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Abstract—This paper presents the optimization procedure of
an inductive power transmission (IPT) system which utilizes
large size spiral printed circuit board (PCB) coils for high-
power transfer. Printed circuit boards (PCBs) for coil assembly
provides advantages in the manufacturing process through the
use of cost-effective flexible fabrication techniques. Furthermore,
this kind of construction offers a low profile device, which is
of great interest for applications with space constraints. PCB-
based IPT system coils can achieve high energy efficiency by
applying litz-structure braiding techniques, as investigated in this
work, where the objective was to obtain an optimized balance
between the conduction losses and proximity losses associated
with the number and cross-section area of the traces. Considering
the geometrical dimensions and manufacturing constraints, we
will proceed to obtain the characteristics of the coil to achieve
optimal performance. The estimation of coil losses were in part
based on finite element simulations, and the results were con-
veniently processed with the appropriate mathematical methods.
Numerical simulation and experimental results were conducted
for validation on a prototype suitable to transfer up to 3.3 kW
for a transmitter-receiver distance of 10 cm. In the experimental
arrangement, a maximum efficiency in the coils of 93% has been
measured, and the efficiency of 88% has been reached for the
entire IPT system.

Index Terms—Inductive power transfer system, wireless charg-
ing, wireless power transmission, printed circuit board coils.

I. INTRODUCTION

OWADAYS, energy efficiency is one of the most im-
portant issues in the development of all new generation
systems due to a possible energy crisis. This is a key factor to
take into account for the development of systems in the next
few years, as they should be well optimized and comply with
several mandatory requirements that determine whether they
are beneficial for the environment and the good progress of
society.
In this respect, although wireless power transmission (WPT)
technologies are not yet fully optimized, due to the need to
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Fig. 1. Wireless power transmission by means of inductive coupling.

find a balance between several factors that decrease overall
efficiency, it has become one of the most attractive technolo-
gies in the last decade. Therefore, it is important to achieve
adequate performance of these systems in terms of reliability,
safety and energy efficiency.

Current research in the field of WPT technologies is focused
on the optimization of the most promising and pioneering
applications. The more usual and popular WPT technology at
short-medium distances is the Inductive Power Transmission
(IPT) whose key elements are the transmitter and receiver
coils, together with the flux concentrator, [1], [2]. Among the
most relevant applications at short distances the following can
be mentioned: the implementation for induction heating, [3],
[4], wireless power supply for medical implants, [5], [6], and
static or dynamic charging of electric vehicles, [7], [8], [9].

From a general perspective of technical challenges that
battery-powered devices are facing, it can be pointed out
that the wireless power transmission offers a new pattern of
energization for electric-driven devices, which helps to reduce
limitations of cost, heavy weight, low power density, [1].
Interesting road-maps to be followed in the short term are
presented in [7], [8], [10], [11], [12], [13].

Some important technical aspects of IPT systems, such as
power transfer efficiency, coil design and operation frequency
are discussed in [14], and in terms of geometrical aspects such
as misalignment or compensation topologies, in [15], [16],
[17] are widely analyzed. According to the total efficiency,
[18] presents a useful analysis when considering the electronic



power stages of the transmitter side in IPT systems and their
associated power losses.

Fig. 1 shows an outline of an inductive power transfer
system composed by the transmitter (TX), and receiver (RX).
Each side consist of a coil with magnetic flux concentrator
and electronic power stage to conditioning the electric power
supply or power delivery, respectively. The magnetic flux lines
of the time-dependent magnetic field created by the transmitter
coil are represented by dashed lines, these flux lines are
partially captured in the receiver coil, and in the case of a load
connected, wireless power transmission is achieved. The flux
concentrator helps to improve wireless power transmission by
increasing the coupling factor between the coils, [19].

High-power WPT systems have advanced significantly
thanks to efforts to optimize the design of magnetic devices,
power electronic stages, control strategies, communication
protocols, and other related fields, [20], [21], [22].

Many improvements have been developed through research
in loss estimation, [23], [24], [25], optimization of shape and
size of the transmitter and receiver coils, [26], [27], testing
of different shields to attenuate the stray magnetic field, [28],
[29], and also with respect to control techniques to ensure
a robust system performance under real operating conditions,
[20], [30].

It is worth mentioning that wireless charging systems may
offer extra safety benefits than conventional wired systems,
for instance, when it comes to powering electronic devices
in hostile environments, a wireless power supply may be
more reliable because of the hazardous working conditions
involved, [31], [32]. Although there are still research gaps to
be taken into consideration for a near-flawless performance of
the overall system, the authors really consider that they will
be mostly solved in the coming years. In this article, the coils
of a high-power IPT system are analyzed, because they are the
key elements for a properly performance of the whole wireless
power transmission system.

This analysis is focused on spiral printed circuit board
(PCB) coils with a rectangular cross-sectional area, taking as
reference the previous analysis presented in [33], [34], [35],
[36], mainly in the field of induction heating. In the first
place, the modeling of the losses in coils built on PCBs with
litz structure will be described. The losses will be divided
into two contributions, associated, on the one hand, with the
conduction of the ac current through the tracks and, on the
other hand, to the effect produced by the variable magnetic
field where the PCB tracks are immersed. The determination
of the magnetic fields in the coils will be performed by means
of a finite element analysis tool (FEA). The self-inductance
of the coils can be also obtained from the FEA simulation
results. Next, based on the above procedure, we will proceed
to obtain the parameters of the tracks on the printed circuit
board optimizing the performance of the coils considering
geometrical constraints.

The remainder of the paper is organized as follows. Section
IT presents the structure of the spiral PCB coils with mult-
itrack litz structure. Section III presents the method to extract
the electrical parameters of the coils. Section IV shows the
process followed by selecting the most appropriate geometrical
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Fig. 2. Geometric parameters of multi-stranded PCB coil.

parameters to optimize a PCB coil with litz wire structure,
regarding the overall energy efficiency of the system as a key
parameter. In Section V, some experimental measurements of
a prototype with PCB windings for use in an IPT system
are presented and compared to simulation results. Finally, in
Section VI several conclusions are drawn.

II. SPIRAL PCB COILS WITH LITZ WIRE STRUCTURE

The main advantage of using litz wire in coils for inductive
power transfer systems operating at medium-high frequencies
is the potential reduction on the power losses, [37]. A litz wire
structure is composed of several reduced-size strands, isolated
and compacted to each other, and the fact that it is a braided
wire helps to cancel the voltage induced in any pair of strands,
[38]. An analogous structure can be implemented in a spiral
PCB coil by splitting each turn in several smaller tracks, and
by applying a transposition pattern to the strands, in order
to get an equivalence with the conventional litz wire, [39].
The transposition pattern applied to a two-layered PCB coil,
by using both the top and bottom layers, ensures that all the
strands are equivalent to each other, which means that they
are exposed to the same magnetic flux field as well as the
voltage induced in any pair of tracks can be canceled out. The
effectiveness of using litz wires for power transfer systems
can be extended even in the optimization of the shielding, as
it appears in [28], with the purpose of attenuating the parasitic
magnetic field by reducing the dissipation in this element.

In addition, manufacturing restrictions must be taken into
account when designing the spiral PCB coil, such us: mini-
mum clearance between tracks, minimum diameter of vias and
drills which are used in the transposition pattern, thickness of
the substrate and the copper tracks, etc, although it depends
on the limitations of each manufacturer. It is also convenient
to minimize the number of changes of layer.

The given nomenclature for the coil parameters is presented
in Table I. Fig. 2 shows a typical structure of a two layer multi-
track coil composed of n = 5 turns and n, = 5 tracks, located
over a ferrite plane. It is worth mentioning that an odd number
of tracks is recommended to apply an effective litz structure
transposition pattern, [39]. Layer changes are made with vias
as shown in the Fig. 3, where the transposition pattern is also
presented.

The transposition pattern to implement a litz-wire structure
in PCB coils is arranged by means of strand displacements
and inter-layer connections using vias, [34]. First, the strand
is displaced right-to-left in the top layer. When it is at the most
extreme location it changes to the bottom layer. At the same



TABLE I
PARAMETER OF PCB COIL GEOMETRY.

Parameter Symbol
External radius Text
Internal radius Tint
Number of turns n
Number of tracks Ty
Distance between turns d,
Distance between tracks dy
Track width wy
Track thickness 1y
Dielectric thickness ta
Ferrite distance dy
Ferrite thickness te
Ferrite side half-length T
(I) A4 Mi/ 2
-— B - e, - P
(a)
(b)
E—————————
. -ﬂ
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Fig. 3. Transposition pattern applied to obtain a PCB-adapted litz wire

structure with ny = 5 tracks: (a) two-layer transposition pattern. Breakdown:
(b) top layer transposition pattern, (c) bottom layer transposition pattern.

time, in the bottom layer the opposite occurs, i.e., there is a
left-to-right displacement and a down-to-up inter-layer change.
The strand is then placed back in the initial layer. It should
be noted that the placement of the tracks on the edges of the
turns facilitates the routing and results in a better utilization
of the copper filling.

In PCB coils with litz wire structure is appropriate to
talk about number of layer changes per turn when applying
the transposition pattern, [40], a similar metric to twists per
unit length in the construction of conventional litz-wires. The
optimal number of changes per layer to obtain a null net flux
linkage is nm., = 2ng, but there is a significant reduce of it
when every strand occupies more than 2 times ( ~ 2.5) every
position along the coil.

III. ELECTRICAL PARAMETER MODELING ON PCB COILS

The electrical parameters of the PCB coils are obtained
based on the results obtained by finite element simulations.
The electrical equivalent of a coil consists of a RL-series
circuit. Self-inductance, can be calculated from the FEA

tool simulation whereas equivalent resistance requires some
additional manipulations of the preceding simulation results.

The series resistance of spiral PCB coils is composed of
the conduction and proximity resistances, [2]. The conduction
resistance, Rcong, includes DC losses and losses associated to
the skin effect. The proximity resistance, Ryox, considers the
power dissipated by the induced current in the conductors by
the external varying magnetic field [29]. The total resistance
of a coil, Ry, can be calculated as follows:

Rw = Rcond + Rprox~ (1)

Conduction resistance, R.on4, can be derived from the
expression of the conduction resistance, 7¢ong, Of a unit length
single rectangular cross-section track, as it appears in [39]:

1

m Dong (wt, t, 5) s 2

Tcond =

where w, and t; are the width and thickness of the conductor,
respectively, o is the electrical conductivity of the track, ¢
is the penetration depth, and the function ®.y,g captures the
frequency dependence of the skin effects in conductors with
a rectangular cross-section. According to [34], the value of
the function ®.nq is very close to 1 for optimal geometric
parameters of the tracks at typical working frequencies of
inductive power transfer systems.

Total conduction resistance, R.og, can be obtained by
considering the coil composed of n, equal tracks of M LT
length parallel-connected, then:

MLT
Rcond = Tcond =
Ty Ty

MLT 1
wy ty o

écond (w[, tta 6) ) (3)

where the mean length turn of a coil with n turns evenly
distributed is M LT = nm (Tine + Text)-

Proximity losses arise from the induced current in a conduc-
tor immersed in a variable magnetic field. In cables composed
of multiple strands of circular cross-section, the proximity
losses are obtained by considering the amplitude of the trans-
verse magnetic field, Hy, generated by the harmonic current
of amplitude I driven by the magnetic device. The proximity
losses in rectangular cross-section tracks also depends on
the amplitude of the transverse magnetic field, Hy, but, on
the contrary to round strands, the direction of the field also
plays an important role in this kind of losses. Fortunately, the
proximity losses in the latter case can be decomposed into two
independent contributions associated with the axial, Hy ., and
the radial, Hy ,., components of the transverse magnetic field,
as it is proven in [41]. Proximity losses, pprox,m Of a unit
length rectangular cross-section track immersed in transverse
magnetic field Hy ,,,, where m = z,r corresponds to the axial
component, z, or radial component, r, respectively, is given
by:

27
? (I)prox,m (wh t, 6) ‘HO,m|2» 4)

Pprox,m =

where the function ® %, accounts for the geometry and fre-
quency dependence of the proximity effects in conductors with
a rectangular cross-section and was tabulated and presented in



TABLE II
PARAMETERS VALUES OF THE PCB COIL GEOMETRY.

Parameter Value
Text 190 mm
Tint 90 mm

n 8

tq 1.55 mm
dg 1 mm

t 70 pm
dn 250 pm
dy 250 pm
te 5 mm

T 201 mm

[34]. It should be noted that ®x . and Ppoy - are the same
except exchanging the role of the input geometrical variables
w; and t; due to the symmetry of the geometry.

Typically, each section of the track is immersed in a
different magnetic field. Considering n identical tracks, the
total proximity losses can be expressed as:

27
Pproxm = nt? q)proxm (wtvtla ) <|H0,m|2> , )

where the factor (|Hy,,|?) is calculated by integrating the
square magnetic field along the total length of the track.

Due to the magnetic field arises from the harmonic current
of amplitude I, driven by coil, it can be useful to normalize
the transverse magnetic field amplitude by defining Hy ,,, =
Hy,,/Io. Applying the identity Pproxm = %Rpmxymlg, [2],
each m component of the proximity resistance can be given
by:

47

Rprox,m = nt? (I)prox,m (wt; i, 5) <‘ﬁ0,m|2> . (6)

Finally, the total coil resistance for a rectangular cross-
sectional area spiral PCB coil can be expressed as the addition
of the conduction resistance and both components of the
proximity resistance:

Ry = Reong + Rprox,r + Rprox,z~ @)

IV. POWER LOSSES OPTIMIZATION

The aforementioned procedure to estimate the equivalent
resistance of the PCB coil has been applied to select the
optimal track characteristics. Without loss of generality, the
IPT system under analysis is composed of equal transmitter
and receiver coils. Typical parameters for a vehicle assembly
coils has been chosen given by the external coil radius 7es,
internal coil radius rj,, number of turns n, distance coil to flux
concentrator dy, thickness of flux concentrator ¢;, and side of
flux concentrator 2r¢, listed in the Table II.

Fig. 4. Magnetic B-field (mT) in the flux concentrator at [p = 1 A from the
FEA electromagnetic simulation of the PCB coil.

The simulation model of one coil of the preceding character-
istics was implemented in the COMSOL tool, by applying the
homogenization of the internal structure of the tracks, Fig. 4.
The coil is modeled in 3D with the parameters:riy, Text, and a
thickness of t..i1 = 2t;+t4. This simple model was constructed
in this way, among other reasons, because the meshing of the
geometry is simpler compared to a more detailed model, due to
the thickness in micrometers of the copper conductor. Winding
is modeled as a uniform external current density, acting as the
field sources, Jext (r) = ’fgl“’“ with S, the total cross-section
area of the coil, [42]. For s1mpl1c1ty I..i1 1s a harmonic current
with amplitude of 1 A.

The flux concentrator has a square shape with a side of 2r¢
and is located at d; = 1 mm under the coil. Ferrite is often used
to manufacture flux concentrators, and the material defined in
this model has a high permeability of 1, = 2000.

The induced electromagnetic force in the coil model, Vg,
is calculated by integrating the longitudinal electric field, £,
in the volume of the coil. It is calculated as:

1
Veoil = —% / E”dv )

Veoil

with the area of each turn is Sy, = %

The equivalent impedance of the coil can be calculated
by the ratio between the induced EMF in the coil and the

current carried by the colil, i.e., Z.y = ‘;‘3“‘11 So that, the self-
inductance of the spiral PCB coil can be obtained as:
e
Leoi = im (‘) ©)
w

where the angular frequency is given by: w = 2n f, and f is
the frequency in Hz of the current applied to the coil. The real
part is null because an ideal coil has been modeled.

The components of the square of the normalized magnetic
fields over the volume of the coil are calculated as follows:

HO’L

c011

(Ho;|*) = (10)

Scml

L0|]

where ¢ = r and z are the radial and axial components,



respectively.

The simulation was carried out in the frequency domain
for a single coil at a frequency of 85 kHz. Self-inductance
calculated is L,, = 39.51 yH whereas the components of
the square of the normalized magnetic fields over the coil are
([Ho,|?) =11.98-10%1/m and (|Ho.|?) = 18.20-10% 1 /m,
respectively. The maximum magnetic B-field level in the fer-
rite is 1.247 mT/A, thus, under typical operational conditions,
the importance of the power losses in the flux concentrator is
limited.

A. Track number optimization

To get a first approach and overview of the total coil
resistance to be obtained, some design parameters have been
established such as the minimum distance between tracks or
clearance, ™", the minimum diameter of the copper ring for
the via and drill which is related to the distance between turns,
dl‘l"i“, and the minimum width of each track, wtmin. All of these
parameters depend directly on the thickness of the copper, %,
and manufacturing constraints.

According to the Fig. 2, the following equations can be
defined. The range of the width of each turn available in the
radial direction can be calculated by subtracting the whole
available radial distance minus the distance between turns, as
follows:

Text — Tint — Gn (’fl - 1)

Ar; = (11)

n

The total number of tracks has to be divided into two layers,
so there is necessary to split them in the way:

12)

Nt = Nesup T Ntinf-

The number of tracks forming a turn should be odd, because
the most compact distribution allowing the layer shift of a
track must have the space available on the opposite layer.
Thus, applying this restriction to the preceding equation, the
following conditions can be obtained:

ne+1
Nisup = % (13)
and
n 1
Mginf = (—;F) (14)

where ngp and n s are defined as the number of tracks of
one turn in the top layer and in the bottom layer, respectively.

The width of each track can be calculated by subtracting
the available width per turn minus the whole distance between
tracks, and dividing by the maximum number of tracks on both

sides, n{}*™ = (n¢ + 1) /2, in such a way:

Ar; — d; (n{‘;a" — 1)

max
Ty

wy = 5)

By applying (3) and (6) , all the contributions of the total
resistance for a conductor with a rectangular cross-section area
can be calculated.

TABLE III
PARAMETERS TO MINIMIZE THE TOTAL RESISTANCE.

Parameter Value
n 8
t 70 pm
dn 250 pm
dy 250 pm
ne 31
wy 533 pm
f 85 kHz
Reond 105.05 mm
Rprox,r 0.15 mm
Roprox.2 12.89 mm
Ry 118.08 mm

In this analysis, the limitations of the PCB manufacturer
have been taken into account to set the specific parameters ¢,
dp = d™" and dy = d™" of the Table II.

In Fig. 5 are shown the calculated values of the conduction,
radial proximity and axial proximity resistances with respect
to the number of tracks derived from (3) and (6). These
results have been obtained at a frequency of 85 kHz, which is
typically used in inductive power transfer systems.

The dependence on the number of tracks of the conduction
resistance, Rond, 1 represented in Fig. 5(a). It should be noted
that as the number of tracks increases, the effective cross-
section area of each turn is reduced due to the insertion of
additional spacing between tracks. On the other hand, in the
case of a very small number of tracks, the track width is large
enough for the skin effect to increase conduction resistance.
Hence, the conduction resistance, Rcong, presents a minimum
value in the range of 9 to 11 tracks due to the balance
between both phenomena. Proximity resistance contribution
are also shown in Fig. 5(a). As it can be appreciated, the
axial component of the proximity resistance, Rprox, ., €xhibits
a strong dependence to the number of tracks because the
track width w; determines the relevance of this contribution
whereas the radial component of the proximity resistance,
Rprox,r» slightly depends on the number of tracks as well as
constitutes a negligible contribution to the total resistance, due
to the track thickness t¢; is smaller than the width w;.

The total resistance of the coil, Ry, calculated according to
(7) is depicted in Fig. 5(b). As it can be observed, the optimal
number of tracks to minimize the power losses in the coil is
ny = 31 can be easily obtained from the graph. In that case,
the characteristics of the coil are presented in the Table III.

V. EXPERIMENTAL RESULTS
A. Prototyping of spiral PCB coils

Fig. 6 shows the PCB coil implemented in a CAD tool.
The prototype coils for the transmitter and receiver have
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Fig. 5. Geometry optimization of a coil located over a ferrite plane: (a) conduction resistance, Rcond, axial component of the proximity resistance, Rprox,z,
and radial component of the proximity resistance, Rprox,r, (b) total resistance, Ry.

(b)

Fig. 6. Spiral PCB coil design, ¢, = 70 pm , ny = 25: (a) top layer, (b)
bottom layer.

been built using the geometric and mathematical description
with an automatic method for generating customized PCB
coils, the selected copper thickness is ¢, = 70 pum as in the
analysis previously performed. The tool needs values such as
outer radius, number of strands, track width, distance between
tracks, distance between turns and number of layer changes
per turn. The process takes a few minutes and is easy to check
if all the manufacturing restrictions are met.

The optimization procedure in the preceding section in-
cludes the constraints of the manufacturing process of the
tracks. However, considering the need to change the tracks
between layers, the constraints imposed for the manufacturing
of the vias must also be considered. In the beginning of the de-
sign, although the operating temperature was not known, it was
assumed that it would increase proportional to the transmitted
power. For the sake of simplicity, it can be adequate to consider
a minimum track width equal to the minimum diameter of
the via ring to avoid lifting of the via pads because of the
heat, and thus premature damage to the coil. According to
the manufacturer restrictions, the via drill diameter is 250 um
and the annular ring width is 200 pm. Therefore, the minimum
width w™® = 650 um should be considered in the building
process because with ny = 31 only tracks up to w; = 533 ym
are feasible. Finally, a lower number of tracks, nfmt =25
of width w”™®" = 690 pm were used in the prototype to
ensure the distances d”*** = 274 ym and dP™* = 274 ym to
maintain the inner and outer radii, which are slightly above the

TABLE IV
PARAMETERS OF THE PCB-COIL PROTOTYPE.

Parameter Value

n 8

t, 70 pm
dprot 274 pm
dprot 274 pm
n]t:)rot 25
wPre 690 pm

f 85 kHz
Reond 100.75 mm
Rprox.r 0.15 mm
Rprox.= 22.07 mm

Ry 122.98 mm

manufacturer constraints because the spiral turns are built with
straight segments. In that configuration, the total resistance is
Ry = 122.98 m) due to a slight increase in the conduction
resistance and a small reduction in the proximity resistances,
as shown in Table IV. Regarding the number of changes
per turn, they were established to ng, = 16, calculated as
2.5 > n7$"/n,. Additionally, each track has been individually
attached to the pads of the terminals, in order to preserve the
litz structure pattern along all the coil routing.

On the other hand, the ferrite plane was built using ferrite
tiles Epcos-TDK N87 of 64 mm x 50.8 mm x 5 mm, with
a total length of 385 mm x 406 mm x 5 mm. A distance
between the PCB coils and the flux concentrator of 1 mm was
established using a mica insulator.

B. LCR experimental measurements

In a first step, the coils have been experimentally charac-
terized by measurements taken with a high precision LCR-
meter Agilent E4940AL. The experimental arrangement is
shown in Fig. 7(a) for a single PCB-coil. In addition, in Fig.



7(b) is depicted in detail the inductive power transfer system
composed of a receiver coil facing the transmitter pad.

The comparison between experimental measurements and
simulation results are represented in the Fig. 8. The proposed
model to calculate the coil resistance provides accurate results
and a good fit to the experimental data was obtained. As it was
expected, at low frequencies the contribution of the conduction
resistance, Rcong, 1S dominant, whereas at higher frequen-
cies, the components of the proximity resistances, Rproxr
and Rpox ., become more important. Regarding the almost
frequency-independent self-inductance, L,, = 39.51 uH, as
it can be observed, the measured data is in a very good
agreement with the preceding value.

Considering the IPT system shown in Fig. 7(b), at the
selected distance of 10 cm, the measured mutual coupling
inductance M = 17.65 uH is also in a good agreement to
the simulation model value of 18.68 yH. The self-inductance
value of each PCB coil slightly increases compared to the
single coil configuration due to the influence of the flux
concentrator on the facing coil, both experimentally mea-
sured inductance L., = 42.35 uH and simulated inductance
Leoin = 43.18 pH. To avoid adding additional complexity to
the analysis, at the selected distance of 10 cm, the influence
of the opposite coil and flux concentrator has been neglected.
In that arrangement, the coupling factor is & = 0.42 at the
distance of 10 cm between the transmitter and receiver pads.

C. Measurement at power rating up to 3.3 kW

The basic electronic structure of the inductive power transfer
system is shown in Fig. 9. A voltage, Vi,, is supplied to the
input DC bus. The transmitter converter corresponds to a full
bridge inverter feeding a series resonant tank composed of the
PCB coil and a resonance capacitor. The resonant tank of the
receiver is also composed of a PCB coil and a series resonant
capacitor. The output voltage of the receiver resonant tank is
rectified and slightly filtered by the capacitor Ct to fed up the
resistive load at voltage V.

The complete experimental arrangement of the PCB-coil
IPT system shown in Fig. 10 comprises the associated elec-
tronics, including the DC input power supply, the inverter
power-stage, the series resonant tanks, the rectifying and
filtering electronics and the output load. The system is op-
erated at fixed switching frequency, fsw = 85 kHz. The
resonant tank is designed to obtain a unity-gain output voltage

(b)

Fig. 7. Experimental set-up of small signal characterization: (a) coil over a ferrite plane, (b) transmitter and receiver PCB coils.

|Gy| = “//—‘;CC‘ ~ 1 where minimal load dependence on
mn

the receiver side is achieved, [5]. For this purpose, the series
compensation capacitors has been calculated by applying:

1
CZ o w%Li (1 — ko)
where i = TX or RX, wg = 27 fy, switching frequency fs, =
85kHz, and the reference coupling factor ky = 0.35, the value
of the resonant capacitors are Ctx = Crx = 134.4nF but the
experimental value of the capacitors are 137.5 nF due to the
tolerances of the components,

A resistive power load with a nominal value of Ry =4.5 Q
has been connected as the system output load. The control was
implemented on a standard development board and managed
from MATLAB using a user interface, the open-loop control
can adjust the switching frequency, duty cycle and phase
between the trigger signals of the full-bridge inverter.

The inverter commutes at a switching frequency of fg, = 85
kHz with a duty cycle of D = 50%, so the way to control the
amount of power transferred is by the value of the Vj,, which
is applied directly from a DC power supply. The analysis was
carried out on the data captured by a Tektronix DPO7354
oscilloscope.

The maximum power transference tested in the experimental
validation was Py, = 3.3kW for a dc input voltage of Vi, =
140 V. In Fig. 11 are shown the output voltage and current
of the transmitter inverter, the voltage in the load, Vi, =
121 V and the current in the load I,, = 28 A. The current
density in the receiver coil can be calculated as J = I’g{f‘zx =
25.75 A/mm?, where Imsrx = 5275 Jour and Swum = NpWets.
The high current density achieved can be considered a major
advantage of using PCB coils, since convection cooling can be
performed more effectively due to the fact that all the strands
are isolated by the surrounding air and the board substrate.
This is not the case with conventional litz wire where only
the external surface of the bundle can dissipate heat.

In order to calculate the power losses dissipated by the IPT
system, the following equations have been considered:

(16)

Ploss = Pinv + PCTX + PLTX + PLRX + PCRX + Prect- (17)

Inverter losses on the transmitter side can be split into two
contributions, the conduction and switching losses, respec-
tively, as it is given as follows:
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Fig. 10. Experimental set-up of the wireless inductive power transmission
system at a distance of 10 cm.

an = cond+Psw- (18)

Conduction losses of the inverter are calculated in the
following way:

Peond = 4 D Vcg IIGBTs avgs (19)

where JiGTsave = JiGBT14 avg + JIGBT23 avg 1S the summation of
the average current of each pair of active switching devices.
They have the same value if it is assumed that only 2 switching
devices are conducting at the same time with a duty cycle D =
0.50. However, it can be calculated by means of simulation or
by applying: ligeTs avg = 2@, where Itx peax is the peak

k
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Fig. 11. Experimental waveforms measurements in the IPT system at Poyt =
3.3 kW: output voltage v, of the transmitter inverter (yellow, 60 V/div);
transmitter current ¢x (green, 20 A/div); output voltage Voue (magenta, 60
V/div) and output current Ioy: (cyan, 20 A/div).

current through the transmitter resonant tank.
Switching losses, which are associated to the dynamic
characteristics of the device, are calculated as:

Psw =4 [05 ‘/in Icut—off (ton + toff) fsw] 5

where V;, is the value of the DC input voltage and Iy ofr 1S
the current of the transmitter side at the switching time. Rise
and fall time are included in ¢, and ¢, respectively, and fg,,
is the switching frequency.

The power losses of the receiver rectifier are calculated as:

(20)

Prect =2 vad IDU[7 (21)

where Vi is the forward voltage of a single diode and I,y
is the rectified output current delivered to the power load
resistance.

The power losses of the series compensation capacitors are
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Fig. 13. Transient temperature on the coils with an output power Poy =
3.3 kW.

TABLE V
ELECTRICAL FEATURES OF PROTOTYPE DEVICES

Device Main features
ton = 30 ns
IGBTs toff = 50 ns
Veg =145V
CTX =CRX= 137.5 N,F
Capacitors
ESR =25mQ
PCB Coils Ry= 126 mQ
Diodes Via = 1.5V

calculated taking into account the equivalent series resistance
of each capacitor, ESR¢,, at 85 kHz:

P, = ESRc, I2, (22)

S; )
where ¢ = TX or RX represents each side of the IPT system.

In Table V are presented the main electrical features of the
standard devices used in the electronic prototyping.

Finally, the power losses on the PCB coils are obtained
from the coil resistance, Ry, as it performed in the following
expression:

Py, = Ry, I?

Wi-rms; *

(23)

As far as both resonant tanks are identical, the losses depend
mainly on the RMS current of each resonant tank.

The overall efficiency of the inductive power transfer system
can be calculated as:

ol = Pout _ Pout
o -Pl Ploss + Pout

The efficiency of the coils can be expressed by:

(24)

PCRX + Prect + Pout

Py Py P P, P’

rx T rx T £Orx T Lrect + Ot(25)
where Prx and Prx are the input power to the transmitter
coil and the output power of the receiver coil, respectively.

Fig. 12(a) represents the breakdown of energy losses cal-
culated from the preceding expressions for different levels
of power delivered to the load. As it can be seen, losses
on the power electronics are more relevant for output power
below 1 kW, but as the output power increases, coil losses
gain importance. On the other hand, the Fig. 12(b) presents
the experimental and simulation results of total and coils
efficiencies, as were defined in (24) and (25), respectively.
The coils efficiency is 7co5s = 93% and the total efficiency is
around 7o1a1 = 88% for an output power of Py,; = 3.3 kW.
A good agreement between the calculated and experimentally
measured efficiencies is observed.

Neoils =

D. Thermal performance of the IPT system

Temperature probes have been placed at transmitter and re-
ceiver coils to check the thermal performance of the PCB coils.
The system was monitored for an output power Py, = 3.3kW
for more than half an hour. The results obtained are presented
in Fig. 13. As it can be seen, the temperature of the coils
always have operated at a safe operating point for the PCB
material significantly below 85°C.

The wireless power transmission was performed for a total
of 33 minutes, and according to the figure presented, the
system reached thermal stability in about 29 minutes of
operation. After reaching a steady-state operation, the system
was deactivated, and the cooling curve followed by the coils
can be observed in the figure since minute 33, approximately.



Fig. 14. Thermal camera capture of the transmitter and receiver coils after
30 minutes at Poy = 3.3 kW.

In Fig. 14 is depicted the thermal profile captured with a
infrared camera after 30 minutes of operation delivering an
output power Py, = 3.3 kW. As it can be seen, the system
has no hot spots that could lead to system failures.

VI. CONCLUSION

In this work, an optimization method has been developed
to obtain the characteristics of the tracks for PCB-coils of
inductive power transfer systems applying litz-wire transposi-
tion pattern to equalize the total resistance of the tracks. A
mixed-calculation strategy is adopted by the combination of
finite element simulations and the use of resistance formulas
for the PCB tracks. From the simulation, it is possible to
obtain the mean square field in the coil, which constitutes
an essential parameter for calculating track losses. In the
coil optimization procedure, it is essential to consider the
manufacturing constraints.

The presented design methodology was firstly validated
by means of the small-signal impedance measurement of
the physical prototype. The successful performance of the
PCB coils under real working conditions were also validated
by means of experimental measurements and compared to
simulation results. The thermal behavior of the IPT system was
tested for more than half an hour at an output power around
3.3 kW. Due to the optimized series resistance of the coil, the
coil power losses have been fairly minimized. The temperature
variation of the coils with respect to the ambient temperature
reaches up to 60°C. The combined efficiency of the coils was
close to 93% and the total efficiency is 88% at maximum
output power. This study do emphasize the suitability of
optimized spiral PCB coils with litz structure for IPT systems
at this power range. It might be of great interest to implement
the developed coils in a real IPT system by exchanging the
conventional coils for the ones developed in this study, in order
to obtain a practical low-profile arrangement.
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