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Abstract: This research aims to present a study of the effects of the Tesla transformer in
order to find the proper dimensions. We created a design of the Tesla transformer to reduce
the high-voltage electric field-stress problem that happens between primary winding and
secondary winding. Because the Tesla transformer is used to induce voltage between
these two windings through the air, problems with insulation occur. The winding that
has space is dielectric; while there is high voltage in a transformer, it causes flashover
voltage between the high-voltage winding and low-voltage winding, which damages the
transformer and other devices. Research process: Research was conducted to study the
laydown model (positioning) of the two windings in the transformer. By considering
this, we induced a proper Tesla transformer that was reproduced by using the FEMLAB
program. Moreover, we compared the Tesla transformer reproduction, which created
a voltage of 120 kV and a frequency of 120 kHz. The result from the comparison is a proper
laydown position of the primary winding and voltage, which has been designed without
the flashover. The whorl coil has to be wound at a 60-degree angle relative to the floor
and can induce more voltage than other models. The voltage and corresponding electric
field stress were measured for the primary winding at various angles relative to the floor
(0-, 30-, 45-, 60-, and 90-degree angles) to determine the configuration. The results from
the reproduction using the FEMLAB program and testing demonstrated that no flashover
occurred between the high-voltage winding to the low-voltage winding when the primary
winding was positioned at a 60-degree angle.

Keywords: Tesla transformer; primary winding; secondary winding; FEMLAB program

1. Introduction

In the manufacturing of porcelain insulators, high-voltage transformers are used to
distribute voltage during the testing phase to ensure the primary quality of the insulators
and verify that they are not defective. This is done by causing flashover on the surface of
the insulators, which follows the standard ANSI C.29.1-2018 [1], and using high frequencies
to test for defects inside. It would affect the high electric field stress that occurs between
the primary coil and secondary coil (Lp, Ls) because this type of transformer is an air-axis
transformer. This would pose a problem in the insulator coil with electric air, creating
a flashover between the two sets of coils. Maintaining a suitable distance from the coil
would reduce this problem. To reduce the problem, the voltage should not exceed the
determined amount set by the high-voltage, high-frequency transformer. The advantage
of air-core transformers is that there is no magnetic saturation, making them suitable for
high-frequency applications [2]. Thus, this research is aimed at studying the effect of high-
voltage, high-frequency transformer (Tesla transformer) induction. To find the suitable
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dimension by analyzing the results obtained in this research, we used the model circuit of
the Tesla transformer by using the FEMLAB program and compared these with the testing
results received from the built-up Tesla transformer [3].

The coil of Tesla was invented by Nikola Tesla in 1891 [4,5]. The resonance between
the sides of the secondary coils on the transformer is the operating principle of the Tesla
coil [5,6]. The transformer of Tesla is a device that provides high electrical potential. The
Tesla coil, also known as a resonant transformer, refers to a transformer that operates at a
specific resonant frequency rather than at all frequencies. The coil or winding that generates
electrical sparks is the secondary coil, which is constructed from an inductor, a capacitor,
and a resistor connected, as shown in Figure 1.
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Figure 1. Coil made from inductors, capacitors, and resistors.

Voltage is generated from damped oscillations at a frequency of 50 to 400 kilohertz.
The Tesla transformer was created to effectively test the electrical conditions of suspensions
and post-type insulators [7,8]. A Tesla coil is an oscillator tuned with a capacitor that
drives an air-core resonant transformer to generate a high voltage at a low current. The
high-voltage transformer increases the voltage to a level sufficient to jump across the spark
gap, which acts as a switch in the primary circuit, thereby producing high voltage in the
secondary circuit [9-11]. The high-voltage pulses generated will have an amplitude of
several megavolts and can discharge electricity over several meters [12,13]. An electric
field is a quantity that represents the region where an electric charge exerts a force on
other charged particles within its vicinity. The unit of an electric field is either newton per
coulomb (N/C) or volt per meter (V/m), which are equivalent. The electric field consists
of photons and stores electrical energy, with the energy density being proportional to the
square of the field strength [14].

In 2008, the electric field and components were optimally designed using the FEMLAB
software (Version 6.0). The IEC standard was used to determine the PD value in the design
of the cable terminator and to design the cable connector with SF6 insulation. The electrical
stress was analyzed [15]. In 2010, a cost-effective high-performance transformer of Tesla
was constructed and designed to test an insulator. The transformer output was designed at
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500 kV. This article presents the results of the experimental simulations from the transformer
of Tesla to suit the main design parameters [16]. In 2023, studies were conducted on high-
frequency transformers integrated into solid-state transformers, in particular, developing
procedures that allow for the most suitable design of high- frequency transformers, as well
as the effects of transformer operation at high frequencies and the associated solutions that
minimize their effects. This paper demonstrates a systematic procedure for designing HFTs
according to the desired requirements of each project [17].

Therefore, this paper analyzed the electric field distribution on primary windings of
high-voltage, high-frequency transformers with variable characteristics.

The objectives of this paper are as follows:

- Analyze the electricity field distribution at low voltages and the angles 0, 30, 45, 60,
and 90 degrees.

- Compare the voltage flow out of the putting primary coil.

- Compare the external frequency of the primary coil putting.

- Compare the results of the distribution electricity field model between the primary
coil (Lp) and secondary coil.

N

. Finite Element Method

The finite element method consists of six major steps as follows:

Step 1: Divide the boundary shape of the problem into smaller elements, as shown in
Figure 2. These boundaries can pertain to various types of problems, such as deformation
and stress in solids, heat transfer in solids or fluids, or fluid flow problems.

Connection Point

Element Example

y

L.

Figure 2. Breaking down the shape of the problem into elements of different sizes.

Step 2: Select the interpolation functions within the element (element interpolation
functions). For example, consider a triangular element in two dimensions (as shown in
Figure 3). This element consists of three nodes numbered 1, 2, and 3, as illustrated in Figure 3.

¢

3

Figure 3. A triangular element consisting of three points with an unknown at the position of the
connection point.

At these nodes, the unknown values (nodal unknowns) are represented as ¢1, ¢3,
and ¢3. These unknowns at the nodes may represent deformation magnitudes if solving
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a deformation problem in solids, temperature values if solving a heat transfer problem,
fluid velocity values if solving a fluid flow problem, and so on. The distribution of these
unknown values across the element can be expressed in terms of the interpolation functions
and the nodal unknowns as follows:

@(x,y) =N; (x,y)®1 + Nz(X,y)@z + N3(X,]/)@3 (@)

With Ni(x,y), i = 1, 2, 3 representing the inner element approximation function,
Equation (2) can be written in matrix form as follows.

Dy
N {2}
D(x,y) = [N1N2N3 | @5 5 = 2)
! @; (1x3)(3x1)

where [N] represents the row matrix of the approximation function within the elements,
and {¢} represents the column matrix vector containing the unknowns at the vertices of
the elements.

Step 3: Creating element equations. For example, the equations of the triangular
elements in Figure 3 are in the following form:

ki ki kiz| (@1 Fq
kor ko k3| (D2 = F2 3)
ka1 ks ks3], |\ D3], F3

e

K] [2], = {F}. 4)

The lower index e indicates that the matrices are element-level matrices. This third
step can be considered as the heart of the finite element method. The element equations
need to be constructed to correspond to the differential equations of the problem. In the
next section, we will see that the element equations can be constructed directly from the
differential equations by applying the method of weighted residuals, which is considered
a general method that is popularly applied to various problems today.

Step 4: First, combine the equations derived from all the elements to form a larger
system of equations, as follows:

Z(Element equations) — [K]sys [@]sys = [F}Sys (5)

Step 5: Apply the boundary conditions to the system of Equation (5) and then solve
this system of equations to find the {@} sys unknowns at the interface, which could be
values for displacement due to deformation in a solid, values for temperature for a heat
transfer problem, values for fluid velocity for a flow problem, etc.

Step 6: Calculate other continuous values after calculating the values at the junctions
from Step 5. For example, after knowing the values of the deformation movement in the
solid, the values of stress and strain can be calculated; when the values of the temperatures
at various junctions are known, they can be used to calculate the amount of heat transfer;
when the flow velocity is known, it can be used to calculate the total flow rate, etc.

From these six steps, it can be seen that the finite element method is a systematic and
step-by-step method. The key is to construct the element equations (Step 3) that correspond
to the given differential equations of the problem. The other steps are a combination of
different kinds of knowledge that we have studied in previous chapters, starting from the
knowledge of approximation in the range, which we use to construct the approximation
function within the element, as well as the knowledge of numerical integration, which
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is required to calculate the matrices of some elements and the knowledge of solving the

system of equations to find the result at the point of connection.

3. Equipment and Research Model

The equipment used in the research is as follows:

1.  MATLAB (Version R2024b-acdemic use) Program: Using the Tesla transformer model
as a design before building the real one.

2. FEMLAB Program: Used as a model to distribute the electricity field in the
Tesla transformer.

3. PVC tube with a diameter of 10.16 cm: Used as the axis for the Ls secondary coil binding.

4. Enamel copper coil size 31 SWG: Used for the LS secondary coil binding.

5. Copper tube 0.0762 cm diameter 0.635 cm 1.27 cm: Used for the Lp primary coil and
transformer protection ring.

6. Motor 1 phase: Speed at 1450 rounds per second to drive the rotary spark cap.

7. Low-voltage capacitor polypropylene size of 15 nF and 1600 V.

8. Neon sign transformer 230 V /15,000 V: Used for the transformer power distribution
of the low-voltage Tesla transformer.

4. Method

1.  High-voltage circuit model: High-frequency voltage at 120 kV and a high voltage at
120 kHz, using the MATLAB and FEMLAB programs.

2. Create the model of components and several structures of high voltage and high frequency.

3. Build up the components and several structures of high voltage and high frequency.

4.  Test to find the best features in the operation of high-voltage, high-frequency systems
and correct the defective parts.

5. Collect the results from the calculations and the results from the model using the
FEMLAB program.

6.  Conclude the research and testing of the Tesla transformer circuits.

The transformer of the Tesla circuit is shown in Figure 4.

Analysis Point (%

Q,
R, SPARK GAP ;— - v,
. > <« | c,
| I
I I —
. primany I
220V, 50Hz C, [/
, § ' —— v1 Ll I Lz
* N — |
|
|
|
-l

Figure 4. Transformer of Tesla circuit. C; is the main capacitor. L; is the main inductor. C; is the

secondary capacitor. L; is the secondary inductor. Qg is the spark gap. R; is resistance. V7 is the

voltage at the Primary coil of the Tesla transformer. V; is the voltage obtained by the induction of the

Tesla transformer on the Secondary coil.
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The high voltage is 120 kVrms, the frequency is 120 kHz, the voltage impulse is
0-15 kVrms, and the capacity C, value is around 40 pF, regarding the equation that is used
for calculating the parameters [18-20]. The Tesla transformer testing result has placed the
Lp coil at the angles of 90, 60, 45, 30, and 0 degrees. The oscillation that retains it should be
calculated in each type. The Tesla transformer testing result placed the Lp coil at the angles
90, 60, 45, 30, and 0 degrees. The oscillation that retains it should be calculated in each type.

- In the case that oscillation occurs between L; and Cy, the frequency that would occur
can be calculated using Equation (6).

1
727T\/L1C1

- The condition that occurs from oscillation low-voltage induction and high-voltage

f (6)

tuning [21] can be calculated using Equation (7).

1 1

fi=h= 2nVL G 2m/L,Co

(7)

where
f1 is the primary resonant frequency (Hz).
L, is the primary inductance (H).
Cy is the primary capacitance (F).
Tesla transformers have an output current that is in the form of a high-frequency pulse,
so the design must take into account the skin effect of the conductor.

(NR)?

~ 9R + 10H ®)

where H is the height of the coil, L is inductance, N is the number of turns, and R is the
radial of the coil. The coil capacitance can be calculated using Equation (9).

R3
C = 0.29H +041R +1.94) | 9)

where Cs is the stray capacitance.
Table 1 shows 45° primary side L is 72.09 uH, and C; is 6.366 uF. The secondary side
L, is 43.97 mH, and C; is 40 pE.

Table 1. The tube size and the height suitable for binding high-voltage coil.

Primary Secondary
Ll Ll Cl LZ C2
(uH) (uF) (mH) (pF)

90° 28.45

60°

45° 72.09 6.366 43.97 40
30°

0° 64.70

Table 2 shows the diameter in centimeters, high/diameter in centimeters, and length
of coil binding in centimeters.
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Table 2. The tube diameter and coil binding.

Diameter (cm) High/Diameter (cm) Length of Coil Binding (cm)

7.62 15.24:1 45.72
10.16 12.70:1 50.80
12.70 11.43:1 57.15
15.24 10.16:1 60.96
17.78 8.89:1 62.23
20.32 7.62:1 60.96
More 20.32 7.62:1 60.96

Figure 5 shows R is the diameter radius to the center of the coil (cm). H is the height
of the binding (cm).

R

Figure 5. The dimension for binding high-voltage coil [22,23].

Low-voltage coil model
1. Angle with the floor at 30°, 45°, and 60°, using a copper tube size of 0.79 cm with
a thickness of 0.0762 cm for low-voltage coil.

_ (NA)Y
L= 30A — DI (10)
A:DI+N§W+S) an
~ (NR)Y?
S8R+ 11W (12)

Figure 6 shows Angle to the floor at 0° using a copper tube size of 0.79 cm
with a thickness of 0.0762 cm for a low voltage [23]. W is the diameter of the cop-
per tube = 0.79 cm. S is the binding distance = 1.27 cm. DI is the inside diameter of
Lp =35.56 cm. DO is the outside diameter of Lp = 86.36 cm.

W Ls
=S L
o qQ Lp
%! °o°
°°° °o
o (-}
30L§\ 30"
DO

Figure 6. The primary coil at the angles of 30°, 45°, and 60° [24].

Figure 7 shows W is the width of the total winding. R is the average radius of the
total winding.
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Figure 7. The primary coil at the angle 0° [23].

5. Results from FEMLAB Electric Field Simulation Process

The researcher modeled the coil designs using AutoCAD (Version: Autodesk Auto-
CAD education) and then imported them into the FEMLAB program to set the parameters
before running the simulations.

Figure 8 shows analyze the electric field based on the placement angles of the primary
coil at 0, 30, 45, 60, and 90 degrees. This process led to the simulation of the electric field
characteristics of the primary voltage coil, as presented in the following section.

A0 205 2 (€4 0y i 300t o el 0 L] LA F b s o 0 3k ] A=H
M Fis ER Viw Inserc Fomat Tock Draw Dinenskn Moy Window Heb Expesss T,pe 2 333160 to 430 P-Eh -8 x%

PusDkA 28229 s £ BNKINE @

‘ 20 Dealrp S Anaxahon

DASHBOARD

(%]
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|1028.0713, 247.9650, 0.0003 SKAP GRID DATHO FOLAR! [osHarP [oTRack [oucs [ovi Lw][MooEL Annoision Scal t1v g of |t o [

Figure 8. The primary voltage coil was modeled using AutoCAD to facilitate analysis in the
FEMLAB program.

6. Results

The model of electric field distribution in a high-voltage, high-frequency transformer,
following the finite element process, was created using the FEMLAB program. It was
determined that the voltage in the low coil should have an electricity voltage of 15 kV.
A case study of the hypothesis is based on dimensions of 5 degrees, considering the design
of the coils at 0, 30, 45, 60, and 90 degrees. The study examines how much each type affects
the electric field in creating the output voltage of the Tesla transformer. Emax demonstrates
the results from the FEMLAB analysis. The high-voltage coil has a permittivity tube of
a PVC size of 3.5 and with 120 kV of voltage [22,24]. The power supply used is adapted
from neon transformers or units with a 220 V input and outputs ranging from 1 kV up to
15 kV in 25/30 mA and 50/60 mA.

The comparison of the electricity field model and the angles of the low-voltage coil
are at five degrees viz ninety, sixty, forty-five, thirty, and zero degrees. The results of the
model of electricity field distribution at a low voltage are shown in Figures 9-14.

Figure 9 shows the maximum electricity field amount equal to 20.99 kV/cm
(first dimension).
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Figure 9. The model of the electricity field at the primary voltage coil at a 90-degree angle: (a) in the
case of the FEMLAB program and (b) in the case of the model.

Figure 10 shows the maximum electricity field amount equal to 15.20 kV/cm
(second dimension).

60 degree

Figure 10. The model of the electricity field with the low-voltage coil at a 60-degree angle.

Figure 11 shows the maximum electricity field amount equal to 13.95 kV/cm
(third dimension).

®
®
®
®

Figure 11. The model of the electricity field with the low-voltage coil at a 45-degree angle.

Figure 12 shows the maximum electricity field amount equal to 14.91 kV/cm
(fourth dimension).
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©©

30 degree @
®

Figure 12. The model of the electricity field with the low-voltage coil at a 30-degree angle.

Figure 13 shows the maximum electricity field amount equal to 14.99 kV/cm
(fifth dimension).

0 degree

(OMONORRONO, OMONORIONO

Figure 13. The model of the electricity field with the low-voltage coil at a 0-degree angle.
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Figure 14. The model of the electricity field with the low-voltage coil at a 90-degree angle from the
floor. It expands the distance between the Lp and Ls coil from the previous 10.16 cm to 13.97 cm,
which would have the electricity field amount maximum equal to 18.23 kV/cm high voltage to start
with (sixth dimension).

The testing results, which involve placing the Lp coil at angles of 90, 60, 45, 30, and
0 degrees, show the oscillation that is retained. This should be calculated for each type. The
Tesla transformer testing result placed the Lp coil at angles of 90, 60, 45, 30, and 0 degrees
and shows the oscillation that is retained; this should be calculated for each type. We
recorded the results and stored the oscillation signals using the Digital Storage Oscilloscope
(DSO) measurement tool. The maximum electricity fields at 90, 60, 45, 30, and 0 degrees are
equal to 20.99, 15.20, 13.95, 14.91, and 14.99 kV /cm, respectively.
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Figure 15 shows the frequency signal generated from the output of the Tesla trans-
former at a 90-degree angle is dt = —4.00 us and dv = —10.79 kV.

i zh4--v

S0.0mV

Figure 15. Test for the Lp coil at a 90-degree angle and the wave that was used to calculate the Lp ata
90-degree angle.

Figure 16 shows the frequency signal generated from the output of the Tesla trans-
former at a 60-degree angle is dt = —15.20 us and dv = —10.42 kV.

Vet Trg Hoiz Disply Mewre Memory UN 2

1.00 diy
| ché~

S0.0mV

(1) dte-15.20p8,dvs-10.424V

J

Figure 16. Test for the Lp coil at a 60-degree angle and the wave used to calculate the Lp at a
60-degree angle.

Figure 17 shows the frequency signal generated from the output of the Tesla trans-
former at a 45-degree angle is dt = —13.60 ps and dv = —12.07 kV.

(1) dt=-1360ps,dv=-1207kV

J 144

Figure 17. Test for the Lp coil at a 45-degree angle and the wave used to calculate the Lp at a
45-degree angle.
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Figure 18 shows the frequency signal generated from the output of the Tesla trans-
former at a 30-degree angle is dt = 2.40 ps and dv = —27.43 kV.

Vert Tg Horiz Disphy Measwe Memory Ut 2

(1) dt=2.400ps,dv=-27.43kV

4 1 4

Figure 18. Test for the Lp coil at a 30-degree angle and the wave used to calculate the Lp at a
30-degree angle.

Figure 19 shows the frequency signal generated from the output of the Tesla trans-
former at a 0-degree angle is dt = —30.00 ps and dv = —10.61 kV.

Vet Tog Hoz Disply Meawre Memory U 2

(1) dt=-30.00ns,dv=-10.61kV

Jd 14

Figure 19. Test for the Lp coil at a 0-degree angle and the wave used to calculate the Lp at a
0-degree angle.

A comparison of voltage flow from the placed primary coil is shown in Figure 20.

300

N
wn
(=]
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\
W 1IN K
NN HR

0 45 60 90
Primary coil position (Degree)

External voltage (kV)
g8 2

w
(=}

LSS A S LSS

(=]

N
\
11

mExternal Voltage (kV) 1th Without Toroid OExternal Voltage (kV) 2nd Without Toroid
®External Voltage (kV) 3rd With Toroid

Figure 20. Comparison of voltage flow from the placed primary coil.
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Figure 21 shows the angle with the highest and lowest external frequency 1st without
toroid is 60, and 0 degree, respectively. The angle with the highest and lowest external
frequency 2nd without toroid is 90, and 30 degree, respectively. The angle with the highest
and lowest external frequency 3rd with toroid is 90, and 60 degree, respectively.

160
140 — [
120
100
80
60
40
20

0

External frequency (kHz)
SIS S S S S S

SIS SIS
SIS SSSSY,

S SSSSSS S
SIS TS ST

0 30 45 60 90
Primary coil position (Degree)

m External Frequency (kHz) 1 th Without Toroid
DExternal Frequency (kHz) 2nd Without Toroid
& External Frequency (kHz) 3rd With Toroid

Figure 21. Comparison of the external frequency with the primary coil placement.

Figure 22 shows the maximum of electricity field model testing by using FEMLAB
program is 90 degree.

AZO

g 18 —
> 16

) —

S —

& 12

210

S 8

B

_Q_‘j 6

;; 4

£ 2

E 0

iel 0 30 45 60 90
§ Primary coil position (Degree)

mMaximum of Electricity Field (kV/cm) Model Testing by using FEMLAB Program
OMaximum of Electricity Field (kV/cm) Calculating Result by using the formula

Figure 22. Comparison of the electric field distribution model between primary coil (Lp) and
secondary coil.

According to the results of the Tesla transformer testing and the electric field model
designed for the placement of low- and high-voltage coils, the testing was conducted three
times. The selection would be made by using the distribution impulse indicated in the
adjustment atmosphere. The primary coil is placed at the same point, with eight rounds of
primary coil binding at different angles, as shown in Tables 3 and 4. It would seem that,
at this point, the distribution voltage would be almost the same amount as the model at
120 kV 120 kHz, with the rounding of the primary coil (Lp) being close to the higher value
in the model. According to the comparison, it can be concluded that placing the primary
coil (Lp) at an angle from the floor results in the internal voltage and high electric field
stress being more suitable than other models.
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Table 3. Comparing voltage that flows out of the placed primary coil at the adjusted position from

round 8 for each type.
. . External Voltage (kV)
Primary Coil 1 ond 3rd
Position (Lp) st n r
P Without Toroid  Without Toroid With Toroid Remarks
0° 106.1 96 102.4
30° 274.3 139.9 105.1
45° 120.7 131.7 102.4
60° 104.2 129.8 157.7
o 1st and 3rd

90 107.9 129.8 212.6 Breakdown

Table 4. Comparison of the external frequency with the primary coil placement at the adjusted
position with 8-round binding for each type.

External Frequency (kHz)

Primary Coil
Position (Lp) 1st 2nd 3rd
Without Toroid Without Toroid With Toroid
0° 102 128 125
30° 108 122 120
45° 110 138 130
60° 135 127 120
90° 125 145 135

Table 5 shows the model testing by using FEMLAB program is 18.23 kV/cm.
(90 degree).

Table 5. Comparison of the results of distribution electricity.

Maximum of Electricity Field (kV/cm)

Primary Coil Position (Lp)  Model Testing by Using Calculated Result by
FEMLAB Program Using the Formula
0° 14.99 12.48
30° 14.91 13.16
45° 13.95 14.00
60° 15.20 15.15
90° 18.23 17.32

7. Conclusions

To study the effect of the high-voltage transformer induction and high frequency for
finding suitable dimensions, the process would start by determining the transformer’s ex-
ternal impulse and frequency. The characteristics of coil induction (the suitable dimensions
for placing the low-voltage coil (Lp) in several positions) and the model values were used
in FEMLAB. The values obtained from the simulation would be used for comparison and
analysis with the test results from the high-voltage, high-frequency transformer that was
created. The analysis of several parameters suggests that, to position the Lp coil at the most
suitable angle, it should be positioned at a 60-degree angle, according to this research.
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