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1. Introduction
Poweringup canbe oneof the mostdangerouseventsan electricalsystemendures:currentrushesin asthe circuit
passesthroughvoltagesthatareoutsideof thenormaloperatingrangeandasdifferentsub-circuitsbeginfunctioning
soonerthanothers.Thosewithout muchelectronicsexperiencemight imagineaninstantaneouschangein 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 thecaseof a bouncingswitch.In this article,we explorethepotentiallydestructivevoltage
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 unexpectedproblemsthat we encounterin electronics,the causesof the destructivespikeswe are
exploring hereare the non-negligibleparasiticelementsof the componentswe try to idealize.The power supply
and power leadscan have a relatively large inductance(L) that causesa large electromagneticenergybuildup
whencharginga capacitor(C). That energyis therein the magneticfield aroundthe wires evenafter the capacitor
voltagehasreachedthepowersupplyvoltage,andthecollapsingmagneticfield continuesdeliveringcurrentinto the
capacitor,causingits voltageto continuerising.Thatvoltagecanriseto severaltimesthepowersupplyvoltagebefore
themagneticfield is exhausted,which thencausesthecurrentto flow in theotherdirectionasthecapacitordischarges
backinto thepowersupply.This charginganddischargingof thecapacitorcanhappena few timesbeforethesystem
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) havea prominentparasiticfeatureof their own, known as the equivalentseriesresistance
(ESR).On older capacitors,that resistancetendedto be high enoughto dampenthe LC oscillationto the point that
any spikeswere negligible or evennon-existent.However,newer,increasinglycommonceramiccapacitorshave
extremely low ESRs that are generally a benefit but do very little to dampen LC oscillations.

TheseLC-inducedvoltagespikesandoscillationsmight last for only a few milliseconds,so theyÕrenot something
you would evennotice if you werenÕtlooking for them.However,the spikescanlast long enoughto destroyyour
electronics,soitÕsdefinitely worth beingawareof. Theproblemcanbeexacerbatedby mechanicalswitchbouncing,
which canintroducea newsetof spikeswith eachbounceof thecontacts.We hopethattheoscilloscopescreenshots
we provideherewill helpillustratethis phenomenonto makeit easierto understandandremember,andwe suggesta
few techniques for limiting the problem.
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2. Test Setup
Thecircuit for this testconsistsof just threemaincomponents:apowersupply,aswitch,andacapacitor.Weobserve
thevoltageacrossthecapacitorwith anoscilloscopeto seethestart-uptransientsto which a circuit, representedby 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.

Thecapacitorwe usedis a 10uF (nominal;we measuredit to beapproximately9 uF) multi-layerceramiccapacitor
(MLCC) in a 1206surface-mountpackage,which we solderedto a 2-pin maleheaderto allow for easybreadboard
use:

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

The capacitorselectionis importantbecauseother typesof capacitors,suchas electrolytic capacitors,havemuch
higherequivalentseriesresistance(ESR),whichdampensthespikesweareexploring.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/catalog/product/750], andwelaterreplacedthepowersupplywith 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 12V. Thetestclips are20AWG and36" long,which aretypical of whatmight beused
in most electronics prototyping benches.

We repeatedlyflipped theswitchuntil we captureda bounce-freetransition(seethenextsectionfor moreon switch
bouncing):
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Oscilloscope capture showing LC spike voltage (yellow) and current (green).

Thereareseveralnoteworthyfeaturesto theabovetraces.Most striking is themagnitudeof the first spike,which at
almost40V is morethanthreetimesthe12V we wereattemptingto apply to thecircuit. We alsoseethat thereare
four peaksabove15V. Thepotentiallydestructiveimplicationsof theLC transientsareclear:12V 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 alsoseethat the frequencyof theoscillationsis just under100kHz, which with a capacitanceof approximately
9 uF indicatesthat thewire inductanceis a few hundrednH, which is consistentwith whatwe would expectfor the
36" leads.
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4. Switch Bouncing
Switchbouncingis anotherreal-worldproblemthathappenstoo quickly for humanperceptionbut which candoom
anelectronicsproject.Whena switch is toggled,contactshaveto physicallymovefrom onepositionto another.As
thecomponentsof theswitchsettleinto their newposition,theymechanicallybounce,causingtheunderlyingcircuit
to beopenedandclosedseveraltimes.Forembeddedsystemsdesigners,themostcommonexposureto theproblemis
with userinterfaceswitches,in whichpropercaremustbetakento correctlycountthenumberof timesauserpresses
and releases a switch.

Oscilloscope capture of the
output voltage of a small

mechanical switch as it bounces.

Oscilloscope capture of the
output voltage of a small

mechanical switch as it bounces.

Oscilloscope capture of the
output voltage of a small

mechanical switch as it bounces.

In ourpowerswitchandLC spikecontext,however,eachadditionalbounceof theswitchcontactscanunleashafresh
setof spikes,increasingthelikelihoodof destroyingthecircuit weÕreturningon.Theproblemusuallygetsworsewith
physicallylargerswitchesthat arenecessaryfor higher-powerapplicationssincethe largerswitchestendto bounce
for a longer time.

Oscilloscope capture of the
output voltage of a large

mechanical switch as it bounces.

Oscilloscope capture of the
output voltage of a large

mechanical switch as it bounces.

Oscilloscope capture of the
output voltage of a large

mechanical switch as it bounces.

To isolatetheswitchbouncingeffectsfrom theLC effects,theswitchbouncingscreenshotsaboveweretakenwithout
a capacitor.Oncewe put thecapacitorbackinto thecircuit, we canseethepotentiallydevastatingcombinedeffectof
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 isnÕtusedat all andpoweris 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 weÕve 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

Reducingleadinductanceis anobviousway to mitigatetheproblemcausedby leadinductance.Theprimaryway to
reducetheinductanceis to useshorter,thickerwires.This might notalwaysbepractical,but limiting LC transientsis
justoneof severalgoodreasonsfor avoidingexcessivelylongwiresin yourdesigns(othersincludelimiting 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:

Oscilloscope capture of the voltage (yellow) and current (green) when using a battery with short
leads.

The chargedbatteryvoltageis over 13V, so the 25V peakwe seehereis now lessthandoublethe voltageweÕre
intendingto apply. It couldstill destroysomecomponents,but therearemanymorethat cansurvive25V thancan
survive 40V.

Understanding Destructive LC Voltage Spikes © 2001Ð2010 Pololu Corporation

5. Limiting the Magnitude of the LC Spikes Page 10 of 18



Adding Series Resistance

Unfortunately,weÕrestill left with a potentiallydestructivetransient,andin casessuchasthe benchpowersupply,
reducingleadlengthcanbe impossibleor very inconvenient.Thenext thing we canconsideris addingresistancein
serieswith thepowerleadsto limit theinitial currentsurge.In low-powerapplications,evenseveralohmsof resistance
might be tolerable since the resulting voltage and power loss under typical conditions might be negligible.

However,addingresistancecanbeveryundesirablein high-powerapplications.Oneoptionin suchcasesis to replace
theinstantaneousconnectionof a mechanicalswitchwith themoregradualtransitionofferedby anelectronicswitch,
suchasa MOSFET.We testedthis approachwith thePololu pushbutton power switch [http://www.pololu.com/catalog/

product/750], which is based on a MOSFET:

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

The MOSFETdoesadda bit of resistance(typically around0.01ohms),but the importantfactor is the MOSFETÕs
gradualtransition from non-conductiveto conductive.With the mechanicalswitch replacedby a MOSFET, the
40-volt peak we saw was reduced to under 20V:
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Oscilloscope capture of voltage (yellow) and current (green) when using the Pololu pushbutton
power switch and bench power supply.

ItÕsworth noting that thecircuit in thePololupushbuttonpowerswitch is not especiallydesignedto turn on slowly,
soanelectronic-switchapproachcouldcompletelyeliminatethe transientwith a slowerturn-ontime. In thecaseof
thePololupushbuttonpowerswitch,double-clickingquickly enoughwhenstartingin theonstate(i.e. turningoff and
immediatelyturningbackon) cancausethesecondturn on to befaster,leadingto resultsmoresimilar to thosewith
the mechanical switch:
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Oscilloscope capture of voltage (yellow) and current (green) when Òdouble-clickingÓ 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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LC spike test setup with battery pack and Pololu pushbutton power switch.

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:aftermanyattemptsat gettingtheright timing, we werestill ableto catchsomespikes,thoughtheywere
much less severe than the 40V peaks we saw earlier:
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Oscilloscope capture of voltage (yellow) and current (green) when Òdouble-clickingÓ a Pololu
pushbutton power switch connected to a battery.

Adding a Large, High-ESR Capacitor

We introducedtheLC transientproblemasbeinguniqueto ceramiccapacitorswith low equivalentseriesresistance
(ESR). One particularly straightforward solution to the problem is to add a large capacitor with high
ESR[http://www.pololu.com/catalog/product/882] to the circuit. The large capacitorpreventsthe voltagefrom changing
quiteasquickly, yet its high ESRpreventsit from drawingasmuchinitial current.Hereis theresultwhenwe 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 largecapacitor?Whenworking on a largebreadboardwith a largepowersupply,there
is little reasonnot to. However, in space-constrainedapplications,the capacitormight not be an option: one of
the main appealsof the ceramiccapacitoris its small size,and the necessarycapacitor(it musthavemuchhigher
capacitanceandit cannotbethecompactceramic)might belargerthantherestof thecircuit. It might alsotakesome
experimentingto determinetheinputcapacitanceof anunknowndeviceandto seewhichexternalcapacitorshavethe
right ESR.
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6. Conclusion
We haveshownthat power-uptransientsinducedby the interactionof high wire leadinductanceandlow capacitor
equivalentseriesresistance(ESR) can be destructivelylarge. The phenomenoncan be especiallyfrustrating for
thosegettingstartedin electronicsbecausethemereapplicationof power,evenwith thecorrectpolarity andwith a
seeminglysafevoltage,candestroya circuit beforeit everbeginsfunctioning.Repeatedvoltagespikesoutsideof
maximumratingscanalsograduallyweakencomponents,leadingto earlyfailure that is difficult to explain:a circuit
might function normally for some time before unexpectedly failing after a power cycle.

We hopethat this applicationnoteraisesawarenessof the issueandpresentspracticaltechniquesfor avoidingthe
transientsin your futureprojects.Wewouldappreciateyour feedback;if youhaveanycomments,pleasepostthemto
this forum topic [http://forum.pololu.com/viewtopic.php?f=6&t=1022].
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