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Abstract 

 

Tesla coils were first invented in the 19th century, and have been the focus of development 

ever since.  In all that time, certain aspects of their design have progressed with improvements in 

electronic technology.  It is the focus of this project to investigate the impacts of those 

improvements. Compared to a spark gap topology, the improved, electronically driven Tesla coil 

was found to be more controllable, more efficient, less noisy, and possess distinctly different 

output discharge qualities despite claims to the contrary. Also, the project yielded innovations in 

the process of designing and building the experimental setup, and novel methods of taking certain 

measurements. Improvements were given to inductance formulas, coil winding technique, and 

measurements of differential voltage and output discharge current. Both the experimental process 

and its results stand to inform the coiler community about criteria that may affect design choices. 
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1 Chapter 1: Introduction 

1.1 Nikola Tesla and His Legacy 

 Nikola Tesla (1856 – 1943) was a Serbian-American inventor who, with financing from 

George Westinghouse, produced the first AC induction motor and AC polyphase power generation 

and transmission system, the descendant technologies of which are widely used in the modern day. 

Though he rendered Thomas Edison’s DC system obsolete in 1894, he would spend many more 

years trying to render his own wired AC system obsolete by attempting to build a wireless power 

transmission system that would provide monetarily free electrical energy to anyone on Earth. With 

the additional ambition of transmitting wireless data, telegraphy, and voice on the same system, 

he created a great many variations of a tuned LC circuit called the magnifying transformer, today 

known as the Tesla coil. 

 Although a devastating laboratory fire and loss of financial support thwarted his plans for 

a worldwide network of wireless power and communications, Tesla made great accomplishments 

with his high voltage, high frequency (HVHF) research. With the proper equipment, he was able 

to produce artificial lightning strikes 100 feet long [1], or transmit power wirelessly to a bank of 

incandescent light bulbs at a distance of 100 feet away from the transmitter [2]. He made artificial 

ball lightning, a phenomenon, which until that time, had only occurred in nature [3]. He could light 

a room throughout all of the room’s space, without any point-source of light, by making the air 

iridescent [4] [5]. Many of his ideas and accomplishments were decades ahead of their time, such 

as his radio controlled robotic boat in 1898, approximately six decades before the ubiquity of the 

transistor heralded widespread, commercial fruition of radio control technology.  
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Figure 1.1: Tesla coil discharge in Tesla’s laboratory at Colorado Springs, 1899.  

This photo is a double exposure in which Tesla (seated) and the discharge  

were imaged separately on a single photographic plate. 

 

 

There exists today a subculture of people, who study Tesla’s ideas, ideals, and 

accomplishments. Many find pleasure and prestige in designing and building their own Tesla coils.  

Just like hobbyists who spend much of their free time building hotrods, electric guitars, or model 

airplanes, “coilers” are hobbyists who like to build, operate, and experiment with Tesla coils.  

1.2 General Characteristics of a Tesla Coil 

 The modern day Tesla coil is essentially a HVHF power supply with a typical AC output 

magnitude of one hundred kilovolts to several megavolts at frequencies of ten kilohertz to several 

megahertz.  These output parameters are heavily dependent on physical size and component 

selection.  The three essential parts of any Tesla coil are known as the primary coil, secondary coil, 
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and topload.  These parts may be of a wide variety of sizes and shapes, but are typically as can be 

seen in Figure 1.2. The primary is a coil of several turns of thick copper wire or tubing at the base.  

The secondary is usually a long cylindrical coil of hundreds or thousands of turns of fine insulated 

wire wrapped around an insulating cylinder.  The topload is a metal sphere or toroid (donut shape) 

that discharges the high voltage output.  

 

 

Figure 1.2: Typical Tesla coil construction. 

Credit: www.hvtesla.com 

 

 

 In all the physical variations, the business end of the Tesla coil, consisting of the primary 

coil, secondary coil, and topload, is commonly called the resonator. A fourth important, yet unseen 

component of the resonator is shown in Figure 1.3 – the distributed capacitance to ground and 

between secondary turns. The topload supplies a portion of the capacitance to ground, so often, a 
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distributed capacitance to ground along the length of the secondary must also be considered when 

designing a Tesla coil. There is also some capacitance between each individual turn of the 

secondary coil. Calculating all these capacitances is extremely difficult, if not impossible, so they 

are usually approximated as one single capacitance to ground [1] [6] [7]. Resonance is achieved 

when alternating currents flow through the secondary LC circuit at the resonant frequency, given 

by 

𝑓𝑟𝑒𝑠 =  
1

2𝜋√𝐿𝐶
                                                             (1.1) 

 

 

   (a)       (b) 

 

Figure 1.3: The “business end” of a Tesla coil, showing the distributed capacitance (a) and 

equivalent capacitance (b) of the resonant LC circuit of the secondary coil. 

 

 

 The secondary circuit is energized by the primary coil through magnetic coupling. The 

primary can be connected to any one of a great variety of driving circuits. In the classical design, 

as Nikola Tesla had done, the primary is driven by a relatively simple circuit utilizing a high 

voltage transformer, tank capacitor, and spark gap. Most Tesla coils are constructed with this tried-
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and-true technology. In recent years, though, there have been an increasing number of Tesla coils 

constructed where the primary is driven electronically, often utilizing vacuum tubes, MOSFETs, 

or IGBTs (Insulated Gate Bipolar Transistors).  

1.3 Basic Understanding of Different Tesla Coil Technologies 

 

 

Figure 1.4: Classical Tesla coil arrangement.  

Courtesy, Daniel McCauley, Eastern Voltage Research 

 

 The tried-and-true technology is that of the classical, or spark gap Tesla coil (SGTC) shown 

in Figure 1.4. Powered by a 60 Hz AC outlet, the high voltage transformer outputs typically 10 

kV to 20 kV. For each half of the 60 Hz cycle, that is 120 times per second, the capacitor gets 

charged through the primary coil, which, at such a low frequency, has no inductive effect when 

the capacitor is charging. The capacitor charges to a point when the voltage is high enough to 

ionize the air in the spark gap, initiating a spark to complete a circuit between the capacitor and 

the primary coil. For the brief duration of the spark, the capacitor discharges, which starts a high 

frequency alternating current flow through the capacitor and primary coil at the resonant frequency 

of this primary LC circuit. The secondary circuit, which consists of the secondary coil and its 
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distributed capacitance to ground, is designed to have the same resonant frequency as the primary 

circuit. Through magnetic coupling between the two coils, the secondary circuit is kicked into 

oscillation at the resonant frequency. The voltage at the top of the secondary coil is greatly 

magnified, unleashing a scintillating display of miniature lightning bolts as in Figure 1.5. 

 

 

Figure 1.5: Output discharge of the very large Tesla coil at the  

Questacon National Science and Technology Centre in Canberra, Australia.  

Credit: Fir0002/Flagstaffotos, http://en.wikipedia.org/wiki/Questacon 

 

 For some 70 or 80 years, the classical Tesla coil arrangement described above was 

essentially the only arrangement, save for a variety of modifications or configurations of the 

individual components. Eventually, advances in semiconductor technology would bring down cost 

and improve the reliability and availability of power transistors. With a growing supply of surplus 

vacuum tubes as well, amateurs began experimenting with a variety of vacuum tube and 

semiconductor drivers. There soon came a half-bridge or full-bridge driver (Figure 1.6a on the 

next page is a full-bridge) commonly referred to as a solid state Tesla coil (SSTC). With the SSTC, 

the primary coil is hard-driven by the bridge circuit at a given frequency that is predetermined by 
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the resonant frequency of the secondary LC circuit. The capacitor shown in this circuit is only for 

DC blocking. 

 The downfall of a solid state Tesla coil when compared to a spark gap Tesla coil is its 

discharge output. The discharge of a SSTC is generally a thick, short, hot, plasma-like discharge, 

rather than the thin, long lightning bolt of a SGTC. In 2002, an improved version of the SSTC was 

proposed by a high school student named Jimmy Hynes. His concept would come to be known as 

a double resonant solid state Tesla coil (DRSSTC) because it contains two resonant LC circuits 

(Figure 1.6b). One of the resonant circuits, as in the SSTC, is the secondary circuit. The other 

resonant circuit is formed by the primary coil, primary tank capacitor, and transistor driver 

network. The network acts as a switch connecting the capacitor and primary coil to a DC source, 

but constantly reversing the polarity so as to create an AC source. Not shown in the figure is a 

feedback loop where current through the primary or secondary coil is sensed and used to switch 

the transistors at the resonant frequency of both the primary and secondary LC circuits.  

Unlike the SSTC which unwaveringly pushes the primary at a predetermined frequency, 

the DRSSTC freely permits the primary to oscillate at a frequency determined by the natural 

resonance of the entire Tesla coil system. The transistor network is basically a highly controllable 

replacement of a classical Tesla coil’s input transformer and spark gap [8]. 
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(a) 

 

(b) 

Figure 1.6: Full-bridge solid state (a) and full-bridge double resonant solid state (b) Tesla coil 

circuits. Courtesy, Daniel McCauley, Eastern Voltage Research 
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1.4 Modern-Day Prevalence of Tesla Coils 

 Nikola Tesla performed his HVHF research to unlock the secrets of nature and to apply his 

findings and inventions to improve the lives of humankind. Not only was he interested in wireless 

power and communications, but he also used his coils to make significant contributions to the 

fields of electric lighting, x-ray technology, electrotherapy, and wireless remote control.  Today, 

the Tesla coil is used predominantly for education, entertainment, advertising, and HVHF research. 

For education in a classroom or science center setting, the Tesla coil can be used as a relatively 

simple demonstration of many electromagnetic topics: LC resonant circuits, magnetic coupling, 

skin effect, Faraday cage, dielectric breakdown, ozone production, fluorescent lighting, wireless 

energy transmission, electrical safety, and the study of natural lightning phenomena. The catalog 

company, Edmund Scientifics offers a miniature Tesla coil for sale as an educational tool with a 

book containing 21 experiments. Tesla coils are featured and operated in many museums and 

science centers across the globe, including the Nikola Tesla Museum in Belgrade, Serbia; the 

Questacon National Science and Technology Centre in Canberra, Australia; the Mid-America 

Science Museum in Hot Springs, Arkansas; the Griffith Observatory in Los Angeles; the Boston 

Museum of Science, and the Franklin Institute in Philadelphia. 

 For the purposes of advertising and entertainment, the loud noise and violent sparking 

discharge of a Tesla coil can be used to attract people to a particular location, and then to keep 

them there to enjoy the show or to possibly buy a product. A Las Angeles company, KVA Effects, 

specializes in producing high voltage effects for use in television, film, and live entertainment. At 

the 2006 New York International Auto Show, the company helped Mercedes-Benz unveil its latest 

flagship sedan with a performance of chainmail-clad dancers effectively thrusting lightning bolts 

(generated by a hidden Tesla coil) onto the car. For a video of Mercedes-Benz’s presentation, go 
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to www.teslacoil.com and click on “Stunts” [9]. Other Tesla coil entertainment can be found in 

the Tampa Bay Times Forum – the stadium of the Tampa Bay Lightning NHL hockey team. In 

2011, they had installed in their stadium two ceiling-mounted Tesla coils that are activated in 

celebration of every goal the team scores [10]. 

 Solid state technology has allowed the Tesla coil to be used for a form of entertainment in 

a way that Tesla probably never intended. An electronically driven Tesla coil can be modulated at 

audio frequencies so the topload’s spark discharge emits loud, audible tones. It is commonly called 

a musical Tesla coil. Indeed, if music from a recording or instrument is injected into the system, 

then the Tesla coil acts as a crude, yet very powerful loudspeaker. The output is not a smooth, 

faithful reproduction of the original sound. Rather, the spark discharge is simply turned off and on 

at the frequency of the inputted audio signal. The output sound is effectively a frequency 

modulated square wave. 

 Throughout the world, there are shows and conventions, often called Teslathons, where 

high voltage enthusiasts gather to show off their skills and creations and to exchange ideas in 

anything pertaining to high voltage generation or utilization.  In 2007, Resonance Research Corp, 

a company that makes electrical and optical museum display apparatus, sponsored a Teslathon 

called Lightning on the Lawn, held in Baraboo, Wisconsin. A variety of high voltage entertainment 

was available, including twin musical Tesla coils playing the theme from the original Super Mario 

Brothers Nintendo video game. YouTube video [11].  

 In 2010, ArcAttack, a performance art group from Houston, performed three separate times 

on “America’s Got Talent,” a reality television series on NBC in which contestants competed for 

a cash prize by displaying their unique and entertaining talents. Each ArcAttack performance 
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included one or two chainmail-clad people safely subjecting themselves to discharge from two 

large Tesla coils whose outputs were modulated by musical instruments [12]. 

 

 

Figure 1.7: A member of ArcAttack safely conducting Tesla coil discharge to ground through his 

chainmail suit and conductive boots. Credit: www.arcattack.com/images.php 

 

 

 “The Sorcerer’s Apprentice,” starring Nicolas Cage, is another example of Tesla coils in 

entertainment. The 2010 film featured a college student who built and experimented with Tesla 

coils in his lab beneath the streets of NYC. The Tesla coils played important roles in the movie. 

When musically modulated, they were used to impress the student’s love-interest. Otherwise, the 

ferocity of the Tesla coil discharge was used to defeat the villain [13]. 

 Finally, the Tesla coil plays a key role in professional and amateur research and education. 

Ohio State University has a high voltage lab which includes a 3 MV Tesla coil as part of its arsenal 

of apparatus to test dielectric breakdown of materials, to perform electric and magnetic field 

distribution measurements, and to let students perform lab experiments and thesis research [14]. 

 Tesla coils can also be used to test the effectiveness of insulating materials [15] [16], to 

investigate the effects of lightning strikes on aircraft [1], and to provide very high voltages needed 

by particle accelerators [17]. An interesting experiment performed by Brelet et al., involved the 
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use of femtosecond laser filaments to guide Tesla coil discharges through air (Figure 1.8). Guiding 

high-voltage discharges through such a well-controlled air channel has applications such as “the 

laser lightning rod, virtual plasma antennas for radio frequency transmission, or high voltage 

switch” [18]. 

 

 

Figure 1.8: Tesla coil discharge guided to ground terminal 50 cm away 

by femtosecond laser filament in air. Credit: American Institute of Physics © 2012 

 

 

 To get an idea of the scale of professional and amateur interest in Tesla coils, a simple 

Google or YouTube search for “Tesla coil” will yield thousands of websites, images, and videos 

revealing the significance and popularity of both Nikola Tesla and Tesla coils in the modern day.  

Surely the number of Tesla related resources will grow, since most recently in 2012, 

cartoonist Mathew Inman organized a crowd-funded fund-raising campaign called “Let’s Build a 

Goddamn Tesla Museum.” The plan was to purchase Tesla’s original Wardenclyffe1 laboratory 

building (Figure 1.9) and property in Shoreham, Long Island, and convert it into a science center 

dedicated to Tesla and his legacy. Within one week, the fund-raiser rose more than enough money, 

$850,000, with an additional $850,000 matched grant from the State of New York, to purchase the 

property from the previous owner. On May 2, 2013, the 16-acre property was officially purchased 

                                                 
1 From 1901 to 1903, Tesla constructed the 187 ft-tall Wardenclyffe tower and adjoining 8800 sq-ft laboratory building 

for the purpose of commercial wireless communications and proof-of-concept demonstrations of wireless power 

transmission. The tower was never completed due to loss of funding, and was torn down in 1917. In the years that 

followed, the property was ultimately purchased by AGFA Corporation and the laboratory building was used for the 

manufacture of photographic film products until 1992. Since then, the building has lain dormant and was put up for 

sale in 2009 [53]. The Wardenclyffe lab building is the only original Tesla lab still standing today. 
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by Tesla Science Center at Wardenclyffe, a not-for-profit organization. After additional moneys 

are procured for property development, this would be the first dedicated Tesla museum in the US 

[19] [20]. 

  

 

Figure 1.9: Tesla's Wardenclyffe laboratory building and incomplete tower, 1904. 

 

 

 Another recent crowd-funding development in the realm of Tesla and Tesla coils has been 

a Kickstarter campaign to fund the efforts of oneTesla, a company formed by three MIT students 

in 2012. The students designed and built a 10-inch (secondary coil height) polyphonic musical 

Tesla coil that they sell as a DIY kit with all structural and electronic parts included for a reasonable 

price of $249 (Figure 1.10). The kit is licensed as open-source, meaning its hardware and software 

designs are free for anyone to reproduce, modify, or improve without infringing on any patents, 

copyrights, or other legal restrictions, so long as the open-source license is maintained through all 

developments. The popularity of oneTesla’s product is evidenced by the amount of money raised 

by the Kickstarter campaign, which ended in January, 2013: nearly $170,000 pledged out of a 

$20,000 goal [21] [22]. 
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Figure 1.10: DIY musical Tesla coil kit available from oneTesla, LLC.  

 Clockwise from left: completed Tesla coil; control and drive electronics;  

MIDI-to-fiber-optic converter. Collection of separate images from oneTesla.com. 

 

 

1.5 Definitions of Terms 

At this point, it would be helpful to define the terminology used in this paper to describe 

the electric sparking discharges of a Tesla coil’s topload and spark gap. A Tesla coil’s “output2”, 

“discharge”, or “output discharge” is any kind of visible, lightning-like electric conduction through 

the air, originating at the topload or something connected to the topload. When the output discharge 

spreads out and dissipates into the air, it is said to be a “spark”, “spark discharge”, “brush 

discharge”, or “streamer”. When the output discharge conducts in a single filamentary path through 

                                                 
2 Granted, a Tesla coil also outputs power in the form of heat, RF radiation, and audible sounds, but those forms of 

energy are ignored in the context of the appearance of a Tesla coil’s visible electric output from the topload. 
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the air and directly strikes a grounded object, it is said to be an “arc”, “arc discharge”, “arc-to-

ground discharge”, “ground arc”, or “ground strike”. 

Given the above definitions, one might say that the conduction between a spark gap’s 

electrodes is actually an arc. That may be true, but a spark gap is, after all, called a “spark gap,” 

not an “arc gap.” Thus, the conduction between spark gap electrodes is referred to as a “spark,” 

and should not be confused with the topload’s spark or brush discharge. 

1.6 Literature 

“The amount of available source material on Tesla coil theory and construction is now 

considerable, to the extent that when one searches for literature on the subject, it is invariably the 

case that no clear consensus for any particular design philosophy actually emerges. Indeed, the 

researcher will most probably be left seeking any discernible convergence of opinion from a vast 

set of seemingly contrary viewpoints on exactly what the factors that make for a well-designed 

coil are” [23]. Such was this student’s bane with the plethora of content available in books, 

websites, and videos, that he, until the bitter end of his research project, completely overlooked 

the significance of peer reviewed journals and other academic sources. A search for academic 

papers related to the student’s research was performed using Engineering Village search of 

Compendex and Inspec databases [24]. Of the 1704 returns for “Tesla coil” over the years 1884 to 

2013, most articles described research in which “Tesla” was used as a unit of magnetic field density 

as it pertained to MRI, NMR, superconductors, and other researches involving extremely high, 

static magnetic fields. After filtering, many of the articles that remained were helpful in 

supplementing this student’s research and were promptly incorporated into the text wherever 

appropriate. There were a couple of other articles [25] [26] whose abstracts appeared enticing, but 

proved futile to retrieve online after extensive searching. 
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As will be seen in Chapter 2, the primary objective of the research herein is to perform a 

thorough comparison between various aspects of DRSS and RSG Tesla coils. The literature (all of 

it, not just academic papers) is largely divided on the subject, that is, each source specializes in 

describing one type of Tesla coil with little or no recognition of the other. Also, the amount of 

information on spark gap Tesla coils far outweighs any information on DRSSTCs – certainly 

understandable given the spark gap Tesla coil’s century-long head start.  
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2 Chapter 2: Objectives 

McCauley [8] states that when considering output discharge, the Double Resonant Solid 

State Tesla Coil is the closest electronic analog to the classical Spark Gap Tesla Coil. He says the 

output of a DRSSTC can meet or exceed the output of a similarly sized SGTC. The objective of 

this research was not to simply examine the legitimacy of McCauley’s claim, but rather to 

investigate key differences and similarities between the input, output, and internal characteristics 

of a SGTC and a DRSSTC. Some major characteristics were compared: 

2.1 Spark Length Efficacy3 

Coilers typically classify their creations according to the maximum spark length attainable 

from the topload. It would help to know which technology is more electrically effective at 

generating similarly sized sparks. Large Tesla coils are generally power-hungry and may overload 

circuit breakers. DRSSTCs are said to be more efficacious than SGTCs. If so, then one could 

operate a large DRSSTC on a given power circuit that may be overloaded by a similarly sized 

SGTC. This research was performed to determine if the DRSSTC is significantly more efficacious, 

and by how much.  

2.2 Analysis of Resonator Voltages and Currents 

 In addition to the output/input relationship of spark length vs. power, other voltage, current, 

and power relations in the resonator circuits were given qualitative and quantitative analyses with 

the help of a digital oscilloscope connected to high bandwidth current transformers, and high 

voltage oscilloscope probes. Most of this paper’s literature sources that display Tesla coil 

                                                 
3 The term “efficacy” applies to output-vs.-input measurements with definite units, i.e., a light bulb’s output efficacy 

expressed as lumens per watt. This is different from “efficiency” which is expressed as a percentage or unitless ratio, 

i.e., a power supply with 80% efficiency. Power efficiency measurements of the Tesla coil drivers were attempted, 

but resulting data proved inconclusive.  
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waveforms do so to compare measured data to simulated data. It seems none of them go into any 

detailed comparison between the effects of spark gap and electronic drivers. To investigate such 

differences, measured quantities in this research included primary tank circuit current and applied 

source voltage, primary capacitor voltage, primary coil voltage, secondary base current, and 

secondary first-turn voltage, each gathered under various controlled conditions. These 

measurements would help to better understand the nature of the output discharge, and how power 

is distributed throughout the primary tank circuit.  

2.3 Arc-to-Ground Current Measurement 

 For the sake of safety, all but the smallest of Tesla coils should never be touched or 

approached while being operated. But accidents do happen. To investigate which Tesla coil 

topology would be less likely to kill or maim for a given arc length, the arc-to-ground discharge 

current was measured with a current transformer surrounding a grounded conductor hanging from 

the ceiling above the Tesla coil. Through a system of pulleys, this ground terminal could be easily 

moved up and down from a distance to safely vary the arc length during operation. The student 

tested another current measurement method of his own devise involving observations of the 

intensity of an incandescent light bulb made to conduct the current. This light bulb method was 

not found in the literature.  

2.4 Output Discharge Visual Appearance 

“The development of a Tesla coil offers considerable value through both the theoretical 

and experimental exploration… while the completed apparatus serves as a spectacular lecture 

demonstration and exhibit for use in an undergraduate teaching capacity as well as in science 

outreach activities for the public and in schools” [23]. Since a Tesla coil’s output discharge is, in 

most cases, intended to be a visual spectacle, naked eye observations and video footage of the 
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discharge were attained to analyze any qualitative differences in shape, intensity, and behavior of 

the discharge between the two topologies. 

2.5 Acoustic Sound Level Output 

 The sound that a Tesla coil generates during operation can be overwhelming, if not 

deafening. When nearby either type of coil, operators and observers are often seen covering their 

ears or wearing ear protection [8] [27]. A quieter Tesla coil would certainly be desirable for most 

applications, so that hearing loss would be of less concern. In the case of a SGTC, much of the 

sound comes from the spark gap itself, perhaps even louder than the topload discharge [28]. This 

research was performed to determine if a DRSSTC is any less noisy due to the absence of a spark 

gap, and by how much. 
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3 Chapter 3: Experimental Method 

3.1 Overview 

The focus of the research described here is not simply to design and build a Tesla coil. 

There already exists a great deal of websites and quite a few books that go into substantial detail 

about designing and building Tesla coils of virtually any size or variety. Rather, this research 

focuses on what a Tesla coil can do, and how it operates after it has been built. Therefore, in the 

following text, there will be limited information given on the more typical and well-understood 

characteristics of Tesla coil design and construction, such as the quarter-wavelength principle and 

the design of the rotary spark gap. See Appendix 7.1 for a complete list of specifications of the 

completed Tesla coil system. 

However, in the process of designing, building, and operating the Tesla coil made for this 

research, there have been quite a few discoveries or innovations that are not likely to be found or 

mentioned anywhere else. An improved equation was derived for the design of the conical primary 

coil. An elegant construction method was developed for automatically winding more than 2000 

turns of fine wire on the secondary coil by simple, purely mechanical means. Also, there have been 

quite a few discoveries and developments regarding how best to take sensitive voltage/current 

measurements in the presence of significant RF interference emitted by the Tesla coil during 

operation. The following text focuses on any kind of unique discoveries or innovative methods 

involved in the design, construction, calibration, operation, and parameter measurements of this 

particular Tesla coil. 

3.2 Parameters Held Constant 

 Both driver technologies (rotary spark gap and double resonant solid state) were tested 

under as many identical circumstances as possible. Rather than building two “identical” and 
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independent Tesla coils which would still inherently have minute differences, a single Tesla 

resonator (primary capacitor, primary coil, secondary coil, and topload) was constructed for this 

experiment. The primary circuit was driven separately by a rotary spark gap driver and a double 

resonant solid state driver, while measurements were taken for each type of driver, as in Figure 

3.1. Furthermore, much time and great care were necessary to construct the resonator and its 

supporting base, so building just one resonator rather than two helped to simplify the experimental 

setup. 

 

 

Figure 3.1: Basic block diagram of experimental setup. 

 

 Another characteristic that had to be identical through all tests was the pulse repetition 

frequency (PRF). Both classical Tesla coils and DRSSTCs are not driven continuously. Rather, 

the primary and secondary circuits are set into resonance in pulses, where the high frequency 

resonating currents are initiated and allowed to die down during each pulse. A static spark gap 

(one with no moving parts) allows the PRF to vary depending on applied voltage, primary 
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capacitance, dielectric breakdown voltage of the medium, and other factors. To maintain a constant 

PRF, a constant-speed rotary spark gap (RSG) was used. In this case, a 3600 RPM synchronous 

AC motor was used with two rotating electrodes, yielding a constant PRF of 120 Hz. Therefore, 

the DRSSTC’s pulse generator was also set to 120 Hz. 

 After the full Tesla coil system had been constructed and tested, the DRSS driver’s pulse 

on-time also had to be held constant for the comparative measurements. A RSG Tesla coil’s on-

time (when the primary tank circuit conducts current) would be very difficult to vary, and almost 

impossible to control precisely. For an initial setup, the output discharge quality and spark length 

of the RSGTC was compared to that of the DRSSTC driven with various pulse on-times. An on-

time of 200 μs for the DRSSTC was found to be a good match for the RSGTC. Therefore, 200 μs 

was used as the default pulse on-time for almost all measurements made on the DRSSTC. 

3.3 Design and Construction of the Tesla Resonator 

3.3.1 The Secondary Coil 

The power transistors selected for the DRSS H-bridge driver had a maximum operating 

frequency of 200 kHz. A resonant frequency of 100 kHz was selected for this design because it is 

significantly lower than the 200 kHz limit, while allowing a reasonably sized Tesla coil – about 2 

to 3 feet tall – to be constructed, similar to McCauley’s [8] Tesla coil which was also designed for 

100 kHz. All subsequent dimensions were based on these two design choices of frequency and 

height, as well as the characteristics of materials on hand. 

 The desired length of the secondary wire is given by the quarter wavelength, λ/4, in the 

following equation, where c is the speed of light and fres is 100 kHz: 

𝜆

4
 =  

𝑐

4𝑓𝑟𝑒𝑠
                                                                 (3.1) 
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Then λ/4 = 750 m ≈ 2460 ft. This length is critical to ensure that the maximum voltage possible is 

generated on the top of the secondary coil, and nowhere else, as illustrated in Figure 3.2. Note, 

this applies to the length of the wire in the coil, not the length of the completed coil itself [3] [29]. 

 

 

Figure 3.2: Illustration of quarter wavelength principle. 

 

 For the secondary coil form, a PVC pipe with an outer diameter of 4.5 inches was available 

and cut down to 30 inches in length. Some calculations were done to determine what size wire to 

use. Previous research [30] has shown that the ideal aspect ratio for a Tesla coil secondary’s length-

to-diameter is anywhere from 4:1 to 5:1. Although 32 AWG fit the bill nicely at 4.5:1 ratio (once 

wound on a 4.5 inch diameter coil form), it was feared that 32 AWG would be too small to easily 

wind on the coil form, so 30 AWG, providing a reasonable 5.3:1 ratio, was chosen instead. Initial 

calculations showed that the completed coil would have 2088 turns of 30 AWG wire on a 24 inch 

length of the coil form. Once built, the coil length turned out to be 22.7 inches, giving a slightly 

better aspect ratio of 5:1. 
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 The inductance of the secondary coil was calculated with the Wheeler formula [31] for a 

long single-layer solenoid, shown below: 

𝐿𝑠𝑒𝑐 =  
𝑟2 𝑁2

9𝑟 + 10𝑙
                                                                (3.2) 

where N is the number of turns, r and l are the solenoid’s radius and length, respectively, in inches, 

and the inductance Lsec is in µH. This equation is accurate to within 1% for l > 0.8r. The equation 

was used to find the expected inductance, but since the physical coil was slightly shorter than 

expected (22.7 inches down from 24), the calculated inductance of the finished product came out 

to be  

𝐿𝑠𝑒𝑐 =  
2.252 ∙ 20882

9 ∙ 2.25 + 10 ∙ 22.7
=  89300 µH ≈ 89 mH 

When completely built, the inductance was measured at 90 mH on an RSR model 2821 LCR meter. 

 

 

Figure 3.3: The completed secondary coil on the coil-winding machine. The motor at right 

rotated the coil form in a clockwise (in this view) direction at about 14 RPM. 
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 The coil was wound, as most Tesla coil secondaries are, on a coil winding machine (see 

Figure 3.3) with a motor to slowly rotate the coil form as wire is deposited onto it one turn at a 

time. When faced with winding 2088 turns of 30 AWG wire (~10.9 mil diameter), rather than 

agonize through a long, tedious, manual process, many coilers might opt to construct some sort of 

elaborate control system with a stepper motor to precisely and automatically deposit the wire onto 

the spinning coil form at a preprogrammed spacing. However, this particular coil winding machine 

was quite unique in that it deposited the wire at optimal spacing with an elegantly simple, purely 

mechanical means.  

 The usual parts of this coil winding machine were a low speed motor to rotate the PVC 

pipe, and an electromechanical counter to keep track of the number of turns. The innovation lied 

with the mechanical wire guide mechanism and the placement of the source spool of wire. The 

spool was located about 15 feet away from the coil winding machine so that, as the wire 

approached the pipe, it did so nearly perpendicularly to the pipe along the entire length of the coil 

as it was being wound. Such an arrangement eliminated the need for a closer spool (located 

adjacent to the pipe) to follow the end of the coil as it accumulated on the pipe. Also, just after 

exiting the spool, the wire was cleaned and tensioned by passing through layers of cotton cloth 

with a 7-pound mass resting on top of the cloth. 

 The wire was deposited on the pipe, each turn snugly laid upon the one before it, with the 

aid of a wire guide. Figure 3.3 and Figure 3.4 show how this mechanism, with most of its parts 

salvaged from a photocopy machine, slid on a steel shaft along the length of the pipe. The shaft 

was not long enough, so it had to be moved half way through the coil winding process. The sliding 

mechanism was free to rotate about the shaft, with a curved piece of plastic (the gray colored strip) 

on the front side of the pipe, and a heavy steel mass attached on the other side of the pipe. Gravity 
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pulling on the mass provided leverage to press the gray plastic strip firmly upon the pipe, causing 

it to conform to the pipe’s curvature with no gaps between.  

 As the pipe rotated, the wire passed through a couple of small pulleys to guide it into 

position, parallel with the trailing edge of the plastic strip. The friction of the plastic strip pressed 

on the pipe was strong enough to firmly press the approaching wire onto the leading edge of the 

growing coil, but not so strong as to prevent the whole wire guide mechanism from gradually 

moving down the pipe, always positioned at the end of the growing coil. Although it took a couple 

of days to construct and perfect this method of coil-winding, the results were well worth the effort. 

 

 

(a)      (b) 

Figure 3.4: Construction of secondary coil. As the pipe rotates, the curved plastic strip rubs 

against the end of the coil (a). As the wire comes in and builds the coil, the whole wire-guide 

mechanism gets pushed down the length of the pipe (b). 

 

 After monitoring the counter for a net change of 2088 turns, the motor was manually 

stopped. The ends of the wire were taped into position, and over the course of several days, the 

coil was given five coats of polyurethane while still spinning on the coil winding machine. The 
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two wire ends passed through tiny holes in the pipe and were connected internally to the center 

conductors of the pipe’s wooden end-caps, one of which can be seen in Figure 3.3. 

3.3.2 The Topload and Secondary Circuit Tuning 

Medhurst [32], Johnson [28], Tilbury [33], et al. list several different equations of varying 

complexity to calculate the isotropic capacitance of the secondary/topload combination. However, 

this student’s experience has shown that these equations are not always accurate, yielding results 

with 50% error or worse, and should only be used for “ballpark” estimates. The high percent error 

lies with the extreme sensitivity of a Tesla coil’s capacitance to its surroundings and to itself. The 

capacitance is difficult to calculate reliably, especially during operation, when the topload’s 

discharge can add typically one picofarad per foot of discharge [8]. A deviation of a few picofarads 

is significant given a 20 to 30 pF typical capacitance for the size of the Tesla coil constructed. 

A toroid was chosen as the topload’s shape because a toroidal topload is best at directing 

its output discharge horizontally outward, safely away from all other parts of the Tesla coil. Rather 

than try to calculate the exact size of a toroid that might be needed for a 100 kHz resonance, a 

couple of pre-existing toroids were simply connected to the top of the secondary coil and the 

resonant frequency was measured for each one. The larger of the two yielded 95 kHz; the smaller, 

110 kHz. Thus, a toroid of size in-between the other two was constructed (see Figure 3.5). This 

particular toroid was given the added advantage of being adjustable in size. The aluminum air duct 

could be expanded or contracted by hand, then supported by four curved aluminum brackets, each 

using magnets to attach to the steel pizza pan. 



28 

 

 

(a)  (b) 

Figure 3.5: Topload made with a 12.5-inch diameter steel pizza pan and a 4-inch diameter 

aluminum air duct. Outside diameter is 18 inches (a). The two pieces are attached with curved 

aluminum brackets stuck to the pizza pan with neodymium magnets (b). 

 

 

 

 

Figure 3.6: Typical method to find resonant frequency of secondary circuit. Oscillator frequency 

is varied until oscilloscope shows minimum amplitude. An LED Tuning Box may be used if an 

oscilloscope is not available. Courtesy, Daniel McCauley, Eastern Voltage Research 
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 The resonant frequency of the secondary assembly was measured with the usual method of 

sending a sinusoid of known frequency through a resistor to the bottom of the secondary coil. An 

oscilloscope was used to monitor the voltage on the bottom of the secondary coil. While varying 

the frequency, the voltage was observed for when it reached minimum amplitude, signifying the 

resonant frequency.  

After the toroid was freshly constructed, it was put in place, and a resonant frequency of 

109 kHz was measured. The toroid could have been enlarged, or another toroid added upon it, to 

decrease the frequency, but at this stage, the measurement did not take into account the extra 

capacitance that would be added by spark discharge. Figure 3.7 shows how a thick, brass wire 

was mounted on the toroid and bent into the shape of a typical spark discharge. The capacitance 

added by the brass wire dropped the resonant frequency down to the desired 100 kHz. No further 

adjustments were made to the size of the toroid. The capacitance of the complete secondary 

assembly, with simulated discharge, was found to be 28 pF from equation (1.1), solved for C: 

𝐶 = 𝐶𝑠𝑒𝑐 =  
1

𝐿𝑠𝑒𝑐 (2𝜋 𝑓𝑟𝑒𝑠)2
=  

1

90 𝑚𝐻 (2𝜋 ∙ 100 𝑘𝐻𝑧)2
= 28 𝑝𝐹 

A spark gap Tesla coil could easily operate with a smooth toroid with no pointed objects 

upon it. However an electronically driven Tesla coil must be equipped with a “breakout point” 

(wire, metal rod, or needle several inches long) on the topload to prevent damaging amounts of 

energy building up in the primary circuit. For the sake of eliminating variables in the experiments, 

a breakout point was always used for measurements made with each Tesla coil topology. 

The actual breakout point used for these experiments was quite unique. Nikola Tesla was 

legendary for connecting himself to his high voltage apparatus and allegedly emanating high 

voltage sparks or balls of plasma from his body. Appropriately, a small, plastic figurine of Nikola 
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Tesla, purchased from Edmund Scientifics4, was given some modifications so it could be used as 

a breakout point. Small holes were carefully drilled through his body and right arm, joined inside 

his chest area. A copper wire was then drawn from the bottom of his feet, through his body and 

arm, and to the “plasma orb” held in his hand. The wire made contact with a steel sewing needle 

on top, and the metal base on which he stood. When placed on top of the toroid, the full assembly 

served beautifully as a seven-inch-long, vertically pointed breakout point (Figure 3.8). 

 

 

Figure 3.7: Tuning the secondary coil's resonant frequency. A lightning-shaped brass wire 

attached to the topload was used to simulate the added capacitance from output spark discharge 

that would be present during normal operation. 

 

                                                 
4 This science education catalog company sold a set of five figurines of legendary scientists which included Isaac 

Newton, Albert Einstein, Nikola Tesla, Charles Darwin, and Marie Curie. 
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Figure 3.8: Modified Nikola Tesla figurine used as a breakout point. 

 

 

Figure 3.9: One of McCauley's Tesla coils operating until it experienced a flash-over between 

pri. and sec. coils (bottom left). Courtesy, Daniel McCauley, Eastern Voltage Research 
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3.3.3 The Primary Coil 

When designing the primary coil, there are three basic types to choose from: helical, spiral, 

or conical. A helical primary has greater magnetic coupling to the secondary, but because of close 

spacing between the two coils, presents a significant chance of a high voltage flash-over directly 

between the two coils, as in Figure 3.9. A flat spiral primary, as in Figure 1.2 on page 3, eliminates 

the flash-over problem, but also decreases the magnetic coupling. The best of both worlds (good 

high voltage isolation and good magnetic coupling) can be achieved with a conical primary coil 

with the wider end facing up, as in Figure 1.7, Figure 3.1, and Figure 3.7.  

 

 

Figure 3.10: Cross-sectional dimensions of primary coils. Measurements are  

from the center of the coil or from the center of each conductor. 

 

 In the course of designing and building this Tesla coil, a significant new equation was 

derived by the student for the design of the primary coil. Typically, the following Wheeler formula 

[31], equation (3.3), is used to find the inductance if the primary coil is a flat spiral (see top of 

Figure 3.10), or if it is a single layer helix (solenoid) with its length (or in this case, width, w) less 

than its radius, r. 
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𝐿 =  
𝑟2𝑁2

8𝑟 + 11𝑤
                                                             (3.3) 

N is the number of turns, r is the coil’s average radius (outside radius minus inside radius) in 

inches, w is the coil’s width in inches, and the inductance L is in µH, accurate to within 5% for  w 

> 0.2r. Because of this equation’s innate simplicity, either it or a generalized variation5 of it is used 

almost exclusively in sources that describe the design of flat spiral coils made with round wire [33] 

[34] [35] [36] [37] [(and countless online sources not cited here)]. Although the equation is ideal 

for analyzing a pre-existing coil, it does not lend itself well to designing a coil because it presents 

the inductance as a function of three different variables: N, r, and w, where each variable is 

dependent on the other two. It would be more convenient to have an equation where the inductance 

is expressed as a function of N only, with everything else being a pre-defined constant.  

 In the case of Tesla coil design, it is best to hold constant the turns-spacing, s, and the inner 

radius, ri, both expressed in inches, which the student defines by the following set of equations: 

{
𝑟 = 𝑟𝑖 +  

1

2
𝑠𝑁

𝑤 = 𝑠𝑁
}                                                            (3.4) 

Then substituting (3.4) into (3.3) yields: 

𝐿 =  
(𝑟𝑖 +  1

2
𝑠𝑁)

2
𝑁2

8𝑟𝑖 +  15𝑠𝑁
                                                     (3.5) 

which can be used to rapidly generate a table of inductances for a given numbers of turns. Such a 

table is helpful to design the coil to an optimum size, and to know exactly where to tap the outer 

turns of the coil to achieve the desired resonant frequency of the primary circuit. 

                                                 
5 This version of the Wheeler formula includes magnetic permeability. Its quantities are expressed in MKS units. 

 

𝐿 =  31.33 𝜇0 

𝑟2𝑁2

8𝑟 + 11𝑤
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 Contrary to the wealth of references for equation (3.3), accurate formulas for a conical coil 

are quite sparse. Mehlhose [38] makes an unverified assumption that conical coil inductance can 

be expressed as a combination of the two Wheeler formulas for helical and spiral coils (equations 

(3.2) and (3.3), respectively). Tilbury [33] offers a better solution with a trigonometric factor added 

into equation (3.3). Unfortunately, Tilbury’s equation is still a function of three different variables. 

To satisfy the desire for only one variable as before, equation set (3.4) only needs a modification 

to one of its terms to account for θ, the angle of inclination from the horizontal (see bottom half of 

Figure 3.10). 

{
𝑟 = 𝑟𝑖 + 

1

2
𝑠𝑁 cos 𝜃

𝑤 = 𝑠𝑁
}                                                     (3.6) 

Then substituting (3.6) into (3.3), and simplifying yields: 

𝐿 =  
(𝑟𝑖 +  1

2
𝑠𝑁 cos 𝜃)

2
𝑁2

8𝑟𝑖 +  𝑠𝑁(4 cos 𝜃 + 11)
                                              (3.7) 

 The particular conical coil made for this project was arbitrarily designed to have an inner 

radius ri = 2.75 inches, and an inclination angle θ = 45°. However, after construction, the angle 

turned out to be closer to 41.4°. Some materials chosen for the construction dictated a turns spacing 

s = 0.3 inches. Substituting those values into equation (3.7) yielded: 

𝐿𝑐𝑎𝑙𝑐(𝑁) =  
(2.75 +  1

2
(0.3)(𝑁)(cos 41.4°))

2
𝑁2

8(2.75) + (0.3)(𝑁)(4 cos 41.4° + 11)
 

which was then used to generate the second column of Table 1 below. The table’s percent error 

column and the graph of its data below it (Figure 3.11) demonstrate the excellent accuracy of 

results from equation (3.7). 

 When paired with the primary capacitor described in the next section, this primary coil had 

to be at least 101 μH to achieve a 100 kHz resonant frequency. Table 1 shows that at least 21 turns 
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are required to achieve the desired 101 μH inductance. However, due to an algebraic error in the 

development of equation (3.7), the coil was ultimately constructed with 20 turns, giving a 

measured inductance of about 96 μH. Fortunately, with a few extra microhenries introduced by 

the parasitic inductance of the other wires and components in the primary circuit, the total 

inductance slightly exceeded the minimum 101 μH. Thus, the desired 100 kHz resonant frequency 

of the primary circuit was achieved with the primary coil tapped on the end of its 20th turn. 

 

 

Table 1: Per-turn inductance of conical primary coil. Calculated with equation 3.7. 

N 

[turns] 

Calculated 

Primary 

Inductance [μH] 

Measured 

Primary 

Inductance [μH] 

Percent Error [%] 

%E = 100 (Lmeas – Lcalc) / 

(Lmeas) 

1 0.3 0.3 0.0 

2 1.2 1.3 7.7 

3 2.5 2.6 3.8 

4 4.2 4.3 2.3 

5 6.4 6.5 1.5 

6 8.9 9.0 1.1 

7 11.9 11.9 0.0 

8 15.3 15.3 0.0 

9 19.2 19.3 0.5 

10 23.5 23.6 0.4 

11 28.2 28.3 0.4 

12 33.4 33.6 0.6 

13 39.2 39.5 0.8 

14 45.4 45.7 0.7 

15 52.1 52.6 1.0 

16 59.4 60.1 1.2 

17 67.3 68.2 1.3 

18 75.7 76.9 1.6 

19 84.7 86.1 1.6 

20 94.3 96.1 1.9 

21 104.6 N/A N/A 
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Figure 3.11: Plot of primary coil inductance data from Table 1. 

 

 

 It is a common misconception that the conductor of the primary coil must be only a few 

turns of thick copper conductor to maximize the amount of current going through it. Copper tubing 

is a favored material because it is wide enough without wasting copper in the center of the 

conductor that would not get used due to skin effect. However, Craven [29] and Freau [30] 

recommend that rather than constructing a coil with a few turns of relatively thick wire, it should 

be made with many turns of relatively thin wire. This minimizes the I2R losses in the spark gap, 

which under any circumstance, are much worse than the I2R losses in the primary coil. Therefore, 

rather than using thick copper tube as this student had for a previously constructed coil, the new 

coil constructed here was made with 8 AWG bare copper wire (128 mil diameter), already on hand.  

 Another non-typical design choice for the primary was to make it entirely free-standing 

without any base-mounted insulating brackets supporting each turn individually, as can be seen in 

Figure 1.2, Figure 1.7, and Figure 3.9. The angled shape of a conical coil allows it to be quite 

stable, even if all the turns are simply supported by each other. 
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 Figure 3.12 below, shows some steps of the construction. First, a wooden coil-form was 

constructed with angled pieces that the wire would be tacked upon to hold each turn in place, at 

carefully positioned pencil marks. Before putting the wire in place, it was coiled into a size similar 

to that of the finished product. Then the wire was tacked onto the angled supports at the appropriate 

markings using thumb tacks. Once all twenty turns were equally spaced on the coil-form, the turns 

were laced together with plastic insulating spacers stacked between each turn, and two nylon zip-

ties passed through the washers such that each turn was sandwiched between the two zip-ties. 

When all six lacings were complete, the coil was removed from the coil-form. 

 Unfortunately, the wire still had some springiness built up, so when the coil was removed, 

it began to spread out slightly, and laces were no longer nicely perpendicular to the turns. The 

nylon zip-ties had to be tightened exceptionally well to ensure the coil would maintain its designed 

shape. If such a coil is constructed again, greater care will go into making sure that the wire is 

formed into a coil of the desired size before it is tacked onto the coil-form. 

 

 

(a)      (b) 

Figure 3.12: Construction of the conical primary coil. The copper wire was first tacked onto the 

wooden form (a), then the turns were joined together by insulating spacers and nylon zip ties (b). 
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Figure 3.13: Completed primary coil with grounded strike rail suspended above it. 

 

 

 Finally, the finished coil needed a bit of protection, for the possibility that an errant 

discharge from the topload might arc down toward the primary coil. The arc would be safely 

drained to ground directly, rather than through the primary circuit causing great damage. A quarter-

inch copper tube strike rail, or ground ring, was mounted on top of the 20th turn with the same 

lacing technique as before, but with much longer plastic spacers. The top right of Figure 3.13 

shows a red-insulated wire behind the coil that connects the strike rail to ground under the base 

table. Also visible is some red heat-shrink covering a gap in the ring shape of the strike rail. This 

gap ensures that the strike rail does not form a closed-loop circuit which could affect the Tesla 

coil’s operation. 

3.3.4 Primary Capacitor 

Several different types of capacitors that were already on hand were tested for potential use 

with the Tesla coil. Unfortunately, none of them were sufficient, either because they over heated 
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when subjected to the high frequency currents of the primary circuit, or there was simply not 

enough of them to be assembled into a high enough capacitance. The capacitor bank that was 

finally built for this project was an MMC (multiple miniature capacitor) using capacitors similar 

to what McCauley used for his DRSSTC [8]. Figure 3.14 shows this research project’s MMC with 

36 individual caps wired in series-parallel combinations to achieve a rating of 0.025 µF and 24 kV 

maximum voltage.  

This capacitor bank was intentionally designed to have significantly different ratings than 

McCauley’s MMC of 0.110 µF and 12 kV for two reasons. First, the capacitance had to be 

reasonably small to accommodate the limitations of the 15 kVAC, 60 mA NST (neon sign 

transformer) used in this project’s RSG driver. According to the graph on page 167 of Tilbury’s 

book [33], the maximum primary capacitance that can be driven by this particular NST is 

approximately 0.030 µF. Secondly, this project’s MMC had to have a higher voltage than 

McCauley’s to accommodate the NST’s maximum output of 21 kV peak, hence the MMC’s 24 

kV rating. 

 The primary circuit was tuned to the desired 100 kHz resonant frequency in a manner 

similar to that for the secondary circuit and depicted below. The tuning was done with the 

secondary coil removed to prevent any effects from magnetic coupling between the two coils. 
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Figure 3.14: Primary tank capacitor made with 36 Cornell Dubilier 942C20P1K-F 

polypropylene film capacitors, each 0.1 µF and 2 kV. On each board of 18, there were six caps 

in a series string with three strings in parallel. The two boards were then wired in series. 

 

 

 

 
 

Figure 3.15: Typical method to find resonant frequency of primary circuit. Oscillator frequency 

is varied until oscilloscope shows maximum amplitude. An LED Tuning Box may be used if an 

oscilloscope is not available. Courtesy, Daniel McCauley, Eastern Voltage Research. 
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Figure 3.15: Completed resonator assembly. The primary capacitor MMC (one half of which is 

visible at image bottom) was mounted on the underside of the resonator base table. 

 

3.3.5 Coupling Coefficient 

Just like the secondary circuit capacitance, it is quite difficult to calculate the coupling 

coefficient, or mutual inductance, between the non-symmetric geometries of the primary and 

secondary coils. The complexity can be seen by the rather extensive equations Bruns used on page 

800 of his paper [39]. Unless a Tesla coil is made with proportions dissimilar to those that are 

typical of countless other Tesla coils people have created, then one can have satisfactory assurance 

that the coupling coefficient will be within the recommended range of 0.1 to 0.2 without the need 
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for any lengthy calculations. After a Tesla coil is constructed, and if its coupling coefficient is not 

satisfactory, then the primary and secondary can be raised or lowered with respect to each other to 

improve the coupling coefficient.  

Using several different methods described by Johnson [28] and Tilbury [33], the coupling 

coefficient, k, was calculated from a variety of measurements performed on the primary and 

secondary coils, using the following: 

𝑘 = √1 −
𝐿𝑠𝑐

𝐿𝑜𝑐
  =   √1 − (

𝑓𝑜𝑐

𝑓𝑠𝑐
)

2

                                             (3.8) 

where  Lsc is the measured inductance of coil ‘A’ when coil ‘B’ is short circuited  

Loc is the measured inductance of coil ‘A’ when coil ‘B’ is open circuited 

fsc is the resonant frequency of LC circuit with coil ‘A’ when coil ‘B’ is short circuited  

foc is the resonant frequency of LC circuit with coil ‘A’ when coil ‘B’ is open circuited  

 

Coils ‘A’ and ‘B’ were the primary and secondary, respectively, for one set of measurements, then 

vice versa for another set of measurements. Another set of measurements yielded the mutual 

inductance, M, from which k was calculated: 

𝑀 =
1

4
(𝐿𝑠+ −  𝐿𝑠−)                                                         (3.9) 

𝑘 =  
𝑀

√𝐿𝑝𝑟𝑖 ∙ 𝐿𝑠𝑒𝑐

                                                        (3.10) 

where  Ls+ = measured inductance of both coils, magnetically coupled,  

  wired in series with additive polarity 

Ls– = measured inductance of both coils, magnetically coupled,  

 wired in series with subtractive polarity 

Lpri and Lsec = the separate inductances of the pri. and sec. coils, respectively  

 

All told, seven sets of measurements were taken and averaged, yielding a coupling coefficient of 

0.16 – a reasonable value requiring no changes to the coil geometries. 
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3.4 Design and Construction of Rotary Spark Gap Driver 

 

 
 

Figure 3.16: The four major components of the RSGTC driver.  

From right to left: NST, NST safety gap, Terry filter, RSG with RSG safety gap. 

 

 There was nothing special about the components of the RSG driver circuit, or the circuit 

as a whole. Only some relevant details are given here regarding its design and construction since 

there exist innumerable sources of complete information, both online and in print. Probably the 

best quality about the driver circuit is that not one cent had to be spent on its construction. All parts 

and materials were already on hand.  

Starting with the right side of Figure 3.16, the NST (Neon Sign Transformer) was quite 

typical, rated for a capacity of 900 VA with an input of 120 VAC, 60 Hz, and a center-tap-grounded 

output of 15 kVAC maximum open circuit voltage, and 60 mA maximum short circuit current. 

Since detailed measurements would later be made on the Tesla coil system, the NST output 

terminals were labeled according to their phase with respect to the input line voltage. Note the 

“Line Phase” and “Neutral Phase” labels in the photo. A variac (described later) connected to the 

NST’s primary coil, was used to vary the NST’s output voltage. 
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 An NST’s secondary windings are quite fragile and require a bit of protection from 

potential excessive voltages from a Tesla coil’s primary circuit components. Two safety gaps and 

a low pass filter helped to serve such protection for this one. One of the two safety gaps, this one 

being referred to here as the NST safety gap, was located adjacent to the NST. It was constructed 

of three ¾-inch steel spheres (from old computer mouse balls) drilled, tapped, and screwed onto 

the ends of long brass screws. The center sphere was grounded, and the outer two were connected 

to the NST output terminals with high-voltage-insulated wire, rated for 20 kV. Each of the two 

spark gaps in the NST safety gap was calibrated to have a breakdown voltage of approximately 10 

kV. 

 Adjacent to the NST safety gap was a low pass filter, most commonly called by the coiling 

community, a “Terry filter”, after veteran coiler Terry Fritz. In 1998, Fritz published online a paper 

detailing his design, construction, and measurements of an RC network intended to prevent any 

high voltage transients from entering the NST’s secondary coil [40]. Each half of this particular 

Terry filter was made with a 2400 Ω, 55 W resistor, and a series string of ceramic disc capacitors 

totaling 0.001 µF. The 3 dB cutoff frequency for this LPF was  

𝑓3𝑑𝐵 =  
1

2𝜋𝑅𝐶
 =  

1

2𝜋 ∙ 2400 ∙ 1 × 10−9
= 66 𝑘𝐻𝑧 

The filter’s transfer function magnitude as a function of frequency was  

�̅�(𝑓) =  
1

√1 + (2𝜋𝑓𝑅𝐶)2
 =  

1

√1 + (2𝜋𝑓 ∙ 2400 ∙ 1 × 10−9)2
 

�̅�(100 𝑘𝐻𝑧) = 0.553 

�̅�(1 𝑀𝐻𝑧) = 0.066 

�̅�(10 𝑀𝐻𝑧) = 0.007 
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 Finally, the left side of Figure 3.17 below shows the rotary spark gap. In general, “the 

spark gap is arguably the loudest, most inefficient, and most difficult design problem associated 

with [spark gap] Tesla coils” [34]. Indeed, there is a plethora of design choices for a spark gap, but 

the experiments performed here necessitated a synchronous rotary spark gap, as explained in 

Section 3.2.  

 

 

  (a)          (b) 

Figure 3.17: Rotary spark gap without (a) and with (b) a cover to block the intense light emitted 

by the electrodes during operation. The two steel spheres in front form the RSG safety gap. 

 

 The RSG used a 3600 RPM synchronous AC motor salvaged from a Teletype machine. 

The motor spun a phenolic disc with two steel electrodes mounted on it, spaced 5.5 inches apart, 

and connected to each other through a brass ring that ran the perimeter of the disc. The gap spacing 

between stationary and rotating electrodes was made as small as practicable. The PRF (Pulse 

Repetition Frequency) was 120 Hz, a frequency that could be easily achieved with the DRSSTC 

design discussed later. The synchronous motor was given a 50 μF starting capacitor as required by 

the nature of this motor in order to achieve synchronous phasing with the line voltage. 
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For added protection for the NST, the RSG also featured the RSG safety gap, made of two 

steel spheres (again, salvaged from mouse balls) mounted on the ends of copper strips. This safety 

gap was configured for a breakdown voltage of roughly 20 kV. 

3.5 Design and Construction of Double Resonant Solid State Driver 

3.5.1 DRSSTC Fundamentals 

The double resonant solid state circuit is essentially a solid state replacement of the 

classical Tesla coil’s spark gap and high voltage supply. Rather than using a spark gap to violently 

kick the primary circuit into oscillation with a 20 kV jolt from the primary capacitor, a transistor 

network is used to gradually and smoothly bring the primary circuit to oscillation with only a few 

hundred volts from a DC power source. 

Consider the analogy depicted in Figure 3.18. Driving a spark gap Tesla coil is akin to 

tapping a wine glass with a fork. The glass is strongly hit just once and allowed to ring at its 

resonant frequency thereafter. The force imparted by the fork is strong and instantaneous. To bring 

the glass to oscillation in a more gradual fashion, the sound waves from a loudspeaker may be 

used. The loudspeaker is powered by an amplifier which is controlled by a non-acoustic frequency 

sensor, in this case, depicted as a strain gauge adhered to the glass. Initially, nothing happens until 

the glass is lightly tapped or excited in some way to begin the oscillation. Then the positive 

feedback loop takes over and causes the glass to oscillate with greater and greater amplitude until 

it reaches the same amplitude as it would if it had been strongly hit with a fork. After a 

predetermined amount of time (indicated by the dotted line on the right-side graph) the feedback 

loop is stopped and the glass’s oscillation is allowed to exponentially decay. 
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      (a)      (b) 

Figure 3.18: Wine glass analogy of driving a spark gap Tesla coil (a), and a DRSSTC (b). 

 

 Now consider Figure 3.19, a basic diagram to illustrate the concept of resonant switching 

used in the DRSSTC. The switching circuit connects the series inductor and capacitor to the DC 

power supply with alternating polarity, essentially applying an AC voltage square wave to the 

primary LC circuit. Beginning with an initial positive voltage pulse to get the feedback loop 

started, the current through the circuit begins to rise then fall back to zero. With the aid of the 

current transformer and other electronics, the switching circuit senses this zero crossing of the 

current and immediately switches the polarity of the applied voltage. The current then rises higher 

(in the negative direction) until dropping again to zero and causing another voltage reversal. Just 

like a person pushing a child on a swing, every pulse imparts more energy into the system at its 

resonant frequency until a practical maximum is achieved.  
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Figure 3.19: Illustration of basic resonant switching. 

 

 

 

 

Figure 3.20: Basic block diagram of complete DRSSTC system.  

Courtesy, Daniel McCauley, Eastern Voltage Research 
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If Figure 3.19 was expanded to include all constituent top-level components that comprise 

a DRSSTC system, then Figure 3.20 would be generated. Just as described above, the switching 

circuit drives the Tesla coil at its resonant frequency, but not continuously. The external modulator 

only allows the Tesla coil to be driven during short bursts many times per second. It generates the 

PRF, which for this research was limited to 120 Hz. 

3.5.2 Components of the DRSSTC Driver 

 The heart of the switching circuit is a set of four IGBTs (Insulated Gate Bipolar Transistors) 

in an H-bridge configuration as in Figure 1.6(b) on page 8. The IGBT is a relatively new device, 

and is gradually supplanting the MOSFET for many switch-mode power electronics applications. 

The IGBT is advantageous because it has high-voltage handling capabilities similar to a MOSFET, 

and a low on-state voltage drop similar to a saturated BJT. Thus, for a given current flowing 

through an IGBT, there will be less power dissipated than with a MOSFET conducting the same 

current. However, the trade-off for lower on-state voltage is slower switching speed, especially at 

turn-off, due to holes (for N-channel) that remain in the drift region (Figure 3.21) and must be 

removed by reversing the gate voltage. To aid in recombination of the holes during turn-off, the 

n+ buffer layer has been introduced into what is known as a punch-through (PT) IGBT [41]. It can 

be seen in Figure 3.21 that most of the IGBT structure is similar to that of a MOSFET. Thus, 

despite their differences in output performance, the IGBT is driven similarly to a MOSFET, with 

a turn-on operation requiring the gate-to-emitter voltage, VGE, to exceed a certain threshold, VGE(th). 
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Figure 3.21: Typical N-channel IGBT cross-section. 

 

 

 

 

(a)   (b)   (c) 

Figure 3.22: IGBT schematic symbol without (a) and with (b) a built-in flyback diode.  

(c) IGBT in the 1.5 inch long SOT-227B miniBLOC package. 

 

 

 The IGBT used for this research was the IXGN60N60C2D1 made by the California 

based IXYS Corporation. It includes a flyback diode and comes in the SOT-227B miniBLOC 

package (Figure 3.22) [42]. Its ratings of 600 V, 60 A (continuous), and other specs are 

comparable to the no-longer-produced Fairchild HGT1N40N60A4D used by McCauley. Four 

IXYS IGBTs were screwed onto a large aluminum heat sink (Figure 3.23). For further cooling, 

two large muffin fans were attached to the bottom of the heat sink to blow air up into the heat sink 

fins, and expelled out the sides. Given the size of the heat sink and copious amounts of airflow, 

the heat sink assembly may have been over-engineered, but at the time of construction, the actual 

expected IGBT power dissipation was unknown.  
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Figure 3.23: IGBTs mounted on heat  sink with cooling fans attached on bottom. 

 

 

 

(a)       (b) 

Figure 3.24: Top (a) and bottom (b) views of IGBT half-bridge boards. 

 

 

 Each adjacent pair of IGBTs formed a half-bridge circuit (one half of a full H-bridge) when 

connected to a half-bridge board (Figure 3.24). Wide traces of 10-mil-thick copper ribbon were 

used to make contact with and carry current through the IGBTs. The vertical screw terminal in the 

center of each board was the output to the Tesla coil primary circuit. The circuit design of the full 

H-bridge was based on McCauley’s design shown in Appendix 7.2 on page 133. 
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Figure 3.25: Completed IGBT H-bridge power assembly. 

 

 The half-bridge boards were screwed onto the IGBTs, and the entire heat sink assembly 

was added to the H-bridge power assembly (Figure 3.25). The figure shows a large blue cylinder 

which was the DC rail filter capacitor, rated 6200 µF, 450 V. Directly above this cap was its 5500 

Ω, 50 W bleeder resistor to safely discharge it when not in use. The resister was mounted on the 

side of heat sink, exposed to air flow to keep it cool. Actively cooling this 50 W resistor was not 

entirely necessary since it was only expected to dissipate 20 W. Regardless, its mounting location 

was convenient. 

 The DC rail cap was charged by a silicon full wave bridge rectifier (FWBR) mounted on a 

small heat sink underneath the two muffin fans such that some of the air flowing into the fans 
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would first cool the FWBR. AC power going to the FWBR came from a 120 VAC variac and a 

120:240 step-up transformer. Thus, the DC rail cap could be charged to a maximum of about 340 

VDC, delivered to the H-bridge via thick copper braided ribbons strung through ceramic insulators. 

Parallel to the half-bridge boards, the DC rail conductors were insulated with sections of an 

antistatic plastic tube in which the IGBTs were shipped. 

 

 

Figure 3.26: DRSSTC driver control electronics. 

 

 The bottom half of Figure 3.26 shows three individual circuit boards and their DC power 

supply used to control the H-bridge switching patterns. They are the elements inside the dotted 

box of the DRSSTC basic block diagram (Figure 3.20 on page 48). With some minor exceptions 
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based on availability of certain parts, each circuit was a faithful reproduction of McCauley’s design 

shown in Figure 7.2 and Figure 7.3 beginning on page 134.  

 The heart of the control electronics was the synchronous timing board. At the modulation 

input connector, it accepted a 120 Hz, 200 µs, 0-to-5 V pulse from an Agilent 33220A function 

generator at the control console. Secondly, the timing board accepted a signal from one of the 

small current transformers mounted on one of the output terminals of the IGBT H-bridge. The 

sinusoidal output of this current transformer was converted into a 0-to-5 V square wave, and was 

used to sense the resonant frequency of the primary current, as in Figure 3.19 on page 48. 

Finally, the timing board accepted a third signal. This signal came from the overcurrent 

protection board, which sensed the magnitude of the primary current using the other of the two 

small current transformers labeled in Figure 3.26. If the primary current exceeded a preset value, 

then the overcurrent protection board’s output would go from high to low, signaling the timing 

board to shut down the switching process until the next modulation input pulse (~8.3 ms later). 

Additionally, the 555 timer on the board, configured as a monostable multivibrator, would light a 

bright, blue LED for a duration of one second to indicate to the operator that there had been an 

overcurrent condition. 

The timing board outputted two signals to the IGBT gate driver board: a high-frequency 

resonant switching pulse, and a low-frequency, overcurrent-protected, modulation pulse. These 

two pulses went to the input and enable pins, respectively, of a complimentary pair of MOSFET 

gate drive ICs by Texas Instruments. Although designed for directly driving MOSFET gates, these 

ICs were used to drive the isolation transformer on each IGBT half-bridge circuit board (Figure 

7.1, page 133). Twisted pair wire going through ferrite chokes was used to connect the gate drive 

board to the half-bridge boards. Signals from the isolation transformers then drove the IGBTs, 
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switching them in appropriate sequence to apply the DC rail voltage to the Tesla coil primary 

circuit with alternating polarity, as in Figure 3.19.  

3.6 Power, Control, and Measurement Setup 

Throughout this section, in addition to the alphabetic annotations in the photos, refer to 

Figure 7.4 and Figure 7.5 in the Appendix for a complete block diagram of the entire Tesla coil 

driving and measurement system. Also, Appendix 7.1 lists specific information (makes, models) 

for each piece of equipment used for control or measurement.  

3.6.1 Control Console 

 

Figure 3.27: Tesla coil control console. Equipment used for power, control, and measurement, 

located a safe distsnce from the Tesla coil. See text below for annotations. 
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The following text contains alphabetic annotations that refer to Figure 3.27, above. 

The main input of the system was none other than a 120 V, 60 Hz outlet, going to a series 

of equipment common to both Tesla coil drivers. A variac (A) was used to vary the Tesla coil’s 

input voltage, which affected its output intensity as well. A wattmeter (B), voltmeter (C), and two 

series ammeters (D) and (E) were used to measure the real power and apparent power of the Tesla 

coil input for measurements of efficacy described in Section 2.1. Ammeter (D) was used for most 

current measurements on it maximum range of 10 A. But occasionally, when the Tesla coil was 

run at highest power, the current slightly exceeded 10 A. The 20 A scale of ammeter (E) was used 

for such measurements. Ammeter (D) was not damaged by these currents that exceeded its 

maximum scale by only a small amount. 

Before entering either of the two drivers, the Tesla coil supply current went through an RF 

line filter (F) to block any high frequency noise from entering the power line directly from the 

Tesla coil drivers. Despite the presence of the RF filter, there were still high frequency disturbances 

significant enough to affect digital equipment. Therefore the watt/volt/ammeters were all analog. 

Digital meters were tried previously, but exhibited sporadic operation.  

There were three switches that needed to be flipped to transition from one Tesla coil driver 

to another. Let them be named SW1, SW2, and SW3. SW1 (G) was used to select the main path 

for power to be supplied to the Tesla coil – either through the DRSS driver or the RSG driver. 

SW2 (H) was used to relay power to the controlling electronics of each driver – low voltage power 

supply for the DRSS driver; synchronous motor for the RSG driver. SW3, the most important 

switch, was used to easily connect the Tesla coil primary circuit to either of the two drivers. Given 

the high currents (tens of amperes, RMS) and high voltages (20 kV) involved, the switch had to 

have thick conductors, and wide spacing between the terminals. Figure 3.28 shows the large 
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DPDT knife switch especially constructed for this purpose. It was assembled from parts taken from 

two separate DPST knife switches, and custom fitted to a phenolic base. The primary coil and 

capacitor were connected to the switch’s center (common) terminals. Each pair of terminals on 

either end was connected to its respective driver circuit – DRSS on one side, RSG on the other. 

Figure 3.29 shows the switch’s location and connections in the system. 

 

 

Figure 3.28: DPDT knife switch (SW3) used in primary circuit.  

Phenolic base measures 9 x 6 inches. 

 

 

Figure 3.29: Tesla coil driver connections to primary circuit. 
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 The rotary spark gap synchronous motor needed an external capacitor temporarily in circuit 

to get it started. For this, the student constructed a motor starter assembly (I), containing a 50 μF 

AC capacitor, and a 3-position DPDT toggle switch with “Off”, “Run”, and “Start” positions. 

 When using the double resonant solid state driver, the DC rail capacitor voltage had to be 

readily monitored for safe and proficient operation of the driver. This voltage was displayed on 

small analog voltmeter (J). 

 All other voltage and current measurements were displayed on the Tektronix DPO3012 

digital oscilloscope (K), with inputs from various voltage probes and current transformers 

connected to the Tesla coil primary and secondary circuits. Given the high frequency and 

intermittent nature of these voltages and currents, measuring them was not easy. Furthermore, in 

most cases, a single measurement had to be repeated many times, then averaged, on account of 

inconsistencies and significant deviations between each equivalent measurement. Taking many 

comparative measurements for a long period of time would not be recommended with a Tesla coil 

because the properties of its high-power components would change rapidly as they heat up. 

Fortunately, with a digital oscilloscope, many measurements could be taken in rapid succession 

by saving each one onto a USB thumb drive. After each set of data was collected, it was uploaded 

to a computer and recorded in Excel while the Tesla coil’s components were allowed to cool down. 

 The Agilent 33220A function generator (L) was used to generate the modulation pulse to 

operate the DRSS driver at 120 Hz with an on-time of 200 μs for most measurements. Although a 

simple 555 timer circuit could have been used for the modulation pulse, these experiments required 

precision and ease of use that the function generator afforded. 
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 Finally, in Figure 3.27, there is the audio sound level meter (M) that was used to compare 

the Tesla coil’s dB sound output when powered by the DRSS or RSG driver circuits, as described 

in Section 2.5. 

3.6.2 Voltage Probes and Current Transformers 

 

Figure 3.30: Underside of Tesla coil base table. See text below for annotations. 

 

The following text contains alphabetic annotations that refer to Figure 3.30, above. 

 Mounted on the underside of the Tesla coil base table were the primary capacitor, current 

transformers, ground connections, and a wire leading to the first-turn tap on the secondary coil. 

The primary capacitor, also shown in Figure 3.14, was split into two series-connected boards (A) 

and (B). The primary capacitor’s bleeder resistor (C) was made from twenty series-connected 3 

MΩ resistors, all contained in a long fiberglass tube that stretched from one end of the capacitor 
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to the other. The total resistance of 60 MΩ yielded a 5-time-constnat discharge time of 7.5 seconds 

for the 0.025 µF capacitance. 

 The two white wires at image bottom came up from the common terminals on switch SW3 

described above. The left-side wire was connected to the inner end (D) of the primary coil. The 

right-side wire went through a polypropylene insulator in the middle of Pearson Current Monitor 

model 110 (E). With a 20 MHz bandwidth, it outputted a voltage to the oscilloscope at a ratio of 

0.1 volt per inputted amp. 

 There are ways to directly measure a Tesla coil’s topload output voltage, but its high 

frequency and extremely high voltage would make such an endeavor either very expensive or very 

difficult to design and implement. The literature reveals several different ways that hobbyists and 

experimenters attempt to estimate what the secondary output voltage would be. Burnett [43] and 

Skeldon, et al [23] used an oscilloscope-connected-antenna suspended a safe distance away from 

the Tesla coil such that it would not receive any direct strikes from the coil, and would only receive 

the coil’s alternating electric field, somewhat proportional to the actual voltage. Fritz [44] used a 

small isolated circuit to measure differential voltages at 1 inch intervals along the length of the 

secondary coil. Bruns [39] and Gurleyuk, et al [16] measured the voltage directly with voltage 

dividers and oscilloscopes while their coils operated at low input voltages, sometimes replacing 

the spark gap with a transistor, as done by Skeldon et al [23]. Finally, Farriz et al [6], Skeldon et 

al [7], Skeldon et al [23], and Reed [45] all performed simulations to estimate the output voltages 

from their coils. The problems with all these measurement or estimation methods are that they are 

tedious, in need of calibration, or may not be representative of secondary voltages under normal, 

full-power operation. The student proposes an initial examination into the feasibility of measuring 

the voltage across the first turn (bottom-most turn at ground connection) of the secondary coil.  
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Figure 3.31 below, shows the first-turn tap soldered at the bottom of the student’s 

secondary coil. The wire used had thick rubber insulation to protect it from the thousands of volts 

present on the secondary coil whose inner turn was only one inch away from the wire. Popping 

out through a hole in the base table at point (F), the wire and secondary coil ground connection 

(G) were connected to a twisted pair that led to the input of a 10X oscilloscope probe for 

measurement of secondary first-turn voltage referred to here as V1.  

 

 

Figure 3.31: First-turn tap on secondary coil. 

 

An important note to make here is that at the time these experiments were done, there were 

no measurements taken or research performed to examine the correlation between secondary first-

turn voltage and topload voltage. First-turn voltage measurements were taken with an assumption 

that they would be proportional (but not necessarily linearly proportional) to the topload voltage. 

If resulting data had presented itself well, then it could be compared to measurements and 

simulations of topload output voltages in the literature, and a rough conclusion may have been 

drawn regarding this matter. Otherwise, the first-turn voltage was used solely to compare the 

effects caused by the DRSS and RSG drivers. 

 The bottom of the secondary was attached to the base table with a single brass screw which 

also served as its ground connection (G). The ground wire went through another current 
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transformer (H), a Pearson Current Monitor model 411, which also had a 20 MHz bandwidth and 

an output ratio of 0.1 V/A. This was for the measurement of secondary coil base ground current, 

referred to here as I1.  

 Both the secondary ground wire and the primary’s strike rail ground connection (J) went 

to a central ground terminal block (I). Hanging down from the terminal block were two thick, 

braided copper cables (K), one of which was connected to the ceiling tile grid, the other was 

connected to a metal conduit embedded in the concrete floor. The Tesla coil and both of its drivers 

stood on an aluminum ground plane. Before making firm ground connections to the ceiling and 

floor, the two thick cables first made contact with this aluminum ground plane. 

 The fourth measuring device was a differential voltage oscilloscope probe used to measure 

output voltage of each driver (input voltage to primary circuit), the primary capacitor voltage, and 

the primary coil voltage. Doing so would require a high-bandwidth probe capable of measuring 

voltages in excess of 20 kV. Such a probe would be prohibitively expensive, so cheaper 

alternatives were attempted.  

 At first, it was thought that a convenient way to measure these differential voltages would 

be with a pair of passive high-voltage probes going to the oscilloscope, and using the MATH 

function to take the difference between the two. Indeed a pair of Tektronix P6015 probes (each 

1000X, 20 kV) were used in this manner, and yielded satisfactory results for most measurements, 

except for the DRSS driver output voltage, probably due to undesirable ground loop currents 

between Tesla coil and control console. Furthermore, since both scope channels would be used for 

this differential measurement, there would be no room to measure other quantities simultaneously. 

For these reasons, a dedicated differential voltage probe was used. 
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(a)     (b) 

Figure 3.32: Internal view of Tektronix P5200 differential voltage oscilloscope probe, 

 before modification (a), and after modification (b). 

 

 Simply because it was already on hand, a Tektronix P5200 differential voltage scope probe 

was used as the foundation for the probe design described on the following pages. Since it was 

only rated for a maximum of 1300 V between inputs and 1000 V from each input to ground, 

modifications were made to accommodate 20 kV or higher. The first modification, shown in 

Figure 3.32, was to remove the two fixed input leads, and to replace them with binding posts. A 

third binding post (the green one in the middle) was added to facilitate a ground connection. 

 The second modification was to add a voltage divider network to each of the two inputs of 

the P5200, a process that probably could have been a master’s project by itself. Throughout the 

process of designing, building, and testing high voltage oscilloscope probes, a great deal of 

information had to be gained. The most helpful sources were Goldwasser’s “Basics of High 

Voltage Probe Design” [46], Doug Ford’s “The Secret World of Oscilloscope Probes” [47], and a 

video interview of Doug Ford by Dave Jones: “EEVBolg #85 – High Voltage Oscilloscope Probe 
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Design” [48]. Through the learning process, this student even uploaded some additional online 

content regarding oscilloscope probe design as a series of YouTube videos [49]. 

 With 20 kV to measure, and only 1 kV allowed on the input the Tektronix P5200, a 20X 

attenuator had to be introduced to each of the two inputs. If frequency was low enough, a simple 

resistor divider would have done the trick. However, given the high frequency requirement of 100 

kHz (or more to accommodate higher frequency transients) an RC network had to be developed, 

similar to those that make up standard 10X, 100 MHz scope probes. 

 The top and bottom portions of Figure 3.33 on page 67 show schematics for the two 20X 

attenuators that were designed for this differential probe. The input stage for each was a series 

network of six RC pairs, totaling to an equivalent impedance of 63 MΩ in parallel with 17 pF. The 

multitude of individual, identical parts was necessary to spread out the high voltage from one end 

to the other, similar to MMC (Multiple Miniature Capacitor) arrangement for the Tesla coil’s 

primary cap. On the output of each input stage was a short coax cable which led to a compensation 

box. The RC network in the compensation box, along with the P5200’s equivalent input impedance 

(center portion of the figure) served as the bottom leg of a voltage divider, with the input stage 

being the top portion of a voltage divider. Ultimately, the voltage magnitude entering the P5200’s 

input comparator was 1/20 of the magnitude entering the RC input stage. All of the added 

capacitors in this external attenuator were necessary to compensate for the effects of the P5200’s 

input-to-ground capacitance of 7 pF, plus any parasitic capacitances such as the coax cable’s 25 

pF to ground. 

 On the following pages, Figure 3.34 through Figure 3.38 show the construction and 

implementation of the whole differential probe system. The RC network input stage was assembled 

in a glass jar for three reasons: (1) Glass, being nonmetallic, would help to minimize parasitic 
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capacitance. (2) A glass jar provides a leak-proof container for the insulating oil. (3) A glass jar 

with metal lid is strong enough to withstand the vacuum pressures involved in the method of filling 

the jar with oil. 

 Indeed, the RC network had to be immersed in an insulating medium to prevent corona 

building up on any of the components, polluting the voltage measurement signal with broadband 

noise. Also, keeping the components well insulated from each other and from ground would yield 

a more compact design. Modern materials that might be used for this application include solid or 

semi-solid potting compound or a pressurized gaseous insulator like sulfur hexafluoride, SF6. 

However, oil was chosen as the insulating medium because it was already on hand, easy to work 

with, and it satisfied the student’s desire to use a method used by Nikola Tesla to insulate his high 

voltage transformers, as he described in his lecture delivered before the IEE (Institution of 

Electrical Engineers)6 in London, February, 1892 [50]. 

 Each RC network input stage was assembled on a piece of perf-board cut to fit the inner 

profile of the glass jar, with all six blue resistors on one side, and all six orange capacitors on the 

other. The steel lid was fitted with four items: a high voltage insulator input terminal, a short copper 

tube, a knurled nut ground terminal, and a BNC connector output to the compensation box. The 

first three of these items were soldered in place, and the BNC connector was screwed in place with 

a rubber washer to ensure an air-tight fit. Also, extra precautions were done to make sure there 

would not be any leaks of air or oil internally through the BNC connector. 

 Once each jar was fully assembled, it was subjected to a vacuum pump apparatus to fill the 

jar with oil in a manner similar to that done by Tesla. Air was first evacuated from the jar to prevent 

                                                 
6 The IEE became the IET (Institution of Engineering and Technology), following a 2006 merger of IEE and IIE 

(Institution of Incorporated Engineers). The IET is a professional organization primarily focused in Europe, with over 

150,000 members worldwide [54].  
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any air pockets being caught inside if the oil had simply been poured in under normal atmospheric 

pressure. With the air removed, the oil was allowed to enter the jar, being sucked naturally from 

the vacuum pressure. The oil inside the RC jar, which had not beforehand been properly treated to 

remove dissolved gasses, was maintained under vacuum pressure for a few hours to encourage 

most of the gasses to bubble up from nucleation sites in the perf-board. Once atmospheric pressure 

was returned to the jar, the bubbling ceased, and close visual inspection revealed no visible air 

pockets in which corona could form. 

 Each compensation box was simply a small aluminum enclosure with one fixed resistor, 

two fixed capacitors, two variable capacitors, and two BNC female connectors. Two small holes 

were drilled in the box’s top cover to permit easy adjustments of the variable caps.  

 To contain and shield the full differential probe system, a long wooden box, which was 

already on hand, was given a removable cardboard cover. Holes were cut in the cardboard to 

accommodate the two high voltage input terminals. The entirety of this box was coated with 

aluminum foil to shield the probe components from torrents of RF noise that would emanate from 

the rotary spark gap and Tesla coil topload. Experience has shown that this shield, although 

connected to Tesla coil ground, must be maintained entirely separate from all of the probe’s ground 

connections. The probe’s only ground connection was through the oscilloscope. Maintaining a 

single ground connection for this, and all other voltage and current probes, was critical to 

minimizing common-mode noise in measurements.  

 Connection from the differential probe to Tesla coil components was done with a twisted 

pair of wire with thick rubber insulation. Rather than direct connection through isolated wires, 

maintaining a twisted pair was important to minimize any potential magnetic coupling from the 

primary coil. 
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Figure 3.33: Differential voltage probe schematic. 

 

 

 

Figure 3.34: Construction of differential probe’s input stage. Left: exploded view of RC network, 

glass jar, and lid components. Bottom Inset: underside of finished lid. Top Inset: top view of 

finished lid. Right: both completed networks immersed in oil. 
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Figure 3.35: Using a vacuum to fill oil into input stage jars. Vacuum pump was a converted 

refrigerator compressor located behind white background. 

 

 

 

 

 

 

 

 

Figure 3.36: One of two compensation boxes for differential probe input. 
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Figure 3.37: Complete differential probe assembly inside shielded box.  

Tektronix P5200 on left, compensation boxes in center, glass jars taped down on right. 

 

 

 

 

Figure 3.38: Completed 20 kV differential probe connected across primary coil  

via twisted pair of thickly insulated orange wire. 
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3.6.3 Effective Shielding and Measuring Topload Ground-Arc Current 

 
 

Figure 3.39: Complete experimental setup. See text below for annotations. 

 

The following text contains alphabetic annotations that refer to Figure 3.39, above. 

 So far, the control console (A) and Tesla coil/driver assembly (B) have been examined 

separately, but the above figure shows the whole system in operation. A few other important details 

to point out are the aluminum ground plane (C) underneath the Tesla coil and its drivers, the brass 

sheet-metal shield (D) that covered all measurement cables that go between console and Tesla coil, 

and the metal screen (E) built up as a partial Faraday cage to shield the oscilloscope which had the 

tendency to occasionally freeze up during operation. Items (C), (D), and (E), were all connected 
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to Tesla coil ground, but not to equipment ground. However, ultimately, the two grounds merged 

at the power outlet where everything was connected. Again, using this two-ground format was 

important to minimize common-mode noise in the oscilloscope measurements.  

Also visible between the figure’s (B) and (C) markers is the Faraday cage which 

completely covered the DRSS driver. Most DRSSTCs are built with the electronics safely tucked 

away underneath the Tesla coil. However, in this case, being mounted on the side of the Tesla 

coil’s base table, the driver was especially susceptible to any sideways-directed topload discharges. 

With the Faraday cage in place, the Tesla coil could be operated with great confidence that the 

DRSS driver would not be damaged. 

The Pearson current monitor model 411 that was used to measure the secondary base 

current, I1, was also used to measure the topload arc-to-ground current, referred to here as I3. 

Measuring such current can be easily done by having the topload discharge to a metal terminal 

connected by a single wire through a current transformer to ground. The oscilloscope was found 

to freeze much less frequently with the ground arc traveling vertically rather than horizontally. 

Also, for a desire to make rapid successions of measurements under well-defined conditions, it 

was preferable to have the ground terminal’s distance to the topload be easily adjustable. 

Thus was born the idea to have a system of insulated pulleys move the ground terminal 

vertically above the topload, as adjusted from the control console. A two-pound steel mass (F) 

hung on the end of a rope with a piece of tape marking a fixed point on the rope. When adjusted, 

the tape-marker slid past other colored markers (G) to indicate how high the ground terminal (I) 

was above the Tesla figurine breakout point (K) in 10 cm increments. The above photo, in this 

case, shows a displacement of 40 cm. 
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The current in arc discharge (J) went through a copper braided ribbon, held up by a set of 

plastic pulleys, insulated from ground (the ceiling tile grid) at all points, except at the end of the 

wire where it passed through the current transformer and terminated at point (H). The long BNC 

cable that fed from the current transformer to the scope was shielded in copper braid (L), connected 

to the ceiling tile grid/ground, but not to the BNC cable ground. Again, the only ground connection 

for this measuring instrument was at the oscilloscope.  

Finally, for certain measurements or photographs, the Tesla coil had to be operated in 

darkness. To do so safely, the control console had to be illuminated by a light that was bright 

enough for reading/writing, but dim enough to have no effect on cameras or the student’s dark-

adapted eyes. A ceiling mounted lamp fixture (M) was fitted with a yellow 25 W light bulb that 

suited these requirements quite well. A black paper baffle was taped around the lamp fixture to 

keep the light directed on the control console, and nowhere else. 

3.6.4 Measuring Topload Currents with Observations of Light Bulb Intensity 

 

  (a)            (b) 

Figure 3.40: Current measuring light bulb locations and connections for calibration procedures, 

for I2 (a), and I3 (b). 
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The topload output current I3 could be easily measured through a ground-referenced current 

transformer if it arcs directly to ground, but not if it is brush discharge that dissipates before 

reaching any ground. It would have to be measured at the source, directly on the topload. One 

device that could measure such current at high potential would be a battery powered current 

sensor/converter with a fiber optic output to a remote receiver. However, with no such device on 

hand, nor time to design and build one, a lower-tech solution was used. 

The topload discharge output current, here referred to as I2, was measured by passing the 

current through the filament of a small light bulb whose light intensity was carefully observed 

through a series of photographs. A 15 W, 120 V microwave oven bulb served this function well 

since its normal operating current would be similar to the Tesla coil’s output RMS current. It was 

mounted on top of the Tesla coil as in Figure 3.40 such that it would be clearly visible for 

photographing with a digital camera. Also for direct comparison to I3 current transformer 

measurements, another 15 W bulb was mounted above the ceiling tile grid, and connected in series 

with the braided copper ground wire. 

Since the bulbs’ precise current-to-intensity relations were not known, each of the two 

bulbs first had to be calibrated. Shown by Figure 3.41, the room was darkened, and images of the 

bulb were acquired with various currents applied and measured on a Fluke 189 DMM. The currents 

were 60 Hz AC, adjusted from a variac, stepped in 5 mA intervals. An ordinary digital camera was 

mounted on a tripod and used to take each photo with identical, manually established settings – 

ISO speed 100, incandescent white balance, f-stop f/5, and 1 second exposure. The set of images 

obtained then served as reference for any level of light intensity the bulb might exhibit during 

Tesla coil operation.  
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Figure 3.41: Sequence of photos for calibration of I2-conducting light bulb. 

 

 Once calibrated, the variac and DMM were removed, and the Tesla coil was operated with 

the light bulb conducting the discharge current. Many photos were obtained for varying heights of 

arc discharge, for maximum brush discharge, for both DRSS and RSG drivers, and for both I2 and 

I3. Figure 3.42 shows a small collection of such photos. After loading all photos on a computer, 

the measurement photos were compared side-by-side to the calibration photos to best estimate the 

RMS current in each case. 

 

 

Figure 3.42: Small sample of photos taken for measurement of I2 of DRSSTC,  

20 to 50 cm arc height from left to right.. 
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3.6.5 Observing Height of Brush Discharge 

For some measurements, the height of brush discharge had to be known. Decidedly less 

straightforward than simply passing an arc between two electrodes of known distance, estimating 

average height of brush discharge required patience and a keen eye. To provide a reference scale, 

a thin strip of fiberglass material was marked with 5 cm intervals and hung from the ceiling above 

the topload (Figure 3.43). The scale started with 0 cm at the tip of the breakout point and ended 

with 85 cm near the ceiling. A battery-powered blue LED resting on the topload provided 

illumination to view the scale when the room was darkened during operation. 

Observing maximum height of brush discharge would not have been sufficient, given its 

extremely erratic behavior. Most streamers may reach a certain height, only to be surpassed by 

occasional “super” streamers that may reach 20 or 30 cm higher. Estimating the average height 

was far more effective. For each measurement, the discharge was observed with the naked eye for 

20 to 30 seconds to find a point at which streamers went both above it and below it with roughly 

equal frequency and equal distance from that point. 

 

 

Figure 3.43: Hanging fiberglass scale used to observe brush discharge height. 
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4 Chapter 4: Data and Analysis 

Note: In some cases, the DRSSTC was driven with a 200, 300, or 400 µs modulation pulse, 

which may not always be specified in the following text and figures. A pulse duration of 200 µs 

should be assumed unless otherwise stated. Furthermore, two different breakout points were used 

for some observations, but the 7-inch (18 cm) tall Tesla figurine shall be assumed unless otherwise 

stated. 

4.1 RMS Measurements  

Since part of this research was to examine the distribution of power in a Tesla coil’s 

resonant circuits, most measurements gathered from these experiments were displayed on the 

digital scope as RMS voltages, and where appropriate, converted to RMS currents. However, the 

interruptive natures of a Tesla coil’s voltages and currents do not render themselves convenient 

for measurements of RMS quantities on a digital scope. Only the high frequency burst portions of 

the waveforms were of interest, while space between bursts (zero magnitude, some level of DC, 

or 60 Hz AC) had to be ignored.  

 

 

(a)      (b) 

Figure 4.1: Typical voltages across primary capacitor in DRSSTC (a), and RSGTC (b).  

Top portion of each is broad view of five bursts. Bottom portion is magnified single burst. 

Vertical scale: 10 kV/div. 
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The Tektronix MSO2012 that was used for these experiments had no trouble displaying 

accurate RMS measurements over a broad view of 5 or 10 bursts if the space between each burst 

was zero volts or amps. But for measurements like the RSGTC primary capacitor voltage shown 

in Figure 4.1(b), there were significant voltage levels between bursts that would undesirably apply 

to any broad-view RMS measurement. 

 

 

(a)      (b) 

Figure 4.2: Typical voltages across primary capacitor showing methods of RMS measurements.  

For DRSSTC (a), window time for RMS measurement was 400 μs. For RSGTC (b), it was, for 

this particular image, 240 μs between cursers. Vertical scale: 5000 V/div.  

 

The literature search failed to yield any mention of a method to acquire an accurate RMS 

measurement for a full period when the high frequency burst RMS is already known. Although, 

there was one potentially promising reference which could not be viewed beyond its abstract [26]. 

Nonetheless, the student independently derived the following method. It is not necessary 

revolutionary since it only required a basic understanding the defining equation for calculating 

RMS.  

To begin, each observed burst was viewed full screen, usually over a 400 μs window, or 

over a shorter time between cursors, as in Figure 4.2. The RMS value displayed for each 

measurement then had to be modified according to the following math. 
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 Consider an arbitrary waveform f(t) with each cycle beginning with a brief burst of 

oscillation during window time tW, followed by zero magnitude for the remainder of its period T. 

It is well known that the waveform’s full period RMS may be calculated with: 

𝑓𝑅𝑀𝑆−𝑇 =  √
1

𝑇
(∫ 𝑓2(𝑡) 𝑑𝑡

𝑡𝑊

0

+  ∫ (0) 𝑑𝑡
𝑇

𝑡𝑊

) 

Simplified: 

𝑓𝑅𝑀𝑆−𝑇 =  √
1

𝑇
√∫ 𝑓2(𝑡) 𝑑𝑡

𝑡𝑊

0

                                                  (4.1) 

The scope, however, when it performs an RMS measurement, interprets a full cycle as whatever 

portion of the waveform it sees within the window of its LCD or between cursors. This 

measurement may be expressed as: 

𝑓𝑅𝑀𝑆−𝑊 =  √
1

𝑡𝑊

√∫ 𝑓2(𝑡) 𝑑𝑡
𝑡𝑊

0

                                                  (4.2) 

Equations (4.1) and (4.2) combined through their common radical: 

𝑓𝑅𝑀𝑆−𝑇

√1
𝑇

=  
𝑓𝑅𝑀𝑆−𝑊

√
1

𝑡𝑊

 

Simplified: 

𝑓𝑅𝑀𝑆−𝑇 = 𝑓𝑅𝑀𝑆−𝑊  ∙ √
𝑡𝑊

𝑇
                                                       (4.3) 

 Most RMS measurements, fRMS-W, displayed directly on the scope, were taken over a 

window time of tW = 400 μs or less. Full cycle RMS measurements, fRMS-T, were calculated from 

(4.3) over a period of T = 1/120 s = 8333 μs. With full cycle RMS voltages and currents known, 

powers could be calculated for certain parts of the Tesla coil’s resonant circuits.  
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4.2 Clarification of Arc and Brush Discharge Height Data 

For the data shown in most of the scope screenshots and graphs in the following figures, 

measurements were taken with the variac cranked up to maximum voltage output, and the only 

variable was the height of the hanging ground electrode (item “I” in Figure 3.39 on page 70) 

elevated above the breakout point, from 10 to 60 cm for arc discharge measurements. For brush 

discharge, the hanging electrode was removed so there would be enough space to allow streamers 

to proliferate without arcing to the ceiling tile grid or any other grounded object. Although most 

arc discharge graphs throughout this report depict brush discharge as being 70 cm high, as in 

Figure 4.4, such height is not necessarily true. The data points were simply plotted at 70 cm for 

convenience of including the full-power brush discharge data on the same graph as full-power arc 

discharge data. Actual brush discharge heights at full-power actually varied from 60 to 80 cm. 

Brush discharge height was only monitored for certain collections of data in which Tesla coil input 

power was varied for the purpose of changing the brush discharge height, as in Figure 4.5. Still, 

other graphs combine arc and brush discharge heights on the same cm scale, as in Figure 4.6 and 

Figure 4.7. In those cases, the graph’s depicted discharge height is true for each data point under 

all applicable circumstances.  

4.3 Spark Length Efficacy 

Spark length efficacy is the length of a Tesla coil’s output discharge per unit input power. 

So to find the efficacies for DRSS and RSG drivers, their respective input powers must first be 

understood. There are quite a few differences, and they begin at the 120 V wall outlet. Figure 4.3 

shows the differences in input current (cyan) and instantaneous power (red). As expected, the 

DRSS waveforms were synonymous with those of a rectifier and capacitor filter circuit, whereas 

the RSG waveforms were mostly sinusoidal as the current went to a purely passive AC circuit. 
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Although, some non-sinusoidal discontinuities did show up in the RSG current waveform (at the 

transient spikes), given the asymmetric charge/discharge cycles of the primary capacitor.  

 

 

Figure 4.3: Observation of input currents and instantaneous powers.  

 

 The graphs in Figure 4.4 each show four different data series: three series with different 

DRSS modulation pulse durations (200, 300, and 400 μs), and one series for the RSG driver, whose 

pulse duration was at the whim of the spark gap dynamics. Although direct comparisons will only 

be made between RSG and 200 μs DRSS, the 300 μs and 400 μs cases were examined to observe 

the variance of DRSS input powers. Voltage, current, and real power, Pin, data were obtained 

directly from the appropriate analog meters seen in Figure 3.27 on page 55. Apparent power 

magnitude, Sin, was calculated from the product of Vin and Iin. Power factor was calculated from 

the quotient of Pin to Sin. 

 The graph of input voltage shows that the variac was turned up to maximum voltage for all 

measurements. The voltage hovered around 118 to 119 V in most cases, but dropped down to 116 

V for 400 us DRSS due to the increased current causing resistive losses in the wires and measuring 

instruments.  
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Figure 4.4: Driver input voltages, currents, and powers for full-power arc and brush discharge 

for RSG and DRSS with 200, 300, and 400 µs modulation pulses. 
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The current and power graphs show a consistent rise of current and power for DRSS, with 

arc discharge, as modulation pulse duration is increased. However, among the DRSS cases, there 

was very little change in current or power during brush discharge output. Such a finding is 

significant for design of high power musical Tesla coils which are often seen constantly 

transitioning between brush discharge and ground arcs. In the case of this particular Tesla coil, at 

400 μs DRSS, transitioning from 7.4 A with brush discharge to 12.4 A with 60 cm arc, caused a 

68% increase in RMS current. 

Focusing on this paper’s main comparison, both RSG and 200 μs DRSS drivers drew nearly 

constant currents and powers over the range of arc lengths and full-power brush discharge, with 

RSG currents and powers being nearly twice as much as those of DRSS. This is already a clue in 

the data analysis that a DRSSTC can be more efficient than a RSGTC. 

Power factors also remained relatively constant across the range of discharge height, with 

RSG giving poorest performance with an average 0.59. High power (Sin ≥ 1 kVA) spark gap Tesla 

coils would fare well with power factor correction capacitors to minimize line losses and to prevent 

overloading breakers. Although DRSS power factors appear more reasonable, they do not reveal 

the true nature of how a DRSSTC loads the power line. As with an ever increasing number of 

switch-mode power supplies on the power grid, the DRSSTC power supply draws all of its current 

only during line voltage peaks (Figure 4.3), causing uneven loading. It is difficult to combat this 

problem of non-linear loading, but is usually not too much of a problem. However, it should be 

considered as people ultimately build ever larger and more powerful DRSSTCs in the future. 
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Figure 4.5: Driver input voltages, currents, and powers for varying-power brush discharge  

for RSG and DRSS with 200 µs modulation pulses. 
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 To examine the effects of input voltages, currents, and powers on brush discharge, the 

variac was varied to adjust the brush discharge heights 10 cm at a time. Only RSG and 200 μs 

DRSS drivers were used to acquire data shown in Figure 4.5 above. Specific brush discharge 

heights were monitored using the method described in section 3.6.5.  

Each series of RSG data has two fewer points than DRSS data for the following reasons. 

The minimum brush discharge height obtainable with the RSG driver was 20 cm because dropping 

the input NST output voltage any lower could not sustain spark gap conduction. On the other end, 

the RSGTC’s maximum brush discharge height happened to be 70 cm due to energy being 

dispersed to streamers on the side of the topload, as in Figure 4.22.  

With the exception of the relatively flat trends of power factor data in the above figure, all 

quantities steadily increased as brush discharge height also increased. DRSS current and powers 

rose rather linearly, while RSG current and powers appears to be linear for shorter discharge 

heights, but rose exponentially for greater heights. The RSGTC’s exponential rise in power 

probably resulted from side streamers being produced at higher powers (again, as in Figure 4.22), 

thus requiring more power to produce vertical discharge of desired height. 

 The graph of Figure 4.6 was generated to observe the relation of input power as a function 

of discharge height for both arc and discharge. The graph was derived from the two Sin graphs of 

the above two figures, with each amount of power divided by the height at which it was measured. 

If one assumes that every VA of input power goes into the production of topload discharge, then 

the figure below shows that arc discharge packs a lot of power into a small space (10 cm) and 

spreads out that same amount power over the length of the arc as it increases to 60 cm. However, 

a brush discharge would maintain a constant linear density of power regardless of its height. 
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Figure 4.6: Input power per unit discharge height  

shown for various heights of both arc and brush discharge. 

 

 

Figure 4.7: Discharge height efficacy shown for various heights of both arc and brush 

discharge. This data is reciprocal of Figure 4.6 data, scaled by 100. 
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 Finally, the discharge height efficacy, shown in Figure 4.7, was found simply from the 

reciprocal of Figure 4.6 data, and scaled by 100 to avoid operating with a distance scale on the 

order of 0.01 cm. The efficacy unit became “centimeters per 100 volt-amperes”.  

This graph doesn’t really reveal anything more than the graph before it, except, upon close 

inspection, there appears to be strong linear proportion between corresponding data points of 

DRSS and RSG. The DRSS efficacies were divided by their corresponding RSG efficacies for 

each pair of corresponding “arc” or “brush” data points at each discharge height. The results were 

all quite similar with very little variance, so they were all averaged together. The very simple Table 

2 summarizes the result. 

 

Table 2: Topology comparison of discharge height efficacy. 

 

Quantity Average ratio of 200 μs DRSS data to RSG data 

Discharge height efficacy 

for both arc and brush 

discharges of all lengths 
1.90 

 

 The result shows that this particular Tesla coil, powered by a DRSS driver with a 120 Hz, 

200 μs modulation pulse was nearly twice as efficient as when it was powered by a RSG driver 

pulsing the primary circuit at 120 Hz. If the DRSS modulation pulse duration and/or frequency 

were increased, then this efficiency relation would surely decrease to the point where the DRSSTC 

would be less efficacious than the RSGTC. Nonetheless, when topload output spark length is 

concerned, a double resonant solid state Tesla coil can, in general, be made to operate with greater 

efficacy than an equivalently sized rotary spark gap Tesla coil. 
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4.4 Analysis of Resonator Voltages and Currents 

Already, significant differences have been seen for various input qualities of the two 

topologies. This section and following sections will examine differences in quantities on the 

output-ends of the driver circuits. Throughout these observations and analysis, Figure 7.5 should 

be referenced for relative polarities of voltage and current measurement connections, and their 

relative AC phases.  

Beginning first with Figure 4.8, a broad view of several burst cycles of driver output 

voltages can be seen, DRSS on left, RSG on right. Most significant is the difference of voltage 

scales, with RSG output magnitude about 50 times greater than DRSS output. The spaces between 

bursts are quite different as well, with flat DC levels for DRSS, and sinusoid-like capacitor 

charging voltages for RSG.  

 

 

Figure 4.8: Scope screenshots of Vdriver, DRSS driver on left, RSG driver on right. 

Broad views of 5 bursts. Each burst separated by 1/120 second. 

 

 

 Closer examinations of the actual bursts are shown in Figure 4.9. It can be seen that the 

DRSS driver’s output voltage square wave cause the primary current to begin oscillating, with 

growing magnitude for the duration of the 200 µs modulation pulse. At the end of the pulse, current 

magnitude reaches a maximum, then begins falling. Figure 4.10 shows this transition region in 

greater detail. As the IGBTs actively switch the DC rail voltage, the sinusoidal current is nearly at 
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0° phase with the applied voltage. At the end of the modulation pulse, the IGBTs cease switching, 

and current is left to die down through the parallel diodes inside the IGBT packages and through 

the DC rail capacitor. With the capacitor acting as a load at this point, rather than a source, the 

voltage and current waveforms become 180° separated.   

 Johnson [28] also obtained driver voltage and primary current waveforms (top half of 

Figure 4.11) from his solid state Tesla coil. In his case, the modulation pulse ceased while the 

primary current was positive, resulting in an instant reversal of driver voltage seen at the forth 

horizontal division line from left. In Figure 4.10 however, the modulation pulse ceased at the 

instant the current went negative, or shortly thereafter, ensuring the driver voltage remained 

positive until the current went positive again. 

 

 

Figure 4.9: Scope screenshots of Ipri on Ch. 1 (blue) and Vdriver on Ch. 2 (cyan). 
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Figure 4.10: Close inspection of DRSS Ipri and Vdriver waveforms.  

Red line indicates point at which driver output terminals transition from source to load. 

 

 

 

Figure 4.11: Scope waveforms obtained by Gary L. Johnson, similar to those in Figure 4.10.  

Square wave A1 is solid state driver output voltage at 200 V/div.  

Sinusoid A2 is primary current at 12.5 A/div. 

 

 

 For this student’s Tesla coil, the 180° phase shift between driver voltage and primary 

current can be seen in the RSG output waveforms at the bottom of Figure 4.9, despite the presence 

of excessive transients. Unlike the DRSS driver, which is both source and load, any kind of spark 

gap is only a load. With the DRSS driver, energy is gradually pumped into the Tesla coil resonator, 

whereas the RSG driver stores all available energy into the primary capacitor first, then releases 
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that energy nearly instantaneously into the resonator. An unexpected observation was the presence 

of a DC offset on the RSG output voltage. With a magnitude of about 400 V, its polarity alternates 

with the 60 Hz line phase, such that the next burst, 1/120 of second after the one shown above, 

would be negative. 

 Figure 4.12 and Figure 4.13 show families of waveforms of driver output voltages and 

primary currents, respectively. Each family contains typical samples of measured data for full-

power arcs of various lengths, and for full-power brush discharge, as labeled for each pair of 

DRSS/RSG data. The most significant finding revealed by these data is that as arc length increases 

and ultimately grows to brush discharge, the primary circuit’s energy is drained from it more 

rapidly, as evidenced by the reduced conduction time in each case. The DRSS driver’s decreasing 

current amplitudes also demonstrate the increasing energy drain since the driver experiences 

greater loads and cannot bring the primary current to very high levels. 

 These data hint at why the Tesla coil’s output discharge efficacy increases with height of 

the full-power arc or brush (Figure 4.7). As the discharge height increases, driver input power 

remains constant, but energy from the driver is transferred more readily from the primary circuit 

to the secondary circuit, and ultimately to the formation of output discharge. 
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Figure 4.12: Scope screenshots of Vdriver. Each window spans horizontally 400 μs, 

and vertically ±800 V for DRSS (left) and ±2 kV for RSG (right) 
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Figure 4.13: Scope screenshots of Ipri.  

Each window spans horizontally 400 µs, vertically ±400 A. 
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Figure 4.14: Graphs of Vdriver, Ipri, and power calculated from their product. 

 

 

 For quantitative analysis, a great many scope screenshots were acquired, loaded to a 

computer, and analyzed for peak values, conduction times, or RMS measurements. Each 

measurement gathered from the scope and analyzed here, is the average of at least ten samples 

taken from ten screenshots. Extensive data collection and averaging were necessitated by the 

sporadic, unstable natures of Tesla coil voltages and currents which, in some cases, varied by 

±50% or more, especially for RSGTC in general, and for greater discharge heights for both 

topologies. The measurements’ unstable natures are expressed here in graphs as vertical error bars, 
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where each point’s error bar has a length of ±1 standard deviation of all samples acquired for that 

data point.  

 The top half of Figure 4.14 shows the voltage and current data acquired from collections 

of screenshots similar to those in Figure 4.12 and Figure 4.13. RMS values were calculated 

according to the procedure laid out in Section 4.1. Both voltages and currents for each topology 

are seen to follow somewhat linear drops with increasing topload discharge length. 

 Each driver’s output power, Sout, was calculated from the product of its voltage and current. 

This calculation was not done to find the power outputted by each driver. After all, the rotary spark 

gap is only a load, and the DRSS driver acts as both source and load. Rather this calculation was 

done to find the average power dissipated by each driver. Unfortunately, when compared to the Sin 

graph of Figure 4.4, this clearly cannot be the case, since most of the output powers exceed their 

corresponding input powers.  

 Primary capacitor voltages, VCpri, and primary coil voltages, VLpri, were also measured for 

various topload discharge heights. Samples of screenshots of these voltages are not shown here 

since they were quite similar in appearance to those of the primary current. However, RMS 

voltages acquired from the samples are shown in Figure 4.15, below. These voltage measurements 

were done so they could be compared to voltages calculated from primary current and 

inductance/capacitance. Indeed, the two graphs show a strong equivalence between calculated and 

measured voltages, only varying by a small constant in each case. 
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Figure 4.15: Primary capacitor and coil voltages, measured and calculated. 

 

 

 Further knowledge about Tesla coil operation may be gained from measuring I1, the 

secondary coil’s base ground current (Figure 4.16), and V1, the voltage across the first turn of wire 

on the bottom of the secondary coil (Figure 4.17). The shapes of the RSG waveforms do not differ 

much from those of primary current inspected earlier. However, the DRSS waveforms are quite 

different from previous waveforms and reveal how the topload discharge forms during each burst. 

As the primary coil’s alternating magnetic field begins growing in amplitude, so too does the first-

turn voltage, and by extrapolation, the topload voltage. During this time of voltage growth, a 

streamer may form briefly, but ultimately the voltage gets high enough to break down the air 

dielectric and form an arc to ground. That is the point in each arc-discharge screenshot in which 

the current or voltage suddenly drops by a small amount before climbing up again. The arc then 

continues to conduct for the remaining time of each burst, which grows shorter as the arc length 

grows longer. In the case of brush discharge, no arc forms, so there are no abrupt changes in I1 or 

V1 waveforms. 
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Figure 4.16: Scope screenshots of I1. DRSSTC on left, RSGTC on right. 

Each window spans horizontally 400 µs, vertically ±8 A. 
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Figure 4.17: Scope screenshots of V1. DRSSTC on left, RSGTC on right. 

Each window spans horizontally 400 µs, vertically ±200 V. 
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Figure 4.18: Secondary first-turn data.  

Measured voltage and current. Calculated power and impedance. 

 

 

 

Table 3: Topology comparisons of secondary first-turn quantities. 

 

Sec. First-Turn Quantity Average Ratio of 200 µs DRSS data to RSG data 

Voltage (V1) 1.25 

Current (I1) 1.25 

Power (V1*I1) 1.56 

Impedance (V1/I1) 1.00 
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 Just as with primary current and driver output voltage, the secondary base currents and 

first-turn voltages were sampled and had their RMS values calculated for each topology and for 

various full-power discharge lengths. The RMS results are shown in Figure 4.18, measured 

quantities on top, calculated quantities on bottom. The S1 graph was generated from the products 

of V1 and I1. Impedance magnitudes, Z1, were found from the quotients of V1 over I1. The trends 

of the data reveal that the first-turn voltage, power, and impedance each decreased with increasing 

discharge height, while the current appears to have decreased slightly, but remained more-or-less 

constant. 

  Comparing driver differences in the data, the RMS voltages and currents of the 200 

µs DRSSTC were, on average, 1.25 times those of the RSGTC, that is, 25% greater than those of 

the RSGTC. The impedance calculation was performed to determine if the type of Tesla coil driver 

had any effect on the equivalent impedance of the secondary coil’s copper wire due to skin effect 

and proximity effect. The graph shows that there is essentially no difference since the RSG and 

DRSS data nearly overlap each other. Table 3 summarizes the findings. 

4.5 Arc-to-Ground Current Measurement 

Data obtained from topload discharge current measurements proved quite confusing due to 

contradictory results between two different measurement techniques. There was also a peculiar 

transient response observed with one of the techniques, but it is unknown if the transient is 

legitimate and accurate data, or if it originates from elsewhere in the Tesla coil and measurement 

system. 
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Figure 4.19: Scope screenshots of I3. DRSSTC on left, RSGTC on right. 

Each window spans horizontally 400 µs, vertically ±4 A. 
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 That peculiar transient can be seen in certain frames of the RSGTC I3 waveforms in the 

right-hand side Figure 4.19, gathered from the ceiling mounted current transformer (item H in 

Figure 3.39 on page 70). Screenshots from 20, 40, and 60 cm arc length are normal and expected 

with no degree of DC offset. At 10, 30, and 50 cm arc lengths, however, the alternating current 

begins with a positive or negative DC offset before decaying to zero. The polarities of these offsets 

depended on the scope trigger. If the scope had triggered on the following burst 1/120 second later, 

the polarities would be reversed, showing negative, positive, negative for 10, 30, and 50 cm, 

respectively. This phased DC offset also manifested itself to a lesser degree in measurements of 

secondary base current, as seen in the 30 and 50 cm RSG screenshots in Figure 4.17. Efforts to 

eliminate the effect included extensive use of RF line filters on the oscilloscope power input, and 

common-mode chokes on scope inputs by wrapping the current transformer’s coax cable many 

times through ferrite toroids. Those efforts failed. 

 The current transformer’s output, rated at 0.1 V out per 1 A in, was observed with the scope 

scale set at 100 mV/div. This was the lowest scale that yielded any useable data because at 50 

mV/div or lower, the peculiar DC offset was especially pronounced and sporadic for all arc lengths. 

Internal to the scope, a relay could be heard clicking when switching between 50 and 100 mV/div, 

indicating there were certainly significant hardware differences between the two scales and how 

input signals were amplified or attenuated. Despite the issue with vertical scales on the Tektronix 

DPO 3012, the scope as a whole did not cause the phased DC offset. The effect was still observed 

on a Tektronix 2236 analog scope, albeit not with any issues between scales of the scope’s input 

stages. 

 Nonetheless, the RSG data were taken as-is and analyzed for RMS values of the arc-to-

ground current. Although the phased DC offset introduced a zigzag appearance and significant 
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error bars to the red trace in Figure 4.20, it exhibited an overall decreasing trend similar to that of 

the DRSS RMS data in blue. Indeed, there were no problems with collecting and analyzing DRSS 

arc-to-ground current measurements from screenshots similar to those on the left-hand side of 

Figure 4.19. The waveforms, all triggered at the beginning of primary current conduction, reveal 

the increasing time it takes for the arc to form with increasing arc length, leaving less time for the 

arc to conduct, and lower RMS magnitude as seen in the graph below.  

 Given the uncertainty of the validity of the RSGTC’s arc-to-ground current, an alternate 

method was attempted – the light bulb intensity method described in Section 3.6.4. With results 

shown in Figure 4.21, there was strong correlation between I2 and I3 for each topology, indicating 

no unexpected losses of current between topload and ground terminals. Also, there was a good 

match of DRSS data between the two methods, having nearly identical levels of current for each 

arc length. However, the RSG light bulb data, remaining quite constant for all arc lengths, was in 

stark contrast to the sloping trend obtained from current transformer and oscilloscope data.  
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Figure 4.20: Graph of I3 measurements from current transformer on scope. 

 

 

Figure 4.21: Graph of I2 and I3 measurements using light bulb method. 
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4.6 Output Discharge Visual Appearance 

Qualitatively, the topload output discharges were observed to detect any differences in 

shape, color, and intensity for each driver topology. 

4.6.1 Brush Discharge 

 

Figure 4.22: Brush discharge from Tesla coil at full power,  

with different breakout point lengths. 

 

 Probably the most striking (pun intended) difference between DRSS and RSG was in the 

appearance of brush discharge and the locations from which it emanated on the topload (Figure 

4.22). At low powers, when the streamers only reached 20 to 30 cm above the Tesla figurine, 7-

inch-long (18 cm) breakout point, they were nearly identical, always emanating from the breakout 

point and nowhere else. However, when the input variac was turned to maximum, the DRSSTC 



105 

 

streamers continued to originate from the breakout point, whereas the RSGTC streamers began 

originating from both the breakout point and the sides of the toroidal topload. The difference was 

more pronounced when Mr. Tesla was replaced with a shorter, 2-inch long (5 cm) breakout point, 

in which case, almost all RSGTC brush discharge emanated from topload sides, whereas DRSSTC 

brush discharge continued to emanate only from the breakout point. 

 The type of driver has a clear effect on the way in which the Tesla coil ionizes air. It appears 

that the DRSSTC, with its gradual increase in secondary voltage for each burst, causes air to ionize 

first on the tip of the breakout point, where electric field is strongest. Then, as the voltage continues 

to increase during each burst, current takes the path of least resistance, which happens to be where 

the air is already ionized on the breakout point. Craven [29] helps to support this hypothesis where 

he writes, “The Tesla coil can source more current into an ionized channel in order to elongate it.” 

Other surfaces on the topload never get a chance to have a strong enough electric field to ionize 

the air. The RSGTC, however, with its nearly instantaneous pulse of maximum secondary voltage, 

causes air to ionize at multiple locations on the topload simultaneously. The streamers then 

continue to exist as the secondary voltage dies down. 

4.6.2 Arc Discharge 

Shape differences occurred for arc discharge, as well. For each driver topology, high speed 

video footage (300 frame per second) of a 50 cm arc was obtained using a Sanyo Xacti HD1010 

digital video camera. Once uploaded to a computer, footage of both topologies was played back 

side-by-side. Figure 4.23 shows various video frames, randomly selected from the footage, and 

cropped down to the focus on the arc. Colors have been inverted here to conserve printer ink or 

toner. Coincidentally, the color inversion also appears to accentuate the shapes of the arcs for the 

human eye. 
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The video footage and the figure below show the DRSSTC’s arc as possibly being more 

susceptible to random air currents introduced by the arc’s own heat. The DRSSTC arc appeared to 

move with greater fluency and slowly changing undulations in the arc path. Arcs from the RSGTC, 

however, exhibited less fluency, fewer twists and turns, tending toward the most direct path 

between breakout point and ground electrode. The RSGTC’s arcs more closely resembled the 

appearance of natural lightning. Thus, if one was to build a Tesla coil for the scientific study of 

lightning or other natural electrostatic discharge phenomena, a spark gap Tesla coil would be the 

preferred choice. 

 

Figure 4.23: Select video frames demonstrating shape of arc to ground.  

Colors inverted. 
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 Another observation garnered from the above figure is that the DRSSTC arc, at 200 µs 

modulation pulse for each burst, appeared to be of lesser intensity than that of the RSGTC. In an 

effort to get the DRSSTC arc to match the intensity of the RSGTC arc, its modulation was 

increased to 300 µs, then to 400 µs, with photos obtained for each case, and shown in Figure 4.24. 

The figure’s color saturation was increased to accentuate the subtle differences in intensity and 

color. At 400 µs modulation, the DRSSTC arc appeared to match the RSGTC’s arc intensity.  

 

 

Figure 4.24: Relative intensities and colors of arc discharge. 

 

 It is also evident from the above figure that a color difference exists between arcs of the 

two topologies. To examine this without using any photo-editing techniques, a series of 15-second 

photographic exposures were acquired, two of which are shown in Figure 4.25. Although the arc 

paths in the images are clearly overexposed, the space surrounding the arcs and the white vertical 
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blinds in the background take on distinctly different colors, DRSS tending more toward purple, 

RSG tending more toward blue.  

 

 

Figure 4.25: Further comparison of arc discharge color. 

 

Careful precautions were taken to make sure each image’s background was illuminated by 

nothing more than arc discharge. Two secondary light sources existed. The RSGTC’s spark gap 

was certainly one source. In addition to the round plastic cover already installed, there were many 

other boards and opaque, non-conducting sheet material surrounding the spark gap such that none 

of its light would fall upon the background. The second light source of concern was incandescent 

glow from the breakout point’s red-hot tip when subjected to higher-than-normal currents from 

DRSSTC arc discharge. A piece of matte-black paper taped onto a vertical phenolic board was 

mounted behind the breakout point to prevent any of the incandescent light from illuminating the 

background. 

The exact cause for the difference in color is not known, but two possible scenarios come 

to mind. First, the difference may result from the RSG arc possibly being hotter than the DRSS 
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arc, thus having a higher color temperature. This higher temperature may result from the RSGTC’s 

nearly instantaneous dump of energy into ionizing the air, while the DRSSTC disperses its energy 

over a wider swath of time. A second potential scenario, which may have a causal relation to the 

first, results from the chemistry of oxygen and nitrogen in the air, and how the molecules react to 

the rates at which the ionizing electric fields change – slowly for DRSS, quickly for RSG.  

4.7 Acoustic Sound Level Output 

Sound pressure level (SPL) measurements were taken with the digital sound level meter at 

a distance of 2 m from the Tesla coil. SPL readings were displayed in dB relative to 0 dB equaling 

20 μPa of RMS sound pressure, considered to be the minimum level perceptible by human hearing, 

according to: 

𝑆𝑃𝐿 = 20 log
𝑠𝑜𝑢𝑛𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

20 µPa
   [dB] 

The meter had a switch to allow the user to select frequency response weighting of the sampled 

sound – C-weighting which has a relatively flat response over the audio spectrum, and A-weighting 

which has a response curve similar to that of human hearing (Figure 4.26, below). Measurements 

were taken with both C-weighting (dBC) and A-weighting (dBA) selected on the meter, but there 

turned out to be very little difference between the two. Only A-weighting is shown here since it is 

the most common acoustic weighting curve used by numerous standards organizations, including 

the Occupational Health & Safety Administration (OSHA)7. 

 

                                                 
7 Despite its prevalent use in the measurements of environmental and industrial noise, A-weighting deemphasizes 

levels of low-frequency noise which could potentially be sufficient to cause hearing damage or discomfort. 

Theoretically, A-weighting is only valid for pure tones and relatively quiet sound levels [55]. Indeed, this experiment’s 

SPL measurements of quiet sounds showed a significant difference between A- and C-weighting, particularly that of 

ambient noise which registered as 43 dBA and 53 dBC. 
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Figure 4.26: Acoustic weighting curves. Credit: Wikipedia (public domain). 

 

Acquiring accurate SPL measurements of the operating Tesla coil was not straightforward 

since the meter’s displayed readings varied by as much as 4 or 5 dBA. The meter did not have an 

averaging function, so each measurement had to be estimated by its variance over a period of about 

20 to 30 seconds. Measurements were taken with the Tesla coil driven by the RSG driver, and by 

the DRSS driver with three different burst durations: 200, 300, and 400 μs. Figure 4.27 shows the 

results of these measurements, along with some reference levels. The reference level shown at 85 

dBA is recognized by OSHA as the minimum level that can result in permanent hearing damage 

if one’s ears are exposed to it for more than 8 hours per day [51]. 

Surprisingly, there was very little difference in SPL between the three burst durations 

provided by the DRSS driver, despite the fact that the topload’s output discharge was active for 

twice as long at 400 μs than at 200 μs. Not surprising, however, is that the RSGTC was 
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significantly louder than the DRSSTC, but only for arc discharge. Figure 4.28 shows this relation 

on a linear scale where dB SPL has been converted to pascal. Keep in mind that a change of ±6 

dB SPL corresponds to a doubling/halving of the actual RMS air pressure. At a 10 cm arc, the 

RSGTC was 4 times louder than the DRSSTC. However, with a full-power brush discharge, the 

sound levels were nearly identical.  

 

 

Figure 4.27: Tesla coil sound pressure levels. 
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Figure 4.28: Linear ratio of RSG to DRSS sound pressures. 

  

It is important to note that much of the sound from any kind of spark gap Tesla coil will 

come from the spark gap itself. Consider that the sum of two SPLs (call them SPL1 and SPL2) in 

dB may be expressed as  

𝑆𝑃𝐿Σ = 10 log (10
𝑆𝑃𝐿1

10 + 10
𝑆𝑃𝐿2

10 )                                             (4.9) 

Let SPLΣ = 100 dB, the average measured SPL of the RSGTC as a whole. To measure the SPL 

from the rotary spark gap’s sparks only, the secondary coil was removed, and the primary circuit 

was powered normally. Let SPL1 = 96 dB, the measured SPL of the RSG by itself. Then SPL2 is 

the SPL of the RSGTC’s topload discharge only. Solving (4.9) yields SPL2 = 98 dB, a topload 

discharge slightly louder than the RSG’s sparks. 

 These sound level measurements were performed with the Tesla coil in an enclosed space 

which undoubtedly affected the results to some extent. There was a large wall of windows with 

vertical blinds behind the Tesla coil. The blinds were closed for these measurements, but if the 
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blinds were open, SPLs were observed to be about 2 dB higher from sound reflected off the 

windows and back to the meter. Nonetheless, suppose there is a Tesla coil performance before a 

crowd in an outdoor space. If the sound level is 100 dB (2.0 Pa RMS) at 2 m from the coil, then 

for the crowd to be exposed to a safe 85 dB (0.36 Pa RMS) or less, they would have to be distanced 

at least 11 m from the coil, calculated from: 

11 m = 2 m ∙ (
2.0 Pa

0.36 Pa
) 

since RMS sound pressure is inversely proportional to distance from the source [52]. 
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5 Chapter 5: Conclusion 

The main goal of this paper is to compare characteristics between two Tesla coil topologies: 

double resonant solid state and synchronous rotary spark gap. Most of the objectives were met, 

and indeed, there were found both differences and similarities. Additionally, throughout the 

process of design, construction, and operation, new developments were made to certain aspects of 

Tesla coil design, construction, and measurement. The entire project and experiment resulted in 

many innovations and novelties that did not appear in the literature or in any other source seen by 

the student despite his experience and research of countless Tesla related books, papers, websites, 

and videos over the past twelve years. 

5.1 Original Innovations in Tesla Coil Design and Construction 

5.1.1 Method of Driver Selection 

The student is aware of no instance in which a single Tesla coil resonator has been given 

two separate and easily selectable driver circuits. Coilers typically build a Tesla coil with the 

resonator hard-wired to one type of driver, be it spark gap, vacuum tube, or one of several varieties 

of solid state. The large DPDT knife switch and the two 120 VAC switch boxes described in 

Section 3.6.1 worked extremely well to facilitate rapid and reliable selection between the two 

drivers. This switching method was necessary to eliminate experimental variables and to facilitate 

a better focus on the science at hand. 

5.1.2 Construction and Resonant Tuning of Secondary Coil 

In August, 2010, the student built a different secondary coil intended for 300 kHz resonant 

frequency. Although a winding machine was built to spin the coil-form, the process of guiding the 

wire required four grueling hours and a steady hand to guide 888 turns of 22-AWG magnet wire 
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onto the coil-form. For this project’s secondary coil, to use the same manual method to guide 2088 

turns of 30-AWG magnet wire would have been ludicrous. 

Various methods exist for automatically guiding wire onto a spinning coil-form, but they 

often involve precision mechanical construction and/or electronic control, requiring adjustments 

to be made for different coil-form diameters and for different wire thicknesses. With little time to 

spend on producing such a labor intensive machine, the student wished to make one of simple 

elegance with no adjustments necessary. Although it took a couple of days of trial-and-error with 

different configurations, the resultant machine described in Section 3.3.1 performed beautifully. 

The wire was applied to the spinning coil-form by completely mechanical and automatic means. 

The most significant aspect of the machine is that it is immediately adaptable to different wire 

thicknesses, always laying down the turns of wire with maximum density regardless of size. 

Once the secondary coil and topload are completed, it is necessary to measure their 

resonant frequency. Unfortunately, the frequency measured here will not necessarily be the 

resonant frequency during operation due to extra capacitance introduced by topload output 

discharge. To better assess the operating resonant frequency, the student devised a method of 

adding a simulated streamer as in Figure 3.7, which he has not seen in any of his sources. 

5.1.3 Design of Primary Coil 

The Wheeler formulas [31] have been the “go-to” equations for inductance calculations 

since 1928. Their validity is not questioned; they work extremely well. However, as stated in 

Section 3.3.3, they are better suited for analysis than for design, and they do not account for the 

inductance of a conically shaped coil. Equation (3.7) was derived to address these issues. It is a 

single-variable equation, straightforward to evaluate, and universal for almost any flat or conical 
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primary coil. However, if the angle of inclination is greater than 75°, equation (3.2) would be better 

suited [33]. 

5.2 Original Innovations in Tesla Coil Measurement Techniques 

5.2.1 RMS Measurements in General 

A Tesla coil’s input voltage, current, and power are usually measured in RMS terms 

because it is easy and convenient to do so. However, measuring anything on the high voltage 

output end of a Tesla coil’s driver is either very difficult or prohibitively expensive. When any 

attempts are made at collecting such information, the measurements are usually only expressed as 

peak voltage or current. Never has the student seen RMS measurements of primary current, et al. 

Yet, the RMS currents and voltages are important to know since they govern how quickly certain 

circuit elements heat up over time. The formulas for RMS calculations in Section 4.1 are certainly 

nothing new. The innovation lies in applying the calculations to RMS measurements of Tesla coil 

quantities. 

5.2.2 Secondary Coil First-Turn Voltage Measurement 

The student has never witnessed any reference to the measurement of secondary first-turn 

voltage, but given the equipment resources at hand, and with a scientific curiosity for exploration 

of the unknown, it seemed like a good idea to simply perform a preliminary investigation into the 

nature of this quantity. Initial measurements proved troublesome due to conflicting results 

depending on the type of voltage probe used. At first a Tektronix P6013 12kV passive probe was 

mounted directly beneath the secondary coil (located at position F of Figure 3.30) and yielded 

peak voltages of 2 kV while the P5200 differential probe yielded only a few hundred volts. It was 

found that the P6013’s close proximity to the coil caused the unusually high voltages. If the probe 
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was moved away from the coil, the unusual behavior ceased, despite the fact that there were no 

ferrous materials in the probe. The best arrangement found was to simply connect twisted pair 

between the first-turn tap and an ordinary 10X scope probe located a few feet away. 

As for the first-turn voltage’s relation to the secondary full output, the best comparison that 

could be made was relative phases of primary current and secondary voltage simulated by Skeldon 

et al [7] compared to the student’s measurements of primary current and first-turn voltage. It can 

be seen on page 748 of his paper, that Skeldon’s simulated waveforms show the secondary output 

voltage lagging the primary current by roughly 90°. Compare that to the student’s observations of 

relative phases depicted in Figure 7.5 on page 137. There, the secondary first-turn voltage, V1, is 

seen to also lag primary current, Ipri, by 90°. Other sources, [16] [39] [45], also showed measured 

and simulated waveforms of secondary voltage compared to primary current or voltage, but those 

data had to be discounted since they applied to Tesla coils driven by single-ended, ground 

referenced, DC supplies. Skeldon’s simulation was for an AC-driven, spark gap Tesla coil, most 

closely resembling the student’s Tesla coil configuration.   

Ultimately, the matching phases observed here lay credence that secondary first-turn 

voltage could potentially be used to monitor the secondary output voltage. Further research would 

need to be done to build a stronger relation between the two. Ideally, if a direct mathematical 

conversion can be derived, then the secondary output could be directly and easily observed on an 

oscilloscope simply by tapping the first-turn with no special probes or other provisions. 

5.2.3 Differential Voltage Probe Modification 

Unless a Tesla coil experimenter personally knows someone who can lend him high-

voltage, high-bandwidth oscilloscope probes, measuring the primary circuit voltages can be 
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prohibitively expensive. The student wished to devise a “poor man’s”8 high voltage probe capable 

of accurately measuring 20 kV, 100 kHz voltages. The greatest challenge was in making it a 

differential probe so each element of the primary circuit could have its voltage directly measured. 

Starting with the Tektronix P5200, 1 kV differential scope probe, modifications to the probe 

evolved over many steps of design, construction, and testing to yield the finished product described 

in Section 3.6.2.  

5.2.4 Adjusting Height of Ground Electrode for Arc Current Measurements 

For initial efforts to adjust the arc length, the student resorted to manually adjusting a metal 

sphere hanging from the ceiling, with the actual length needing to be measured for each 

adjustment. Horizontal arcs were also attempted with a metal sphere supported on a floor-mounted 

stand, and moved a little bit at a time to adjust the arc length, but resulted in sporadic behavior of 

the oscilloscope. For the experiments performed, it was important to have a ground electrode that 

could be easily and remotely adjusted. Additionally, McCauley measured various quantities of his 

DRSSTC while varying the power input and brush discharge height. What happens if input power 

is kept constant and arc length is varied via adjustments of electrode spacing? To facilitate rapid 

adjustments of arc length, the student devised the ceiling-mounted pulley system described in 

Section 3.6.3. Coupled with easy selection between drivers, data of almost any configuration could 

be rapidly collected. 

5.2.5 Light Bulb Intensity Method of Measuring Topload Output Current 

Perform a Google image search for “Tesla coil light bulb” and there will be returned a 

plethora of images of incandescent, clear glass light bulbs glowing purple from attractive, Tesla 

                                                 
8 Given the Tektronix P5200’s price tag of approximately $1000, this “poor man’s” status is debatable.  Nonetheless, 

the finished product was significantly less expensive than comparable, commercial quality equipment. 
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coil induced streamers breaking down the argon gas. It seems very few people attempt to pass the 

Tesla coil output current through the light bulb filament. But to acquire RMS measurements of the 

current, it seems a light bulb would be an excellent choice since the filament would glow at DC 

just as well as with typical Tesla coil frequencies. Described in Section 3.6.4, this was truly a “poor 

man’s” method of measuring a stubbornly difficult electric quantity, since it could be done with 

equipment typically included in any electrical hobbyist’s collection.  

There was a problem, though. The discrepancies between the RSG output current data seen 

in Figure 4.20 and Figure 4.21 on page 103 might have occurred due to surface arcing between 

light bulb terminals. Figure 5.1 shows such arcing on the bottom of one of the bulbs. The other 

one could have been subjected to arcing as well, but perhaps internal to its light socket. Wherever 

it may have happened, such arcing could partially shunt the filament, drawing current through a 

different path, and disrupting measurements of light intensity. An improvement on this method of 

current measurement would simply to use different light bulbs with terminals further apart and 

clearly visible to ensure no arcing occurs between them. Other types could potentially be used such 

a small fluorescent tube, or any other type of long, gas-discharge light source. 

 

 

Figure 5.1: Bottom view of two bulbs used for output current measurements. 

Arrow points to evidence of surface arcing between terminals, induced by RSGTC. 
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5.3 Significant Revelations Revealed by Data 

 

Table 4: Summary of similarities between topologies. 

 

DRSS and RSG 

brush discharge achieves same height and appearance for same input voltage 

constant input current and power for all arc lengths, given constant input voltage 

constant input power factor for any kind of topload discharge 

identical AC impedances of circuit elements 

 

 

 

Table 5: Summary of differences between topologies. 

 

DRSS Quality RSG 

X greater efficacy  

X more controllable  

 easier to design X 

 easier to understand operation X 

X easier to measure voltages and currents  

X higher RMS primary circuit current  

X higher RMS secondary base current  

X higher RMS secondary first-turn voltage  

same RMS topload arc output current  same 

X brush discharge longer and more controllable  

 arc discharge more lightning-like X 

 arc discharge color bluer, possibly hotter X 

 whole Tesla coil acoustically louder X 

 whole Tesla coil emits more RF noise X 

 greater electrical stresses X 

 

 

Table 4 and Table 5 list significant similarities and differences revealed by the data, except 

the first similarity listed, which was originally established as the defining attribute to determine 

the DRSSTC modulation pulse duration for a fair comparison to the RSGTC. A duration of 200 

µs was found to give the same effects, so it is that duration only that is discussed here. Most 

measurements and observations involved keeping the input voltage constant while the output arc 

length was varied. Maintaining a constant input voltage also maintained constant input current, 
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power, and power factor for each driver. Power factor also happened to be constant during tests in 

which input voltage was varied to adjust brush discharge height. One other similarity is that AC 

impedances of the primary circuit elements and secondary first turn remained constant between 

drivers. This is understandable since they both operated at 100 kHz, but given the excessive 

transients generated by the RSGTC, there was a chance that the impedances might have been 

different. 

As for differences, the DRSS driver was found to have greater efficacy, almost twice as 

much, when considering output discharge length (arc or brush) for a given input power. However, 

the efficacy could easily be decreased by increasing the DRSSTC’s modulation pulse frequency 

and duration – two degrees of control that make the DRSS driver better suited for a wide variety 

of applications, including playing music. The synchronous RSG driver, on the other hand, is 

perpetually stuck at a modulation frequency of 120 Hz and pulse duration lasting as long as the 

spark gap’s spark is in existence. The RSG driver could potentially have variable frequency if it is 

facilitated by a DC motor with variable speed control, but any change in frequency would take 

time, owing to the disc’s rotational inertia. A DRSS driver’s frequency can be changed 

instantaneously. 

At the cost of controllability, the DRSSTC is more complex to understand and to design. 

The RSGTC has been around for more than a century and requires no knowledge of active 

electronics. Understanding the basics of its operation requires only fundamental AC circuit theory, 

whereas understanding a DRSSTC requires knowledge of both AC circuit theory and electronic 

circuits. Ease of construction is not included on the list. Whether a coiler builds a DRSSTC or 

RSGTC, ease of construction depends on a coiler’s experience, skill sets, available 
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parts/tools/equipment, and whether or not the parts were purchased as a kit with step-by-step 

instructions, such as oneTesla [21]. 

Because the voltages and currents of the DRSSTC experienced smooth transitions from 

zero, ramping up to 100 kHz oscillation, then ramping back down to zero, they were much easier 

to measure, less sporadic, and more reliable. The RSGTC, with its rapidly changing transients 

caused a few problems with measurements, especially when trying to measure arc-to-ground 

current. Indeed, Johnson [28] proclaims, “While the classical Tesla coil makes an excellent driver 

to produce long sparks, it is not very good for instrumentation and measurement purposes.” 

Despite the difficulties, and despite the fact that DRSS had lesser input power, most RMS voltages 

and currents of the Tesla resonator were greater for DRSS than for RSG. This is due to the smooth 

ramp up of each burst, adding RMS “mass” to reach a critical point (high enough output voltage) 

at which point the arc forms and begins bleeding energy out of the system. The RSG output arc 

forms immediately with each burst, thus draining energy and ceasing all conduction much more 

rapidly.  

Given the conflicting results with measuring output current using the light bulb method, 

those data will not be analyzed here. The rapid, impulse-like rise of RSG voltages and currents 

caused arcing to occur across light bulb terminals and disrupted results. The data obtained from 

the current transformer reveals that DRSSTC and RSGTC output RMS currents are nearly the 

same for arc discharge to ground. 

As for physical qualities of topload discharge, streamers could be made longer for DRSS 

than for RSG, again owing to smooth transitions which result in air being ionized in a more 

controlled manner. Fortunately, the rapid transitions of a RSGTC aren’t all bad. Its output more 

closely resembles that of natural lightning or other electrostatic discharge. Plus, a spark gap Tesla 
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coil is well suited for any application needing a voltage to go from zero to several hundred kilovolts 

extremely rapidly, on the order of a few hundred nanoseconds to a few microseconds, depending 

on Tesla coil size and resonant frequency. There was also a marked difference in color of arc 

discharge, with DRSS appearing more purple; RSG appearing more blue. Given the rapid rise in 

voltage, the RSGTC probably breaks down the air in different, higher energy manner, than the 

DRSSTC. 

When in close proximity to a medium-size or larger Tesla coil, hearing protection is a must. 

The DRSSTC was already loud to begin with, but the RSGTC was up to four times louder, mostly 

because of the added sound from the spark gap, itself. With sound levels measured during brush 

discharge, though, there was little difference between the two.  

In addition to the acoustic noise, there was quite a bit of RF noise, more so from RSG than 

from DRSS. Significant amounts of shielding were required to prevent the RF noise from 

interfering with measurements. An initial setup of the control console included digital meters to 

measure voltage, current, and power. Regardless of topology, when the Tesla coil was operated, 

the digital meters behaved sporadically, often overloading, resetting, or displaying rapidly 

changing numbers. Therefore, only analog meters were used to measure input quantities. Another 

example of RF noise causing problems is when the RSG arc discharge caused a nearby computer 

monitor to turn itself off and on every few seconds. The monitor was unaffected by DRSS arc 

discharge. 

Indeed, the RSGTC created great electrical stresses, not only on other electronic items, but 

also on itself. Consider this scenario: At one point, the DRSSTC was operated with the secondary 

base ground terminal mistakenly left unconnected. This resulted in thousands of volts that were 

free to build up on the bottom of secondary which then arced over to the primary. The arcing, at 
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first, caused a small fire consuming the tape and rubber insulation covering the first-turn tap wire. 

The fire caused a line of soot and ashes to build up on the side of the secondary coil. Eventually, 

the arcing caused the DRSS driver to suddenly fail with a loud bang. After inspection, the source 

of the bang was found to the two IGBTs (Figure 5.2) on one of the half-bridge driver boards. 

 

 

Figure 5.2: Damaged IGBTs from secondary-to-primary strike  

due to secondary ground mistakenly disconnected. 

 

 Repairs were made by replacing the IGBTs and a few other components on the same half-

bridge driver board. The soot was cleaned off of the secondary coil, but not well enough, as was 

soon discovered. The carbon in the soot essentially created a path for high voltage to travel to 

ground. In the middle of the coil, high voltage did indeed break through the multiple layers of 

polyurethane and arc to ground (Figure 5.3). At the time, photos of brush discharge were being 

taken with the 2-inch breakout point on the topload.  
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The point of this story is that the surface arcing occurred only with RSG driver. After the 

RSG surface arcing was observed, the resonator was run on the DRSS driver. At full power, and 

with the 2-inch breakout point, there was no hint of any surface arcing, despite the insulation 

already having been broken through and made slightly conductive. The experience revealed that a 

spark gap Tesla coil has the potential to destroy itself if poorly constructed, which this one was 

not. It was a stupid human mistake that compromised its integrity. A Tesla coil with a DRSS driver, 

on the other hand, is much more forgiving; able to operate flawlessly, even with significant damage 

to the secondary coil. Following this lesson in Tesla coil integrity, the secondary coil was properly 

cleaned and given three extra coats of polyurethane. 

 

 

Figure 5.3: Surface arcs from a point on the secondary coil to ground.  

In this photo: RSGTC with 2-inch breakout point, 15 second exposure. Before repairs were 

made, such surface arcing did not occur with 2-inch breakout point and DRSS driver. 
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5.4 Potential Improvements for Further Science 

5.4.1 More Data 

The measurements and data presented in this paper, although broad in variety, are 

somewhat lacking in thoroughness. Most measurements were performed under the condition of 

varying arc discharge height while maintaining maximum input power. For better assessment of 

the observed trends and phenomena, it would be helpful to gather the same measurements while 

varying input power and measuring brush discharge height in all cases. It would also be helpful to 

gather data under all applicable conditions for the DRSS driver with varying modulation 

frequencies and pulse durations.  

Absent from this research, one particular measurement would have greatly aided in the 

analysis of Tesla coil operation: topload output voltage. If the output is known precisely and 

accurately in time domain, then it can be coupled with topload output current to find both the 

output power and impedance. 

5.4.2 Better Data 

Due to RF interference, some problems were experienced with measuring quantities on the 

oscilloscope, especially with topload output current. One method found, that would surely be 

immune to such interference was successfully used by Skeldon et al [23]. They connected to the 

topload a metal box containing a 1 kΩ resistor in series with the output discharge. Wired across 

that resistor was a full wave bridge rectifier leading to 1000 µF capacitor. During operation, the 

capacitor was charged to the peak voltage appearing across the resistor. Once finished, the Tesla 

coil was powered down, the box was opened, and a DMM was used to measure the capacitor 

voltage which directly related to the Tesla coil’s RMS output current. 
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Ultimately, the best way to measure any quantity in the Tesla coil system would be to have 

small, shielded, and isolated sampling devices (battery powered if necessary) transmit the 

measured data in the form of light through a fiber optic cable. Optical data transmission would be 

minimally affected by any RF radiation, especially if transmitted digitally. Skeldon’s current 

sensing box described above could be easily reconfigured to have a circuit sensing the voltage 

across the current-carrying resistor and converting the voltage into an optical signal to be 

transmitted through fiber.  

5.4.3 Safer Driver Selection Switch 

There was some fear that surface arcing would occur between terminals of the DPDT knife 

switch, spaced with only 1.5 inches between adjacent copper faces. To prevent any surface arcing, 

the phenolic surface was always kept clean. Additionally, there was a potential danger of switching 

from one driver to another with the Tesla coil partially activated, ready to emit topload discharge 

as soon as the switch was thrown. It would be advisable to replace such a manually operated switch 

with a remotely operated one, constructed with greater distance and isolation between adjacent 

terminals. 

5.4.4 Better Oscilloscope 

One major downfall of the Tektronix DPO 3012 used for this project is that it only had two 

channels. A four channel scope would have been preferable to gather more correlating data 

simultaneously. Also, relative phases between quantities could be more readily observed. 
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7 Appendix 

7.1 Tesla Coil System Specifications 

Tesla Coil Resonator 

Resonant frequency: 100 kHz 

Quarter wavelength: 750 m = 0.466 mile 

Secondary coil-form dimensions: 4.5 inch diameter * 30 inch length 

Secondary coil dimensions: 4.5 inch diameter * 22.7 inch length 

Secondary coil conductor: 30-AWG magnet wire 

Secondary coil turns: 2088 turns 

Secondary coil turns spacing: 92 turn/inch 

Secondary coil calculated inductance: 89 mH 

Secondary coil measured inductance: 90 mH 

Coil winding motor: Bodine model NSH-12R, 120 VDC, 1/70 HP, 5.4 in-Lb torque, 14 RPM 

Secondary/topload equivalent capacitance needed for 100 kHz resonance: 28 pF 

Topload shape: torus 

Topload dimensions: 4 inch minor diameter, 18 inch major diameter 

Primary coil shape: conical 

Primary coil dimensions: 5.5 inch inner diameter, 14.5 inch outer diameter, 41° angle 

Primary coil conductor: 8-AWG solid copper wire 

Primary coil turns: 20 

Primary coil turns spacing: 0.3 inch/turn 

Primary coil calculated inductance: 94.3 μH  

Primary coil measured inductance: 96.5 μH 

Primary-secondary average measured coupling coefficient: 0.16 

Primary cap type: MMC using 36 Cornell-Dubilier 942C20P1K-F, 0.1 μF, 2000 V 

Primary cap arrangement: 3 parallel strings of 12 caps in series in each string 

Primary cap rating: 0.025 μF, 24000 V 

Primary cap bleeder resistance: 60 MΩ, 10 W (made from twenty 3 MΩ resistors in series) 

Primary cap safe discharge time thru resistor (5 time constants): 7.5 seconds 

Tesla coil driver selection: large DPDT knife switch with approx. 1.5 inch terminal spacing 

 

 

 

Rotary Spark Gap Driver Components 

High voltage transformer: NST, Jefferson model 721-411, 15 kV, 60 mA 

Terry filter: 3 dB at 66 kHz; each resistance: 2400 Ω, 55 W; each capacitance: 0.001 μF, 24 kV 

RSG motor: Teletype model 181870, synchronous, 1 ϕ, 115 V, 60 Hz, 3600 RPM, 1/30 HP 

RSG motor start capacitor: 50 µF 

RSG rotating disc: 0.25 inch thick phenolic, 6.5 inch diameter 

RSG electrodes: 0.25 inch wide steel rods, spaced 2.75 inch from center of disc 

Safety gaps: one unipolar (center ground electrode) on NST, one bipolar on RSG 
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Double Resonant Solid State Driver Components 

DC rail power source: Signal Transformer DU-2, 2 kVA transformer wired for 120:240 

DC rail rectifier: FWBR, International Rectifier 250JB6L, 600 V, 25 A 

DC rail cap: Philips GN622M450KMA2, 6200 µF, 450 V, electrolytic 

DC rail cap bleeder resistance: 5500 Ω, 50 W 

DC rail cap safe discharge time thru resistor (5 time constants): approximately 3 minutes 

Transistor H-bridge: 4 IXYS brand IGBTs, IXGN60N60C2D1, each 600 V, 75 A continuous 

Transistor H-bridge driver ICs: Texas Instruments UCC27321/UCC27322 MOSFET gate driver 

Synchronous timing feedback source: Tesla coil’s primary current 

Primary current limiting: variable up to 500 A peak 

Low voltage power supply: switch mode; 5V, 5A; 12 V, 2.5 A 

Protection for electronics: perforated steel sheet Faraday cage 

 

 

 

Control and Measurement Components  

RFI line filter: Schaffner model FS 3071-18-10-1 

Input variable power source: Superior Electric Powerstat model 1126L, 115 V, 15 A 

Input analog voltmeter: Weston model 904, 150 VAC 

Input analog ammeter #1: Weston model 433, switchable to 1, 5, 10 AAC 

Input analog ammeter #2: Weston model 433, switchable to 10, 25, 50 AAC 

Input analog wattmeter: Sensitive Research Instrument model VAW, 500 V, 10 A, 5 kW 

DRSS DC rail voltmeter: Weston model 301, 500 VDC 

DRSS pulse generator: Agilent 33220A function generator, 20 MHz 

Oscilloscope: Tektronix DPO 3012, 100 MHz, 2.5 GS/s 

Line input current probe: Tektronix A6302 on AM503 current probe amplifier 

Primary circuit current transformer: Pearson model 110, 20 MHz BW, output 0.1 V/A 

Secondary circuit current transformer: Pearson model 411, 20 MHz BW, output 0.1 V/A 

Primary circuit differential voltage scope probe: Tektronix P5200, 1 kV, 50X or 500X 

Tektronix P5200 with custom input dividers: 20 kV, 1000X or 10000X 

Secondary coil first turn voltage scope probe: Tektronix P2220, 1X/10X 

Audio measurement: Lutron model SL-4022 handheld digital sound level meter 

 

 

 

 

 

 

 

 

 

 

 

 

 



7.2 Schematics and Block Diagrams 

 

 

 

Figure 7.1: Schematic of DRSSTC H-bridge power assembly. Actual circuit constructed was identical with two exceptions:  

(1) C102 = 0.025 μF, 24 kV. (2) Q1 to Q4 = IXGN60N60C2D1. Courtesy, Daniel McCauley, Eastern Voltage Research 
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Figure 7.2: Schematic of DRSSTC control electronics. Left half of circuit is synchronous timing. Right half is IGBT gate drive.  

Only one of each type of gate drive IC was used (UCC2732x). That is, U5 and U7 were not included in the constructed circuit.  

Courtesy, Daniel McCauley, Eastern Voltage Research 
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Figure 7.3: Schematic of DRSSTC control electronics. This is the overcurrent protection circuit. 

Courtesy, Daniel McCauley, Eastern Voltage Research 
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Figure 7.4: Block diagram of whole experimental setup. 
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Figure 7.5: Polarities and relative phases of measured quantities. 

 



 

 

 

 

 


