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Analysis of magnetic resonant wireless power transfer systems aims to achieve maximum
efficiency of the power transfer. From the analysis we wish to derive the maximum power
and the frequency at which this occurs. This paper presents a method to estimate these two
required values and to achieve this requires the solution of the input impedance equation
numerically. The frequency of the maximum efficiency is found when the imaginary of the
input impedance is close to zero, and it could be different to the natural resonant frequency.
We estimate the efficiency value which depends on the real value part of the input
impedance. The proposed method has been applied to one of the four types of possible
connections; a series-parallel (SP) connection although similar approaches could be
applied to the others. In some cases the maximum efficiency shifts away from the resonant
frequency. Therefore, this paper shows how to use the same equations to achieve maximum

input impedance

efficiency at resonance and suggests a design method to achieve this practically.

1. Introduction

This paper is an extension of work originally presented in
2017 IEEE International Conference on Circuits, System and
Simulation [1]. Where the impact of connection type on the
efficiency of magnetic resonant wireless power transfer systems
is studied. There are four potential types of connection in the
wireless system due to the resonance type in the transmitter and
the receiver; they are: series-series (SS); series-parallel (SP);
parallel-series (PS); and parallel-parallel (PP). The equivalent
circuit of each type can be expressed by applying Kirchhoff’s law
of voltage on each loop in the circuit producing a set of equations
[1]. This is called the impedance matrix representation. The effect
of changing the load resistor and the gap between the two coils is

studied for each connection.

As a near field technology, magnetic resonant wireless power

transfer systems can achieve high efficiency in specific conditions.

Where the efficiency of the maximum transfer of power is
affected by several factors; these are the resonant frequency, the
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parameters of the coils (inductance, size, and shape), the distance
between them and so the mutual inductance, the load resistor, and
the connection type of the transmitter and the receiver [1],[2]. To
improve the performance of the wireless system, it is important to
calculate the efficiency and understand how it is affected by each
factor.

Generally, there are two main methods to analyse the system.
These methods are coupled mode theory (CMT) and circuit theory
(CT) [3]. In the former method (CMT), the system can be
described as differential equations [4], [5], [6]. However,
according to [7] this method is complicated, undesirable and
inconvenient. Therefore researchers tend to use the equivalent
circuit for magnetic coupled systems.

The second method (CT) is more familiar to circuit designers
than the coupled-mode theory used by the physicists. In this
method, the magnetic coupling is represented as the mutual
inductance between the two coils. The equivalent circuit of the
wireless power transfer system can be formulated as a two port
network, which can be represented by either impedance matrix or
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scattering matrix [5]. Under this main concept of (CT), many
researchers have used different modes with different names to
study magnetic resonant wireless power transfer systems, such as
magnetic resonant coupling (MRC) [7], [8], [9], and reflected load
theory (RLT) [4], [10], [11], [12].

The (MRC) method is used to study magnetic resonant
wireless power transfer systems by applying a scattering matrix
[7], [8], [13]. They use this method because the practical
measurement of scattering parameters is more convenient than
other methods at high frequencies.

The (RLT) method is commonly used to analyse transformers
by electrical engineers, and it can be used to analyse magnetic
resonant wireless power transfer systems. The method states that
the current in the transmitter coil is dependent on the load in the
receiver coil, and the reflected load in the transmitter is not always
the same as the actual load [4].

Starting with the impedance matrix representation to express
the wireless system, this paper presents another mode to calculate
the maximum efficiency of the transfer power and its associated
frequency which can be different than the resonant frequency in
some cases. Series-parallel type connection has been chosen to
examine the method and calculate the required values. The paper
also includes an explanation of the previous mode developed in
[1]. The results of the two modes are compared in order to
evaluate the new mode and show the differences in the calculation
methods.

2. Theoretical Analysis

The transmitter of series-parallel magnetic resonant wireless
power transfer system consists of a coil (Z;) in serial with a
capacitor (C;). While the receiver coil (L;) is in parallel with the
capacitor (C), as shown in Fig. 1. The two capacitors are chosen
to make the two coils resonate at the same frequency. The voltage
source (Vs) of the system has an internal resistance of (Ry); and Ry
is the load resistor. The circuit can be presented as follows:

VS R5+XL1 +XC1 _XM 0 11
0= —Xu Xz + X2 —Xez |2 (1)
0 0 _XCZ RL +XC2 13

Where XL=2zfL. and XC=1/2#fC; f'is the frequency and f; is the
selected frequency for resonance. Equation (1) can be rewritten in
a different way.

[1] = [inv Z][V] 2

Through the following steps, the efficiency of the maximum
transfer power can be found:

Pour = 13? R, = (invZ(3,1) VS)ZRL (3)
ve \2
P = (RS+RL) R, @
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eff = inv Z(3,1)% (Rs + R,)? x 100% Q)
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Figure 1: Equivalent circuit of magnetic resonant coupling series-
parallel antennas in two forms

3. New Mode of Efficiency Calculation

Another way to calculate the efficiency is as follows:
Vs =1L (Rs+ Zin) (6)

It can be found from equation (2) that:

inwz(1,1) = & (7)
Vs
1
Zin= o7an " Bs ®)
Zin = Rin + jXin ©

Where R;, and X;, are the real and the imaginary parts of the
input impedance, respectively.

Firstly, it is observed that maximum efficiency occurs when
the imaginary part of the input impedance is equal to zero.
Therefore, the frequency of maximum efficiency (even if it is
different than the original resonant frequency) can be found from:

Xin(f) =0 (10)

Xn() = Af +2+Cf7 + 5 (11)

The values of 4, B, C, and D depend on the parameters of the
circuit. It is apparent that the equation for X, is complicated and
does not have an analytic solution. Therefore, it has to be solved
numerically in order to calculate the required frequency. The
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second step is to find the value of the maximum efficiency which
is achieved by finding the real part R;, at that calculated frequency.
The equivalent circuit in this stage is shown in Fig.2. Assuming
maximum transfer of power the maximum efficiency (eff) is
derived as:

4 Rs Rin
(Rs+Rin)?

eff = * 100%

(12)

¥
©

§ Zin = Rin
va =0

Figure 2: Equivalent circuit at the maximum transfer of power

4. Results and Discussion

The representation of the series-parallel circuit is modelled in
Matlab to calculate the mutual inductance and the efficiency of
the two modes. To support the theoretical results, several
experiments have been conducted. In this work a set of two
circular pancake coils are used in all experiments as the primary
and secondary. Each coil has 2.9 cm inner radius and 8 cm outer,
with 17 turns and an inductance equal to 31.4uH. In addition to
that, a set of capacitors equal to 185pF, tuned to work at
2.088MHz were connected to the coils in series in the transmitter
and in parallel in the receiver.

4.1. Effect of Distance

Starting with a 50Q load resistor, the efficiency is found at
different gaps between the two coils 7 cm, 5 cm, and 2 cm. Figure
3 shows efficiency versus frequency calculated by equation (5). It
is clear from the figure that the maximum efficiency increases and
shifts away from the original resonant frequency for small gaps.
The table contains the maximum efficiency and the associated
frequency calculated by equations (10-12) for the same gaps
between the two coils.

Table: Maximum efficiency and associated frequency calculated by the input
impedance for the different cases

Gap (cm) 2 5 7 5 5

R, (Q) 50 50 50 100 1k
f(X,~0) (MHz) 2.43 2.14 2.11 2.14 2.17
Rin (Xu=0) (Q) 13 2.35 0.87 4.7 45.77
effrax (%) 65.5 17.15 6.7 314 99.8
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Figure 3: Efficiency versus frequency at different gaps,

4.2. Effect of Load Resistor

Working on different load resistor values affects the efficiency
of the wireless system. Figure 4 shows the system has high
efficiency with small load at the same distance. In all cases there
is a small shift in the maximum efficiency point compared to the
resonant frequency.
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Figure 4: Efficiency versus frequency at different RL, gap=5cm

In order to show the shift in maximum efficiency, the
efficiency and input impedance curves including the real and the
imaginary parts for the last case in the Table, all are shown in Fig.

5. The figure also defines the original resonant frequency at
2.088MHz.
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Figure 5: Efficiency, input impedance, real, and imaginary
versus frequency, R;= 1kQ, gap=Scm

The maximum efficiency and the associated frequency
(calculated by the input impedance and included in the Table) are
well matched; the curves are shown in Fig. 3-5.

5. Moving the Maximum Efficiency to the Resonant
Frequency

For feasible and efficient systems, it is important to obtain
maximum efficiency at the resonant frequency. Otherwise, the
system might lose a significant part from the transfer power. It is
obvious from the previous figures that there is no symmetry in the
curves, and the maximum efficiency shifts to one side of the
resonant frequency. It can be concluded that tuning one of the
capacitors is sufficient to re-merge the maximum efficiency with
the original resonant frequency. This is possible by using the input
impedance equation (the imaginary part) in a different way:

Xin(C1) =0 (13)

Using the resonant frequency to solve the last equation
provides the capacitor value C; that achieves the maximum
efficiency at that frequency, as shown in Fig. 6. The figure shows
that C; =195pF is the required value; it can be calculated
numerically from equation (13). Using the calculated value of C;
equates the imaginary part of the input impedance to zero and then
matches the highest efficiency with the resonant frequency, as
shown in Fig.7.

Applying the proposed method empirically to improve the
performance of the system by moving the maximum efficiency to
the original resonant frequency is achieved by measuring the
phase shift between the real and the imaginary parts of the input
impedance. The phase shift indicates the imaginary part; its zero
value means that the imaginary part of the input impedance is zero
and this is the required value from the design, according to the
following formula:
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Figure 6: Efficiency, input impedance, real, and imaginary
versus Cj, at f;=2.088MHz, R;= 1kQ, gap=5cm
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Figure 7: Efficiency, input impedance, real, and imaginary
versus frequency, R;= 1kQ, gap=5cm, C,=195pF

phase shift = tan™! % (14)

The suggested design is shown in Fig.8. It is suitable for
specific ranges in the series-parallel parameters, where a
capacitive effect is observed in the input impedance of the
wireless system. To reduce this effect, increasing of the capacitor
in the transmitter side is needed. The figure shows that the
capacitor in the transmitter side is tuned according to the
calculation of the phase shift of the input impedance.

To design a system theoretically the steps are: specify the
parameters of the circuit; choose the resonant frequency; and
calculate the required value of the tuning capacitor to achieve
maximum efficiency at resonance. To apply the system practically
requires the following steps: calculate the phase shift of the input
impedance; automatically tune the transmitter capacitor to reduce
the phase shift; and then reduce the imaginary part of the input
impedance.
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Figure 8: Block diagram of the suggested design

6. Conclusion

Having more than one mode to calculate efficiency is more
convenient and allows results to be compared to one another.

The proposed method is a quick and simple mode to identify
i) the maximum efficiency in a series-parallel wireless power
transfer system and ii) the associated frequency. The idea is to
equate the imaginary part of the input impedance with zero to find
the frequency; and then calculate the maximum efficiency at that
frequency from the real part.

Initially, the proposed method was applied to the series-
parallel case. In our future work, this method can be applied on
the other topologies of resonant wireless power systems.

This work markedly improves the efficiency of a series-
parallel wireless system. The limitations of achieving this
practically is limited to specific ranges of parameters where a
capacitive effect is observed in the input impedance.
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