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ABSTRACT

Wireless Power Transfer (WPT) is an emerging technology
with an increasing number of potential applications to transfer
power from a transmitter to a mobile receiver over a relatively
large air gap. However, its widespread application is hampered
due to the relatively low efficiency of current WPT systems.
This work presents a concept to maximize the efficiency as
well as to increase the amount of extractable power of a
WPT system operating in non-resonant operation. The pro-
posed method is based on actively modifying the equiva-
lent secondary-side load impedance by controlling the phase-
shift of the active rectifier and its output voltage level. The
presented hardware prototype represents a complete wireless
charging system, including a DC-DC converter which is used
to charge a battery at the output of the system. Experimental
results are shown for the proposed concept in comparison
to a conventional synchronous rectification approach. The
presented optimization method clearly outperforms state-of-
the-art solutions in terms of efficiency and extractable power.

Index Terms—inductive power transmission, rectifiers, DC-DC
power converters, reactive power control, impedance matching,
phase-shift control, wireless charging

I. INTRODUCTION

W IRELESS Power Transfer (WPT) is used in various
application fields ranging from a few milliwatts in

biomedical applications [1]–[3] up to several kilowatts of
output power in automotive applications [4]–[6]. Currently,
WPT systems intended to wirelessly charge consumer elec-
tronic devices, such as mobile phones or tablet computers,
are studied extensively [7]–[10]. Various aspects of these
systems are defined by several standards which are either
based on non-resonant or Inductive Power Transfer (IPT),
like the Qi standard [11] or on Resonant Power Transfer
(RPT), like the Rezence standard [12]. In order to ensure
interoperability of different transmitter and receiver devices,
these standards define parameters such as the voltage range,
the basic circuit structure, and the operating frequency of
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the system. The main drawbacks of currently available WPT
systems for consumer applications are, amongst others, the
relatively low overall efficiency and the limited power transfer
capability. This results in long charging times which hampers
the widespread application of the WPT technology.

To overcome these problems various improvements have
been suggested in literature. Design and optimization method-
ologies for increasing the efficiency or the maximum trans-
ferable power of a WPT link have been proposed in [13]–
[16], assuming that the system parameters are freely selectable.
However, these optimization strategies are not applicable to
commercial charging applications, where the system parame-
ters are defined by a standard.

On the other hand, various optimization methods which
are in accordance with current standards are reported. In [17]
different control strategies for the transmitter of a WPT system
are compared regarding their impact on the output power and
the efficiency. Furthermore, in [18] a control scheme for a
synchronous rectifier on the secondary side is proposed to
improve the efficiency in comparison to a passive and semi-
active rectifier solution.

Although WPT has been extensively studied in recent years,
less attention has been paid to the optimization of an entire
wireless charging system, starting from a DC input source
to charging a battery at the output. In [19] a Qi compliant
wireless charging system has been presented but only com-
mercial available components have been used and no advanced
optimization techniques have been applied to increase the
system efficiency and the extractable output power. In [9] a
dual mode receiver architecture is presented which is capable
of operating according to the Qi standard (110 kHz-205 kHz)
and the Rezence standard (6.78MHz). Experimental results,
from the input of the rectifier to the battery at the output,
show a higher efficiency for the non-resonant operating mode
mainly due to lower switching losses.

In a wireless charging system the efficiency and the amount
of power transferred to the output are influenced by the source
(transmitter) and load (receiver) impedances. In [20] the load
impedance is assumed to be purely resistive and, therefore,
efficiency improvements are reported by only adjusting the
resistive part of the load impedance. However, this approach
does not yield optimal efficiency for the whole operating
range, since only the resistive part of the load impedance
is altered and the reactive part is not considered at all. The
maximum amount of power can be transferred by modifying
the load impedance to match the complex conjugate of the
source impedance [21]. An impedance adjustment unit is
applied in [22] to cancel the reactive part of the impedance and
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thereafter to alter the resistive part in order to yield maximum
power transfer. Yet, this technique uses a network of passive
components to adjust the impedance, and it targets only to
achieve the maximum extractable output power while the
system efficiency is not optimized. Additional improvements
to the efficiency of a WPT system are obtained by actively
modifying the reactive part of the load impedance. In [23]
a phase-shift control approach, instead of a conventional
controlling method, is applied to the active rectifier on the
secondary side of an RPT system. This technique is used to
achieve efficiency improvements by modifying the secondary-
side resonance frequency, but on the other hand it also impacts
the equivalent load impedance. Since the phase-shift is the
only control parameter, the resistive as well as the reactive
part of the equivalent load impedance are concurrently altered.
Hence, these two parameters cannot be controlled separately
and the point of maximum efficiency is not reached in general.
Furthermore, it might be highlighted that [23] solely investi-
gates an RPT system with a resistive load at the output of the
rectifier.

In this work an advanced optimization strategy for an entire
wireless charging system, including an active rectifier and a
DC-DC converter charging a battery, is investigated in detail.
The presented approach assumes non-resonant operation (IPT)
and is based on the Qi standard specifications. When applied
to an RPT system operating exactly at resonance frequency,
the reactive part of the system is inherently compensated,
and hence the proposed approach shows the same behavior
as a synchronous rectifier. However, any deviation from the
resonance frequency, caused e.g. by parameter variations of
the passive components, enables a performance increase of the
proposed concept over a synchronous rectification approach.
An improved control strategy to actively adjust the resistive as
well as the reactive part of the equivalent load impedance is
introduced in order to optimize the system performance. This
approach, applicable to any IPT system, is used to further
improve the system efficiency and to extract more power. The
presented methodology is based on controlling both the phase-
shift of the active rectifier and its output voltage level. This
work is an extension to the concept we proposed in [24],
where only a simplified system has been investigated and a
voltage source at the output of the rectifier is used to set
a desired voltage level. In contrast, this paper investigates
a complete wireless charging system, including a DC-DC
converter to regulate the rectified voltage and a battery as
load of the system. The acquired simulations and experimental
results show that the proposed concept is capable of achieving
significant performance improvements in terms of efficiency
and extractable power when compared to prior solutions.

The remainder of this paper is organized as follows: in
Section II the theoretical background of the presented method-
ology is derived and thereafter in Section III the proposed
concept is discussed in detail. In Section IV the applied
optimization strategy is introduced and in Section V the
architecture of the investigated wireless charging system as
well as experimental results acquired from the WPT prototype
are presented. Finally, in Section VI the major findings of this
work are summarized and concluding remarks are given.
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Fig. 1. Schematic block diagram of the overall WPT system including an
inverter stage driving the primary side resonance circuit, an active rectifier
and a DC-DC converter at the secondary side.
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Fig. 2. Equivalent circuit model of a series-series tuned WPT system based
on the first harmonic approximation.

II. THEORETICAL ANALYSIS

In this section the methodology for modeling the behavior
of the WPT system is introduced and the theoretical conditions
for calculating the maximum efficiency and the maximum
power transfer are provided. This work focuses on a circuit
based model, but it is worth noting that there exist different
other possibilities to model WPT systems [13], [25], [26]. A
block diagram of the examined system is shown in Fig. 1.

A. System Modeling

The first harmonic approximation is used to analyze the
WPT system shown in Fig. 1. This method only considers the
fundamental component of the input voltage [15], [25], [27]
and replaces the active rectifier as well as the DC-DC converter
by an equivalent first harmonic impedance ZL = RL + jXL.
The applied simplification is sufficiently accurate for high
quality factor resonant circuits that operate near resonance
frequency. This work focuses on the steady-state analysis of
a series-series resonant WPT system as shown in Fig. 2, but
the proposed concept is applicable to every topology.

The sinusoidal voltage source Vin is an equivalent Root
Mean Square (RMS) input voltage which is driving the pri-
mary side resonance circuit. The series resistances Rp and Rs

represent the overall parasitic resistances of the primary and
the secondary side resonance circuit. The series capacitors Cp

and Cs are required to tune the resonance frequency of the
primary and the secondary side, while the mutual inductance
M depends on the coupling factor k = M

√
LpLs, which is

influenced by the geometry, the distance, and the alignment of
the inductors Lp and Ls. The open circuit impedances of the
primary and secondary side resonance circuits are defined as

Zp = Rp + jXp = Rp + j

(
ωLp −

1

ωCp

)
, (1)

Zs = Rs + jXs = Rs + j

(
ωLs −

1

ωCs

)
. (2)
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Fig. 3. Circuit model of the WPT system using two equivalent sources to
model the coupling between the inductors Lp and Ls.

The equivalent load impedance of the WPT system can be
modeled as a complex impedance ZL = RL + jXL, which
represents the overall impedance seen by the secondary side
resonance circuit, including the rectifier, the DC-DC converter
and the battery at the output of the system. The impedances
Zin and Zo, as shown in Fig. 2, are the equivalent impedances
seen by the source and by the output, respectively. They can
be expressed as

Zin = Zp +
X2

m

Zs + ZL
, (3)

Zo = Zs +
X2

m

Zp
, (4)

where Xm = ωM represents the mutual impedance of the
coupled inductors. To further simplify the AC circuit model
in Fig. 2, the coupled inductors Lp and Ls can be modeled
as equivalent current controlled voltage sources at the primary
and the secondary side as shown in Fig. 3.

The induced voltage at the secondary side is influenced by
the primary side current Ip and can be denoted by jXmIp.
On the other hand, the current at the secondary side IL also
causes an induced voltage at the primary side inductor which
is determined by −jXmIL. Furthermore, Vin represents the
input and VL the output voltage, and Ip the input and IL the
output current of the system. The impedances Zp and Zs are
defined according to (1) and (2).

B. Efficiency and Extractable Power

In order to analyze the system performance, the input and
output power of the WPT system are derived as a function of
the resistive part RL and the reactive part XL of the equivalent
load impedance. The following relations for the mean input
power Pin, respectively the mean output power Pout, are based
on the equivalent model in Fig. 3 and are given as

Pin(RL, XL) =
V 2
in [Rp +Re {Zr}]

[Rp +Re {Zr}]2 + [Xp + Im {Zr}]2
, (5)

Pout(RL, XL) =
V 2
inX

2
mRL

den
, (6)

where

den =
[
Rp (Rs +RL)−Xp (Xs +XL) +X2

m

]2
+

+ [Xp (Rs +RL) +Rp (Xs +XL)]
2
,

and Vin denotes the RMS value of the input voltage of the
system. The impedance Zr represents the reflected impedance

from the secondary to the primary side which can be derived
as

Zr =
X2

m

Zs + ZL
. (7)

It is well known from the literature that the maximum output
power can be achieved by a conjugate matching of the equiv-
alent input and output impedance of the system (Zin = Z∗o )
[14], [21].

With the relations (5) and (6) for the input and output power,
the system efficiency as a function of the load impedance can
be expressed as

η(RL, XL) =

X2
mRL

Rp

[
(Rs +RL)

2
+ (Xs +XL)

2
]
+X2

m (Rs +RL)
. (8)

In case only the efficiency is considered, (8) can be maximized
by canceling the reactive part (XL = −Xs) and by solely
optimizing the real part RL of the equivalent load. The optimal
load resistance can then be derived by setting the derivative
of (8) to zero which yields [25]

RL,opt =

√
R2

s +
Rs

Rp
X2

m. (9)

This approach is referred to as single-point efficiency opti-
mization in the following, since it maximizes the efficiency
only for a single value of the output power which can be
far from the maximum output power of the system. If the
output power is varied by altering the load resistance RL,
the efficiency decreases and the system does not operate at
the optimum efficiency for this particular value of the output
power. It is worth noting that the conditions (RL = RL,opt,
XL = −Xs) for maximum efficiency, and (Zin = Z∗o ) for
maximum power transfer are in general not fulfilled at the
same time. To overcome these drawbacks and to achieve
optimum efficiency for every possible value of output power,
an optimization method is required to adjust both the resistive
and the reactive part of the equivalent load impedance.

III. PROPOSED CONCEPT

In this section synchronous rectification is briefly reviewed
and, thereafter, the proposed concept for controlling the equiv-
alent load impedance to optimize the efficiency and to increase
the power transfer capability is discussed in detail. Simulation
results are shown for a WPT system based on the Qi low-
power specifications, operating at a frequency of 140 kHz
with a resonance frequency of 100 kHz. The values used for
simulation are based on the parameters of the experimental
setup which are summarized in Table II in Section V.

A. Synchronous Rectification

Synchronous rectification is a commonly used technique to
control an active rectifier, where the switches of the full bridge
are driven according to the zero crossings of the rectifier input
current IL. Thus, the controller forces the current IL and the
voltage VL at the input of the rectifier to be in phase (ϕ = 0),
which results in a purely resistive behavior of the rectifier
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Fig. 4. Rectifier input voltage VL and current IL for synchronous rectification
(ϕ = 0).

without compensation of the reactive part (ZL = RL + j0).
Fig. 4 schematically illustrates the key waveforms of the
synchronous rectification approach. To obtain the maximum
efficiency for every point of the output power Pout the rectified
voltage Vr is adjusted by controlling the duty cycle D of the
DC-DC converter.

B. The Proposed Concept

Recent research [23] has shown the possibility to improve
the performance of a WPT system by introducing a phase-shift
between the primary and secondary side voltages. However,
this method does not allow to separately control the resistive
and reactive part of the equivalent load impedance, whereas
in the proposed concept the overall impedance is controlled.
By defining the phase-shift ϕ as the angle between the first
harmonic of the input current IL and the voltage VL of the
active rectifier we derived an analytical expression for the
equivalent input impedance of the active rectifier [24]:

ZL(ϕ, Vr) = RL + jXL =
V

(1)
L

I
(1)
L

=
4

π

Vr

I
(1)
L

e−jϕ

=
4

π

Vr

I
(1)
L

(cos(ϕ)− j sin(ϕ)) ,
(10)

where V
(1)
L and I

(1)
L represent the amplitude of the first

harmonic of the voltage VL and the current IL. By analyzing
(10), it can be observed that a variation in the phase results
in a change of the resistive as well as the reactive part
of the equivalent load impedance. This behavior limits the
optimization possibilities in case only the phase is actively
controlled. On the other hand (10) shows the possibility to
further improve the system by modifying a second parameter,
the rectified voltage Vr. This parameter can be controlled by
either altering the duty cycle δ of the active rectifier or by
adjusting the voltage regulator at the output of the system.
Fig. 5a schematically illustrates the phase-shift concept using
the duty cycle D of the DC-DC converter to adjust the rectified
voltage Vr, and Fig. 5b shows the phase-shift and duty cycle
δ control method for the active rectifier. It is worth noting that
these waveforms are schematic illustrations and do not yield
the same equivalent resistance RL for the shown case.

By correctly adjusting D or δ the same value of rectified
voltage Vr and hence the same equivalent resistance RL can
be achieved. The fundamental component of the rectifier input

t
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Fig. 5. Schematic illustration of the key waveforms of the proposed method.
(a) Voltage VL and current IL at the input of the rectifier utilizing the duty
cycle D of the DC-DC converter to control the amplitude of the rectified
voltage Vr. (b) Voltage VL and current IL at the input of the rectifier using
the duty cycle δ of the active rectifier to adjust the rectified voltage Vr.

voltage VL for the case of the duty cycle D control (Fig. 5a)
and the δ control (Fig. 5b) can be denoted by

V
(1)
L (ϕ,D) =

4

π
Vre
−jϕ =

4

π

V`
D
e−jϕ, (11)

V
(1)
L (ϕ, δ) =

4

π
Vr sin (δ/2) e

−jϕ, (12)

where 0 ≤ D ≤ 1 and 0 ≤ δ ≤ π. Consequently, both of
the presented control approaches can be used to regulate the
rectified voltage Vr, but in this work the impact of the duty
cycle D of the employed DC-DC converter is investigated
in detail. The relation between the voltage regulator input
(Vr) and output voltage (V`) affects the resistive part of the
equivalent load impedance. Hence, a change in the rectified
voltage can be used to modify the equivalent load resistance
RL.

IV. OPTIMIZATION STRATEGY

In this section two methods to obtain the maximum effi-
ciency for a desired amount of output power are presented.
The first approach is based on the numerical optimization of
the efficiency for a given output power using the resistive and
reactive part of the equivalent load impedance. Since it is not
straightforward to obtain the values of RL and XL during
steady-state, a second optimization method is introduced,
where the rectifier input current IL is optimized as a function
of the phase-shift ϕ and the rectified voltage Vr. These two
measurable parameters can be used to achieve the maximum
efficiency of the system for every value of the output power. It
is worth noting that both presented optimization methods yield
the same performance. Additionally, simulation results of the
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Table I
SUMMARY OF THE POSSIBILITIES TO OPTIMIZE THE EQUIVALENT LOAD

IMPEDANCE OF A WPT SYSTEM.

Load Impedance Optimization Concept

ZL = RL + j0
synchronous rectification (purely
resistive behavior)

ZL = RL − jXs
single point optimization (can-
cellation of reactive part)

ZL = Ro − jXo = Z∗
o

maximum power transfer ap-
proach (conjugate matching)

ZL = RL(ϕ) + jXL(ϕ)
pure phase-shift (no independent
adjustment of RL and XL)

ZL = RL(ϕ, Vr)−jXL(ϕ, Vr)
proposed approach (separate ad-
justment of RL and XL)

proposed concept are presented and compared to other state-
of-the-art optimization approaches. The different possibilities
discussed in this paper to optimize the load impedance are
summarized in Table I.

A. Optimization of the Resistive and Reactive Part

By controlling the resistive as well as the reactive part of
the equivalent load impedance it is possible to optimize the
system efficiency for a desired value of the output power. In
order to calculate the optimum load impedance a constrained
optimization process for every desired value of the output
power is used. Mathematically this constrained optimization
can be formulated as

ZL,opt(Pout) = argmax
RL,XL

(η(RL, XL) |Pout
) , (13)

which can be numerically solved with an appropriate software
tool e.g. with MATLAB. Fig. 6 presents the results of the
constrained optimization process in (13) at a constant op-
erating frequency of 140 kHz for a relatively high coupling
factor k = 0.6 and a low coupling factor of k = 0.3.
The plots compare the impedance behavior as well as the
achieved efficiency of the maximum power approach (con-
jugate matching of input and output impedances Zin = Z∗o
and optimizing RL), the synchronous rectification approach
(purely resistive RL) and the proposed approach (optimizing
both, the resistive and the reactive part). Additionally, the
point of maximum efficiency, obtained with the single-point
optimization approach (RL = RL,opt, XL = −Xs), is marked
in the plots. Fig. 6a and Fig. 6b illustrate the behavior of the
resistive and the reactive part, respectively, over the output
power for a tightly coupled system (k = 0.6). The efficiency
of the different approaches in dependence on the output power
is shown in Fig. 6c. Fig. 6d−6f present the results for the same
system with a lower coupling factor k = 0.3.

The variation of the phase-shift adds an additional degree
of freedom for the proposed control method, thus achieving
an increased overall efficiency and a higher power transfer
capability when compared to the conventional optimization
approaches. For tight coupling (k = 0.6), the synchronous
rectification achieves a lower system efficiency in the low
power region as well as at the end of the medium power
range when compared to the proposed method. Additionally,
the maximum amount of extracted power is limited when using

synchronous rectification while the presented method is able
to obtain the maximum possible output power. When utilizing
the maximum power approach, the results show a considerably
lower efficiency over the whole operating range compared to
the optimized concept. If the output power is increased, the
optimal values of RL and XL are approaching the values of
the maximum power method. At the point of maximum power
both approaches yield the same values for the optimal resistive
and reactive part of the system. Canceling the reactive part
(single-point optimization) achieves the maximum efficiency
only for a single point of output power. At this point the
obtained values for RL and XL are the same as for the
proposed concept. On the other hand, for different values
of output power the efficiency is significantly reduced when
compared to the proposed method.

For a system with a lower coupling factor k = 0.3 the
benefit of the proposed concept in terms of efficiency gain and
higher power transfer capability significantly increases when
compared to a synchronous rectification approach, as shown
in Fig. 6d−6f. The simulation results clearly highlight the
achievable advantage in performance of the proposed concept
by increasing the efficiency for the same amount of output
power and pushing the power transfer capability of the system.

B. Optimization of the Phase-Shift and Rectified Voltage

This section introduces a second possibility to solve the
constrained optimization problem in (13) based on measurable
system parameters. In this approach, the optimal rectifier
input current IL,opt and the optimal load impedance ZL,opt

in dependence on the phase-shift ϕ and the rectified voltage
Vr are derived to obtain the highest possible system efficiency
for every value of the desired output power. Additionally,
simulation results are presented and compared to experimental
results. To obtain the optimal system parameters, the system
in Fig. 2 is represented as a two-port network which can be
denoted in matrix form as(

Ip
VL

)
=

(
Y11 A12

A21 −Z22

)(
Vin
IL

)
, (14)

where the gain A12 = A21 represents the ratio of the input
current Ip to the output current IL if the primary side is
shorted, respectively the ratio of the secondary side voltage
VL to the primary side voltage Vin in case the secondary side
is open. A12 can be calculated by

A12 =
jXm

Rp + j(Xp +Xm)
. (15)

The impedance Z22 represents the output impedance of the
wireless link in case the primary side is shorted, it can be
derived as

Z22 = Zs +
jXmZp

Rp + j(Xp +Xm)
. (16)

In order to calculate the optimum value of the impedance
for every value of the output power an analytic solution
for the constrained optimization process in (13) has been
derived based on Lagrangian optimization methods. Since the
efficiency is defined as the ratio between the input and output
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Fig. 6. Impedance behavior and efficiency of the proposed concept compared to the maximum power approach and a synchronous rectifier. (a) Resistive part
RL over output power Pout for k = 0.6. (b) Reactive part XL over output power Pout for k = 0.6. (c) Efficiency η over output power Pout for k = 0.6.
(d) Resistive part RL over output power Pout for k = 0.3. (e) Reactive part XL over output power Pout for k = 0.3. (f) Efficiency η over output power
Pout for k = 0.3.

power, and Pout is a fixed value during the optimization
process, the efficiency can be maximized by minimizing the
input power Pin. Hence, the objective and the constraint for
the Lagrangian optimization can be denoted by

Pin = Re {V ∗inIp} = VinRe {Ip} , (17)
Pout = Re {V ∗L IL} = constant, (18)

respectively, where the phase of the input voltage Vin is

referenced as 0◦ during the calculations, and hence Vin is
purely real. For the proposed system a constant input voltage
Vin, a constant coupling factor k and a constant operating
frequency are assumed and hence the input power in (17)
can be optimized by minimizing the primary side current Ip.
After solving the constrained optimization problem in (17)
and (18), the optimized output current IL,opt(Pout, Vin) =
IRL,opt(Pout, Vin) + jIIL,opt(Pout, Vin) for a given amount of
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output power and a constant input voltage can be calculated
as

IRL,opt(Pout, Vin) = Vin
Re {A12}

[
−
√
1− 4PoutRe{Z22}

V 2
in|A12|2

+ 1
]

2Re {Z22}
(19)

IIL,opt(Pout, Vin) = Vin
Im {A12}

[
1 +

√
1− 4PoutRe{Z22}

V 2
in|A12|2

]
2Re {Z22}

,

(20)

where IRL,opt denotes the real and IIL,opt the imaginary part of
the current IL,opt. With (19) and (20) the optimum equivalent
load impedance to achieve the maximum efficiency for a given
amount of output power can be derived as

ZL,opt(Pout, Vin) =
A12Vin

IL,opt(Pout, Vin)
− Z22. (21)

In order to calculate the optimal values of the rectified voltage
Vr and the phase-shift ϕ, (10) has to be solved at the point of
optimal impedance ZL = ZL,opt, which gives

Vr(ZL,opt) =
π
√
2

4
|(A21Vin − Z22IL,opt)| , (22)

ϕ(ZL,opt) = − arg

[
π
√
2

4
(A21Vin − Z22IL,opt)

]
. (23)

With the rectified voltage in (22), and if the DC output voltage
V` at the battery is assumed to be constant, the optimal duty
cycle D of an idealized DC-DC converter can be derived as

D(ZL,opt) =
V`

|Vr(ZL,opt)|
. (24)

The values of the rectified voltage Vr and the duty cycle D
of the DC-DC converter are measurable on the prototyping
system during steady-state operation. Hence, the point of
maximum efficiency for every value of output power can be
obtained on hardware and compared to the theoretical results.
Fig. 7a shows a comparison of the simulation results of Vr
obtained from (22) to the measurement results of the devel-
oped prototyping system. Fig. 7b compares the simulations
according to (24) and the experimental results of the duty
cycle D as a function of the output power Pout.

Fig. 7a shows that the value of the rectified voltage Vr is
decreasing till an output power of about 8W. At that point
the maximum of the optimal phase-shift is reached and the
rectified voltage begins to rise again. Hence, there is a large
range of output power values where the rectified voltage only
changes marginally, which can be exploited in an optimal
control concept. The acquired experimental results are in
good agreement with the simulations, especially in the low
to medium power range up to 8W.

In Fig. 7b the duty cycle D increases up to an output power
of around 8W. Then it starts to decrease since the maximum
value of the optimal phase-shift is reached. Simulations and
experimental results again match quite well, a major reason
for the deviations is the fact that an ideal model of a DC-
DC converter is assumed and the converter efficiency is not
considered in the derived analytical equations for simplicity.

0 2 4 6 8 10 12
0

5

10

15

Pout [W]

V
r

[V
]

experimental
simulation

(a)

0 2 4 6 8 10 12
20

40

60

80

100

Pout [W]

D
[%

]

experimental
simulation

(b)

Fig. 7. Comparison of the simulation results with the measured values of the
experimental setup. (a) Rectified voltage Vr as a function of the output power
Pout. (b) Duty cycle D of the DC-DC converter over output power Pout.

V. EXPERIMENTAL RESULTS

This section provides detailed information about the ex-
perimental setup and the system parameters used for the
measurements. Furthermore, the acquired measurement results
using the proposed concept are compared to a synchronous
rectifier solution.

A. Prototyping Setup

To verify the results obtained by the simulations an IPT
prototyping system has been designed based on the Qi standard
specifications [11]. The system is intended to operate at
frequencies between 110 kHz and 205 kHz with a resonance
frequency of fres = 100 kHz. For the following measurements,
a DC supply voltage of Vs = 19V and a constant operating
frequency of fop = 140 kHz is used. The primary side inductor
Lp [28] with an outer diameter of 43mm is driven by an
inverter stage, switching at the operating frequency of the
system. The secondary side inductor Ls [29] with an outer
diameter of 28mm is placed at a distance of 3mm from the
primary side, resulting in a measured coupling factor of k =
0.6. For the low coupling factor measurements the distance
between the inductors has been increased to 10mm, yielding
a measured coupling factor of k = 0.3. At the secondary side



0885-8993 (c) 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE
permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TPEL.2015.2410216, IEEE Transactions on Power Electronics

Vs

+

−

Q1

Q2

Cp

Lp Ls

Cs

S2

S1

S4

S3

Cr

T1

T2

L

C V`

+

−

IL

I`

IrIs

M +

−

VL

+

−

VrZL

Fig. 8. Schematic illustration of the experimental setup. The discrete MOSFETs are controlled by an FPGA which implements the digital control architecture.

Table II
SUMMARY OF THE MAIN SYSTEM PARAMETERS.

Parameter Symbol Value
input voltage Vs 19 V

general coupling factor k 0.6/0.3
parameters resonance frequency fres 100 kHz

operating frequency fop 140 kHz
primary inductor Lp 24 µH

side resonance capacitor Cp 93 nF
secondary inductor Ls 10 µH

side resonance capacitor Cs 242 nF
DC-DC inductor L 1 µH

parameters capacitor C 10 µF
battery nominal voltage V` 3.8 V

parameters series resistance RBat 70 mΩ

an active rectifier is utilized to rectify the induced AC voltage,
and an output capacitor Cr = 22 µF is used for stabilizing the
rectified voltage. A DC-DC converter, designed for constant-
current constant-voltage charging operation, is connected at
the output of the rectifier to charge the battery. At the output
of the system, a special battery emulation equipment [30]
has been attached, and its parameters have been adjusted to
simulate the typical behavior of a lithium-ion battery [31].
The digital control of the whole wireless charging system has
been implemented on an external Field Programmable Gate
Array (FPGA) board [32]. A schematic overview of the entire
prototyping system is shown in Fig. 8, and a summary of the
main system parameters is given in Table II.

To validate the proposed concept, the controller of the
primary and secondary side is implemented on an FPGA which
controls the switches of the inverter stage (Q1 −Q2) as well
as the active rectifier (S1 − S4) and the DC-DC converter
(T1−T2). In the current prototyping system, which is intended
to demonstrate the advantages of the proposed concept, the
phase-shift ϕ between IL and VL is realized by inserting a
time delay between the primary and secondary side control
signals. To achieve this, a communication link between the
primary and secondary side controller has been assumed. The
current controller implementation operates in open loop. The
calculated optimal values are used as initial conditions, and

then the control parameters ϕ and D are iteratively adjusted
to compensate for parameter variations and to achieve optimal
system performance. The higher the uncertainty of the system
parameters, the less accurate are the calculated results of the
optimum operation conditions.

B. Experimental Results

In order to validate the proposed concept, the values of the
phase-shift ϕ and the rectified voltage Vr, which is controlled
by the duty cycle D of the DC-DC converter, have been
adjusted during the measurements to achieve maximum effi-
ciency for each value of the output power. For the synchronous
rectification, a zero-crossing detection of the rectifier input
current IL is implemented and the full bridge (S1 − S4) is
driven accordingly. The duty cycle D of the DC-DC converter
is used to control the equivalent load resistance and hence the
amount of power at the output of the system.

When utilizing the proposed optimization method for a
coupling factor k = 0.6, the measured point of maximum
efficiency η = 77.3% is reached at an output power of
Pout = 3W with a phase-shift ϕ = 20◦ and a duty cycle
D = 68%. Fig. 9a shows a measurement of the waveforms
of the rectifier input voltage VL and the input current IL em-
ploying these conditions. Fig. 9b shows the same waveforms
for the synchronous rectification approach using comparable
conditions as in Fig. 9a (duty cycle D = 66%, output power
Pout = 2.8W and efficiency η = 75.9%).

As shown in Fig. 9, the proposed control method introduces
a phase-shift between the input current IL and the input
voltage VL of the active rectifier, while the synchronous rec-
tification maintains a zero phase-shift behavior of the system.

In Fig. 10 the measurement results of the system efficiency
as a function of the output power Pout are shown for tightly
coupled inductors (k = 0.6), and for a system with relatively
low coupling (k = 0.3). The plots compare the performance
of the proposed control method to a conventional synchronous
rectification approach. For the presented optimization concept,
the phase-shift and the duty cycle have been controlled and
for the synchronous rectification only the duty cycle has been
adjusted during the measurement.
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(a)

(b)

Fig. 9. Measurement of the key system waveforms for the proposed concept
and a synchronous rectification approach at k = 0.6. (a) Waveforms of the
rectifier input voltage VL (3V/div) and input current IL (600mA/div) for
the proposed concept with a phase-shift of ϕ = 20◦ and a duty cycle D =
68%. (b) Waveforms of VL (3V/div) and IL (600mA/div) for synchronous
rectification with a duty cycle D = 66%.

The experimental results show comparable trends as the
simulations in Fig. 6, namely the proposed control strategy
always achieves the same or a higher efficiency than a syn-
chronous rectification approach. For a coupling factor k = 0.6
the efficiency of the examined system can be increased in
the low power range (up to 4W) yielding e.g. an efficiency
of 75% at an output power of Pout = 1.8W compared to
an efficiency of 71.2% for synchronous rectification. In the
medium power range, between 4W and 7W the efficiency
does not increase significantly in comparison to a synchronous
rectifier. In case the output power is further increased, the
proposed control method is again able to achieve a higher
efficiency yielding e.g. an efficiency of 69.4% at an output
power Pout = 8.2W compared to an efficiency of 66.4% with
synchronous rectification. Furthermore, the amount of output
power which can be extracted by the synchronous rectifier
is limited to Pout = 8.26W. A further increase of the input
power Pin yields lower values of the output power Pout due
to the decrease in efficiency. In contrast, the proposed concept
is able to extend the achievable output power of the system
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Fig. 10. Experimental results of the overall system efficiency η for the
proposed concept compared to a synchronous rectifier solution as a function of
the output power Pout. (a) Measurement results for tightly coupling k = 0.6.
(b) Measurement results for a low coupling factor k = 0.3.

to 11.24W, thus increasing the maximum achievable output
power by 36%, while maintaining a high efficiency. For a
lower coupling factor of k = 0.3 an even higher performance
increase in terms of efficiency and extractable power can be
obtained. The maximum output power of the system could
be increased from 5.4W to 9.9W (by 83%) when compared
to a synchronous rectification approach. Additionally, at every
point of the operating range the achieved efficiency of the
proposed approach is higher than for synchronous rectification.
The measurement results of the prototyping setup clearly
highlight the possibility of the proposed concept to extract
more power while improving the efficiency of the system in
comparison to a synchronous rectifier solution.

VI. CONCLUSIONS

In this work a concept to achieve optimal efficiency for a
desired amount of output power as well as to extend the power
transfer capability of IPT systems has been presented. The
proposed method is based on the adjustment of the equivalent
load impedance as a function of the output power, which can
be realized by introducing a phase-shift between current and
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voltage in the active rectifier, and by controlling the level
of the rectified voltage. When operating exactly at resonance
frequency the optimal equivalent impedance is purely resis-
tive, and consequently the proposed approach behaves like
a synchronous rectifier. If any deviation of the resonance
frequency occurs, e.g. caused by parameter variations of the
passive components, the presented concept achieves a superior
performance.

The theoretical background of the proposed concept has
been presented and validated by simulations as well as by
experiments with the help of a WPT prototyping system based
on the Qi standard. The results show that the efficiency of the
system can be increased over the whole measurement range
when compared to a synchronous rectifier. The performance
gain increases for decreasing coupling factors. Furthermore,
the maximum extractable output power of the prototyping
system is raised by 36% for a coupling factor k = 0.6, and
even by 83% for a coupling factor of k = 0.3, again in
comparison to a synchronous rectification approach.
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