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Abstract

A circllit has been designed to protect electrometers and other sensitive instrumentation
from damage by electrical sparks. Measuring current is necessary in a variety of high-voltage
applications, including the eV<lluation of ionuers designed to eliminate ~tatic charge. The
currents are often small, perhaps only several microamperes (~IA) or tess. [nstmments designed
to accurately measure sllch small currents arc expensive and sensitive. Consequently, the
in~trument~ ;Ire sU~l.:eptih!e to damage from uncxpected electrical sparks that are common in
high-voltage experimcll1s.

The proteclion l.:ircuit hi.l~ two 1,Iyers of protection. The fir~1 layer is a Zener Tran~ient

Voltage Suppressor that limits the inpUl voltage by shunting the spark energy to gronnd
pote11lial. The sccond layer of protcction is a passive, low·pass filter that blocks the high­
rr~quenl.:Y ~n~rgy of the spark while pa~sing the low·frequency current to be measured.

The filter design is based on a resistively terminated, LC ewer network. Three inductors arc
required to obt<lin high-frequency ,Ittenuation e:<;ceeding 10+ 6

, r~sulting in a sixth-order low­
pass filler. Small resistances to ground through connectors and cables. th,lt are normally
negligible. limit the high-frequency attenuation to aboul 10"'5. which provides sufficient
protection.
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I. Introduction

It is well known thaI sparks can damagc electrical components. EITectivc methods
to protect components from electrostatic discharge (ESD) are practiced (IJ, which
typically involve connecting a diode from an input to ground or a DC power source.
One ch<lllenge is to design the protection diode so that the instantaneous high current
of the spark can be shunted to AC ground without damaging the diode.

ln applications where devices such as coron" ionizers arc energized by high
voltage. sparks can be significantly more energetic than common ESD events.
Reported here is ,I circuit designed to protect sensitive instruments from energetic
sparks.

The spark protection circuit is a passive. low-pass filter. When there are no sparks.
DC and low-frequency AC signals arc passed without attenuation. preserving the
information content in the sigmd. When sparks occur, the high-frequency energy is
shunted to ground, protecting sensitive instruments connectcd to the output of the
filter. A passive realization using robust componcnts prevents sp'lrk damage to the
protection circuit.

The circuit design overcomes a key challenge, TIle impedance of real inductors
deviates significantly from ideal. High-frequency energy must be .lltelluatcd, evcn
though the inductors have limited frequency response. This is accomplished by using
a capacitive divider strategy that achicvcs'l high-frequency attenuation of 10+ 5

.

2. Cirellil design

2.1. Second order Jilrer analysis

Fig. I is a diagram of a common. experimental method for measuring the
output current of :1 corona ionizer. A high-voltage power supply with <In output
voltage. VHV• energizes a corona charger. [n the cvenl of a spark, a series resistor
RC"rn:n'.I.II'''t limits current. Current flows in a corona field from the charger to
a plate electrode located below the charger. The electric current ICorona collected by
the pl:lle electrode is monitored by an electrometer. If the high voltage is too big.

EleCll'OlllC1Cr

Fig. I. Shown is a ~cmmon method rOI" measuring lhe OUlPUI current or a cerona ionizl'r. Tile
electrometer IS at risk (or dmnage by a sp.uk from lhe corona charllCr 10 lhe ground-pble electrode.
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•
ElcclrolllCler

Fig. 2. For ~imrlicity. lhe power wllPly and oorOl\;, iOnizer shown in Fig. I are modeled ,1S a currenl
sourl"C The eleClrOmeler IS prolccled from sp:,rk damage hy a li«on<'!·ortkr low·pas:; filler. The
elC'l.'tromcler is still al ri~l.: for d;rm;rge by a current pulse from the l"Urn:nt soun:;c bcalUSC SIr-I)' ca~lcilancc
across the coils of lhc inductor p;rsse, bigll-I"rc(jllcncy currell!'

a sp.trk from the corona ch'lrger to the pl:lte electrode will occur. This spark can
damage the ekctromcler.

One proposed method of protecting the electrometer from damage is shown in
Fig. 2. The current from the corona wire collected by the plate electrode is
represented by a current soun.:e that energizes the circuit. For ideal components, the
trimsfer function [2) for this circuit is given in (I) where s is the complex

{M""~lLred = ::o-;-:;-;,''i/~L"(~:-;-"",
{('own" s2+ s(IIRC)+ Ill-C'

(I)

(2)

frequency defined in the Laplace transform [3]. In normal opcr..llion, when there is
no spark, the input impedance of the electrometer is negligibly small. As $

approaches zero, lhe tmnsfer function approaches unity, therefore this is a low-pass
filter with unity gain at low frequency. The cut-off frequency is

Wo I
[cut-off = 2n = 2n./LE·

The inductor and capadlol' ,II'C selected to provide the desired cutoff frequency.
The resistor R C<ln be selected 10 provide maxim'llly nat frequency response at low
freq llency,

Rmaxil11~lly·lbl = ~.

2.2. Frequency respollse o[ real il/ell/c/Ors

(3)

The electrometer in the circuit shown in Fig. 2 is still at risk of spark damage
bcC:lUse the frequency response of real inductors deviates significantly from the
response of an ideal inductor. At high frequencies. stray capacitance :Icross the
windings of the inductor is significant as illustrated in Fig. J. The frequency response
of a real inductor can be determined from the circuit model shown in Fig. 4 which
includes the slray capacitance and winding resiSl:lnce.
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Fig. 3. Stray cap;u;il;tl>tt acrQSS the willdillgs of an inductor domin'ltes ;It hiJ,;h frequencies. Al high
frequency. above the self-resonant rrc"!ucllcy or SR .... all inductor hilS iI c;lpacilivc frequt'rtl:y rc:;ponse.

L

Fig. 4. Shown is Ihe circuit model for a real inductor that includes sl ..... y c-"p"C1I;t'ICC between the winding.~

and the winding resistancc. Al hillh fr~'lluclJcy. lhe respoll~ is caJXlcili\~. "'hid, allows spark energy to
p<l!oS.

Inductive re:spon~

b<:low the SRF
D.p.1cirive response

above rhe SRF.

R

RcsiSlive response
al low fn:quen.,yt::====L l- -.::::>.- Log(w)

II) . _ I
Sill' - Vi

(4)

Fig. 5. The Imped~'l1cc of an Induclor is dominated by stray capacitancc across the windings nl high
frequency. above the selr-rc:iOnanl rrctjucllcy or SRF.

The impedance of this circuit in given III (4), and the frequency response is
illustrated in Fig. 5.

Zs)-~ s+(RIL)
( - C,'+,(R/L)+ I/LC

For <l 10mH inductor with a winding resistance R of 0.20 and a self-resonant
frequency (SRF) of 200 kHz. the characteristic frequency WLF is 20 rad/s (3 Hz), and
the stray cap;leilance is about 60 pF.

At high frequency, above the SRF of the inductor. the protection circuit shown in
Fig. 2 behaves as a capacitive divider as illustrated in Fig. 6.
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Fig, 6. The 1I11Clll111lion of lh... lugh rrt<lllcnc)' spark en<:r~y is lIclermineli by the slray capacilance or the
inuuclor, An lllllllclOr wIlh II Vl'ry high SRF IS l"I'quirM to alleqllately protect the electrometer,

•

Fj~. 7. This thl'~",,-sla~C capacitive ui,·iller provillcs grc;llcr allenulilion of the high-freqUl'IlCY sp;.rk energy
Ih;ll1 lhe onc-st,,!!e lIiviller, illustralell in Fi!!. 6.

The transfer function for this circuit is given in (5) where the input impedance of
the electrometer is negligible rclulivc to the other circuit impcd:mccs.

I Me;uurnJ ( C SI'~Y ) S (5)
ICorona = C+CSU:lY s+I/R(C+Cstt1ly )

Assuming thai the stray capacitancc CSt",y is small relative to the capacitor C. the
attenuation of Ihe high-frequency sp;trk l:urrenl is approximately (CSlffiy/L). For
circuits designed to have cut-olT frequencies in the range of 100 Hz to 10 kHz.
capacitive components will be on the order of 10 nF and lhe attenuation will be in
the range of rIxi - rrk;, For this design, with a stray capacitance of 60 pF, the
attcnuation will be about Thi.

2.3. Capacilive dicider SIN/reflY

The high-frequency attenuation can be grcatly incrcased by adding st<lges to the
c;lpacitive dividel', Fig. 7 illustrates a caJ)<lcitive divider with three stages. The
transfer function of this circuit. with the approximation that the stray capllciwnces
are small, is given in

IM<"""", ~ (Cs,) (CS1) (CSJ). (6)
Ie",,,,,,, C1 C1 C.l

for this circuit with capacitivc components of about 10 nF, the attenuation is
estimated 10 be (1/160)) or aboul 1/(4 x 10-.-6).
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1.4. Sixth·order fiber llesiyJl

Fig. 8 shows the spark prolCction circuit designed using standard analog filler
design techniques for passive realization with lossy inuuctors [4). TIle circuit design
was eVilluated using SIMPLOREROjl Simulation System Version 6.0SV [5J, and the
results are shown in Fig. 9. Two cases are shown. The solid line is the gain
IMr::I~ured/lcoNna as a function of frequency when ideal inductors are used. As

+ L, L, L,

i D I' I' I' 11 ~I<~<"~'<l
lC"t..".

- -
D. 'SV C1 '" 4.2 nl' C2= 19.4111' C.l '" 3U.7 n"-

,. I.OKO L1" 12.0 mil ~= 25.3 mH L) = 21.4 mH

Fig. 8. This siltlh-ordcr. maJljmlllly tllLl. low'r~ss filler has (l cut-off frequency of 10kHz. The high­
frequency allenU:llion exceeds 10· ~ u51llg imJuelOrs with sdf·resonall1 frequencies e~ceeding 200 kH~. The
Zener diode elamps Ihe input 10 :I: 15 V which pro\li<ln udditiunal spark protection.

Circuill'reqllcncy Response

\

Induc;tQrI W;lh
aIOOl<HlSRF

I /
IdenllndllClorl

1\/

o

-7

-'
000 " '00

LoglFreq [KH;o;))

1000 1OCOO I(l()((l(I

rig. 9. Plolted is the g;un as a fUllction uf frequency for Ihe sixth order. low·pass filler shown in Fi1\. II.
Two cases are shown. The soli<lline IS the gain wilh ideal inductors confirming 11mt Ihe cireuil design is
corrocl. The dashc·tJ line shows the rcs[)Onse llsing rcal induclors wilh a :;elf·resonull1 frequency (SRI-l of
100kHz i1Iuslr.lling the fretjucllcy·indcpcntJcnl <ll1enuiltion ..bove the SRI'.
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Groun<J ~onm:ction sllulltins spark
energy to tile Single Poim Cn'und

lISill!! a 0.25" bn,i..kd ~lIbJ~

Fig. 10. The spark protection circuit i~ constructed using commerciillly availablc components on;, Vttl0'
proto-board.

isohlted from case ground. This cable was connected directly to the single point
ground for Ihe e;'\pcrimental app.mllus. This low impedance. direct connection
ensures th:lt spark energy flows directly to ground, bypassing expensive instruments.

4. Results

The gain of the sp:lrk protection circuit, measured as a function of frequency using
an HP4384A Precision LCR meter, is shown in Fig. 11. The circuit was excited with
a lOrnA sinusoidal current over the frequency range of20 Hz-50 kHz. The excitation
currcnt W'IS incre;n;ed to 100m1\ over frequency range 50kHz-I MHz where the
allenuation is highest. The current in Ihe ground leg of inductor L) was measured.

5. Discussion

The circuit behllves generally as designed. It is a low-pass filter wilh a sharp cUI-ofT
al about 10 kHz. Unity gain at low frequencies ensures that DC :lnd low-frequency
AC currenl mellsurements will be accurate.

As is evident in Fig. 11, the circuit pcrronnancc devilltes signific.mtly from the
intended design in $Cveral ways:

I. Loll' frequellcy respo/lse: The clit-oIT Creljucncy, the Creljuency where the gain is
0.5, is 150 Hz fllther than (It the intended CUI-off rrequcncy or 10kHz.
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cxpecled, Ihe response is maximally Onl, low·pass filler with a cUI-ofT frequency of
about 10kHz.

The dashed line is the gain of the filler using real induclors with <l se!f·rcsonant
frequency of 100kHz. Above Ihe SRF, winding capacitance becomes dominate and
the low-pass filter becomes a capacitive divider. As expected, the attenuation above
the SRF docs nOI vary wilh frequency.

3. Compollcnts and conSlruclion

3.1. IlIdUClOr se!f-resollam ji'eqllellcy

The non-ideal characteristics of Ihe inductors determine the perfomlance of the
sp:trk protection circuit. Inductors with high self-resonant frequencies are required for
sufficient attenuation al high frequencies. However, large inductors, lo-SOmH with
mllny windings, arc required to realize low-pass filters with cut-ofT frequencies in the
range of 1-20 kHz. The large number of windings contributes to high stray
c:lpacitancc that lowers thc self-resonant frequency and degrades high-frequency
'l([cnuation. Also, inductors wilh low DC resistance, wound with large diameter wirc,
arc needed to provide unity gain at low frequcncy, so that current measurements are
accurate. The large wire diameter also contributes to higher stray capacitance.

Inductors wound on toroidal, ferrite cores have the required performance. These
inductors havc relatively high inductance with few windings. There arc two
disadvantages of using toroidally wound inductors. First, they are relatively large
as seen in photograph of the prototype circuit shown in Fig. 10, Also, loroidally
wound inductors are susceptible to saturation of the ferrite core at high current. It is
important 10 selcct inductors with a sufficiently high currcnt rating for thc
application. J.W. Miller 8100 series inductors [6]'lre used to build the circuil shown
in Fig. 10. These inductors arc rated for a maximum current of several amps.

In thc photograph of the circuit shown in Fig. 10, four inductors arc visible
whereas the design shown in Fig. 8 requires only three inductors. Two, 12mH
inductors conncctcd in series arc uscd for inductor L 2, the largest inductor in thc
circuil with a design value of 25.3 mHo

The SRF of a 12mH, model 8111 inductor was mcasurcd using an HP4384A
Precision LCR meter (20 Hz-l MHz). The inductor was cnergi:led with a lOrnA
sinusoidal current. Beginning at 20 Hz, the frequency was increased until the impedance
was purely resistive (phase angle of 0"). The SRF mcasured approximately 650kHz.

3.]. CirclIit cOIlsrrucrioll

The prototype circuit shown in Fig. 10 is built using commercially available
components on a vcctor proto-board. A 1500W Peak Power, Zener Tr<lIlSient
Voltage Suppressor IN6385 [7] clamps the input voltage to ± 15 v.

Thc ground connections of Ihe diode, resistor, and three capacitors in the circuit
(sec Fig. 8) were connected using a low impedance, 0.25" braided cable that is
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0.10 1.00 1000

Log I'rcq (Kill)
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FIg. II. Shown is the srmrk prOle<:lIon circuli I!alll as II runclion or rrequency. Key rell1UrCS arc:

(I) lhe low-rrequenc), gain is unilY,
(2) lhe maximum high frequency lltlenUlllion is about 10'3.
(3) lhe gain inneases al high rrequencies, ~lIld

(4) lhe low rrequenc)' r~pon!>C deviales sillnilkanlJ)' rrom lhe d~igned maxllnally tl"t response.

to about
of about

allenuation is limited
frequency attenuation

2. Respollse petlk a! 6kHz: There is a peak in response at 6kHz. The gain increases
notiee<lbly.

3. 11lCl'easi/lg gain above 60 kH=: The gain illl,:rellses with frequency above 60 kHz. An
attenuation of about 10"'6 thaI does not change with frequency is expected from
the simulation results.

4. Maximum alle/llIalioll oj 10"'5: The maximum
10"'5. The circuit simulation predicled a high
10 ... 6.

5.1. Loll'-ji"equellcy response

The gilin over the range of 100 Hz-5 kHz is IhOlt Ofll first-order low-pass filtcr wilh
a cut-o!Tfrequeney of 150 Hz. The design oflhe circuit is a low pass filtcr With a cut­
off frequency of 10kHz and maximally fbi low-frequency response. Although the
root cause of the deviation of response from the dcsign is unknown, it is associated
with the circuit rather than the measurcment apparatus and method. Two identical
circuits were built and bolh have a first-order cut-ofT frequency of aboul 150 Hz. The
circuit is designed properly as verilicd by the simulation results shown in Fig. 9.
The circuit components were individually Illc<lsured and have the proper values. The
diode docs nm a!Teet the frequency response of the circuit as was verified by
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measuring the circuit response with the diode removed from the circuit. Additional
work is needed to determine the root eaust: of this low-frequency performance.

5.2. R('~pollse peak at 6kHz

This sixth-order filter has three circuit legs th,lI are each an LC resonant circuit.
Theoretically, the rcson;lllCC of one LC circuit is matched with the actenuHtion of
'lilother resulting in maxim<llly nut guin <It low frequency and ,I Vel'y 'lbrupt decrease
in gilin above the cut-off frequency. Practically, high-order filters arc sensitive to the
circuit component values. Deviations in component v,lllles from design v,illles rcsult
in resonances as observed in Fig. II. For example, the design called for L! to be a
25.3mH inductor. In the prototype circuit, IWO 12rnH inductors :Ire connected in
series to form a 24 mH inductor. This difference. together with Ihe v,triations in the
other components shifts the circuit performance away from the design goal. These
component variations are probilbly responsible for the response peak <It 6kHz
shown in Fig. II.

5.3. I"creasing gain above 60 kHz

The high frcqucncy attenuation is critically important to protect sensitive
instruments from damage by sparks. From the analysis presented in Section 2.3
the gllin at high frequencies is expected to be about 10-6 and independent of
frequency. Gain that im;reases with frequency above 60 kHz is unexpected. The root
C:lUse is the small, but non-zero impedance of the ground connection betwccn the
spark protection circuit amI the experimental single point ground shown explicitly in
Fig. 12. This circuit was simulatcd using the SIMPLORERQ< Simulation System
Version 6.0 SV [5J ,md the results are shown in Fig. 13. Two C<lseS arc shown. When
the ground resistance RGWllll<J is zero, the results arc identic:l1 10 the e"r1ier results
shown in Fig. 9. With RGrollnd = 0.1 O. the gain increases by a factor of 10 for eyery
decade increase in frequency <lbove 100kHz.

D,.1511

R/"'..... "O.IO R= 101'0

C t =4.2nt'

L,= 12,OmH

C,= 19.4 nF

L.:! = 25..1 mH

C)=307nr

L I =21.4mH

Fig. 12. The spark energy will entOUlller resist"n<;c R",,,,,,,,,, HI the eonncrtors and c,.bll:S connecting the
cirellil 10 Ihe (')(pcrimcnlltJ W,ICtll sill!lle point ground.
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em;:"il rre<jueney Response
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Fig. 13. Shc>wll is lhe effect or the ground resistHllcC RG,""t>J on the circuit response. The solid is lhe 8"il1
with RG,""t>J = un ..nd IS consistenl with earlier results. The dashed line shows lhe gain when
Rr,.." ..., _ 0, I O. For frequencies :Ihovc 100 kHl. the g;.in increases oy ,I dec;}de for every declllte inerellse
in frequency.

5.4. Maximum (f/f(!/11lf11iOll oj lO-+j

The maximum attenuation measured is about lO+ s whereas an attenuation of
10' C> is expected from the circuit simulation resulfs. The inductors were selected
carefully to have satisfactorily high self-resommt frequencies to achieve a high­
frequency auenuation exceeding 10-+ 6. Above 10kHz, the gain decreases sharply,
and an attenuation of 10- 5 is achieved;1I a frequency of 60 kHz. This limitation in
the ma;"imum <luenuation is associated with the small. but non-zero resistance of the
connection of the circuit 10 the experimental single point ground ,IS discussed in the
previous Sl':C1ion.

5.5. Circuit pel!umuI/lce ill I"e field

A spark protection circuit has been built rind used to protect a sensitive
electrometer that monitors microampere level current during high-voltage experi­
ments. The current now to this electrode is monitored, as illustrated in Fig. I except
tlwt the spark protection circuit is inserted between the phlte and the electrometer,
Sparks oecur regularly between a corona charger and a nearby plate electrode. Plate
current is monitored reliably with no damage to the electrometer when sparks occur.
Current pulses from sparks arc detected by the electrometer.

The stray capacitance of the inductor windings C,lUses the impedance of real
inductors to become capacitive <II frequencies above their :.:clf-resonant frequency.
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This limitation is overcome llsing " capacitive divider strategy, as illustrated 111
Fig. 7. This strategy is effective because the circuit provides satisf:lctory protection
from sparks.

There was an incident during lin experiment when the spark protection circuit \V.tS
inadvertently disconnet;lcd from the single poinl ground. A spark from the coron;\
charger 10 the plate e1cctrode damaged the electrometer. This unfortunate incident
confirmed that the spark prOiections circuit is cllcClivc.

6. Conclusion

The sixth-order low-pass filter provides effective spark protection. Stray
capllcitance acro~ the inductor windings requires ildditiomll filter stages (higher
order filler) to achieve satisfactory ,tllenuation at high frequencies. This capacitive
divider strategy is effective.

The maximum attenuation is limited to about [0+ 5 and increases with frequency
above 60 kHz. This high-frequency performance is caused by the small resistance of
connectors and cables connecting the spark protection circuit to the experimental
system single point ground.

References

[I) A.Z. Wall!!. On Chip ESD Protection for Illlegratl'd CirCUits an Ie Design Per)'p«liw. Kluwer
Acallcmic Publishen. B~lon. MA. 2002,

[2] A. Rud'lk. Passive and AchV\: Network Amilysis .lIld Synthe,i.'. HOllghron Mirnin. BoslOn. MA. 1974.
pp, 145-166.

[3J A. Bukak. Circuit Thwry Fund<lmell1als and Applications. Prentice-Hall, Englewood Cliffs. NY,
1978. pp. 181)-.196.

[41 A. BUlhlk. P;'ssive ;,nd Active NClwork Analysis "nIt Synthesis, Houghton Mimin. Boston, MA, 1914.
pp.543-552.

[5] Simplorcr SV-St\ldelll Version. Simulation sort\\~lre ror mulli-domain designs III "utolll'.)tive.
aero:.pal", 1X''''er electronics. and electric drive syslelll). 51 MPLORER" SV is a rull featured \'ersion
or Ansort's commcrcially distriblllcd $IMPLORER but limited in the siu or rroblclll~ Ihal call be
solved. A\"~ilflbk; hllp:/fWWW.lllSOn.Col11/;lbout/..c..dellliCSlsi Illplorcr_sv/illdcx.dl11

[6] Cammal! /To'lode Induclors (wilh hCildcrs). 8100 Series. AV;li1ablc. hltp;tlwww.jwmillcr.com.
PJ ON Semiconduclors. (DLl50ID l{cv. 1, 2001. May). TVS/Zencr Diode 1)'11" A\'ailablc: hup:fl

www.oll>t:lIlixom.

1111111111111111111111I11111111111111111111111111


	SCAN0258.pdf
	SCAN0259.pdf
	SCAN0260.pdf
	SCAN0261.pdf
	SCAN0262.pdf
	SCAN0263.pdf
	SCAN0265.pdf
	SCAN0264.pdf
	SCAN0266.pdf
	SCAN0267.pdf
	SCAN0268.pdf
	SCAN0269.pdf

