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Abstract

Magnetic resonance coupling circuits have four general topologies,
however, there is a lack of comprehensive theoretical analysis together
with experimental verification on each of these topologies in relation
to their attractiveness for wireless power transfer. This paper aims to
provide both of these for each of the four topologies in order to fully
understand the differences between them and allow the selection of the
correct type based on system requirements. In addition, one of the
problems associated with the resonance coupling method is the
phenomenon of frequency splitting, which can lead to a high-power
transfer efficiency but low load power at the resonant frequency.
Reasons for frequency splitting and methods of circumventing the
problem will be illustrated in this paper. Of the four topologies Series-
Parallel (SP) (input-output circuit configuration) is the most efficient
for the realization of a wireless power transfer system with a large load
impedance, in terms of achieving both a high-power transfer efficiency
and high load power.
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1| INTRODUCTION

Wireless and portable mobile devices have become
commonplace, however keeping these devices active and
supplied with power is a continual and critical problem. Battery
charging is currently dominated by wired technology, which
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requires a wired power plug to be connected to an electrical wall
outlet. Importantly, wireless power transfer (WPT), as a
promising and innovative technology, is able to achieve the
same goal whilst avoiding the limitations of wires. WPT
technologies are revolutionizing the way energy is transferred
and has the potential to make our lives truly “wireless”.
Recently, WPT technologies have been applied to charge
batteries in medical sensors and implanted devices, where
battery replacement is not convenient [1-3]. They have also
been applied to recharge mobile devices (e.g., cell phones,
tablets, laptops) [4-5] and electric/hybrid vehicles [6-8].

Generally speaking, WPT technologies can be categorised
into radiative WPT (via electromagnetic radiation) and non-
radiative WPT (via inductive or magnetic resonant coupling).
Radiative wireless charging adopts electromagnetic waves,
typically RF waves or microwaves, as a medium to deliver
energy in the form of radiation. The energy is transferred based
on the electric field of an electromagnetic wave. When the RF
density exposure is high, there are safety issues for human
beings. This method is suitable for broadcast applications over
a long effective charging distance (kilometre-range).
Alternatively, non-radiative WPT, which is based on the
coupling of the magnetic-fields of two (or more) coils, can be
used for energy transmission over short distances, typically
within the coils” dimension [9]. The advantages and
disadvantages between non-radiative WPT and radiative WPT
have been discussed in [10-11].

Nowadays, the magnetic resonance coupling (MRC) method
is widely used for WPT due to its high transfer efficiency since
it was put forward by Kurs et al in Massachusetts Institute of
Technology using self-resonant coils in 2007 [12]. Even though
the WPT technique provides some advantages with respect to
research and commercial usage, the magnetic coupling
approach, as a modernised method, still has some theoretical
issues and practical challenges which need to be addressed and
overcome [13-14]. In [15-17], secondary series-and parallel-
compensated WPT circuits were compared to investigate the
influence of load impedance on power transfer efficiency.
However, sufficient practical verifications of the theory through
published experimental results were not provided. Despite all
four topologies of the WPT circuit being studied in [18-20],
comparison between the four topologies was limited, with no
criteria provided as to which topology was most appropriate for
a given system. For example, literatures on design and
optimization of wireless power links initially used parallel-
primary and parallel secondary circuits [21-23]. Later most
references focused on series-primary and series-secondary
circuits for wireless power transfer [24-26]. However, the
phenomenon of frequency splitting [27-29] can easily appear
when series-primary and series-secondary circuits leading to
low power transfer efficiency. To enhance power transfer
efficiency at certain frequencies, there are some techniques
such as impedance matching [30-31], high Q-factor coil designs
[32-33] and load optimization [34]. However, the load cannot
be optimized to enhance power transfer efficiency because it is
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normally fixed. Therefore, it is necessary and crucial to focus
on a solution to design a suitable WPT system with high power
transfer efficiency for applications with fixed loads.

In this work, comprehensive investigations on four
topologies for MRC-WPT have been performed, including
theoretical analysis and experimental verifications. From the
viewpoint of the primary and secondary circuits, a detailed
introduction and theoretical analysis of the four topologies for
MRC-WPT is provided in Section Il. Solutions to designing an
optimal WPT system and a description of the experimental
designs are delivered in Section Ill. Section IV offers related
experimental verifications and the investigation of the
phenomenon of frequency splitting in terms of circuit
parameters and power transfer efficiency. Conclusions
regarding MRC-WPT, including a comparison between the four
topologies and selection of the most appropriate topology for a
given wireless power transfer system is highlighted in
Section V.

2 | THEORETICAL ANALYSIS OF

TOPOLOGY

Resonance is a trend where a physical system subjected to its
natural frequency, will tend to absorb energy at that frequency.
In other words, it is a phenomenon in which, when one object
vibrates it will cause another with the same resonant frequency
to vibrate, such as sound at a specific frequency causing a
tuning fork with that frequency to vibrate. In this regard
resonance can be used to transfer energy. Electromagnetic
resonance is used widely in electromagnetic systems. The
electromagnetic field is an energy field, which can provide
energy to electrically driven apparatus. A radiating
electromagnetic wave contains energy, whether there is a
receiver present or not, the energy of an electromagnetic wave
is continuously consumed. By making use of a non-radiative
magnetic field (near field) with a specific resonance frequency,
when a resonator, such as an inductor/capacitor (LC) oscillating
circuit with the same resonance frequency is present, then the
electromagnetic resonance will generate energy in the
oscillating circuit. As the energy gathered increases, the voltage
across the inductor coil will also increase. As a result, two
systems with the same inherent resonant frequency will
generate strong magnetic resonance together with a strong
magnetic field intensity. This received energy can then be used
by a load after being appropriately converted by follow-up
circuits [35].

MRC-WPT relies on a pair of resonant circuits with the same
resonant frequency, one acting as a transmitter and the other as
a receiver. The circuits contain coils which are placed so as to
be strongly coupled via non-radiative magnetic resonance
induction, enabling longer distance power transmission than
inductive coupling [36]. Resonating circuits can be constructed
from inductors and capacitors in two topology types, series and
parallel. Considering the need for a resonator in both the
transmitter (primary circuit) and receiver (secondary circuit),

there are four possible topologies of circuit for an MRC-WPT
system (as shown in Figure 1).

The electrical circuit used for the model consists of two
separate coils of self-inductance L; and L, coupled by a mutual
inductance M that describes the inductive coupling, accounting
for coil properties and the distance between the coils. R1 and R,
are the equivalent resistances modelling the losses in the
primary and secondary coils, respectively. C;1 and C; represent
capacitors used in tandem with the inductors to create resonance.
Us represents the Alternating Current (A.C.) power supply
Voltage.
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FIGURE 1 (a) Series-Series (SS) circuit (b) Series-Parallel (SP) circuit
(c) Parallel-Series (PS) circuit (d) Parallel-Parallel (PP) circuit.

Each of these four topologies has advantages/disadvantages
for use in the realization of a WPT system. In terms of topology
selection, theoretical analysis and experimental verifications
are needed to determine the most suitable choice for a WPT
system. In this section, each type of primary and secondary
circuit will be analysed in terms of resonant frequency and
power transfer efficiency. The topologies are referred to by
their parallel (P) or series (S) nature on the primary and
secondary sides as and SS, SP, PP and PS.

2.1 | Series primary circuits

Topologies with a series primary circuit are first considered,
i.e. SSand SP in Fig. 1(a) and 1(b) respectively.
1) Theoretical analysis

For the SS topology the equivalent impedance of the
secondary circuit and the resonant frequency (ws), can be
expressed as (1).
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If the secondary circuit is of parallel configuration, the

equivalent impedance of the secondary circuit and the resonant
frequency (wp), can be expressed as (2):
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The power transfer performance depends on the equivalent
impedance of the secondary circuit to that of the primary circuit
at the resonant frequency [37-38]. When the equivalent
impedance of the secondary circuit is larger than that of the
primary circuit, the power transfer efficiency is higher.
Hypothetically, the resonant frequencies are the same in both
series and parallel secondary circuit configurations. In this case,
the capacitance in the series secondary circuit must be different
from that in parallel secondary circuit to resonate at the same
frequency. Clearly, by comparing equations (1) and (2), when
the load impedance R satisfies the condition R. > (L2/Cp2)°5,
then a parallel secondary circuit configuration should be chosen,
otherwise, the series configuration is more efficient.

2.2 | Parallel Primary Circuits

Topologies with a parallel primary circuit are now
considered i.e. PP and PS in Fig. 1(c) and 1(d) respectively.

In the case of the PP circuit topology, if the resistance of the
inductors can be considered negligible the circuit structure can
be simplified, then the equivalent input impedance can be
expressed as (3).
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The precondition of the resonance phenomenon is that the
imaginary part of the circuit input impedance goes to zero. If
L=Li=L,, C=C1=C,, then the imaginary part of Zi, can be
expressed as (4):
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The resonant frequency can be obtained by setting the

imaginary part expressed in (3) to zero. This gives rise to:
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where k is the coefficient of mutual inductance. Equation (5)
shows that the resonant frequency is related to k. Furthermore,
the parallel topology looks like an open circuit at resonance,
which results in a low current supply and hence will lead to low
load power.

Im(z,,) =

2.3 | Frequency splitting

Although the MRC-WPT method offers higher power transfer
efficiencies than inductive coupling over a larger range [39], the
phenomenon of frequency splitting can lead to reduced
performance. The SS topology, as shown in Fig. 1(a), will be

discussed as an example of how and when frequency splitting
can occur.

I1 and |2 represent the currents in the primary and secondary
coils respectively. Us represents the power supply. If
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The phenomenon of resonance occurs, when the imaginary
part of Zi, equals 0. Substituting for L=L;=L,, C=C1=C;, Im(Zin)

can be expressed as:
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The numerator of Im(Zi,) can be separated into two factors
making it easy to obtain one root for wg of (LC)® from the first
factor. Equation (11) always has at least this one root, however
other roots can also exist in the second factor which can be
abbreviated as a two-variable linear equation:
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The angular frequency w must be bigger than 0, which only
happens when the conditions in (13) and (14) are met
simultaneously.
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For the SS circuit, when the load resistance is large enough,
there is only one resonant frequency, which can be directly
calculated from the inductance and capacitance as in (1). In this
case, however, the power transfer efficiency is low. When the



load resistance is small enough to meet the condition of
equation (13), multiple resonant frequencies will appear and the
value of those resonant frequencies is related to the mutual
inductance. Several conditions can be summarized as shown in
TABLE I. From equation (14), when the mutual inductance is
large, the value of A is greater than 0, making it easy to get
multiple resonant frequencies. However, the power transfer
efficiency and load power cannot reach their maximum
potential at all of these resonant frequencies.

TABLE | CALCULATED RESONANCE FREQUENCIES WITH DIFFERENT
CONDITIONS IN AN SS CIRCUIT

Conditions Resonance Frequencies
2L 1
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all parameters satisfy the condition A<O, do both the power
transfer efficiency and the load power reach their maximums.
Comparisons of the four topologies are provided in TABLE 1.

3 | EXPERIMENTAL SETUP

According to the theoretical analysis, solutions for designing
an optimal WPT system are shown in Figure2 for an
application with a fixed load. Firstly, the load impedance needs
to be defined for different applications. Secondly, the
inductances and capacitances need to be determined based on
the fixed load and finally the topology of secondary circuit for
WPT needs to be considered. To compare the difference
between the two topologies of primary circuit, experimental
results need to be obtained. Finally, a WPT design is proposed
with optimised parameters to gain both high load power and
power transfer efficiency and avoid the phenomenon of
frequency splitting.
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TABLE Il QUALITATIVE COMPARISONS OF THE FOUR TOPOLOGIES.

Topologies Features

SS 1.Equal to short circuit at resonance frequency
2.Suitable for load impedance less than (L,/C,)%°
3. Large current in the circuits
4. The phenomenon of frequency splitting

SP 1.Equal to open circuit at resonance frequency
2.Suitable for load impedance larger than (L,/C;)°®
3. Large voltage in the secondary circuit
4.The compensated capacitance is related to load

PS 1.Equal to open circuit at resonance frequency
2.Suitable for load impedance less than (L,/C,)%°
Tiny current in the circuits
2.Tiny load power
3.The resonance frequency is affected by mutual
inductance

PP 1.Equal to open circuit at resonance frequency
2.Suitable for load impedance larger than (L,/C5)*°
3.Tiny current in the circuits
4.Tiny load power
5.The resonance frequency is affected by mutual
inductance
6.The compensated capacitance is related to load and
mutual inductance

Although the SS circuit is suitable for small loads, frequency
splitting makes the topology difficult in application. Only when
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FIGURE 2 A flow chart to design a WPT system.

capacitance

FIGURE 3 Experimental setup of WPT circuit.

To conduct experimental verification, two coils were
manufactured to form inductors each with 10 turns and a radius
of 5¢cm. The inductance of the coils was measured to be
25.2 uH using a multi-frequency LCR meter. The resistance of
the coils was measured to be 0.73 Q. The distance between the



two coils was fixed at 5 cm. The capacitances of the capacitors
were calculated using the equations in [35] for WPT operation
at 6.78 MHz, which is in an unlicensed band. The experimental
setup is shown in Figure 3.

Currents and voltages were measured at various points
around the circuits and at the load using a multi-meter and an
oscilloscope to allow load power and input power to be
calculated. The power transfer efficiency can be calculated by
(16).

2
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Pin U |
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4 | EXPERIMENTAL VERIFICATION

4.1 | Effected by fixed load

The SS and SP circuits for WPT were constructed as shown
in Fig. 1(a) and 1(b). To investigate the influence of load
impedance, the load was varied as: 100 Q, 500 Q, 1.6 kQ, 5 kQ
and 10 kQ, which represent the fixed load impedances of some
sensors and electrical devices [40-41].

From Figure 4, it is seen that the experimental results show
good agreement with the theoretical results for both the SS and
SP topologies. When the load impedance is smaller than 1.6 k<,
the power transfer efficiency at 6.78 MHz in the SS topology is
higher than that of the SP topology. However, when the load
impedance is larger than 1.6 kQ, the power transfer efficiency
in the SP topology is higher than that in the SS topology. What’s
more, the power transfer efficiency reaches over 80% for small
load impedances in the SS topology, whereas similar
efficiencies are seen for large load impedances in the SP
topology.
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FIGURE 4 Theoretical and experimental power transfer efficiency in SS and
SP topologies for varying loads

Therefore, a series secondary circuit is suitable for a
system delivering power to a small load, whereas a parallel
secondary circuit is suitable for a system delivering power to a
large load in order to enhance power transfer efficiency.

4.2 | Load power comparisons

Using the experimental system as defined in Section 3, with
the distance set at 5 cm the mutual inductance of the coils was

measured to be k=2.115 uH. The theoretical resonant frequency
of this WPT circuit shifts from 6.78 MHz to 6.83 MHz. The
load impedance is 5 kQ.
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FIGURE 5 Comparison of load power against frequency from theoretical and
experimental results for (a) PP topology and (b) SP topology

Figure 5(a) shows that the power delivered to the load is only
0.33 uW at the resonant frequency in the PP topology whereas
the load power can reach 0.17 W at the resonant frequency in
SP topology as shown in Figure 5(b).

The parallel primary circuit provides high power transfer
efficiency over a large distance, however the load power
obtained is tiny, compared with that obtained from the series
primary circuit. Independent of the primary circuit type, a series
secondary circuit is suitable for small loads and a parallel
secondary circuit is suitable for large loads. The theoretical
analysis here is similar to that shown in section IV.A. The PS
topology can obtain high power transfer efficiency over a large
distance only for a small load, but the load power is on the order
of micro Watts. Therefore, it is more appropriate to use a series
topology for the primary circuit of the WPT system to
maximize load power and high power transfer efficiency.

The series primary circuit has been shown to transfer larger
power, however, it is necessary to avoid the associated
phenomenon of, frequency splitting. This can result in high
power transfer efficiency but not maximized load power. In the
following section, circuit theory and experiments are used to
explain and demonstrate the frequency splitting phenomenon.

4.3 | Optimization
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FIGURE 6 The value of A with the varying coefficient



When the load impedance is 100 Q, equation (14) is satisfied,
and the value of A varies with the coupling coefficient as shown
in Figure 6. The coefficient of mutual inductance is 0.084 when
the distance between the two coils is 5 cm. In this case, the
value of A is greater than O, which means there are three
resonant frequencies.

Trends of load power and power transfer efficiency against
frequency are shown in Figure 7. The load power reaches two
peaks at two of the resonant frequencies, however the power
transfer efficiency is not maximum in either case. Conversely,
the power transfer efficiency reaches a peak where the load
power drops into the valley point between the peaks.

theory —a— theory

satisfied, and hence there is only one resonant frequency as well.
The trends of load power and power transfer efficiency with
varying frequency are shown in Figure 9. Both the load power
and power transfer efficiency reach their peak at the one
resonant frequency.
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FIGURE 7 Trends of the load power and the power transfer efficiency against
frequency showing the phenomenon of frequency splitting.

When the distance between the two coils reaches 8 cm, the
coupling coefficient is 0.053, in this case, the value of A is less
than 0 and there is only one resonant frequency. Trends of load
power and power transfer efficiency against frequency are
shown in Figure 8. Both the load power and power transfer
efficiency reach their peak at this one resonant frequency.
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frequency without the phenomenon of frequency splitting by increasing transfer
distance

When the load impedance is 5 kQ, equation (14) is not
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FIGURE 9 Trends of load power and power transfer efficiency with varying of
frequency without the phenomenon of frequency splitting by changing load
impedance

Although SS topologies are suitable for small loads, they
often lead to the phenomenon of frequency splitting, especially,
when the distance between coils is short. To avoid this
phenomenon, the distance could be made larger, however, the
load power and the power transfer efficiency will decrease.
Consequently, there is a trade-off between load power, load and
distance.

5 | CONCLUSION

An investigation of the four possible system topologies for
magnetic resonance coupling for wireless power transfer has
been presented in terms of both theoretical analysis and
experimental verification. Application of a series secondary
circuit was shown to be suitable for power transfer to small
loads, however, if the load impedance is large then the parallel
secondary circuit is more appropriate. For the primary circuit
the parallel topology looks like an open circuit at resonance,
which means a low current will be supplied to the inductor.
Consequently, the power transferred to the secondary circuit
will be low making it inappropriate for use in WPT applications.

The resonance frequency is affected by mutual inductance
which is itself affected as the distance and/or environment
between the coils changes. As the distance or environment
changes the resonance frequency will be shifted, resulting in the
load power and power transfer efficiency being reduced.

For the SS topology, the phenomenon of frequency splitting
should be avoided to maintain maximum load power and power
transfer efficiency at resonance. Only when the load impedance
and transfer distance are carefully chosen, can the load power
and power transfer efficiency maintain their maximums at
resonance, but in this case, the power transfer is not very high.



Finally, the SP topology is shown to be the most suitable
candidate for use in wireless power transfer. Inductances,
capacitances and the load impedances need to be optimized in
order to gain maximum load power and transfer efficiency for
the maximum transfer distance.
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