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Abstract: The radius of the coil, the number of turns of the windings, and the parasitic resistances of
energy-storing elements affect the performances of wireless power transfer systems. We aimed to
study the effects of coil parameters on a wireless power transfer system with the capacitor-capacitor—
coupling coil (CCL)-based circuit using numerical simulations. The power transfer system topologies,
including series-CCL (5-CCL), CCL-S, and CCL-CCL, were studied vis-a-vis coil parameters. The
helical coil and the system topologies were modeled using MATLAB, and the performances of the
topologies were examined in comparison to the series—series (S-S) topology. The variables used in
the simulations included the radius and number of turns, the parasitic resistance that was merged in
the impedance, and the reactance of energy-storing elements. Subsequently, the performances of the
topologies were estimated by numerical simulations under several circumstances. The simulation
results showed that the parasitic resistance of the coupling coil affects the performances of the
topologies directly. The coupling coils with smaller geometries are beneficial to power transfer in the

check for wireless power transfer system and may further contribute to miniaturization.

updates
Citation: Chen, C.-L.; Hung, C.-W.
Performance Estimation: CCL WPT
Topologies with Helical Coils.
Energies 2022, 15, 4944. https://
doi.org/10.3390/en15144944

Keywords: CCL circuit; helical coil; parasitic resistance; topology; wireless power transfer

1. Introduction
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composite and hybrid compensation topologies have been proposed for WPT. The com-
posite series—parallel-combination resonant circuit (SPRC) has been proposed for magnetic
resonant wireless power transfer (MR-WPT), which offers enhanced performance compared

to classical topologies [1]. Hybrid topologies, which comprise the variants of composite
SPRCs, have also been proposed. A capacitor—capacitor—-coupling coil (CCL)-based circuit
is one of the hybrid topologies [2]; its structure is composed of a series capacitor connecting
the power source and the coupling coil and a shunt capacitor connecting the coupling coil
in parallel. The advantage of the CCL circuit is that its circuit quality factor (Q factor) can
be adjusted by the ratio between the series and shunt capacitances; the current flowing
through the coupling coil is twice that of the power source when both series and shunt
capacitors are identical [3].

Kim et al. (2021) estimated the performances of WPT system topologies with CCL
circuits [4] based on a fixed operating frequency and a specific parasitic resistance of
energy-storing elements. The transmitting power and the power transfer efficiency of
various CCL-based WPT system topologies were compared by changing the coupling
air gap, while Imura et al. (2009) [5] showed that the magnitude of mutual inductance
between two coupling coils changes with the coupling air gap. They calculated the mutual
inductance using the Neumann formula, which involves the radius, the number of turns of
40/). the coupling coil, and the air gap. Therefore, the change in the air gap affects the mutual
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inductance. Meanwhile, Imura et al. (2009) [6] proposed that different mutual inductances
generate differences in the resonant frequencies of system topologies.

Moreover, the alternating-current (AC) resistance in the coupling coil (Rac) and the
equivalent series resistance (ESR) in the capacitor are influenced by frequency variations.
In addition, coil parameters such as the type and geometry of the coupling coil and the
material permeability around the coupling coil significantly impact the performance of
WPT [7]. Therefore, the performances of CCL-based WPT system topologies must be
revealed thoroughly considering these parameters.

Misalignment between coupling coils also affects the performances of WPT systems as
the geometries of helical coils and the air gap.

As the CCL circuit has a high Q factor, the performance of the system topologies using
the CCL circuit is worth studying. In this work, the performance of the system topologies
was estimated by MATLAB simulation depending on the different geometric parameters
of the coupling coil, the air gaps, and the misalignment between the coupling coils for
providing further development in the wireless power transfer system.

According to the simulated results, the AC parasitic resistance in the coupling coil
will increase with the number of turns added; there will be a significant effect on the CCL
circuit by the increment of the AC parasitic resistance, thereby reducing the efficiency of
the circuit and then declining the transmitting power and power transfer efficiency.

The CCL circuit placed on the transmitting and receiving sides is not necessarily to
gain optimum performance in the system topology as the relationship of the parasitic
resistance. Reducing the parasitic resistance in the system topology is a subject for further
development in wireless power transfer.

2. Materials and Methods

WPT system equivalent topologies with CCL-based circuits are illustrated in Figure 1.

(a) (b)

() (d)

Figure 1. Equivalent topology of wireless power transfer system (a) S-S; (b) S-CCL; (c¢) CCL-S;
(d) CCL-CCL.

The S-S, S-CCL, CCL-S, and CCL-CCL topologies were studied, whereas the S-S
topology was also investigated for comparison. The S-CCL system topology in Figure 1b
uses a series resonant circuit for the transmitter; the receiver employs the CCL-based circuit.
Figure 1c shows the CCL-S system topology that employs the CCL resonant circuit for
the transmitter and uses the series circuit for the receiver; the topology is the opposite of
the previously mentioned S-CCL topology. The CCL-CCL system topology is shown in
Figure 1d. Its structure is symmetrical; thus, the transmitter and receiver sides all employ
identical CCL circuits.

Furthermore, each resistor has different implications; rg represents the inner resistance
of the power source; the parasitic resistances of all energy-storing elements are represented
by rcx; and rp x represents the AC resistor of the coupling coils, respectively. Ry, represents
the equivalent resistance of the system load. The power source for topology is named Vg; it
is likely a full-bridge or half-bridge, and even a class D or E inverts the drive circuit.
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Kim et al. (2018) reported that the performance of a WPT system topology with a
CCL-based circuit can be estimated from the transmitting power and the power transfer
efficiency [8]. The transmitting power is the power absorbed by the system load, whereas
the magnitude of the transmitting power, Poyut, can be derived from the following equation:

4K*Q,Q,

Pout - 2 6TéRpou’t,max (1)
(1+KQ1Q))

The components in the above transmitting power equation mainly include the cou-
pling coefficient, k, the circuit quality factor (Q factor), and the parasitic resistance in
the topology. In the expression, ot and &R represent the circuit efficiencies of the trans-
mitter and the receiver, respectively. The relation expression for efficiencies is shown in
Equations (2) and (3).

Is
o = 2
T r1+rs @
Iy
or = 3
R I+1], ( )

here, r; and r; are the total parasitic resistances of the energy-storing elements on the
transmitter and the receiver, respectively; that is, the sum of the ESR for the capacitor and
Rac for the coupling coil. Poutmax is the achievable transmitting power from the power
source and is expressed as the following:

AV 2
Pout,max = 411.\1 (4)
S

The power transfer efficiency is defined as follows:

I
11 +k?Q1Q; (11 +15)

In the equation, the power transfer efficiency for the system topology is constructed
by the parasitic resistance on the transmitter, r, the Q factor of both sides, Q; and Q, the
coupling coefficient, k, as well as the efficiency of the receiver, og.

The parasitic resistances, Q factor, and coupling coefficient are expressed in the defini-
tions of the transmitting power and the power transfer efficiency. It could be inferred that
these parameters determine the performance of the WPT system.

Meanwhile, the parasitic resistances in the energy-storing elements of the topologies
vary depending on the operating frequencies.

The resistance increases with the operating frequency, as shown in Figure 2a,b. The corre-
sponding parasitic resistances of the energy-storing elements increase with the operating frequency.

(a) (b)

Figure 2. Variances at different frequencies for (a) AC resistance of the coupling coil and (b) equivalent
series resistance, ESR, of the capacitor.



Energies 2022, 15, 4944

40f18

Imura (2020) [9] reported that the parasitic resistance in the coupling coil was produced
by the winding wire that suffers the skin effect. The resistance of a helical coupling coil can
be derived by the following formula:

pl

Roe = ———
7 (D - 3)’

©
where p presents the resistivity of the winding wire, and 1 is the total length of the winding
wire. § in the denominator presents the skin depth, and D is the diameter of the winding
wire. The skin depth of the winding wire is defined as the following:

2
5=\ won @)

where, o is the conductivity of the winding wire, and u is the permeability of the winding
wire. w is the angular frequency of the current flowing through the winding wire.

Based on these equations, the skin effect decreases while the parasitic resistance
increases with the increased current frequency, indicating that the parasitic resistance of
the coupling coil increases at a higher operating frequency. This likely affects the driving
current for the coupling coil and the quality factor of the circuit.

Lindquist (1978) reported that the ESR of the capacitor depends on the dissipation
factor (DF) [10]. The relation between the ESR and DF is given as the following:

ESR = DF x Xc (8)

The ESR is the product of the DF and the reactance of the capacitor, Xc. The DF is
the ratio of power loss to the reactive power of the capacitor equivalent circuit. The total
impedance of the equivalent circuit for the capacitor is given as

ZC,eq: R+ j(XL - XC) =Re ZC,eq (]w) +jIm ZC,eq (]w)/ )
and the dissipation factor, DF, for the capacitor is defined as

__ _powerloss R (10)
~ reactive power in X

The reactance and DF of the capacitor rely on the angular frequency. Therefore, the
ESR of the capacitor versus the operating frequency renders a quadratic curve. Namely,
there is a frequency at which the lowest ESR can be obtained for the capacitor.

The frequency point with the lowest DF value refers to the self-resonant frequency
of the capacitor. The DF value decreases with the frequency in the frequency range lower
than the self-resonant frequency. Meanwhile, if the operating frequency is higher than the
self-resonant frequency of the capacitor, the DF value rises gradually.

The DF of the capacitor varies with the operating frequency caused by the equiva-
lent inductive and capacitive reactance of the capacitor. As shown in (9), it presents the
impedance in the capacitor with various operating frequencies. There will be the smallest
value of the impedance when the capacitor operates at the self-resonant frequency, since the
inductive and the capacitive reactance are equal. Meanwhile, the DF will also end up being
being small, due to the impedance of the capacitor being the smallest. As discussed above,
when the capacitor operating frequency becomes gradually less than the self-resonant
frequency, the variation in the operating frequency causes the capacitive reactance to be
greater than the inductive one, enlarging the impedance and then increasing the DF of the
capacitor. Relatively, when the capacitor operating frequency increases gradually from the
self-resonant one, equivalent inductive reactance becomes more than the capacitive one,
rendering the impedance increase and enlarging the DF simultaneously.
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Kim et al. (2017) showed that the Q factor for the circuit is the ratio of the energy in the
energy-storing elements to the dissipation of the entire topology, multiplied by the angular
frequency [11]. The relation equation for the Q factor is expressed as

E
Q= x Sored (11)
Ploss

According to Kim et al. (2021) [4], the circuit Q factor for the series resonant circuit
can be derived by

L
= 12
Qs=wp 1ol (12)
and the Q factor of the CCL resonant circuit is
L 1)\?
Qea= w— b (1+> 13)
L7 TRt recar y

In Equation (13), y is the ratio of the series capacitance, Cxs, to the shunt capacitance,
Cxp. Here, X represents the side of the capacitor placement, P represents the capacitor
placed on the transmitter side, and S represents the capacitor placed on the receiver, e.g.,
since a series capacitor is placed on the transmitter side, the symbol is marked as Cps.
R represents the resistance on the circuit; on the transmitter side, R represents the inner
resistance of the power source, rg; on the receiver side, R becomes the equivalent resistance
of the load, Ry .

rts and r; ccL are the total parasitic resistances in the series and CCL circuits, respec-
tively. That can be derived by following Equations (14) and (15).

ris= r,+rc (14)

1\2
It CCL= ICyg + <1+y> rL+TCyp (15)

In the Equations (14) and (15), r, represents the resistance in AC for the helical coil;
and rc, rcxs, and rexp are the ESRs for the capacitors.

The coupling coefficient, k, displayed in the previous Equations (1) and (5) is the ratio
of the linkage flux between the coupling coils [12]:

Lm
vLiLy

The coupling coefficient depends on the mutual inductance between the coupling coils
and the self-inductance of each coil. The range for the coupling coefficientis 0 <k < 1.

For this work, the coupling coil for simulation uses the helical coil. The parameters of
the helical coupling coil are displayed in Figure 3.

Figure 3a represents an illustration of a single helical coil; the geometry of the helical
coil comprises the radius of the helical coil, a; the pitch between the conducting wires, p;
the length of the coupling coil, I; and the width of the conducting wire, D. Furthermore,
the air core is assumed in the helical coil; the air core is used to avoid differences in
the permeabilities of the materials. Moreover, the permeability of the material varies
noticeably with the environmental temperature. Figure 3b displays the air gap between
two helical coupling coils, g. The coupling coils are placed coaxially without misalignment.
In the case of misalignment, lateral and angled misalignments between two coupling coils
were studied. The lateral misalignment is shown in Figure 3c; the central axials of two
coupling coils are not coaxial and exist at a distance, c. Additionally, Figure 3d presents the
misalignment in the degrees of «.

(16)
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(a) (b)

(c) (d)

Figure 3. (a) Helical coupling coil and (b) air gap between two coupling coils; (c) lateral misalignment
and (d) angled misalignment.

The angled misalignment refers to two coupling coils misaligned at an angle, o.
For the equation of the coupling coefficient, the self-inductance (Joost, 2015) [13] of the
helical coupling coil according to Figure 3a is expressed as the following:

L paZN?2

1 K, (17)

The self-inductance of the helical coil depends on its geometry, the permeability of the
core material, 1, and the Nagaoka coefficient, K, for correction. The geometry of the coil
refers to the radius of the helical coil, a; the number of turns, N; the length of the helical
coil, L.

Mutual inductance is a property in which the primary coil affects the voltage and the
current in the secondary coil, whereas the current relates to the geometry of the coupling
coils. The equation, Neumann formula, of mutual inductance for the helical coupling coil
without consideration of the misalignment between the coupling coils (Zhang, 2019) [14] is
expressed as

2

2Nj7t 2N 7t _
L= M 1 / 2 ajapcos(0 — @)+ (p/2m) dedo, (18)
7t Jo 0 \/a%

+a2 — 2aja,c08(8 — @)+ [(p/2m)(0 — @) — g’

aj and aj represent the radii of the helical coils, and p represents the pitch between the
winding wire of the helical coil. The air gap between the helical coil is symbolized as g,
and cos(6 — @) + (p/ 2m)? is the product of line elements. Ny and Nj, marked at the upper
bounds of the double integral, are the number of turns for the helical coupling coils, and u
is the permeability of the material inserted into the coupling coils.

Considering there is a misalignment between two helical coupling coils, the equation
of mutual inductance needs to consider the lateral distance or the angle according to the
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Cartesian coordinate system. The mutual inductance considering the misalignment is

described as N N (0,0)
e gl
Ly = 7 Jo A y(oc,c)ded(p' (19)

The function g(«,c) given in the numerator in the double integral is described as

2
ajapsin 0 sin @ + ajapcos x cos 0 cos @+ (%) sin «(ajcos © — apycos @) + (%) COS &, (20)
and y(«x,c) in the denominator is described as
1/2
(aycos 6 — apcos (p)2+ /
2
(alsine— apsin @ cos & — (2%)2(psinoc - c) + , (21)

[(%)(9 - (Pcosoc)+azsin<psinoc— d]z

o represents the angle of the misalignment, and c is the lateral distance of the misalignment.

The disintegration of the equation components of the transmitting power and the
power transfer efficiency for estimating the performances of the CCL-based WPT system
topologies is provided in Figure 4a,b. The components constructing the transmitting
power comprise the coupling coefficient, k, Q factor, and parasitic resistance. The coupling
coefficient is proportional to the mutual inductance between the coupling coils and inversely
proportional to the self-inductances. The mutual inductance can be derived using the
Neumann formula with the radii, air gap, and number of turns of two coupling coils. The
self-inductance can be derived by an inductance formula with a correction coefficient by
feeding in the radius and number of turns of the coupling coil. Likewise, there are identical
components in the expression of the power transfer efficiency.

(a) (b)

Figure 4. Separated diagrams of expressions for (a) transmitting power and (b) power transfer
efficiency of the WPT system.

The coil radius, number of turns, and parasitic resistance are common parameters in
these two estimated expressions for performance. These parameters were employed to
observe the variations in the performances of the CCL-based WPT system topologies. The
simulation process according to these coil parameters is illustrated in Figure 5.

Four steps were followed for simulating the transmitting power (1) and power transfer
efficiencies (5) of the system topology. The first step involves the derivation of circuit
elements. We derived the self-inductance and AC resistance of the coupling coil by relevant
formulas and then combined the resistance and the reactance as the impedance for the
coupling coil. We derived the DF by means of the equivalent circuit of the capacitor, given
a capacitance to calculate the corresponding ESR. Likewise, we combined the ESR and
the capacitance to find the impedance of the capacitor. Secondly, the circuits in the series
or CCL topology were constructed from the derived impedances of the coupling coil and
capacitors. We applied the drive voltage to the resonant circuit and produced the current
flowing through the coupling coil. Afterward, the stored energy, power dissipation, and
the Q factor can be derived further. Third, we employed the coil radius and the number
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of turns of self-inductance to calculate the mutual inductance between two coupling coils.
The coupling coefficient was also gained after the mutual inductance was divided by the
self-inductance of the coupling coil. Finally, the transmitting power and the power transfer
efficiency were derived from the coupling coefficient and the Q factor, and the performances
of the CCL-based WPT system topologies were estimated. Moreover, the lateral distance
and angle of misalignment were introduced in the performance estimation by following
the four steps using the variables of coil geometry parameters. The air gap between the
coupling coils was varied when the coupling coils were coaxially placed. Table 1 lists the
parameters used in the simulations.

Figure 5. Process chart of the simulation for WPT system topology performance.

Table 1. List of parameters used in the simulations in this work.

Parameters Symbol Value
Radii of coupling coils on the transmitter aj 5-50 mm
Radii of coupling coils on the receiver a 5-50 mm
Width of the conducting wire for the helical coil D 1 mm
Air gap for coupling g 2-6 mm
Lateral distance of misalignment c 0-50 mm
Angle of misalignment o 0-90°
Capacitance of the series capacitor in the CCL circuit Cxs ! 390 pF
Capacitance of the shunt capacitor in the CCL circuit Cyp ! 390 pF
Capacitance of the series capacitor in the series circuit Cs 780 pF
Range of frequency sweep f 2-2.14 MHz
Inner resistance of power source Is 120
Equivalent resistance of the system load Ry 10 O
Drive voltage Vg 24 Vp_p

1 X in the subscript refers to the placement location, P is the transmitter, and S is the receiver.

As shown in Table 1, the width of conducting wire for the helical coil is 1 mm; the
rated current for the wire is approximately 3 A according to the American wire gage. The
rated voltage of the capacitors in the circuit is 100 Vdc in accordance with the general
ceramic capacitor specification.
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3. Results

The estimated result obtained in the study by Kim et al. (2021) [4] employing the
varieties of the coupling air gap indicated that each topology has a different performance
at the air gap, assuming that the operating frequency is fixed and parasitic resistance in
elements is constant. The simulation for studying the performances of the CCL-based WPT
system topologies was conducted following the process mentioned in the previous section.
The air gap was fixed at 2 mm, and the coil radius and the number of turns were varied to
observe the performance per topology within the frequency sweep range.

The self-inductance for the coupling coil and the parasitic resistance (Rac) were derived
in advance. Likewise, the ESR was also derived by the relevant formula as Equation (8).
The coil current was derived depending on the impedance of the coupling coil and the
capacitors, and the circuit Q factor was calculated according to the coil current and the
inductance. The simulation results of the Q factor are demonstrated in Figure 6a,b.

(a) (b)

Figure 6. Q factor on the transmitter and receiver for (a) the series circuits and (b) CCL hybrid circuits.

Figure 6a shows the Q factor of the series resonant circuit within the frequency sweep
range, including the Q factor curves when the series resonant circuit was applied to the
transmitter and the receiver. Likewise, Figure 6b shows the curves of the Q factor for the
CCL circuit, including those placed at the transmitter and the receiver.

The value of the Q factor is the maximum when the circuit operates at the resonant
frequency. The maximum Q factor of the series resonant circuit placed at the transmitter
is approximately 9, nine times that of the receiver. The maximum Q factor of the CCL
resonant circuit at the transmitter is approximately 40, whereas it is 5 at the receiver.

Moreover, the Q factors of the series and CCL circuits were compared based on the
location. Figure 7a shows the comparison of the Q factors on the transmitter, and Figure 7b
shows that on the receiver. The Q factor of the CCL circuit is almost quadruple that of the
series one, and identical circumstances exist for the receiver.

(a) (b)

Figure 7. Comparison of Q factors between the series and CCL hybrid circuits when placed at
(a) transmitter and (b) receiver sides.
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Next, the Q factor in the topology was compared. The Q factor of the system topology
is the product of the Q factors between the transmitter and the receiver. In this work, the
system topologies simulated involved S-CCL, CCL-S, and CCL-CCL, and the S-S system
topology was used for reference. The S-CCL system topology means that the transmitter
uses the series resonant circuit, and the receiver uses the CCL circuit; the CCL-S system
topology is the opposite of the S-CCL (the CCL resonant circuit is on the transmitter, and
the series is on the receiver). In the CCL-CCL system topology, the transmitter and the
receiver both use CCL circuits.

Figure 8 shows the Q factor curves of these system topologies. The CCL-CCL system
topology has a substantial Q factor at the resonant frequency, whereas the Q factor of the
S-S system topology is little. The Q factor of the CCL-CCL system topology is nearly
quadruple those of the S-CCL and CCL-S system topologies and is greater than the S-S
topology 10 more times.

Figure 8. Comparison of Q factors among S-S, S-CCL, CCL-S, and CCL-CCL system topologies.

Subsequently, the coupling coefficient was derived based on the mutual and self-
inductances of the coupling coil. The self-inductance of the helical coupling coil depended
on the coil radius and the number of turns. The mutual inductance between two helical cou-
pling coils was derived using the Neumann formula assuming no misalignment between
two coupling coils.

The coil radius ranged from 5 to 50 mm, and the number of turns varied from2to 6 T.
The alteration of the coupling coefficient, k, is shown in Figure 9.

Figure 9. Coupling coefficient variation with coil radius and the number of turns.

Figure 9 shows that increasing the radius and number of turns of the helical coil can
raise the coupling coefficient in the case of an identical air gap. The increased coil radius
can increase the coupling coefficient for the same number of turns. Likewise, the increased
number of turns can also increase the coupling coefficient for the same coil radius.

Noticeably, the coupling coefficient increased, implying that the mutual inductance
also increased. The increment of mutual inductance led to the deviation in the resonant
frequency. The variation of the resonant frequency is shown in Figure 10.
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Figure 10. Resonant frequency variation with coil radius and the number of turns.

As shown in Figure 10, the increased coil radius leads to the deviation of the resonant
frequency. Likewise, the deviation of the resonant frequency becomes moderated when the
coil radius increases to a certain extent. The number of turns and coil radii have distinct
resonant frequency deviations, e.g., for the helical coupling coil with six turns, the resonant
frequency reaches 1.5 MHz when the coil radius is 5 mm; as the radius increases, the
resonant frequency can fall under 0.5 MHz.

After obtaining the Q factor and the coupling coefficient, the transmitting power and
the power transfer efficiency were calculated using the values obtained.

According to the parameters in Table 1, the performances of the topologies were
estimated using four turns for the power-transmitting and power-receiving helical coils
and a drive voltage of 24 V. The results are shown in Figure 11. Additionally, the resonant
frequency for the simulated results is reduced to 600 kHz from 2.3 MHz with variations in
the geometric parameters of the coupling coil.

@) (b)

Figure 11. (a) Transmitting power and (b) power transfer efficiency variation with coil radius for
WPT system topologies.

Figure 11a displays the transmitting power for the topologies versus the radii of the
power-transmitting and power-receiving helical coils. Herein, the radius of the power-
transmitting helical coil equals that of the power-receiving one. The tendencies of trans-
mitting power for topologies fall with the increased radius. The S-S topology has the
maximum transmitting power when the helical coils are 10 mm, which exceeds that when
the radii are 5 mm; afterward, the transmitting power falls with the increased radii.

Figure 11b shows the power transfer efficiencies of the topologies versus the radii of
the helical coil. Based on the variation of the power transfer efficiency with the radius of
the helical coil, two distinct tendencies exist: the S-S and CCL-S topologies have a smaller
efficiency when the radii are 5 mm, and the maximum efficiency is reached when the radii
are 15 mm; afterward, it slightly decreases with the increase in the radii, whereas the S-CCL
and CCL-CCL topologies have a greater power transfer efficiency when the radii are 5 mm,
and the maximum efficiency appears at radii of 10 mm, after which the efficiency decreases
significantly with the increased radii.
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Figure 12 shows the transmitting power versus the coil radius and the number of
turns for each topology corresponding to the resonant frequencies reduced from 2.3 MHz
to 600 k Hz.

@) (b)

(9 (d)

Figure 12. Comparison of output powers at various coil radii and numbers of turns for (a) S-S,
(b) S-CCL, (¢) CCL-S, and (d) CCL-CCL topologies.

As shown in Figure 12a, the transmitting power of the S-S topology decreases with
the increase in the number of turns. There is an evident reduction in the transmitting
power (approximately 10 W) when the radius of the helical coil is 10 mm. Interestingly, the
maximum transmitting power appears at a helical coil radius of 5 mm when the number
of turns increases to six turns; moreover, the maximum transmitting power appears at a
helical coil radius of 5 mm, instead of 10 mm.

Figure 12b displays the transmitting power of the S-CCL topology; there is some
reduction of the transmitting power when the number of turns decreases to two turns from
four turns at a radius of 5 mm; there is only a slight reduction when the number of turns
is 4 at a radius of 10 mm. Afterward, the transmitting power declined exponentially with
the radius.

Figure 12c illustrates the transmitting power of the CCL-S topology in the variation of
the number of turns and the radius of the helical coils. From Figure 12¢, it is apparent that
the maximum transmitting power can be obtained when the helical coil is set to four turns
with a radius of 5 mm. Afterward, the transmitting power declined exponentially.

Figure 12d presents the variation of the transmitting power for the CCL-CCL topology
with the number of turns and the radius. It is clear that the transmitting power decreases
with the increased number of turns; similarly, it declines exponentially.

The efficiencies of these system topologies are also individually plotted based on the
coil radius and the number of turns.

Figure 13 shows the transfer power efficiency for various topologies versus the number
of turns and the radius during the resonant frequencies from 2.3 to 0.6 MHz. Noticeably,
there are two tendencies in power transfer efficiency. Firstly, that has a sharp rise before the
radius of 15 mm when the series circuit is used on the receiving side, namely S-S and CCL-S
system topologies; afterward, the variant of power transfer efficiency becomes gentle with
the radius increasing. Another one, the variance of power transfer efficiency is not severe
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when the CCL circuit is placed on the receiving side; however, with the number of turns
increasing, the power transfer efficiency will decline more.

(@) (b)

(c) (d)

Figure 13. Power transfer efficiencies at various coil radii and numbers of turns for (a) S-S, (b) S-CCL,
(c) CCL-S, and (d) CCL-CCL topologies.

The transmitting power obviously decreased with the radius of the helical coil; it
appears that the decrease in the transmitting power is due to the parasitic resistance on the
circuits. In Equation (1), the product of the transmitter and receiver efficiencies suffers from
the parasitic resistance because of the inner resistance of the power source, the equivalent
resistance of the load, and the parasitic resistance in energy-storing elements. The inner
resistance of the power source and the equivalent resistance of the load were assumed
constant in this work. The efficiencies of the transmitter and the receiver in the transmitting
power equation are affected by the parasitic resistances of energy-storing elements with the
variation of the helical coil geometry.

Figure 14 presents the alteration in parasitic resistances with the helical coil geometry.
As displayed in Figure 14a, the resistance increases reasonably with the radius.

(a) (b)

Figure 14. (a) Resistance in AC for the helical coil and (b) equivalent series resistance (ESR) for
the capacitor.
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The ESR of the capacitor is represented in Figure 14b. The ESR decreases with the
radius of the helical coil, differing from the parasitic resistance of the helical coil. According
to the definition of the ESR in Equation (8), it is related appreciably to the operating
frequency. However, the variable in the ESR resistance is the radius of the helical coil, and
the alteration in the radius shifts the resonant frequency. Therefore, the ESR of the capacitor
varies with the radius of the helical coil.

The parasitic resistances of energy-storing elements are the components of the efficien-
cies for the transmitter and the receiver. It could be speculated that the magnitude of the
efficiencies is affected by the radius of the helical coil. The alteration of the efficiencies for
the transmitter and the receiver with the radius of the helical coil is plotted in Figure 15a,b,
respectively. Apparently, the magnitude of the efficiencies, regardless of the transmitter or
the receiver, reduces with the radius. The efficiency of the series circuit has less reduction,
whereas the efficiency of the CCL circuit is remarkable. In summary, the simulated results
showed that the transmitting power inevitably decreases with the radius of the helical coil
due to the parasitic resistances.

(a) (b)

Figure 15. (a) Transmitter efficiency and (b) receiver efficiency.

The variation in the geometry of the helical coil changes the mutual inductance,
shifting the resonant frequencies for the system topologies.

According to the Neumann formula shown in Equation (18), the air gap also affects
the magnitude of the mutual inductance.

The effects of the varied air gap on the transmitting power and the power transfer
efficiencies for the topologies are represented respectively in Figure 16a, b. The resonant
frequencies of the system topologies reduce from 2.3 to 1.5 MHz; the variant magnitude in
the resonant frequency is less than the variation of the geometric parameters of the coupling
coil. The air gap range from 2 mm to 200 mm is shown; the geometry of the helical coil
uses a radius of 50 mm and six turns. In the simulated results, the S-S topology has the
maximum transmitting power at an air gap of 100 mm, then reduces gradually once the air
gap increases continuously. For the S-CCL topology, the maximum transmitting power is
obtained at an air gap close to 140 mm; for the CCL-S topology, it is at approximately 120
mm, and for the CCL-CCL topology, it is at 160 mm. The maximum transmitting power for
the S-S topology is greater than those for other topologies, while the CCL-CCL topology is
smaller than others, but the air gap for coupling is the longest.

Interestingly, the power transfer efficiencies showed two distinct trends, similar to
those observed for the power transfer efficiencies with the variation in the radius of the
helical coil. The S-S and CCL-S topologies give greater power transfer efficiencies before
the air gap increases to 100 mm, whereas CCL-S and CCL-CCL topologies give greater
power transfer efficiencies once the air gap increases continually after 100 mm.

According to the Neumann formula considering the misalignment as in Equation (21),
the mutual inductance still suffers from the misalignment, shifting the resonant frequency
of the system topologies.
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(a) (b)
Figure 16. (a) Transmitting power and (b) power transfer efficiency of topologies at various air gaps.

The simulated results for the performance estimation of topologies are given in
Figure 17. With the misalignment in lateral and angled, there is only a slight variation of
the resonant frequency from 2.33 to 2.31 MHz. The simulated results were produced using
the lateral misalignment distance in the range of 10-110 mm and the misalignment angle
from 10 to 90 degrees. Figure 17a, b show the transmitting powers and power transfer
efficiencies of the topologies in the case of lateral misalignment, and Figure 17c, d show
those in angled misalignment.

(c) (d)

Figure 17. (a) Transmitting powers and (b) power transfer efficiencies for various topologies in lateral
misalignment; (c) transmitting powers and (d) power transfer efficiencies for various topologies in
angled misalignment.

With respect to the transmitting powers of topologies, there is a considerable variation
with the lateral distance, whereas there is barely any variation for the transmitting power
in angled misalignment.

The transmitting power of the S-S topology in lateral misalignment reduces gradually
with the lateral distance. Notably, the topologies with the CCL circuit have no variation
at lateral distances of 10 and 20 mm, but there is a variation when the lateral distance
increases continually above 20 mm. While the transmitting power in the S-CCL topology
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has the max. value at a lateral distance of 60 mm, the max. value of the CCL-S topology
is obtained at 50 mm; the max. transmitting power of the CCL-CCL topology appears
at 80 mm. Furthermore, the transmitting powers of the S-S and CCL-S topologies have
similar values at 60 mm, which is approximately the same as that of the CCL-CCL topology
at 70 mm. Regarding the transmitting powers of the topologies for angled misalignment, it
appears that there is a negligible variation with the increased angle, only a difference in
the magnitude of the transmitting power for various topologies. The S-S topology has the
greatest, and the CCL-CCL has the smallest transmitting power.

Similarly, the variations in the power transfer efficiencies show two distinct trends.
The power transfer efficiencies of topologies in lateral misalignment decline with the lateral
distance; the S-S and CCL-S topologies show a significant reduction, while the S-CCL
and CCL-CCL topologies show only a slight reduction in the power transfer efficiency.
Conversely, the power transfer efficiencies of the topologies appear to rise with the increase
in the angle of misalignment, regardless of the topology type. Nevertheless, the power
transfer efficiencies of the S-S and CCL-S topologies significantly rise, whereas the variation
is flat in the case of the S-CCL and CCL-CCL topologies.

4. Discussion

The prior study estimates the performance of the WPT system topologies using the
CCL circuit at different air gaps, and estimation is conducted based on a fixed operating
frequency, and the parasitic resistance in energy-storing elements has a constant value.

However, the resonant frequencies of the topologies vary with the air gap. In addition,
the values of parasitic resistance will be different from the operating frequency, causing the
power transfer of the topologies to be in a non-resonance state.

Likewise, this work estimated the performance of the WPT system topologies with the
CCL circuit but simulated the performance by the relevant parameters of the helical coils
using the corresponding resonant frequencies in various states. That can keep the system
topologies in the resonance state to conduct optimal power transfer.

We found that the CCL circuit has a significant Q factor, whereas the Q factor of the
series circuit is far less than that of the CCL circuit. When the CCL circuit is applied to the
transmitter, the current flowing through the coupling coil is twice the power source when
the series and shunt capacitances are identical. Nevertheless, the total parasitic resistance
of the CCL circuit is greater than that of the series circuit, reducing the circuit efficiency
and further attenuating the transmitting power of the topologies. Therefore, it can be seen
from the simulated results that the transmitting power of the WPT system topologies with
the CCL circuit is smaller than that of the S-S topology.

Interestingly, based on the variation of the power transfer efficiencies, two groups
emerged. The first group involves the S-S and CCL-S topologies, and the second group
involves the S-CCL and CCL-CCL topologies. When the CCL circuit is applied to the
receiver side, their power transfer efficiencies decrease with the varied geometries of the
helical coils. Contrarily, when the series circuit is applied to the receiver side, the power
transfer efficiencies only slightly vary. Although the CCL circuit has a significant Q factor,
it has a large parasitic resistance, which leads to circuit efficiency attenuation, reducing the
transmitting powers of the topologies with the CCL on the receiver side with the varied
geometries of the helical coils.

Subsequently, the performance of the system topologies is estimated with the variation
in the distance of the coupling air gap. The transmitting powers of the system topologies
show different trends; the coupling air gap acceptable for the S-S system topology is
the shortest; relatively, the CCL-CCL system is the longest, whereas the coupling air
gaps acceptable for the S-CCL and CCL-S topologies are identical. Nonetheless, the S—
S system topology still has the maximum transmitting power, whereas the CCL-CCL
topology has the minimum transmitting power. Although the acceptable coupling air gap
for the S-CCL and CCL-S system topologies are identical, the magnitude of transmitting
power differs. The discrepancy in the magnitude of the transmitting power could be



Energies 2022, 15, 4944

17 of 18

attributed to the circuit efficiency and circuit Q factors. Because the CCL circuit has a
large parasitic resistance, attenuating the circuit efficiency. Hence, applying the CCL circuit
to the receiver side shows a small circuit efficiency. Meanwhile, the circuit Q factor of
the CCL circuit is far larger than that of the series circuit; thus, the product of the circuit
Q factors for the transmitter and receiver sides differs. With regard to the maximum
transmitting powers of the system topologies appearing at different air gaps, it could be
interpreted that the magnitude of mutual inductance varies with the air gap, differentiating
the coupling coefficient.

The power transfer efficiencies of the topologies decrease with the air gap. Likewise,
the power transfer efficiencies are also divided into two groups. In the first group, the
5-S and CCL-S system topologies have a higher power transfer efficiency at a shorter air
gap until 100 mm; afterward, the power transfer efficiency renders a heavy decline. The
other group has low efficiency within the air gap of 100 mm, but the amplitude of efficiency
decline is small. When the CCL circuit is applied to the receiver side, its circuit efficiency is
low, whereas it is high when the series circuit is applied to the receiver side.

For the effect of misalignment, the transmitting power shows drastic variations with
lateral misalignment, while it is barely affected by angled misalignment. The power transfer
efficiencies of the first-group topologies decrease in the case of lateral misalignment but
increased in the case of angled misalignment. It could be because lateral misalignment
reduces the magnitude of mutual inductance gradually with the lateral distance, whereas
the increased misalignment angle slightly increases the mutual inductance.

By applying the CCL circuit to the receiver side, the system topology can provide
a higher transmitting power to the load under the varied coupling air gap and lateral
misalignment. Applying the CCL circuit to the transmitter and receiver sides transfers the
power at longer distances of the air gap and lateral misalignment with the steady power
transfer efficiency. Furthermore, the simulated results show that a low number of turns
and a small radius of the coupling coil can contribute to the system topologies using CCL
circuits to transfer the maximum power. In other words, a larger coupling coil has more
parasitic resistance that can impact the performance of the system topologies.

These findings extend those of Kim and confirm the argument of Trivifio that the
parameters of the coupling coil have a direct effect on the performance of the WPT system.

In addition, this work reveals the properties of various system topologies under
several circumstances and provides the relationship between the system topologies and the
geometry of the helical coils. This work estimates the performances of the CCL-based WPT
system topologies by providing an interactive relationship with the coupling coils, and the
results can stimulate further developments in WPT technologies. The operating frequencies
of the system topologies in this work employ corresponding resonant frequencies, which
is challenging to realize in practice. Further work should focus on the capability of the
frequency division in the controller and the power switching capability on the frequency,
rendering the operating frequency closer to the practical resonant frequency.

The performance estimation for the WPT system topologies was simulated by employ-
ing theoretical derivation equations used in previous studies, which provide an understand-
ing of the properties of WPT system topologies with CCL circuits. However, simulations
may require the use of additional parameters for practical fabrication.

5. Conclusions

Our simulation results indicate that the performances of the CCL-based WPT system
topologies decrease because of the coil parameters. Although there will be an appreciable
effect of the Q factor on the CCL-CCL system topology, the transmitting power remains
poor, which is attributed to the parasitic resistance of energy-storing elements. There are
different representations of the transmitting power for the system topologies under various
circumstances, except for the angular misalignment. Moreover, the transmitting powers
for the system topologies with the CCL circuit show different trends with the air gap and
misalignment. That could be interpreted as the variation of mutual inductance altering
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the coupling coefficient. Simulating the performance of the system topologies in this
work employs the corresponding resonant frequency to be the system operating frequency,
ensuring that the system topologies are estimated in the resonance state. Appreciably, it
is hard to achieve in practical design. The optimization of power transfer needs further
clarification of the relationships among the coupling coil inductance, the compensation
capacitance, and the system operating frequency.
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