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Abstract—Optimum energy efficiency in a wireless
power transfer (WPT) system usually occurs only at a
specific load value while the load such as a battery is
normally not constant. A major challenge in WPT is
therefore to achieve high energy efficiency over a wide load
range. Previously, impedance transformation methods such
as DC-DC converters and use of a relay coil, have been used
to transform the practical load resistance to the optimum
(or near optimum) value. In this paper, a new approach
based on re-configurable magnetic resonant structures is
proposed to achieve high energy efficiency and low
volt-amp ratings. This basic principle is to create more than
one efficiency-load curve. The WPT system is controlled to
be operated within the top regions of the energy efficiency
curves of the reconfigurable circuits so that high energy
efficiency can be achieved over a very wide load range. The
principle of this new approach is explained with an analysis
and verified with practical measurements.

Index Terms—Wireless power transfer, reconfigurable
wireless power systems

I. INTRODUCTION

W ireless power transfer (WPT) has already reached
commercialization stage in the inductive pickup

systems in the manufacturing facilities of clean rooms
[1] and portable consumer electronics such as mobile phones
[2], [3] over the last decade. Active research has recently been
extended to static and dynamic charging of electric vehicles
[4]-[6] and medical implants [7]-[9]. Among various WPT
applications, batteries are the most common load type. In the
battery charging process, the load power as well as the
equivalent load resistance of the charging system are changing
in a relatively low speed (compared to the responding speed of
the charging system). However, the power transfer efficiency
of a WPT system is highly dependent of the load resistance.
Therefore, in order to obtain a high power transfer efficiency
for the whole or most part of the load range, the load resistance
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of a WPT system should be transformed to the optimum load
resistance of the system. Many works have been done on this
subject. Generally, there are at least four commonly used
methods which can realize load resistance transformation.

a. Using DC-DC converters for altering load impedance
[10]-[20].

In the receiver circuit, the receiver coil picks up the coupled
high-frequency voltage which is usually fed to a rectifier. After
the rectifier, dc-dc power converters have been used in various
ways to alter the equivalent load resistance for optimal energy
efficiency. A large number of papers are based on this approach
because of the flexibility in controlling the power converter to
alter the equivalent impedance of the load.

In [10] and [11], a boost-buck converter is used after the
rectifier circuit for impedance matching. These two projects use
S-matrix analysis. The impedance matching method is based on
matching the input impedance of the WPT system with the
input source impedance based on the maximum power transfer
theorem, which results in losing at least 50% of the input power
from the ac power source. On the other hand, dc-dc converters
have been used to maximize the overall energy efficiency based
on the maximum energy efficiency method. In [12], a
buck-boost converter (which is capable of transforming a load
resistance to a value either larger or smaller than the practical
value) has been adopted for maximum energy efficiency
tracking (MEET) without any wireless communication unit.
Using a secondary closed-loop control to regulate the output
voltage for the load, [12] searches for the minimum input power
condition for the transmitter circuit for any given output power.
This operation automatically guarantees the maximum energy
efficiency for the WPT system. Based on this concept, the
search process in [12] is replaced with a feedback control in
order to speed up the dynamic response in [13]. Another
approach for MEET based on the uses of a boost converter and
a wireless feedback system has also been proposed in [14]. This
structure was later used in [15] for charging a battery. Based on
a 3-coil WPT structure, dc-dc converters are used in [16] and
[17] to alter and amplify the quality factor of the reflected
impedance in order to maximize the overall energy efficiency.
Since the optimal energy efficiency conditions change with the
coupling coefficient k, a recursive least square filter is used to
determine the instantaneous value of k and a buck converter is
adopted after the diode rectifier in [18] to locate the maximum
energy efficiency conditions. If space in the receiver module is
not an issue, an auxiliary measurement coil has been added in
the receiver side [19] to provide the phase information of the
induced voltage so that the secondary control can tune the
receive side and control the equivalent load resistance to the
optimal value. A wireless communication unit is needed for
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providing load information to the transmitter circuit for MEET
operation. Recently, a new approach has been reported in [20]
which involves the combined uses of an intermediate capacitor
in the receiver circuit as a power flow indicator, hysteresis
controlled switching actions of a shunt decoupling switch in the
receiver circuit to regulate the dc voltage of the intermediate
capacitor and the charging and discharging times of the
decoupling switch detected on the primary side for closed-loop
control. This is a primary or transmitter side control method
which can eliminate the requirements for precise information of
the mutual coupling and wireless communication unit.

b. Using passive circuits for
[21]-[27].

Besides actively switched power converters, using passive
resonant circuits or coils for impedance matching is another
common approach. Different placements of the passive circuits
have been suggested. An LCC circuit has been inserted in the
transmitter circuit in reference [21], while an LC circuit is
placed after the high-frequency rectifier on the receiver circuit
in [22] and before the rectifier in [23]. In the 4-coil WPT
systems [24],[25], two coupled coils are placed the transmitter
and receiver resonators in order to provide two extra mutual
inductance terms for impedance matching with the impedance
of the input power source. Manual adjustments of the coupled
coil locations with respect to their coupled resonators can be
made to maximize the power transfer. The techniques in
[21]-[25] are based on the maximum power transfer theorem
that requires impedance matching with the power source. This
approach, as explained previously, suffers relatively high
power loss in the power source resistance and is therefore
suitable only for very low power applications (say <1W). Of
course, an LC resonator can be used as a third coil in the WPT
system as demonstrated in [26] and [27]. The relay resonator
can play a role in enlarging the relay resonator current and its
flux linkage with the receiver coil while reducing the

impedance matching

transmitter coil current and the conduction loss in the
transmitter circuit.
c. Reconfigurable resonant circuits for impedance
matching [28]-[31].
Reconfigurable resonant circuits wusually involve a
switchable capacitor array or inductive coil or their

combinations for altering the resonant frequency in order to
achieve the optimal energy efficiency conditions in the events
of load changes. Examples of using switchable capacitor arrays
and capacitive matrix are given in [28] and [29] respectively,
while reference [30] uses a set of switchable coils. In reference
[31], the use of a combination of switchable capacitors and
inductors is proposed. Using reconfigurable resonant circuits
have both advantages and disadvantages. On one hand, a higher
number of switchable capacitors or inductors provides a wide
discrete steps of changes in the resonant frequency. One the
other hand, it involves a corresponding increase in the circuit
complexity and size of the circuits because many switches and
their corresponding driving circuits and control are required.
However, if this method can be modified to use only one or two
switches, it may offer an attractive solution to some application
where high efficiency operation is needed for a wide range of
load. This aspect forms an important part of this project.

d. Using variable operating frequency [32]-[34].

By changing the operating frequency with the load
resistance, a higher efficiency can be achieved. Examples are
provided in [32]-[34]. However, it has been pointed out in [12]
that the efficiency improvement is obvious only when the load
resistance is much larger than the optimum load resistance.
Moreover, the maximum efficiency for a given load by shifting
the operating frequency to non-resonant frequency will be
much lower than the maximum efficiency of the system. The
reason is that when the system is operating at non-resonant
frequency, some reactive power will be delivered to the
secondary side and reactive power will only cause power loss.

In this project, a reconfigurable structure which combines the
functions of a matching network and the transformer
mechanism such as the technique used in a 3-coil system is
investigated. No additional coil is used because the different
portions of the same receiver coils are used to realize the
transformer action. The idea is to design the optimal efficiency
ranges of two or more resonant tanks’ characteristics so that
their combined high-efficiency range covers a very wide range
of the load. Near maximum efficiency can be achieved for a
load resistance in the range roughly from 1/10 to 20 times of the
optimum load resistance. In this paper, (i) the impedance
transformation network is firstly studied; (ii) new
reconfigurable receiver coil structure is proposed for extending
high energy efficiency operation over very wide load range; (iii)
a novel WPT system combining reconfigurable receiver coil
structure and impedance transformation network is proposed
for maximizing both the energy efficiency and power transfer
for any arbitrary load range. The proposed WPT approach has
been tested in a 10W experimental prototype. Practical results
are included to confirm the validity of the proposal.

Il. OPTIMUM LOAD RESISTANCE AND EFFICIENCY VARIATIONS
OF A 2-CoIL WPT SYSTEMS
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Fig. 1. Circuit model of a 2-coil WPT system.

Fig. 1 shows the circuit model for a 2-coil WPT system. The
operating frequency is chosen to be equal to the resonant
frequency of these two L-C  resonators, i.e.

1 1

27 LG, 27,/LC,
expressed with (1) and (2).
Relp + joMpglg =V 1)

Thus the system can be

ja)MPSIP+(RS+RL)IS:0 2

where Vs is the RMS value of the input sin-wave voltage. Ip, Is
are the phasors of the current in the primary and secondary coil,
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respectively. Rp and Rs are the parasitic resistance of the
resonator as shown in Fig. 1.

In [12], the optimum load resistance of a 2-coil WPT system
to reach a maximum energy efficiency is expressed as:

2 2

R opr =Rs 1+w—NFLPS 3)
PSS

For the load resistance located in a small range centered with
this optimum value, the power transfer efficiency of the system
can be maintained relatively high. However, when the actual
load resistance is far from this range, the energy efficiency of
the system will be degraded. This will be clearly shown in the
following analysis and experiments.

I11. USING INDUCTOR OR CAPACITOR TO TRANSFORM LOAD
RESISTANCE LARGER THAN THE ORIGINAL OPTIMUM VALUE

In radio frequency (RF) applications, L-C networks are
commonly used for impedance matching since the load
impedance (or resistance) can be transformed and match to the
source impedance by properly connecting inductors and
capacitors between the source and the load. This is normally
termed narrowband matching which means that it only works
for a narrow designated frequency band.

For power applications which are usually operating at a
much lower frequency than RF, the impedance transformation
mechanism behind matching networks is not to match the load
impedance to the source impedance. Instead, the matching
networks are used to transform the load impedance to match the
optimal load value at which maximum energy efficiency can be
achieved.
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Fig. 2. Parallel an inductor or a capacitor with the load.

For paralleling an inductor or a capacitor with the load as
shown in Fig. 2, the equivalent impedance can be expressed as

R, . XR?
= 2wz Ty o2
1+R /X X“+R,

(4)

E

1 . . .
where X =l or E.Then the equivalent load resistance is

I:\)L

R, =—— L

&L RE/X? ©)
Therefore, the equivalent load resistance can be transformed to
be smaller than the actual load resistance. If this equivalent load
resistance is equal to the optimum load resistance, the
maximum efficiency of the system can be achieved by
compensating this extra reactance induced by the capacitor.
Thus by setting

Rel = RL_OPT (6)

the required reactance can be worked out with following
equation.

RL_OPT

=5 (7
RL - RLfOPT

IV. USING RECEIVER COIL SPLITTING TO TRANSFORM
EQUIVALENT LOAD RESISTANCE SMALLER THAN THE OPTIMUM
VALUE
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Fig. 3. Receiver coil is split into two coils.
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Fig. 4. Schematic of the system with receiver coil split into two.

As shown in Fig. 3, the receiver coil, i.e. Coil-S, is split into
two coils Coil-S1 and Coil-S2 while the transmitter coil, i.e.
Coil-P, is unchanged. Fig. 4 shows the circuit model of the
3-coil WPT system where, Rp is the resistance in the primary
loop, which normally includes the source resistance of the
power source and the parasitic resistance of the coil and the
compensated capacitor; Rsi; and Rs, are the parasitic resistance
in respective current loops; Re is the load resistance; Lp, Lsi,
Ls2, Cp, Cs1, Cs2 are the respective self-inductance of the coils
and the compensated capacitance; Mps1 and Mps; are the mutual
inductance between the primary coil and the first splitting coil
and the second splitting coil, respectively; M1 is the mutual
inductance between two splitting coils.

If the loaded coil is Coil-S2 in the 3-coil system, there are
two possible paths for power transfer, i.e. “Coil-P to Coil-S2”
and “Coil-P to Coil-S1 to Coil-S2”. Assume that Coil-S1 has
most of the turns of the original coil and Coil-S2 has a small
portion of the turns of the original coil, e.g. 1 turn. Then the first
power path can be neglected because the mutual inductance
Mpsowill be much smaller than the mutual inductance Mps: and
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Mi2. So most of the power will be delivered to Coil-S2 through
the second power path in which Coil-S1 performs as a relay
coil. Also, the power loss in Coil-S2 is negligibly small because
the resistance of Coil-S2 is very small compared with a normal
load resistance. Assuming the coils are resonant at the
operating frequency, the simplified circuit equations of the
system without considering the first power path and the power
loss in Coil-S2 can be expressed as follows.

Relp + joMpglg =V C))
JoM pglp + Ryl + joM,,1, =0 9
JoM Il +R 1, =0 (20)
The reflected load resistance in Coil-S1 is
Ry 1= “’RM (11)
Setting
R si=R_ opr, (12)
then,
_ VR oer (13)

12 — W
Therefore, the smaller the R_ is, the smaller the required My,
should be in order to maximize the power transfer efficiency.
Equation (13) provides an approximate optimal M, which
shows that the receiver coil splitting is indeed able to convert
the load resistance to another value.

Fig. 5. Coils used for simulation study and experiments.

A case study is provided to prove the receiver coil splitting
will have a smaller optimum load resistance. The study is based
on two identical coils with parameters listed in TABLE I. The
coupling coefficient (k) between two coils is about 0.179. Each
of the coils has a single layer 11-turn (axial arrangement)
structure as shown in Fig. 5.In this study, the receiver coil is
split into two coils to form two selectable coil-resonators with
resonant capacitors. The receiver coil is split into two as shown
in Fig. 6. The upper split-coil hasn turns (n=1, 2, ..., 10) and
thus the lower one has (11-n) turns. The operation frequency is
set at 100 kHz. At this frequency, the AC resistance of the coils
is negligibly small as reflected in the practical measurements

(about 6% of the DC resistance). Therefore, a simplification is
made that the resistance of the split coils is proportional to the
number of turns. The upper coil is connected to the load.

TABLE |
Parameters of the WPT system used for Simulations and
Experiments.

Radius of windings 155 mm
Number of turns 11
Layers of the wire 1

@0.12 mmx50 strands

Structure of the wire Outer @1.2 mm

Self-inductance 91.25 pH
Parasitic resistance 0.394 Q (Q = 146; 100
kHz)

Distance between the transmitter
and receiver coils

100 mm (k = 0.179)

The general equations for the 3-coil system shown in Fig. 6
are

(Rp + JXp)p + jaMpg L + jaM g, s, =V (14)
JoM o 1o +(Rg; + jX )l + joM o1, =0 (15)
JoMpg,lp + joMp,lg + (R, + R+ jXg,)l, =0 (16)

where XP510r52:COLPs1or32_;- In order to

P,SlorS2
maximize the efficiency of the given system, Csi, Cs2, and R.
can be optimized.

The number of turns of the upper split coil (connected to the
load) is changed from 1 to 10 in a step-by-step manner as
shown in Fig. 6. The optimization results are shown and labeled
as Case 1 in Fig. 7- Fig. 9.

Case 2 is the optimization under the constraint that Cs; in
series of Cs, will meet the required capacitance for the whole
receiver coil to resonate at the operating frequency (100 kHz).
An important feature of this research idea is to enable the WPT
system flexibly to operate in either 2-coil mode or 3-coil mode.
The schematic of the proposed system is shown in Fig. 10 and
will be analyzed in the next section. Therefore, the conditions
of the optimization of Case 1 and Case 2 can be expressed
mathematically as:

Case 1: max:ﬂ:f(cspcsz: RL) (17)
Case 2: max 77 =(Cg,,Cs,, R,) (18)
with constraint : + L wlg (19)

aCs;  Cq,

where Ls is the self-inductance of the whole secondary coil. For
each n, a set of optimum values for Csi, Cs; and Ry will be
determined.

Fig. 7 shows the maximum efficiency curves versus n under
the two cases. It is noted that the efficiency curves of the two
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cases of coil splitting are very similar. When n is small in the
two cases of coil splitting, there is only a small efficiency drop
(of about 1.4% when n = 1)when compared with the maximum
efficiency of the original 2-coil structure. This observation on
splitting receiver coil is consistent with previous results [30]
that a 3-coil system with split transmitter coils could have
nearly the same maximum efficiency as that of the original
2-coil system under certain conditions, regardless of the ratio of
the coil splitting.

Fig. 8 shows the optimum load resistance value versus n for
the two cases. The minimum R__opr becomes 1.7Qwhen n=
1while the optimum load resistance of the original 2-coil
system is 10.3Q.When n becomes larger, the optimum load
value of the 3-coil system approaches the optimum load value
of the 2-coil system. Therefore, splitting the receiver coil does
have the ability to shift the optimum load resistance to a smaller
value. This interesting feature provides a useful mechanism to
achieve high energy efficiency over a wide load range.

As mentioned previously, paralleling an inductor or a
capacitor with the load can shift the optimum load resistance to
a larger value only. Therefore, for some applications in which
the real load resistance is smaller than the optimum load
resistance of the designed 2-coil system, splitting receiver coil
is a practical and feasible solution with negligible efficiency
degradation as predicted in Fig. 7.

Fig. 9 shows the variations of the per-unit ratios of the
resonant frequencies of the split receiver coils with the
optimized compensated capacitance (fsifor the upper split
coil-resonator and fs, for the lower split coil-resonator) using
the operating frequency of the system fo (i.e. 100 kHz) as the
base value. It can be observed that the two curves of fsi/fo
almost overlap for Case 1 and Case 2. Similarly, the two curves
of fso/fo also overlap for the two cases. The overlaps of these
two sets of curves indicate that the resonant frequencies of the
splitting the receiver coils with different turns ratio do not equal
to the operating frequency of the system except at the two
extreme points. This feature is different from the operation
principle of a 2-coil system. The reason for this difference is
that splitting the receiver coil-resonator into two coil-resonators
forms a higher-order resonant system. Therefore, the individual
resonant frequency is not going to dominate the power transfer
efficient of the system.

From Fig. 7 and Fig. 9, it can be seen that the maximum
efficiency and the individual resonant frequency of the split
coils under Case 1 and Case 2 are nearly the same. As shown in
Fig. 8, the range of the optimum load resistances for these two
cases are also the same, i.e. from about 1.7 Q to 10.3 Q (which
is the optimum load resistance for the 2-coil system). But the
curve of the optimum load resistance as a function of n in Case
2 is much more linear than that of Case 1.

In this study, the upper split coil is connected to the load. In
principle, the lower split coil can be connected to the load if
desired. Calculations have been done on these two alternative
load arrangements show that the results are basically the same.
For example, if the load is connected to the upper coiland n=1,
the optimum load resistance, capacitance Cs;, Csz in Case 1 and
the maximum efficiency are, respectively,1.95 Q, 29.45 nF,
1.255 pF, and 91.23%. If the load is connected to the lower coil
and n = 10 (loaded coil has one turn), the optimum load
resistance, capacitance Csi, Cs in Case 1 and the maximum

efficiency are, respectively, 1.88 Q, 28.95 nF, 1.206 pF, and
91.32%.

@) (b)

Fig. 6. (a) Original 2-coil system with the bottom coil as the transmitter coil; (b)
Receiver coil split into two coils.
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Fig. 7. Maximum efficiency versus n for the 2-coil, Case 1 and Case 2
configurations.
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Fig. 8. Optimum load resistance versus n for the 2-coil, Case 1 and Case 2
configurations.
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Fig. 9. Individual resonant frequency of the split coil-resonators normalized at
the operating frequency of 100 kHz.
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V. NEW RECONFIGURABLE TOPOLOGIES FOR MAXIMIZING
EFFICIENCY AND POWER OVER WIDE LOAD RANGE

A. Extending High-Efficiency Region to the Low Load
Resistance Range

The analysis presented in the last section shows that splitting
the receiver coil can achieve a maximum efficiency similar to
that of the original 2-coil system, but the optimal load
resistance value can be transferred to a much lower value.
However, either 2-coil or 3-coil structure can only maintain
high efficiency within a narrow load resistance range.
Therefore, a re-configurable receiver circuit structure as shown
in Fig. 10 is proposed to enable the WPT system to operate
either in 2-coil mode or 3-coil mode in order to widen the
high-efficiency operating range. The receiver coil is dual
tapped and a switch is added to switch the secondary circuit to
operate in 2-coil mode or 3-coil mode. When the switch S; is
turned on, a 3-coil system is formed and the load is connected
to Ls2 (the small coil in this design). Under this condition,
Lsi(the large coil) and Csiform a coil-resonator and acts as a
repeater. Thus, the system will operate in the 3-coil mode.
When the switch Ssis turned off, the receiver circuit is reverted
to a 2-coil system. The whole receiver coil will resonate with
the series-connected resonant capacitors Cs; and Cso.For
battery charging applications, the mode switching time will not
affect the performance of the whole system. Therefore,
low-speed low-cost relay or bidirectional switch could be used
for mode switching.

Fig. 11 shows the energy efficiency curves of the 2-coil and
3-coil configurations of the proposed system as a function of
the load resistance. It should be noted that the x-axis uses a
logarithmic scale for the load resistance value. The top parts of
the two energy efficiency curves are highlighted in blue color
for the 3-coil mode and red color for the 2-coil mode. The mode
switching will be conducted at the crossover load resistance
point of 3.67 Q. The 3-coil mode can be used when the load
resistance is less than 3.67 Q, while the 2-coil mode should be
used when the load resistance exceeds 3.67 Q.

Assuming the design target is to achieve efficiency not lower
than 89% for all load resistance, the 3-coil mode will extend the
minimum load resistance from 3.67 Q to 0.82 Q. Alternatively
speaking, if the application needs to operate with 0.82 Q and
the traditional 2-coil system is used, the efficiency is only
67.2%. By using 3-coil mode, the efficiency improvement is
22.2%.

It should be noted that this case study is a general analysis. It
shows that the 3-coil mode is able to extend the high-efficiency
load resistance range to much lower load resistance values.

vV

R

VS @ LP LSl :>

Fig. 10. A proposed WPT system which can operate either in 3-coil mode or
2-coil mode.
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Fig. 11. Efficiency curves of the 3-coil and 2-coil modes (k = 0.179).

B. Extending High-Efficiency Region to the High Load
Resistance Range

Furthermore, if the practical load resistance is much larger
than the optimum load resistance of the 2-coil system, high
efficiency can be extended to the high load resistance range by
using a parallel a capacitor with the load resistance as analyzed
in Section IIl. A second reconfigurable receiver circuit is
hereby proposed here and shown in Fig. 12. One additional
capacitor Cyp is connected in parallel with the load and another
capacitor Csip is added to compensate the extra reactance
caused by Cip. Two more low-speed switches are added for
mode switching. Now the system has three operation modes
which are

1. 3-coil mode (S1 0n; Sy, S3 off)
2. 2-coil mode (S off; Sy, S off)
3. 2-coil with parallel capacitor mode (S; off; Sy, S; on)

The 3" mode is the 2-coil structure with parallel capacitor,
and it enables high efficiency to be extend over the optimum
load resistance point of the original 2-coil system. The
efficiency curves under the 3 operating modes of this
reconfigurable receiver circuit as a function of the load
resistance is shown in Fig. 13. The load resistance range with
efficiency exceeding 89% for the original 2-coil system is from
3.67 Q to 28.6 Q (i.e. 7.8 times the minimum load resistance).
By using the proposed circuit, the new load resistance range
with efficiency exceeding 89% is from 0.82 Q to 223 Q (i.e.
272 times the minimum load resistance). The load resistance
range is 272/7.8 = 35 times larger.

For the second reconfigurable receiver circuit, the optimum
values of Cs; and Cs; are the same 28.5nF and 1.13 pF as those
for the system in Fig. 10 and can be worked out by maximizing
the efficiency of the 3-coil mode as described in (18) and (19).
Then for the third operation mode, a target load resistance
should be determined. For the system studied in the paper, the
efficiency of the original 2-coil mode maximizes at 10.3 Q load
resistance and achieves 89% higher in the load resistance range
between 3.67 Q and 28.6 €, as shown in Fig. 11. Therefore, one
may expect that the efficiency curve of the third operating
mode will intersect with the efficiency curve of the 2-coil mode
at 28.6 Q. This means the efficiency of the third operating mode
will maximize at about 28.6x28.6/10.3 = 80 Q. According to
(5) and (6), the value of Cip(which can transfer 80 Q to the
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optimum load resistance) could be obtained as 51.8 nF. Then
the whole secondary circuit in the third operating mode should
be resonant at the operating frequency, i.e. the imaginary part of
the impedance should equal to zero which can be expressed as

1 1 X pR?
L, — - +—L L =0 (20)
aCs, w(C31 + CSlP) X +R{
By solving (20), Csip can be obtained as 26.1 nF.
Cs2
o o LSZ Sl lsz
L31 C|_p :: R|_
R ey

{

Csip S3
(a)The proposed WPT circuit with 3 reconfigurable topologies.

(b) 3-coil mode.

AAA
v

>
>RL

(c) 2-coil mode.
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(d) 2-coil with parallel capacitor mode.

Fig. 12. (a) The proposed WPT system with 3 reconfigurable topologies and the
equivalent topologies under the 3 operating modes (b), (c) and (d).
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Fig. 13. Efficiency curves of the 3-coil, 2-coil, and 2-coil with parallel capacitor
modes(k=0.179).

C. VA Rating Minimization or Power Maximization

Apart from the efficiency improvement, the required VA
rating of the system can also be minimized by using the
proposed reconfigurable WPT system for a given output power,
when compared with the original 2-coil system. Here the VA
rating means the product of the required input voltage and the
primary coil current for a given output power. Fig. 14 shows the
required input voltage for 10 W output. The bolded curves are
the operating region for the reconfigurable WPT system. It can
be seen that, by switching the operating mode to stay in the
region with the low input voltage requirements, this WPT
system can be operated in a range of 6.7 V to 16 V for the whole
load resistance range of interest. This advantageous feature will
not only minimize the voltage rating for the whole system, but
also avoid the primary DC-DC converter (feeding the inverter)
or the inverter to operate with an extremely small duty cycle.

Current rating is another critical design parameter because it
determines the size of the wire used and accordingly the copper
cost. Fig. 15 and 16 show the required current in the primary
coil and secondary coil for 10 W output, respectively. For the
2-coil with parallel capacitor mode, the secondary coil current
means the current in the larger coil which takes up most of the
copper in the secondary side. The current rating for both the
primary and secondary coil of the universal system are about
1.67 A.

Figs. 14-16 show not only the low VA rating requirements of
the system but also the points of mode switching. Mode
switching can thus be easily achieved by monitoring the
equivalent load resistance. Minimizing the VA rating of the
system for a given output power is equivalent to maximizing
the output power within given voltage and/or current constraint.
Fig. 17 shows the output power of the reconfigurable WPT
system with 1 A limitation for the coil current. It is clear that
this WPT system enables the use of the respective maximum
power region of all three operating modes.
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Fig. 14. Required input voltage for 10 W output (blue: 3-coil mode; red: 2-coil
mode; purple: 2-coil with parallel capacitor mode).
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Fig. 15. Required primary coil current for 10 W output (blue: 3-coil mode; red:
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Fig. 17. Maximum output power with the constraint of maximum coil current
equals to 1 A output (blue: 3-coil mode; red: 2-coil mode; purple: 2-coil with
parallel capacitor mode).

D. Effect of Coupling Variation

The above analysis on the proposed structure is based on a
fixed mutual coupling coefficient. In practice, the transmitter
coil and the receiver coil may not be placed in the same relative
positions. Also, there could be misalignment issue in many
applications. Therefore, one can select the worst-case situation
(with the lowest mutual coupling coefficient) in the above
analysis and design procedure.

Two simulation studies are carried out to investigate the
effects due to coupling variation. The first simulation assumes
the coupling coefficient (k) is reduced by half from 0.179 to
0.0895. The energy efficiency versus load resistance plot is
shown in Fig.18. It can be seen that the reconfigurable WPT
system can still be operated at the highest efficiency regions of
the 3 configurations, although these efficiency values are lower
than those in Fig.13 which has a higher k of 0.179.

The second simulation assumes k to be doubled from 0.179
to 0.358. The corresponding result is shown in Fig.19. Again,
the high-efficiency portions of the efficiency curves can be
used over a wide load resistance range. Because of a higher k,
the energy efficiency values in Fig.19 are higher than those in
Fig.13.
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Fig. 18. Energy efficiency curves of the proposed 3-mode WPT system when k
is reduced by half from 0.179 to 0.0895.
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Fig. 19. Energy efficiency curves of the proposed 3-mode WPT system when k
is doubled from 0.179 to 0.358.

E. Generalization of the Principle

Theoretically and practically, this high-efficiency load range
can be further extended. As mentioned previously, if the
number of turns for the small split coil in the 3-coil mode is
further reduced, e. g. 0.5 turn, the minimum load resistance can
be smaller. However, in this case study, the total number of
turns of the coils is 11, therefore, if coils with more turns are
used, the minimum load resistance could be much smaller than
the optimum value of the original 2-coil system. Because the
ratio of the number of turns between the small coil and the large
coil will be much smaller. For larger load resistance, the value
of the parallel capacitor, i.e. C.p, can be changed to transform
the load resistance to the optimum value as expressed in (3).
Therefore, the high-efficiency load resistance can be
theoretically extended to any given value. Fig. 20 shows the
schematic of a universal WPT system with larger load
resistance range and following5 operating modes.

1. For Rmin<RL<R1: 3-coil mode with Lsz connected to load
(Sis, Ss3 0n; Si2, Ss1, Ssp1, Ssp2, Sp1, Sp20ff)

2. For Ri<R_<R2: 3-coil mode with Ls3 + Lsy connected to
load (SL2, Ss1 0ON; Ss3, Sis, Ssp1, Ssp2,Sp1, Spa 0ff)

3. For R2<R_<Rs: 2-coil (Sss 0Nn; Sis, St2, Ss1, Ssp1, Sspa,
Sp1, Sp2 0ff)

4. For Rs<R.<R4: 2-coil with Cp1 +Cp; parallel with load
(Ss3, Sp1, Spa, Ssp10Nn; Si3, Si2, Ssi, Ssp20ff)

5. For Re<RL<Rmax: 2-coil with Cp; parallel with load (Sss,
Sp1, Ssp1, Ssp2 0N; Si3, Si2, Ss1, Sp20ff)

Mode 3 is the original 2-coil system. Therefore, Rmin<R1<R2
are smaller than the optimum load resistance of the original
2-coil system and Rs<Rs4<Rmax are larger than the optimum
value. Capacitors Csi, Cspi, Cspz and Cs, Cspz are not
necessarily connected in parallel. Series connection might also
work as long as the capacitance meet the compensation
requirement for each of the modes. Also, inductors might also
be used for compensation in order to extend the load resistance
to even larger value. However, in a practically battery charging
applications, the load resistance is normally in a range of 1 Q to
200 Q. Therefore, it is not necessary to consider an extremely

large load resistance.
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Fig. 20. Reconfigurable WPT system with 5 operating modes.

While the proposed idea is demonstrated in a series-series
resonant WPT system in this paper, it should be noted that it is
also applicable to other resonant WPT system. An example of
implementing the proposed idea in a series-parallel resonant
WPT system is given in the Appendix.

VI. EXPERIMENTAL VERIFICATION

Experiments are carried out based on the 10W WPT system
using the coils shown in Fig. 5 and the topology shown in
Fig.12 (a). The receiver coil is split into two coils with 10 turns
and 1 turn respectively, as shown in Fig. 21. As mode switching
will only be activated after the power supply is shut down, the
switches could be easily controlled with micro-processors
monitoring the load resistance range. In experiments, mode
switching is done manually to measure the efficiency of the
system. Table 11 shows the parameters of the proposed structure
and circuit. Since the lead wires, which is used to connect the
coil and the compensation circuit, is not considered in the
theoretical analysis, the self-inductances the one-turn coils a
little larger than the values used in the analysis, i.e. Ls is 1.55
MH (theoretical value 1.13 pH). Therefore, an optimization is
carried out based on the practical inductances and the optimal
capacitances are all listed in Table Il. Fig. 22 shows three sets
of practical energy efficiency measurements and their
corresponding theoretical efficiency curves under the 3
operating modes. These measurements agree well with the
calculations. These practical measurements confirm the
proposed idea that the reconfigurable WPT circuit can achieve
high energy efficiency over a very wide load resistance range.
Fig. 23 shows the output power of the proposed system with a
limitation of 1 A in the coil current. Again, the measurements
totally verify the theoretical analysis.

Fig. 24 shows that after the power supply is shut down, the
voltages and currents in the system will fade away in about 250
ps. Therefore, the mode switching can be conducted after this
very short delay time and therefore the overall charging time
will not be affected.
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c ¢ Cs TABLE Il
? . I_l_ Parameters of the splitting coils and the capacitors
I S2
o Lyel St lSz Ls1 77.22 uH
Vs @ Lp Ly €D . Si R, Ls2 1.55 pH
L Mps1 14.96 pH
Re Raga Cs Mps> 1.38 |.lH
M1, 6.49 LJ.H
cl ’ . Rs1 033Q
_ v Rs2 0.04Q
(a) Schematic of the proposed system. Cat 28.63 NF
Cs]_p 27.27 nF
Csz 9245 nF
CLP 51.30 nF
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Fig. 22. Measured efficiency of the proposed universal system (solid dots);
measured efficiency of the 2-coil system with load resistance not in the
high-efficiency range (hollow dots); and the theoretical efficiency curves of 3
operation modes (real lines; blue: 3-coil mode; red: 2-coil mode; purple: 2-coil
with parallel capacitor mode).
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Fig. 23. Measured output power of the proposed universal system with 1A
limitation in the coil current (solid dots); measured output power of the 2-coil
(d) Secondary-side circuit. system with load resistance not in the high-efficiency range (hollow dots); and
the theoretical output power curves of 3 operation modes (real lines; blue:
Fig. 21. Set-up of the proposed system. 3-coil mode; red: 2-coil mode; purple: 2-coil with parallel capacitor mode).
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the universal WPT system operating in 3-coil mode with a load resistance of
2.93 Q (time scale: 100pus/div.).

VIl. CONCLUSIONS

By splitting the receiver winding, the optimum load
resistance (at which high efficiency can be achieved) can be
extended to the low load resistance range. With the use of
parallel capacitor across the load, the optimum load resistance
can be extended to the high load resistance range. Taking
advantages of these two complementary approaches, this study
shows that using reconfigurable WPT systems can achieve high
energy efficiency operation over a very wide load range and
simultaneously keeping the volt-amp ratings of the coils low.
Theoretical analysis of this new concept has been presented
with explanations. This new theoretical concept has been
confirmed with practical measurements. The proposal offers a
new approach to achieve high energy efficiency in medium and
high power applications in which energy efficiency is of
paramount importance.

APPENDIX
Possible Reconfigurable Topology for SP Compensated WPT

S; S
) G Laa )1_33 )1_34 135
Vs @ Lp Ls s R
RP RS

Fig. 25. Possible configuration of a SP compensated for enlarging
high-efficiency load range.

A
A4

There will
Cip1>Crp2>Cyps.

be three operation modes. In Fig. 25,

1. For Rmin<RL<R1: Sz, Sz on; Si, S4, Ssoff. The resonant
tank is formed by Ls, Cs and Cyp:.

2. For Ri<R.<R2: Si1, S, Ss0n; S3, Ss off. The resonant tank
is formed by Ls, and Cyp».

3. For Ra<Ri<Rmax: Si1, S5 on; S, Ss, S;off. The resonant
tank is formed by Ls, Ls A and Cps.

The second operation mode is the normal SP compensation
in which Ls and Cyp; are resonant at the operating frequency.
Proper values of the components should be chosen for different
given load range.
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