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Abstract: In the contactless unregulated power converter application with high output current,
optimizing coil structures and using synchronous rectification are important for achieving high
efficiency. This paper proposes a separated planar structure of coils to achieve the design goals and
gives its equivalent circuit model. On the power transmitting pad, double coils are used to enhance
the ability of the output power levels. In order to implement full-wave synchronous rectification
(FWSR), the power receiving pad also adopts double coils. The power coils on both sides have similar
structures to obtain a balance-induced voltage in each half of the switching period, and the principles
of the optimal turn ratio in coils are discussed. Meanwhile, four typical self-driven coil structures
are compared and analyzed. The effect of the coupling coefficient and load currents on the loss of
the duty cycle is discussed. To satisfy the requirements of output voltage, the rules for selecting the
minimum ferrite core are summarized. A 120 W unregulated intermediate bus converter is built.
The whole system achieves 90.7% efficiency under all loading ranges, and the maximum efficiency of
the system is 94.5% at a 3.5A load current.
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1. Introduction

In recent years, electronic systems are designed as isolated modular structures to enhance the
flexibility or the productivity of the system [1–5]. For example, the famous Bluefin-21, which is an
autonomous undersea vehicle, is 5 m long nearly, as shown in Figure 1a. The traditional solution uses
a central battery to offer power for the whole system, so the long wires are used to provide power for
different point of loads. However, this design has some inherent drawbacks. First, manufacturing
such a long electronic system may need several months. Based on the functional modular design
structures, the system can be built in a few weeks and is easy to install. Second, the whole system may
become invalid when some components are not working properly, and the system comprised with
separated modules can be maintained easily. However, an additional power battery may be needed in
each separated module and will weigh the system obviously. Therefore, the contactless power supply
can offer the power for different separated modules and better waterproofing properties, as shown in
Figure 1b.

Inductive power transfer realizes energy transmission through the air to support a contactless
design. The literature [6,7] introduces the principles of coupling mechanism design, control strategy,
and stability in the system of inductive power transfer. Due to a relative low coupling coefficient
between two coils in a contactless transformer, traditional solutions suffered low voltage gain and low
efficiency. Especially when the system needs large output currents, the loss of duty cycle caused by
leakage inductance will reduce the amplitude of output voltages further. The authors of [8] used a
method of impedance response to achieve the desired power output curve over a wide range of load
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resistance. In order to form a relatively uniform magnetic field to improve their efficiency, optimal
coil structures have been widely investigated, such as coil array [9,10], single spiral coil structure [11],
and hybrid coil structure [12]. Using LC (inductor-capacitor network) compensation networks to
form a resonant tank in circuits can greatly enhance the voltage gain and transmission power, but the
voltage in the receiving side is too high to use for a point-of-load (POL) application directly. Additional
stepdown power converters are needed, and this will increase the volume and cost [13].
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Figure 1. Architectures of the power supply for long electric systems. (a) Traditional solution. (b)
Contactless solution for the modular design.

There are mainly two rectifier methods to transfer AC voltage to DC voltage, as shown in Figure 2.
For the center-tapped rectifier, two diodes are connected to the center-tapped secondary winding of
the transformer in Figure 2a. D1 and D2 work in every half of the AC cycle, respectively. When one
diode is forward-biased, another diode is reverse-biased and suffers two times the inverse voltage.
Therefore, a center-tapped rectifier is usually used in the application of the low output voltage. Bridge
rectifiers have four diodes to provide full-wave rectification, as shown in Figure 2b. D1 and D3 or D2
and D4 conduct during every half-cycle of the AC cycle, respectively, so two diodes always conduct
in circuits and result in a larger voltage drop than only one diode involved in center-tapped rectifier.
However, the inverse voltage of diodes in the bridge rectifier is only half of that in the center-tapped
rectifier. As a result, the bridge rectifier is used for high-voltage applications, normally. In this paper,
we needed to design a wireless power converter with the low output voltage and large output current,
so we needed to design the double coils to form the center-tapped rectifier in the receiver side. In order
to generate the balanced induction voltage during every half of the AC cycle in the double coils, we
also needed to investigate the arrangement of the double coils in the transfer side. At the same time,
we use the skills of a synchronous rectifier to replace the diodes to enhance the efficiency further. There
are two main methods to generate a gate drive signal for synchronous rectification: self-driven signal
and external-driven signal. The driving signal from an external IC (integrated circuit) can ensure the
reliable operation of the rectification. However, this solution is hard to apply for a contactless power
transfer with an air gap [14]. The other method is using a self-driven synchronous rectification. For a
slow dynamic response speed, detecting the drain-source voltage of the rectifier to generate drive
signals is not suitable for high-frequency applications [15]. An auxiliary coil is used to detect the
working polarity to generate self-driven signals in the secondary side [16–23]. However, this low-cost
solution is only discussed in tightly coupled transformers. In a loosely coupled system, how to achieve
the stability of the self-driven signals has not been clearly researched.
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This paper proposes a structure for a contactless power converter with self-driven synchronous
rectification. Double coils are used in both sides to improve the coupling coefficient, so the efficiency
and voltage gain of the system are improved greatly. The optimal method for the inner and outer coils
on the pad is investigated to generate a symmetrically induced voltage. Furthermore, four typical
arrangements of self-driven coils are compared to get a suitable drive signal.

2. System Structure and Equivalent Model

2.1. Operating Principle

The main circuit of the contactless bus converter is shown in Figure 3a. A full-bridge inverter is
used to generate a high-frequency AC voltage UAB, and the double transmitting coils L1 and L2 are
connected in parallel. In a contactless power transfer system, a low coupling coefficient will result in a
large leakage inductance, Ls. In order to achieve self-driven synchronous rectification, the receiving
coils L3 and L4 are connected with a central-tapped structure. The driving coil Ld is used to provide
the driving signals for synchronous rectifier, Q5 and Q6. The filter consists of Lo and Co, and the
load is represented by Rload. Q1 to Q6 are MOSFET(metal–oxide–semiconductor field-effect transistor)
switches, and D1 to D6 are Schottky diodes.
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For the convenience of analysis, the influence of dead time is ignored. Main states of the circuit
are shown in Figure 3b.

Before t0, Q1 and Q4 turn on and Q2 and Q3 turn off. UAB is negative and imposed on the L1,
L2, and Ls. The currents on the transmitting coils decrease linearly to the negative maximum value.
The coil Ld provides the driving signal for Q5.

2.1.1. Mode I (t0,t1)

In this mode, Q2 and Q3 turn on and Q1 and Q4 turn off. UAB voltage is positive. Since the
transmitting current is less than the load current, the load current in the receiving side flows through D5

and D6 at the same time. As a result, the coils of from L1 to L4 are shorted, the UAB voltage is imposed
on Ls only, and the current increases rapidly in this mode. Since the input power does not transfer
to the receiving side, the loss of the duty cycle appears in this mode. Obviously, a high coupling
coefficient can reduce Ls and alleviate the impact of the loss of the duty cycle.

2.1.2. Mode II (t1,t2)

At t1, the transmitting current I1 reaches the output current value. UAB appears across L1, L2, and
Ls, and the power transfers to the receiving side again in this mode. The drive coil Ld provides the
driving signal for Q6. The current increases continuously.

After t2, Q1 and Q4 turn on and Q2 and Q3 turn off; the next half-cycle repeats.

2.2. Coil Structure

As mentioned before, we need to investigate the arrangement of double coils in pads for achieving
full-wave synchronous rectification (FWSR). The transmitting pad consists of an inner coil and an outer
coil, which are connected in parallel from terminals 1 and 2, as shown in Figure 4a. This coil arrangement
can use the plane area fully and reduce the current flowing through a single coil. Therefore, the output
power and efficiency can be improved. The receiving pad also contains inner and outer coils, as shown
in Figure 3b. The inner coil is in serial with the outer coil to form a center-tapped structure. Three
terminals: 3, 4, and 5 are used to achieve a full-wave self-synchronous rectification circuit. Actually,
the coil arrangements in Figure 4a,b have a similar structure. The symmetrical structures in the space
position can form a symmetrical coupling relationship easily. As a result, a balance-induced voltage in
each half-switching period can be obtained. At the same time, the loss of the duty cycle also can be
alleviated, since the double-coil structure can enhance the coupling coefficient.
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The red dotted line attached on the receiving coils in Figure 4b is the driving coil to generate a
driving signal. Terminals 6 and 7 are connected to the gates of Q5 and Q6, as shown in Figure 3a.
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2.3. Equivalent Model

Coils L3 and L4 transfer the power to the load alternately. Since the working principles of L3 and
L4 are the same, we take L3 as an example. When Q1, Q4, and Q5 turn on, the equivalent circuit is
shown in Figure 5. RL1, RL2, and RL3 are the equivalent resistances of coils L1, L2, and L3, respectively.
I1, I2, and I3 are the RMS (root mean square) current flowing through coils L1, L2, and L3, respectively.
M12, M13, and M23 are the mutual inductance among the three coils, respectively. RL is the load.
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Similarly, when Q2, Q3, and Q6 turn on, the induced voltage U4 on L4 is

.
U4 =

.
I4RL =

jωM14
.

UsZ22RL

Z11Z22Z33 +ω2M2
12Z33 +ω2M2

13Z22
+

jωM24
.

UsZ11RL

Z11Z22Z33 +ω2M2
12Z33 +ω2M2

23Z11
(4)

According to Equations (3) and (4), U3 and U4 are determined by many factors, such as
self-inductance, mutual inductance, coil impedance, and load conditions. Therefore, optimizing
coupling relationships between two pads is the key to reducing the induced voltage differences
between U3 and U4.

3. Optimal Structure of the Coils

3.1. Relationship between the Induced Voltage and the Number of Turns

As mentioned before, the pads on both sides have the similar inner and outer structures with
double coils. Since the outer coil has a larger diameter than the inner coil, the inductance of L3 will be
greater than L4 if the turns of the two coils are the same. In this condition, the induced voltage from L3

and L4 in each half of the switching period will be unbalanced. Therefore, we need to optimize the
turns of the inner and outer coils to get a similar induced voltage.

The self-inductance of a planar coil is determined by the shapes, turns, and sizes. R3min, R4min,
R3avg, R4avg, R3max and R4max are the minimum radius, average radius, and maximum radius of L3

and L4, respectively, as shown in Figure 6a. The individual self-inductance of planar coils L can be
calculated roughly based on Equation (5) [24].

L = 2.15× 10−6RavgN
5
3 ln

(
8Ravg

Rmax −Rmin

)
(5)

where N is the turns of coil L.
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Figure 6. Parameter with coils. (a) Coil structures. (b) Space positions in the proposed structure.

Figure 6b shows the space positions of four coils in the transmitting pad and the receiving pad.
In order to analyze the mutual inductance between the four coils, we set the radius of coils L1, L2, L3,
and L4 as r1, r2, r3, and r4, respectively. The space positions of coils L1 and L2 in the X-Y plane are the
same with coils L3 and L4, and the distance between two pads is h.

According to Neumann’s formula, the mutual inductance between two coils can be expressed as
Equation (6):

MLa, Lb = µ0
√

rarb

[(2
k
− k

)
K(k) −

2
k

E(k)
]

(6)
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where k =
√

4rarb/
[
(ra + rb)

2 + h2
]
. K(k) and E(k) are complete elliptic integrals of the first and second

kind, respectively [25].
As shown in Figure 6, the turns of coils L1, L2, L3, and L4 are N1, N2, N3, and N4, respectively, and

N1=N3 and N2=N4 here. Then, the mutual inductance between L1 and L3 can be calculated roughly
based on Equation (7).

ML1,L3 =

N1∑
i=1

N3∑
j=1

ML1.N1=i, L3.N3= j (7)

Based on Equations (6) and (7), the mutual inductance relates to the turns and diameters of the
coils. Therefore, the relationship of mutual inductance between coils can be adjusted by selecting the
turns of the coils. In order to evaluate the effect of coils with different turn ratio on the induced voltage,
Ansys Maxwell 2017 software is used to analyze the results under different configurations. The outer
diameter of the coil is 75 mm, the air gap distance is 2 mm, the input voltage is 30 V, the switching
frequency is 100 kHz, and the load is 3 ohm. Extracting the relative parameters of Equations (3) and
(4) based on the Maxwell software, the relationships between N3, N4, U3, and U4 can be obtained, as
shown in Figure 7.
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The relationships among U3, N3, and N4 are shown in Figure 7a. When N4 is fixed, U3 decreases
with the increasing N3. When N3 is fixed, U3 decreases with the increasing N4. The relationships
among U4, N3, and N4 are shown in Figure 7b. Similarly, when N3 is fixed, U4 decreases with the
increasing N4. When N4 is fixed, U4 decreases with the increasing N4.

It also can be observed from Figure 7 that the effects of different combinations of N3 and N4

on U3 and U4 are different. The induced voltage U3 at the outer coil is more sensitive to those
different combinations. Therefore, we need to configure the turns of N3 and N4 to obtain a balanced
induced voltage.

Assuming that voltage Uerror is the difference between U3 and U4, as Equation (8):

Uerror = |U3 −U4| (8)

In order to get a similar induced voltage in each half of the switching period, the differences
between U3 and U4 should be minimized. Based on Figure 7 and Equation (8), Figure 8 shows three
combinations where Uerror has the minimum values—that is, N3 = 4 and N4 = 4, N3 = 5 and N4 = 6,
and N3 = 6 and N4 = 8. The numbers of N3 and N4 determine the values of the output voltage also, so
N3 = 5 and N4 = 6 are used in our design.
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3.2. Driving Coil Arrangement

Figure 9 shows the equivalent circuits of the driving blocks [26]. Since both coils L1 and L2 have
the coupling relationships with the driving Ld, the induced voltage VB across Ld is composed of two
equivalent voltage sources. The equivalent leakage inductance is Lt, the equivalent coil resistance is RS,
the gate capacitance of the switch is Cg, and the resistance RP is in parallel with Cg.

The circuit of Figure 9 follows Equation (9):

Uc(t) = VB·
RP

RP + RS
·

1− e−ζωnt√
1− ζ2

sin(ωdt)

 (9)

where

ζ =
1
2

(
1

CgRP
+

RS
Lt

)√
LtCgRP

RS + RP
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ω2
n =

RS + RP

LtCgRP

ωδ = ων
√

1− ζ2

VB = ωM1dI1 +ωM2dI2

In order to achieve a balance between the rapid response and small voltage spike, the driving
circuit should work under an underdamped state with a rapid attenuation. The damping constant
ζ ·ωn is

ζ ·ωn =
1
2

(
1

Cg ·RP
+

RS
Lt

)
(10)

Cg is determined by the parasitic capacitance of switches. RS and RP are associated with the driving
speed and resistance losses, respectively. Therefore, for a loose coupling system, we should minimize
the leakage inductance Lt between the transmitting coils and the driving coils. The steady-state induced
voltage VB can be controlled by selecting suitable turns of the driving coils.Energies 2020, 13, x FOR PEER REVIEW 9 of 17 
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From Equation (10), a large leakage inductance Lt may lead to a serious oscillation in the driving
voltage waveforms. Four typical arrangements of the driving coils are compared, such as loose outer,
tight outer, loose inner, and tight inner, as shown in blue lines in Figure 10a–d, respectively. The mutual
inductance between L1 and Ld is M1d =

√
L1Ld · k1d, and the mutual inductance between L2 and Ld is

M2d =
√

L2Ld · k2d. Therefore, the total mutual inductance MS between the transmitting double coils
and the driving coil is

Ms = M1d + M2d (11)

Using Maxwell software, we simulate the values of M1d, M2d, L1, and Ld. Based on Equation (11)
and the simulated data, Figure 11 shows the total mutual inductance MS under four typical arrangement
coils. When the coil is in the loose outer arrangement, MS has the largest value. MS has the lowest
value when the driving coil is in the arrangement of tight inner.
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Figure 10. Typical arrangements of the driving coil: (a) loose outer, (b) tight outer, (c) loose inner, and
(d) tight inner.
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Figure 11. The mutual inductance of the driving coil under four typical arrangements.

4. Loss of Duty Cycle Analysis

In the loosely coupled contactless power transfer system, leakage inductance will cause the loss
of the duty cycle, which greatly reduces the power transfer and the output voltage. The duty cycle
loss Dloss is defined as the differences between the duty cycle Dp at the transmitting side and Ds at the
receiving side, as shown in the shaded part in Figure 2b. Therefore, the loss of the duty cycle also can
be defined as the ratio between t01 and Ts/2 [27].

Dloss = Dp −Ds =
t01

Ts/2
∝

LsIo

Vin
(12)

From Equation (12), the average output current Io and leakage inductance Ls play a direct role on
the Dloss. Since Io is determined by the requirements of the maximum loads, we should minimize the
leakage inductance, Ls.

From Figure 5, power-transmitting coils L1 and L2 are coupled with power-receiving coil L3 at
the same time. The coupling coefficient k13 is the coupling relationships between L1 and L3, and k23 is
the coupling relationships between L2 and L3. We take k13 as a variable and use Maxwell software to
analyze the relationship among the coupling coefficient k, load current, and Dloss, as shown in Figure 12.
It shows that a higher coupling coefficient will reduce the sensitivity of Dloss to the load current.
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5. Experimental Verification

A 120 W experimental platform was built to verify the proposed method, as shown in Figure 13.
The power transmitting coils, receiving coils, and driving coil are shown in Figure 14. The key
experimental parameters are listed in Table 1.
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Figure 13. Experimental platform.
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Figure 14. Structures of the power coils.

Table 1. Experimental parameters of the system.

Parameters Value

L1, L3/uH 21.8(N1 = 5)
L2, L4/uH 22.5(N2 = 6)

Air gap distance/mm 2
Coil diameter /mm 75

Input Voltages Us/V 30
Frequency f /kHz 100
Ferrite core bars PC40 (5 × 15 × 60 mm)

Litz wire 300 strands × 0.1 mm
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Figure 15 shows the induced voltage waveforms in the outer coil L3 and the inner coil in L4,
respectively. It can be observed that the amplitudes of the inducted voltage of L3 and L4 are almost the
same. Therefore, using Equations (3), (4), and (10) to optimize turn ratio of the coils can reduce the
differences of the induced voltage effectively.
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To a driving coil circuit, we need to consider the amplitudes of the driving voltage, oscillation
spikes, and difficult aspects in fabrication. The voltage waveforms of the driving coil under four
typical arrangements are shown in Figure 16. As the analysis results of the mutual inductance in
Figure 11, Figure 16a shows that the induced voltage in the loose outer is 15 V, which is higher than
those arrangements under the tight outer (14.6 V), loose inner (13 V), and tight inner (12.6 V), as shown
in Figure 16b–d.

Benefiting from the relatively low leakage inductance, the oscillation of the driving voltage spike
in loose coils is smaller than in tight coils from Figure 16a–d. This phenomenon can be explained
by Equation (9)—that the peak voltage in the driving signal is associated with the leakage inductor.
Therefore, the loose coil arrangements show a better performance for the driving circuit.
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We tested the proposed structure without ferrite core bars first. When the output current was 6 A,
the duty cycle was 40% only, and the loss of the duty cycle was 10%, as shown in Figure 17. The output
voltage was only 18.5 V at 6 A, and the efficiency of system was 86.5%.
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Figure 17. Current and voltage waveforms under the 6 A load current without ferrite core bars.

For a given system, using ferrite bars can improve the efficiency but also add weight. Therefore,
we have to make a compromise between these two points. Especially when the custom system is very
sensitive to weight, we have to select the minimum ferrite bars to meet the electrical requirements.
Figure 18 shows the changing tendency of the output voltages with the increasing ferrite core bars.
Obviously, more ferrite core bars will result in a higher output voltage. At the same time, the simulated
results based on Maxwell software fit the experimental results very well. This shows that the key
circuit parameters extracted from Maxwell software can be used for modeling systems correctly.
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Figure 18. Comparison between simulated and measured output voltages with the increasing ferrite
core bars.

In order to enhance the efficiency and load regulation ratio, eight ferrite core bars on each pad
have been added, as shown in Figure 14. The key waveforms under the output current of 1 A and 6 A
are shown in Figure 19a,b, respectively. In Figure 19a, under the 1 A output current, the duty cycle in
the power-receiving side is 48.80%, and the loss of the duty cycle is 1.2%, roughly.

Figure 19b shows the key waveforms under the 6A output currents. The loss of the duty cycle is
9.43%. The output voltage is 20.3 V, and the efficiency of the system is 92.2% under 6 A. Compared
with the experimental results in Figure 17, the efficiency is improved 5.7% under 6 A, with eight ferrite
core bars. At the same time, the output power is also increased to 10.8 W, which benefits from the
higher output voltage.
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Figure 20 shows the experimental results of the output current, output voltage, and efficiency
with and without the ferrite cores, respectively. With the ferrite core bars, the efficiency of the system
reaches 90.7% under all load conditions, and the peak efficiency is 94.5% at 3.5 A.
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6. Conclusions

This paper shows the architecture of an unregulated contactless power converter, which can
provide a solution for a separable modular design. The proposed structure can enhance the ability of
the power transfer between two pads and improve the efficiency. In order to get a balance-induced
voltage in each half of the switching period, the turns of the inner coil and the outer coil are optimized.
Full-wave synchronous rectification is used for meeting the requirements of the applications of low
output voltage with high output current.
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The structures of the self-driven coils are discussed to provide stable driving signals. Four typical
arrangements of driving coils are analyzed in detail. The structures of the driving coils can be selected
based on the voltage levels, the convenience of production, and cost. The coupling coefficient of the
system can be increased by adding magnetic core bars, which can reduce the loss of the duty cycle
and load regulation ratio. Therefore, in practice, the magnetic cores and the turns of the coils can
be selected according to the design requirements of the weight and coil size. A 120-W unregulated
intermediate bus converter prototype was built and achieved an efficiency of 90.7% under all loading
ranges. The self-driven synchronous signal retention technology in a dead zone can further improve
the efficiency of the system, which can enhance the efficiency further in the future.
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Nomenclature

VD1~VD4 diodes
L1~L4 power transmitting and receiving coils
Ld driving coil
Lo output filter inductor
Ls leakage inductance on primary side
I1~I4 current in L1,L2,L3,L4,repectively
IP current on leakage inductance
Id current on driving coil
D1~D6 diodes
Q1~Q6 power MOSFET
R1,R2 gate resistance of power MOSFET
Rload Load resistance
UAB Inverter output
Urect rectification voltage
Co output filter capacitor
E DC power supply
N1~N4 turn ratio of coils of L1,L2,L3,L4,respectively
M12, M13,M14,M23,M24,M34 mutual inductance between coils of L1,L2,L3,L4,respectively
DSP Digital Signal Processor
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