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Abstract

Universities, science centers and other institutions has the need for equipment that
demonstrates physical phenomena in interesting and audience friendly ways. An
example of this is a Double Resonant Solid State Tesla Coil (DRSSTC). There
is no big commercial or academic community for tesla coils, but tesla coils are
mostly designed and used as a hobby. There are a few people sharing their designs
on the internet that most of the tesla coil designs are based on. Few or none of these
substantiate design choices or assumptions with physics and math. This thesis will
attempt to substantiate the design choices done in the driver for a musical dual
resonant solid state tesla coil.

This thesis discusses an implementation of a DRSSTC, substantiates the func-
tionality of sub circuits and components with mathematics. Then discusses the
mathematical description of the resonant transformer, varying component sizes,
plotting and simulating the transfer functions. Then presents some measurements
done on a physical implemented DRSSTC.

The component values or parameters that need to be adapted to the resonant fre-
quency are; the delay in the latch reset network in the interrupter, the phase lead
time in the interrupter, and the corner frequency of the noise filter in the limiter.
The component values or parameters that need to be adapted to the current flow-
ing in the primary resonant circuit are; the impedance of the feedback load in the
interrupter and in the limiter, and the number of turns on the current feedback
transformers.

In the resonant circuit we have proven that the ohmic resistances in both the
primary and secondary circuit should be as small as possible to give a high as
possible amplitude on the output, the conductance of the streamer does not seem
to affect the resonant frequency (detuning) or the amplitude on the output, but does
affect the current in the primary resonant circuit. And will affect the feedback sig-
nals. The coupling coefficient only affects the amplitude on the output, as long
as no arcing happens between the primary and secondary coils. According to the
transfer functions varying the capacitors or inductors does not give the same res-
ults as expected from the common assumptions in the hobby community. Here no
other conclusions can be drawn other that this may be a topic for further research.
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Sammendrag

Universiteter, vitenskapssentre og andre institusjoner har behov for utstyr som
demonstrerer fysiske fenomener pa interessante og publikumsvennlige mater. Et
eksempel pa dette er en Double Resonant Solid State Tesla Coil (DRSSTC). Det
er ikke noe stort kommersielt eller faglig miljg for tesla-spoler, men tesla-spoler
er for det meste utformet og brukt som en hobby. Det er noen fa personer som
deler design pa internett som de fleste tesla-spoledesign er basert pa. Fa eller in-
gen av disse underbygger designvalg eller antagelser med fysikk og matte. Denne
oppgaven vil forsgke a underbygge designvalgene som er gjort i driveren til en
musikalsk Dual Resonant Solid State Tesla Coil.

Denne oppgaven diskuterer en implementering av en DRSSTC, underbygger funk-
sjonaliteten til underkretser og komponenter med matematikk. Deretter diskuteres
den matematiske beskrivelsen av resonanttransformatoren, komponentstgrrelser
varieres, overfgringsfunksjonene plottes og simuleres. Deretter presenteres noen
malinger gjort pa en fysisk implementert DRSSTC.

Komponentverdiene eller parametrene som ma tilpasses resonansfrekvensen er;
forsinkelsen i sperreinnstillingsnettverket i avbryteren, faseovergangstiden i avbryteren
og hjgrnefrekvensen av stgyfilteret i begrenseren. Komponentverdiene eller para-
metrene som ma tilpasses til stremmen i den primere resonanskretsen er; imped-
ansen til tilbakekoblingsbelastningen i avbryteren og i begrenseren, og antall vik-
linger pa tilbakekoblingstransformatorene.

I resonanskretsen har vi vist at de ohmske motstandene i bade primer- og sekun-
derkretsen bgr vaere sa sma som mulig for & gi en hgy som mulig amplitude pa
utgangen, konduktansen til gnisten ser ikke ut til & pavirke resonansfrekvensen
(detuning) eller amplitude pa utgangen, men pavirker strgmmen i den primeare
resonanskretsen. Og vil pavirke tilbakekoblingssignalene. Koblingskoeffisienten
pavirker bare amplituden pa utgangen, sa lenge det ikke oppstar lysbue mellom
primer- og sekundarspolene. I henhold til overfgringsfunksjonene gir ikke vari-
asjon av kondensatorene eller spolene de samme resultatene som forventet fra de
vanligste antagelsene i hobbymiljget. Her kan det ikke trekkes andre konklusjoner
enn at dette kan vare et tema for videre forskning.
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Chapter 2

DRSSTC

In a DRSSTC dual resonant means that we have two resonant circuits inductively
coupled, and tuned to the same resonance frequency. Solid state means that we
drive these resonant circuits actively with transistors. The origins of the DRSSTC
is not well documented but it is commonly accepted that it was conceived on "The
tesla coil mailing list" [1].

The signal pathway consists of a signal source, pulse limiter, power limiter, inter-
rupter, amplifier, and power amplifier see fig. 2.1. The signal source provides a
signal containing information on when the coil should fire, often the signal source
is a musical recording. The input signal should be monophonic, arpeggio' may be
used. The input signal may be two level.

First the input signal X1 goes into the pulse shaper, which transforms the signal
to two level, limits on-time of each pulse, and enforces a minimum time between

'The sounding of the notes of a chord in rapid succession instead of simultaneously.
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Figure 2.1: Block diagram
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to the output signal. This makes the output signal grow rapidly for ten cycles before
flattening out at 427k V.

Figure 3.8 shows the same simulation as fig. 3.7, but here the input signal is set to
zero after 10 periods.

Figure 3.8: Linear simulation of transfer function H(s) with 10 periods square wave X6
with f = fj as input, and X7 is output

Here we see that the voltage continues to resonate after the input is set to zero, but
attenuates exponentially.
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Figure 3.9 Shows the bode plot for the transfer function Hppg(s).

Bode Diagram
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Figure 3.9: Bode plot of the transfer function for the feedback signals Hpp(s)

Here we see a much sharper peak at the resonant frequency than in the bode plot
for the resonant circuit H(s). We also see that the response is not less steep at
frequencies higher than the resonance frequency. The resonant frequency fj is
160kHz and the magnitude is OdB at resonance.

Figure 3.10 shows the step and impulse response of the feedback transfer function
H FB (S) .
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Figure 3.10: Step and impulse response of transfer function for the feedback current

Here we see a damped sinusoiodal response with a frequency fs of 167kHz witch
is slightly higher than the resonant frequency fy of 160kHz. The step response of
the feedback signal attenuates slower than the step response of the resonant circuit.

Figure 3.11 shows the pole and zero plot for the transfer function for the feedback
signals Hpp(s) in angular frequency.
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filter, the complex conjugated poles are close to the imaginary axis which gives a
higher magnitude and is consistent with the desired functionality.

Figure 3.12 shows the result of a linear simulation of the transfer function of the
feedback signal with a 160V peak square wave input signal with amplitude 1 and
frequency 159kHz.

Linear Simulation Results
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Figure 3.12: Linear simulation of transfer function with square wave with f = f; as input
Here we see a sinusoidal current that grows rapidly for 9 cycles to 182A then

stabilizes at 186A. We also see that the input signal switches when the current is
zero, though after some cycles the input signal drifts out of sync with the current.
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Figure 3.13 shows a streamer discharge, fig. 3.14 shows a corona discharge.

Figure 3.13: Streamer discharge to a grounded object
Photo: Sindre Vaskinn Hunn

Figure 3.14: Corona discharge
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Figure 3.16 shows the bode plot of the transfer function for the current in the
primary resonant circuit Hpp(s) with 5 different values for Rq, 012, 12, 50, 1092,

and 100€2.
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Figure 3.16: Bode plot of Hrp(s) varying Ry

Here we see the same trend as in fig. 3.15, a lower resistance R; gives a sharper
peak, and higher magnitude on the output. From this we can conclude that R;
should be as low as possible. This is consistent with design recommendations in
the hobby community, and the known formula for Q value eq. (3.21) for a single
series resonant circuit.
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Figure 3.17 shows the bode plot of the transfer function for the resonant circuit
H (s) with 5 different values for Ry, 0€2, 1k, 10k€2, 100k€2, and 1M Q.
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Figure 3.17: Bode plot of H (s) varying Rs

Here we see that a lower resistance Ry gives a higher magnitude on the output, but
does not affect the sharpness of the peak.

Figure 3.18 shows the bode plot of the transfer function for the current in the
primary resonant circuit Hpp(s) with 5 different values for Ry, 02, 19, 109,
10012, and 1k€2.
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Figure 3.18: Bode plot of Hrp(s) varying Ry

Here we see that a lower resistance Ry gives a higher magnitude, and a sharper
peak. From this we can conclude that Ry should be as low as possible. This is
consistent with design recommendations in the hobby community, and the known
formula for Q value eq. (3.21) for a single series resonant circuit.
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Figure 3.19 shows the bode plot of the transfer function for the resonant circuit
H (s) with 5 different values for Gy, 17Q~!, 1kQ~1, 1071, 1pQ~—1, and 0Q 1.
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Figure 3.19: Bode plot of H(s) varying Gy

Here we see that although we have a large range of values for G; the plots group
in two, and there only seems to be a difference if G; is larger or smaller than 1.
The top group of plots are a result of values larger than 1, and the lower group are
a result of values smaller than 1. We cannot draw any significant conclusions from

this.

Figure 3.20 shows the bode plot of the transfer function for the current in the
primary resonant circuit Hrp(s) with 5 different values for G1, 1mQ =1, 100271,

10pQ~ 1, 1071, and 0Q L.
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Bode Diagram
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Figure 3.20: Bode plot of Hrp(s) varying Gy

Here we see that when G becomes larger than 1-107°Q~! we get a dip where
the resonance peak was. This indicates we are unable to get any feedback signal.
Thus G should be smaller than 1 - 107°Q~!, this is hard to control. This also
implies that a streamer from the top load will affect the feedback signal, and with
a too big streamer load the system with primary current feedback will be unable to

function.
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Figure 3.21 shows the bode plot of the transfer function for the resonant circuit
H (s) with 5 different values for £, 1.0, 0.5, 0.2, 0.1, and 0.001.

Bode Diagram
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Figure 3.21: Bode plot of H (s) varying k

From this we see that the closer & is to 1, the larger the magnitude, the sharpness
and location of the peak does not seem to be affected.

Figure 3.22 shows the bode plot of the transfer function for the current in the
primary resonant circuit Hrp(s) with 5 different values for &, 1.0, 0.5, 0.2, 0.1,
and 0.001.
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Figure 3.22: Bode plot of Hrp(s) varying k

Here we see no effect of varying k. From this it may seem that a k of 1 is the best.
But we know from the hobby community that a k& above to 0.2 causes significant
risk of arcing between the primary and secondary coils [12] [6] [4] [11] [5] [9].
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Figure 3.23 shows the bode plot of the transfer function for the resonant circuit
H(s) with 5 different values for C1, 0.1C1, 0.8C1, 1.0C4, 1.2C4, 10C,. Where
C7 = 100nF.

Bode Diagram
100 ————— ——————

Magnitude (dB)

360 ———

270

180

Phase (deg)

104 10° 108
Frequency (Hz)

Figure 3.23: Bode plot of H(s) varying C;

From this we see that the resonance peak changes according to the change in C
as expected from the formula for resonance in a single resonance circuit. The
magnitude seems to be a function of the resonance frequency, and it seems a larger
magnitude may be obtained by reducing the value of C. This does not match with
the hobby community recommendation of the two resonance frequencies needing
to be the same.

Figure 3.24 shows the bode plot of the transfer function for the current in the
primary resonant circuit Hpp(s) with 5 different values for Cy, 0.1C1, 0.8C1,
1.0C4, 1.2C4, 10C;. Where C'; = 100nF.
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Figure 3.24: Bode plot of Hrp(s) varying Cy

From this we see that the resonance peak changes according to the change in C}
as expected from the formula for resonance in a single resonance circuit. The
magnitude seems to stay the same.
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Figure 3.25 shows the bode plot of the transfer function for the resonant circuit
H (s) with 5 different values for Co; 0.01C5, 0.1C5, 1.0C2, 10C3, 100C3. Where
CQ = 10pF.
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Figure 3.25: Bode plot of H (s) varying Co

Here we see very little change when varying C'y, we see a new peak forming when
reducing C5 to 0.001C%.

Figure 3.26 shows the bode plot of the transfer function for the current in the
primary resonant circuit Hpp(s) with 5 different values for Co; 0.01C5, 0.1C5,
1.0C5, 10C5, 100Cs. Where Cy = 10pF.
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Figure 3.26: Bode plot of Hrp(s) varying Cs

Here we see very little change when varying C. It may seem that varying C' has
little effect. This does not match with the hobby community recommendation of
the two resonance frequencies needing to be the same.
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Figure 3.27 shows the bode plot of the transfer function for the resonant circuit
H(s) with 5 different values for Lq; 0.1Lq, 0.8Lq, 1.0Lq, 1.2Lq, 10L;, where
L;=1-10"°H.
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Figure 3.27: Bode plot of H (s) varying L,

From this we see that the resonance peak changes according to the change in L
as expected from the formula for resonance in a single resonance circuit. The
magnitude seems to be a function of the resonance frequency, and it seems a larger
magnitude may be obtained by reducing the value of L. This does not match with
the hobby community recommendation of the two resonance frequencies needing
to be the same.

Figure 3.28 shows the bode plot of the transfer function for the current in the
primary resonant circuit Hpp(s) with 5 different values for Li; 0.1L1, 0.8L4,
1.0Ly, 1.2L4, 10Ly, where Ly = 1 - 107°H.
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Figure 3.28: Bode plot of Hrp(s) varying Ly

From this we see that the resonance peak changes according to the change in L;
as expected from the formula for resonance in a single resonance circuit. The
magnitude seems to stay the same.



56 Mathematical model

Figure 3.29 shows the bode plot of the transfer function for the resonant circuit
H (s) with 5 different values for Ly; 0.01L2, 0.8 Lo, 1.0L9, 1.2L5, 100L2, where
Ly=1-10"'H.
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Figure 3.29: Bode plot of H (s) varying Lo

Here we see little in resonance peak location or magnitude, apart from 100Lo
where the magnitude is drastically reduced.

Figure 3.30 shows the bode plot of the transfer function for the current in the
primary resonant circuit Hpp(s) with 5 different values for Lo; 0.01L9, 0.8Lo,
1.0La, 1.2L9, 100L, where Ly = 1- 107 'H.
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Figure 3.30: Bode plot of Hrp(s) varying Lo

Here we see little in resonance peak location or magnitude, apart from 100L9
where the magnitude is drastically increased. It may seem that varying Lo has
little effect. This does not match with the hobby community recommendation of
the two resonance frequencies needing to be the same.
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Figure 4.1: X1X2

Here we see that the sinusoidal signal X1 with zero DC component is transformed
into a two level signal X2 between OV and 5V. We also see that it has a constant
duty cycle.

Figure 4.2 shows the same signals X1 and X2 as in fig. 4.1 but also shows the
output of the interrupter X4 as well as the feedback signal X 8. Note that X2 is
measured after the optical channel (section 2.8).
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