
electronics

Article

Output Voltage Analysis of Inductive Wireless Power
Ttransfer with Series LC and LLC Resonance
Operations Depending on Coupling Condition

KangHyun Yi

School of Electronic and Electric Engineering, Daegu University, Gyeongsan 38453, Korea; khyi@daegu.ac.kr;
Tel.: +48-53-850-6652

Received: 6 March 2020; Accepted: 30 March 2020; Published: 31 March 2020
����������
�������

Abstract: This paper analyzes the output voltage of an inductive wireless power transfer (WPT)
depending on coupling conditions. When the optimum efficiency and maximum output power
are obtained, it is called critical coupling, so the receiving coil and the transmitting coil should be
separated by a certain distance. When the distance between the transmitting coil and receiving coil
is very short, it is called over coupling, and output power decreases with the optimal operating
state of the critical coupling condition. To design the entire circuit system for the inductive WPT
depending on the coupling condition, it is beneficial to analyze the output voltage according to a load
variation, an input voltage, and an operating frequency. Therefore, the output voltage depending on
the coupling condition in the inductive WPT is analyzed in this paper. The output voltage gain in
critical coupling condition is greater than one and is not affected by a load variation by a series LC
resonant operation. The reduced output power in an over coupling condition can be recovered by a
series LLC resonant operation. In addition, the output voltage gain is almost one and is affected by
the load variation in the over coupling condition. A 5W prototype is implemented with the wireless
power consortium standard coils and experimental results are shown to verify theoretical analysis
and operation.

Keywords: inductive coupling wireless power transfer; coupling coefficient; LC resonance; LLC
resonance; wireless power consortium (WPC)

1. Introduction

Wireless power transfer (WPT) has been researched for a wireless computing environment. WPT
uses magnetic coupling or electric coupling to transfer power wirelessly. A general system is composed
of an inverter, matching circuit, rectifier, and transmitting coupling medium such as capacitors or coils,
as shown in Figure 1 [1]. In particular, an inductive WPT using magnetic coupling was commercialized
for charging mobile devices cordlessly, and the wireless power consortium (WPC) has standardized the
inductive WPT for a low power application. Many WPT smartphone chargers have been developed
with the WPC standard [2]. The inductive WPT has many good features. The inductive WPT used
in the WPC standard is a magnetic resonance WPT with a low-quality factor of transmitting and
receiving coils. Operation frequency is determined by a resonance between a coil and a lumped
capacitor. Since the operation principle of the WPC method is the same as the magnetic resonance
WPT, the output power can be obtained in the highest level of coupling without frequency splitting via
a critical coupling and output power decreases in very close clearance, via over coupling, between a
transmitting coil and a receiving coil [3]. The WPC standard recommends that the distance between
two coils be more than 2 mm [4].

Electronics 2020, 9, 592; doi:10.3390/electronics9040592 www.mdpi.com/journal/electronics

http://www.mdpi.com/journal/electronics
http://www.mdpi.com
https://orcid.org/0000-0002-4201-7551
http://www.mdpi.com/2079-9292/9/4/592?type=check_update&version=1
http://dx.doi.org/10.3390/electronics9040592
http://www.mdpi.com/journal/electronics


Electronics 2020, 9, 592 2 of 11
Electronics 2020, 9, x FOR PEER REVIEW 2 of 11 

 

DC

-

AC

AC

-

DC

Inverter Matching Matching Rectifier

DC Power 

Supply

E

H

RO

 

Figure 1. Simple structure of wireless power transfer system with magnetic and electric [1] coupling 

[1].  

The prior research has focused on the analysis of the maximum power point of the system [5–7]. 
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[5,6]. The frequency splitting problem of two coils and three coils was studied, and the influence of 

frequency splitting on the output power was analyzed [7]. In the conventional WPT system, it has 

been shown that maximum power transfer is possible only by making the resonance frequency and 

the operating frequency the same [8–10]. Some studies have found that output power is maximized 

in the critical coupling condition [11,12]. Other works have studied maximizing system efficiency 

[13,14]. It is possible to minimize the loss and maximize the coupling coefficient by designing a 

magnetic coupling system with high-quality factor [13]. Another way to gain high efficiency is to 

reduce proximity effect losses by increasing the separation between coil turns or increasing the 

number of the turns within the given area [14]. The other studies have increased the transferring 
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condition, the coils can be modeled with a magnetized inductor, a leakage inductor, and an ideal 

transformer and the series LLC resonance operation can be obtained [17]. The output voltage gain is 

about one and is affected by the load change in the over coupling condition. The series LLC resonant 

operation obtains higher efficiency in the over coupling condition than in the critical coupling due to 

low switching loss of semiconductor devices in MOSFEs and diodes. Operation and features are 
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Figure 1. Simple structure of wireless power transfer system with magnetic and electric [1] coupling [1].

The prior research has focused on the analysis of the maximum power point of the system [5–7].
The maximum power point in a two-coil structure is inconsistent with the maximum efficiency
point [5,6]. The frequency splitting problem of two coils and three coils was studied, and the influence
of frequency splitting on the output power was analyzed [7]. In the conventional WPT system, it has
been shown that maximum power transfer is possible only by making the resonance frequency and the
operating frequency the same [8–10]. Some studies have found that output power is maximized in the
critical coupling condition [11,12]. Other works have studied maximizing system efficiency [13,14]. It is
possible to minimize the loss and maximize the coupling coefficient by designing a magnetic coupling
system with high-quality factor [13]. Another way to gain high efficiency is to reduce proximity effect
losses by increasing the separation between coil turns or increasing the number of the turns within the
given area [14]. The other studies have increased the transferring distance or improved efficiency by
increasing the number of coils [15,16]. However, in the inductive WPT system, the coupling condition
is changed according to the position of the receiver. It is needed to analyze an output voltage and a
circuit operation according to a load condition, an input voltage, and an operating frequency to design
the entire circuit system for the inductive WPT depending on the coupling condition. In particular, for
low-power wireless charging systems for mobile devices like the WPC standard, the output voltage
characteristics help to design the WPT system when the distance between the transmitting and receiving
coils can be very close, or more than 2 mm, as recommended by the WPC. The prior studies lacked the
output voltage characteristics for the load variation, the input voltage, and the operating frequency
depending on the coupling condition.

Therefore, the output voltage analysis of an inductive WPT using the WPC coils with LC and
LLC resonance operations according to the distance between transmitter and receiver coils is studied
in this paper. According to the coupling condition with the commercialized WPC coils, the optimal
frequency and operation method are considered to obtain the sufficient output power and the voltage
in desired applications depending on the coupling condition. When the distance from the transmitter
to the receiver is more than 2 mm via a critical coupling condition, the output power and voltage can
be obtained by a series LC resonance operation. The output voltage in the critical coupling condition
is greater than one and is not affected by a load variation. In addition, when the distance from the
transmitter to the receiver is within 2 mm via an over coupling condition, a series LLC resonant
operation is suitable to recover output power with high efficiency. When there is the over coupling
condition, the coils can be modeled with a magnetized inductor, a leakage inductor, and an ideal
transformer and the series LLC resonance operation can be obtained [17]. The output voltage gain is
about one and is affected by the load change in the over coupling condition. The series LLC resonant
operation obtains higher efficiency in the over coupling condition than in the critical coupling due
to low switching loss of semiconductor devices in MOSFEs and diodes. Operation and features are
verified with a 5W prototype using WPC standard coils.

2. LC resonance Operation in Critical Coupling

When the distance is about 2 mm in the inductive WPT of the WPC standard, it is a critical coupling
condition and the operation uses resonance between the transmitter and receiver coils. The circuit
system is shown in Figure 2. The WPC standard recommends that operational frequency be about
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120 kHz. This chapter analyzes simple circuit system operation and output voltage characteristics
under the critical coupling condition.
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Figure 2. Wireless power consortium (WPC) LC series resonant circuit in the critical coupling condition.

2.1. LC resonance Operation

Figure 3 shows operational waveforms of the LC resonance operation. By turning on and turning
off M1 and M2 switches, rectangular voltage is enforced to the transmitter LC resonator and power
can transfer from transmitter to receiver. Zero voltage switching (ZVS) of MOSFETs and zero current
switching (ZCS) of rectifiers cannot be achieved. The operation of the circuit is simple.
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2.2. DC Voltage Gain in the LC Resonance Operation

Figure 4 shows the equivalent circuit model of an LC resonance operation. Vin
F and Vo

F are the
first harmonic of the Fourier series expansion of the input and output square voltages, respectively.
Kirchhoff’s voltage law (KVL) equations for the LC resonance operation are given by
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where M is mutual inductance, Rac is an equivalent AC resistor, Ro is a load resistor, Resr is some parasitic
resistor in the transmitter, and k is a coupling coefficient. The output voltage can be determined by Rac

and switching frequency given the coupling coefficient as shown in Equation (5). When the resonant
frequency and switching frequency are the same, an output voltage gain is greater than one and the
output voltage is not affected by the load variation as shown in Figure 5. Therefore, the WPC standard
recommends that operation frequency be determined by

fs ≈ fr =
1

2π
√

LTCT
=

1
2π
√

LRCR
(6)

where fs is switching frequency. This can make it possible to determine an input voltage, an operating
frequency, kinds of parts etc. for a low-power WPT system at the critical coupling condition.
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3. LLC Resonance Operation in Over Coupling

The operation method is changed to obtain the same output power in the critical coupling
condition when the distance is less than about 2 mm. When the distance between the WPC transmitter



Electronics 2020, 9, 592 5 of 11

and receiver coils is within 2 mm, a coupling coefficient is greater than that of critical coupling, and
this state is called an over coupling condition. In this condition, a series LLC resonant operation with
the WPC coils can be obtained with a leakage inductance, a magnetized inductor and the external
capacitor for an inductive WPT system as shown in Figure 6. Transmitter and receiver inductors can
be modeled with a magnetized inductor, a leakage inductor and an ideal transformer.
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3.1. LLC Resonance Operation

As shown in Figure 6, the WPC WPT coils can be regarded as a transformer and an inductive
WPT system can be driven by a series LLC resonance operation. The operation of the proposed circuit
is similar to that of the conventional LLC resonance DC/DC converter [17]. The proposed circuit has
four modes in operation, as shown in Figure 7. The operation from modes 1 to 2 is shown.
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Figure 7. Operational waveform in LLC resonance operation.

Mode 1(t0~t1): Mode 1 begins by turning on the M1 switch. Before the switch is turned on, the
output capacitor of the M1 is discharged and achieves the ZVS of MOSFETs by the magnetized inductor
LM. By the resonance between the Lr and the coupling capacitors, CT and CR, the current of Lr is
increased, D1 and D3 are turned on, and the power is transferred to the load. The voltage across LM is
the output voltage.

Mode 2(t1~t2): When the resonance between the Lr and the coupling capacitors is finished, mode 2
begins. The D1 and D3 are turned off in the ZCS and switch M1 is turned off. The voltage of the output
capacitors in M1 and M2 are discharged and charged by the resonance with the inductors. When the
voltage of Lp is −Vo, mode 2 finishes.
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3.2. DC Voltage Gain in the LLC Resonance Operation

Figure 8 shows a transformer model for the WPC transmitter and receiver coils. This transformer
model can be useful in the over coupling condition. Inductance of L1 and L2 is larger than that of LT
and LR because ferrite sheets in transmitter and receiver coils influence the over coupling condition. Lr

and LM inductor can be given by

Lr = L1 − nMover =
(
1− k2

)
L1 (7)

LM = nMover = k2L1 (8)

n =

√
L1

L2
=

NT

NR
(9)

k =

√
1−

L1
sc

L1
(10)

where k is the coupling coefficient, NT is the number of turns in the transmitter coil, NR the number
of turns in the receiver coil, Mover is mutual inductance, and LSC

1 is an inductance when the receiver
inductor is short.
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Figure 9 shows the equivalent circuit model of an LLC resonance operating. Vin
F and Vo

F are the
first harmonic of the Fourier series expansion of the input and output square voltages, as shown in the
prior section. When NT and NR are the same, an output voltage gain in the over coupling condition
can be given by
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ωo =

√
1

LrCr
(12)

ωp =

√
1

(Lr + LM)Cr
(13)

where Cr is (CTCR)/(CT + CR). The output voltage gain in the over coupling condition is similar to
that of the conventional LLC resonant DC/DC converter, as shown in Figure 10 [17]. Therefore, the
switching frequency can be determined by

fS = fo =
1

2π
√

LrCr
(14)
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where fs is switching frequency. If the operating frequency is set as in Equation (14), a constant output
voltage can be obtained regardless of the load variation. However, the fo changes due to the deviation
of the coil inductance and resonant capacitance. If the fn is operated less than 1, the output voltage gain
is affected by the load variation, and at the maximum load, the output voltage gain becomes smaller
than one. When the load decreases, the output voltage gain increases. These can make it possible to
design an input voltage, an operating frequency, devices etc. for a low power inductive WPT system at
the over coupling condition.
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4. Experiment Results

An experimental prototype for a commercialized WPC 5W charger for a mobile device was
implemented to verify the proposed operation, as shown in Figure 11. Table 1 shows the parameters in
series LC and LLC resonance operations. As shown in Figure 12, the maximum output power is 5W
with a distance of more than 2 mm between two coils, the operation is the series LC resonance and the
switching frequency is about 120 kHz.
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Figure 13a shows that the output voltage is higher than input voltage and is constant regardless
of load variation, as in the theoretical analysis. Efficiency is below 70% at a full load condition and
decreases at a light load condition, as shown in Figure 13b, because the current in the transmitter is
almost same when the load is small, as shown in Figure 12.
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However, the same output power cannot be obtained with the series LC resonance operation in
2 mm distance between two coils, as shown in Figure 14. When the distance between the transmitter
and receiver coils is below 2 mm, the coupling coefficient is about 0.92 by Equation (10), and this is an
over coupling condition.
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However, the 5W output power is recovered by the LLC operation with increasing the switching
frequency, as shown in Figure 15. As shown in Figure 15, as the theoretical analysis, the output voltage
and output power are affected by the load variation in the over coupling condition and the current on
the transmitter decreases as the load decreases. Figure 16a shows that the output voltage is almost
same with a half of the input voltage in the full load condition. Figure 16b shows that efficiency above
70% at the full load is higher than the critical coupling condition by low switching loss in the MOSFETs
and the diodes, even though the frequency has increased. The experimental results demonstrate the
validity of the theoretical analysis of the output voltage gain when the same output power is obtained
in the series LC and LLC resonant operations depending on the coupling conditions.
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5. Conclusions 
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5. Conclusions

In this paper, an operation method depending on coupling conditions such as the distance between
the WPC transmitter and receiver coils is studied. Theoretical output voltage characteristics according
to the coupling condition are analyzed, and the validity is verified through experiments with the same
output power. A series LC resonance operation is suitable at a distance of more than 2 mm between
two coils in the critical coupling condition for an inductive WPT system. A series LLC resonance
operation method for the inductive WPT is considered to obtain constant output power in an over
coupling condition. The output voltage gain in the critical coupling condition is greater than one and
does not change with load variation. The reduced output power in over coupling condition can be
recovered by the series LLC resonant operation. In addition, the output voltage gain is almost one and
is affected by the load variation in the over coupling condition. The LLC resonance operation can be a
good solution to compensate the low efficiency in over coupling inductive WPT. The analyzed results
are expected to be useful at coupling conditions in designing a low power inductive WPT system for
the wireless charging of a mobile device.
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