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CONTROLLER 310

(57) Abstract: A converter system and method of operating a converter system are disclosed. The converter system comprises a
converter power stage that can operate in a Discontinuous Conduction Mode (DCM) in a range of output currents and a Continu-
ous Conduction Mods (CCM) hi another range of output currents, The converter power stage includes at least an inductor with an
inductor value and & control switch, The converter power stage provides an average current. A current controller is coupled to the
converter power stage. When the converter power stage operates in DCM, She converter power stage provides the average current
and the current controller is configured to measure the inductor value of the inductor. Furthermore, the current controller can also
he configured to measure an input-to-output conversion ratio from the converter power stage.
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ADBJUSTABLE CONSTANT CURRENT SOURCE WiITH CONTINUQUS
CONDUCTION MODE (“COM™) AND DISCONTINUGUS CONBUCTION
MODE CDBOM7} OPERATION

John L. Melanson

Craseveforencs (o Refated Application

{1} This application 1s related o and cross-veferences LS. Apphication Serial Number
E2107,613 entitled “Power Factor Comvection (PFCY Uontrolier and Method Using a
Finite Stale Machine to Adjust the Duty Cycle of a PWM Contro] Signal” filed on Apni
22, 2003 (Inventor: John Melanson; Cirrus Docket Mo, 1684-1PD; 118, Application
Serial Number 12/110,714 filed on Aped 28, 2008 cntitted “Discontinuocus Conduction
Mede {DOM) Using Sensed Current for g Switch-Mode Converter™ {Inventor, John
Melansory Cirrus Docket No. I679-1PD) and ULS. Appheation Sevial Nomber
F2/113,536 filed on May 1, 2008 entitled “Switehi-Mode Converter Operating in a Hybrid
THscouiimuouy Conduction Mode (BUMYontinuows Conduction Mode {CCM)} That

Uses Double or More Pulses m 3 Switching Period” {Inventor: John Melanson; Chmag
Bocket No. 1874-1P0),

BACUKGROUND OF THE INVENTION

Figid of the Invention

{2} The present wvention welates w geveral to the Geld of signal provessing, and, mowr
specifically, to apparatuses and methods for providmg an adpustable constant cwrent
soures which operates m both Discontivaous Conduction Mode {DUM) and Continuous

Conduction Mode (CCM)

‘
Yerrs.
.
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DESCRIPTION OF THE BELATED ART

o1

(3} Switch-mode systems are well known in the art. Figure 1 shows an exemplary

switch-mode system 100 Switch-mode systam 100 includes g switch-mode converter
power stage 102, a converter current controfler 104, and a load 104 Power 101 s fed
o switch-mode converier power stage 102, Switch-mode system 100 ntilizes switch-
wode converier power stage 102 to convert alternating current {AC) voliages {(such a
fing‘maing voliages) 1o direct current {DC) voltages or DC-10-I¥C wherein the fnpa
current s proportional to the mput voltage, Couverter current controlier 134 controls the
current of switch-mode converter power stage 102, and switeh-miode converier powss
stage 102 sccordingly drives lnad 1060 An cxemplary switch-miade converter power
stage 102 may be a buck converter or & boost converier. For swiich-mode converter
power stage 102, two modes of switching stage operation exist Discontinuous

Conduetion Made ("DOM7} and Continuous Conduction Mode ("COM™

{4) In COM, the switch of switch-mode converter power stage 102 switches “ON" by
converier current contratler 104 when the inducior current i of converter current
controller 104 15 non-zero, and the curreny in the energy transfer inductor of convertsy
gurrent controlier 104 never reaches zere during the switching cycle. Figure 2A she
exemplary target current e {for tnductor current 1) having a value of these (3) amp.
Figure ZA further shows wductor current 3 bas a period of ten (10} mierosecond and s
always nonzero in value. In OCM, the current swing 15 loss than in DOM, which rosulis
i lower IR power losses and lower ripple cursent for nductor current i, which resalts in
fower inductor core losses. The lower vollage swing alse reduces Electra Magaetic
Iterference (EMI), and & soalley input filtey can then be used. Sincs the switch of
switch-ropde converter power stage 102 18 tumed “OFF” when the inductor cwrrent i 18
not equal to zevo, the diods of switch-mode converter power stage 102 needs to be very
fast in terms of reverse recovery 1n order o minimize osses, In DOUM, a swiich of

N

switch-muode converter power stage Hi2 15 turped on {e.g, "ON”) by converier current

/ .,

covtrolior 184 when the inductor current 1 of the industor of switch-miode convertsy

i

power stage 102 egual

R

s zera. Figure 2B shows exomplary target current by Saving a
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value of 0.8 amp, Figure 2B further shows inductor current 4, has a ported of ten {18}

=

microsceond and dogs fall 1o the wero value at g portion of cach period,

{5} As an exaraple, for 8 switch-mode system 100 wsed o drive a Light Boutting Diode
{(LED) Eighi‘iﬁg yatem, it is iporiant 0 have an avcurate constant curvent output that s
adjustable acrose a wide dynamie range, such as a range of one hundred-to-one {16843}
Suech an acourate adjustable constant putpul requires & switth-mode converier power
stage 102 that can smoothly transition between COM and DCM and provide a controlisd
puiput in both CCM and DOM. For high target current values dger that sre set for
inductor current §, the current ripple needs to be mirimized. Such low current ripple
gmwm}“iv calls for operation of the switch-mode converter power stage 102 o be in
CM. Unigss the inductor of switch-mode converter power stage 102 1 greatly

Y Y

oversized, switch-mode cowvsrier power stage 102 will operate in

e

HOM at s lowe
AVETBEO CRITORT Lyuage T tndurtor current 1. 1 the current of switch-maode converter
powes sfage 102 in OOM mode 18 controlled in such o way that the Gme above rgst
CUETEnt Ly and the tine below that targe! curvent lune are squal, then the average
current favemge 19 0qoal 1o (he farget CuITent Sy asouming lincar {(non-saturating}
operation of the induetor, CCM operation of switch-node converter power stage 132
generaily does not require knowing the nductor value L {or scaled inductor constant F ¥
L product wherein F may be aun on-time period divided by the count value of the on-time
psf:r.i@é} nov the input/output vatio I¥ In order to provide such accurats coustant average

current output.

{6} However, providing 8 smooth transition betwsen CCM and DOCM for a converier
power stage 102 has its challenges. For example, in DCM, the inductor value L {ox
scaded indactor F * L product) end input/output ratio D need to be kuown sinee they
diroetly affoct the current calibration. Any inaconrsey will canse a differential non-
Hosarity CDNL”Y ervor in the effective current Digitab-to-Analog Converter (DALY
Thus, in order o provide at least 8 smoother transition besween COM and DOM, there are

neads and desives o discover, observe, andfor derive the inductor value L {or scaled

wnductor constant ¥ * L produet} and the wput/output ratio I of 2 switch-mode converter

23]

yatem, parhicniavly when the switch-mode convester system operates in DUM. The

e
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attairdng of such weasuremwents allows the on-time or the total operating period for the

switch of the switch-mods converter 102 so be contralled so that an sccurate adjustable

constant average current output for the mductor curtent &, 1s provided,

SUMBMARY OF THE INVENTION

{T A converter system and method of operating a convertsr system are disclosad,
The convertey systom comprises a convertor power stage that can operate n a
Discontinuous Conduction Mode (DUM) in a range of uupat currents and 3 Continuous
Conduction Mode {LCM: i another range of output cwrrents. The converter power stage
yohudes at least an induotor with an inductor value and a control switch, The converter
pronwer stags provides an average current, A current cortrolier 1 coupled to the converter
power stage. When the converter power stage opevates i DUM, the converter powey
stage pmviéeg the average current and the current contrelier is configured to megsure the
inductor value of the inductor. Furthermore, the current controller can also be configured

o messure an input-to-oulpat conversion satio fron: the converter powsr stage.

BRIEY DESCRIPTION OF THE BDRAWINGS

{8} The present invention may be better understood, and s wunerous objects, features
and advantages made apparent {o those skilled in the art by referencing the accompanying
drawings. The use of the same referonce manber throughowut the several figures

designates a like or sumilar element
{9} Figure | depiets an cxemplary switch-mode sysient

{10} Figore 2A depiciy exemplary current waveiorms of taductor current i snd tavget
CHITERY Lo F0 switch-mode converter 102 operating in Continuous Conduction Mode

{“COMTY shown at & fime seale of 18 milhissconds.

{11} Figurc 28 depicts exomplary current wavelorms of inductor current iy, and target
CUITENE Trarger £OT switch-mode converter 102 operating in Discontivaous Conduction

Mode (“DUUM”Y showr at g time scake of 18 millissconds,

o



WO 2010/039588 PCT/US2009/058298

{12} Figure 3 depicts detatls of an exemplary switch-mede buck converter power slage

controlled by g Light Emitting Dhode ("LEDTY cwrrent controlier for drivieg LEDs.

#

{13} Figure 4 dopicts detatls of an exemplary LED Gighting controller thet includes a

sarget curret generator snd 8 LED current controlier,

{(14)  Figure § dopicts an exemplary current wavelorm for inductor current iy of
exemplary switch-mode buck convertor that s used to lustrate g fivst gxomplary
technique w0 provide an accurste constant average inductor current oulput when
sxemplary switch~mode buck converter power stags operates in DOM to help allow for a

smiooth transition of switch-mode baek converter power stage betwean CUM and DOML

{15}  Figure & depiets details of another exemplary switch-mode buck comverter power

stage controlled by a LED current comtroller for drtving LEDs,

{16y Figure 7 deplcts exemplary caerent waveforms for contral signad OS5, inductor
curvent i, and sense current L OF oxomplary switch-mode buek converier power stage
that are used to itusirate scrond and third exemplary techniques to sach provide an
sccurgie constant average indoctor current output by sxemplasy switch-maode buck
converier power stage operating in a hybrid Discontinuous CUonduction Mode

{DOMY Continuons Conduction Mode (OCM

AL

y that uses double or move pulses ina
switching poriod wherstn the techmiques help allow fir 2 smooth transition of switch-

mode buck converter power stage between COM snd DOM,

DETAILED DESCRIPTION

{17} Figure 3 dopicts details of an Light Emittiag DHode ("LED™) lighting system 360
having an exemplary swiich-mode buck converter power stage 381 controlled by a Light
Emitting Diode LED) currend condroller 310 for driving LEDs 308, LED lighting
gystem 330 is an exemplary system Hustrating an embodinent of the present mvention,
and the present nvention 18 not in any way lmited 1o an LED Bghimg system nor the use

of a bugk converter, LED current contralier, and LEDs. The prosent invention can also

d ‘
s
B
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be used for other suitable applcations as well as wiilize other convertersiconverter power

stages (2.8,

, boost cowvariers) or comtrotlors

(18}' Switch-mode buck converter power stage 301 comprises a control switch {e.g.,
el Effect Transistor (FET™11 302 having # source and drain coupled i series with an

inductor 304 as shown in Figure 3. The source of FET 302 s conpled to a positive side

of input voltage Vi, DHode 306 is coupled across the input voltage Vi, in which g first

end of a diode 306 is mupied betwesn the drate of FET 302 and mdoctor 304 while s

second end of diode 306 is coupled 0 a negative side of the input voltage Vi A siving of

LB 308 is coupled across the ontput voltage Ve {e.g., coupled from the posifive side

-

(

i negative stde of output voltage Vo). The string of LEDs 308 may, for examply,

include twenty {20} to one hundred {100} LEDs coupled together m series.

{19} An ond of sonse resistor R 8 coupled to the negative side of inpot voltage Vi,
and the other end of sense resistor Ree 18 coupled 10 the second ond of diode 306, Sense
resistor Rese 18 vtilized o detect the sense curvent fewe that s fowing through FET 32
For the sense current fge being provided to LED current controller 316 from a node that
is at the drain of FET 302 as shown in Figuee 3, the sense vesistor Rane ton be loeated
anywhere fn the current loop 312, Alternatively, as shown i dotied lines, an end of
sense resistor Ry is coupled to the second end of diode 306, and the other and of sense
resistoy R 19 coupled to the negative side of the outprt voltage Vou. For the seuse
CITERE Lense Detnng provided to LED current controller 310 4 frovn a sode that s at an mput
end of inductor 304 as shown it Flgure 3, the sonse resistor Reense £a be located
anywhere in the current loop 314, LED current controller 310 outputs a switch contred
sigoal U8y which {s fed into the gate of FET 302 and comtrols sctivation and deactivation
of FET 3072 av s switch.

{20}  For example, the output voltage Vo of exemplary LED lighting systera 300 at
full brightaess intensity can be at or around four hundred milllamperey (400 mA).

Switch-mode buck converter power stage 301 operates tn QUM when the culput voltage

by

Voue 15 a8 least fifty (58) to one hondred (100) nullismperes {59 to 1 mA). When the
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putput veltage ¥y falls below 30 to 100 mA, switch-mode buck converter power stage
301 opevates W DUM,

¢

{21} In LED lighting system 300, the load tnductor cusrent i 18 abways measurable,
that is, the high side switch of FET 302 is measurable. Beforring now to Figures 3 and 4,
& target current generator 412 is coupled to the LED current controtier 310 for feeding a
target current huyge inte LED current controlier 318, Target current generator 4172 and
LED currentt controller 310 togethor make up LED lighting controlier 400 as shown i
Figure 4. LED cwrent controller 310 inchades a local powser supply 482 which provides
power v the various components of LED current controller 310, LED current controlier

3 i

310 frther includes a state wachine 419 which recstves the target surrent lype that i3 fod

i from farget current generator 412, State machine 10 provides a {iigimi sigoal that e

reflective or representative of the farget current g o digitaldo-analog converter 404,
DAL 404 converts the representative digital sigoal into a cowvesponding analog signal.
The anatog signal and the sense current L, ate fod into comparator {CUME) 406 for
coraparison, and the resoll of the comparnisen s fed 1ot state machine 410, LED cwrvent
controdler 310 further includes o clock {oscillator) 408, and clock {ose) 408 is soupled to
and utilized by state machine 410, Thoe techniques {e.g., first, second, and third
techniques) of the present invention in providing an scouraty adjustable constant aversge
nductor cuerent ouwtpul iy when a converier operates in DUM are implemented in state

machine 418, Furthermore, LED countroller 310 may be implemented on a single

integrated oivewit (IC) or single 10 substrate, Target cwrent generator 412 may also be

part of the single I or may be extermal to the 1

{22} R;:i’smng now to Figores 3 and 3, when a clock period of cloek {vacillator) 408 of
LED curesrt condroller 311 18 started, FET 302 is wurned on. A reforence current fee is sef
at a suitable value, whick is some pre-selected current value between zero and the peak
current L.k, Beforence corrent ier 18 5ot at a value that can be sccurately measured but
well.

fﬁ

alows the load inductor current i to ramp up to the peak current lpew &

3}  Figare § depicts an exemplary current waveform S00 Ky inducior current i, of

exemplary switch-mode buck converter power stage 301 that ts used 1o Hlustrate g first
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exemplary technigue o provide an accurate sdjustable coustant average faductor current

W3

output fay, when exemplary switch-mode buck converter operates in DUM, First
exemplary technique help allow for a smooth wansition of switch-mode buck vonverier
power stage between COM and DOM. As shown in Figwre §, when the load inductor
current iy reaches the referenve current Lee ! fme Ty, the first on time periad Tt
determined. In other words, Hime period T s the time from when FET 302 turns on and
when the load inductor i reackes the reforence ourrent o FET 302 &5 qurned off at time
8 * Tao Thus, the second on time peried Ty 18 doteravned from whesn the FET 302 s ou
st the time when the {oad inductor 1y, reaches the reference current Lee {oug., at time Tad to

when the load inductor § reaches the paak urrent doee (6.2, st dme v ¥ Ty} nisaratio

€ o,

andd ix proferably selected to be a ratio of 2 {e.g, 2.1 Load inductor current iy decreases

i value passing through reforenve current for ad {alls to zevo ot thime T, The off time
period Ty is defined from when the load inductor i reaches the peak current fpe (0.8, 81
time n ¥ Ta) until when the foad inductor § reaches 2ero {o.g.. &t time Ty} The fotal
poriod for inductor current i, in Figure § i defSined as twe period TT. Tothis
cmbodiment of LED lighting systom 300, both the on time Ty, {which s equal to fime
periods Ty + o) and off time Ve (obich 18 eguad to time pertod Ty} can be observed o
measured, but only the on peripd Ty, and total period TT can be controlled. Therefbre, in
implementing the LED lighting systemn 300, either the on period Ty, or total pariod TT s

controlied i order to provide an scouraio consiant 3VErage Current outpart iy for tnductor

current .

{24} The mputonput ratio D and the ratio U1 involving the inductor vabue

5

Goductagee) L for inductor 304 can be measured and/or determined from the following

P2

mathematical relationships:

{25} Peak current fpeg = Ton ¥ { Vi — Vou¥L Equation &
{263 Off time period Tog = Vi~ VourY Voud ¥ Ton Equation B
(3N D=V V= To/ (T + Tord Eguation C
{28)  Reference current by = 1) ¥ (Vg — Yo VL Bauation D
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{29 Ratio O = 4T s {Vip— VL Equation B

{30}  With respect to the present invention, the measuring and detormination of
inductor value {(inductance) L for trsduetor 304 i3 not in any way limitest to the
measurement and defermination of the actual nductance of inductor 304 {&.g., measursd
i miHi-Hearies) but can be & measurement or determination of any value that is
representative or reflective of the inductance value, For sxample, suck & representative
or reflective vahie may be in conformity with a mathematical tate of inergase related 1o
the inductance, 2 scaled version of the induciance, a nary format of the inductance, av s

diveet, indivect or inverse proporfional relativuship to the inductance (g, L VL, et}

{31y Ratic C1 provides g relationship in which the inductor vatue L is determuned

based on the rate of rise fo.g., I T1) of the current when FET 302 is swiiched o, The

.ef

input-to-ouput converston ratio I¥ for converter 301 is caloulated from an on tme {ramp-
ap thme} To (5 Ty + T} of tnductor curvent i and an offvtime (ramp-down Sme} Tog {=
T4 of mductor current i, Since the sbove values can be detormined, the average

constant output inductor carrent Layg for indoector cwevent i, 3 determined as follows:

§ AVG == i}makﬁyz ¥ {{:riﬂ(m + Tr;?f}fi TT 3 EC@HE‘&&{}YE F
= {Tmt * i\‘vm - ‘S“ nm}“i{u},’lz * ifm + \}{\" i muﬁl rmﬂ} ¥ Ol‘ta ,’ f‘i\\}

= Tmz-'fz ¥ {.X?iiz ~¥ aur}' 4 3 { i+ 5\% [ Y ams} Vuut } fTT
= Tmzr’!g * i\’rm V'mu_}-""‘L} {Vm‘ Ay w \(} ¥ 4 E T T\
= Vo2 ¥ CUD * (VT
{32} On thme T, oan be detennined and respectively controlied as follows:
Fon = Square Root (2 * i4vg ¥ D/CH ¥ TT) Equation G

{33} As shown m Eguation G, on time Ty for FET 302 can be controlled for providing
a given adiustable average constant oudput inductor current {avn oy induetor current ¥ by

using the measured, determined, andfor known values for the fnpuvoutpat ratio [, the

r«-;
V’ﬂ

TT ¢

Zon

ratin O, and the total portod trelirotor curvent i,

X

K
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{34} Figure 6 dopicts details of another Light Emitting Dhoede ("LED™) Hghting systom
H560 having snother exemplary switch-made back converter power stage 601 controlled
by a Light BEmitiing Diode ("LED) curvent controbler 310 for debving LEDS 308, Figure
£ also shows LEDY current controlier 310 couplad to target curren generator 412, and ag
wentionad belore, when Figure 4 was diseussed earhior, target cuwrvent generator 412 and
LETY current controller 310 make up LED lighting controller 4, LED lighiing system
600 is snother exemplary systern illustrating another exabodiment of the present

invention, and the prosens fnvention is not in any way imited to an LED Lighting systery
not the use of a buck converter powsr stage, LED current comroller, and LED:. The

present byvention oan ales be used for other suitable appleations as well as ntilize other

converters/converter power siages {e.g., boost converiers) or comtrollrs.

{38}y Switch-mode buck converter power stage 601 comprizes LEDs 308, inductor 304,
FET {confrol switch) 302, and scuse resistor R coupled in series together and across
the ouipst voltage Voo 88 shown in Figure & One ond of diode 308 s coupled o g
positive side of tnput voliage Vi, and ihe siher end of disde 306 is coupled gt a node
hotweorvindoctor 304 and FET 302 as shows in Figure 6. Output curront iy, 13 shows
flowing at the positive sitde of output voltage Vow. Inductor curront ip flows through
inductor 304 while sense current ene Sows through resistor R Again, ssnse reaisior
Rieine 15 uttlized 10 dotect the sonse quurent L., that s flowing through FET 302, LER
carront controller 310 s}mpuax a switch control signal C5p which i fed into the gate of
FET 307 and controls aetivation and deactivasion of FET 302 gs a2 switch. Switch-mode

buck converter power stage 831 can only allow the measurivg or detecting of the induetor

j%4
o

cusrent 1, when FET 382 i3 on and cannot aliow the measuring or defecting of inductor

e

current i when FET 302 i3 off. Thus, switch-mode buck converter power stage 601
rOqUIrss SOnss CuIrent L. ORIy Wwhen FET 302 is on, and the low side switeh 302 can be
used for sensing sense corrent e

~

36y Refurng now o Figure 7, sxemplary current waveforms 788, 702, and 704 for

o

respective control signal USg, nductor curvent 1, and sense corvent Lo of exemplary

3

switch-mods buck converier powsr stage 601 that are wsed o Hivstrate second and thard
exgmplary technigues 1o each provide an sccurste adjustable congtant average tnductor

SIS

v.-.-.-
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curvent output Lo, by exsmplary switch-mode buck vonverter 601 operating in a hybrid
Discontinuous Conduction Mode {DUM Y Continuous Conduction Maode ({CCOM) that uses
double or more pulses in a switching period. The techatgues help allow for a smonth
trapisition of switch-mode buck converter power stage bebween CCM and DOM. UK

Apphication Serial Number 12/113,536 (hereafter "336 patent spphication) Rled on May 1,

ID0R entitled "Switch-Mode Converter Operating 1n a Hybrid Discowtinoons Conduction

Made (DOMYContinuous Conducton Mode {CCM} That Uses Double or More Pulses in
] S*@vit&:’i}iﬂg Perioad” (Inventor John Melanson; Cirros Docket No. 1674-1P18) discusses

‘<

in detail the operation of 8 switch-mode converter in such bybrid DOM/CCM that tses
double or move pulses n a swiching period, aud the *536 patent apphication is horeby

mcorporated by reforence.

{37y Rofunng now to waveforms 700, 702, and 704 of Figure 7, a second exemplary
technique for providing avaccurats adjosiable constant average inductor current sutput
isve DY exernplary switch-mode buck converter power stage 601 is discussed. Condrol
signal TS, travsitions o a high value and turss on FET 302 during tiwe period T,
Inducior current . tamps up and cvosses through reference current yor and reaches peak
current ke 88 the end of pertod T). Sense current tyns TAMPS up 10 2 peak ssuse curvent
value during time period Ti. Daring time periad Ty, control signal U8 goes o a low
value and turns off FET 302, During this time period Ty, switch-mnde buck converter

681 cannot allow the detection of the value of inductor current iy, sned sense current e

P

discharges toa sevovalue, Condrol signal U8 next goes back to g high value and tumns
on FET 302 doring time period Th Teduetor carrent i, ranaps back up and ovosses
through reference current iy and reaches peak current Lo again. During this tie pertod
Ts, switch-mode buck converter power stage 601 can allow the value of imnductor current
i 10 be detected, and sense courrent lygwe TAMPS up 1o 2 poak sense current value, Tontred
sigial {8, then goes back to 3 low value and tarns off FET 302 during time period Ty

g

Inductor current iy, ramps down o zero during time period Ty, During this time peried

Ty, switch-mode buck conventer power stage 601 cannot allow for the detection of the

vatue of inductor carrent i, and S8u8e CUrent bene discharges i 8 zevo valug.

SR

st
s
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Lyl

{38y I time peried T i fess than time pertod Ty, switch-mode buck converter power
stage 601 has then entered o the hybrid DOM/CCM that uses doable or more pulses in

& switching pertod. However, if time period T is approximately ogual te time peried Ty,

S P
then time poriod T; needs o be adiusted (2., decreased) 80 thal fime pertod Ty will be

&»

tess than time period Ty,

¥

{39} Reforring now 1o Figure 7, the total charge in s normal single puks

current iy, would Involve g normal switching time period that includes the time pertods Ty

and Ty only. The total charge for 8 single pulse would be the total charge (h during time

3

period T

\

i and the total sharge (O during tme period Te. Thos, this relationship for the

kS

fotal chargs of & normal single pulse is represented by the following mathematical

relationship:

Total charge Quuge = G Hih = {1 + T} * dpeu / 2 Eguation H

’f‘
A

ol Ti=T/ Ty Fauation §
Ta=Te /T % T Equation

{41}  The double or wore pulses of a switching period for inductor currsnt { as shown

single pulses {o.g., sach involving

bl

i cwrrent wavetorm 702 is basically an overlap of two
tume periods Ty and Ty only). The overlap charge area Al heing a wiangular ares ag
shown in cwrrend waveform 702, The loft side length of the overtap charge avea Al &5
reflective of the differance between thme periods Ti and Ty while the right side length of
the overlap charge ava Al s rellective of the difforence between time periods Ty and s,

Thuss, the total charge Qy under current waveform 702 iy ealentated zs ollows:
Total Chavge Qr =3 ™ Qungie — A1 Fauation K
Gverlap charge srea Al ={T - T/ T ¥ G+ {T - T}/ T} * Qu)

{42} As shown in Figure 7, peak ctrrem fpeq: 15 sot oqual to 1 Amp, and in the

exemplary waveforros of Figure 7, the geometry and triangular areas are set up o be the
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same a3 cach other so that Ty = Ty and Ta = Ty, and the mathematical relationships can be

sipplified

Overlap vharge avea Al = ({1 ~ T3}/ Ty * €y + (T — T/ T * Qy  Bouation L

)

= Qupgle T =25 T/ T+ T/ Ty

u,a
[ov)
%
e
o~y

1
@

H
P
P

- - A Q;mg{ﬁ - {Q;gpgjﬁ $‘\§ - 2 w Tz e’j Tj "‘\“ {T} f( T‘; }*}E F"‘ aﬁf}ﬁ [\'/g

':: Q:ﬁingm 2% T“s I Tl * Qsiztgm N {TS / Ti} * {‘\}Si“@’“‘-
e Q&ingle AR 29T/ T - {T T ¥3
Flhest /2 T T TG T A A2 T T (8T
=fpes ! 2 F{T+ T/ T ¥ T A (1 + 2 T/ T - (T /T

fave = Total Charge Qo TT Equation N

S }pe,_,k/ A 3 E (TI -+ T'E T) 3 ‘i}

%
s
e
<
)
o
’
1
Smart”
12
M
Py
og
-3
>3
i
%

S 2T T T ¥ T (I 25 T/ T B/ TN N + Ta+ Ty +

{43} Since time period T, is measured, time pedod Ty i preset {e.g., by the aser), tiee
period Ty s measured, the waiting fims period Ty oan be dertved from time periods T,
Ty, and Ty, the peak current fpeq; I8 known, the average cureent by can be ealonlated and
determuned by Eguation N above, Hthe T\ /7 T; ratio i3 chosen a3 a power of two, then
the maich is simple. From the time periads Ty, Th, and Ty, the caleulation of the total
charge Qv = {lag * TT) bocomes straight forward. Enough pulses based on the kaown
time periads Ty, Ty, sud Ts can be oreated to set any valne for average current {py, and

thiss, control of a constant average oufput current tyg can be provided.

%
o
¢
(>3

H
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{44}  Since fime perind Ty can be derived and known, 8 sumber of single pulsss {e.5.,
with rarop-up e peried Ty and ramp-down time period Ts) van be used o provide
raspective average currents. Double or more palses for g switching period can be used
constantly, occasionally {to update the D = inputfoutput ratio}, or in any frequensy

manney with the sivgle pudses.

(45} 1n this seeond sxemplary techanigue, vatio U1 as discussed for the first exewplary

technigue provides the same relationship in which the inductor value L is determdned

-

based on the rate of vise {&.g., 4o T} of the currend when FPET 382 for converter 601 i

switched on. The mput-fo-ontput conwversion ratio D for convertor 601 s caleuiated from

3 tolal on thoe {ramp-up Hoe) T (&= T+ Ty of indoctor current 1 snd & tofal offtime

{ramp-dows thne} Tog {= Ty + Ty = To + T Ty ¥ T of inductor current . This second
3

exemplary fechnique reflects the fact that the FET 302 is wrned on agadn gt legst for a

zeond thine within the switching period TT before inductor curvend iy devays o zevo,

{46}  Refoming again to wavetorms 700, 702, and 704 of Rigare 7, a third exomplary
techuigue for providimg an accurate adjustable constant average inductor current putps
Tove by exempdary switch-miode buck converter power stage 601 is further discussed. The
third exemplary techuique ts identieal to the second exemplary technisgue except that at
the end of timing period Ty, an additional compensating pulse (shown in dotted ling)

5
N
3

having an ob time of Hme period To= Ty = Th i triggered for control signal CSy as shown
in current waveform 700, A single triangular pulse with & koown charge area of Al {e.g.,
identical to the ovorlap charge srea Al results since time periods Ty and Ts arg known,
and the single triangudar pulse is added w the curvent waveforn: 702 for inductor current
i, The mathematical caleulations become further simplified singe the total charge Qr is

deternrined b

Total Charge Qr =2 * Quingre — AL+ AT =2 Qe Bouation O
{47} Therefore, the principles and techaiques of the present invention help allow for a
smooth transition of a converier power stage operate between CUM and DOM. When
convarier power stage MH or 601 operates 1 DOM, converter power stage 301 or 601 is

able to provide an average consiant ovtput cwrrent that is adjusiably controlled by an

t

PN

£
t
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wductor value that 13 messured and/or detected and further controlled by an input-to-
output conversion ratio that is weasured and/or detectad, The exemplary technigues of
the present invention allow the indactor value (o.g., inductor value L} and the input-tn-
cutput conversion ratio {g.g., mput-to-cuiput ratic DY to be accurately wegsured,
determingd, or discovered. Accuracy in deformining the inductor value and/or the input-
fo-outpst ratio for s converter divectly affect the cwrrent calibration and will help avoid or
mintmize differential nos-Uuearity CDNLY ervors in the offective current Digial-to-
Analog Couverter ("DACTL Thus, s impm‘tam to provide an accurate adjusiable
constant averags current oulput for the inductor current § of 8 switch-mode converter,
gapecially when the switch-mode converter is operating in DOM. The prosent invention

provides ways 1o provide such a constant current oulput,

“

(48 Although the present Invention huas boen described i detall, # shoyld be
understood that various changes, substitgions and alterations can be made hereto withowt

departing from the spirit and scope of the nvention as defined by the appended claims,
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WHATIR CLAIMED IN:

i A ponverter sysiem, cotnprising:
a converter power stage that can operate in a Discontinuons Conduction Maosde

BOM)Y in g sange of outpud carrents and a Contimaons Condaction Mode ({TCCMY in

Eskinet

another range of cutput currents whersin the converter power stage includes at least a
inductor with an inductor vahlie snd a control switeh and the converter power stage
provides an average current, and

a current contredier coupled 1o the converter power stage; and

wherein whan the converter power stage operates m DUM, the convertey power

]

<

stage provides the averags current and whersin the current controiler is configured o

measure the inductor value of the wdwtor:

2. The converter system according to Clatm 1, whorein the mductor vahue 8

determdned fore g rate of rise of an inductor curromt through the inductor when the

control switeh is on.

3. The converter syatem according to Clabm 1 wherein the current controllar i
configured to measure an mputio-cutput conversion ratio from the converter power

stage.

4. The converter system according to Claim 3, wherein the foput-to-cutput
conversion ratio it determined from g ramp-up tme of the mdector current and a rarmp-

down time of the inducior current,

3. The converter sysiem according to Clatm 3, wherein a sorse currsnt (s detecied at
the control switch and whersin the input-to-output conversion ratio is determaingd by

furning the contrel switch on at losst s second time within & switching peviod before the

mductor current decays 1o Zevo,
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6, The converter system geconding to Claim 8, wherein at feast ong additional pulse ia
wiggered after the inductor current decays to zero so that a total charge for the inducior
current over the swilching period is a siople muiltiple of a charge for a normal single
pulse over a novmal switching period for the wndactor survent.

The coriverfer system according 1o Claim 1, wherein the convertor power stage 1 8

switch-mode buck converter power stage.

8. The converter system according to Claim 7, wherein av oulput of the switch-mode

Yuck converter power stage 18 coupled to and drives 1 Bght amitting dinds (LED) load,

9. A method of operating a converter system, comprising:
operating a converter power stage ju & Discontinuous Conduction Mode (DOM)
in & range of output currents and & Contimuous Conduction Mode {CCM) in snother range
of output curvents m which the converter power stage includes at least an mductor with
an inductor value and a control switeh;
praviding, by the converier power stage, an average ouvrent;

commiimg by a current controller, a8 current in the converier power stage; and
when the converter power stage operates n DOM, providing, by the converter
power stage, the average current and vonfiguring the corrent controlier to nessure the

mducior value of the inductor .

it The method according to Claim 9, fther comprising
determining the inductor value from a rate of rise of s industor current through

the inductor whew the control switeh is on.

i
w3
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s
et

The roothed according 8 Claim 9, Surther coraprising:
o . o
configuring the current controlier o measure an Input-to-output conversion ratio

from the converter power stage,

2. The method according to Claim 11, fwrther comprising:

determining the wmput-iee-cutput conversion ratio from a ramp-up tirme of the
inductor onrrent and g mmp-down time of the inductor current.
13, The method ascording fo Clam 11, further conpmising

detecting a senze cwrrent ab the condrel swilch; and

determining the -i&put@m-outmsi ponversion ratio by hamiog the control switch on

at loast & second Hme within a switching perind before the inductor current docays o

14, The nwethod according fo Clatm 13, wherein deterpuning the input-lo-cutput ralio
further comprises:

triggering at least one additional pulse after the indoctor current decays 1o 2o so
that 3 total charge for the inductor current over the switching period is & stmple nualtipie
of a charge for a normal single palse over a nommal switching perisd for the inductor
current.
15, The method according to Claim 9, whersin operating & converter power stage further

comprises operating s switchemode buck converter power stage

16, The method according to Claim 15, further comprising
coupling an optput of the switch-nuxde buck converter powey stage to a light

emitting diode {LED} load and driving the LED load.
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17, A cureent controller Sor controlling an tnductor current of 3 converter power siage
wherem the converter power stage includes at least an inductor with an inductor valse
and a control switch and can operate o a Discontingons Conduction Mode (BCM)Yina
range of owpat currents and 8 Continnous Conduction Made (CUM) in another range of
SEPUL CUITents; COMPrising

a local power supply, 3 state machine, a digitai-to-analog converler, a comparator,
and a clock coupled together in an operatle manney, wheretn the state maching yeceives a
target current and the comparator compares 3 sense current from the converter with the
target current, and the comparison s fod w0 the state machine o rospectively provide a
control stgnal o the switely;

the state maching i able 1o recotve and measiwe frowm the converter power siage
X

e

‘ ‘\

the inductor value so that the converter powey stage is able to provide an average current

of the convertey powsr stage when the converter power stage operates in DUM.

18, The curvent controller sccording 0 Clwim 17, wherein the inductor value s abis to
be determined from a rate of rise of an inductor current through the inductor when the

contrel switch s on.

14, The current controlley according to Claim 17, the sia aching is able to recetve

and measure from the converter power stage an input-io-oulput conversion ratio,

20, The curvent conivoller according to Claim 198, wherein the input-to-ouiput
conversion ratin is able o be determined from a ramp-ap time of the indoctor carrent and

a ramp-down time of the inductor owrent.

21, The current controller according to Claten 18, whereln a seuse cutrent is able o be
detected of the control switeh and whereln the tnpul-to-output conversion ratio i able to

be determaned by hurning the condrol switeh on at least @ second time within a switching

perind before the inductor current degays 0w
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22, The current controller according to Claim 21, whereln at least one additional pulse s
triggeved after the inductor current decays (o 2ero so that 3 total charge S the inductor

current over the swilching period is & simple multiple of # charge for a normal single

pulse over a normal switching period for the inductor current,

23, The current controller according o Claim 17, wherein the current controller is a hight

emitting diode {LED) current condralier,

24. The current contradler according to Clain 17, wherein the current controiler is

implomented in o single integrated cwenit,
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