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Abstract—All the wireless power transfer (WPT) systems share
a similar configuration including a power source, a coupling
system, a rectifying circuit, a power regulating and charging
management circuit and a load. For such a system, both a circuitand a system-level analysis are important to derive requirements
for a high overall system efficiency. Besides, unavoidable uncertainties in a real WPT system require a feedback mechanism
to improve the robustness of the performance. Based on the
above basic considerations, this paper first provides a detailed
analysis on the efficiency of a WPT system at both circuit
and system levels. Under a specific mutual inductance between
the emitting and receiving coils, an optimal load resistance is
shown to exist for a maximum overall system efficiency. Then a
perturbation-and-observation-based tracking system is developed
through additional hardware such as a cascaded boost-buck DCDC converter, an efficiency sensing system, and a controller.
Finally a 13.56 MHz WPT system is demonstrated experimentally
to validate the efficiency analysis and the tracking of the optimal
load resistances. At a power level of 40 Watts, the overall
efficiency from the power source to the final load is maintained
about 70% under various load resistances and relative positions
of coils.
Index Terms—wireless power transfer, inductive resonance
coupling, efficiency analysis, tracking of optimum load resistance

I. I NTRODUCTION
Maxwell’s equations explain how electric and magnetic
fields are generated and altered by each other. The equations
form a foundation of today’s wireless communication technologies. Compared to the signal energy in communication,
a much large amount of energy can be propagated in space
actually base on a same physics, i.e. the wireless power transfer (WPT). The eletro-physicist, Nikola Tesla, first proposed
this idea of WPT in 1904 in order to build a “world system”
for “transmission of electrical energy without wires” [1].
Early experimental attempts failed due to the limitations of
technology at that time. In recent years, due to a dramatic
need in charging of various electronic devices (e.g. cellphones,
laptop computers, tablets, medical implant devices, etc), there
is a strong interest renewed in the research and applications
of the WPT technologies. It is desired by users to have a
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ubiquitous access to both information and electrical power
through air. For the devices and systems that require large
power, such as robots and electric vehicles, WPT not only
provides a convenient and safe non-contacting charging, but
also opens a new direction in on-board energy and power
management. Currently, batteries are one of the most popular
mobile power sources. However there are several challenges
for batteries to be addressed, such as limited energy and power
densities, slow charging rate, reliability, weight and cost. It is
significant that WPT provides a viable solution without the
need of dramatic improvements in battery technology [2], [3].
There are multiple technological options for WPT, such as
inductive coupling, magnetic coupling, microwave and laser
radiation. They have various power level, working frequency,
transfer distance, size and forming factors that are preferred by
a certain specific application over the others. Using far field,
microwave and laser radiation can transfer power over meters
or hundreds of meters, but the power level is relatively small in
order to avoid hazardous radiation [4], [5]. In addition, a large
size antenna array is usually required to focus the radiation
beam. On the contrary, the inductive coupling and magnetic
resonance coupling use near field. The transfer distance is
usually limited to a range of centimeters, while the transfered
power can reach a level of tens of kilowatts. In the magnetic
resonance coupling systems, the emitting and receiving coils
are designed to have a same natural frequency, i.e. resonant
inductive coupling. Since the magnetic coupling systems usually work in MHz band, the inherent capacitances of the
coils are used [6]. The inductive coupling systems working
in KHz band (such as at 20 KHz) are also usually tunned
to resonance but using external capacitors [7], [8]. Mostly
due to the availability of the state-of-art power electronic
devices operating at KHz, the inductive coupling systems are
widely used in both low and high power applications [9]–
[12]. On the other hand, for a more compact and lighter WPT
system, higher frequency, such as MHz, is usually desired.
However there are limitations in the performance of today’s
power electronic devices, the usable frequency range under
the regulation of ISM (industrial, scientific and educational)
band, etc [13], [14]. Current studies mainly deal with low
power WPT systems working in MHz band [15].
Despite various technologies, all the WPT systems share
a similar configuration including a power source, a coupling
system, a rectifying circuit, a power regulating and charging
management circuit (such as a DC-DC converter) and a
load [see Fig. 1]. For such a system, besides an optimized
design of each circuit, a system-level analysis is important to
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derive requirements for a high overall efficiency [16]–[22].
And in real environments, there are unavoidable uncertainties
in a WPT system such as the variations in relative position
of coils, load characteristics, etc. A feedback mechanism is
necessary to improve the robustness of the performance of the
WPT system. Most of existing methods discuss the efficiency
improvement when the relative position varies between the
emitting and receiving coils. The tracking of the resonance
frequency is widely used in KHz WPT systems [23]. A similar
method can also be applied in MHz systems. However the
existing ISM band is usually too narrow to accommodate the
frequency tracking [14], [24]. A variable coupling method was
proposed for a WPT system using four symmetric coils [25]. A
high efficiency is achieved by adjusting the coupling factor (i.e.
distance) between the source (load) and the internal coils in the
case of coil distance variations. A tunable impedance matching
before the coupling coils was studied in order to reduce the
reflected power due to a varying coil distance [26]. Based on
the detected ratio of the reflected power, the parameters of the
network are adjusted by controlling multiple relays to switch
among different combinations of capacitors and inductors.
Though impedance matching is a straightforward method to
overcome power reflection, the network itself may introduce
additional power loss due to unavoidable non-ideal capacitors
and inductors, as well as an increased system complexity. It
is also difficult to design an impedance matching network
when the load is changing over time. A static control of a
novel cascaded boost-buck DC-DC converter was proposed to
provide an optimal equivalent load resistance, and thus a high
overall system efficiency for various loads such as resistive
loads, ultracapacitors and batteries [27]. The DC-DC converter
not only minimizes the effect of a dynamic load to the system
efficiency, but also alleviates the requirements for impedance
matching networks. In this paper, the interactive relationships
among the efficiencies of each circuit and the overall WPT
system, mutual inductance, and load resistance are further
analyzed in order to provide a guideline for the design of a
feedback-based dynamic control. Particularly, here the overall
efficiency of the WPT system is defined as the ratio of the
power received by the final load to the incident power from
the power source. It is found that an optimal load resistance
exists under a specific mutual inductance, i.e. a certain relative
position of coils. The tracking of the optimal load resistances is
then proposed and implemented in a final experimental system.
Through the tracking control, a high overall system efficiency
can be maintained when variations occur in relative position
of coils (such as distance) and load characteristics.
This paper is organized as follows. In Section II, a detailed
investigation into efficiencies in an example WPT system is
carried out. The efficiencies include the efficiencies of each
circuits and the overall system efficiency. Then the requirement
on an optimal load resistance is derived and explained based on
the interactive relationships among the efficiencies, the mutual
inductance of coils and the load resistance. In Section III, the
tracking of the optimal load resistances is discussed, which
applies a perturbation and observation (P&O)-based algorithm.
For the implementation of the tracking control, the cascaded
DC-DC converter, an efficiency sensing system and a National
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Instrument (NI) CompactRIO-based controller are integrated
in the final experimental WPT system. Then in Section IV, the
theoretical analysis and tracking system design are validated
by experimental results. Finally the conclusion is drawn in
Section V.
II. S YSTEM E FFICIENCY A NALYSIS
A. Definition of Efficiency
Fig. 1 shows the configuration of the WPT system discussed
in this paper. The system is a 13.56 MHz medium power
WPT system (40 Watts). It includes a power amplifier (PA), a
coupling system, a rectifier, a DC-DC converter and a load. As
shown in the figure, Zin and Zl are defined as the impedances
seen by the PA and the coupling system, respectively. Rin is
the load resistance seen by the rectifier. Rl is the final load.
Γin is the reflection coefficient of the PA [28]. Here the system
efficiency ηsys is defined as
ηsys =

Pl
,
Pi

(1)

where Pl is the power received by the final load, and Pi is
the incident power from the PA. Note the PA efficiency is not
included in this definition. As mentioned in the introduction
section, the focus here is on the general discussion on the loading effect and control in MHz WPT systems. The following
study and findings could be applicable to many PA topologies
for WPT application.
Pi
Pr

ηcoil
Zs

Power
amplifier

ηtran

η rec

Zin

Zl
Coupling
system

Rectifier

η dcdc
Rin
DC-DC
converter

Pl
Rl
Load

Γin

Fig. 1. System configuration.

The system efficiency defined here can also be represented
as
ηsys = ηtran · ηcoil · ηrec · ηdcdc ,

(2)

where ηcoil , ηrec , and ηdcdc are the efficiencies of the coupling
system, the rectifier, and the DC-DC converter, respectively.
The efficiency ηtran describes the power reflection between
the PA and the following subsystems, i.e.,
ηtran =

Pi − Pr
,
Pi

(3)

where Pr is the reflected power to the PA.
B. Simplified Circuit Model
Fig. 2 shows the equivalent circuit model of the simplified WPT system. In the model, Zs represents the source
impedance of the PA. Zs is usually designed to match a
standard impedance such as 50 Ω for radio frequency (RF)
power sources. Zl is the equivalent impedance of the following subsystems after the coupling system [see Fig. 1]. The
coupling system is described by a series resistor-inductorcapacitor (RLC) circuit model. The magnetic coupling is
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TABLE I
PARAMETERS OF THE TWO RESONANCE COILS

ηcoil
Pi
Pr

Pin

+

Vin

PZl

C

Zs

L-Lm

L-Lm

I1
R

ηtran

Lm

3

Resonant frequency
Self-inductance L
Self-capacitance C
Parasitic resistance R

C
Zl

I2

13.56 MHz
7.8 µH
17.6 pF
3.4 Ω

R

Here the efficiency for the coupling system, ηcoil , is defined
as

P Zl
,
(14)
Pin
where PZl is the power received by the load Zl , the impedance
seen by the coupling system. Thus under the resonance,

Zinˈ Γin

ηcoil =

Fig. 2. Equivalent circuit model of the simplified WPT system.

modeled by the mutual inductance Lm . Here Lm = k · L,
where k is the mutual-inductance coefficient.
Based on the circuit model in Fig. 2, the following relationships can be derived:
I1 (R +

1
+ jωL) − I2 jωLm − Vin = 0,
jωC

(4)

1
+ jωL) − I1 jωLm = 0.
jωC

(5)

I2 (Zl + R +

I1 =

I2 =

jωLm Vin
,
1
1
+jωL)(Zl +R+ jωC
+jωL)+ω 2 L2m
(R+ jωC

(7)

PZl
4Zl Zs ω 2 L2m
= ηtran · ηcoil =
,
Pi
[(R+Zs )(R+Zl )+ω 2 L2m ]2

Zl,opt = R +

m2

and the input impedance Zin , the load of the PA, is
Zin

′

(17)

and its corresponding optimal Zl is
(6)

Vin
=
.
I1

(15)

The optimal Zl , Zl,coil,opt , for a maximum ηcoil can be
calculated by taking the first-order derivative,
√
Zl,coil,opt = R2 + ω 2 L2m .
(16)

ηsys =

,

1
1
(R+ jωC
+jωL)(Zl +R+ jωC
+jωL)+ω 2 L2m

|I2 |2 Zl
ω 2 L2m Zl
=
.
2
I1 Vin
(R + RZl + ω 2 L2m )(Zl + R)

Similarly, the system efficiency is

Therefore
1
(Zl +R+ jωC
+jωL)Vin

ηcoil =

ω 2 L2m
.
R + Zs

(18)

m3
m1

(8)

( Z l,opt )

Then the efficiency ηtran can be calculated as
ηtran

Pi − Pr
Pin
=
=
= 1 − |Γin |2 ,
Pi
Pi

(9)

where Pin is the power received by the coupling system, and
Γin is the reflection coefficient:
Γin =

Zin − Zs
.
Zin + Zs

(10)

1
jωC

= 0, the calculation

If resonance occurs, i.e., jωL +
of Zin can be further simplified as
Zin = R +

ω 2 L2m
,
Zl + R

4Zs (R + Zl )(R2 + RZl + ω 2 L2m )
.
[(R + Zs )(R + Zl ) + ω 2 L2m ]2

(11)

(12)

In order to eliminate the power reflection, conjugate matching
should be satisfied, namely Zin = ZS∗ . Using (11), the Zl for
zero power reflection, Zl,tran,opt , can be derived as
Zl,tran,opt =

Zl

(¡)

Fig. 3. Comparison on efficiencies versus Zl when k = 0.12.

and ηtran becomes
ηtran =

’
ηsys
m1: 90.7%, Zl =122 ¡;
ηcoil m2: 91.6%, Zl =80 ¡;
ηtran m3: 100%, Zl=133 ¡;

ω 2 L2m
− R.
ZS∗ − R

(13)

Table I lists the parameters of resonance coils measured
by vector network analyzer (VNA) from a real coupling
system used in the final experiment [refer to sec. III-C]. The
efficiencies versus Zl under a constant k(=0.12), ηtran , ηcoil ,
′
and ηsys , are shown in Fig. 3. Three points, m1 , m2 , and
m3 are labeled to show an optimal Zl for each efficiency.
′
Zl,opt is the optimal Zl for a maximum ηsys . It can be
seen that the optimal Zl ’s for the efficiencies are different. A
subsystem-level optimization, such as for ηtran or ηcoil , does
not necessarily guarantee an optimal overall system. There are
complicated interactive relationships among the subsystems
and various uncertainties (such as variations in relative position
of coils and load) in a real WPT system. System-level analysis
and optimization are important.
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′

ηsys is further analyzed under various k and Zl simulating
uncertainties in relative position of coils and load, respectively.
The results are shown in Fig. 4. The optimal load Zl,opt
′
′
versus k and its corresponding maximum ηsys (ηsys,max ) are
summarized in Fig. 4(c). The subfigure shows that a high
system efficiency can be maintained within a wide range of k,
′
and the maximum efficiency, ηsys,max , is increased when k is
increased. As shown in Fig. 5, in the conventional S-parameter
simulation, for a large k such as 0.2, the resonance frequency
′
split is observed, and the system efficiency, ηsys , at the
targeted 13.56 MHz is reduced (red curve). This observation
is explained by the constant 50 Ω load (Zl ); while under the
′
optimal load Zl,opt , the maximum system frequency ηsys,max
′
is achieved (black curve). Therefore in Fig. 4(c), ηsys,max is
actually increased with an increasing k. These results indicate
that for a WPT system working in a dynamic environment,
its overall efficiency can be improved by tracking the optimal
load, i.e., Zl,opt in Fig. 4(c).

Zl = Zl ,opt
Z l = 50¡

η’sys

13.56 MHz

Frequency˄MHz˅

Fig. 5. Efficiency comparisons for Zl = Zl,opt and Zl = 50 Ω when
k = 0.2.

ηcoil
Pi

Pin

Zl

ηrec

PRin

Zin

Pr
+
Zs=50¡
-

Coupling
system
RLC
model

Rin

ηtran
η’sys

Fig. 6. System configuration with a rectifier.

load resistance seen by the rectifier, that maximizes the system
′′
efficiency. Similarly, the overall system efficiency ηsys here is
defined as
′′
PRin
ηsys =
= ηtran · ηcoil · ηrec ,
(19)
Pi

k
Z l ˄¡˅

(a)
’ PD[
ηV\V

Zl ,opt (¡)

k

0

Z l˄¡˅

(b)

k
(c)

′

Fig. 4. ηsys under different Zl and k. (a) 3D view. (b) 2D view. (c) Optimal
Zl ’s (Zl,opt ).

C. System with Rectifier
In the above subsection, the impedance Zl is the equivalent
input impedance of the following subsystems, among which
usually a rectifier is included. For a conventional full-bridge
rectifier, as shown in Fig. 6, there exists an optimal Rin , the

where PRin is the power received by the load Rin . An
′′
optimal Rin (Rin,opt ) is determined in such a way that ηsys
is maximized. Due to the nonlinear nature of rectifiers and
complex model of Schottky diodes, it is difficult to derive
the exact analytical expression of Rin,opt . Instead a nonlinear
circuit simulation tool, the Advanced Design System (ADS)
from Agilent, is used to evaluate the various efficiencies, ηtran ,
′′
ηcoil , ηrec , and ηsys . ηrec is the efficiency of the rectifier.
As discussed above, in MHz WPT systems, the power
reflection becomes much more obvious than that in kHz
systems. This requires simulation software to be able to
analyze the impedances at different ports. The conventional
simulation software for power electronics can provide accurate
circuit-level analysis in time domain. However, they are not
suitable for analyzing impedances in frequency domain. Here
the widely-used RF software, ADS, is introduced in order to
analyze the power reflection and the subsystem efficiencies.
ADS can provide Large-Signal S-Parameter (LSSP) simulation
and Harmonic Balance (HB) simulation simultaneously. LSSP
computes the S-parameters, gives the impedances at different
ports, and evaluates ηtran ; while HB is a frequency-domain
analysis tool for simulating distortion in nonlinear circuits and
systems. HB can obtain voltages and currents in frequency
domain, and thus directly calculate the steady-state spectral
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content of voltages or currents in MHz WPT systems. Finally,
the inputs and outputs at different ports are used to analyze
the efficiencies such as ηcoil and ηrec . In the ADS-based
simulation, the power source is a port of 40 Watts with 50
Ω source impedance. The rectifier circuit is built using the
Pspice model of the SiC Schottky diodes (STPSC406 from
STMicroelectronics, the diodes used in the final experimental
system). The model is imported into ADS for the LSSP and
HB simulation.
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’’
ηV\V

m4
m2

m3
m1
(Rin,opt )

k

η’’sys m1: 73.0%,
ηcoil m2: 89.3%,
ηtran m3: 84.9%,
ηrec m4: 98.1%,

Rin˄¡ ˅

(a)

Rin=156 ¡;
Rin=99 ¡;
Rin=179 ¡;
Rin=500 ¡;

Rin (¡)

’’
ηsys,
max

Rin ,opt (¡ )

k

Fig. 7. Comparison on efficiencies by sweeping Rin when k = 0.12.

Fig. 7 shows the efficiencies versus Rin under a constant
mutual-inductance coefficient k(=0.12). It can be seen that ηrec
′′
is almost constant over a wide range of Rin , and ηsys is now
′′
determined by the product of ηtran , ηcoil and ηrec . Again ηsys
is further analyzed under various k and Rin . The results are
shown in Fig. 8. The optimal load resistance, Rin,opt versus
′′
k and its corresponding ηsys are summarized in Fig. 8(c).
Similarly, tracking of the optimal load resistances, Rin,opt ’s,
can maintain a maximum system efficiency ηsys,max′′ under
a specific k.
′
Meanwhile it should be noticed that compared to ηsys in
′′
Fig. 4(c), the maximum ηsys in Fig. 8(c) is not monotonic
′′
anymore. With an increasing k, ηsys first increases, and then
starts to actually drop. This result seems to be against the
usual experience that a stronger coupling of the coils leads to
a higher system efficiency. It is because the discussion here
focuses on the effect of the load, Rin . In order to further
investigate this phenomenon, all the maximum efficiencies
versus k are compared in Fig. 9, i.e., with their respective
optimal Rin ’s. It can be seen that
1) maximum ηcoil increases with a larger k, which matches
the usual experience;
2) maximum ηrec is almost constant, i.e., a limited influ′′
ence on ηsys ;
3) maximum ηtran starts to drop when k is larger than a
certain value (about 0.03 here).
′′

Therefore ηsys is significantly influenced by ηtran . In the
Smith chart, Fig. 10, the input impedance seen by the PA, Zin ,
is plotted under different Rin when k = 0.01, 0.1 and 0.2,
respectively [also refer to Fig. 6]. The PA source impedance
is 50 Ω, i.e., the origin “O” in the Smith chart. The power

0 100 200 300 400 500

R in˄Ω

k

˅

(b)

(c)

′′

Fig. 8. ηsys under different Rin and k. (a) 3D view. (b) 2D view. (c) Optimal
Rin ’s (Rin,opt ).

’’
ηsys
ηcoil
ηtran
ηrec

k
Fig. 9. Maximum efficiencies versus k.

reflection can be measured by the distance from the points
on the curves to the origin [28]. The larger the distance, the
smaller ηtran . For the blue curve (k=0.2), the shortest distance
from the points on it to the origin is the longest among
the three curves, i.e., a stronger coupling may actually lead
to a worse ηtran . This result explains the variations of the
′′
maximum ηtran and thus ηsys with an increasing k in Fig. 9.
As discussed in the previous subsection, power reflection can
be eliminated with the optimal load, Zl,tran,opt , i.e., a 100%
ηtran [refer to (13)]. However, when the rectifier is added, the
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Rin
Iin,dc

Vbf

L1

L2

Di1
S1

C2

D2

D1

Rl

Di2

C1

Boost

O

Iout Vout

S2

Buck

k=0.01
k=0.1

Fig. 11. Cascaded boost-buck converter topology.

k=0.2

Rin˄1 to 500 ¡ ˅
Fig. 10. The Smith chart for Zin under different Rin when k = 0.01, 0.1
and 0.2.

nonlinear behavior of the diodes makes it difficult to realize an
optimal Zl . Because the parasitic parameters of the diodes, especially the junction capacitance, become significant at MHz,
they will introduce the imaginary part to the actual Zl , and thus
make the impedance matching difficult by only adjusting Rin .
Theoretically, an impedance matching network can be inserted
between circuits to minimize the power reflection. Thus the
usual experience is still correct that a stronger coupling of
the coils leads to a higher system efficiency. However, as
mentioned in the introduction section, the impedance matching
network itself may introduce additional power loss, extra space
and weight to the system. Besides, in a dynamic environment,
the load may represent a changing impedance over time. This
means a fixed design of impedance matching network may not
function at its designed performance. In the following section,
a boost-buck converter is used to provide an equivalent optimal
load resistance, i.e., Rin,opt , seen by the rectifier. The DC-DC
converter is controlled to track the optimal load resistances
in a dynamic environment such as with changing of relative
position between coils and load characteristics over time, and
thus maintain a high overall system efficiency. The tracking
scheme can also alleviate the need of a tunable impedance
matching network.
III. T RACKING OF O PTIMAL L OAD
A. Cascaded Boost-Buck Converter
DC-DC converters can be utilized to control equivalent load
resistance, Rin , seen by the rectifier. In Ref. [27], six basic
DC-DC converter topologies, buck, boost, buck-boost, Ćuk,
Single-Ended Primary-Inductor Converter (SEPIC) and Zeta
converters, are first reviewed; then a new cascaded boost-buck
DC-DC converter is proposed to provide an optimal equivalent
load resistance through static control. In this paper, dynamic
control (i.e., tracking) of the DC-DC converter is discussed
based on the above efficiencies analysis. This feedback-based
control enables the tracking of the optimal load resistance,
Rin,opt in a dynamic environment, where there are variations
in relative position of coils (∆k) and load characteristics
(∆Rl ), etc [see Figs. 6 and 8(c)].

The topology of the cascaded boost-buck converter is shown
in Fig. 11. Here Vin,dc , Vout , Iin,dc and Iout are the input
and output voltages and currents of the DC-DC converter,
respectively. Vbf is buffer capacitor (C1 ) voltage. D1 and D2
are the duty cycles of the switches S1 and S2 , respectively.
In the buck mode (S1 OFF), assuming there is no power loss,
then
2
Vin,dc
V2
= out .
(20)
Rin
Rl
Since
Vout = D2 Vbf and Vbf = Vin,dc ,
then
Rin =

Rl
.
D22

(21)

(22)

Since the duty cycle D2 can be controlled between 0 and 1,
the range of the equivalent load resistance Rin is from Rl to
+∞. Similarly, in the boost mode (S2 ON), its input resistance
is
Rin = (1 − D1 )2 Rl ,
(23)
namely a Rin from 0 to Rl . Thus the cascaded connection of
the boost and buck converters provides a general solution to
match the equivalent load resistant to any specific value from
0 Ω to +∞, while the conventional ”single-switch” buck-boost
converter is inconvenient due to its opposite polarity between
input and output. The behavior of the cascaded converter is
also convenient to control and predict because the boost and
buck converters can be separately analyzed. Compared with
the conventional ”single-switch” topologies, this boost-buck
”two-switch” topology is attractive here due to its easiness in
analysis, control, and implementation. In real applications, if
the ranges of variation in the real load and relative position
of coils are pre-known, it is possible to apply the ”singleswitch” buck or boost converter, thus further improve the
overall system efficiency.
For the cascaded DC-DC converter,
Vbf =

1
Vin,dc
1 − D1

(24)

and
Vout = D2 Vbf .

(25)

Again assuming zero power loss, from (20), the equivalent
load resistance can be derived as
)2
(
1 − D1
Rl .
(26)
Rin =
D2
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TABLE II
PARAMETERS OF THE C ASCADED B OOST-B UCK C ONVERTER
S1 , S2
Di1 , Di2
L1
L2
C1
C2

IFR540N (IR)
BYV29 (NXP)
4 mH
1 mH
3∥470 uF
470 uF

Here a new control parameter D is defined as
D = D1 + D2 .

(27)

Therefore in the buck mode,
D1 = 0 and D = D2 ,

(28)

and in the boost mode,
D2 = 1 and D = 1 + D1 .

(29)

By controlling D between 0 and 2, the two modes can be
smoothly switched. For a fixed Rl , the larger D, the smaller
the equivalent load resistance Rin .
Here the efficiency of the cascaded boost-buck DC-DC
converter is analyzed using PSIM, an electronic circuit simulation software package developed by Powersim. This is
because that ADS can not analyze the time-domain behavior
of the DC-DC converter with the S-parameters. However
the DC-DC converter should be analyzed as a subsystem in
the entire MHz WPT system. The solution is to record the
output power of the rectifier in ADS and use the data as the
input for the DC-DC converter in PSIM. Table II lists the
parameters of the cascaded boost-buck DC-DC converter in the
simulation [refer to Fig. 11]. This DC-DC converter is used in
the final experimental system. Fig. 12 shows the efficiency and
input power of the DC-DC converter versus Rin when k=0.12.
′′
The input power is proportional to the system efficiency, ηsys ,
as discussed in sec. II.C. Again, the input power is maximized
when Rin reaches its optimal value, Rin,opt . A high efficiency
of the DC-DC converter, about 95 %, is maintained in a wide
range of Rin . Thus adding the cascaded DC-DC converter does
not significantly affect the value of Rin,opt and the overall
efficiency of the final system.

ηGFGF
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B. P&O-based Tracking
As shown in Figs. 7 and 8, for a specific mutual-inductance
coefficient, k, there is a single load resistance Rin that enables
the maximum system efficiency. In a real WPT system, various
variations exist such as in relative position of coils and load
characteristics. Tracking of the optimal load resistance is
important to ensure a high overall efficiency of the WPT
system. Similar consideration can be found in the well-known
maximum power point tracking (MPPT) technique, which is
widely applied in photovoltaic systems [29]. Unlike MPPT,
here the purpose of the tracking is to maximize the overall
system efficiency, and the target is determined through a
system-level approach, i.e., based on the interactions among
subsystems both before and after the DC-DC converter.
In order to verify the tracking of the optimal load resistance, a simple perturbation and observation (P&O) method is
implemented in the following experiments [29]. Its flowchart
is shown in Fig. 13, where n is the newest sampling instant.
Vout,n and Iout,n are the sampled load voltage and current,
respectively. Pi,n is the sampled incident power from PA.
System efficiency ηsys,n is defined in (1). D is the control
parameter that adjusts the equivalent load resistance seen by
the rectifier, i.e., Rin . A small and constant perturbation,
∆D, is applied in a step-by-step manner in order to change
the equivalent load resistance. Following each perturbation,
the system efficiency variation ∆ηsys (=ηsys,n -ηsys,n−1 ) is
measured. If ∆ηsys is positive, the adjusted equivalent load
resistance approaches its optimal value, and thus a perturbation
with a same sign needs to be applied in the following stage.
On the contrary, a negative ∆ηsys indicates that the current
equivalent load resistance deviates from the optimal value, and
a perturbation with an opposite sign has to be applied. This
procedure is iteratively repeated until the optimal load resistance is reached. In this P&O-based tracking, three feedback
signals are needed, the voltage and current of the load (Vout
and Iout ) and the incident power from PA (Pi ).
Initialization
Iout,n ˈVout,n ˈPi,n

ηsys,n = Iout,n•Vout,n/P i,n

PRin

Yes
Yes
Dn =Dn-1+∆D

The efficiency of the DC-DC converter
The input power of the DC-DC converter

Dn>Dn-1

ηsys,n > ηsys ,n-1
No
Dn =Dn-1-∆D

Yes
Dn =Dn-1-∆D

No
Dn>Dn-1

No
Dn =Dn-1+∆D

Dn-1 = Dn

ηsys,n-1 = ηsys,n
Fig. 13. Flowchart of the P&O-based tracking.

Rin

Fig. 12. Efficiency analysis of the cascaded boost-buck DC-DC converter
when k=0.12.

C. System Implementation
The system configuration for the tracking of the optimal
load is shown in Fig. 14. In the system, the bidirectional
coupler provides a signal sample for measurement of the
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Pi

Rl

Vout ˈIout

Controller

Fig. 14. System configuration for the tracking of the optimal load.

incident power (Pi ) from PA. This signal is detected by
the power sensor and converted to an analog signal. The
controller receives the three feedback signals, Pi , Vout and
Iout , and implements the P&O-based tracking. Finally, D1
and D2 , the duty cycles for the boost-buck DC/DC converter,
are determined based on the control parameter D [refer to
Eqs. (28)(29)].
The final experimental WPT system is illustrated in Fig. 15,
which consists of a 13.56 MHz class-D PA, a power sensor
(Mini-Circuits ZX47-40LN-S+) for for the sensing of the
incident power (Pi ), two resonance coils, a rectifier using
SiC Schottky diodes, a cascaded boost-buck DC-DC converter,
a NI CompactRIO-based data acquisition (DAQ) and control
system, and an electronic load. The incident power from PA
(Pi ) is measured by the power sensor and feedbacked to
the DAQ system. The voltage and current of the load (Vout
and Iout ) are sampled through an I/V sampling board. The
P&O-based tracking control and the following duty cycle
control of the DC-DC converter are both implemented using
the NI CompactRIO embedded control system. Besides the
I/V sampling board, the cascaded DC-DC converter is also
designed and fabricated in house. The switching frequency of
the DC-DC converter is 20 kHz, and its dimension is 220
mm×160 mm.

′

analysis on the system efficiency. O and O are aligned and
the receiving coil moves along the z-axis. Under a specific
distance between coils, z, the relationship between system
efficiency ηsys and Rin , the load resistance after the rectifier, is
shown in Fig. 16(a). Rin is tuned using the electronic load. The
maximum system efficiency and the optimal load resistance
versus the mutual-inductance coefficient, k, are plotted in
Fig. 16(b). This experimental result is consistent with the
previous analysis [see Fig. 8(c)].
ηV\V
ĜĜ

z=70 mm (k=0.115)
z=90 mm (k=0.085)
z=110 mm (k=0.070)
z=130 mm (k=0.058)
z=150 mm (k=0.050)

Rl˄¡˅

(a)

ηV\V
ĜĜ PD[

Rin,opt (¡)

IV. E XPERIMENTAL R ESULTS
In the following experiments, 40 Watts incident power from
the 13.56 MHz PA is chosen to demonstrate a medium power
transfer capability. The coupling system is composed of two
identical five-turn helical coils with a diameter of 320 mm.
The relative position of coils is illustrated in Fig. 15(b). O
′
and O are the centers of the emitting and receiving coils,
respectively. In the three dimensional coordinates, the center
of the emitting coil, O, is the origin of the coordinates, i.e.,
(0,0,0). The x, y, z are distances between the centers, O and
′
O , of the two coils in x, y, and z directions, respectively. In
the experiments, the relative position of the coils is represented
′
by the location of O (the center of the receiving coil) in its
three dimensional coordinates, (x, y, z).

k
(b)
Fig. 16. System static characteristics. (a) System efficiency versus different
coil distance z and Rin . (b) Maximum system efficiency and optimal load
resistance versus k.

B. Variation in Load Resistance
′

A. Static Characteristics
First the electronic load is directly connected with the
rectifier. The cascaded DC-DC converter is not included in
this case. The static characteristics of the real experimental
WPT system is measured in order to validate the previous

In this experiment, O is fixed at (0,0,100), i.e., a constant
k [see Fig. 15(b)]. The cascaded boost-buck converter is controlled to implement the P&O-based tracking of the optimal
load. The initial D is 1, and the perturbation ∆D is selected as
0.05. The system efficiency (ηsys ) curves versus D for three
load resistances (Rl ), 20, 100 and 500 Ω, are measured in
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Fig. 15. The experimental WPT system. (a) Overall system. (b) Relative position of coils. (c) Power sensor. (d) I/V sampling board. (e) Cascaded DC-DC
converter.

steady state and shown in Fig. 17(a) with different colors.
Those data is calculated and recorded using the NI CompactRIO based DAQ and control system. The experiment starts
from time t0 with 20 Ω load resistance. The optimal load resistance under the constant k is reached at t1 by the feedbackbased control of the parameter D [refer to Eqs. (22)(23)(27)(29)]. At time t2 , the load resistance Rl is switched from 20
Ω to 100 Ω. Since the equivalent load resistance seen by the
rectifier deviates from its optimal value, a quick drop of the
system efficiency is observed. Through the tracking control
using the cascaded DC-DC converter (i.e., the adjustment of
D), the optimal load resistance is reached again at t3 , thus a
high system efficiency is achieved, which is consistent with the
previous theoretical analysis. A similar procedure is repeated
at t4 and t5 , when the load resistance is changed from 100 Ω
to 500 Ω [refer to the tracking trajectory in black]. Besides
the tracking trajectories, the waveforms at the changing points
are also shown in Fig. 17(b). It can be seen that the optimal
load resistance under the constant k is successfully tracked at
t1 , t3 and t5 for the three real load resistances, 20, 100 and
500 Ω, respectively.
C. Variation in Relative Position of Coils
This experiment demonstrates the tracking under a constant
load resistance, Rl (=100 Ω) and a varying relative position of
′
coils, i.e., variation in k. The initial position of O is (120,
0, 70) [see Fig. 15(b)]. Fig. 18(a) shows the three colorful
efficiency curves versus D for three positions, x = 0, 60

and 120 mm with fixed y(= 0 mm) and z(= 70 mm), which
again are measured in steady state. And the waveforms at the
changing points are shown in Fig. 18(b). The relative position
is adjusted from x = 120 mm to x = 60 mm at t2 , and then
from x = 60 to x = 0 at t4 . Again at t2 , a quick drop of
the system efficiency is observed because the equivalent load
resistance seen by the rectifier deviates from its optimal value
due to the variation of k. Through the P&O-based tracking
control (i.e., the adjustment of D), the optimal load resistance
under the newest k is reached at t3 that corresponds to the
position of x= 60 mm. A similar procedure is repeated at t4
and t5 , when x is changed again from 60 mm to 0 mm [refer
to the tracking trajectory in black]. As shown in Fig. 18(a)(b),
the various optimal load resistances are reached at t1 , t3 and
t5 , after the variation occurs in the relative position of coils,
and thus k.
D. Operating Waveforms and Discussions
Fig. 19 shows the example waveforms for the coupling
system, the rectifier, and the cascaded DC-DC converter when
the MHz WPT system is in its steady-state operation. Here
′
O is (0,0,70) and Rl is 100 Ω, namely the state at t5 in
Fig. 18. As shown in Fig. 19(a), harmonic waves exist in
the input voltage and current of the coupling system. This
is because it is standard to tune RF power amplifiers for
matching a 50 Ω load, but the matching of the optimal load
(i.e., Rin ) alone is not able to fully meet this requirement,
i.e., a 50 Ω load seen by the RF PA. As discussed in sec. II.C,
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(b)
Fig. 17. Tracking of optimal load resistances with a varying Rl . (a) Tracking
trajectory. (b) Time response.

although theoretically an impedance matching network could
be inserted, the network itself will introduce additional power
loss, extra space, and weight. Especially it is complicated to
design a tunable impedance matching network when the load is
changing over time [26]. As shown in the above experimental
results, the tracking of the optimal load using the cascaded
DC-DC converter minimizes the effect of a dynamic load to
the system efficiency. It also alleviates the requirements on
the impedance network. Besides, for the coupling system, its
input current lags behind its input voltage, namely an inductive
Zin . This is consistent with the previous analysis using the
Smith chart in Fig. 10. In the Smith chart, the upper half
circle corresponds to inductive impedances.
Fig. 19(b) shows the input voltage and current for the
rectifier. There is relatively large harmonic distortion due to the
nonlinear behavior of the diodes at MHz. The waveforms are
quite different with those of rectifiers working at frequencies
in conventional power electronics (kHz or lower). It is known
that at high frequencies, the parasitic capacitance of diodes
becomes obvious. Thus they cannot be treated as an ideal
passive switch any more. Because of the different nature of the
MHz WPT systems, it is important to analyze the impedance
matching based on the transmission line theory [28]. The input

Time ˄s˅
(b)
Fig. 18. Tracking of optimal load resistances with a varying k. (a) Tracking
trajectory. (b) Time response.

voltage and current of the DC-DC converter are shown in
Fig. 19(c). The equivalent Rin (about 180 Ω) can be directly
calculated, and its value, 180 Ω, is consistent with the optimal
load resistance for z=70 mm in Fig. 16(a) [see the black
curve].
Finally, Fig. 20 gives the overall maximum system efficiency, ηsys,max , under different mutual inductance coefficient
k when Rl = 100 Ω [refer to (2)]. Its basic trend is similar
′′
to that of ηsys in Fig. 16(b), where the DC-DC converter is
not included. This verifies the limited influence of the DC-DC
converter on the overall system performance.
V. C ONCLUSION
In this paper, a detailed analysis is carried out on the
efficiencies of a WPT system at both circuit and system levels.
It is derived and experimentally verified that under a specific
mutual inductance between the emitting and receiving coils,
there exists an optimal load resistance for a high system
efficiency. The tracking system for the optimal load is then
developed using the P&O-base algorithm and hardware such as
the cascaded boost-buck DC-DC converter, efficiency sensing
system, and a controller. A 13.56 MHz WPT system is
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demonstrated experimentally to validate the efficiency analysis
and the feedback-based tracking control. At a power level of 40
Watts, the overall system efficiency from the source to the final
load is maintained about 70% under various load resistances
and relative positions of coils. Future direction of this work is
to extend the analysis and control into a multi-receiver WPT
system, in which an optimized power distribution among the
multiple receiving coils need be studied.
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