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Abstract—5-m-off-distance inductive power transfer systems
that have optimally shaped cores in the primary and secondary
coils are proposed. Instead of conventional-loop-type coils for mag-
netic resonance scheme, magnetic dipole type coils with cores are
used for drastic reduction in deployment space and quite long
wireless power transfer. An optimized stepped core structure is
also proposed, where a strong magnetic field section is so thick that
magnetic field density may be even. Thus, the proposed optimized
stepped core has only 41% core loss compared with an unoptimized
even core but delivers 2.1 times more wireless power for a given
amount of core. Experimentally obtained maximum output pow-
ers and primary-coil-to-load-power efficiencies for 3, 4, and 5 m at
20 kHz were 1403, 471, 209 W, and 29%, 16%, 8%, respectively.

Index Terms—Inductive coupling, inductive power transfer sys-
tem (IPTS), wireless power.

I. INTRODUCTION

EXTENDING the distance of wireless power has a long his-
tory beginning with Nikola Tesla trying to make an electric

power grid without wires [1]. In 2007, a wireless power trans-
fer scheme using strongly coupled magnetic resonance systems
(CMRS) was introduced whose power transfer level and coil-
to-coil efficiency are 60 W and 45%, respectively, at a distance
of 2 m [2]. CMRS adopted large self-resonant coils at each
primary and secondary side to induce a large magnetic field to
obtain an extended transfer range. For the high current in these
self-resonant coils, the internal resistances of the coils must be
very small. This means that the coils must have very high Q
factors, which consequently result in very thick wires. The high
Q factors also result in substantial voltage stresses on the coils
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because the coils should sustain Q times larger reactive current
or voltage than the corresponding current or voltage of the real
power. For example, 1 MVA rating of coil is required to deliver
400 W for Q = 2500. To sustain high voltage stress among wires
in the coil, the coils cannot help being bulky with large air gap
between adjacent wires. Furthermore, the resonant frequencies
of the coils are not set by lumped capacitors and inductors but
by their inherent stray capacitances and inductances. The stray
capacitances and inductances are too sensitive to surroundings
such as temperature, humidity, and human proximity [3], [4].
With high Q factors that result in extremely narrow resonant
frequency bandwidth and moving resonant frequency due to
environmental sensitivity, a complicated automated matching
system is needed to track and tune up the resonant condition of
the high Q coils using switched inductors and capacitors [5], [6].
Even though a tuning up scheme is applied, matching the mul-
tiple resonant coils with high environmental sensitivity is ex-
tremely difficult in practice. Due to the distributed coil structure
of parasitic capacitance and inductance, the operating frequency
of the CMRS tends to be of the order of 10 MHz, which results
in the use of RF power amplifiers rather than efficient switch-
ing converters [6]. The CMRS for 60-W power transferred over
the distance of 50 cm has an apparently high coil-to-coil ef-
ficiency of 80% [7]; however, its system efficiency including
power source and ac–dc conversion would be quite low. These
characteristics are why the well-known CMRS is seldom used
in high-power applications. Therefore, inductive power transfer
systems (IPTS) have been widely used [8]–[35] for applications
that consume more than tens of watt.

In this paper, an IPTS driven by an inverter of 20-kHz switch-
ing frequency for 5-m-off distance is proposed. Magnetic dipole
coils of narrow and long structure, having ferrite cores inside, are
adopted for the primary and secondary coils, minimizing par-
asitic effects [35]. Optimum-stepped core structures that mini-
mize core loss for a given amount of ferrite material are newly
proposed. It is verified by simulations, analyses, and experi-
ments for 20 and 105 kHz that the IPTS, which has been, so far,
believed to be adequate for proximity wireless power transfer
only, is quite suitable for long distance power delivery as well.

II. PRIMARY AND SECONDARY COIL DESIGN

A. Overall Coil Configuration

The overall configuration of the IPTS, which is composed
of an inverter, capacitor banks, a rectifier, and load as well as
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Fig. 1. Overall configuration of the proposed IPTS including primary and
secondary coils.

Fig. 2. Simulation result of the magnetic flux lines of the proposed coil con-
figuration, where d = 3 m, I1 = 10 A.

proposed primary and secondary coils, is shown in Fig. 1. The
primary and secondary windings are wound around the center of
primary and secondary cores, and its winding shape is analogous
to a helical coil. Each winding is composed of a litz wire to
reduce the ac series resistance of the coils. The current of the
primary winding generates magnetic field, and then the linkage
magnetic flux induces the voltage at the secondary winding.

If an air coil were used, the inner part of the coil would have
large magnetic reluctance whereas the outer part of it would have
relatively very small magnetic reluctance because of the large
effective field crossing area of the outer part of the coil. Strong
magnetic field generation, which is crucial for longer distance
power delivery, is limited by the large magnetic reluctance of
the inner part of the air coil. To reduce this magnetic reluctance,
a long rod-type ferrite core is inserted into the air coil, as shown
in Fig. 1. As a rule of thumb, this ferrite coil generates about
50 times stronger magnetic field intensity than the air coil by
means of the magnetic reluctance reduction.

Magnetic flux lines between the primary and secondary coils
are shown in Fig. 2, representing that parts of magnetic flux
lines are effectively interlinked to the secondary coil. To make a
larger linkage flux, a longer ferrite rod should be inserted. The
simulations, throughout this paper, were performed by Ansoft
Maxwell v14.0.

Fig. 3. Simulation results of the magnetic flux density at the center of the
secondary coil for the primary and secondary core length lc (1–6 m) and various
distances d (2–5 m). lc = 3 m was selected as the baseline design in this paper.

The rms value of the induced voltage of the secondary coil
V2 is proportional to the rms value of the magnetic flux crossing
its winding B2(x) as follows:

V2 = ωB2(x)A2N2 (1)

where the winding is evenly distributed, ω is the angular switch-
ing frequency, A2 is the cross-sectional area of the secondary
coil near center lh2 · lt2 , N2 is the number of turns of the sec-
ondary coil, and the averaged magnetic flux density over the
winding length lw is determined as follows:

B2(x) ≡ 1
lw

∫ lw /2

−lw /2
B2(x)dx. (2)

The simulated magnetic flux density at the center of the sec-
ondary coil B2(0) versus the primary and secondary core length
lc for various distances d is shown in Fig. 3, where the core
lengths of the primary and secondary cores are assumed to be
same. The longer core length is, the larger magnetic flux den-
sity in the secondary core is. For a longer distance of power
transfer, the core should be lengthened. As shown in Fig. 3,
the core length of 1–2 m is too short for 5-m-off power trans-
fer because of the very low magnetic flux density; however, it
becomes considerably increased if the core length is 3 m.

Concerning the winding length lw , the magnetic linkage flux
passing through the secondary winding increases as lw de-
creases, as shown in Fig. 2; hence, lw = 0 is the optimum
condition for maximizing the induced voltage, as was identified
from (2) as follows:

Max
{

B2(x)
}

= lim
lw →0

1
lw

∫ lw /2

−lw /2
B2(x)dx = B2(0)

= Max {B2(x)} . (3)

In practice, (3) cannot be realized because the narrowed wind-
ing length deteriorates the frequency response due to parasitic
capacitances between each coil winding and between core and
winding, respectively, as shown in Fig. 9. Furthermore, local
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Fig. 4. Simulated magnetic flux density for the primary coil with even thick-
ness of ferrite core lt1 = 7 cm, when lc = 3 m and lw = 1 m. The number of
turns is 22 and the primary current I1 is 40 Arm s to reach the saturation level
of 190 mT.

Fig. 5. Magnetic flux density profile of the proposed stepped core. x1 , x2 , x3 ,
and x4 denote the junctions of each stepped core.

core saturation may occur for a large secondary current due to
concentrated magnetic flux if lw is too small.

B. Optimized Design of the Proposed Stepped Core

Conventional ferrite material has a saturation flux density of
about 300 mT at room temperature, but practically, the maxi-
mum should be less than 200 mT considering the core loss and
temperature increase of the material due to the loss. The higher
temperature of the ferrite material decreases the saturation flux
density. If the thickness of the ferrite core along the x-axis is
even, the magnetic flux density profile in the ferrite core is not
uniform along the longitudinal line (x-axis), as shown in Fig. 4.
This uneven profile can be easily anticipated from Fig. 2, where
the magnetic linkage of each side is concentrated at the center
of the core; hence, the magnetic flux density becomes highestat
the center of the core and gradually decreases for the outer sec-
tion. Therefore, the lower magnetic field section of other parts
does not have to be thick. Even though applicable to the sec-
ondary coil, this optimum core design, in this paper, is focused
on the primary coil, which undergoes severe core saturation for
generating high magnetic flux.

As shown in Fig. 4, the ampere-turn of the primary coil is
found to be 880 [Amp turn] by simulation with the configuration
of lh1 = 20 cm and lt1 = 7 cm, i.e., A1 = 140 cm2 to reach

Fig. 6. Magnetic flux distribution at the stepped junction of the ferrite core.
Magnetic flux density change is plotted at the bottom.

the magnetic saturation level of 190 mT. Now, the current level
of the primary coil I1 was chosen as 40 Arms , considering the
current rating of an available inverter; however, it could be so
far as the ampere-turn is met. Then, the number of turns of the
primary coil N1 was determined as 22.

The ferrite core thickness should be optimized considering the
magnetic field profile. If the total amount of the ferrite material is
given, the outer section needs to be thinner so that the magnetic
flux density can be uniform. A simple optimum design rule for
uniform magnetic flux density is to make the core cross-sectional
area as follows:

A1opt(x) =
A1(0)
B1(0)

B1(x) (4)

where A1(0) and B1(x) are the cross-sectional area and mag-
netic flux density, respectively, of the even thickness core, as
shown in Fig. 6. Under the condition of (4), the magnetic flux
density of the proposed optimized core becomes the following:

B1opt(x) =
B1(x)A1(0)
A1opt(x)

=
B1(0)
A1(0)

≡ B0

A1(0)
= constant.

(5)
In other words, if the cross-sectional area is of the same form

of magnetic flux density profile of the even thickness core, then
uniform magnetic flux density can be obtained.

For fabrication purposes, however, the core length should be
finitely segmented, as shown in Fig. 5, where half of the core
is presented due to symmetry of the coil. This stepped shape
configuration can be easily implemented by small-size ferrite
blocks, where the thickness of a block is now 2 cm. It has
been assumed that the magnetic flux density profile B1(x) is
unchanged even though A1opt(x) is changed, which shall be
valid for the case of this paper where the core thickness is much
less than the core length.

The optimization can be done by finding the longitudinal
(x-axis) points x1 , x2 , x3 , and x4 , where the magnetic flux den-
sity at each stepped junction reaches the maximum value B0 . In
this paper, five segmentations were assumed.

Different from conventional air coils, the exact calculation
of the magnetic flux density in the proposed ferrite-core coil is
hardly possible, and measuring the magnetic flux density in the
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ferrite core is impossible. In this paper, the simulated magnetic
flux density profile, as shown in Fig. 4, is numerically modeled,
considering the curved and straight line portions, as follows:

B1(x) =

⎧⎪⎪⎨
⎪⎪⎩

Bw (x) = B0{1 − c0 |x|n}, for
|x| < lw /2 wound section (6a)

Bu (x) = a0(|x| − x1) + b0 , for
lw /2 < |x| < lc/2 unwound section (6b)

where x1≈lw /2 and the coefficients are determined from Fig. 5
as follows:

a0 = − Bw (x1)
lc/2 − x1

, b0 = Bw (x1) (7a)

c0 = 0.9, n = 2.0. (7b)

In (7b), the c0 and n are obtained by curve fitting from Fig. 5.
Similar with (5), an optimized magnetic flux density profile

for the stepped core can also be found by approximating the
profile to the even magnetic flux density B1(0). The optimized
magnetic flux density profile function is then as follows:

B1opt(x) = B10(x) + B11(x) + B12(x) + B13(x) + B14(x)
(8)

where

B10(x) = Bw (x), for 0 ≤ |x| < x1 (9a)

B11(x) = a1(|x| − x1) + b1 , for x1 ≤ |x| < x2 (9b)

B12(x) = a2(|x| − x2) + b2 , for x2 ≤ |x| < x3 (9c)

B13(x) = a3(|x| − x3) + b3 , for x3 ≤ |x| < x4 (9d)

B14(x) = a4(|x| − x4) + b4 , for x4 ≤ |x| < lc/2. (9e)

In (9), what should be determined are 12 constants, i.e., ai’s,
bi’s, and xi’s.

First, bi’s are easily found, considering the fact that the initial
value of each B1i(xi) should be the same as B0 , as shown in
Fig. 5. From (9b)–(9e), B1i(xi) is found as follows:

B1i(xi) = ai(|xi | − xi) + bi = bi = B0 , for i = 1, 2, 3, 4 .

(10)
The magnetic flux should be continuous at the stepped junc-

tion of the core, as shown in Fig. 6. The adjacent magnetic flux
density Bj+1 can be found as follows:

Bj+1 =
Aj

Aj+1
Bj , ∵ φj+1 = Aj+1Bj+1 = φj = AjBj .

(11)
At x = x1 , the number of core stacks is changed from five

to four; therefore, the magnetic flux density is increased by this
ratio of cross-sectional area A10 /A11 = 5/4, as identified from
(11). Moreover, the magnetic field density of B11(x1) should
be the same as the maximum allowable magnetic field density
B0 , as follows:

B11(x1) = B0 =
A10

A11
B10(x1) =

5
4
B10(x1). (12)

From (12), x1 can be calculated by using (6a) and (9a) as
follows:

x1 =
1

(5c0)
1/n

. (13)

From (13), x1 is calculated from (7b) as 0.49 m.
It is noteworthy that the magnetic flux density at the ends of

the ferrite core, i.e., |x| = lc /2, is nearly zero, as shown in Figs. 4
and 5. This means that each B1i(x) has the same zero value at |
x | = lc /2, as shown in Fig. 5, because each segmented stacked
core assumes even thickness to the ends, i.e.,

B1i(lc/2) = ai(|lc/2| − xi) + B0 = 0 for i = 1, 2, 3, 4.
(14)

From (14), ai’s can be determined as follows:

ai =
−B0

lc/2 − xi
for i = 1, 2, 3, 4. (15)

Applying (7a) and (12) to (15), a1 can be determined as
follows:

a1 =
−B0

lc/2 − x1
= −5

4
B10(x1)
lc/2 − x1

=
5
4
a0 . (16)

Now the coefficients of (9b) are completely determined, and
at x=x2 , the number of core stacks is changed from four to three;
therefore, the magnetic flux density is increased by A11 /A12 =
4/3. Similar with (12), the magnetic field density of B12(x2)
should be the same as the maximum allowable magnetic field
density B0 , as identified from (11), as follows:

B12(x2) = B0 =
A11

A12
B11(x2) =

4
3
B11(x2)

=
4
3
{a1(x2 − x1) + B0}. (17)

From (17), x2 can be determined from the following:

x2 = x1 +
−B0

4a1
= x1 +

1
4
(lc/2 − x1) ≡ x1 +

lu
4

. (18)

In (18), it was found that the second segmented position
corresponds to a fourth of the unwound core length lu .

By recursive applications of this procedure of finding ai’s
and xi’s, as shown in (12)–(18), a complete determination of
the coefficients becomes as follows:

a2 =
5
3
a0 (19a)

a3 =
5
2
a0 (19b)

a4 =
5
1
a0 (19c)

x3 = x2 +
lu
4

(20a)

x4 = x3 +
lu
4

. (20b)

In general, the coefficients for an arbitrary m-segmentation
are found to be, so far as the magnetic flux density of the
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Fig. 7. Comparison of the simulated magnetic flux density profile with the
calculated one for the proposed stepped core, when lc = 3 m and lw = 1 m.
The number of turns is 22, and the primary current I1 is 40 Arm s .

Fig. 8. Simulation results of the normalized magnetic flux density for the
stepped core and even core, where lc = 3 m and lw = 1 m. The number of turns
is 22, and the primary current I1 is 40 Arm s .

unwound core area is of a straight line like in Fig. 4, as follows:

ai =
m

m − i
a0 for i = 1, 2, . . . , m − 1 (21a)

bi = B0 for i = 1, 2, . . . , m − 1 (21b)

xi+1 − xi =
lu

m − 1
for i = 1, 2, . . . , m − 1. (21c)

Using the designed parameters, the calculated magnetic flux
density of (8) and the simulated one were compared with each
other, as shown in Fig. 7. As anticipated, the magnetic flux
density has the peak value B0 at each stepped junction point
(x1 , x2 , x3 , x4).

Fig. 8 shows the simulation results of the normalized magnetic
flux densities for the optimized stepped core and even core,
respectively. The amount of used ferrite core for each case is
assumed to be same, for fair comparison. It is found that the
peak magnetic field of the stepped core is reduced to 65% of
that of the even core, which means that 35% of the core can
be saved by the proposed stepped core design to achieve same
magnetic flux density profile.

The magnetic flux in the core is proportional to the inductance
of a coil in general for a given current. Hence, the inductance of
the stepped core and even core, L1opt and L1 , respectively, are
calculated by simulations for comparison, which are 942 and
991 μH, respectively. Because the inductance of the proposed
stepped core is only 4.9% less than the even core, the induced
voltage drop is not so significant. Therefore, it can be concluded
that the proposed scheme can deliver 2.13 (=1.462) times wire-
less power than the even core type for same amount of core,
considering the delivered wireless power is proportional to the
square of induced voltage of (1) or magnetic flux density, as
follows:

P1,opt

P1
=

(
V1,opt

V2

)2

=
(

L1,opt

L1
· B0,opt

B0

)2

. (22)

C. Core Loss Calculation

The magnetic flux is significantly intensified and the coil size
becomes quite compact by using the core; however, the penalty
of using the core is core loss. As identified from the side view
of the proposed stepped core, as shown in Fig. 8, both the total
volume and maximum magnetic flux density of a core should
be minimized to mitigate the core loss. Hysteresis loss, which
is the major source of core loss, can be modeled in watt per unit
volume by the following Steinmetz equation [30]:

Pcv = Cm CT fpBq
peak [W/m3 ], CT =CT 0 − CT 1T + CT 2T

2

(23)
where Cm and CT are core loss coefficient and temperature
correction parameter, respectively.

Quantitative core loss can be assessed for the even core and
optimized stepped core when the amount of core is given. Apply-
ing (8) to (23), the ferrite core loss can be analytically calculated
as follows:

P1h =
∫∫∫

Pcv dxdydz =
∫

Cm CT fp Bq
p eakA1 (x)dx

=
{

Cm CT fp
∫

Bq
1
(x)A1 (x)dx, for even core

Cm CT fp
∫

Bq
1 o p t

(x)A1opt (x)dx, for stepped core

(24)

where A1(x) and A1opt (x) are the cross-sectional area of the
even core and stepped fore, respectively. Parameters for the
power loss density of the ferrite core from the maker are sum-
marized in Table I. From (24), the losses for the even core and
stepped core were calculated with the temperature of 100 ◦C
and I1 of 40 Arms by the mathematical software Maple v16.0,
and the losses were calculated to be 1340 and 550 W, respec-
tively. Adopting the proposed optimizing technique, the core
loss became just 41% of the unoptimized even core.

D. Winding Methods and Parasitic Capacitances

Compared with air coils, the proposed core wound coils have
relatively large inductances of the order of mH; therefore, small
parasitic capacitances of the coils may affect the self-resonant
frequencies of the coils. Two major parasitic capacitances of the
core wound coil are shown in Fig. 9. Different from conven-
tional air coils that have just parasitic capacitances Cw between
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TABLE I
FIT PARAMETERS TO CALCULATE THE HYSTERESIS CORE LOSS DENSITY

Fig. 9. Parallel parasitic capacitances of ferrite wound coils (upper) and the
fabricated coil for minimizing parasitics (lower) for hundred kilohertz operation.

Fig. 10. Resonant tank model comprises of a ferrite wound coil with a parasitic
capacitance and a series resonant capacitor.

adjacent wires, the proposed core wound coils have the parasitic
capacitances Cf between the wire and core. The Cf of the pro-
posed coil is not negligible because the wire length of the coil
is several tens of meters. These parasitic capacitances, Cw and
Cf , constitute a parallel capacitance Cp in an equivalent circuit
model, as shown in Fig. 10.

Fig. 10 shows the simplified equivalent circuit model of a
resonant tank, which is composed of the ferrite wound coils
including its parallel parasitic capacitor Cp and a series resonant

Fig. 11. Picture of the proposed primary and secondary coils with stepped
cores and acryl spacers for experiments.

capacitor Cs . Considering that Ls represents either L1 or L2 ,
the impedance of the circuit Z is as follows:

Z =
1

jωCs
+

1
jωCp

||jωLs =
1 − Ls(Cs + Cp) · ω2

jωCs(1 − LsCpω2)

=
1 − (ω/ωs)2

jωCs{1 − (ω/ωp)2} (25)

where the parallel angular resonant frequency ωp and series
angular resonant frequency ωs are as follows:

ωp =
1√

LsCp

(26a)

ωs =
1√

Ls(Cp + Cs)
. (26b)

To make the secondary induced voltage large, the number of
turns of the secondary winding should be large and the operating
frequency should be as high as several hundreds of kilohertz,
as identified in (1). To meet these conditions, Cs should be as
small as a few nanofarad because of the large Ls of millihertz.
As identified from (25), Cp should be at least a few times smaller
than Cs in order to separate ωs far enough from ωp . To reduce
Cf and Cw , an acryl spacer is inserted between the wire and
ferrite core, and the wire is wound with a sufficient interwire
gap based on the given winding space and the number of turns,
as shown in Fig. 9. Thus, the coil can operate over a hundred
kilohertz without deteriorating resonance characteristics.

III. EXPERIMENTAL VERIFICATIONS OF THE IPTS

A. Overall Configuration

Experimental verifications of the proposed coils were made
in a laboratory, as shown in Fig. 11, where the primary and
secondary coils were placed on the tables.

The circuit diagram of the proposed IPTS is shown in Fig. 12,
where the primary coil and its series resonant capacitor C1
are driven by a full bridge inverter. To guarantee zero-voltage
switching operation of the inverter, the switching frequency of
the inverter was selected to be slightly higher than the primary-
side resonant frequency determined by C1 and L1 [11]. On the
other hand, the secondary-side resonant frequency determined
by C2 and L2 was tuned exactly to the switching frequency.
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Fig. 12. Circuit diagram of the proposed IPTS for experiments, which includes
an inverter for the primary coil driving and a rectifier for the secondary coil.

TABLE II
PARAMETERS OF THE PROPOSED IPTS INCLUDING COILS

These are summarized as follows:

ω ∼= 1.05 ω1 =
1.05√
L1C1

(27a)

ω = ω2 =
1√

L2C2
. (27b)

From (27), C1 and C2 were determined by using the measured
values of L1 and L2 , which are listed in Table II.

A full bridge rectifier converts the induced ac voltage of the
secondary coil to dc voltage. The R1 and R2 represent primary
and secondary effective series ac resistances, respectively, which
include the equivalent series resistances (ESR) of the resonant
capacitors and equivalent ac resistances of the coils comprise
of conduction loss and eddy current loss. RL was fixed to 40 Ω
throughout the experiments to give 1 kW at 200-V load voltage.

B. Fabrication of Coils

The proposed coils designed in the previous sections were
fabricated, as shown in Figs. 9 and 11, which are the stepped core

Fig. 13. Measured output power versus the primary rms current I1 for various
distances. (20 kHz).

type and even core type. The lengths of primary and secondary
cores are all lc = 3 m, and other parameters for fabrication
are listed in Table II. For fabrication, we selected a low-priced
Mn–Zn type soft ferrite material named PL-7 from Samwha
Electronics, Korea because the material’s loss characteristic is
similar to a Mn–Zn type material called 3C30 produced by
Ferrox Cube.

The primary coil inductance L1 was measured as 832 μH,
which is 12% less than the simulated value of 942 μH; this is
mainly due to thin isolation films between each ferrite block,
which were inserted to mitigate eddy current loss inside the
cores.

The acryl spacers were also inserted between the wire and
ferrite core to reduce Cf in order to obtain about a 3 cm gap.
Thus, the measured parasitic capacitances of the primary and
secondary coils, Cp1 and Cp2 , were merely 95 and 44 pF, re-
spectively. Comparing these values of Cp1 and Cp2 with C1
= 80 nF and C2 = 7.1 nF, they are 0.12% and 0.62%, which
correspond to 28.9 and 12.7 times frequency separation of (26),
respectively. In other words, the parallel resonance frequencies
of the primary and secondary coils are 566 and 256 kHz, re-
spectively; hence, the fabricated coils can be used up to about a
hundred kilohertz in practice.

C. Efficiency Measurements

To measure the power efficiency of the proposed IPTS, the
ac input power of the primary coil was measured by a precision
digital power analyzer, Yokogawa, WT1800, whereas the dc
output power of the load resistor was measured by multimeters.
The measured output power versus the primary current I1 for
various distances at 20 kHz is shown in Fig. 13. The maximum
output powers for distances 3, 4, and 5 m were 1403, 471,
and 209 W at the maximum primary current I1 = 47 Arms ,
respectively.

Fig. 14(a) shows the power efficiency measured from the pri-
mary coil to the load resistor versus the output power PL for
various distances d. The maximum output powers and efficien-
cies for 3, 4, and 5 m at 20 kHz were 1403, 471, 209 W, and
29%, 16%, 8%, respectively. The power efficiency decreases as
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Fig. 14. (a) Measured efficiency from the primary coil to the load resistor
versus output power PL for various distances (20 kHz). (b) Measured efficiency
comparison between an unoptimized even core and optimized stepped core, d
= 3 m.

PL , or correspondingly, I1 , increases due to the substantially
increased hysteresis core losses in the coils. The efficiencies of
the unoptimized even core and optimized stepped core are com-
pared in Fig. 14(b). For low load power, the core loss difference
between two cases is not substantial because of the undistin-
guishable core loss difference. As the load power increases, the
core loss difference between the optimized case and upopti-
mized case gets larger because the efficiency of the optimized
case is improved due to smaller core loss than unoptimized case.

A much higher operating frequency of 105 kHz was also
tried, as shown in Figs. 15 and 16, where a high-priced Mn–Zn
type soft ferrite material for higher frequency application up
to 1 MHz, named PL-F1 from Samwha Electronics, was used.
Now, the input power was measured at the dc input side of the
inverter because the power measurements for high frequency
with digital power meters incurred numerous errors. As shown
in Fig. 15, the maximum output powers for each distance of 2,
3, 4, and 5 m were 109, 34.8, 13.8, and 5.93 W, respectively,
where the primary current I1 was less than 4 Arms due to the
power limit of the prototype high-frequency inverter specially
made for a hundred kilohertz.

Fig. 16 shows the power efficiency from inverter input to load
resistor versus the output power for various distances. For the
output power of 5 W, the power efficiencies were 46%, 31%,
15%, and 6% for the distances of 2, 3, 4, and 5 m, respec-
tively. Comparing these results of Fig. 16 with those of Fig. 14,
the efficiencies for 105 kHz are apparently lower than that for

Fig. 15. Measured output power versus primary current I1 for various dis-
tances (105 kHz).

Fig. 16. Measured power efficiency from inverter input to load resistor versus
output power PL for various distances (105 kHz).

20 kHz; however, it is not so obvious because the power mea-
surement method, inverter fabrication, and current level were
drastically changed. Higher operating frequency may make the
overall system compact; however, it is not straightforward to say
that higher operating frequency is optimal in terms of overall
power efficiency, output power level, and total cost due to the
limited capacitor selection, increased core loss, and parasitic
effects.

Detailed studies on the operating frequency selection together
with the much longer wireless power delivery by shorter lc of
coils and higher efficiency are left for further work.

D. Loss Measurements

To verify the calculated hysteresis loss in the ferrite core
of (24), the loss difference of the primary coils between the
optimized stepped core and unoptimized even core, as in (28),
was measured:

ΔP1h = Cm CT fp

∫
{Bq

1
(x)A1 (x) − Bq

1opt (x)A1opt (x)}dx.

(28)
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Fig. 17. Measured (red curve) and calculated (blue curve) loss differences of
the primary coils between optimized stepped cores and unoptimized even cores
at 20 kHz.

Fig. 18. Measured surface temperature using a thermo-graphic camera after
20 min. Operation of the IPTS at 20 kHz and I1 = 40 Arm s .

Except for the hysteresis losses in the optimized core and
unoptimized core, other losses are almost the same. Therefore,
other loss components are cancelled out, and only the difference
of hysteresis core losses is measured, which is found to be quite
similar with (28), as shown in Fig. 17.

The measured surface temperatures of the even core and op-
timized stepped core for the same amount of ferrite material by
using a thermo-graphic camera is shown in Fig. 18. The tem-
perature of the optimized stepped core was much lower than
the even core, and the temperature distribution of the optimized
stepped core was more uniform than the even core. From this

Fig. 19. Measured surface temperature of a segment of the stepped core (side
view), showing internal magnetic flux density.

Fig. 20. Example of the power loss analysis of the proposed IPTS with stepped
cores at 20 kHz when d = 5 m and I1 = 40 Arm s .

temperature measurement, power loss minimization using the
proposed optimization method has been further verified.

The measured surface temperature of a segment of the stepped
core is shown in Fig. 19. The surface temperature distribution
of core reflects the magnetic flux density profile that cannot
be directly measured in a core. The simulated and calculated
magnetic flux density profiles, as shown in Fig. 7, correspond
well to this measured temperature profile.

Though it is not possible to measure all the detail losses, the
loss analysis of the proposed IPTS with stepped cores for an
example of the power transfer distance of 5 m and primary cur-
rent I1 of 40 Arms at 20 kHz is shown in Fig. 20. Except for the
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term Pmisc which is the remaining unexplained discrepancy, the
powers were either measured or calculated; P1h and P2h were
calculated from (24) and all the other powers were measured.
The dominant losses are found to be the hysteresis and eddy cur-
rent losses of the primary coil. Therefore, better a ferrite core
should be developed for a long distance wireless power transfer
with higher system efficiency.

The parameters of the proposed IPTS are summarized in
Table II. The effective ac resistances R1 and R2 were measured
by tuning the resonant circuits of the primary and secondary
coils at the operating frequency of 20 kHz, respectively. The
mutual inductance Lm was calculated from the measured in-
duced voltage V2 for a given primary current I1 . The mutually
coupling factor κ was calculated from Lm ,L1 , and L2 .

Note that the quality factor of the secondary circuit Q2 for
20 kHz, considering the effective ac side resistance of dc side
resistor [31], is merely 30.2 as follows:

Q2 ≡ ωL2

Re
=

ωL2

RL,eff + R2
=

ωL2

RL
8

π 2 + R2
, RL,eff

=

(
2
√

2
π

)2

RL. (29)

Comparing the very large Q of the CMRS, the proposed Q2
is about 100 times smaller; hence, the proposed IPTS is well
within the practical Q2 of less than 100, which has been verified
by several applications [11], [32], [33].

IV. CONCLUSION

The 5-m-off-long-distance IPTS has been demonstrated, in-
troducing the possibility of a new remote power delivery mech-
anism that has never been implemented, even by the CMRS, so
far. The dipole structure coil with a ferrite core instead of con-
ventional loop-type coils used in the CMRS is found to be quite
effective for a longer power delivery. Its shape is not bulky but
narrow and long so that it can be installed in the corner or ceiling
of a room. The proposed optimized stepped core has been ex-
perimentally verified to have only 41% core loss compared with
the unoptimized even core but delivers 2.1 times more wire-
less power for a given amount of core. Experimentally obtained
maximum output powers and primary-coil-to-load-power effi-
ciencies for 3, 4, and 5 m at 20 kHz were 1403, 471, 209 W,
and 29%, 16%, 8%, respectively. The proposed IPTS is under
development as a potential back-up power of essential sensors
during severe accidents in a nuclear power plant.
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