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Abstract

This paper investigated the power losses of unsegmented and segmented energy coupling coils for
wireless energy transfer. Four 30-cm energy coupling coils with different winding separations,
conductor cross-sectional areas, and number of turns were developed. The four coils were tested in
both unsegmented and segmented configurations. The winding conduction and intrawinding
dielectric losses of the coils were evaluated individually based on a well-established lumped
circuit model. We found that the intrawinding dielectric loss can be as much as seven times higher
than the winding conduction loss at 6.78 MHz when the unsegmented coil is tightly wound. The
dielectric loss of an unsegmented coil can be reduced by increasing the winding separation or
reducing the number of turns, but the power transfer capability is reduced because of the reduced
magnetomotive force. Coil segmentation using resonant capacitors has recently been proposed to
significantly reduce the operating voltage of a coil to a safe level in wireless energy transfer for
medical implants. Here, we found that it can naturally eliminate the dielectric loss. The coil
segmentation method and the power loss analysis used in this paper could be applied to the
transmitting, receiving, and resonant coils in two- and four-coil energy transfer systems.

Index Terms

Coil segmentation; dielectric power loss; displacement current; implantable medical devices; low-
voltage operation; wireless intermediate-range scheme for energy and signal transmission
(WISEST)

[. Introduction

Wireless energy transmission by magnetic coupling eliminates the need for wires connecting
the load from the power source. Implantable medical devices are among the many
applications that could take advantage of wireless energy transmission to improve the
quality of life of patients. Since the implanted device can be powered without the
requirement of percutaneous plugs, wires, or conduits piercing the patient’s skin, the risk of
infection can be significantly reduced [1], [2].
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In traditional transcutaneous energy coupling systems, such as implantable middle ear
hearing devices, the separation between the transmitting and receiving coils is usually <1
cm, and the coil diameter is a few cm [3], [4]. Since the size of the transmitting coil is small,
the coupling coefficient is very sensitive to the coil alignment and coupling failure may
happen easily [1], [5], [6]. A larger transmitting coil size can produce a more evenly
distributed magnetic field over a larger volume around the center of the coil. Recent work
suggests that a 30-cm diameter transmitting coil wrapped around the body can power up
deep-seated implantable battery-less ultrasonic pulser-receiver, in a manner where the
received energy is relatively insensitive to the receiving coil position [7]. Others have
demonstrated that a Helmholtz-coil configured transmitting coil with a large diameter can
generate a homogeneous magnetic field in the human body. Puers et al. [8] and Xin et al. [9]
demonstrated that 30-cm diameter Helmholtz-coils can transmit sufficient energy to operate
capsule endoscopes, which are locomaotive in the gastrointestinal tract. However, the
required coil voltage is proportional to the inductance, which is proportional to the coil size,
the number of turns, and the coil’s operating frequency. Therefore, a high operating voltage
is often required for midrange wireless energy transfer since a high frequency (megahertz
range) is usually used to improve the energy transfer capability. The required coil voltage
ranges from a few hundred volts to several kilovolts. For example, transmitting coil voltages
as high as 3.5 kV [8] were needed to transmit the few hundred mW power needed to operate
a capsule endoscope. If the implanted device requires more power, higher transmitting coil
voltages, more turns, and higher currents would be needed, which may pose a safety risk. A
high operating voltage also increases the intrawinding displacement current, and thus the
dielectric power loss.

Several approaches for improving the energy efficiency of the energy coupling coils have
been developed. In one implementation, a system with a dc-to-load efficiency above 77%
was achieved by using copper pipe coils to reduce winding conduction loss due to the skin
effect and by minimizing the volume of the solid in the coil former to reduce the dielectric
loss [10]. In addition, a large winding separation was introduced to reduce the proximity
effect, reducing the winding conduction loss at high frequency. In another implementation,
the power transfer efficiency of a pair of capacitively loaded inductors was analyzed [11]. In
that study, the coupling coil had two turns and was printed on a single-sided PCB, so the
intrawinding capacitance and dielectric loss were negligible. However, in some practical
applications, the energy coupling coils had to be tightly wound on a solid former or printed
on a multilayer PCB, and the effects of the parasitic intrawinding capacitor and dielectric
loss became significant at high frequencies. These parasitic effects could be represented by
intrawinding capacitors and resistors connected in parallel to the winding inductance across
each turn to improve the coil model accuracy [12]-[14].

It would be desirable to reduce the conduction and dielectric losses of the energy coupling
coil while maintaining tight and compact windings. Lee and Lorenz [15] proposed a new
coil layout to significantly reduce the power loss caused by the skin and proximity effects.
We recently proposed a coil segmentation technique to reduce the coil voltage to improve
safety for transmitting energy to deep and locomotive implantable devices [16]. In the
segmented coil configuration, each turn of the coil is divided into segments by series
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capacitors. At the resonant frequency, the voltage across each coil segment is canceled by
the series capacitor voltage. Therefore, the voltage between two windings becomes very
small at the resonant frequency, and the series LRC impedance is much lower than the
intrawinding impedance. Since negligible amount of displacement current flows through the
parasitic intrawinding components, the dielectric loss is naturally eliminated by using this
coil segmentation technique.

In this paper, we utilized a well-established lumped circuit model [12], [13], with and
without the consideration of the intrawinding resistors and capacitors, to investigate the
power loss of segmented and unsegmented energy coupling coils. The winding conduction
loss and intrawinding dielectric loss were investigated individually. The coil parameters
were measured and used to verify the models for the segmented and unsegmented coils.
Four coils with different winding separations, conductor cross-sectional areas, and number
of turns were investigated and compared. This analysis and the coil segmentation technique
could be applied to the transmitting and receiving coils in a two-coil wireless energy
coupling system, and also in the resonant coils in a four-coil system using strongly coupled
magnetic resonances [11], [17], [18].

Il. Coil Structure of the Energy Coupling Coils

A. Unsegmented Coils

To investigate wire and dielectric losses, we constructed four energy coupling coils (Coils
1-4), each with different numbers of turns, cross-sectional areas, and winding separations.
All of the coils were wound around acrylic coil formers with an outer diameter of 30 cm. A
representative 3-D coil drawing is shown in Fig. 1. The cross-sectional views of the four
coils are shown in Fig. 2. The coil parameters are tabulated in Table I. The coils were made
of 20 AWG (0.8-mm diameter) enameled copper wires. Coils 1-3 had three turns and Coil 4
had six. Coils 1 and 3 were tightly wound. A winding clearance of 0.8 mm was added to
Coils 2 and 4 to investigate the reduction of dielectric and winding conduction losses. Coil 3
was made of two wires connected in parallel while the others used single strand wires. Using
two parallel wires allowed us to investigate the effect of increasing the cross-sectional area
on the conduction loss.

B. Segmented Coils

The segmented coils were constructed by dividing each turn of the unsegmented coils
described in Section A into four segments. The electrical characteristics of the segmented
and unsegmented coils will be analyzed and compared in the following sections. In the
segmented coils, low equivalent-series-resistance (ESR) capacitors were inserted between
two coil segments and the capacitors were evenly distributed around the coils as shown in
Fig. 3. Each three-turn coil (Coils 1-3) had 12 segments; the six-turn coil (Coil 4) had 24.
The resonant frequency of the segmented coils was tuned to the 6.78-MHz (15 kHz)
industrial, scientific, and medical (ISM) band by selecting the appropriate capacitance
values, which is given by
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where f, is the resonant frequency (6.78 MHz), Ly is the inductance of the whole coil, and n
is the number of turns.

[1l. Circuit Model

A. Unsegmented Coils

A well-established equivalent circuit model [12], [13] for an n-turn energy coupling coil was
used to analyze the coil characteristics (Fig. 4). The n-turn coil was divided into n portions
in the circuit model. It should be noted that the inductance for turn i (Lgj) includes both the
self-inductance of the individual turn and the mutual inductance caused by the magnetic
coupling from other turns. In the following analysis, the Lsj values were assumed to be
equal; they were obtained by simply dividing the measured inductance of the whole coil, Lg,
by n. Similarly, the winding resistance values for turn i (Rsj) was obtained by dividing the
measured resistance of the whole coil, Rg, by n. The parasitic intrawinding capacitance
values (Cp;) were included in the model to illustrate the displacement current paths between
windings at high frequencies. This displacement current flowing through the dielectric
materials, such as the coil former and wire coating, causes dielectric loss. The dielectric loss
can be represented by a resistor in series or in parallel to the intrawinding capacitor. In the
circuit model, the dielectric loss was represented by parallel resistance values Ry;. This loss
can be significant when the coil voltage is high [14]. Assuming that the parasitic
components of the coil are evenly distributed, the coil impedance is given by (2), as shown
at the bottom of the page.

1

" (Rpi +Rsi —w? Rpi CpiLsi )2 +w2 (Rpi RS] Cpi +Lsi )2

n R i (Bpit By +w? LE+jwRpi (Lsi*w2cpiL§i‘RgiCpi).

@

Unsegmented

B. Segmented Coils

The circuit model used for the segmented coils is shown in Fig. 5. It was similar to that for
an unsegmented coil except an equivalent capacitor was placed in series to each turn. This
capacitance, Cs;, represents the lumped value of the four series capacitors placed around a
turn. The series resistance for each turn, Rs;, includes both the ESR of the series capacitors
and the winding resistance of a turn. The impedance of the segmented coil is given by (3), as
shown at the bottom of the page.

7. = nRPi (1_w2CSiLSi+ijsiCsi)
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C. Parameter Acquisition

The circuit parameters were obtained by measuring the coils with an impedance analyzer
(HP 4194A). We found that the values of the winding inductance and intrawinding
capacitance mainly depended on the coil geometry and were not very sensitive to the
frequency since the coils did not consist of a nonlinear ferrite material. The measured
inductance and capacitance of the coils at 1 MHz are shown in Table I.

The series winding resistance and the parallel intrawinding resistance, however, were
frequency dependent as shown in Figs. 6 and 7, respectively. It is important to note that the
winding resistance directly obtained by the impedance analyzer in the series-inductance and
resistance (Ls, Rs) mode does not represent the actual winding resistance correctly in the
megahertz frequency range since the parallel intrawinding capacitors and resistors (dielectric
loss) significantly influenced the measurement. In order to tangibly reduce the effects of
these intrawinding parasitic components, we inserted resonant capacitors in series to the coil
as described in Section 11-B. The series capacitors and the coil segments form a series RLC
resonant circuit in each segment. At the series resonant frequency, the impedance of this
series RLC circuit is minimum and equal to the resistance of the series capacitor and the coil
wire. The value of this series resistance per turn, Rs;, is very small (usually in the order of
milli-ohm), and is much smaller than the impedance of the parallel intrawinding
components. Thus, with the series resonant capacitors inserted around the coil, the influence
of the intrawinding parasitic components on the winding resistance measurement can be
eliminated. The winding resistance was obtained by subtracting the ESR of the capacitors
from the measured total resistance of the series RLC circuit. Plots of the winding resistance
of the whole coil, Rg, shown in Fig. 6 were obtained by using several sets of series capacitors
that generated resonant frequencies ranging from 1 to 10 MHz.

D. Circuit Model Verification

1) Unsegmented Coils—We have practically verified the circuit models set forth in
Sections A and B by substituting the measured circuit parameters of the four coils into (2)
and (3), and comparing the calculated impedance values with the measured results. The
measured and calculated real and imaginary components of the impedance of the
unsegmented coils (Rand X, respectively) are shown in Fig. 8. The measured impedance is
represented by the x signs. The calculated impedance with both of the intrawinding
capacitors and resistors included in the model, without the intrawinding resistors, and
without both of the intrawinding capacitors and resistors are represented by the solid,
dashed, and dotted lines, respectively.

When the intrawinding resistors, Ry, were not included in the circuit model, the real part of
the impedance (dashed lines in Fig. 8), which represents the power loss, is lower than the
measured value at off-resonant frequencies, and the peak values of the calculated real and
imaginary parts at the resonant frequency are much higher than that of the measured results.
This result demonstrates that the power loss of the coil is underestimated if Ry; is not
included. Comparing the real part of the impedance with and without Ry;, the dielectric loss
is noticeable at a few megahertz and becomes more significant at frequencies close to the
self-resonant frequencies of the coils. When both of Cy,; and Ry; were not included in the
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calculation (dotted lines in Fig. 8), both of the real and imaginary parts were significantly
underestimated.

To better model the energy coupling coils, both of the intrawinding components, Cy; and
Ryi, should be included. When both of Cp; and Ry; were included in the calculation model,
the measured and calculated impedance (real and imaginary parts) shown in Fig. 8 were
consistent. The difference between the measured and calculated real and imaginary parts is
<8.71% and 3.43%, respectively, at the frequency of interest (6.78 MHz). In Fig. 8(b) and
(d), the real component of the impedance had larger measurement errors since its magnitude
was much smaller than the imaginary component. However, both of the calculated real and
imaginary components of the coil impedance are consistent with the measured curves, and
the impedance of the coil could be predicted at the operating frequency of 6.78 MHz when
both of Ryj and Cp; were considered in the calculation. The verified circuit model with the
measured parameters, including the intrawinding capacitors and resistors, was adopted to
predict the individual power losses caused by the intrawinding resistors and the winding
resistors as to be described in Section V.

2) Segmented Coils—The segmented coils were obtained by dividing the coils used in
Section 111-D.1 into four equal segments per turn using series capacitors. Thus, the coil
inductance, winding resistance, and winding conduction loss listed in Tables I-111 are the
same for both the segmented and unsegmented coils. The resonant frequency of the
segmented coils was adjusted to the ISM band of 6.78 MHz + 15 kHz. There were 12 series
capacitors used in Coils 1-3, and 24 capacitors in Coil 4. The required capacitance values
were predicted based on (1), and the actual capacitance values are listed in Table I1. In order
to locate the resonant frequency and fine tune the coils, the magnitude and phase of the coil
impedance versus frequency were measured and are plotted in Fig. 9. The measured
impedance was compared with the calculated results based on the coil model and (3). Since
at the resonant frequency, the impedance of the series RLC circuit in each segment was
much smaller than that of the intrawinding components, the effects of the intrawinding
components were negligible and the calculated impedance of the coils without Ry and Cp;
for comparison were not included in Fig. 9. The impedance at the resonant frequencyj, i.e.,
the minimum impedance, represents the total series resistance of the series capacitors and
the windings. The coil winding resistance was obtained by subtracting the ESR of the
capacitors from the total series resistance. The measured and calculated segmented coil
resistance (including the ESR of the series capacitor), the measured ESR of the series
capacitors and the winding resistance are listed in Table I1. Since the calculated results
shown in Figs. 8 and 9 and Table Il using the circuit model in Figs. 4 and 5 agree well with
the impedance measurements, we used the circuit model to predict power losses of the coils
in the following section.

IV. Power Loss Analysis

The power losses of the energy coupling coils at the frequency of interest (6.78 MHz)
mainly came from the winding conduction loss and dielectric loss, which were represented
by the winding and intrawinding resistance values Rsj and Ry;, respectively. Since the coil
dimensions (30 cm) were much smaller than the wavelength (44.3 m), the radiation loss was
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negligible. We investigated the power losses caused by the winding resistance and the
intrawinding dielectric individually. To compare the power losses among the four coils
developed for this paper, the magnetomotive force (MMF) generated by the coils were set to
3-Aturns, i.e., the inductor current was 1 A for Coils 1-3 and 0.5 A for Coil 4.

A. Winding Conduction Loss

The conduction loss of the winding can be obtained when the winding resistance and the
inductor current are known. In the previous section, we obtained the winding resistance
without the influence of the intrawinding component using resonance and a coil
segmentation technique. The conduction loss of the winding was obtained by Pyinding =
I2Rs, where | was the current flowing through the inductor branch in the circuit model
shown in Figs. 4 and 5, and Rg was the total winding resistance (n X Rsj). The winding
conduction losses obtained from the measured R and the circuit model were consistent as
listed in Table I11, and the tolerance was less than about 10%. Among the three-turn coils
(Coils 1-3), Coil 1 had the highest winding resistance. Coils 1 and 2 had the same conductor
cross-sectional area, but Coil 1 was tightly wound and Coil 2 had a 0.8-mm clearance
between the two windings. The winding resistance and conduction loss of Coil 1 were about
60% higher than that of Coil 2 due to the proximity effect. Similarly, although Coil 3 had
two times the conductor cross-sectional area of Coil 2, it was tightly wound and the
proximity effect was more pronounced. Thus, its conduction power loss was not half but
only a few percent less than that of Coil 2. Despite the proximity effect, in the group of the
three-turn coils, Coil 3 had the lowest winding resistance and conduction loss since its
winding had the largest cross-sectional area.

We also investigated the effect of number of turns on the power loss by comparing Coils 2
and 4, which had the same winding separation and conductor cross-sectional area. Since
Coil 4 had twice the number of turns, its resistance was approximately two times as that of
Coil 2. To compare the power loss of the coils, we set the inductor current of Coil 4t0 0.5 A
to produce the same MMF as the 3-turn coils. Although Coil 4 had a higher resistance, it
required half the current to produce the same MMF, resulting in a factor of two reduction in
the conduction power loss, as shown in Table I1I.

Accordingly, the conduction power loss could be reduced effectively by introducing
winding clearance, increasing the conduction cross-sectional area, and the number of turns.
However, increasing the conductor cross-sectional area while reducing the winding
clearance did not effectively reduce the conduction loss.

B. Intrawinding Dielectric Loss

Dielectric loss occurs when there is a potential difference between two windings. It
increases with increasing frequency since the displacement current flowing from one
winding to another through the dielectric material, including the wire coating and the
former, is more significant at high frequency (i.e., in the megahertz range). In the segmented
coils, since the voltage across each coil segment was canceled by the adjacent series
capacitor at the resonant frequency, the potential difference between two windings, and thus
the dielectric loss, was negligible. In the unsegmented coils, since the winding voltage was

|EEE J Emerg Sel Top Power Electron. Author manuscript; available in PMC 2016 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang and McDannold

Page 8

proportional to the operating frequency, the potential difference between two windings
increased as frequency increases. Therefore, the displacement current and thus the dielectric
loss became significantly higher at high operating frequencies, especially when a larger coil
for longer range wireless energy transfer was used.

The winding voltages per turn of the four coils were calculated based on the equation V=27
f Lg | and are shown in Table 111 when they were not segmented. In the calculation, the
winding resistance was ignored since it was much smaller than the impedance caused by the
series inductance. As the coil inductance and operating frequency were relatively high, we
can see that the coil voltages per turn, which represents the potential different between two
adjacent windings, were higher than a hundred volts even when the inductor current was
only 1 A. The dielectric losses of the coils were calculated based on the equation

Piclectrie=n X V2 /Ryi, Where Ry is the measured intrawinding resistance between two
adjacent turns, as shown in Fig. 7 and Table Il. In contrast to the winding conduction loss,
Coil 3 had the highest dielectric loss since it did not have added winding clearance and it
had the largest surface area, which increased the admittance and thus the displacement
current between windings. Coils 2 and 4, which had a clearance of 0.8 mm between
windings, had lower dielectric losses than the other two coils without winding clearance.
The dielectric loss of Coil 4 was higher than that of Coil 2 since it had more turns and thus
more paths for the displacement current between windings.

C. Total Power Loss

Since the dielectric loss in a segmented coil was negligible, any losses that occurred were
primarily from the winding conduction loss shown in Table I11. These results suggest that
the power loss of a segmented coil can be reduced by increasing the number of turns, or the
conductor thickness, or by reducing the proximity effect with a larger winding clearance. In
contrast, the total power loss of an unsegmented coil, Pyotq1, cONtains winding conduction
loss as well as the dielectric loss as listed in Table 111.

While the dielectric loss of Coil 2 was about one-third of its conduction loss, the dielectric
losses of the other coils were higher than their respective conduction losses. The dielectric
losses of Coils 1, 3, and 4 were higher than the conduction losses by about 3, 7, and 4 times,
respectively. Alternatively, we can also see the high dielectric losses occurred in the
unsegmented coils by comparing the large values of the real part of the unsegmented coil
impedance, which represents the total power losses, with the segmented coil winding
resistance as shown in Table Il. By comparing Coils 2 and 4, we can see that the dielectric
loss was smaller in a coil with less turns. This finding suggests that the effect of dielectric
loss can be reduced by reducing the number of turns. However, it would also increase the
winding conduction loss as indicated in Table 111, and thus the power transfer capability.
Accordingly, the dielectric loss of an unsegmented coil represents a very large portion of its
power loss if the windings are tightly wound.

V. Power Efficiency Measurement

Measurements with a wireless energy coupling system were obtained to evaluate whether
the power loss reduction found for the segmented coil translated to improved power
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efficiency as well. In the evaluation, we set the coil of interest, i.e., a 30-cm segmented or
unsegmented coil, to be the energy transmitting coil. Apart from the transmitting coil, the
power efficiency of an energy coupling system also depends on the parameters of the
receiving coil, such as the wire thickness, coil location, and the loading condition. A 5-cm
diameter receiving coil positioned at the center of the transmitting coil was used as a
reference for the power efficiency comparison. The receiving coil had 1 turn and was made
of copper tape with a thickness of 0.04 mm and a width of 11.2 mm wrapped around a 5-cm
diameter acrylic disk. The measured inductance of the receiving coil was 72 nH. A parallel
capacitor with a capacitance of 7.75 nF was used to tune the coil to 6.78 MHz. The receiving
circuit was loaded with a 200-€2 resistor through a half-wave rectifier as shown in Fig. 10(a).
Fig. 11 shows the setup for measuring the power efficiency of the energy coupling system.

The power efficiency is defined as the ratio of the output load power to the input power to
the transmitting coil with the series capacitors. We measured the output power at the
rectifier output instead of the power delivered from the receiving coil because the extended
wires between the receiving coil and the resonant capacitor for the coil current measurement
significantly increased the power loss and detuned the resonant circuit, even though the
wires were as short as 2 cm. The input power to the transmitting coil circuit was obtained by
averaging the product of the instantaneous input voltage, vis(t), and current, icej(t), in one
cycle as described in [19]. Fig. 10(b) and (c) shows the block diagrams of the setups for
measuring the input power of the segmented and unsegmented coils, respectively. In the
case of measuring the unsegmented coil, since the operating frequency was high and the
coils were highly inductive (i.e., the phase difference between the coil voltage and current
was close to 90 degrees) the alternating instantaneous vin(t) - iceji(t) product was very high
compared with the average value. Thus, the measured input power to the unsegmented coils
using the above-mentioned method was very sensitive to the time delay error of the current
probe. To solve this problem, we connected a low-loss series capacitor to the transmitting
coil so that the phase between the input voltage and current was close to zero. After this
addition, the values of the instantaneous v(t) - i(t) product were mostly positive, and the
power measurement error due to the current probe time delay was significantly reduced. The
required values of the series capacitance for the unsegmented coils were predicted by using
a Smith Chart instead of using the resonant frequency formula for an LC circuit (f = 1/VLC)
because of the undesired influence of the intrawinding capacitance. The setup shown in Fig.
10(c) could not be used to measure the coil voltage of unsegmented Coil 4 since the
resultant parallel capacitance attributed to the intrawinding capacitance and the voltage
probe capacitance were too large to tune the circuit to zero phase at 6.78 MHz. The voltage
of unsegmented Coil 4 was measured separately using an LC matching circuit as shown in
Fig. 10(d).

In the power efficiency comparison test, the load power was set to 2 W by adjusting the
input current to the transmitting coil. The measured transmitting coil voltage Vi), current

I coils input power, and load power of the wireless coupling system using the four segmented
and unsegmented coils are listed in Table IV. The input voltage Vi, coil voltage Vi, and
current I, waveforms of the unsegmented transmitting Coil 1 are shown in Fig. 12. The
segmented Coil 1 voltage Vi and current | oo waveforms are shown in Fig. 13. Since the
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load power was set to the same level for all measurements, the required MMFs (input
current x number of turns) of all the segmented coils were the same, as shown in Table IV.
However, the input currents of the unsegmented transmitting coils were lower since there
were circulating displacement currents flowing between the winding conductors and the
intrawinding capacitors and resistors, which are different among the coils. As explained in
the power loss analysis, the displacement current in the unsegmented coil resulted in
dielectric loss, thus the power efficiency of the unsegmented coil was significantly lower
than its segmented counterpart. From Table 1V, the power efficiencies of unsegmented Coils
1 and 3 were markedly lower than that of Coil 2 since the two coils were tightly wound and
the dielectric loss was significant. The measured power efficiency of the system using
unsegmented Coil 4 was relatively low since the capacitance of the input series capacitor
used for this coil was much smaller than that for the other coils as shown in Table 1VV. The
ESR of a capacitor with smaller capacitance is usually higher in the same type of capacitor.
Thus, the power efficiency of the system using unsegmented Coil 4 is lower than that using
Coil 2. This result indicates that, at high operating frequencies, using an unsegmented coil
with more turns along with a series matching capacitor is less practical since the required
capacitance can be practically too small, and its ESR results in higher power loss.

VI. Discussion

In this paper, we analyzed the power losses of segmented and unsegmented energy coupling
coils. The winding conduction and intrawinding dielectric losses of four coils with different
winding separations, conductor cross-sectional areas, and numbers of turns were
investigated individually. The segmented energy coupling coil was originally proposed to
reduce the operating voltage to improve safety for transmitting energy to implantable
medical devices [16]. Here, we found that the segmented coil has another inherent advantage
over its unsegmented counterpart: the dielectric loss caused by the coil insulation and the
former is negligible at the resonant frequency, and at this frequency, the inductor voltage
across each coil segment is canceled by the adjacent series capacitor.

The coils we tested in this paper were wound on solid acrylic formers, which are rigid, so
the measurements are repeatable. The wire coating, the glue, and the coil former materials
were the sources of the dielectric loss. These can be reduced by reducing the volume of the
material close to the winding, but then the coil may become less rigid. In previous feasibility
tests of wireless energy transfer by magnetic coupling [10], the coil wire, without enamel
insulation, was wound on a plastic former with minimal amount of solid material to
minimize the impact of the dielectric. In configurations or applications where the coil
requires a rigid former or is printed on a multilayer PCB, the intrawinding dielectric loss
should be included [12], [14] when operating in the megahertz operating frequency range.

We found that both the winding conduction loss and intrawinding dielectric loss could be
reduced by increasing the winding separation because of the reduced proximity effect and
intrawinding admittance. Previous work [10] and [17] used helical coils with a large
winding separation to increase the power efficiency of the coupling coils. Such a large
winding separation may not be feasible in some situations where space is restricted, e.g.,
windings printed on multilayer PCB, or tightly packed receiving coils in a medical
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implanted device. In these situations, the dielectric loss can be noticeable, and the
intrawinding resistance must be included in the energy coupling circuit model. A recent
study demonstrated that the dielectric loss of a double-layer printed spiral coil for wireless
power transfer could be reduced by using low loss tangent (<0.0007) dielectric material [14].
From the results presented in this paper, the dielectric loss can be essentially eliminated by
using a segmented coil without using expensive low-loss material, even when the coil is
tightly wound. In a situation where the coil needs to be tightly packed, the power loss can
further be reduced by using coils with surface spiral layout to reduce skin and proximity
effects [15]. In this paper, the coil parameters were obtained by the measurement of the
actual coils using an impedance analyzer. Alternatively, a finite-element analysis model can
be utilized to predict the electrical parameters of a coil with different dimensions and
configuration without fabricating the actual coil.

This paper presents a power loss analysis of general air-core coils with and without
segmentation. It can be applied to the energy transmitting or receiving coil in a two-coil
energy coupling system, and also to the resonant coils in a four-coil system using strongly
coupled magnetic resonances [17]. In addition, the coil segmentation method can be used in
the resonant coils to significantly reduce the dielectric loss and the required coil voltage,
which can otherwise be extremely high [14].

VIl. Conclusion

In this paper, we compared the power losses of unsegmented and segmented energy
coupling coils for wireless energy transfer. Both calculated and measured results show that
coil segmentation using series capacitors can significantly reduce the power loss of an
energy coupling coil. Measured results from the power efficiency evaluation of a wireless
energy coupling system also show that the power efficiency of the system using a segmented
coil is markedly higher than that using an unsegmented coil.

We utilized a well-established lumped circuit model that took into consideration the
intrawinding capacitors and resistors to evaluate the winding conduction loss and
intrawinding dielectric loss of four air-core coils with different winding separations,
conductor cross-sectional areas, and numbers of turns. The circuit model was practically
verified by comparing the measured and calculated impedance of the four coils. The
calculated results obtained based on the model were consistent with impedance
measurements in both the unsegmented and the segmented coils. As expected, the results
showed that the winding conduction loss caused by the proximity effect can be reduced by
introducing a clearance between the windings. However, increasing the cross-sectional area
of the winding without introducing a winding clearance did not reduce the conduction loss
effectively. Adding clearance between windings also reduced the intrawinding dielectric loss
that occurs in the coil former and insulation if the coil is unsegmented. We also found that
the dielectric loss could be reduced by using a coil with less turns at the cost of increasing
the conduction loss and reducing the coil’s energy transfer capabilities.

The recently proposed coil segmentation technique investigated here was originally
designed to reduce the high-voltage safety issues for transmitting energy to medical

|EEE J Emerg Sel Top Power Electron. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang and McDannold

Page 12

implantable devices. These results show that this technique can also naturally eliminate the
dielectric loss even if the coil is tightly wound. The segmentation technique and power loss
analysis used in this paper can be applied to the energy transmitting and receiving coils in a
two-coil energy coupling system. It would also be appropriate for resonant coils in a four-
coil system in order to reduce the operating voltage and the dielectric loss.
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Fig. 1.
Structure of the unsegmented energy coupling coil.
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Fig. 3.
Structure of the segmented energy coupling coil with resonant capacitors.
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Fig. 4.
Equivalent circuit model for the n-turn unsegmented energy coupling coil.
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Fig. 5.
Equivalent circuit model for the n-turn segmented energy coupling coil with resonant
capacitors.
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Fig. 6.
Measured winding resistance of the energy coupling coils versus frequency.
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Fig. 7.
Measured parallel intrawinding resistance, Ry, of the energy coupling coils versus
frequency.
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Measured and calculated impedance of unsegmented coils.
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Measured and calculated impedance of segmented coils.
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Fig. 10.
Circuit diagrams for the measurements of (a) output load power delivered from the receiving

circuit, the input power with (b) segmented and (c) unsegmented transmitting coils, and (d)
voltage of Coil 4.
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Experimental setup for wireless energy transfer using segmented Coil 1 as the transmitting

coil.
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Input voltage Vi, transmitting coil voltage Vi, and current I of the unsegmented Coil 1
when the load was 2 W.
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Segmented Coil 1 voltage Vcyil, and current I o when the load was 2 W.
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TABLE |
Parameters of the ENERGY Coupling Coils

Coil 1 Coil 2 Coil 3 Coil 4
Wire clearance No 0.8 mm No 0.8 mm
Number of turns 3turns 3turns 3turns 6 turns
Number of wires per turn 1 1 2 1
Acrylic former Thickness 6.35mm | 127 mm | 12.7 mm | 19.05 mm
Inductance, Lg 2.97 yH 2.73 pH 2.64 pH 4.73 pH
Intra-winding capacitance, C, | 86.7 pF 17.3 pF 96.2 pF 41.8 pF
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