A Simple Method for Determining the Voltage Developed on a Tesla Coil Secondary


The peak voltage produced by a Tesla coil has historically been estimated by measuring the maximum air gap the discharge could bridge. This value was then compared either with the classic 3 MV / meter breakdown potential for air or with extrapolated data from spherical gap break down tables. Due to the lack of a uniform field, the phenomena of leader spark growth and the pulsed nature of the system none of these methods can be expected to return a realistic value. 


Direct contact measurement is also problematic. Firstly, although the voltages developed are not what the proceeding methods would predict they are still large, easily into the 100’s of kV for a mid sized system. More importantly as the system relies on resonance as its basis of voltage multiplication anything that modifies the resonant frequency of the secondary will unacceptably alter the data. 
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Presented here is one method of circumventing these issues through the use of a capacitive voltage divider technique. Capacitive voltage dividers are a classic method of measuring time varying high voltage sources. A “standard” measuring system would have the top capacitor in the network in ohmic contact with the HV source to be measured. As even 1 pF will throw all but the largest coil systems out of resonance direct connection is not viable. Fortunately this is not necessary. Anyone who has experimented with Tesla coils will have encountered the large voltages that the system impresses on nearby objects. Even a mini-coil will impress 10’s to 100’s of volts on isolated metal objects within a few meters. Attaching the scope probe to a 6” metal sphere placed 2 meters away from a small (tiny) coil collected the following oscilloscope trace. As run for all tests in this paper the coil was capable of at maximum 1” of spark to a grounded object, not a barnburner!


The equivalent circuit formed by the coil / antenna-probe combination can be thought of as illustrated in the following diagram. 
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Although this is a simplified vision of reality all the salient points are incorporated. “C Summation” is comprised of the isotropic capacitance of the “antenna” and any capacitance contributed by the circuit monitoring it. In the case of a small sphere with an attached scope probe this would be on the order of 30 pF. The shunting resistance is the insulation resistance of the antenna’s mount appearing in parallel with the scope probe’s resistance. If even modest care is taken to ensure good antenna insulation, only the monitoring circuit’s contribution will be relevant.  This circuit can be thought of as that of a capacitive voltage divider feeding a high pass filter. The divider ratio is set by the series combination of “C mutual” and “C summation”. The high pass frequency is set by the shunting resistance appearing across the parallel combination of  “C mutual” and “C summation”. As the value of “C mutual” will be orders of magnitude smaller than “C summation” it may be ignored when calculating the high pass corner frequency. In the case of the 6” ball / scope probe combination this will amount to 11 M( across 30 pF. This combination gives a 3dB corner at 482 Hz, well below any Tesla coil’s operating frequency. So, in this example only the ratio of the two capacitances need be know to relate the monitored voltage to the actual voltage on the secondary. This, of course, is the catch. “C mutual” is tiny in value, well below 1 pF. This is beyond the ability of any simple LCR meter to measure! Luckily we don’t need to directly measure “C mutual”.


If a signal source of a known voltage is applied to the TC’s secondary terminal, the voltage monitored on the “antenna” network can then be directly related to the source voltage. If “C mutual” is known then “C summation” can then be computed. This is not really not needed though as a “volts at antenna for volts at source” ratio has now been established. The problem now becomes that of finding a signal source with a accurately known output voltage of a magnitude large enough to give a usable signal at the antenna. The average signal or function generator with some 20 V pk-pk output will not be useful, as the received signal will be tiny. Fortunately nearly every TC builder is in possession of the required high level signal source – enter the ubiquitous neon sign transformer. 

With outputs ranging from 2500 to 7500 volts (per side), the neon xformer can act as relatively low impedance signal source with which to drive the toroid and calibrate the system. The output voltage is small enough to be easily measured with a DMM and HV probe, yet large enough to give a usable signal at the antenna. Of course there is still one more hitch, the frequency response of the antenna – oscilloscope circuit. 

To use the neon xformer as a calibration source the frequency response of the antenna circuit must be flat at 60 Hz as well as at the TC frequency. In the above example this is not the case, 60 Hz being well below the “flat” range of the network. Increasing either “C summation” or “R shunt” will lower the frequency response. As larger “C summation” gives a bigger divider ratio, with attendant smaller signal developed, the are practical limits to how far this can be taken. Increasing “R shunt” is a much more viable solution. 


A relatively high impedance, wide bandwidth, unity gain buffer was constructed to facilitate raising the value of “R shunt”. The details of this simple circuit are contained in a separate paper but the schematic may be found in the appendix. In short, the input impedance is 50 G( resistive with <10 pF in parallel. An additional 180 pF cap is able to be switched in. The added capacitance has the effect of lowering both the signal voltage developed as well as the frequency response of the circuit. As the buffer can only respond to voltages between +9 and –9 volts the capacitive diver ratio must be made high enough to keep the signals within range. The frequency response will now extend down below 1 Hz, more than enough to accomplish the calibration. All testing reported in this paper was run with this 180 pF cap switched in.


The following steps are now followed:

1) Both the Tesla coil and the monitoring circuit antenna a rigidly fixed in the locations they will occupy for the duration of the tests. This is very important as any change in their spatial relation will change C mutual, affecting the results. A 12” length of small aluminum tube was affixed to the buffer circuit and acted as the antenna. In my case the coil / antenna assembly were separated by ~2.5 meters.

2) The output of the buffer circuit is observed on the scope. Background 60 Hz should be the dominant signal. In my case, even with the desensitizing 180 pF cap in, 103 mV RMS is recorded. 

3) One side of a 15 kV neon sign transformer is hooked to the toroid. The toroid has previously been disconnected from the secondary and is electrically floating. The voltage applied to the toroid is measured and recorded using a Beckman HV probe and Fluke DMM. The scope monitored 60 Hz is again recorded. 

4) The procedure in step #3 is repeated. In this iteration the toroid should be electrically reconnected to the secondary. The secondary ground connection obviously needs to be lifted for this. DMM and scope data is again recorded.

5) Taking care not to disturb the physical placement of things, the neon transformer is removed and the coil set into operation. If possible a single shot should be captured to memory. At least the peak voltage excursions noted on the scope should be recorded. This ends the data collection procedure.

Data

Presented here is an example of the sort of values I have obtained. Note that for all tests the coil was not breaking out from the toroid.
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The background 60 Hz and the 60 Hz from the test will directly add to one another via superposition. Therefore we can simple subtract out the background and determine the “volts secondary per volts scope” ratio. The slight difference in the DMM readings is due to the added capacitance of the secondary causing a bit of resonant rise on the neon transformer. As body of the secondary contributes to C mutual it must be factored in, hence the second “toroid + secondary” measurement. As the voltage gradient varies from 0 at the bottom of the secondary to maximum voltage at the top the actual “calibration value” will lie somewhere in between the two extremes of “torus only” and “torus+secondary”.  For simplicities sake I just used the average of the two Arriving at:

28,971 “volts secondary per volt buffer”


This can then be compared to the peak buffer voltage recorded on the scope. 
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Channel #2 is the buffer output. The initial cycles containing extraneous high frequency noise are ignored. So, using the value of the third positive peak:

1.9 x 28,971 = 55,045 volts peak
Cross Check


In the proceeding scope trace channel #1 represents the secondary base current as monitored on a Pearson 410 wide band current transformer. The output relationship is 1 amp / 50 mV monitored. This gives a peak current at the third positive peak of 3.2 amps. Applying the Bylund / Fritz premise that the voltage developed on a TC is simply due to the current forced through the capacitive reactance of the secondary + toroid:

18.9 pF @ 445 kHz = 18,923 (
18,923( x 3.2A = 60,553 V

This agrees with the previous value reasonably well, ~10%. Not all the current flowing into the base reaches the toroid as some will be lost to charging the internal capacitance of the secondary. This likely is the major contributor to the 10% difference. Even without this assumption the data agrees well enough to confirm the validity of the technique.

Summary


Although a bit tedious to use, this technique appears to return valid data. The premise is based on simple circuit theory and can be directly calibrated against the DMM+HV probe as a standard. 


This concept demonstration was admittedly performed on a small, non-sparking coil. If breakout occurs the mutual capacitance will change and with it the calibration data. As the peak voltage should instantaneously drop the moment a streamer forms, the transition from no breakout to breakout should be obvious on the scope. If this is the case then the calibration values will still be valid for the pre-breakout cycles. This is conjecture on my part and needs to be confirmed on a larger system.
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