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Abstract

Efficient contactless power transfer (CPT) is an emerging technology which is attracting great scientific interest because it can
mitigate some of the problems commonly associated with conventional wired power transfer systems. CPT systems suffer
from very low efficiency because of the poor coupling coefficient, which is due to the large air gap between the transmitter and
receiver coils. Therefore, CPT transformers are mostly operated at high frequencies to improve the quality factor of transmitter
and receiver coils and thus counterbalance the effect of the low coupling coefficient. On the other hand, informed selection
and design of core materials for CPT transformers can improve the coupling coefficient and thereby boost the overall power
transfer efficiency of the system. However, at high power and high frequency CPT applications, core losses become very high
and play an important role in determining the efficiency of the system. This paper reports on a detailed investigation into the
suitability of nanocrystallines as core materials for high power and high frequency CPT systems.
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Figure 1: Circuit schematic of a contactless power transfer system

1. Introduction

Contactless power transfer (CPT) is achieved by mutual
inductance between two coils through the air gap. However,
in a conventional transformer the flux links between two coils
through core materials, giving a high coefficient of magnetic
coupling. In contactless power transfer, as the flux links be-
tween two coils through the air-gap, the coupling coefficient
is very poor: 0.1 to 0.6 compared with over 0.95 in a con-
ventional transformer. Therefore, the efficiency of the sys-
tem is very poor [1]. Hence, when striving to meet the ever-
increasing consumer demand for convenient portable CPT
devices, there is huge scope for exploring the potentials of
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magnetic inductive contactless power transfer systems. The
basic concepts of CPT technology as shown in Fig. 1 have
been explained in detail in numerous papers [1–4]. However,
inadequate discussion has been devoted to the subject of
selecting suitable transformer core materials for contactless
power transfer.

The magnetic material for transformer core design of CPT
systems is a crucial issue. Due to the poor coupling coef-
ficient in CPT systems, transformers are operated at high
frequency to improve the quality factor of the system and
hence overall efficiency. Soft magnetic materials are com-
monly used as the core materials of transformers and in-
ductors due to their superior magnetic properties. Hence,
the characteristics of soft magnetic materials have to be ex-
plored and then tradeoffs made according to the needs and
specifications of the particular application. Ferromagnetic
materials are adopted for high-power, high-frequency trans-
former core materials due to their higher saturation level
compared to ferrites, but they are not suitable at very high
frequency because of increased losses. Therefore, at high
frequency ferrites are the only option, due to their high resis-
tivity. Soft ferrites are commonly used as core materials for
CPT transformers on account of their low loss characteris-
tics and medium saturation level. Nanocrystalline materials,
which are still somewhat of a novelty, have been are attract-
ing great interest as high-frequency high-power core mate-
rials owing to their favorable magnetic and electrical proper-



Journal of Power Technologies 98 (1) (2018) 20–29

ties. Therefore, they can be explored as suitable core mate-
rials for CPT systems.
The potential of nanocrystallines for the high frequency high
power transformer core materials used for CPT systems
needs detailed analysis. While high permeability and low
coercivity of soft magnetic materials are required for trans-
former cores, low conductivity is also very important to re-
duce the eddy current losses since they operate under AC
conditions. Particularly in high frequency CPT systems, eddy
current loss plays an important role because of their low ef-
ficiency. In general, ferrites exhibit better loss performance
at high frequency due to their high resistivity, but with lower
saturation flux density. That is why efforts are ongoing to
discover new core materials which have high resistivity and
high saturation flux density. Nanocystalline materials seem
to have solved all these problems. This paper goes on to dis-
cuss the characteristics of ferrites and then investigate and
determine the suitability and superiority of nanocrystallines
for CPT applications [5–7].

2. Mathematical modelling of a CPT system

The power output Pout of a CPT system is expressed by
the open-circuit voltage VOC , short-circuit current IS C and the
quality factor Q as shown in (1). This can also be written in
terms of the VA at the input terminals of the primary circuit
V1I1, the transformer coupling coefficient k and the quality
factor Q2 of the secondary circuit [2–4].

Pout = PS U Q2 = VOC IS C Q2 = ωI2
1

L2
12

L2
Q2 = V1I1k2Q2 (1)

where: PS U—the uncompensated power rating.
PS U , VOC and IS C are given by

PS U = VOC IS C , VOC = jωL12I1, Isc =
L12I1

L2
. (2)

The angular frequency of the primary (transmitter) current
I1 is ω and V1 is the voltage across L1. The mutual in-
ductance between primary (transmitter) and secondary (re-
ceiver) circuits is L12. L2 is the inductance of the secondary
circuit under no load condition. The operational frequency
and power rating of the CPT system are limited by the switch-
ing devices used. Both factors have to be balanced against
switching losses and copper losses. An IGBT based full
bridge resonant inverter has been considered. VA ratings,
tolerances, and degradation of CPT systems over time, re-
strict the practical operational quality factor Q from 4 to 6 [8].
Coupling coefficient k is the ratio of the flux that links both
primary and secondary coils to the total flux produced by the
secondary coil.

Coupling coefficient k plays an important role in CPT sys-
tem performance. The coupling coefficient of CPT systems
is very low due to high leakage fluxes, as the air gap be-
tween the primary and secondary coils is large. The value

of the coupling coefficient of a CPT system ranges from 0.15
to 0.6. It ensures the overall feasibility, cost effectiveness,
and efficiency of the whole system. The coupling coefficient
can be easily determined by measuring L12, L1 and L2 with
an LCR meter. Mutual inductance is highly dependent on
the air gap distance between primary and secondary coils,
whereas L2 is determined by coil parameters such as size
and number of turns in the coil [9–11].

Values of L1 and L2 do not depend on the position of pri-
mary and secondary coils. As discussed above, indepen-
dent of their power level, CPT systems suffer from low mag-
netic coupling due to the high leakage inductance of the coils
caused by the large air gap between the transmitter and the
receiver coils. It imposes an inherent limitation on the effi-
ciency of power transfer of CPT systems [10, 11].

The efficiency can be improved by resonant compensation
of the receiver with either a parallel or a series connected
compensation capacitor. This is shown in Fig. 1. Another
series or parallel connected capacitor is added at the primary
side in order to reduce the reactive power requirement from
the source, thereby improving the overall efficiency of the
system.

Therefore, if both sides of the resonant circuit are tuned to
the same resonance frequency ω0, the current in the trans-
mitter coil is approximately sinusoidal.

Primary coil quality factor Q1 and secondary coil quality
factor Q2 can be expressed as:

Q1 =
ω0L1

R1
, Q2 =

ω0L2

R2
. (3)

The inductor quality factor Q of the two coils is the geomet-
ric average of the two individual coil quality factors [9] and is
given by:

Q =
√

Q1Q2 (4)

It can be shown that for both compensation topologies (se-
ries or parallel) on the secondary side, the maximum power
transfer efficiency ηmax of the CPT system is expressed
as [9–11]:

ηmax =
(kQ)2(

1 +
√

1 + (kQ)2
)2 (5)

where: k—magnetic coupling between primary and sec-
ondary coils.

Equation (5) shows that maximum power transfer effi-
ciency ηmax depends on the figure of merit (FOM), where
FOM= kQ. For high values of the FOM, in (5) ηmax is ap-
proximated as:

ηmax ≈ 1 −
2

(kQ)
(6)

In (6), ηmax is the maximum efficiency, which depends on
the winding’s quality factor Q and the coupling coefficient k if
the core loss is neglected. In (1), it is clear that if ω and I1
are constant, designs of L12 and L1 ensure the overall feasi-
bility, cost effectiveness, and efficiency of the complete CPT
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Table 1: Typical properties of Ferrites at 25◦C [5]

Grade/Category Bsat ,
T

µi ρ,
Ω − m

Tc,
◦C

Thermal
conductivity, W/mK

3F3 (MnZn) 0.45 2000 2 220 3.5∼5
3C94
(MnZn)

0.45 2300 5 220 3.5∼5

3F45
(MnZn)

0.5 900 10 300 3.5∼5

4B1 (NiZn) 0.35 250 105 250 3.5∼5
4F1 (NiZn) 0.35 80 105 260 3.5∼5

system. L12 is highly dependent on air gap distance and mis-
alignment between transmitter and receiver coils, whereas
L2 is determined by the coil parameters such as size and
number of turns in the coil. Due to the inherently large air
gaps in CPT system, L2’s position relative to L1 does have
some small effect on both inductances.

The coupling coefficient can also be improved by suitable
selection of core materials. At high frequency, core loss can-
not be ignored for certain core materials. However, core loss
at high frequency can be minimized by informed selection of
core materials. Therefore, to maximize the power transfer
efficiency (PTE) of CPT systems, the FOM of CPT systems
should be as high as possible. On the other hand, the FOM
can be enhanced by the right selection of core materials.
This paper explores the suitability of core materials for high
frequency CPT systems and it establishes that nanocrys-
tallines are the right choice as core materials for CPT sys-
tems [12].

3. Soft ferrites as high frequency core materials

Yogoro Kato and Takeshi Takei of the Tokyo Institute of Tech-
nology invented ferrite in 1930. Since 1950, ferrite mate-
rials have been developed for high-frequency applications
because of their high electrical resistivity and low eddy cur-
rent losses. The spectrum of applications of ferrites in elec-
tronic circuitry continues to grow. The wide range of pos-
sible geometries, the continuing improvements in the mate-
rial characteristics and their relative cost-effectiveness make
ferrite components the default choice for both conventional
and innovative applications [5]. A ferrite is a type of ceramic
compound composed of iron oxide (Fe2O3) combined chemi-
cally with one or more additional metallic elements (i.e. Zinc,
Nickel, Manganese and Copper) [6, 13–15]. Metal oxides are
added in various amounts to create many different materials
whose properties can be modified for a variety of applica-
tions. Ferrite components are pressed from a powdered pre-
cursor and then sintered (fired) in a furnace. The mechani-
cal and electromagnetic properties of the ferrite are heavily
affected by the sintering process, which is time-temperature-
atmosphere dependent [12–17]. The typical properties of
MnZn and NiZn ferrites, according to data from Ferrox-cube
(previously Philips), are listed in Table 1.

Ferrites are ferromagnetic materials and are electrically
nonconductive, being ceramic in nature. Combinations of
few substances exhibit these two properties. Ferrites can

Figure 2: Ferrite 3F3 core loss density at 25◦C [5]

be classified into two families based on their magnetic co-
ercivity. Hard ferrites have high coercivity; it is difficult to
magnetize or demagnetize them. They are used to make
permanent magnets, for use in devices such as refrigera-
tor magnets, loudspeakers and small electric motors. Soft
ferrites, having low coercivity, can be easily magnetized or
demagnetized. Soft ferrites with high resistivity prevent eddy
current losses [5, 6, 9, 16, 17]. Due to their comparatively
low losses at high frequencies, they are extensively used in
the cores of high frequency transformers and inductor appli-
cations such as switched-mode power supplies, contactless
power supply etc. The saturation flux density of ferrites is be-
tween 0.3∼0.5 Tesla normally and permeability varies from
thousands to several tens of thousands.

Typically, NiZn ferrites have lower saturation flux density
and better loss performance at high frequency, compared
to the MnZn ferrites. Therefore, NiZn ferrites are preferred
for ultra-high frequency applications. As the operating fre-
quency increases, the core loss density of ferrites will in-
crease as shown in Fig. 2, and consequently permeability will
reduce as shown in Fig. 3. The above two effects are very im-
portant and must be considered when designing transformer
cores for CPT systems where magnetic coupling is a major
concern, because both of them could lead to a design failure
in the transformer.
The operating temperature of ferrites should be below the
Curie temperature, at which magnetic material suddenly
loses magnetic characteristics. Normally, the maximum con-
tinuous operating temperature of ferrites is below 125◦C.
The development of high temperature ferrite (up to 300◦C) is
a new area of research and has attracted great interest [16–
21]. Within the specified temperature range the main draw-
back of ferrite is temperature dependency, which is a major
concern when selecting core materials for contactless power
transfer. Fig. 4 shows the saturation flux density, initial per-
meability and core-loss-density variations of ferrite 3F3 un-
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Figure 3: Ferrite 3F3 complex permeability as a function of frequency [5]

der various temperatures [5]. It shows that saturation flux
density decreases as the operating temperature increases.
Accordingly, it imposes a major design constraint when de-
signing cores for high-frequency-high-power CPT systems
for a particular application. The reduction in permeability
with increases in operating temperature will result in varia-
tions in circuit inductance. In turn, variations in inductance
will affect the resonance of the circuit, thereby increasing
the reactive power demand. The most important concern at
this point is the variation in loss with the temperature. All of
the above mentioned temperature dependent issues of fer-
rites impact the feasibility of ferrites for high-frequency-high-
power CPT applications. Therefore, ferrite core based high
power high frequency CPT systems require special cooling
arrangements and hence there are limitations on the use of
ferrite core in CPT systems.

4. Choice of nanocrystallines as core materials for CPT
systems

The name itself defines the nature of the material. By
definition, a nanocrystalline is a polycrystalline material with
a crystallite size of only a few nanometers. These mate-
rials fill the gap between amorphous materials without any
long-range order and conventional coarse-grained ferromag-
netic (CRGO steel) materials. Nanocrystalline has a crystal-
lite grain size below 100 nm. Grain sizes from 100–500 nm
are typically considered “ultrafine” grains. Changes in grain
size change magnetic properties to a great extent. In 1988,
Yoshizawa and others invented a new class of iron-based
alloys named nanocrystallines [21]. It is observed that
nanocrystallines exhibit superior soft magnetic properties
better than supermalloys.

The observed properties were outstanding, and unique
for high frequency core building. The magnetic charac-
teristics of nanocrystalline materials are given in Table 2.

Table 2: Typical properties of nanocrystalline (Fe73.5Cu1Nb3Si15.5B7) at
100 kHz

Grade/Category Bsat ,
T

µi ρ, Ω − m Tc,
◦C

Density,
gms/cm3

Nanocrys-
talline

1.23 11×104 1.15×10−6 600 7.24–7.3

Table 3: Simulation parameters

Parameter Value

Transformer turns ratio 11:11
Transmitter coil inner / outer diameter, cm 10 / 35.5
Receiver coil inner / outer diameter, cm 10 / 35.5
Transmitter core dimension, cm 38×38×0.5
Receiver core dimension, cm 38×38×0.5
Transmitter aluminum shield dimension, cm 40×40×0.5
Receiver aluminum shield dimension, cm 40×40×0.5
Air gap, cm 12
Misalignment, cm 2.5

Nanocrystallines have a raft of suitable properties like lower
losses, higher permeability and near zero magnetostriction
compared to all previously-known soft magnetic materials as
shown in Fig. 5. These all-favorable properties of nanocrys-
tallines make them ideally suited for high frequency high
power applications like CPT systems and other high fre-
quency power electronics devices [23, 24]. Also these prop-
erties make the product smaller in size and lighter in weight,
which are very desirable aspects in light of the much sought-
after portability of the system for marketing purposes. In
conventional ferromagnetic materials, coercivity increases
as the grain size decreases, which is totally contrary to
soft magnetic materials. Diametrically opposed results are
observed in the case of nanocrystallines. An extremely
fine grained structure leads to good magnetic properties
in nanocrystallines, as illustrated in Fig. 6 [22, 25]. Thus
nanocrystallines fill the gap between amorphous and crys-
talline materials [26–30]. CPT systems have to be operated
at high frequency due to poor magnetic coupling. So, core
materials play a crucial role in their design. On the other
hand, at high operating frequency, thermal behavior of core
materials also changes.

Table 4: Simulation results with / without core and shielding

CPT system Mutual
inductance,

mH

Coupling
coefficient

CPT Transformer without core and
shield

0.665 0.214

CPT Transformer with ferrite core 1.973 0.326
CPT Transformer with
nanocrystalline core

2.21 0.388

CPT Transformer with ferrite core
and shielding

1.911 0.298

CPT Transformer with
nanocrystalline core and shielding

2.01 0.331
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Table 5: Coupling coefficients using nanocrystalline core and aluminum
shield for variable air gap and misalignment

Mis-
align-
ment,
cm

Cpl coef
(coil 1,

coil 2) Air
gap = 4.5

cm

Cpl coef
(coil 1,
coil 2)

Air gap =
9 cm

Cpl coef
(coil 1,

coil 2) Air
gap =

13.5 cm

Cpl coef
(coil 1,

coil 2) Air
gap = 18

cm

Cpl coef
(coil 1,

coil 2) Air
gap =

22.5 cm

0 0.769288 0.479345 0.288368 0.177059 0.112392
3 0.728367 0.458072 0.278054 0.171540 0.109372
6 0.615321 0.399417 0.248453 0.156049 0.101310
9 0.456459 0.315134 0.204659 0.133126 0.088677
12 0.285872 0.220968 0.154015 0.105587 0.073053
15 0.134826 0.130902 0.103551 0.077282 0.056787

5. Analysis of a CPT system with and without core ma-
terials

The effectiveness of nanocrystallines for contactless
power transfer (CPT) has been validated by finite element
analysis (FEA) of the CPT transformer using a 3-D finite ele-
ment tool (Maxwell). The results were compared with ferrite
cores as well. Simulation parameters are given in Table 3.
From the simulation results given in Table 4, it is observed
that the coupling coefficient is very much affected by the core
materials. A two-coil CPT system without core material at an
air gap of 12 cm and misalignment of 2.5 cm is shown in
Fig. 7a. Its flux density distribution is shown in Fig. 7b. It
is obvious from the flux density distribution in Fig. 7b that
leakage flux is very high thereby reducing the mutual induc-
tance and coupling coefficient as shown in Table 4. The
mutual inductance and coupling coefficient of the CPT sys-
tem without using core material are merely 0.665 mH and
0.214 respectively. Whereas, using ferrite cores as shown in
Fig. 8a, leakage flux has been reduced significantly. There-
fore, mutual inductance and coupling coefficient have been
increased to 1.973 mH and 0.326 respectively as given in
Table 4. Flux density distribution with ferrite core has been
shown in Fig. 8b. In Fig. 8c, it is observed that with using
nanocrystalline core there is further improvement in mutual
inductance and flux density under the same operating condi-
tions and they are increased to 2.21 mH and 0.388 respec-
tively. Moreover, by adding the aluminum shield as shown in
Fig. 9a and Table 4 mutual inductance and the coupling co-
efficient were reduced due to the shielding effect. Their flux
density distributions are given in Fig. 9b and 9c respectively.

Therefore, it is clear that the mutual inductance / coupling
coefficient can be improved sufficiently using carefully se-
lected core material. From the above results, it is clear that
replacing ferrite cores with nanocrystalline cores does little
to improve the mutual inductance / coupling coefficient of
the system. Changes in the coupling coefficients by using
nanocrystalline core and aluminum shield for variable air gap
and misalignment are shown in Table 5 and Fig. 10 respec-
tively. It is observed from Table 5 that a small increase in
misalignment at a particular air gap causes a significant de-
crease in the coupling coefficient.

Misalignment is a common phenomenon in a CPT system.
Therefore, some amount of misalignment should always be
factored in when modelling a CPT system for variable air gap.

It can been seen from Table 5 and Fig. 10 that maximum cou-
pling coefficient is attained when the center of the transmitter
coil is aligned to the center of the receiver coil. So, maximum
efficiency of the CPT system can be achieved at this position.

Nevertheless, during application, some amount of mis-
alignment always occurs in the system. For example, at an
air gap of 4.5 cm without misalignment, the coupling coeffi-
cient is 0.769. However, at the air gap of 4.5 cm with mis-
alignment of 3 cm, the coupling coefficient falls to 0.728 as
shown in Table 5. During design of a CPT system for any par-
ticular application, close consideration must be given to the
effect of misalignment as it is a common concern of a mov-
able charging system.

6. Loss performance of nanocrystalline core materials

The eddy current effect on ferrite and nanocrstalline cores
was also analyzed at 20 kHz frequency using 3-D finite ele-
ment tool (Maxwell). It can be seen in Fig. 11a and Fig. 11b
that the eddy current effect is more prominent in ferrite core
than in nanocrystalline core because of the higher electrical
resistivity of nanocrystalline core. Hysteresis loss density
(W/m3) is also greater in ferrite core than in nanocrystalline
core, as is shown in Fig. 11c and 11d respectively. There-
fore, nanocrystalline cores are more energy efficient than
ferrite cores. At high frequency and high power applications,
the use of nanocrystalline cores in place of ferrite cores can
improve the efficiency of CPT systems to some extent. How-
ever, ferrites currently enjoy the lion’s share of the market for
high frequency core materials due to their easy availability
and universality.

From all of the above results, it is evident that nanocrys-
talline core material is the best choice for high frequency and
high power applications, because of its all-favorable mag-
netic and electrical properties. Due to its high saturation flux
density and high electrical resistivity, it provides enhanced
efficiency for systems in high-frequency-high-power applica-
tions.

7. Conclusions

Core materials for high-frequency-high power transform-
ers of CPT systems need rigorous investigation. In this pa-
per, a suitable core material is sought for high frequency and
high power CPT systems, which suffer from low efficiency.
Therefore, a search was undertaken to identify a core ma-
terial of low losses, high operating temperature, zero mag-
netotriction and high permeability, which remains constant
at high frequencies. After intensive investigation nanocrys-
talline core material was found to be the ideal candidate as
the core material for CPT systems, which operate at high
frequency and have the properties of high Curie tempera-
ture, high initial linear permeability, near zero magnetotric-
tion, high electrical resistivity and good thermal conductiv-
ity. This paper has explored all possible and suitable high
frequency core materials and finally has selected nanocrys-
talline core materials as the best choice for CPT systems.
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The major benefits of this class of high-tech materials are:
(i) miniaturization of the system in volume, (ii) high degree
of universality in shape, and (iii) superb magnetic and elec-
trical properties. This opens the way for a reduction in size
for the whole CPT system, since transformer core materi-
als account for a large proportion of the weight and volume
and cannot be replaced with conventional soft magnetic ma-
terials. With technological advances, demand for CPT sys-
tems is rising sharply. Therefore, the price of the product is
becoming competitive compared to conventional crystalline
materials. In sum, nanocrystalline core materials can mit-
igate some of the key issues surrounding the efficiency of
CPT systems.
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(a)

(b)

(c)

Figure 4: Typical characteristics of ferrite 3F3 as a function of temperature:
(a) B-H curve, (b) Initial permeability, (c) Core loss density [5]

Figure 5: Typical initial permeability and saturation flux density for different
soft magnetic materials [6]

Figure 6: The relation between coercivity and grain size of various ferro-
magnetic materials [22]

— 26 —



Journal of Power Technologies 98 (1) (2018) 20–29

(a)

(b)

Figure 7: Two-coil CPT system without core: (a) Simulation schematic, (b)
Flux density distribution

(a)

(b)

(c)

Figure 8: Two-coil CPT system with core: (a) Simulation schematic with
ferrite / nanocrytalline core, (b) Flux density distribution with ferrite core, (c)
Flux density distribution with nanocrystalline core
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(a)
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Figure 9: Two-coil CPT system with core and shield: (a) Simulation
schematic with ferrite / nanocrystalline core and aluminum shield, (b) Flux
density distribution with ferrite core and aluminum shield, (c) Flux density
distribution with nanocrystalline core and aluminum shield
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Figure 10: Coupling coefficients using nanocrystallline core and aluminum shield at variable air gap and misalignment

Figure 11: Eddy current effect and hysteresis loss density on core materials at 20 kHz frequency: (a) Eddy current effect on ferrite core, (b) Eddy current
effect on nanocrystalline core, (c) Hysteresis loss density on ferrite core, (d) Hysteresis loss density on nanocrystalline core
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