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An Efficient Digital Sliding Controllerfor Adaptive
Power-SupplyRegulation
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Abstract—We propose a digital controller for adaptive
power-supply regulation that uses sliding control, which is a
widely used technique in switching power supplies for its fast
transient responseand robust stability. A novel reformulation
of the sliding control law enablesa simple and power-efficient
digital implementation. The referencecircuit canbe either adelay
line or a ring oscillator, and the sensor circuits for both cases
are discussed.The prototype chip fabricated in 0.254+m CMOS
technologydemonstratesa power efficiency of 89%—95% over the
regulatedvoltagerange of 1.1-2.3V.

Index Terms—Adaptive power-supply regulation, digital con-
troller, low power, sliding control.

I. INTRODUCTION

DAPTIVE power-supplyregulationis a techniquethat
saves power dissipationof a digital systemby reducing
the operatingfrequengy whenpeakperformances not needed
andby loweringthe supplyvoltageto the minimumrequiredto
supportthatfrequeng [1]-[8]. Like a switchingpower supply
an adaptve power supply usesa buck corverter for efficient
dc-to-dc corversion. A widely used control technique for
switching power suppliesis the analogsliding control, which
is known for its fast transientresponseand robust stability.
However, adaptve power-supplyregulatorscontrolthedelayof
the digital gatesinsteadof the voltage,anddigital controllers
which can make the circuits entirely digital becomemore
attractve. While previous work [2], [10] hasdemonstratec
digital controller using linear control, this paper presentsa
novel digital implementatiorof the sliding controller suitable
for theapplicationof adaptve power-supplyregulation[9].
Adaptive power-supply regulation maximizesenegy effi-
cieng/ by using the minimum supply voltage that meetsthe
timing requirements.An adaptve power-supply regulator
shavnin Fig. 1, is afeedbackcontrolloop wherethe controller
adjuststhe supply voltage V' through a buck corverter so
that the delay of the referencecircuit just fits in the desired
frequeny f..r. The referencecircuit indicatesthe highest
frequeng f atwhichthedigital systemcanoperateatthegiven
supply V. For this techniqueto be effective, the delay of the
referencecircuit must closely track the critical path delay of
the systemover processtemperatureand voltage variations.
Thus, the referencecircuit is usuallyimplementedas a delay
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Fig. 1. Adaptive power-supplyregulatoroverview.

line or aring oscillator consistingof digital gates[2]. For the

easeof integrationwith thedigital systembeingregulated,it is

desirablethat the controlleris also digital. Digital controllers
arealsofavorablebecauséhey arerobust,portable andcapable
of operatingat low voltages.

A numberof digital controllersfor adaptive power supplies
are presentedn the literature, but most of them operateat
fixed supply voltages becausethey mandatefixed timing
requirementsFor example, the pulse-widthmodulator-based
controllers[2]—[7] operateat fixed frequenciesand adjustthe
outputvoltageby modulatingtheduty cycle. Linearcontrollers
[2], [10] alsooperateatfixed frequenciedecause¢heir stability
is vulnerableto variationsin loop gain andpole/zerolocations
which vary with sampling frequeng. Wei [2] proposeda
schemethat adaptsthe loop parametersor variablesampling
rates,but the resultingcompleity is high. Another example,
a nonlinearcontroller proposedn [8] usesa fixed-pulsgvidth
schemewhich alsodemands fixed supplyvoltage.

Pawer efficienciesof the adaptve power-supplyregulators
operatingat fixed supply voltages degrade significantly at
low output voltages, becausethe controller pover remains
unchangedwhile the load power drops sharply We demon-
stratethat the proposeddigital sliding controller hastiming
requirementshatscalewith the desiredoperatingfrequeng of
the systemf,.;, S0 the controller can operateat this variable
frequeng and thus at the variable regulated supply voltage.
Thereforethe power dissipatiorof thedigital sliding controller
scaleswith theload power andthe controlleris highly efficient
evenatlow voltages.

The following sectionbegins with a review of sliding con-
trol andthendiscusseshe reformulationof the sliding control
law thatenables simpledigitalimplementationSectionlll de-
scribesthe circuit detailsof the digital sliding controller and
SectionlV analyzegshe measurememnesultsfrom our 0.254:m
CMOS prototypechip.
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Fig.2. Block diagramof the buck regulatorusingsliding control.

Il. SYSTEM ARCHITECTURE

A. Sliding Control

Sliding control [12], [13] is a nonlinearcontrol mechanism
widely usedin switchingpower suppliesbecausef its robust
stabilityandfasttransientesponserheblockdiagramin Fig. 2
illustratesthe buck regulatorusingsliding control. The sliding
controlleris shovn asusedin switching power supply which
controlsthe outputvoltage V' to follow the referencevoltage
V;ef-

The controller switchesthe buck corverter eitherto 0 or
to V4, basedon the output of the compensatgmwhich is the
voltage error scaledby 1/7 plus the dervative of the error
Hysteresisn the comparatotimits the switchingfrequeng by
forming a limit cycle and also determineshe voltage ripple
magnitude Unlike in pulse-widthmodulator-basedontrollers
[2]x[7], the switchingfrequeng of the sliding controlleris not
fixed by an external sourcebut is a function of the reference
voltageV,.; andthe hysteresis.

Thefeedbackmechanisnis highly nonlineardueto thecom-
parator and its behaior canbe analyzedonly by looking at
the stateof the systemdirectly. Graphscalled phaseportraits
visualizethe systemstatesand help intuitive understandingf
sliding control[11].

We can model the buck cornverter as a second-ordelinear
systemasshavn in Fig. 3(a). Theinput of the buck corverter
u is eitherQ or V,,, andFig. 3(b) plotsthe transientresponse
for eachinput value,wherethe outputvoltageV shavs some
underdampedngingbut finally settlego theinputvaluew. The
stateof sucha second-ordesystemcan be expressecdy two
statevariablesthe outputvoltageV andits deriative dV'/dt.

Phaseportraitsplot the time trajectoriesof thesestatevari-
ablesV anddV/dt on the statespacewith the time variable
beingimplicit. Fig. 3(c) shawvs the phaseportraitsthat corre-
spondto thetransientresponsem Fig. 3(b). Somepointswith
identical statesare marked to guidethe mappingbetweentwo
plots. Note that eachpoint in the two-dimensionaktatespace
completelydescribes stateof thesecond-ordesystemThere-
fore, from ary giveninitial state,the systemis determinedo
behae asfollowing the phaseportraitthat originatesfrom the
correspondingointin thestatespaceFig. 4 plotsmoreof these
phaseportraitsfor the input valuesof 0 and V.

The sliding controllerusesthe informationof V' anddV/d¢
to control the output voltage by imposing a boundaryline,
as shavn in Fig. 4. Recall that the compensatorand the
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comparatorin Fig. 2 switchesthe buck corverterto O when
dV/dt + (V — Vier)/7 is positive andto V4 whenthe quan-
tity is negative, ignoring the hysteresisat this moment.The
equationdV/dt + (V — Vier) /7 = 0 correspondso the linear
boundaryin the statespaceshavn in Fig. 4. Thereforewe can
equivalently say that the sliding controller switchesthe buck
converterinputw to 0 whenthe stateis above theboundanyline

andto V,, whenit is belowv the boundaryline. The boundary
line dividesthe statespaceanto two regions,andthe stateof the
overall sliding control systemfollows the phaseportrait with

theinput thatcorrespondso theregion of the currentstate.

Noticein Fig. 4 thatthesephaseportraitsarepointingtoward
theboundaryline. Therefore from ary startingpoint, the state
of the systemwill first reachthe boundaryline, eitherfrom top
down or from bottomup. After reachingheboundarythestate
is thenconfinedontheboundaryline andslidesonit towardthe
settlingpoint, thusthe namesliding control. Theboundaryine
is alsocalledsliding surface

Oncethe stateis confined on the sliding surface,the system
behaes accordingto theequationdV/dt + (V — Vier) /7 = 0,
thatis equivalentto the behavior of a first-orderlinear system
with the time constantr. The behaior of sucha systemde-
pendson7 only andthefeedbacks robustly stableagainstother
parameterariations.However, sliding controlrequireshatthe
phaseportraitson eachregion direct toward the boundaryand
thereis a certainrangeof 7 that satisfes this so-calledsliding
condition A rule of thumbis thattrackingbandwidthl /7 can
be up to twice ashigh asthe resonanfrequeng of the buck
converter'sLC filter to satisfythe sliding conditionfor the en-
tire voltagerangefrom 0 to V.

As mentionedearliet the hysteresidn the comparatorcon-
trolstheswitchingfrequeng of thebuck corverterandthemag-
nitude of the outputvoltageripple. The comparatorin Fig. 2
switchesto 0 whenthe compensatooutputis greatethan+A
andto V,; whenit is lessthan—A. In the statespacejt means
thatthe boundaryline splitsinto two lines andthe steadystate
becomeslimit cycleformedbetweerthesewo lines,asshavn
in Fig. 5.

By exploiting the geometryof this phaseportrait, we cande-
rive the analyticalexpressionfor the switchingfrequeny f.w
andthe peak-to-pealoltageripple AV},, asbelov. Theseex-
pressionsareapproximationswhich hold for sufficiently small
Vi = AJw, andVy <« Ve € Vyg — Vi, wherew,, is the
resonanfrequeng of the buck corverter:

fo Wn Vet - (Viag — Veer)
VT2V Vaa
V2 Vaa
AV, =i . 1
P2 Vier s (Vag — Vier) @

The larger the hysteresisthe lower the switchingfrequeng
andthelargerthe voltageripple. The switchingfrequeng and
thevoltageripplealsovaryasafunctionof thereferencevoltage
Viet- At Vier = Vy4/2, the switchingfrequeny is at maximum
andthevoltagerippleis atminimum.Fromtheabove equations,
we canalsoderive therelationshipbetweenf,, andAV,,;:

Wy, VH é

fsw . A‘/pp = 4 = 4 .

)
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Fig. 4. Phaseportraitsof thesliding controller

B. Reformulatiorof Sliding Control

Unlike switching power suppliesthat regulate the voltage,
adaptve power suppliesregulatethe frequeny or the delay of
thereferencecircuits. Therefore the controlledvariablefor the
adaptie power-supplyregulatoris the frequeng f, insteadof
thevoltageV'. Thenthesliding controlrequiregheinformation
onthevariablef andits derivative df /dt andthedigital sliding
controllerneedsto estimatethe derivative df /d¢ which is not
directly available.

A digital controlleris a sampled-dataystemanda straight-
forwardapproacto estimatehederivativewouldbeto measure
thedifferencein frequeng f betweerthe presenandprevious
samplesHowever, this requiresa very high resolutionin de-

dvidth_
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Fig.5. Phaseportraitsfor thelimit cyclesduringlock.

tectingfrequeng, becausehe samplingrate hasto be greater
thanthe systemdynamicsby a sufiicient amountto avoid in-
stability dueto the loop delay andthereforethe changein fre-
queny f duringeachsamplingperiodis very small.

A betterapproachis insteadto measurdhe elapsedime At
for afixedchangen frequeng f, Af. Asdiscussedh thenext
section the referencecircuit measuredrequeng in an integer
numberof buffer delaysand thus can easily detectthe fixed
changein frequeng, which makes this schemea naturalfit.
Also, sincethe samplingrateis high, the resolutionin time is
high enoughto make accurateestimationof the dervative fea-
sible.

Expressedin the new controlled variable f, the sliding
control law for the adaptie power-supply regulator during
transientis to switch the buck converterdependingon the po-
larity of df /dt + (f — frer)/7. We first replacethe derivative
df /dt with Af/At as estimatedabove; Af is the constant
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Fig. 6. Block diagramof thedigital sliding controller

changein frequeny and At is the elaspedtime during that
change.After rearrangingthe resulted equation,we get an
equivalent but different form of the sliding control law: the
controldecisionis madeby comparingthe elapsedime At to
—TAf/(f — fret), OF =N /(f — fret), WhereN.. is aconstant
defnedasN, = 7Af.

At first glance,the quantity V. /(f — fret) S€EMSCUMDber-
someto measurebecausé is aconstantividedby adifference
in two frequenciesHowever, if we measur¢heelapsedime At
usingacountettriggeredatthefrequeny | f — frer|, Atisequal
to N/|f — fiet|, WhereN is thecount.Thenthesliding control
becomesrery simple: the control decisionis madesimply by
the comparisorbetweerthe countNV andtheconstantV,..

During lock, hysteresisin the comparatordeterminesthe
switching frequeng and the voltage ripple magnitude.The
direct implementationof the hysteresisagain requiresa high
resolutionin frequeng, so an equialent way, guaranteeing
the minimum pull-down time for the buck corverter is used
instead.During steadystate,the controllerwill not switch the
buck corverterfrom 0 to V,; unlessa certainlengthof time has
passedThe requiredminimum pull-down time is proportional
to A/ fret. Thereforeusingacountertriggeredatthefrequeng
fret, thecontrollaw duringlock is equivalentto seeingwhether
this count has reacheda fixed number Na. N is directly
relatedto the hysteresigparameter.

Thesenew forms of sliding control laws for both transient
andsteadystategreatly simplify the digital implementatiorof
the sliding controller which is discussechext.

.
A. Digital Sliding Controller

Fig. 6 illustratesthe overall block diagramof the digital
sliding controller which is basedon the new forms of sliding
control laws just described A finite-statemachine(FSM) se-
lectsthe appropriatedecisionsignaldependingon whetherthe
loopis in lock or notandsetstheinput to the buck corverterx..
During transientthe FSM selectghedecisionfrom the counter

CIRCUIT IMPLEMENTATION
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triggeredat the frequeny |f — f.t| (upperpath)and during
lock, it selectdrom the countertriggeredat the frequeng f,.r
(lower path).

The clock with a frequeny |f — f.t| IS generatedby
samplingthe clock with frequeng f atthefrequeny f..s. For
2f/3 < fret < 2f, thesampledoutputis alsoa periodicclock
andits frequeng is equalto the differencein two frequencies.
Sincethis clock is usedonly duringtransientwhen f and f..¢
are differentand only the averagefrequeng of this clock is
important,notthe exactphasethe metastabilityof the sampler
flip-flop is not a major concern.The clock with a frequeng
|/ — fret| IS thenusedto trigger the counter which measures
theelapsedime duringafixedchangen frequeng A f. During
transientthe FSM compareshis countto a designconstantV..
and usesthe additionalinformation suchasthe error polarity
(error) andthe directionof the frequengy change(up, dn) to
male control decisionsbasedon the comparisorbetweenAt
and —7Af/(f — frer). Whenthe frequeng f is too high or
too low out of the detectionboundof the sensorthe FSM just
drives the buck corverterhardtowardthelock.

Duringlock, thefrequeng dithersaroundthereferencepoint
andthesensodetectsiochangen f aslargeasA f. SotheFSM
makes the decisionsbasedonly on the error polarity andthe
guaranteedninimum pull-down time. Whenthe error f — f.er
turnsfrom negative to positive, the buck corverterinput « im-
mediatelyswitchedrom V4 to 0. However, whentheerrorturns
from positiveto negative, theinput« will notswitchbackto V,
unlessthe countertriggeredatthefrequeny f..; hasreached
certaincount, Na.

The sensormeasureshe quantizederror betweenf — fier
and detectsa quantumchangein the error The sensomeeds
to provide the FSM with the inputs, suchasthe error polarity
(error), whetherock is reachedlock), whethertheerrorhas
changeddy a quantumandits direction (up, dn) andwhether
thefrequeng f is out of thedetectionbound(high, low).

Thedetailedcircuitimplementatiorof thesensois described
in the next subsection$or bothreferencecircuitsbasedon the
delayline andthering oscillator

B. Delay-Line-Base&ensor

The implementationof the sensoris shovn in Fig. 7 along
with thereferencecircuitimplementedasa delayline. Theref-
erencecircuitis achainof fanout-of-dinverters suppliedby the
regulatedvoltage V. The referenceclock is first divided by 8
andlauncheddown thedelayline. After a half cycle, thebinary
phasedetectorssamplethe delayline, detectingthe positionof
the clock edge.Thefartherthe edgehastraveleddown the the
line, the higheroperatingfrequeny f the referencecircuit in-
dicates.

We assumehatthe critical pathdelayof the systemis equal
to 20 fanout-of-dinverterdelays,andthereforetheloopis con-
sideredockedwhentheclock edgeis foundatthe80thinverter
output.Twentyphasealetectorareplacedateveryotherinverter
from the 62ndto the 100thandthis configurationcanprovide a
quantizedneasuref f from3/4 - f..s t05/4 - frer, With auni-
form resolutionof f,.;/40(= Af).

Whenthe voltageis very low, there can be multiple clock
edgeson thedelayline, sothe priority encodera seriesof OR
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Fig. 7. Circuit detailsof the sensomwith the referencecircuit basedon a delayline.

gates,ensureghatonly the first edgeis detectedAfter theen-
coding,the outputcorrespondingdo the 80thinverterindicates
the polarity of theerror, f — f.or (error), andtheoutputscor-
respondingo the 62ndandthe 100thindicatewhetherf is out
of themeasuremerttound(low andhigh, respectrely).

Thearrayof logic cellsshovn in Fig. 7 detectgdhechangen
frequeng f by storingthe previousstateof the phasedetectors
and comparingit with the presentstate.Whenthe outputof a
certainphasedetectorchangeswe considerthatthe frequeng
f is crossingthe quantizationboundarycorrespondingo that
phasedetectorWheneer f crosseghe quantizatiorboundary
the sensortriggersthe FSM to make control decisionsby as-
sertingeitherup or dn signal.

Sincethe clock edgebeing detectedis a falling edge,the
frequeng f is consideredncreasedup) if the phasedetector
outputchange$rom 1to 0O anddecreaseftn) if it change$rom
0 to 1. Sincethe priority encoderensuresnly oneclock edge
on the delayline andthe sensordoesnot needto measurghe
actualvalue of error, but only its polarity andthe direction of
its changeup anddn signalsfrom eachlogic cell arecollected
throughthe seriesof OR gatesto provide the aggreateoutputs.

However, it is possiblethat the frequeng f dithersaround
the samequantizationboundary for example,a certainphase
detectoroutputchangegrom 0 to 1 andthenbackto 0. Thisis
thecasewhentheloopisin lock andf dithersaroundtherefer-
encepoint. Whenthishappensthefrequeng f hasnotchanged
comparedo thelastboundary-crossingventandthereforethe

detectedchangeis zero. The S-R flip-flop of eachlogic cell
storesthe informationwhetherthe correspondingjuantization
boundaryhasbeencrossedn the lastevent. The S-R flip-flop
is setwhenthe phaseletectoroutputchangesndis resetwhen
theadjacenphasealetectooutputsareequal.Sowhenthesame
boundaryis crossedwice consecutiely, the logic cell asserts
bothup anddn, triggeringthe FSM andindicatingthatcrossing
eventhashappenetut it hasdetectedchochangen frequeny f.
The outputof the S-R flip-flop correspondingo the 80th in-
verteris usedto determinevhethertheloopis in lock (Lock).

Noticethatthecritical pathdelayof the sensorcircuit scales
with V" and f, sincethe clock propagitesdown the delayline
firstandthe processedignals,up anddn, propagtebackfrom
wherethe clock edgeis detectedTherefore the digital sliding
controller can operateat the regulatedvoltage V' and at the
referencerequeny f..r andthe power dissipationof the con-
troller scaleswith thatof thesupportedligital systemtherefore
keepingthe controllerpower overheadconstantandthe power
efficiengy high over awide rangeof operation.

C. Ring-Oscillator-Base&®ensor

Thereferencesircuit canalsobeimplementedisaring oscil-
lator. Fig. 8 shavsthesensorircuit detailsfor suchareference
circuit. This sensorcostsmuchlessareathanthe onebasedon
adelayline becausd basicallyfoldsthedelayline into asmall
ring oscillator
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Fig. 8. Circuit detailsof the sensowith thereferencecircuit basedon aring oscillator

Thering oscillatorasthereferencecircuit operateoff of the
regulatedvoltageV andits frequeng indicatesthe highestfre-
gueny f atwhich the systemcanoperate Thering oscillator
resetstselfto aknown stateevery divided-by-4referenceclock
cycle in orderto launchthe clock edgefrom a known position
every time. Thena 3-b counterwith saturationcountsthe fre-
gueng of thisoscillatorduringa half periodof thedivided-by-4
referenceslock. Phaseletectorsamplehepositionof theclock
edgeto provide finer resolutionin frequeng detection.

Again, we assumehat the critical pathdelay of the system
is equalto 20 fanout-of-4inverter delays.Since eachbuffer
stageof the five-stageaing oscillatorhasa fanout-of-4inverter
delay theloopis consideredockedif thefrequeng counterhas
counted4 andthe clock edgeis found at the initially launched
point. Thefrequeng f is consideredoo high (high) if thefre-
gueng countis greaterthan6 andtoo low (low) if lessthan
2. Therefore,this configuration provides the quantizedmea-
sureof f from fiet/2 t0 3 fret /2, With @ uniform resolutionof
fref/40(: Af)

Similarto the sensotbasedn a delayline, thearrayof logic
cellsdetectshechangen frequeng f by comparinghepresent
and previous outputsof the phasedetectors However, unlike
the delay-line case,the clock edgebeing detectedcan be ei-
therrising or falling, becausehe oscillatorinvertsitself every
half cycle. Sowhetherthefrequeng f hasincreasedup) or de-
creaseddn) is decideduponthe changeof the phasedetector
outputandthe outputsof the adjaceniphasedetectorsFor ex-

ample,if one of the phasedetectoroutputschangedrom 1 to

0 andif the phasedetectotbeforeit hasthe outputof 0 andthe

oneafterit hasthe outputof 1, the frequenyg f is considered
increasedOtherthanthat, therestof the circuitsoperaten the

samemannerasthelogic cellsin the sensobasednthedelay
line.

D. Discontinuousviode Operation

It is alsoimportantto keepthe efficiency high over a wide
rangeof load currents At low load currents actively switching
the buck corverter high andlow can causethe currentto cir-
culate through the inductor which can significantly degrade
the power efficiency by dissipatingmostof the power through
the seriesresistancef the power transistorgatherthanat the
load. A commontechnique calleddiscontinuousnodeopera-
tion, avoidsthiscirculatingcurrentby driving thebuckcorverter
highfor awhile andlettingit float until thevoltagedropsbelov
the referenceratherthanactively driving it low. During lock,
the frequeng f dithersaroundthe referenceand the sliding
controllermakes control decisionssolely on the error polarity
andthe guaranteedninimum pull-down time. This schemeis
compatiblewith the discontinuousmode operation.Thus the
buck corvertercanimprove its efficiency at low loadssimply
by disablingthe pull-down driverswhenthecirculatingcurrent
is detectedHowever, during transientthe sliding control law
requiresthatthe buck corvertermustoperatan normalcontin-
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Fig. 9. Prototypechip micrograph.

TABLE |
PrROTOTYPE CHIP CHARACTERISTICS

uousmode.Sothe pull-down driver is disabledonly whenthe
sensolindicatesthattheloopis in lock.

IV. MEASUREMENT RESULTS

Ourdigital sliding controllerfor adaptve power-supplyregu-
latorwasfabricatedn NationalSemiconductod.25+:m CMOS
technology The prototypechip micrographis shawvn in Fig. 9.
The prototypechip usesthe delay line implementatiorof the
sensorlts characteristicare summarizedn Tablel. Thering
oscillatorimplementationof the sensoris also fabricatedand
currently undertest. Sincethesesensorshave the sameinter-
faceandperformthe samefunction,their performancesreex-
pectedo besimilar, exceptthatthering-oscillator-basedensor
occupiesA0%lessareaandoperatesat 100%higherfrequeny
(frer/4) thanthe delay line basedsensor The buck corverter
useson-chippowertransistorandoff-chip inductorandcapac-
itor.

The power dissipationof the controllerandthe power effi-
cieng of the regulatoraremeasuredt variousreferencevolt-
ages/frequencieandplottedin Fig. 10. Thecontrolleroperates
at the variablefrequeng andvoltage,soits power dissipation
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scalesas V? f, as shavn in Fig. 10(a). Sincethe load power
scalesin the sameway, V2 f, the overheadof the controller
power remainsasa constanportion of thetotal power, andthe
power efficienciesaremainly limited by thebuck corverterloss
itself. For testingpurposesye modulatedan on-chipresistie
loadin orderto scaletheload power asthatof atypical digital
system,V2f.

Whenthe load currentis high, actively switchingthe buck
converterhigh andlow by operatingin the continuousmodeis
moreefficient,asshovnin Fig. 10(b). The measuregbower ef-
ficiengy rangedrom 89%to 95%astheregulatedvoltagevaries
from 1.1to 2.3V andthe main power lossis dueto the series
resistancef thepowertransistorsHowever, whentheloadcur-
rentis low, continuous-modeperatiorcirculatesalargecurrent
backandforth acrossheinductor yetthe averageload current
is low. Sotheseriedossof thepowertransistordecomesiom-
inantof thetotal power andthe power efficiency degradessig-
nificantly, as shavn in Fig. 10(c),in which casethe buck con-
verteris driving no loadsexceptits controlleritself. However,
asmentionedn the previoussectionfor smallloads,operating
in discontinuougnode can avoid circulating currentsby dis-
abling the pull-down driver during lock. Fig. 10(d) shows the
improvementsof the power efficienciesfor the samesituation
in Fig. 10(c).

Thedatapointat 1.1V in Fig. 10(d) is missingbecauséahe
controllercould not properlyturn the buck corverterinto dis-
continuougnodeoperationBelow 1.1V, thelow samplingrate
(fret/8 < 16 MHz) causesa long loop delaythat lets the fre-
queny f reachthe next quantizatiorboundarybeforeit is de-
tected Sincethefrequeng f doesnotstayonly onthereference
but reacheghe adjacentboundariesthe sensordoesnot assert
the lock indication signal and doesnot disablethe pull-down
driver. This problemcanbemitigatedby having eitherthelower
resonanfrequeng of thebuck corverteror thehighersampling
rate(frer/4 insteadof fi.r/8).

As mentionedin Sectionll, the switchingfrequeng of the
sliding controlleris not fixed externally but variesasa func-
tion of Vier (Or fif) andthe hysteresisA (or Na). Equation
(1) predictsthatthe switchingfrequeng shouldincreaserom
0 to V4/2 andthendecreasabove V,,/2, andthe measure-
mentsverify thatthisis generallythe caseasshovnin Fig. 11.
However, lower switching frequenciesand larger voltagerip-
plesthan predictedare obsened at low voltages whereagain
the low samplingratescauselongerloop delays,which effec-
tively increasethe hysteresisof the feedback As predictedin
(2), the voltageripple magnitudeshould vary as the inverse
function of the switchingfrequeng, but the strongcorrelation
hasnotbeenobseredbecausef thenoisefrom theoff-chip en-
vironment.Evenwith thesenoisestheworst-cas@eak-to-peak
voltagerippleis still lessthan15mV in all operatingranges.

The transientresponseof the digital sliding controller is
showvnin Fig. 12(a)whenthereis a stepchangen thereference
frequeng. The plot shavs two transientphasesFirst, when
the voltage is out of the measurementange of the sensor
the voltageis driven just hardtoward the locking point. Once
the voltage comeswithin the measurementange,the sliding
control starts switching the buck corverter and settles the
voltageto thefinal value. The worst-cas€99% settlingtime is
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(@) (b)

© (d)

Fig.10. Powerefficienciesof thedigital sliding controller (a) Paverdissipatiorof thecontroller (b) Paverefficiencieswhenoperatingn cortinuousmodewith
highload currents(c) In continousmodewith low load currents(d) In discontinuousnodewith low load currents.

Fig. 11. Switchingfrequeng andvoltageripple. Fig. 12. Transientresponse®f the digital sliding controller (a) For a step
changen referencdrequeny ... (b) For astepchangean load current,from

L. . . 0to 80 mA.
lessthan80 u:s, which is fasterthanmostswitchingregulators

usinglinear control with the comparableesonanfrequencies

of the buck corverter dcvoltagelevel wasobseredastheloadcurrentvaries because
Fig. 12(b)shavstheloadtransientesponseThestepchange thevoltagewas measureaff the chip andtheregulatortriesto

in load currentwas from 0 to 80 mA andthedisturbedvoltage compensat¢he voltagedrop betweernthe on-chipandoff-chip

recoversto its valuewithin 10 us. A slightdisplacemenofthe nodes.
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V. CONCLUSION

We proposeda digital controller that usessliding control
for adaptve power-supply regulation. Sliding control is a
widely used techniquein switching power suppliesfor its
robust stability and fasttransientresponseput reformulation
of the sliding control law was necessaryo male the digital
implementationsimple and cost low area.We presentedhe
sensordor both typesof the referencecircuits, delayline and
ring oscillator andthe sensorbasedon a ring oscillator costs
over 40% lessareathan the one basedon a delay line. The
proposedcontroller operatesat the variable systemoperating
frequeny f..; and at the variable regulatedvoltage V, thus
the controllerpower overheadscaleswith theload power. The
prototype chip demonstratechigh efficiencies of 89%+95%
over wide operatingrangeand fast transientresponseof less
than80-us settlingtime.
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