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High-Efficiency Mid-Range Inductive Power
Transter Employing Alternative-Winding Coils

Zixuan Yi

Abstract—A novel coil with alternative clockwise and counter-
clockwise winding has been proposed and employed to construct
inductive power transfer (IPT) systems. After establishing the
equivalent circuit of the proposed IPT system, the coil-to-coil,
source-to-load, and optimum transfer efficiency are analyzed
mathematically. Then, comprehensive expressions for accurate
estimation of transfer efficiency of a realizable structure are
deduced. Theoretical analyses indicate that it is not always
mandatory to use extremely low-loss material to fabricate the
coils for high-efficiency mid-range wireless power transfer (WPT)
systems. To validate the proposed IPT system, a prototype
is designed, fabricated, and measured. Good agreements are
achieved between calculated and experimental results. It is
demonstrated that the adoption of the present coil can enhance
the IPT systems’ performance significantly. Compared with
traditional IPT systems, the present system can operate properly
without surplus and complex compensating networks. Further, an
IPT system at 13.56 MHz employing proposed coils without any
matching networks is designed, fabricated, and tested. This system
is then used to drive a LED monitor wirelessly to demonstrate
the feasibility of the proposed system in commercial applications.
Owing to its design simplicity and demonstrated benefits, the
proposed configuration endeavors to replace traditional approach
to design high-efficiency optimized WPT systems.

Index Terms—Coils, electromagnetic induction, inductive power
transfer (IPT), mutual coupling, power transmission, wireless
power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) technologies have
Wattracted an increased attention in recent years. Re-
searches on WPT mainly focus on electromagnetic fields.
According to power transfer manner, WPT can be realized
through radiative or nonradiative methods. The radiative
technique, comprising optical power transfer and microwave
power transfer [1]-[3], can transfer energy to a relatively far
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distance, but is susceptible to environmental influences, also the
receiver tracking and pointing is costly and complex to achieve
[4]-[7]. Meanwhile, WPT systems employing nonradiative
method, namely electric field or magnetic field, are simple
and cost effective in structure. It is perceived that the power
transfer by means of electric field is only suitable for low
power levels over short distances, while the power transfer
adopting magnetic field is suitable for low as well as high power
levels spanning a larger distance range [8]. The power transfer
adopting magnetic field, including IPT and magnetic resonant
power transfer (MRPT), are well-suited for indoor and even in-
body applications, such as vehicle/cellphone battery-charging
systems, wireless capsule endoscopy, etc. [8]-[18].

IPT techniques with and without common magnetic cores
have been studied thoroughly. The power transfer with common
magnetic cores is always used as voltage transformers, but is
not suitable for WPT on account of the fixed relative position
of transmitting and receiving coils. Till date, high-efficiency
results at midrange (larger than 2 times the coil diameter) have
not been reported via IPT.

The earliest study of MRPT system has been reported by a
team from the Massachusetts Institute of Technology in 2007
[4]. This paper presents a potential breakthrough for midrange
wireless energy transfer. Related analysis and equivalent circuit
models for the MRPT system have been thoroughly studied later
[5]-[7]. Theoretically, these studies provide a bright prospect of
power transfer with relatively longer air gap as well as high
efficiency. However, loss still remains a limitation [4]. To min-
imize the loss, a 6-cm-diameter copper wire is used in experi-
ment, but it makes it impractical for most of the applications. At
present, only the practically viable high-efficiency (more than
50%) WPT system working at 2 times the coil diameter has
been achieved [7]. The best achieved experimental results re-
ported show a performance of over 40% coupling efficiency for
a distance of 2 m, i.e., 3.3 times the coil diameter [4]. But, most
of the applications in recent times demand the WPT systems
working at longer distances (4 times the coil diameter or more)
and less coil dimensions while maintaining the high efficiency.

In this paper, a novel IPT with high efficiency and mid-range
transfer distance using identical alternative-winding coil (AWC)
is presented. The performance enhancement of IPT system op-
erating at high frequency is studied in detail. Based on the analy-
sis, the IPT system is optimized to achieve maximum efficiency
and transfer range. To cope with the difficulties encountered
by traditional coils at higher frequencies, a coil with alterna-
tive clockwise and counterclockwise winding is proposed. A
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Fig. 1. Traditional IPT. (a) Sketch of two coils without magnetic cores.
(b) Equivalent circuit model of traditional IPT [21].

detailed equivalent circuit is developed and analyzed. All the
parameters in equivalent circuit can be derived directly from
the geometrical structure and material constants of the IPT con-
figurations. Moreover, it is also possible to deduce the transfer
efficiency directly from the equivalent circuit model without
involving unnecessary estimation of electrical parameters. Fi-
nally, a pair of proposed AWCs is designed and manufactured.
It has been demonstrated that with the same coil size, the pro-
posed IPT system with AWC (with proper scaling) can achieve
longer range and better power transfer efficiency. The measured
results reveal that the present IPT configuration can achieve the
transfer range of 6 times the coil diameter with 50% of transfer
efficiency, validating the analytical and theoretical results. Ac-
cording to the analysis, longer transfer range can be achieved by
increasing the number of turns provided that the wire properties
are kept constant.

II. TRADITIONAL IPT MODEL AND DISCUSSION ON
POWER TRANSFER EFFICIENCY

A. Traditional IPT Structure and Equivalent Circuit

A typical traditional IPT system is basically composed of a
signal source, a transmitting (TX) coil, a receiving (RX) coil,
compensation networks, and a load, as shown in Fig. 1(a).
Fig. 1(b) shows the equivalent circuit model of the two-coil
IPT system. An equivalent ac voltage source or current source
is adopted as the power supply. Rjoaq is the equivalent loading
resistance, Rys; and Rygo are the resistances of the TX and
RX coils, respectively. Ly and Lo are the self-inductance of TX
and RX, whereas M is the mutual inductance of TX and RX.
The compensation network with series or parallel compensators
is used to compensate the imaginary part induced by the coil
[19]-[21].
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B. Discussion of Power Transfer Efficiency

Majorly, there are four factors influencing the power transfer
efficiency, the operating frequency, the mutual inductance, the
loss of coils, and source/load impedance matching of the system.

The first factor is the working frequency of coils. Accord-
ing to Faraday’s law of electromagnetic induction, the mutual
effects between TX coil and RX coil can be described by the
induced electromotive forces es; and e;s, respectively. Under
the excitation of harmonic wave with an angular frequency w,
the induced electromotive force can be expressed as

di . .

€21 = My — = —jwMyyiy (D
dt
di . .

el2 = M127; = —jwMiaiy 2)

where Mo = My, = M represents the mutual inductance be-
tween TX and RX coil. 7; and 7- are the currents in TX coil and
RX coil, respectively. It can be concluded from the basic theory
of IPT that there is a positive correlation between the transfer
efficiency and the factor wM [22]. In other words, the transfer
efficiency of IPT system operating at high frequency is higher
than that of a system operating at low frequency with the same
mutual inductances and losses.

Besides the key roles of geometry and the relative position
of coils on the mutual inductance [23], the current distribution
on the coil has a remarkable effect on the mutual inductance
especially at high frequencies, which is always unfortunately
overlooked. In this paper, the importance of current distribu-
tion is highlighted and discussed in detail in later sections. In
Fig. 1(a), the magnetic flux in RX coil is determined by the
magnetic field of TX coil, which is further determined by the
current distribution of TX coil. The mutual inductance My is
defined as the magnetic flux ®5; through RX coil generated by
per unit current ¢; of the TX coil [24], shown as follows:

Moy = Doy (s9,41) /1. 3)

Ideally, to achieve the optimum mutual inductance requires
that the currents in each loop of coil flow in the same direction
and remain in-phase.

The loss of coils has a certain effect on the transfer efficiency.
The higher the loss, the lower the transfer efficiency will be
[8]-[14]. Finally, the source and load impedance should be well
matched to the system in order to avoid reflection. Commonly,
the compensating networks with parallel/series capacitors are
used to minimize the mismatch [19]-[21].

Often, low frequencies (generally below 100 kHz) are chosen
as operating frequency of a traditional IPT system [20]. This is
due to the fact that the phase and direction of the current of each
loop could be considered approximately the same at low fre-
quencies, while the coils working at lower frequencies possess
lower loss. It seems that with the later three requirements sat-
isfied, the efficiency of midrange inductive coupled coils could
be improved by increasing the operating frequency. In reality,
increasing of operating frequency alone cannot get a proper IPT
system with good transfer efficiency due to the following rea-
sons. First, the input impedance of coil varies violently at high
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Fig. 2. Characteristics of a conventional eight-turn coil without magnetic
cores. (a) Input impedance as a function of frequency. Maximum amplitude
current distributions at (b) the short circuit frequency at 90° (scale: 0—100 A/m),
(c) the first-order resonant frequency at 180° (scale: 0-5 A/m), and (d) the
second-order resonant frequency at 180° (scale: 0—13 A/m).

frequencies. Second, the decreased wavelength let the currents
along different loops be out of phase even in different directions.
Third, the ohmic loss increases with the operating frequency.

To check the effects of frequency on the efficiency of
midrange inductive coupled coils, an eight-turn traditional coil
is taken as an example to investigate the frequency dependence
of input impedance and current distribution. Fig. 2(a) shows the
simulated input impedance of a lossless eight-turn coil with coil
diameter, length, and wire diameter of 0.1, 0.12, and 0.002 m
respectively. The resonant frequencies of the first and second
order are 51.8 and 162 MHz, respectively. Fig. 2(b)—(d) shows
the simulated current distributions at different frequencies. It
can be seen that the currents along different loops are out of
phase even in different directions.

The physical reason of the current behavior in Fig. 2 can be
expressed as follows: when the operating frequency gets higher,
the wavelength gets shorter. When the wavelength is comparable
with the coil length, the current along different turns cannot keep
pace with each other. The current distribution can be derived
from a time-domain analysis.

Suppose that a sinusoidal source u;, = Uj sin (wt) is applied
to both the ends [points A and B in Fig. 3(a)] of the coil wire.
Straighten the coil and place it along the z-axis, as shown in
Fig. 3(b). Let C be an arbitrary point between A and B, the
voltage and current at point C can be expressed as

U, . U, .

Uy = 20 e](wtsz(.) o 20 e](wtfk(l“, —z.)) (4)
Iy ) Iy .,

ic = 420 6(7(“”7]‘@‘) + 206](“”7]{““! 71(:)) (5)

where z. is the distance between points A and C, [, is the total
length of the wire, and k = 27 f /¢ is the wave vector. In (4), the
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(a) Schematic diagram of solenoidal coil. (b) Coordinate = along the

first and second terms represent the voltage wave propagating
from A—C and B—C, respectively, whereas in (5), the terms
represent currents from A—C and B—C, respectively.

The voltages and currents at points A and B are given as
follows:

wy = %ejwt _ %ej(wt—klw) (6)
iy = %Oejwt + %Uej(wt—k’lw) @)
— %ej(wt—klw) _ %ejwt (8)
iy = %Oej(wt—klw) . L;ew, ©)

Thus, the input impedance Z;,, can be calculated as

j2m z,, }

1 [1+e‘3” - ] .

Zin:uA_uB _UO [1_

10
14 +1ip (10)

Theoretically, the imaginary part of input impedance at short-
circuit frequency (SCF) reaches zero, whereas at resonant fre-
quency it reaches the infinity. Thus, (11) and (12) which make
imaginary part of (10) to be 0 and oo are the short-circuit con-
dition and resonance condition, respectively.

lw = TLZ')\.

271]' —1
2
where n; and n; represent the ith SCF and jth resonance fre-

quency, respectively.

By putting (11) into (5), the current distribution ¢, ; along the
coil wire at SCF can be expressed as

(n; =1,2,3..)) (11)

l w =

A (n;=1,23..) (12)

2n,mx

iz = Iy cos ( ) ¥t (n;=1,2,3...). (13)

w

In the same way, the current distribution at resonance
frequency is

2n; — 1 p
v = Iysin (M) GET/D (1,23,

(14)
Therefore, the current distributions along the wire shown in
Fig. 2 can be described and explained by (13) and (14).
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Fig. 4. Proposed AWC. The parameters D, [, d,, , and [,, are coil diameter,
coil length, wire diameter, and total wire length, respectively. s is the distance
between the centers of two adjacent loops.
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Fig. 5. Characteristics of the eight-turn AWC. (a) Input impedance as a
function of frequency. (b) Maximum amplitude current distribution at SCF of
113 MHz (scale: 0-100 A/m).

III. PROPOSED COIL AND CORRESPONDING IPT STRUCTURE

A. Proposed Coil Structure for High-Frequency IPT

Though there are troubles to employing coils in IPT at high
frequencies, a noteworthy frequency is found between two res-
onant frequencies at 139.4 MHz, as shown in Fig. 2(a). The
impedance at the frequency is similar to that of a short circuit
because the imaginary and real parts are approximately equal
to zero. This frequency point is termed as SCF in the rest of
the paper. At SCEF, the coil can be matched to the source/load
directly, completely eliminating the surplus compensating net-
work. However, the directions of currents at both ends of the
coil at SCF are opposite to the middle section, as highlighted
in Fig. 2(b). It makes the magnetic fields to interfere destruc-
tively instead of constructively, causing the recession in mutual
inductance.

To benefit from the advantages of coil at SCF while avoiding
the magnetic fields recession, an AWC structure is proposed
here that can address the issue of asynchronous current direc-
tions. The scheme of coil is shown in Fig. 4. The coil is divided
into three sections with the middle section always having the
direction of winding reversed with respect to the two ends. By
simulating different coils with different number of turns, the
behavior of coils is studied. A plentiful study revealed that the
proper turn ratio for the three sections of AWC is 1:2:1, which
has also been proven theoretically below.

The input impedance of an eight-turn AWC simulated us-
ing commercially available software is shown in Fig. 5(a). The
parameters D, [, d,,, and [,, are 0.1, 0.12, 0.002, and 2.63 m,
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Fig. 6. Distribution of standing-wave current along the wire of the coil at SCF.
(a) Phase interval of sinusoidal source (0, 180). (b) Phase interval of sinusoidal
source (180, 360). The current directions are opposite in (a) and (b).

respectively. The first and second resonant frequencies are 71.2
and 141 MHz, respectively.

The current distribution at SCF (113 MHz in this case) is
shown in Fig. 5(b), which shows the currents rotation in each
section is unidirectional and in-phase. Besides the directions of
the current flow, the current amplitude along the wire influences
the ohmic loss and mutual inductance of coils.

Fig. 6 shows the normalized simulated current amplitudes
along the straightened coil at SCF for sinusoidal source exci-
tation with different phases. According to Fig. 5, the normal-
ized current distribution 4}, , along the wire can be expressed as
follows:

2mx
lw )
where i, ; and Ij is the current distribution along the wire and
maximum current amplitude on the wire, respectively. Both
Fig. 6 and (15) reveal that the lengths of three segments of
wires with a perpetual current direction are 1/4, 1/2, and 1/4
wavelength, respectively, which explain the proper turn ratio
of 1:2:1.

For illustrating the superiority of the AWC at SCF, magnetic
field strengths generated by traditional coil and the proposed
coil are given. Fig. 7 shows the comparison of magnetic field
strengths along the coil axis. It can be found that the proposed
coil at SCF has maximum field strength, even at the farther most
point along z-axis. The dip in the field strength curve of the tra-
ditional coil at SCF is caused by destructive interference due
to opposite current directions, whereas the proposed coil main-
tains the field strength by making the currents unidirectional all
along the coil. The same phenomenon can also be observed in
Fig. 8(d).

| 1| = liwi/To| = o €0,1,] (15)

sin (wt) cos <
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operating frequencies and coil current levels correspond to the values shown in
Figs. 2 and 5.
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Fig. 8. Complex magnetic field strength distributions. The scale ranges of
fields are the same (a) at the SCF (113 MHz) of AWC, (b) at the first-order
resonant frequency of 71.2 MHz, (c) at the second-order resonant frequency of
141 MHz, and (d) at the SCF (139.4 MHz) of traditional coil.

Fig. 8(a)—(c) shows the distributions of complex magnetic
field strength of the eight-turn AWC at 113, 71.2, and 141 MHz,
respectively. Fig. 8(d) shows the field distribution of an eight-
turn conventional coil of the same size at SCF (139.4 MHz).

B. AWCs With 2n Flips

Through a similar process, the analysis is extended to
use coils of length nA with 2n rotational flips at positions
(2-i41) -1/4,1=0, 1,...,2n — 1. The simulated and ana-
lyzed results reveal that their real and imaginary part of input
impedance are minimum and zero, respectively, which make
the currents at both ends of the coil reach its maximum value
and remain in-phase. In other words, the standing-wave cur-
rent distribution along the coil is ended with crests at both
ends. Thus, the total length of AWCs with 2n rotational flips is
ni, and the turnratiois 1 : 2:---:2:--.:2: 1. Fig. 9 shows

2n—1
the normalized current distribution of AWCs withn =1, 2, 3
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Fig. 9. Distribution of standing-wave current along the wire of AWCs with
n =1, 2, 3. The alternative-winding positions are marked by corresponding
makers.
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Fig. 11.  Scheme of an IPT system employing two AWCs.

and the alternative-winding positions are marked in the fig-
ure. Fig. 10(b) shows the current along the wire for AWC with
n = 2. By the way, it is difficult to properly visualize the cur-
rent vector distributions of more turn due to over congestion of
current vectors.

C. IPT System Employing Proposed Coils

The IPT system employing two identical co-axial AWCs is
shown in Fig. 11. The end-to-end coil distance is d, this distance
is also the transfer distance. The factor M5 is the coefficient of
mutual induction. The TX coil is connected to a signal generator
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Fig. 12. Equivalent circuit model of the proposed IPT system employing
AWCs. The coil is modeled as a special inductor in series with a resistor.

represented by a port in the simulation. The RX coil is connected
to a lumped load.

IV. EQUIVALENT CIRCUIT AND TRANSFER EFFICIENCY
A. Equivalent Circuit

At SCEF, the proposed AWC shown in Fig. 4 can act as a spe-
cial inductor. Its input impedance is Z1,s = Rps(w) + 7 X1s(w).
The resistive part Ry (w) represents the ohmic losses and the
far-field radiation loss Rps(w) remains constant except at the
frequencies near the resonant points (see Fig. 5).

Fig. 12 is the equivalent circuit model of the IPT system
given in Fig. 11. According to Kirchhoff’s voltage law (KVL),
the nodal equations for TX and RX circuits can be written,
respectively, as follows:

I (Rs + Ris1 (w) + j X151 (w)) + jwMioly =V
I (Rioad + Rrs2 (w) + j XLs2 (W) + jwMiol; =0

(16)
A7)
where Ry, Rjoaq, and V; are the source resistance, load re-
sistance, and source voltage, respectively. At SCF, the input

impedance can be written as Z1,s = Ry + 70. Then (16) and
(17) can be simplified as

I (Rs + Rus1) + jwMio Iy =V
I (Rigaa + Rus2) + jwMi21; = 0.

(18)
19)

B. Coil-to-Coil Transfer Efficiency

The output power of source, power of load, and power loss
of whole IPT system can be obtained by solving (18) and (19),
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as follows:
P =1 -Vi = I} (R M > (20)
out — 41 1 — 4 Lsl Rload +RL52
2M?, Rioa
Pload — I; . ‘/2 — 12 w 124Uoad (21)

' (Rload + RL52)2
w? M2 Ry
PBioss = I{ Rusi + I3 Ruse = I |:RLs1 + 12L2} .

(Rload + RL32)2
(22)

The transfer efficiency of two coupled AWCs (coil-to-coil
efficiency) is

Ne = Pload
. =
Pout

_ w2M122Rload
Ris1 (Rioad + Rrs2)” + w2 M2, (Rioaq + Ris2)

In a given system with known coil loss and operating fre-
quency, the coil-to-coil transfer efficiency at a certain distance
varies with the load resistance. By taking the first derivative
of 7. with respect to Rj,aq, the maximum coil-to-coil transfer
efficiency can be obtained and the best case value of R),,q can
be found as follows:

. (23)

Rigad = \/(RleRLs2 + w?M32,) Ris2/Risi - (24)

C. Source-to-Load and Optimum Transfer Efficiency

The transfer efficiency of whole IPT system in Fig. 12 can be

written as follows:
no=(1-10P) e ©5)

where T is the reflection coefficient at the input port given as

— Zu-Z; VL w? My,
I'= 77 Where'Zm =5 = Ry + T T Then, the
source-to-load efficiency 7, can be expressed as
4w2M122RSR103d
Ns = (26)

[(Rle + R&,) (Rload + RLSQ) + WQMEQ}Q .

s reaches its maximum value when the output impedance
of source Ry is matched to the input impedance Z;, and the
load resistance R),,q satisfies (24) simultaneously. Thus, the
optimum transfer efficiency 7, of the IPT system can be written
as (27) as shown at the bottom of this page. When both the
coils are identical, i.e., Rys1 = Rpso = Rps, the following is
obtained: (28) shown at the bottom of this page.

2072 o | (BusiRiss + w2 M) JRig
w M12\/

Rys1

Thm = P (27)
0+ w? M2 )Ry ot Riwo + w2 M2 )Rygo
Ry <\/(RLSIRL“1:M1 M )R + RL52> + w2 M3, (\/(RL e 21;51 M, ) + RL82>
M = w2M122 \% RIQ_A + WQMIQZ (28)

2
Rio(VERE, + <M, + i) +w? M}, (VR + W2 ME, + Ry



6712

V. CALCULATIONS OF CIRCUIT PARAMETERS

Owing to the simple scheme of present IPT system employing
AWCs, the equivalent circuit model is easier to obtain compared
to the conventional magnetic coupled resonance system. Also,
the transfer efficiency and other systems characteristics can be
estimated directly when the coil loss Ry, and mutual inductance
M of coils are known.

A. Loss Mechanism

The loss of an AWC Ry ¢ is mainly caused by ohmic resistance
of the coil R,,,, and the far-field radiation resistance R,, as
follows:

RLs - Rohm + Rr- (29)

On account of the proximity and the fringing effect, the ohmic
loss of a coil Ry, is larger than that of the straight wire of the
same total length at the same working frequency [25]. But-
terworth has done a sequence of works on ac resistances of
solenoids and a series of formulae have been established [26].
In his work, the ohmic loss varies with the frequency of op-
eration. The ratio of the wire diameter to the skin penetration
depth z = d,, /¢ is a key parameter, the ohmic loss R, can be
calculated using the appropriate equation corresponding to the
value of z. Eq. (30) corresponds to the condition z > 10 (very
high frequency) given as follows:

1 2
fd—Q (Bur 4 yus) (30)

Rohm = Rst o+ 2

Here, the parameters «, 3, and 7 are functions of wire di-
ameter to turn spacing ratio d,, /s, u; and uy are functions of
the ratio of coil length to coil diameter [/D, and Ry is the
resistance of the straightened coil, which is calculated assum-
ing a uniform current density at the surface of the wire which
exponentially decays inside the conductor with the character-
istic distance of the penetration depth [26]. According to (15)
and the discussion in Section III-B, at SCF, the current am-
plitude along the wire is |i, ;| = |ig sin (wt) cos (¥™L)|, z €
[0,1,],mn =1,2,3.... Thus, the ohmic resistance of a straight-
ened coil, considering the skin effect, can be derived by solving
the power loss equation in terms of Ry, as follows:

2

/“’ P2 Rydt = / /
0

where [, d,, p, o, and § are the total length, diameter,
permeability, bulk conductivity, and the skin-penetration depth
of the straight wire, respectively. The solution of (31) is

LoV f1b
2d /O

Meanwhile, the total radiation resistance R, of the coil is
given by the well-known formula [27]

AN
)

|th| 2

————dxdt,d = 31
odmdy, @D

Ry = (32)

R, = 3207* (N (33)
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Fig. 13.  Configuration of two coupled N-turn AWCs.

B. Mutual Inductance

The mutual inductance of two coupled coils has been studied
widely [28]-[30]. Fig. 13 is the configuration of two coupled
AWCs. The radius and length of coils are R and [, respectively.

The mutual inductance of two meshed coils carrying uniform
current can be found using the filament method used in [28]. In
this paper, AWCs with nonuniform current distribution are used.
Thus, the filament method in [28] is modified to incorporate
nonuniform current characteristics. In accordance with (15) and
the discussion in Section III-B, the normalized current amplitude
of AWC along the coil axis can be given as

<2n7rz )
cos ;

where the filament method in [28] is weighted by the normalized
current amplitude to calculate the mutual inductance of two
coupled coils with nonuniform current distribution. The mutual
inductance M can be expressed as

A

L1
—=, = =1,2,3... (34
7Z€|: 2)2:|)n 773 (3)

o N2 YK ST A (g,5)
K nm s=m nTs
[Zz*—lx ‘COS (22K+gl ) H |:Zs::m CcoS (22’/r1,+1 ) H
n=1,23... (35)
where
, R 2nmg 2nms
MA9:9) = 7075 COS(2K+1>‘ ‘COS(2m+1)‘
2
K (g.s) = ——
4R? + z(g, s)
l l
g=—-K,...,0,... K, s=-m,...,0,...m

In above expression, K (k) and E(k) are complete elliptic
integrals of first and second kind, respectively.

VI. FABRICATION AND MEASUREMENT

To validate the aforementioned analysis and the proposed IPT
system, a prototype is designed, fabricated, and measured.



Y1 et al.: HIGH-EFFICIENCY MID-RANGE INDUCTIVE POWER TRANSFER EMPLOYING ALTERNATIVE-WINDING COILS

A. Design of Coil

The ability of a WPT system to transfer energy is determined
by the factor d/D. In the following analysis, with the diameter
of coil D, the conductivity o, and diameter of wire d,, fixed, the
effect of other parameters is studied.

As (14), the wire length [,, of the AWC is approximately

equal to n times the wavelength A, shown as follows:
ly = NnD/cos(a) ~ NtD ~ni(n=1,2,3...) (36)

where « is the pitch angle.

According to (35), with certain coil diameter D and transfer
range d, the mutual inductance M is in direct proportion to N2,
shown as follows:

M =~ N?M,
Y I M (g,5)

(320755 feos (2% )] [0z [eos (2225)|]
(37)

My =

For larger transfer range, the influence of coil length / to mu-
tual induction is negligible. The average contribution of mutual
induction of each turn M, decreases with the increase of transfer
distance.

By solving (33) and (36) the radiation resistance R, can be
written as

2072
Ry =n'=5. (38)
From (32) and (36), we obtain
l?U V lU) N
Rst = i = 'V l'wf : \/>
2d,\/To T 2dy, /o
Vo /Du, /o
~VND -, /ny, 2d/ :\/nN-#
where v, =1/,/ue is the light speed in wire.
Thus, (39) 1is obtained from (30), where Ry =

Duv,u/o 2
VDU (o 1 LB (Buy + yuz))-

Ronm is approximately in direct proportion to vnN, shown as
follows:

The ohmic loss of coil

v
Rohm = Rst o+ 5372 (/Bul + 7“2)

=+vnN - 5,

(39)

Duvyp
V o 1d2
|:Ck+ isfu (Buy + ’7U2)j| =vnN - Ry.
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Fig. 14.  Optimum transfer efficiency versus number of turns with AWCs
working at the first SCF (n = 1). The diameter of coil D is set to be 0.07 m.
(a) With Ry set to be 0.3 €. (b) With M set to be 0.02 nH.

Therefore, the optimum transfer efficiency can be expressed
as the following equation, which is a monotonic increasing func-
tion of number of turns N: (40) shown at the bottom of this
page.

Fig. 14 shows the optimum transfer efficiency 7,, versus num-
ber of turns NV when n = 1. It can be concluded from Fig. 14(a)
that the number of turns has insignificant effect on near range
power transfer. On the contrary, the more the number of turns,
the higher the transfer efficiency for mid-range and far-range
transfer. Fig. 14(b) reveals that with fixed transfer distance and
coil diameter but with unspecified coil losses, present IPT can
reach the same efficiency with proper adjustment of the number
of turns. Efficiency of ~50% can be achieved by 15, 18, 23, 31,
and 46 turns’ coil when Ry are 0.01, 0.1, 0.2, 0.3, and 0.4 2,
respectively.

. 2
20 fn2n2 N2 i
4¢2 T\[02n2N2 \/4c M, zn N (2071, s /nNRU)

Nm =

4.2 162 Ma2n2 N 49 2\ 2 4
(D2 (A + VAN Ry + (12022 oy (2002 N Ry ) ) (8% + VN Ry + (46 My *n? N?)/

(40)

2 7 4 ’
(02 (35 V¥ + IR | (2 4 vi)'))
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Fig. 15.  Optimum transfer efficiency of AWCs of different flip numbers. The
diameter of coil D is set to be 0.07 m. M|, is set to be 0.01 nH. (a) With R set
to be 0.1 . (b) With Ry set to be 0.5 Q2.

The above results indicate that the IPT employing AWCs can
meet the requirements for mid-range and even far-range high-
efficiency energy transfer by increasing the number of turns
accordingly. Additionally, the adverse effect on transfer effi-
ciency caused by coil loss can be compensated by the positive
influence of the increased number of turns. Therefore, the pro-
posed transfer structure does not require an extremely low loss
material to be used to fabricate the coils.

The effect of flip number 2n on transfer efficiency is divided
into two conditions. As shown in Fig. 14, when the number of
turns N is small, the lesser the flips number 2n, the higher the
transfer efficiency. When the number of turns N is large, the
case is contrary. The primary reason for this phenomenon is that
the radiation loss is sharply increased with the flips number and
gradually decreased with number of turns, as expressed in (38).
Moreover, the superiority of higher value of n is distinct when
Ry is large [compare Fig. 15(a) and (b)].

B. Experimental Setup

To balance the transfer performance and the processing diffi-
culty, the number of turns is chosen to be 32. In this setup, the
transfer efficiency is highest when n = 1.
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Fig. 16.  Fabricated 32-turn AWC.

Fig. 16 shows the fabricated sample. To avoid deforma-
tion, the wire of coil is made of steel instead of copper. A
0.05-mm-thick silver coating and an ultrathin anti-oxidation
paint is applied to the surface to reduce the ohmic loss. In this
design, the skin depth \/2/wpuo ~ 0.007 mm is far less than the
total thickness of silver coating. The diameter D, length [, wire
diameter d,,, and total length of wire [,, are 70, 140, 2.6 (in-
cluding silver coating), and 7177 mm, respectively. The average
distance s between centers of two adjacent loops is 4.375 mm.

Using (36), (30), and (33), the SCF f, ohmic loss Ry, and
radiation resistance R, are found to be 41.8 MHz, 1.54, and
0.19 Q, respectively. The total loss Ry ¢ of a single AWC can be
measured by vector network analyzer (VNA) when removing
another coil. The measured resistance of these two AWCs are
both about 1.9 4 0.2 ohms, which meets well with the calcu-
lated value (1.73 ). The minor difference may be caused by
the nonuniform turn spacing and soldering inaccuracies of the
SubMiniature version A (SMA) connector. The mutual induc-
tance M, is calculated by taking K = m = 20 under various
transfer distance, shown in Table I. In addition, the optimum
transfer range and the corresponding load/input impedance are
calculated using (23) and (26), respectively. Identical load and
input impedance are resulted when Rys; = Rps2. In this setup,
nearly half of the total energy can be transferred to a distance of
420 mm, i.e., 6 times the coil diameter, as seen from Table I.

C. Measurement of Transfer Efficiency

The source-to-load transfer efficiency 7, can be measured
using VNA. Later, the coil-to-coil transfer efficiency 7. can be
calculated using (25).The experimental configuration is shown
in Fig. 17. The TX and RX coils are connected to ports 1 and 2
of VNA via coaxial lines. The two coils are aligned coaxially,
the distance between them is d.

From Table I, to realize the optimum transfer efficiency at
the distance of six times the coil diameter, load and source re-
sistances of 5.1 (2 are needed. This resistance can be realized
by using a pair of quarter-wavelength 16-() transmission lines
between coil and VNA. In practice, three 50-(2 coaxial lines
can be connected in parallel to realize such transmission
lines. To make a comparison, the transfer efficiency 7, and



Y1 et al.: HIGH-EFFICIENCY MID-RANGE INDUCTIVE POWER TRANSFER EMPLOYING ALTERNATIVE-WINDING COILS

TABLE I
CALCULATED MUTUAL INDUCTANCE AND OPTIMUM TRANSFER EFFICIENCY

Transfer Mutual Input Load Optimum

distance d/D inductance* impedance impedance transfer

d(mm) My,(nH)  Zin(Q) Rioaa () _efficiency 7y,
35 0.5 11453 300.07 300.07 98.9%
70 1.0 523.52 137.17 137.17 97.5%
105 1.5 287.74 75.41 75.41 95.5%
140 2.0 177.17 46.45 46.45 92.8%
175 25 117.69 30.88 30.88 89.4%
210 3.0 82.53 21.69 21.69 85.2%
245 35 60.29 15.89 15.89 80.4%
280 4.0 45.48 12.04 12.04 74.9%
315 4.5 35.20 9.38 9.38 68.9%
350 5.0 27.83 7.49 7.49 62.5%
385 5.5 22.40 6.12 6.12 55.9%
420 6.0 18.31 5.10 5.10 49.3%
455 6.5 15.16 433 433 42.9%
490 7.0 12.70 3.75 3.75 36.9%
525 7.5 10.75 3.31 3.31 31.3%
560 8.0 9.18 2.96 2.96 26.3%
595 8.5 7.90 2.70 2.70 21.9%
630 9.0 6.85 2.50 2.50 18.1%
665 9.5 5.98 2.34 2.34 14.9%
700 10.0 5.25 221 221 12.2%
735 10.5 4.61 2.11 2.11 10.1%
770 11.0 4.11 2.04 2.04 8.2%
805 11.5 3.68 1.98 1.98 6.7%
840 12.0 3.28 1.93 1.93 5.5%

The values of input impedance and load impedance in the table are calculated by (12) and
(15) for achieving optimum transfer efficiency.
* Mutual inductance M, is calculated under K = m = 20.

Port 1 Port 2
Line 1 Line 2

Coil 1 VI @ AP coil 2

VNA

\  50Qline

©)

Fig. 17. Diagrams of the experimental setup. The TX and RX coils are
connected to port 1 and port 2 of VNA. (a) Sketch of experiment setup.
(b) Photograph of the experiment setup. The transfer distance is 210 mm in
this figure. (c) Coaxial lines used in experiments.

1. when Ry = Rjpaq = 50 Q are also measured by using 50-€)
coaxial line.

Comparisons of theoretical and experimental results of AWCs
are given in Fig. 18(a) and (b). It can be seen that there is good
agreement between measured data and theoretical predictions.
About 50% power transfer efficiency is obtained for a transfer
range, i.e., 6 times the coil diameter. Further, the measured
transfer efficiencies of conventional coils with same geometry
(same turn number, same coil diameter, same coil length, and
same coil pitch) fabricated by the same wire at its own SCF
are also included in Fig. 18(a) and (b). The comparison of the
theoretical maximum transfer efficiency of AWCs, traditional
coils with same size at optimum frequency, and at their own SCF
is given in Fig 18(c). It is prominent that AWCs performance
exceeds the performance of a conventional coil significantly.
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Fig. 18. Experimental results compared with the theoretical predictions.

(a) With a lab-made 1.2-m-long 16.7-ohms coaxial line (1/4 wavelength) and
(b) With a 50-ohms coaxial line. (¢) Comparison of maximum transfer
efficiency among conventional coils and AWCs with same geometry.

A transfer experiment with an electrical appliance is carried
out. The experimental setup and the full view of experiment are
as shown in Fig. 19(a) and (b), respectively. The small signal
produced by a signal generator is amplified by the RF amplifier
supplied with a dc source, and then fed to the TX coil through
a 16.7 Q coaxial line with 1/4 length. The RX coil is directly
connected to the bulb using SMA adaptors and a bulb holder, as
seen in Fig. 19(c). The resistance of bulb is measured in glowing
state as 5.4 2 (label “1.5V, 0.3 A”). The distance between TX
and RX coils is 420 mm (6 times the coil diameter). The power
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Fig. 19. Inductive power transfer experiment with power up to a useful level.
(a) Sketch of transfer setups. (b) Full view of experiment. (c) Details of the
connection structure between RX coil and bulb.
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Fig. 20.  Simulated result of normalized SCF versus normalized geometric

parameters. The initial value of parameters is the same as previous part.

level of signal generator is set to be —10 dBm and amplifier gain
is 39.08 dB at this input power level.

D. Sensitivity of Operating Frequency

The SCF of AWC coil is related to its geometry and sim-
ulation is carried out to study the relationship between them.
In the simulation, the initial value of the geometry parameters
D, l, s, and d,, are the same as the previous part and other
parameters are kept constant when sweeping any one of them.
Simulation results shown in Fig. 20 demonstrate the normalized
SCF versus the variation of geometry parameters, where [ and
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e~
||

Fig. 21. Refined equivalent circuit of alternate-winding coil.

d,, and is approximately inversely proportional to D which can
be explicated by I, ¥ N7wD ~ A = ¢/ f, as shown in (36). In
the actual manufacturing process, the precision of D can be
controlled under 0.14% by controlling the total length of the
coil wire [,,, i.e., 10 mm deviation over 7177 mm. Considering
the information provided in Fig. 20, the frequency difference
between the two AWCs is less than 0.06 MHz.

An equivalent circuit including a parallel capacitor [31] is
employed to investigate the effect of capacitance between dif-
ferent turns, as shown in Fig. 21. The analytical expression of
parasitic capacitance of N-turn round wire solenoidal coil with
an insulation coating can be derived as [31] equation (41) shown
at the bottom of this page, where ¢ and ¢, are the thickness and
relative permittivity of the insulation coating, respectively.

By using Taylor series expansion, at the frequencies close
to SCF wy, the impedance of the main inductor L,, can be
expressed as

JX (w) = J[X (wo) + (w—wo) X' (wo) + O [(w —wo)]]

~j(w—wy)kg (42)

where k; = X'(wg) is the slope of the imaginary curve at
the SCF.
Thus, the input impedance of the AWC can be written as

1 1

Ztot'ml - -
a 1 . 1
XorEs TIYOL oo

+ijL
Ry +J (w — wo) kr — wCL(w — LUQ)ZICLZ — RLSQWC’L

B (1 — wC, (w—wy) kr)* 4+ (RpswCr)?

(43)

When the imaginary part of Zi,t,1 i set to be zero, the fre-
quency shift can be deduced to

1—+v1-— 4CL2RL52L¢)2

s are coupled as I = Ns. The SCF is not sensitive to [, s, and Af = (w—uw) /21 = ke (44)
72 Dey B
(N=1)In(s/du +/(5/du 1) (t < s—dy)
CL = WQDEU _ s (t d ) (41)
(Nfl)111(P+\/P27(1+2t/d“'_ )2/6:-) ) T d, (1+2t/dy YT S w
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14+4/1-4CL2 Ry 2w? . .
where the other root —- L ZLs “ s removed because it
. 4 CL kL w
is not close to SCF.

The numerical calculation of (44) reveals that the frequency
shift caused by parasitic capacitance between turns of coil is
negligible.

E. Sensitivity of Transfer Efficiency

The sensitivity analysis of transfer efficiency is carried out
and the main factors are listed below as three subsections.

1) Ratio of Pitch to Wire Diameter: It is observed that the
transfer efficiency is sensitive to the pitch s and wire diameter
d,, if the ratio d,, /s > 0.7. It can be seen from (28) that the
transfer efficiency is affected by operating frequency w, mu-
tual inductance M, radiation loss R,, and the ohmic loss of
coil Ropy, - It can be easily deduced that the first three factors
are not sensitive to coil geometry. According to (30), Ronm 1S
the product of Ry and the factor F' = [« + %‘Z (Buqr + yua)]
which represents the contribution of the proximity effect and
the fringing effect. Obviously, R.; is not sensitive to the coil
geometry according to (31). Thus, the performance of factor F
is important and needs to be discussed. The numerical values
of factor F' are calculated based on [26] and shown in Fig. 22.
A quick glance at Fig. 22 suggests that the ohmic loss of coil
increases sharply when d,, /s > 0.7. To avoid the declination in
transfer efficiency, an optimal range of d,, /s < 0.7 is suggested
in design stage.

6717

coils are not identical, where the difference of the SCFs is further
defined by geometry deviations in manufacturing stage, as seen
in Fig. 20.

Assuming that the SCFs of the TX and RX coils are wr
and wp, respectively, in this case, the nodal equations (KVL)
of these two coils around the center operating frequency w, =
(wr + wpr)/2 can be obtained as follows by putting (42) in to
(16) and (17):

I (Rs + Rro1 + jkii (wr —we)) + jwMisly =V, (45)
I (Rioad + Rrs2 + jkro (wp —we)) + jwMioy = 0. (46)

Then the active output power and power consumed by load
can be deduced as

Py = If %
2M2 Roa( +R S
=TI | Rpa + We 12(21 12 Ls2) 3
(Rload + RLSQ) + kLZ(wR - wc)
47)
. w2 M3, R
Poaa =15 - Va = I} iz -
(Rioad + Brs2)” + ki y(wr — we)
(43)

The transfer efficiency of two coupled AWCs is equation (49)
shown at the bottom of this page.
The input impedance can be expressed as
Vi

Zin = o= Ris1 + jkii (wr —we)
1

+ W? M122
Rioad + Ris2 + jkr2 (wr —we)’

(50)

According to (25) and (50), the source-to-load efficiency 7
can be expressed as (51), shown at the bottom of this page.

For two similar AWCs, Rig1 =~ Rps ~ Ris, ki1 =~ ko =
ky,, (51) can be deduced as

4M2 Rloadst?g ((RLS + ]%load)2 + kL2 (Aw/2)2>
(M2 (RLs + Rload)wz + (RLs + RS)
((RLs + Rload)2 + kLQ(AW/2)2))2

+ (k1 (Aw/2)((Rus + Rioaa)? + k* (Aw/2)?)
— kL M2w? (Aw/2))?

Ns =

52
2) SCF Disparity between TX and RX Coils: The transfer (52)
efficiency will diverge from (27) if the SCFs of TX and RX where Aw = wp — wp.
Po. w2 M?y Ryoa
nc=;d= - 2/121(12 - (49)
act  Rpg ((Rload + Rus2)” + ki (wr — we) ) + wE Mfy (Rioad + Ris2)
4M? Rygaq Ryw? ((RLSQ + Rioaa)” + kr2® (wr — wc)2>
ns = (51)

2
(M2 (RLSQ + Rloa‘d) Wf + (Rle + Rb) ((RLSQ + Rloaud)2 + kL22(wR - Wc)2)>

2
+ (km (wr — we) ((RL82 + Rioaa)” + ko’ (wr — wc)2) — ko M?w? (wg — wc))
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Fig. 23.  Transfer efficiency versus frequency difference. The parameters of

AWC are the same as the coil used in previous parts.

Fig. 24.  Sketches of (a) axial, (b) lateral, and (c) angular misalignments.

Fig. 23 shows the calculated transfer efficiency versus fre-
quency difference at different distances. In the calculation, Ry
is 1.73Q (as calculated in Section VI) and &, is 1.29 x 107°
(determined by simulation). Moreover, M, Rj,.q, and R are
given in Table I. It can be seen that the transfer efficiency is
not sensitive to frequency difference (related to geometry devi-
ations) when the coupling between two coils is strong.

3) Axial, Lateral, and Angular Misalignments: In practi-
cal scenarios, the transfer efficiency will reduce if the trans-
fer coils are axially, laterally, or angularly misaligned. For a
well-designed IPT system, the misalignments change the mu-
tual inductance M- and cause the system mismatch. The sys-
tem transfer efficiency 7, is used here to study the sensitivity
instead of the maximum efficiency 7, because the later one
does not take into account the power reflected from the source
and load. When misalignments occur, the parameters including
w, Rs, Rioad, Ris1, and Rpgo will not change. Therefore, in
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(b) Laterally misaligned. (c) Angularly misaligned.

the analysis and calculation below, these parameters are kept
constant.

In the calculation, the mutual inductance of misaligned coils
can be calculated through a similar process, as shown in
Section V-B, consulting the formulas given in [32] and [33].
The sensitivity reports of efficiency versus axial, lateral, and an-
gular misalignments are shown in Fig. 25(a)—(c), respectively.

Looking at Fig. 25, the conclusion can be depicted that sys-
tem efficiency tends to be more sensitive to axial misalignment
for shorter transfer distances. Longer transfer distances are rela-
tively less sensitive to axial misalignment. Same is the case with
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TABLE II
PARAMETERS OF AWCs OPERATING AT 13.56 MHz

Turn Coil Coil  Coil  Aspect
number diameter length loss ratio
N D(m) I(m) R, () /D
4 0896  0.017 235 0.02
8 0.454  0.035 1.72 0.08
12 0.331 0.052 178 0.16
16 0274  0.069 1.90 0.25
20 0236 0.087 2.04 0.37
24 0206  0.104 2.10 0.50
28 0.190 0.121 224 0.64
32 0.177  0.139 235 0.79
36 0.166  0.156 245 0.94

40 0.158 0.173  2.58 1.09

The geometry parameters of AWCs are calculated by (25)
when letting » = 1 and then amended by simulations.
Coil loss is obtained from (18) to (22).

lateral misalignment. This phenomenon can be explained as the
relative change of distance is large when the coils are close to
each other. On the other hand, transfer efficiency is not much
sensitive to angular misalignment for either longer or shorter
transfer distances.

VII. DESIGN EXAMPLE OF IPT SYSTEM EMPLOYING ACWs
A. Design Example for Given Operating Frequency

In Section VI, an IPT system employing a pair of ACWs with
fixed coil diameters is presented. In this section, this IPT system
is designed to operate at 13.56 MHz (one of the industrial,
scientific and medical (ISM) bands) to meet the practical design
task.

Table II shows the design paramters of the coil with dif-
ferent geometries and sizes. The coils with more turns would
have smaller coil diameter and longer coil length as seen from
Table II. When the operating frequency of IPT system is given
(13.56 MHz in this case), the geometric dimensions of coils can
be decided depending on the application requirements. In this
design, the coil wire is the same as that of in Section VI and
dy /s is set to be 0.6. Keeping the pitch s uniform and wire
diameter d,, fixed, different turn number N will result in differ-
ent coil length [ = N x s. The only variable parameter in this
case is the coil diameter D, which can be adjusted to achieve
the desired frequency. A smaller D for same coil length / and
number of turns N would result in smaller wire length and higher
operating frequency and vise versa. Here, operating frequency
is chosen to be 13.56 MHz, thus the corresponding coil diame-
ter D is deduced accordingly. Finally, the Ry is calculated by
using (18)—(22).

Besides, the maximum transfer efficiency of these AWCs
versus transfer distance have been calculated and shown in
Fig. 26 through the same process as in Section VI. It can be
concluded that less number of turns result in longer transfer dis-
tance but the normalized transfer distance is reduced when the
number of turns is small and vice versa for more number of turns.

In the current demonstration, a pair of 16-turn AWCs proto-
type is fabricated and tested as an example. The measured in-
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dividual resistance of these two AWCs at SCF are 2.1 £ 0.2 (.
The measured transfer efficiencies between these two AWCs
when connected directly to 50-€2 line are shown in Fig. 27. About
90% power transfer efficiency is achieved with d = 0.55 m and
more than 50% system transfer efficiency can be obtained for a
transfer distance ranging 0.4 m < d < 0.75 m. This proves that
the IPT system can obtain good performance when directly con-
nected to the commercial RF power stage without any matching
networks.

An experiment is carried out to validate the viability of the
IPT system employing AWCs in practical applications, as shown
in Fig. 28. In this experiment, the designed IPT system is used
to drive a LED monitor (13-W dc appliance) without surplus
matching networks. A two-stage power amplifier is connected
to the RF generator, with the output power of primary and sec-
ondary stages set to be 1 and 17.5 W, respectively. The LED
monitor, a voltage regulator, and a bridge rectifier are connected
in series to employ as the load for the RX coil. The transfer
distance d is set to be 0.55 m. Measured by an oscilloscope, the
input power of TX coil, output power of RX coil, and receiving
power of LED monitor are 17.46, 15.93, and 13.11 W, respec-
tively. It indicates that the measured transfer efficiency between



6720

1.0+

0.9{* — Im
2z : — - 755 Theoretical
g 0.8 e 775 Measured
E 0.7 1 " 3 — -7c Theoretical
= 0.6 . : + 17c Measured
23] . v
s 0.5' q’ 'Y +\
e ] .
Z 0.4 \ "
E 0.3_ ’ \:

0.2' o'

0] ! A

0.0t e

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Tranfer Distance d (m)
Fig. 27. Experimental transfer efficiencies of 16-turn AWCs compared with

the theoretical predictions. The AWCs are connected to VNA with 50-ohms
coaxial line.
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Fig. 28. Practical transfer demonstration at commercial power level.
(a) Experiment settings. (b) Wirelessly powered LED monitor.

TX and RX coils reaches about 91%. While from power ampli-
fier (PA) to the LED monitor, about 75% transfer efficiency is
achieved by the system without any matching networks.

B. Tradeoff of the Coil Size and the SCF

It can be seen from Table II that the SCF is closely related to
AWC’s diameter and its number of turns. The tradeoff is shown
below in Fig. 29. The SCF of AWCs with variable coil diameters
and different number of turns are obtained by employing the fi-
nite element modeling simulation software, as shown in Fig. 29.
In this figure, the range of coil diameters are from 0.05 to 1 m,
and the number of turns are between 4 and 52. The available
range of SCF by employing the AWCs with these parameters
is 2-300 MHz. Meanwhile, the effect of coil length to SCF is
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Fig. 29. SCF as a function of coil size and number of turns. The available
range of SCF is highlighted by pale blue.

negligible. The coil length is approximately equal to the product
of the number of turns N and the distance s between the centers
of two adjacent loops. The coils with same turns /N and diameter
D but different distances s have almost the same SCF, the same
is also observed in simulations. This phenomenon is interpreted
in Section VI-D.

VIII. CONCLUSION

A novel coil for high-efficiency mid-range IPT is proposed
and analyzed. The equivalent circuit of IPT with a pair of
AWCs is established. The analytical expressions for coil-to-coil,
source-to-load, and optimum transfer efficiency are calculated
mathematically. The proposed IPT system does not require sur-
plus compensation network for input/output impedance match-
ing, avoiding the complex and tedious design of compensating
networks that in fact are essential for traditional IPT systems.
Further, it has been justified that it is not always mandatory to
use low-loss coil material because the coil losses can be compen-
sated by increasing the number of turns; this makes the system
more application oriented. Experimental observations reveal
that the proposed IPT configuration can achieve a transfer range
up to 6 times the coil diameter with the power transfer efficiency
of ~50%, reduced complexity, and practical feasibility that have
previously been unrealizable. A 13.56-MHz IPT system em-
ploying a pair of AWCs without any matching networks is de-
signed, fabricated, and tested. Meanwhile, the sensitivities of
the proposed AWCs and IPT system are studied. To validate the
feasibility of the system at a useful power level, a LED monitor
is driven wirelessly as a demonstration. Nevertheless, depending
on the design requirements, an IPT system using the proposed
method can be designed to have better transfer performance.
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