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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 canbeeither a delay
line or a ring oscillator, and the sensor circuits for both cases
are discussed.The prototype chip fabricated in 0.25- m CMOS
technologydemonstratesa power efficiencyof 89%–95% over the
regulatedvoltagerange of 1.1–2.3V.

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

I. INTRODUCTION

A DAPTIVE power-supplyregulation is a techniquethat
saves power dissipationof a digital systemby reducing

theoperatingfrequency whenpeakperformanceis not needed
andby loweringthesupplyvoltageto theminimumrequiredto
supportthat frequency [1]–[8]. Like a switchingpower supply,
an adaptive power supply usesa buck converter for efficient
dc-to-dc conversion. A widely used control technique for
switchingpower suppliesis the analogsliding control, which
is known for its fast transientresponseand robust stability.
However, adaptivepower-supplyregulatorscontrolthedelayof
the digital gatesinsteadof the voltage,anddigital controllers
which can make the circuits entirely digital becomemore
attractive. While previous work [2], [10] hasdemonstrateda
digital controller using linear control, this paper presentsa
novel digital implementationof the sliding controller, suitable
for theapplicationof adaptive power-supplyregulation[9].

Adaptive power-supply regulation maximizesenergy effi-
ciency by using the minimum supply voltage that meetsthe
timing requirements.An adaptive power-supply regulator,
shown in Fig. 1, is a feedbackcontrolloopwherethecontroller
adjusts the supply voltage through a buck converter so
that the delay of the referencecircuit just fits in the desired
frequency . The referencecircuit indicates the highest
frequency atwhichthedigital systemcanoperateat thegiven
supply . For this techniqueto be effective, the delayof the
referencecircuit must closely track the critical path delay of
the systemover process,temperature,and voltagevariations.
Thus, the referencecircuit is usually implementedasa delay
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Fig. 1. Adaptive power-supplyregulatoroverview.

line or a ring oscillatorconsistingof digital gates[2]. For the
easeof integrationwith thedigital systembeingregulated,it is
desirablethat the controller is alsodigital. Digital controllers
arealsofavorablebecausethey arerobust,portable,andcapable
of operatingat low voltages.

A numberof digital controllersfor adaptive power supplies
are presentedin the literature, but most of them operateat
fixed supply voltages becausethey mandatefixed timing
requirements.For example, the pulse-widthmodulator-based
controllers[2]–[7] operateat fixed frequenciesandadjustthe
outputvoltageby modulatingthedutycycle.Linearcontrollers
[2], [10] alsooperateat fixed frequenciesbecausetheirstability
is vulnerableto variationsin loop gain andpole/zerolocations
which vary with sampling frequency. Wei [2] proposeda
schemethat adaptsthe loop parametersfor variablesampling
rates,but the resultingcomplexity is high. Another example,
a nonlinearcontrollerproposedin [8] usesa fixed-pulsewidth
scheme,which alsodemandsa fixedsupplyvoltage.

Power efficienciesof the adaptive power-supplyregulators
operating at fixed supply voltages degrade significantly at
low output voltages,becausethe controller power remains
unchangedwhile the load power drops sharply. We demon-
stratethat the proposeddigital sliding controller has timing
requirementsthatscalewith thedesiredoperatingfrequency of
the system , so the controller can operateat this variable
frequency and thus at the variable regulatedsupply voltage.
Therefore,thepowerdissipationof thedigital slidingcontroller
scaleswith theloadpower andthecontrolleris highly efficient
evenat low voltages.

The following sectionbegins with a review of sliding con-
trol andthendiscussesthereformulationof thesliding control
law thatenablesasimpledigital implementation.SectionIII de-
scribesthe circuit detailsof the digital sliding controller, and
SectionIV analyzesthemeasurementresultsfrom our0.25- m
CMOSprototypechip.
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Fig. 2. Block diagramof thebuck regulatorusingsliding control.

II. SYSTEM ARCHITECTURE

A. SlidingControl

Sliding control [12], [13] is a nonlinearcontrol mechanism
widely usedin switchingpower suppliesbecauseof its robust
stabilityandfasttransientresponse.Theblockdiagramin Fig.2
illustratesthebuck regulatorusingsliding control.Thesliding
controller is shown asusedin switchingpower supplywhich
controlsthe output voltage to follow the referencevoltage

.
The controller switchesthe buck converter either to 0 or

to , basedon the outputof the compensator, which is the
voltage error scaledby plus the derivative of the error.
Hysteresisin thecomparatorlimits theswitchingfrequency by
forming a limit cycle and also determinesthe voltageripple
magnitude.Unlike in pulse-widthmodulator-basedcontrollers
[2]±[7], theswitchingfrequency of thesliding controlleris not
fixed by an external sourcebut is a function of the reference
voltage andthehysteresis.

Thefeedbackmechanismis highly nonlineardueto thecom-
parator, and its behavior can be analyzedonly by looking at
the stateof the systemdirectly. Graphscalledphaseportraits
visualizethe systemstatesandhelp intuitive understandingof
sliding control [11].

We can model the buck converter as a second-orderlinear
system,asshown in Fig. 3(a).The input of thebuck converter

is either0 or , andFig. 3(b) plots the transientresponse
for eachinput value,wherethe outputvoltage shows some
underdampedringingbut finally settlesto theinputvalue . The
stateof sucha second-ordersystemcanbe expressedby two
statevariables:theoutputvoltage andits derivative .

Phaseportraitsplot the time trajectoriesof thesestatevari-
ables and on the statespacewith the time variable
being implicit. Fig. 3(c) shows the phaseportraitsthat corre-
spondto thetransientresponsesin Fig. 3(b).Somepointswith
identicalstatesaremarked to guidethe mappingbetweentwo
plots.Note that eachpoint in the two-dimensionalstatespace
completelydescribesastateof thesecond-ordersystem.There-
fore, from any given initial state,the systemis determinedto
behave asfollowing thephaseportrait thatoriginatesfrom the
correspondingpointin thestatespace.Fig.4 plotsmoreof these
phaseportraitsfor theinput valuesof 0 and .

Thesliding controllerusesthe informationof and
to control the output voltage by imposing a boundaryline,
as shown in Fig. 4. Recall that the compensatorand the

comparatorin Fig. 2 switchesthe buck converter to 0 when
is positive andto whenthe quan-

tity is negative, ignoring the hysteresisat this moment.The
equation correspondsto the linear
boundaryin thestatespaceshown in Fig. 4. Therefore,we can
equivalently say that the sliding controller switchesthe buck
converterinput to 0 whenthestateis abovetheboundaryline
andto whenit is below the boundaryline. The boundary
line dividesthestatespaceinto two regions,andthestateof the
overall sliding control systemfollows the phaseportrait with
theinput thatcorrespondsto theregionof thecurrentstate.

Noticein Fig. 4 thatthesephaseportraitsarepointingtoward
theboundaryline. Therefore,from any startingpoint, thestate
of thesystemwill first reachtheboundaryline, eitherfrom top
down or from bottomup.After reachingtheboundary, thestate
is thenconfinedontheboundaryline andslidesonit towardthe
settlingpoint, thusthenamesliding control. Theboundaryline
is alsocalledsliding surface.

Oncethestateis confinedon thesliding surface,thesystem
behavesaccordingto theequation ,
that is equivalentto the behavior of a first-orderlinearsystem
with the time constant . The behavior of sucha systemde-
pendson onlyandthefeedbackis robustlystableagainstother
parametervariations.However, slidingcontrolrequiresthatthe
phaseportraitson eachregion direct toward theboundaryand
thereis a certainrangeof thatsatisfies this so-calledsliding
condition. A rule of thumbis that trackingbandwidth can
be up to twice ashigh as the resonantfrequency of the buck
converter’sLC filter to satisfythesliding conditionfor theen-
tire voltagerangefrom 0 to .

As mentionedearlier, the hysteresisin the comparatorcon-
trolstheswitchingfrequency of thebuckconverterandthemag-
nitudeof the output voltageripple. The comparatorin Fig. 2
switchesto 0 whenthecompensatoroutputis greaterthan
andto whenit is lessthan . In thestatespace,it means
that theboundaryline splits into two linesandthesteadystate
becomesalimit cycleformedbetweenthesetwo lines,asshown
in Fig. 5.

By exploiting thegeometryof thisphaseportrait,wecande-
rive the analyticalexpressionfor the switchingfrequency
andthepeak-to-peakvoltageripple asbelow. Theseex-
pressionsareapproximationswhich hold for sufficiently small

and , where is the
resonantfrequency of thebuck converter:

(1)

The larger thehysteresis,the lower theswitchingfrequency
andthe larger thevoltageripple. Theswitchingfrequency and
thevoltageripplealsovaryasafunctionof thereferencevoltage

. At , theswitchingfrequency is at maximum
andthevoltagerippleisatminimum.Fromtheaboveequations,
wecanalsoderive therelationshipbetween and :

(2)
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(a)

(b) (c)

Fig. 3. Phaseportraitexamples.(a) Linearmodelof thebuck converter. (b) Its transientresponses.(c) Phaseportraitscorrespondingto thetransient responses
in (b).

Fig. 4. Phaseportraitsof thesliding controller.

B. Reformulationof SlidingControl

Unlike switching power suppliesthat regulate the voltage,
adaptive power suppliesregulatethe frequency or thedelayof
thereferencecircuits.Therefore,thecontrolledvariablefor the
adaptive power-supplyregulatoris the frequency , insteadof
thevoltage . Thentheslidingcontrolrequirestheinformation
on thevariable andits derivative andthedigital sliding
controllerneedsto estimatethe derivative which is not
directly available.

A digital controlleris a sampled-datasystem,anda straight-
forwardapproachtoestimatethederivativewouldbetomeasure
thedifferencein frequency betweenthepresentandprevious
samples.However, this requiresa very high resolutionin de-

Fig. 5. Phaseportraitsfor thelimit cyclesduringlock.

tectingfrequency, becausethe samplingratehasto be greater
thanthe systemdynamicsby a sufficient amountto avoid in-
stability dueto the loop delay, andthereforethechangein fre-
quency duringeachsamplingperiodis very small.

A betterapproachis insteadto measuretheelapsedtime
for a fixedchangein frequency , . Asdiscussedin thenext
section,the referencecircuit measuresfrequency in an integer
numberof buffer delaysand thus can easily detectthe fixed
changein frequency, which makes this schemea natural fit.
Also, sincethe samplingrateis high, the resolutionin time is
high enoughto make accurateestimationof thederivative fea-
sible.

Expressedin the new controlled variable , the sliding
control law for the adaptive power-supply regulator during
transientis to switch the buck converterdependingon the po-
larity of . We first replacethe derivative

with as estimatedabove; is the constant
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Fig. 6. Block diagramof thedigital sliding controller.

changein frequency and is the elaspedtime during that
change.After rearrangingthe resultedequation,we get an
equivalent but different form of the sliding control law: the
controldecisionis madeby comparingtheelapsedtime to

, or , where is aconstant
definedas .

At first glance,the quantity seemscumber-
sometomeasure,becauseit isaconstantdividedbyadifference
in two frequencies.However, if wemeasuretheelapsedtime
usingacountertriggeredatthefrequency , isequal
to , where is thecount.Thentheslidingcontrol
becomesvery simple: the control decisionis madesimply by
thecomparisonbetweenthecount andtheconstant .

During lock, hysteresisin the comparatordeterminesthe
switching frequency and the voltage ripple magnitude.The
direct implementationof the hysteresisagain requiresa high
resolution in frequency, so an equivalent way, guaranteeing
the minimum pull-down time for the buck converter, is used
instead.During steadystate,the controllerwill not switch the
buckconverterfrom 0 to unlessacertainlengthof timehas
passed.Therequiredminimumpull-down time is proportional
to . Therefore,usingacountertriggeredat thefrequency

, thecontrollaw duringlock is equivalentto seeingwhether
this count has reacheda fixed number . is directly
relatedto thehysteresisparameter .

Thesenew forms of sliding control laws for both transient
andsteadystategreatlysimplify thedigital implementationof
thesliding controller, which is discussednext.

III. CIRCUIT IMPLEMENTATION

A. Digital SlidingController

Fig. 6 illustrates the overall block diagramof the digital
sliding controller, which is basedon the new forms of sliding
control laws just described.A finite-statemachine(FSM) se-
lectstheappropriatedecisionsignaldependingon whetherthe
loop is in lock or notandsetstheinput to thebuckconverter .
During transient,theFSMselectsthedecisionfrom thecounter

triggeredat the frequency (upperpath) and during
lock, it selectsfrom thecountertriggeredat thefrequency
(lower path).

The clock with a frequency is generatedby
samplingtheclock with frequency at thefrequency . For

, thesampledoutputis alsoa periodicclock
andits frequency is equalto thedifferencein two frequencies.
Sincethis clock is usedonly during transientwhen and
are different and only the averagefrequency of this clock is
important,not theexactphase,themetastabilityof thesampler
flip-flop is not a major concern.The clock with a frequency

is thenusedto trigger the counter, which measures
theelapsedtimeduringafixedchangein frequency . During
transient,theFSMcomparesthiscountto adesignconstant
andusesthe additionalinformationsuchas the error polarity
( ) andthedirectionof the frequency change( ) to
make control decisionsbasedon the comparisonbetween
and . When the frequency is too high or
too low out of thedetectionboundof thesensor, theFSM just
drives thebuck converterhardtowardthelock.

Duringlock, thefrequency dithersaroundthereferencepoint
andthesensordetectsnochangein aslargeas .SotheFSM
makes the decisionsbasedonly on the error polarity and the
guaranteedminimumpull-down time.Whentheerror
turnsfrom negative to positive, thebuck converterinput im-
mediatelyswitchesfrom to0.However, whentheerrorturns
frompositiveto negative, theinput will notswitchbackto
unlessthecountertriggeredat thefrequency hasreacheda
certaincount, .

The sensormeasuresthe quantizederror between
and detectsa quantumchangein the error. The sensorneeds
to provide the FSM with the inputs,suchasthe error polarity
( ), whetherlock is reached( ), whethertheerrorhas
changedby a quantumandits direction( ) andwhether
thefrequency is out of thedetectionbound( ).

Thedetailedcircuit implementationof thesensorisdescribed
in thenext subsectionsfor bothreferencecircuitsbasedon the
delayline andthering oscillator.

B. Delay-Line-BasedSensor

The implementationof the sensoris shown in Fig. 7 along
with thereferencecircuit implementedasa delayline. Theref-
erencecircuit is achainof fanout-of-4inverters,suppliedby the
regulatedvoltage . The referenceclock is first divided by 8
andlauncheddown thedelayline. After ahalf cycle,thebinary
phasedetectorssamplethedelayline, detectingthepositionof
theclock edge.Thefarthertheedgehastraveleddown the the
line, thehigheroperatingfrequency the referencecircuit in-
dicates.

We assumethatthecritical pathdelayof thesystemis equal
to 20 fanout-of-4inverterdelays,andthereforetheloop is con-
sideredlockedwhentheclockedgeis foundat the80thinverter
output.Twentyphasedetectorsareplacedateveryotherinverter
from the62ndto the100thandthisconfigurationcanprovidea
quantizedmeasureof from to , with auni-
form resolutionof .

When the voltageis very low, therecan be multiple clock
edgeson the delayline, so thepriority encoder, a seriesof OR
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Fig. 7. Circuit detailsof thesensorwith thereferencecircuit basedon a delayline.

gates,ensuresthatonly thefirst edgeis detected.After theen-
coding,theoutputcorrespondingto the80th inverterindicates
thepolarity of theerror, ( ), andtheoutputscor-
respondingto the62ndandthe100thindicatewhether is out
of themeasurementbound( and , respectively).

Thearrayof logic cellsshown in Fig. 7 detectsthechangein
frequency by storingthepreviousstateof thephasedetectors
andcomparingit with the presentstate.Whenthe outputof a
certainphasedetectorchanges,we considerthat thefrequency

is crossingthe quantizationboundarycorrespondingto that
phasedetector. Whenever crossesthequantizationboundary,
the sensortriggersthe FSM to make control decisionsby as-
sertingeither or signal.

Since the clock edgebeing detectedis a falling edge,the
frequency is consideredincreased( ) if the phasedetector
outputchangesfrom1to0anddecreased( ) if it changesfrom
0 to 1. Sincethepriority encoderensuresonly oneclock edge
on the delayline andthe sensordoesnot needto measurethe
actualvalueof error, but only its polarity andthe directionof
its change, and signalsfrom eachlogic cell arecollected
throughtheseriesof OR gatesto provide theaggregateoutputs.

However, it is possiblethat the frequency dithersaround
the samequantizationboundary, for example,a certainphase
detectoroutputchangesfrom 0 to 1 andthenbackto 0. This is
thecasewhentheloop is in lock and dithersaroundtherefer-
encepoint.Whenthishappens,thefrequency hasnotchanged
comparedto thelastboundary-crossingeventandthereforethe

detectedchangeis zero.The S-R flip-flop of eachlogic cell
storesthe informationwhetherthecorrespondingquantization
boundaryhasbeencrossedin the lastevent.TheS-R flip-flop
is setwhenthephasedetectoroutputchangesandis resetwhen
theadjacentphasedetectoroutputsareequal.Sowhenthesame
boundaryis crossedtwice consecutively, the logic cell asserts
both and , triggeringtheFSMandindicatingthatcrossing
eventhashappenedbut it hasdetectednochangein frequency .
The outputof the S-R flip-flop correspondingto the 80th in-
verteris usedto determinewhethertheloop is in lock ( ).

Noticethatthecritical pathdelayof thesensorcircuit scales
with and , sincethe clock propagatesdown the delayline
first andtheprocessedsignals, and , propagatebackfrom
wheretheclock edgeis detected.Therefore,thedigital sliding
controller can operateat the regulatedvoltage and at the
referencefrequency andthepower dissipationof thecon-
troller scaleswith thatof thesupporteddigital system,therefore
keepingthecontrollerpower overheadconstantandthepower
efficiency high over a wide rangeof operation.

C. Ring-Oscillator-BasedSensor

Thereferencecircuit canalsobeimplementedasaring oscil-
lator. Fig. 8 showsthesensorcircuit detailsfor suchareference
circuit. This sensorcostsmuchlessareathantheonebasedon
adelayline becauseit basicallyfolds thedelayline into asmall
ring oscillator.
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Fig. 8. Circuit detailsof thesensorwith thereferencecircuit basedon a ring oscillator.

Thering oscillatorasthereferencecircuit operatesoff of the
regulatedvoltage andits frequency indicatesthehighestfre-
quency at which the systemcanoperate.The ring oscillator
resetsitself to aknown stateeverydivided-by-4referenceclock
cycle in orderto launchtheclock edgefrom a known position
every time. Thena 3-b counterwith saturationcountsthe fre-
quency of thisoscillatorduringahalf periodof thedivided-by-4
referenceclock.Phasedetectorssamplethepositionof theclock
edgeto provide finer resolutionin frequency detection.

Again, we assumethat the critical pathdelayof the system
is equal to 20 fanout-of-4inverter delays.Sinceeachbuffer
stageof thefive-stagering oscillatorhasa fanout-of-4inverter
delay, theloopis consideredlockedif thefrequency counterhas
counted4 andtheclock edgeis foundat the initially launched
point.Thefrequency is consideredtoohigh ( ) if thefre-
quency count is greaterthan6 andtoo low ( ) if lessthan
2. Therefore,this configuration provides the quantizedmea-
sureof from to , with a uniform resolutionof

.
Similar to thesensorbasedonadelayline, thearrayof logic

cellsdetectsthechangein frequency bycomparingthepresent
andprevious outputsof the phasedetectors.However, unlike
the delay-linecase,the clock edgebeing detectedcan be ei-
ther rising or falling, becausethe oscillatorinvertsitself every
half cycle.Sowhetherthefrequency hasincreased( ) or de-
creased( ) is decideduponthe changeof the phasedetector
outputandtheoutputsof theadjacentphasedetectors.For ex-

ample,if oneof the phasedetectoroutputschangesfrom 1 to
0 andif thephasedetectorbeforeit hastheoutputof 0 andthe
oneafter it hasthe outputof 1, the frequency is considered
increased.Otherthanthat,therestof thecircuitsoperatein the
samemannerasthelogic cellsin thesensorbasedon thedelay
line.

D. DiscontinuousModeOperation

It is also importantto keepthe efficiency high over a wide
rangeof loadcurrents.At low loadcurrents,actively switching
the buck converterhigh and low cancausethe currentto cir-
culate through the inductor, which can significantly degrade
thepower efficiency by dissipatingmostof thepower through
the seriesresistanceof the power transistorsratherthanat the
load.A commontechnique,calleddiscontinuousmodeopera-
tion,avoidsthiscirculatingcurrentbydrivingthebuckconverter
highfor awhile andlettingit float until thevoltagedropsbelow
the reference,ratherthanactively driving it low. During lock,
the frequency dithersaroundthe referenceand the sliding
controllermakescontrol decisionssolely on the error polarity
andthe guaranteedminimum pull-down time. This schemeis
compatiblewith the discontinuousmodeoperation.Thus the
buck convertercanimprove its efficiency at low loadssimply
by disablingthepull-down driverswhenthecirculatingcurrent
is detected.However, during transient,the sliding control law
requiresthatthebuckconvertermustoperatein normalcontin-



KIM AND HOROWITZ: EFFICIENTDIGITAL SLIDING CONTROLLER FORADAPTIVE POWER-SUPPLY REGULATION 645

Fig. 9. Prototypechip micrograph.

TABLE I
PROTOTYPE CHIP CHARACTERISTICS

uousmode.So thepull-down driver is disabledonly whenthe
sensorindicatesthat theloop is in lock.

IV. MEASUREMENTRESULTS

Ourdigital slidingcontrollerfor adaptivepower-supplyregu-
latorwasfabricatedin NationalSemiconductor0.25- mCMOS
technology. Theprototypechip micrographis shown in Fig. 9.
The prototypechip usesthe delay line implementationof the
sensor. Its characteristicsaresummarizedin TableI. The ring
oscillator implementationof the sensoris also fabricatedand
currentlyundertest.Sincethesesensorshave the sameinter-
faceandperformthesamefunction,their performancesareex-
pectedto besimilar, exceptthatthering-oscillator-basedsensor
occupies40%lessareaandoperatesat 100%higherfrequency
( ) than the delay line basedsensor. The buck converter
useson-chippowertransistorsandoff-chip inductorandcapac-
itor.

The power dissipationof the controllerandthe power effi-
ciency of the regulatoraremeasuredat variousreferencevolt-
ages/frequenciesandplottedin Fig. 10.Thecontrolleroperates
at the variablefrequency andvoltage,so its power dissipation

scalesas , as shown in Fig. 10(a).Sincethe load power
scalesin the sameway, , the overheadof the controller
power remainsasa constantportionof thetotal power, andthe
powerefficienciesaremainly limited by thebuckconverterloss
itself. For testingpurposes,we modulatedanon-chipresistive
loadin orderto scaletheloadpower asthatof a typical digital
system, .

When the load currentis high, actively switching the buck
converterhigh andlow by operatingin thecontinuousmodeis
moreefficient,asshown in Fig. 10(b).Themeasuredpoweref-
ficiency rangesfrom89%to 95%astheregulatedvoltagevaries
from 1.1 to 2.3 V andthemainpower lossis dueto theseries
resistanceof thepowertransistors.However, whentheloadcur-
rentis low, continuous-modeoperationcirculatesalargecurrent
backandforth acrosstheinductor, yet theaverageloadcurrent
is low. Sotheserieslossof thepower transistorsbecomesdom-
inantof thetotal power andthepower efficiency degradessig-
nificantly, as shown in Fig. 10(c), in which casethebuck con-
verteris driving no loadsexceptits controlleritself. However,
asmentionedin theprevioussection,for smallloads,operating
in discontinuousmodecan 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).

Thedatapoint at 1.1 V in Fig. 10(d) is missingbecausethe
controllercould not properlyturn the buck converter into dis-
continuousmodeoperation.Below 1.1V, thelow samplingrate
( MHz) causesa long loop delaythat lets the fre-
quency reachthenext quantizationboundarybeforeit is de-
tected.Sincethefrequency doesnotstayonlyonthereference
but reachestheadjacentboundaries,thesensordoesnot assert
the lock indicationsignalanddoesnot disablethe pull-down
driver. Thisproblemcanbemitigatedby havingeitherthelower
resonantfrequency of thebuckconverteror thehighersampling
rate( insteadof ).

As mentionedin SectionII, the switchingfrequency of the
sliding controller is not fixed externally, but variesasa func-
tion of (or ) andthe hysteresis (or ). Equation
(1) predictsthat theswitchingfrequency shouldincreasefrom
0 to andthendecreaseabove , andthe measure-
mentsverify thatthis is generallythecase,asshown in Fig. 11.
However, lower switching frequenciesand larger voltagerip-
plesthanpredictedareobserved at low voltages,whereagain
the low samplingratescauselongerloop delays,which effec-
tively increasethe hysteresisof the feedback.As predictedin
(2), the voltage ripple magnitudeshould vary as the inverse
functionof the switchingfrequency, but the strongcorrelation
hasnotbeenobservedbecauseof thenoisefromtheoff-chipen-
vironment.Evenwith thesenoises,theworst-casepeak-to-peak
voltageripple is still lessthan15 mV in all operatingranges.

The transientresponseof the digital sliding controller is
shown in Fig. 12(a)whenthereis astepchangein thereference
frequency. The plot shows two transientphases.First, when
the voltage is out of the measurementrangeof the sensor,
the voltageis driven just hardtoward the locking point. Once
the voltagecomeswithin the measurementrange,the sliding
control starts switching the buck converter and settles the
voltageto the final value.Theworst-case99%settlingtime is
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(a) (b)

(c) (d)

Fig.10. Powerefficienciesof thedigital slidingcontroller. (a)Powerdissipationof thecontroller. (b) Powerefficiencieswhenoperatingin continuousmodewith
high loadcurrents.(c) In continousmodewith low loadcurrents.(d) In discontinuousmodewith low loadcurrents.

Fig. 11. Switchingfrequency andvoltageripple.

lessthan80 s, which is fasterthanmostswitchingregulators
usinglinear control with the comparableresonantfrequencies
of thebuck converter.

Fig.12(b)showstheloadtransientresponse.Thestepchange
in loadcurrentwas from 0 to 80 mA andthedisturbedvoltage
recoversto its valuewithin 10 s. A slight displacementof the

Fig. 12. Transientresponsesof the digital sliding controller. (a) For a step
changein referencefrequency

�

. (b) For a stepchangein loadcurrent,from
0 to 80 mA.

dcvoltagelevel wasobservedastheloadcurrentvaries,because
thevoltagewas measuredoff thechip andtheregulatortriesto
compensatethevoltagedropbetweentheon-chipandoff-chip
nodes.
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V. CONCLUSION

We proposeda digital controller that usessliding control
for adaptive power-supply regulation. Sliding control is a
widely used techniquein switching power supplies for its
robust stability and fast transientresponse,but reformulation
of the sliding control law was necessaryto make the digital
implementationsimple and cost low area.We presentedthe
sensorsfor both typesof the referencecircuits,delayline and
ring oscillator, andthe sensorbasedon a ring oscillatorcosts
over 40% lessareathan the one basedon a delay line. The
proposedcontroller operatesat the variablesystemoperating
frequency and at the variable regulatedvoltage , thus
thecontrollerpower overheadscaleswith the loadpower. The
prototype chip demonstratedhigh efficiencies of 89%±95%
over wide operatingrangeand fast transientresponseof less
than80- s settlingtime.
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