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1. Introduction

A wireless power transfer (WPT) is power

transmission technology without an electrical conductor

between source and load. A typical wireless power

transfer system (WPTS) consists of a transmitter

(Tx) and a receiver (Rx) as shown in Fig. 1 [1]-[3]. The

transmitter transmits power received from an AC inlet

to the receiver, and the receiver provides the power

from the transmitter to the load [1]-[3].

The transmitter is composed of a PFC converter, an

inverter and their controllers. The inverter circuit

converts the DC output voltage of the PFC circuit

into a high-frequency AC power signal. The inverter

controller controls the inverter based on information

Fig. 1. A typical wireless power transfer system.

received from the receiver through wireless

communication. The receiver has a rectifier circuit to

convert high-frequency AC power into a DC power.

A communication module is also needed to transmit

receiver’s voltage and current information to the

transmitter [4]-[6].

Generally, feedback control is required to supply the

proper power to the load. However, in WPTS, Tx and

Rx are physically separated. Therefore, a wireless

communication modules for feedback control are

essential in the Tx and Rx respectively. However, it

increases system implementation cost and size, and a

definite wireless communication protocol is required
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Fig. 2. WPT for electronic device requiring standby mode.

between Tx and Rx. In addition, the battery in the Rx

is also required for standby to recognize Tx signals,

so it is obliged to add a battery into a product such

as a TV that does not usually use the battery.

In contrast with the wireless charging system, most

electronic devices require a standby mode as shown

in Fig. 2, and thus the standby power should also be

supplied by WPT. However, WPTS normally has low

efficiency at light load conditions [7]-[12]. Moreover, the

wireless communication module itself increases the

standby power consumption. As a result, it is difficult

to satisfy standby requirements in the standby mode

on WPT system.

Therefore, in this paper, we propose an inductive

wireless power transmission system based on LLC

converter to eliminate the wireless communication

module between Tx and Rx.

2. Proposed Wireless Power Transfer System

2.1 System structure

The proposed wireless power transfer system is

shown in Fig. 3. The resonator is designed based on

the LLC converter. The inverter circuit performs the

open loop operation in a designed frequency range

near the resonance frequency of resonator. In other

words, the inverter operates at a spreading frequency

near the resonance frequency for EMI reduction,

rather than a fixed frequency. To compensate for the

elimination of wireless communication, a minimum of

protection circuitry, such as under voltage protection,

is required. ON/OFF signal between Tx and Rx is

also required for protection and the standby mode.

And, an Rx detection circuit is also required.

2.2 Operational principle

Due to the outer case surrounding the Tx and Rx

devices, the resonators have above a certain distance

from each other. Thus low coupling caused by

separation distance provides sufficient leakage inductance

Fig. 3. Structure of proposed WPT system.

Fig. 4. Circuit diagram of LLC converter.

Fig. 5. Voltage gain according to output load.

(LR) for resonance. If the resonators can be designed

with wide area enough to have a inductance similar

to magnetic inductance (Lm) of a transformer, the

resonator of the proposed WPTS can have an

equivalent circuit similar to the transformer of the

LLC converter. Therefore the proposed system can

have the same output voltage gain characteristics

with the LLC converter. Fig. 4 shows the LLC

converter with full-bridge rectifier. The voltage gain

of LLC converter can be obtained from Fundamental

Harmonic Approximation (FHA) as follow:
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From equation (1), voltage gain according to output

load can be plotted as shown in Fig. 5[13],[14]. When

the LLC converter operates near the resonant frequency,

the output voltage gain is nearly constant regardless
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Fig. 6. Misalignment of resonators.

Fig. 7. Voltage gain variation according to position between

Tx and Rx.

of output load condition. Therefore, the inverter of the

proposed system can be operated with open loop.

Fig. 6 shows misalignment of two resonators and

their equivalent circuit. The coupling between Tx and

Rx resonators is reduced when the distance of the

two resonators is farther in the z-axis direction and

not perfectly aligned in the x-y axis. The value of

the leakage inductance (LR) participating in the

resonance increases due to the reduced coupling.

Since the resonance capacitor (CR) has a fixed value

irrespective of the resonator position, the resonance

frequency of the resonator becomes lower due to the

increased leakage inductance. In the proposed system,

the inverter operates in the fixed frequency range. As

a result, the output voltage of WPTS becomes lower

as shown in Fig. 7.

When two resonators are perfectly aligned in the

x-y axis and have the minimum distance in z-axis,

the voltage gain is the highest theoretically, so an

over-voltage protection circuit is not required in the

well-designed system.

As described above, the farther the distance

between two resonators is, the lower the transmitted

voltage is. However, even if the voltage gain is

lowered, the power transmission is possible. In particular,

VRX_buffer

Rb

Rectifier

Resonator

Ra

Vref

ON/OFF
VRX

Fig. 8. Under voltage protection circuit.

Fig. 9. Over current protection circuit.

products such as TVs with downstream converters

(i.e. LED drivers) are able to operate without

complete control for the output voltage regulation of

the wireless power transfer.

3. System Implementation Considerations

3.1 Under-voltage protection (UVP) circuit

If the transmitted voltage is decreased due to the

misalignment of resonators, the current will increase

for delivering the same power. As a result, it will

cause increase of the current stress of the Rx

devices. In order to prevent current increase more

than necessary, under-voltage protection circuit (UVP)

is required and it should be automatically operated

without wireless communication.

Fig. 8 shows an example of an UVP circuit

implemented with a semiconductor switching device.

In the illustrated circuit, when the received voltage

(V RX_buffer) reaches to a certain level, the FET operates

and the voltage is transmitted to the next stage

(VRX). In other words, the receiver automatically

blocks power receiving from the transmitter if it does

not satisfy a sufficient alignment state. At this time,

considering the standby power, Ra and Rb should be

designed to have a sufficiently large value.

3.2 Over-current protection (OCP) circuit

Fig. 9 shows example of over-current protection

circuit. Over-current can be measured on the Tx side

as same manner of LLC converter.
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Fig. 10. Necessity of Rx detection and its apparatus.

Fig. 11. Burst operation using soft-start pin for standby

power consumption.

3.3 Rx detection

If the receiver is not installed, the transceiver will

cause unnecessary power loss if the Tx coil continues

to operate as shown in Fig. 10. In addition, serious

problems can occur, especially when other commercial

devices containing magnetic components for wireless

charging are nearby. Therefore, the Tx should

selectively transmit power only to the matched

receiver using Rx detection circuit.

The Rx detection circuit can be implemented by

using the magnet and the magnetic switch in the

matched coordinates as shown in Fig. 10. Or, an LED

emitting a specific wavelength and a photo sensor can

be also used. In the case of a magnet, since the user

may accidentally place other magnets at an arbitrary

point, several sensing units should be provided to

prevent this. And the Tx should operate only when

all sensing points are detected.

3.4 Standby circuit with low burst frequency

In the case of TV, since the remote control receiver

is generally on the Rx side, a signal transfer from Rx

to Tx is necessary to enter the standby mode.

Therefore, an additional device is needed to recognize

the standby mode because there is no circuit for

wireless communication in the proposed system. As

shown in Fig. 11, a device for the standby signal can

be realized by an LED and an LED light receiving

unit. Burst operation using a soft-start function of the

control IC to reduce standby power consumption is

required as shown in Fig 11. When PS_ON signal is

low level and so the LED is turned on, the operation

of inverter stops. Generally, since the light load

efficiency of WPTS is very low as mentioned in

introduction section, the burst period should be very

long. To compensate for this, the output capacitor of

the WPTS must have sufficient capacitance.

Nevertheless, when the additional power such as IoT

mode is suddenly required in standby mode, the

output voltage of WPTS may drop rapidly. To

prevent this output voltage drop, burst period should

be decided by output voltage monitoring rather than a

fixed period and time. As shown in Fig 11, when the

output voltage touches the designed voltage, LED can

be turned off and the inverter can wake up.

If burst on time is short as shown in Fig 11, the

output voltage of WPTS in standby mode may be

slightly lower than the output voltage in normal mode

due to soft start operation. On the other hand, long

burst on-time with high swithcing frequency can

increase standby power consumption.

In the proposed system, since the voltage gain is

not changed, the input voltage of inverter should be

maintained with constant value for WPTS output

voltage regulation. If the PFC is turned off in the

standby mode, the input voltage of the inverter also

changes according to the AC input voltage. In order

to compensate for this, burst operation of PFC is also

required. The PFC burst period may be synchronized

with the inverter burst period, or may operate

independently.

4. Experimental Results

4.1 System implementation

Fig. 12 shows a block diagram of the proposed

WPTS for TV. The proposed system is divided into

three parts (PFC, inverter and Rx board). The PFC
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TABLE I

COMPONENTS FOR EXPERIMENT

Block Item Part name Spec. / Description

PFC

Inductor DS4426
160 uH / DC-bias: 17 A

LITZ 0.10 Ф × 180, 27.5 Ts

FET MMSF60R190 650 V / 20 A / Rds_on=0.19 Ω

Diode U20A6CIC 600 V / 20 A / VF=1.5 V

PFC IC UCC28063 Ineterleaved CrM IC

Inverter

FET MMSF60R190 650 V / 20 A / Rds_on=0.19 Ω

LLC IC UCC25600 LLC control IC

Driver IC L6498DTR HV half-bridge gate IC

board is implemented with standby converter and

circuit for burst operation. In this case, the RC time

constant of relay circuit is designed to be very large

to suppress the relay noise due to the burst period.

In case of the inverter board, first it is judged

whether the Rx device is mounted through the

magnet and the magnetic switch, and then the

inverter operates with the fixed frequency range.

When an adequate voltage is appl ied to the

receiver, DC-DC converter of receiver operates and

TABLE II

SPECIFICATIONS OF RESONATORS

Do Di Wire Turns Inductance

Tx 100 mm 25 mm USTC 0.1Φ x 30 48 Ts 242.1 uH

Rx 100 mm 55 mm USTC 0.1Φ x 40 22 Ts 91.9 uH

supplies power to the main board. After main board

power is supplied, an LED driver is operated to

control the LED current for TV backlight. Rx also

has a standby block, which is used to turn Tx on

and off depending on the TV mode status.

Fig. 13 shows a test sample implemented for 65

inch TV and its key components are shown in Table

I. The resonator was designed with 100 mm in

length. The detailed specifications of the resonator are

shown in Table 2. The core is a ferrite core having

PL-13 material and its thickness is 2 mm. Table 3

shows the parameter variation of resonator according

to misalignment between Tx and Rx resonators.

4.2 Experimental results

Fig. 14 shows key waveforms according to load

conditions and distance between Tx and Rx. When

Fig. 13. Photo of prototype sample.

Fig. 12. Block diagram of the proposed WPTS.
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the resonators are well-aligned, the inverter is

operated at nearly resonance frequency and the

magnetizing current is small due to high coupling.

When distance is increased, resonant current and

magnetizing current are increased due to low

coupling.

Fig. 15 shows the measured efficiency and output

voltage. As described above, the output voltage is

nearly constant at a distance of 5 mm even if the

load increases. As the distance becomes longer, the

output voltage is somewhat decreased because leakage

inductance becomes larger and the resonance

frequency becomes lower. However, as shown in Fig.

15, even if the output voltage is reduced, it is

possible to operate at a sufficiently high efficiency.

However, if some misalignment occurs and high

power is required, the efficiency drops sharply as

shown in Fig. 15. Therefore, the above-mentioned

UVP circuit is required to prevent this. In addition,

the X-Y misalignment is more sensitive than

Z-misalignment as shown in Fig. 15. Therefore, wider

resonator is needed to decrease the sensitivity of X-Y

misalignment if high power is required.

Fig. 16 shows the key waveforms in standby mode.

As shown in Fig. 16, the PFC and inverter have a

very long burst period in the standby mode, and the

WPT output voltage swings with lower voltage than

the normal mode. Even though it swings at a low

voltage level, the well-regulated voltage is supplied to

the main board as shown in Fig. 16. Table 4 shows

the measured standby power consumption. If Rx is

not installed, standby power consumption is very low

because only the standby converter operates. If an Rx

is installed, inverter operates and standby power

consumption increases. However, standby power

standard for the electronic product (0.5 W ↓) can be

sufficiently satisfied.

Fig. 17 shows the waveform when the load of

main board increases in standby mode. Since the

WPT output voltage is monitored, the burst period is

automatically shortened as the load increases, and the

output voltage can be well regulated as shown in

Fig. 17.

TABLE III

PARAMETER OF RESONATOR ACCORDING TO MISALIGNMENT

Z-axis misalignment

@dx=dy=0mm

X-axis misalignment

@dy=0mm, dz=5mm

X-Y axis misalignment

@dz=5mm

dz=5mm dz=10mm dx=5mm dx=10mm dx=5mm, dy=5mm dx=10mm, dy=10mm

L1 466uH 354uH 466uH 504uH 548uH 496uH

L2 160uH 148uH 161uH 150uH 200uH 166uH

Llkg 121uH 169uH 131uH 172uH 190uH 209uH

Coupling coefficient 0.860 0.723 0.848 0.812 0.808 0.761

Lm 401uH 255.9uH 395.1uH 409.1uH 442.9uH 377.3uH

FR 102kHz 86.6kHz 98.3kHz 85.8kHz 81.6kHz 77.8kHz

Effective turn ratio 1.71 1.55 1.70 1.83 1.66 1.73

Fig. 14. Key waveforms.
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Fig. 16. Key waveforms in standby mode.

Fig. 17. Load regulation in standby mode.

TABLE Ⅳ

STANDBY POWER CONSUMPTION (@Pout = 125 mW)

Vin = 115 Vac Vin = 230 Vac

Rx non-installation 51.2 mW 77.3 mW

Rx Installation 338.5 mW 380.4 mW

5. Conclusion

In this paper, an inductive wireless power

transmission system without wireless communication

between Tx and Rx is proposed. To eliminate

wireless communication module, the Tx and Rx

resonators are designed based on the transformer of

LLC converter, and the inverter operates in a

designed frequency range near the resonance

frequency regardless of external factors such as load

variations or a misalignment. In the proposed system,

the required power can be stably supplied to the

authorized devices without wireless communication

even though some misalignment occurs.
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