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Abstract—A novel phase-shift control of a semibridgeless 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 sig-
nal. Theoretical and simulation results show that with the proposed
control technique, the output quantities can be regulated without
communication between the receiver and transmitter. To confirm
the performance of the proposed converter and control, experimen-
tal results are provided using 8-, 15-, and 23-cm air gap coreless
transformer which has dimension of 76 cm × 76 cm, with 120-V
input and the output power range of 0 to 1kW with a maximum
efficiency of 94.4%.

Index Terms—Pickup circuit, phase shift, receiver control, res-
onant converter, semibridgeless active rectifier (S-BAR), wireless
energy.

I. INTRODUCTION

W IRELESS power transfer (WPT) is a growing technol-
ogy to supply power to a variety of loads for which a

physical contact is not convenient or possible. Potential appli-
cations 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 secondary-side outputs. A conventional pickup wireless
energy transfer system is 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 by the second stage high-frequency rectifier and a
nonisolated dc/dc converter.
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Fig. 1. Diagram of a pickup wireless energy transfer system.

Magnetic coupling, circuit parameters, and load variations
cause the resonant frequency deviation in the contactless sys-
tem. Thus, the output voltage of the receiver power pickup dif-
fers from its original design value. These factors cause problems
for applications where a stable and regulated output voltage is
required. Several pickup circuit topologies, compensation strate-
gies, and control algorithms are explored in the literature [9]–
[23]. A power management for multipickup inductive power
transfer (IPT) systems is presented in [19] for materials han-
dling applications. A new power management control approach
is proposed for a parallel-tuned IPT PU circuit in that paper. The
authors in [20] have investigated a multipickup bidirectional
IPT by a frequency controller. A two-dimensional IPT system
for mobile robots and a capacitively coupled contactless matrix
charging platform are presented in [21] and [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 study so far suggests any secondary-side
controller without an additional receiver-side dc/dc controller
and without a communication with a transmitter side.

In this paper, a novel phase-shifted semibridgeless active
rectifier (S-BAR) is proposed for the WPT applications. In
this topology, it is possible to control the output voltage
without changing any primary-side control parameters such as
frequency, duty cycle, phase angle, etc. With this property of
the circuit, especially in the multipickup implementation, an
independent control of each receiver ports can be achieved. In
addition, the communication between the transmitter and re-
ceiver side is not necessary with the proposed control technique.
In order to prove the idea and show the operating 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 fre-
quency. This novel approach results in a noncomplicated pickup
topology. EMI-related problems can be reduced with this new
control approach since it provides the transmitter-side control
at a constant frequency. The converter model controllability is
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Fig. 2. Schematics of wireless power link. (a) Equivalent circuit model.
(b) Simplified model.

analyzed and the transfer function of the converter is derived
using MATLAB [24]–[25]. The system performance is con-
firmed with experimental results at 8-, 15-, and 23-cm air gaps
in the 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 res-
onant capacitors connected in series as shown in Fig. 2(a). In
this model, the input voltage source is Vi , the load impedance is
ZL,eq where ZL,eq′ = {jXL,eq + RL,eq}, two coupled induc-
tors are LP and LS with equivalent series resistances RS 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 LS 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, Vi,1 is a fun-
damental component of voltage source Vi , ZP,eq and ZS,eq are
equivalent values where ZP,eq = {1/jωCP + jωLL + RP },
ZS,eq = {1/jωCS + jωLL + RS}. ZM is the magnetizing
impedance related to the coupled inductors by ZM = jωLM .

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

LM = K
√

LP LS

LL = L − LM = (1 − K) L. (1)

The resonant tank square wave voltage υi is positive during
the first cycle of [t0 , t1], and during the other cycle [t1 , t2] is
zero. Thus, υi(t) can be stated using Fourier analysis as

vi (t) =

{
Vi, t0 < ωt < t1

0, t1 < ωt < t2

vi (t) =
2Vi

π

∞∑

n=1,3,..

1
n

sin (nωsw t) . (2)

The amplitudes of the real voltage of the fundamental com-
ponent of υi and Vi are

vi (t) =
2Vi

π
sin (ωsw t) , Vi,1 =

2Vi

π
. (3)

Neglecting parasitic resistances RP , RS , and using the Kirch-
hoff’s voltage law, the transmitter and receiver resonant tank in

Fig. 3. Proposed phase controlled of the S-BAR.

a matrix form is
[

Vi,1

0

]

=

⎡

⎣
1

jωCP
+ jωLL + jωLM

−jωLM

−jωLM

1
jωCP

+ jωLL + jωLM + jXL,eq + RL,eq

⎤

⎥
⎦

[
IP

IS

]

. (4)

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

ωR =
1√

LP CP

, ZO =
√

LP

CP
,Q =

RL,eq

ZO
, ωN =

ωsw

ωR
(5)

where ωR is the resonant frequency. The characteristic
impedance ZO affects the operating frequency range of the sys-
tem. The quality factor Q is defined as the ratio of the total
average stored energy and the dissipated energy per cycle. The
normalized frequency ωN depends on the switching ωsw and
resonant frequency ωR . The voltage transfer function of the
system is (6) as shown bottom of the next page

III. ANALYSIS OF THE PROPOSED CONVERTER

The proposed phase-control principle of an S-BAR circuit
topology for the WPT is shown in Fig. 3 [26]–[27]. It comprises
a half-bridge resonant inverter with an input dc source Vi , an air
gap coreless transformer with resonant capacitors CP and CS ,
and a single-phase semibridge rectifier in the secondary side.
The inverter is composed of switches S1 and S2 , the resonant
tank voltage VP , and the resonant tank current IP . The active
rectifier is comprised of two transistors S3 and S4 with antipar-
allel diodes in the lower part of switching legs and two diodes
D1 and D2 in the upper parts. The phase-shift angle of the
secondary-side transistors regulates the output voltage VO and
power in the load RL . The secondary-side voltage is denoted
here as VS , the secondary-side current is IS , and the voltage
across the rectifier tap center (receiver rectifier voltage) is V2 .

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
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Fig. 4. Voltage and current waveforms in the switch and diodes.

Fig. 5. Mode analysis, current path, and switching transition in the receiver
side. (a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4.

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.

Mode 1 [t0 < t < t1]: During this interval, the rectifier
switch S4 is turned ON and diode D1 is in on-state. As shown
in Fig. 4, the cycle starts with positive current iS and the cur-
rent flows through D1 and S4 in the converter as depicted in
Fig. 5(a).

Fig. 6. Resonant tank and transformer voltage and current waves at different α
and β . (a) α = −π and β < a, (b) −π ≤ α ≤ −π/2 and β < α, (c) −π/2 ≤
α ≤ 0, and β < α, (d) α = 0 and β > α, (e) 0 ≤ α ≤ π/2 and β > α, (f)
π/2 ≤ α ≤ π and β < α.

Mode 2 [t1 < t < t2]: The current flows in negative direction
in this mode through the antiparallel diode of switch S3 and
switch S4 as shown in Fig. 5 (b). Both diodes are negative biased
and the secondary side is shorted with the antiparallel diode of
switch S3 and switch S4 . The current wave is demonstrated in
Fig. 4.

Mode 3 [t2 < 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 S3 is ON, while diode D1 is OFF
and D2 is in the on-state. The current flows from the coreless
transformer to the receiver side switch S3 and diode D2 as shown
in Fig. 5 (c).

Mode 4 [t3 < t < t4]: The current flows in the positive direc-
tion in the resonant tank, and the receiver side switch S3 and the
antiparallel diode of switch S4 are shorted as shown in Fig. 5 (d).
Both diodes are reverse biased and switch S3 and the antiparal-
lel diode of switch S4 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. SEMIBRIDGELESS TECHNOLOGY

The receiver rectifier voltage V2 and current waveforms i2
are shown with different conduction angle β in Fig. 6. The
phase controller angle α indicates the period of time between
rising edge of the rectifier voltage V2 and decreasing edge of

MV =

∣∣∣
∣∣∣∣

(RL,eq + jXL,eq) jωN KZO

1−ωN (1−K )ZO

1−ω 2
N

− [1−ωN (1−K )]Z 2
O (1−ω 2

N )
ω 2

N
+ (1−ω 2

N )(RL , e q +jXL , e q )
jωN

∣∣∣
∣∣∣∣

(6)
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the primary resonant tank voltage VP . This controller forms the
rectifier conduction angle β and determines the output voltage
VO . The cases in Fig. 6(a)–(f) can occur at different β, the
coreless transformer coupling coefficient factor K, and the load
resistance (RL ). In other words, even if α is kept constant, β
varies with different K and RL . It is important to mention that the
converter operation should be avoided in some stages because
of a very high output power. This is discussed in more details
in the following sections. In this part, the phase-shift operations
are considered at a constant frequency.

Controlling α and β is important to achieve various operating
conditions. For -π � α � π, β is being changed as shown in
the figure. When the current i2 is leading the receiver rectifier
voltage V2 as seen in Fig. 6(a), (b), (c), and (f), β increases
and reaches the maximum value as depicted in Fig. 6(c). At this
moment, the active switches allow more current to pass, thus
raising the output voltage. Another condition happens when the
current is lagging the voltage after the maximum value point as
shown in Fig. 6(d) and (e). Decreasing the conduction angle β
prevents the current from passing to the output and thus lowers
the output voltage. The other important thing at this cycle is that
β is decreasing but α is increasing. It means that the conduction
angle can be in inverse or direct proportion to the controller angle
α. By varying the amount of time in which current reaches the
output, the output voltage can be regulated depending on the
control angle α and the conduction angle β. It is important to
explain that positive or negative sign of the receiver rectifier
voltage and current phase difference Θ indicates the load is
inductive or capacitive; therefore, the reflected impedance of
the receiver is shown as an inductive Θ > 0, and as a capacitive
Θ < 0.

As seen in Fig. 6, there are three possible stages, –VO , 0,
and VO for the receiver-side voltage which is determined by
the state of rectifier side switches. The circuit operation is de-
scribed by considering inductive and capacitive load conditions
in subsequent paragraphs.

For the inductive load

v2 (ωt) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

0,−α < ωt < (π − α − β)

−VO , (π − α − β) < ωt < (π − α)

0, (π − α) < ωt < (2π − α − β)

VO , (2π − α − β) < ωt < (2π − α)

. (7)

The corresponding voltage value on the receiver terminals
can be derived using the first harmonic approximation (FHA) as

v2,1 =
4VO

π
sin
(

β

2

)
sin
(

ωt + α +
β

2
− 3π

2

)
. (8)

The output current can be also derived in a similar way with
the above expression

i2(ωt) = I2sin (ωt + α + β − 2π) (9)

The equivalent impedance is obtained by taking the ratio of
υ2,1 and i2 in the frequency domain, and is given by

ZL,eq =
4
π2 RL (1 − cosβ) sin

(
β

2

)
ej[ π

2 − β
2 ]. (10)

Taking real and imaginary portions of (10), the equivalent
resistance and reactance values are obtained as

RL,eq = Re

{
4
π2 RL (1 − cosβ) sin

(
β

2

)
ej[ π

2 − β
2 ]
}

0 ≤ β ≤ π

XL,eq = Im

{
4
π2 RL (1 − cosβ) sin

(
β

2

)
ej[ π

2 − β
2 ]
}

0 ≤ β ≤ π (11)

ZL,eq is inductive and the load angle (π/2–β/2) is always
positive.

For the capacitive load

v2 (ωt) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

−VO ,−α < ωt < (−α + β)

0, (−α + β) < ωt < (π − α)

VO , (π − α) < ωt < (π − α + β)

0, (π − α + β) < ωt < (2π − α)

. (12)

FHA analysis results in the corresponding voltage value on
the receiver terminals

v2,1 =
4VO

π
sin
(

β

2

)
sin
(

ωt + α − β

2
− π

2

)
. (13)

With the above expression, the output current can be obtained

i2(ωt) = I2sin (ωt + α − β) . (14)

The equivalent impedance ZL,eq can be defined as

ZL,eq =
4
π2 RL (1 − cosβ) sin

(
β

2

)
ej[ β

2 − π
2 ]. (15)

The equivalent resistance and reactance values are acquired
from the above equation as

RL,eq = Re

{
4
π2 RL (1 − cosβ) sin

(
β

2

)
ej[ β

2 − π
2 ]
}

− π ≤ β ≤ 0

XL,eq = Im

{
4
π2 RL (1 − cosβ) sin

(
β

2

)
ej[ β

2 − π
2 ]
}

− π ≤ β ≤ 0 (16)

The load angle (β/2–π/2) is always negative and ZL,eq is
capacitive. Fig. 7 shows the load equivalent resistance RL,eq
and reactance XL,eq as a function of β and load resistance RL .

V. POWER LOSS ESTIMATION

The wireless power link analysis is performed based on the
circuit shown in Fig. 2. As the first step of the analysis, the total
input impedance Zin seen by the ac source is calculated

Zin = jωN KZO +
(jωN KZO )2

1
K

(
1 − 1

ω 2
N

)
+ XL , e q

ωK LP
+ Q

jK ωN

+

(
1 − [1 − K] ω2

N

)
ZO

jωN
. (17)
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Fig. 7. Equivalent load impedance variation with conduction angle β and load
resistance RL for (a) equivalent resistance RL,eq and (b) equivalent reactance
XL,eq .

The primary-side reflected parallel resistance Rin,P (=
|Zin |2/Re{Zin}) is given as a function of K and β in Fig. 8.

Using the total input impedance, the primary-side current is
equal to

IP =
Vi,1

Zin
. (18)

Then, the secondary-side current can be calculated as

IS =

Vi,1

1
K

(
1− 1

ω 2
N

)
jωN ZO + 1

K

(
1 − 1

ω 2
N

)
Q + jX L , e q

Z O
ZO − jωN ZO K

.

(19)

The primary and the secondary currents ratio is

IP

IS
=

1
K

(
1 − 1

ω2
N

)
+

XL,eq

ωKLP
+

Q

jKωN
. (20)

In order to calculate the efficiency of the circuit, equations for
the losses and the output power are needed. The output power
can be calculated based on the secondary-side current as

PO =
|IS |2 RL,eq

2
. (21)

Fig. 8. Primary-side-reflected parallel resistance Rin ,P with coupling K and
conduction angle β for (a) β < 0 and (b) β > 0.

Fig. 9. Output power PO analysis with equivalent resistance RL,eq and con-
duction angle β by various RL and coupling K.

The output power analysis with β, and RL,eq and various K
and RL are shown in Fig. 9.

The circuit conduction losses can be calculated based on the
currents. The conduction losses are related to the real parts of the
impedances ZP and ZS , which are RP and RS . It can be seen
that these impedances can also include additional components,
for instance, lead cables which makes this analysis more general.
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The circuit losses are calculated using the following equation:

PC =
|IP |2 RP + |IS |2 RS

2
. (22)

Switching and switch conduction losses of the transmitter can
be calculated using the following equations:

PS,T =
ω

2π
Vi |IP sin (θ)|

(
2tr
3

+ tf

)
(23)

PS,C,T =
rDSI2

P

2
(24)

where θ is the phase difference between the voltage and cur-
rent signal in the transmitter resonant tank, rDS is the on-state
resistance of switches, tf is the turning off current fall time,
and tr is the voltage rise time. The S-BAR switching losses,
switch conduction losses, and diode conduction losses can be
expressed as, respectively

PS,R =
2ω

π

V 2
O

RL

[
−tan

(
|β|
2

)]−1 (2tr
3

+ tf

)

PS,C,R =
1
π

∫ π

0
VD i2dt +

1
π

∫ π

0
rDSi22dt (25)

=
VD VO

RL

[
tan2

(
β

2

)]2

+
1
2

( √
rDSπVO

RL (1 − cosβ)

)2

(26)

PD,C,R =
1
2π

∫ 2π

0
VF i2dt +

1
π

∫ β

0
rD i22dt

=
VF VO

RL
+
( √

πrD VO

RL (1 − cosβ)

)2

×1
4

(2β − sin (2β)) (27)

where VD is the switch internal diode forward voltage drop and
VF is the diode forward voltage drop. The overall efficiency of
the system can be estimated by

η = PO / (PO + PC + PS,T + PS,C,T

+ PS,R + PS,C,R + PD,C,R ) . (28)

Neglecting switching losses, effects of β and RL,eq on the
efficiency of the converter at various K and RL are presented in
Fig. 10.

VI. PROPOSED PHASE-SHIFT CONTROL ANALYSIS

Due to small complexity of the S-BAR converter, the control
of the system is relatively simpler than utilization of communi-
cation devices for the misalignment or position/distance deter-
mination and additional dc/dc converter stages in the receiver
side. In this proposed approach, communication between the
transmitter and receiver sides is not necessary. 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.

Fig. 10. Efficiency η estimation with equivalent resistance RL,eq and con-
duction angle β under different coupling K and load RL .

Fig. 11. Control block diagram of the system with the output voltage and
receiver input voltage, and current sensing.

The proposed phase-shift approach to the S-BAR control is
shown in Fig. 11. The designed control is implemented in FPGA
and a microprocessor. The system operating frequency (1/T), the
phase difference detection between receivers input voltage and
current Θ, and the secondary-side rectifier conduction angle β
are determined by an FPGA block. Additionally, high voltage,
current, and temperature protection are ensured by FPGA. The
control angle α estimation is carried by a microprocessor with
β, coupling coefficient factor K, and load RL as parameters
and considering voltage and current phase detection Θ to use
the right set of equations (inductive or capacitive load). For
the system control, α determination is important to manage
the output at the load terminals. It can be seen that system
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TABLE I
PROPOSED CONVERTER PARAMETERS

Symbol Parameter Value

Vi dc-input voltage 120 V
VO dc-output voltage range 0–100 V
IO maximum output current 10 A
PO maximum output power 1 kW
CP , CS resonant capacitors 40 nF
LP , LS coil self-inductances 25 μH
d square coil dimension 76 cm × 76 cm
n coil turn number 4
fsw operating frequency 150 kHz

control can be achieved without the knowledge of transmitter-
side parameters. Depending on the inductive and capacitive load
condition, the output current phase (φ2) can be described by
using (9) and (14) as follows:

φ2 =

{
α + β − 2π, Θ > 0

α − β, Θ < 0
. (29)

Using (4), the value of φ2 can be determined with the follow-
ing equation:

φ2 = −π − tan−1

⎛

⎜
⎝

|Zq |π2

8RL sin
(

β
2

)4 + tan
(

β

2

)−1

⎞

⎟
⎠ . (30)

Considering conditions above, α parameter is calculated as

α= −π+

⎡

⎢
⎣−β − tan−1

⎛

⎜
⎝

|Zq |π2

8RL sin
(

β
2

)4 + tan
(

β

2

)−1

⎞

⎟
⎠

⎤

⎥
⎦ ,

Θ > 0 (31)

α= −π +

⎡

⎢
⎣β − tan−1

⎛

⎜
⎝

|Zq |π2

8RL sin
(

β
2

)4 + tan
(

β

2

)−1

⎞

⎟
⎠

⎤

⎥
⎦ ,

Θ < 0 (32)

where Zq = [1/jωCP + jωLL ]jωLM /(1/jωCP + jωLP ) +
jωLL + 1/jωCS is compared to the measured results in the
next section. Based on the Zq impedance and the β an-
gle, the α angle can be obtained as given by (31) and
(32). Here, α can have two values, depending on the sign
on Θ.

VII. EXPERIMENTAL RESULTS

The proposed wireless system is designed for 1-kW, 120-V
input voltage, and 0–100 V output voltage rating as a laboratory
prototype. The coreless transformer is tested with 3-, 6-, and
9-in 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.

Experimental measurements and calculated results are quite
similar with different K values as shown in Fig. 12 (a), (b), and

(c). Also, different K coefficients do not significantly affect the
system control as seen in Fig. 12(d). Therefore, estimation can
be calculated neglecting K factor. With the estimated α at the
receiver side, the output voltage of the system can be regulated
by synchronizing the operating frequency. The control angle is
evaluated by the output voltage with its reference value. When
the voltage feedback signal error comes to zero, the system
control is achieved.

The characteristic waveforms of the proposed converter de-
scribed in Sections III and IV are given to verify the circuit
operation. Selected current and voltage waveforms at differ-
ent control angles with different coupling factors are given in
Fig. 13. The phase-shift angle controls the output voltage by
changing the transformer secondary-side voltage as shown in
the figure.

Fig. 14 shows the output power 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
( α < 0) and greater than zero (α > 0) in the second region.
The wide output power range 0 to 200 W, 0 to 500 W, and 0 to
1 kW can be achieved in these two regions. The other important
observation from the results is that the maximum output power
increases with decreasing the coupling coefficient factor 0.25
< K < 0.5 at 150-kHz operating frequency. This condition can
be explained with an input impedance (17) in Section V. The
equivalent parallel input resistances are depicted when β < 0
and β > 0 in Fig. 8 (a) and (b), respectively. As seen from the
figures, the system coupling coefficient K changes the input
parallel resistance Rin,P with β. The lower resistances mean
that the source is loaded heavily. If the coupling is very poor,
the desired active power cannot be transferred to the output
load.

The efficiency characteristics of the proposed topology
versus the phase-shift angle with different K are given in
Fig. 15. The efficiency of the converter is greater than 80%
in all different couplings when the phase shift is α < 0. The
reflected parallel resistance gets high when K increases above
0.25 which results in lower input current. As described power
loss equations in (21)–(27), they depend on the current. Thus,
the efficiency is improved when K increases above 0.25. The
maximum efficiency reaches 94.4% at 0.5 coupling with the
phase-shift angle being around −90°. Considering the output
power characteristic at the constant load in the experimental re-
sults, the variable voltage range of 25 to 50 V, 40 to 80 V, and 50
to 100 V can be achieved with a high efficiency for α < 0. The
operation at α > 0 yields low efficiency and should be avoided
because of the high circulating current and hard switching
conditions.

The conventional wireless system as shown in Fig. 1 and
the proposed converter performances are compared in Fig. 16.
The conventional wireless system is operated at the constant
frequency with an additional dc/dc stage of a secondary-side
controller converter described in [28]. The comparison is
realized with different coupling coefficient K factors at the
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Fig. 12. System controller estimation comparison with analytical and experimental results. (a) K = 0.25, (b) K = 0.33, (c) K = 0.5, (d) experimental results
with different couplings K = 0.25, K = 0.33, K = 0.5.

Fig. 13. Resonant tank voltage (VR ), current (IR ), and secondary-side voltage (VS ), current (IS ) waveforms with different coupling coefficient (K) and phase-
shift control angle (α). (a) K = 0.25, α = −30°, (b) K = 0.25, α = −60°, (c) K = 0.25, α = −90°, (d) K = 0.25, α = −120°, (e) K = 0.3, α = −150°,
(f) K = 0.3, α = −180°, (g) K = 0.3, α = 150°, (h) K = 0.3, α = 120°, (i) K = 0.5, α = 90°, (j) K = 0.5, α = 60°, (k) K = 0.5, α = 30°, (l) K = 0.5,
α = 0°.

same operating frequency and the same load conditions. The
proposed converter performance is better than the conventional
type in all load conditions as depicted in Fig. 16. The com-
parison result summarized in Table II shows that the overall
efficiency is improved by 7% considering the different coupling

conditions for K = 0.25, 0.3, and 0.5. The other advantage of the
proposed converter is its lower volume since it eliminates the
traditional system bulky and heavy components of an additional
dc/dc stage in the secondary side. This also reduces the system
cost.
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Fig. 14. 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.

Fig. 15. Comparison of measured and calculated efficiency as a function of the control phase angle with different K’s. (a) K = 0.25, (b) K = 0.33, (c) K = 0.5.

Fig. 16. Efficiency comparison of the proposed converter with a conventional
converter in [26] for the different coupling coefficient conditions K = 0.25,
0.33, and 0.5.

TABLE II
COMPARISON OF THE PROPOSED CONVERTER WITH THE CONVENTIONAL TYPE

Conventional [30] Proposed

Control Secondary Secondary
Control Type Duty Cycle Phase Shift
Additional dc/dc Stage Yes No
Average Efficiency �82% �89%

VIII. CONCLUSION

In this study, a new phase-shift control of an S-BAR is pre-
sented for WPT applications. With the proposed control, the
communication between the transmitter and receiver side is not
required. The simple converter topology has reduced number of
switches on the secondary side as compared to typical induc-
tive energy transfer secondary-side dc/dc converter topologies.

The converter model analysis with steady-state equivalent cir-
cuits is given using FHA, and voltage/current waveforms are
presented for all operating modes. The transfer function of the
converter is also derived analytically. Conduction losses, switch-
ing losses, and efficiency estimation are provided considering
the transmitter and receiver side of the wireless converter. The
proposed control strategy adjusts the output voltage of the sys-
tem by phase-shift tuning of the active switches in the receiver.
The concepts presented here can be also used in multiple out-
put receiver wireless applications since the output control can
be regulated only in the receiver side. The proposed receiver
topology utilization can also be facilitated for the impedance
matching protection by adjusting reflected equivalent resistance
value. The system performance is confirmed with theoretical
and experimental results at various coupling coefficient factors.
To verify the proposed phase-shifted S-BAR converter, it is de-
signed for 1-kW maximum power at 120-V input. The laboratory
prototype achieved a 94.4% maximum efficiency.
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