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Abstract

A circuit 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 evaluation of ionmizers designed to eliminate static charge. The
currents are often small, perhaps only several microamperes (LA} or less. Instruments designed
to accurately measure such small currents are expensive and sensitive. Consequently, the
instruments are susceptible Lo damage trom unexpected electrical sparks that are common in
high-voltage experiments.

The protection circuit has two lavers of protection. The first layer is a Zener Transient
Voltage Suppressor that limits the tnput voltage by shunting the spark energy to ground
potential, The sccond laver of protection is a passive, low-pass [ilter that blocks the high-
lrequency energy of the spark while passing the low-frequency current to be measured.

The filter design is based on a resistively terminated, LC Cauer network. Three inductors are
required 1o obtain high-frequency attenuation exceeding 10™°, resulting in a sixth-order low-
pass filter. Small resistances to ground through connectors and cables, that are normally
negligible, limit the high-frequency attenuation to about 1073, which provides sufficient
protection,
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1. Intreduction

It is well known that sparks can damage electrical components. Effective methods
to protect components from electrostatic discharge (ESD) are practiced [1], which
typically involve connecting a diode from an input to ground or a DC power source.
One challenge 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.

In applications where devices such as corona ionizers are energized by high
voltage, sparks can be significantly more energetic than common ESD events.
Reported here is a 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 are passed without attenuation, preserving the
information content in the signal. When sparks occur, the high-frequency energy is
shunted to ground, protecting sensitive instruments connected to the output of the
filter. A passive realization using robust components prevents spark damage to the
protection circuit.

The circuit design overcomes a key challenge. The impedance of real inductors
deviates significantly from ideal. High-frequency energy must be attenuated, even
though the inductors have limited (requency response. This is accomplished by using
a capacitive divider strategy that achieves a high-frequency attenuation of 103,

2. Circuit design
2.1. Second order filter analysis

Fig. 1 is a diagram of a common, experimental method for measuring the
output current of a corona ionizer. A high-voltage power supply with an output
voltage, Vyv. energizes a corona charger. In the event of a spark, a series resistor
Reyerent-1imic Imits current. Current flows in a corona field from the charger to
a plate electrode located below the charger. The electric current fegpona collected by
the plate electrode is monitored by an electrometer. If the high voltage is too big,
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Fig. 1. Shown is a common method for measuring the output current of a corona ionizer. The
clectrometer 1s at risk for damage by a spark from the corona charger to the ground-plate electrode.
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Fig. 2. For simplicity. the power supply and corona ionizer shown in Fig. | are modeled as a current
source. The electrometer 15 protected from spark damage by a second-order low-pass filter. The
electrometer is still al risk for damage by a current pulse from the current source because siray capacitance
across the coils of the inductor passes high-Irequency current.

a spark from the corona charger to the plate electrode will occur. This spark can
damage the electrometer.

One proposed method of protecting the clectrometer from damage is shown in
Fig. 2. The current from the corona wire collected by the plate clectrode is
represented by a current source that energizes the circuit. For ideal components, the
transfer function [2] for this circuit is given in (1) where 5 is the complex

]Mcasumd _ ]/'Lr

!COT(!FI:I -Sl“f’S“/.RC)-l- ]/LC “)

frequency defined in the Laplace transform [3]. In normal operation, when there is
no spark, the input impedunce of the electrometer is ncgligibly small. As s
approaches zero. the transfer function approaches unity, therefore this is a low-pass
filter with unity gain at low frequency. The cut-off frequency 1s

feutor = R = —
J cut-off “2'.'1‘ —ZRm-

The inductor and capacitor are selected to provide the desired cutoff [requency.
The resistor R cun be selected to provide maximally flat frequency response at low
frequency,

L
Rnulxinl:llly-ﬂut — F (3)

Vac

(2)

2.2. Frequency response of real inductors

The electrometer in the circuit shown in Fig. 2 is still at risk of spark damage
because the frequency response of real inductors deviates significantly from the
response of an ideal inductor. At high [requencies. stray capacitance across the
windings of the inductor is significant as illustrated in Fig. 3. The frequency response
of a real inductor can be determined from the circuit model shown in Fig. 4 which
includes the stray capacitance and winding resistance.
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Fig. 3. Stray capacitance across the windings of an inductor dominates at high frequencies. At high
frequency, above the self-resonant frequency or SRF, an inductor has @ capacitive frequency response.
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Fig. 4. Shown is the circuit mode! for a real inductor that includes stray capacitance between the windings
and the winding resistance. At high frequency, the response is capacitive. which allows spark energy to
pass.
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FFig. 5. The impedance of an inductor is dominated by stray capacitance across the windings at high
frequency, above the self-resonant frequency or SRF,

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

1 s+ (R/L) @
Cs2+s(R/L) + \/LC’

For a 10 mH inductor with a winding resistance R of 0.2Q and a self-resonant
frequency (SRF) of 200 kHz, the characteristic frequency w18 20 rad/s (3 Hz), and
the stray capacitance 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.

Z(s) =
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Fig. 6. The attenuation of the high [requency spurk energy is determined by the stray capacitance of the
inductor. An inductor with a very high SRF is required to adequately protect the electrometer,
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Fig. 7. This three-stage capacitive divider provides grealer attenuation of the high-lrequency spurk energy

thun the one-stage divider, illustrated in Fig. 6.

The transfer function for this circuit is given in (5) where the input impedance of
the electrometer is negligible relative to the other circuit impedances.

I \peasured _ ( CS(ray ) ) {5]
I corona C+ CStr;ly 5+ ]/R(C T CSIr:ly_) '

Assuming that the stray capacitance Cgyyy is small relative to the capacitor C, the
attenuation of the high-frequency spark current is approximately (Csqy/C). For
circutts designed to have cut-olT frequencies in the range of 100Hz to 10kHz,
capacitive components will be on the order of 10nF and the attenuation will be in
the range of 5 — o For this design, with a stray capacitance of 60 pF, the
attenuation will be about 5.

2.3. Capacitive divider strategy

The high-[requency attenuation can be greatly increased by adding stages to the
capacitive divider. Fig. 7 illustrates a capacitive divider with three stages. The
transfer function of this circuit, with the approximation that the stray capacitances
are small, is given in

[Mcusm'cil . -C_‘_‘?"!' CS2 CSJ (ﬁ}
[('.'urunn B CI CE C3 '
for this circuit with capacitive components of about 10nF, the attenuation is
estimated to be (1/160)° or about 1/(4 x 107°).
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2.4. Sixth-order filter design

Fig. 8 shows the spark protection circuit designed using standard analog filter
design techniques for passive realization with lossy inductors [4]. The circuit design
was evaluated using SIMPLORER™ Simulation System Version 6.0SV [5], and the
results are shown in Fig. 9. Two cases are shown. The solid linc is the gain
Iveasured/ {Corona @8 @ function of frequency when ideal inductors are used. As

= L L» L
(T) § ;: T> ;: | Measuneo
E% D R Cy (&} Gy
l(?nmu:l
D= 15V C,= 420F C,= 194nF Cy= 307 nF
R= 1.0KQ L= 120mH L,= 253mH Ly= 214 mH

Fig. 8. This sixth-order, maximally flat, low-pass filter has a cut-off frequency of 10kHz. The high-
frequency attenuation exceeds 10 1 using inductors with self-resonant frequencies exceeding 200 kHz. The
Zener diode clamps the input to + 15V which provides additional spark protection.

Circuit Frequency Response
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Fig. 9. Plotted is the gain as a function of frequency lor the sixth order, low-pass filter shown in Fig. 8.
Two cases are shown. The solid line is the guin with ideul inductors confirming that the circuit design is
correct. The dashed line shows the response using real inductors with a sell-resonant lrequency (SRF) of
100 kHz illustrating the frequency-independent attenuation above the SRT.
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Output protected Ciround connection shunting spark
from spark energy energy to the Single Point Ground

using a 0.25" braided cable

Fig. 10. The spark protection circuit is constructed using commercially available components on a vector
proto-board.

isolated from case ground. This cable was connected directly to the single point
ground for the experimental apparatus. This low impedance, direct connection
ensures that spark energy flows directly to ground, bypassing expensive instruments.

4. Results

The gain of the spark protection circuit, measured as a function of [requency using
an HP4384A Precision LCR meter, is shown in Fig. 11. The circuit was excited with
a 10 mA sinusoidal current over the frequency range of 20 Hz—50 kHz. The excitation
current was increased to 100mA over frequency range 50 kHz-1 MHz where the
attenuation is highest. The current in the ground leg of inductor Ly was measured.

5. Discussion

The circuit behaves generally as designed. [t is a low-pass filter with a sharp cut-off
at about 10kHz. Unity gain at low [requencies ensures that DC and low-frequency
AC current measurements will be accurate.

As is evident in Fig. 11, the circuit performance deviates significantly rom the
intended design in several ways:

I. Low frequency response: The cut-oll [requency, the [requency where the gain is
0.5, 1s 150 Hz rather than at the intended cut-off frequency of 10kHz.
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expected, the response is maximally flat, low-pass filter with a cut-off frequency of
about 10kHz.

The dashed line is the gain of the filter using real inductors with a self-resonant
frequency of 100 kHz. Above the SRF, winding capacitance becomes dominate and
the low-pass filter becomes a capacitive divider. As expected, the attenuation above
the SRF does not vary with frequency.

3. Components and construction
3.1, Inductor self-resonant frequency

The non-ideal characteristics of the inductors determine the performance ol the
spark protection circuit. Inductors with high self-resonant frequencies are required for
sufficient attenuation at high frequencies. However, large inductors, 10-50mH with
many windings, are required to realize low-pass filters with cut-off frequencies in the
range of 1-20kHz. The large number of windings contributes to high stray
capacitance that lowers the self-resonant [requency and degrades high-frequency
attenuation. Also, inductors with low DC resistance, wound with large diameter wire,
are needed to provide unity gain at low frequency, 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 have relatively high inductance with few windings. There are 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, toroidally
wound inductors are susceptible to saturation of the ferrite core at high current. It is
important to select inductors with a sufficiently high current rating for the
application. J.W. Miller 8100 series inductors [6] are used to build the circuit shown
in Fig. 10. These inductors are rated for a maximum current of several amps.

In the photograph of the circuit shown in Fig. 10, four inductors are visible
whereas the design shown in Fig. 8 requires only three inductors. Two, 12mH
inductors connected in series are used for inductor L, the largest inductor in the
circuit with a design value of 25.3 mH.

The SRF of a 12mH, model 8111 inductor was mecasured using an HP4384A
Precision LCR meter (20 Hz-1 MHz). The inductor was energized with a 10mA
sinusoidal current. Beginning at 20 Hz, the frequency was increased until the impedance
was purely resistive (phase angle of 0°). The SRF measured approximately 650 kHz.

3.2. Circuit construction

The prototype circuit shown in Fig. 10 is built using commercially available
components on a vector proto-board. A 1500 W Peak Power, Zener Transient
Voltage Suppressor IN6385 [7] clamps the input voltage to +15V.

The ground connections of the diode, resistor, and three capacitors in the circuit
(see Fig. 8) were connected using a low impedance, 0.25” braided cable that is
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Gain vs Frequency
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Fig. 11. Shown is the spark protection circunt gain as a function of frequency. Key features are:

(1) the low-frequency gain is unity,

(2) the maximum high [requency attenuation is about 1073,

(3) the gain increases at high frequencies, and

(4) the low frequency response deviates signilicantly from the designed maximally Hat response.

P

. Response peak at 6 kHz: There is a peak in responsc at 6 kHz. The gain increases
noticeably.

3. Increasing gain above 60 kHz: The gain increases with frequency above 60 kHz. An
attenuation of about 10" ® that does not change with frequency is expected from
the simulation results.

Maximum attenuation of 10™: The maximum attenuation is limited to about
IO'Z. The circuit simulation predicted a high frequency attenuation of about
1077

b

5.1. Low-frequency response

The gain over the range of 100 Hz-5 kHz is that of a first-order low-pass filter with
a cut-off frequency of 150 Hz. The design of the circuit is a low pass filter with a cut-
off frequency of 10kHz and maximally flat low-frequency response. Although the
root cause of the deviation of response from the design is unknown, it is associated
with the circuit rather than the measurement apparatus and method. Two identical
circuits were built and both have a first-order cut-ofT [requency of about 150 Hz. The
circuit is designed properly as verified by the simulation results shown i Fig. 9.
The circuit components were individually measured and have the proper values. The
diode does not affect 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 nceded to determine the root cause of this low-frequency performance.

5.2 Response peak at 6 kHz

This sixth-order filter has three circuit legs that are each an LC resonant circuit.
Theoretically, the resonance of one LC circuit is matched with the attenuation of
another resulting in maximally flat gain at low frequency and a very abrupt decrease
in gain above the cut-off frequency. Practically. high-order filters are sensitive to the
circuit component values. Deviations in component values from design values result
in resonances as observed in Fig. 11. For example, the design called for L. to be a
25.3mH inductor. In the prototype circuit, two 12mH inductors arc connected in
series to form a 24 mH inductor. This difference, together with the variations in the
other components shifts the circuit performance away from the design goal. These
component variations are probably responsible for the response peak at 6kHz
shown in Fig. 11.

5.3. Increasing gain above 60 kHz

The high frequency attenuation is critically important to protect sensitive
instruments from damage by sparks. From the analysis presented in Section 2.3
the gain at high frequencies is expected to be about 10™% and independent of
frequency. Gain that increases with frequency above 60 kHz is unexpected. The root
cause is the small, but non-zero impedance of the ground connection between the
spark protection circuit and the experimental single point ground shown explicitly in
Fig. 12. This circuit was simulated using the SIMPLORER™ Simulation System
Version 6.0 SV [5] and the results are shown in Fig. 13. Two cases are shown. When
the ground resistance Rg,oung 18 zero, the results are identical to the earlier results
shown in Fig. 9. With Rgouna = 0.1 Q. the gain increases by a factor of 10 for every
decade increase in frequency above 100 kHz.

+
D E;, Ly [
SN S Measured
L. ) F s B
Carona b} R CI
R ar .
__(r:und D=15V C,=42nF C,= 194 nF Cy=30.7nF
—  Remua=01Q R=10KQ  Li=120mH  L,;=253mH  Ly=214mH

Fig. 12. The spark energy will encounter resistance Rg,oung i the connectors and cables connecting the
circuil to the experimental system single point ground.
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Circuit Frequency Response
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Fig. 13. Shown is the effect of the ground resistance Rg ouna o0 the circuit response. The solid is the gain
with Reroung = 082 and is consistent with earlier results. The dashed line shows the gain when
Reiouna = 0.1 €. For frequencies above 100kHz, the gain increases by a decade for every decade increase
in frequency.

5.4. Maximum attenuation of 10

The maximum attenuation measured is about 107 ° whereas an attenuation of
10" is expected from the circuit simulation results. The inductors were selected
carefully to have satisfactorily high sell-resonant frequencies to achieve a high-
frequency attenuation exceeding 10" °. Above 10kHz, the gain decrecases sharply,
and an attenuation of 1073 is achieved at a frequency of 60 kHz. This limitation in
the maximum atlenuation is associated with the small, but non-zero resistance of the
connection of the circuit to the experimental single point ground as discussed in the
previous section.

3.5, Circuit performance in the field

A spark protection circuit has been built and used to protect a sensitive
electrometer that monitors microampere level current during high-voltage experi-
ments. The current flow to this electrode is monitored, as illustrated in Fig. 1 except
that the spark protection circuit is inserted between the plate and the electrometer.
Sparks occur regularly between a corona charger and a ncarby plate clectrode. Plate
current is monitored reliably with no damage to the electrometer when sparks occur.,
Current pulses from sparks are detected by the clectrometer.

The stray capacitance of the inductor windings causes the impedance of real
inductors to become capacitive al frequencies above their self-resonant frequency.
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This limitation is overcome using a capacitive divider strategy, as illustrated in
Fig. 7. This strategy is effective because the circuit provides satisfactory protection
from sparks.

There was an incident during an experiment when the spark protection circuit was
inadvertently disconnected from the single point ground. A spark from the corona
charger to the plate electrode damaged the electrometer. This unfortunate incident
confirmed that the spark protections circuit is cflective,

6. Conclusion

The sixth-order low-pass filter provides elfective spark protection. Stray
capacitance across the inductor windings requires additional filter stages (higher
order filter) to achieve satisfactory attenuation at high frequencies. This capacitive
divider strategy is effective.

The maximum attenuation is limited to about 10" % and increases with frequency
above 60 kHz. This high-frequency performance is caused by the small resistance of
conncectors and cables connecting the spark protection circuit to the experimental
system single point ground.
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