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Certain aspects of Tesla coil design are considered, which enable greater spark-lengths to be generated for a given input power than has previously been achieved. By this definition, efficiency is improved.  These techniques can be applied to any high repetition-rate resonant transformer without the need for  lengthy re-design. This research has been collaboratively pursued by a number of people using an Internet Mailing list group1 . In this paper, recent work is described and contributions are made to the discussion of the relative validity of lumped circuit versus transmission line modelling. 

For the purposes of this discussion, Tesla coils are regarded to be two coil loosely coupled resonant transformer devices whose primary circuit is commutated by a rotary or other repetitive spark gap. The overall performance can be crudely measured as the length of spark produced from a given input power – for example, 3m continuous discharges from an 11kVA supply. The Tesla coil can source more current into an ionized channel in order to elongate it. The exact mechanism for long streamer generation is as yet undetermined.  It has so far been hypothesized that a “stepped leader” spark formation is the process.  This means that a spark channel is established and maintained by a high current density.  Further propagation occurs from the end of the established channel as the next pulse fires in the primary spark gap. 

Analysis of Tesla coils has traditionally been carried out from a lumped-circuit point of view2 . These      analyses have not been rigorous in that conclusions drawn are not readily applied to  Tesla coils of different geometries and construction. Nikola Tesla3 first recognized the quarter wave properties of his invention.  A rigorous distributed transmission line approach has subsequently  been investigated: Corum and Corum4  consider the two coil Tesla coil as a link-coupled distributed resonator. 

Experiment has shown that the secondary of a two-coil Tesla coil is heavily loaded under sparking conditions. The premise that transmission line equations are valid is true only  when the coil is unloaded by spark streamer formation and thus its equivalent shunt conductance is small.  A spark channel represents a significant shunt conductance and as such, the operating Q of the secondary (Qs (loaded))  is massively lower than the unloaded  Q. Typical unloaded values might be several hundred for the secondary resonator/topload, but only several tens when sparking is occurring. In order to achieve maximum spark length for a given input power, it is necessary to consider the secondary as a transmission line when it is unloaded, and as a lumped LC circuit when loaded.  In this instance, the capacitance is dominated by the capacitance of the toroidal top-load.

From a transmission line viewpoint, it can be seen that the apparent impedance of a spark channel or channels is reflected and transformed back down the secondary resonator of the Tesla coil.  This manifests itself as a rise in driving point impedance for the secondary.  Our studies have shown that this apparent increase in resonator base impedance results in lower power transfer from the high current, low voltage primary into the secondary. The following design rules have been established:

1. Generally, coupling  between the primary and secondary should initially be designed to be much higher than might be expected from low power testing or calculation.  This is because the critical coupling coefficient (kc) should be the value shown during discharging, rather than that shown under low power conditions. Difficulties exist in determining the operating or loaded Q of the secondary because it changes with time as a result of different amounts of spark loading.  By allowing the secondary to “ring down” under single-shot operation, logarithmic decrements can be found and Q can thus be estimated. The subsequent drop in secondary Q during discharge will cause a reduction in system Q and hence kc will be achieved:

kc = (QpQs )-1/2
Typical primary circuit Q (Qp(loaded))  will be approximately 10 or  so, once the capacitor and inductor design has been optimized (spark gap losses swamp other circuit losses). Qs(loaded)  will   be of a similar value;  this results in the running values of kc being significantly higher than might be expected. This results in spectral splitting due to the action of doubly-tuned circuits coupling to one another. If the spark gap is sufficiently good at decoupling the primary from the secondary, the secondary can then be designed to ring at the lower of the two frequency responses. This method of operation also allows higher power throughput.

2. The surge impedance of the primary circuit should be higher than that which would be achieved by using the maximum value of capacitance that the power supply could normally charge. This means that the L/C ratio is higher.  Whilst this implies that peak primary current will be lower than otherwise achievable, the increase in circuit impedance means that the electrical match seen from the base of the resonator looking back at the primary is significantly improved. This is because the rise in resonator base impedance is better matched by the higher surge impedance of the primary, thus power transfer into that secondary is improved even under sparking conditions.

3. As a result of using a higher impedance primary design, the resistive losses in the primary inductor are increased since more conductor length is needed to make a higher inductance primary. This implies that the L/R ratio for the primary inductor needs to be optimized. Techniques are now employed whereby two Archimedean spiral primaries are stacked one on top of another. The mutual inductance M that exists between them is adjusted by varying the separation of the two coils. This removes the need for relatively lossy “tapping” connections and also minimizes the length of conductor needed to make up a given inductance. Thus the I2R or Joule losses are minimized. A further advantage is that there are no unused turns and this means that the coupling coefficient remains largely constant (less change in primary geometry) and there is no extra field stressing which would occur due to autotransformer action in the primary.

4. Decreases in primary current means that the primary spark gap losses are also reduced.  It is easily demonstrated that the most critical component in determining Tesla coil performance is that of the spark gap. A number of novel designs5 have been developed which improve upon the original devices as documented in Glasoe and Lebacqz6.  These keep the gap losses low whilst allowing the dwell time of the gap to be adjustable, along with and independent of the firing point relative to the 50Hz or 60Hz  HV power supply if AC charging supplies are used.

5. Experiments have determined that the losses in the primary circuit vary with resonant frequency. The losses occur from a number of sources: increased dissipation in conductors due to skin effect; increased spark gap losses due to the resistive phase time of the gap becoming more significant as higher frequencies are generated.  This means that large L/C values for the primary should be utilized.  Additionally, secondary losses are proportional to frequency: the high frequency resistance of the conductor used to wind the secondary is lower at lower frequencies and the loading effect of the corona around the topload is also inversely proportional. These factors combine to keep the Q of the secondary, loaded and unloaded, higher when lower frequency Tesla coils are designed. Typically, larger coils have operated at frequencies around 100 kHz but research1 has shown that similarly dimensioned coils can be created at frequencies in the region of 50 kHz and still achieve similar spark lengths for lower input powers.

6. The most critical aspect of a Tesla coil is the primary commutator. Almost all experimentation done by members of the Mailing list uses a rotary spark gap of varying complexity, often in series with a multiple rail blown quench gap.  The need for accurate control of dwell times is critical because the increase in coupling coefficient as described above means that the time taken to transfer energy from the primary to the secondary is very short.  The ability for the spark gap to rapidly open means that the current induced in the secondary is trapped and cannot back-couple into the primary. A gap that is still conducting would allow the primary circuit impedance to reflect into the secondary and further damp it. This is another reason why a high L/C ratio primary is of value:  the impedance of the primary “seen”  by the secondary resonator if the gap is still conducting is that much higher. This lowers the out-of-phase current that would be re-induced into the primary by the secondary.

7. The size of the topload on traditional Tesla coils has been calculated to give a reflection coefficient of the right magnitude and phase such that the secondary always looks 90 degrees long. This typically means that the topload has a value of between ½  x Cself and 2 x Cself ( Cself has typically been several tens of pF).  Work on the mailing list has now shown that significantly higher values of topload capacitance are needed. The values are several times that of the Cself of the secondary; a rule-of-thumb is that a toroid is used whose major diameter might be anything upto 3 times the height of the secondary resonator.

8. Careful field grading at the top of the secondary is imperative. This is achieved by using a relatively small control toroid of similar major diameter to that of the secondary resonator, situating it immediately at the top of the secondary. The main topload is then be placed above the control toroid. Raising the main topload allows the shielding effect of the topload to more fully voltage-grade the secondary.  The resonant frequency of the secondary/topload combination varies as the topload is moved upwards away from the control toroid and this is used as a fine tuning mechanism when the system is used under full power.  It is believed that the topload becomes apparently more capacitive because the underside of it is less shielded from the ground by the effects of the self-capacitance of the secondary itself.  This area of design is currently under investigation. 

In summary, careful consideration of Tesla coil circuit parameters can lead to significant improvements in spark length. It is the aim of the Mailing list to further analyse and quantify the parameters governing Tesla coil operation in order to realise maximum performance.
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