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Abstract—This paper proposes an improved pulse density
modulation (PDM) control for a semi active rectifier (SAR) in
wireless power transfer (WPT) with LC/S compensation. In
order to improve the output regulation performance of the WPT
converter, an improved pulse density modulation (PDM) is used,
and its control signals are applied to the switches of the SAR.
Based on the improved PDM control, the pulse sequence of the
SAR is distributed more evenly compared to the traditional
PDM. Thus, the output voltage ripple of the WPT converter is
decreased and the output current ripple of the high frequency
inverter (HFI) is decreased as well. The soft switching conditions
can be achieved for both the SAR and HFI switches. In addition,
since the control is applied only to the receiving side, there is no
necessary for the communication devices. A simulation study is
carried out to verify the performance of the improved PDM
control and compared with the traditional PDM control. Based
on the simulation results, the ripples of the output voltage as well
as the output current ripples of the HFI are effectively reduced
by using the improved PDM. Finally, the experimental results
are presented to validate the effectiveness of the proposed
control method.

Keywords—LC/S compensation, pulse density modulation
(PDM), wireless power transfer (WPT).

I. INTRODUCTION

Wireless power transfer (WPT) has come to the fore as it
provides transfer to the power without any physical contact.
In addition, it is convenient, efficient, and safe [1]. Because of
these features, it has attracted attention in various applications
such as consumer electronics, automatic guided vehicles
(AGV), and electric vehicle charging.

An auxiliary dc-dc converter is generally used to achieve
output voltage regulation at the secondary side of WPT
converter [2]. However, an auxiliary dc-dc converter increases
the system size and cost. Different transmitting side control
methods have been proposed including duty, phase, or
frequency control of the high frequency inverter (HFI). With
these methods, the output voltage regulation can be achieved
in the transmitting side. However, it is difficult to achieve soft
switching condition of HFI, especially light load conditions.

To eliminate the use of dc-dc converter, as an alternative
solution, active rectifier is proposed at the receiving side of
the WPT converter [3]-[5]. Generally, by adjusting duty cycle
or phase angle of the active rectifier, the output voltage
regulation can be achieved. However, the active rectifier
switches usually lose the soft switching condition with this
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method. In order to solve this problem pulse density
modulation (PDM) method is proposed in [6],[ 7] for the active
rectifier at the receiving side. The PDM control can provide
soft switching condition of semi active rectifier (SAR). It can
also be adopted to the HFI at the transmitting side [8].
However, in PDM control, when the load decreases, current
ripples are increased and therefore the optimization of pulse
distribution is required.

In this study, an improved PDM control approach is
proposed to regulate the output voltage of the WPT converter
using SAR. The proposed WPT converter can achieve the
output  voltage regulation without depending on
communication device between the transmitting and receiving
side. Compared to the traditional PDM, proposed PDM
effectively reduce the output current ripples of the HFI, and
the output voltage ripples of the SAR. In addition, the soft
switching condition of the SAR is achieved over a wide load
range. The performance of the proposed PDM controlled
WPT converter is verified by a simulation study. The
simulation study is carried out with 1.05 kW output power for
the full load condition. In the simulation work, traditional
PDM and proposed PDM control are compared with each
other in terms of current and voltage ripples performance. An
experimental prototype is also built to verify the performance
of the proposed method. According to experimental results,
the proposed method shows better current ripple performance
compared to the traditional PDM method.

II. THEORETICAL ANALYSIS OF THE WPT SYSTEM

The LC/S compensation WPT converter with SAR is
shown in Fig.1. Lp and Ls are the self-inductances of magnetic
coupler, respectively. M denotes corresponding mutual
inductance of the magnetic coupler. While the HFI composed
of four MOSFETs (Qi-Q4) which invert to dc voltage to high
frequency ac voltage, the SAR is composed of Ds and Dg
diodes and Q; and Qs MOSFETs. L, is the transmitting
resonant inductor. Cp and C; are the transmitting and receiving
side resonant capacitors, respectively. Cr is the output
capacitor and R,, is the load. Vg, is the output voltage of the
transmitting side HFI, V4 is the input voltage of the SAR at
the receiving side. V, and i, is the dc side voltage and current
of the WPT converter, respectively.
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Fig. 1. WPT system with LC/S compensation network.

The equivalent model of LC/S compensation network with
the fundamental approximation is shown in Fig. 2. Vg is the
fundamental component of vum. Ve is the fundamental
component of ve. Re is the equivalent resistance of load. o is
the operation frequency of the WPT converter.
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Fig. 2. AC equivalent model of the LC/S network.

The voltage equations of the transmitting and receiving
side can be derived from Fig.2
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The WPT converter with SAR is shown in Fig 1. In the
PDM control, ZVS and ZCS conditions are achieved over a
wide load range. Therefore, switching losses of the SAR can
be eliminated. In order to achieve higher efficiency
performance of the WPT converter with SAR, the PDM
method is preferred and improved in this study.

Fig. 3 and Fig 4 show the traditional PDM and proposed
PDM control patterns for the SAR, respectively. With the
proper implementation of PDM control, the ZVS turn on for
the switches of SAR (Q7-Qs) can be achieved over the wide
load range. Furthermore, all the SAR diodes (Ds - Ds) turn-on
with ZCS. Because of the long waiting time of the traditional
PDM as given Fig. 3, the output voltage regulation
performance deteriorates, and the current ripple increases.
Due to these reasons, the traditional PDM pattern replaced
with the proposed PDM pattern as given in Fig. 4. So, the
proposed PDM pattern is adapted to the SAR. In PDM control,
the output voltage regulation is provided by adjusting the
PDM duty of the switches of the SAR during the one PDM
period T. The SAR is always operated with the help of the
proposed PDM pattern.

The traditional PDM control for the SAR has two
operation modes which is named as active mode and passive
mode. If the SAR operated with passive mode, the receiving
side is shorted. While the current flows through Q7 and Ds in
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the positive half cycle of v, and the current flows through Qs
and Dy, in the negative half cycle of v.q. Therefore, the load
power is zero in this mode. The load fed by only the output
filter capacitor and the Re is equal to 0. If the SAR works at
active mode, the conventional diode bridge mode starts to
work. So, the power producing in transmitting side is
delivered to load with the help of (Ds- Dg) and (De- D7) diodes

respectively. In this mode R. is equal to 8R, / 7.

In addition to the active and passive modes, the proposed
PDM has a new mode called semi-mode. In the active and
passive operation modes, the SAR works similarly to
traditional PDM. On the other hand, in the semi mode
operation, the input voltage of SAR has a positive and
negative part pulses unlike traditional PDM. This is because
to transient state is introduced between the active and passive
modes of operation of SAR which is used to distribute the
pulse sequence more optimized. The waiting time of the
passive mode operation is reduced with the help of semi mode.
Thus, the output voltage is regulated more precisely.
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Fig. 3. The traditional PDM input voltage pattern of SAR

The peak input voltage of the SAR can be calculated as

41,
V,=—Lm. (5)
/4
Where m is the pulse density for the traditional PDM, and
it is defined by:
T
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Fig. 4. The proposed PDM input voltage pattern of SAR



According to the Fig.4, for the proposed PDM, the m
defined by:

m=k—. (7)

Where k is the total number of the positive and negative
part pulse of the v.q4in the one PDM period T.

III. SIMULATION RESULTS

A simulation study is performed to test the proposed PDM
control. The parameters of the LC/S compensated WPT
system using SAR are listed in Table I. The resonant network
parameters are determined according to the load independent
CC output with zero phase angle condition as given in [9]. The
output voltage and current are both constants at 85 kHz. With
the use of proposed PDM, the output voltage regulation
performance is improved for the SAR compared to the
traditional PDM. In addition, the current ripple of the HFT is
significantly reduced. The soft switching condition for the
switches of SAR is also achieved.

TABLE L THE WPT CONVERTER PARAMETERS
Parameters Value Parameters Value
Po 1.05 kW k 0.25
Vi 200V Lp—Ls 290 uH
Vo 210V L, 242 yH
Io 5A Cp 26.6 nF
®, 85 kHz Cs 13.6 nF
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Fig. 5. Simulated waveforms of the voltage and current across the HFI and the
SAR, with traditional PDM under the 393 W load power.
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Fig. 6. Simulated waveforms of the voltage and current across the HFI and the
SAR, with proposed PDM under the 393 W load power.

When the system operates at 210 V output voltage
regulation for the 393 W load power, the simulated waveforms
of the output voltage and current of HFI and the input voltage
and current of the SAR are depicted in Fig. 5. and Fig. 6.
According to Fig. 5 and Fig. 6, the input current ripple of the

HFI with the improved PDM is lower than the traditional
PDM. Fig. 7 and Fig. 8 show the output voltage ripple
waveform. From Fig. 7 and Fig. 8, it can be seen that the
output voltage ripple of the traditional PDM is higher than the
proposed PDM for the 393 W load power.
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Fig. 7. The output voltage ripple waveform of the WPT converter with
traditional PDM, V=210 V under the 393 W load power.
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Fig. 8. The output voltage ripple waveform of the WPT converter with
proposed PDM, V=210 V under the 393 W load power.

In order to make a performance comparison for both
traditional and proposed PDM control, the experimental study
is also performed under the 393 W load power. Experimental
waveforms of the output voltage and current of HFI and the
input voltage and current of the SAR are shown in Fig. 9 and
Fig 10. As can be seen from these figures, the input current
ripple is effectively reduced. It can also be realized that the
output voltage ripple is reduced.
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Fig. 9. Experimental waveforms of the voltage and current across the HFI and
the SAR, with traditional PDM under the 393 W load power.
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Fig. 10. Experimental waveforms of the voltage and current across the
HFI and the SAR, with proposed PDM under the 393 W load power.

In comparison with the other control methods such as
phase-shift control, the soft switching condition of SAR
switches cannot be provided for a wide load condition.
Therefore, high switching loss occurs for SAR switches
resulting in low system efficiency.

IV. CONCLUSION

This paper proposes an improved PDM control for the
LC/S compensated WPT converter with SAR. Based on the
improved PDM strategy, the pulse sequence distribution of the
SAR is more evenly compared to the traditional PDM. The
output voltage regulation performance of the WPT converter
with SAR is increased by using proposed PDM. Furthermore,
the soft switching condition is achieved for the switches of
SAR. According to the simulation and experimental results,
the output voltage ripple of the proposed PDM and the current
ripple of HFI are effectively reduced compared to the
traditional PDM control at 393 W load power.
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