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Modeling and Construction of Single-Wire Power
Transmission Based on Multilayer Tesla Coil

Xin Jin™, Xiyou Chen, Chen Qi

Abstract—A single-wire power transmission (SWPT) system
based on a multilayer Tesla coil is studied in this article. In the
existing SWPT system, a single-layer Tesla coil is usually used,
and the maximum transmission efficiency is only 50 %—60% within
a transmission distance of tens of meters. In this article, a Tesla
coil with a multilayer structure is proposed, and the connection of
earth also enables the energy of the electromagnetic field to be con-
centrated, which can greatly improve the transmission efficiency.
Moreover, considering the parasitic parameters of the multilayer
coil, the circuit model of the Tesla coil is established, and the
lumped parameter circuit model of the SWPT system is further
obtained. Design guidance is given based on the established model.
Long-distance experimental platforms have been built, and various
characteristics of the SWPT system, such as input impedance
and output power, are studied. In the experiments, when the
transmission distance is 70 m, power of 1150 W is transmitted
with an efficiency of 90%. Power of 5 kW is transmitted with an
efficiency of 87 % at a transmission distance of 5 km.

Index Terms—Design, modeling, single-wire power transmission
(SWPT), Tesla coil.

I. INTRODUCTION

N INDUSTRIAL applications, the transmission of electrical
Ienergy is achieved through at least two wires. About a
hundred years ago, wireless power transmission (WPT) was
proposed by Tesla [1], [2]. However, it is difficult for WPT to
efficiently transmit large amounts of power over long distances
[3]1, [4], [5], [6], [7]. Therefore, single-wire power transmis-
sion (SWPT) has gradually attracted the attention of many
researchers.

Greater power can be transmitted by SWPT with higher
efficiency over longer distances compared to WPT. SWPT has
application prospects in renewable energy systems that supply
power to areas far away from the grid, such as rural areas,
grasslands, or isolated islands on the sea. This is because in
renewable energy systems, such as photovoltaics and wind
power, the output voltage is usually dc or low-frequency ac.
When SWPT is applied in these scenarios, not only is the power
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conversion link not added, but also the loss on the line is reduced
due to the resonance principle, which saves the investment and
operation cost of the transmission line [8]. Moreover, once a line
fault occurs, the resonance state of the system will be destroyed,
and no more power will be transmitted on the transmission line at
that time, thereby avoiding the occurrence of large-scale safety
accidents, such as fire and discharge. In addition, the operating
frequency of the SWPT system is much higher than that of the
current power grid, making it possible to realize half-wavelength
power transmission in practical applications. The single wire
in the system can also be replaced by other conductive media
to improve the flexibility of the power supply. Wireless power
transfer for sensors in buildings, trains in mines, and ships on
water can be realized when the single wire is replaced by other
media, such as metal or water [9].

The SWPT system was first proposed by Tesla [10]. In his
patent, the secondary coil of the transformer is connected to
the transmission line at one end, and the other end is grounded
and connected to the primary coil. In 2001, Strebkov introduced
the SWPT system based on the Tesla transformer [11]. A Tesla
transformer is used to boost the high-frequency voltage on the
transmitting side, and the other transformer on the receiving
side converts the high-frequency high-voltage into the voltage
and frequency of ordinary electrical appliances. The lumped
parameter circuit model of the SWPT system is builtin [12], [13],
[14], and [15]. In models with Tesla coils, a coil is equivalent
to a mutual inductance model. However, in the power transfer
experiments over longer distances, the wire lengths of the coils
used are usually very long so that the influence of the distributed
parameters should be considered. In [16], the coil is described as
a long line with distributed parameters. The distributed param-
eter circuit model of the SWPT system is established in [17].
Whether it is a lumped parameter circuit model or a distributed
parameter circuit model, these researchers believe that the loop
of the system is completed by the coupling capacitance between
the transmitting side and the receiving side. Inevitably, as the
transmission distance increases, the coupling becomes weak or
even nonexistent. Therefore, based on the electromagnetic field
theory, Jin et al. [18] revealed the principle of SWPT at long
distances from the theory of electromagnetic surface waves.
In [19], it is stated that the single wire belongs to the open
waveguide.

In addition to theoretical studies, these researchers also con-
ducted experiments on the SWPT system. In 2017, power of
40 W was transmitted with 66.7% efficiency at 2 m [13]. A
nonlinear parity-time symmetric model was proposed in 2018.
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TABLE I
COMPARISONS OF DIFFERENT SWPT SYSTEMS
References [12] [17] [18] [20] [22] This paper
. Lumped Single-layer Single-layer . . . Multilayer
Types of coils parameter L Tesla coil Tesla coil Planar coil Solenoid coil Tesla coil
Turns of coils / 2600 2600 10 915 1225
Position of single-wire Bottom Bottom Bottom Middle Bottom Top
Earth connections No No No No Yes Yes
Operating Frequency 847 kHz 33.8 kHz 34.2 kHz 10.55 MHz 260 kHz 6.7 kHz
Transmission Distance 2m 70 m 100 m Sm 1.5m 5000 m
Transmission Power 1926 W 300 W 300 W 65 W 0.5 W 5000 W
Transmission Efficiency 61.1% 42% 41.1% 70% 80% 87%
Under different transmission distances, the system can reach .
e .. ; High-voltage
a stable state, and within the transmission distance of 34 m, coil —»
the transmission efficiency has always been 60% [14]. In 2021, :
transmission power can reach 300 or 135 W at transmission L()“';‘O(i)ltfi
distances of 100 or 200 m, respectively [18]. For indoor power
supply scenarios, a SWPT method is proposed in [20]. Based @ ®)

on the SWPT system, Van Neste conducted an experimental
study using seawater and a single wire to form a composite
single-wire. When the transmission distance is 20 m, power
of 25 W is transmitted with an efficiency of 54% [21]. In
[22], the single wire is replaced by earth to distribute power
over a wide area. To improve the transmission efficiency, the
effects of inductance and capacitance in the SWPT system were
investigated in [23], and power loss of the multiconverter system
with single-wire transfer is studied in [24]. Some scholars have
proposed a single-wire capacitive power transfer system, in
which a single wire is replaced by a capacitor [25], [26], [27].
It has been found in [25] and [26] that this system has a strong
ability to resist the lateral and angular deviation of the polar
plate, but the transmission power and transmission distance are
very small. A single-wire capacitive WPT system with strong
coupling to ground is proposed in [27], in which a coupled plate
and a single wire are used to generate displacement currents
to ground. The system eventually lights up four LEDs for a
total output of 3.6 W. Taking advantage of the properties of the
self-capacitance of metal objects, a novel WPT system with a
single coupling capacitor is proposed in [28]. A detailed circuit
model is established, and the final system achieves a power
transmission of 20 W with an efficiency of 19.5% at 55 cm.

In the SWPT systems presented in [13], [14], [15], [16], [17],
and [18], the high-voltage coils of Tesla coils are all single-layer
structures. Moreover, in these structures, the low-voltage coil
and the high-voltage coil are loosely coupled, which makes the
energy dispersive in the surrounding space relatively strong,
resulting in a decrease in transmission efficiency. In the existing
experimental research, the maximum transmission efficiency
of SWPT within a transmission distance of tens of meters is
about 50%—-60%. Therefore, in order to further improve the
transmission efficiency of the SWPT system, a multilayer Tesla
coil is proposed in this article. In the proposed structure, the
spacing between layers is extremely small to increase the cou-
pling coefficient of the coils. Also, the earth is connected to the
system so that the electromagnetic field energy is concentrated
around the system. Various parasitic parameters of the coil are
considered, an accurate circuit model of the multilayer Tesla coil

Fig. 1. Single-layer Tesla coil. (a) Front view. (b) Top view.

is established, and then the lumped parameter circuit model of
the whole system is obtained. In the outdoor experiments, when
the transmission distance is 70 m, the transmission efficiency
can reach 90%, and the transmission efficiency can reach 87%
when the transmission distance is 5 km.

II. SWPT SYSTEM

Atpresent, SWPT systems with different structures have been
studied in some papers. In Table I, the comparison between
the existing SWPT systems and the SWPT system studied in
this article is presented. In existing SWPT systems, the types
of coils used mainly include planar coils, lumped parameter
inductors L, solenoid coils, and single-layer Tesla coils. The
earliest SWPT system using planar coils was proposed by Tesla
[10], but the experimental research work was not carried out
by him. Moreover, the magnetic field energy generated by a
planar coil is also direction sensitive and decays rapidly with
increasing distance. Although the use of a lumped inductor L
can reduce the size of the system, the electromagnetic field
energy generated by its resonance with the lumped capacitor is
limited, soitis not suitable for long-distance power transmission.
In order to increase the transmission distance, solenoidal coils
or single-layer Tesla coils have been applied in [17], [18], and
[22]. As shown in Table I, in these coils, the number of turns is
greatly increased, which reduces the operating frequency of the
system, thereby reducing the switching loss of the converter. The
number of turns of the Tesla coil refers to the number of turns
of the high-voltage coil. In a single-layer Tesla coil, as shown
in Fig. 1, the height of the low-voltage coil is lower than that of
the high-voltage coil, and there is a large air gap between them.
Both result in a low coupling coefficient for a single-layer coil.
A large part of the energy provided by the power supply will be
dissipated into the air.

In experiments, in SWPT systems using planar coils or
lumped parameter L, power can only be transferred over a
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Fig. 2. Multilayer Tesla coil. (a) Front view. (b) Top view.
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Fig.3. SWPT system.

distance of a few meters. Although the use of a single-layer
Tesla coil can increase the transmission distance and the power
of 300 W can be transmitted at 100 m, the transmission efficiency
cannot exceed 50% due to the loosely coupled structure of the
single-layer coil. The efficiency of the solenoid coil can reach
80% within a transmission distance of 1.5 m, but the efficiency
drops significantly after the distance increases. Therefore, in
order to improve the transmission efficiency of the system over
long distances, a multilayer Tesla coil is proposed in this article,
and its structure is shown in Fig. 2. The high-voltage coil is
wound in multiple layers, and the low-voltage coil is wound
tightly against the outermost layer of the high-voltage coil. Also,
the heights of the low-voltage coil and the high-voltage coil
are almost the same. There is almost no air gap between the
layers of the coil, so the coupling coefficient is greatly increased.
When the power supply is connected to the low-voltage coil, the
magnetic field generated by it completely passes through the
high-voltage coil, reducing the leakage of energy so that the
transmission efficiency can be greatly improved.

In the SWPT system, the power transmitting side and the
power receiving side are connected by only a single wire. In
existing systems, the single wire is mostly located at the bottom
of the system. At this time, the electric field is easy to spread
so that some low-power devices around the system can receive
power wirelessly, and the single wire can also be replaced by
some good conductive medium to realize quasi-WPT. However,
this method also reduces the power received by the receiving
side. In this article, the single wire is at the top of the system, the
voltage on the wire is high, and the energy directivity is strong.
Moreover, the connection of earth gathers the energy between
the single wire and earth, and the energy can be directedly
transmitted from the transmitting side to the receiving side,
reducing the leakage to surrounding space.

Finally, the SWPT system studied in this article is shown in
Fig. 3. Multilayer Tesla coils are used in the system to transform
the voltage.
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Fig. 5. Circuit model of one layer of the high-voltage coil.

On the transmitting side, the electrical energy provided by the
high-frequency power supply is converted into high-frequency
high-voltage electrical energy by the Tesla coil. On the receiv-
ing side, the high-voltage electrical energy is converted into
lower-voltage electrical energy to supply power to the load. The
structural parameters of the coils on the transmitting side and the
receiving side are the same. The upper ends of the high-voltage
coils of the Tesla coils are connected by an overhead single
wire. The lower ends of the high-voltage coils are connected to
the nearby earth.

III. MODELING

A. Circuit Model of Tesla Coil

The model of the Tesla coil should be built first to obtain the
model of the SWPT system. A multilayer Tesla coil is used in
this system. The high-voltage coil is wound with seven layers on
a cylindrical polyvinyl chloride (PVC) skeleton in a U-shaped
structure as shown in Fig. 4. The low-voltage coil is wound
close to the outermost layer of the high-voltage coil. In order to
ensure good insulation performance between layers, two layers
of green-shell insulating paper are wrapped between the layers of
the high-voltage coil, and three layers of green-shell insulating
paper are wrapped between the low-voltage coil and the high-
voltage coil.

Since in a multilayer Tesla coil, each layer of the high-voltage
coil has the same physical structure, the circuit model of a layer
can be built first. In one layer, the magnetic flux passes through
each turn of the coil instantaneously, so a lumped parameter
circuit can be modeled with the coil’s inductance, resistance,
and interturn capacitance, as shown in Fig. 5.

In Fig. 5, R,,, L, and CY; are the resistance, self-inductance,
and interturn capacitance of one layer, respectively. It should
be noted that the operating frequency of the SWPT system is
usually tens of kilohertz. In order to make the circuit model
more accurate, the skin effect of the wire also needs to be
considered. The biggest difference between the multilayer Tesla
coil and the single-layer Tesla coil is the existence of interlayer
mutual inductance and interlayer capacitance. Moreover, the
close interlayer distance of the multilayer coil leads to a large
mutual inductance value between layers, and the large number
of turns in each layer leads to a large interlayer capacitance.
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Fig. 6.

Circuit model of Tesla coil.

Therefore, the circuit model of the multilayer Tesla coil can
be described as shown in Fig. 6. In general, the low-voltage
coil of the Tesla coil has a small number of turns and a large
turn spacing. The circuit model of the low-voltage coil can be
represented as a resistor Ry and an inductor Ly in series. R,
Ryo, ..., R,7 are the resistances of each layer of the high-
voltage coil. Lgy, Lo, ..., Ls7 represent the self-inductances
of each layer of the high-voltage coil. Ci1, Cita, ..., Ciy7 are
the interturn capacitances of each layer of the high-voltage coil.
C1a, Coas, ..., Cgr represent the capacitances between layers of
the high-voltage coil. My1, ..., My are the mutual inductances
between each layer of the high-voltage coil and the low-voltage
coil. Mys, ..., M7 denote layer-to-layer mutual inductances of
the high-voltage coil.

For one layer of coil, the impedance of the wound conductor
is given as follows [29]:

sinh (2F) + sin (2F) jwulw

Zw =~ RyacF' = Ry jw Ly
" cosh (2F) — cos (2F) i 3 T
(D
TN\ d; | d;
F=|(-— — = 2
(4) dsd P ( )

where Ryqc = ly/0wSyw is the dc resistance of the winding.
l, and S, denote the length and the cross-sectional area of
each layer of the wire, respectively. p represents the turn pitch.
0w = 5.8 x107S/m and p ~ 1.257 x 10~5H/m are the con-
ductivity and magnetic permeability of the wire, respectively. d;
represents the inner diameter of the wire, dyg = 1/v/7 fo,pu is
skin depth. f denotes the operating frequency of the circuit, and
w = 27 f is the angular frequency.

According to (1), the wire resistance R,, and the inductance
L., caused by the energy stored in the wire of one layer of the
coil can be obtained as follows:

sinh (2F) + sin (2F)
cosh (2F) — cos (2F)

Rw = Rwch (3)

Pl
L, =—. 4
“ 3 )

The inductance of a layer of the coil is determined by the
energy stored in the wire and the energy stored in the core of the
coil. The inductance L. due to the energy stored in the core of
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Fig. 7. Basic unit for the high-voltage coil.
the coil is given as follows:
2
L.= KNMONmSc/lc 5)

where N,,, represents the number of turns of each layer of the
coil, and pp = 1.257 x 10~%H/m is the magnetic permeability
in vacuum. S, and [, are the cross-sectional area and the length
of the coil, respectively. Ky denote the Nagaoka coefficient. The
inductance of the coil will vary depending on the shape of the
coil, and this coefficient is a correction factor for the coil

N~ 1/ |1+ 0.45D./1, —0.005(D,/l.)* (6)

where D, is the diameter of the coil.

Therefore, the total self-inductance of a layer of the coil can
be described as follows:

KNuoN Se | ply
e mre T2
le 3

Newman’s formula is usually used to obtain the mutual in-
ductance between layers. However, due to the large number of
turns in each layer of the coil, a large amount of computation
occurs. Moreover, since the diameter of the coil in this article is
close to the height of the coil, the approximate solution will also
bring a large error. Therefore, the mutual inductance parameters
in Fig. 6 are obtained by Ansys simulation.

In order to calculate the interturn capacitance and interlayer
capacitance in Fig. 6, a basic unit of the high-voltage coil is
drawn, as shown in Fig. 7. d; and d,, are the inner diameter and
the outer diameter of the wire, respectively.

In the basic unit of Fig. 7, the interlayer capacitance is
composed of the capacitance of the wire insulation layer dCj,
the capacitance of the air gap dCl, and the capacitance of
the green-shell insulating paper dChp. At unit angle d6, these
capacitances can be expressed as follows:

Ly=Le+ Ly (7

e do/2 er1€0lt
dCy = g,160d0 dl =" 40
Cu = £n10 / /d s ®)
N EodS - Eoltdo
dCyir = 2@~ 22(0) e )
_ &r2e0dS  gpaeolid,
AChy = SIS — 22 g (10)

where €,1 = 3 and €,.5 & 2 are the relative permittivities of the
insulation layer and green-shell insulating paper, respectively.
g0 = 8.854 x 107'?F /m represents the permittivity in vacuum,
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Fig. 8.  Simplified model of Tesla coil.

l; denotes the length of one turn in the coil. djs, represents
the thickness of the insulating paper. z:(0) is the length of the
path of the electric field lines in the air. Assuming that the
conductor surface is an equipotential surface, the electric field
lines between coil turns always propagate along the shortest
path, and we can get 2:(0) = [d, (1 — cos 6) + 1](mm). It should
be noted that when the coil is wound, it is inevitable that there
is a small air gap between the green-shell insulating paper and
the coil, resulting in an extra lmm of error correction in x(6).

The interlayer capacitance per unit angle df is the series
connection of the capacitance of the wire insulation layer, the
capacitance of the air gap, and the capacitance of the green-shell
insulating paper. It can be derived as follows:

1 2 1 1

- =4+ 11
dC]] dC’S] dCair dChp ( )

The interlayer capacitance can be equivalent to the parallel
connection of V,,, capacitors CY;. Therefore, Co, Cag, ..., Cg7in
the circuit model presented in Fig. 6 can be obtained as follows:

/4

dCy.
—7/4

Ciit1 = NpCn = Np, (12)

Compared with the interlayer capacitance, the interturn ca-
pacitance is the series connection of /V,,, — 1 basic capacitances,
which can be calculated as follows:

Cup J :{;14 dCuup
Ny—1 Ny -1
where Cly, denote the basic capacitance between one turn and
one turn. Comparing (12) and (13), it can be found that the equiv-
alent value of the interturn capacitance will be much smaller
than the interlayer capacitance value. Ignoring the interturn
capacitance, the simplified circuit model of the multilayer Tesla
coil is shown in Fig. 8.

Ctti = (1 3)

B. Model of the SWPT System

After obtaining the model of the Tesla coil, the circuit model
of the SWPT system is shown in Fig. 9.

Since the structures of the Tesla coils on the transmitting side
and the receiving side are the same, the parameters in the circuit
model of the transmitting side and the receiving side are also the
same.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023
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Fig. 9. Model of the SWPT system.

In the system, the length of the single wire is usually much
smaller than the wavelength of the electromagnetic wave corre-
sponding to the operating frequency of the system. Therefore,
the transmission line effect of the single wire is ignored, and the
wire can be equivalent to a resistance Rji,e. In addition to this,
the capacitance of the overhead single-wire to earth also needs
to be considered. It is assumed that the erection height of the
single wire is much larger than the inner diameter of the wire.
The capacitance can be described as follows:

27€0 ine

Cline = 17 (2h/a)

(14)
where [, represents the length of single wire, and & and a denote
the erection height and the radius of the wire, respectively.

R¢ and L¢ denote the equivalent resistance and equivalent
inductance of the earth, respectively. In different regions and
different environments, the situation of the earth is very complex,
and it is difficult to accurately obtain various parameters of the
earth using the analytical method. In this article, the resistance
and inductance of the earth are measured experimentally.

IV. ANALYSIS OF THE EARTH

Although energy transmission can be realized in the SWPT
system without an earth connection, it can be found from the
study of Poynting vector distribution in [18] that a part of the
energy is transmitted to the receiving side in the form of elec-
tromagnetic surface waves, and a large portion of the energy is
dissipated in the surrounding space of the system. The dissipated
energy reduces the transmission efficiency of the system. In
[18], when the transmission distance is 100 m, the transmission
efficiency is 41%, and when the transmission distance is 200 m,
the efficiency is only 23%.

The earth is easy to get, and it can be easily connected by
simply connecting one end of the Tesla coil to the ground pin
inserted into the earth, as shown in Fig. 10. The connection to
earth does not bring additional transmission lines to the system,
so this system is still a SWPT system. The earth is connected to
the system in this article to improve the transmission efficiency.

In order to analyze the influence of the earth on the system,
the energy flow law of the system after connecting to the earth is
analyzed based on the electromagnetic field theory. As shown in
Fig. 11, when the system is connected to the earth, it is assumed
that a voltage excitation U is applied between the single wire
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Fig. 10.  Grounding diagram of the system.
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Fig. 11.  Single wire and earth in the cylindrical coordinate system.

and earth by the Tesla coil, and the current flowing through the
earth is 1.

For the purpose of analysis, Fig. 11 is placed in a cylindrical
coordinate system, and the radius of the earth connected to the
system is r.. In the cylindrical coordinate system, the current
density in the earth is denoted as follows:

J.(p, o, z) = jz (p) €.

Substituting (15) into the diffusion equation for the current
density V2J — o.pu.0J /Ot = 0, the scalar equation shown in
(16) is obtained

15)

V2J, — jwoepied. =0 (16)
where o, and p. are the electric conductivity and the magnetic
permeability of the earth, respectively. Equation (16) can be
described as follows:

a?J., 1dJ .
S -4k =0 17
2 o + a7
where k? = —jwo, .. Moreover, the Bessel equation has the
following form:
d®u  1du n?
— + - 1-—= =0. 18
dx2+xd;v+< x2)u (18)

Comparing (17) and (18), it can be found that (17) is a special
case for n = 0 in (18). Therefore, the current density in the earth
is solved according to the general solution of the Bessel equation
as follows:

= ez
27re Jq (kre)

19)

where I,,, is the amplitude of the current in the earth. J,(z)
represents n-order Bessel function of the first kind. The electric
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field intensity within the earth is given as follows:

b4 ke Jo(ko)
e 27moere J1 (Kre)

(20)

The effective electric field intensity between the single wire
and earth in the e, direction is expressed as follows:

Urms
P

It should be noted that since the ac voltage is between the
single wire and earth and the single wire and earth are not
symmetrical structures, the electric field intensity distribution
between them is time-varying and nonuniform. The introduction
of effective electric field strength Eprms is just to illustrate the
law of energy flow, not for numerical calculation.

According to the boundary condition that the tangential com-
ponents of the electric field intensity on both sides of the bound-
ary surface are equal, the electric field intensity in the direction
of e, near the earth’s surface can be obtained as follows:

2roere J1 (kre)

The electric field intensity between the wire and earth is given
as follows:

Eprms = 2D

Usms kI, Jo(kp)
€, €.
h 2roere J1 (kre)
(23)
Using Maxwell’s equations and the derivative formula of the
Bessel function J'o(z) = — J1(2), the magnetic field intensity
between the wire and earth can be calculated as follows:
: pelm Ju (kp)
V X Eg = .
7 B 2 pore J1 (kre) €4

E, = prms€p 1 E.e, =

H,=— (24)

Jwhto
The Poynting vector between the single wire and earth is given
as follows:

e * ﬂeUrmsIm J7 (kp)
S=-E.x H} = P
2 i Amporeh J3 (kzre)e

pekln,  Jo (kp) Ji (kp) (—e,)
8m2ugoer? Jy (kre) I3 (kre) P

In (25), the first term of the Poynting vector represents the en-
ergy flux density into the load, and the second term is the energy
flux density into the earth and single wire. It is concluded from
(25) that the electromagnetic field energy excited by the Tesla
coil is transmitted to the load through the spatial electromagnetic
field between the single wire and the earth. The role of the earth
is to gather electromagnetic energy and guide the directional
transmission of energy together with the single wire.

In order to compare the effect of whether the earth is connected
or not on the energy propagation law in the SWPT system, the
simulation model was built in the High Frequency Structure
Simulator. The simulation results are shown in Fig. 12. Fig. 12(a)
shows the distribution of the Poynting vector in the SWPT sys-
tem without earth connection, and Fig. 12(b) shows the case with
earth connection. When the earth is not connected to the system,
part of the Poynting vector points from one coil to another
along the single wire, but another part points to infinity, which

(25)
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Fig. 12.  Distribution of the Poynting vector. (a) No earth connection. (b) With earth connection.
indicates that a large part of the electromagnetic field energy 260 0.84
is not received by the load but is dissipated in the surrounding f
. . . . . 250 0.8
space, which leads to a reduction in the transmission efficiency = :
of the system. When the system is connected to earth, as shown T 240 .
. . . . 9
in Fig. 12(b), the electromagnetic field energy is gathered around B . 0.76 8
the single wire and earth. More electromagnetic field energy is ; 072 =
transmitted to the load through the guidance of the single wire £220 A
. . . . . o
?md earth, so the transmission efficiency can be significantly 210 4 o Power L 0.68
improved. —o—Efficiency
200 0.64
5 6 7 8 9
V. DESIGN OF THE SWPT SYSTEM N
1
The design of the SWPT system mainly has two parts, one
is the design of the Tesla coil, and the other is the design of Fig. 13.  Power and efficiency versus layers.
the operating frequency of the system. The design is mainly
completed based on the established circuit model shown in 350 1
Fig. 9. 00 [
£ _ 0.8
: , Z 250
A. Design of the Tesla Coil a;, 200 ' 06 §
. . L
The low voltage provided by the high-frequency power supply = 150 2
can be raised by the coil to a high voltage of kilovolts or even a 1 04 5
tens of thousands of volts through resonance. In a single-layer & 100 o Power 0
coil, the interturn voltage can be easily reduced by increasing 50 —e—Efficiency '
the number of turns of the coil, and very thin wires, such as 0 0
enameled wire, can be used in the coil. However, there are high 100 150 200 250
interlayer voltages in multilayer coils in this article, and the N
insulation capacity of the wires must be increased to ensure the Fig. 14.  Power and efficiency versus number of turns.

safe operation of the system. Eventually, a silicone wire with an
outer diameter of 4 mm is selected to be wound on a skeleton
with a diameter of 400 mm.

The number of turns and layers of the coil should be selected
based on the requirements of the transmission performance of the
system. When the total number of turns of the coil is constant, the
curves of output power and transmission efficiency calculated
by the circuit model shown in Fig. 9 with the number of layers
are shown in Fig. 13. NV; in the figure represents the number
of layers of the coil. When NV; is relatively small, the output
power in the system is larger under the same input voltage,
but the transmission efficiency is lower. Although the efficiency
improvement can be achieved by increasing /V;, the number of
turns per layer is reduced, which reduces the output power under
the same input voltage, and the excessive number of layers will
also increase the volume of the Tesla coil.

When N is constant, the curves of output power and trans-
mission efficiency calculated by the circuit model in Fig. 9 with
the number of turns of each layer are shown in Fig. 14. As shown
in Fig. 14, when NV, is constant, the increase in N,,, can increase
the transmission power of the system. However, too many turns
in the coil also bring a lot of copper loss to the system, reducing
the transmission efficiency.

Therefore, the number of turns and layers should be
determined according to the needs of practical applications.
For example, in some low-power applications, the number of
layers of the coil can be increased to improve the transmission
efficiency. In this article, in the SWPT system that requires long-
distance high-power and high-efficiency power transmission,
power and efficiency are both important parameters. Therefore,
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the influence of N,, and N; on them needs to be considered
comprehensively. Finally, according to Figs. 13 and 14, the
number of layers is selected as seven layers, and the number of
turns of each layer is 150-200 turns. Six or eight layers are not
selected because an even number of layers will cause the highest
and lowest potentials in the coil to exist at the top or bottom of
the coil at the same time, resulting in higher requirements for
the insulation of the wires.

B. Design of Operating Frequency

The operating frequency of the system is close to the self-
resonant frequency of the Tesla coil, and the self-resonant
frequency depends on the specific parameters of the coil. The
self-inductance of one layer of the coil can be obtained by (7).
The total equivalent inductance of the multilayer coil is about

Leq ~ N, L, + Mequ (Nl — 1) (26)

where M., is the mutual inductance between layers. In order
to simplify the calculation, the parameters of each layer of the
coil are homogenized, that is, the self-inductance of each layer is
considered to be approximately equal, and the mutual inductance
between layers is also approximately equal.

The total equivalent capacitance of the multilayer coil is given
as follows [30]:

1 N, (4N2

m m_l
Ceq - m Cttb (Nm - 1) Nl + Cllf) (Nl - ]-)

27
where N is the total number of turns of the coil.
The self-resonant frequency of the Tesla coil can be obtained
as follows:

1

B 27y /Lequq-

Substituting (26) and (27) into (28), the relationship between
the self-resonant frequency and the number of turns and layers
of the coil is shown in Fig. 15.

As shown in Fig. 15, the increase in the number of layers
and turns of the coil will lead to a decrease in the self-resonant
frequency. After determining the transmission scale of the
system, the size of the coil can be determined from Figs. 13

fs (28)
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Fig. 16.

Homemade multilayer Tesla coils.

TABLE I
SPECIFIC PARAMETERS OF TESLA COIL

High-voltage coil Low-voltage coil

Layers 7 1
Height 700 mm 680 mm
Total turns 1225 34
Wire diameter 4 mm 9.2 mm
Cross-sectional area 1.3 mm’ 31.4 mm’

and 14, and then the self-resonant frequency of the Tesla coil
can be determined from Fig. 15.

VI. EXPERIMENTAL RESULTS
A. Experimental Testing of Tesla Coils

In order to enable the SWPT system to achieve high-power
and high-efficiency transmission at the same time, according to
the circuit model established in Fig. 9 and the influence of NV,
and NN; on power and efficiency in Figs. 13 and 14, the number
of layers of the Tesla coil in the experiment is finally selected
to be seven layers, and the number of turns of each layer is 175
turns. The completed coils are shown in Fig. 16. The specific
parameters of the coil are shown in Table II. The height of the
low-voltage coil is close to that of the high-voltage coil, and in
order to increase the turns ratio between the two, a blue nylon
rope with an outer diameter of 10 mm is alternately wound with
the low-voltage coil to increase the turn spacing. The green-shell
insulating paper with a thickness of 0.5 mm is wrapped between
the layers of the coil to increase the insulation strength. The
material of the low-voltage coil is Litz wire, and the material of
the high-voltage coil is silicone wire.

The resistances, inductances, and capacitances in the circuit
model of the Tesla coil can be calculated from the data pre-
sented in Table II. The mutual inductance values between layers
obtained by Ansys simulation are shown in Table III.

In order to verify the validity of the circuit model of the Tesla
coil, the frequency characteristics of the input impedance of a
Tesla coil are shown in Figs. 17 and 18 when the high-voltage
coil is opened and shorted, respectively. In the experiment, the
signal generated by the waveform generator is connected to
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TABLE III
MUTUAL INDUCTANCE VALUES BETWEEN LAYERS (UNIT: MH)

My | 101 | My, | 106 | My, | 112 | My | 118
My | 123 | My | 13 | My | 136 | M, | 534
My, | 529 | My, | 524 | M5 | 52 | M, | 516
Mg | 512 | My, | 557 | My, | 552 | M,y | 548
My, | 543 | My, | 539 | My, | 581 | My | 576
My | 572 | My, | 567 | My | 605 | M, 6
My, | 595 | My | 631 | Mg, | 625 | M, | 656
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Fig. 17. Frequency characteristics when the high-voltage coil is opened.

(a) Amplitude—frequency characteristics. (b) Phase frequency characteristics.

the low-voltage coil of the Tesla coil after being amplified by
HSA4011 amplifier. After the voltage and current waveforms
of the low-voltage coil are measured by an oscilloscope, the
amplitude and phase of the input impedance are obtained. In
Figs. 17 and 18, the complete model refers to the circuit model
presented in Fig. 6, and the simplified model is the circuit model
with the interturn capacitance removed, as shown in Fig. 8.
InFig. 17, when the high-voltage coil is opened, there are three
extreme points in the amplitude—frequency characteristic curve.
At the frequencies corresponding to the three extreme points, the
errors of the experimental measurement results and the calcula-
tion results of the complete model are 2.5%, 0.5%, and 2.8%,
respectively. In Fig. 18, when the high-voltage coil is shorted,
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at the frequencies corresponding to the two extreme points, the
errors of the experimental and theoretical calculations are 0.2%
and 1.2%, respectively. Regardless of whether the high-voltage
coil is shorted or opened, the curve trend of the complete model
is consistent with the experimental curve, indicating that the
circuit model shown in Fig. 6 is effective. Moreover, in Figs. 17
and 18, the curves of the simplified model and the complete
model basically overlap, indicating that the simplification of the
circuit model is reasonable. Therefore, when establishing the
circuit model of the SWPT system, the simplified circuit model
shown in Fig. 8 can be directly used.

B. Experiments of SWPT Systems

A SWPT system is built for doing experimental research.
Fig. 19 shows the experimental scene diagram when the trans-
mission distance is 70 m. Fig. 20 shows the experimental
schematic diagram of the SWPT system. In the experiment, the
upper ends of the high-voltage coils on the transmitting side and
the receiving side are connected by an overhead single-wire,
and the lower ends are respectively connected to the nearby
soil. The material of the single wire is a silicone wire with an
outer diameter of 4 mm and a cross-sectional area of 1.3 mm?.
After experimental measurement, the equivalent resistance and
equivalent inductance of the earth in the model are R = 110
and Lg = 175 pH, respectively.
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Fig. 20. Experimental schematic diagram of the SWPT system.

The operating frequency range of the system can be roughly
estimated from the self-resonant frequency of the coil shown
in Fig. 15, and the specific operating frequency needs to be
determined according to the established circuit model of the
system. When the load resistance is 20 €2, the frequency char-
acteristics of the input impedance of the SWPT system are
shown in Fig. 21. The frequency characteristic curve of the input
impedance calculated by the model is basically consistent with
the curve measured by the experiment. When the system works
at the frequency corresponding to the minimum input impedance
amplitude, more power can be transmitted from the transmitting
side to the receiving side. In Fig. 21(a), there are two frequencies
corresponding to the minimum values of the input impedance
amplitude, which are about 16.7 and 66 kHz, respectively.
Voltage gain is defined as the ratio of the output voltage on
the receiving side to the input voltage on the transmitting side.
In theoretical calculations and experimental measurements, the
voltage gain at 16.7 kHz is much greater than that at 66 kHz, at
which power can hardly be transferred. Therefore, the following
studies were carried out at frequencies around 16.7 kHz.

The frequency characteristic curves of voltage gain and output
power are shown in Fig. 22. When the operating frequency is
about 16.4 kHz, the voltage gain reaches a maximum value of
about 2.7. At the same time, at this frequency, the receiving
side can also receive the maximum power. In Figs. 21 and 22,
the frequency characteristics of the input impedance, voltage

gain, and output power calculated by the model of the SWPT
system are all consistent with the experimental results, and the
agreement between them is extremely high, which verifies that
the SWPT system model presented in Fig. 9 is effective and
accurate.

Through the analysis of the frequency characteristics of the
input impedance and voltage gain, the operating frequency of
the SWPT system is selected to be around 16.4 kHz. According
to the design results of the SWPT system in Section V, as shown
in Fig. 15, the self-resonant frequency of the Tesla coil is about
17.3 kHz, and the error between the experimental results and
the design results is 5.5%. The appearance of this error is due
to the influence of the single-wire-to-earth capacitance on the
operating frequency of the system.

When the operating frequency is 16.4 kHz, as shown in
Fig. 19(c), a group of incandescent lamps are lit. When the
transmission distance is 70 m, the SWPT system transmits power
of 1150 W with an efficiency of 90%.

In the same experimental scenario, when the transmission
distance is 70 m, the SWPT system using a single-layer Tesla
coilin[17] can only transmit a power of 300 W with an efficiency
of 42%. The transmission efficiency of the multilayer coil is
much greater than that of the single-layer coil. In [17], when the
output power is 300 W, the output current on the transmitting
side is close to the safety threshold of the MOSFET, so that the
power cannot continue to increase. Although the turns ratio and
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Fig. 21.  Frequency characteristics of input impedance of the SWPT system.
(a) Amplitude—frequency characteristics. (b) Phase frequency characteristics.

voltage gain of a single-layer coil are greater than those of a
multilayer coil, in a multilayer coil, the coupling coefficient
is greatly increased due to the close winding between layers.
Therefore, compared with the single-layer coil, less energy in
the multilayer coil will be dissipated to the surrounding space,
so that the transmission efficiency can be greatly improved.

When the output voltage is 120 V, the voltage and current
waveforms of the power supply, the current waveforms of the
single wire and the earth are shown in Fig. 23.

The earth current and the single-wire current have close
magnitude and phase, and the rms value of their current is about
0.47 A. Since this current value is small, very thin wires can be
used for a single wire. Compared with traditional power lines,
metal materials are greatly saved. Small currents reduce losses
to the earth.

To explore the possibility of using multilayer Tesla coils to
realize SWPT at longer distances, an experimental platform
with a transmission distance of 5 km is established in Shanghai,
China, as shown in Fig. 24. In Fig. 24, the multilayer Tesla coil is
fabricated in the same way as shown in Fig. 16. The 5-km-long
single-wire is arranged in a U shape in the experimental site and
is overhead through many PVC pipes.

When the operating frequency is 6.7 kHz, the voltage and
current waveforms of the high-frequency power supply are in
phase. At this point, the SWPT system transmits power of 5 kW
with an efficiency of 87%. As shown in Fig. 25, 35 incandescent
lamps rated at 200 W are lit.
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Compared with the transmission distance of 70 m, the de-
crease in the operating frequency is due to the increase in
the length of the single wire, resulting in the increase in the
single-wire-to-earth capacitance.

When the output power on the receiving side is 5 kW, the
current waveforms of the single wire and the earth are shown
in Fig. 26. The earth current and the single-wire current have
close magnitude and phase, and the rms value of their current is
about 2.29 A. From the waveforms shown in Figs. 23 and 24, it
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Fig. 24.  Experimental site with a transmission distance of 5 km.

Fig. 25.  Power of 5 kW is transmitted at a transmission distance of 5 km.
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can be seen that the waveforms of the single-wire current and
the earth current are not exactly the same, and their amplitudes
have small differences, which shows that the earth cannot be
completely equivalent to a wire. The role of the earth is to gather
the energy of the electromagnetic field and guide the directional
transmission of energy.

When the transmission distance is 5 km, the resistance on
the wire is about 96 €2, and the power loss on the wire is about
503 W. The loss on the wire is 67.3% of the total loss of the
SWPT system. Therefore, reducing the loss on the wire to further
improve the efficiency can be the content of future research.
Loss can be reduced by increasing the voltage of the Tesla coil
to reduce the current or using some low loss wire to reduce
the resistance. In addition, the circuit model established in this
article can also be used to design the compensation network
and the closed-loop control of the SWPT system, which we will
study in future.

VII. CONCLUSION

A SWPT system based on a multilayer Tesla coil structure is
studied. The main contributions of this paper are summarized as
follows.

1) In order to improve the transmission efficiency of the
SWPT system, a multilayer Tesla coil structure is pro-
posed.

2) An accurate circuit model of the SWPT system is estab-
lished, and the design guidance of the system is also given.

3) Inthe experiment, when the transmission distance is 5 km,
power of 5 kW can be transmitted with an efficiency of
87%, which greatly improves the transmission level of the
SWPT system.

Compared with the single-layer coil, the leakage of energy is
reduced due to the high coupling coefficient of the multilayer
coil. In addition, the connection of the earth also concentrates the
electromagnetic field energy between the single wire and earth,
and the energy is directed to be transmitted from the transmitting
side to the receiving side so that the transmission efficiency of the
SWPT system is improved. Considering the parasitic parameters
of the coil, the circuit model of the single wire, and the earth, an
accurate lumped parameter circuit model of the SWPT system is
established. The frequency characteristics of input impedance,
voltage gain, and output power are studied. These frequency
characteristics are highly consistent with the calculated results of
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the model, and the validity of the SWPT system model is verified.
According to the influence of various parameters calculated by
the model on power and efficiency, the design of the Tesla coil
and operating frequency can be completed. In the experiment,
power of 1150 W is transmitted with an efficiency of 90% at a
transmission distance of 70 m, and power of 5 kW is transmitted
with an efficiency of 87% at a transmission distance of 5 km. The
change in the transmission distance will cause a change in the
single-wire-to-earth capacitance, which will lead to a change
in the operating frequency. It is found that when the SWPT
system is used for long-distance high-power power transmission,
the current on the single wire is very small. Therefore, the
single wire can be made with very thin wire to save material,
and the small current also leads to lower losses in the SWPT
system.
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