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Abstract

A wireless power transfer (WPT) based on P-LCC-S compensated topologic is proposed for artificial catheterization. The proposed method supplies the
electromagnetic valve embedded in the urinary tract to control micturition, which cancels the traditional plastic catheter leading out of the body. As a result,
the possible inflammation via the plastic catheter is avoided. Three separated modules, namely, the sending module, the relay module, and the receiving
module, constitute the WPT. The compensated topologies of the three modules are parallel, LCC, and series, respectively. Considering the relatively large
distance and different types for the sending coil and the receiving coil, a wired relay with LCC compensated topology is employed instead of the commonly
used domino wireless relay. The performances of the WPT are analyzed and the equivalent load resistance of the electromagnetic valve is optimized and
oriented for maximum transfer efficiency. With the proposed WPT, no incisions/holes in the patient's skin or urethral wall are needed to supply the solenoid
valve. The measured maximum efficiency is 72.8% under a load resistance of 22.8 Q and an operation frequency of 600 kHz. A WPT prototype is constructed
and the catheterization experiment is conducted where 300 ml water is discharged within 30 s, which meets the common requirements.
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Introduction

Traditional artificial catheterization implants a plastic drain into
the urethra of the patient where the end of the drain is left outside
the patient's body!"l. The infection is commonly inevitable for tradi-
tional catheterization because germs will get access to the patient's
urethra as well as bladder through the internal drain. Alternatively,
implanting an electromagnetic valve into the urethra to control
urination can avoid inflammation. However, to power the valve
implant inside the urethra is difficult. Hence, WPT is proposed to
solve the power supply problem.

Nowadays, WPT has become prevalent in many implant devices,
such as heart pacemakers, artificial cochlea, artificial hearts, and so
on2-3l. Compared with traditional methods, WPT transfers energy
without metal wires, which provides the best solution for the power
supply of implant devices inside the human body. For the WPT
suppling electromagnetic valve implanted in the urethra, however,
the distance between the transmission coil and the receiving coil is
large compared to the diameter of the urethra embedding the
receiving side. The diameter of the urethra is commonly smaller
than 10 mm for both males and females. Additionally, cutting into
the patient's skin or urethral wall is unacceptable. The former is for
convenience of use, while the latter is to avoid infection.

Hence, a relay is necessary for the WPT to transfer enough power
suppling the electromagnet®=. In Zhao et al.l’], a mutual induc-
tance identification method is proposed to analyze the mutual
inductances among the sending, relay, and receiving coils via the
switchable relay coil, and the relay is turned on or off according to
the system efficiency with and without the relay coil when the load
resistance or position varies. Previous literaturel” proposed an effi-
ciency improvement method which operates the WPT under non
resonant compensation status for relay-based systems. To describe
and explain the interaction among multiple relay coils, a method
named the transfer coefficient model (TCM) is proposed based on
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cross-coupling effects in the literaturel®. An optimization design
method for further improving the efficiency of the three-coil WPT
system by tuning the compensation capacitor of the relay coil is
proposed in previous literaturel®. In previous research, multiple coils
are the same type, such as planar spiral coil. Commonly, all the
same-type coils constituting the relay are set face-to-face, or with a
small angle, to enhance the mutual inductance.

The wired relay instead of the wireless relay, however, is the best
choice for the proposed WPT for the art catheterization system.
There is mainly due to two reasons:

First, a solenoid coil is the best choice due to the small available
diameter inside the urethra. Commonly, the diameter of the urethra
is below 8 mm, which is very limited to place a planar coil. However
the length of the urethra is 3 to 8 cm for females, and 15 to 25 cm for
males. To obtain a suitable inductance in the long and narrow space,
a solenoid coil is the best choice to make full use of the length of the
urethra. For the sending coil, however, a planar spiral coil is more
appreciable to save space.

Second, the solenoid coil is not suitable to receive power wire-
lessly from the planar coil. Because the coupling between different
types of coils is very weak. Hence, a wired relay instead of the wire-
less relay is employed to transfer power between different types of
coils for the catheterization system. A wireless relay coil can be
inserted between the sending coil and the first wired relay coil, but
the additional relay inevitably decreases the whole efficiency.

As a result, a two-coil wired relay with LLC compensated topol-
ogy is proposed to transfer power between the sending coil and the
receiving coil. The first relay coil coupling with the sending coil
employees the solenoid type, while the second relay coil coupling
with the receiving coil choosing a planar spiral coil.

The maximum power as well as maximum efficiency is the target
of many existing literature for WPT-9, For the case of artificial
catheterization, the required power is below 1 W and can be
increased further by employing a DC source with a higher voltage.
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Hence, the power is not a key issue for the current case. For effi-
ciency, however, a lower efficiency leads to a higher power dissipa-
tion. Thermal loss in the human body leads to serious discomfort.
Hence, the efficiency should be improved to decrease power loss
generating heat. Additionally, the regulated power supply at the
receiving side for traditional applications is preferred to be canceled
as the available space in the urethra is very limited. Hence, the elec-
tromagnetic valve equivalent resistance can be optimized for the
highest efficiency without considering the regulated power supply.
The electromagnetic valve whose equivalent resistance is the opti-
mized one is chosen to obtain the highest efficiency. Pinuela et al.l'®
put forward a strategy to improve the compatibility and perfor-
mance of the WPT system based on the Q-learning algorithm and
switch-controlled-capacitor (SCC) under various loads or mutual
inductances to obtain the highest efficiency. Zhang et all'll
proposes an efficiency improvement method with a class-E inverter
and copper coil with a high-quality factor. Deng et al.'Zl assumes
the coil quality factor determines the possible maximum efficiency.
Additionally, Deng et al.'?l proposes a method to predict the
maximum efficiency based on the coil quality factor, and the corre-
sponding optimized load resistance at the receiving side. Previous
literaturel’3-131 analyzes the coil frequency-dependent resistance
and derives the optimized operation frequency for the highest
efficiency. However, the above mentioned literature focus on the
two-coil WPT instead of three-coil or more where the parameter of
the relay coil is not accounted for. The P-LCC-S topology proposed
here is more complex regarding efficiency optimization and needs
further research.

As to the WPT dedicated for artificial catheterization, the key issue
is that the space is limited for the relay and receiving coils. The
present study designs the coils deliberately considering the space
limitation, and optimizes the load resistance as well as inverter ope-
ration frequency for the highest efficiency. The electromagnetic
safety of WPT is another key issue for its practical application in the
human body. There are three parameters to assess the human expo-
sure to EMFs from WPT systems, current density (J), internal electric
field (E), and/or specific absorption rate (SAR). Currently, there are
many research articles regarding EMF evaluation of WPT for
implanted devices!'6-'8l, As mentioned by these studies, the lower
operation frequency (below 1 MHz) as well as the lower transferred
power contribute to decreasing the negative effect of WPT on the
human body. For the current proposed system, its operation
frequency is below 1 MHz and the transferred power is about 0.6 W,
which are far below than those in the literaturel’®, 6.78 MHz and
50 W, respectively. Hence, the SAR is not detailed in this paper. The
specific contributions of this paper are as follows:

a) A wired relay with two coils is proposed to transmit power
between different type of coils of the sending and receiving sides.
The mutual inductances are enhanced because the same coil type is
used as to each coupling coil group.

b) The efficiency optimization method regarding the equivalent
load resistance of the electromagnetic valve as well as the opera-
tion frequency are proposed for the highest transfer efficiency.

Structure and parameter design of the P-LCC-S-
based WPT

Topology

The proposed P-LCC-S topology WPT is shown in Fig. 1. The
schematic of the installation of the whole system is depicted in
Fig. 1a. It consists of three parts, the sending module, the relay
module, and the receiving module. The sending module is outside
of the human body. The relay module mainly consists of two relay
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coils connected with wire. The first relay coil is buried beneath the
subcutaneous fat layer while the second relay coil wraps around the
outside of the urethra. The components of the receiving module are
inserted into a hollow cylindrical shell. The installation schematic of
the receiving module is shown in Fig. 1b. The shell is then
embedded in the urethra.

The circuit topology is shown in Fig. 1c. In the case of application,
the sending coil is difficult to align exactly with the first relay coil. A
parallel compensated topology is therefore employed for the send-
ing module to suppress the possible overcurrent where a relatively
high impedance of L, is employed. The relay module transfers the
power from the sending coil L; to the receiving coil L;. The AC
power v,  is an equivalent output of the inverter powered by a DC
source at the sending side. L; and L are the sending coil and the
receiving coil, respectively, while L, and L, are used as the relay
coils. Resonant capacitors C,;, C;, G5, C,, and G5 are employed to
compensate for the impedances for various coil inductances,
respectively. Two groups of mutual inductances are depicted as M,
and M3, which reflects the wireless power transfer capacity through
the human skin and the urethra wall, respectively. The Root Mean
Square (RMS) values of resonant currents through various resonant
loops are iy, iy, iy, @and iz, respectively. The parasitic resistances are ry,
I'5, Iy, and r3 for the inductor L,, L,,, L,, and Ls, respectively. A rectifier
transfers the AC to DC and Cy_ is the filter capacitor at the receiving
side. The load of the rectifier is R,,,4. For the application of artificial
catheterization, the load resistance is equal to that of the electro-
magnetic valve.

There are other possible selections for relay module compen-
sated topology, for example, a series compensation topology. The
LLC topology, however, can obtain a higher efficiency for this case.
For a fair comparison, one obtains a series compensation topology
while canceling the resonant capacitor Cz, and tuning the capaci-
tance of G, to realize the series resonant status in Fig. 1c. For both
the series topology and LCC topology, one needs the same current
i, through L, to transfer the same power to the receiving side. For
the typical LCC topology, the current i,, through the inductor L, is
far lower than that of i, through L,. For the series topology, however,
i, is equal to i,. The relay with LCC topology shows a lower loss and
resulting a higher efficiency than with series topology for this appli-
cation case.

For the receiving module, the LCC-topology, parallel-compensa-
tion topology and others are the possible selections. As to the LCC
topology, however, an additional resonant inductor and a compen-
sated capacitor are needed, which increases the installation diffi-
culty considering all the components should be embedded in the
human body. Employing as few components as possible is
preferred. Hence, the series-compensation or the parallel-compen-
sation topology is the best choice. Additionally, the WPT with the
series-compensation at the secondary side shows a higher effi-
ciency than that with parallel-compensation, the series one is used
for the proposed WPT system at the receiving sidel'9l. In summary,
the P-LCC-S topology WPT is employed for artificial catheterization.

Parameter design

Although lower r;, r,, and r3 as well as a moderately high w helps
improve the system efficiency, their range is restricted by the appli-
cation case. For the proposed artificial catheterization, the key
limited issue is the available space to embed the receiving coil L3 in
the urethra is very small. Commonly, the diameter of the urethra is
below 10 mm. The length of the urethra, however, is relatively high,
namely, 3 to 8 cm for females while 15 to 25 cm for males. To obtain
a preferred inductance in the long and narrow space, a solenoid coil,
wound by a relatively small Litz wire, 0.07 mm x 10 strands, was
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Fig. 1
schematic of the receiving module. (c) Circuit topology.

employed. The inductance is about 4.87 uH for a solenoid coil with a
length of 20 mm and a diameter of 6.5 mm.

Another issue is that the length of the second relay coil L, should
be as small as possible. This is because surgery encircling the urethra
must be conducted to embed the coil L, and a smaller length means
a shorter surgical wound. Hence, a 2-layer solenoid coil is used for
the coil L,. To decrease the resistance of L,, a bigger Litz wire than
that of L3, namely, 0.07 mm X 50 strands is employed. Typically, a
solenoid coil with a length of 17 mm and a diameter of 11 mm yields
an inductance of 4.87 uH.

For the first relay coil L,,, its size is as small as possible because a
small coil means a smaller surgical incision. Hence, a two-layer flat
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The relay module

The receiving side

Schematic diagram of the proposed system based on P-LCC-S topologic WPT. (a) Installation schematic of the whole system. (b) Installation

spiral coil with a diameter of 20 mm is employed. The coil L,, was
wound by a Litz wire of 0.07 mm X 50 strands leads to an induc-
tance of 4.10 uH.

Performance analysis
Based on the design strategy of LLC topology?, the relay module
are designed as:

JwLpp+1/(jwCp) =0 M
JoLs + 1/ (jwCr) + 1/ (jwCr2) =0 @
For the receiving module, one obtains:
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JwL; +1/(jwC3) =0 3)
Based on KVL/KCL principles, one obtains from Fig. 1:
(JwLi +r)ir+ joMizip = va
(JwLa+r2)in+ 1/ (jwCn) - (in —i) + joMzi; =0
1 (oC,2)- (i = i) = joMasis + (jwLs + 1/ (C2) + r2)ia @
(jwLs+r3+ 1/ (jwC3) + Rinpur) i3 + joMa3iz = 0
where, R, is the equivalent resistance seen from the input side of the
rectifier, namely,
Rigpus = et 5)
Substitution of Eqn (2) and (3) into Eqn (4) yields:
(JwLy +r)iyr+ jwoMiziyy = vee
i =1/ (joCpn) i + joMii; =0
1/ (jwCr) ira = jwMasiz + i ©
(73 + Rinpua ) i3 + joMa3ir = 0
For the typical LCC compensated topology, the current through
L,, is far below those through L,, namely, losses in r,, can be ignored.
Hence, currents can be extracted from Eqn (6) and simplified when
r,, are ignored,

. Vlll.‘
o=t (7-1)
—Vinpur(CraMpw?
i = put( Zz 12w") (7-2)
jwPCroaM My
VinputT
is= P (3)
where,
C% M2 M2, 0°
Z=r+ jwLi + COMhwhr + —2—2 5 8)

r3+Rp

System efficiency optimization

Efficiency analysis

The target of the current paper is to find an optimized input resis-
tance Ry,qq as well as the corresponding system operation frequency
to obtain the highest transfer efficiency. To simplify the analysis, the
losses in the inverter are ignored as it is relatively small compared
with that in the inductors. Additionally, the loss in the resonant
inductor of L, is also ignored as the current through it is much
smaller than that of L, and the parasitic of it is also lower than that
of L,. As a result, the system efficiency can be approximately evalu-
ated by:

n= Pre _ lis2Ry,
Piowat NiyPPry + lialr2 + lis* (r3 + Ry)
1
=T — €)
afrnoklrn (s
i3 RL i3 RL RL
Substitution of Eqn (7) into Eqn (9) leads to:
1
(10)

(5+R) \'n (34RO 12 (s
W CuMuMaz) Ry wMy ) Ry \RL

For the sending coil and the relay coil L,,, the mutual inductance
M12 is:

My =kioVLiLo (11)

Substitution of Egns (1) and (11) into Eqn (10) yields:
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1

n= 3 (12)
((r3+RL) \/er) i+((73+RL))2”_2+("_3+1)
(uklz VL]M23 Ry wMy3 Ry R,

For a typical design, r is far below than R,. Hence, the first term of
the denominator of Eqn (12) can be simplified while ignoring the
high order of r; as:

r(2r3+R)Ln

term) x —————— (13)
(wki2)’ LM,

Similarly, the second term of the denominator in Eqn (15) can be
approximately expressed by:
term, ~ M (14)

(wM33)

As a result, Egn (12) is approximately simplified into:

_ 1
n= 2r3+ Ry (erz . Vz]

(wMy3)* \ kLo

(15)

+ B4
Ry
Efficiency optimization
The highest efficiency can be obtained when the denominator of
Egn (15) is the smallest. The optimal input resistance Rino,; corre-
sponding to the highest efficiency n can be calculated by:
dden(Ry)
R,
where, den(R)) denotes the denominator of Eqn (10). The solving of
Eqn (11) leads to the optimized input resistance Rinput opt

} Lyrs
R; = wkioM. —_— 17
input_opt 12423 L] I"zk%z + erl’l ( )

Substitution of the optimized input resistance into Eqn (15) yields
the highest efficiency as,

0 (16)

Mmax = U(Rinput = Rinpm_apl)
N 1
2r3 +Rinput{opt (r;er i Vz] " r3
(wWM»3) ki, Ly

+1

Rin put_opt

- l (18)

2 [ Lyory ] [ [ Lyory ]]

r3|r+ x|1+ r3|r+ +1
WMo le%z le%z

Lower coil parasitic resistances ry, r,, and r; contribute to a higher
efficiency under the optimized rectifier input load resistance. Addi-
tionally, a moderately high frequencywalso helps improve the
system efficiency. An excessively high frequencyw, however, leads
to a lower efficiency due to the sharply increased high-frequency
resistance r;, r,, and r;. Hence, a proper frequency must be found to
obtain the highest efficiency.

Table 1 lists the parasitic under various frequencies for induc-
tance L,, L,, and L5 designed previously. Under the parasitic resis-
tances in Table 1, the optimized rectifier input resistance vs.
frequency is plotted in Fig. 2 where the loss in the rectifier is
ignored.

wM 23

Efficiency optimization considering loss in the
rectifier

Typically, the electromagnetic valve rating voltage is 2.5 to 5 V
feeding by the rectifier. The forward voltage of the low loss rectifier,
typically 0.2 to 1V, is almost the same level as the rectifier output
voltage. Hence, the rectifier input resistance optimization should
consider the loss in the rectifier. If a power P is required by the elec-
tromagnetic valve with a load resistance of R, opc S€€N from the
input side of the rectifier, the rectifier equivalent parasitic resistance
can be approximately expressed by:

Li et al. Wireless Power Transfer 2024, 11: e005
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V. orward
s plus = — (19)
P

Rinputioptiex

The optimized load resistance Riqouc opt depicted in Eqn (17)
couldn’t be used directly for the evaluation of Eqn (19) as (17) is
calculated without considering the loss in the rectifier. Practically,
the optimized input resistance Ri,pyt opt_ex IS higher than that of (17)
as the practical equivalent series resistance should be the sum of r;
and r3 g, Namely,

Ll (V} + r3J)]M.Y)

Rinput opt_ex = wkiaMa3
puopt L]rzkf2+L,2r1

(20)

Take a typical forward voltage Viywarq = 0.35 V, the rating power
P = 0.6 W, together with the optimized rectifier input resistance in
Fig. 2, the equivalent rectifier parasitic resistances can be obtained.
Replacing r; with the sum of r; and r; s into Eqn (17) yields the
optimized rectifier input resistance Riqoue opt_ex CONsidering loss in
the rectifier. Integration of Eqn (19) and (20) yield a unary quadratic,
but the general solution is complex. Hence, a simple iterative
method is proposed to find the approximate solution as follows.

If the error between Ri oyt opt_ex aNd Rinput opt is small enough,
replacing Rinput_opt_ex With Rinput ope I EQN (17) to evaluate r3
Eqn (19) is acceptable. With the latest r; ;5 @ NEW Rinnue_opt_ex €AN
be obtained based on Eqgn (20) again. If the error between the latest
Rinput_opt_ex and the previous one are still high, r; ;,; must be

Table 1. Parasitic resistance of inductance under various frequencies.
Freq. (kHz)  r (MQ) r (MQ) 1y (MQ) 1 (MQ) 13 (MQ) 13 4y (MQ)
100 328 60 95.0 169.9 600.1 1.6934
150 38.6 70.7 98.5 1773  602.1 2.1351
200 45.2 853 102.6 187.0 604.4 2.4960
250 52.8 102.8 107.8 201.8 607.6 2.7947
300 61.1 1229 113.8 2160 611.1 3.0505
350 70.4 145.6 121.0 2374 613.3 3.2623
400 80.8 1711 129.1 2600 617.8 3.4444
450 924 199.3 135.9 2832 6225 3.6024
500 1034 2321 145.3 310.2 627.8 3.7322
550 119.3 266.6 156.7 340.2  633.1 3.8463
600 136.9 306.1 167.9 3726 6409 3.9411
650 157.3 350.4 180.2 407.6 648.1 4.0193
700 180.2 399.9 1934 4459  655.5 4.0830
750 208.1 454.2 207.8 4864 6643 4.1365
800 2394 513.8 2228 530.1 673.1 4.1801
850 273.4 579.2 238.2 5769  682.2 4.2150
900 311.3 650.7 255.2 6272 6919 42424
950 3515 728.8 273.0 680.4 702.9 4.2637
™ 394.5 804.5 2914 745.0 714.6 4.2866
12 T T T T T - : :
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Fig. 2 Optimized rectifier input resistance vs. operation frequency

without considering the rectifier loss.
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recalculated according to Eqn (19) with the latest Rinpu opt ex-
Through the iterative method described above, the final rectifier
parasitic resistance and the optimized rectifier input resistance can
be obtained under a given error threshold. Under an error threshold
of 0.01 Q, the final rectifier parasitic resistance r; ), is calculated
and listed in the right column of Table 1. Figure 3 plots the
optimized rectifier input resistance, and Fig. 4 depicts the possible
maximum efficiency. Note that the losses in the inverter are not
considered for simplification. Considering the main issue is to
release the heat power in the human body, ignoring this is
reasonable.

It can be seen from Fig. 3 that the optimized rectifier input resis-
tance is increased with the frequency and the change is large. Take
the 0.3 V for example, the range is from 3.4 to 20.2 Q. Additionally, a
higher rectifier forward voltage leads to a higher optimized rectifier
input resistance. For example, the optimized input resistance is from
4.1 to 25.7 Q for a rectifier forward voltage of 0.5 V.

For possible maximum efficiency, it raises with the frequency as
shown in Fig. 4. During the range of 100 to 300 kHz, the efficiency
increases sharply, while the rising trend becomes slow and shows a
saturation after 600 kHz. A lower rectifier forward voltage contri-
butes to a higher efficiency. For example, an approximately 5% effi-
ciency raise is obtained when a rectifier with 0.3 V forward voltage is
employed to replace that of 0.5 V.

To provide an insight analysis, losses in typical components are
depicted in Fig. 5. Note that the losses depicted by the red line in
resonant inductor L; are almost the same under various rectifier
forward voltages, hence the plots with red are overlapped, and the
same with L,. One can see that losses decrease with the frequency
for all components. At the low-frequency band below 200 kHz, the
losses in the resonant inductors of L; and L, compose the main
parts. At the frequency band higher than 200 kHz, however, the

30 T T T T - : T :

@ 25} :
[0
[&]
E 20
L
3151 ]
?
N 101 1
E Under V; = 0.30 V
S 5b ——— Under V;=0.35V |
o Under V; =0.50 V

O 1 1 1 1 1 1 1 1
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Operation frequency (kHz)
Fig. 3 Optimized rectifier resistance vs. operation frequency

considering the rectifier loss.
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Fig.4 Possible maximum efficiency vs. operation frequency.
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rectifier loss accounts for the biggest components. Additionally, a
rectifier with lower forward voltages leads to a lower loss compo-
nent for all frequencies. Hence, one should select a rectifier with
lower forward voltage for this application case to obtain the higher
efficiency.

Prototype and experimental verification

Experimental apparatus design

Figure 6 shows the component diagram of the WPT prototype for
optimized load resistance. A ruler with a cm units is placed to give a
dimension reference. A plastic tube with an 8 mm inner diameter
and 10 mm outer diameter, is employed to represent the urethra.
For the experiments, the receiving coil is wound around the outside
of a hollow tube, then is embedded into the plastic tube represent-
ing the urethra. To give a clearer perspective regarding the dimen-
sion of the receiving colil, it is layed outside the virtual urethra in
Fig. 6. The second relay coil is wound outside the plastic tube and is
along the same central axis of the receiving solenoid coil to obtain a
high mutual inductance, namely, 3.58 uH for the prototype. The
sending coil is placed face-to-face with the first relay coil in the
experiments. The gap between the sending coil and the first relay
coil is 4 mm, representing the human skin which separates these
two coils. The mutual inductance is 2.46 uH. A small PCB board is
designed as shown in Fig. 6 to solder the resonant capacitors flexi-
bly for various compensated capacitance. For practical application
in the human body, the parallel capacitors are soldered directly to
the PCB board which is not appliable for small space requirements.

An XKT 518 inverter module is employed to power the sending
coil. For the receiving side, a rectifier CDBHD140L-G is employed to
convert the AC current to DC. The rectifier's forward voltage is 0.3,
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Fig.5 Losses in main passive components vs. operation frequency.
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Fig.6 WPT prototype for optimization experiments.
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0.35, and 0.4 V at currents of 200, 600, and 700 mA, which means
parasitic resistances of 1.5, 0.58, and 0.57 Q, respectively. Taking a
constant value of 0.35 V as the forward voltage is acceptable for the
rectifier parasitic calculation as shown in Eqn (19).

All compensated capacitors are NPO material to obtain small
volumes and low-temperature coefficients. The capacitances are
designed according to Egns (2) and (3) while the inductances have
been determined as described above. Seven sets of compensated
capacitances for corresponding operating frequencies are obtained
with connecting different capacitors in parallel. The available capaci-
tors to make the preferred capacitances are 22, 10, 4.7, 3.3, 2 and
1 nF, 330 and 220 pF, respectively.

Performance optimization experiments

To verify the optimized rectifier input resistances and efficiency,
the electromagnetic in Fig. 6a is replaced by an adjustable resis-
tance. Ten groups of experiments were designed where each is
corresponding to an operating frequency, namely, from 100 kHz to
1 MH with an interval of 100 kHz, respectively. For each frequency,
the corresponding compensated capacitors are configured on the
capacitor PCB boards as calculated according to Eqns (2) and (3)
under constant inductances. The output power of the rectifier is
measured with a power analyzer of PA1000. For a fair comparison,
the voltage of the DC source is adjusted to obtain the same rectifier
output power of 0.6 W. Then the experiments under each frequency
are conducted.

Taking the frequency of 100 kHz as an example, the following
procedures were carried out:

(a) Configure the adjustable resistance powered by the rectifier
according to 1.25 times of the optimized rectifier input resistance as
shown in Fig. 3 under 100 kHz and V¢ = 0.35 V, namely, 4.48 Q.

(b) Adjust the output voltage of the DC source while measuring
the power of the load resistance to 0.6 W. The experimental wave-
forms are captured by an oscillator scope Tektronix DPO 2004B and
are shown in Fig. 7a, where scope channels 1, 2, and 3 are for the
inverter output voltage, the voltage and current across the adjust-
able resistance, respectively. Note that the output current is very
small and almost cannot be displayed in the scope. Hence, the
output voltage, current, and power are measured with the power
analyzer PA1000 as shown in Fig. 7b.

(c) Record the output voltage and current of the DC source.

(d) Calculate the efficiency with the output power divided by that
of the DC source output.

(e) Conduct the steps of (a) to (d) with a corresponding load
resistance of 9.4, 13.9, 17.5, 20.5, 22.8, 24.4, 25.6, 26.4, and 27.0 Q,
respectively.

Because experiments are conducted under 10 operating frequen-
cies with each 10 rectifier load resistances, there are 100 efficiency
points overall. The efficiency for each specific load resistance is
plotted in Fig. 8. Additionally, the predicted possible maximum
efficiency under a rectifier 0.35 V and output power 0.6 W is also
drawn for comparison.

Some conclusions can be drawn from Fig. 8:

(@) The measured maximum efficiencies increase with the
frequency to 600 kHz, which agrees with predicted values as shown
in Fig. 4. The maximum efficiency is 72.8% under the load resistance
of 22.8 Q and frequency of 600 kHz.

(b) A slight efficiency decrease after 600 kHz was seen. The
decrease can be attributed to the increasing switching loss of the
inverter with the frequency. Hence, 400 to 700 kHz is a proper
frequency range for high efficiency. Correspondingly, the optimized
electromagnetic valve resistances can be selected as 15.8, 184,
22.8, and 21.9 Q for frequencies of 400, 500, 600, and 700 kHz,
respectively.
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(c) The measured maximum efficiencies are lower than the
corresponding predicted ones under all frequencies. This is because
the losses in some passive components, such as L, Gy, Gy, Cy, Gy,
and G, are not accounted for. The errors for maximum efficiencies,
however, are below 5% for all frequencies.

Artificial catheterization experiment

An artificial urination experiment with the electromagnetic valve
was conducted to verify the performance of the artificial catheteriza-
tion based on WPT. Figure 9 shows a prototype dedicated for artifi-
cial catheterization following the schematic of Fig. 1. An organic
glass bracket is employed to support an inverted open bottle repre-
senting the bladder. An electromagnetic valve with a 3.5 V rating
voltage is employed. Its load resistance is 20.4 Q which is close to
the optimized value under 500 kHz as shown in Fig. 8. For the prac-
tical application in humans, the PCB board is not appliable for the
small space requirement. Hence, compensated capacitors are
soldered directly without PCBs. To prevent electrical leakage, all
coils and components in water have been coated with waterproof
paint.

Before starting the experiment, 300 ml Chinese tea water was
filled into the inverted open bottle, namely, the virtual bladder.
Then the DC source voltage was adjusted by hand to power the
electromagnetic valve wirelessly. When the DC source voltage
reached 6.7 V, the electromagnetic valve was turned on and the
water discharged. After 30 s, all the water was completely
discharged, which means the artificial catheterization based on the
proposed WPT is acceptable.

Conclusions

To wirelessly power artificial catheterization with a high effi-
ciency, a WPT with P-LLC-S compensated topology was designed. A
wired relay based on LLC compensated topology was designed to
relay transfer power from a planar coil to a solenoid coil embedded
in the urethra. Coil structures are designed deliberately considering

Li et al. Wireless Power Transfer 2024, 11: e005
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Fig.9 WPT prototype for artificial catheterization.

the space dimension restrictions. The optimized load resistance was
designed for the highest efficiency. Some major conclusions of this
paper are as follows:

(@) The designed artificial catheterization can discharge 300 ml
water within 30 s, which meets the common requirement of
micturition.

(b) Under the given coils wound with Litz wires, the efficiency
increases with the system operation frequency, but the increase
shows a saturation trend after 600 kHz. Considering the inverter loss
raising with the frequency, 400 to 600 kHz is a proper frequency
band for the highest efficiency.

(c) The optimized load resistance for the highest efficiency rises
with system operation frequency.

(d) A low rectifier forward voltage is the key factor to improve the
system efficiency under any operation frequencies. Additionally,
lower rectifier forward voltages vyield lower optimized load
resistances.

(e) The predicted optimized load resistances are lower than the
practical ones because of ignoring losses in some passive
components.

Author contributions

The authors confirm contribution to the paper as follows: study
conception and design: Hu W; data collection: Deng H, Hu W, Li Z;
analysis and interpretation of results: Li S; draft manuscript prepara-
tion: Li S, Deng H, Zhang Y; manuscript review and editing: Li Z, Hu
W. All authors have read and agreed to the published version of the
manuscript.

Data availability

All data included in this study are available upon request from the
corresponding author.

Page 7 of 8



Wireless Power
Transfer

Acknowledgments

This research was funded by the National Natural Science Founda-
tion of China (Grant No. 51977151).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 30 June 2024; Revised 22 August 2024; Accepted 27
August 2024; Published online 23 September 2024

References

1. Karimi MJ, Jin M, Dehollain C, Schmid A. 2024. A wireless power conver-
sion chain with fully on-chip automatic resonance tuning system for
biomedical implants. I[EEE Open Journal of Circuits and Systems 5:117—-27

2. Essa A, Almajali E, Mahmoud S, Amaya RE, Alja'Afreh SS, et al. 2024.
Wireless power transfer for implantable medical devices: impact of
implantable antennas on energy harvesting. I[EEE Open Journal of Anten-
nas and Propagation 5:739-58

3. Alshhawy S, Barakat A, Pokharel RK. 2024. Efficient and low leakage WPT
system with integrated uncomplicated matching circuit rectifier using
metamaterial director and isolator for biomedical application. IEEE Jour-
nal of Electromagnetics, RF and Microwaves in Medicine and Biology
8:144-54

4. Frassati F, Descharles M, Gauroy M, Yvinou A, Stindel E, et al. 2024.
Powering smart orthopedic implants through near-field resonant induc-
tive coupling. IEEE Journal of Electromagnetics, RF and Microwaves in
Medicine and Biology Early access:1-12

5. Liu X, Jin D, Ji H, Liu L, Xia C. 2024. Research on Mutual inductance iden-
tification and efficiency optimization of the three-coil wireless power
transfer systems with switchable relay coil. IEEE Transactions on Power
Electronics 39:6492—-503

6. ZhaoH, Tian Z, Zhang X, Qiu Y, Li L, et al. 2024. Nonresonant compensa-
tion optimization for efficiency improvement of wireless power transfer
system with relay coil. IEEE Transactions on Power Electronics 39:2835—-45

7. LiuY, Chen J, Li Y, He Z. 2024. A new modeling method for multiple-
relay wireless power transfer system considering cross-coupling. /EEE
Transactions on Industrial Electronics 71:1456—67

8. LiuX, Song X, Yuan X. 2022. Compensation optimization of the relay coil
in a strong coupled coaxial three-coil wireless power transfer system.
IEEE Transactions on Power Electronics 37:4890—902

9. Liu X, Chao J, Rong C, Liao Z, Xia C. 2024. Compatibility and perfor-
mance improvement of the WPT systems based on Q-learning algo-
rithm. [EEE Transactions on Power Electronics 39:10582—-93

Page 8 of 8

10.

1.

12.

13.

14,

15.

17.

18.

19.

20.

P-LCC-S compensated topology

Pinuela M, Yates DC, Lucyszyn S, Mitcheson PD. 2013. Maximizing DC-
to-Load efficiency for inductive power transfer. IEEE Transactions on
Power Electronics 28:2437—-47

Zhang Y, Zhao Z, Chen K. 2014. Frequency decrease analysis of reso-
nant wireless power transfer. I[EEE Transactions on Power Electronics
29:1058-63

Deng Q, Liu J, Czarkowski D, Kazimierczuk MK, Bojarski M, et al. 2016.
Frequency-dependent resistance of Litz-wire square solenoid coils and
quality factor optimization for wireless power transfer. IEEE Transactions
on Industrial Electronics 63:2825-37

Liu J, Deng Q, Czarkowski D, Kazimierczuk MK, Zhou H, et al. 2019.
Frequency optimization for inductive power transfer based on AC resis-
tance evaluation in Litz-wire coil. [EEE Transactions on Power Electronics
34:2355-63

Wang X, Sun P, Deng Q, Wang W. 2018. Evaluation of AC resistance in
Litz wire planar spiral coils for wireless power transfer. Journal of Power
Electronics 18:1268-77

Wang X, Leng M, He L, Lu S. 2024. An improved LCC-S compensated
inductive power transfer system with wide output voltage range and
unity power factor. IEEE Transactions on Transportation Electrification
10:2342-54

. Ali Shah |, Basir A, Cho Y, Yoo H. 2022. Safety analysis of medical

implants in the human head exposed to a wireless power transfer
system. [EEE Transactions on Electromagnetic Compatibility, 64:640—49
Ahn J, Woo S, Kim H, Song K, Huh S, et al. 2022. An out-of-phase wire-
less power transfer system for implantable medical devices to reduce
human exposure to electromagnetic field and increase power transfer
efficiency. IEEE Transactions on Biomedical Circuits and Systems
16:1166—80

International Electrotechnical Commission (IEC). 2021. Assessment meth-
ods of the human exposure to electric and magnetic fields from wireless
power transfer systems — models, instrumentation, measurement and
numerical methods and procedures (Frequency range of 1 kHz to 30 MHz).
IEC PAS 63184. Publicly Available Specification. I[EC.

Sandhya P, Nisha GK. 2023. Analysing various compensation schemes
for inductive wireless power transfer. IEEE Pune Section International
Conference (PuneCon), Pune, India, 14—16 December 2023. USA: IEEE
press. pp. 1-6. doi: 10.1109/PuneCon58714.2023.10450092

Prasad KK, Agarwal V. 2024. Design recommendations considering
charging Pads' self-inductance variation with LCC-S and LCC-LCC
compensation based IPT chargers in low clearance EVs. [EEE Transac-
tions on Transportation Electrification 10:1758-70

Copyright: © 2024 by the author(s). Published by
BY Maximum Academic Press, Fayetteville, GA. This article
is an open access article distributed under Creative Commons

Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Li et al. Wireless Power Transfer 2024, 11: e005


https://doi.org/10.1109/OJCAS.2024.3382355
https://doi.org/10.1109/OJAP.2024.3392160
https://doi.org/10.1109/OJAP.2024.3392160
https://doi.org/10.1109/OJAP.2024.3392160
https://doi.org/10.1109/JERM.2024.3395572
https://doi.org/10.1109/JERM.2024.3395572
https://doi.org/10.1109/JERM.2024.3395572
https://doi.org/10.1109/JERM.2024.3406331
https://doi.org/10.1109/JERM.2024.3406331
https://doi.org/10.1109/TPEL.2024.3363138
https://doi.org/10.1109/TPEL.2024.3363138
https://doi.org/10.1109/TPEL.2023.3328939
https://doi.org/10.1109/TIE.2023.3257383
https://doi.org/10.1109/TIE.2023.3257383
https://doi.org/10.1109/TPEL.2021.3126860
https://doi.org/10.1109/TPEL.2024.3397804
https://doi.org/10.1109/TPEL.2012.2215887
https://doi.org/10.1109/TPEL.2012.2215887
https://doi.org/10.1109/TPEL.2013.2277783
https://doi.org/10.1109/TIE.2016.2518126
https://doi.org/10.1109/TIE.2016.2518126
https://doi.org/10.1109/TPEL.2018.2839626
https://doi.org/10.6113/JPE.2018.18.4.1268
https://doi.org/10.6113/JPE.2018.18.4.1268
https://doi.org/10.1109/TTE.2023.3297623
https://doi.org/10.1109/TEMC.2022.3144468
https://doi.org/10.1109/TBCAS.2022.3222011
https://doi.org/10.1109/PuneCon58714.2023.10450092
https://doi.org/10.1109/TTE.2023.3277103
https://doi.org/10.1109/TTE.2023.3277103
https://doi.org/10.1109/TTE.2023.3277103
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Structure and parameter design of the P-LCC-S-based WPT
	Topology
	Parameter design
	Performance analysis

	System efficiency optimization
	Efficiency analysis
	Efficiency optimization
	Efficiency optimization considering loss in the rectifier

	Prototype and experimental verification
	Experimental apparatus design
	Performance optimization experiments
	Artificial catheterization experiment

	Conclusions
	Author contributions
	Data availability
	References

