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Abstract: Adding a core to a coupling coil can improve transmission efficiency. However, the added
core causes the self-inductance of the coupling coil to increase at a high temperature due to the
temperature-sensitive property of the core material’s permeability. The self-inductance increases,
causing the resonance frequency to shift down, thereby decreasing the output power. The 3 dB band-
width of the system can learn of the correspondence between the output power and the resonance
frequency. In order to make sure that the output power does not excessively decrease at a high
temperature, this study employs a simulation for the LCC-S-based wireless power transfer system.
Adding a minor resistance to shift down the lower cutoff frequency ensures that the resonance
frequency yielded by the temperature rise can be higher than the lower cutoff frequency, making
the output power higher than half of the maximum. Then, an adjustment on the compensation
capacitances on the resonant circuit elevates the output power more. The outcomes are consistent
with the prediction. Adding the core to the coupling coil improves transmission efficiency; increasing
the bandwidth of the system excessively decreases the output power decline at a high temperature
for the temperature-sensitive core material permeability.

Keywords: LCC series compensation topology; permeability; wireless power transfer

1. Introduction

Adding a core to a coupling coil increases the transmission efficiency of a wireless
power transfer system [1–3], but this effect decreases at high temperatures [4]. This is due
to the temperature-sensitive property of the core material’s permeability. The permeability
increases with temperature, increasing the coupling coil’s self-inductance while decreasing
the resonance frequency. Because wireless power transfer technology is used in various
applications at diverse temperatures, supplying power evenly to the load is vital.

Many studies have shown that adding a core to the coupling coil can increase its
self-inductance, elevating the quality factor of the coupling coil by the increase in the self-
inductance, which then enhances the efficiency [5,6]. However, because the core material’s
permeability is temperature sensitive, the self-inductance of the coupling coil changes
with the temperature. When the compensation capacitance is immovable, the resonance
frequency varies with the temperatures. There is a sharp decrease in the output power
once the new resonance frequency is out of the effective range of the bandwidth. Thus, the
bandwidth of the resonant circuit plays a vital role.

For the self-inductance of the coupling coil to increase at a high temperature, the
classical series/parallel resonant circuit with a single component will also have an identical
encounter. Increasing the driving voltage without the modification on the circuit is a way
to elevate the power at a high temperature [7], but this will exceed the rating of the high
driving voltage at room temperature. In this case, this adds a minor resistance to the circuit,
the system’s 3 dB bandwidth can be widened as expected, rendering the output power
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at a high temperature higher than half of the maximum, but the output power decreases
with the resistance increases. Alternatively, the compensation capacitance can be adjusted
to accord with the new resonance frequency caused by the temperature rises. The act of
capacitance adjustment would lead to the maximum output power appearing at a high
temperature, while the output power at room temperature is considerably low.

In capacitive wireless power transfer technology, the power transfer counts on the
planes by an electric field. The technology transfers energy by capacitive coupler planes
without the addition of a core similar to a magnetic field. Therefore, there is no concern
regarding the temperature-sensitive permeability of the core material; the temperature
would only have a minor impact on the capacitive wireless power transfer technology.
However, there are several limitations to capacitive wireless power transfer technology [8].
As far as the plate voltage is concerned, when achieving the desired power density with
a certain extent in the case of a small coupler dimension, the plate voltage applied to the
plate could be considerably high, because a system with a low voltage is hard to achieve.
Capacitive wireless power transfer technology is appropriate for short coupling distances
and large coupling areas.

We increased the output power of an inductor–capacitor–capacitor resonant circuit
and a series receiving circuit (LCC-S) wireless power transfer system [9–11] operating at
high temperatures by increasing the bandwidth.

We increased the series resistance of the LCC resonant circuit to increase the bandwidth
according to circuit theory and adjusted the capacitance to increase the output power level.

The ratio between the series and parallel capacitance values of the LCC resonant circuit
affects the magnitude of coupling and drive currents [12]. When the series and parallel
capacitance values are equal, the coil current is twice the strength of the drive current,
while decreasing the capacitance ratio increases the coil current. At high temperatures,
increasing the circuit resistance raises the output power.

2. LCC Series-Compensated Topology and Effect of Temperature

The LCC-S compensation topology is a variant of the series/parallel combination
resonant circuit; its structure is presented in Figure 1.
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Figure 1. LCC-S-compensated topology for wireless power transfer systems.

In this topology, the transmitter (Tx) employs an LCC resonant circuit with two
compensated capacitors. The resonant current flowing into the coupling coil is twice the
strength of the drive current. Both compensated capacitors have identical capacitance.

The LCC resonant circuit in the compensation topology and the current ratio between
the coil and the drive currents, γ, as mentioned above, gives the following according to a
previous paper [13]:

γ =
IL
IS

= 1+
CPP
CPS

(1)

Here, IS represents the drive current supplied from the drive source. The coil cur-
rent would be twice as strong as mentioned above if the two compensation capacitances
are equal.
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The series circuit in the receiver (Rx) comprises a series-compensated capacitor con-
nected to the Rx coupling coil and the load. When the LCC-S-compensated topology is in
the state of resonance, the reflected impedance of the Rx series circuit only has the real part
of reflected resistance and not the imaginary part of reflected reactance.

The frequency for tuning the LCC-S-compensated topology to resonance can be
calculated as follows [14]:

ωO =
1√

(LP + M)(CPS+CPP)
(2)

where LP and LS represent the self-inductance of the coupling coil on Tx and Rx, respec-
tively; the CPS and CPP are the series and parallel capacitances on the LCC resonant circuit.
The M represents the mutual inductance.

With regard to the resonance frequency for the Tx, its expression is held by the
following calculations presented below. The total impedance on the LCC resonant circuit,
ZT, neglecting parasitic resistance, is represented as

ZT =

(
jωLP||

1
jωCPP

)
− j

1
ωCPS

(3)

For the resonance, it is necessary for the imaginary part of the circuit to be zero. Thus,
ZT can be shown as (

jωLP||
1

jωCPP

)
= j

1
ωCPS

(4)

With the calculated results for the LP and CPP, the equation for the ZT becomes

−j
ωLP

ω2LPCPP − 1
= j

1
ωCPS

→ ωLP

ω2LPCPP − 1
= − 1

ωCPS
(5)

Then,
ω2LPCPS = 1−ω2LPCPP → ω2LP(CPS + CPP) = 1 (6)

The expression for the LCC resonance frequency holds, therefore, by the mathematical
proceeding above.

The self-inductance depends on the dimensions of the core, the number of turns in the
winding, and the permeability of the core material:

L = µN2 A
l

(7)

In the expression for the self-inductance, µ represents the permeability of the core
material and the part of the flux path in the air; N is the number of turns in the winding.
Although the core dimension includes a core cross-section, A, and core length, l, both are
reciprocal.

Core permeability is sensitive to temperature; a discrepancy in the temperature in
different parts of the core results in the core having varying permeabilities, thereby altering
the value of self-inductance. As described in the literature, the effective permeability
of the core µe on the coupling coil changes with the temperature coefficient TC and the
temperature factor TF. As described in the literature, the effective permeability of the core
on the coupling coil changes with the temperature coefficient and the temperature factor.
The relationship between µe, TC, and TF is given as follows:

TC = TF·µe (8)

Herein, the temperature coefficient is defined as the change in the initial magnetic
permeability per degree Celsius. The temperature factor is defined as the value of the tem-
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perature coefficient per unit of magnetic permeability. The effective magnetic permeability
of the core at various temperatures will suffer as a result of these two properties.

The relationship between the self-inductance, L, and the effective magnetic permeabil-
ity, µe, is given as follows:

µe =
Lle

N2 Ae
(9)

where L is the self-inductance, le is the effective length of the core, N is the number of turns,
and Ae is the effective cross-section of the core.

The effective permeability is nearly proportional to the self-inductance. The self-
inductance would change with the variation in effective permeability at different tempera-
tures in the case of the coil geometry being identical.

The resonance frequency of the topology is inversely proportional to the square root
of the inductance and capacitance product, as shown in Equation (2). The variation in the
inductance caused by the temperature results in an inconsistent resonance frequency. For a
given drive frequency, the output power greatly decreases with increasing temperature.
The output power variation with the temperature is depicted in Figure 2.
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Figure 2. Variation in the output power with respect to temperature.

An increase in the temperature results in a sharp decrease in output power; this
is caused by the deviation between the driving and topology resonance frequencies—
the increase in the temperature increases the permeability of the core material, further
increasing the self-inductance of the coupling coil. The increased self-inductance decreases
the resonance frequency, resulting in a deviation from the original frequency of the drive
source.

The output power PO depends on the frequency, the coil current of the Tx, and the
circuit quality factor of the Rx:

PO= ωIL
2 M2

LS
QS (10)

The Rx circuit quality factor QS can be expressed as Equation (11). The quality factor of
the Rx circuit in the case of neglecting the parasitic resistance of the circuit is proportional
with the frequency, ω, and self-inductance on the Rx circuit, LS, while being in inverse
proportion with the internal resistance of the coupling coil winding, R. Regarding the
internal resistance R, that is the resistance of the wire for the coupling coil winding. Its
magnitude involves the power dissipation of the coupling coil.

QS= ω
LS
R

(11)

Combining Equations (10) and (11) reveals the square relationship between the output
power and resonance frequency, indicating that an increased frequency deviation between
the driving and topology resonance frequencies results in an increased decline in the
output power.
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Furthermore, the coil current IL can be derived through mesh current analysis:

IL= VS
ω2CPS

2

ω2(CPP+CPS)
2ZP2+1

(
CPP+CPS

CPS
ZP+j

1
ωCPS

)
(12)

where ZP is the impedance; this represents the series of the self-inductance of the Tx coil
and the reflected impedance ZR from the Rx:

Re{ZP} = ω4 M2CSS
2RL

ω2CSS
2RL2+(ω2LSCSS−1)2

Im{ZP} =
ω3[LPCSSRL

2−M2(ω2LSCSS−1)]CSS+ωLP(ω2LSCSS−1)
2

ω2CSS
2RL2+(ω2LSCSS−1)2

(13)

The reflected impedance [15–17] ZR of the Rx series circuit can be calculated as follows:

ZR =
ω4M2CSS

2

ω2CSS
2RL2 + (ω2LSCSS−1)2

(
RL+j

ω2LSCSS−1
ωCSS

)
(14)

where M is mutual inductance, given as

M = k
√

LPLS (15)

The variable k in Equation (15) is the coupling coefficient between the coupling coils
on the Tx and Rx. Because these parameters are relative to the leakage flux of the coils, the
coupling coefficient is related to the coil geometries and the coupling distance between the
two coils. Its magnitude involves the mutual inductance between the two coupling coils
on the Tx and Rx. The maximum coupling coefficient is 1.

The system transfer function that holds based on Equation (12) would be expressed
as follows:

H(s) =
IL(s)
VS(s)

=
a5s5 + a4s4 + a3s3 + a2s2 + a1s
b4s4 + b3s3 + b2s2 + b1s + b0

(16)

The coefficients in the transfer function are

a1 = CPS
a2 = CPS(CSSRL + CPPRS)
a3 = CPS[LSCSS + CPP(CSSRLRS + LP)]
a4 = CPSCPPCSS(LSRS + LPRL)
a5 = LPLSCPSCPPCSS(1− k)

(17)

and
b0 = 1
b1 = CSSRL + (CPS + CPP)RS
b2 = LSCSS + (CPS + CPP)(CSSRLRS + LP)
b3 = (CPS + CPP)(LSRS + LPRL)CSS
b4 = LPLS(CPS + CPP)(1− k)CSS

(18)

The frequency of the drive source for tuning the wireless power transfer system into
a state of resonance depends on the inductance and capacitance at room temperature.
As explained earlier, for a given frequency of the drive source, the self-inductance of the
coupling coil increases with temperature, resulting in the resonance frequency shifting to
another frequency point and yielding the deviation in the case of a fixed frequency of the
drive source.
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The new resonance frequency caused by the increased inductance ωO,H can be ex-
pressed as follows:

ωO,H =
1√

(LP + ∆L)(CPS+CPP)
(19)

where ∆L is the increase in the inductance.
If ωO,H is within the allowance of the bandwidth, the output power is more than

half of the full power at least. The output power decreases notably once ωO,H is out of
the bandwidth. To compensate for the loss in output power at high temperatures, the
bandwidth can be increased so that the new resonance frequency is within the bandwidth.

The bandwidth BW is defined as the band between two half-power frequencies:

BW =ωH −ωL =
ωO
Q

(20)

As far as the resonant circuit is concerned, it will transfer the power to the receiving
side to supply the load within the specific frequency range. The maximum magnitude of
the transfer power should be centered on the resonance frequency. The cutoff frequencies
correspond to the power being reduced by three decibels (dB) from its maximum, and
they have two lower and two upper cutoff frequencies. As previously stated, bandwidth
is defined as the difference between the lower and upper cutoff frequencies. The transfer
power will decrease once the frequency exceeds the cutoff frequency.

Figure 3 illustrates the corresponding relationships between the output power and
the frequency. In it, ωO represents the resonant frequency; ωH and ωL are the upper and
lower cutoff frequencies, respectively.

Q =ω·EStore
PLoss

(21)
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In addition, Q in Equation (20) represents the quality factor for the circuit of the entire
system. According to a previous study [18], the definition for the quality factor of the
system circuit is Equation (21). Differing from the QS, the Q here represents the quality
factor as far as the entire system is concerned, while QS is only a quality factor for the coil
on the Rx circuit.

The bandwidth can be increased by decreasing the circuit quality factor Q. The effect
of parasitic resistance on Q is negligible. The resistance can be increased by adding a
discrete resistor, RS, between the coupling coil and the ground.

Figure 4 shows how bandwidth BW and output power PO vary with respect to series
resistance RS. By varying the load on the wireless power transfer system, the expected
power can be obtained without adding a discrete resistance, but the resulting bandwidth is
narrow. By contrast, upon adding the resistance, the bandwidth increases, but the output
power decreases.
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As explained earlier, the output power is proportional to the coil current. According
to Equation (12), the coil current depends on the series and parallel capacitances; increasing
the series capacitance or decreasing the parallel capacitance increases the coil current,
resulting in increased output power.

With regard to the addition of the series resistance and the adjustment of the compen-
sation capacitance, the following discriminant can be utilized:

−
αµO

(
µO + µT − 2

√
µOµT

)
µT RS

2 ≤ CPS + CPP ≤
αµO

(
µO + µT − 2

√
µOµT

)
µT RS

2 (22)

The above discriminant aims at selecting the compensation capacitances, making a
corresponding resonance frequency that can be within the bandwidth when the temper-
ature rises. Here, the bandwidth allowance range is determined by the series resistance
used. The bandwidth allowance range will vary with the magnitude of the series resistance.
In high temperatures, the appropriate bandwidth for the resonance frequency, as well as
the series resistance, is critical. In the discriminant, µO and µT represent the permeability of
the core material in the coupling coil at the original and the highest temperatures, respec-
tively. Moreover, α represents the geometry of the coupling coil, comprising the effective
cross-section and the length of the core, as well as the number of turns in the winding.

Moreover, the compensation capacitance also affects the frequency of the drive source.
Only the correct capacitance in conjunction with the self-inductance of the coupling coil
can make the resonance and drive source frequencies consistent or approach consistency,
supplying maximum power to the load. Increasing the series resistance would also result
in system losses; excessive resistance would increase dissipation. As long as the resonance
frequency of the high temperature is within the bandwidth, it is sufficient.

In the next section, the simulation for determining the optimum solution for the
LCC-S-compensated topology operated at high temperatures is discussed.

3. Simulation Results

In this section, we build a simulation model using MATLAB based on Figure 1, and
the relevant parameters for the components are listed in Table 1. In terms of temperature
simulation, the sweep range for the temperature in this simulation is defined as starting at
25 ◦C and ending at 55 ◦C. Moreover, the permeability of the core material is assumed to
be 6000 H/m at 25 ◦C and 6050 H/m at 50 ◦C; 50 H/m increased completely throughout
the temperature sweep range.
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Table 1. Parameters of LCC-S-based wireless power transfer system.

Parameter Symbol Value

Tx coupling coil equivalent self-inductance LP 4.6 µH
Rx coupling coil equivalent self-inductance LS 4.6 µH

Core permeability from 25 ◦C to 55 ◦C µ 6000–6050 H/m
Coupling coefficient k 0.2

Tx series compensation capacitance CPS 390 pF
Tx parallel compensation capacitance CPP 390 pF
Rx series compensation capacitance CSS 780 pF

Series resistance on the Tx RS 0–500 mΩ
Load resistance RL 500 Ω
Driving voltage VS 5 Vp-p

Frequency of the drive source fS 2.65 MHz

Since the output power sharply decreases with temperature, according to the relation-
ship between the load current IL and the drive voltage VS that in Equation (12), increasing
the drive voltage can increase the load current, which can also increase the output power.
At high temperatures, when the drive voltage is increased to 6 VPP, the output power may
be greater than the original drive voltage. Although the output power can be increased
relative to the drive voltage, the output power at a higher drive voltage exceeds the rated
power, which may also cause damage to the load due to the excessive output power.

Figure 5 depicts the comparison of the output power with different drive voltages at
different temperatures. As previously stated, the output power gradually increases with
the drive voltage. At 25 ◦C, however, the output power exceeds the rated power. At the
same load, the current flowing into the load increases sharply; this would damage the load
if the current exceeded the rated current of the load.
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Similarly, in Equation (12), the load current and the reflected impedance have a
relationship with the reciprocal, whereas the reflected impedance includes the load in
the receiving circuit as Equation (14). Theoretically, increasing the load resistance could
increase the load current.

The output power demonstrated in the simulated result would increase with an in-
crease in the load resistance, and more resistance will lead to more output power. However,
at a high temperature, the output power is still low, even lower than the original resistance
of the load, as shown in Figure 6.
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Figure 6. The variation in the output power per load in different temperatures.

Furthermore, the simulated results show that a reduction in load resistance can
mitigate the falling slope during the temperature rise. The output power is nearly 1 W for
a load resistance of 300 Ω. As a result, increasing the drive voltage can boost the output
power and make it more uniform as the temperature rises. However, the input power will
also be increased. A variation with the temperature for different drive voltages in the case
of the load resistance of 300 Ω is shown in Figure 7a; the input power variation with the
drive voltage increasing is shown in Figure 7b.
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According to Equations (4) and (10), it is found that the output power and mutual
inductance are proportional; increasing the number of turns of both coupling coils simulta-
neously serves to increase the mutual inductance. However, the simulated result shows
that the output power decreases as the number of turns increases; the result is shown in
Figure 8.

This is because increasing the number of turns will simultaneously increase the
impedance of the coupling coil; the output power will still decrease if the drive voltage
maintains the original voltage.

The simulation is based on MATLAB according to the circuit structure presented in
Figure 1 and the parameter values presented in Table 1.

Table 1 lists the parameters of the LCC-S-based wireless power transfer system. As
already discussed, the bandwidth can be increased by increasing the series resistance to
enhance the output power at high temperatures. The bandwidth and the output power for
different series resistance values are shown in Figure 9.
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As depicted in Figure 9a, without a series resistor attached in the original design, the
so-called w/o RS in the figure, the bandwidth is only approximately 74 kHz. In contrast, the
series RS connection into the resonant circuit, corresponding to the bandwidth, is widened;
more resistance results in a wider bandwidth. By increasing the series resistance to 450 m,
the bandwidth can be increased to 200 kHz. Because of the series RS, the output power for
the load would be reduced relative to that before. Figure 9b depicts how the output power
would decrease with the addition of a series RS. However, the falling slope for the output
power also reduces as the series resistance increases.

The variance of the output power of the amount of series resistance is demonstrated in
Figure 10a. The original design, without the series resistor, has a greater difference in output
power as the temperature rises from 25 ◦C to 55 ◦C, resulting in a sharp drop in power
as the temperature rises. In contrast, the attached series resistor reduces the difference,
thereby mitigating the output power decline. As shown in Figure 10b, increasing the series
resistance has no significant effect on the input power.

The permeability of the core increases with increasing temperature. In this simulation,
the equivalent coil inductance was 4.64 µH, with a 0.04 µH increment, resulting in the
resonance frequency of the system being shifted down by 10 kHz. The simulation results
revealed that the bandwidth obtained using a series resistance of 450 mΩ was sufficient to
include the new frequency point within the bandwidth. However, the output power PO
was only 0.5 W at room temperature.

To increase the output power, we increased the series capacitance and decreased the
parallel capacitance of the LCC resonant circuit, which raised the coil current and, in turn,
increased the output power.
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Figure 11a depicts the compensation of the output power by increasing the series
capacitance and decreasing the parallel capacitance. The output power PO was raised to
approximately 1 W by increasing the series capacitance from 390 pF to 820 pF. In order to
increase the output power more, the parallel capacitance decreased from 390 pF to 82 pF.
The change in the output power with the parallel capacitance is shown in Figure 11b.

Electronics 2021, 10, x  11 of 15 
 

 

the resonance frequency of the system being shifted down by 10 kHz. The simulation re-
sults revealed that the bandwidth obtained using a series resistance of 450 mΩ was suffi-
cient to include the new frequency point within the bandwidth. However, the output 
power PO was only 0.5 W at room temperature. 

To increase the output power, we increased the series capacitance and decreased the 
parallel capacitance of the LCC resonant circuit, which raised the coil current and, in turn, 
increased the output power. 

Figure 11a depicts the compensation of the output power by increasing the series 
capacitance and decreasing the parallel capacitance. The output power PO was raised to 
approximately 1 W by increasing the series capacitance from 390 pF to 820 pF. In order to 
increase the output power more, the parallel capacitance decreased from 390 pF to 82 pF. 
The change in the output power with the parallel capacitance is shown in Figure 11b. 

  
(a) (b) 

Figure 11. (a) Increasing the series capacitance to elevate PO to approximately 1 W and (b) decreasing 
the parallel capacitance to increase PO. 

In the original design, the series and parallel capacitances of the resonant circuit are 
all given as 390 pF. With increasing temperature, the equivalent and mutual inductances 
increased, resulting in a shift of the resonant frequency in the case of the fixed capaci-
tances. However, the attached series resistor can extend the bandwidth but cannot adjust 
the resonant frequency. Therefore, to keep the resonant frequency within the allowable 
bandwidth, according to the variation in the equivalent and mutual inductances, one can 
change the capacitances to increase the output power and keep the resonant frequency 
within the allowable bandwidth. 

From Equation (12), it can be seen that the relationship between the load current and 
the series capacitance is positively correlated. Moreover, the load current is also propor-
tional to the output power as shown in Equation (10). Therefore, the series capacitance 
begins to be increased from the original of 390 pF; the output power gradually increases 
as the series capacitance increases, as shown in Figure 11a. However, a continuous in-
crease in series capacitance would lead to an excessive shift in resonant frequency and 
exceed the allowable bandwidth. Therefore, the series capacitance is changed to 820 pF, 
while the parallel capacitance is reduced from the original value of 390 pF. As Figure 11b 
shows, the output power would increase with a decreasing parallel capacitance if the se-
ries capacitance is 820 pF. When the parallel capacitance is reduced to 82 pF, the output 
power can be increased to over 1.5 W at 25 °C as in the original. 

The modification of the LCC resonant circuit increased the output power PO at high 
temperatures. Figure 12 shows a comparison between the original design and the modi-
fied design. The output power of the modified system was 0.35 W higher than that of the 
original at 55 °C. 

Figure 11. (a) Increasing the series capacitance to elevate PO to approximately 1 W and (b) decreasing
the parallel capacitance to increase PO.

In the original design, the series and parallel capacitances of the resonant circuit are
all given as 390 pF. With increasing temperature, the equivalent and mutual inductances
increased, resulting in a shift of the resonant frequency in the case of the fixed capacitances.
However, the attached series resistor can extend the bandwidth but cannot adjust the reso-
nant frequency. Therefore, to keep the resonant frequency within the allowable bandwidth,
according to the variation in the equivalent and mutual inductances, one can change the
capacitances to increase the output power and keep the resonant frequency within the
allowable bandwidth.

From Equation (12), it can be seen that the relationship between the load current and
the series capacitance is positively correlated. Moreover, the load current is also propor-
tional to the output power as shown in Equation (10). Therefore, the series capacitance
begins to be increased from the original of 390 pF; the output power gradually increases as
the series capacitance increases, as shown in Figure 11a. However, a continuous increase
in series capacitance would lead to an excessive shift in resonant frequency and exceed
the allowable bandwidth. Therefore, the series capacitance is changed to 820 pF, while the
parallel capacitance is reduced from the original value of 390 pF. As Figure 11b shows, the
output power would increase with a decreasing parallel capacitance if the series capaci-
tance is 820 pF. When the parallel capacitance is reduced to 82 pF, the output power can be
increased to over 1.5 W at 25 ◦C as in the original.

The modification of the LCC resonant circuit increased the output power PO at high
temperatures. Figure 12 shows a comparison between the original design and the modified
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design. The output power of the modified system was 0.35 W higher than that of the
original at 55 ◦C.
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Figure 12. Comparison of the output power PO in the original circuit and that in the circuit modified
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Comparing the stability between the original system and the system modified ac-
cording to the Nyquist stability criterion, there are no significant differences, as depicted
in Figure 13. The temperature rise was improved only by adjusting the compensation
capacitance and adding a small series resistor, as shown by the transfer function; the
structure of the transfer function could not theoretically be changed by the adjustment.
This assumption is also confirmed by the Nyquist stability criterion in the simulation.
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Figure 13. A Nyquist stability comparison between the original and modified designs.

Figure 14 shows the relationships between the load and the system efficiency. In
the figure, less load resistance has high efficiency; the efficiency decreases as the load
resistance increases. According to the relationship between the current and the resistance,
less resistance means the system load is heavy; on the contrary, more resistance indicates
a light load. The result suggests that the proposed modification applies to the wireless
power transfer system with a heavy load.
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The bifurcation of the LCC-S resonant wireless power transfer system is analyzed
according to the papers [19,20].

The bifurcation criterion is given as

QP >
4QS

3

4QS
2 − 1

(23)

The symbols QP and QS in the expression above represent the quality of the transmitter
and receiver circuits. The quality factors are, respectively,

QP =
ωO

2LPRL

RSRL + ωO
2M2 (24)

QP =
ωOLS

RL
(25)

The QP and QS were calculated according to Table 1. The result is shown in Figure 15.
The QP value will reduce substantially as the series resistance increases, but it is still more
than the bifurcation criterion since the QS is considerably small. It can be seen that the
system will not be out of the bifurcation-free range caused by the series resistance increase.
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With adjustment of the compensation capacitances, the bifurcation criterion did not
considerably vary, while the QP continued to rise; a comparison between QP and the
bifurcation criterion is shown in Figure 16.
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The QP is larger than the criterion regardless of whether the resistance is added or
the compensation capacitance is adjusted. The analysis results suggested that the system
will not produce a bifurcation phenomenon by the addition of the series resistance and
adjustment of the capacitances.

4. Discussion

The simulation results revealed that the output power at high temperatures can be
increased by increasing the series resistance and altering the capacitance values. Increasing
the series resistance increased the bandwidth to cover the new circuit resonance frequency
caused by the increase in the self-inductance. Although the bandwidth covered the new
resonance frequency, the output power was far less than the original output power. By
adjusting the capacitance, the output power was further increased.

As already stated in the Introduction Section, adding a core to the coupling coil en-
hances transmission efficiency. However, the output power decreases at high temperatures.
The wireless power transfer technology is employed in several applications and at differ-
ent temperatures; hence, considering the effect of the operating ambient temperature is
essential. Based on the simulation results presented herein, future studies can focus on the
frequency of drive source design for the LCC-S-compensated topology.

5. Conclusions

At high temperatures, the core added to the coupling coil to enhance the transmission
efficiency of the wireless power transfer system results in a decrease in the power being
supplied to the load, because the temperature coefficient of the core material renders the
power output unevenly. For a given frequency of the drive source, a narrow bandwidth
results in decreasing output power with increasing temperature. Employing appropriate
system component values can help mitigate this problem, rendering the output power
level to be more than the half-power.
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