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Letters

A 3.2-kW 13.56-MHz SiC Passive Rectifier With 94.0% Efficiency Using
Commutation Capacitor

Mohammad Bani Shamseh, Itsuo Yuzurihara, and Atsuo Kawamura, Fellow, IEEE

Abstract—This letter presents a high-efficiency and high-power
passive rectifier for wireless power transfer applications. A
commutation capacitor is added at the input of the rectifier to
improve its performance. The output current is transformed
from the discontinuous conduction mode to the continuous
conduction mode. The feasibility of the circuit has been verified
experimentally on a 3.2-kW prototype and a maximum efficiency
of 94.0% has been achieved.

Index Terms—Commutation capacitor, high-efficiency rectifier,
parasitic components, wireless power transmission.

I. INTRODUCTION

ONE of the popular methods for wireless power transmis-
sion that has been under extensive scrutiny in the past few

years is magnetic resonant coupling [1]–[4]. This method uti-
lizes high-frequency power sources to transmit power between
two magnetically coupled coils. The frequency is usually in the
megahertz range. One particular frequency that has been used
extensively, which lies in the industrial, scientific, and medical
frequency band, is 13.56 MHz. To build a system with high
overall efficiency, it is imperative to build an ac/dc rectifier with
high efficiency at the receiving coil side.

Many researchers have tackled this problem with different
approaches. A semibridgeless active rectifier in which the lower
diodes are replaced with synchronous switches and controlled
by a phase-shifted pulse width modulation (PWM) signal has
been investigated in [5]. The system achieved 94.4% efficiency
at 150 kHz frequency. In [6], a class-E resonant rectifier has
been reported for low-power applications with 94.4% efficiency,
at 800 kHz frequency. A cycloconverter-type rectifier has been
reported in [7] operating at 20 kHz frequency and has achieved
89% efficiency at 550 W. Table I summarizes a sample of
recent publications in the literature concerning high-frequency
rectifiers. Refs. [5] and [6] achieved high efficiencies (both
about 94.4%), but the frequency of the system is below 1 MHz.
For the other papers, which incorporate frequencies of 5.56
MHz or above, Park et al. [8], [11], and [12] have achieved
91.5%, 90.1%, and 90.9% efficiencies, respectively.
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TABLE I
SAMPLE OF RECENT PUBLICATIONS FOR HIGH FREQUENCY

AND HIGH EFFICIENCY RECTIFIERS

Citation Frequency Efficiency (%) Description Power

[5] 150 kHz 94.4 Semibridgeless active rectifier 1 kW

[6] 800 kHz 94.43 Class-E resonant rectifier 10 W

[7] 20 kHz 89 PWM rectifier 550 W

[8] 6.78 MHz 91.5 Full CMOS active rectifier 10 W

[9] 6.78 MHz 84 Full bridge rectifier 10 W

[10] 6.78 MHz 84 Class-E current-driven rectifier 20 W

[11] 13.56 MHz 90.1 Full wave active rectifier 10 mW

[12] 5.56 MHz 90.9 Class-E active rectifier 120 W

This letter 13.56 MHz 94.0% Passive rectifier 3.2 kW

An important point to notice concerning high-frequency rec-
tifiers is that, most papers that discuss this topic utilize active
rectifiers or some sort of additional control to achieve high ef-
ficiency [5]–[8], [10]–[13]. Full-bridge rectifiers can also be
used. However, their efficiencies are usually lower than their ac-
tive counterparts [11]. An example of this would be [9], which
achieved 84% efficiency.

In this letter, a rectifier which is built using only the passive
components is presented. The design has been tested experi-
mentally on a 3.2-kW prototype. The operating frequency is
13.56 MHz and the maximum efficiency is 94.0%. The pro-
posed approach taken in this letter is to first build an accurate
simulation model of the circuit, taking into account the parasitic
components. To achieve this, PSpice simulator is used. A precise
equivalent model of the SiC diode is included in the simulation
profile. Next, after the circuit is precisely modeled in simulation,
a high-power circuit prototype is optimized to achieve high effi-
ciency. To achieve this, two adjustments have been made: First, a
commutation capacitor is added at the input terminals of the rec-
tifier. This capacitor significantly improves the performance of
the rectifier by reducing the distortion in input voltage and input
current. Second, an inductor is added at the output to transform
the output current from discontinuous conduction mode (DCM)
to continuous conduction mode (CCM).

II. HIGH-FREQUENCY HARMONICS AND PARASITIC ELEMENTS

A. Parasitic Components

High-frequency rectifiers suffer from sever degradation
in their efficiency. Many factors such as diodes forward
voltage drop [6], parasitic elements [14], impedance mismatch
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Fig. 1. Equivalent circuit model of high-frequency rectifier including parasitic
components (to achieve high efficiency, a commutation capacitor C2 is added
between A and B).

TABLE II
PARAMETERS FOR SIMULATION CIRCUIT (LOW POWER RECTIFIER) OF FIG. 1

L1 C1 Lp Cp Cm rc Ls

0.1 μH 10 pF 0.05 μH 8 pF 30 nF 0.5 Ω 0.02 μH

Fig. 2. Waveforms of input voltage, input current, output voltage, and diode
current without the commutation capacitor (experiment), load = 100 Ω, param-
eters are shown in Table II (time scale = 50 ns/div).

and power reflection [15], and discontinuity in the output
current [16] affect the performance of the rectifier. Parasitic
inductances and capacitances in the circuit play an important
role at high frequencies, causing distortion in the waveforms of
the voltages and currents [14].

The simulation model of the high-frequency rectifier, includ-
ing the parasitic components in the circuit, is shown in Fig. 1.
L1 and C1 are the inductance and capacitance of the transmis-
sion line connecting the source with the rectifier, respectively.
Lp and Cp are the parasitic inductance and capacitance at the
output side of the rectifier, respectively. Ldc is the added dc
inductance (see Section III), and rl is its equivalent series re-
sistance (ESR) (5 mΩ). Cm is the smoothing capacitor, rc and
Ls are its ESR and equivalent series inductance (ESI), respec-
tively. Silicon carbide diodes are used for their advantages of
faster recovery and low-switching loss [17]. The values of the
parameters in Fig. 1 are shown in Table II. The function of the
commutation capacitor C2 as well as the output inductor Ldc
will be explained in Section III.

Fig. 2 shows the waveforms of the input voltage, input current,
output voltage, and diode current taken from the experiment.

Fig. 3. Simulation results of output current in the discontinuous mode (without
commutation capacitor or output inductor), load = 100 Ω, parameters are shown
in Table II.

From the figure, it can be observed that the input voltage and
input current are distorted from their normal shapes, also high
ripples appear in the diode current.

Another problem that causes reduction in the efficiency of
the rectifier is the discontinuity in the output current. When the
diode is in the reverse blocking mode, it conducts current for a
small period of time which is the recovery time needed to go to
the nonconducting state. This results in discharge of the output
capacitor through the diode back to the power source. In this
period, the output current flows in the reverse direction. This is
demonstrated in Fig. 3 in which the output current (see Idc in
Fig. 1) exhibits negative values for some periods of time.

B. Capacitor’s High-Frequency Model

In dc circuits, the model of the capacitor is quite simple:
the capacitor is represented by two plates and its capacitance
in Farads is given, which is a function of its dimensions and
the insulation material used between the plates. However, for
high-frequency applications the model is more complicated and
involves other parameters, such as the ESR of its leads, which
increases as the frequency increases due to the skin effect, and
ESI of the leads of the capacitor [18]. Fig. 4 shows the measured
impedance of a 10 nF capacitor taken from the network analyzer.
The impedance of the capacitor is represented as

Z = rc + j (ωLs − 1/(ωC)) (1)

where C is the capacitance, rc is the ESR, and Ls is the ESI.
Referring to Fig. 4(a), rc can be measured by taking the lowest
value on the curve which corresponds to the resonance frequency
of the capacitor (10.5 MHz) at which the impedance is pure
resistive and equals to 0.5 Ω.

Next, Ls , can be calculated based on Fig. 4(b) which shows
the phase of the impedance. Below the resonance frequency, the
impedance is capacitive (phase = −90◦), and for frequencies
above the resonance the impedance becomes inductive. At the
resonance frequency, the capacitive and inductive impedances
are equal and therefore Ls can be calculated as follows:

Ls =
1

ω2
0C

(2)

where ω0 is the resonant frequency of the capacitor. For this
capacitor, the value of Ls is 0.02 μH, as listed in Table II.
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Fig. 4. Impedance of the capacitor: (a) magnitude and (b) phase.

Fig. 5. Waveforms of input voltage, input current, output voltage, and diode
current taken from simulation for the circuit in Fig. 1, parameters are shown in
Table II.

The parasitic components play a crucial role in wave shaping
of the voltages and currents at high frequencies. These para-
sitic components are responsible for the existence of ripples and
distortion in the waves. Fig. 5 shows the input voltage, input cur-
rent, output voltage, and diode current for the simulation model
of the rectifier. Comparing Fig. 5 with Fig. 2, the waveforms are
very similar in terms of ripples and distortion.

The next step is to eliminate the high-frequency harmonics to
get better wave shapes and higher efficiency.

III. CIRCUIT MODIFICATION

In this section, we will discuss modifying the shape of the
input voltage, as well as the transition of the output current
from the discontinuous current mode (DCM) to the continuous
current Mode (CCM).

A. Commutation Capacitor

Adding a capacitor at the input of the rectifier facilitates
the commutation between the diodes when the input voltage

Fig. 6. Effect of different values of commutation capacitor on the input
voltage, parameters are shown in Table II, load = 100 Ω.

switches its polarity. The commutation capacitor (see C2 in
Fig. 1) plays a crucial role in reducing the distortion of the input
current and voltage, and also in improving the power factor. It
has been shown in Fig. 2 that the input voltage and input cur-
rent are distorted with high-frequency harmonics. To solve this
problem, a commutation capacitor will be added at the input ter-
minals of the rectifier. In Fig. 6, the input voltage is demonstrated
for different values of C2 . It can be concluded that increasing
C2 reduces the harmonics and improves the shape of the input
voltage wave. For C2=200 pF, the input voltage is sinusoidal.
It should be noted that albeit C2 improves the shapes of input
voltage and current, it would hinder the performance of the rec-
tifier if it was too large. This is due to the fact that the capacitor’s
reactance is inversely proportional with its capacitance. Hence,
if the capacitance is too large, it would result in the decrease of
dc output voltage.

B. Output DC Inductance

Adding an inductor in series at the output will force the output
current to keep flowing in the same direction. The commutation
interval is the time interval at which the two conducting diodes
are in the cut-off region and the input voltage switches its polar-
ity preparing for the second half period to start and the other two
diodes of the bridge conduct. The energy stored in the inductor
should be high enough to prevent the current from falling to zero
and switching its direction until the second-half period starts.

Fig. 7 shows the rectified voltage before the filter (see Vr in
Fig. 1), the dc output voltage, and the dc output current for the
ideal case. We will assume that the smoothing capacitor Cm is
large enough to keep the output voltage Vdc almost constant.
Considering the case that the value of the inductor is such that
the output current is at the transition point between the discon-
tinuous and continuous modes, the value of the inductance at
this point is the critical inductance Lc . From the dc side of the
rectifier, the following equation is obtained:

Lc
di

dt
= Vac | sin(ωt) | −Vdc . (3)

Since the current in the capacitor in a steady state is zero, the
average output current in the inductor equals the load current.
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Fig. 7. Output current at critical transition between DCM and CCM.

TABLE III
SPECIFICATIONS OF RECTIFIER AFTER MODIFICATION

Component C2 Ld c rl Cm RL

Value 200 pF 10 μH 5 mΩ 20 μF 10−400 Ω

Consequently, (4) can be derived
∫ π

0 idc dωt

π
=

Vdc

RL
. (4)

In Fig. 7, the current in the inductor is zero at point A (Vr =
Vdc). The current then increases and reaches its maximum value
at point B and decreases again to zero. Solving (3) and (4) at
point A, the value of the critical inductance Lc can be obtained
as follows [16]:

Lc =
2arcsin( 2

π ) +
√

π2 − 4 − π

2ω
RL = 0.3307

RL

ω
. (5)

It should be noted that Lc is the minimum inductance required
to make the output dc current just at the boundary between DCM
and CCM. Generally, the performance of the rectifier can be im-
proved by increasing the value of the inductance so that the dc
current is smooth and almost constant. In the experiment, a 10
μH inductor will be used to ensure that the output current re-
mains smooth even under light load or output voltage variations.
In Fig. 1, Ldc is the inductor at the dc side of the rectifier, and rl

is its ESR. For the inductor used in the experiment, rl = 5 mΩ.

IV. EXPERIMENTS

A high-power source is used to generate the voltage at
frequency 13.56 MHz. An impedance matcher is connected
between the power source and the rectifier to reduce the
reflected power [15]. The rated power of the rectifier is 3.2
kW. Silicon carbide Schottky diodes of 20 A rated current are
used (C2D20120D) for their small recovery time. Table III
demonstrates the components used in the high-power rectifier
and their values. Two parallel, 100 pF, ceramic capacitors are
used in the experiment. Fig. 8 shows the experimental prototype
of the rectifier.

In Fig. 9, the waveforms of the input voltage, rectified
voltage (Vr in Fig. 1), output voltage, and output current are
demonstrated. The figure shows that the output current is
continuous and constant, some distortion appears in the wave of

Fig. 8. Experimental prototype of high-frequency rectifier.

Fig. 9. Waveforms of input voltage, rectified voltage, dc voltage, and dc
current after adding commutation capacitor and output inductor, parameters are
shown in Table III (experiment).

the input voltage, but has been significantly reduced compared
to that in Fig. 2.

In Table IV, the input power is increased from 143.6 to 3310
W while the output voltage is fixed at 200 V. The table shows the
efficiency for each case. Notice that the efficiency is dependent
upon the input power. Increasing the input power increases the
efficiency of the rectifier with highest efficiency of 94.0%. The
same result is depicted in Fig. 10. The interpretation of the
power-efficiency pattern obtained in Fig. 10 is as follows: Under
light-load condition, the output current is relatively small.
Hence, the energy stored in the output inductor is small and the
output current is in the DCM. Under heavy load condition, the
output current increases, and so does the stored energy. Hence,
the inductor has enough energy to keep the current flowing
in the same direction until the second-half cycle begins. This
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TABLE IV
MEASUREMENT OF EFFICIENCY FOR VARIABLE INPUT POWER

AND FIXED OUTPUT VOLTAGE

P in (W) Pr (W) Vd c (V) Id c (A) Po u t (W) Efficiency (%)

143.6 0.67 198 0.55 108.9 76.19
377 0.33 200 1.65 330 87.61
490 0.44 199.8 2.2 439.6 89.79
1174 0.30 199.5 5.5 1097.3 93.49
1679 0.35 199.5 7.85 1566.1 93.29
2340 0.35 198 11.1 2197.8 93.94
2850 0.16 199.8 13.4 2677.3 93.95
3310 0.64 199.5 15.6 3112.2 94.04

Fig. 10. Rectifier input power versus efficiency for different load conditions
and fixed output voltage = 200 V (experiment).

Fig. 11. Simulation results of Idc for different load conditions, parameters of
the rectifier are as in Table III, input voltage = 1000 V. The three points (1, 2,
and 3) are marked on Fig. 10.

conclusion can be observed in Fig. 11, which shows Idc for
different power conditions (245, 456, and 2.1 kW). The figure
shows that for low power, Idc is in DCM. At load condition 2
(456 W), Idc is at the transition state, and for power = 2.1 kW
the current is already in CCM. The three points in Fig. 11 are
marked in Fig. 10. For low-power condition, to make the current
flow in CCM, Ldc should be increased, as confirmed by (5).

V. CONCLUSION

This paper presented a high-efficiency ac/dc passive rectifier
with a commutation capacitor for the high-frequency applica-
tions. It has been shown that the parasitic elements in the circuit
generate high-frequency harmonics. A commutation capacitor is
added at the input of the rectifier to improve the power factor and
reduce the attenuation in the voltage. Due to the high frequency
of the source, the output current is in the DCM which causes
reduction in the efficiency of the rectifier and the overall system.
The output current can be transformed into the CCM by adjust-

ing the output inductance. The advantages of the rectifier are its
high efficiency and simplicity compared to active rectifiers.
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