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Abstract — Wireless power transfer (WPT) system
has been an integral part of personal living since
its regained interest, especially the magnetic reso-
nance (MR) scheme. MR-WPT scheme suffers, however,
change of the coil separation distance and various align-
ment errors. This paper reports a realization of optimum
load for MR-WPT system, which can change the load-
ing impedance accordingly for different coupling coef-
ficients between the Tx and Rx coils. A simple varactor
circuit is adopted to realize the optimum load curve. Use-
fulness of this is demonstrated through both the steady
and transient analysis. The proposed realization relies on
an open-circuit scheme, and hence it is suitable for sce-
narios with low-cost and small-size requirements.

Index Terms — Coupling coefficient, load impedance,
magnetic resonance, wireless power transfer.

L. INTRODUCTION

Wireless power transfer (WPT) technology has
regained interest since the demonstration of magnetic
resonance (MR) WPT scheme [[1-4]. The basic elements
of the MR-WPT system consist of a power source, a Tx
coil, a Rx coil, and a termination load [5-7]] The Tx and
Rx coils of the MR-WPT system must be resonant at
the same frequency to achieve the optimum power trans-
fer efficiency [8]]. In addition, the load impedance must
comply with the coupling coefficient of the Tx and Rx
coils in order to obtain the maximum transfer efficiency
or the highest output voltage after rectification [9H11]].
The requirement of an optimum load impedance poses
a strict limitation on the scenarios for practical use. For
instance, if a fixed load impedance is adopted in the MR-
WPT system, the users must make a very precise align-
ment of the Tx and Rx coils with appropriate separation
distance. It is difficult to achieve such an accurate align-
ment in a WPT system, charging a mobile phone or an
electric vehicle, for example.
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To overcome the limitations of accurate alignment
of Tx and Rx coils in the MR-WPT system, a variable
load impedance approach can be adopted. A strict deriva-
tion of an optimum load impedance has been discussed
in a few works [6], [12]. In addition, a massive num-
ber of measurements were performed and a detailed dia-
gram of the transfer efficiency and separation distance
was obtained [[13]]. Those works build a solid background
of the optimum load in MR-WPT systems.

Realization of optimum load impedance has been an
active research topic in the past decade. In general, two
different approaches have been extensively discussed:
Closed-loop and open-loop scenarios. The closed-loop
scenarios usually enjoy better flexibility and also slightly
higher efficiency. For instance, two switch-controlled
capacitors were added to the Tx and Rx coils for opti-
mizing the transmission efficiency [14]. The operating
frequency of MR-WPT can be also alternated in a closed-
loop fashion through variable compensation capacitors
with a constant load [15]]. Several other closed-loop sce-
narios were also reported using reconfigurable structures
to achieve high energy efficiency over different load
impedances [16H19]. One drawback of the closed-loop
WPT system is high complexity in the whole system.
Therefore, the open-loop WPT system is favored for low-
cost applications. In addition, for the case with multiple
Rx coils, the open-loop architecture is more flexible to
use [20].

In this paper, a new realization of an optimum load
for WPT systems is reported, which can change the load-
ing impedance accordingly for different coupling coef-
ficients between the Tx and Rx coils. A simple varactor
circuit is adopted to realize the optimum load curve. Use-
fulness of this realization is demonstrated through both
the steady and transient analysis. The proposed realiza-
tion relies on an open-circuit scheme, and hence it is
suitable for the scenarios with low-cost and small-size
requirements.
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II. STATEMENT OF THE PROBLEM

A two-coil WPT system shown in Fig.[T]is discussed
in this paper. The Tx and Rx coils are identical, and their
structural parameters are the same as the case studied in
[12]. The coils have a diameter of 8 cm and 10 turns.
For practical use, diameter of the Tx and Rx coils should
be determined by the allowed space for accommodating
these coils. It is also noted that the optimum separation
distance between the Tx and Rx coils is usually in the
same order as the diameter of the coils [21]]. Therefore,
there is a fundamental trade-off between the size and
coverage area for the coils. Moreover, turns of the coils
would determine their resonant frequency. If the reso-
nant frequency is lower than the desired one, an addi-
tional capacitor may be used to tune the resonance, as
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Fig. 1. (a) Structural diagram of the WPT system, and (b)
power transfer efficiency versus the separation distance
between the Tx and Rx coils.
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illustrated in Fig. [T] (a). In the presented configuration,
the first anti-resonance frequency is approximately 29.5
MHz. Therefore, a capacitor is added in parallel to the
Tx and Rx coils, respectively, and the coils are resonant
at ~13.6 MHz.

If a constant load impedance of 50 ohms is adopted,
the power transfer efficiency depends largely on the sep-
aration distance between the two Tx and Rx coils, as
demonstrated in Fig.[T|(b). Some frequency splitting phe-
nomena can be also seen when the separation distance is
too small. Generally, if the separation distance is approx-
imately equal to the diameter of the coils, the WPT sys-
tem yields a high transfer efficiency [21]. In addition,
the resonant frequency is hardly alternated in this sep-
aration distance. The predefined settings and obtained
results serve as a reference for the presented investiga-
tion on the realization of an optimum load impedance.

III. ANALYSIS OF THE OPTIMUM LOAD
IMPEDANCE

A. Expression of the optimum load impedance

In order to achieve a maximum transfer efficiency,
the load impedance of the Rx coil should be alternated
accordingly to the separation distance between the Tx
and Rx coils. In practice, the load impedance is related
to the magnetic coupling coefficient of the Tx and Rx
coils, which can be read as [6]], [[16]

2= (0LV1+4) [0 - joLa, (1)

where L, is the self-inductance of the Rx coil, Q; is the
quality factor of the Rx coil. Since A = K, 010>, K12 is
the magnetic coupling coefficient of the Tx and Rx coils,
and Qg is the quality factor of the Tx coil.

For the WPT system shown in Fig. [I] (a), the opti-
mum load impedance can be evaluated through (I and
the curves are shown in Fig. [2] It is seen that the opti-
mum load impedance is a complex number. In addi-
tion, both the real and imaginary parts of the optimum
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Fig. 2. The optimum load impedance versus the separa-
tion gap between the Tx and Rx coils.
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load impedance tend to decrease with the separation gap.
This phenomenon is related to the factor that the cou-
pling coefficient Ky, is reduced for a large separation
distance. Before we proceed to simulate this optimum
load impedance, it is interesting to investigate the behav-
iors of the WPT system with such an optimum load
impedance.

B. V-I characteristics of the optimum load impedance

Based on the analysis in Part A, the optimum load
impedance for the WPT system can be evaluated as
shown in Fig.[2] However, the inherent characteristics of
the optimum load impedance is not clear. The voltage-
current (V-I) characteristic curve is a useful tool for
analyzing the load impedance. It this case, we assume
that an excitation voltage is applied to the Tx coil, and
the open-circuit (OC) voltage of the Rx coil can be
obtained for different separation distances as illustrated
in Fig. |3] With the OC voltage applied to the optimum
load impedance, we can further obtain the V-I curve
of the optimum load impedance, as shown in Fig. [}
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Fig. 3. The open-circuit voltage of the Rx coil versus the
separation gap between the Tx and Rx coils.
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Fig. 4. V-I curve of the optimum load.
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The V-I curve shows clearly that the optimum load
behaves like a voltage-controlled resistor, in which its
resistance reduces rapidly if the OC voltage increases.

One may denote such an ideal V-I curve using the
curve fitting technology. Based on our investigation, a
five-order polynomial expression is sufficient for depict-
ing such a V-I curve, which reads

1=Ya,V'=as-V+as Vi+ay-Vitaz V>
n
+ar-V2+a; -V +a. )

Equation (@) yields a good accuracy for this
problem.

Table 1: Curve-fitting coefficients of the V-I curve

Coefficient Value Coefficient Value
as —9.150E -5 as 1.767E —3
as —1.256E -2 a 4.164E — 2
a; —6.740E — 2 aop 5.250E —2

IV. REALIZATION OF THE OPTIMUM
LOAD IMPEDANCE

The optimum load impedance yields certain nonlin-
ear responses with regard to the OC voltage across the
load of the Rx coil. A possible scheme for realizing such
optimum load impedance is illustrated in Fig. [5] It con-
sists of a fixed resistor and a variable capacitor. It is noted
that capacitance of the variable capacitor should be a
function of the applied voltage U as

C=r(U). ©)
The current induced by the applied voltage U across

the optimum load is then obtained by
dlfW)-v] U

I= . “)
dt R
We can further expand (@) into three items as

df(U) du U
I=U-——= U)—+—. 5
dt /W) dt N R ©)

Consider a time-harmonic excitation as
U =Up-cos(wt+6p). (6)
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Fig. 5. The proposed realization of the optimum load.



By comparing (Z) and (3, it can be concluded
that the unknown function C = f(U) must be a fourth-
order polynomial of U to achieve the required fifth-order
approximation in (2).

For verification of the proposed realization of the
optimum load impedance, the MR-WPT system is mod-
eled with an equivalent circuit model (ECM) [10], [11],
as shown in Fig. |6l The ECM consists of three parts: the
Tx coil, the Rx coil, and the realized load. Transient sim-
ulations of the ECM are performed, and the results are
shown in Fig.[7} A unit step is added to the feeding point
of the Tx coil, and an ordinary 50 Q load and the opti-
mum load are used to connect the Rx coil, respectively.
It is seen that in the beginning the realized load is over-
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Fig. 7. Induced current across the load of the Rx coil
(separation distance equals 4 cm, unit pulse is applied):
(a) optimum load and (b) 50 Q load.
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voltaged and then its capacitance starts to change. After a
short time, the whole system is stable with a constant out-
put current. This shows that the proposed realization of
the optimum load impedance can compensate the WPT
system with different separation distances. On the other
hand, if a 50 Q load is adopted to connect the Rx coil,
the induced current across the load is much smaller in
magnitude. The current is faded into zero in a short time,
as the WPT system yield low quality factor with a 50 Q
load.

Time-harmonic solution may be also applied to the
ECM model in Fig. |6| For the same separation distance
(i.e., 4 cm), the induced currents at the Rx at 13.56 MHz
are shown in Fig. [§ It is clearly seen that the opti-
mum load reaches stable power transmission in a short
time. But the WPT system with 50 Q load yields some
fluctuations in a much longer time, which affects the
transmission efficiency at last. Figure [9] compares the
transmission efficiency of the same WPT system with
the optimum loads and 50 Q load at 13.56 MHz. The
transmission efficiency of the WPT system with 50 Q
load decreases significantly with a reduced separation
distance, as the resonant frequency splits as shown in
Fig. [T] (b). The usefulness of the optimum loads can be
comprehended from those results.

The cost of the whole system would not increase
by loading extra impedance. We may use a varactor
to realize the optimum loads, which is cost efficient if
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Fig. 8. Induced current across the load of the Rx coil
(separation distance equals 4 cm, time-harmonic excita-
tion at 13.56 MHz): (a) optimum load and (b) 50 Q load.
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Fig. 9. Transmission efficiency of the WPT system with
the optimum load and 50 Q load.

compared with other methods. This is an advantage of
the presented method. Since the selection of a proper var-
actor is another important topic, the experimental results
are not available in this work.

The Rx coil is a passive device and hence one may
not consider its sensitivity. The Rx coil would drive a
rectifier circuit for extracting power from the WPT sys-
tem, and the output voltage of the Rx coil is an important
factor. The loading varactor would not affect the output
voltage of the Rx coil; instead it can keep the whole sys-
tem stable and more efficient.

V. CONCLUSION

In this paper, a new realization of an optimum
load for a WPT system is reported, which can change
the loading impedance accordingly for different cou-
pling coefficients between the Tx and Rx coils. A sim-
ple varactor circuit is adopted to realize the optimum
load curve. Usefulness of this realization is demonstrated
through both the steady and transient analyses. The pro-
posed realization relies on an open-circuit scheme, and
hence it is suitable for the scenarios with low-cost and
small-size requirements.
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