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A Contactless Electrical Energy Transmission System
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Abstract—A high-performance contactless electrical energy
transmission (CEET) technique which employs the inductive en-
ergy transmission principle is described. The proposed technique
enables the implementation of high-efficiency high-power-density
fully regulated CEET systems suitable for applications with a
wide input and load range. A high efficiency of the system is
achieved by recovering the energy stored in the leakage induc-
tances of the transformer by incorporating them in the operation
of the circuit, and by employing high-frequency-inverter and
controlled-rectifier topologies that allow a controlled bidirectional
power flow through the transformer. In addition, a feedforward
variable-switching-frequency control of the inverter is used
to maintain approximately constant power transfer through
the transformer with the input voltage changes, whereas the
output-side rectifier employs a local pulsewidth-modulation
control to achieve a tight regulation of the output in the presence
of load variations. Specifically, the described CEET system is
suitable for use in universal-input battery chargers.

Index Terms—Contactless charger, inductive charger, local
pulsewidth modulation (PWM) control, resonant inverter.

I. INTRODUCTION

I N MANY applications, contactless electrical energy trans-
mission (CEET) has distinct advantages over the conven-

tional energy transmission which uses wires and connectors. For
example, CEET has been the preferred power-delivery approach
in hazardous applications such as mining and underwater en-
vironments due to the elimination of the sparking and the risk
of electrical shocks [1]. Also, a number of CEET systems have
been developed for electric vehicle battery-recharging applica-
tions because of their potential enhanced safety, reliability, and
convenience. In addition, CEET has been considered in some
medical applications since it makes it possible to transfer elec-
tric energy, which is required for running implanted electrical
circulatory assist devices, through the intact skin of a patient [2].
Finally, CEET has been used in cordless electric toothbrushes
and portable telephones to increase their reliability by elimi-
nating the contacts between their battery charger and the battery.

Generally, CEET is implemented by using magnetic induc-
tion, i.e., by employing specially constructed transformers. In
such transformers, the energy from the primary to the secondary
is transferred inductively through the air. Because of safety re-
quirements and/or mechanical constraints, the transformers for
CEET applications usually have a relatively large separation be-
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Fig. 1. Block diagram of CEET system with dc (battery) input.

tween the primary and secondary winding. Therefore, the char-
acteristics of these transformers are very different from those of
the conventional transformers that have good coupling between
the windings.

Due to a large winding separation, the transformers for CEET
applications have a relatively large leakage inductance, as well
as increased proximity-effect winding losses. Furthermore,
for the CEET transformers where the primary and secondary
winding are wound on two magnetic pieces separated by an
air gap, the magnetizing inductance is significantly reduced.
This reduced magnetizing inductance increases the conduction
losses because of an increased magnetizing current. In addition,
due to a strong radiation from the gap, the transformers with
a large air gap require special attention to meet EMC require-
ments. To alleviate problems associated with the energy stored
in a relatively large leakage inductance of a CEET transformer
such as reduced efficiency and increased component stress,
converter topologies which incorporate the leakage inductance
into the circuit operation such as resonant and soft-switched
topologies are the optimal choice in CEET applications.

A typical CEET system consists of a transmitter, a CEET
transformer, and a receiver, as shown in Fig. 1. The transmitter
function is to generate an ac signal that is transferred to the re-
ceiver through the transformer. The transmitted signal is then
conditioned by the receiver to provide the desire signal to the
load. Generally, output voltage of the CEET can be either a
dc or an ac voltage. Similarly, the input to the CEET system can
be either a dc voltage, as shown in Fig. 1, or an ac voltage. For
the ac input, voltage applied to the input of the transmitter is
the rectified input voltage.

With no connections between the input side and output side,
the control and protection of the CEET converters is very
much different than the control of the converters that employ a
conventional feedback control that uses signal communication
between the output and input. Moreover, in CEET applications
with a wide input-voltage and load range that require a tight

0278-0046/03$17.00 © 2003 IEEE



JANG AND JOVANOVIĆ: CEET SYSTEM FOR PORTABLE-TELEPHONE BATTERY CHARGERS 521

regulation of the output, such as, for example, in universal-line
(90–264 V ) chargers for portable telephones, control design
requires a unique approach.

Various aspects of inductive CEET have been addressed in
a number of papers and patents. For example, mechanical de-
sign issues related to CEET systems were discussed in [1] and
[3]–[10], where a number of mechanical structures for CEET
systems were proposed. The common goal of all these articles
and patents is to define a reliable easy-to-use mechanical struc-
ture which can provide consistent characteristics of the CEET
transformer so that the conversion efficiency and EMC perfor-
mance can be optimized.

Some limited topological and control issues were presented
in [1], [3], and [8]–[10]. In [1] and [3], inductive coupling was
implemented at a high frequency by employing an inverter on
the input side to convert the source signal into a high-frequency
signal that is coupled to the output rectifier circuit through
a CEET transformer. In addition, [1] proposes a method for
maximizing the transmitted power by the input-side control
that employs a phase-locked loop. In [8], a line-frequency
inductive-coupling scheme and output voltage control using
a saturable output-side inductor are described. Generally, a
line-frequency CEET suffers from a significantly larger size
and weight compared to its high-frequency counterpart.

In this paper, a high-frequency high-efficiency fully regu-
lated CEET system suitable for applications with a wide input
range and wide load range is described. The CEET system
consists of an input-side high-frequency resonant inverter
and an output-side locally regulated rectifier that are used to
transmit and regulate power through a transformer. The high
efficiency of the system is achieved by recovering the energy
stored in the leakage inductances of the transformer by incor-
porating them in the operation of the circuit, and by employing
high-frequency-inverter and a controlled-rectifier topologies
that allow for bidirectional power flow through the transformer.
With the ability of the system to transfer power through the
transformer in both directions, i.e., from the primary to the
secondary side, and vice versa, the energy stored in the leakage
inductances can be either transferred to the output, or to the
input, depending on the load requirement.

The output regulation of the proposed CEET system with
respect to the input and load changes is performed by a dual
modulation. A local variable-frequency (VF) modulation is used
on the input side to maintain an approximately constant power
transfer for a varying input, whereas a local pulsewidth mod-
ulation (PWM) on the output side is primarily used to tightly
regulate the output against the load changes. The VF modula-
tion is implemented with feedforward control, i.e., by changing
the inverter’s frequency as a function of the input voltage.

Finally, the performance evaluation results of the proposed
CEET system were presented using a 4.5-W universal-line-
range (90–265 V ) battery-charger prototype for portable
telephones.

II. A NALYSIS OF OPERATION

A block diagram of the proposed CEET system is shown in
Fig. 2. The system consists of a VF resonant inverter at the input

Fig. 2. Block diagram of CEET system that consists of a VF resonant inverter
at the input side and a controlled bidirectional rectifier at the output side that are
inductively coupled through a transformer.

Fig. 3. Schematic diagram of inductive-coupled power stage with series
resonant inverter and controlled rectifier.

side and a controlled bidirectional rectifier at the output side
that are inductively coupled through a transformer. The input
voltage to the inverter is sensed and the sensed voltage is used
to control the switching frequency of the inverter so that the
transferred power through the transformer is maintained approx-
imately constant with the input voltage changes. Generally, this
frequency modulation scheme may be nonlinear. The bidirec-
tional rectifier at the output side is controlled by a PWM con-
trol to maintain a tight regulation of the output voltage in the
presence of a varying load, as well as to provide, if necessary,
additional regulation against the input voltage changes not re-
jected by the VF control of the input-side inverter.

To maximize the conversion efficiency by recovering the
energy stored in relatively large inductances of the CEET trans-
former, the VF inverter needs to be implemented with a resonant
topology. Generally, any resonant topology can be employed.
Moreover, the resonant inverter can be operated below or above
the resonant frequency depending on the application. If oper-
ated above the resonant frequency, the inverter switches are
turned on at zero voltage, which is preferred in applications
with a high input voltage. If the inverter is operated below
the resonant frequency, the inverter switches are turned off at
zero current, which is advantageous in high-current applica-
tions, and/or when insulated gate bipolar transistors (IGBTs)
are used for the switches.

As an example, Fig. 3 shows the implementation of the CEET
system with a series resonant inverter. To facilitate the anal-
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Fig. 4. Detailed schematic block diagram of power stage in Fig. 3 that shows
leakage and magnetizing inductances of transformerT , and reference directions
of currents and voltages.

ysis of the circuit, Fig. 4 shows the circuit in Fig. 3 with the
leakage and magnetizing inductances of the transformer explic-
itly shown. Also, in Fig. 4 the load is replaced by a voltage
source because it is assumed that the constant output voltage
has a negligible ripple. The series resonant circuit in Fig. 4 is
formed by capacitors and , and leakage inductances
and . The approximate resonant frequency of the resonant
circuit is given by

(1)

where is the turns ratio of the transformer.
To further facilitate the explanation of the operation, Fig. 5

shows topological stages of the circuit in Fig. 4 during a
switching cycle, whereas Fig. 6 shows the power-stage key
waveforms for operation above the resonant frequency.

The following analysis of operation of the circuit in Fig. 4 as-
sumes that all semiconductor components in the circuit are ideal,
i.e., that they exhibit zero resistance when in the on state and
infinite resistance in the off state. However, the capacitances of
the switches are not neglected in this analysis. Finally, to further
simplify the analysis, it is assumed that the magnetizing current

in Fig. 4 is in phase with resonant current . Generally,
magnetizing current is lagging resonant current , and the
amount of the phase lag is a function of the load. Nevertheless,
this assumption does not have any significant effect on the ex-
planation of the principle of operation of the proposed circuit.

Before low-side switch is turned off at , negative
primary-side resonant current
flows through leakage inductance , resonant capacitor ,
and low-side switch , whereas, negative secondary-side reso-
nant current flows through leakage inductance , resonant
capacitor , and the antiparallel diode of secondary switch,
as shown in Fig. 5(j). At the same time, diodeis off blocking
output voltage , whereas, high-side switch is off blocking
input voltage .

After switch is turned off at , resonant current
flowing through switch is diverted from the switch to its
output capacitance , as shown in Fig. 5(a). As a result,
the voltage across starts increasing, whereas the voltage
across high-side switch starts decreasing, as illustrated in
Fig. 6, since the sum of the voltages acrossand is equal

to source voltage . When the voltage across reaches
zero at , i.e., when output capacitance of high-side
switch is fully discharged, the antiparallel diode of
switch begins to conduct, as shown in Fig. 5(b). At the
same time, low-side switch is off blocking input voltage

. Because after source voltage is connected to
the resonant circuit, the resonant current starts increasing. This
topological stage ends at when reaches zero and
the antiparallel diode of stops conducting. As can be seen
from Fig. 6, to achieve zero-voltage switching (ZVS) of ,
it is necessary to turn on before , i.e., should be
turned on while its antiparallel diode is conducting. In Fig. 6,

is turned on at with ZVS. After , current
continues to flow through closed switch , as shown

in Fig. 5(d). Because of the assumption that currentsand
are in phase, when direction of is reversed at ,

the direction of and is also reversed, as illustrated
in Fig. 6. Consequently, at , current which was
flowing through the antiparallel diode of is diverted to
rectifier diode . This topological stage ends at , when
secondary switch is turned on. As shown in Fig. 5(e), after

is turned on, resonant current is commutated from
rectifier switch . This topological stage ends at ,
when switch is turned off. After switch is turned off
at , resonant current flowing through switch is
diverted from the switch to its output capacitance , as
shown in Fig. 5(f). As a result, after , is being
charged, while is being discharged. When is
fully discharged at , the antiparallel diode of switch
begins to conduct, as shown in Fig. 5(g). At the same time,
high-side switch is off blocking source voltage . This
topological stage ends at , when reaches zero, as
shown in Fig. 5(h). As can be seen from Fig. 6, to achieve
ZVS of , it is necessary to turn on before , i.e.,

should be turned on while the antiparallel diode of is
conducting. In Fig. 6, is turned on at with ZVS.
As shown in Figs. 5(i) and 6, after , the direction of
currents , , and is reversed so that current
flows through , whereas current flows through . This
topological stage ends at , when secondary switch is
turned off and current flowing through is commutated
to the antiparallel diode of , as shown in Fig. 5(j). The
circuit stays in this topological stage until the next switching
cycle is initiated at .

As can be seen from Fig. 6, the voltage stress of switches
and is limited to source voltage , while the voltage

stress of switch and output rectifier is limited to output
voltage . Also, from the waveform in Fig. 6 can be seen
that in the circuit in Fig. 4 the energy is transferred from the
input to the output only during the conduction of secondary-side
rectifier , i.e., during the time interval from to

. Generally, this time interval represents the time from the
moment current becomes positive at to the time
secondary-side switch is turned off at . Therefore, the
output of the proposed converter can be regulated by varying the
duration of the – interval by controlling the turn-on instant
of .
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Fig. 5. Topological stages of power stage in Fig. 4 during switching cycle.

III. D ESIGN GUIDELINES

In the proposed CEET system, the secondary-side (rectifier)
control is used primarily to regulate the output against the load
changes. The regulation against the input voltage changes is
implemented with a primary-side (inverter) control. However,
since the primary-side control cannot tightly regulate the output
on the secondary side, the secondary-side control is also used to
assist in regulation against the input voltage changes.

An implementation of the proposed CEET system is shown in
Fig. 7. The inverter control in Fig. 7 is implemented by sensing
input voltage with a variable-gain input-voltage sensing
circuit, and by changing frequency of the voltage-controlled
oscillator (VCO) so that the inverter maintains approximately
constant output power in the presence of input changes. Gen-
erally, for the operation above resonance, which offers ZVS,
the frequency needs to be increased as the input voltage in-
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Fig. 6. Key waveforms of power stage in Fig. 4.V andV are defined in Fig. 7.

creases. The operation below resonance that offers zero-current
switching (ZCS) requires that the frequency be reduced as the
input voltage increases. In either case, the required change of
the frequency is a nonlinear function of the input.

The output voltage control in Fig. 7 is implemented with a
PWM modulation of the rectifier. In this control, sensed output
voltage is compared with reference voltage at
the input of the error amplifier. The generated error signal at the
output of error amplifier is then compared with signal
that is proportional to instantaneous secondary current. In
the implementation in Fig. 7, the secondary-side current infor-
mation is obtained indirectly, i.e., without the use of a sensing

transformer or a resistor. The indirect current sensing is imple-
mented by a differential sensing of voltage across capacitor

, and by a subsequent scaling and level shifting of the sensed
voltage so that the minimums of the scaled voltage correspond
to the zero crossings of secondary current, as can be seen
from Fig. 6.

It should be noted that since secondary switchis turned
on with a minimum duty cycle at full load, the time interval
between and at full load is approximately
one-half of a switching cycle, i.e., the entire positive resonant
current flows to the load. On the other hand, at no load, sec-
ondary switch turns on with a maximum duty cycle so that
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Fig. 7. Block diagram of control for power stage in Fig. 4.

the interval between and is zero, whereas the
time interval between and becomes one-half of a
switching cycle. Since without a load (or, at light loads) the res-
onant circuit is essentially undamped, primary resonant current

is significantly increased at no load. Generally, this increase
of at no load requires a protection circuit to ensure that the
converter safely operates at no load. One approach to overcome
the no-load problem is to detect the no-load condition, and to
change the frequency of the inverter so that the power transfer
through the inverter is reduced. This can be accomplished by
raising the switching frequency if the inverter operates above
resonance, or by reducing the switching frequency if the inverter
operates below the resonant frequency. Another approach is to
implement overcurrent protection with automatic restart, i.e., to
turn off inverter switches and for a pre-set period of
time and then restarts the inverter. By operating the circuit in
this “burst,” or “hiccup” mode, the light-load efficiency can be
maximized.

Finally, in low-output-voltage applications, the conversion
efficiency of the CEET system in Fig. 4 can be improved by
replacing rectifier with a synchronous rectifier (SR), as shown
in Fig. 8. Furthermore, the implementation in Fig. 8 allows
bidirectional flow from the source to the load, and vice-versa,
because both the inverter and the rectifier can conduct current
in both directions.

IV. EXPERIMENTAL RESULTS

The performance of the proposed CEET system was evalu-
ated on a 4.5-W (5 V/0.9 A), universal-line-range (90–265 V)
battery charger for portable telephones. The experimental
circuit was implemented using the IRF840 MOSFETs for pri-
mary switches and , and the IRF7421D1 for secondary

Fig. 8. Schematic circuit diagram of power stage with bidirectional rectifier.

switches and . The transformer was built using Philips
2624Z ferrite cores with the primary winding having 210
turns of AWG #31 magnet wire and the secondary winding
having nine turns of AWG #26 magnet wire. The separation
(air gap) between the primary side magnetic piece and the
secondary-side magnetic piece of the transformer was approxi-
mately 60 mils. The output voltage of the experimental charger
was regulated with a voltage ripple less than 2% over the entire
input-voltage range.

Figs. 9 and 10 show the oscillograms of key waveforms of
the experimental prototype for the minimum and maximum rec-
tified input voltage. Fig. 9 shows the measured waveforms of
gate–source voltage and drain–source voltage of pri-
mary switch , primary resonant current , and voltage
across the primary winding of transformerat rectified input
voltage V. Fig. 10 shows the measured waveforms
at rectified input voltage V. The frequency range
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Fig. 9. Measured key waveforms of experimental converter atV = 120 V
andP = 4:4 W. Time base: 2�s/div.

Fig. 10. Measured key waveforms of experimental converter atV = 376 V
andP = 4:4 W. Time base: 2�s/div.

TABLE I
EFFICIENCY AND SWITCHING FREQUENCY MEASUREMENTS AT

VARIOUS INPUT VOLTAGES

of the experimental circuit was from 65 to 140 kHz. The mea-
sured efficiency (excluding the rectifier loss) was approximately
60%–70% at full load over the entire input voltage range as sum-
marized in Table I.

It should be noted that the major loss in the experimental
circuit was the winding loss of the transformer due to a pro-
nounced proximity effect brought about by the separation of the
primary-side and secondary-side core halves. Generally, with a
CEET transformer design that minimizes the proximity effect
loss, a significantly higher efficiency can be achieved. However,

in the experimental circuit reported in this paper no attempt was
made to minimize this loss since the primary objective of the
experimental circuit was to prove the proposed concept.

V. SUMMARY

A high-frequency high-efficiency fully regulated CEET
system suitable for applications with a wide input and load
range has been described. The proposed CEET system consists
of an input-side VF resonant inverter and an output-side locally
regulated rectifier. A high efficiency of the system is achieved
by recovering the energy stored in the leakage inductances of
the transformer by incorporating them in the operation of the
circuit, and by employing high-frequency-inverter and con-
trolled-rectifier topologies that allow a controlled bidirectional
power flow through the transformer. In addition, a feedforward
variable-switching-frequency control of the inverter is used
to maintain approximately constant power transfer through
the transformer with the input voltage changes, whereas the
output-side rectifier employs a local PWM control to achieve a
tight regulation of the output in the presence of load variations.
The proposed CEET system was experimentally verified on a
4.5-W prototype battery charger for portable telephones.
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