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Abstract—A recent paper has introduced a primary-side control
methodology for Wireless Power Transfer (WPT) links, capable of
delivering, by only sensing quantities available at the primary side (i.e.,
the power transmitter), the optimal power level to the load without
compromising the system efficiency. Indeed, this technique has been
validated only on an ad-hoc WPT system relying on an isolated class-E
DC-DC power converter based on inductive coupling. In this paper we
provide results, through SPICE simulations, by applying the proposed
approach to different state-of-art WPT systems, either inductively or
capacitively coupled, in order to improve the generality of the adopted
control methodology and to extend the validity of the method beyond the
circuit topology considered in the original paper.

I. INTRODUCTION

Wireless Power Transfer (WPT) is an emerging technique that aims
to replace standard wired power supplies in an increasing amount of
applications. Limiting the scope to near field transfer only, two basic
WPT methodologies can be identified, namely inductive [1], [2] and
capacitive coupling [3], [4].

Design methodologies for WPT systems can either focus separately
on the power transmitter and power receiver side [5]–[8] or consider
these two blocks simply as part of an isolated DC-DC converter
characterized by a low coupling factor k [3], [9]–[12].

Whatever the adopted design methodology, a robust WPT system
should deal with load variations, the load being the time-varying
electronics that must be fed by the source at the primary side, as well
as misalignment, variable distance, and medium between transmitter
and receiver that turn the parameter k into an unknown variable.
In order to improve the system robustness and guarantee Maximum
Efficiency Transfer (MET) [13], [14] to the load, information about
the received power is conventionally sent back to the transmitter
via the same link (back telemetry) [7], [15], [16]. However, the
complexity and power consumption of the receiver unit increase,
resulting in limited efficiency and data rates. Therefore, links that
adjust their operation by sensing the performance exclusively at the
transmitter side (without the need for feedback) are desirable.

The foundation of this work was laid in [17] and later expanded
in [13], where both theoretical and experimental investigations were
conducted on the existence and identification of a MET point when a
regulator is added at the secondary side. Indeed this leads to a corner
in the input–voltage characteristic of the converter and allows the
primary-side-only control without the need for additional data links
or complex circuitry at the secondary side. Moreover, the technique is
robust even against the variation of both the coupling coefficient and
load. Here, we expand the observations in [13], where the solution
was proven to work on a specific circuit only, by identifying the
presence of the MET point in recently proposed, state-of-the-art WPT
systems.

Fig. 1. (a) Schematic diagram of a WPT system including a power regulator
between the DC-DC and the load. (b) Iin − Vin curve that clearly shows a
corner point when the MET condition is encountered.

This paper is organized as follows. In Section II we briefly
overview the MET methodology shown in [13]. In Section III we
apply the methodology to recent WPT systems available in the
literature. Finally we draw the conclusion.

II. REVIEW OF THE METHODOLOGY

In this section we briefly review the methodology for the MET
point identification, fully detailed in [13]. Accordingly, it is required
the addition of a power regulator between the WPT link and the load,
as depicted in Figure 1(a).

For the sake of simplicity, the WPT system is considered as a
voltage-controlled black box whose output power Pout depends on
the input voltage Vin and on the coupling factor k. Then, the WPT
link is connected to the power regulator that dissipates the excess
power and delivers the right power PL to the load. PL can also be
time-varying (i.e., the absorbed nominal power, PN , can change over
time). As shown in Figure 1(a), in order to set the load power PL

to the desired value PN it is required that the regulator is aware of
PN and that Pout > PN . The regulator dissipates Pout−PN , so that
PL = PN . However, the MET condition is not encountered unless
the the power regulator is only marginally on, dissipating a negligible
amount of power. In this case, Pout ≈ PN , and the MET condition is
ensured. In practice, the MET condition can be achieved by setting
Vin to the value resulting in Pout ≈ PN . We denote this level as
V

(opt.)
in .
In [13], it has been demonstrated that the value of V

(opt.)
in can be

easily identified by looking at the current-to-voltage characteristic
from the WPT-link primary side, only. The Iin–Vin curve shows a
corner point, i.e., a discontinuity in its derivative as simplified in
Figure 1(b), that corresponds exactly to the MET point, leading to its
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Fig. 2. (a) Schematic of the circuit used as series power regulator (current
limiter). (b) Schematic of the circuit used as shunt power regulator (voltage
limiter).

correct identification with no knowledge of k, PN or even the system
model. Once the MET point has been found, it can also be tracked
to compensate for possible variations in k and PN and therefore
ensure the right power to the load while achieving minimum power
dissipation by the regulator.

According to [13], in which two types of power regulators (i.e.,
a series power regulator and a shunt one) are considered, the
only requirement to be satisfied for an accurate MET identification
concerns the output resistance (or conductance) of the WPT link
with respect to the load resistance (or conductance) computed at the
nominal operating point. This is paramount since the MET point can
be identified if the corner point in the Iin–Vin curve can be easily
observed, i.e.

Rout ≪ PN

I2N
, (1)

for a series power regulator. While:

Gout ≪ PN

V 2
N

. (2)

for a parallel power regulator. The derivation of the above expressions
is based on the comparison of the derivatives of the Iin–Vin curve
on both sides of the MET point and is included in full in [13].

III. APPLICATION TO STATE-OF-THE-ART WPT SYSTEMS

In this section, three recently proposed WPT systems [3], [11],
[12] are analyzed by means of SPICE simulations. The analysed
topologies are significantly different from one another, and also
from the topology of the reference methodology [13], [17] so as to
highlight the versatility of the proposed MET identification method
for the robust regulation of the load operating conditions against
coupling factor and load variations. We consider each design exactly
as proposed in the corresponding reference publication, with the
addition of either a current limiter or a voltage limiter as power
regulator, depending on the circuit characteristics according to (1)
and (2).

The schematic used for the current limiter is shown in Figure 2(a),
assuming the simple case of a resistive load RL and a Thevenin
circuit equivalent source. The circuit is based on a transresistance
difference amplifier with gain r, operating in negative feedback.
Assuming Rout ≪ RL ≪ R1, the open-loop gain is A =
Ilim/(Ilim − Iref) = r/R1 (Iref being the reference current for the
power regulator), and the feedback loop sets Ilim ≈ AIref/(1 +A),
which approximates Iref for sufficiently large values of A. When the
(ideal) diode is off, we get IL = Ilim, whereas for IL < Iref the
diode turns on, thus disabling the current limiter. The inductance L1

is added to limit the bandwidth of the current limiter, as it adds a
pole at a frequency of approximately r/(2πL1).

The schematic used for the voltage limiter in the simple case
of a conductance load GL and a Norton equivalent circuit source
is depicted in Figure 2(b) and it is based on a transconductance
difference amplifier with gain g. Assuming Gout ≪ GL ≪ G1, the
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Fig. 3. Schematic of the Class-E2 DC-DC converter based on inductive
coupling taken from [11].

open-loop gain is A = Vlim/(Vlim − Vref) = g/G1 (Vref being the
reference voltage for the power regulator) and Vlim ≈ AVref/(1+A)
that approximates Vref for sufficiently large values of A. When the
ideal diode is on we have VL ≈ Vlim, whereas for VL < Vref the
diode turns off thus disabling the limiter. The role of C1 is to limit
the bandwidth by adding a pole at approximately g/(2πC1).

In the following, we will set A = 100 and limit the bandwidth of
the limiter to 1/10 of the WPT switching frequency.

A. Classic Inductive Class-E 2 converter topology

The class-E2 converter in Figure 3 is taken from [11], and its design
relies on the classic approach known as sinusoidal approximation.
This method considers the AC component of all waveforms as a
single tone at the switching frequency fs. The rectifier circuit (at
the secondary side of the transformer) can then be approximated as
an equivalent impedance and, therefore the class-E inverter (at the
primary side of the transformer) can be designed as a single-tone
power amplifier loaded by the reflected impedance of the rectifier.
Of course, for the sinusoidal approximation to be effective, additional
filtering elements tuned at the first harmonic are required, so that the
actual waveforms resemble sinusoids.
Specs and Nominal Design–The system in [11] is designed for
Pout = 5W, input voltage Vin = 20V and a resistive load
RL = 50Ω (so Iout = 316mA), and operates at the frequency
fs = 1MHz. Additionally, the coupled coils have a quality factor
Q ≈ 170 at the nominal frequency and the coupling coefficient is
specified as k = 0.1.

The active devices were simulated using the available SPICE
models of the actual components used in [11], i.e. a SUD06N10-225L
by Vishay as the main MOS, switching with a duty cycle D = 0.5,
and a STPS5H100B Schottky barrier diode by STMicroelectronics as
the rectifying diode. All other components have been either assumed
ideal, or their parasitics have been explicitly shown in Figure 3.
Component values are directly shown in the figure.
Output Characteristic–The Vout–Iout characteristic of this DC-DC
converter can be seen in Figure 4(a), and has been obtained by
sweeping the resistive load at the nominal input voltage Vin = 20V
and variations of ±25% around it.

The plot shows a real voltage source behaviour, hence regulation
can be obtained by adding a series limiter to the secondary side. To
be consistent with [11], we set IN = 316mA. Furthermore, (1) is
satisfied, as can be seen from Figure 4(b) that compares the observed
value of Rout from Figure 4(a) with the 50Ω resistive load.
Input Characteristic and MET point–For this system we have con-
sidered three different nominal power levels PN = 3W, PN = 4W
and PN = 5W, and three coupling coefficient values k = 0.08,
k = 0.1, k = 0.2.1 Only the case of a resistive load RL = PN/I2N

1Note that, the perturbations of both the coupling factor and of the nominal
power are limited since a larger variation would lead to unacceptable stress
on the MOS.
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Fig. 4. Characteristics of the classical class-E2 DC-DC converter based on inductive coupling: (a) output curves of the converter for three different input
voltages from which the voltage source behaviour becomes clear. (b) output resistance of the converter compared to that of the nominal load in order to
justify the use of a current limiter. (c) I–V characteristics observed at the primary side of the DC-DC isolated converter for three different coupling factor
values k = 0.08, k = 0.1, k = 0.2 and three different nominal power levels PN = 3W, PN = 4W, PN = 5W. The bullet points indicate the MET point
identified according to the algorithm proposed in [13].
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Fig. 5. Schematic of the class-E2 DC-DC converter based on capacitive
coupling taken from [3].

has been considered.
The Iin–Vin characteristic has been plotted in Figure 4(c), and

shows the expected behaviour. Irrespective of the nominal power and
of the coupling coefficient, the system shows a discontinuity in the
derivative of the Iin–Vin curve. Therefore, this point, which represents
the MET point, can be easily identified even without knowledge of
k and PN .

B. Capacitive Class-E2 Converter Topology

In [3], a WPT system based on capacitive coupling and designed
according to the aforementioned sinusoidal approximation, is pro-
posed. Its schematic is depicted in Figure 5, highlighting the π
capacitive transformer model. Capacitances C1 and C2 represent the
total primary and secondary capacitance, respectively. The mutual
capacitance is CM = k

√
C1C2, with k the coupling coefficient,

as in the inductive case. Their value is C1 = C2 = 559 pF and
CM = 55.9 pF.
Specs and Nominal Design–The specifications are: fs = 1MHz,
Vout = 15V, Pout = 2W at D = 0.52 and k = 0.1. Furthermore,
RL = 111Ω and the nominal behaviour is achieved for Vin = 11V.

For the MOS transistor and the diode we have used the available
SPICE model of the IRF510 and RB160VAM-60, respectively. For all
reactive components, a simple model with parasitic series resistance
has been considered, as explicitly shown in Figure 3.
Output Characteristic–The circuit, according to the Iout–Vout char-
acteristic of Figure 6(a), computed for the nominal input voltage

2In [3], the duty cycle is declared to be D = 0.6. However, according to
the measurements shown by the authors, it is clear that D = 0.5.

Vin = 11V and its ±25% variations Vin = 8.25V and Vin =
13.75V, has the same behavior as a real current source. Therefore,
the MET identification can be performed by adding a shunt regulator
(we set VN = 15V) and by satisfying (2). To this purpose, we have
compared in Figure 6(b) the observed output conductance of the DC-
DC converter with the load conductance value PN/V 2

N = 9mS at
PN = 2W. It is clear from the figure that (2) is satisfied.
Input Characteristic and MET point–The Iin–Vin characteristic for
this system has been plotted in Figure 6(c). We have considered three
nominal power levels PN = 1.5W, PN = 2W and PN = 2.5W,
and three nominal coupling coefficient k = 0.06, k = 0.1 and k =
0.2. Only the conductive load case has been taken into account.

Again, irrespective of the nominal power, the system behaves in a
similar way in all cases by showing a discontinuity in the derivative
of the Iin–Vin curve. Therefore this point, which represents the MET
point, can be easily identified independently of k and PN .

C. Inductive Class-E-DE Circuit Topology

In [12], one more WPT system based on inductive coupling is
proposed. The converter schematic is depicted in Figure 7 and it is
made of a class-E inverter and a class-DE rectifier.

Specs and Nominal Design–The system in [12] is designed for
Pout = 10W, input voltage Vin = 24V and a resistive load RL =
50Ω (so Iout = 447mA)3, and operates at the frequency fs =
1MHz. Additionally, the coupled coils L1 and L2 have a quality
factor Q at the nominal frequency equals to 165 and 170, respectively,
and the coupling coefficient is specified to be k = 0.056.

The active devices were simulated using the available SPICE
models of the actual components used in [12], i.e. a IRFS4410 by
International Rectifier as the main MOS, switching with a duty cycle
D = 0.5, and a STPS5H100B Schottky barrier diode by STMicro-
electronics as diodes at the rectifier side. All other components have
been either assumed ideal, or their parasitics have been explicitly
shown in Figure 3. Component values are directly shown in the figure.
Output Characteristic–The circuit, according to the Vout–Iout
characteristic of Figure 8(a), computed for the three input voltages
Vin = 18V and Vin = 22V and Vin = 24V , shows the behavior
of a real voltage source. Therefore, the MET identification can be
performed by adding a current limiter and by setting IN = 360mA

3Spice simulations by using available SPICE models of the adopted
components show Iout = 360mA and therefore Pout = 6.5W.
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Fig. 6. Characteristics of the classical class-E2 DC-DC converter based on capacitive coupling: (a) output curves of the converter for three different input
voltages from which the current source behaviour becomes clear; (b) output conductance of the converter compared to that of the nominal load in order to
justify the use of a shunt regulator; (c) characteristics observed at the primary side of the DC-DC isolated converter for three different coupling factor values
k = 0.06, k = 0.1, k = 0.2 and three different nominal power levels PN = 1.5W, PN = 2W, PN = 2.5W. The bullet points indicate the MET point
identified according to the algorithm proposed in [13].

Fig. 7. Schematic of the class-E-DE converter based on inductive coupling
taken from [12]

according to the nominal SPICE simulations. Furthermore, (1) is
satisfied as can be seen from Figure 8(b) that compares the observed
value of Rout with the 50Ω resistive load.
Input Characteristic and MET point–For this system we have
considered three different nominal power levels PN = 6W, PN =
6.5W and PN = 7W, and three coupling coefficient values
k = 0.05, k = 0.06, k = 0.07. Only the case of a resistive load
RL = PN/I2N has been considered.

The Iin–Vin characteristic has been plotted in Figure 8(c), and
shows the expected behaviour. Irrespective of the nominal power and
of the coupling coefficient, the system shows a discontinuity in the
derivative of the Iin–Vin curve. Therefore, this point, which represents
the MET point, can be easily identified even without any knowledge
of k and PN .

IV. CONCLUSION

This paper validated a Maximum Efficiency Transfer identification
methodology to regulate load power without any information from
the receiver part (such as, for example, in the case of active telemetry)
or a precise system model. In all the setups being evaluated, a corner
point (i.e., a discontinuity in the derivative) in the current–voltage
characteristic at the transmitter side, could be observed, notwith-
standing both coupling factor and load variations. The addition of
either a current limiter, or a shunt regulator, at the receiver side
was based on the ratio of the converter output resistance versus the
load one. The robustness of the technique in SPICE simulations
of recently proposed state-of-the-art WPT systems (i.e, a classic
inductive class-E2, a classic capacitive class-E2, and an inductive
class-E-DE topology) proved the validity of the methodology.
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