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Abstract— A novel phase control of a semi-bridgeless
active rectifier (S-BAR) is investigated in order to utilize
the S-BAR in wireless energy transfer applications. The
standard receiver side rectifier topology is developed by
replacing rectifier lower diodes with synchronous switches
controlled by a phase-shifted PWM signal. Theoretical and
simulation results show that the performance of the
proposed S-BAR is appropriate for resonant converters
that require power control at the secondary side such as
contactless energy transfer systems. To confirm the
performance of the proposed converter and control,
experimental results are provided for a 1 kW prototype
using 3, 6, and 9 inches air gap coreless transformer,
which has dimension 2.5 by 2.5 feet, with 120 V input and
the output voltage range of 0 to 95 V with a maximum
efficiency of 94.4%.

Keywords—pickup circuit, phase-shift, receiver control,
resonant converter, semi bridgeless active rectifier, wireless energy

L INTRODUCTION

Wireless power transfer (WPT) is a growing technology to
supply power to a variety of loads for which a physical contact
is not convenient or possible. Potential applications include
smartphone charging platforms [1]-[2], medical implant
devices [3]-[4], and electric vehicle charging [5]-[6]. Starting
from the transmitter side and ending at the receiver side, the
contactless energy transfer system must be well designed and
organized in order to achieve high efficiency [7]-[8]. However,
a power flow control of wireless pickup systems is an
unresolved issue where the control settings (frequency, phase
shift, or dc link control, etc.) of the primary side cannot
effectively control all the side outputs. A
conventional pickup wireless energy transfer system is

secondary

demonstrated in Fig. 1. As seen in the figure, the system
consists of two main stages: the transmitter and receiver
platforms. The first stage role is to deliver energy to the second
stage. The dc output voltage required by the load is provided
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by the second stage high-frequency rectifier and a non-isolated
dc/de converter.

Magnetic coupling, circuit parameters, and load variations
cause the resonant frequency deviation in the contactless
system. Thus, the output voltage of the receiver power pickup
differs from its original design value. These factors cause
problems for applications where a stable and constant output
voltage
compensation strategies, and control algorithms are explored

is required. Several pickup circuit topologies,

in the literature [9]-[23]. A power management for multi-
pickup inductive power transfer systems is presented in [19]
for materials handling applications. A new power management
control approach is proposed for a parallel tuned inductive
power transfer (IPT) PU circuit in that paper. Researchers in
[20] have investigated a multi-pickup bidirectional inductive
power transfer by a frequency controller. A two dimensional
inductive power transfer system for mobile robots and a
capacitively coupled contactless matrix charging platform are
presented in [21]-[22]. Improved AC pickups for IPT systems
are proposed in [23], which presents two IPT pickups, a
parallel-tuned AC-AC and a series-tuned AC-AC pickup.
However, no paper suggests any secondary side controller
without an additional receiver side DC/DC controller.

M
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Fig. 1. A diagram of a pickup wireless energy transfer system.

In this paper, a novel phase shifted semi-bridgeless active
rectifier is proposed for the wireless power transfer
applications. In this topology, it is possible to control the
output voltage without changing any primary side control
parameters such as frequency, phase shift, etc. With this

property of the circuit, especially in the multi-pickup
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implementation, an independent control of each receiver ports
can be achieved. In order to prove the idea and show the
working principle, a single receiver port is considered in the
paper. In the proposed secondary side rectifier topology S-
BAR, the full bridge rectifier lower legs are replaced with
synchronous rectifier (SR) switches. The SR switches are
driven by a phase-shifted signal to obtain a higher voltage gain
without changing the operating frequency. This novel
approach results in a non-complicated pickup topology. EMI
related problems can be reduced with this new approach since
it provides the transmitter side control at a constant frequency.
The converter model controllability is analyzed and the
transfer function of the converter is derived. The system
performance is confirmed with experimental results at 3, 6,
and 9 inch air gaps in coreless transformer, 150 kHz operating
frequency, and a 1 kW load with a maximum efficiency of
94.4% in laboratory conditions.

II.  CIRCUIT ANALYSIS OF THE WIRELESS POWER LINK

In order to perform the circuit analysis, the wireless power
link can be represented as two coupled inductors and two
resonant capacitors connected in series as shown in Fig. 2(a).
In this model, input voltage source is V;, load impedance is
Zpeq Where Zp o,={jX[ gt R1cqf, tWo coupled inductors are Lp
and Lg with equivalent series resistances Rg and Rp. K is a
coupling factor between the two coils and Cp and Cs are
resonant capacitors. The two coupled inductors can be
equivalently modeled as a transformer with proper leakage and
magnetizing inductances.

To simplify analysis, both coils Lp and Lg are assumed to be
identical and equal to L. Then, the model can be equivalently
represented by the circuit in Fig. 2(b). In this model V;; is a
fundamental component of voltage source V;, Zp ., and Zj,, are
equivalent values where Zpeg={1/jooCptjol,+Rp},
Zse,={1/joCstjol;+Rs}. Z) is the magnetizing impedance
related to the coupled inductors by Z,~=jwLy,.
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Fig. 2. Schematics of wireless power link (a) equivalent circuit model, (b)
simplified model.

The model of Fig. 2(b) is related to the model of Fig. 2(a) by
the following equations.

L, =K\L,L; =KL

1
L =L-L,=(1-K)L @

The resonant tank square wave voltage v; is positive during
the first cycle of /70, ¢1], and during the other cycle /¢1, 2] is
zero. Thus, v,(?) can be stated using Fourier analysis as

{V,-,
vi(t)z

0, f<wt<t,

t<at<t,

2

v (=21 > Lsin(na, 1)
n

n=l1,3,..

3|

The amplitude of the real voltage of the fundamental
component of v; and V; are

| 2Visin(w 1), V,=

v, B = sw
T

3)

Neglecting parasitic resistances Rp, Rg, and using the
Kirchhoff’s voltage law, transmitter and receiver resonant tank
in a matrix form is

1
14 + jowL
o
iwC,

—JjoL,, J

— joL,

1
. . "l
+JwLP +]XL,eq +RL,eq [S

The proposed system theoretical analysis is simplified using
the fundamental component approximation (FHA) method.
Transformer primary side reflected AC equivalent impedance
can be stated in CCM and DCM mode.

ZL)eq=%RL (l—cosﬂ)sin(gjeﬂ”/zﬁ/z] ,0>0
A 5 &)
Z, =R, (l—cosﬂ)sin(zJej[ﬂ/z_”/z] ,0<0

T

where @ is positive or negative sign of receiver voltage and
current phase difference that indicates the load is inductive or
capacitive; the reflected impedance to the receiver is shown as
an inductive ©>0, and as a capacitive ©<0. Taking real and
imaginary portions of (5), the equivalent resistance and
reactance values are obtained for the inductive load and
capacitive load by the following equations.
For the inductive load:

R =Re {iRL(lfcosﬂ)sin(ﬁ]ej[”/z_ﬁ/zl} 0<p<rx
o ’ ®)
XL’eq =Im {%RL(lfcosﬂ)sin(gjej[”/z_ﬂ/z]} 0< ﬂ <

For the capacitive load:
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R, =Re{iRL(l—cosﬁ)sin(ﬁjej[ﬁﬂ*ﬂ/z]} T L2
seq 2 2 N
X w =Im {%RL(l—cosﬁ)sin(gje-/[ﬁ/z_”/z]} T L2

L,

Normalized parameters help to find the transfer function of
the system using design parameter values. These equations are
defined and explained as follows.

=1 —[Lp  p-Rie Wy 8
e Y C 2, e @

where wy, is the resonant frequency. Characteristic impedance
Z, affects the operating frequency range of the system. The
quality factor Q is defined as the ratio of the total average
stored energy and the dissipated energy per cycle. The
normalized frequency wy depends on the switching w,, and
resonant frequency wgz. The voltage transfer function of the
system is deduced in (9) shown at the bottom of the page.

This gain function reveals the characteristic of the system
under frequency and phase shift angle changes. The boundary
conditions are such that the gain should be selected low enough
under the maximum frequency at the minimum output voltage,
and high enough under the minimum frequency at the
maximum output voltage. The required maximum voltage gain
can be expressed as My =V ouma/Vin a0d My 1in=V ot i/ Vin t0
form the boundary.

III.  ANALYSIS OF THE PROPOSED CONVERTER
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Fig. 3. The proposed phase controlled of S-BAR.

vi(h)
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The proposed phase-control principle of a semi bridgeless
active rectifier (S-BAR) circuit topology for the wireless
power transfer is shown in Fig. 3. It comprises a half bridge
resonant inverter, an air gap coreless transformer, and a
single-phase semi-bridge rectifier in the secondary side. The

active rectifier is comprised of two transistors with anti-
parallel diodes in the lower part of switching legs and two
diodes in the upper parts [24]. The phase-shift angle of the
secondary side transistors regulates the output voltage and
power in the load.

The operating waveforms and switch state transitions are
presented in Figs. 4 and 5 to show the behavior of the
proposed converter. To simplify the circuit analysis,
secondary side rectifier diodes and switches are ideal, the
output capacitor is assumed to be large enough for a constant
dc output, and filter losses are neglected. The proposed circuit
is examined under these conditions in the following operation
modes:

A iD1
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v
A
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"4 4
o tf %2 5 ta
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Fig. 4. Voltage and current waveforms in the switch and diodes.

Mode 1 [t0<t<tl]

During this interval, the rectifier switch S, is turned on and
diode D; is in on-state. As shown in Fig. 4, the cycle starts with
positive current ig and the current flows through D;, and S, in
the converter as depicted in Fig. 5(a).

Mode 2 [t]<t<t2]

The current flows in negative direction in this mode through
switches S; and S, as shown in Fig. 5(b). Both diodes are
negative biased and secondary side is shorted with switches S;
and S,. The current wave is demonstrated in Fig. 4.

My=

(RL,eq +JX [ eq ) JonKZy

&)

(1-oy (1-K))Z, (1= (1-K))Z5(1-%) . (1= ) (Rp.eg + /X 1.cq)

(=

Joy
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Fig. 5. Mode analysis, current path and switching transition in the receiver side.

(c) Mode 3

Mode 3 [12<t<t3]

The resonant current further decreases in this interval and
reaches the minimum value within this mode as plotted in Fig.
4. The switch Sj; is on, while diode D; is off and D, is in the on
state. The current flows from the coreless transformer to the
receiver side switch S; and diode D, as shown in Fig. 5(c).

Mode 4 [t3<t<t4]

The current flows in positive direction in the resonant tank,
and the receiver side switches S; and S, are shorted as shown in
Fig. 5(b). Both diodes are reverse biased and S;, S, are in the
conduction mode. The current wave is demonstrated in Fig. 4.
After this interval, the modes are completed and the inverter
continues with Mode 1 again.

IV. THE PHASE SHIFT CONTROL
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Fig. 6. The phase controlled of S-BAR converter.

Due to small complexity of the S-BAR converter, the
control of the system is relatively simpler than utilization of
communication devices for the misalignment or
position/distance determination and additional dc/dc converter
stages in the receiver side. In this proposed approach, the
receiver side can be controlled without the need for the
transmitter side. Only voltage and current signals at the
receiver inputs and voltage sensing at the output are sufficient

to control the system by generating two phase-shifted PWM
pulses.

The proposed phase shift approach to the S-BAR control is
shown in Fig. 6. The designed control is implemented in
FPGA and a microprocessor. The system operating frequency
(1/T), phase difference detection between receivers input
voltage and current ©, and secondary side rectifier conduction
angle S are determined by an FPGA block. Also, high voltage,
current, and temperature protection are ensured by FPGA. The
control angle o estimation is carried by a microprocessor with
f, coupling coefficient factor K, and load R; as parameters and
considering voltage and current phase detection @ to use the
right set of equations (inductive or capacitive load). For the
system control, a determination is important to manage the
output at the load terminals.

V. EXPERIMENTAL RESULTS

The proposed wireless system is designed for 1 kW, 120 V
input voltage, and 0-95 V output voltage rating as a laboratory
prototype. The coreless transformer is tested with 3, 6, and 9
inch distances between coils which results in 0.5, 0.33, and
0.25 coupling factor respectively. The topology parameters of
the converter are given in Table I.

TABLE I
Symbol Parameter Value
Vi dc input voltage 120 v
Vo dc output voltage range 095V
Io dc output current 10 A
Py maximum output power 1 kW
Cp, Cs resonant capacitors 40 nF
Lp, Lg coil self-inductances 25 uH
d square coil dimension 2.5x2.5 feet
n coil turn number 4
Ssw operating frequency 150 kHz

The characteristic waveforms of the proposed converter
described in section III and IV are given to verify circuit
operation. Selected current and voltage waveforms at different
control angles with different coupling factors are given in Fig.
7. The phase-shift angle controls the output voltage by
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Fig. 7. Resonant tank voltage Vz, current /z and secondary side voltage Vs, current /g waveforms with different coupling coefficients K and phase shift control
angle a.

changing the transformer secondary side voltage as shown in
the figure.

Fig. 8 shows the output voltage characteristics versus the
phase shift angle with different K values. When the switching
frequency is constant at 150 kHz, the phase shift angle is
swept to obtain the output voltage waveform at each different
K. As seen in the figure, the output voltage changes in two
regions when the phase shift angle is lower than zero in the
first region (a<() and greater than zero (a>0) in the second
region. The wide output voltage range 0 to 45 V, 0 to 70 V,
and 0 to 95 V can be achieved in these two regions.

The efficiency characteristics of the proposed topology
versus the phase shift angle with different K are given in Fig.
9. The efficiency of the converter is greater than 80 % in all
different couplings when the phase shift is a<0. It reaches the
maximum efficiency 94.4% at 0.5 coupling with the phase
shift angle around -90 degrees. Considering the output voltage
characteristic at the constant load in the experimental results,
the variable voltage range of 25 to 45 V, 40 to 70 V, and 50 to
95 V can be achieved with a high efficiency for a<0.
Operation at a>0 yields low efficiency and should be avoided

because of the high circulating current and hard switching
conditions.

VI. CONCLUSIONS

In this study, a new phase control of a semi-bridgeless
active rectifier (S-BAR) is presented for wireless power
transfer applications. The simple converter topology has
reduced number of switches on the secondary side comparing
to typical inductive energy transfer secondary side dc/dc
converter topologies. The converter model analysis with
steady state equivalent circuits is given using FHA and
voltage/current waveforms are displayed in all operating
modes. The transfer function of the converter is derived
analytically. The proposed control adjusts the output voltage
of the system by phase shift tuning of the active switches in
the receiver. The concepts presented here can be also used in
multiple output receiver wireless applications since the output
control can be regulated only in the receiver side. The system
performance is confirmed with theoretical and experimental
results at various coupling coefficient factors. To verify the
proposed phase shifted S-BAR converter, a 1 kW full power
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Fig. 8. Comparison of measured and calculated power as a function of the
control phase angle with different K'’s; (a) K=0.25, (b) K=0.33, (c) K=0.5.

prototype is designed at 120 V input. The laboratory prototype
achieved a 94.4% maximum efficiency.
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