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Inductive Power Transfer Converter With
Center-Tapped Pickup Winding

Yao-Ching Hsieh , Member, IEEE, Chia-Wei Chu, Hong-Wei Chang, and Cheng-Yi Lin

Abstract—A step-down wireless power transfer converter with
center-tapped pickup windings is proposed in this article. The
pickup winding is split into two sections and only one is connected
to the load. This topology is more suitable for low-voltage level
applications, such as consumer electronic products. Like the
conventional series–parallel compensation technique, the circuit
does not induce high circulation current at the transmitter coil
under light load operation. The loosely coupled coils are analyzed
with mutual inductance model; in addition, the input impedance
and voltage gain are derived. The input impedance is proportional
to the load impedance, and the voltage gain is less sensitive to the
load variation. The proposed topology performs better than the
conventional one at higher load conditions, especially when the
coupling is poor. The efficiency of a laboratory circuit reaches
88.8% at best condition and it is higher than 63% ranging from
10- to 100-W load at 10- or 60-mm coil separation.

Index Terms—Center-tapped, inductive power transfer, series-
parallel compensation.

I. INTRODUCTION

N EAR-FIELD electromagnetic induction techniques are
widely applied on wireless power transfer (WPT) tech-

niques nowadays. The applications range from small power re-
quirements, such as the energizing of implanted medical devices
[1], [2] to high-power traction motor drives [3]. Although there
are two common methods for WPT, i.e., magnetic induction (or
inductive power transfer, IPT) and electrostatic induction (or
capacitive power transfer), IPT is more suitable for diversified
power-level applications and longer induction distance [4], [5].
WPT techniques are able to improve mechanical reliability
due to the freedom from plugging and unplugging. On-road
wireless charging is also possible to reduce the on-board battery
capacity requirement [3], [6]. However, the loose magnetic
coupling produces higher self-inductance on both transmitter
and pickup coils and also lower mutual inductance between
them, which seriously impairs the transfer efficiency. Conse-
quently, suitable compensation measures are required to reduce
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the impact of high self-inductance on both sides. For voltage-fed
inverter circuit on the transmitter side, it is natural to adopt
a series-connected capacitor to compensate the inductance ef-
fect [7]–[9]; nevertheless, there are some papers that propose
current-fed topologies for driving the transmitter coils [10],
[11]. Basically, the target of compensation is to enhance the
power efficiency. For this purpose, the reactive power flowing
in the circuit should be minimized; i.e., the phase angle of input
impedance has to be zero [12], [13]. Besides, some other goals
might also be pondered, such as locating the circuit operation
at a load-independent constant voltage gain point [8], [14].
To pursue higher transfer efficiency, the coil design is also an
important consideration. Higher quality factor is necessary to
reduce the power loss on the coil itself, whereas higher mutual
inductance is beneficial for maximizing the induction coupling.
These two factors are highly influenced by coil separation and
misalignment. To alleviate the influence from the mentioned
factors, a polarized coupler topology, which is called DD coil,
is presented in [15]. The flux coming from one D-shaped coil
returns to another same-shaped coil on one side, whereas ferrite
can be utilized to perfectly conduct the flux on the other side,
meanwhile shielding the leakage flux. The work in [16] enhances
the idea and extends into a quad D quadrature coil layout, or
QDQ, to maintain high coupling coefficient and efficient power
transfer during reasonable misalignment. In [17], pickup coil
composed of horizontal and vertical coils, so-called quadrature
coil, is proposed to enlarge the flux coupling. Usually, the current
flowing through the winding turns within the coil is in a perfectly
identical phase; however, as the current frequency increases to
several megahertz, the phase difference would be more apparent
or even opposite. This phenomenon is discussed in [18] and an
alternative winding coil is proposed to alleviate this effect.

In [8], both series and parallel compensation on the pickup
side are compared. It is concluded that although series compen-
sation is possible to achieve maximized efficiency, it is load
sensitive. On the other hand, parallel compensation is more
suitable for load-variant applications. However, the voltage gain
of a parallel-compensated IPT converter at the load-invariant
frequency is much higher than that of a series-compensated one.
Higher order resonant tanks are also employed to compensate
the transmission. A transmitter-side LCL compensation is also
proposed to reduce conduction loss on the circuit [19]. If the
impedances of all three resonant components, i.e., two induc-
tances and one capacitor, are matched, the inverter sees a pure re-
sistive load while operating at the resonant frequency. A double-
sided LCC compensation is proposed in [20]. Nearly unity power
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Fig. 1. Capacitor compensation networks. (a) Series–series compensation. (b)
Series–parallel compensation.

factor can be achieved with no dependence on coupling and
load conditions. Thus, a high-efficiency WPT system can be
achieved. Load-independent output is another concern. Research
works in [21] and [22] proposed switch-controlled capacitors to
match the resonant frequency, while the research work in [23]
integrated different topologies to realize the misalignment.

This article proposes a novel pickup winding composed of two
identical subwindings, i.e., center-tapped pickup winding. One
of the subwindings is connected with a rectifier and then to the
load. By this modification, the voltage gain can be reduced and
more suitable for low-voltage applications, such as consumer
electronics and battery charging. By the proposed topology and
compensation capacitor selections, the circuit performs more
efficiently compared with conventional compensation methods,
especially when the coils are more separated. The following
of this article is organized as follows. Section II discusses
the compensations. Section III introduces the proposed center-
tapped pickup winding. Section IV illustrates the operation
mode analysis of the proposed converter. Section V provides
the experimental results for verification. Finally, Section VI
concludes the article.

II. DISCUSSIONS ON RESONANT COMPENSATION

Since there is no strong coupling between transmitter and
pickup windings for IPT systems, high self-inductances and low
mutual coupling on both windings result in high-voltage drops
and low-power transmission efficiency. Capacitors are usually
applied to overcome the inductive voltage drops. As illustrated
in Fig. 1, series–series (SS) and series–parallel (SP) compensa-
tions are commonly employed [7]. If the secondary network is
reflected back to the primary side, the input impedance from the
voltage source for SS and SP compensations are formulated as
follows:⎧⎨

⎩
Zin,SS = jωLp +

1
jωCp

+ ω2M2

jωLs+
1

jωCs
+rL

Zin,SP = jωLp +
1

jωCp
+ ω2M2(1+jωCsrL)

rL+jωLs−ω2LsCsrL
.

(1)

Conventionally, the system operation frequency is chosen so
that the inductive and capacitive impedances cancel each other
on both sides, i.e.,

ω =
1√
LpCp

=
1√
LsCs

. (2)

Therefore, (1) can be simplified as follows:{
Zin,SS = ω2M2

rL

Zin,SP = rLM2

Ls
2 − jωM2

Ls
.

(3)

Equation (3) shows that actually SP case does not reach
resonance by this compensation method, i.e., the input reactance
does not reduce to zero. This implies that the energy efficiency is
not optimized by this compensation method. On the other hand,
for the SS case, the impedance is inversely proportional to load
resistance rL; that is, under light load condition, Zin,SS becomes
very small. This implies a large circulating current occurs on
the primary winding for the SS case. Moreover, the current
flowing through the transmitter and pickup windings as well
as the voltage gains (Vo/Vp) for both cases can be formulated as
follows: {

Ip,SS = rL
jωM Io

Ip,SP = Ls

M Io
(4)

{
Is,SS = Io

Is,SP = −(1 + jωCsrL)Io
(5)

{
GSS = ωM

ro

GSP = rLLs

M(rL−jωLs)
.

(6)

Equation (6) reveals that the voltage gain is apparently af-
fected by load condition for SS, whereas for SP, the influence
is partly canceled due to the presence of rL simultaneously at
numerator and denominator. To sum up, by the compensation
option of (2), SP is more suitable for applications with wider load
variation, such as battery charging. Contrarily, for heavy-load
applications, the SS case is able to present higher efficiency.

III. PROPOSED CENTER-TAPPED PICKUP WINDING

For most wireless charging applications, especially for con-
sumer electronics, the voltage level is much lower than that
of the utility source. Usually, the windings for IPT should be
operated at a high voltage level to achieve higher efficiency. For
SP compensation, its voltage gain is higher than unity; that is,
a dc–dc converter with high-voltage step-down ratio is required
to regulate the output voltage to a suitable level. Unfortunately,
the higher step-down ratio requirement is possible to impair the
overall efficiency of dc–dc converters. In this article, the pickup
winding is split into two center-tapped subwindings, and the out-
put is extracted out from one subwinding; therefore, the output
voltage can be reduced without increasing the winding current.
Fig. 2 illustrates the proposed IPT converter with center-tapped
windings. To analyze the circuit, the nonideal features of active
switches, diodes, and capacitors are neglected. An equivalent
circuit in Fig. 3 is obtained by using fundamental harmonics
analysis. The windings are modeled as mutual inductances,
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Fig. 2. Proposed center-tapped pickup winding inductive power transfer con-
verter.

Fig. 3. Equivalent circuit with the proposed windings.

Fig. 4. Implementation illustration of center-tapped pickup winding.

whereas the dc source, i.e., Vin, and load resistance, i.e., RL, are
reflected to the ac side and replaced by Vg and rL, respectively.
Without loss of generality, the self-inductances, i.e., Ls1 and
Ls2, are assumed to be equal; moreover, the mutual inductances
between transmitter and pickup windings, i.e., Msp1 and Msp2,
are also identical. That is, Ls1 = Ls2 = Lsc and Msp1 = Msp2 =
Msp are assumed.

Fig. 4 illustrates an example of how to implement the center-
tapped pickup winding. Two multithread wires are parallel
wound to form the two subwindings, and they are tail to head
connected. This arrangement provides better coupling between
two subwindings; on the other hand, the symmetrical coupling
between pickup and transmitter windings can also be obtained.

The induced voltage on transmitter and the pickup windings,
i.e., Ep, Es1, and Es2, can be expressed as follows:⎧⎪⎨

⎪⎩
Ep = jωMsp (Is1 + Is2)

Es1 = jωMspIp + jωMssIs2

Es2 = jωMspIp + jωMssIs1.

(7)

From KCL and KVL, the following equations can also be
derived:

Is1 = Is2 + Io (8)

{
Es1 = −IorL − jωLs1Is1

Es2 = IorL − j(ωLs2 − 1
ωCs

)Is2.
(9)

Organizing (7)–(9), the relation between transmitter winding
current, i.e., Ip, and output current, i.e., Io, can be formulated as
follows:

jωMspIp =
[−rL + 2rLω

2(Lsc +Mss)Cs

− jω(ω2CsMss
2 − ω2CsLsc

2 + Lsc)
]
Io.

(10)
Define the resonant frequency of the pickup winding as ωr2,

and the compensation capacitor Cs is chosen such that

ω = ωr2 =
1√

2(Lsc +Mss)Cs

. (11)

Therefore, (8) can be simplified as follows:

Ip = −Lsc +Mss

2Msp
Io. (12)

Also, by organizing (7)–(9), two pickup winding currents can
be written as⎧⎨

⎩
Is1 =

[
3Mss+Lsc

2(Mss+Lsc)
+ j rL

ω(Mss+Lsc)

]
Io

Is2 =
[

Mss−Lsc

2(Mss+Lsc)
+ j rL

ω(Mss+Lsc)

]
Io.

(13)

The above equation depicts that there is a circulation current
flowing through the two pickup windings. Moreover, when the
load resistance rL is higher, i.e., at a lighter load, the circulation
current is even larger. The relation between Ep and Ip can be
derived as follows:

Ep =

[
4Msp

2rL

(Lsc+Mss)
2 − jω

4Msp
2Mss

(Lsc+Mss)
2

]
Ip. (14)

Accordingly, the voltage fed into the resonant circuit is

Vg =

[
4Msp

2rL

(Lsc+Mss)
2 − jω

4Msp
2Mss

(Lsc+Mss)
2

+

(
jωLP +

1

jωCp

)]
Ip. (15)

The real power and reactive power fed into the resonant tank
are as follows:⎧⎨
⎩
Pin=Re {VgIp

∗}= 4Msp
2rL

(Lsc+Mss)
2 I2p=I2orL

Qin=Im {VgIp
∗}=

[
−ω

4Msp
2Mss

(Lsc+Mss)
2+

(
ωLp− 1

ωCp

)]
I2p .

(16)
To minimize the winding loss, the reactive power, i.e., Qin, is

set to be zero. Let switching frequency ω be equal to ωr2, the
compensation capacitor, i.e., Cp, of transmitter side should be

Cp =

{
ωr2

2

[
Lp − 4MssMsp

2

(Lsc +Mss)
2

]}−1

. (17)

The input impedance can be expressed as follows:

Zin =
Vg

Ip
=

4Msp
2rL

(Lsc +Mss)
2 . (18)

The voltage gain, i.e., Gv, of the resonant circuit can be
obtained as follows:

Gv ≡ Vo

Vg
=

IorL
Vg

=
Lsc +Mss

2Msp
. (19)

Comparing the input impedance of (3) and (18), the proposed
winding does not suffer from the inverse proportionality problem
in SS compensation; it also gets rid of the reactance part as in
SP compensation. As for voltage gain comparison of (6) and
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Fig. 5. Theoretical waveforms.

(19), unlike the SS and SP cases, the proposed solution is load
independent.

IV. CIRCUIT OPERATION

Fig. 5 illustrates the theoretical waveforms of the proposed
IPT converter. There are eight intervals within one switching
cycle. Due to similarity, only the first four intervals are discussed
here, and Fig. 6 shows the current conduction path for each
interval.

Interval I [t0 ≤ t < t1, see Fig. 6(a)]:
At t0, switch S2 turns OFF, transmitter winding current dis-

charges and charges the output capacitances of S1 and S2 re-
spectively. As the voltage across S1 decreases to zero, it is ready
for ZVS on S1.

Interval II [t1 ≤ t < t2, see Fig. 6(b)]:
At t1, the voltage across S2 reaches to Vin, whereas S1 remains

conducting. Current ip turns from negative to positive, which
makes vCp reaches its minimum value during this interval. The
voltage fed into the transmitter resonant tank is a rectangular
waveform with its fundamental component slightly phase lead-
ing to ip. Both currents iLs1 and iLs2 are negative and of the same
magnitude; that is, capacitor Cs is replenished and vCs increases.
Due to the similarity between the center-tapped windings, vLs1
approximately is half of vCs, which is lower than the output
voltage, VCo. Hence, the rectifier diodes are all reverse biased.

Interval III [t2 ≤ t < t3, see Fig. 6(c)]:
At t2, vLs1 is high enough to forward bias diodes D1 and D4,

and vLs1 is clamped at Vo afterward. However, Ls2 continues
resonating with Cs; therefore, vCs and iLs2 remain in sinusoidal
waveforms. Since iLs1 and iLs2 vary in distinct rate, their differ-
ence current, i.e., id, flows through the rectifier to the load.

Interval IV [t3 ≤ t < t4, see Fig. 6(d)]:
At t3, resonating iLs2 becomes equal to linearly varying iLs1

again, which forces D1 and D4 to stop conducting. The identical
positive iLs1 and iLs2 extracts charge out of Cs, making vCs vary
toward negative. The load current Io is supplied by Co. Switch

Fig. 6. Operation intervals. (a) Interval I. (b) Interval II. (c) Interval III.
(d) Interval IV.

S1 turns OFF at t4, the operation is similar to that at t0, which
initiates the scenario of the negative half cycle.

V. EXPERIMENTAL RESULTS

The windings are wound on a plane of 15-cm diameter and
the distance between transmitter and pickup windings is 10 mm.
Transmitter winding consists of 12 turns, whereas pickup wind-
ing is composed of two four-turn subwindings. To increase the
magnetic field and enhance the coupling between transmitter
and pickup windings, eight I-type AT2.1K high-frequency ferrite
cores, with 60-mm length, 15-mm width, and 4-mm thickness,
are radially deployed outside the windings. The conductors
applied are 0.1-mm-diameter, 400 threads Litz wire to minimize
skin effect. The circuit parameters are listed in Table I. The self-
and mutual inductances are measured by an LCR meter, and
the capacitance values are calculated from (11) and (17). The
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TABLE I
CIRCUIT PARAMETERS

TABLE II
SIMULATED INDUCTANCES WITH DIFFERENT CORE NUMBERS

Fig. 7. Simulated input power.

capacitors are constructed with five and six pieces of
15 nF/1000 V off-the-shelf metalized film capacitors. The active
switches are IRFB4332PbF MOSFETs, whereas the diodes are
STPS30100ST. Table II shows the simulated results of deploying
4, 8, and 12 ferrite cores outside the windings. Surely, more
ferrite cores will produce higher inductances, however, 12-core
case only improves a little. Therefore, eight cores are adopted
in this article. Equations (15) and (16) are applied to calculate
the input complex power, and the input real power and reactive
power can be graphically represented as in Fig. 7, where ωn is
defined as ω/ωr2 and the parameters are given in Table I. It can
be seen that the reactive power is almost zero, whereas the real
power is insensitive to frequency variation around the frequency
of unity ωn.

Fig. 8 is the photograph of the whole system. The ferrite
cores are placed at the outer sides to confine the flux. High
permeability and high resistivity soft magnetics is preferred
for this purpose. Since the main purpose of the experiments

Fig. 8. Photograph of the proposed IPT system.

Fig. 9. Waveforms at 100-W load and 10-mm separation. (a) Transmitter side
and diode current. (b) Pickup side.

is to verify the operation of the proposed topology, the volt-
age regulation is not considered. Furthermore, since the best
compensation usually would happen within a small range or
even only at one specific frequency, the frequency modulation
for IPT converters is not preferred to meet the load adaption.
Contrarily, a high-efficiency extra converter usually would be a
better solution than to modulate operation frequency of the IPT
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Fig. 10. Waveforms at 10-W load and 10-mm separation. (a) Transmitter side
and diode current. (b) Pickup. side.

converter. Therefore, the following experiments are open-loop
controlled and the input voltage is adjusted to obtain required
output voltage and power.

Fig. 9 shows the experimental waveforms of the proposed
IPT converter with 10-mm separation between transmitter and
pickup windings at 100 W output power. Fig. 9(a) shows mainly
the transmitter-side waveforms and Fig. 9(b) demonstrates the
pickup-side waveforms. Current ip slightly lags the fundamental
component of voltage vds2 as expected. The peak transmitter
winding current and output diode current are about 6.3 and 9.2
A, respectively. As id becomes zero, the reverse recovery will
cause the ringing at voltages vLs1, vLs2, and vCs. As id is nonzero,
the voltages across Ls1 and Ls2 are different as well as the current
variation rates. The current difference forms the diode current
id.

Fig. 10 shows the waveforms at light load of 10 W and
similarly 10-mm separation. Due to the higher load impedance,
the transmitter winding current and the difference between
the pickup subwindings are both much smaller. However, the
subwinding currents almost remain as large as those at heavy
load, and so does the voltage vCs, which means that the light
load efficiency is lower due to the loss on pickup winding.
Nevertheless, the similar problem emerges in conventional

Fig. 11. Waveforms at 10-W load and 60-mm separation. (a) Transmitter side
and diode current. (b) Pickup. side.

SP-compensated IPT converters. It is also noted that since total
five channels are required to monitor the waveforms in Figs. 9(b)
and 10(b), the vCs waveform is obtained separately. However,
the same trigger level and time lag with vLs2 are set for the
two screenshots and then the waveforms are combined into one
figure for convenience of inspection.

The coil separation is then increased to 60 mm. Fig. 11 shows
the waveforms at 10 W output power. Compared with those in
Fig. 10, the waveforms are similar on the pickup side; however,
the transmitter side current and voltage are much higher. This is
because that no matter how separated the coils, the pickup side
voltage and current are directly related to the output. However,
the longer separation causes a lower mutual inductance; there-
fore, higher current and voltage on the transmitter are required
to produce enough output at the pickup side. As a result, the
efficiency is lower.

Fig. 12 illustrates the waveforms of conventional SP WPT for
comparison with Fig. 11. The separation and output power are
identical with 60 mm and 10 W. For the pickup side, part of the
coil current, i.e., is, forms the diode current id, whereas the diode
current is the difference of iLs1 and iLs2 for the center-tapped
pickup case. For the transmitter side, the waveforms are very
similar except the coil current is higher for the proposed circuit.
Therefore, the proposed circuit has lower efficiency at worse
coupling and light load conditions.

Fig. 13 depicts the power efficiency comparison on the con-
ventional SP IPT and the proposed center-tapped circuit. The
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Fig. 12. Conventional SP WPT waveforms. (a) Transmitter side and diode
current. (b) Pickup.

Fig. 13. Efficiency comparison curves.

input and output power are measured at the input dc port
and output dc port, respectively. As load is heavier, only the
center-tapped coil current difference becomes larger; therefore,
conduction loss does not increase as the load. In addition, the
transmitter-side current is also lower than that of the conven-
tional SP compensated circuit, especially when the coupling
is weak. Hence, the proposed circuit possesses much higher
efficiency at heavy load and longer separation.

Fig. 14 shows the loss breakdown comparison on SP compen-
sation and the proposed circuits. Both circuits deliver 60 W and
both are with transmitter/pick-up windings 60-mm separation.
The losses related with the transmitter winding current, e.g.,
MOSFET, Trans. Winding, Trans. Cap., and Input Cap., are more
than doubled in the conventional SP compensation than in the

Fig. 14. Loss breakdown comparison.

proposed circuit. Contrarily, the losses related to the pickup
winding currents are a little higher in the proposed circuit. The
auxiliary loss accounts for the losses that cannot be attributed to.
The reason why the proposed circuit outperforms conventional
compensation can be explained by (4), (5), (12), and (13).
Referring to Table I, the self-inductance Ls1/Ls2 and mutual
inductance Mss do not differ too much. However, theoretically
M ≈ 2Msp and Ls ≈ 4Lsc, since the two pickup windings in the
proposed circuit have only half number of turns than in the SP
circuit. From the equations, the pickup winding current of the
proposed circuit is merely a little higher, whereas the transmitter
winding current in the SP circuit is almost doubled compared
to that in the proposed circuit. Similar comparison results can
be applied to other compensation schemes such as LCC or LCL
compensations, which are with nonsplit windings.

VI. CONCLUSION

This article proposes a WPT step-down converter with center-
tapped pickup windings. Transmitter-side series compensation
and pickup-side parallel compensation are adopted to increase
the efficiency. A fundamental component analysis is applied
to derive the winding currents as well as voltage gain of the
proposed resonant circuit. By the proposed center-tapped pickup
windings and compensation, the input impedance is proportional
to the load impedance, and the voltage gain is less sensitive to the
load variation. Since the load current is the difference between
the two pickup windings, the efficiency is not satisfying at light
load. Consequently, the proposed circuit is only comparable
or even a bit worse than the conventional SP compensation
topology at light load. However, it performs better at higher load
conditions especially when the coupling is poor. The derived
theoretical winding currents can help to comprehend this effect.
According to the experiment, the best efficiency reaches 88.8%
when coil separation is 10 mm and 74.3% when separation is
60 mm. The worst efficiency is 63.2% happening at 100-W load
60-mm separation.
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