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ABSTRACT The coil design of the inductive power transfer (IPT) for a transmitter (Tx) and receiver (Rx)
is crucial to determine the performance of the IPT. Considering core loss and copper loss of the Tx and
Rx coils, which are major loss terms of the whole IPT system, determination of the winding turns for the
Tx and Rx coils becomes a key factor for maximum power transfer design of the IPT coils. In this paper,
an optimal turns design of IPT coils for laptop wireless charging applications with a maximum power transfer
efficiency is proposed. Under a specific design requirement of IPT, optimal turns of the Tx and Rx coils Ny p
and N ,p can be determined by the proposed IPT coil design procedure with a finite-element-method (FEM)
based simulation analysis. From the results of the coil design by the proposed IPT coil design methodology,
N1 op and N3 4, for maximum power efficiency, and input DC voltage V. for the target load power can be
found by the proposed coil design procedure. The 40W prototypes of the two symmetry and asymmetry IPT
coils for laptop wireless charging were fabricated, and verified by simulation and experiments. To separately
verify the core and copper loss of the IPT coils, a resistance model and Steinmetz equation-based methods
were comparatively evaluated, and it was found that they matched well at a core temperature condition of
below 40°C. The results showed that the total weight and the thickness of the Tx and Rx coils as well as the
maximum power efficiencies of 95.1% and 96.8% for the symmetry and asymmetry cases were obtained by
the proposed IPT coil design procedure, which becomes a practical solution for the laptop wireless charging
coil design.

INDEX TERMS Wireless power transfer (WPT), inductive power transfer (IPT), coil design, optimal turns
design, laptop wireless charging, maximum power transfer efficiency.

I. INTRODUCTION

Convenient power transfer methods have been required since
the advent of electricity in the 19™ century [1]-[33]. A
wire-type power transfer method using power cables has
thus far been commonly employed due to its simple use and
cost effectiveness. However, power cables spoil the beauty
where they are deployed and expose customers to the risk
of electric shock. As an alternative solution, inductive power
transfer (IPT) has been widely used for various applica-
tions [1]-[33]. By virtue of providing a wire-free environ-
ment with electric safety, the IPT system is expected to be
a viable solution for a convenient power transfer method.
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For designing the IPT system, a transmitter (Tx) and receiver
(Rx) coil design is important to determine the performance
of the IPT. In most cases, the installation space for Tx and
Rx coils is restricted. In this light, an optimal coil design is
highly recommended under a given physical dimension of the
IPT application for operating at the maximum power transfer
efficiency.

Contrary to the conventional transformer design, the IPT
coil has a large air gap between the Tx and Rx coils. Most
previous studies on coil design concentrated on designing
coil shapes or coil structures to enhance the performance of
the IPT [1]-[33]. Multiple orthogonal coil structures have
been developed for omnidirectional wireless power trans-
fer [1]-[4]. For wireless electric vehicle charging, DD or
DDQ pads have been widely used for lateral misalignment
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tolerance and highly efficient static and dynamic charging
characteristics [5]-[10]. For other IPT applications for static
and dynamic charging of large power vehicles, various coil
shapes are used [11]-[14]. Additional resonant coils also can
be used to achieve power transfer capability [15]-[20]. Long
slim dipole-coils have been adopted to transfer the load power
over long distance [4], [21]-[24]. Coreless coil structures
may be preferred to remove core loss for efficient opera-
tion [25]-[27]. In such previous works, however, the number
of turns for Tx and Rx coils is arbitrarily determined without
a reasonable design standard. In this case, it is difficult to
consider such IPT systems to be optimally designed for the
Tx and Rx coils.

In order to obtain the high efficiency and the high power
density by changing k and Q, the Pareto optimization pro-
posed in [6] can be utilized. However, this idea in [6] focused
on changing quality factor and magnetic coupling coefficient;
thus, there are plenty of variables that can be considered
to design the IPT system. Considering the determination of
the number of turns, the efficiency characteristics including
quality factors, which are function of winding turns, have
been derived for better power transfer efficiency [31]. This
research focuses on increasing the quality factor and the
optimal number of turns are not eventually considered for
maximum power efficiency operation. A general design pro-
cedure to find electrical parameters by a theoretical analysis
for maximum coil-to-coil efficiency has been proposed [32].
However, this research assumes that the size and shapes of
the Tx and Rx coils are symmetrical, i.e., physical dimension
and the number of turns. This restricts the universal design
methodology of the Tx and Rx coil turns. A design method-
ology to find coil winding parameters, e.g., the number of
turns, conductor diameter, interval between wires, and so on,
has been proposed for maximum coupling coefficient [33].
Due to numerous parameters and an iterative process, it is
quite complicated to adopt this design process as a practical
IPT solution. In addition, only the coupling coefficient is
considered and the power efficiency is not validated in this
research [33]. Most importantly, such proposed coil design
methodologies are based on the coreless type Tx and Rx
coils [31]-[33]. In this case, a theoretical analysis can pre-
dict the magnetic characteristics. Because most IPT systems
utilize a high-frequency ferrite core, these methodologies
may have limitations in practical WPT applications having
a ferrite core. Furthermore, adopting a ferrite core in Tx
and Rx coils makes the IPT system difficult to analyze due
to the unpredictable radiation of the magnetic field and the
non-linear property of the ferrite core [22], [23]. In particular,
the reluctance of the air-gap between the Tx and Rx coil in the
magnetic circuit becomes dominant [21]-[24]; the reluctance
of the air-gap hence cannot be analytically modeled for a
magnetic circuit if a ferrite core is adopted in the Tx and Rx
coils.

In order to find the optimum turns of the IPT coils with
ferrite cores for maximum power transfer efficiency, addi-
tional time-consuming experimental processes by changing
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all the number of cases inevitably must be implemented.
Some studies focused on only designing a circuit driving
method or impedance matching methods for the maximum
power transfer efficiency, without considering the number of
turns [28]-[30]. Although an optimal ampere-turns design
can be found by the magnetic circuit analysis, the optimum
number of turns for Tx and Rx coils is not specified yet [23].
Therefore, the optimum number of turns for the Tx and Rx
coils should be determined, considering the core loss and cop-
per loss of the Tx and Rx coils, under the given parameters.
In this paper, a coil design methodology of an IPT system
for the laptop wireless charging applications is newly pro-
posed, as shown in Fig. 1. The proposed coil design method-
ology can be generally adopted to determine the number of
turns for operating at maximum power transfer efficiency.
Because it is almost impossible to analyze the magnetic field
by a theoretical analysis, a finite-element-method (FEM)
based simulation tool is adopted to obtain the coil inductance,
magnetic coupling coefficient, and coil resistance, which
includes the core loss and copper loss of the IPT coils. In this
paper, a planar spiral coil, which is widely used for IPT
coils, is adopted for the laptop wireless charging. Design
examples of symmetric and asymmetric coil structures for the
Tx and Rx coils were built for 10V load voltage and 40W
load power delivery conditions. The validity of the proposed
IPT is verified by simulations and experiments, showing
the universality of the proposed IPT design procedure and
providing a practical solution to design an IPT system.

Il. OPTIMAL TURNS DESIGN OF THE IPT

In this section, the static circuit analysis and a FEM
simulation-based parameter analysis are explained to deter-
mine the optimal turns of the Tx and Rx coils. The typ-
ical configuration of the IPT system is shown in Fig. 2.
High-frequency voltage source v; is generated by a
high-frequency inverter, and the load voltage v is obtained
by a high-frequency rectifier, as shown in Fig. 2. For the com-
pensation network, i.e., resonant tanks, in the primary and
secondary sides, series, parallel, or LLC resonant networks
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FIGURE 2. Schematic block diagram of the general IPT system.

can be used in accordance with the IPT and load characteris-
tics [1]-[33]. As one of the typical design examples, a volt-
age source-based series-series resonant topology is adopted,
as shown in Fig. 3, which is the most popular topology for
various IPT applications [11]-[33]. Throughout this paper,
it is assumed that high-frequency harmonics of voltages
and currents in Fig. 3 are negligible and only fundamental
components of voltage and currents are considered due to
the primary and secondary compensation networks [5]-[33].
Throughout this paper, the high-frequency inverter and recti-
fier are assumed to be lossless and ideal to identify only the
coil-to-coil efficiency. All the circuit parameters are assumed
to be ideal unless otherwise specified.

A. EQUIVALENT CIRCUIT ANALYSIS OF THE IPT

The equivalent circuit of Fig. 3 can be expressed as in Fig. 4,
where the primary and secondary turns are Ny and N>. Core
loss and copper loss of the coils are reflected to the series
resistance r; and ro, where the equivalent modeling method
is widely used to identify the core and copper losses in the
coils [21]-[26], [31]. Self-inductance L; and L, in Fig. 3 is
generally expressed by the magnetizing inductance L,, and
leakage inductance L;; and L;; in Fig. 4, as follows:

N2> )

Li=Ln+Ly, Ly=n’Ly+Lp < v
1

The rectifier with the load resistance in Fig. 3 is modeled
as R,, as shown in Fig. 4, considering only the fundamental
frequency components of v, and iz, under the continuous con-
duction mode (CCM) operation in the steady state [21]-[26],
[38]—-[42]. Thus, the voltage V7, Rx coil current >, and equiv-
alent load resistance R, in Fig. 4 are expressed as follows:

2 I
Vi=aVi, Re=a"Rp, h=—. (2a)
o

a:£=09 (2b)

Through applying the Thevenin’s theorem to the left part
of the circuit of Fig. 4, a simplified static circuit is obtained,
as shown in Fig. 5(a). Assuming that L1 &C; and L,&C>
in Figs. 3-4 are fully resonated at the switching frequency for
the maximum load power and load efficiency, Vs and Ry,
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can be derived as follows:

)
L
Vi = my, (3a)
|
L 2
Ry = M (3b)
T
L =0, josL =0. 3
Jows 1+ onC1 JowsLy +ij o (3¢)

From (3), a f1nal equivalent circuit of the IPT from the
load side viewpoint can be derived, as shown in Fig. 5(b).
According to Fig. 5(b), the Rx current I and the secondary
power P> can be derived as follows:

JnwsLy,
L = Vi (4a)
ri(r2 + R.) + (nwy m)2
Py = IzRe. (4b)

On the other hand, to derive the primary power P in Fig. 2,
the proposed IPT circuit of Fig. 4 can be converted to Fig. 6(a)
under the resonant condition of (3c), where Ry ;; can be
derived as follows:

(nwsLm)z

R = — 5
L.th -y (5)

Assuming the fully resonance of L and C; for maximum
load power transfer in (3c), the final equivalent circuit of the
IPT from the source side viewpoint can be derived, as shown
in Fig. 6(b). The Tx current /1 and the primary power P can
then be derived as follows:

R
I = ER . — (62)
r1(r2 + Re) + (nwgLy,)
P =WVl (6b)

From (4b) and (6b), a coil-to-coil efficiency 7. can be
straightforwardly derived as follows:

) (nwsLy, )2Re

e Py ri(ry + Re)2 + (na)sLm)Z(rZ +R.) 2

It is noteworthy that the coil-to-coil efficiency 7., which
excludes the loss of high-frequency inverter and the rectifier,
is considered and verified for coil design verification through-
out this paper. Only a voltage-source based series-series reso-
nant topology is considered in this paper due to it having same
principle as the other resonant topologies [21]-[26], [38].
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FIGURE 3. Circuit diagram of the voltage-source based series-series compensation topology of the IPT.
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FIGURE 4. Equivalent circuit model of Fig. 3 based on the fundamental
components of voltages and currents.
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(b) Final equivalent circuit of the IPT under resonant condition of (3c)

FIGURE 6. Simplification of static circuits of Fig. 4 from the source side
viewpoint.

TABLE 1. Design parameter goals for symmetry and asymmetry cases.

Vm,th

R, V;

(b) Final equivalent circuit of the IPT, composed of pure resistance and a
voltage source, under resonant condition of (3¢).

FIGURE 5. Simplification of static circuits of Fig. 4 from the load side
viewpoint.

B. FINITE-ELEMENT-METHOD SIMULATION BASED
PARAMETER ANALYSIS

From (7), it is noted that the efficiency depends on rq, 12, N1,
N3, and L,, under the given parameter goal, i.e., switching
frequency f;, load resistance Ry . It is almost impossible to
exactly derive the parameters of ry, r, and L,, by a theoretical
analysis due to non-linear characteristics of the magnetic
field distortion through the ferrite core and air [21]-[23].
In addition, it is too time-consuming to perform an
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Electrical Parameters Physical Parameters
Value
Parameters Value Parameters
Symmetry | Asymmetry
Vi 10V 1y 100 mm 100 mm
I 40A Wel 100 mm 100 mm
R, 25Q Lo 100 mm 95 mm
P, 40 W We 100 mm 70 mm
f 100 kHz d, 40 mm 20 mm

experimental process by changing N1 and N, with resonant
conditions of (3c) in order to find the maximum efficiency
point. Thus, a FEM based Maxwell simulation analysis has
been performed throughout this paper.

To apply the proposed IPT design process for finding N
and Ny, it is assumed that the design parameters are given for
the laptop wireless charging applications, as listed in Table 1.
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FIGURE 7. Simulation configuration of the IPT for varying the number of
turns for Tx and Rx coils.

In general, electrical parameters are defined by load char-
acteristics in laptop side, and physical parameters are deter-
mined by an allowable installation space in the laptop. It is
noteworthy that the installation space for the Rx coil in laptop
is quite tough, contrary to the Tx coil case; hence, symmet-
rical and asymmetrical structures for the different size of the
Rx coils are comparatively evaluated in this paper to show
the universality of the proposed coil design methodologies.
The symmetrical structure means that the Tx and Rx coils are
identical, whereas asymmetrical structure means that the Rx
coil is smaller than the Tx coil in this paper. The proposed
IPT coils, considering the design parameters in Table 1, are
shown in Fig. 7. The core area of the asymmetrical Rx coil
is calculated as 66.5 cm? and that of the Tx coil is calculated
as 100 cm?, which means the size of the asymmetrical Rx
coil is approximately two-thirds of the Tx coil size. These
obvious differences for coil size and coil distance are enough
to verify the universality of the proposed design methodology.
Note that the thickness of the core #.1 and 7., are arbitrarily
determined as the first variable parameter of this design pro-
cedure: .1 and t., are selected as 3 mm, and these values
will be verified by a simulation analysis to determine the
magnetic field density level generated inside the ferrite core.
In Fig. 7(a), the distance between the Tx and Rx coils d, is
40 mm and 20 mm for the symmetry and asymmetry cases,
respectively, considering the different size of the Rx coil.
The winding turns for N; and N, are wound from outer to
inner directions, and the starting point of the winding turns is
the 5% gap of the core width from the outer side, as shown
in Fig. 7(b).
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(a) The simulation model of copper for the same current path area.

\

(b) The shape of copper with a FEM mesh.
FIGURE 8. Simulation model of the Tx and Rx coils.

To derive the power efficiency w.r.t. only Nj and N,, which
are the final target parameters of this paper, the values of
ri, r2, L1, and L, are defined as functions of N; and N,
as follows:

ra(N2) = ra,NS” (82)
Lo(N2) = LyyNP2, (8b)

ri(Ny) = rloNlﬂ'l,
Li(Ny) = LN,

where 710, 120, L1o, and Ly, are the resistance and inductance
coefficients, and B;1, Br2, BL1, BL2 are exponential terms of
these resistance and inductance values. The parameters of (8)
are generally determined by the physical dimension of the Tx
and Rx coils and the distance between the Tx and Rx coils
d. with the size of the copper and the characteristics of the
ferrite core.

From (8), the magnetizing inductance L,, in (7) can be
derived by magnetic coupling coefficient, as follows:
k= nL_m —. Lp=k L10L20N10~5/3L1+1Ng-5ﬂL2—1 9)

LiL,
where the slight variation of £k when the number of turns
changes will be reflected to the simulation process in this
paper.

Based on equations (7)-(9), the simulation analysis of
Fig. 7 is conducted using a FEM based Maxwell 3D simula-
tion tool. The simulation model for copper of the Tx and Rx
coils is described in Fig. 8. Even though the copper model
is based on a circle-shape, a square simulation model of the
copper coil is selected for fast adaptive mesh refinement of
the FEM simulation analysis [34]. Note that if the copper
area is the same for the real and simulation models, then
the copper loss is also the same for both cases, as described
in Fig. 8(a) [35]. Because the load current I} is 4.0 A
in Table 1, I, is approximately calculated as 4.4A from (2a).
Considering the fact that AWG 17 wire (=1.04 mm?) has
8.0A ampacity, according to NFPA 70, w;, in Fig. 8(a) is
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TABLE 2. Simulation results of the symmetry and asymmetry parameters.
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FIGURE 9. Curve fitting results of the resistance and inductance for the
symmetry case.

selected as 1 mm for the simulation coil model, which is
enough to carry 4.4A coil current [36], [37]. Thus, r, in
Fig. 8(a) is calculated as 0.563mm for the real coil model,
which will be used for experimental verification. Because
high-frequency litz wire will be used for the experimen-
tal verification, a stranded wire model has been selected
in the simulation. The distance between copper wires d,,
in Fig. 8(b) is selected as 0.3 mm, considering the insulation
level between copper wires. The plane-shaped Mn-Zn ferrite
core PM11 made by TODAISU was chosen for the Tx and Rx
cores [43]. The magnetic loss tangent, i.e., the ratio of real and
imaginary permeability, which represents the core loss term,
has been reflected to the FEM simulation conditions, accord-
ing to the datasheet [43], [44]. From the 3D FEM simulation
results, equivalent coil loss resistance, including the copper
loss and core loss, r; and r, can be found. The simulation
results of (8) are shown in Fig. 9, which is one of the examples
for the symmetrical case. From the simulation results by the
FEM simulation, the numerical results of non-linear curve
fitting can be obtained, as shown in Fig. 9. The remaining
simulation results are listed in Table 2, whose values will be
used for the proposed IPT design procedure.

lIl. DESIGN PROCEDURE OF THE PROPOSED IPT
From the given parameters of Table 1 and the obtained param-
eters of Table 2, the major design parameters of N and N> and
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Parameters Sym{}”';gz:ase Asyn{/rglefi?s/ case
r1o[mQ] 7.63 504
a0 [MQ] 7.63 510
Lio[uH] 1.72 112
Lao[uH] 1.72 1.14
B 0.86 0.94
B2 0.86 0.84
Bu 1.22 142
Bia 122 119
;75' A

nc,mnx‘Nz =Naop

\J

0 Noop N>

FIGURE 10. Design characteristic of the efficiency w.r.t. N, when arbitrary
Nj is chosen.

the design results of the parameters, e.g., n¢, Ve, C1, Ca, 1,
and .7, should be determined to complete the proposed IPT
procedure. It is noteworthy that only coil-to-coil efficiency is
considered and the DC-to-DC efficiency will not be evaluated
in order to focus on the determination of the number of turns
throughout this paper.

Based on the calculation and simulation results of (7)-(9),
as the first step in this design procedure, the maximum power
efficiency point when N, = N o, can be found, as shown
in Fig. 10, where N is arbitrarily chosen in this step. For
the second step, by the same principle as in Fig. 10, var-
ious N cases, satisfying No = Nz, should be investi-
gated, as shown in Fig. 11, where N, is already chosen as
the optimum value for the maximum power efficiency. By
comparing various N cases, the optimum values of N; and
N, with the maximum power efficiency can be found. The
process to find N op and Ny op described in Figs. 10-11 is
one of design examples proposed in this paper for simplic-
ity of design procedure. From those intuitive and repetitive
process of Figs. 10-11, all the N; and N, combinations
have been investigated to find optimal N; and N, by the
proposed 3D FEM analysis. Note that input voltage Vi in
(2a) is determined by the DC voltage V,4. and is related
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FIGURE 11. Design characteristic of the efficiency w.rt. N; when
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FIGURE 12. Simulation results of the self-inductance and coupling
coefficient w.rt. f.; and t.,, when N; = N, = 25 turns and d¢ = 40 mm.

to the load power in (4); hence, the target load power Pr
can be determined by modulating V. It is noteworthy that
the value of Vj;. can be provided and modulated by the
AC/DC power supply adopter, which can be freely selected in
markets. The resonant capacitors C; and C; are selected by
(3c) for full resonant conditions. Because the magnetic flux
density of the ferrite core cannot be confirmed by experiment,
such magnetic flux density inside the ferrite core should be
identified by a simulation analysis. It is noteworthy that the
thickness of the ferrite core f.; and ¢ is not largely affected
to the major parameters in this paper, e.g., inductance, resis-
tance, and coupling coefficient, whose values have already
been derived and evaluated to determine N, and N3 gp.
Simulation results of such influence w.r.t. f.,; and f. are
shown in Fig. 12, where the self-inductance and coupling
coefficient variations were below 5% and 6% when ¢,; and
tr are largely changed from 0.5 mm to 20 mm. Such slight
variations are sufficiently negligible that they do not affect
previous steps of the proposed design procedure. Throughout
this IPT design procedure, all the electrical and physical
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FIGURE 13. Design procedure of the proposed IPT.

parameters can be determined and the total weight of the
Tx and Rx coils M;; and M;, can be finally calculated.
The IPT design procedure is summarized in Fig. 13 and the
validity of the proposed IPT design procedure will be verified
experimentally.

IV. EXPERIMENTAL VERIFICATION

A. FABRICATIONS OF THE IPT SYSTEMS

The proposed IPT design procedure discussed in the previ-
ous sections has been evaluated by an experimental setup,
as shown in Fig. 14. To provide the appropriate DC volt-
age V. for the load power Py, a DC power supply in the
source side and a DC electronic load in the load side were
used. High-frequency low equivalent-series-resistance (ESR)

VOLUME 9, 2021



E.S. Lee et al.: Optimal Number of Turns Design of the IPT Coils for Laptop Wireless Charging

IEEE Access

Resonant
capacitor C,

FIGURE 14. An experimental setup for experimental verification in case
of symmetry coil structure case.

(a) Fabricated coils for the Tx coil (left) and Rx coil (right) in case of
an asymmetry case.

(b) Thé T;( éﬁd Rx coils with 20mm acryl gap for an asymmetry case.

FIGURE 15. Fabricated Tx and Rx coils with acryl gap.

film resonant capacitors were used and the capacitance val-
ues are modulated for (3c) by precisely changing the res-
onant capacitors. To operate a switching frequency of 100
kHz, 0.1mm/60EA type litz wire was adopted for Tx and
Rx coils. The thickness of the litz wire was measured as
1.31 mm, which corresponds to the simulation model of
Fig. 8, considering the insulation thickness of the wire. The
thickness of the ferrite core was selected as 3 mm, which is
commercially available in markets, as one of the examples.
In Tx system, MCU controller dsPIC33EP32MC202 is used
to generate the gate signals. The operating semiconductor
switch for high-frequency inverter in the Tx system is selected
as 100V IRF540, and 35V schottky diode MBRF2035 is
used for the rectifier in the Rx system. To verify the char-
acteristics of the IPT coils w.r.t. the winding turns, the Tx
and Rx coils were fabricated, as shown in Fig. 15(a). Note
that the maximum number of the turns for N; and N; in
Fig. 15(a) is 25 and 19 turns, respectively, throughout this
paper. To apply the distance d. between the Tx and Rx
coils, an acryl panel was used, as shown in Fig. 15(b). It is
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noted that the material applied in Tx and Rx systems for
cases in Fig. 1 is plastic, which is the same characteristics
as acryl, i.e., non-conductive and non-magnetic character-
istics like insulator. To find the optimal number of turns,
satisfying the maximum power transfer efficiency, under the
specified condition, i.e., Table 1 in this paper, other electrical
and physical parameters are assumed to be fixed; hence,
misalignment issues are not considered in this paper. In this
experimental verification, the input and output powers P and
P; in Fig. 2 were measured by AC digital power meters and
an oscilloscope. To confirm the AC powers of P; and P,
DC powers of P and Py in Fig. 2 were also measured and
the conduction and switching losses are subtracted from P;
and Pr. These values are compared to the results of P
and P, measured by an oscilloscope and proven to be valid
for the experimental verification. To guarantee zero-voltage
switching (ZVS) operation of the inverter in Fig. 14, the res-
onant frequency of the primary side in (3c) determined by
Cy and L; was selected as 98 ~ 100 kHz. Although this
resonant frequency is slightly lower than a switching fre-
quency, such slight difference has not effect on the coil-to-coil
efficiency [38]. All the parameter conditions for experimental
verifications are the same as the simulation conditions of
Table 1. Passive component tolerance will not be considered
in this paper in order to focus on the validity of the proposed
design methodology.

To verify the curve fitted simulation results of Fig. 9,
the resistance and inductance of the Tx and Rx coils for
both symmetrical and asymmetrical cases were measured and
compared with the simulation results of Table 2, as shown
in Fig. 16. Note that measured resistance r, in Fig. 16(a)-(b)
includes the copper and core loss resistance. The error rates
between the simulation and measured results for exponential
terms, i.e., Br1, Br2, BL1, Br2 are calculated as 4.4 ~ 7.0%;
this discrepancy may come from the LCR meter measure-
ment and simulation conditions. To separate the core and
copper resistance from Fig. 16, the core resistance r., and
copper resistance 7, for two coil cases were simulated and
measured, as shown in Fig. 17. The copper resistance 7.y
was measured without the ferrite core condition, and the core
resistance r, is calculated by r. minus rep (reo = 7c - Tep).
In this experimental prototype for two coil cases, the core
resistance and copper resistance are approximately 90% and
10% of the coil loss, respectively. Note that this ratio of core
and copper resistance could be changed for different physical
and electrical conditions. Through Figs. 16-17, it has been
identified that the simulation model of Figs. 7-8 is valid for
the proposed IPT design procedure.

B. SYMMETRICAL Tx AND Rx COIL STRUCTURE CASE

To verify the proposed IPT design procedure, a symmetrical
coil structure for the Tx and Rx coils was fabricated, as shown
in Fig. 14, where I;; = l» = we = wp = 100 mm in
this case. As the first step to determine N1 and N,, the opti-
mum number of secondary turns N> ,, should be found,
as described in Fig. 10. To implement the experiments for
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FIGURE 16. Comparison of measured and curve fitted simulation results

for resistance and inductance in case of two coils.

tool and only two cases for N1 = 25 and 8 turns were intro-
duced as an example. From the results of Fig. 18, N3 4, can
be found as 14 and 19 turns for N = 25 and 8 turns, respec-

finding the maximum power efficiency in Fig. 13, the load tively. The characteristics of the power efficiency w.r.t. Nj

resistance is set as 2.5 €2, and 40W load power can be satisfied under N = N, is shown in Fig. 19. N ,, decreases
by modulating V;.. When the number of turns is changed, when N increases for the maximum power efficiency point,
19556
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as shown in Fig. 19, and the tendency of the characteristics
w.r.t. N1 and N; in Figs. 18-19 is the same for the calculation
and experiment results. A major discrepancy between the
calculation and experiment in Figs. 18-19 comes from an
additional loss by an ESR of the resonant capacitors, which
is not considered in the calculation results.

To confirm the loss characteristics of the proposed IPT,
the primary and secondary coil losses including core and
copper losses P.1 and P, are shown in Fig. 20, where only
one case for Ny = 25 turns is introduced as an example.
From the results of Fig. 20, a minimum loss point exists,
i.e., No = 14 turns, which is in good agreement with the
maximum power transfer efficiency point in Fig. 18; hence,
Ni,op = 25 and Ny ,p = 14 for the symmetrical case. The
measured maximum power efficiency operating at the max-
imum power efficiency is 95.1% and the error rate between
the calculated and measured results is 0.31%.

To satisfy the load power requirement in Fig. 13, Vg
should be modulated for P, = 40W, as shown in Fig. 21,
where only one case for Ny = 25 turns is introduced as an
example. V. increases when N, increases for P;, = 40W and
Ve can be found as 15.5V for Ni = Ni g, and N2 = Np gp;
hence, the AC/DC power supply, providing 15.5V, can be
used in this case. The discrepancy between the calculation
and experiment results comes from the slight difference of

VOLUME 9, 2021

244

E 20

;g 16

[5)

& 121

°

> 8 .

@) Calculation

A 41 . | © Simulation
® Experiment]

0 T

T T T T

5 10 20 25

15
N, [Turns]

FIGURE 21. Comparison of DC voltage V4. w.r.t. N, when

Nj = Nq op = 25 turns, satisfying P; = 40W, for the symmetry case.

99+
— 961
=
934 J—— N, =25T(Cal)|
2 O N, =25T (Sim.)
§ 90+ ' ' | e N,=25T (Exp)|
a:e o] ‘ , I N, =8T (Cal.) -
s A N, =8T (Sim.)
A N, =8T (Exp)
84

3 6 9 12 15 18 21
N, [Turns]

FIGURE 22. Comparison of the coil-to-coil efficiency w.r.t. N5 for the
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the primary resonant frequency for the ZVS operation of the
inverter.

C. ASYMMETRICAL Tx AND Rx COIL STRUCTURE CASE

To verify the universality of the proposed IPT design proce-
dure and compare with the characteristics of the symmetrical
case, an asymmetrical Tx and Rx coil structure is built and
evaluated: /.; = 100 mm, w,; = 100 mm for the Tx coil
and I, = 95 mm, ws, = 70 mm for the Rx coil, as shown
in Fig. 15. As identified from the previous experimental
results, all the experimental results of the asymmetrical coil
case were compared with the calculation and simulation,
as shown in Figs. 22-23. From the results of Fig. 22, N> o, can
be found as 13 and 19 turns for Ny = 25 and 8 turns, respec-
tively, whose results are similar with a symmetry case. From
Fig. 23, the measured maximum power efficiency operating at
a maximum power efficiency is 96.8%. This value is slightly
larger than the symmetrical case, due to the relatively large
magnetic coupling coefficient compared to the symmetrical
case, although the Rx coil of the asymmetrical case is smaller
than that of the symmetrical case. In this case, the error rate
between the calculated and measured value is 0.27%. From
these results of Figs. 22-23, an optimum design point of N|
and NV, is found to be Ni o, = 25 and N, o, = 13 for the
asymmetrical case. The tendencies of the coil loss and Vi,
w.r.t. Np are similar with the symmetrical coil case, as shown
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in Figs. 24-25. V4. for P = 40 W is found to be 21.7V,
as shown in Fig. 25, whose value is larger than that of the
symmetrical case.

D. SUMMARY OF LOSS ANALYSIS AND EFFICIENCY
IMPROVEMENT

To identify the magnetic characteristics of the ferrite core
for Tx and Rx coils, a 3D FEM simulation analysis was
performed, as shown in Fig. 26, where the optimal operating
point for symmetrical case having Ny = Ny, = 25 and
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FIGURE 26. Magnetic field distribution inside the Tx and Rx cores for the
symmetrical case.

FIGURE 27. An example of experimental waveform for symmetrical case,
operating at a maximum power efficiency point.

Ny = Ny = 14 is selected as one of the representative
examples. Due to operating currents of /; = 3.3A and
I, = 4.4A as an optimum operating point for the maximum
power transfer point, ampere-turns for Tx and Rx coils can
be calculated as NiI; = 82.5 AT and NI, = 61.6 AT.
It is noteworthy that the phase difference between 11 and I»
is almost 90° if the resonant condition of (3¢) is satisfied,
as shown in Fig. 27. From the results of the FEM simulation
analysis, the average values of B and B; for the symmetrical
case By qvg and By 4y, are 20.5 mT and 17.2 mT, respectively,
under N1/ = 82.5 AT and N>l = 61.6 AT. By the same
principle, B1 qvg and B3 4y for the asymmetrical case can be
found as 17.7 mT and 18.6 mT, respectively, under N1/} =
65.0 AT and NI, = 57.2 AT. The remaining measured results
are summarized in Table 3.

In order to evaluate the core loss, the Steinmetz equation,
given as follows, is widely used [45], [46]

Py = Cuf "B [kW [cm?], (10)

where Cy,, x, and y are the coefficients, which are generally
provided by the characteristics of the ferrite core [43].

The quantitative core loss can be assessed for the IPT coils
when the amount of core in the Tx and Rx coils is provided.
Then, the core loss in the case of the Tx and Rx coils can then
be analytically calculated from (10) as follows:

Peot =/// Pcvdxdydzszfst{angl (W], (11a)
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FIGURE 28. Loss analysis of core and copper losses for resistance-based analysis and Steinmetz equation-based analysis.

TABLE 3. Summary of measured characteristics for two cases at an optimal operating point.

Symmetrical coil structure case

Asymmetrical coil structure case

Parameter Value Parameter Value Parameter Value Parameter Value
Ly 65.1 uH Feod 3.9 mQ L 63.5 uH Teo2 4.0 mQ
L, 32.5 uH T 44.1 mQ L, 21.1 uH Fep2 27.0 mQ

k 0.202 A 33A k 0.385 A 26 A

7ol 87.2 mQ L 44 A el 81.4 mQ L 44 A

Teol 9.2 mQ Nemax 95.1% Teol 13.3 mQ Nemax 96.8%
Fept 78.0 mQ By g 20.5 mT Tept 68.0 mQ Biayg 17.7 mT
Feo 48.0 mQ B g 17.2mT T 31.0 mQ Bs g 18.6 mT

Py = / / / P, dxdydzzcmjg"B;angz (W], (11b)
where U] and U, are the volume of the ferrite core for the Tx
and Rx coils, respectively.

From the datasheet of the ferrite core, the values of C,,,
x, and y highly depends on the temperature. For example,
Cn = 443, x = 1.13, and y = 2.20 at 25°C core
temperature and C,, = 11.1, x = 1.31,and y = 2.96 at
100°C core temperature; these values can be obtained by the
curved fitted method based on the power loss graph in the
datasheet [43]. It has been identified from these results that
the value of y decreases when the core temperature decreases.
It is noteworthy that the core loss in (11) is proportional to I¥
due to IY o« B”; hence, the increment level of the core loss
depends on the core temperature.

On the other hand, in Fig. 17, the core resistance 7,
has been obtained by a LCR meter device and the value
of r, is fixed when the number of turns is decided. Based
on Fig. 17, the core loss can be calculated by [ 2r,,, which
is quite different from the Steinmetz equation-based core
loss calculation. Therefore, in order to identify the char-
acteristics of the coil loss, a comparative loss analysis for
the Steinmetz equation-based method and the resistance
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model-based method has been implemented, as shown
in Fig. 28, where the IPT system is assumed to be operated at
an optimal operating point for the maximum power transfer
efficiency. It is assumed that the core temperature is 25°C
and the copper loss in the Steinmetz equation-based analysis
can be found by the FEM simulation analysis. As shown
in Fig. 28, the core loss of P, and P, is approximately
10% of the whole coil loss, which corresponds to Fig. 17.
The resistance model-based analysis, which is adopted for
the proposed design methodology, is good agreement with the
Steinmetz equation-based analysis. The measured Tx and Rx
core temperatures are below 40°C at a 23°C ambient tem-
perature environment. If core thickness is selected to be less
than 3 mm, average value of magnetic field would be closed
to the saturated magnetic field, which eventually causes the
increment of core temperature and thermal unstable condi-
tion; hence, stable operation of the IPT system is guaranteed
by 3 mm core thickness, as described in the design procedure
of Fig. 13.

As the final step, the total weight of the Tx and Rx coils can
be calculated by the volume and density of the ferrite cores
and the copper. Considering the densities of the ferrite core
and the copper, i.e., 4,850 kg/m3 and 8.96 g/cm3, M, and
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TABLE 4. Comparison of efficiency improvement by the proposed design methodology.

Symmetrical coil structure case

Asymmetrical coil structure case

Comparison advantage Efficiency improvement

Comparison advantage

Efficiency improvement

N, =5T vs N, = 14T (N, =25T) 3.8%

N,=5T vs N, = 11T (N, =25T)

2.7%

Ny =5T vs Ny = 25T (M, = V) 1.4%

N1 =5Tvs N1 =25T (Nz :Nzﬂp)

1.4%

My, for the symmetrical case are calculated as 232.7 g and
220.9 g, respectively. By same principle, the total weight of
M;, for the asymmetrical case is calculated as 140.8 g.

The efficiency improvement by the proposed design
methodology is summarized in Table 4. In the case of a
symmetrical example, the efficiency improvement is 3.8% by
only changing N> when N; = 25 turns in Fig. 18 and 1.4%
by only changing N1 when N, = N3, in Fig. 19. In the case
of an asymmetrical example, the efficiency improvement is
2.7% by only changing N, when N1 = 25 turns in Fig. 22 and
1.4% by only changing N; when N, = N, in Fig. 23.
The efficiency improvement obtained by the proposed design
methodology is expected to be beneficial to reduce the coil
heating problem.

V. CONCLUSION

The proposed IPT design methodology to determine the opti-
mal number of turns having the maximum power transfer effi-
ciency is found to be a useful and practical solution for laptop
wireless charging applications in this paper. When the load
characteristics and physical size of Tx and Rx cores, which
are inherently given for the laptop wireless charging applica-
tions, are specified for the IPT design, the optimum values of
Nj and N, can be determined for operating at the maximum
power efficiency. By utilizing a FEM simulation analysis,
electrical characteristics of resistance and inductance for the
IPT coils, which are theoretically impossible to be analyzed
due to the magnetic field distortion by the non-linear property
of ferrite core, can be obtained. Contrary to the conventional
coil design methodologies [31]-[33], the proposed design
methodology can be utilized for an IPT system employing
a ferrite core. By selecting optimal number of turns derived
from the proposed IPT design methodology, 3.8% and 2.7%
of power efficiency have been improved. By virtue of the
proposed IPT design method, the trial-and-error process to
find the optimum turns of the IPT coils for the maximum
power efficiency can be greatly reduced.
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