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Abstract—The efficiency of wireless power transfer (WPT) sys-
tems is highly dependent on the load, which may change in a wide
range in field applications. Besides, the detuning of WPT systems
caused by the component tolerance and aging of inductors and ca-
pacitors can also decrease the system efficiency. In order to track
the maximum system efficiency under varied loads and detuning
conditions in real time, an active single-phase rectifier (ASPR) with
an auxiliary measurement coil (AMC) and its corresponding con-
trol method are proposed in this paper. Both the equivalent load
impedance and the output voltage can be regulated by the ASPR
and the inverter, separately. First, the fundamental harmonic anal-
ysis model is established to analyze the influence of the load and the
detuning on the system efficiency. Second, the soft-switching con-
ditions and the equivalent input impedance of ASPR with different
phase shifts and pulse widths are investigated in detail. Then, the
analysis of the AMC and the maximum efficiency control strategy
are provided in detail. Finally, an 800-W prototype is set up to val-
idate the performance of the proposed method. The experimental
results show that with 10% tolerance of the resonant capacitor in
the receiver side, the system efficiency with the proposed approach
reaches 91.7% at rated 800-W load and 91.1% at 300-W light load,
which has an improvement by 2% and 10% separately compared
with the traditional diode rectifier.

Index Terms—Active rectifier, maximum efficiency point track
(MEPT), measurement coil, phase shift, wireless power transfer
(WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology has the
advantage of canceling the twisted electrical wires by

transferring energy through a relatively large air gap with mag-
netic field [1]. In recent years, the WPT technology based on
electromagnetic coupling has been attracting many researchers’
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attentions and widely adopted throughout the world. With the
merit of safety and convenience, it has been applied to many ap-
plications, such as biomedical plant [2], underwater equipment
[3], mobile phone [4], electrical vehicles [5]–[9], and even the
trains [10], [11]. The power levels of WPT systems range from
milliwatt [12] to megawatt [11].

Overall efficiency of a WPT system is one of the most im-
portant performances concerned by the public, especially for
the high-power-level applications [13]. Some optimal methods,
such as compensation parameter optimization [14], optimizable
circuit structure [15], and operating frequency selection [16],
have been proposed to improve the efficiency under some cir-
cumstances. However, the equivalent resistance of the load, for
example, the battery, can go from 3.6 to 560 Ω dependent on
its charging profile [17]. The various equivalent loads for WPT
systems affect the overall efficiency dramatically. Moreover,
the tolerance of components can also influence the system ef-
ficiency. Therefore, a WPT system without feedback control is
hard to maintain a high overall efficiency all the time.

To address this problem, the active maximum efficiency point
tracking (MEPT) method has been proposed to overcome the
variation of load resistance. Generally, these methods employ
power electronic converters, such as semibridge rectifier [18],
full-bridge rectifier [19], dc/dc converters [20]–[23], etc., to
achieve the maximum efficiency by altering the equivalent load
resistance in real time with the assumption that the WPT system
is completely tuned. These methods can roughly be divided
into two categories: 1) model-based approaches [18]–[20]; and
2) “perturb-and-observe” (P&O)-based approaches [21]–[23].
For the model-based approaches, the maximum efficiency is
achieved by adjusting the pulse width of the semibridge rectifier
[18], [19] or the conduction angle of the dc/dc converter [20]
according to the mathematic models on circuit parameters and
efficiency. For the P&O approaches, a dc/dc converter in the
transmitting side [21], [22] or in the receiver side [21], [23] is
used to search for the maximum efficiency point by perturbing
the conduction angle of the converter, calculating the efficiency
and then updating the perturbation direction.

Most of the researches mentioned above are based on the ideal
resonant condition of WPT systems, but it is difficult to guaran-
tee that it is true under various working conditions in practice.
Due to the component tolerance and aging of the inductors and
capacitors in severe conditions, the circuitry parameters may

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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slightly drift away from the nominal one and the system would
detune afterward. The reactance mismatch caused by detuning
can have great influence on the system output power and effi-
ciency so that the performance of the overall system will degrade
accordingly. In order to adjust the load reactance and tune the
system’s resonance, the capacitor arrays are utilized in [24] and
[25] by switching the connection of the capacitors so that the
system can be maintained resonant. These methods can, then,
improve the system efficiency.

As the approaches mentioned above just have one degree of
control freedom, either the equivalent resistance or the reactance
of the overall system can be regulated. Therefore, the maximum
efficiency point cannot be maintained under load variation con-
ditions and reactance mismatch conditions. In order to overcome
this drawback, another degree of freedom should be added to
the control method to track the maximum efficiency point by
altering the equivalent load reactance and resistance, simultane-
ously. In [26], a phase-shift control of a semibridge rectifier is
proposed. The equivalent impedance related to the pulse width
and the phase shift of the semibridge rectifier is derived. With
this method, the output voltage of the system can be regulated
without communication between the receiver and transmitter.
In [19], a method that controls the phase shift of the active rec-
tifier and its output voltage level to adjust the load impedance
is proposed to improve the system efficiency. Two degree free-
doms of the control strategy, the pulse width and the phase shift
of the rectifier, are employed to adjust the load reactance and
resistance. This method does improve the overall efficiency of
the WPT system with the assumption that the coupling coeffi-
cient and the drift reactance are known beforehand. The pulse
width and phase shift angle can be solved offline and then the
results can be implemented online to improve the efficiency
with the help of optimization methodology. Both [19] and [26]
provide useful methods to change the equivalent impedance
of active rectifier and supply topologies with two one degrees
of control freedom for the MEPT, but how to measure and
calculate the reactance that should be compensated under non-
resonance condition and how to track the maximum efficiency
point under various conditions in real time need to be further
investigated.

In this paper, an active single-phase rectifier (ASPR) with an
auxiliary measurement coil (AMC) and a corresponding control
method are proposed for the MEPT in various conditions, such
as reactance mismatch conditions and various load resistance
conditions. Owing to the AMC circuit and a decoupling trans-
former, the phase of induced voltage in the receiver side can
be measured directly and then the resonant condition is able to
be criticized by calculating the phase difference between the
induced voltage and the receiver current. In addition, a MEPT
control method is proposed to maximize the system efficiency
for reactance mismatch and varied loads in real time. With the
property of ASPR, a decoupled control of the equivalent load
resistance and reactance can be achieved by applying the con-
duction angle and phase-shift strategy of ASPR. This control
method can not only cancel the reactance of the receiver side
caused by component tolerance, but also adjust the equivalent
load resistance to be the optimal value for maximum efficiency.

Fig. 1. Fundamental harmonic analysis model of a typical SS topology-based
IPT system and its equivalent decoupling circuit. (a) Fundamental harmonic
analysis model. (b) Equivalent circuit.

Meanwhile, the output voltage can be regulated by changing the
pulse width of the power supply inverter.

This paper is organized as follows: Section II analyzes the
output voltage and system efficiency based on the fundamen-
tal harmonic analysis model of the WPT system. Section III
describes the soft-switching conditions and analyzes the equiv-
alent input impedance of ASPR. The tuning principle based on
AMC and the MEPT control method is proposed in Section IV
and validated by experiments in Section V. Finally, the conclu-
sion is drawn in Section VI.

II. THEORETICAL ANALYSIS

A. System Modeling

In order to analyze the circuit characteristic, the fundamental-
harmonic analysis model of a series–series (SS) compensation
topology-based WPT system is employed, as shown in Fig. 1(a).
The voltage source V̇P is assumed to be sinusoidal with the an-
gular frequency ω and the transmitter’s current İP is fed into
the resonant tank to energize the transmitter coil. Then, the
power is transferred from the transmitter to the receiver through
a loosely coupling transformer with the coupling coefficient of
k = M/

√
LPLS , where LP , LS , and M are the transmitter’s

inductance, the receiver’s inductance, and their mutual induc-
tance. CPand CS are resonant capacitors adopted to compensate
LP and LS . The equivalent-series resisters (ESR) of the coils
RPand RSare taken into account for the purpose of analyzing the
efficiency with the assumption that RP and RS are not changed
with ambience temperature. RLeq is the equivalent ac load re-
sister that stands for the input resistance of the high-frequency
rectifier.

For the convenience of analysis, the transmitter and the re-
ceiver are decoupled by adding two current-controlled voltage
sources, as shown in Fig. 1(b). According to the Kirchhoff’s
voltage law, the system can be described by the following equa-
tions:

{
V̇P = ZP İP + jωMİS

0 = jωMİP + ZS İS + RLeq İS
. (1)
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TABLE I
PARAMETERS OF THE WPT SYSTEM FOR ANALYSIS

Symbol Parameter Value Unit

f Inverter frequency 30 kHz
RP Transmitter coil ESR 0.1 Ω
LP Transmitter coil inductance 252 μH
RS Receiver coil ESR 0.1 Ω
LS Receiver coil inductance 246 μH
M Mutual inductance of transmitter and receiver side coils 46.32 μH
RL e q Equivalent ac load resister [5, 10 000] Ω
XS Reactance in the receiver side [−10, 10] Ω

According to the circuitry analysis, the impedance of the
transmitter and receiver are given by{

ZP = jωLP + (jωCP)−1 + RP = jXP + RP

ZS = jωLS + (jωCS)−1 + RS = jXS + RS
(2)

where ω is the operating angular frequency. XP (XS ) is the
equivalent impedance of transmitter’s (receiver’s) inductance
and capacitor. When the transmitter (receiver) is under resonant
condition, XP (XS ) is equal to zero and the transmitter (receiver)
side is fine tuned.

B. Output Voltage Gain Analysis

By substituting (2) into (1), the currents of the transmitter and
the receiver can be derived accordingly as follows:

İP = V̇P (NPR + jNPI) /DP

İS = V̇P (NSR + jNSI) /DP (3)

where

NPR = M 2ω2 (RS + RLeq) + RP

[
(RS + RLeq)

2 + X2
S

]
NPI = −XP(RS + RLeq)2 + M 2ω2XS − XPX2

S

NSR = Mω(RPXS + RSXP + XPRLeq)

NSI = Mω(XPXS − ω2M 2 − RPRS − RPRLeq)

DP = (X2
P + R2

P)
[
(RS + RLeq)

2 + X2
S

]
+ 2M 2ω2

× (−XPXS + RPRLeq + RPRS + M 2ω2/2). (4)

The voltage gain is denoted by the ratio of the output voltage
and the input voltage as follows:

GVV = RLeq İS/V̇P = RLeq (NSR + jNSI) /DP . (5)

In this paper, an ASPR with an AMC and a corresponding
control method are proposed for the MEPT in various condi-
tions, such as reactance mismatch conditions and various load
resistance conditions. Owing to the AMC circuit and with the
system parameters listed in Table I, the voltage gain GVV against
RLeqand XS is plotted in Fig. 2 to illustrate the effect of the two
coresponding variables RLeqand XS on the voltage gain. RLeq
varies from 5 Ω to 10 000 Ω. XP is set to be zero. XS indicating
the nonresonance condition in the receiver side is set in the range
from −10 Ω to 10 Ω. The voltage gain GVV becomes larger

Fig. 2. Voltage gain GVV against equivalent load RLeq and reactance XS in
the receiver side.

Fig. 3. Transmitter current IP and current–voltage gain GIV against XS .

as RLeq increases in a wide range. When RLeq is larger than
10 000 Ω, GVV gradually approach to a limited constant value.

The effect of XS on the voltage–voltage gain is not apparent,
as shown in Fig. 2, but the existence of XS can increase the trans-
mitter side’ current IP and the current–voltage gain GIV of the
system is decreased, as shown in Fig. 3. That is because the exis-
tence of XS decreases the reflected impedance of the receiver in
the transmitter side. If the input voltage is fixed, IP will increase
for largerXS . However, IP should be limited in order to protect
the inverter, resonant capacitor, and transmitter coil. Therefore,
for a given limitation of IP , the output voltage of the system
in resonance condition is larger than that of the system in non-
resonance condition according to the GIV in Fig. 3. If the load
resister is fixed for a given limitation of IP , the maximum output
power is also larger in resonance condition than that in nonreso-
nance condition. The compensation of receiver side’s reactance
XS is of significance for the improvement of output voltage and
power for a given limitation of transmitter side’s current.

C. Maximum Efficiency

The input power and the output power can be derived from
(1) and (3), respectively

Pin = Re
[
V̇P · (İP)

∗]
= V̇P V̇PNPR/DP

Pout = Re
[
V̇P · (İS)

∗]
= V̇P V̇Pω2RLeq/DP . (6)
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Fig. 4. System efficiency with equivalent load RLeq and reactance XS in the
receiver side.

Then, the overall system’s efficiency can be derived by the
ratio of the input power and the output power

η =
Pout

Pin
=

ω2M 2RLeq

NPR

=
ω2M 2RLeq

M 2ω2 (RS + RLeq) + RP

[
(RS + RLeq)

2 + X2
S

] . (7)

According to (7), the system efficiency has no relation to XP ,
but it is a function against XS and RLeq asXS is a part of the
denominator of (7). It means that the larger the reactance of
the receiver side is, the lower the system’s efficiency will be.
Therefore, XS is needed to be suppressed as much as possible
in order to improve the system efficiency. With the parameters
listed in Table I, the system efficiency as a function against XS
and RLeq is calculated and plotted in Fig. 4. It is obvious that the
system efficiency can go to maximum when XS is eliminated
for a given load resistanceRLeq . Besides, there is an optimal
load resistance for the maximum system’s efficiency under the
condition where XS = 0. The optimal load resistance, thus, can
be solved by setting its derivative to be zero as follows:

dη

dRLeq

∣∣∣∣
XS =0

= 0. (8)

Then, the optimal load resistance Ropt
Leq is yielded as

Ropt
Leq =

√
RS(M 2ω2 + RPRS)

RP
. (9)

Ropt
Leq is the function against RP , RS , and M for a fixed operat-

ing frequency WPT system. The WPT system fails to maintain a
high efficiency in all operating conditions as the equivalent load
resistance deviates from the optimal one. As a result, not only
the equivalent reactance of the receiver side should be elim-
inated, but also the equivalent ac equivalent resistance of the
rectifier should be maintained to the optimal value as close as
possible to achieve high efficiency.

It should be noted that RLeq for the large voltage gain
is different from the one for the maximum efficiency point

Fig. 5. Schematic of WPT system with ASPR.

Fig. 6. Operating waveforms of receiver’s current and the ASPR’s voltage.
(a) Situation A. (b) Situation B. (c) Situation C.

according to Figs. 2 and 4. The value of GVV is acceptable
under the load resistance for the maximum efficiency point
but a load resistance for high-voltage gain leads to low system
efficiency which should be avoided. As discussed above, GVV
is related to RLeq . A specific voltage gain under the maximum
efficiency point can be achieved by setting the corresponding
optimal load resistance, and the optimal load resistance can
be adjusted by designing the mutual inductance M between
the transmitter and receiver coil according to (9). Therefore,
the specific voltage gain under the maximum efficiency point
can be designed by adjusting the mutual inductance M , and
more effort should be paid on the optimization of whole system
efficiency under various load conditions for some applications.

III. WPT SYSTEM WITH ASPR

A. Circuit Analysis

The schematic of the WPT system with an ASPR is shown
in Fig. 5. An ASPR-based control strategy is adopted to im-
prove the performance of a WPT system by the pulse-width and
phase-shift control against the receiver’s current. The overall
impedance of load is fully controlled by altering the pulse-width
β of the ASPR and phase-shift ϕ between the first harmonic of
the receiver’s current and the input voltage of ASPR. Taking
the receiver’s current as reference, the operating waveforms of
the receiver’s current and the ASPR’s voltage are presented in
Fig. 6 to give the idea of the ASPR’s behaviors with the follow-
ing assumptions:

1) all the semiconductors are ideal without any parasitic re-
sistance and capacitor;
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Fig. 7. Main waveforms of situation A in six modes.

Fig. 8. Circuit analysis on six modes of situation A. (a) Mode ©1 . (b) Mode
©2 . (c) Mode ©3 . (d) Mode ©4 . (e) Mode ©5 . (f) Mode ©6 .

2) the voltage of the dc load bus remains constant.
As the ASPR is treated as a power receiver, the power goes

into the ASPR instead of coming out so that the integration
of the multiplication of current and voltage is supposed to be
positive. As a consequence, there are three possible situations it
may encounter with, as presented in Fig. 6.: 1) the voltage lags
behind the current with the current crossing zero from positive
to negative during the voltage pulse; 2) no matter the voltage
leads or lags the current, the whole voltage pulse stays within
the positive or negative current; and 3) the voltage leads the
current with the current crossing zero from negative to positive
during the voltage pulse.

Taking the situation 1 as an example, there are six following
operation modes according to the operation of switches and the
current direction, as shown in Figs. 7 and 8. vH1 and vH2 are

TABLE II
SOFT-SWITCHING ANALYSIS ON THREE OPERATING SITUATIONS OF THE ASPR

Situation A Situation B Situation C

©1 to ©2 HSOFFS7 HSOFFS6 SSOFFS8

SSONS8 SSONS5 HSONS7

©2 to ©3 HSOFFS6 SSOFFS8 SSOFFS5

SSONS5 HSONS7 HSONS6

©3 to ©4 No action No action No action
©4 to ©5 HSOFFS8 HSOFFS5 SSOFFS7

SSONS7 SSONS6 HSONS8

©5 to ©6 HSOFFS5 SSOFFS7 SSOFFS6

SSONS6 HSONS8 HSONS5

©6 to ©1 No action No action No action
Summary 2 HSOFF

4 HSOFF 2 HSON 4 SSOFF
4 SSON 2 SSOFF 4 HSON

2 SSON

the levels of the two points H1 and H2 of the ASPR, as shown
in Fig. 7.

Mode ©1 : During this interval, the switches S6 and S7 are
turned ON. As shown in Fig. 4, the cycle starts with positive
current IS and negative voltage UL . The current flows to the
negative polarity of the load through S6 and S7 . At that situation,
the power is delivered from the load capacitor to the circuit. By
hard–switching off S7 and soft-switching on S8 , the mode ©2

comes.
Mode ©2 : The equivalent voltage of ASPR is shorted. The

current flows through S6 and antiparallel diode D8 of S8 . At
this state, no power flows into or out of the load capacitor. By
hard-switching off S6 and soft-switching on S5 , the mode ©2

comes.
Mode ©3 : Although the switches S5 and S8 are turned ON,

the current flows into the load capacitor through the antiparallel
diodes D5 of S5 and D8 of S8 . No action is taken.

Mode ©4 : The current flows in negative polarity in this mode
through switches S5 and S8 . The power is extracted from the
load capacitor again as the Mode ©1 does. By hard-switching
off S8 and soft-switching on S7 , the mode ©5 comes.

Mode ©5 : The equivalent voltage of ASPR is shorted. The
current flows through S5 and antiparallel diode D7 of S7 . At
this stage, no power flows into or out of the load as Mode ©1
does. By hard-switching off S5 and soft-switching on S6 , the
mode ©5 comes.

Mode ©5 : Although the switches S6 and S7 are turned ON,
the current flows into the load capacitor through the antiparallel
diodes D6 of S6 and D7 of S7 . No action is taken. When the
direction of the current reverses, the mode ©5 comes.

During one cycle, four soft-switching on and four hard-
switching off are required because the voltage lags the current.
The whole cycle is operated under soft-switching condition
and the switching loss is limited. However, the other two
situations encounter with hard-switching on and the switching
loss occurs, as shown in Table II. HSOFF (HSON) stands
for hard-switching off (on), while SSOFF (SSON) stands for
soft-switching off (on).

As a consequence, it is recommended to design the ASPR to
be operated under situation 1 as much as possible and it needs
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Fig. 9. Waveforms of the input voltage, input current, and output current of
the ASPR.

to be avoided to let the ASPR operate in situation 3 where the
equivalent load impedance is inductive so that the switching loss
can be reduced.

B. Equivalent Impedance Calculation

The receiver rectifier voltage V̇rec is regulated by the ASPR
with parameters of the pulse-width β and the phase-shift ϕ
against reference İS , as shown in Fig. 9. The phase-shift ϕ
indicates the phase difference between the first-harmonic com-
ponents of V̇rec and İS . When V̇rec leads İS , ϕ is positive and
the load provides inductive reactance for the WPT system. Oth-
erwise, it provides capacitive reactance. The magnitude of the
first-harmonic components of V̇rec is determined by the pulse-
width β and the output voltage VO . The voltage V̇rec of the
ASPR is, thus, provided by

V̇rec =
2
√

2
π

VO · sin
(

β

2

)
· ejϕ . (10)

According to the waveform of the output current of the ASPR
iro in Fig. 9, the dc output current filtered by the output capacitor
Cd can be derived by

IO =
1
π

∫ −ϕ+ π
2 + β

2

−ϕ+ π
2 − β

2

√
2IS sin (ωt) dωt

=
2
√

2
π

IS sin
(

β

2

)
cos ϕ. (11)

By calculating the ratio of V̇rec and İS , the equivalent
impedance of the ASPR can be given as

ZLeq =
V̇rec

İS
= RLeq + jXLeq (12)

where RLeq and XLeqare the equivalent resistance and the re-
actance of the ASPR, respectively{

RLeq = 4
π 2 RLcos2 (ϕ) (1 − cos (β))

XLeq = 4
π 2 RL sin (ϕ) cos (ϕ) (1 − cos (β))

. (13)

Assuming the load resistrer RL is 30 Ω, the regulation ranges
of RLeq and XLeq are shown in Fig. 10 against β and ϕ. It is
clear that with the decreasing of pulse-width β, both the resis-
tance and reactance of ASPR become smaller, while the vari-
ation of phase-shift ϕ has different effect on RLeq and XLeq .

Fig. 10. Regulation ranges of RLeq and XLeq against β and ϕ. (a) RLeq
against β and ϕ. (b) XLeq against β and ϕ.

When ϕ > 0, RLeq decreases with the increasing of ϕ, while
the absolute value of XLeq increases with ϕ ranging from 0
to π/4 and decreases with ϕ ranging from π/4 to π/2. The
inductive (capacitive) reactance of the ASPR decreases with
the positive (negative) phase-shift ϕ approaching to zero. Be-
sides, the larger the reactance is required for compensation,
the narrower the regulation ranges of RLeq will be, as shown
in Fig. 10. The maximum RLeq can reach 8RL/π2 whenβis
π and ϕ is zero. The maximum (minimum) XLeq is equal to
4RL/π2(−4RL/π2) when β is π and ϕ is −π/4 (π/4). How-
ever, the maximum resistanceRLeq can only go up to4RL/π2

when the largest reactance 4RL/π2 (−4RL/π2) is provided by
the ASPR.

According to (13) and Fig. 10, the pulse-width β and the
phase-shift ϕ are coupled together. The change of β or ϕ will
lead to the alteration of both RLeq and XLeq . It needs to decouple
the RLeq and XLeq against β or ϕ in order to get the freedom
of controlling RLeq and XLeq , separately, which is discussed in
the next section.

IV. PROPOSED CONTROL STRATEGY

A. Auxiliary Measurement Coil

In the previous section, the factors affecting the system effi-
ciency and the equivalent load impedance have been discussed
in detail. Obviously, it is important to have the receiver-side
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Fig. 11. WPT system with an AMC and a decoupling transformer.
(a) Schematic. (b) Structure of the transmitter, receiver, and measurement coil.

resonant by adjusting the reactance provided by the ASPR and
the load resistance should be optimal. What should we do next
is to find out what the criteria is for the resonant condition of
the receiver. The AMC, which is used for synchronization of
the bidirectional WPT system in [27], is adopted in this paper
to get the phase estimation of the transmitter current. The AMC
mounted parallel in the receiver with mutual inductance MSM
and MPM is adopted to measure the voltage induced by the
currents of the transmitter and receiver, as shown in Fig. 11.
Thin wires are suitable for the AMC in which no currents flow.
A decoupling transformer with mutual inductance MT = MSM
connected with the receiver and the AMC is adopted to can-
cel out the voltage induced by the receiver-side current iS to
the measurement circuit. Then, the equivalent open-circuit volt-
age in the measurement circuit only remain the induced voltage
caused by the transmitter current iP which can be used to justify
the resonance condition in the receiver side, as shown in (14).
The detailed voltage relationship is derived as follows.

The current of AMC is supposed to be zero as it is an open
circuit. Then, the first harmonic of the open-circuit voltage can
be expressed according to the basis circuitry analysis as

V̇meas = jωMPM İP + jωMT İS − jωMSM İS

= jωMPM İP + jωİS(MT − MSM). (14)

As we known, the inductance voltage of the receiver’s coil
cannot be measured directly by the sensors, but it can be derived
from the transmitter current and the mutual inductance between
two coils as

V̇S = jωMPS İP . (15)

Fig. 12. Generation of the synchronization signal for the ASPR.

By substituting (15) into (14), the open-circuit voltage of the
measurement circuit is expressed as

V̇meas =
MPM

MPS
V̇S + jωİS(MT − MSM)

∣∣∣∣
MT =M S M

=
MPM

MPS
V̇S .

(16)
As long as MT = MSM , V̇meas is in phase with the receiver

induced voltage V̇S . Consequently, V̇meas can be treated as a
reference to check whether the receiver side is resonant or not.
In other words, when the receiver side is resonant, İS and V̇meas
are in phase. Otherwise, they are out of phase. The phase dif-
ference of the measurement circuit’s open-circuit voltage V̇meas
and the current of the receiver İS can, thus, be employed to
indicate the status of nonresonance degree of receiver side.

The influence of the decoupling transformer on the receiver
side is quite small. Once the self-inductance LTS of the primary
side of the decoupling transformer is considered to be compen-
sated by the receiver resonant capacitor CP , LTS has no influ-
ence on the resonance condition of the receiver side basically.
Meanwhile, the number of turns in the primary side is only 1 or
2. Then, the loss caused by the primary side of the decoupling
transformer is ignorable. Besides, no currents exist in the mea-
surement circuit and no impedance is reflected to the receiver
side through the decoupling transformer because the secondary
side of the decoupling transformer is in an open circuit.

B. Synchronization

In the traditional full-bridge diode rectifier, the diodes switch
naturally by the voltage bias when the receiver current crosses
zero, but for ASPR, the synchronization between the driving
signals of the MOSFETs and the receiver current is required for
the phase-shift operation. In this paper, the zero-cross signal of
the receiver current is utilized as the synchronization signal, as
shown in Fig. 12.

The measurement signal of current iS is captured by a current
sensor and passed through a bandpass filter. A phase-shift circuit
is then adopted to correct the phase error caused by the detection
circuits. After that a zero-cross detection circuit generates the
square wave which is in phase with iS to the synchronization
input port of the digital signal processor (DSP) to apply the
equivalent impedance control strategy of the ASPR.

C. Control Strategy

As discussed above, both the variation of the load and the reac-
tance caused by nonresonance in the receiver side may decrease
the system efficiency according to (7). As there are three goals
(resonance of the receiver, optimal equivalent resistance, and
constant output voltage/current) we are trying to achieve in the
application, three degrees of control freedom are needed at least.

According to the topology in Fig. 5, three variables (the pulse
width of the inverter, the pulse width, and phase shift of ASPR)
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Fig. 13. Control block of the proposed method.

Fig. 14. Impedance triangle in the receiver side.

are selected to be the three degrees of the freedom treated as
control parameters in this paper. It is worthy to mention that there
are many other variables (methods) can be used as the control
variables, alternatively. The method we propose here is one of
them. Specifically, the goal of the proposed control strategy is to
control the resistance and reactance of equivalent load by ASPR
and to regulate the output voltage by the inverter. The control
block of the proposed approach to achieve the maximum system
efficiency is shown in Fig. 13.

In the receiver-side control loop, the phase difference δ be-
tween the induced voltage of the receiver vS and the receiver
current iS can be measured by detecting the zero-cross signal of
iS and the open-circuit voltage vmeas in the phase-difference de-
tection circuit. Fig. 14 shows the relationship of the impedance,
the receiver current, and the induced voltage in the receiver side
considering δ. According to Fig. 14, the reactance XS0 indi-
cating the nonresonance condition in the receiver side can be
expressed by

XS0 = XS − XLeq (17)

where XS is the reactance of the receiver resonant circuit and
XLeq is the instant equivalent reactance of ASPR. XS0 can
be attained approximately according to RLeq and the detected
phase difference δ by

XS0 = (RLeq + RS) tan (δ)

≈ RLeq tan (δ) . (18)

In order to cancel XS0 and tune the receiver-side circuit,
the expected equivalent reactance X∗

Leq of ASPR should be

Fig. 15. Flowchart of the control algorithm for ASPR.

equal to

X∗
Leq = −XS0 = −RLeq arctan (δ) . (19)

In addition, the output voltage VO and output current IO are
measured to estimate the real load RL . The optimal resistance
R∗

Leq that ASPR needs to regulate can also be determined ac-
cordingly by (9).

However, it is not easy to control the equivalent reactance
and resistance of the load independently by altering the phase
shift and pulse width of the rectifier independently, as they are
coupled by each other. The decoupled method is needed to
control the resistance and reactance of the ASPR, separately.
Given thatR∗

Leq , X∗
Leq , and RLare available, the pulse-width β

and the phase-shift ϕ of ASPR can be solved from (13) as⎧⎨
⎩

ϕ = arccot
(

R∗
L e q

X ∗
L e q

)
β = arccos

(
1 − π 2 X ∗

L e q
2RL sin 2ϕ

) . (20)

Based on (20), the equivalent resistance and reactance of the
ASPR can be regulated by altering the phase-shift ϕ and pulse-
width β. The control flowchart of ϕand β is shown in Fig. 15.

Generally, the blue and the green closed loops are applied to
regulate the equivalent resistance and reactance of the ASPR
to make sure that not only the receiver side is resonant but
also the equivalent resistance of the load is close to the optimal
one. The red closed loop is dedicated to regulate the output
voltage/current by adjusting the input voltage. The measured
output voltage VO is transferred to the transmitter-side controller
via a wireless communication link. A PI controller is employed
to regulate the output voltage by adjusting the pulse-width α of
the inverter.

V. EXPERIMENTAL VERIFICATIONS

A. Prototyping Setup

As shown in Fig. 16, a prototype WPT system is set up to
verify the proposed control method according to the parame-
ters listed in Table III. The rate output power is 800 W with
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Fig. 16. Experimental prototype.

TABLE III
PARAMETERS OF THE PROPOSED WPT SYSTEM FOR EXPERIMENTS

Symbol Parameter Value Unit

Ud c Input voltage 90 V
f Inverter frequency 30 kHz
LP Transmitter coil inductance 252 μH
CP Transmitter resonant capacitor 109 nF
RP Transmitter coil ESR 0.1 Ω
LS Receiver coil inductance 246 μH
CS Receiver resonant capacitor 118 nF
RS Receiver coil ESR 0.1 Ω
Lm Measurement coil inductance 26.5 μH
LT s Inductance of the transformer in the receiver side 11.5 μH
LT m Inductance of the transformer in the measurement side 264.7 μH
Mp s Mutual inductance of transmitter and receiver side coils 46.32 μH
M p m Mutual inductance of transmitter and measurement side coils 7.7 μH
M sm Mutual inductance of receiver and measurement side coils 54.9 μH
MT Mutual inductance of the transformer 54.9 μH
Cd Output capacitor 940 μF

the 100-V input voltage and 120-V output voltage. The air gap
between the transmitter and reciever side is 100 mm. The MOS-
FETs (IRF640N) are chosen for the full-bridge inverter and the
ASPR. The fast-recovery diode (DSEI 2x61-02A) are uesd for
the comparision experiments between the ASPR and the passive
diode rectifier. The PI controller for regulating the output volt-
age and the impedance controller of the ASPR are implemented
in two seperate DSPs (TMS320F28335) in the transmitter and
receicver side. The wireless communication link is implemented
by RF modules (nRF24L01). An electric load (IT8518B) serves
as the adjustable load resistor. The waveforms are recorded
by the oscilloscope (Agilent DSO-X 3034A) and the overall
system efficiency is measured by the power analyzer (Tektronix
PA3000). Fig. 17 shows the installation of AMC and decoupling
transformer in the receiver side. The coil with black dashed line
is the measurement coil and the decoupling transformer is on
the top of the shield.

B. Experimental Results

The experimental waveforms of the open-circuit voltage
vmeas in AMC circuit, its zero-cross signal vZM , the current
iS in the receiver side, and its zero-cross signal vZS in reso-

Fig. 17. Installation of AMC and decoupling transformer in the prototype.

Fig. 18. Open-circuit voltage in the measure coil circuit, the current in the
receiver side, and their zero-cross signals. (a) Resonance condition. (b) Nonres-
onance condition.

nance and nonresonance conditions are shown in Fig. 18(a) and
(b), respectively. The nonresonance condition is achieved by in-
tentionally setting the receiver-side’s capacitor by 10% smaller
than the nominal value in resonance. The open-circuit voltage
in the AMC circuit is distorted which can be corrected by the
bandpass filter in the zero-crossing detector circuit.

In Fig. 18(a), when the receiver side is in resonance, the
zero-cross signals of the open-circuit voltage in the measure
coil circuit and the current in the receiver side are in phase.
When the receiver side is in nonresonance condition, a phase
difference between the two zero-cross signals occurs, as shown
in Fig. 18(b) so that the phase difference can be adopted to
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Fig. 19. Time-domain response when output voltage changes.

Fig. 20. Time-domain response when load resister changes.

indicate the nonresonance condition of receiver side and calcu-
late the reactance in the receiver side.

Time-domain-response experiments are carried out to eval-
uate the effectiveness and stability of the proposed method.
The value of RL , RLeq , and XS0 calculated in the DSP are
converted to analog signals by a peripheral digital-to-analog
converter module (DAC7724N) connected to the DSP. The nu-
merical value 1 in DSP is converted to 1 V in the analog signal.
For the convenience of conversion and observation, the original
signals of RL , RLeq , and XS0 are multiplied by coefficients 0.2,
0.8, and 2 separately in DSP before the conversion from the
DSP to analog output. In the first experiment, the load resister is
fixed at 30 Ω. The output voltage is changed from 120 to 100 V
and then increased to 120 V again. In the second experiment,
the output voltage is fixed at 120 V. The load resister is changed
from 20 to 30 Ω and then decreased back to 20 Ω again. The
optimal equivalent resistance R∗

Leq of ASPR is set to 9.2 Ω in
both experiments. The results in Figs. 19 and 20 show that, with
the proposed method, the output voltage can be regulated as a
reference value under the variation conditions of output voltage
and load resister, and the equivalent resistance of ASPR can
be controlled to be R∗

Leq (9.2 Ω) and the reactance XS0 in the
receiver side is nearly zero.

In order to verify the performance of the proposed method,
another two methods are employed to be compared under vari-
ous conditions.

1) Optimal load resistance control (OLRC) method: As ana-
lyzed in Section II, an optimal load resistance value exists
for the maximum efficiency point of the system. If the
system is assumed to be fine -tuned, the optimal load re-
sistance can be achieved by adjusting the pulse width of
the rectifier with no phase shift related to the receiver cur-
rent compared to the proposed method. Thus, the OLRC
method controls the equivalent resistance of the active rec-
tifier as RLeq = Ropt

Leq =
√

RS(M 2ω2 + RPRS)/RP by
adjusting the pulse width of the rectifier.

2) Passive diode rectifier: In this method, the ASPR is re-
placed with passive diode rectifier. Because the diode is
conducted by the forwards voltage bias, neither the pulse
width nor the phase shift of the rectifier is adjustable. The
equivalent resistance of the diode rectifier equals 8RL/π2 .

The comparison experiments are carried out under the
following conditions: 1) the dc input voltage is fixed at 100 V
and the dc output voltage is regulated as 120 V by adjusting
the pulse width of the inverter; 2) the transmitter side’s current
IP is limited to 11 A to avoid overcurrent in resonant capacitor;
and 3) the output power is changed by adjusting the dc load
resister RL .

Fig. 21 shows the characteristic waveforms of the inverter
and the rectifier with the three methods. Because an OLRC
method only changes the equivalent resistance RLeq of the rec-
tifier and the diode rectifier method changes nothing, the reac-
tance caused by the nonresonance condition in the receiver side
still exists with the two methods. The reflected impedance of the
receiver in the transmitter side is not pure resistance which leads
to out of phase between the output current iP and output voltage
vinv of the inverter, as shown in Fig. 21(b), (c), (e), and (f).
The experimental waveforms adopting the proposed method
where both the pulse width and the phase shift of ASPR are
adjusted are shown in Fig. 21(a) and (d). The input current iS
and input voltage vrec of the rectifier are not in phase in order
to provide extra reactance to compensate the passive reactance,
which leads to the nonresonance condition in the receiver side.
According to (9), (20), β and ϕ can be calculated as 119.3° and
29.8° theoretically when the output power is 750 W and are
measured as 120.1° and 29.1° in Fig. 21(a). When the output
power is 300 W, β and ϕ can be calculated as 66.2° and 29.8°,
respectively, and are measured as 67° and 29.1° in Fig. 21(d).
Then, the reflected impedance of the receiver in the transmitter
side is close to pure resistance. As a result, the output current
iP and output voltage vinv of the inverter are in phase as shown
in Fig. 21(a) and (d).

The overall system efficiency of the three methods is com-
pared in Fig. 22 with output power ranging from 300 to 800 W.
The system efficiency with the proposed method is greater than
91% in all load conditions. Obviously, the proposed method can
dramatically improve the efficiency compared with the tradi-
tional diode rectifier by 2% in heavy load and 10% in light load.
So does OLRC method. The efficiency improvement compared
to the diode method owes to the equivalent resistance RLeq
control in the proposed method and OLRC method. The two
methods adjust RLeq to be Ropt

Leq in (9) under various load con-
dition. Besides, compared with OLRC, the proposed method can
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Fig. 21. Characteristic waveforms of the inverter and rectifier with three methods. (a) Proposed method with 750-W output power. (b) OLRC with 750-W output
power. (c) Diode rectifier with 750-W output power. (d) Proposed method with 300-W output power. (e) OLRC with 300-W output power. (f) Diode rectifier with
300-W output power.

Fig. 22. Overall system efficiency comparison among the proposed method,
the OLRC, and the diode rectifier with different output power.

further improve the system efficiency by 0.6% because ASPR
can generate XLeq to compensate XS and tune the receiver side
while optimizing the equivalent resistance RLeq . For the OLRC
method, only the pulse width of the rectifier is adjusted to opti-
mize the equivalent resistance RLeq . As no equivalent reactance
of the rectifier is provided, no matter what the pulse width of the
rectifier is, XS exists and η is reduced accordingly against XS as
analyzed in Fig. 4. Generally, the proposed method which ben-
efits from the two degree of control freedom, the pulse width
and the phase shift of the ASPR, can improve the system ef-
ficiency by tuning the receiver side and optimizing the load
resistance.

The other important observation from the results is that com-
pared to OLRC and the diode method, the proposed method can
also improve the power transfer capability with restricted trans-
mitter current IP . When IP is limited to 11 A, the maximum

output power of the system with OLRC is only 757 W, while the
system with the proposed method is 796 W which is 5% larger
than that of OLRC. The reason is that XS in the receiver side is
compensated with the proposed method while it cannot be can-
celed with an OLCR method. According to Fig. 3, if XS exists,
the output voltage is lower than that in the resonant condition
with the same IP . Therefore, more power can be transferred to
the load with the proposed method than that of the OLCR with
a given IP .

VI. CONCLUSION

An ASPR-based optimal reactance and resistance control
strategy with an AMC is proposed in this paper to track the
maximum efficiency point under varied load and detuning con-
ditions. By detecting the open-circuit voltage of the AMC cir-
cuit, the phase of the induced voltage in the receiver side can
be measured and then the reactance caused by detuning can be
calculated in real time. Two controllable variables: the pulse
width and phase shift of the ASPR are adopted to tune the re-
ceiver side and control the equivalent load resistance to be the
optimal value. At the same time, the power-source inverter is
available to regulate the output voltage/current. The proposed
control method is validated by comparison experiments with an
OLRC method and the passive diode rectifier. When the capaci-
tor tolerance in the receiver side is 10%, the system efficiency is
91.7% by applying the proposed control method at rated output
power which is 2% higher than the diode rectifier and 0.6%
for the OLRC method. Meanwhile, the proposed method can
improve the output power capacity by 5% compared with the
OLRC method. Various load conditions have been applied to
verify the performance of the proposed method.
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