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Abstract

Though the power transfer efficiency of the inductive resonant wireless
power transfer is relatively high, the power transfer efficiency of the
inductive resonant wireless power transfer is undoubtedly depending on
the coupling coefficient. Coupled with the coupling coefficient, the
highest possible power transfer efficiency can be achieved by controlling
the operating frequency with impedance matching. Therefore, the
relationship of the input impedance to the variation of the coupling
coefficient is of paramount importance in maintaining the highest
possible power transfer efficiency for a given coupling coefficient. This
paper presents the relationship of the input impedance of the series-to-
series inductive resonant wireless power transfer to the variations of the
coupling coefficient. The analysis is carried out by using the T-
equivalent circuit, producing analytical results for comparison and
validation by equivalently obtained simulation results, guarantying the
maximum power transfer efficiency for a typical series-to-series
inductive resonant link. The modeling validity is shown by percentage
error in between the analytical and simulation results. The novelty of this
paper is in the simplicity of the coupling coefficient estimation by
reference to the input impedance.

Keywords: Input Impedance; T-equivalent Circuit; Coupling Coefficient
Estimation

1. Introduction

19th century. In 2007, the group of researchers from

Wireless power transfer (WPT) is a technology of
transferring energy to a load at a distance without
physical contact. The technology has gained popularity
especially in the application requiring no physical
contact, ensuring thus safety and convenience of usage.
For instance, the wireless power transfer has been used
for powering medical implants and for applications such
as in the remote charging of batteries, powering of
implantable-cardioverter-  defibrillator [1-2]. In the
automotive industry, wireless power transfer is used in
the charging of electric vehicles [3].

Historically, wireless power transfer technology is
invented and experimented by Nicolas Tesla in the late
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Massachusetts Institute of Technology (MIT) hit the
breakthrough of the wireless power transfer technology
by successfully transmitting power over a distance of two
meters achieving an efficiency of 40% [4]. Though not
used for years after its first Tesla experiment, suddenly,
the research in the area of wireless power transfer has
rejuvenated so wildly popular these days for applications
not imagined years ago.

The following categories have been generally used to
describe wireless power transfer technology such as
radiative, non-radiative capacitive coupling and non-
radiative magnetic coupling. The radiative wireless power
transfer technology such as microwave or laser usually
used to transfer high power. Also, in transferring power,
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the radiative wireless power transfer technology uses
electromagnetic radiation for far-field transmission.
However, due to its omnidirectional character; the
efficiency is very low makes this technology most
suitable for transmitting information. Besides, the
microwave and laser are unsafe to human beings and
livestock alike. However, in practice, microwave and
laser have been used for charging of the drone energy
storage devices from satellite, out of human beings
vicinity. While the non-radiative capacitive coupling
wireless power transfer technology uses an electric field
from a capacitive coupling for near-field transmission.
The non-radiative capacitive coupling wireless power
transfer technology requires high voltages in transferring
of high power, more sensitive and complex for wireless
power harvesting system. The huge voltage generated in
transferring high power and alongside the resulting
electric field harms the human body [5]. Due to these
reasons, the non-radiative capacitive coupling wireless
power transfer technique which was the main scheme of
wireless power transfer in the early days of wireless
power transfer is less preferred in the recent wireless
power transfer works.  Whereas the non-radiative
magnetic coupling wireless power transfer system uses a
near-field transmission technology which is a magnetic
field in transferring power.With the inclusion of a tuned
capacitor, the technology can transfer a great deal of
power at a longer distance [6]. The inductive resonant
wireless power transfer has become the premier area in
wireless power transfer research recently. Additionally,
the nature of comfortable implementation [7] of inductive
resonant wireless power transfer coupling makes the
inductive resonant wireless power transfer technique the
first choice. In [8], the power transfer distance and
efficiency are reposted can be improved by adopting the
resonance principle-based inductively coupled coils in the
system.

At a present, a lot of wireless power transfer research
study is focusing on distance coverage and power
efficiency [9-10]. Several methodssuch as impedance
matching; it has been proposed to maximize the
efficiency of the wireless power transfer system.
However, most of them require the knowledge of systems
parameters such as the coupling coefficient to maximize
the power transfer [10-12]. In [6], we have shown that the
coupling coefficient governs the power transfer efficiency
of the wireless power transfer.While in [13-14], the
maximum power transfer efficiency is tackling by
considering the coupling coefficient  variation.
Consequently, the coupling coefficient estimation is a
crucial factor to make efficient wireless power transfer
implementation. This paper presents derivations of
equations for estimation of coupling coefficients in the
series-to-series inductive resonant wireless power transfer
system. Through the MATLAB simulation, this study
confirms that the coupling coefficient estimation can be
made possible by monitoring the voltage and current of
the transmitting side.
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1.1 The T-Equivalent Circuit of the Magnetically
Coupled Circuit

In [3], we have discussed the conversion of the
magnetically coupled circuit to the T-equivalent circuit in
detail. Despite that, in this paper, the conversion is lightly
revisited to give an insight idea of the theoretical
background of the series-to-series WPT magnetically
coupled circuit conversion into its T-equivalent circuit.

R | R2
O |_%I n / \ T I:I 0
1 CL *
Vi V2
0 - - 0

Figure 1: Magnetically coupled circuit

From Figure 1, the input and output terminal voltages
can be written as in.

U1:L1%+M% (1)
v =MLy 1,52 @)

Therefore, the magnetically coupled circuit in Figure
1 can be easily converted into its T-equivalent circuit as
in Figure 2, by using Equations (1) and (2).

R L1-M L2-M R2
o—ts o B
i i2
M
Vi V2
o, - + - 0

Figure 2:The general T-equivalent circuit of the
magnetically coupled circuit

In a study of the inductive resonant WPT, the T-
equivalent circuit model as shown in Figure 2 is widely
used due to the simplicity it provides to analyze the
wireless power transfer topology. Likewise, this is the
reason the T-equivalent circuit is used in this paper.

1.2 The Input Impedance of the Series-To-Series WPT

The T-equivalent circuit of the series-to-series WPT
topology as shown in Figure 3 is formed by adding the
voltage source (V%) and primary capacitor (C;) at the front
end of the general T-equivalent model of Figure 2. While
at the back end of the general T-equivalent is added with
the load resistance (RL) and secondary capacitor (C,) as
shown in Figure 3.
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-[ b d
Figure 3: The T-equivalent circuit of the series-to-series
WPT topology

In matrix form, the equations which relate the input
and output of the series-to-series WPT topology as shown
in Figure 3 can be written as follows
[51=

0

rs+ Ry —j——+ joly —joM
w(y

—](J)M RZ + RL +](A)L2

— i L
J wCy 2
. @)
By letting rs + Ry — j —+jwl, is equal to z;;and
wly

R, + R, + jwL, —jLCis equal to z,,, Equation (3).can
w (2
be simplified to

VS _ Z11 —](UM] 11]
[0] - [—jwM Zy |1 )
The input current I;, and the output current I, can be
deduced to Equations (5) and (6) by using Cramer’s rules
Al

®)

11=T

Al

(6)

A
Where A, A Land A Lare z;,z;, + w?M?, Vsz,, and
JjowMVgrespectively. Finally, the input impedance of the

12=
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series-to-series WPT topology shown in Figure 3 can be
derived and written as

_Ys
in — 11

202 232
z11222tw“M w“M
=— =171 =+

z22

@)
z22

The coupling coefficient (k) can be included in
theEquation (7) by replacing mutual inductance (M) with

k+/L,L,. Equation (8)is used extensively to calculate the
input impedance in this paper.

ek @®)

Zin =211t ——
2

2. Design of Experiment Setup

The MATLAB ® Simulink tool uses in the simulation of
finding the relationship of input impedance and the
coupling coefficient. Figure 4 shows the Simulink model
mimics the series-to-series inductive resonant WPT
circuit. The RMS input voltage and RMS input current
were monitored to yield the input impedance of the
system. In general, the division of RMS voltage and RMS
current makes the input impedance of the WPT. The ac
signal is set to 1V peak-to-peak at a resonance frequency
of 1590 Hz. Similarly, all other measurements are set to
1590 Hz. The simulation is conducted by setting the
coupling coefficient to vary in steps as listed in column 1
of Table 1. For all the established coupling coefficient;
the corresponding measured input impedances are copied
into column 2 of Table 1.The source impedance (r;),
primary coil resistance (Rp), secondary coil resistance
(Rs) is set to 1Q while the load resistance (load) is set to
100Q. To complete the circuit, the primary capacitance
(C,) and secondary capacitance (C,) is set to 1uF and the
primary and secondary inductance is set to 10mH.

fix)=10

2

Continuous

Figure 4: The MATLAB ® Simulink circuit
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For the comparison, the input impedance calculation
is achieved by designing the MATLAB ® m file using
Equation (8). The calculation is carried out by frequency
sweeping from 500 Hz to 5000 Hz in the step of 10 Hz,
for all values of the coupling coefficient (k). In each
iteration, the calculated input impedance at the resonance
frequency is copied. Further, the calculated input
impedance is listed in column 2 of Table 1. The resonant
frequency (F,) of the circuit can be calculated by

Equation (9).
1
b=aie ®)

In this paper, the value of L,and C,are the inductance and
capacitance of the primary and the secondary circuits.

3. Results and Discussion

The calculated and simulated input impedance with
respect to the coupling coefficient (k) is listed in Table 1.
As expected, the input impedance either by calculation or
simulation showing incremental trends by incrementing
of the coupling coefficient.

Input mpedance {ohm)
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Table 1: Input impedance against the coupling coefficient
Input Impedance

Coupling Coefficient

®) Simulation Ca'cz'a“o
0.01 2.037 2.019
0.10 3.012 2.994
0.20 5.973 5.956
0.30 10.910 10.895
0.40 17.840 17.812
0.50 26.740 26.705
0.60 37,610 37574
0.70 50.460 50.420
0.80 65.280 65.243
0.90 82.050 82.050
0.99 98.850 98.850

The plot of the calculated input impedance against
the frequency is shown in Figure 5. The circuit frequency
at which the minimum input impedance occurred is
shifted to the left by the incrementing of the coupling
coefficient (k). However, at the resonance frequency, the
input impedance is incremented by the coupling
frequency. The input impedance for all the respecting
coupling coefficient is tabulated in column 2 of Table 1.

11111

3000 3500

Figure 5: The plot of input impedance against frequency for coupling coefficient of 0.01, 0.1to 1

Figure 6 shows the graph of the calculated input
impedance against the coupling coefficient.The graph
shows the almost linear increment of the input impedance

100

versus the coupling coefficient. The graph shows an
almost linear relationship between the input impedance
against the coupling coefficient.
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Figure 6: The graph of calculated input impedance against the coupling coefficient
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To further investigate the relationship of the input
impedance and the coupling coefficient of the series-to-
series inductive resonant WPT, the calculated and
simulated input impedance against the coupling
coefficient is plotted in Figure 7. At a glimpse, both

100 |

Input Impedance
o
o
T
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graphs almost identical and similar. This indicates that
the coupling coefficient of the series-to-series inductive
resonant WPT can be estimated by using the input
impedance.

calculation
— G — simulation |

0.5 0.8 0.7 0.8 0.9 1

Coupling Coefficient

Figure7:The graph of calculated and simulated input impedance against the coupling coefficient

Finally, the per cent error is plotted for each point of
the coupling coefficient as shown in Figure 8. Figure 8
shows that the per cent error is dropped by the increasing
of the coupling coefficient. The per cent error is highest at

09 T T T

the lowest coupling coefficient of 0.01. Based on the
total per cent error as plotted, the RMS error is also
calculated and found to be 0.7999.
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Figure 8: The plot of the per cent error of the calculated and simulated input impedance against the coupling coefficient

The almost linear relationship of the calculated and
simulated input impedances with the coupling coefficient
has been observed as shown in Figure 7. It provides a
way of estimating the coupling coefficient between the
two coils [15].Additionally, the low per cent erroris
presented in Figure 8 which proves that the input
impedance is a reliable coupling coefficient estimating
method for two coils.
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4. Conclusion

In this paper, the relationship of the input impedance and
the coupling coefficient of the series-to-series inductive
resonance is analyzedbelow and above the resonance
frequency. The input impedance at the resonance
frequency shows an identical relationship in which; the
input impedance increased by the coupling coefficient.
Further, the relationship between the input impedance and
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the coupling coefficient is almost linearly increased.
Similarly, the relationship is unique in which each
coupling coefficient giving unique input impedance
value. Thus, this relationship is easily exploited to
estimate the coupling coefficient by giving the input
impedance.

The dissimilarity between the calculate and the
simulate input impedance is relatively insignificant and
can be ignored. From the graph, by comparison, the
simulated input impedance is a bit smaller than the
calculate input impedance. In addition, the per cent error
between the calculated and the simulated data are plotted
and analyzed. The plot shows that the per cent error is
higher at the lower coupling coefficient and lower at
higher coupling coefficient. The lower per cent error
suggests higher precision and accuracy. On top, the RMS
error is 0.7999 which can be further reduced by system
calibration. Anyhow, as the RMS error is very small, it
always tolerable. The overall result implies the
probability of exploiting the input impedance for the
coupling coefficient estimation of the inductive resonant
WPT coils. As for an instance, the ability to measure the
coupling coefficient of the coils helps in further
maximizing the power transfer.
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