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1. Introduction

Poweringup canbe one of the mostdangerougventsan electricalsystemendurescurrentrushesin asthe circuit
passeshroughvoltagesthatareoutsideof the normaloperatingrangeandasdifferentsub-circuitsbeginfunctioning
soonerthanothers.Thosewithout muchelectronicsexperiencanightimagineaninstantaneoushangen voltageor
at least a gradual, monotonic rise at the power node:

Ideal power-up voltage transitions.

This might not be the case,however,especiallyas the circuits get more complexand the connectionto power is

initially intermittent,asin the caseof a bouncingswitch.In this article,we explorethe potentiallydestructivevoltage
spikesthat result from the seeminglyinnocuousact of applying power to a circuit with a low equivalentseries
resistance (ESR) capacitor across its power input.

As with many unexpectedoroblemsthat we encountelin electronics,the causesof the destructivespikeswe are
exploring here are the non-negligibleparasiticelementsof the componentsve try to idealize. The power supply
and power leads can have a relatively large inductance(L) that causesa large electromagnetieenergy buildup
whencharginga capacitor(C). Thatenergyis therein the magneticfield aroundthe wires evenafter the capacitor
voltagehasreachedhe powersupplyvoltage,andthe collapsingmagneticfield continuesdeliveringcurrentinto the
capacitorcausingts voltageto continuerising. Thatvoltagecanriseto severatimesthe powersupplyvoltagebefore
themagnetidield is exhaustedwhichthencauseshe currentto flow in theotherdirectionasthe capacitordischarges
backinto the powersupply.This charginganddischargingof the capacitorcanhapperafew timesbeforethe system
stabilizes, and the frequency of the oscillations is determined by the inductance and capacitance (L and C).
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Oscilloscope capture showing LC spike voltage (yellow) and current (green).

Capacitors(and wires) have a prominentparasiticfeatureof their own, known as the equivalentseriesresistance
(ESR).On older capacitorsthat resistancgendedto be high enoughto dampenthe LC oscillationto the point that

any spikeswere negligible or evennon-existentHowever, newer,increasinglycommonceramiccapacitorshave

extremely low ESRs that are generally a benefit but do very little to dampen LC oscillations.

TheseL C-inducedvoltagespikesand oscillationsmight last for only a few milliseconds,so theyOreot something
you would evennoticeif you werenOlboking for them.However,the spikescanlastlong enoughto destroyyour
electronicssoitOglefinitely worth beingawareof. The problemcanbe exacerbatetty mechanicaswitch bouncing,
which canintroducea newsetof spikeswith eachbounceof the contactsWe hopethatthe oscilloscopescreershots
we provideherewill helpillustratethis phenomenomo makeit easierto understandndrememberandwe suggesta
few techniques for limiting the problem.
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2. Test Setup

Thecircuit for this testconsistof justthreemaincomponentsa powersupply,a switch,anda capacitor We observe
thevoltageacrosshe capacitomwith anoscilloscopeo seethe start-uptransientgo which a circuit, representetty a
load resistor, would be exposed if it were powered this way. A schematic diagram of the test circuit is shown below:

Schematic diagram for using an oscilloscope to measure the voltage across a capacitor after a
switch is closed.

The capacitorwe usedis a 10 uF (nominal;we measuredt to be approximatelyd uF) multi-layer ceramiccapacitor
(MLCC) in a 1206 surface-mounpackagewhich we solderedo a 2-pin male headetrto allow for easybreadboard

use:

Ceramic capacitor soldered to 2-pin male
header for breadboard use.

The capacitorselectionis importantbecauseother typesof capacitorssuchas electrolytic capacitorshave much
higherequivalenseriesesistanc€ESR),whichdampenshe spikeswe areexploring.Low ESRis oftenagoodthing,
and the small size of ceramic capacitors makes them very common in small, mass-produced electronics products.

With a representative capacitor selected, we tested a typical setup with a bench power supply and power clips:
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LC spike test setup showing bench power supply with 36"
power leads.

We conducted our tests both with mechanical switches and with the Pololu pushbutton power
switch [http://www.pololu.com/catalogiroduct/750], andwe laterreplacedhe powersupplywith abatteryandshorterleads.
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3. Initial Results

We first tested the system using the bench power supply and a small slide switch:

LC spike test setup with slide switch.

Thepowersupplywassetto 12 V. Thetestclips are20 AWG and36" long, which aretypical of whatmight beused
in most electronics prototyping benches.

We repeatediflipped the switch until we captureda bounce-fredransition(seethe nextsectionfor moreon switch
bouncing):
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Oscilloscope capture showing LC spike voltage (yellow) and current (green).

Thereareseveralnoteworthyfeatureso the abovetraces Most striking is the magnitudeof thefirst spike,which at
almost40V is morethanthreetimesthe 12V we wereattemptingto apply to the circuit. We alsoseethatthereare
four peaksabovel5V. The potentiallydestructiveimplicationsof the LC transientsareclear:12 V might seemlike
a safevoltageto apply to a devicewith a maximumvoltagerating of 15V, but the casualapplicationof the 12V
repeatedly subjects the device to voltages outside the allowable range.

We alsoseethatthe frequencyof the oscillationsis just under100kHz, which with a capacitancef approximately
9 uF indicatesthatthe wire inductancds a few hundrednH, which is consistenwith whatwe would expectfor the
36" leads.
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4. Switch Bouncing

Switch bouncingis anothemreal-world problemthat happengoo quickly for humanperceptiorbut which candoom
an electronicsproject. Whena switch is toggled,contactshaveto physicallymovefrom onepositionto another As
the component®f the switch settleinto their new position,they mechanicallybounce causingthe underlyingcircuit
to beopenedandclosedseveratimes.Forembeddedystemslesignersthe mostcommonexposureo the problemis
with userinterfaceswitches;jn which propercaremustbetakento correctlycountthe numberof timesa userpresses
and releases a switch.

Oscilloscope capture of the Oscilloscope capture of the Oscilloscope capture of the
output voltage of a small output voltage of a small output voltage of a small
mechanical switch as it bounces. mechanical switch as it bounces. mechanical switch as it bounces.

In our powerswitchandLC spikecontext,nowever eachadditionalbounceof the switchcontactscanunleashafresh
setof spikes,jncreasinghelikelihood of destroyinghecircuit weOréurningon. The problemusuallygetsworsewith

physicallylargerswitchesthat are necessaryor higher-powerapplicationssincethe largerswitchestendto bounce
for a longer time.

Oscilloscope capture of the Oscilloscope capture of the Oscilloscope capture of the
output voltage of a large output voltage of a large output voltage of a large
mechanical switch as it bounces. mechanical switch as it bounces. mechanical switch as it bounces.

Toisolatetheswitchbouncingeffectsfrom the LC effects theswitchbouncingscreershotsaboveweretakenwithout
a capacitorOncewe putthe capacitotbackinto the circuit, we canseethe potentiallydevastatinggombinedeffect of
the bouncing and the LC spikes:
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Oscilloscope capture of the LC voltage spikes caused by a large bouncing mechanical switch.

The resultscanbe evenworsewhena switch isnOusedat all and poweris insteadappliedby touchinga wire to a
circuit or by plugging in connectors.
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5. Limiting the Magnitude of the LC Spikes

There are several ways to limit the magnitude of the initial LC transients weOve seen so far:

¥ Limit lead inductance
¥ Add resistance to the LC circuit
¥ Add a large, high-ESR capacitor across (in parallel with) the low ESR capacitor

Limiting Inductance

Reducingleadinductancds anobviousway to mitigatethe problemcausedy leadinductanceThe primary way to
reducetheinductancas to useshorter thickerwires. This might not alwaysbe practical,but limiting LC transientss
justoneof severagoodreasongor avoidingexcessiveljyong wiresin your designgothersincludelimiting resistance
and reducing noise generation or susceptibility).

With the same power switch used earlier but with a battery and shorter leads we see the result is slightly improved:
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Oscilloscope capture of the voltage (yellow) and current (green) when using a battery with short
leads.

The chargedbatteryvoltageis over 13V, sothe 25V peakwe seehereis now lessthandoublethe voltageweOre
intendingto apply. It could still destroysomecomponentsbut thereare manymorethatcansurvive25V thancan
survive 40V.
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Adding Series Resistance

Unfortunately,weOresstill left with a potentially destructivetransientandin casessuchasthe benchpowersupply,
reducingleadlengthcanbe impossibleor very inconvenientThe nextthing we canconsideris addingresistancen
serieswith thepowerleadsto limit theinitial currentsurgeIn low-powerapplicationsgvenseverabhmsof resistance
might be tolerable since the resulting voltage and power loss under typical conditions might be negligible.

However,addingresistanceanbevery undesirablén high-powerapplicationsOneoptionin suchcasess to replace
theinstantaneousonnectiorof amechanicaswitchwith the moregradualtransitionofferedby anelectronicswitch,
suchasa MOSFET.We testedthis approachwith the Pololu pushbutton power switch [http://mww.pololu.com/catalog/
product/750], which is based on a MOSFET:

LC spike test setup close-up showing Pololu pushbutton power switch.

The MOSFET doesadda bit of resistancdtypically around0.01ohms),but the importantfactor is the MOSFETOs
gradualtransition from non-conductiveto conductive.With the mechanicalswitch replacedby a MOSFET, the
40-volt peak we saw was reduced to undev20
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Oscilloscope capture of voltage (yellow) and current (green) when using the Pololu pushbutton
power switch and bench power supply.

ItOsworth noting that the circuit in the Pololu pushbuttorpowerswitchis not especiallydesignedo turn on slowly,
soan electronic-switchapproachcould completelyeliminatethe transientwith a slowerturn-ontime. In the caseof
the Pololupushbuttorpowerswitch,double-clickingquickly enoughwhenstartingin the on state(i.e. turningoff and
immediatelyturning backon) cancausethe secondurn on to befaster,leadingto resultsmoresimilar to thosewith

the mechanical switch:
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Oscilloscope capture of voltage (yellow) and current (green) when Odouble-clickingO a Pololu
pushbutton power switch connected to a bench power supply.

We then combined the MOSFET-based approach with the reduced wire inductance of the battery test:
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After seeing so many spikes, the near perfection of the transition is quite refreshing:
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Oscilloscope capture of voltage (yellow) and current (green) when using the Pololu pushbutton
power switch and a battery.

In the caseof the Pololu pushbuttonpower switch, thereis still the unfortunate(in this application)double-click
possibility: after manyattemptsat gettingthe right timing, we werestill ableto catchsomespikes,thoughtheywere
much less severe than theMpeaks we saw earlier:
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Oscilloscope capture of voltage (yellow) and current (green) when Odouble-clickingO a Pololu
pushbutton power switch connected to a battery.

Adding a Large, High-ESR Capacitor

We introducedthe LC transientproblemasbeinguniqueto ceramiccapacitorswith low equivalentseriesresistance
(ESR). One particularly straightforward solution to the problem is to add a large capacitor with high
ESR [http:/iwww.pololu.com/catalogiproduct/882] to the circuit. The large capacitorpreventsthe voltage from changing
quite asquickly, yetits high ESRpreventst from drawingasmuchinitial current.Hereis the resultwhenwe added
a 100 uF electrolytic capacitor across our 10 uF test capacitor:
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Oscilloscope capture of voltage (yellow) and current (green) when a 100 uF electrolytic capacitor is
added in parallel with the ceramic capacitor.

So,why not alwaysusethe large capacitorAVhenworking on a large breadboardvith a large powersupply,there
is little reasonnot to. However,in space-constrainedpplications,the capacitormight not be an option: one of
the main appealsof the ceramiccapacitoris its small size,and the necessaryapacitor(it musthavemuch higher
capacitancandit cannotbethe compactceramic)might belargerthantherestof thecircuit. It might alsotakesome
experimentingo determinetheinput capacitancef anunknowndeviceandto seewhich externalcapacitorsravethe
right ESR.
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6. Conclusion

We haveshownthat power-uptransientsnducedby the interactionof high wire leadinductanceandlow capacitor
equivalentseriesresistancg ESR) can be destructivelylarge. The phenomenorcan be especiallyfrustrating for

thosegetting startedin electronicsbecausehe mereapplicationof power,evenwith the correctpolarity andwith a
seeminglysafevoltage,can destroya circuit beforeit everbeginsfunctioning. Repeated/oltage spikesoutsideof

maximumratingscanalsograduallyweakencomponentsleadingto earlyfailure thatis difficult to explain:a circuit

might function normally for some time before unexpectedly failing after a power cycle.

We hopethat this applicationnote raisesawarenes®f the issueand presentgracticaltechniquedor avoidingthe
transientsn your future projects We would appreciatgyour feedbackif you haveanycommentspleasepostthemto
this forum topic [http://forum.pololu.com/viewtopic.php?f=6&t=1022].
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