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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 i
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 +

INDUCTIVE
COUPLING

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 USRS I IO
variable-switching-frequency control of the inverter is used

to maintain approximately constant power transfer through Fig. 1. Block diagram of CEET system with dc (battery) input.

the transformer with the input voltage changes, whereas the

output-side rectifier employs a local pulsewidth-modulation . L

control to achieve a tight regulation of the output in the presence tweer_1 the primary and secondary Wlndlng._Therefore, the char-
of load variations. Specifically, the described CEET system is acteristics of these transformers are very different from those of

suitable for use in universal-input battery chargers. the conventional transformers that have good coupling between
Index Terms—Contactless charger, inductive charger, local the windings. o _
pulsewidth modulation (PWM) control, resonant inverter. 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
N MANY applications, contactless electrical energy transwinding are wound on two magnetic pieces separated by an
mission (CEET) has distinct advantages over the conveair gap, the magnetizing inductance is significantly reduced.
tional energy transmission which uses wires and connectors. Fbis reduced magnetizing inductance increases the conduction
example, CEET has been the preferred power-delivery approda$ses because of an increased magnetizing current. In addition,
in hazardous applications such as mining and underwater eoe to a strong radiation from the gap, the transformers with
vironments due to the elimination of the sparking and the rigklarge air gap require special attention to meet EMC require-
of electrical shocks [1]. Also, a number of CEET systems hawveents. To alleviate problems associated with the energy stored
been developed for electric vehicle battery-recharging applida-a relatively large leakage inductance of a CEET transformer
tions because of their potential enhanced safety, reliability, asdch as reduced efficiency and increased component stress,
convenience. In addition, CEET has been considered in sonmverter topologies which incorporate the leakage inductance
medical applications since it makes it possible to transfer eldénto the circuit operation such as resonant and soft-switched
tric energy, which is required for running implanted electricabpologies are the optimal choice in CEET applications.
circulatory assist devices, through the intact skin of a patient [2]. A typical CEET system consists of a transmitter, a CEET
Finally, CEET has been used in cordless electric toothbrushiemnsformer, and a receiver, as shown in Fig. 1. The transmitter
and portable telephones to increase their reliability by elimiunction is to generate an ac signal that is transferred to the re-
nating the contacts between their battery charger and the battegiver through the transformer. The transmitted signal is then
Generally, CEET is implemented by using magnetic induconditioned by the receiver to provide the desire signal to the
tion, i.e., by employing specially constructed transformers. lnad. Generally, output voltagé, of the CEET can be either a
such transformers, the energy from the primary to the seconddryor an ac voltage. Similarly, the input to the CEET system can
is transferred inductively through the air. Because of safety fee either a dc voltage, as shown in Fig. 1, or an ac voltage. For
quirements and/or mechanical constraints, the transformerstfee ac input, voltag&s applied to the input of the transmitter is
CEET applications usually have a relatively large separation kibe rectified input voltage.
With no connections between the input side and output side,
Manuscript received March20,2001;revised.]amuarylS,2002.Abstractp§ﬂ—e control and protection of the CEET converters is very
lished on the Internet March 4, 2003. much different than the control of the converters that employ a
The authors are with the Power Electronics Laboratory, Delta Pro%nnventionm feedback control that uses signal communication

. INTRODUCTION
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;g;ng@°c§§ft’;?t;j?20m)_eseam nangle rar e Metween the output and input. Moreover, in CEET applications
Digital Object Identifier 10.1109/TIE.2003.812472 with a wide input-voltage and load range that require a tight
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regulation of the output, such as, for example, in universal-lin N

(90-264 \,.) chargers for portable telephones, control desig COUPLING —
requires a unique approach. 5 Variable- ¥ 4 ol
Various aspects of inductive CEET have been addressed Vg (+): Froquenay £ Cencttior 2 Vo

a number of papers and patents. For example, mechanical Inverter D"
sign issues related to CEET systems were discussed in [1] a ' : ;
[3]-[10], where a number of mechanical structures for CEE’ fs d
systems were proposed. The common goal of all these articl : !
and patents is to define a reliable easy-to-use mechanical stri : voree | | N ——
ture which can provide consistent characteristics of the CEE i [,| Feedforward | i | Output Vottage ||

H AT i Frequency \ \ Feedback
transformer so that the conversion efficiency and EMC perfol ; Control | | P contro

mance can be optimized. S ————— !

Some limited toDOlOglcaI and control issues were presentI(—aig. 2. Block diagram of CEET system that consists of a VF resonant inverter

in [1], [3], and [8]-[10]. In [1] and [3], inductive coupling Was 4t the input side and a controlled bidirectional rectifier at the output side that are
implemented at a high frequency by employing an inverter dgmiuctively coupled through a transformer.

the input side to convert the source signal into a high-frequency

signal that is coupled to the output rectifier circuit through ! Variablo-Frequency | i Controlled
a CEET transformer. In addition, [1] proposes a method for | Resonant Inverter | Rectifier
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, ¢
line-frequency CEET suffers from a significantly larger size Vs ¥
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 systen
consists of an input-side high-frequency resonant inverter
and an output-side locally regulated rectifier that are used ft§- 3- Schematic diagram of inductive-coupled power stage with series

. .resonant inverter and controlled rectifier.
transmit and regulate power through a transformer. The hig

efficiency of the system is achieved by recovering the energy e . .
stored in the leakage inductances of the transformer by incEF—je and a controlled bidirectional rectifier at the output side

porating them in the operation of the circuit, and by employin@at are |nduct_|vely cogpled through a transformer. The '|nput
high-frequency-inverter and a controlled-rectifier topologie¥P!tége to the inverter is sensed and the sensed voltage is used
that allow for bidirectional power flow through the transformef© control the switching frequency of the inverter so that the
With the ability of the system to transfer power through thgansferred powerthroughthetransformer|s maintained approx-
transformer in both directions, i.e., from the primary to thinately constant with the input voltage changes. Generally, this
secondary side, and vice versa, the energy stored in the leaki§@uency modulation scheme may be nonlinear. The bidirec-
inductances can be either transferred to the output, or to ffhal rectifier at the output side is controlled by a PWM con-
input, depending on the load requirement. trol to maintain a tight regulation of the output voltage in the

The output regulation of the proposed CEET system wififesence of a varying load, as well as to provide, if necessary,
respect to the input and load changes is performed by a dagditional regulation against the input voltage changes not re-
modulation. A local variable-frequency (VF) modulation is usel§¢cted by the VF control of the input-side inverter.
on the input side to maintain an approximately constant powerTo maximize the conversion efficiency by recovering the
transfer for a varying input, whereas a local pulsewidth mo@nergy stored in relatively large inductances of the CEET trans-
ulation (PWM) on the output side is primarily used to tighthformer, the VF inverter needs to be implemented with a resonant
regulate the output against the load changes. The VF moduRiology. Generally, any resonant topology can be employed.
tion is implemented with feedforward control, i.e., by changinlyloreover, the resonant inverter can be operated below or above
the inverter’s frequency as a function of the input voltage.  the resonant frequency depending on the application. If oper-

Finally, the performance evaluation results of the proposeted above the resonant frequency, the inverter switches are
CEET system were presented using a 4.5-W universal-liie¥ned on at zero voltage, which is preferred in applications
range (90-265 V) battery-charger prototype for portablewith a high input voltage. If the inverter is operated below
telephones. 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.

A block diagram of the proposed CEET system is shown in As an example, Fig. 3 shows the implementation of the CEET
Fig. 2. The system consists of a VF resonant inverter at the ingystem with a series resonant inverter. To facilitate the anal-

______________________

Il. ANALYSIS OF OPERATION



522 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 50, NO. 3, JUNE 2003

to source voltagd/s. When the voltage acrosSy reaches
zero att = Ty, i.e., when output capacitance of high-side
switch Cpssy is fully discharged, the antiparallel diode of
switch Sy begins to conduct, as shown in Fig. 5(b). At the
same time, low-side switcld;, is off blocking input voltage
Vs. Because aftet = T source voltagd/s is connected to
the resonant circuit, the resonant current starts increasing. This
topological stage ends at= 75 wheniyp reaches zero and
the antiparallel diode ofy stops conducting. As can be seen
from Fig. 6, to achieve zero-voltage switching (ZVS) $f,
it is necessary to turn ofiy beforet = T3, i.e., Sy should be
Fig. 4. Detailed schematic block diagram of power stage in Fig. 3 that shottsrned on while its antiparallel diode is conducting. In Fig. 6,
leakage and magnetizing inductances of transfoffy@nd reference directions Sy is turned on att = T, with ZVS. After t = Ty, current
of currents and voltages. . . .

irp continues to flow through closed switcky, as shown
ysis of the circuit, Fig. 4 shows the circuit in Fig. 3 with thé,n Fig. 5(d). Because of the assumption that curréfisand

leakage and magnetizing inductances of the transformer expligs &€ I phase, when direction 6fp Is reversed at = T3,

itly shown. Also, in Fig. 4 the load is replaced by a voItagI—:he direction ofi;; andirs is also reversed, as illustrated
In, EFig. 6. Consequently, at = T3, currentiys which was

source because it is assumed that the constant output volt'ng ) k ) >
has a negligible ripple. The series resonant circuit in Fig. 4fi|§)"\’_'r_‘g through thg antlpara_llel diode ofs is diverted to
formed by capacitor€’» andCs, and leakage inductancés» rectifier diodeD. This topological stage endsat& 1), when

and Ls. The approximate resonant frequency of the resonaiftcondary switctfis is turned on. As shown in Fig. 5(€), after
circuit is given by Ss is turned on, resonant currenis is commutated from

rectifier D switch Sg. This topological stage ends at T5,

wo = 1 (1) when switchSy is turned off. After switchSy is turned off

\/(Lp +n2Ls) - (Cp + &) att = T5, resonant current, p flowing through switchSy is

diverted from the switch to its output capacitanCessy, as

wheren = Np/Ng is the turns ratio of the transformer. shown in Fig. 5(f). As a result, after= 15, Cossy IS being

To further facilitate the explanation of the operation, Fig. Bharged, whileCossy, is being discharged. Whefipssy, is
shows topological stages of the circuit in Fig. 4 during #ully discharged at = Tg, the antiparallel diode of switch,
switching cycle, whereas Fig. 6 shows the power-stage kipggins to conduct, as shown in Fig. 5(g). At the same time,
waveforms for operation above the resonant frequency. high-side switchSy is off blocking source voltag&’s. This

The following analysis of operation of the circuit in Fig. 4 astopological stage ends at= Ts, wheni;p reaches zero, as
sumes that all semiconductor components in the circuit are idestiopwn in Fig. 5(h). As can be seen from Fig. 6, to achieve
i.e., that they exhibit zero resistance when in the on state andS of Sy, it is necessary to turn oy beforet = Tg, i.e.,
infinite resistance in the off state. However, the capacitances$f should be turned on while the antiparallel diode%f is
the switches are not neglected in this analysis. Finally, to furthesnducting. In Fig. 6,5, is turned on at = 7T, with ZVS.
simplify the analysis, it is assumed that the magnetizing currei$ shown in Figs. 5(i) and 6, aftgr= Ty, the direction of
iy N Fig. 4 is in phase with resonant currents. Generally, currentsiyp, iy,, andips is reversed so that currerigp
magnetizing currenty; is lagging resonant currefits, and the flows throughSy, whereas current, s flows throughSs. This
amount of the phase lag is a function of the load. Neverthelegspological stage ends at= Ty, when secondary switchg is
this assumption does not have any significant effect on the eéxrned off and curreniz s flowing throughSs is commutated
planation of the principle of operation of the proposed circuitto the antiparallel diode ofs, as shown in Fig. 5(). The

Before low-side switctby, is turned off att = Tj, negative circuit stays in this topological stage until the next switching
primary-side resonant curreigp = iy +ip = i +ins/n  cycle is initiated att = Tyo.
flows through leakage inductandes, resonant capacitar'p, As can be seen from Fig. 6, the voltage stress of switches
and low-side switcl;,, whereas, negative secondary-side resé&y and .Sy, is limited to source voltag®’s, while the voltage
nant curreni s flows through leakage inductanég;, resonant stress of switchSs and output rectifierD is limited to output
capacitoiCs, and the antiparallel diode of secondary swit¢hh  voltageVy,. Also, from theip waveform in Fig. 6 can be seen
as shown in Fig. 5(j). At the same time, diofes off blocking that in the circuit in Fig. 4 the energy is transferred from the
output voltagd/,, whereas, high-side swity is off blocking inputto the output only during the conduction of secondary-side
input voltageVs. rectifier D, i.e., during the time interval from = T3 tot =

After switch Sy, is turned off at = Tj, resonant current,p  T4. Generally, this time interval represents the time from the
flowing through switchSy, is diverted from the switch to its moment curreni;s becomes positive at = 73 to the time
output capacitanc€ossr, as shown in Fig. 5(a). As a result,secondary-side switc$is is turned off at = T,. Therefore, the
the voltage acros$, starts increasing, whereas the voltageutput of the proposed converter can be regulated by varying the
across high-side switchy starts decreasing, as illustrated irduration of thel3—T} interval by controlling the turn-on instant
Fig. 6, since the sum of the voltages acr8gsand.Sy is equal of Ss.
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An implementation of the proposed CEET system is shown in

In the proposed CEET system, the secondary-side (rectififig- 7. The inverter control in Fig. 7 is implemented by sensing
control is used primarily to regulate the output against the lod@Put voltageVs with a variable-gain input-voltage sensing
changes. The regulation against the input voltage changegilsuit, and by changing frequendy of the voltage-controlled
implemented with a primary-side (inverter) control. Howevegscillator (VCO) so that the inverter maintains approximately
since the primary-side control cannot tightly regulate the outpg@nstant output power in the presence of input changes. Gen-
on the secondary side, the secondary-side control is also useérgly, 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/- andVy. are defined in Fig. 7.

creases. The operation below resonance that offers zero-curtearisformer or a resistor. The indirect current sensing is imple-
switching (ZCS) requires that the frequency be reduced as thented by a differential sensing of voltales across capacitor
input voltage increases. In either case, the required change’af, and by a subsequent scaling and level shifting of the sensed
the frequency is a nonlinear function of the input. voltage so that the minimums of the scaled voltage correspond
The output voltage control in Fig. 7 is implemented with & the zero crossings of secondary currény, as can be seen
PWM modulation of the rectifier. In this control, sensed outpdtom Fig. 6.
voltageVo(sensk) is compared with reference voltagiaer at It should be noted that since secondary swifghis turned
the input of the error amplifier. The generated error signal at te with a minimum duty cycle at full load, the time interval
output of error amplifiel/g is then compared with sign&- betweent = T3 andt = T, at full load is approximately
that is proportional to instantaneous secondary cutirgittin  one-half of a switching cycle, i.e., the entire positive resonant
the implementation in Fig. 7, the secondary-side current infazurrent flows to the load. On the other hand, at no load, sec-
mation is obtained indirectly, i.e., without the use of a sensimandary switchSs 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 = 73 andt = Ty is zero, whereas the ! Variable Frequency | T Controlled |
time interval between = T, andt = T becomes one-half of a  “Resonant Inverter  Synchronous Rectifier ;

switching cycle. Since without a load (or, at light loads) the res-
onant circuit is essentially undamped, primary resonant current
i p is significantly increased at no load. Generally, this increase
of i, p at no load requires a protection circuit to ensure that the ‘
converter safely operates at no load. One approach to overcomvsﬁir ;
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 tc < Bi-directional Power Flow >

implement overcurrent protection with automatic restart, i.e., to

turn off inverter switchesSy and Sy, for a pre-set period of Fig. 8. Schematic circuit diagram of power stage with bidirectional rectifier.
time and then restarts the inverter. By operating the circuit in

this “burst,” or “hiccup” mode, the light-load efficiency can beswitchesSs and Sp. The transformer was built using Philips
maximized. 26247 ferrite cores with the primary winding having 210

Finally, in low-output-voltage applications, the conversiofurns of AWG #31 magnet wire and the secondary winding
efficiency of the CEET system in Fig. 4 can be improved blgaving nine turns of AWG #26 magnet wire. The separation
replacing rectifietD with a synchronous rectifier (SR), as showrfair gap) between the primary side magnetic piece and the
in Fig. 8. Furthermore, the implementation in Fig. 8 allowsecondary-side magnetic piece of the transformer was approxi-
bidirectional flow from the source to the load, and vice-versaately 60 mils. The output voltage of the experimental charger
because both the inverter and the rectifier can conduct currgrs regulated with a voltage ripple less than 2% over the entire
in both directions. 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

The performance of the proposed CEET system was evafjate—source voltadé; s, and drain—source voltagé;, of pri-
ated on a 4.5-W (5 V/0.9 A), universal-line-range (90-265)V mary switchSy, primary resonant currenp, and voltagel/p
battery charger for portable telephones. The experimengaross the primary winding of transformérat rectified input
circuit was implemented using the IRF840 MOSFETSs for privoltageVs = 120 V. Fig. 10 shows the measured waveforms
mary switchesSy and Sy, and the IRF7421D1 for secondaryat rectified input voltagd’s = 376 V. The frequency range

IV. EXPERIMENTAL RESULTS
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TABLE |
EFFICIENCY AND SWITCHING FREQUENCY MEASUREMENTS AT
VARIOUS INPUT VOLTAGES

Vs v IIN PIN Vo IO n fs
V] | [mA]| [W] | [V] |[mA]| [%] |[kHz]
120 | 53.0 6.4 5.05 | 870 | 69.2 66
157 | 38.7 6.1 5.0 859 | 70.8 75
181 33.8 6.1 5.04 | 866 | 714 90
204 | 31.1 6.3 5.08 875 | 69.9 98
318 | 21.2 6.7 5.01 856 | 63.6 130
363 | 19.8 7.2 5.02 | 861 | 60.1 138
376 | 19.5 73 5.03 | 865 | 594 | 140

of the experimental circuit was from 65 to 140 kHz. The me:
sured efficiency (excluding the rectifier loss) was approximate
60%—70% at full load over the entire input voltage range as su _

marized in Table I.

It should be noted that the major loss in the experimen
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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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