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BOOST CONVERTER CROSS REFERENCE TO RELATED
APPLI CATI ONS Thi s application clainms the benefit of
the filing date of U S. Provisional Application Ser.
5 No. 60/578,372, filed June 9, 2004, the teachings of
whi ch are incorporated herein by reference. FIELD
This disclosure relates to DC to DC converters, and
nore particularly to boost DCto DC converters and
controllers for such boost converters. 10 BACKGROUND
A DC to DC converter may be used to convert an i nput
DC voltage to an output DC voltage. A boost converter
is a type of DCto DC converter that converts an input
DC vol tage into a hi ghBPOSLCONVERIERo| t age. Such
boost converters may be utilized in a variety of
el ectronic 15 devices including portable electronic
devi ces deri vVERGSHBEEFRENGHTE RELATFED/ARRINCAFIONB Ual | y,
the output voltage is regulated to a required val ue,
whi | e Thisepplicgion claihs theyieenefitiof te fitiog ditoofJAS 1 Rrovisional Application Ser.
di scharging or to variable |oad current. The out put
vidd. 68588, 312, filed Jiwreds 200dpihy teadhings nhwyhibleare moodpomated @ereiybyareference.
controll er which controls a state of one or nore
swi tches. One type of control signal provided to the
swtches may be a pul se width nodul ated 20 (PWW
signal where the duty cycl e BIELThe PWM si gnal varies
to control the state of the switches. |In a boost
conv efThis discibsulrd 2lateg toeD PP C oontverdrs, sndynede phdtienladlly to®dbst DC to DC
ripple in an associated i nductor of the boost
cavnveetets end chepaietstoossck resttotyertesscl e (D) of t he PWM
control signal. The inductor <current ripple is
maxi mum for D = 0.5, and decreases when the duty cycle
is either D> 0.5 or D< 0.5. Wile designing such a
boost converter, the wor SBACESGRBOURMARCt or current |imt
shoul d be 1

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 output DC voltage. Such boost converters may be utilized in a variety of electronic
devices including portable electronic devices deriving power from a battery source. Usually, the
output voltage is regulated 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 2 state of one or more switches.

One type of control signal provided to the switches may be a pulse width modulated
(PWM) signal where the duty cycle of the PWM signal varies to control the state of the switches.
In a boost converter ut:ilizing. a PWM 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 maximum for D = 0.5, 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 limit should be
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taken into consideration. This requires an inductor to
support the peak current w thout saturating the core.
For a boost converter controlled by a PAW contro
signal, the inductor has to be sized for the peak
current that occurs at D = 0.5, when the input voltage
is VIN = VouT / 2. For any other input voltage the
peak current will be snmaller, thus the inductor wll
be under utilized. The 5 sanme under utilization
affects all of the boost converter conponents,

i ncl udi ng the power swtches, and the output and

taﬁPd&htofcbﬁﬁtﬁFahﬂﬂ lide@4indRAR o %ug%a{fﬁlgp {akfcﬁﬁenﬁe WhRO: saturating

vol t age and lter the Input vol

f}%fc&%t FRSRb: \é@AertJr @&ngl’ﬁgyly SBWhE coﬂ?& % %l' £ ﬁf&ﬁé’tm‘ﬁas to be sized

e boost ~converter types o

ﬁJrQle};peMuﬁ@ntf[ﬂ'a? GYp IRdul, ﬁédx'rtﬁp ngﬁ’ﬁfM%@g? \g,g 73, For any

requency, have simlar

RS Pk B b e A R mﬁ’a&@m S ieed. The

gﬂ}%%%hﬁ%ﬁtl?%aée{g{g r'ﬂﬁ oﬁhg@o% 0 b ?t%} o@to}lee 'Esp%nc fi]mg ?he power

appar ent

Pk n%ﬂ&%‘?"a‘r s%’ S%Sd“laqu?ﬁﬁf ﬁg‘é%ra%‘ °f§ Qlﬁ Ph it ine vt Siease and

§@°f"i - Bl et P BB ath ??%f B ?S?Z&fa B EleR P o e boos
SRR BT Dl tyoes S eshil st sk GilSe %‘%5%{” Soufeifn (@ whieh varies

i%ﬁ%%%"blﬁ ol e RHRP 9% ks ooty o oy ool signal.

1B contrasting operation 20 under heavy and |ight
| oad conditions; FIG 2A is a block diagr am of anot her

enbodi nent of tﬁﬁ’ﬁﬁﬁc@%ﬁ@gb@'ﬁDﬁA FIG 2B

is atimng dlagran1 or oSt ‘converter of FIG 2A

oper ai:eaggcs and adv%rﬂg e& OHOMR dinteHis %Hlte c%ge% '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:

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. 1A;

FIG. 1C is a timing diagram of the embodiment of FIG. 1B;

FIG. 1D is another timing diagram of the embodiment of FIG. 1B contrasting operation
under heavy and light load conditions;

FIG. 2A is a block diagram of another embodiment of the boost converter of FIG. 1A;

FIG. 2B is a timing diagram for the boost converter of FIG. 2A operating in a continuous

carrent mode;
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2 FIG 2Cis a timng diagramfor the boost converter
of FIG 2A operating in a discontinuous current node;
FIG 3 is acircuit diagramof the voltage controlled
current source of FIG 2A; FIG 4 is a circuit diagram
of one potential enbodi nent of the voltage controlled
current 5 source of FIG 3; FIG 5 is a circuit

di agram of the voltage controlled swi tch-able current
sink of FIG 2A; FIG 6 is a circuit diagramof one
pot enti al enbodi nent of the voltage controlled switch-
able current sink of FIG 5; FIG 7 is a plot of

wav ef for ndr dr__of Fl

cont | %dggg lscautﬁleﬁ)m% g% éﬁe %%E{? EOIVEIPrOL Ef%ag\‘tol’slfagng na
veforns for. Vc ndr, and pdr of FIG 2Ain a

\(;?%W?%m tm%‘%t‘rent rmde FIG 9is acircuit

di a r f one .e f t he dback contr
cir gu afwgflémgﬁgl nF@%V 2ge CO}BOI?E Cgrriﬂt §purescof %JIG 2A;
Sover SO il R fifdens e e eoie8in SRfngtiteSTthe P cshirotied curene

CI rcu gl agram of one enbodi nent of the current
Q'thpl cwtry of FIG 2A. Al though the foll ow ng

Det ai Descrlﬁéll on Wll proceed with reference bein
made - 53¢ qucyitdisgram pfthe @ Eﬁ%ﬁﬁ‘i‘? SWighrgble current sink of FIG. 24;
aIter%wes, flcalons and v%atlonstheref .
wi l | éﬁf’a‘i‘r&‘ﬂ pegAT ABE et gDiment of the poltage controlled switch-
Accordin is intended that the clained subject
Aot @ Gy br oadl y

FIG. 7 is a plot of waveforms for Vcap, ndr, and pdr of FIG. 2A in a continuous cusrent
mode;

FIG. 8 is a plot of waveforms for Vcap, ndr, and pdr of FIG. 2A in a discontinuous
current mode;

FIG. 9 is a circuit diagram of one embodiment of the feedback control circuitry of FIG.
2A;

FIG. 10 is a plot of waveforms illustrating voltage and current plots of several

componeats of FIG. 24; and

FIG. 11 is a circuit diagram of one embodiment of the current sensing circuitry of FIG.

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

viewed broadly.
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3 DETAI LED DESCRIPTION FIG 1A illustrates an

el ectronic device 190 having a boost converter 100
consistent with an enbodi ment. The el ectronic device
190 may 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

el ectronic device 190 may receive power from any
vari ety of power sources such as a DC power source
180. The DC power source may be any variety of power

sources such as, for BxPARED DENCRAETIOR adapter, a DC
"cigarette" type adapter, a battery, or a

rec hzega.eﬁ@hﬁsmk wg&mﬁw @@ﬁ&%@%@hga Bétist &hYerttRY00 consistent with

i nclude any type of rechargeabl e battery suc

%ﬁ &:moldmieinf? Bphe @feﬁéﬁlc’f&ﬁ?{iﬁé!ﬁq hrl].)'g lra'rﬁﬁrtoq lclepﬁ’&ﬁci (ﬂﬂ%&s, including,

atterires, or t oost “converter

TRl A5 5 RSB 8t B9 Sorfo DSPEBAE Aon,
5 Lo Y, N IR (EAS 1o e gy o
é@ﬁv&?%ﬁ %E ;Ec%.gap%o%;cgfsrucﬂ'gsoa D(? écrw@{ g%urg:e 1dd, RS ﬁCd %{VI%%] %)B{Je %BY be any

00s conver a recelves
(B o B0 53 S B BB o s,
50 e S, MO 5 O iy B
T
A T e
B, G e RO 35l 9B o 1m0
g[} 8/9 L@Eg‘#’@st&h% G BioE% éi?grﬁxh?& Soe BRHOUG L1005 Yt thE Yoost cogverter 100

Fmvar e t stores Instructions execute

% R R oo P S (0 Y A 18R D ot v
B . Gl ' Vh h [ '
%ﬁpl\%ﬁg& 'ﬁ%ﬁ/&[‘g& B%’:Pf‘lt& Vdig ; ﬁtgm- S%éa?er dMﬁ' \h& tl‘ﬁ@licib\éf doierter 100a

ven me circurtry

may generally include an inductor 112, a main switch SW2 and current sensing circuitry 113, a
synchronous switch SW1 109, a rectifying diode 110, and an output capacitor 111. The switch
SW1 109 and the current sense circuitry embedded in the circuitry 113 may be omitted in some
embodiments. As used herein, “circuitry” may comprise, for example, singl-y or in any
combination, hardwired circuitry, programmable circuitry, state machine circuitry, and/or
firmware that stores instructions executed by programmable circuitry.

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
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via path 114. The circuitry 116 may include BBM
circuitry to avoid sinultaneously conduction 4 of SW
and SW2. When the switch SW2 is driven ON, the
current through the inductor 112 increases linearly
with the slope VIN/ L. Ile anplitude of the current
ranp may be proportional to the on-tinme of SW2. After
SW2 is turned OFF, current nay be delivered to the
output line 103 through the diode 110 or the switch
SWL 109. The feedback circuitry 108 may nonitor the 5
out put voltage VOUT either directly fromthe out put

| 10 th i, 1 W, 109..i.S.. OFF f N
S5 BSe SYRC el e B2 ae AN oo ropkh B s ciGor 112
t 10 i th back _ipf [ .q., )
TRTRR T e Y5038 DR el o aonions
d t t t i t _
JRE% e eSS0 ach VS BB R e Rk peavert s Weguiput e
BB g TR oo S P R BBk sty 160 onior e
R Rt Tt Vi At et e ST el Pk BRPHSAORNE 109 is OFF, o
| ed t tput _of .th [ at 107. The .
\FERPrLbe B P AR SHaigh SWA it N a0 BEPVide SheccomiRguator L& it fedback
di fference between the output. _vqltage Vour and the
SBiorAtioR. £ fe VOlgRE VIOngahl20. This feedback nfprpation mapembedsgoutput
vol tage Vi N may be applied to the valtage controlled
1“5“?‘5%‘5@&%‘?‘8? ACPHAEEPRT P PP 9PRSFPM™H 124. The
but pultisCpRe: HEPHGOROGE P ek IR SO o it D from te
R oy B BuST Bh  BOR  ngad Bome
BBt 2508 e oy S 5 i S
eI ok o D s i AL il b

b %%%cﬁim%mﬂé¥k&ggﬁ%mglgltal nmeans. The toN pulse_

A signal representative of the input voltage Vi may be applied to the voltage controlied

ton generator circuitry 125 via path 124, The voltage controlled toy generator circuitry 125 may
output a pulse having a duration ton based on the input voltage Vi and a constant. In particular,
the ton duration may be reversely proportional to the input voltage as given by equation (1)
where K is the value of the constant.
(D ton=K/Vm

In one embodiment, K may be 0.58*10°5. The conversion from Vi 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,
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triggered by the TON START signal originating fromthe
control logic circuitry 121 via path 122. Contro
logic circuitry 121 nmay generate the TON START signa
if the Vour-Low signal, 5 provided by the conparator
107, indicates that the feedback voltage Vfb is |ess
than the set voltage VsBT. The t ON Pul se may 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 SW

PPy e SARURAT 17 BRHeT S e B Fofies VA s fisp the et
d oL I IN /., L i )
e, SIS o PRl et £ e 34 e
SW is ON ' i
195 ppia, e epmantfogfogpotny T4 rasety e meahae: GG b B o
current therefore i|ncreases ropottig&%kh¥éﬁ%th t
drivgrs e B‘I‘G‘-‘;B%“S&fthe qrivers L & mpgdrg srich SWe; HRAY 1gen cause an

paranetrical, as defted in equation_ (1), . equati 2

FRaRpass @f eyl opring froms Vi dhranah &he indpcisg a&% et 1%335 2 8. e carcent
substituting in the value of toN fromequation (1)
plppegnaydg Yan f logpring such egondition- () N/ L) x(K/VN) = K/ L 15

As can be observed hy. equation g%%?r the current ridogllle
Al L i'Eecrrst apple ipdedtliatordlgvehep SWer is ONpmek brthegefore defined by
Advant ageously, this feature allows optiml design of
eatigddst converter 100 using in full the current
capability of the inductor 112 and the switch SW2 in
113. As slAz@av/Iidegt or 112 and other conponents

of the boost converter 100 do not have .to_be gver

. i,zed
as | g amphtudsof e cueRs BaTerRERRCTeRiSh RIGPOTEPRAE VIR L a3l the slope of
R RLO R~ M N

in an environment hayin rem.um.on . -
rewritten as detailed in equation (3) su%snétlu ngei‘n the value of toy from equation (1) into

equation (2).
@O AL =(Vn/LyxX/Vin)=K/L

As can be observed by equation (3), the current ripple Al 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
of the components may also be decreased to save space in an environment having a preminm on
such space. The cost of the comlﬁonents may also be less than oversized prior art components.

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

non-active. Inresponse, switch SW2 may turn off. The confxol logic circuitry 121 may also
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such space. The cost of the conponents may al so be

| ess than oversized prior art conponents. Wen toN
has el apsed, the control logic circuitry 121 may
switch the SW2-ON signal to non-active. In response,
switch SW may turn off. The control logic circuitry
121 may also 6 issue the TOFF START command on path
105 when toN has el apsed. The TOFF START conmand on
path 105 nmay trigger the voltage controlled tom
generator circuitry 101. The voltage controlled tO
generator circuitry 101 may output a tow pul se via

at h t contr ol jc circuit 2 i
,‘het%eg F"W‘B@’id(?n@f“i’ E% ¥han troltas ﬁ‘%seés i’é‘? E&f‘ﬁgs‘gmm

SW._ON signal_ 5 which nay then b rovided tqQ the
gapRed on ma%% 107 mayfHeger &h26¥1taﬂﬁ ccrnéfgﬁ%ﬁg@,gewe@wcvW§%féhe
na drive switch SW,119 ON. The energy accumnul ated in
i"‘Hég“r 9oggelied forn gepergigy cipsuityi10L maw PWRUt 3 jprr AEISE Ha PRB2Y fortie control
interval to the output line 103, recharging the output
logisireuity 1219 Dugingitorrothie Fonigl losie creiitsy 12ignay aS3sshithy SW1_ON signal
connected to Vour. To avoid sinultaneous conduction of
whirh gy theviie prevideddo thediivers 116 vigpsih 126, fprepppass thegpivers 116 may
sw tches may be kept OFF by BBMcircuitry which may be
it SWh 112 @N. circuitry 116. The current fromthe
i nductor 112 may flow during this BBMtine interval
t hr oUkhe energy agruerdatadip thedndupter bl2upan be)dissipated uringrthg tggr time
VOUT LOWNsignal on path 106 i.ndicates that the
indesypb cthe et Hrpel 03¢ iechsginghauiput eapagitor AL andipovetingtheload (not
Vssr_when toN el apses and the TOFF_START signal is
ghowa) epnpegted fh¥ouo ?Fp pvsid simgltangeys copduectiqn ersyvg@f SPY, fora very .
keep the TOFF ACCEL signal inactive. In this case, the
shortdimedhesetworswitches gay bekaps @FT by BBMbgircuiygich may be embedded in
equati on (4%:b (4) tow =K/ ((Vsm * D) - VIN), where
freiciscuiy HEqhe eeretdrag; the indugier (N2 gay flewdyrpg i BBy gtime jpterval
signal VOUT LONon path 106 indicates that the
flseugh theidioge 1 104 dhe optmyt ling 103ss t han the set vol t age

anytine after toN el apses, the control logic. circuitry
121 réthe VOUT_LOW signal on path 106 indicates that the feedback voltage Vib s larger

than the set voltage Vspr when toy elapses and the TOFF_START signal is generated, the control
logic circuitry 121 may keep the TOFF_ACCEL signal inactive. In this case, the duration of the
torr pulse will correspond to equation (4): -
(4) tore = K/ ((Vser * D) - Viy), where D is a feedback factor = Vout/Vib.

In contrast, if the signal VOUT_LOW on path 106 indicates that the feedback voltage
Vib is less than the set voltage anytime after toy elapses, the control logic circuitry 121 may
make the TOFF_ACCEL signal active. In this case, torr Will be accelerated, and will have a
shorter duration than the one described by equation (4).

When togr 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
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20 make the TOFF ACCEL signal active. In this case,

toFF w il be accelerated, and will have a shorter

duration than the one described by equation (4). Wen

tow has el apsed, control logic circuitry 121 may | ook

to the VOUT LOWsignal. |If the VOUT LOWsignal on

path 106 indicates that the feedback voltage Vtb on

path 130 is 7 less than the set voltage VSET, then the
control logic circuitry 121 may i mmedi ately issue the

TON- START command, initiating a new cycle. If the

signal VOUT-LOWon path 106 indicates that the output
voltage is greater than the set voltage VSEr, the

dess ihaw the pes ypitage Vemmy therythe contral lpgi ciggaitey 12k may inymesiatelgyjysue the
changes state and _then issue the TON-START conmand. In
SFQHu%é”Awammn@, Bitiagug a e yalge IV sizngh VRRIThLOBEompath H

regul ated. This nethod al so provi des the advantage of
fadieptes that theyowipul Noliape isereater tham the eskolkaga & senthe eprtel lpgic circnitry
ski ppi ng pul ses when the load is very small and the

dapaey weit vkl VOUT_hOMechpagek slalg apdikerpigtug the TNt STHRT ¢pmmand. In
the range for a longer tine than the sw tching

(lip wayi the Phitpuicipltagerifous empath Hi3rmayi bersgulatade ddiisdoethpd SR pRovides the
current sense circuitry 113 may protect 10 the power
cdvputsgeriimaifiziong bigh rificwidyantowdo eefn By skippingpniseewhen the load
sense circuitry may provide via path 117 to the
dovennsmaliend the Gapacitor s abie th keep tho eutpht violegeiimthe cange for a longer
current. The current signal on path 117 may then be
dionepshangbe swjtchingperiodpar at or 119 with a preset current

limt signal OVC-limfrompath 118. The output signal

f r om Theecupentsensatitsnitty E8beddad inaiW2 dxorraatyserse ciaenitr/Hl3 may protect
when the inductor current exceeds the preset limt.
Wirepoweheompoeantsdipny avat-cusienfreandivens: Fbe pureht sepsg cirgniirg may provide
active, the control logic circuitry 121 may de-assert
tWirepagi/i1 7 ©Nthe Pogeparator THY & signa) indisative®f thednducioreusreat: dhe current signal
of .the SW switch, and trigger the voltage controlled
tonfpRthddhmpnthen becdompered by the gampargtor 11 writh 4 peesetj cyrent fimét signal
over-current signal on path 120 may reset the voltage
QY i frem path AL Ihe putpefrsignalifromthe pgmpapator 1AR vigpathd2ft may be active
el apses, the control logic circuitry 121 may initiate

avheo edndupter gyrent exceeds the preset limit. When the over-current signal on the path 120

is active, 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 topr generator circuitry 101. At
the same time, the over-current signal on path 120 may reset the voltage conirolled ton generator
circuitry 125. After torr elapses, the control logic circuitry 121 may initiate a new cycle by
triggering ton.

Those skilled 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 analog
circuitry, digital circuitry, or combination of such circuitry. For example, the comparators 107

and 119 should be understood as being either analog or/and digital number comparators.
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triggering tON 20 Those skilled in the art wll
recogni ze that the functions of the above descri bed
circuitry 101, 121, 125, 108, 116, and 113 and
conparators 107, 119 can be realized using anal og
circuitry, dirgital 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. 8 Simlarly, the voltage

controlled timng generator circuitry 101 and 125 and
the feedback <circuitry 108 could be built using

anal.o ircuitr wel.l as using progra bl e

OBy e vejizee eohirolld imipg e5rAPE IR T 129raad the des dback
Furthernore, the_ voltage controlled tinmng generator

cHicritry {04 could be byilt psing agplpeicenitpa Wl as|usige progiapmablecpunters, gates,
101 may be integrated in a single controller or

praios frdigiigl consrisey ot rurinerigres tha g oltaga gongsolledéming generator circuitries

functionality is the sanme. Neverthel ess, the sw tches )
alfd- 125 @nd the,pontrpk logie pisquitey; 104 may by intaggateddn p ginglg centedfer or presenting
totally or partially into the sanme integrated circuit.

Aasher pyEtpog ay lengas netigpaiy i thegamp.r Nenerthelesp gbpsswitches and the

sem conduct or device and/or mcroel ectroni c device,

SEHERNt sense giEpity mehE integgateidptplboordaeially inththe gametintggrated circuit. As
circuit chip. FIG 1Cis a tinmng diagramto further
csederein g rigiegratgd ircuith meqngis seihigertiuctar device askies seicroglectronic device,
converter 100a of FIG 1B. Various input and out put

sfugthsl Bt exgmpleea searopdIctor Béageated qirewit eEg 101 are

illustrated over tinme. During the time interval

bet we &H3-(1C ighiiming diagrm tg §irtheryistal oieration of gheregiyodiment of the boost
generator circuitry 125 may provide a TON I N pul se of
SCOBYATISX 108?10@3‘591}3-0%“!0%1“?\4&950%%5%@5 tothepotiel lpgie circuitry 101
constant K given_by equation (1) or toN = K/ VIN 1In

r 4e Blystmied oyes Smey\Puting We gwamtewﬂi%@feas@éﬁé Beithe ¥oltagp pontrolled
swtch SW ON.. The inductor current in inductor 112

ntay e4RergionciFcaitryd 25 map prowide a TONGIY pilse ¢fiafuratipn Rasgdgn the input voitage
between tinmes tl and t2. The change in inductor .

c ViR andtheapastagi K givgn b pquationdh) @ teut ErfgVp-hingespongp the SW2_ON signal

interval may be given equation (3) or AlL = EVIN /L) .
Xmey@e/assgqt% to turn ggrifch SW2 ON.. The inductoOr current in inductor 112 may begin to

ramp up during this time interval between times t1 and t2. The change in inductor current Aly or
current ripple during this time interval may be given equation (3) or Al = (Vin / L) x (K/ Viv) =
K/L.

Between times t2 and t3, the voltage controlled torr generator circnitry 101 may provide
a TOFF_IN pulse equal in length to that detailed in equation (4) or torr = K / ((Vser * D)- Vin)
since the VOUT_LOW signal indicates that Vib is greater than Vger. Switch SW1 may be ON
and SW2 may be OFF during this 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
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Between tinmes t2 and t3, the voltage controlled tow
generator circuitry 101 may provide a TOFF-IN pul se

equal in length to that detailed in equation (4) or

tow = K/ ((VAT * D - VIN) 20 since the VOUT LON

signal indicates that Vib is greater than Vssr Sw tch

SW. may be ON and SW2 may be OFF during this tine

interval and the inductor current may begin to ranp

down. At the tinme t3, the VOUT LOWsignal indicates

that Vtb is I ess than VSET hence the TON _START

command is imedi ately issued at this tine initiating

a new cycle. If Vfb is less 9 than VskEr as indicated.

than Visg as indicatechdnring the tiyglintéreal \neteveen tinress4 eud thyah acssleratad Toff may
accel erated Toff may occur (TOFF_ACCEL is asserted)

wtrer @OF6 pAGEEL Is@ssersly whita torkmay $e(MossERIK ) Vser VDN Vin).

FIG 1D is atimng diagramto further detail

oper liGolD Bfa timieg dagrou forfestiter détail bperdtion sf the eondéméng pf the boost
100a of FIG |B and contrast operation under heavy and
konykrter Leac{ Eth dB hndovtrasboSeation ahdey heavly atd ligfh0load canditioos.

of inductor current for the inductor 112 over tine

Gendrally, plotdI80 isl agpdre of indunttir tiroens foatte: ipdustor 1B oviestime diriig light load
of inductor current over tine during heavy | oad

camditiohs amd plot T82ds 2 PIGLHE indiibseugreat over e diethg hyavy load conditions. The
conparator 107 may be provide an indication of |ight

MOUT hoasigrabgrovidartgicompasor MyTaumy\lelpravidelae smelidatiamof light and
VsrT, this may be representative of heavier |oad

tenvelidzd corditiand WikarVilistess shag Vegd €his el riyfisisEntativzi of heawier load
be representative of lighter |oad. 10 conditi ons.

Beriditloesanit iwkess Viblis greatert tRanf Vigr, thiotnaj BOrepieseaitativoof liptier Ioad.

may rise during a Ton time interval equal to K/ Vin.
Betdwiseny tines. t2 and 0 for. plot 180, inductor current

may fall during a toFF tinme interval. The torv tine

i Nt erBeveel dimsed nnd (2fesplot2 86 inkuc®r tuwenpnay riske8iiringy Toretime interval
equal to equation (4) or torv = K/ ((Vsgr * D) -

i) to KAVint Betwermpiimesti2 andd t8 fiirpldt 186 indwcor mientapayt falirduring a tops

| oad 15 conditions may still be light |oad conditions

disme iimetvat aThed ode Yimt: frdervdDOFtwEdDAIgdsd® and €3 Aer pidtil80 may bepeqial to

the inductor current may be zero. Wen the inductor
eguatienlt) oraae S/ ((&rp* DY- Vod-ehstbe expiration this time interval at time (3, lJoad

conditions may still be light load conditions as indicated by the VOUT_LOW signal. At this
time t3 the inductor cumrent may be zero. When the inductor current reaches zero, a reverse
current may flow from the higher output voltage source through the high side switch SW1 and
inductor 112 into the lower input voltage source Vin. To prevent such a reverse current flow, the
control logic circuitry 201 opens the high side switch SW1 during the time interval between
times t3 and t4 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 t4 of plot 180 may be referred to herein as a skip state. Advantageously
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current may flow fromthe higher output voltage source
t hrough the high side swwtch SWL and inductor 112
into the | ower input voltage source Vin. To prevent
such a reverse current flow, the control logic
circuitry 201 opens the high side switch SW during
the tine interval between 20 tinmes t3 and t4 of plot
180. The control logic circuitry 201 nmay keep both
switches SWL and SW2 OFF between tines t3 and t4 of
pl ot 180 until VOUT LOW changes states (when Vfb <
VsEr) and then start the next TON cycle at tine t4.
The open state of switches SW,_and SW2 between tines
tiherefarg, thocogiroldosit cirrityy wBl cap@radict Whetbie 750 HaFeat Wdygiorgondition
SKI% state. Advantageously 10 therefore, the contro
|va5i g regghed (fime,t3) baged og amga@bnfélee tigpeediication deldned beawatinn (4) or torr
nduct or condition wll be reached (tine t3) based on
e%%/ﬂyﬁn5ﬁnoﬁﬁﬁhe time duratlon deflned by equati on
(4) or toFF K/ éﬁSET * - VIN. In contrast, plot
182 i Inagsrashplesldgy etpwe@h@retrndn@@wlewloacbmdmons Such heavier
condi tions. Such heavier 5 load conditions nay be
ilrdi conditéans Iy beiadiatdion tiey Y QUG D Wishgnal widn Vb i3 lessshanésear.
VSEr. Between tine interval t2 and t3 of plot 182 the
tRgpwecp time intervad P2 eati thefypldh 83 the tort tiragringeryal ngy/beless tHin K/ ((Vser *
VN). As such, the toFF period in plot 182 is shortened
ddnmphame ds sushiiba tosfperiodon plpg 182 ipghortenedmsmpargeh th tha ofplot 180. At
plot 182, the valley of the inductor current of plot
Tg®s tsang tecfiplot 152 the valley of the dnduethecuyesidif plot 482 is greatst then zero and
of atinme off interval equal to K/ ((VSET * D) -:VIN
tthe predietive formplagofa tng offinervelagralie Ki/l BP) c¥m tancﬂict when a
occurs is not reached in this instance. Hence, a high
Ferperugeny indusipr condiiongpured norFached isithip insteagee Hegcenahigh side and low
reached in this instance. . FIG 2Ais a block dlagram
clde Wit 93 6kip statg dymas rraehed Igbis 1estamss-st ent- wit h
anot her enbodi nent The chargi ng current source 1 and
di schikgi2Ads Q:blﬁqkéﬁﬂgf@b@ﬁrﬂe@thg%ﬁﬁ%ﬁ cepsaerdOeb epnsigignt vaifeanother
wavef orm at node Vcap, which sinmulates the current
tmdﬁncmhq ehexgingleurrens squaeh ] g disgharging qussnifOREee ¢ glay geperate a
ether with output voltage of the feedback
ﬂwp@ygpmtzé m ‘?@9 vg]qacphg»‘g@ﬂates the current that flows through the inductor L1.

The Vcap voltage together with output voltage of the feedback comparator comp3 may trigger
the control logic circuitry 201 to generate appropriate pulses to drive the high side switch 204-
and low side switch 206.

FIG. 2B is a timing diagram to explain the operation of the boost converter 100b of FIG.
2A. operating in a continuous current mode (CCM). Plot b is a plot representative of the output
voltage Vout scaled down by the resistor divider including resistors R2 and R3. The fb plot may
be one input to the comparator Comp 3. Plot Vout_1 is plot representative 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 Iogic circuitry 201 to inform it whether Vout is less than the
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the control logic circuitry 201 to generate

appropriate pulses to drive the high side switch 204.

and | ow side switch 206. FIG 2B is a timng diagram

to explain the operation of the boost converter 100b

of FIG 2A operating in a continuous current node

(CCM. Plot fbis a plot representative of the output

20 vol tage Vout scal ed down by the resistor divider
including resistors R2 and R3. The fb plot may be one

input to the conparator Conp 3. Plot Vout-1 is plot
representative of the output of the conparator Conp3

whi ch conpares the fb plot with a reference valtage. .
refragcs/pnliager Yrap aglot rqewn@@vwfdw wiges BR‘FFPém@SWW%Fmﬂ capacitor
logic circuitry 201 to informit whether Vout js le

Ehyhick pay bainpufebeth eempgrforsiemuphang Comp? fo gonirpl the frequency of the
epresentative of the voltage vvaveform of the internal
b'ag&éﬁ" gich P@Iaﬂﬁ\)mwcﬁhdm%@faﬂﬁﬂg sigialhot h conpar at or s

Compl _and Conp2 to control the frequency of the high

si de Bwiot dstecid plot ma b QUpw frem theFomparaing Comp? haspgyon a comparison of
signals. The o-detectl plot may be output fromthe

theYisep pletand Thigh thrésheld tevel highTHo fiba pLAststIpfot mBy sensl alpy signal to
plot and a high threshold | evel highTH The o-detectl

file gontiehlpgic cinehitey 20 whsneyera¥cap goesthigherbpn thohighBdi I response, the pdr
circuitry 201 whenever Vcap goes hi gher than the

Hiiesigal that driees therkigh side jgwit IHhy 20 40V ol thehigh sileiswiieh 204
the high side switch 204 may go low to drive the high

SF8 endsthi lowtside Gwitchaitive sigol ndramdyg hightle dsiv the lovsidesvitch 206 ON.
signal ndr may go high to drive the | ow side switch
Tosinditor cireat ¢fiintlyetonkl may thempeghs toirdBRBR-or LI nay t hen

begin to ranp up. 10 The o-detect2 plot may be out put

f r om Teo_detaeiPanlcimey boovpt fomsthecasppagater &ppin bassA 0B p comparison of
the Vcap plot and a | ow threshold | evel |owlH The
thedksaplotang b daw drepyhobdlevel oWIdly Bregndeteqtdplptieay ssaht oy signal to the
| ogic circui 201 whenever Vcap goes |ower than the
CopTIgic FRRESIB nSenovereap afes e or ondhe et Borky o gFgmi B ol
to drive the high side switch 204 ON and the | ow side

sivive signabindngs h@ tg firive thelvighsige atch ¢ PAY aad thpdo Fide ppih drive

side swtch 206 OFF. The inductor current may then
signal ndr may go low to drive the low side switch 206 OFF. The inductor current may then

ramp down.

FIG. 2C is another timing diagram to explain the operation of the boost converter 100b of
FIG. 2A operating in a discontinuous cuirent mode (DCM). The plots of FIG. 2C represent
various inputs and ouiputs to the comparators Comp1, Comp2, and Comp3, Veap voltage, high
and Iow side driving signals pdr and ndr, and inductor enrrent flowing in inductor L1 that were
detailed with respect to FIG. 2b and any repetitive explanations are omitted 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 Vcap goes higher than the highTH signal. In response, both the high and low side

driving signals pdr and ndr go low in DCM mode.

12
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15 ranp down. FIG 2C is another timng diagramto

expl ain the operation of the boost converter 100b of

FIG 2A operating in a discontinuous current node

(DCho. The plots of FIG 2C represent various inputs

and outputs to the conparators Conpl, Conp2, and

Conmp3, Vcap voltage, high and | ow side driving

signals pdr and ndr, and inductor current flowing in

i nductor LI that were 20 detailed with respect to FIG

2b and any repetitive explanations are omtted herein

for clarity. In the DCMof FIG 2C, the o-detectl

signal again sends a |low signal to the control logic

ci r cuflBe gilmmnss s spracpesontze 3 9f e d. Fhigeament pracepay de controlled
hi ghTH signal. In response, both the high and | ow side

&y theiswitchiiggigatldvip cn pravitied tr theyevitch #02 by herenislilegic cirpuitry 201.
FIG 3 illustrates the current source 1 of FIG 2.

Wiics theswiter02 ssonpes; cumany sdyece ddisdisodnneqted foym c4pacitor C1. When the
swi tching signal ivin-on provided to the swtch 302 by
swichA3OR israbdsed, thg icurrant soneee 12 i c@igcted tlpapacitdrd_ls Mdeperdit@Oid part, on
is open, current source 12 is disconnected from

depasiidmoof EEwitkh¥l, thbeapacin Ct magd&chaged bodisliargtde

current source 12 is connected to capacitor C1.

DepenfiGndjs aicircyiiatidgranoof onb emnbm@lipay of the cuneht sohee 9HFHIGCB. The

502, the capacitor O may be charged or di scharged.

FblGige dividsr farnexd ibg misistock Rtgand R53afiaycnade dovipotic imputt voltiget e to a lesser
current source of FIG 3. The voltage divider forned

loyltage el tVin_sl viBredfiol dRE(RFARS sRG)8/idl oVie viohiegei folipnyter formed by opamp
voltage Vin to a | esser voltage. level Vin-d where

VDhard trangisRir/4¢ R} yeplicate thd Nan_d gbitage ecrbss résivizR4b.0Tie thay then
by opanp 404 and transistor 410 nay the~ replicate

trézelt it cnrreht Vi) fosipes thongismssistocRantand trausistorsiHiOs 408a gnd 40en The current
10 result in current IR4. flow ng through resistor Rda
anidortformed by transistors 408, 4063112 and 436812y thee mararcamient Iy to switch 302
formed by transistors 408, 406, 412, and 414 may then '
ivithragatioodi (REBRE)/RRAThetfmabawire s flogdi thigigiiheswitahi 392 gfay represent the
(R6+R5)/ R5. The final current flow ng through the

suirént levag QRvitad by thp rewatrouich & in gl Fegiven w2+ VipRdei ded

by the current source 12 in FIG 3 given bg

12- - VFIy. Rikc, diagram of the discharging current source 2 of FIG. 2. The discharging

current source 2 may include a switch 502 and a plurality of cumrent sinks I1, I3, and 14. Current
sink I3 may be a current sink proportional to a set voltage, Vsgr. Current sink J4 may be a
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 control signals from a plurality of sources. -
The control signals may include the i1X_on signat from the control logic circuitry 201, the ovcl
signal output from the comparator Comp4 of the current sensing circuitry 6, and the vout_] signal
from the comparator Comp3 of the feédback 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 i1X_on,

ovcl, and vout ] signals as detailed in Table 1.
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FIG 5 is a diagramof the discharging current source
2 of FIG 2. The discharging 15 current source 2 nay
include a switch 502 and a plurality of current sinks

11, 13,
proportiona
may be a
e.g.,
position
plurality of con

and 14. Current

trol

to a set voltage,

sink 13 may be a current sink
VSET. Current sink 14
current sink of a value greater than 13,

7 times greater than 13 in one instance.

The

of the switch 502 nay be responsive to a
signals froma plurality of

sources. The control signals may include the i1X-on
signal fromthe control logic circuitry 201, the ovcl
20 signal output fromthe. conparator Conp4 of the.

current sensi
fromthe conp
The position of

i,rcuitry 6,
Comp3 of the feedback circuitry 5.

tha o\
} SW/

and t he

t-ch-502 mayb

vout - |

LN <

si gnal

Wi t ch

position 1, 2, 3
dependi ng on the
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onvout lovcl Swit

115 ony
state

s deta
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gl |

led in
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y—b
L% at e
il X-on
Tabl e
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1PosfignTap e 1 j 1X
tion OXX3 1001

102 5 FI G
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current sink of

®ntia
FlLG_ 5

Xenbod

Resi

fent o

Stor R4

f3the s
A from

W t ch-abl e

resistor RAb fro
follower formb

nM Fl G
y_opa

8 may

602 a

hé mat ¢
dtran

htd. Th
5i st or

IG 4 and
e vol t age
08 may

replicate the Vs
resulting in cur

el vol |
ent |

¥ge ac

RAb=Vse

Fbss re
/| RAb

54 st or
L.ng t

R4 b
wo set of

current mrrors

(% ransi

$tors

616, 618, 620, 6

2 and

624) .

6504, 60
R4b ma

52 610,
y be nmi

612, 614,
rored to

position 1 and 2 of switch 502.

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 608 may replicate the Vset voltage across resistor R4b -
resulting in corrent Ing=Vset/R4b. Using two set of current mirrors (transistors 604, 606, 610,
612, 614, 616, 618, 620, 622 and 624), Ip4, may be mirrored to position 1 and 2 of switch 502.
The current levels I and Iy at position 1 and 2 of switch 502 may be determined by equations
(4a) and (4b).

(4a) I1i=Ipa*D

@) L=7%1

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

determined by a constant current source with a value equal to Vin_d/R4a. Whereas, the off time
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10 The current levels 13 and 14 at position 1 and 2 of
switch 502 nay be determ ned by equations (4a) and
(4b). (4a) I13=1R4b * D (4b) 14=7 * 13 FIG 7
illustrates the voltage 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 FIG. 4 and 6. The on tine toN may
be determined by a constant current source with a
vaI ue equal to Vin_df R4da. Whereas, the off ti me 14

eﬁpr aérr‘?elﬁet%e uclle N r‘r:lﬁgls tcg ch%g%gﬂiﬁre% ttsougczles eat gqual to - (Vset-
4 | t .

Vel qgﬂ’sm}u% evcavﬂsimﬁlﬂﬁﬁoede 75560 e o g qtpes sving

t ti 5 d (6). (5

N e S R M@Sb‘x) ca/” (‘vS’et Ny 1t

Rda = R4b,_.th D=toN/ (toN +t =

(Vzet Vi n(%)fm? %g%%lclﬁ?jh IS tge vv(ello knowo:?quati on

f b | G. 8, sh th |t

vvg\r/e?or%o 3&%2‘%4@&&%": 'V‘Eg)aelo}mas ?h\éond?ggnd pdr

dri vi nﬁ pul ses when the converter

. 218 .

0 per 3 ‘ﬁ”g‘ ReP> theatuty; ¥ele Red tavble tlorm EHW Seﬁ?&é-dl)/rvﬁb [veyich is the
0. ski wth reference also to FIGs. 4 and 6.
H?@P%P%fg’ag% PUSONYTHE, t he hi gh side switch 204

F when the induct curre fall
X rm%?G £ o crol BV e RSP V<l 45 STRL o9 s o e pd drtving
Rndha Fopr e i pf B 2 e Gperairg o it ot st ppdgror plse
S Sy i A M b
?\gl(t: \b/etu 3 0%19 th{-.n Lg&ucftc?rrcu}tgn% falﬁc a{most[%(o: zgr%rgc\)/ §:2€§ft reverse

current from the higher output 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 output voltage level. Accordingly, the controller for the DC to DC converter is
capable of predicting when the inductor current is approaching zero in the discontinuous 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 imput DC voltage during a discontinuous 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).

FIG. 9 illustrates the feedback control circuitry 5 of FIG. 2. When the high side switch
204 is turned ON, the switch 902 which mz;y 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 less the voltage drop across the on resistance Ron of the high side switch 204. When
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15 capabl e of predicting when the inductor current is
approaching zero in the discontinuous node and

openi ng both the high and | ow side switch to prevent a
reverse current flow fromthe output DC voltage

t hrough the high side swtch to the input DC vol t age
during a discontinuous current node operation of the
controller. The controller nay predict the inductor
current is approaching zero in response to expiration

of atime interval based on equation (4) 20 FIG 9
illustrates the feedback control circuitry 5 of FIG

2. Wen the high side switch 204 is turned ON, the

il side Vo2 0dts e RFFbe switch AR may,eomeec thateedback fiyiger 904 to
switch may connect the feedback divider 904 inc|uding
Vaui stonegdpsly.rgs fegdhaeiieonirol may eravisle aswolagerfepdbank signealisymmed
vol tage | ess the voltage drop across the on resistance
Winanodutpuhenrientphmpdngat, esgiringlzgooiiaop uidlity vathpitdhe ngpdied any current
switch 204 is turned OFF, the switch 902 nmay connect

sehsing redisitvae kensh the derenideve] thepugh/bg indugtanlah vl opyldyreduce the
this feedback control may provide a voltage feedback
singerizt’s effioiemy. Wit h an out put current conponent,

assuring good |oop stability without the need of any

cur r &G 10dkussatevoltessi aat onrrentwayefoses tekatedovithrevet-caimentairotection.
t hrough the inductor LI, which would reduce the 5
Oosncerdnt plosciiinfmayibe nchieve@by3ietetGng the gutputangent duingLtheon time of
and current waveforms related with over-current -

{he hiivesidel soiitch 200\(e.g, NMOB frensisroo MBY, phwih). fhthe Beecietruaens gxceeds a
by detecting the output current during the on time of
tivend thrastelddthe svdricoten® Gignal €0Q). 15 ackikgdsl. t Fhaswopsthery switch the switch 502
MN_powl ). If the detected current exceeds a current
bihwwatsirablieurtehtsinkte pesitionridRefersd Fatde 1), @) thi bovasids syatclke 06 may be
This may then switch the switch 502 10 of switch-able
switcheh®FRsimidtaneousky svithi thmtuehingroBY ef the bigh side ewitch 204k thi avay,

| ow side swtch 206 may be sw tched OFF
siomssichmene mes beydisvharged theoughuligh side sonich 204 teghdpuwivt.si de -
switch 204. In this way, excess current may be )

di scHeregwilcitdblemingouitenid vathdhe ssvifch 602 #pasitien 4 may dipmpine the
The switch-able sink current 2 with the switch 502 at
daraiidni of the flisolsaygecytler Fhis eunehignay be arbitrarily chosen but the value shonld be

less then 1X current sink. At the end of discharge cycle, the inductor current (i.e. the output
current) may have dropped below the current threshold. Then normal regulation cycle of the -
boost converter may resume and current sensing is repeated for subsequent ON cycles of the low
side switch 206.

FIG. 11 depicts one embodiment of the cutrent sensing circuitry 6 of FIG. 2. The output
current may be sensed using a MOSFET (MN_pow2), which replicates the current flowing
through the output NMOS (MN_pow?1} 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_pow1). By applying the same gate voltage and drain source voltage of MN_pow1 during
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duration of the discharge cycle. This current may be
arbitrarily chosen but the value should be 15 |ess
then 1X current sink. At the end of discharge cycle,
the inductor current (Le. the output current) may have
dropped bel ow the current threshold. Then

normal -regul ati on cycle of the - boost converter may
resunme and current sensing is repeated for subsequent
ON cycles of the low side switch 206. FIG 11 depicts

“one enbodi ment of the current sensing circuitry 6 of

FIG 2. The output 20 current may be sensed using a

MOSFET (MN_pow2), which replicates the current flomﬁn%[ i
ftheoirghiotVIE_PevRdiserRevimay WPIpRaRionaldp thepgtuplaptnyt grrent of transistor
switch when it is ON. Transistor - M _pow2 may have a
YR powht Whtr tyansister YNy posrldtupngd O, iif dminrseutse peltage may e replicated
out put NMOS (M\_powl ). By applying the same gate, _

v the dgpén-sonnde o teensistadd Nepow@aising ghe seitchBVp aud the aperatipnaleumplifier
its on tine to MN_pow2, its current may be

OPappi volgafollowert Whe gate drivie foyraprigtord\iiN rpow2 nagy be tied to a fixed
transi stor M\ _powl . Wen transistor MN pow is taned

@hitage thet isleqinlifo the gate driveptoltageen transistie MY powd a T beisenged ciufgent may
drai n-source of transistor MN_pow2 using the switch
Bi\irzomel 1o resisiopRl.alliegerlting wpltagt paess ROmmyphenvepresapfdhe output

foll ower. The gate drive for transistor hdN pow2 may
barrdnt.ed to a fixed 5 voltage that is equal to the gate
drive voltage of transistor M\ _powl . The sensed

current may be nirdwere®N opewdsi SugenRlin_MAMe_pedul ti ng

vol tage across Rl n@pyqt han p@agésnn%nﬂjwtnwmjgﬁwz

current. Area MN powl Current in MN powl Area M pow2
Curregl bdﬂ?ﬂm}ﬁéng‘@ol & UIPRI Wild a kdiGedRVDRAE 138 O8S gﬁiparator

Wth a reference voltage ref2 in the conparator 1

. i e gt | i1
t%ﬁrgﬁffl%éeesigg.t @@é%%ﬁ} curtedEcdlBibn mHy MeRbe Sdtbat WaRn Wo}éaige across

When the vol tage across resistor

?&%ﬁiﬁ:ﬁﬁ ekd3is rtl%frgfflgitefg@,gﬁe oveRBurRYiedigraPiNc ShPhdctiPMEd. This may
may . Thi

e activate S may
then trigger 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 voﬁagc to an 6utput DC voltage. The DC to DC converter may comprise at least one switch,
an inductor coupled to the at least one switch, and a controller capable of providing a control
signal. The at least 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 time interval may be based on the input DC

voltage and a constant.

Another embodiment may include an electronic device comprising a DC to DC converter
for converting an input DC voltage to an output DC voltage. The DC to DC converter may
comprise at least one switch, an inductor coupled to the at least one switch, and a controller

capable of providing a control signat. The at least one switch may be responsive to the control
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then trigger the discharge cycle as described wth
reference to FIG 10. In sunmary, 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

i nductor coupled to the at | east one switch, and a
control |l er capable of providing a control signal. The
at | east .one switch may be responsive to the contro
signal in a first state to enter an ON state for an
ONtine interval, and the ON tine interval nay be

d t
SRRT i @lﬁ%fcafl@m ok PEGNTR B0 TR N ARy mey
DC 0 f t t DC
B FnERBICEe s oafbatge. The DG 1o DO
L i s S L
& on rgﬁs'gém%tﬂa R féav%%?ip%?\%mg e Aol Sgnatina
éﬁt %éh in afirst state to ente state for an
fiqtenths o jeast gug switch respoRve R the ‘i?é‘f‘i’lﬁl%iﬂ\}%Fheﬁé%F stajgdo enter an ON

based on he |n ut DC volta nd. a const ant

Yet
Sfafe £95ap O HRsints ﬁ]l’ “s NAimeipigryal basgdeonaanpygDC voltage
B‘n% &In‘?rlse rov % a control signal to at | east
e L(ytq Ry copverter ﬂt‘f‘converter provi di ng the
control sigpal in_.a st a the at | east one
svv| t dp yptae B"ﬁ§P’¥?@“P’H‘%W"%§9 &Té %‘i“&?ﬁﬂr for fogvggting jap &P“t DC
tate to enter_an efor a ti melnt rval
wslEc o Pbtpvﬁ%vqlﬁ%e oF SRR P D |V°11535§ ésoPrs‘ﬂ nTrhﬁ Best

DC voltage tot nverter,
F?’i“’%‘f ma, GROpRETSE g&%’éﬁﬁ"w %PST) > Pew ‘l?“’bﬁ?‘%? ﬁ‘Fﬁé‘fgh and low
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tDC voltage and a constant. The controller may further be capable of controlling the state of the

high and low side switches 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 currént
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 through the high side switch to the
input DC voltage.

The terms and expressions which have been employed herein are used as terms of
description and not of limitation, and there is no intention, in the use of such terms and

expressions, of excluding any equivalents of the features shown and described (or portions

18



switch the high side switch OFF and the | ow side
swtch ON during a tinme ON state. The low side swtch
may remain ON during the tine ON state for an ON tine

i nterval based on the input DC voltage and a
constant. The controller may further be capable of
controlling the state of the 15 high and | ow side
switches to switch the high side switch ON and the | ow
side switch OFF during a tine OFF state. The
controller may further be capable of predicting when a
current |evel through the inductor reaches zero and

ant kol l.i.n he. state of ' l,.de
Dot e Rl e BP0 8P o B S G ppe or e
l.ow side swi.t.ch OFF durin ski.p state to. .prevent.
Py D% P ESRRor e et g A¥Rbing, e
t hrough th i gh sjde.swi.tch to the 20 input DC
\9@1”3%?&6‘9@‘%@%%?%@11 ¥4 e@%ﬁaﬁeé%ssi ons whi ch have been
enpl oyed herein are used as terns of description and
not of limtation, and there is no intention, in the

use of such terns and expressions, of excluding any
equi val ents of the features shown and described (or
portions 18 thereof), and it is recognized that
various nodifications are possible within the scope of
the clainms. Oher nodifications, variations, and
alternatives are al so possible. Accordingly, the
clainms are intended to cover all such equivalents. 19
What is clainmed is: 1. A DCto DC converter for
converting an input DC voltage to an output DC
voltage, said DC to DC converter conprising: 5 at
| east one switch; an inductor coupled to said at | east

one switch; and a controller capable of providing a
control signal, said at | east one switch responsive to
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said control signal in a first state to enter an ON
state for an ONtinme interval, said ONtine interval
based on said input DC voltage and a constant. 10 2.

The DC to DC converter of claiml, wherein said ON

time interval is given by: T_ON = K/ Vnr, wherein TON

is alength of said ONtine interval, Kis a value of
said constant, and VINis a value of said input DC
voltage. 15 3. The DC to DC converter of claim 2,

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: )IL = KIL, wherein )IL s

a value of said current ripple, Kis said value of

sai d Y¥mssantmedand L is a value of said inductor. 20

4. The DC to DC converter of claim1, wherein said

cont r &l 12ePCitsDE€apaisite fofcopregisigdinrigput B&iveitggend arodutput DC voltage,
signal in a second state, said at |east one switch
rsesifiheiD(ecangergacaneisingr ol signal in said second

state to enter an OFF state for an OFF tine interval,

sai d @Reastomewwitel; er val having a 20 | ength based on a
conpari son of a signal representative of said output

DC voht mdectavichipleal t8 edid atddastage switch; dde DC t 0 DC

converter of claim4, wherein said OFF tine interval

I S equaabdnibberiCapabledf piodigithglayoft(oVsignal, fid at 1cbdt bie swhieh responsive to
said signal representative of sai'd output DC voltage

| ssidgestad signa eanfirstestatk to edtenan| QMigtete fovwarGN me nteaaval,ahid©N time
of said constant, Vssr is a value of said set
vigtetvaidesedOnissid énpineldd belaie flct@nstagual to sai d out put

vol tage divided by said signal representative of said
out put voltage, and VINis a value of said input DC
voltage. 10 6. The DC to DC converter of claim 4,

wher ei2n ThaiDg tOBE: donverter oftcking &) whegeih e ONtime idtervel i givenlby:
by ((Vser * D) - VIN when said signal representative
OF_Oda+ 8/ \oiwheteiDC 009 Istadepesthi of shid 3N time interval, K is a value of said constant,

and Vi is a value of said input DC voltage.

3. The DC to DC converter of claim 2, wherein a current ripple equal to a value of a
change in current level throngh said inductor during said ON time interval is given by: )I; = K/L,
wherein )Ip is a value of said current ripple, K is said value of said constant, and L is a value of

said inductor.,

4, The DC to DC converter of claim 1, wherein said controller is capable of providing
said control signal in a second state, said at least one switch responsive to said control signal in

said second state to enter an OFF state for an OFF time interval, said OFF time interval having a
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than said set voltage, where Kis a value of said
constant, Vser is a value of said set voltage, Dis a
feedback factor equal to said output voltage divided

by said signal representative of said output voltage,
and VIN is a value of said input DC voltage. 15 7. An

el ectronic device conprising: a DC to DC converter for
converting an input DC voltage to an output DC

voltage, said DC to DC converter conprising. at |east
one switch; 20 an inductor coupled to said at |east

one switch; and a controller capable of providing a

dorgth bisedsinarainparisai of ssignhisapresenipgveiistid hutpntd3@ voikipy with a set
to said control signal in a first state to enter an ON
stoiege.for an ON tine interval, said ONtine interval
based on said i nput DC voltage and a constant. 21 8.

The el ectronic device of claim7, wherein said ON tine
interval is given by: T_ON = K/ VIN, wherein TONis a

| engt 1. GFhe$ui td DONbonverter frvtasm dabherdin said @FF dmeénterfaldedqtal to K
constant, and VAN is a value of said input DC

vibivitdedyey. (GeB* DYHépwiantseid sigoal depvisersative of bz ontBt DC voltage is
wherein a current ripple equal to a value of a change

| greaterthanisdid bet veltage, wheredhis s arklde ofrdidabustantVsenig 2 salinclofShld set
time interval is given by: )IL = K/L, wherein )IL is a
valitage, Bfis sfedback fastemequal itqaidenuiriit valtagadididedbusiddigmbieptesentative
constant, and L is a value of said inductor. 10 10.
Tdfsaidloetpttrvoltige, ald Wipcie a flucdiznichinput Ieobigs. sai d

controller is capable of providing said

6. The DC to DC converter of claim 4, wherein said OFF time interval is less than K
divided by ((Vsgr * D) - Vin) when said signal representative of said output DC voltage is less
than said set voltage, where K is a value of said constant, Vseris a vatue of said set voltage, D is
a feedback factor equal to s!aidloufpixt Vtﬂﬁge divided by said siénal représentﬁtive of said output

voltage, and Vyy is a value of said input DC voltage.

7. An electronic device comprising:
a DC to DC converter for cbnverting an input DC voliage to an output DC voltagé, said
DC to DC converter comprising; '
at least one switéh;
an inductor couple& to said at least one switch; and
a controller capable of providing a control signal, said at least one switch
responsive to said control signal in a 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.
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control signal in a second state, said at |east one

swtch responsive to said control signal in said

second state to enter an OFF state for an OFF tine
interval, said OFF tinme interval having a |length

based on a conparison of said output DC voltage with a

set voltage. 15 11. The el ectronic device of claim10,
wherein said OFF tinme interval is equal to K divided

by ((VsEr * D) - VIN when said signal representative

of said output DC voltage is greater than said set

vol tage, where Kis a value of said constant, VSEr is

a value of said set voltage, Dis a feedback factor

equal to_said output voltage divided by said signal

reprede Hﬂ’&?]ie@@ﬂ%igﬂﬁe of slaim %O’t’tt?[ﬁtln 2} DM e intental\i$ plversbya T _ON =
val ue of said input DC voltage. 12. The electronic

de¥ e wheseind) QN a Gngthpierid ON tm intars, K ismeyalunobsaiditons@nt, and Viy
l.ess than K divided by ((VsEr * D) - Vnr) when said

df yvae of said inpeifPQyelage-of sai d out put DC voltage is

less 22 . than said set voltage, where Kis a val ue of

said constant, VSET is a value of said set voltage, D

is a feedback factor equal to said output voltage

di vi d&d Thy elegffogicsleyjerf claimpd.cdheraime fsnrippleiqual cais palte of a change
voltage, and VINis a value of said input DC voltage. -

g qugrentieveb thiwyigh saidipdiotdr duringraid QM ting irdere i giedn byt Jpalk/L,

to at | east one switch of a DC to DC converter; :
prhereindiiinig a salivglofisaid icarednt Sppdp) XK is kdid ealiid ofSidid Sordtagt, avPL & a value of
at |l east one switch responsive to said control signal

ismid $mluctof. i rst state to enter an ON state for an ON

time interval; and controlling said ON tinme interval

based on an input DC voltage to said DC to DC 10

converter and a constant. 14. The nethod of claim 13, _
wher el( Thablectfohictdevier df olaii ¥, abhetein gid/@ntréllér is tePibke of providing said
KYVIN, wherein TONis a length of said ONtine

icotenl vighal inka se6ond stafl ik abfeast Bhdlsvaiah Sésporisive 8 edidobbrblSsighal in said

second state to enter an OFF state for an OFF time interval, said OFF time interval having a

length based on a coniparison of said output DC voltage with a set voltagé.

11. The electronic device of claim 10, wherein said OFF time interval is equal to K
divided by ((Vser * D) - Vv) when said signal representative of said output DC voltage is
greater than said s;et voltage, where K is a value of said constant, Vsgr is a value of said set
voltage, D is a feedback factor equal to said output voltage divided by said signal rep;:esgntativc

of said output voltage, and Vv is a value of said input DC voltage.

12. The electronic device of claim 10, wherein said OFF time interval is less than K

divided by ((Vser * D) - Vi) when said signal representative of said'outl;ut DC gloltﬁée; is less
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val ue of said input DC voltage. 15 15. The net hod of
claim 14, wherein a current ripple equal to a val ue of
a change in current |evel through -an inductor of said
DC to DC converter during said ONtinme interval is
given by: )IL = K/'L, wherein )It, is a value of said
current ripple, Kis said value of said constant, and
L is a value of said inductor. 20 16. The nethod of
claim15, wherein said at | east one switch conprises a
| ow side switch of a boost DC to DC converter. 23 17..
A boost DC to DC converter for converting an input DC
vhantsaig setveltage, vihsreiis apyaue pbiaidagastantgirer s 8 Melne ofsaid set voltage, D is
i nput DC voltage, said DC to DC converter conprising a
Hi fgqﬁib%qké@tca gepaf vheid iodipuisinitags divided by sald eigeal repesgritasive pbsaid output
sai d hi gh and | ow side switches;.and 5 a controller
valiagsi and Vv i e velne Pl seiddnpat BExpkagef sai d hi gh and | ow
side switches to switch said high side switch OFF and
said ow side switch ON during a tine ON state, said

|l ow side switch remaining ON during said tinme ON

st at e13. rmethodaqmprisieg:i nt er val based on said i nput DC
vol tage and a constant, said controller further
capabpreviding@epntrabbighab gp at bepel ong iwh of 2 BRitel DRI cghvester

| ow side switches to switch said high side switch ON
and spiovidingwaid cepsrobsignatin ading sidigr Safipt teastioneswWieh@Eponsive to said
state, said controller further capable of predicting
vehetrol sigeal fnr seidk firstestats| o eiergo GV ek &bt iom Ottinoy intepvat; and

zero and controlling said state of said high and | ow

si descantolig said OV tinwi intevaldased onfan gipusPdsoltage tactaidDEto DC
and said | ow side switch OFF during a skip state to
seevetenandacensanse current flow from said output DC

vol tage through said high side switch to said i nput DC
vol t age.

14, The method of claim 13, wherein said ON time interval is given by: T_ON = K/Vy,
wherein T_ON is a length of said ON time interval, K is a value of said cdnstéht, and Vyis a

value of said input DC voltage.

15. The method of claim 14, wherein a current ripple equal to a value of a change in

current level through an inductor of said DC to DC converter during said ON time interval is
given by: JI. = K/L, wherein ) is a value of said current ripple, K is said value of said constant,

and L is a value of said inductor.

16. The method of ¢claim 15, wherein said at least one switch comprises a low side switch

of a boost DC to DC converter.
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15 18. The boost DC to DC converter of claim 17,
wherein said duration of said ONtine interval of
said low side switch during said first switch state is
given by: TON = K/VIN, wherein T _ONis a length of
said ONtine interval, Kis a value of said constant,
and VINis a value of said input DC voltage. 20 19.
The boost DC to DC converter of claim 18, wherein a
current ripple equal to '"a value of a change in
current |evel through said inductor during said ON
tinme tpterval i S_given by = K(L, wherein )IL is
a val HeAdrogt HGto ?OQYRT‘CF f%‘fﬂ“é‘emﬂg psinREng Yedlagasio@h output DC
gld constant, and L val ue of said inductor. 24
tagy Highes Sis i SHVEPE alag, sei & DE copfiester Fompsising:
control ler predicts said current level through said
i nducd Heh $idearh ey $ids 9vit§pon expiration of said time OFF
state when a duration of said time OFF state is equa
to K Wiigdugogeqypled (o Asjdthigh gyt low sjfgwitchpfesnd K i s a val ue
of said 5 constant, VsFris a value of a set voltage, D
i s a %watipls rapeble phionieliieg a %tﬁe ehbsaifl hgh 49ddow sie sygtches to switch
divided by a signal representative of said output
SO1 high side gieh (Y and said lowsigle switch @N@nTirgABMEON statd, saig low side
21. The boost converter of claim 20, wherein said
sty remnaining RN dvriag prid G ONsaHoRFRON dige intervalibaged on said input DC
switches in said skip state after expiration of said
elfage et copsiznd Salﬁtcpmroélaq further gapable of progralbing said state of said high and
sai d_out put voltage becones |ess than VsEr. 22. The
Efb*b%@e titches teRviteh Al high pide switsh QI padzsaidrieny side pwitch OFF during a time
npri sing feedback control circuitry capabl e of
Qgﬁéﬁawgs cogtollen furthencapablernf giegictinn et afapentdevel thengh said
f eedback control C|rCU|tr 15 co r|S|n a swtch and
gld&%fﬂsﬁaaca%soﬁew 284 contgiling é‘ﬂ stata of ?*R;ghlg*aﬁ%i PV §idessyvtghes to switch said
witch to an input of  said conparator during said
P}ghéldw@t%ftl‘énaﬁaéﬁ logride Sﬁ?tgh guring g %wtat%tomve@a. rgverse
conpar at or arlqg vol tage |l.evel hased on sa

Seegt o, Bplpéglé opge DG veltes 'é‘ffé‘g}él pigh high S‘é%ﬁ“&‘qth*?;f?‘%ﬁﬂﬁlé DC voltage.

18. The boost DC to DC converter of claim 17, wherein said duration of said ON time
interval of said low side switch during said first switch state is given by: T_ON = K/Vin, wherein
T _ON is a length of said ON time interval, K is a value of said constant, and Vi is a value of

said input DC voltage.

19. The boost DC to DC converter of claim 18, 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: ), =
K/L, wherein )]y is a value of said current ripple, K is said value of said constant, and L is a

value of said inductor.
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swtch wwth a reference voltage | evel and providing an
out put signal representative of said current |evel
t hrough said i nductor. 20 25

20. The boost converter of claim 17, wherein said controller predicts said current Ievel
through said inductor reaches zero upon expiration of said time GFF state when a duration of
said time OFF state is equal to K divided by ((Vser * D) - Vi), where K is a value of said
constant, Vggris a value of a set voltage, D is a feedback factor equal to said output voltage

divided by a signal representative of said ouiput voltage, and Vi is a value of said input DC

voltage.,

21. The boost converter of claim 20, wherein said controller maintains said high and low
side switches in said skip state after expiration of said time OFF state until said signal

representative of said output voltage becomes less than Vggr.

22. The boost DC to DC converter of claim 17, 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 timé OFF stat'e'when:said'high side switch is ON, said comﬁarator
comparing a voltage level based on said output volfage less a voitage drop on said high side
switch with a reference voltage level and providing an output signal representative of said

current level through said inductor.

25



