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ABSTRACT This paper proposes an efficient Printed Circuit Board (PCB) design of magnetic couplers
for electric vehicle (EV) wireless power transfer (WPT) system. Since a WPT system operates at high
frequency, Litz wire typically is used that can overcome high AC resistance, and improve overall efficiency.
In EV wireless charging applications, the power level of the system is high, and therefore the magnetic pad
size and copper cross-section of the Litz wire used in the magnetic couplers are large which increases the
cost and weight. Besides, building the magnetic couplers using Litz wire requires excessive labor work,
which causes fabrication errors. Replacing the Litz wire with PCB-based coils raises design and efficiency
challenges. A new approach for designing the PCB-based magnetic couplers for high-power EV wireless
charging applications is proposed to address the challenges associated with the PCB designs. In the proposed
design, the efficiency of the PCB-based design is close to the Litz wire-based design. Moreover, machine
assembly replaces the labor work and the magnetic coupler can be implemented with lower fabrication error,
weight, and manufacturing cost. In this paper, a 3.3 kW PCB-based WPT system is designed, compared

experimentally with the Litz wire setup which achieved a competitive efficiency profile.

INDEX TERMS EV wireless charging, PCB-based magnetic couplers, wireless power transfer.

I. INTRODUCTION

Wireless Power Transfer (WPT) based on inductive coupling
is a suitable alternative for the conventional conduction Elec-
tric Vehicle (EV) chargers. A typical EV wireless charging
system is shown in Fig. 1. As can be seen from Fig. 1, the
transmitter (primary) side coil generates an alternating mag-
netic field coupled with the receiver (secondary) side coil.
Since a wireless EV charging system operates at high fre-
quency (i.e., 85 kHz), the magnetic couplers are typically de-
signed based on the Litz wire [1]-[3] to reduce AC resistance,
improve quality factor, and thus improve the overall efficiency
of the EV charging system.

In recent years, planar magnetics attract a lot of attention
due to increase power density in power converters. Planar
magnetics typically have a higher surface-to-volume ratio
compared to conventional magnetics. Planar magnetics use
a Printed Circuit Board (PCB) instead of wire-wound coils.
For example, in a PCB-based transformer, the repeatability
of the design is increased, and manufacturing errors are elimi-
nated [4]. Additionally, the parasitic elements are controllable,

predictable, and consistent [5]. Similar to the transformers, the
magnetic couplers (loosely transformer) of the WPT system
can be replaced by a PCB layer. The idea of using PCBs for
building wireless charging pads is studied for low power ap-
plications in [6]-[9]. For instance, in [10], a single-layer board
is used to build spiral magnetic couplers for cell-phone battery
charging applications. The maximum efficiency of the system
is reported 57% due to high-frequency operation and high coil
resistance. In another example [11], a double-layer spiral PCB
coil is designed. The effect of the track width, copper thick-
ness, and other board parameters on the coil resistance and
its resonance frequency are studied; where the objective is to
reduce the power loss for a low-power WPT system operating
at 4 MHz. However, due to the high-frequency operation, the
power level is limited to low power applications.

Although the PCB magnetic coupler can improve the
power density, simplify production, and reduce the labor
work, its application is limited to low-power WPT systems.
The main challenges and limiting factors for moving toward
the high-power applications are coil AC resistance due to
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FIGURE 1. A typical EV wireless charging system based on inductive
coupling.

high-frequency operation, thermal management due to con-
duction loss, and the large size of the coil. To the best of the
author’s knowledge, these challenges have not been studied
before for using a PCB layer for high-power EV wireless
charging applications. Moreover, the PCB coil design param-
eters have not been studied well in the aforementioned publi-
cations.

In this paper, the conventional Litz wire magnetic coupler
is replaced by a PCB layer for EV wireless charging applica-
tions. This paper focuses on high power EV wireless charging
application operating at 85 kHz. The effect of the ferrite ma-
terial in the structure of the proposed PCB-based magnetic
coupler is studied in detail. The PCB layer is analyzed us-
ing Finite Element Analysis (FEA) software to calculate the
AC resistance at the operating frequency. The 2-Dimensional
(2D) FEA studies are presented to provide a guideline for
designing the PCB-based magnetic couplers. In this study,
different factors such as the effects of the copper thickness
and track width, the number of the parallel branches per turn,
board layer thickness, and dimensions of the ferrite core on the
AC resistance are analyzed in depth. The 3-Dimensional (3D)
FEA studies are also presented to validate the 2D analysis and
find a PCB layout with low conduction loss.

The magnetic couplers are designed for a 3.3 kW wire-
less EV charging application. The efficiency of the conven-
tional and proposed PCB-based wireless charging systems are
compared through simulation and experiments. The proposed
PCB-based magnetic coupler design showed a low AC resis-
tance and competitive efficiency compared to the Litz wire
based magnetic coupler design.

Il. MOVING TOWARD THE PCB MAGNETIC COUPLER FOR
EV WIRELESS CHARGING AND DESIGN CHALLENGES

The efficiency and maximum transferable power of a typical
induction power transfer (IPT) system are dependent on the
quality factor (Q) of the magnetic couplers and the coupling
factor (k) between the primary and secondary side coils. The
quality factor of the primary (transmitter) and secondary (re-
ceiver) side coils of the Loosely Coupler Transformer (LCT)
defined by Q, = wLy/r, and Qg = wL/r,, respectively. In
this equation, w is the angular switching frequency of the
inverter in the transmitter side and r,, and ry are the primary
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and secondary side coil AC resistances at the frequency of w.
Typically, as the value of kx Q increases, the system efficiency
will increase [3].

A. CONVENTIONAL MAGNETIC COUPLER DESIGN

FOR EV APPLICATIONS

The switching frequency for a light-duty EV wireless charger
is set to 85 kHz according to the SAE standard [12]. At this
frequency, due to the skin effect, the AC resistance of the
single strand wire will be increased significantly compared to
its DC resistance. To overcome this issue, multiple insulated
strands of copper (Litz wire) are typically employed [1]. The
diameter of each strand of the Litz wire is selected according
to the skin depth (§) at the operating frequency (f) and the
total number of the strands (n,) will be selected according to
the total current of the wire and the desired current density
(Jiw). In this way, the skin effect could be mitigated and the
AC resistance of the wire will be close to its DC resistance.
However, due to the proximity effect, the AC conduction
losses cannot be eliminated.

Fig. 2 shows the layout of a conventional rectangular mag-
netic pad made by Litz wire. In this structure, the total diame-
ter of the wire D,, consists of multiple insulated copper strands
with a diameter of D;. The value of skin depth (§) of the
copper in the operating frequency determines the maximum
strand diameter of each strand of the wire as follows [13]:

§= 20 (1)
\ on

Dy =25 2)

where p is the conductor resistivity, u is the permeability, and
w is the angular frequency. The effective cross-section area of
each strand is given by:

Sers = Dim [4 (3)

where Dy is the diameter of each strand in the Litz wire. The
required cross-section area of copper based on the branch cur-
rent and maximum allowable current density can be calculated
as follows:

1
Jw
where I is the branch current and J,, is the desired current
density. The current density is restricted to the maximum
allowable temperature rise of the wire. The total number of
strands can be selected according to the required cross-section
as follows:

“)

Sreq =

ng = Sreq/Seff (5

The copper filling factor of the Litz wire, k, is defined by
the ratio of the occupied space to the copper in the cross-
section area [14]. Ideally, k; should be one but due to the shape
of the strands, strand insulation, and manufacturing process,
some space of the wire will not cover by copper which results
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FIGURE 2. Rectangular magnetic pad made by Litz wire.

in higher k; values. According to (1), the selected strand size
should be smaller than twice the skin depth to reduce the skin
effect. However, having very thin strands results in a higher
value of k¢ [15] that results in larger diameter wires compared
to single strand wire with equivalent copper cross-section
area.

It should be noted that the high value of kf results in lower
copper in a specific area which leads to a low power density
design. Additionally, the availability of the Litz wires with a
high number of strands and low strand diameter is another
limiting factor [15]. Although the Litz wire can mitigate the
skin effect and reduce the AC resistance, the cost of the Litz
wire increases significantly as the number of strands increases.

Besides the significant increase in the cost of the Litz wire
for high power applications, the manufacturing errors should
be considered. These errors could be related to building the
coil or elements of the magnetic coupler including Litz wire.
In the case of using a high gauge wire for the strands (tiny
strands), it is possible to have more broken strands due to their
fragility [15]. Therefore, the effective number of strands will
be reduced and thus increasing the conduction loss. The insu-
lation layer of the Litz wire has some manufacturing tolerance
that affects the spacing between the turns. Moreover, space
between the wire and ferrite core can have some errors during
manufacturing. The aforementioned problems lead us to de-
sign PCB based magnetic coupler, which will be explained in
the following section.

B. THE PROPOSED PCB BASED MAGNETIC

COUPLER DESIGN

1) LAYOUT

A PCB-based magnetic structure offers a higher power den-
sity and a simple manufacturing process compared to a con-
ventional Litz wire based structures [16], [17]. The design
tolerance will be limited to PCB production error which is
significantly lower compared to manufacturing conventional
wire-wound coils [17]. Additionally, the parasitic elements
of the circuit are predictable and thus can be considered and
mitigated in the analysis [5]. Moreover, the manufacturing
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costs will be reduced due to simplicity and machine assem-
bly instead of labor work. Considering the advantages of the
PCB-based magnetic structure over conventional wire-wound
coils, a planner magnetic structure based on the PCB can be
used for EV wireless charging applications.

The proposed magnetic coupler is utilizing a multi-layer
PCB as shown in Fig. 3. In this structure, the wireless charging
coils are printed on the board material. It is possible to have
multiple layers to increase the current capability and reduce
conduction loss. The layers of the structure can be connected
in parallel to reduce the AC resistance. Similarly, by increas-
ing the trace width and copper weight (copper thickness), the
coil resistance can be reduced. It should be noted that different
layers are insulated from each other by a dielectric material.

2) DESIGN CHALLENGES

As discussed, the quality factor of the coils should be high
to ensure a high-efficiency profile for the wireless power
transmission system. Since the operating frequency for EV
application is restricted to 85 kHz, the self-inductance of the
coil and its AC resistance are the remaining design param-
eters to achieve high-quality factor magnetic couplers. The
self-inductance is dependent on the number of turns, the di-
mension of the coil, and the magnetic core material. The coil
AC resistance is dependent on the copper cross-section, the
spacing between the turns (proximity effect), and its length.

The size of the magnetic couplers should be optimally
selected to avoid large structures. Especially for EV applica-
tions, the vehicle-side coil size is limited to the available space
underneath the vehicle. Moreover, the vehicle side magnetic
structure and pickup converter should be light-weight. There-
fore, the core material should be optimally selected.

In a PCB-based magnetic structure, each turn can be made
by a limited number of strands compared to the Litz wire
based structure. Therefore, Finite Element Analysis (FEA)
is required to optimally design the PCB-based structure and
select the track width (7;,) and the number of parallel branches
(Npr). Moreover, the current capability of the PCB tracks is
limited due to the coil conduction loss. Having high conduc-
tion loss on the coils reduces the efficiency of the system and
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FIGURE 5. Equivalent circuit of LCC-S topology according to fundamental harmonic approximation.

may violate the allowable temperature of the board material.
These design challenges are addressed in Section III.

3) CIRCUIT MODELING

In this paper, an LCC-S topology is selected for the com-
pensation network of the IPT system according to [18], [19].
The simplified circuit schematic is shown in Fig. 4. In this
system, S1-S4 are power switching semiconductor devices of
the full-bridge inverter that are controlled by phase-shifted
modulation. In this circuit, &y, is the mutual inductance of the
main magnetic couplers. On the vehicle side, the output of the
diode bridge can be connected to a buck or boost type DC-DC
converter to charge the battery in both Constant Current (CC)
and Constant Voltage (CV) modes. By using the Fundamental
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Harmonic Analysis (FHA), the circuit schematic could be
further simplified as shown in Fig. 5 where p refers to the main
primary coil (L), s refers to the main secondary coil (Ly).
When the circuit is excited with the resonant frequency,
the secondary side circuit impedance will be eliminated
(LyCrs0> = 1) and the output voltage will be equal to the in-
duced voltage. In this condition, the output voltage is indepen-
dent of the load variation and the voltage source feature of the
LCC-S network is achieved. Having an LCC compensation on
the primary side generates a constant current in the primary
coil. Therefore, the total conduction loss of the primary side
will remain constant in the charging process. In this case, a
slight change of the 7, results in a high variation of efficiency
which is leading to higher sensitivity at light load conditions.
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FIGURE 6. Simplification of the 3D model to a 2D model.

However, by designing the circuit to achieve a low current
and high voltage on the secondary side, the conduction losses
will be reduced, and coil resistance () has a negligible effect
on system efficiency. Therefore, instead of the high-cost Litz
wire based magnetic coupler, other alternatives such as the
proposed PCB-based magnetic structure could be used for the
secondary side coil.

1il. PCB BASED MAGNETIC COUPLER DESIGN

In this paper, a rectangular Litz wire based magnetic structure
is considered. The conventional magnetic structure, as studied
in [20], is used as a benchmark to evaluate the proposed PCB-
based magnetic structure. The power rating, input, and output
voltage, and misalignment range are considered to be the same
for both systems. The coil AC resistance and self-inductance
are considered as a figure of merit in this section.

To design the PCB-based structure, 3D-FEA studies are
required. However, due to the computationally intensity and
complexity of the modeling, 2D-FEA studies are employed
first. The 2D-FEA study illustrates the effectiveness of each
design parameter that leads to minimum coil resistance. The
result of the 2D analysis will be used to design the 3D model
for further evaluation. Accordingly, the optimal design is se-
lected and misalignment analysis is performed. Finally, the
PCB design is compared with the reference design built by
Litz wire.

A. TWO-DIMENSIONAL STUDIES

In order to have a fair comparison, the range of the design
variables of the PCB structure is selected to be in the range
of the reference design which is a coil made by Litz wire.
Therefore, the total coil width is 80 mm, and the PCB coil
has 20 turns on each layer. Fig. 6 illustrates the procedure of
generating the equivalent model of the 3D structure for 2D
studies. In this study, the frequency is swept from 10 Hz to
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200 kHz to study the skin effect on the coil resistance. This
procedure is repeated for boards with 1 to 4 layers.

In this section, different magnetic coupler design parame-
ters that affect the coil AC resistance are studied. The objec-
tive of this analysis is to find the best magnetic coupler design
with minimum AC resistance. These parameters are listed as
follows:

1) Copper cross-section

2) Number of parallel branches

3) Dielectric layer thickness

4) Magnetic core material

1) COPPER CROSS SECTION

In a solid conductor, as the cross-section area increases, the
DC resistance decreases. However, due to the skin effect, the
AC resistance of the wire will not decrease as the cross-section
increases. To evaluate the effect of the track cross-section on
the coil resistance, the copper track width (7,) and copper
weight (7, ) is changed in the range of 0.5-3.5 mm and 1-6 oz,
respectively. In this part, the ferrite core is not considered to
only the effect of the copper cross-section on the AC resis-
tance is studied. The effect of the ferrite material is studied
in the next part. Fig. 7 shows the FEA results of the coil
resistance per meter (£2/m) versus the copper cross-section for
one, two, and four-layer boards. It can be seen that generally
the coil resistance will be reduced as the copper thickness
increases. However, the effect of copper thickness will be
negligible as the track width is high enough. Moreover, as
the number of layers increases, the AC resistance of the coil
decreases. However, the designs with a track width of larger
than 1.5 mm showed negligible changes to the number of
layers and copper weight increase. Therefore, the coil quality
factor will not benefit from having an excessive number of
layers. Additionally, the lower number of layers is preferable
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FIGURE 7. Track AC resistance per meter versus copper thickness at different track width: (a) 1-Layer board (b) 2-Layer board (c) 4-Layer board.

(a) single branch for each turn

FIGURE 8. Coil turns layout with parallel branches.

due to the high cost of multi-layer PCB designs. This could be
achieved by the optimal design of the copper layer.

2) PARALLEL BRANCHES

Similar to the Litz wire design, the PCB tracks could be
designed. In this way, each turn of the coil is divided into
multiple parallel branches (Np,) as shown in Fig. 8. In this
part, designs with a different number of parallel branches are
considered to study their effect on the coil AC resistance.
Since the skin depth at 100 kHz is around 0.2 mm, the width of
parallel branches should be selected close to 0.4 mm accord-
ing to (2). Similar to the previous part, single-layer, two-layer,
and four-layer board layouts are considered and the FEA re-
sults are shown in Fig. 9.

By comparing the FEA results between the cases with two
and three branches, it can be seen that the changes in the
minimum achievable value are negligible. It should be noted
that the designs with track width smaller than twice the size
of the skin depth are showing the highest resistance even at
high copper weights (copper thickness). It can be seen that
as the branch width is larger than 0.4 mm, the resistance of
the coil is reduced significantly. However, beyond the 0.4 mm
track width, the changes are negligible and the reduction rate
of the resistance versus copper weight and track width is
saturated. Furthermore, the designs with a 0.2 mm track width
showed higher changes when the number of parallel branches
is increased.
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(b) two parallel branches for each turn

Comparing the presented results in Fig. 9 to the single
branch layout (Fig. 7), it can be seen that when the copper
cross-section is lower than twice the skin depth in each di-
rection, having a higher number of parallel branches (Np,) is
beneficial. A design with a low copper cross-section can be
selected in two scenarios: cost limitation, and space limitation.
In any of these cases, the presented results could be helpful
for the designer to appropriately select the optimal sizes for
the copper layer of the coils. As the copper cross-section or
number of layers increases, the parallel branches’ effect on
the coil resistance is reduced.

Moreover, it can be seen that the minimum achievable re-
sistance for a single branch per turn is lower than multiple
parallel branches. This pattern can be seen in all the number
of layers. Because of the restriction of the coil total width to
80 mm (to match the reference Litz wire design), as the
number of branches increases, the clearance between the
branches and different turns will be reduced. It should be
noted that in the high-power application, the clearance be-
tween the turns is essential to avoid insulation issues. There-
fore, the proximity effect will be increased, and the coil AC
resistance per meter will be increased compared to the sin-
gle branch case presented in Fig. 7. Depending on the re-
quirements of each application, the designer can select the
optimal value of the coil width to minimize the coil AC re-
sistance. In this paper, a comparable equivalent for the ref-
erence Litz wire based magnetic coupler is considered as a
baseline.
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FIGURE 9. Track AC resistance per meter versus copper weight at different branch width: (a) 1-Layer board with 2 parallel branches (b) 2-Layer board
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FIGURE 10. Layer thickness in a multi-layer board.

3) LAYER THICKNESS
Due to the proximity effect at high-frequency operation, the
AC resistance of the coils could be affected by nearby turns
and layers. The layer insulation thickness (77) is considered
as another design variable in this part as shown in Fig. 10. In
this study, the dielectric thickness is varied from 0.2 mm to
1.8 mm, and copper thickness (7¢,) is changed between 3—
6 oz. The branch width is changed between 1.5-3.5 mm, 0.6—
1.8 mm, and 0.4-0.8 mm for the single branch, two branches,
and three branches designs, respectively. The FEA results of
this study for two branches are presented in Fig. 11 with the
same color maps as Fig. 7.

In Fig. 11, the results for 0.5 mm and 0.2 mm are not
presented due to high coil resistance per meter (dark blue
curves). According to Fig. 11, it can be seen that in all types of
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designs with different copper weights (7,,), the coil resistance
is reduced as the spacing between the layers (77) reduces.
However, as the branch width (7},) is increased, the variation
of the AC resistance versus the layer thickness is increased.
However, the changes in the 6 oz designs are close to the
3 oz designs. In another word, the coil resistance is more
sensitive to the board layer thickness when wider tracks are
used. According to Fig. 11, having wider branches does not
necessarily result in lower resistance. It can be seen that the
resistance of the designs with 7\, = 1.8 mm is higher than
the designs with 7;, = 1.4 mm due to the proximity effect as
discussed in part 2.

Another important point that can be seen is that by chang-
ing the copper thickness from 3 oz to 6 oz the resistance of
the design with 3.5 mm is increased beyond the resistance
of the 1.5 mm track width design. Having higher copper
thickness significantly increases the production cost; it was
shown that it can be nullified if the layer thickness is not
selected optimally. Moreover, changing the thickness of the
board typically does not affect the production cost. Therefore,
the optimal selection of the board thickness is a vital step in
designing the PCB magnetic couplers. It should be noted that
the effect of layer thickness is only observed on the high-
frequency excitation of the coils. The coil resistance under
DC or low-frequency operation remains constant versus layer
thickness.

Similarly, the 4-layer PCB layout is studied and similar
results are achieved. By reducing the layer thickness the coil
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AC resistance is reduced. Additionally, the minimum possi-
ble AC resistance is around 0.54 Q/m corresponding to the
4-layer board with a branch width of 2.5 mm and 6 oz copper
thickness. Although the 2-layer board showed a comparable
low resistance at the same design point (Fig. 11(e)), other pa-
rameters such as current density and temperature rise should
be considered in practice.

4) MAGNETIC CORE MATERIAL
Magnetic core material such as Ferrite can be added to the
magnetic couplers to improve the coupling factor, increase
the self-inductance and quality factor, and reduce the field
emission in the backside of the magnetic couplers. Due to the
high permeability of the ferrite, adding this to the magnetic
structure can change the magnetic field distribution. Changes
in the magnetic field could result in the variation of the coil re-
sistance due to the eddy current effect. Therefore, in this part,
the ferrite blocks are added to the 2D analysis to investigate
their effect on the AC resistance of the coil at the operating
frequency. In this study, different thickness of ferrite material
(Ty) is placed underneath the board and FEA is performed on
the 2D model. To save space, as an example, the FEA results
for a single branch and 3 branches layouts with the board
thickness of 0.2 mm and 6 oz copper thickness are presented
in Fig. 12.

As can be seen, the ferrite core has a negligible effect on the
coil AC resistance at this frequency. Generally, having ferrite
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blocks in the structure leads to slightly higher AC resistance.
Although introducing the ferrite material will change the mag-
netic field distribution around the ferrite blocks, the changes
in the coil resistance are not large. This is because of the
fact that the size of the core is smaller compared to the air
surrounding the magnetic couplers.

B. THREE-DIMENSIONAL STUDIES

Based on the presented 2D-FEA results, the 3D design (Fig. 3)
parameters can be selected optimally. The 2D FEA results
provided the guidelines to optimize the PCB layout of the
magnetic couplers. For instance, the effect of the parallel
branches and board dielectric thickness on the coil AC resis-
tance is studied in the 2D modeling and the conclusions can
be applied to the 3D model. In this way, the computation time
and complexity are reduced.

It should be noted that these designs are restricted to the
same outer and inner dimensions of the reference Litz wire
structure. Therefore, a fair comparison between the two cases
can be done. In this paper, several iterations are done to find
one of the optimal designs which are suitable for EV charging
application. To avoid paper overlength, only a few numbers of
3D iterations are presented in this part as an example.

1) COPPER CROSS-SECTION
The effect of the copper cross-section on the current density
distribution (J) of a 10 A current excitation with the frequency
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FIGURE 12. Track AC resistance per meter versus ferrite thickness at different branch width: (a) 1-Layer board with single branch (b) 2-Layer board with
single branch (c) 4-Layer board with single branch (d) 1-Layer board with 3 parallel branches (e) 2-Layer board with 3 parallel branches (f) 4-Layer board

with 3 parallel branches.

of 100 kHz is illustrated in Fig. 13. In this figure, only one cor-
ner of the 3D model is shown for better visibility of the results.
It can be seen that as the copper thickness (7, ) increased, the
current density is reduced and the surface of the maximum
current density is reduced. Moreover, it can be seen that as 7,
increased, the proximity effect is reduced. Therefore, having
a higher copper weight can be beneficial to avoid hotspots in
the PCB-based magnetic structure.

When the track width (7,,) and increased from 1 mm to
1.5 mm, the current density is distributed more evenly. Up to
2.5 mm track width, similar behavior is observed. However,
beyond the track width of 2.5 mm, the proximity effect caused
higher current density in the corners of the track as shown
in Fig. 13(e) and (g), and (f) and (h). This result is similar
to the presented results for a 4-layer board. The calculated
AC resistance at 100 kHz of the presented designs and the
minimum values for 6 oz copper thickness is shown in Fig. 14.

2) LAYER THICKNESS

In this part, the effect of the dielectric thickness (77) on the
AC resistance of the actual 3D model is studied. Similar to
the 2D studies, a reduction of the coil AC resistance versus 77,
is observed. As an example, the current density of a 4-layer
PCB layout with a dielectric thickness of 0.7 mm and 0.2
mm is shown in Fig. 15(a) and (b), respectively. It can be
seen that there are fewer points that have a current density
of 30 A/mm? and beyond in the layout with a 0.2 mm layer
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TABLE 1. Selected Magnetic Coupler Specifications

Parameter Symbol Design
Value

Primary side number of turns (Litz) Ny 20
Secondary side number of turns (PCB) Ns 20
Copper thickness Teu 60z
Number of parallel branches Nbr 1
Track width Tw 2.5 mm
Board dielectric thickness TL 0.2 mm
Ferrite Thickness Tr 7 mm
Ferrite width Thv 35 mm

dielectric thickness. The AC resistance of the coils is also
dropped from 1.78%2 to 1.105€2 when the layer thickness is
reduced which is close to a 30 % reduction of the resistance
similar to Fig. 11.

C. SELECTED DESIGN

According to the 2D analysis, 3D designs were analyzed and
compared. After several iterations, an optimal design is se-
lected and the specification is listed in Table 1. Considering
the implementation cost, and 2D analysis, a four-layer PCB is
selected. Based on the FEA results, one of the designs which
showed the minimum AC resistance is found and selected for
the magnetic structure.
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FIGURE 13. Current density distribution in the 3D models of the 4-layer PCB.

1) THERMAL ANALYSIS

To calculate the maximum temperature rise of the board, a
steady-state 3D finite element analysis is done. Noting the
symmetry of the design, a 50 mm cut of the board is consid-
ered to reduce the complexity of the simulation and required
computational power. Fig. 16 shows the surface temperature
of the PCB when the 10A sinusoidal current is flowing to
the copper traces. In this study, the ambient temperature is
assumed to be 23°C. The maximum temperature of the copper
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versus the RMS value of the current is calculated and the
results are shown in Fig. 17. Since the board material used in
this paper is T, =180°C, the calculated values of the maximum
copper temperature are in the safe operating region.

2) COMPARISON

To evaluate the proposed PCB-based magnetic coupler, the
secondary side of the conventional wireless charger is re-
placed by the PCB, and the system efficiency is compared.
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FIGURE 15. Current density in the 3D models of the 4-layer PCB.

The efficiency of the two systems with identical parameters
except for the coil resistance versus the output power under
full-aligned condition is shown in Fig. 18. It can be seen that
replacing the secondary side coil with a PCB has a negligible
effect on the efficiency at low power operation and at high
power operation conditions, the difference is low. It is worth
mentioning that the proposed PCB-based magnetic coupler
can reduce the volume of the coil by 55% compared to a
conventional design due to the small thickness of the coil.

IV. EXPERIMENTAL RESULTS
To evaluate the performance of the proposed magnetic coupler
based on PCB, a 3.3 kW wireless power transfer system is
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FIGURE 17. Maximum temperature of the copper versus RMS current.

built. The LCC-S resonant network is designed according to
the optimization method presented in [19]. In this design, it
is assumed that the input voltage is 200 V and the coupling
factor is in the range of 0.22-0.32. The selected parameters
of the LCC-S network are listed in Table 2. The efficiency and
output voltage of this system will be compared in this Section.
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FIGURE 18. Comparison of the conventional and the proposed wireless
charging systems.

TABLE 2. Resonant Network and System Specifications

Parameter SymMBOL  Design Value
Primary side resonant inductor Ly 49.18 uH
Primary side parallel capacitor Cy 71.05 nF
Primary side series capacitor Cis 10.19 nF
Secondary side series capacitor Cos 9.23 nF
Maximum Power Prax 33kW
Nominal power range Py 540W~3300W
Nominal coupling factor range Ky 0.22~0.32
Misalignment - +110 mm
Air gap - 125 mm
Switching frequency f 85 kHz
Input DC voltage Ve 200V

In this setup, the inverter is built by [IPW65R037C6 power
Si MOSFET switching at 85 kHz. The diode bridge on the
receiver side is built with DSEI120-06A. The output of the
diode rectifier is connected to a DC-DC converter supplying
the load and provide a regulated output voltage. The resonant
capacitors are Metalized Film Propylene (MFP) from EPCOS
with a low Equivalent Series Resistance (ESR) and high rated
AC voltage withstand at 85 kHz.

The conventional Litz wire coils are built with 500 strands
of AWG38 Litz wire. The four-layer PCB-based magnetic
coupler is built according to the specification listed in Table 1.
The magnetic couplers based on Litz wire and PCB-based
magnetic coupler are shown in Fig. 19(a) and (b), respectively.
The dimension of the ferrite bars is 510 mm x 38 mm x 7 mm
and the material of the ferrite core is N87 from EPCOS which
has core loss at the high operating frequency.

In the proposed configuration, the primary side coil is built
using the Litz wire and the secondary side is built using a
PCB. The measured self-inductance of the magnetic coupler
made by Litz wire on the primary side, L,, is 386.6 uH and
the self-inductance of the PCB-based magnetic coupler on
the secondary side, Ly, is 380.1 uH. Both the primary and
secondary side pads have the same dimensions of 550 mm x
550 mm.

The output voltage of the inverter (Vj,), inverter current
(Iin), output DC voltage (1), and output DC (I;) waveforms
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(b)

FIGURE 19. Magnetic couplers built by: (a) Litz wire (b) PCB coil.

in the aligned position under 3.3 kW and 500 W loading
conditions are shown in Fig. 20. It can be seen that the Zero
Voltage Switching (ZVS) is realized due to the inverter current
phase lag. In another word, the current is passing through
the anti-parallel diode of the MOSFET before the switching
moment. Therefore, the turn-on voltage of the switch is close
to zero and soft switching is realized. The efficiency of the
proposed configuration is measured experimentally and com-
pared with calculation results as shown in Fig. 21. In this
figure, the measured DC to DC power efficiency is reported.
It can be seen that the measured efficiency is close to the
calculation results. In the next step, the proposed combination
that has PCB coil on the secondary side and Litz wire on
the primary side is compared with the conventional dual-side
Litz wire magnetic couplers. The coil inherent quality factor
comparison is presented in Fig. 22. It can be seen that the
proposed PCB-based magnetic coupler, offers a competitive
quality factor compared to the conventional magnetic coupler
which ensures high efficiency of the proposed PCB-based
magnetic coupler.
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FIGURE 21. Measured experimental efficiency values versus calculation
results.

In the next step, the efficiency of the proposed combination
that has PCB coil on the secondary side and Litz wire on the
primary side is compared with the conventional WPT system
based on Litz wire on both sides. The efficiency comparison
is presented in Fig. 23. It can be seen that by replacing the
vehicle side Litz wire coil with the PCB-based magnetic cou-
pler, the efficiency reduction is not considerable. Moreover,
at light load conditions, the proposed PCB-based secondary
coil showed a close performance to the conventional magnetic
coupler based on Litz wire.
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FIGURE 23. Efficiency comparison between the conventional magnetic
coupler made by Litz wire and PCB coil on the secondary side.

V. CONCLUSION

In this paper, a cost-effective, simple to manufacture, and
efficient magnetic coupler based on the Printed Circuit Board
(PCB) is proposed. The main advantage of the proposed mag-
netic coupler is the reduction of weight, fabrication error,
labor work, and maintaining high efficiency.

To design a competitive and efficient coil based on PCB,
different design parameters are considered. In this study, cop-
per cross-section, the number of parallel branches, dielectric
layer thickness, and magnetic core effect on the AC resis-
tance is studied. In order to evaluate the effect of each design
parameter on the AC resistance of the coil, Finite Element
Analysis (FEA) is presented. According to the FEA results,
when the track width is smaller than twice the size of the skin
depth, the design showed the highest resistance even at high
copper weights. Although having multiple parallel branches
resulted in lower AC resistance as the number of branches in-
creases, the changes are not large. As the number of branches
increases, the clearance between the turns will be reduced;
therefore, having many parallel branches results in higher AC
resistance due to the proximity effect.

The dielectric layer thickness is also considered in the FEA
analysis. It was shown that generally as the layer thickness
reduces, the AC resistance reduces as well. When the copper
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tracks are wider, the coil AC resistance is more sensitive to
the dielectric thickness between the layers. Moreover, it was
concluded that the presence of the ferrite material has a neg-
ligible effect on the AC resistance. An optimal 4-layer PCB
design was selected to replace the Litz wire in the magnetic
couplers. To investigate the temperature rise of the proposed
printed coil, a thermal analysis based on FEA is presented. It
was shown that the maximum temperature of the copper will
remain in the safe operating region of the board material.
Finally, a 3.3 kW wireless charging system based on the
PCB coil on the secondary side is built. The efficiency of
the system versus output power is measured experimentally
which showed good accordance with the simulations. It was
shown that the proposed PCB coil can replace the vehicle side
Litz wire without sacrificing considerable system efficiency.
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