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ABSTRACT Power factor correction (PFC) is usually realized with a boost converter in a traditional power
converter. This paper introduces a PFC modulated WPT method which can realize PFC function through
phase-shift modulation of the primary-side inverter of a series-series (SS) WPT system. A close-loop control
method of the phase-shift modulated system is also proposed for practical implementations. Without using
a PFC converter, the structure of a WPT system can be simplified. Theoretical analysis and experimental

results are provided to verify the idea.

INDEX TERMS Phase modulation, power factor correction, wireless power transfer.

I. INTRODUCTION

In recent years, energy and environmental problems have
become increasingly serious, and the rise of electric vehi-
cles (EVs) might be a solution to the pollution caused by
the emissions of traditional fuel vehicles. As the scale of
EVs continues to expand, it is urgent to solve the problems
of insufficient supply of charging piles and unreasonable
distribution of charging locations. Due to the emergence
of high-power, high-switching frequency semiconductor
devices, researches on WPT technology have been widely
carried out. Compared with the traditional wired charging
systems, WPT offers many benefits such as high electri-
cal isolation, high flexibility and high reliability, especially
in harsh environments. WPT has been widely adopted in
transportation [1], [2], consumer electronics [3], [4], [5], [6],
biomedical implantation [7], [8], [9], underwater equipment,
energy hub [10], etc. In particular, it is of great significance
for EV charging [11], [12], [13], [14], which can reduce
battery storage requirements through opportunistic charging
technology [15].
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Grid-connected power electronic converters need to limit
the total harmonic distortion and have a high power factor.
To reduce the grid reactive power and current harmonics, PFC
converters are widely used in medium and high-power WPT
systems. Active PFC circuits can be implemented using vari-
ous converter topologies, including buck, boost, and flyback
converters [16]. Among these topologies, boost converters are
currently widely adopted (Fig. 1).
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FIGURE 1. Traditional single-phase two-stage AC-DC WPT system with
boost PFC.

A

According to the locations of the PFC converter, it can
be divided into front-end PFC [17] and back-end PFC [18].
The classic front-end PFC is connected to the AC grid
through a boost circuit to ensure high input power factor
[19]. The front-end PFC converter of [20] consists of three
parallel switches to reduce component stress and ensure safe
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FIGURE 2. The WPT system with phase-shift PFC modulation.

operation of the circuit. The PFC converter is connected to
the receiver in [21], and the topology is chosen so that the
PFC stage has a sufficiently high input voltage with a weak
coupling. The back-end PFC can simplify the structure of
the primary side, but it will introduce pulsating power to the
output [22].

Various approaches have been proposed to eliminate mul-
tiple stages in the transmitter of a WPT system. The com-
monly adopted technique is to use an AC-AC matrix converter
to replace the traditional rectifier-PFC converter- inverter
structure [23], [24]. Based on the series-parallel (SP) com-
pensation topology, a three-phase AC-AC matrix converter
comprising of six reverse-blocking switches and one regular
switch, as long as a variable-frequency control strategy is
proposed in [25] for WPT applications. PFC is realized by
adopting the energy-injection and free-oscillation technique.
A single-phase AC-AC matrix converter as well as an active
rectifier are adopted in [26] to realize bidirectional WPT,
based on dual-LCC compensation. The condition of realizing
PFC have been derived and the modulation of secondary-side
active rectifier is practically implemented. In [27], a current-
fed AC-AC matrix converter with PFC function is proposed,
which requires an energy storage inductor.

Apart from using a matrix converter, some other solu-
tions are also reported to get rid of the PFC converter.
In [28], frequency modulation is proposed for PFC with
a rectifier-inverter and SP compensation topology. In [29],
a single-stage WPT resonant converter with front-end bridge-
less boost PFC rectifier is proposed. The bridgeless boost
PFC converter is combined with the inverter so that less
switches are required. In [30], a novel direct AC-AC con-
verter is proposed for WPT systems. The converter only uses
four regular switches for AC-AC conversation. However, the
voltage usage rage of this converter is low and thereby it
which performs AC-DC PFC rectification and DC-DC WPT
conversion simultaneously to generate AC power containing
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line-frequency and high-frequency components. In [32],
a T-type inverter is proposed for three-phase WPT system,
which realizes PFC through duty cycle modulation, might be
not suitable for high-power applications. In [31], only a full-
bridge structure is designed on the primary side.

This paper proposes a PFC modulation method based on
an SS WPT system. The grid voltage is directly supplied to
the primary-side inverter after uncontrolled rectification. PFC
function is realized through the phase-shift of the primary-
side inverter. Compared with the traditional WPT system, this
solution eliminates the PFC converter at the front-end of the
primary inverter.

Il. GENERAL ANALYSIS OF PFC MODULATION

The WPT system with the proposed PFC modulation is shown
in Fig. 2. Compared with the traditional WPT system topol-
ogy, the PFC circuit on the grid side is omitted, and the grid
voltage is directly rectified into a 100 Hz pulsating voltage
to supply the primary-side inverter of the WPT system. The
operating frequency of the inverter is 85 kHz. To realize PFC,
the only component to filter the 100 Hz pulsating power to DC
power is the output capacitor Cop in this system. Cp is small
for buffering the AC power in the switching frequency level.
The output voltage amplitude of the inverter equals the grid
pulsating voltage. Vier and It are the set reference values for
the system output voltage and current. For this topology, the
PFC function can be achieved only by primary-side modu-
lation. The grid-side EMI filter filters out the 85 kHz high-
frequency components.

The main idea of PFC in this system is to make the instanta-
neous output power of the inverter equal to the instantaneous
input power from the grid as given by (3). To do so, phase-
shift modulation of the inverter can be adopted, as shown in
Fig.3.

Ideally, PFC means shaping the input current from the
grid to be a sinusoidal wave which is in phase with the grid
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FIGURE 3. Inverter output voltage in one power frequency cycle,
amplitude and duty cycle change with time.

voltage. Therefore, the input voltage and current are given by

Verid (1) = V2Vgia sin (wot) , M
igria (1) = /2gia sin (0o1) ©)
where Vg and Igiq are the RMS value of the grid voltage
and current, respectively, and wy is the angular frequency of
the grid voltage. Then, the input power from the grid is given
by
Perid (1) = 2Vigrialgria sin” (wor) . 3)
The average input power is given by

Pgrid = Vgridlgrid- 4

By neglecting the losses, the average input power Pgyig of the
system is equal to the average output power Pg, which is

Pgria = Po = Volo. 5

Then, the RMS value of the grid current is derived as

Volo

loriad = —. 6)
& Vgrid
By substituting (6) into (3), (3) is rewritten as
Paiia (1) = 2Volo sin® (wot) - (7
The circuit equations of the system are given by
Vi = (Re1 + jXDl1 + joMD, ®)
Vo = joMI + (Rpz + jX2)I2, )]

where X; = wLi — 1/(wCj), i = 1, 2, is the reactance of
Resonator-i; M is the mutual inductance of coil L and L;;
o is the angular switching frequency of the inverter which is
much higher than wg. Because Cp is a small capacitor which
has negligible effect on the line-frequency power, the inverter
output power is expected to be equal to the grid input power
in the time scale of wy, i.e.

Piny (1) = pgrid (1) - (10)
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IIl. PFC WITH PHASE-SHIFT MODULATION

A. MODULATION SCHEME

Phase-shift modulation is widely adopted to regulate the out-
put voltage of a full-bridge inverter by changing the relative
phase angle between two inverter legs.

Firstly, also because Cp is a small capacitor which has
negligible effect on the line-frequency voltage after rectifi-
cation, the amplitude of the DC input voltage of the inverter
is assumed the rectified grid voltage. In a switching cycle
(or a half switching cycle), the input voltage of the inverter
can be considered constant. Therefore, the RMS value of the
fundamental component of the inverter output voltage in a
switching cycle (or a half switching cycle) is given by

23/2

2 . L«
Vi (1) = TMZ Vsiasin (wo1) |sin =, (11)

where « is the phase-shift angle of the inverter, as shown in
Fig. 4. It should be noted that V_jpy is changing with the input
voltage of the inverter (i.e., the rectified grid voltage).

In the WPT system in Fig. 1, the operating frequency
fs is equal to the resonant frequency fr of two resonators,
ie., X1 = Xp = 0. The DC output voltage is constant,
therefore, the RMS value of the fundamental component of
the primary current i; can be derived with (9) by neglecting
the effect of the parasitic resistance, which is

_2V2 Vo
T o1 oM’
where V is the output voltage.

Because the input impedance of this system is pure resis-
tive, the output power of the inverter is given by

I (12)

. 8 Vo . «
Piny_inv(t) = [V/2 Vi sin wot| 5 —sin . (13)

By solving (10), the required phase-shift angle « is given by

o = 2arcsin(B| sin wot|), (14)
where
2
M o
= T 0eid nd0<B <. (15)
42 Vo
By substituting (6) into (15), B is rewritten as
72oMly
B=———,and0<B< 1. (16)
4\/5 Vgrid

With (16), the AC equivalent resistance of the system Ry is

given by
8 Vo +2wMVo
Rie=—5—=—F. a7
- Ip BVgrid

From (16), it can be seen that B is determined by the output

current (Ip) provided that the other conditions are given. With

a heavier load (i.e. larger Ip), a larger B is required. Fig. 5

shows the curves of o with different values of B from (14).

The peak value of « increases with B. When B = 1, the peak

value of « is 7 (rad), which means the inverter output voltage

reaches the maximum at the time when the grid voltage peaks.
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B. COUPLER DESIGN
The coupler design process of the phase-shift modulation
system is provided in this section.

To maximize the usage rate of the input voltage of the
inverter, B is set to 1 when designing the coupler. Firstly, the
winding currents should be determined so that the number of
strands of the wires can be determined. The primary winding
current is calculated with (12) after the output voltage of
the application is given. Similarly, the RMS value of the
secondary winding current in the time scale of the inverter
switching cycle can be estimated with

Vl_inv (t )
oM

after the inverter output voltage is calculated with (11). This
RMS value is changing with V| _j,y in double line frequency.
To have the RMS value in the time scale of the line frequency,
we can integrate it in a half line period

IZ_inv(t) = ’ (18)

T
1 [ L (ot
L=— / Md(wot). (19)
T wM
0

Then the maximal mutual inductance for outputting the
rated power is given by (16) and the optimal secondary wind-
ing inductance is given by [33] as

8 Vo
72 kwly
Finally, the number of turns of the windings can be found

with the help of finite-element simulations.
The efficiency of the system is given by [33]

L270pt = (20)

B Rie
I2Rpy + I3(Rpy + Rie)’

where I} and I, are obtained from (12) and (19), Rp. is
obtained from (17).
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FIGURE 4. Phase shift angle of the inverter.

C. SIMULATION VERIFICATION

Simulation studies have been carried out with parameters
given in Table 1. A three-stage compound EMI filter is used in
experiments. The structure and parameters of the same filter
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FIGURE 5. Curves of o with different values of B.
TABLE 1. WPT system parameters.
Parameter Value Parameter Value
Grid voltage, Veria 220V Filter capacitor, Co 8 mF
Line frequency, 50 Hz Load resistance, R. 5Q
Filter capacitor, 5.00 uF M, 9.07 uH
Ce
L 52.68 uH L, 31.97 uH
Wire of primary 0.1 mmX Wire of secondary 0.1 mmX
coil 1200strands | coil 1500strands
N, 9 N, 7
G 66.29 nF C, 109.6 nF
Rpi 0.197 Q Rp 0.236 Q
— T YV

)|

Lc L l J_Cy L

R>
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FIGURE 6. The EMI filter used in the simulations and experiments.

TABLE 2. EMI filter parameters.

Parameters  Numerical value
Lc 0.8mH

L 0.3mH

Ca 0.1uF

C\'Z InF

C, 3.3uF

R 1MQ

are used in the simulations, as shown in Fig. 6 and Table 2,
respectively.

Table 3 shows the simulation results with different values
of B. The load resistance varies widely and the system main-
tains constant voltage output. As long as the output voltage
and output power are given, the required B can be calculated
with (16). However, it is difficult to obtain the accurate value
of the mutual inductance needed in (16). Alternatively, B can
be considered as a control variable which is determined by a
negative-feedback controller such as the proportional-integral
(PD) controller in a close-loop manner. Then as long as the
phase-shift angle of the inverter follows (14), PFC is realized.
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TABLE 3. Impact of B on system performance.

Inverter
output Output Output
RL B Grid current Zoomed views of inverter output voltage at peak voltage,
voltage, v power, Po
|4 ©
sl 2000 I‘I ________ _______ I‘I _________
igidA 0 iV 0 == g :
200 028 s 843V 20 —|_| ________ P H ________ . 122.1V 745.4W
0.01 0.02 003 004 4980 4985 49904995 5.000 5.005
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igridlA O vV oL o
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FIGURE 7. Experiment platform of the PFC modulated WPT system.

IV. EXPERIMENTAL VERIFICATION

A 3.3 kW prototype is built for experiments, based on the
WPT system topology given in Fig. 2. The size of the pri-
mary and secondary coils is 400mmx400mm, and the air
gap is 150mm. The primary circuit includes an input EMI
filter, a full-bridge rectifier, and a full-bridge inverter con-
structed with SiC MOSFET C2M0025120D from CREE. The
secondary side adopts an uncontrolled rectifier. The system
parameters are given in Table 1 and the experiment platform
is shown in Fig. 7.

17580

The performances of the system with PFC modulation
method are given in Fig 8-16. Fig. 8 shows the grid voltage
and current waveforms of phase-shift modulation method.
The grid current follows the grid voltage very well. Fig. 9
and 10 shows the inverter output voltage and current wave-
forms for phase-shift modulation with B = 1 and B =10.5,
respectively. The inverter output voltage is modulated with
the phase-shift angles given by (14) and the inverter output
current maintains constant which is determined by (12) at
most of the time expect for the zero- crossing region. Fig. 11
and 12 shows secondary-side rectifier input voltage and cur-
rent waveforms for phase-shift modulation. Moreover, it is
clear that the output of the phase-shift modulated system
can be regulated by changing B. A closed-loop control of
the phase-shift modulated system is illustrated in Fig. 13.
By regulating B in a close-loop manner, the output voltage of
the system slowly increases from zero to the desired value.
The output voltage ripple is 4.07 V. The changes of the
inverter output voltage and current are shown in Fig. 14.
As predicted by the analysis, the duty cycle of the inverter
output voltage gradually increases with B. Fig. 15 and 16
shows the measured results when there is a step change in load
power. The output of the system can be regulated to follow
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FIGURE 9. Phase-shift modulation (B=1): inverter output voltage and
current waveforms. (a), (b), (c), (d), (e) Zoomed views at different

moments.

TABLE 4. Experimental results.

Phase-shift

Phase-shift

modulation modulation

(B=1) (B=0.5)
PF of grid voltage and 0.999 0.999
current, Agig
Grid power, Pyig 3144 W 632 W
Output voltage, Vo 120V 54V
Output current, Io 24A 10.8A
Output power, Po 2880 W 583 W
System efficiency, 5 91.6% 85.48%

the reference through closed-loop control after the load

change.

Table 4 gives the measured power factor and efficiency. It is
obvious that the output voltage of the phase-shift modulated
system is proportional to B if the load resistance is unchanged.
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FIGURE 10. Phase-shift modulation (B=0.5): inverter output voltage and
current waveforms. (a),(b),(c).(d).(e) Zoomed views at different moments.
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FIGURE 11. Phase-shift modulation (B=1): secondary-side rectifier input
voltage and current waveforms. (a) over view, (b) zoomed views.
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FIGURE 12. Phase-shift modulation (B=0.5): secondary-side rectifier
input voltage and current waveforms. (a) over view, (b) zoomed views.
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FIGURE 13. Close loop operation of the phase-shift modulated system:
(a) changes of the grid voltage and current, system output voltage and
current at the start-up stage, (b) zoomed views at the steady stage.

The efficiency of B = 0.5 is lower than that of B = 1.
There are two main reasons. First, B = 0.5 has higher
switching losses. Referring to Fig. 9 (e) and Fig. 10 (e), when
B = 1, the zero-crossing points of the inverter output voltage
and the inverter output current are closed and thereby, the
switching losses are low; when B = 0.5, the duty cycle
of the inverter voltage is much lower which leads to larger
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FIGURE 14. Inverter output voltage and current waveforms at the start-up
stage of the phase-shift modulated system: (a) over view, (b) (c) and
(d) zoomed views at different positions.
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FIGURE 15. Close loop operation of the phase-shift modulated system
with a step change in load power: (a) changes of the grid voltage and
current, system output voltage and current at the start-up stage,

(b) zoomed views at the steady stage.
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FIGURE 16. Inverter output voltage and current waveforms of the
phase-shift modulated system with a step change in load power: (a) over
view, (b) zoomed views at the steady stage.

TABLE 5. The ODD harmonics of grid current.

Maximum allowable harmonic current

and harmonics comply with the standard requirements [34]
well.

V. CONCLUSION

This paper proposes a PFC-modulated WPT system which
realizes PFC function through the phase-shift modulation
of the primary-side inverter of the WPT system. Thereby,
no PFC converter is required. The required phase-shift angle
of the inverter is calculated. Experimental results verify that
the WPT system can realize PFC through the proposed mod-
ulation method. Close loop control for the phase-shift PFC
modulation is introduced.
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