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Abstract – This paper presents the analysis and design of a
DC-DC series resonant power converter used as a contactless
battery charger (5VDC − 1A) for a mobile electronic device. The
system is enclosed in a sealed spherical pack containing
temperature and humidity wireless sensors for real time
composting process monitoring.
Some particular characteristics of the device and its physical
dimensions impose a maximum distance between the primary and
the secondary transformer windings of 20mm. For transformer
type core and windings configuration selection criteria, an
experimental characterization of loosely coupled power
transformers was evaluated.
Both simulation and experimental results, obtained in a
150kHz laboratory prototype, were used as evidence of the
developed theoretical models and analysis.
Keywords — Loosely coupled transformer, Contactless DC/DC
resonant converter, Wireless transmission system.

This paper presents the analysis and design of a contactless
DC-DC series resonant power converter aimed as a battery
charger (5VDC − 1A output) for an electronic system used to
monitoring the temperature and humidity during composting
processes. The system is enclosed in a sealed spherical pack
using temperature and humidity wireless sensors and also
contactless battery charging. Due to the characteristics and
physical dimensions of the device a maximum air-gap of 20mm
was adopted between primary and secondary transformer
windings. Considering the dimension and physical limitations
of the system, the amount of power to be transferred and the
air-gap dimensions, a transformer model was developed to
select the transformer core type and windings configuration
that would lead to an acceptable coupling coefficient, and
therefore to an improved efficiency. Simulation and
experimental results were obtained in a laboratory prototype to
verify the theoretical principles.

I INTRODUCTION

A

the recent emergence and development of
electronic portable equipment, contactless electric energy
transfer is gaining importance and a lot of research work is
being carried out, especially in the area of battery chargers. In
these applications, the transformer primary and secondary
windings are physically separated by a distance that is usually
much less then the dimensions of the cores/coils [1-14]. The
existence of a non negligible distance between the primary and
the secondary produces, in most cases, the increase of the
leakage inductors and the reduction of the magnetizing
inductance, resulting in a loosely coupled power transformer
with low coupling coefficient.
The ratio between the core dimensions and the distance
between transmitter and receiver, as well as the amount of
energy to be transferred are important variables to design
contactless systems. Physical dimensions of the electric devices
are confined to certain limits depending on the application and
on the power involved. If the distance between transmitter and
receiver exceeds a defined limit, the coupling coefficient may
be excessively low, leading to an impracticable efficient
transmission, unless some way of improving the coupling
factor is found [15-18]. Investigation on this area comprises the
development of new circuit combinations, new transformer
configurations and modeling and new control processes that
may improve the efficiency and performance of the energy
transfer.
COMPANYING

II CONTACTLESS BATTERY CHARGER
Due to the system characteristics and its dimensions the
contactless battery charger will present a primary-secondary
spacing length that is of the same order as the core dimensions
and will be in the border between near and midrange fields
systems. Furthermore, because the secondary inductor must be
placed inside the ball its dimensions are limited.
One objective of the compo-ball project is to implement a
rechargeable battery inside a ball to supply the electronic
circuitry that is also placed in the ball interior. As explained
above, the battery charger, being a contactless energy transfer
system, will present a transmitter placed outside the ball and a
receiver inside it. The transmitter will be composed by a static
high frequency series resonant inverter and the transformer
primary. The receiver will include the transformer secondary,
the diode bridge and the capacitive filter. The control circuit
will be placed in the receiver also. The first approach for the
system design consisted in the definition of a range of possible
distances between the transmitter and receiver. In [19] a similar
application without contactless energy transfer system to
charge the battery is presented as an alternative unsealed
solution.
Considering a ball with an external radius of approximately
50mm, and the aggressive environment where it will be
immerged, it was adopted a 10mm thickness to ensure ball
robustness. Based in these dimensions, an air gap maximum of

20mm was considered. Several transformer configurations with
different core shapes, coils, number of turns and air-gap
dimensions were modeled, experimented and simulated. As
expected, when using ferrite cores for magnetic flux confining,
it was confirmed that the coupling factor was independent of
the coils number of turns, depending only in the core geometry
and on its magnetic properties, being highly dependent of the
air-gap size. For an air-gap of 20mm very low coupling
coefficient was obtained, forcing the rise of the transformer
primary current magnitude. This last particularity compromises
solutions based in the use of ferrite cores due to the inherent
saturation of the magnetic cores. A coreless transformer made
by two equal spiral concentric inductors, as shown in Fig. 1,
was used instead.

primary/secondary mutual inductance is represented by M. The
corresponding magnetic coupling factor k is defined by
equation (2).
(2)
These results can also be predicted by means of analytic
computation using the Neumann mutual induction formula,
expressed in (3). In order to theoretically evaluate the induction
matrix expressed in (1), only the parametric curves c1 and c2,
defined geometrically by the paths of both coils, and the
magnetic permittivity of vacuum µ0 (4π×10-7 H/m) are
required.
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Fig. 1 – Coreless transformer windings configuration, used for contactless
battery charging.

(3)

|

By computing the line integrals defined in (3) along both coil
paths, taking into account the differential length increments ds1
and ds2 and their relative distance R12, the mutual inductance is
obtained. Notice that the same formula can be used in order to
approximately predict L11 and L22. In the last example, the paths
of integration change to the path of the correspondent coil and
this same path slightly deviated by a small distance ε. The limit
when ε tends to zero is the mutual inductance between the
correspondent coil and itself which corresponds to the self
inductance. The optimal ε is the smallest value that does not
compromise the convergence of (3).
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Two different prototype pairs of spiral concentric inductor
coils were experimentally measured when placed at different
distances one from each other.
Fig. 2 – Structure of the spherical pack showing the receiver and transmitter
spiral planar coils and their physical limitations.

20 turns-20 turns (outer diameter 7.3cm)

III TRANSFORMER MODEL
In order to calculate and optimize the coupling factor,
experimental and theoretical modeling of the transformer was
evaluated. To establish the transformer models, one must
consider the self and mutual inductances of both primary and
secondary coils, as expressed in (1).

10 turns-10 turns (outer diameter 4.3cm)

k

− theoretical
♦ experimental

(1)
The voltages of the primary and secondary coils, as well as
their linked magnetic fluxes and their self inductances, are
represented respectively by v11 and v22, for the first case, Ψ1 and
Ψ2, for the second, and by L11 and L22, for the last. The

Spacing between coils [cm]
Fig. 3 – Magnetic coupling factor dependence with distance for concentric
spiral coils.

The experimental process consisted in evaluating the
resultant coupling factor by means of the analysis of the
measured primary and secondary inductances, where
respectively the secondary and primary coils were open and
short-circuited.
The inductances and the correspondent magnetic coupling
factor of the transformer coils were also evaluated theoretically
and compared with the results obtained experimentally. The
comparison is resumed in Fig. 3 and Tab. 1.
Tab. 1– Self inductances of the experimental set.

coil pair

experimental

10 turns/
10 turns

L11

2.69 µH

L22

2.64 µH

20 turns/
20 turns

L11

13.7 µH

L22

13.2 µH

IV CONVERTER STRUCTURE
Using a series resonant electronic converter, as the one
illustrated in Fig. 5, it is possible to compensate the voltage
drop caused by the transformer leakage inductance Lx if the
converter switching frequency is near to the resonant frequency
of the Lx and C pair. Assuming the last condition, the total
voltage drop along the series of Lx and C can be neglected and,
as a result, the total inverter voltage is sensed at the ideal
transformer primary side. The parameters exhibited in Fig. 5
can now be calculated accordingly to the ones obtained for the
pairs of coils analyzed in III.

theoretical
2.8 µH
14.7 µH

Both methods present consistent results with small
discrepancies that are no greater than 7% for distances inferior
to 10mm and even smaller for larger distances.
As a rule of the tomb, it can be considered that the magnetic
coupling factor for spiral concentric coils decays to values
below 0.04 as the distance between coils tends to the coil
diameter.
The fact that poor coupling factor is evident in contactless
power transfer for distances of the same order of the coil
diameter obliges the use of particular electronic converters that
are able to compensate the loss of the primary generated useful
magnetic flux. In order to better understand how this
compensating process is achieved, an equivalent model of the
transformer is considered, as illustrated in Fig. 4.

Fig. 5 – Resonant converter.

Considering the previously discussed 20-20 turns winding
pair, the converter parameters, for a 20mm spacing, result as
follows: Lx=12.8µH, LM=0.89µH and nx=0.26. The value of the
resonant capacitance C=100nF was designed for a resonant
frequency near 140kHz. The experimental results, obtained in
the built prototype, are analyzed in the following section.
V SIMULATION AND EXPERIMENTAL RESULTS

Fig. 4 – Equivalent three parameter transformer model.

For consistency between the model represented by (1)-(2) and
the one shown in Fig. 4, the subsequent relations must be
accomplished.
;

− Secondary
voltage vsec

(5)

A simple analysis of the transformer model shown in Fig. 4
allows concluding that the fictitious leakage inductance Lx is
the one responsible for the useful magnetic flux loss and
therefore for the power transfer reduction. The next section
discusses an elegant solution to overcome this drawback by
means of using a resonant electronic converter.

voltage [V]

;

− Inverter
voltage vi

current [A]

1

The reliability of the proposed analysis was verified by means
of simulation and experimental evidence. A laboratorial
prototype similar to the Fig. 5 resonant converter, exhibiting the
same parameters as the ones obtained for the 20-20 turns
measured windings, was built. The simulation results are
present in Fig. 6 and the corresponding experimental results are
shown in Fig. 7.

... Output
voltage vo
− Primary
current ipri
− Secondary
current isec
− Magnetizing
Current im

time [s]
Fig. 6 – Simulation results of the resonant converter operating at full load

The inverter was operated with a DC supplying voltage of 5V.
The switching frequency was adjusted slightly above resonance
(145.7kHz) in order to obtain a 5VDC output voltage for full
load test conditions (1A−5Ω).

Fig. 7 – Experimental results with 20mm spacing and full-load operation.
Ch1-Yellow trace Æ Inverter voltage; Ch2 - Blue trace Æ primary
current; Ch3 - Magenta trace Æ Secondary voltage; Ch4 - Green trace
Æ Secondary output current; Ref1 - White Trace Æ Output DC
voltage.

In what concerns the consistency of the adopted models and
theoretical assumptions, simulation and experimental results
are evidence of its correctness and applicability in poor coupled
contactless power transmission systems.
VI CONCLUSION
Contactless power transmission systems that distance a length
that is of the same magnitude as the one of the windings
diameter exhibit poor coupling factors, severely degrading the
linked magnetic flux. Analytic calculations can be evaluated in
order to infer about the windings geometry resultant self
inductances and magnetic coupling factor.
For full series resonant compensation of the transformer
leakage inductances using one single side capacitance only,
three parameter equivalent transformer model is recommended
for the resonant converter design.
Several spiral inductors were built and experimented. A fully
working laboratorial prototype was build, operating at a
frequency near 150kHz. As desired, for a primary secondary
winding spacing of 20mm, a 5W output power was achieved at
full load operation. The obtained coupling factor verifies the
developed theoretical model and is approximately 0.26. Due to
skin effect and in order to reduce the coil AC resistance, the
primary inductor was assembled with ten 0.315mm diameter
twisted wires. The current flowing in the primary is about 7A
and the resonant capacitor voltage has a maximum magnitude
of 70V.
This work was sponsored by Compo-Ball project supported by
the Seventh Framework Program, under the grant agreement
number 243625.

VII REFERENCES
[1] J. Hirai, T. Kim, A. Kawamura , “Study on Intelligent Battery Charging
Using Inductive Transmission of Power and Information” IEEE
Transactions on Power Electronics, Vol. 15, No. 2, pp. 335-345, March
2000.
[2] C. Kim, D. Seo, J. Park, J. You and B. Cho, “Design of a Contactless
Battery Charger for Cellular Phone” IEEE Transactions on Industrial
Electronics, vol 48, No. 6, pp., Dec. 2001.
[3] Y. Jang and M. Jovanovic´, “A Contactless Electrical Energy
Transmission System for Portable -Telephone Battery Chargers” IEEE
Transactions on Industrial Electronics, Vol. 50, No. 3, June 2003.
[4] S. Valtchev; B. Borges; K. Brandisky, J. Ben Klaassens “Efficient”, IEEE
Power Electronics Specialists Conference, Vol.1, pp. 685-699, June 2005.
[5] S. Valtchev; B. Borges; K. Brandisky, J. Ben Klaassens “Resonant
Contactless Energy Tranfer with Improved Efficiency”, IEEE
Transactions on Power Electronics, Vol.24, No.3, pp. 685-699, March
2009.
[6] A.J. Moradewicz and M.P. Kazmierkowski, “High efficiency contactless
energy transfer system with power electronic resonant converter”
Electrotechnical Bulletin of the Polish Academy of Sciences, Technical
Sciences Vol. 57, No. 4, 2009.
[7] S. Y. (Ron) Hui, H. Chung, and S. C. Tang, “Coreless Planar Printed
Circuit Board (PCB)- Transformers for Power MOSFET/IGBT Gate Drive
Circuits” IEEE Transactions on Power Electronics, Vol. 15, No. 14,
pp.422-430, May 1999.
[8] S. C. Tang, S. Y. (Ron) Hui and Henry Shu-Hung Chung “Coreless Planar
Printed-Circuit-Board (PCB) Transformers—A Fundamental Concept for
Signal and Energy Transfer” IEEE Transactions on Power Electronics,
Vol. 15, No. 5, pp. 931-941, September 2000.
[9] S. C. Tang, S. Y. (Ron) Hui, and H. Chung “A Low-Profile Low-Power
Converter with Coreless PCB Isolation Transformer” IEEE Transactions
on Power Electronics, Vol. 16, No. 3, pp. 311-315, May 2001.
[10] W. Lim, D. Kim, B. Choi, “Printed Circuit Board Winding-based Ultra
Low-Profile Power Conditioning Circuits For SDR Application Systems”,
Proceedings of the SDR 05 Technical Conference and Product Exposition,
2005.
[11] S. Y. R. Hui, and W. W. C. Ho, “A New Generation of Universal
Contactless Battery Charging Platform for Portable Consumer Electronic
Equipment” IEEE Transactions on Power Electronics, Vol. 20, No. 3, pp.
620-627, May 2005.
[12] S. Y. R. Hui, Fellow, IEEE, and Wing. W. C. Ho, Member, A New
Generation of Universal Contactless Battery Charging Platform for
Portable Consumer Electronic Equipment IEEE Transactions on Power
Electronics, Vol. 20, No. 3, pp. 620-627, May 2005.
[13] Xun Liu and S. Y. Ron Hui, “Equivalent Circuit Modeling of a Multilayer
Planar Winding Array Structure for Use in a Universal Contactless Battery
Charging Platform” IEEE Transactions on Power Electronics, vol.22, pp.
375-381, no.1 January 2007.
[14] Xun Liu, and S. Y. (Ron) Hui, “Optimal Design of a Hybrid Winding
Structure for Planar Contactless Battery Charging Platform IEEE
Transactions on Power Electronics”, vol. 23, no. 1, January, 2008.
[15] Z. Low, J. Casanova and J. Lin “A Loosely Coupled Planar Wireless
Power Transfer System Supporting Multiple Receivers” Hindawi
Publishing Corporation, Advances in Power Electronics Volume 2010,
Article ID 546529.
[16] A. Kurs, A Karalis, R. Moffatt, J.D. Joannopoulos, P. Fisher, and M.
Soljacic” Wireless Power Transfer Via Strongly Coupled Magnetic
Resonances”, Science, vol. 317, pp. 83-86, Jul. 6, 2007.
[17] A. Karalis , J.D. Joannopoulos, M. Soljacic “Efficient wireless
non-radiative mid-range energy transfer”, Ann. Phy., vol. 323, no. 1,
pp.34-48, Jan 2008.
[18] B. Cannon, J. Hoburg, D. Stanci, and S. Goldstein “Magnetic Resonance
Coupling as a Potencial Means for Wireless Power Transfer to Multiple
Small Receivers”, IEEE Transactions on Power Electronics, Vol.24, No.7,
pp. 1819-1825, July 2009.
[19] B. Cannon, J. Hoburg, D. Stanci, and S. Goldstein “Monituring and
Modeling Temperature Variations inside Silage Stacks Using Novel
Wireless Sensor Networks”, Elsevier Computers and Electronics in
Agriculture, 69, pp.149-157, 2009.

