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Abstract: This paper presents the COMSOL simulations of magnetically coupled resonant wireless
power transfer (WPT), using simplified coil models for embroidered planar two-coil and four-coil
systems. The power transmission of both systems is studied and compared by varying the separa-
tion, rotation angle and misalignment distance at resonance (5 MHz). The frequency splitting occurs
at short separations from both the two-coil and four-coil systems, resulting in lower power trans-
mission. Therefore, the systems are driven from 4 MHz to 6 MHz to analyze the impact of frequency
splitting at close separations. The results show that both systems had a peak efficiency over 90%
after tuning to the proper frequency to overcome the frequency splitting phenomenon at close sep-
arations below 10 cm. The four-coil design achieved higher power efficiency at separations over 10
cm. The power efficiency of both systems decreased linearly when the axial misalignment was over
4 cm or the misalignment angle between receiver and transmitter was over 45 degrees.
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1. Introduction

Magnetically coupled resonant wireless power transfer (MR-WPT) can efficiently
supply e-textiles by using different configurations. Typical MR-WPT systems use two-coil
or four-coil structures. The four-coil design differs from the common two-coil design with
the addition of a driving coil and a load coil placed alongside the original two coils. Figure
1 shows the models of the two-coil and two-coil MR-WPT systems.
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Figure 1. Typical models of two-coil (left) and four-coil (right) magnetically coupled resonant
wireless power transfer (MR-WPT) systems.

The textile coils can be fabricated by an embroidery machine to build the wearable
MR-WPT systems. This paper presents the simulations of embroidered planar two-coil
and four-coil structured MR-WPT systems fabricated using copper litz wire.
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2. Materials and Methods

Figure 2 shows the schematics of the two-coil and four-coil systems simulated within
the COMSOL package. The coil models (noted in the red region in Figure 2) were drawn
and simulated in the frequency domain using magnetic field physics. The electrical com-
ponents interfaced with the coils (noted in the blue region in Figure 2) were set up using
electrical circuit physics.
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Figure 2. The schematics of two-coil (left) and four-coil (right) MR-WPT systems in COMSOL.

The transmitting coil L2 and receiving coil L3 were designed to be identical for both
systems, resulting in the same values for lumped capacitors C1 and C2. The driving coil
L1 and load coil L4 in the four-coil structure were identical to each other. Therefore, the
receiver Rx (consisting of only the receiving coil for the two-coil system or both the receiv-
ing and load coils for the four-coil system) was identical to the transmitter Tx (consisting
of only the transmitting coil for the two-coil system or both the driving and transmitting
coils for the four-coil system).

The coils were simulated by 0.3 mm thick solid copper wire, modeling the embroi-
dered litz wire coils. Figure 3a shows the photograph of the textile coils sewn on the sur-
face of the textile. The silk-coated copper litz wires consisted of 36 individual strands of
40 um copper wires having an overall diameter of 0.3 mm. The geometry and layout of the
coils forming the transmitter (Tx) are shown in Figure 3b. The black coil represents the
transmitting coil L2, and the red loop placed outside L2 with a 4 mm pitch represents the
driving coil L1, which is only used in the four-coil system. Figure 3c shows that the trans-
mitter Tx and receiver Rx of the four-coil system were separated by a given distance,
which would be varied in the simulated magnetic field analysis.
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Figure 3. (a) Photograph of embroidered textile coils. (b) Geometry and layout of coil models for
Tx and Rx. (c) Tx and Rx of the four-coil system spaced at a certain distance.

Figure 4 shows the top view of the transmitter and receiver for four dependent stud-
ies. The transfer distance is defined as the coil separation L in Figure 4a and varied from 0
to 20 cm. The misalignment distance L in Figure 4b varied from 0 to 14 cm. The rotation
angle varied from 0 to 90 degrees for the two rotating cases shown in Figure 4c,d.
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Figure 4. Top view of Tx and Rx in study of (a) the coil separation, (b) axial misalignment, (c) re-
ceiver rotating around the transmitter and (d) the self-spinning of the receiver.

3. Results and Discussion
The wireless power transfer efficiency can be derived from [1,2] as 7y = |S21|* =
2
Rs (Yo
4 Ry, (Vs) :
The simulated magnetic fields are shown in Figure 5. The results of the coil separation
study are shown as plots of the power transfer efficiency against the separation distance

in Figure 5, where the efficiency had peak values over 90% at 8 cm of separation for the
two-coil system and 10 cm of separation for the four-coil system.
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Figure 5. Simulated coils in the magnetic field (left) and the coil separation study at a resonance of
5 MHz (right).

At short transfer distances for both systems, the frequency splitting phenomenon oc-
curred where the peak power efficiency was no longer present at the resonant frequency.
The peak values of the transfer efficiency occurred at below and above the original reso-
nance frequency. The efficiency performances of the two-coil and four-coil systems were
analyzed in a frequency domain where the driving frequency was varied. The two-coil
system was driven from 4 MHz to 6 MHz at 4 cm and 6 cm of coil separation, respectively.
The power transfer efficiency was plotted as a function of the operating frequency shown
in Figure 6. It was observed that the peak efficiency occurred at 4.4 MHz and 5.6 MHz for
4 cm of separation. As the separation was increased to 6 cm, the splitting range narrowed.
The peak efficiency first occurred at 4.6 MHz and then 5.2 MHz.
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Figure 6. Transfer efficiency of the two-coil system analyzed in a frequency domain at a separation
of 4 cm (left) and 6 cm (right).

The four-coil system had a longer frequency-splitting range of 10 cm than the two-coil
system (8 cm). From Figure 7, the two frequencies possessing the peak power efficiencies
tended to unify when the coil separation was increased from 4 cm to 10 cm.
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Figure 7. The MR-WPT efficiency of the four-coil system analyzed in frequency domain at a sepa-
ration of 4 cm, 6 cm, 8 cm and 10 cm.

To overcome the impact of frequency splitting, both the two-coil and four-coil sys-
tems were tuned to the peak power frequency at short separation distances below 10cm.
The new results are plotted in Figure 8a. The two-coil design remained at a higher effi-
ciency than the four-coil design when the separation distance was below 10 cm. The effi-
ciency started to decrease rapidly from 87% for the two-coil system and 92% for the four-
coil system when the distance reached 10 cm. There was very little power delivered to the
load when the transfer distance was over 20 cm.
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Figure 8. (a) Power efficiency against coil separation after the frequency was tuned. (b) Power
efficiency at 12 cm of coil separation studied in axial misalignments. (c) Receiver rotating around
the transmitter. (d) Receiver rotating around itself (self-spinning).

The power efficiency performances of axial misalignments from 4 cm to 14 cm at 12
cm of coil separation are plotted and shown in Figure 8b. A linear drop was observed at a
4 cm misalignment distance for both systems. For the angular misalignment, Figure 8c,d
shows that the efficiency remained stable up to a 45 degree angle of the receiver coil with
respect to the transmitter, after which it decreased linearly.

4. Conclusions

This paper presented simulations of two-coil and four-coil structured systems using
simplified coil models in the COMSOL package. After tuning to a frequency that over-
came the frequency splitting phenomenon at a close transfer distance, both systems had
peak efficiencies over 90%. The four-coil design achieved better performance when the
distance was increased over 10 cm. The transfer distance with a maintained power efficiency
over 90% was around 12 cm for the four-coil system and 10 cm for the two-coil system.
The power efficiency decreased linearly when the axial misalignment separation was over
4 cm and the misalignment angle between the receiver and transmitter was over 45 de-
grees.
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