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A Dynamic Wireless Power Transfer Using Metamaterial-Based
Transmitter
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Abstract—Dynamic Wireless Power Transmission has attracted attention in the research area due
to its safety, convenience, and automation. However, the major limitation in achieving this vision
is its working distance. In this paper, the metamaterial (MM) based transmitter WPT with zero
permeability is presented and compared with an inductive WPT system. The comparative simulations
and experimental investigations validate the effectiveness of the proposed design. The system efficiencies
are determined at the distances of 8 cm, 11 cm, and 16 cm between the transmitter and receiver (SAE
J2954) with an operating frequency of 20 kHz. The power transfer efficiency (PTE) of the WPT system
using an inductive transmitter and the WPT system using an MM-based transmitter is shown as
85/87%, 65/70%, 45/65%, respectively. The PTE of the MM-based transmitter is 64% higher than an
inductive transmitter at a 16 cm distance. The robot without a battery moves dynamically along the
track with the MM-based transmitter underneath. The results show that the power transfer efficiency
of the MM-based transmitter is considerably higher than that of the inductive transmitter.

1. INTRODUCTION

Wireless power transfer (WPT) technology makes it possible to supply power through an air gap between
the transmitter and receiver without using any wired connection. Wireless charging can be useful in a
wide range of applications such as portable devices, medical implants, factory robots, and all-electric
vehicles (AEVs) [1-5]. All-electric vehicles are considered one of the leading solutions to reduce the
use of fossil fuel and production of air pollution. However, the main all-electric power sources of the
all-electric vehicles come from batteries. Therefore, all-electric vehicles (AEVs) run only on electricity.
Most all-electric vehicles have all-electric ranges of 80 to 100 miles, while a few luxury all-electric vehicles
have ranges up to 250 miles. When the battery is depleted, it can take 30 minutes (with fast charging
system) up to nearly a full day to recharge it. This depends on the type of the charging system and
the battery. Thus, all-electric ranges and charging time are considered the major issues of all-electric
vehicles.

Power transfer efficiency (PTE) is one of the basic terms in WPT technology. To enhance the PTE
at a relatively large distance between the transmitter and receiver, several methods have been proposed.
An impedance-matching mechanism, repeaters, metamaterial slab between the transmitter and receiver,
and magnetically coupled resonators have been considered in the WPT systems [6-9] to increase the
power transfer distance and efficiency. A resonant coupling system uses a pair of coupled coils with an
additional capacitor, in which the transmitter (Tx) and receiver (Rx) coil operate at the same resonant
frequency. The WPT system using resonant coupling schemes enables the energy to transmit highly
efficiently over a considerable distance compared to inductively coupled schemes [10-14]. The resonant
coil can be directly powered to an excitation source or through inductive coupling. However, most of the
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WPT systems, which are resonant and inductive coupling schemes, are short-range scheme. It means
that the power transfer distance of the WPT system is less than the dimension of the transmitter coils.
The applications of the WPT systems are such as the charger of battery-powered automobiles on the
highway, warehouse robots, and the wireless power transfer system for elevators that move continuously
along the track.

Metamaterials for wireless power appliances show the achievability to advance the range and
flexibility of WPT systems. Metamaterials are a new brand of synthetic objects composed of engineered
structures having unique characteristics, such as evanescent wave amplification and negative refractive
index. Moreover, several applications show that these artificial materials are able to use in the ranges
from optical frequencies to radio frequencies [15]. With a property to increase the power transfer
efficiency, metamaterials are also used in adaptive charging to increase the operating range of systems,
farther distance, and allowance misalignment tolerance for electronic or implantable devices [16]. The
in-between MM slab is placed between the Tx and Rx coils to enhance the power transfer efficiency of
the system, which is used commonly to increase the transfer distance and power efficiency [17-21].

In this paper, we propose to implement a transmitter based on magnetic metamaterials. The WPT
system in this paper is a middle-range scheme. We are also able to overcome the limitations of the
in-between metamaterials for the Tx and Rx coils [22-25]. The applications of our system are such
as the practical miniaturized devices, the devices achievability to advance the distance, and flexibility
of dynamic WPT systems. A capacitor-loaded to the coil is also placed on the transmitter side to
reduce the system size. MM-based transmitter is a promising solution for its compact construction, low
frequency, and low losses.

2. TRANSMITTING MAGNETIC METAMATERIAL CONCEPTS

2.1. Magnetic Field Considerations

The properties of the conventional materials such as “permittivity ¢” and “permeability p” are derived
from the macroscopic response of “electric field E” and “magnetic field H,” which represents an average
response of the system. At the same time, metamaterials structure is composed of several subunits in
which each subunit is much smaller than the wavelength of the system and acts like an atom in the
macroscopic scale, so the effective “permittivity €” and “permeability p” depend upon the structure
of the metamaterials. Therefore, a suitable arrangement can be designed to have electromagnetic
properties for various applications [26]. Metamaterials can mainly be used in controlling the near field
directions; however, the closer fields will interact with individual units mathematically represented by
“effective permittivity e.4” and “effective permeability p.”. The structure shows that it has positive,
zero, and negative permeability. The magnetic boundary condition has been changed by the value of
relative permeability, which leads to Equation (1). Fig. 1 shows magnetic field lines of metamaterials
with positive and zero permeability, which bends the magnetic field direction vector to a desirable
angle [27-29].

tanf;

(1)

Figure 2 shows the 3-D electromagnetic field simulation of an inductive and MM-based transmitter
WPT systems. The magnetic field intensity from the Tx to the Rx coils is more concentrated on the

tanf, 142

Positive
Permeability

Figure 1. Magnetic field lines of metamaterials having positive and zero permeability.
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Figure 2. Simulation results of the magnetic field intensity from Tx to Rx coil. (a) An inductive WPT
system. (b) MM-based transmitter having a zero permeability WPT system.

Rx side of Fig. 2(b), the MM-based transmitter due to the magnetic boundary conditions.

Utilizing the coupled-mode concept developed magnetic field enhancement [30], which can be
expressed by Equation (2), “m” is the total number of unit cells. Ky, is the coupling factor among unit
cells related to the coupling coefficient k, K, = kw,/2, in which w, = 1/+v/LC'is the resonant frequency
of a single MM. I, is the intrinsic decay, and the radiation losses are presented by the model,

day (t , Rl
Zt( ) = _(]wo+rn) Qn +]Zk:1 Kinag (t)a n=1,..,m, (2)

The operating frequency is powered by the RF magnetic field produced by the Tx coil. The induced
magnetic field contains two components, along the axial direction and radial direction. Only the
magnetic field component along the axial direction of the coil contributes to the magnetic field
enhancement and can be calculated as Equation (3):

I 1/2 ' ron o _ /
By =t / cos T [ Adgdx, A= X peosy L (3)
T J-12 0 p? —2apcos ¢ + a2+ (z — 2

Iy is the amplitude of the current in the unit cells; n is the number of turns; ‘I’ and ‘a’ are the height and
radius of the MM, respectively, while cos 7z /1 reflects the current distribution near the MM, whereas
the polar coordinate target points are z and p.

The simulation analyses have been conducted to validate this theoretical concept. The enameled
Lize copper wire parameters are shown in Table 1.

The simulation setup of operating frequency and magnetic field enhancement behavior are derived
between the adjacent unit cells, shown in Fig. 3(a). Fig. 3(b) characterizes the operating frequency
and magnetic field enhancement response of the adjacent cell space (d) to cell size (D), d/D ratio.

Table 1. The coil parameters.

No Term Dimensions
1 MMi/RX Coil | 33 AWG Lize wire, Copper
2 Coil strands 38
3 Coil turn 27 turns
4 Coil OD Outside diameter, 8 cm
5 Coil ID Inside diameter, 2cm
6 | Coil inductance 140 uH (internal coil)
7 Capacitance 0.47 uF (external C)
8 | Coil Resistance 135 m¢
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Figure 3. Parameter studies and variation in response of the adjacent cell space to cell size. (a)
Simulation set-up of adjacent MM units cell. (b) Characterize the working frequency and magnetic field
enhancement.

The operating frequency and magnetic field enhancement is gradually shifted when the ratio d/D is
up to 15%, but is significantly affected if it goes beyond 15% d/D value. The mutual coupling from
neighboring MM affects the total inductance, and the operating frequency shifts down.

2.2. Transmission Efficiency in the Variation of MM Unit Cells Structures

The periodic boundary condition simulation is conducted between the Tx and Rx coils with different
MM unit cells structures. The design, structure, size, and orientation are shown in Fig. 4(a).
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Figure 4. (a) Simulation set-up of transmission efficiency with cell structures, sizes, and orientations.
(b) Simulation results of the S-parameter transmission efficiency.

Figure 4(b) indicates the efficiencies of the WPT system with different cell structures. The graph
shows the improvement that occurs with an enlarging size of the Tx coil. Therefore, Tx coil’s size design
is limited to the Rx coil’s size. Different colors show the magnetic field strength developed from the
periodic boundary condition simulation. The rail MM’s structure shows higher magnetic field strength
than other designs, including rectangle and pentagon geometries, which are the simulation limit to 50%
fitting with Rx coil’s size. The rail MM’s structure by the S-parameter transmission efficiency improves
up to 50% compared to the inductive resonance system.

3. TRANSMITTER DESIGN

3.1. Magnetic Metamaterial Considerations for the Transmitter

The operating frequency and relative permeability are essential parameters that need to be considered
in designing a metamaterial structure. Nicolson-Ross-Weir (NRW) method [31] is used to find the real
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Table 2. Terms of Nicholson-Ross-Weir conversion process.

S.no | Term Abbreviations
1 S11 Reflection, S-parameter
2 So1 Transmission, S-parameter
3 T Reflection coefficient
4 T Transmission coefficient
) " Permeability
6 Ao Free space wavelength
7 Ac Cutoff wavelength
8 L Material length

and imaginary permeabilities, which can be expressed by Equations (4)—(9), and the parameters used
in these equations are defined in Table 2. The extracted real and imaginary permeability values are
derived from the parameter extraction technique based on S-parameter reflection and transmission.

1= firHo (4)
The normalized term could be derived from the measured S-parameters:
St -85 +1

X = 5
25, (5)
with mathematical manipulation, the reflection coefficient can be deduced as:
r=X+vXx2-1 (6)
The transmission coefficient can be written as:
S So1 — T
T — 11 + 921 (7)

1—(S11+821)T
where ), is the free space wavelength, and A, is the cutoff wavelength

1 ek gy 1 1 1\\?
— =T T t—_ ! " In|=
v w - me (7)) ®

By equating this equation, the permeability can be obtained:

1+T
o= ki — (9)
sa-n(5-5%)

Substituting the coil geometry from Table 1 with the rail MM’s structure from Fig. 4(a) into
NRW’s method, the estimation of the relative permeability is efficient in designing the initial structure
of the metamaterial. The extracted permeability values for the MM-based transmitter are shown in
Figs. 5(a)—(b), having extracted real (blue) and imaginary (orange) permeability values. The resonance
frequency of the conventional resonator (L 4+ C') is 19.8 kHz, while the resonance frequency of the
proposed metamaterial resonator is a different operating frequency of 20 kHz. Because the proposed
metamaterial resonator comprises several subunits, the mutual coupling inductance of the neighboring
MM subunit affects the total inductance. It consequently causes different effective operating frequencies.

Ideally, MM coil’s design and structure with a negative or zero relative permeability affect the
magnetic field lines direction of the Tx coil by bending it towards the Rx coil. The metamaterials
with controlled permeability are adopted into the WPT coil module because the vector direction of the
magnetic field from the Tx coil can be controlled, in which the system increases the magnetic flux density.
To increase (), enameled Lize copper wire is used for the metamaterial coil’s design, operating at the
power transfer frequency 20 kHz. The value of the inductance and resistance of the metamaterial coils
are approximately 140 uH and 135 mS2, respectively. The quality factor @@ = wL/R of the metamaterial
coil is 130. It is considered satisfactory for the WPT system.
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Figure 5. Transmission and reflection coefficients. (a) The transmission coefficient, Sa;, and the
reflection coefficient, S1;. (b) Extracted real (blue) and imaginary (orange) permeability values.

3.2. Magnetic Metamaterial Implementations for the Transmitter

The lumped concept can engage in describing the corresponding self-inductance of isolated unit cells
by Equations (10)—(12) [32], and inductance Lo, and capacitance Cioar of the MM unit cell are
140 uH and 0.47 uF, respectively. Figs. 6(a)—(b) show an array of metamaterial structures with the
inner diameter D;, an outer diameter D of the conductor, and S is the spacing between the turns. The
effect of the ground plane on the inductance value can be reduced by keeping S < W. Terms of the
lumped circuit and the parameters used in these equations are defined in Table 3.

pon®Day Ay [, As Dy — D;

Liotal = ————— 17+A3P+A4P P = Dot D;
K]

C'total = C’in‘crinsic + Cexternal
Cintrinsic = 3.5 * 10_5D0 + 0.06

1
W= ——_
VILC

The Tx coil’s operating frequency is calculated from Equation (13), 20kHz. Usually, the Tx coil
determines the system’s power transfer level, efficiency, and overall performance. The MM consists
of Litz spiral winding with an outer diameter and a cell distance of 8 cm and 2cm, respectively. A
compensator capacitance determines the working frequency and low sensitivity to the external objects,
effective inductance and capacitance of 140 uH and 0.47 uF, respectively. The efficiency improvement
of the magnetic coupling between the Tx coil and MM unit cells is that only a small current is needed
for the source coil to induce a large current in the MM-based transmitter, which generates an enhanced
magnetic field to transfer the power to the Rx coil. When the large current of the Tx coil does not flow
through the primary source’s resistance, a small power loss can be achieved in the driving circuit.
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Figure 6. An array of 3 unit cells of the enameled Lize copper coil with a capacitor loading to the
MM-based transmitter. (a) The top view. (b) The side view.
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Table 3. Terms of lumped circuit.

S.no Term Abbreviations
1 | Ciotal; Clintrinsic Capacitance, uF
2 Ay Geometry coefficient, 1.00
3 Ag Geometry coefficient, 2.46
4 As Geometry coefficient, 0
5 Ay Geometry coefficient, 0.2
6 D, Inductor’s Outside diameter, 8 cm
7 D; Inductor’s Inside diameter, 2 cm
8 Liotal Inductance
9 n Number of coil turns
10 S Spacing between turns
11 W Coil width
12 p The fill ratio
13 W Material Permeability

4. RECEIVER DESIGN

In this paper, a series-series SS topology compensator is used by reflected impedance theory. The Rx
side of a system needs a compensation capacitance to eliminate the imaginary part [33,34]. Various
network topologies can calculate the compensated capacitances to ensure the maximum real value and
minimum imaginary value (WLgz, ... . + Xjoaq)?- SS topology is independent of the coupling coefficient
and load conditions, and the reflected reactance equals zero on the primary side.

The parameters are listed in Table 4, where wy is the resonant frequency, M the mutual inductance
between the coils and Lp,, and Lg, the Tx and Rx coil’s self-inductance. The coils resonate at the
resonance frequency, f, = frz = frsz, and can also be expressed by Equation (14).

1
fo= m (14)

Table 4. Terms of series-series topologies.

Parameter | Secondary Quality factor | Reflected resistance | Primary capacitance

2 2
. woLs ws M CroLRry
SS topologies =z = B

The receiver side of a system contains a coil, a conditioning circuit in the form of a rectifier, a
filter, and a controllable load. The receiver compensation is tuned at the frequency of the field emitted
by the Tx coil and reflects resistive and reactive impedances to the Tx coil. The resistive component
is a function of the receiver loading and corresponds to the load’s power. The reactive part is typically
unwanted, which effectively detunes the resonant coil on the transmitter side.

5. SYSTEM AND EXPERIMENTAL SET-UP

5.1. System Efficiency

This section accesses the MM-based transmitter and determines the key factors that target maximum
power transfer frequency. Fig. 7 shows the equivalent circuit of the MM-based transmitter and receiver

coils.
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Figure 7. Circuit diagram for experimental verification.

Suakaew and Pijitrojana

MM cell is employed as the main coil on the transmitter side connected to the resonant
capacitor [35-37]. The system is excited by the Tx coil. The energy is transferred to a load. Due to the
large transfer distance, the Tx and Rx coils’ magnetic coupling is considered negligibly small compared
to the MM cell’s coupling to the Rx coil. The transmitting MM is excited at the resonant frequency, thus
(X712 = Xy = Xge = 0), and the lumped circuit formulas are given by Equations (15)—(17) [38, 39].

(Rs + Rrx)Irx + jwMremmilare = Vs

JwMrenvidrx + Ryl v + jwoMpevivilrx =0

JwMpemarilymi + (Rp + Rrx ) Tre =0
The terms used in lumped circuit elements are shown in Table 5.

Table 5. Terms of lumped circuit.

S.no | Terms Abbreviations
1 R, Source resistance
2 Rrx Transmission coil resistance
3 Ryrari Metamaterial coil resistance
4 Rprx Receiving coil resistance
5 Muyrvirx | Mutual inductance of the Tx coil and metamaterial coils
6 Mpgx i Mutual Inductance of Rx coil and metamaterial coil
7 Irx Transmission coil current
8 Irx Receiving coil current
9 Iarari Metamaterial coil current
10 N Total Total Efficiency
11 NTz Transmission coil efficiency
12 M Mi Metamaterial coil efficiency
13 NRX Receiving coil efficiency

(15)

(16)
(17)

[y

Tx 1s the Tx coil’s parasitic resistance, Rs the source resistance, R, 7. the Tx coil’s resistance
R the Tx coil’s parasit tance, R, th tance, Ry + Rrp, the Tx coil’ tance,
R;+ Rpg, the receiver’s resistance, Ry, the load resistance, and Rg, the receiver coil’s parasitic resistance.

The system efficiency can be expressed by Equations (18)—(23).

NTotal = NTx"MMi")Rx

(18)
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Table 6. Terms of reflected resistance.

S.no | Terms Abbreviations
1 Roronvvi Reflected resistance from metamaterial coil to Tx coil
2 Rpenvasi | Reflected resistance from receiving coil to metamaterial coil

The terms used in reflected resistances are shown in Table 6.
ReTs

= 19
M Rs + Ry + RET: (19)
w2 M3 .
R - TxMMi 20
TeMMe = B i + Rezhias (20)
w2 M3 )

Rpavivi = w (21)

L
RRemi

L 22

MM Ryrvi + Rremvi (22)
Ry

_ 23

Equation (23) expresses the energy efficiency of the receiver ng,, where the reflected resistance M Mi
to Rx is Rrzarari- The principal importance behind this effectiveness improvement is that the offered
MDM-based transmitter uses the magnetic coupling between Tx and MM so that a large current in the
MM is induced by a small current Tx, generating an enhancement of the power transfer magnetics flux
of MM to Rx. The source resistance of the power source has a small current flow through it, and the
driving circuit has a much smaller loss.

5.2. Experimental Set-up and Results

In this research work, an MM-based transmitter is designed entirely in the system, enhancing the
magnetic field. The full power bandwidth of the MD30C inverter board PWM is 20 kHz. The experiment
layout is shown in Fig. 8, which includes an H-Bridge MD30C power driver, an oscilloscope having a
2-channel probe for AC power measurement, a wattmeter for DC power measurement of current and
voltage, an HF signal generator having a specification of 5v p-p, an Arduino component for getting the
square wave, and an AC to DC converter with a specification of 22-32 V and a maximum current of
80 A.

The MD30C board is an invertor with PWM control, modified to operate with a signal generator,
and the power supply capacity is up to 80 A peak and 30 A continuously. The signal generator is
connected to PWM on the MD30C board to be an HF source of power supply to the Tx coil shown in
Fig. 9.

The transmission efficiencies between the Tx and Rx coils of the inductive and MM-based
transmitter WPT systems have been compared. Figs. 10(a)—(b) show that the MM-based transmitter
has the best performance at the air gaps of 8, 11, and 16 cm. The self and mutual inductance L and
intrinsic capacitance C of each system have been dominant in the operating frequency by their designed
structure. An optimized operating frequency has been used to compare the performance and get each
system’s maximum efficiency.

Different measurements are taken at nine different positions, as shown in Fig. 11-Fig. 12, based on
the receiver coil’s location underneath the moving robot.

These positions are 1) Right before alignment with the first MM coil, edge to edge. 2) 50% aligned
with the first MM coil. 3) Perfectly aligned with the first MM coil. 4) 50% misaligned with the first
MM coil towards the second MM coil. 5) Perfectly aligned with the second MM coil, position. 6) 50%
aligned with the second MM coil. 7) Perfectly aligned with the third MM coil. 8) 50% misaligned with
the third MM coil. 9) Right after alignment with the third MM coil, edge to edge.
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Figure 9. Experimental setup of the MM-based transmitter. Tx to Rx coil distance is 16 cm.

The coupling efficiencies are measured and compared with an inductive and MM-based transmitter
WPT systems. A DC wattmeter is used to measure the power efficiency at the power supply to the
load, and an oscilloscope is used to measure the power efficiency from Tx to Rx coils.

The power transfer efficiencies of the Rx coil at different positions are shown in Fig. 13. An
optimized frequency of 20kHz is excited about the MM-based transmitter WPT system. PTE shows
the inductive and MM-based transmitter WPT systems of 85/87%, 65/70%, and 45/65%. PTE of the
MM-based transmitter is 64% higher than an inductive WPT at a 16 cm distance. A slight fluctuation
and different efficiency patterns at different locations on the Rx, as the Rx travels from one edge to
the other edge, is affected by adjacent MM cells’ spacing. On the other hand, at the Rx, different
efficiencies and fluctuations can be improved by tweaking the operating frequencies contingent on the
Rx coil location, as plotted in Fig. 3. A data link can be set up for the Tx and Rx coil system in a



Progress In Electromagnetics Research C, Vol. 110, 2021 161

= = = WPT system
Jolo|5e % 80 |/l Inductive
< & z ! t =Transmitting MM
- 10®® s workns 0 .
Osdlosiope '\ Mo Y g =
T oy ) \___.______ - :60 = ga
= = ‘ - TX g | e Q E
i o = i
HF Driver | * (s] P
[ Inductive WPT | % 50 = 2@
ga
— £ n3
s sl= 0 40- 38
To(5(o Rx g — 1%
2T212|2 qfﬁ o o 0 = 5
17 ‘C} O = ‘J ] 30 =
196 ® e 1 —
v e - 20 =
o © Txwith MM —— o =
| Transmitting MM WPT | 8 11 16
Signal generator EnsSmittng Working distance (cm.)
(a) (b)

Figure 10. (a) An experiment diagram of an inductive WPT, the MM-based transmitter. (b)
Transmission efficiencies of the inductive system, and the MM-based transmitter at an air gap 8, 11,
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Figure 11. Set-up the Rx as a function of location. The Rx passes by the Tx, and measurements are
taken at nine different position.
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Figure 12. Experimental setup of the system and their measurements taken at nine different positions.
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Figure 13. WPT efficiency. (a) From the power supply to the load. (b) From the Tx coil to the Rx
coil.

closed-loop stabilizer. In [40], the authors present a robust and efficient WPT by using a switch-mode
implementation. However, this approval requires an amplifier circuit with current-sensing feedback. It
can be useful and flexible for future work of wireless power delivery solutions.

6. THE DYNAMIC WPT EXPERIMENTAL SET-UP

An experiment is performed to demonstrate the flexibility of the dynamic WPT. The system operates
at an operating frequency of 20kHz with a robot running on a road made up of plastic and wood.
The dimensions of the road are 20 cm * 120 cm. The MM-based transmitter WPT system used in this
experiment is implemented as a unit cell having Litz spiral winding, and the number of turns is 28 with
an inductance and a capacitance of 140 uH and 0.47 uF, respectively. The outer diameter of an MM unit
cell is 8 cm while the inner diameter is 2 cm, with a horizontal distance between MM is 2cm. The Tx
system is located beneath the road with HF power delivered to the array of the MM-based transmitter
WPT system. The Tx and Rx coil distance is 16 cm. Robot batteries are disconnected and supplanted
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Figure 14. Dynamic WPT experiment set up of the MM-based transmitter WPT system. The system
is delivered the wireless power to the receiver that is the robot set traveling on the road.

by a module for power conversion to deliver power to the robot. Fig. 14 shows the experiment setup of
the system in which the robot set can move continuously along the road.

7. CONCLUSION

We propose an MM-based transmitter WPT system having zero permeability property derived from the
sub-units. An MM-based transmitter is implemented on the transmitter side to increase the dynamic
wireless charging system efficiency, enhancing the system’s magnetic field to overcome the limitations of
the in-between metamaterials for longer distances. PTE shows the inductive and MM-based transmitter
WPT systems of 85/87%, 65/70%, and 45/65%. PTE of the MM-based transmitter is 64% higher than
an inductive WPT at a 16 cm distance. Moreover, wireless charging can be used for battery-powered
vehicles, elevators, and warehouse robots that can travel continuously along the road.
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