1 voltage

may be provided to the control logic eircuitry 201 to inform it whether Vout is less than the
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and low side switch 206. FIG 2B is a timng diagramto explain the
operation of the boost converter 100b of FIG 2A operating in a
continuous current node (CCM. Plot fb is a plot representative of
the output 20 voltage Vout scal ed down by the resistor divider
including resistors R2 and R3. The fb plot nmay be one input to the
conparator Conp 3. Plot Vout 1 is plot representative of the output
of the conparator Conp3 which conpares the fb plot wwth a reference
voltage. This Vout 1 voltage nay be provided to the control |ogic
circuitry 201 to informit whether Vout is less than the 11
ref erence voltage. Vcap is a resentative of the voltage
wavef or m of refemace yatiagea Mcapigp 2 teewsen ive/pfithsvaktage waveionp gf the B1tgseal Rapacitor
conmparators _Conpl and Conp2 to control the frequency of the high
si de swi t chChurhichgy boirpwitafeothsganiperatorioroneyi apil fgma? tprranisol thefeequency of the
o_detectl plot may be outgut fromthe conparator Conp2 based on a
conpari son bigh sigs swih pdrapd lowoideswichondn igting sigrsdnol d | evel hi ghTH. The
o detectl plot may send a low signal to the control logic circuitry
201 whenever Vcafhegolseciiplhery bhentpnt frem thegtoparaion Complasedeon & degppeion. of
drive signal that drives the high side switch 204 may go low to drive
t he hi gh5si the Ve plotrn®@9HKigh theashald ivel ighTBWTHe o gleteoil phoh mdy Band addwysighal to
ndr may go high to drive the low side switch 206 ON. The inductor
current of ihadomwblogi: tirewityy 20t evkelpeeyi Veap goes ighenihan thiohighid.olngespenst.Zhe pdr
pl ot may be output fromthe conparator Conpl based on a conparison of
t he Vcap pl diivexiptalahat dnives the dipheide switchel34 mpwEbllowTiealrive the higbside pwitth 284y
send a low signal to the control logic circuitry 201 whenever Vcap
goes | ower OBEB#and thelowalt svitdnirive sigmhsdr, mayipe highrto dove thelosd sidpswitcin20p Gpd.
high to drive the high side swwtch 204 ON and the | ow side switch
drive si gnahe indoctomayregoofliminetool dmawiben eginl tovansti upe swi t ch 206 OFF.
The inductor current nmay then 15 ranp down.

10 The o_detect2 plot may be output from the comparator Compl based on a comparison of

the Veap plot and a low threshold level lowTH. The o_detect2 plot may send a low signal te the
control logic circuitry 201 whenever Veap goes lower than the owTH. In response, the=§dr
drive signal may go high to drive the high side switch 204 ON and the low side switch drive
signal ndr may go low to drive the Iow side switch 206 OFF. The inductor cutrent may then
15 ramp down.
FIG. 2C is another timing diagram to explain the opesation of tﬁe boost converter 100b of
FIG. 2A operating in a discontinuous corrent mode (DCM). The plots of F1G. 2C represent
various inputs and outputs to the compatators Compl, Comp2, and Comp3, Veap voltage, high
and Tow side driving signals pdr and ndr, aud inductor enerent flowing in inductor L1 that were
20 detailed with respect to FIG. 2b and any repetitive explanations are omifted herein for clarity. In
the DCM of FIG. 2C, the o_detect] signal again sends a low signal to the control logic circuitry
201 whenever Veap goes higher than the highTH signal. In respense, both the high and low side

driving signals pdr and ndr go low in DCM mode.
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FIG 2C is another timng diagramto explain the operation of the
boost converter 100b of FIG 2A operating in a discontinuous current
node (DCM. The Plots of FIG 2C represent various inputs and
outputs to the conparators Conpl, Conp2, and Conp3. Vcap voltage,
high and | ow side driving signals pdr and ndr, and inductor current
flowing in inductor LI that were 20 detailed with respect to FIG 2b
and any repetitive explanations are omtted herein for clarity. In
the DCM of FIG 2C, the o detectl signal again sends a |low signal to
the control logic circuitry 201 whenever Vcap goes higher than the
highl "Il signal. In response, both the high and | ow side driving
signal s pdr and H@r3 fustiaserhe pormpantonssel & of HI. B This gurjent sgsice mep be edstrolled
current source 1 of FIG 2. This current source may be controlled by
t he swi t chi byths switchingisighal ivim op puvidedig theswithle 3@ thtcodOol lpgic cirsitry 201.
control logic circuitry 201. Wen the switch 302 is open, current
source 12 i ¥heh the owmitth 302 & opem muceairauict Bris Gconieted fomecapapitot Ch Woa: ths
cl osed, the current source 12 is connected to capacitor CI.

Dependi ng, switch&0Z is chosed, the tdrenizosict 2ancanfrectdiao saprtioh CROPepentiieg, in part, on
capacitor G may be charged or discharged. FIG 4 is a circuit

di agram 6f thaeositidnwmd thewwitchdi02,tthrecapacitoreCit maywherchergeaf orfdischarged. The

vol tage divider forned by resistors R6 and R5 may scal e down t he

i nput vol t age ViFIGi4is a cireg siteramvdlohagebodiment of\thacudemizseuree fiFIG-3] The
(R5/ (R5+R6))"Vin. The voltage follower forned by opanp 404 and
transi st or +ddfigedividériiermedpy fegigits R6hwed Bb mag saalel dosgehediapio seltage Visstb@lesser
Rda. This may then 10 result in current Ina, flow ng through resistor
Rda and tr andiagé leved Vil @ wheére ¥in_drdREJRS+RENE VoL rThe noltzgefotiooer foonadds opymp
transi stors 408,406, 412, and 414 may then mirror current Ino, to

SWi tch 302 40 dnH transisak 410 miy thAepiRale/thoVin TdreclfagmarkossresisonR4d. | 'ty may then
through the switch 302 nmay represent-the current |evel provided by

t he cur riént reswltincarcehPlzi, floWwing thrdugkiresistorRga DR-fvansisiRd 2 10,MI08; anB 406 Ehe cument
di agram of the discharging current source 2 of FIG 2. The

di schar gi ngmirror formed by transistors 408, 406, 412, and 414 may then mirror current Ipgs to switch 302 .

with a ratio of (R6+R5)/R5. The final current flowing through the switch 302 may represent the
corrent level provided by the cumrent source 12 in FIG. 3 given by I2=Vin/Rda.
FIG. 5 is a diagram of the discha:gipg current source 2 of FIG. 2. The discharging
15  current source 2 may include a switch 502 and a plurality of cument sinks I1, 13, and 14. Coment
sink I3 may be a current sink proportional to a set voliage, Vsgr. Cﬁn‘ent sink i4 maybea
curzent sink of a value greater than I3, e.g., 7 times greater than I3 in one instance. The position
of the switch 502 may be responsive to a plurality of oonﬁ'ol signals from a plurality of sources. -
The control signals may include the itX_on signat from the control logic circuitry 201, the ovcl
20  signal ontput from the comparator Comp4 of the current sensing circuitry 6, and the vout 1 signal
from the comparator Comp3 of the fee;dback circuitry 5. The position of the switch 502 may be
in switch position 1, 2, 3, or 4 as illustrated in FIG. 2 and 5 depending on the state of the il1X_on,

ovel, and vout ] signals as detailed in Table 1.

13




15 current source 2 may include a switch 502 and a plurality of

current sinks 11, 13, and 14. Current
to a set voltage,

proporti onal

Vv

ur.

current sink of a value greater than 13,

13 in one instance.
to a plurality of control
contr ol
circuitry 201,

the ovcl 20

switch 502 may be

The position

si gnal

e.g.,

sink 13 may be a current sink
Current sink 14 may be a

7 times greater than
of the switch 502 may be responsive

signals froma plurality of sources.

signals may include the il X on signal fromthe control

The
| ogi c

out put fromthe conparator Conp4 of
the current sensing circuitry 6, and the vout 1 signal
conpar at or Conp3 of the feedback circuitry 5. The position of the

in switch position 1, 2, 3,
FIG 2 and 5 depending on the state of the i1X on,

or

fromthe

4 as illustrated in
ovel ,

and vout 1

signals as detailed in TdBbell 13 Table 1 Ax -on vout 1 ovcl Switch

Position 0 XK3 001 1X14 110205 FIG 6 depicts one
potential enbodi nent of the ibhioncioubl e |owek ent| Sstitsk of FIG 5.
Resistor Rda fromFIG 4 and resijstor R4b fromiFl G 6 |{may be nat ched.
The voltage follower formlby opanp 602 jand trgiwsiiemr; 608 may
replicate the Vset voltage jacross| resi stjor Rob| resultfing in current
I rks=Vset | R4b. Using two sgtd of cuXrent |iKrrorg 3 trangi stors 604, 606,
610, 612, 614, 616, 618, 420, 622 and 624), | R4b may ibe mrrored to
position 1 and 2 of switch |302. 10 The duwrrent {llevel s|ls and 14 at
position 1 and 2 of switch {502 may be ddgterm ngd by equations

1 X 1 4

1 1 0 2

5.

FIG. 6 depicts one potential embodiment of the switch-able current sink of FIG. 5.

Resistor R4a from FIG. 4 and resistor R4b from FIG. 6 may be matched. The voltage follower

form by opamp 602 and transistor 508 may replicate the Vset voltage across resistor R4b -

resuiting in corrent Ing=Vset/R4b. Using two set of current mirrors (transistors 604, 606, 610,

612, 614, 616, 618, 620, 622 and 624}, Ir4, may be mirrored to position 1 and 2 of switch 502.

10
(4a) and (4b).
'(4&) 13= IRJ“; *D

@) L=7* 1%

The current levels I; and Iy at position 1 and 2 of switch 502 may be determined by equations

FIG. 7 illustrates the voltage waveform at the node Vcap, as well as the high side switch
15 204 and low side switch 206 driving pulses when the boost converter of FIG. 2 is operating in a
continuous cerrent mode with reference also to FIGs. 4 and 6. The on time tony may be

determined by a constant cutrent source with a valze equal to Vin_d/R4a. Whereas, the off time
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(4a) and (4b). (4a) I13= IR4b * D (4b) 14=7 * 13 FIG 7 illustrates
t he vol tage waveform at the node Vcap, as well as the high side
swtch 15 204 and | ow side switch 206 driving pul ses when the boost
converter of FIG 2 is operating in a continuous current node with
reference also to FIGs. 4 and 6. The on tinme toN nay be determ ned
by a constant current source with a value equal to Vin_d/ R4a.
Whereas, the off tinme 14 torn may be determ ned by a constant

di scharging current source with a value equal to - (Vset- Vin)/R4ab.
If the value of the capacitor C at node Veap is C and the val ue of

t he vol tage,  swin Is equal to IV, one can wite, equations (5) and
(6). (5) tofqmmﬁ%‘& dﬁ‘e’é"t%ﬁ%\aﬁaia%sw(%ﬁc &8 SUrRBlSoRICEWHD Ralye ?ﬂlljabt)c’r{Vﬂ&a
= R4b, the duS cycle D=toN/ (tox + tovv&: (Vset-Vin d) /| Vset,
which is th&® /%é?h- Hthe ¥plescrd Sheicanaciios CLat wde Yeap s faad thevalug pishe golinge swing
t he vol tage, waveform at the node Vcap, as well as the ndr and pdr
driving puﬁ§@@Wﬁ°¥%ﬂE’8Wv@iﬂF@F‘s(§§mﬂ@- 2 is operating in the

di sconti nuous current node or pul se 10 skipping node with reference
also to FIGs. 4 and @)%NFMPe*Ei/%hﬁti nuous node, the high side
switch 204 may be turned OFFwhen the inductor current falls alnost to
zero to prevent revelt3dorreddbail/ (Weebin 82 hi gher out put voltage to
the lower input voltage. Such a reverse current nay not occur under
heavi er | oad codfR44=oidéD, diedaly cydieD FdavAtoauriom)ve (ekWinod) /et whid is the
woul d qui ckly reduce the output voltage |evel. Accordingly, the
control | er el knoweeqmtion forpboesbenprertesr is 15 capabl e of predicting

when the inductor current is approaching zero in the discontinuous
node FIG. 8 shows the voltage waveform at the node Veap, as well as the ndr and pdr driving

pulses when the converter of FIG. 2 is operating in the discontinuous current mode or pulse

10  skipping mode with reference also to FIGs. 4 and 6. In the discontinuous mode, the high side
switch 204 may be tumed OFF whex the inductor current falls almost to zero to prevent reverse
current from the higher ontpnt voltage to the lower input voltage. Such a reverse current may not
occur under heavier load conditions since the heavy current draw of the load would quickly
reduce the butput voltage level. Accordingly, the controller for the DC to DC converter is

15  capable of predicting when the indactor cnrrent is approaching zero in the discontinuons mode
and opening both the high and low side switch to prevent a reverse current flow from the output
DC voltage through the high side switch to the input DC veltage during a discontinnous current
mode operation of the controller. The controller may predict the inductor current is approaching
zero in response to expiration of a time interval based on equation (4). |

20 " FIG. 9 illustrates the feedback control circuitry 5 of FIG. 2. 'When the high side switch
204 is turned ON, the switch 902 which ma.y be a single-pole double throw switch may connect
the feedback divider 904 including resistors R2, B3 to node LX thereby sensing the output

voltage less the voltage drop across the on resistance Ron of the high side switch 204. When




and opening both the high and | ow side switch to prevent a reverse
current flow fromthe output DC voltage through the high side switch
to the input DC voltage during a discontinuous current nobde
operation of the controller. The controller may predict the inductor
current is approaching zero in response to expiration of a tinme

I nterval based on equation (4). 20 FIG 9 illustrates the feedback
control circuitry 5 of FIG 2. Wen the high side swtch 204 is
turned ON, the switch 902 which nay be a single-pole double throw
switch may connect the feedback divider 904 including resistors R2,
R3 to node LX thereby sensing the output voltage |ess the voltage
drop acr os sighisige switeh9# st tamedbOFH thecivitch 292 may iconrieddhesinpdbatk didder Hhem
15 high side switch 204 is turned OFF, the switch 902 may connect the
f eedback divuutl ekdvafideeously, iiin feedbighcenitohgepprovids a véliage feedintiosignat omimen
may provide a voltage feedback signal summed wth an output current
conmponent , véthmbhpet cgead compperttabiring poed Iop lsabilitt wihoatibel netl ofiayy cument
current sensing resistor to sense the current |evel through the

i nduct or Llsensgireststonmsenke tiectutent ldvel thronghnhesinduetcr L1 ofhiclcwenid seduddEhe 10
il lustrates voltage and current waveforns related with over-current
pr ot ect ipn.confMePseElidignelt protecti on may be achieved by detecting the
output current during the on time of the |Iow side switch 206 (e.g.,
NMOS transi st or FleN1pmokaates bbltdgh endi@ient backf@uk reintd @itk entsutent protetBo.
threshold, the over-current signal (O35 is activated. This may then
swi tch t he Gw-kihnGRdtection Gy byhdhizRedtyl dete ctibg ie dutysit SdtreiDduEng thieiof tink of
(Refer to Table 1), and the | ow side switch 206 maybe swi t.ched OFF
si mul t aneousd iw\eide Bwitdh@0b (.¢)] NYONradbistb N pogs ). sTEdies deteicted buridrlexcieds a
this way, - excess current may be di scharged through high side switch
204 to the bl tireshdih@hsei-GlireattighaNOCKisattivardl THis\waly heh beitchthé switchGR2

at position 4 may determine the duration of the discharge cycle.

- Thi s cuty endf skioh-4BR cBfrdlit kiR fo Poyition e Efer EUTable ), and thedow side bwlitdhe06 may be
switched OFF simnltaneously with the turning ON of the high side switch 204. In this way,-
excess current may be discharged through high side switch 204 o the cutput.

The switch-able sink current 2 with the switch 502 at position 4 may determine the
duration of the discharge cycle. This current may be arbitrarily chosen but the value shonld be

15  less then 1X current sink. At the end of discharge cycle, the indnctor current (i.c. the cutput
current) may have dropped below the cnerent threshold. Then normal regulation cycle of the -
boost converter may resnme and current sensing is repeated for subsequent ON cyqles of the low
side switch 206. |

FIG. 11 depicts one embodiment of the current sensing circuitry 6 of FIG. 2. The output
20  current may be sensed using a MOSFET (MN_pow?2), which replicates the current flowing
through the output NMOS (MN_pow1) or the low side switch when it is ON. Transistor
MN_pow2 may have a substantially smaller area ratio with respect to the output NMOS

(MN _powl); By applying the same gate voltage and drain sontce voltage of MN_powl during
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15 Il ess then 1X current sink. At the end of discharge cycle, the

I nductor current (i.e. the output current) nmay have dropped bel ow t he
current threshold. Then normal -regul ation cycle of the boost
converter may resune and current sensing is repeated for subsequent
ON cycles of the low side switch 206. FIG 11 depicts one enbodi nent
of the current sensing circuitry 6 of FIG 2. The output 20 current
maybe sensed using a MOSFET (MN_pow2), which replicates the current
flowng through the output NMOS (MN powl ) or the | ow side switch
when it is ON. Transistor - MN pow2 may have a substantially smaller
area ratio with respect to the output NMOS (MN pewl ). By applying
the same gaiteontivea §BY_aewi2, i airenbio iepraportiond &0 Efa aqipdl peipint catrent gfjtrangistor
its on tine to MN.-pow2, its current 'may be proportional to the
actual out pbMiN_pawl. SikendfansisterdEN powil is threOMN its dtimsoureciodthgeimay beieplioatkd
Is turned ON, its drain-source voltage maybe replicated on-the

dr ai n- sour cen thé dizinaostadfdrndifior MWDowe usigy thh ewischi SWharS\ille epethtiphmd amplifier
operational anplifier OPAnpl voltage follower. The. gate drive for
transi st or QORAReWRolEEy/foldewer.i Hk gate daivé fox aahsBior N_pow2 magbe figi teqiiatd t o
the gate drive voltage of transistor MN jpowl . The sensed current may
be m rr ofedviliage thatiisdqedl tdhe galddriveesltdnk bfiganvisiot MY pavel. dBe sEhsedeyrehineay
represent the output current. Area_MN pow Current in MN pow

Ar ea_MN_powge faldforedné resistoRy . (FheLesilying eolage dorugs Rhmay theh speesart theostpi
with a reference voltage ref2 in the conparator 10 conp4 (see FIG
2A), the ovefrresurrent condition may then be detected. Wen the

vol tage across resistor Rl exceeds the ref2 voltage, the
over-current signal ovcl may bgesacMivapamd. Tivranrmity MNheppulri gger the

di scharge cycle as described WIN jRT S5 RBCECHPer] I2_ MR- pow2

By comparing the voltage across R1 with a reference voltage 1ef2 in the comparator
10 comp4 (see FIG. 2A), the over-current condition may then be detected. When the voltage across
resistor R1 exceeds the ref2 voltage, the over-current signal ovcl may be acﬁvate_:d. This may
then iﬂgger the discharge cycle as described with reference to FIG. 10.
In summary, one embodiment may include a DC to DC converter for converting an input
DC voléage to an ;Jutput DC voltage. The DC to DC converter may comprise at least ane switch,
15  aninductor coupled to the at least one switch, and a controller capzble of providing a control
signal. The at Jeast one switch may be responsive to the control signal in a first state to enter an
. ON state for an ON time interval, and the ON Gime interval maj' Ee based on the ioput DC
voltags and :; constant.
Another embodiment may include aa electronic device comprising a DC to DC converter
20  for converting an input DC voltage fo an oufput DC voltage. The DC to DC converter may
comprise at least one switch, an induetor coupled 1o the at least one switch, and a controller

capable of providing 2 control signat. The at least one switch may be responsive to the control
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In summary, one enbodi nent may include a DC to DC converter for
converting an input DC voltage to an output DC voltage. The DC to DC
converter may conprise at |east one switch, 15 an inductor coupl ed

to the at | east one switch, and a controller capable of providing a
control signal. The at |east one switch may be responsive to the
control signal in a first state to enter an ON state for an ON tine
interval, and the ONtinme interval may be based on the input DC

vol tage and a constant. Another enbodi ment may include an electronic
device conprising a DC to DC converter 20 for converting an input DC -

voltage to ut DC volta DC. con rise
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state to enter gnO\lst ate for. an ON tine inte a(gdtheQ\ltirr_e_
interval may bé®h OFWHHWGP‘E%B\?&W& metat’ BAYL foRppiise prgyiding
anot her enbodi nent od, _The nethod may conprise o
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converter; providing the control nal ina 5 first state, the at
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to enter an ON state for an ON tine_interval; and controlling the ON
time intervSie @a%‘aNélﬁmai&fewﬂpa&fl controlling the N tipng interal based gn pronpwRE Feltage
and a constant. et anot her enbodi nent, a boost DC to DC converter
for convert?r‘@%“’i ERTVERET A8 Bt 0 an out put DC vol tage hi gher
than the input DC voltage is_provided. The boost 10 converter ma
conprise a hi gh%Y%@%cm'?ﬂmﬂﬁéb%?%@D%“FW&@PW“&@H&WE% e
high and | ow, side switches; and a controller gﬁ‘pabl e of controlling
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svmtchCFFandtheIOW5|deSW|tchC]\ldu|ngat|rreC]\l The | ow
converter may comprise 2 kigh side and low side switch; an inductor coupled tn the h:lgh and low

side switches; and a controller capable of controlling a state of the high and low side switches to
switch the high side switch OFF and the low side switch ON during a time ON state, The low
side switch may remain ON during the time ON state for an ON time interval based on the input
DC voltage and a constant. The controller may further be capable of controlling the state of the
15  high and low side Svdtches to switch the high side switch ON and the low side switch OFF
during a time OFF state. The controller may further be capable of predicting when a current
level through the inductor reaches zero and controlling the state of the high and low sides
switches to switch the high side switch OFF and the low side switch OFF during a skip state to
prevent a reverse current flow from the output DC voltage fhxough the high side switch to the
20  input DC voliage.
The terms and expressions which have been employed herein are used as terms of
description and not of limitation, and there is no intentioﬁ, in the use of such terms and

expressions, of excluding any equivalents of the features shown and described {or portions
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side switch may remain ON during the tine ON state for an ON tinme
interval based on the input DC voltage and a constant. The o
controller may further be capable of controlling the state of the 15
hi gh and | ow side switches to switch the high side switch ON and the
| ow side switch OFF during a time OFF state. The controller may
further be capable of predicting when a current |evel through the

i nductor reaches zero and controlling the state of the high and | ow
sides switches to switch the high side switch OFF and the | ow side
swtch OFF during a skip state to prevent a reverse current flow
fromthe oufput. DC, vol tage through the.high side switch to the 20
out | DG voRE i 8 e Bt i BB B VB S Bt el
herein are used as terps of descriptjon and not_of |jmtatiaqp,. and
there i s noclifeePRROLGGH oS, o CRaHES AES 2R BoSSGy SARBRY, et
excl udi ng any. equival ents of the features shown and described (or
portions 18CliimeAredptsndeciiggoyer alf such euggkertfed t hat vari ous nodifications
are possible within the scope of the clains. O her nodifications,
variations, and alternatives are al so possi ble. Accordingly, the
clainms are intended to cover all such equivalents. 19 Wuat is clained
is: 1. ADCto DC converter for converting an input DC voltage to an
out put DC voltage, said DCto DC converter conprising: at |east one
switch; 5 an inductor coupled to said at |east one switch; and a
control |l er capable of providing a control signal in a first state,
said at |east one switch responsive to said control signal in the
first state to enter an ON state for an ONtine interval, said
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ON tine interval based on said input DC voltage and a constant, said
controller further capable of providing said control signal in a
second state, said at | east one switch responsive to said control 10
signal in the second state to enter an OFF state for an OFF tine
interval, said OFF tinme interval having a |length based on a
conparison of a signal representative of said output DC voltage with
a set voltage, mherein said OFF tine interval is equal to a value K
of said constant HVI ? (VSET D) - VM when said signal
representative of “&ai¢ mgh §Ut DC voltage is greater than said 15 set

constant divi ded” 8 PO @Q&f'm?ér%%r copproninmad Tl Stagtp  Solt o2 i
representatl (3&E$9Iqlo gut DC voltage is |ess than sai d set
vol t age, whdl% FEVE'S AP 6 sai d set voltage, Dis a feedback
factor equal to ﬁ:mo ggéf t voltage divided by said signal
representative oF 8o §Ut voltage, and VINis a value of said

i nput DC.vol tage, .2 to conve of claim1, wherein
said ON Tinme int élrmcp %rcouggdg%aﬁiatfg%’oﬁ\fw E{’/% wher ei n TONis a

! h of d ON
aﬁgg{ﬂ NOI ssgial d vat %‘gﬁé?apglgf’ afarl’rb‘ﬁﬁfl £ E)ﬁor\?r(gﬁ? Lm aﬂ%“ﬁfz ﬁt"%nt

t f cla wh
change i n dcEPERE T SLf R oafin B s PO %ﬁ*%ateié.aa oK i
interval I S It \r/n%n tgr¥al bzlseé on 53 1(5 mput ﬂ&]gc!lte ! Q ar?d a cons?an:f%l salg c?_rﬁroﬂer ﬁghef éoablF of

current rlpp e, Sal of Sal COI’]St an va

said induct p(%crmdmg said contrug'\lI s?g%glrlg A Ise%or(ljtf s\{ Itg esal gtrigas{ one S%ltCh responsive to said control

itch

10  signal in the second state to enter an OFF state for an OFF time interval, said OFF time interval
having a length based on a comparison of a signal representative of said output DC voltage with a
set voltage, wherein

said OFF time interval is equal to a value K of said constant divided by ((Vsgr *
D) - Vi) when said signal representative of said output DC voltage is greater than said
15 set voltage, and said OFF time interval is less than said value K of said constant divided by
((Vsgr * D) - V) when said signal representative of said output DC voltage is less than
said set voltage, where Vggris a value of said set voltage, D is a feedback factor equal to
said output voltage divided by said signal representative of said output voltage, and Vyy is
a value of said input DC voltage.
20
2. The DC to DC converter of claim 1, wherein said ON time interval is given by:
T _ON=K/Vpy, wherein T ON is a length of said ON time interval, K is said value of said

constant, and Vi is said value of said input DC voltage.
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a DC to DC converter for converting an input DC voltage to an out put
DC voltage, said DC to DC converter conprising: at |east one switch;
10 an inductor coupled to said at |east one switch; and a controller
capabl e of providing a control signal in a first state, said at |east
one swtch responsive to said control signal in the first state to
enter an ON state for an ON tine interval, said ONtinme interval
based on said input DC voltage and a constant, said controller

further capabl e of i dj saj d ntrol.si.gnal in.a.second stat
soid'at Tenet 16 oRETEYP A S sEe R0 2 yn R Sl S ERENG SR e
second state to.enter an F state.for an OFE tine.interval, said
OFF time i @894t UG Breghit hinguelE dudne saldcwﬁﬂalf N O £t b3 fpria /L
representative of said output DC voltage with a set voltage, wherein
sai d OFF ti'fisrsihilels g yplug of saidgyyrent ap%lealg}sli@d Ralgs oisaid sorsns patht s lug e
by ((VSET * D). - VM when said signal representative of said output
DC vol t age Pi¢ ind¥gtofr eat er than sai d set voltage, and said OFF time
interval is less than said value K of said constant divided by ((VSET
* D - VMM when said signal representative of said output DC voltage
is less than said set voltage, where VSETis a value of said set

vol tage, D is a % unpestrnie deMicscodping:t o sai d out put vol tage divi ded
by said signal representative of said output voltage, and VI, is a
val ue of said ir?rRFE toe€ conyexigs [fqragaverting ag inpyhiaC apliage g‘bﬁ*ﬁ @iyl yeltage, said
claim4, wherein said ONtine interval is given by: T_ON = KNM
wherei n TGN todDG conypigarsoraprisgigi d ON time interval, Kis said val ue of

said constant, and VIN is said value of said input DC voltage.
at least one switch;

10 an inductor coupled 1o said at least one switch; and
a controller capable of providing a control signal in a first state, said at least one
switch responsive to said control signal in the first state to enter an ON state for an ON
time interval, said ON time interval based on said input DC voltage and a constant, said
controller further capable of providing said control signal in a second state, said at least
15 one switch responsive to said control signal in the second state to enter an OFF state for an
OFF time interval, said OFF time interval having a length based on a comparison of a
signal representative of said output DC voltage with a set voltage, wherein
said OFF time interval is equal to a value K of said constant divided by
((Vser * D) - V) when said signal representative of said output DC voltage is
20 greater than said set voltage, and said OFF time interval is less than said value K
of said constant divided by ((Vsgr * D) - Viv) when said signal representative of
said output DC voltage is less than said set voltage, where Vggris a value of said
set voltage, D is a feedback factor equal to said output voltage divided by said
signal representative of said output voltage, and Vi is a value of said input DC

23 voltage.
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5 6. The electronic device of claim5, wherein a current ripple equal
to a value of a change in current |level through said inductor during
said ONtinme interval is given by: )IL = K/L, wherein )IL is a value
of said current ripple, Kis said value of said constant, and L is a
value of said inductor. 10 7. A nmethod conprising: providing a
control signal to at |east one switch of a DC to DC converter;
providing said control signal in a first state, said at |east one
switch responsivse irst state to

id. 1 | .si | .in.said.f
enter an ON state T;hgre egtlﬁon egﬁg‘grréfocilaﬁl?ed'?@gﬁr?’hg%i@hgfnl“?1 'ﬁr‘?;lis §VENPY TN =
i | b i t . id .t o. 1
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at least o lssvgiit% rgtssglgnsiu%/}? tvo asai d control signal in said second
state to ent®f & %5? SPE®Y F 8SEFF tine interval; controlling

said OFF tine interval based on a conparison of a signal
representative of said output DC voltage with a set voltage, which

conprises contralling said OFF ti i.nterval to be 20 equal t.0

val ue K 53f sai d(ycglﬁl%fglﬁcr‘i‘f"%d\% e %“5‘“‘(5( sﬁmﬂcwen?mz?ﬁ q“%%ﬁ“@&?%“ha“ge
signal representati of said output DC yvgltage is .greater than said.
st vol 1 apdS SR il Fraieh she ruE B e R BB Vs D piren
said value K. of said constant divided by ((VSET * D) - VEN when said

signal repghdsarugqiyad elfrr@ailmple@lﬁlmﬂldﬁé 5316 gRastanl, anddsis @ yalpe afsrid

set voltage, where VSET is a value of said set voltage, Dis a

f eedback fded¥sior-equal to said output voltage divided by said signal

25 representative of said output voltage, and VEN is a value of said

i nput DC voltage. 22 8. The nethod of claim?7, wherein said ON tinme

interval is given by: TON = K/VN, wherein T_ONis a length of said
ON ti melq nt er val”. Aragthodeamprising: ye of said constant, and VIN is said

providing a control signal to at least one switch of a DC to DC converter;
providing said control signal in a first state, said at least one switch responsive to said
control signal in said first state to enter an ON state for an ON time interval;
controlling said ON time interval based on an input DC voltage to said DC to DC
15  converter and a constant;
providing said control signal in a second s‘;ate, said at least one switch responsive to said
control signal in said second state to enter an OFF state for an OFF time interval;
controlling said OFF time interval based on a comparison of a signal representative of said
output DC voltage with a set voltage, which comprises controlling said OFF time interval to be
20  equal to a value K of said constant divided by ((Vser * D) - Viy) when said signal representative of
said output DC voltage is greater than said set voltage, and controlling said OFF time interval to be
less than said value K of said constant divided by ((Vsgr * D) - Vi) when said signal
representative of said output DC voltage is less than said set voltage, where Vgeris a value of said
set voltage, D is a feedback factor equal to said output voliage divided by said signal

25 representative of said output voltage, and Vyy is a value of said input DC voltage.
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val ue of said input DC voltage. 5 9. The nethod of claim8, wherein a
current ripple equal to a value of a change in current |evel through
an i nductor of said DC to DC converter during said ONtine interval
is given by: A = K/L, wherein Ais a value of said current ripple, K
is said value of said constant, and L is a value of said inductor.
10 10. The nethod of claim9, wherein said at |east one switch
conprises a low side swtch of a boost DCto DC converter. 11. A

out put OC vol 288214%&%% ¥ R AR AR e et S RN SR

t d d
coupl ed to AN %Sa]nlangiﬂb% a b s PRl Xl S R PliopBiot L ENE s
of controlllp a.s %8%{: tald hi gh and | ow side swtches to svmtch
said high s d‘go i 18?1u z‘ﬁ%f said |low side switch ON during a tine

ON st at e, sald | ow side switch remaining ON during said tinme ON
state for an ON tine interval based on said input DC 20 vol tage and a

constant, said ?o%gl% fch} tcﬂ' gr%g(?currerﬁf Slgn%iuépﬁ%. ﬁgfﬁ%&% n&ﬁurrent

of said ?n gh an ow o1 d¢
tate sa

ON and

Sone o & or e %ﬁ@”‘m&% OB?aICE‘P‘gEﬁ E R e S AL
said inductor reaches zero and controlli said state of said hig

and | ow si de¥/LsHpereiRdls it dvaligiof said et nm?ieg% i sagfbvadigiof said @nﬁiman@dédﬁ &

| ow side swtch OFF during a skip state to prevent a reverse 25
current fl ofuePb&ETSBuUt put DC vol tage through said high side
switch to said input DC voltage, 23 wherein OFF tinme interval has a
| engt h based on a conparison of a signal representative of said

out put DC voltagle with a set voltage, said OFF tine interval is equal
10 0. The method of claim 9, wherein said at least one switch comprises a low side switch

of a boost DC to DC converter.

11. A boost DC to DC converter for converting an input DC voltage to an output DC
voltage higher than said input DC voltage, said DC to DC converter comprising:
15 a high side and low side switch;
an inductor coupled to said high and low side switches; and
a controller capable of controlling a state of said high and low side switches to switch
said high side switch OFF and said low side switch ON during a time ON state, said low side
switch remaining ON during said time ON state for an ON time interval based on said input DC
20  voltage and a constant, said controller further capable of controlling said state of said high and
low side switches to switch said high side switch ON and said low side switch OFF during a time
OFF state, said controller further capable of predicting when a current level through said
inductor reaches zero and controlling said state of said high and low sides switches to switch said
high side switch OFF and said low side switch OFF during a skip state to prevent a reverse

25  current flow from said output DC voltage through said high side switch to said input DC voltage,
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to a value K of said constant divided by ((Vsmi * D) - VrN) when said
signal representative of said output DC voltage is greater than said
set voltage, and said OFF tine interval is 5 less than said value K
of said constant divided by ((VSET * D) - WN) when said signal
representative of said output DC voltage is | ess than said set

vol tage, where VSET is a value of said set voltage, Dis a feedback
factor equal to said output voltage divided by said si gnal

representative of sal ou .volta d s, a val ue ai.d
Ut DC vol { age. S OHF 8 e AR ar‘B@}%%%%a (Pl o i
wherein said durat| Q
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13. The boost DC erter. of
ripple equal to 0a vczla? u%uq wmlta%eﬁsaﬁr eater tgan Sﬁgazrsgtn%fi%ev@% Sfﬂﬁ%éﬁne ”étela'al 18
i nduct or. duri ng 1§s§%d C]\l
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sai d out put vol tage divided by a signal representative of said

out put vol tage, and VI N is said val ue of sai d input DC voI tage 25 24

15. The oost c (o} id control
i ntal 15 sat o gedng P 5 S ey TR WP SRSt e

expiration 1r(ﬂerva 5 salé 1ow 519§\Er1tsh é‘l}n%g lé"ﬂ& 'ﬁrst sw&cﬁ stsale% given by: T ON = K/Vy, wherein

%ﬁ V\Rﬁ; \s/ 1& ou %u(t)i)g vo?tﬁ%e 15 sutﬁan sIa Ietcv,ftoafa%: Q&re QFEIT bs relitvalue

re|n

T ON is a length of said ON time interval, K is said value of said constant, and Vy is said value of

said input DC voltage.

15 13. The boost DC to DC converter of claim 12, wherein a current ripple equal to a value of
a change in current level through said inductor during said ON time interval is given by: )I, = K/L,
wherein )I;, is a value of said current ripple, K is said value of said constant, and L is a value of

said inductor.

20 14. The boost converter of claim 11, wherein said controller predicts said current level
through said inductor reaches zero upon expiration of said time OFF state when a duration of said
time OFF state is equal to K divided by ((Vger * D) - Vi), where K is said value of said constant,
Vseris a value of a sef voltage, ID is a feedback factor equal to said output voltage divided by a
signal representative of said output voltage, and Vyy is said value of said input DC voltage.

25
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representative of said output voltage becones |ess than VSET 5 16.
The boost DC to DC converter of claim 11, further conprising feedback
control circuitry capable of sensing a current |evel through said

i nductor, said feedback control circuitry conmprising a switch and a
conparator, said switch coupling said high side switch to an input of
said conmparator during said tine OFF state when said high side switch
is ON, said conparator conparing a voltage |evel based on said

out put voltage |lgs vol t age dr.op. on, sai d. high ige 10 smitch with.a
et brence vortage: Tispabtshir e St Rl SRS bl orelfrtpdth wilhetin g
of said curfent dS¥&hialdh AN AR AL NAUEL OF & mZBFF state until said signal

representative of said output voltage becomes less than Vggr.

5 16. The boost DC to DC converter of claim 11, further comprising feedback control
circuitry capable of sensing a current level through said inductor, said feedback control circuitry
comprising a switch and a comparator, said switch coupling said high side switch to an input of
said comparator during said time OFF state when said high side switch is ON, said comparator
comparing a voltage level based on said output voltage less a voltage drop on said high side

10 switch with a reference voltage level and providing an output signal representative of said

current level through said inductor.
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