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V' to design a compact, low frequency metamaterial
(MM)-based wireless power transfer (WPT) system

V' to derive an equivalent circuit representation and
mathematical model of a MM-based WPT system.

V' to determine the analytical solution of the transmis-
sion scattering parameter and power transfer effi-

\_ ciency of an MM-based WPT system.
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MM-based Wireless Power Transfer (WPT) has demon-
strated tremendous capability as an efficient power trans-
mission mechanism in consumer electronics , body implants
and wireless charging of Electric Vehicles [1].

Figure 1: Common Application of WPT

Limitations:
& high power dissipation, high switch-
ing loss and component stress

Proposed Solution:
o design a kilohertz frequency compact
metamaterial to minimize the switch-

o radio and microwave operating fre- ing loss, reduce component  stress
quency resulting in reduced efficiency while enhancing transmit power and
© increased risk of exposure to high fre- power transfer efficiency (PTE)
quency EM radiation © Use a phyiscs based approach to mit-
igate the effect of reactive parameters
on transfer power
WPT with M ial (MM)

Generally, MM(s) are typically characterized by negative refractive index, a culmination of negative effective
permeability (i ) and effective permittivity (c g ) which are holistically harnessed for coupling,
amplification and focusing of near magnetic flux lines in a directional. A decoupling of 1 ¢ and e f
in deep sub-wavelength region implies that a negative value of either p1, ¢ f or €, £ f is sufficient for MM
characterization. This concept is referred to as evanescent wave amplification.

Main Contribution

Specifically, the main contribution of this work is the design of an equivalent circuit model to emulate the
behavior of a MM-based WPT system. While interference and effective medium theories have been ex-
ploited to explain the physics mechanism of MM-based WPT systems, some of the reactive parameters and
the basic physical interpretation have not been clearly expounded. The proposed approach focuses on the
effect of the System parameters and transfer coils on the system transfer characteristics and its effectiveness
\n analyzing complex circuit

Figure 3: proposed unit MM cell

R;

unit cell modeled as RLC parameter

Figure 4: Equivalent circuit schematic of the proposed four coil structure.
The MM slab is derived from a 3x3 periodic array of the unit cell

Model Description:

In the presented equivalent circuit model, the pro-
posed unit MM cell is modeled into coupling coils.
Each coupling coil (unit cell) is modeled as a
resistance, R; (i = 1,2, 3....9), inductor,
1,2,

..9), RLC resonant paramelers as ex-
hibited in Fig. 3. Subscript i represents each unit
cell in the MM-slab.

As shown in (1), the resistive component consists
of the ohmic loss (R ) and dielectric loss (R z)
due to the copper coil.

Similarly, the capacitive component is modeled
as the sum of the stray capacitance (C's ) and com-
pensation capacitor C¢om

‘The MM-slab can be considered as a multiple
repeater coils or booster network for achieving
evanescent wave amplification of near magnetic
field for increased power transfer.

‘The current flow through each unit cell of the
MM-slab can be assumed identical and in phase

Mathematical Analysis:
Ri=Ro+ Rgq Ci =Cs+ Ccom

Zyw = Rig + jlwlia — (@Ca) "]

Zra = Rrz + jlwliz — (wCra

Zgr = Rar +ilwliy — (wCqp)
Z) = Ry, + Ry +jlwly, — (wCp) 7Y
Z;i = Ri +jlwl; — (wC;)~ 1]
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Figure 7: Plot of So as a function of fre-
quency for varying transfer distance
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Figure 8: Comparison plot showing the calcu-
lated and simulated S against frequency

& Obtrusively, the value of Spy is
closely related to the loading position
Lab,
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Normalized Distance

Figure 9: Comparison of efficiency (PTE)
against normalized distance with and without
MM
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Figure 10: Comparison waveform of calcu-
lated and simulated s versus transfer distance.
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Figure 15: Prototype Test- . . .
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Figure 18: Prototype Test-

bed of the proposed MM-based lFldguyre 19; 1 magni- - Figure 20 Comparison
WPT system ude versus frequency under  plotof Sp and Sy against
varying T to MM-slab dis-  frequency

tance

Figure 22: 3D plot of
power transfer efficiency under
varying load resistance and fre-
quency

Figure 23: 3D plot of input
impedance (Z,,) for varying

Figure 21: Experimental load resistance and Frequency

measurement of PTE, output
power and output voltage

Fig. 15 - Fig. 23 clearly demonstrate the frequency reduction
\effect (793kHz) of the MM—sl_ab on the measured parameters
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while the overall system can be asa
Tump circuit model.
Given that the weak magnetic coupling between
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Fig. 2 exemplifies the steps involved in research implemen-
tation. Finite Element Analysis (FEA) and electromagnetic
(EM) simulation design is conducted in HFSS.

Model & Design MM .
Analyze MM Basedon  _u MOI\[A)tII:)mIZ'e » Nllzeaiure &
Equivalent Equivalent esign = valuate
Circuit circuit Parameters Parameters

Figure 2: Procedural Approach to Research Implementation
MM characteristics: Test bench requirement:
e High p Ferrite, nega- e Type: Litz wire, net-

two non-adjacent coils, the corresponding mutual Dom = [Soq 12
= X 100% 5
\idugtance is assumed to be zero as depicted in () on = 19211 ¢ ©
- Table 1: Parameter Specification
Recetver () . Parameter | Symbol | Unit | Value
H Inductance’ La Li Il 0.7
Metsmaterislsiab | £ pI | 119
v H p |1
Capacitance PE | 10
. f— pF_| 100
Resistance (1) 50
L., onercoin o |
* 1) 40

Figure 5: Schematics HFSS simulation of the
proposed MM-based WPT system. The MM-slab
is situated between the resonant coils. The dimen-
sion of the MM slab is 128 X 9Gmm.

Figure 6: Magnetic field distribution in a
four coil WPT structure (upper) without MM-slab

\_ tive refractive index work analyzer, probe

lower) with MM-

EM simulation Procedure:
Fig. depicts a 3-D electromagnetic simulation of
the proposed equivalent circuit. In addition, the
simulation parameters in Table 1 are consistent
with the IEEE standard criterion of 5% for ripple
minimization. The accuracy of the transmission
coefficient (Sgy) and power transfer efficiency
(n) are investigated based on model analysis and
Electromagnetic (EM) simulation.

For the entire simulation, the magnetic air-gap be-
tween the transmitting coil and MM-slab is varied
from 100mm to 250mm. As seen in Fig. 6, the
magnetic field distribution is more concentrated
and about x 10 larger with the insertion of MM-
slab in comparison to conventional WPT system.
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Figure 11: Comparison of calculated and sim-
ulated effective permeability versus frequency
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Figure 12: Waveform showing the influence
of optimization of design parameters on MM res-
onant frequency and i § £
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the proposed novel low frequency MM-based WPT
system demonstrates higher mutual coupling, trans-
fer power, and power transfer efficiency conmpared
to existing MM design

inherently high magneto-inductive wave increases
the magnetic field density due to the transmiting coil
and enhances near field coupling.

¢ The MM consistently demonstrate 793kHz resonant
frequency under varying operating distance

close matching of the theoretical and calculated Sz
and 511 magnitude validates the accuracy of the the-
\. oretical model
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Figure 13: Prototype Test-bed of the proposed
\MM-based WPT system

Figure 14: Phase and Magnitude plot of reflec-
tion, Sy , showing 793kHz resonant frequency
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Significantly low resonant frequency, enhanced cou-
pling and PTE have been realized with the proposed
MM compared to existing MM structures

Accurate equivalent circuit model/analysis had been
proposed to emulate the physics behavior of MM
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resonant frequency mitigation to 85kHz, mak-
ing it adaptable for high power application.

investigate the optimal positioning of the MM
slab for enhanced coupling and power loss mit-

. igation




