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CHAPTER 6
Practical Design of IPT

resonant links

No amount of experimentation can ever prove me
right; a single experiment can prove me wrong.

Albert Einstein

This chapter presents different practical design based on the results of the modeling and
design guidelines explained in this manuscript.

Section 6.1 exposes a wireless charging application for electric vehicles regarding an
standard. This standard will fix the air-gap distance and the IPT link according to different
aspects of interoperability, safety, etc. The aim of this section is to improve the design of
the secondary coil by reducing as maximum is possible the volume of compact and fragile
ferrite. To this end, it will be introduced one of the materials modeled in Section Chapter 3
while making use of Chapter 5, the volume of the ferrite will be reduced by eliminating the
central area part of the coil. The geometric aspect of the winding will be design in order
to improve the coupling factor that is related with the efficiency as well as the Litz-wire
composition is analyzed in order to enhance also the quality factor.

Section 6.2 describes a inductive charging system for an industrial application of 5 kW
where the air distance between the primary and secondary will be in a range that varies 33%.
The aim of this section is to design an IPT link, regarding the mathematical derivations
of Chapter 2, that presents a small variation of the coupling factor and inductance in the
entire range of the specified air-gap (from 35 mm to 45 mm). By doing that, it will be
possible to avoid the control that implies a wireless communication between primary and
secondary.

Section 6.3 explains the flowchart followed to design a 10 kW wireless converter that
must work under large variation of air-gap. In this particular case, it is necessary to close
the loop, therefore, special attention will be paid to the design of the coil so that the system
can be optimized and the control can be implemented. The mathematical derivations of
Chapter 2 will be used to describe a trade-off between the power losses of the link and
the inverter devices. In this case, the key to a successful design is manipulating the input
impedance value to improve the circulating current of the inverter devices.
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Figure 6.1: Schematic representation of: a) The inductive link representation with the series capacitor in
both sides. b) The transformer T model with S-S resonant capacitor placed.

6.1 IPT system for Electric Vehicles 3.3 kW

The first practical design of this chapter is focused on the improvement of an inductive
coil which is part of link embedded in a 3.3 kW IPT system intended to charge the
battery of electric vehicles based on Fig. 6.1. The IPT link on the electric vehicles appli-
cations is formed by a transmitter or primary, commonly called Ground Assembly, and the
receiver or secondary, often referred to as a Vehicle Assembly.

Therefore, for this particular case, the optimization of the Vehicle Assembly will
be sought. To carry out this, attention will be paid to the proposed standard [6].
Then, following that proposal document, the application will be classified as WPT1 and
Z1, which means that it must handle 3.3 kW of power and in a range of distance between
100 mm and 150 mm.

The resonance carried out will be series-series, with which behavior as a current source
is sought, working on the resonance frequency between the capacitor and the self inductance
of the coil in question by using 2.67 and 2.68.

The aim of this section then is to optimize the winding in order to improve the efficiency
of the link calculated with 2.78, while the magnetic core is optimized from the mechanical
point of view and physical aspects as the weight and volume of compact ferrite. The sought
value for the inductance is 200 µH with a minimum coupling factor of 0.10 at 150 mm.

6.1.1 IPT Coil Design

Litz-wire Composition Design

In designing an inductive coil, the selection of the configuration of the wire designated in
the winding (number of strands, parallel conductors, etc.) affects to the power losses of the
IPT link which is intrinsically related to the thermal behavior.

The power losses of the IPT link are obtained by FE simulations. However, the simula-
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Figure 6.2: Representation of the magnetic and electrical parameters of a Litz-wire conductor with a copper
area of ACu whose bundle occupies Ael = 2ACu: a) Conductivity that is related with the skin effect. b)Real
part of relative permeability that is related with the energy. c) Imaginary part of relative permeability that
keeps the magnetic losses.
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tions will be conducted at final step. Therefore, the selection of the wire composition can
be done at the beginning or during the process of selecting the winding geometry since one
affects the other, let’s remember that the parameter Intw that is related with the internal
area of the winding can be selected in function of the number of turns and its diameter.

Therefore, on this particular occasion, we are going to do it at the beginning since we
have to keep low resistance because we have to avoid thermal issue due to the housing
of this coil as it is explained as follows: The first point to make is that the application
where the coil plays the role of a receiver presents a RMS current of 22.5 A through the
conductor. The coil placed on the vehicle must present some particular characteristics as
water permeability and protection to the impacts, so it is crucial to embed the receiver into
a box with those characteristics. For this reason, a lower current density of 5 A/mm2 is
determined to try to reduce as much as possible the DC and AC resistance of the winding.
It results in the total copper area needed to achieve that density can be defined as:

ACu =
ARMS

J
= 4.5mm2 (6.1)

Where ACu is the total area of copper that there is in the Litz-wire conductor, ARMS

is the RMS current that there is through the conductor, and J is the maximum density
current desired.

It should be noted at this point that the initial selection of the ACu regarding the starting
J will result on a design with a particular RAC . It must be conducted FE simulation, i.e.
using [125], in order to analyze the power dissipation of the IPT coil when the final geometry
is obtained. Then, if the power losses are very high due to the winding composition, we
have to analyze different J in order to reduce that losses.

To start with the simplified analysis as the Chapter 5 explained, we can assume the
bundle area has a double size than the total area of copper calculated with (6.1). Then, it
is possible to calculate the properties of a Litz-wire with only one strand of area ACu, and
it looks like the properties illustrated by the blue line shown in Fig. 6.2.

Fig 6.2a illustrates the homogeneous conductivity of one-strand Litz-wire configuration.
It is easy to recognize that the dropped conductivity signifies that the conductor is not
well-designed since the skin effect (related to that parameter) will increase a lot at higher
frequency than 10 kHz. Also, it is feasibly to check that the complex permeability present
some inconveniences: the real part drops (then appears a drop of energy), and the imaginary
part is very high, which is related to the proximity effect, and knowing that the magnetic
loss tangent is defined by mu′′r /mu′r will result on a very high losses winding.

Then, it is possible to optimize the Litz-wire by increasing the number of strands by
s, and the diameter of each strand is decreased with a factor

√
s as the previous chapter

exposed by using the following procedure:

nstrands2 = s ⋅ nstrands1

∅strand2 =
∅strand1√

s

(6.2)

By doing so, the skin and proximity effects will be reduced. For example, let us first
consider a factor of s=630. The magnetic and homogeneous electrical properties are shown
by the orange line in Fig. 6.2. One will notice that the homogeneous conductivity will be
constant for higher frequencies (see Fig. 6.2a) than for one strand. As a result of this, the
skin effect will be well-designed up to 2 MHz, that means that if the proximity effect is
neglected, the RAC of the IPT coil will be equal to the RDC .
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Figure 6.3: Geometry and parameters of the Finite Element model built in Ansys Maxwell ®.

However, the problem will come from the imaginary permeability (see Fig. 6.2c). The
proximity losses on the winding will be proportional to this permeability. If the optimization
step is done using s=1125 (the similar properties are plotted in yellow in Fig. 6.2), one will
notice that the skin-effect will be equal (because the radio of the strands is still lower than
the skin depth and the RAC of the IPT coil will be equal to the RDC), but this new s leads
to the reduction of the estimated proximity effect losses by half.

Although it is possible to deduce a priori more or less the reduction of losses according
to this comparative value of permeabilities, it is not feasible to get the real value that the
resistance will have without performing finite element simulations. This means that the
comparison between different current densities is only possible by simulation in an iterative
process.

Optimization of the IPT coil structure

In designing an inductive coil geometry for electric vehicles in this case, the optimization
of the weight and the mechanical performance is the central goal. It is sincere, as we
see in Chapters 5, that a compact ferrite core presents the best magnetic characteristics
even though some ferrite can be removed without affecting the magnetic characteristics
excessively.

In combination with the Polymer Bounded Magnetic (PBM) as a housing, the core
done with compact ferrite has the best performance. However, weight increases and the
possibility to suffer a rupture is a controlling factor in our design process. Therefore, on this
singular occasion, the optimization process is conducted not only to improve the magnetic
performance but also to take into account all the parameters related to the mechanical
aspects.

As the idea of this practical design is the improvement of the proposal given in the
standard [6], a maximum area for the magnetic core of the IPT coil is going to set: 300x300
mm2. The shielding is going to be equal for all the proposed designs. The IPT coil
designed will be square/rectangular due to the commercial tiles of ferrite and it will follow
the parameters given in Fig. 6.3.

Regarding the previous Chapter 5, the magnetic core made of ferrite must be as higher
as the limit allows us. It is observed that due to the non-symmetrical design of the ground
assembly, the parameter that has the most impact on the coupling factor is Yc (see Fig.
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5.13b); nevertheless, Xc is also important to achieve higher values of inductance per turn
AL. It can be seen in Fig. 5.13a. These effects are related to the winding’s size. Regarding
Fig. 5.13a, it is observed that the inductance per turn starts to increase when the ferrite
is below the winding. A similar effect can be noticed with the coupling factor. Then, it is
therefore important to have ferrite below the winding that will increase the energy of the
system. Symmetrical cores are then designed to range between 300 and 330 mm, where the
inductance is almost constant, and the coupling factor is softly increased. Although this
range is a little bit higher that the maximum allowed area, the principal idea is to reduce
the weight, so if intc is selected in order to reduce the weight, the IPT coil could be higher
in area.

Consequently, five different cores will be built based on FE simulations: 1 standard
compact tiles core, two tile-link cores, and two tile-link+PBM cores. Fig. 6.4 shows the
prototypes. The five proposed core designs are as follows:

(a) The state of the art standard compact ferrite tile core with dimensions of 300 mm x
300 mm x 5 mm (Fig. 6.4a).

(b) A 2x11 ferrite tile link core that covers the four sides of the winding with each block
measuring 187 mm x 64 mm x 3 mm and total dimensions of 310 mm x 310 mm x 3
mm (Fig. 6.4b).

(c) A 3x10 ferrite tile link core that similarly only covers the four sides of the Litz-wire
coil with each block measuring 170 mm x 96 mm x 3 mm and total dimension of 330
mm x 330 mm x 3 mm (Fig. 6.4c).

(d) A homogeneous PBM core, containing four 2x11 tile-links of ferrite, that spans an
area of 320 mm x 320 mm x 3 mm (Fig. 6.4d).

(e) A homogeneous PBM core, containing four 3x10 tile-links of ferrite, that spans an
area of 340 mm x 340 mm x 3 mm (Fig. 6.4e).

Concerning the second set of simulations where the center part of the magnetic core is
removed, the ferrite’s effect is easily recognizable. It is possible to remove almost the whole
central part of the core while maintaining the inductance per turn AL and coupling factor.
The limit can be observed in Fig. 5.13c and Fig. 5.13d. As the idea is to design different
prototypes, different values will be taken to analyzed the results.

Fig. 5.10a illustrates that the inductance per turn AL will be reduced when the size of
the winding is equal to the magnetic core; nevertheless, from Fig. 5.10b, it is clear that
the coupling factor will increase when the winding is as large as permitted (maximum size
imposed). Then, from analyzing the product kL, it is understood that the winding size
must be comparable to the magnetic core size.

For the sake of comparison, the winding is going to be equal for all the IPT coils designed.
In this way, the reduction of volume can be comparable with the variation of inductance
and coupling factor between then. For this application the Xc = Yc are going to be close to
300 mm, then Xw and Yw are selected to be 285 mm.

On the other hand, if the winding’s internal radius is analyzed, one will notice that the
area not covered by the winding is directly related to the inductance per turn AL, as can
be seen in Fig. 5.10c. Since the ground assembly design is not symmetrical, the maximum
value of the coupling factor, when Intwx and Intwy vary, will be found for each ground
assembly with differing dimensions. It can be seen in Fig. 5.10d.

In contrast to the first case, the maximum value of the product kL is not close to the
maximum value of the coupling factor because the inductance decreases exponentially. In
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this case, the maximum value for the F.O.M. selected in this thesis will be preceded by
higher values of the internal radius. However, this value will depend on the number of
turns that the coil requires and its distribution.

A 17-turn winding is needed to achieve an average value of 200 µH in all the IPT coil
cores, where the bottom layer is made with 10 turns and the top layer with 7 turns, in
order to comply with the specified parameters Intwx=Intwy=210 mm.

6.1.2 Experimental Results

This section studies the optimization of the inductive link through comparing simulations
and measurements of two components in correspondence with the previous design guidelines:
the conductors of the winding and the design of the IPT coil.

By comparing the experimental results with these different windings and core designs, we
will validate the accuracy of the simulations used to model and the stated design guidelines.

For the purpose of a fair comparison between the state of the art IPT receiver coil design
and the proposed receiver coils in this thesis, it is replicated the transmitter IPT coil which
formed part of this particular IPT system. This coil is the R-GA-1 [6] destinated for WPT1
and Z1 that means 3.3 kW and an air-gap distance range between 100 mm and 150 mm.
Fig. 5.8a shows this transmitter.

The material employed for the ground assembly is 3C95 from Ferroxcube [171].

The magnetic and electrical parameters of the ground assembly built at 85 kHz are the
following:

1. Inductance is 233 µH.

2. AC resistance is 200 mΩ.

3. Quality factor is 622.

The results part carries out a comparative analysis between state of the art and the IPT
coil proposed in this thesis where a reduction of ferrite is conducted. From this comparison,
a receiver coil similar to the standard proposal is built, and it will be compared with the
thesis design.

The maximum size for the inductive coil is related to the maximum size employed in
the proposal based on the specifications (WPT1 and Z1) outlined in the proposal that this
thesis follows. The materials of the magnetic core are selected: 3C95 from Ferroxcube [171]
and PBM of 47% volume. From this, the area of copper required is known, and the iterative
process to obtain the coil with the required properties can begin. Then, five different cores
and two different configurations of Litz wire are tested.

The two Litz-wire coil designs are optimized employing the equations (6.2). The only
difference between then is the number of strands and its diameter, but the total diameter
of copper is the same. Then, two similar winding are constructed employing these different
kinds of wires. The two Litz-wire coil designs are as follows: a) Litz-wire of 630 strands and
0.1 mm diameter; b) Litz-wire of 1125 strands and 0.071 mm diameter. The dimensions of
each coil are 285 mm x 285 mm x 7.2 mm.

Beginning this analysis with the comparison of the two Litz-wire designs, it is observed
that the homogeneous conductivity (that is related to the skin effect) is constant and equal
for both configurations of Litz-wire as seen in Fig. 6.2a. Until 20 kHz, in the low frequency
range, both windings present the same AC resistance as seen in Fig. 6.5.
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Figure 6.4: Illustration of the five proposed core designs.
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Figure 6.5: Comparison of the frequency skin and proximity-effect losses (AC resistance) in a (solid line)
winding with different construction: 630 strands and 1125 strands. The closed squares, that follows the
green line, are the FE results of winding with 630 strands. The closed diamonds that follow the blue line,
are the FE results of winding with 1125 strands.

It is observed from 3D Finite Element Simulations that the 1125 threaded wire operates
with approximately half as much loss at 100 kHz compared to the 630 threaded wire,
see Fig. 6.5. It is explained by the imaginary part of the complex permeability used
to model the Litz-wire, shown in Fig. 6.2c, that at frequencies greater than 20 kHz the
imaginary permeability of the 630 Litz-wire configuration becomes greater than the 1125
strand winding.

Regarding Fig. 6.5, the agreement of these simulated and experimental results, there-
fore, validates the accuracy of the 3D Finite Element simulations used to model the Litz-wire
design.

The winding selected to study the performance of the different magnetic cores is the
1125 Litz-wire.

In order to establish a basis for comparing the proposed prototypes based on the design
guide described earlier, the state of the art standard compact ferrite core will be used with
the optimized winding. The numerical simulated and measured data of this inductive coil
are described in Table 6.1. From these results it is observed that the quality factor is greater
than 600, the coupling factor is close 0.17, and the link’s efficiency is 98.13 %. The weight
of the ferrite is close to 2 kg.

Considering the guidelines described, the 2x11 and 3x10 prototypes are constructed as
seen in Fig. 6.4b and Fig. 6.4c. A strong agreement is observed when comparing simulated
and experimental results in Table 6.1.

As seen from this data, the inductance values for the 2x11 and 3x10 prototype cores are
less than the inductance of the tiles standard core. These lower inductance values explain
the decrease in quality factor and, likewise, the lower reported efficiency values.

In the case of the 2x11 core, this reduction in efficiency is less than 1%, but the weight
is reduced 3 times that of the tile compact core. When looking at the 3x10 prototype core,
the efficiency is 0.2% less than the tiles core efficiency, and the weight is reduced by 2.5
times.

Combining these new cores with the PBM, it is noted in Table 6.1 that they present
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similar inductances, coupling factors, and quality factors compared to that of the standard
tiles core. The quality factors (measured and simulated) of the three magnetic cores are
plotted in Fig. 6.6. The curves present similar shape and values which explains the similar
reported efficiencies.

Additionally, one should note that the efficiency of the 3x10 PBM core being greater
than the efficiency of the standard tiles core is most likely due to the 3x10+PBM core’s
6% greater size and the higher quality factor. However, the weight of the two cores is
comparable.

The simulations are supported further in Fig. 6.7. From these results it is observed
that the coupling factors for the three cores observed in this graph correspond with the
simulated data. It is seen from the data that the 2x11+PBM core has a lower coupling
factor compared to the 3x10+PBM and standard tiles cores. This lower coupling factor
is likely the result of a greater decrease in volume of ferrite used. Although, despite this
significant decrease in volume of ferrite in the core, the efficiency of the inductive link for
each core is close in value.

From the Finite Element results and electrical simulations, which use a SIMetrix Circuit
Design® of the inductive link and resonant capacitors tuned at 85 kHz for the coils value
of the state of the art, an analysis is conducted of the circuit shown in Fig. 6.8 to obtain
the frequency response and voltage gain at different loads. These results are illustrated in
Fig. 6.9 as a comparison of the voltage gain and impedance response when different cores
are used.

The voltage gain similarity between these graphs suggest that the frequency behavior
for the three cores studied (standard tiles, 3x10+PBM, and 2x11+PBM) operates indepen-
dently of the inductance and coupling factor. It seems that for the different powers and
coils, the difference is the resonant frequency (that is used for the three experiment the
same resonant tank) due to the coil’s inductance variation.

The impedance response (gain and phase), illustrated in the figures 6.9d-i), one can
notice that the big diference could be found when the state of the art coil and the proposed
2x11+PBM coil are compared. The 2x11+PBM prototype presents a more abrupt behavior
in the resonant part in lower power, it produces a higher phase-shift between the input
resonant current and the primary inverter voltage. However, in high power, it seems similar.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6.9: Electrical circuit simulation based on the FE results using the models described compared with
real measurement of the inductive link: a) d) )g Tiles. b) e) h) 3x10+PBM. c) f) i) 2x11+PBM.
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6.2 IPT system for Battery Chargers 5 kW

This particular practical design case is focused in the complete design of an IPT link. This
link will formed part of an IPT system where the converter must operate in open-loop
and needs to give an output voltage in a range from 38 VDC to 55 VDC for different
powers that the load is going to demand: from 0 kW to 5kW. In addition, the IPT link
must bear a variation of air-gap between the coils from 35 mm to 45 mm.

The general specifications of the system are:

1. An input voltage of 400 V.

2. It can be select an operating frequency between 90 kHz and 120 kHz.

3. Open-loop condition.

4. A maximum size for the IPT link of 250 mm x 250 mm.

Focusing the attention on the mathematical derivations of Chapter 2, we select a reso-
nant network compensation by analyzing in detail the behavior (Current or voltage source),
efficiency, the influence of the air-gap variation, and the inductive link designing: circulating
current and voltage drop.

For the sake of establishing a comparison, one can assume a quality factor of 300 and
a nominal coupling factor k = 0.3. Then, the resonant networks’ analysis commences with
the judgment of the performances of the different inductive link. After the selection of the
resonant network, the IPT link will be design obtaining in this way the final quality factor
and coupling factor to obtain the final value of the link’s efficiency.

6.2.1 Design criterion for the resonant network topology

This practical design is focused in an application that is going to work as voltage source in a
wide range of power while is operating in open-loop. This condition excludes the topologies
S-S and all the vartions of P-P since those topologies work as current source.

Therefore, the candidate topologies are: DVT, S-P and P-S.

Regarding the Series-Parallel resonant topology (Fig. 6.10), if we opt for S-P, the
resonant capacitor of the primary side depends on the factor (1−k2) and the output voltage
depends on the coupling factor. However, it is possible to solve the resonance dependency
of the coupling factor by adding the extra inductor at the output.

Overlooking the fact that the output voltage and resonance depend on the coupling,
we have an extra problem and that is that for the specifications we have of 5 kW and 400
V input and 50 V output, we have that the secondary coil IPT is about 185nH, which
means that we have about 386 Arms circulating through the capacitor and the coil. For
this reason, this topology is discarded. Let’s see the other 2 configuration.

Regarding the Parallel-Series Resonant Topologies (Fig. 6.11), analogue S-P, the reso-
nant capacitor of the secondary side depends on the factor (1− k2) and the output voltage
depends on the coupling factor. However, it is possible to solve the resonance dependency
of the coupling factor by adding the extra inductor at the input.

In this case, the current through the primary coil and capacitor is around 50 Arms.
However, the input impedance is:

Zin =
ZsZc

Zs +Zc
(6.3)
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Figure 6.10: Schematic representation of: a) The inductive link representation with the series capacitor in
both sides. b) The transformer T model with S-S resonant capacitor placed. c) Equivalent resonant circuit
with the AC resistors d) Equivalent resonant circuit neglecting the AC resistors.

RP

j𝜔LP

RS·nc2
2

RLeq

1

k

LP

LS
:1

Short-Circuit

-jnc2
2/(𝜔CS )

j𝜔(1/k2-1)LP

-j/(𝜔CP)

Open-Circuit

(a)

ix

RLeq

1

k

LP

LS
:1

iin

vin

is1
iL

vL
vsvp j𝜔LP-j/(𝜔CP )

is2

ix

vs1
+

-
+

-
+

-
+

-
+

-

(b)

Figure 6.11: Schematic representation of: a) The inductive link representation with the series capacitor in
both sides. b) The transformer T model with S-S resonant capacitor placed. c) Equivalent resonant circuit
with the AC resistors d) Equivalent resonant circuit neglecting the AC resistors.
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Figure 6.12: Schematic representation of: a) The inductive link representation with the series capacitor in
both sides. b) The transformer T model with S-S resonant capacitor placed. c) Equivalent resonant circuit
with the AC resistors d) Equivalent resonant circuit neglecting the AC resistors.

Where

Zc = −1j
ωCp

(6.4)

Zs = Zp +Rp (6.5)

Zp = ZojωLp

Zo + jωLp
(6.6)

Zo = n2Req + n2Rs + jω(1/k2 − 1)Lp −
jn2

ωCs
(6.7)

Where the phase-angle of it is negative from the resonance that means that ZVS condi-
tion is not achievable.

Regarding the Direct-Voltage Transfer Resonant Topologies, the best option for this
particular practical design is DVT S-S because is the one with less phase-shift at the input
impedance, then the lower is the reactive power managed by the circuit’s devices. Also, the
phase-shift is positive and ZVS condition is possible to be obtained in the inverter devices.

The drawback of this resonant method is the compensation method depends on (1−k),
so a design criterion for the inductive link must be followed and is explained in the following
section.

6.2.2 Design criterion for DVT-SS to operate in open-loop

Provided resonance occurs, the output voltage of the Direct-Voltage Transfer Series-Series
resonant topology is constant as it is independent of the output load, air-gap variation, etc.
The DVT S-S is a topology capable of delivering an output voltage that depends only on
the input voltage and the ratio of the root of the inductances that form the IPT link.

The only drawback is that, as in this case, the gap variation produces significant coupling
and inductance variation on which the resonance depends, so we will have to design the
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Figure 6.13: Simulated bode results of a inductive link that consists of a primary and secondary coil with
a self-inductance of 115µH and a coupling factor of 0.25 when the self-inductance and the coupling factor
change following the criterion (6.9).

link in a way that does not lose the resonance. Therefore, from Cp and Cs tuning method
((2.21) and (2.22)), it is trivial to deduce that the resonance depends on the self-inductance
and the coupling factor, that can be translated into the leakage-inductance.

If we have that primary and secondary coils are similar, the inductive link at the nominal
distance has a self-inductance L0 and a coupling factor k0 at the nominal distance. However,
if the air-gap varies, these values changes to L1 and the coupling factor to k1.

The design criterion to maintain the leakage inductance, and then the resonant condition
in the inductive link even if the air gap varies is defined as:

(1 − k0)L0 = (1 − k1)L1 (6.8)

In (6.8), it is easy to notice that the leakage-inductance must be constant over the whole
range of air gap distances. By defining L1(1−k1) = αL0(1−k0), the following expression is
derived:

α = L1(1 − k1)
L0(1 − k0)

(6.9)

Where α represents the variation of leakage inductance of the IPT link in different
air-gap distances.

If the variation of the self-inductance and coupling factor is irremediably in the required
range of air gap, taking the criterion of (6.9) and keeping α close to one, the same resonant
frequency is kept, obtaining the voltage gain showed in Fig. 6.13. In this voltage gain, it is
noticed that there is unity gain in the nominal frequency for each distance.
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Figure 6.14: Geometry and parameters of the Finite Element model built in Ansys Maxwell ®.

Nevertheless, this is an ideal case. In an authentic case, if the inductive link’s design
tries to follow the criterion, there are slight abnormalities in the leakage inductance that
modifies the output voltage value.

Let us see a practical example of that. We are considering an IPT link formed by coils,
as Fig. 6.14 shows, we have two degrees of freedom: Xc and Z. The winding dimension is
proportional to the core dimension in order to simplify the practical case and 20% smaller
as the Chapter 5 stated.

To quantify these output voltage variations, a set of magnetostatic 3D simulations using
a Finite Element tool, as Ansys Maxwell, is combined with the models presented in 4 and
[5, 132, 133] are performed.

The parameter Xc is set to vary from 50 mm to 300 mm. Also, the air gap distance is
set to vary from 20 mm to 60 mm. From the design space mentioned above, the inductance
and coupling factor (then the leakage inductance) of the simulated coil are obtained in the
entire range of the air-gap established.

Fig. 6.15a shows the leakage inductance for each value of Xc, and the Z range from 30
mm to 50 mm. The black vertical lines limit the air-gap range analyzed. The horizontal
black lines limit the maximum leakage inductance variation allowed for the nominal output
voltage of 46.5 VDC to be in range for this particular application.

Analyzing the leakage inductance normalized to the nominal case Z = 40 mm, the
smaller the coil size is, the more constant the leakage inductance is in the analyzed Z range.
Nevertheless, smaller coils in this air-gap distance also mean smaller coupling factor and
lower efficiency.

For this reason, in order to obtain the maximum performance complying with the limits
presented in Fig. 6.15a, the giant inductive coil that fits in the available area of the speci-
fications, is selected. Then, from the air gap being 40 mm±5 mm (±12%), the normalized
leakage inductance to the nominal case is [0.95,1,1.04].

Following the proposed design criteria, the voltage gain has smaller variations (see Fig.
6.15b). By keeping the nominal output voltage (46.5 VDC), the output voltage at the
maximum air-gap distance is 40 VDC , and the minimum air-gap is 50.2 VDC .

In this resonance mode, it can be seen that regardless of the power demand and the
distance between coils, there is always a positive phase (see Fig. 6.15c). This fact guarantees
that ZVS can be obtained, thus reducing the losses of the inverter stage.



6.2. IPT system for Battery Chargers 5 kW 159

Upper Limit

Lower Limit
Max. DistanceMin. Distance

(a)

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
fr/fr

resonance

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

G
ai

n
V

ou
t /

V
in

SS-Voltage Source - L and K from FEA under the criterion

Z=35 mm @ P
nom

Z=35 mm @ 0.2·P
nom

Z=40 mm @ P
nom

Z=40 mm @ 0.2·P
nom

Z=45 mm @ P
nom

Z=45 mm @ 0.2·P
nom

(b)

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
fr/fr

resonance

-90

-75

-60

-45

-30

-15

0

15

30

45

60

75

90

P
ha

se
 Z

in
 (

de
g)

 

Z=35 mm @ P
nom

Z=35 mm @ 0.2·P
nom

Z=40 mm @ P
nom

Z=40 mm @ 0.2·P
nom

Z=45 mm @ P
nom

Z=45 mm @ 0.2·P
nom

(c)

Figure 6.15: Results of the FEA model a) Leakage inductance finite element results for different Xc values.
b) The Gain voltage of the system when the self-inductance and the coupling factor change trying following
the criterion (6.9). c) The phase-angle of the input impedance of the system when the self-inductance and
the coupling factor change trying following the criterion (6.9).
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6.2.3 IPT Coil design

Litz-Wire Composition Design

The application where the IPT link is placed presents an RMS current of 16 A through the
primary’s conductors. Due to the turn ratio, the secondary IPT coil handles 120 A. So, the
secondary coil winding is composed of 8 times primary winding parallel turns.

The IPT link must endure high ambient temperatures and be resistant to vibrations,
so it is necessary to secure the coils with a robust plastic but reducing the losses. Thus,
a very low current density of 3 A/mm2 is determined. It results in the total copper area
needed to achieve that density can be defined as:

ACu =
ARMS

J
= 5mm2 (6.10)

Where ACu is the total area of copper that there is in the Litz-wire, Apk is the peak
current that there is through the conductor, and J is the maximum density current desired.

As we conduct the design of the previous section, we can assume the bundle area has a
double size than the total area of copper calculated in 6.10. Again, it is necessary to obtain
the Litz-wire’s properties with only one strand of area ACu to compare it with the options
optimized, and it is the blue line shown in Fig. 6.16.

From Fig. 6.16a, which shows the homogeneous conductivity of the Litz-wire, it is
straightforward to notice that the conductivity drops before the 10 kHz limit. It means
that the current will produce high losses due to the reduction of the conduction area due to
the skin-effect. Besides, the complex permeability (real and imaginary part) presents very
high losses.

Just as in the previous particular case was done, the optimization of the Litz-wire by
employing the parameter s is possible. It is following the simple equation:

nstrands2 = s ⋅ nstrands1

∅strand2 =
∅strand1√

s

(6.11)

From Fig. 6.2, one can notice how increasing the number of strands and dropping back
the diameter the properties become better. For instance, by using values of s higher than
315, the homogeneous conductivity (illustrated in Fig. 6.16a) is almost constant for the
range of frequencies desired. It implies that the skin-effect is well-designed.

Fig. 6.16b shows how the real part of the permeability is almost constant, so the energy
will not be converted into losses. However, the proximity losses on the winding must be
optimized. The imaginary part of the permeability for the Litz-wire optimized using s = 315
presents high values that are translated into proximity losses. However, for s = 630 and
s = 1260, where the difference between then could be neglected due to the reduced value,
one can notice that this proximity losses are extremely reduced. Finally, it is selected
s = 630 because from the manufacturer process is easier and cheaper than s = 1260, and
also permits to obtain a high enough quality factor.

Optimization of the IPT coil structure

The design criterion for Direct-Voltage Transfer Series-Series resonant topology (DVT S-S)
to operate in open-loop explained before is a crucial factor in making feasible the correct
behavior of the IPT system.
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(a)

(b)

(c)

Figure 6.16: Representation of the magnetic and electrical parameters of a Litz-wire conductor with a
copper area of ACu whose bundle occupies Ael = 2ACu: a) Conductivity that is related with the skin
effect. b)Real part of relative permeability that is related with the energy. c) Imaginary part of relative
permeability that keeps the magnetic losses.
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(a) (b)

(c) (d)

Figure 6.17: Representation of: a) Initial geometry. b) First iteration increasing the coupling factor and
inductance. c) Second iteration placing a center part to facilitate the winding. d) Third iteration placing
lateral parts to facilitate the winding.

Regarding the Fig. 6.15a, the coil structure selected to this meet with the specifications
cannot exceed 150 mm x 150 mm of the surface.

However, the IPT system formed by two coils of 150 mm x 150 mm has a very low
inductance per turn, and it means that the number of turns needed is exceptionally high.
Fig. 6.17a shows the initial core structure with the winding. It has 265 nH per turn, and
it presents a coupling factor of 0.35.

Concerning the design equation for the optimal value of inductance 2.35, the IPT coils
are:

1. Primary coil has 104 µH with 20 turns in series.

2. Secondary coil has 1.6 µH with two-three turns in series (it must be redesign to adjust
to an exact number of turns) and 8 in parallel.

Consequently, this section shall concentrate on the optimization of this structure to
improve the magnetic features to reduce the number of turns. Nevertheless, unlike previous
practical design, the optimization of the weight is not a problem since the size is small.

In each iteration, the leakage inductance in the whole range of distance must be analyzed
to check that the design will meet with the specifications. The design process analyzes the
IPT link as a primary coil equal to the secondary coil, and in the last step, the secondary
coil is adjusted to meet with the requirements.

In a first step, we increase the area of ferrite to 200 mm x 200 mm. However, the
winding area is the same but distributed differently. It keeps the coupling factor, but the
inductance per turn is increased from 265 nH per turn to 346 nH per turn, it means a 130%
of increment. Now, the turns required decreases significantly. This new coil is illustrated
in Fig. 6.17b.
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(a) (b) (c)

Figure 6.18: Photograph of: a) the primary IPT coil and b) with a winding made from Litz wire with 630
strands of 0.1 mm diameter.

Table 6.2: Inductive Link Specifications

Distance Lp Ls k LLp

LLpnom

LLs

LLsnom(mm) (µH) (µH) (%)

35
FEA 117 2 36
MEA 119 2.18 35 0.983 0.965

40
FEA 113 1.9 32
MEA 114 2.14 31 1 1

45
FEA 111 1.9 27
MEA 113 2.12 26 1.063 1.068

Since the weight is not a critical factor because it is relatively small, it is possible to
place some tiles of ferrite in the center part. It affects the coupling factor and inductance,
but also it makes easier the winding process. The inductance per turn in this step increases
from 346 to 398, which means an increment of 115%. Comparing the previous step where
the increment was 130%, it does not seem to be too much. However, it means that from
the first design to the last one, the total increment is 150% that reduces 22% the number
of turns needed. Fig. 6.17c shows the new coil with the center part of ferrite.

The last step is to place some additional small ferrite tiles around the winding. It aids
to the winding process, but also to increase sightly the inductance per turn (110%). In Fig.
6.17d, one can show the final design coil with the center and lateral part of small ferrite
tiles.

Summarizing, we obtain the following inductance per turn and coupling factor:

1. AL=431 nH per turn for primary and 480 nH per turn for secondary coil. This
difference is caused due to the different winding geometry needed. In the primary,
we have turns distributed along the winding area, however in the secondary coil, we
have a concentrated parallel winding, so the inductance per turn increases as we can
see in Chapter 5.

2. A coupling factor at the nominal case of 32%.

Concerning the design equation for the optimal value of inductance 2.35, the final coils
have the following specifications:

1. Primary coil has 113 µH with 16 turns in series.

2. Secondary coil has 1.9 µH with two turns in series and 8 in parallel.
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(a) (b) (c)

Figure 6.19: Photograph of: a) the inverter half-bridge module from Cree. b) Primary resonant capacitor
of 34nF. c) Secondary PCB with the resonant secondary capacitor of 1.8 µF and output capacitor with 3.3
µF of capacity.

Fig. 6.18 shows primary and secondary coil and the box where they are placed.

Besides, Table 6.2 contents the specific value for each distance of inductance, coupling
factor, and the normalized leakage inductance that certifies that this design could be used
for these IPT system specifications.

6.2.4 Experimental Results

This section describes the experimental results obtained from the IPT link constructed to
validate the design criterion proposed in this thesis.

Since the focus of this practical design is to design an IPT link with a constant leakage
inductance to keep as constant the output voltage in the entired range allowed, the IPT
system (inverter and rectifier) is not discussed.

The IPT system employed is made of two evaluation boards from CREE (each evaluation
board is a half-bridge module KIT8020CRD8FF1217P-1 [174]). Fig. 6.19a shows one of
the evaluation board.

Each of these boards has two switches and two parallel diodes. The switches mounted on
the evaluation board modules are SiC MOSFETs from CREE model C2M0025120D [175].
The diodes are C4D20120D [176] since they only need to conduct during the dead-times of
the inverter.

As a result of the topology selected, it is necessary to place resonant capacitors on the
primary and secondary sides. The primary resonant capacitor is built using 3 capacitors in
parallel and 6 in series to get a final value of 34 nF using 2kV 68nF B32654 capacitors from
TDK. The primary capacitor can be seen in Fig. 6.19b. This primary resonant capacitor
is mounted in a basic PCB since the parasitic inductance is not significant compared with
the inductance of the primary IPT coil.

However, the resonant secondary capacitor (illustrated in Fig. 6.19c), together with
the output capacitor and the diode rectifier, is placed in a full PCB. For the receiver, the
resonant capacitor has 27 parallel capacitors 1.6 kV 68nF B32654 from TDK to obtain 1.8
µF of capacitance. The rectifier is made of 160 A 100 V STPS160H100TV diodes from
STMicroelectronics. Finally, the output capacitance is made of 30 capacitors of 3.3 µF and
250 V from TDK, model B32654.

What first needs to be done to check is the ranges output voltage is in the required ranges
is to simulate the IPT system using an electrical simulation tool as SIMplis/SIMetrix and
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Figure 6.20: Measurement results of the dc-dc converter when the output power is varied: a) Output
Voltage. b) Efficiency of the IPT system.

then, compared to the measurement.

Something to be highlighted from the prototype’s measurement is that due to the small
distance range, only one centimeter between two extremes (35 mm to 45 mm), securing
exactly the range is challenging. Therefore, an attempt is made to secure both the upper
and lower distance.

Fig. 6.20a shows the output voltage at the two extreme gap distances along with the
whole power range. At no-load condition and 45 mm of air-gap distance, the voltage goes
beyond the limits, then, a dummy load of 50 W is allocated, leading to a maximum output
voltage of 55 V. As can be seen, the output voltage is always between the limits of the
required voltage.

The first thing that emerges is that the frequency, in reality, must move from 100 kHz
to 110 kHz approximately. This effect is believed to be due to the parasitic inductances
that we can find in two scenarios:

1. The additional cables from the IPT secondary coil employed to connect it to the
secondary PCB.

2. The parasitic inductance in the secondary PCB: secondary resonant capacitor layout
and diodes rectifier layout.

It affects a lot because the secondary coil is only 2 µH, and the 100’s of nH that appear on
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(a) (b) (c)

(d)

Figure 6.21: a) Photograph of the first diode rectifier prototype. b) Measured waveforms of the rectifier
diode’s voltage where it can be seen the parasitic inductance problems. c) Measured waveforms of the
rectifiers diode’s voltage when capacitors are placed in the a) prototype. d) Measured waveforms of the
rectifiers diode’s voltage when the final PCB illustrated in 6.19c is used.

the rectifier part of the converter are comparable.

Therefore, a clear point of improvement is to enhance the design of the PCBs that are
not covered in this thesis but will remain a future work item to be studied in this type
of system where the presence of small inductance in the secondary or primary IPT coils
is a fact. That problems could be seen in Fig. 6.21 where it can be seen the importance
effect of the parasitic inductance and how a PCB could fix that problems. Nevertheless,
one can see that the lighted blue line of Fig. 6.21d presents some resonance when diodes
start conducting.

Comparing the IPT system simulation and measurement, one may have noticed that the
most extensive distance scenario measurement matches the simulation. However, the closest
one presents some discrepancies. Possible causes could be that when the measurements
were made, the air-gap was so small that there could be displacements. The most crucial
difference is that at 5kW in the near distance, there is a 5 V of difference.

From 1 kW on, the output voltage at the two extreme gap distances are within the
limits and with high efficiencies (more than 90 %).

Fig. 6.22 shows the capture of the oscilloscope at 5 kW and the lowest distance (35mm).
The measures presented are the gate-source voltage and drain-source voltage of an inverter
Mosfet, the primary current and the input current when the input voltage is 400 V. Due
to the parasitics of the converter, we have adjusted the switching frequency to 110 kHz to
reach the desired output voltage value along the z-range air gap. The current shows an
inductive behavior, helping to achieve ZVS, as no overshoot in the drain-source voltage is
presented.

Fig. 6.23 also shows the same waveforms at the 5 kW point, but at the highest distance
(45mm). An interesting finding is the higher phase in current, going from 13.6 A in the
previous case to 16.5A; although, it still presents inductive behavior. A particular point to
be highlighted is since the air-gap distance increases, the magnetizing inductance decreases.
Due to that fact, the system consumes a higher reactive power, in turn, increasing the phase
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Figure 6.22: Measured waveforms of the dc-dc converter for an air-gap of 3.5 cm at nominal power. The
green waveform is the input DC current of the system, the blue waveform is the resonant AC current of
the primary coil, the yellow waveform is the drain-source of one low-side mosfet of the inverter, the orange
waveform is the grate-source of the same mosfet.

Figure 6.23: Measured waveforms of the dc-dc converter for an air-gap of 4.5 cm at nominal power. The
green waveform is the input DC current of the system, the blue waveform is the resonant AC current of
the primary coil, the yellow waveform is the drain-source of one low-side mosfet of the inverter, the orange
waveform is the grate-source of the same mosfet.

angle of the input impedance. For this reason, the current peak in the farthest position is
higher.

Fig. 6.24 shows a power step from 0 kW to 3 kW, where it is possible to notice that
the output voltage is kept in the range by the application without control.
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(a) (b)

Figure 6.24: Waveforms measured during power step from a) 0kW to 3kW and b) 2.5kW to 5kW. The pink
waveform is the output voltage, the light blue waveform is the rectifier voltage, the dark blue waveform is
the voltage of the secondary coil.
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6.3 IPT system for Battery Charger 10 kW

This practical design is similar to the previous one, but with the particularity that is
necessary to implement a future frequency control to regulate the output voltage since the
air-gap variation is more considerable than in the preceding particular design case.
Besides, the power’s range is also increased up to 10 kW. Moreover, as we mentioned
earlier, since the field is from 0 kW to 10 kW given an output voltage in the range of
35 V to 55 V when air-gap variations occur, the Direct-Voltage Transfer Series-Series
resonant topology (DVT S-S) is selected.

However, it is necessary to reconsider the singular characteristic of DVT topologies:
the ”low” input impedance conducts having a large phase-shift between the current
and voltage on the primary side, and accordingly, the current through the inverter
devices is substantial. It means that those devices’ power losses will be huge, and the
optimization from the point of view of the link will be a problem.

Then, in this practical design, in addition to present the design of the IPT link structure,
is presented a guidelines to find a trade-off between the power losses of the link and
the inverter devices. In this case, the key to a successful design is manipulating the
input impedance value to improve the circulating current of the inverter devices.

In addition, this trade-off method will be seen whether it can be exploited when the need
to regulate exists, since this method taken to the extreme and together with large air-gap
variations, can result in a slope change in the converter gain, which is commonly referred to
as bifurcation phenomenon [178–183], complicating the design of future frequency control
regulators.

Then, once seen these effects, we will proceed to perform such optimization, where
several SiC Mosfet will be evaluated to visualize the impact of designing by modifying
such Zin.

In this case, the weight is essential, and as the coils will be large, it will be crucial to
use an exceptional ferrite reduction based on Chapter 5.

Summing up, the general specifications of the system are:

� An input voltage of 400 V.

� The range’s power is from 0 kW to 10 kW.

� The output voltage must be in the range of 38-55 V.

� An operating frequency between 100 kHz and 180 kHz.

� Ensure that the control loop can be closed in a future.

� A maximum size for the IPT link of 400 mm x 400 mm x 20 mm.

6.3.1 Fundamental Aspects of DVT-SS Waveforms

Elemental analysis of the resonant inverter waveforms allows identifying the RMS, turn-off,
and turn-on voltages and currents to calculate the semiconductor losses.

The resonant circuit which formed the IPT link behaves as a filter, then at the reso-
nant frequency, the primary current has practically a sinusoidal shape (the first harmonic
approximation). It is considering the model of Fig. 6.26, the mutual inductance kLp is in
parallel with the load, thus leading to a phase-shift in the current. Fig. 6.25 depicts the
voltage and current in the inverter. The RMS and turn-off current values are dependent on
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Figure 6.25: Voltage formed by the inverter at the input of the resonant tank, and link current.
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Figure 6.26: Voltage formed by the inverter at the input of the resonant tank, and link current.

the power and the phase-shift of the current. Turn-on current, which is directly related to
the turn-on losses, is not studied since we will use SiC MOSFET which can achieve ZVS.

This topology handles reactive power due to the mutual inductance. So, it is possible
to calculate the apparent power presented in the topology at the resonant frequency as:

Sa =
Po

cos(φ) (6.12)

Where Po is the active power, and φ is the input impedance phase angle.

Equally known is the fact that the peak value of the first harmonic of the input voltage
is [177]:

Vpk =
4Vin

π
(6.13)

Accordingly, the RMS value of the input voltage is:
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Vrms =
Vpk√
2

(6.14)

The RMS current depends on the input impedance phase angle, the active power, and
the RMS value of the input voltage. It is feasible to derive its expression as:

Irms =
Sa

Vrms
= 1

cos(φ)
Po

Vrms
(6.15)

In turn, it is well-known that the peak current is:

Ipk = Irms

√
2 (6.16)

As a consequence, from equations (6.15) and (6.16), the current that the full-bridge
devices have to turn-off is:

Ioff = Ipksin(φ) = tan(φ)
√
2Po

Vrms
(6.17)

6.3.2 Fundamental Aspects of SiC MOSFET

This particular practical design uses a converter based on SiC MOSFET switches. Thus,
the following power losses calculations are derived for these devices. There are mainly three
types of losses: gate, conduction and switching losses. Gate losses are neglected as they are
smaller than the two remaining forms.

It is common knowledge that the conduction losses in the power MOSFET can be
calculated as:

PcondMOS
= RdsonI

2
rmsMOS

(6.18)

Where Rdson is the drain-source on-resistance of the device, and IrmsMOS
is the RMS

current flowing through the MOSFET. Considering a full-bridge inverter with 50% duty
cycle and with nd devices in parallel, the RMS current in each MOSFET is:

IrmsMOS
= 1

nd

Irms√
2

(6.19)

Then, the total conduction losses in a device with nd MOSFETs in parallel gives:

Pcond = ndPcondMOS
= Rdson

I2rms

2nd
(6.20)

It is straightforward to obtain the turn-off power losses depending on the switching
frequency fsw and the turn-off energy Eoff . It depends on the Ioff and the switching
voltage (Vin). Considering the same case as conduction losses, where there are nd MOSFETs
in parallel, the turn-off losses are expressed as:

PoffMOS
= Eofffsw (6.21)

For the sake of simplicity, and considering the quadratic dependency of the current, it
is possible to approximate the Eoff for a given switching voltage to:
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Table 6.3: Quadratic constants for turn-off losses of a set of SiC MOSFETs.

Mosfet Device
Eoff(a, b, Ioff)

at 400V
a (mJ/A2) b (mJ)

C3M0030090K 3,66E-05 1,86E-02
C2M0025120D 1,38E-04 1,25E-02
C3M0032120K 1,92E-05 1,04E-02

SCT3030ALGC11 1.75e-07 1,43E-02
UJ3C120040K3S 7,43E-05 2,62E-02

Figure 6.27: Turn-off current depending on the energy that caused the turn-off losses at 400V for a set of
SiC MOSFETs extracted from the datasheet given by the manufacturers and fitted data using the equation
(6.22).

Eoff ≅ a(
Ioff

nd
)
2

+ b (6.22)

Where a and b are constants dependent on the selected MOSFET. This can be verified
from the information of Table 6.3 and Fig. 6.27 for the set of SiC MOSFETs studied in
this practical design.

The thermal modeling is based on the simplified steady-state one-dimensional thermal
network approach (see Fig. 6.28). The junction temperature is calculated through the
thermal resistances of the elements between the junction and the ambient. These resistances
are: junction to case, the thermal interface material (TIM), and the heatsink.
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Figure 6.28: a) MOSFET disposition and thermal elements. b) Electrical equivalent model of the thermal
path.

The temperature at the heat-sink can be calculated as:

Tj = PlossMOS
(RθHS +RθTIM +Rθjc) + Tamb (6.23)

Where RθHS is the steady-state value of thermal resistance heat-sink-to-ambient, RθTIM

is the resistance of the thermal interface material, Rθjc is the junction-to-case resistance
and Tamb is the ambient temperature. Assuming an equal distribution of losses among the
paralleled devices:

PlossMOS
= PcondMOS

+ PoffMOS
(6.24)

6.3.3 Design Criterion for DVT-SS

The efficiency of IPT converters in the kilowatt range depends mainly on the inductive link
losses since the maximum losses of semiconductor devices possible are in the order of tens of
watts and are almost unnoticeable in comparison. However, the optimum operation point
for the inductive link and for the inverter devices are very different. Considering that in the
present case, the output voltage is fixed and the rectification is made of a full-bridge diode,
rectifier losses will remain constant, thus not participating in an efficiency optimization.

In the inductive link case, the equation (2.35) and (2.36) describes the optimum value of
inductance to reduce as much as possible the link’s power losses. This point produces that
the input impedance presents approximately a phase-shift between the input current and
the input voltage of 55º. Nevertheless, for the MOSFETs, the optimum operating point is
when the phase angle of the input impedance is almost 0º because the current is in phase
with the voltage, minimizing the RMS value, and both ZVS (Zero Voltage Switching) and
ZCS (Zero Current Switching) are possible to achieve.

In this section, we describe a trade-off between the losses in the inductive link and
the inverter devices in terms of the phase-shift produced by the inherent nature of this
particular topology. To do this, the optimal value of the inductance for the IPT link is
incremented to vary the input impedance in order to reduce the phase angle between the
input voltage and current.
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The link effect on the IPT Phase-shift

In order to know the phase-shift between the input current and the input voltage, it is
possible to obtain a simplified expression for calculating the input impedance of the system
at resonance frequency using the equivalent circuit shown in Fig. 6.26:

Zin =
n2RLeq

1 − j n2RLeq

ωkLp

(6.25)

Where RLeq is the equivalent resistance defined by the nominal power of the converter,

n is the transformation-ratio of the inductive link defined as
√
Lp/Ls, k is the coupling

factor of the inductive coils, ω is the angular switching frequency of the system, and Lp is
defined by (2.36).

On the other hand, we can design Lp for any other particular power that is not the
nominal case to obtain a different input impedance phase angle:

Lp =
n2R′Leq

ωk
√
2

(6.26)

Where R′Leq
is the equivalent resistor defined by the particular power and it can be

expressed as:
R′Leq

= xRLeq (6.27)

where x is a factor that define the ratio of this particular power PD (defined in this
work Design Power) compared with the nominal power PN :

x = PN

PD
(6.28)

Thus, the input impedance (6.25) can be expressed as a function of x while keeping the
resonance condition as:

Zin(x) =
n2RLeq

1 − j
√
2

x

(6.29)

Then, the phase angle of the input impedance is:

φ(x) = tan−1(
√
2

x
)180

π
(deg) (6.30)

Also, the efficiency of the link depending on x is:

η(x) = 1 −
√
2

kQ
(x

2 + 1
x
) (6.31)

For the sake of simplify, since this section is evaluating the value of the inductance and
not its geometry and composition, the quality factor is kept constant. Fig. 6.29 shows the
efficiency of the link when x varies for a particular case. It is clear to verify that when x = 1,
the inductive link has the maximum efficiency, and the phase angle is approximately 55º.
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Figure 6.29: The efficiency of the link and the phase angle of the input impedance depending on x for a
particular case of an inductive link that presents a coupling factor k of 0.4 and a quality factor Q of 300.

However, by increasing x, we can reduce the phase angle of the input impedance drastically,
and the efficiency of the link decreases slightly.

For instance, if we have an application of 10 kW and the IPT link is design at the
optimal operating point (55º degrees of phase-shift) with a coupling factor of 40% and
quality factor of 300, it is obtained an efficiency of the link of 97.64% that means a link’s
losses of 236 W. However, if we increase x to 1.4, the efficiency of the link is 97.51% and its
losses 250 W, while the phase shift is decreased to 45 degrees. This small variation in the
link’s efficiency has a large impact on the input impedance phase-shift that in the following
section will be analyzed from the SiC MOSFET losses point of view.

The Phase-shift effect on the SiC MOSFET losses

From (6.31) it follows that designing for a larger x, the inductive link losses increase. How-
ever, the input current phase angle can be reduced, leading to a reduction on the RMS
current that is flowing through the inverter devices reducing in this way the conduction
losses, the off-turn losses and the dv/dt for ZVS of the MOSFETs. And this is very im-
portant to carry out for devices, as it would allow to choose less demanding and cheaper
devices.

In this way, from (6.18) and (6.19) we can express the ratio of conduction losses in the
devices compared with the nominal case by a constant rcond as:

rcond(x) =
Pcond(x)
Pcond

= ( cos(φ)
cos(φ(x)))

2

(6.32)
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Figure 6.30: Depending on x, the phase angle of the input impedance and the reduction of losses for: a)
conduction, and b) In solid line the minimum turn-off losses and in dashed-line the maximum turn off losses.

Where φ is the phase angle at the nominal power (x = 1), and φ(x) and Pcond(x) are
the phase angle and the conduction losses at the design power. In Fig. 6.30 is easy to see
that designing the inductive link for half the nominal power, the conduction losses can be
reduced a 50%.

As shown above (6.22), the off-power losses depends on two constants (a and b) for
every MOSFET. Despite this fact, and to approximate the possible reduction, constant a is
taken as the average of the values of Fig. 6.27 since they have the same order of magnitude.
For constant b, the maximum and minimum value are taken to illustrate the improvement
range. Thus the ratio is:

roff(x) =
Poff(x)
Poff

(6.33)

Where Poff(x) represents the turn-off losses at any design power since PD = PN /x. Fig.
6.30 shows, for half the nominal power, a 60% reduction in the case of the minimum b and
75% for the maximum b.

For clarity, we describe a theoretical example of how the modification of the parameter
x affects the converter’s power losses, which works at 10 kW as nominal power. It has an
input voltage of 400 V, a switching frequency of 100 kHz. Let’s consider an inductive link
which has a quality factor around 300, and a coupling factor closed to 0.4.

From Fig. 6.29, it is possible to determine that when the nominal power is equal to the
design power (x = 1), the efficiency of the link is 97.64%, but if we opt to use x = 2 (the
Design Power is 5 kW), the efficiency of the link is 97.05%. In terms of power, it means that
the power loss of the link goes from 236 W to 295 W. In terms of phase, the modification
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Table 6.4: Comparison of a Practical Example Case where the phase-shift is varied.

φ(x) ηlink Pcond Poff etatotal
x = 1 54.74º 97.64 % 14.45 W 3.23 W 97.32 %
x = 2 35.26º 97.05 % 7.23 W 2.30 W 96.88 %

of x implies that the phase goes from 54.74º to 35.26º.

On the other hand, even if the inductive link’s losses rise, we can significantly reduce
the losses of the devices that are part of the inverter. Let’s consider a MOSFET device that
has a Rdson = 12.5mΩ, and the turn-off energy is given by the parameters a = 4e−9J/A2

and b = 2e−5J .

The first case, when the inductive link is designed for the nominal power (x = 1), the
conduction losses are 14.45 W. If we design the inductive link at x = 2, from Fig. 6.30, it
is easy to determine that the conduction losses are reduced to the half. In terms of power
with the example exposed before, we are reducing the power from 14.45 W to 7.23 W.

Additionally, there is a reduction in the turn-off losses. Designing the inductive link at
x = 1, the switch-off loss of the device is 3.23 W. However, if we design the inductive link at
x = 2, we have a reduction in the first term of (6.21) of 0.75, which means that the turn-off
losses are now 2.30 W.

Indeed, when the inductive coil is designed using x = 2, we can see in Table 6.4 that
the total efficiency of the converter drops 0.44 % that in terms of power loss means an
increment of 44 W. However, the power losses of the MOSFET devices are reduced by 191
%. Although the total balance of losses is worse, it is needed to add the reduction of phase
on the current through the MOSFETs.

In terms of heat dissipation, for the sake of clarity, let’s have a MOSFET device con-
nected to a heat-sink where the thermal resistances are Rθjc = 0.7 ○C/W junction-to-case,
RθTIM = 1 ○C/W of TIM and an RθHS = 5 ○C/W of the heat-sink. The ambient temper-
ature is 25 ºC. So, if we use the x = 1 design, the junction-to-case temperature is 143 ºC.
However, by using the x = 2 design, the junction temperature is reduced to 89 ºC. Then, the
first design is not safe since the junction temperature is too high. Nonetheless, the second
design with a junction temperature of 89 ºC is far from the maximum rating temperature
and then a good design.

Bifurcation problems

The IPT system (inverter stage, IPT link and the rectifier stage) can operate with a constant
frequency in open-loop. Thus, in order to deliver the required voltage or current to the
load, the total system needs an additional converter to regulate it. Also, the IPT link can
be designed as it was shown in the previous practical design of the Section 6.2, but in this
practical design the air-gap variation are higher and it makes hard the design of an IPT
link with constant leakage inductance in the entire range of gap distances.

Nevertheless, these kinds of topologies could operate with variable frequencies as a
resonant topologies feeding to the load with the appropriated output voltage or current.

However, with the Series-Series resonant topology, it is necessary to pay attention on
the bifurcation [178–183] phenomenon, which refers to a pole-splitting in the voltage and
current gain, affecting the delivered power. Besides, it occurs multiple zero phase angle
resonant frequencies leading to unsafe operation of frequency control.

Let’s consider an application where the Nominal Power PN is 10 kW, and the resonant
frequency is 100 kHz, also, the air-gap variation is neglected, so the self-inductance and the
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Figure 6.31: a) Voltage gain of an IPT static system for different values of x. b) Phase angle of the input
impedance of an IPT static system for different values of x.
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coupling factor is constant.

Considering the Design Power equal to the Nominal Power (x = 1), the blue line of
the Fig. 6.31a describes the voltage gain. One can notice that there are a large range of
frequency where the system can be regulated to obtain different voltage gain. Also, the slope
only has one direction: if the operating frequency is higher than the resonant frequency, the
voltage gain drops, and decreasing the frequency below the resonant frequency, the voltage
gain increases. However, from Fig. 6.31b, it is possible to see that the phase-angle of the
input impedance is very large.

But as explained before, the parameter x can be used to decrease the phase. Let’s
suppose x = 1.33, that is that the Design Power is now 7.5 kW. Then, red line in Fig.
6.31 describes the voltage gain that is still working as the previous case: increasing the
frequency, the voltage gain is dropped, and vice-versa, while the phase is reduced.

If it is employed higher values of x, for instance x = 2 (PD = 5 kW ), one can observe from
Fig. 6.31b that the phase is reduced until 27º in the resonant frequency. But bifurcation
problems appear to be very difficult to regulate the output voltage in a range, even it could
be impossible to reach the nominal voltage.

Therefore, if a control frequency regulator has to be implemented, it is necessary to
study the different particular case of x in order to find a valid design that allows closing
the loop regulating correctly the voltage. If the converter can work on open-loop, the
bifurcation issue does not affect the design, and it is possible to use higher values for x than
1.33 while the output voltage is the desired.

On the other hand, as soon as the air-gap varies, the coupling factor and self-inductance
change, and the input impedance is affected. This means that even if the design in static po-
sition can operate under a closed-loop condition using a frequency control, if the impedance
changes excessively, bifurcation problems can occur.

Fig. 6.32 shows the voltage gain and the phase angle of the input impedance in this
particular case for x = 1 and x = 1.3 when we have variation of ±10% on the coupling factor
and ±5% on the self-impedance.

As one can conclude, at PD = Pn, we have enough gain to regulate the output voltage,
but the input impedance phase is 55º in the nominal position and 60º in the worst position.
On the other hand, for PD = 7.5, we find that we are in the limit of the bifurcation
phenomenon, not for the nominal position, but the closer position. However, we can accept
that design because we have a range for the regulation. Also, the nominal impedance phase
is reduced from 55º to 48º. So, in applications where we have that variation of air-gap, the
bifurcation issue does not allow us to reduce too much the phase.

6.3.4 Practical Design

Through this section, we explain the selection of each device that conforms to the IPT
system:

� IPT link

� Inverter devices

� Rectifier devices

Following the flow chart that the Fig. 6.33 shows, the following sections are going to
described the decisions taken in each step of the flow-chart.
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Figure 6.32: a) Voltage gain of an IPT dynamic system for different values of x. b) Phase angle of the
input impedance of an IPT dynamic system for different values of x.
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Figure 6.33: Practical design flowchart of the Inductive link taking into account the bifurcation problems.
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Table 6.5: Principal Values of our Practical design from Step 1 to 4

Paramater Value
Input Voltage 400 V
Power Range 0-10 kW
Design Power 7.5 kW

Output Voltage Range 38-55 V
Design Output Voltage 55 V

Design frequency switching 110 kHz
Maximum IPT Coils dimension 400x400x20 mm3

Estimated Coupling factor 45 %
Primary Inductance 44 µH
Secondary Inductance 0.8 µH

Expecting Q 500
Expecting Efficiency of the link 98.72%

Expecting Phase at Nominal Power 47○

Step 1: Specifications of the system and Select

The IPT converter is going to be designed to work from 0 to 10 kW. The input voltage
of the system is 400 V, and the output voltage regulated between 38-55 V, so we have
to evaluate the bifurcation phenomenon. The air-gap varies from 30 mm to 50 mm,
where the nominal distance is 40 mm. The operating frequency is 100 kHz. The maximum
space room available for the IPT coil is 400x400x20 mm3, but it also takes into account the
shielding, then the area occupied by the ferrite and winding must be close to 350x350
mm2.

Step 2 & 3: Select a Design Power and Assume a Coupling Factor

The second step aims to identify the different parameters that affect to the design of the
IPT coils: the design power which also influences the input impedance phase angle, and
the first estimation of coupling factor

Regarding the Section 6.3.3, it is possible to start with a Design Power of 7.5 kW that
corresponds to x = 1.33 that is in the limit of the bifurcation. In the following steps, it can
be recalculated depending on the IPT coil design and power inverter losses.

The first estimation of coupling factor is assumed under the knowledge of the researcher
and it is needed to obtain a first value of inductance value to start the design. It can be
around 0.4-0.6 in this air-gaps distances and sizes. Then, in a following step, the coupling
factor will be calculated by FEM, coming again to this step to recalculate and to evaluate
new designs in an iterative process.

Step 4: Calculation of IPT Inductances

The following step uses the equation 6.26 and 2.36, and these values will be the goal of our
design in the fifth step.

Our particular values summarizing the steps 1 to 4 are described in Table 6.5.

The calculation of the IPT coils inductances is in an iterative loop together with the IPT
geometry design. The analytical values of inductance and coupling factor must be obtained
later in the finite element simulation when designing the inductive link. This means that
for each design obtained in FE, where there is a coupling and an inductance per turn, it is
necessary to go back to this inductance calculation step to see if it is possible to use this
design.
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Step 5: Design the IPT Coil using FEM

Fig. 5.20a from the Chapter 2 shows two conclusions:

1. The magnetic core does not affect the inductance and coupling factor until it is equal
to or greater than the winding.

2. The magnetic core must be as higher as possible.

Regarding the specification of limit size and the reduction as mush as possible the
weight, the initial Xc values for primary and secondary IPT coils are around 300-350 mm.
Since it is mandatory to use commercial ferrite tiles the cores dimension are different in the
x-axis and y-axis.

In our case, the iterative process to design the IPT link starts using a winding of 300
mm x 300 mm, and a ferrite magnetic core of 350 mm x 350 mm. Then, in iterative process,
we achieve this particular design:

� For primary coil: Xc is 313 mm and 307 mm. Finally, Intc is selected as 139 mm x
133 mm.

� For secondary coil: Xc is 343 mm and 336 mm. It is slightly larger in order to match
the inductance required with only a one-turn winding. The Intc is 83 mm and 76
mm.

From the design guidelines explained in the Chapter 2 and illustrated in Fig. 5.19a,
one can notice that the optimum value for Extw is some millimeters smaller than Xc. It
enables the option of adjusting the parameter Intw more freely depending on the number
of turns needed to achieve the inductance required and the coupling factor.

In connection with the following step where the diameter of the Litz-wire is selected,
the minimum value for the parameter Intw will be given by the number of turns, and the
maximum value will be selected in order to meet with the specifications of inductance and
coupling factor. And, the windings dimension are:

� For primary coil: Extw is equal to 278 mm x 272 mm. And the parameter Intw is
194.6 mm x 190.4 mm. It is made of 8-turns in series.

� For secondary coil: Extw is equal to 316 mm x 310 mm. And the parameter Intw is
254 mm x 249 mm. This winding is formed by 1 turn and 8 in parallel.

The height of the magnetic core Zc is 4.1 mm.

In Table 6.6, one can see the inductance simulated in the FEA tool and measured with
the E4990A Impedance Analyzer from KeySight.

Step 6: Evaluate the air-gap and redesign

Once we obtain the design of the inductive link in accordance with the assumptions of Table
6.5, we can simulate its coupling and inductance variation with the gap change between
them.

This modification of the inductance and coupling factor will allow us to carry out a pole-
splitting in the voltage gain [178–183] study in the characteristic points of the converter,
such as at maximum load or air gap.
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Table 6.6: Inductance Values of our Practical design

Primary IPT coil F.E.M. Measurement
30mm 46µH 45.67µH
40mm 43.75µH 43µH
50mm 42.32µH 42.22µH

Secondary IPT coil F.E.M. Measurement
30mm 810nH 820nH
40mm 797nH 790nH
50mm 788nH 770nH

Coupling Factor (%) F.E.M. Measurement
30mm 53.4 55.5
40mm 45.8 46.5
50mm 39.2 40.4
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Figure 6.34: Simulated study of the bifurcation with the inductive link built.

In Table 6.6, one can see the inductance and coupling values both simulated in the FEA
tool and measured with the E4990A Impedance Analyzer from KeySight. In this table, it
can be noticed the great similarity between measurement and simulation.

Fig. 6.34 shows the bifurcation study with the inductive link built. It can be seen that
at the closest distance and maximum power, there are signs of bifurcation, but this does
not affect the possible implementation of a basic frequency control that allows the output
voltage to be regulated over the entire power and distance range. This study has been
carried out at maximum power for the nominal output voltage case.
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Step 7: Evaluation of the losses

Litz-wire Optimization The application to validate the design guidelines has a peak
current in the primary side around 80 Apk, so, assuming a current density of 5 A/mm2, the
radio of total copper needed is:

RadioCu =
√

Arms

Jπ
= 1.9mm (6.34)

Where RadioCu is the total area of copper in the Litz-wire, Arms is the RMS current
that there is through the conductor, and J is the maximum density current specified.

It is possible to assume that the Litz-wire ratio of the total copper and the total bundle
area (packing factor) is around 0.6.

Hence, we assume a lit wire, where the area of copper is ACu = Radio2Cuπ = 11.34mm2,
and the number of strands is one, the conductor will have the properties illustrated by the
blue line shown in Fig. 6.35.

Then, it is possible to optimize the Litz-wire by increasing the number of strands by s
and the diameter of each strand is decreased with a factor

√
s:

nstrands2 = s ⋅ nstrands1

∅strand2
= ∅strand1√

s

(6.35)

Thus, the high-frequency effects will be reduced, such as the skin and proximity effect.
For the sake of clarity, let us look at an example: Let us consider a s factor equal to 100.
In Fig. 6.35, the orange line shows the modeling of magnetic and homogeneous electrical
properties.

One will notice that the homogeneous conductivity will be constant for higher fre-
quencies (see Fig. 6.35c) than for one strand. As a result of this, the skin effect will be
well-designed up to 80 kHz. However, if we employ s = 1000, the skin effect is well-designed
to 1 MHz (plotted in yellow).

The problem will come from the imaginary permeability (see Fig. 6.35b). The proximity
losses on the winding will be proportional to this permeability.

If the optimization step is done using s=3000 (the properties are plotted in purple in
Fig. 6.35), one will notice that the skin-effect will be equal, but this new s leads to the
reduction of the estimated proximity effect losses by half.

If we try to optimize the Litz-wire again by using s=5000, one can notice that the
reduction of losses could be neglected and also, the diameter of the strands (55µm) will
be minimal, and it is tough to tin because the strands could break in the manufacturer
process.

So, the final winding will be composed of a Litz-wire of 3000 strands and 0.07 mm of
diameter. Then, regarding the design of the IPT coil done in the Step 5, the AC resistance
of the IPT coils has also been measured in order to obtain the quality factor. The DC and
AC resistance at 100 kHz of primary coil is around 15 mΩ and 55 mΩ and the DC and
AC resistance at 100 kHz of the secondary coil is around 0.25 mΩ and 1 mΩ. These AC
resistances results on a quality factor at 100 kHz of the IPT link close to 500.
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(a)

(b)

(c)

Figure 6.35: Representation of the magnetic and electrical parameters of a conductor with a copper area
of ACu whose bundle occupies Ael = 2ACu: a) Real part of relative permeability. b) Imaginary part of
relative permeability. c) Conductivity.
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(a) (b)

Figure 6.36: Photograph of: a) Inverter SiC Mosfet PCB. b) Secondary PCB which includes resonant
secondary capacitor, rectifier diodes and the output capacitors.

Inverter design The primary devices chosen are SiC MOSFET because they present
very good features to be employed in this sort of application.

For the MOSFET selection, a loss comparison between several models is made when x
varies. Table 6.7 shows the results of that comparison. Every MOSFET is evaluated for
different x values where it is possible to notice that from x = 1 to x = 1.25, that means that
the design power goes from 10 kW to 8 kW although the nominal power is 10 kW. It is
easy to recognize that the losses could be reduced by more than 30% in most of the cases
that can be traduced in 13ºC in the junction.

From all the analyzed MOSFET, the selected one is the C3M0030090K, and the inverter
will be mounted using two of them in parallel.

In addition, a heat-sink with an integrated fan is included to help the dissipation. The
model of the heat-sink is LAM 3k 50 12, from FISCHER ELEKTRONIK.

The PCB fabricated can be seen in Fig. 6.36a.
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Rectifier design Since the focus of this work is to analyze the primary size, and to avoid
the synchronization problems, the rectifier will be designed using diodes.

A PCB is built, which includes the secondary resonant capacitors explained in the
previous section, the rectifier diodes stage, and the output capacitance stage. Fig. 6.36b
illustrates it.

The rectifier stage is made of STPS200170TV1 diodes from STMicroelectronics. The
total losses of each diodes at 10 kW of output power is approximately 55 W, then 110 W
per STPS200170TV1. The rectifier’s losses mean a detriment of efficiency of 4.5%. Finally,
the output capacitance is made of 60 capacitors of 3.3 µF from TDK, model B32654, to
obtain a 200 µF of final capacitance.

Resonant capacitors

By following (2.21), primary resonant tank is built using 2 series capacitors of 4.7 nF
B32652A2472J000 from TDK placed 38 times in parallel to obtain 90 nF of capacitance.

Using (2.22), secondary resonant capacitor has 60 parallel capacitors 68 nF B32654A2683J000
from TDK to obtain 4 µF of capacitance.

6.3.5 Experimental Results

Once the prototype was built, we measured several factors to ensure that the methodology
was validated, in addition to having measured and commented on the inductive link values
beforehand.

The first thing is to analyze that the voltage gain presents a monotonic function of
frequency and the pole-splitting is avoided under low load condition, and in the extreme
tolerable distances (30 mm and 50 mm). Fig. 6.37a illustrates there is no such phenomenon,
and we can implement in the future a simple frequency control.

The second is to check that the phase has been reduced to the nominal power of 10 kW
even though it has been designed for lower power. To do this, the operating frequency is
chosen, and a sweep is made on the output power from 0 kW to 10 kW, where its efficiency
is used and measured.

As shown in Fig. 6.37b, from 0 kW to 10 kW, with the selected x = 1.2, the phase
shift goes from 90○ to 50○. If we had designed with the nominal power, this would have
been from almost 90○ to 55○. By doing that, it is possible to reduce the conduction power
losses of the inverter devices around 25% and the turn-off losses around 30%, by paying an
increment of the power losses of the link of 6%.

Fig. 6.37c shows the efficiency. In this figure, you can see how it is achieved something
more than 93% close to the design power. At this point, the link presents close to 98%
efficiency, however, after this point, we will have a link with a reduced efficiency, close to
97% at nominal power. It is necessary to emphasize that the diode devices for the rectifier
represent a 4% of detriment of performance close to the design point, and at nominal power
present 4.5% reduction in efficiency. It is clear that the design of the rectifier must be
improved in the future if we want to enhance the performance.
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Figure 6.37: Empirical results of: a) Output Voltage vs Frequency. b) Phase angle of the input impedance
vs Output Power. c) Efficiency of the total converter vs Output Power.
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CHAPTER 7
Conclusions and Outlook

Aunque nadie ha podido regresar atrás y hacer
un nuevo comienzo, cualquiera puede recomenzar
ahora y hacer un nuevo final.

Jonathan Garćıa-Allen

7.1 Conclusions

The topic of this thesis is the analysis, modeling and design of inductive power transfer
links based on the method employed to resonance with the link. Depending on the selected
resonant method, the behavior of the inductive link, then, the total system, is different.

On this basis, the first contribution of this PhD thesis is the comprehensive
analysis of some of the different resonance method that are possible to make in an inductive
link system. This analysis provides to the reader the information needed to design the
completed system in different ways:

� The inductive link behavior: if the converter will work as voltage or current source.

� For the different resonant methods, the corresponding primary and secondary capac-
itors value are described. In some particular case, since some extra inductors are
needed, the values are given.

� For each particular topology, it is provided the optimal value of the inductance of the
IPT link in order to obtain the best performance from the IPT link point of view.

� An analytical expression for the maximum efficiency of the IPT link system is ob-
tained.

The necessity of Finite Element tools to facing the challenges of the analysis, and design
of the transmitter and receiver coils, which formed the inductive link, is clear. The results
obtained from 3D fast FE simulations provide to the researchers the enough knowledge to
design an inductive link where the amount of ferrite is optimized, the coupling factor and
inductance is the required by the resonant method, and all of these advantages help to
fabricate the final inductive link in the first iteration.
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Nevertheless, the main inconvenience of the FEM is the mesh required due to the con-
ductors and certain parts where are losses and need a fine mesh to include the skin and
proximity effect. In the light of all this, the increment of the computational capacity is
obviously needed and supercomputers are required.

Therefore, the majors contribution of this work is the development of analytical and
empirical models that can solve the mesh problems.

The second contribution is that this PhD thesis includes homogenization
process for different materials that can be employed in the inductive coils such as the
micro-wires, PBM and the tiles-link. All of these materials have an advantage: they can
improve the mechanical features of the conventional ferrites. For this reason, their modeling
was much-needed to analyze the feasibility of that and to propose an optimization for the
conventional inductive links that can be found on the literature.

However, the key to success for allowing the 3D fast FE simulation to optimize it is
the modeling of the conductors that is the third original contribution of this
dissertation: round and Litz-wire. This PhD thesis presents a very good models for
the conductors as equivalent layer that can reduce a lot the required mesh allowing the
conduction of several 3D FE simulation in few minutes helping to the analysis, design and
optimization process.

An important fact is, ignoring the FE mesh problems, the lack of design guidelines to
optimize the coils. Possibly, this is provoked by the absence of models that provides an
acceleration of the simulation.

However, since this PhD thesis proposes different models to solve that, we also provide
a Chapter where the readers can learn about the changes on the geometric parameters and
its direct effects on the magnetic and electrical properties.

The fourth contribution is the design guidelines based on the FE simulation
that are based on graphs that translate the geometric changes to electromagnetic variations.
By using that and the models, it is possible to optimize an inductive link effortlessly only
following the graphs.

For the sake of clarify, three different practical design following the PhD thesis method-
ology have been made:

� First practical design, based on electric vehicles and the optimization by removing
compact ferrite and introducing nano-particles of ferrite to improve the magnetic
features while the volume of compact and fragile ferrite is reduced.

� Second practical design, based on a battery charger of 5 kW, that requires a constant
voltage at the output in a range and without control, so the inductive link is designed
in order to keep that output voltage as constant as possible without control for the
different distances.

� Third practical design, based on a battery charger of 10 kW, that requires the possi-
bility to include a frequency control, so the voltage gain must allow it for the different
distances, and also an optimization of the input phase angle of the impedance to
reduce the losses on the primary inverter devices.

All three prototypes have an optimization process of the IPT coil by analyzing the
conductors employed, the geometry design, the amount of ferrite, and the selected resonance
method.
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7.2 Outlook

There are several topics that could be addressed in the design of IPT systems:

� Improving the modeling of Litz-wire to consider its manufacturing process: in this
thesis, it is proposed a method for modeling Litz-wire based on the perfect twisting of
the strands that form the bundles. Nevertheless, on certain occasions, depending on
the number of strands and bundles, this perfect twisting is impossible, so the model
has certain prediction errors.

� Envelope a control method that could provide more flair to design the IPT link when
it needs to withstand air-gap variations.

� The design of IPT Coils structures based on machine learning and evolutive algorithms
techniques where the optimization of the geometries can be automatized.

� Develop an analysis of different topologies as multilevel converters or current doubler
structures to reduce the power that the electronic devices must manage.

� Analyze different charger methods and their optimal IPT coils structures. In this the-
sis, the IPT coils are designed for static applications but with some air-gap variation
in the z-distance. However, there are two other methods: semi-dynamic and dynamic
charging, where the primary or the secondary (or both) are not stopped and could be
moving.

� Deep analysis on coil’s terminal design to reduce the leakage inductance that we find
when the inductance’s coil is comparable to the leakage inductance and affects to the
resonance frequency.
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APPENDIX A
Winding Loss Modeling

In this section, formulae to describe the Gp factor for calculating proximity losses using
(4.3) in a single-layer made of round conductor is derived. The presented derivation is also
described in [133].

A.1 Proximity losses factor Gp for single conductor layer

Fig. A.1 illustrates the considered winding of round conductors. The conductors have a
diameter d, and they are separated horizontally by a h distance.

Due to the inherent nature of the single-layer configuration, the proximity losses are
different depending on the external magnetic field direction.

Since the magnetic field can be decomposed in the sum of two 1D magnetic fields, it
is possible to have a model that provides different Gp: one for the x-direction and other
for the y-direction. Hence, the model defines an equivalent layer with complex anisotropic
permeability.

In such a way, two different sets of finite element simulation are conducted with Ansys
Maxwell® with a uniform magnetic field in x- and y-direction, independently (see Fig.
A.2), to derive the factor Gp.

Fig. A.3 shows the model used to represent the single-layer. There is a specific spacing
between the conductors defined by h. The conductors have a diameter of 1 mm. The net
current of the winding is 0 A.

Symmetric boundaries are used to perform the simulation as shown in Fig. A.3. Sym-
metries vary with the FE analysis. Fig. A.3a illustrates the boundaries needed for the

Hy

Hx
h

Figure A.1: Finite Element Simulation configuration of One-Layer winding separated by an horizontal
distance h.
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Figure A.2: Illustration of the decoupled FE simulation to obtain the fitted model.

Hx d

h+d

Even symmetry

(a)

d

h+d

Hy

Odd symmetry

(b)

Figure A.3: Illustration of the boundaries set in FE simulation to obtain the fitted model.

magnetic field that goes in the x-direction. Even symmetries are set between conductors.
For the magnetic field in the y-direction, instead of setting even symmetries, odd symmetries
are now used as can be seen in Fig. A.3b.

After performing both sets of FE simulations with varying the frequency up to 10δ = d
and the distance h, we obtain two different ohmic-losses (PFEMx and PFEMy ) due to the
uniform external field applied.

Using (2), we can obtain two empirical expression for Gp as:

Gpx(γ) =
σPFEMx(γ)

H2
x

(A.1)

And:

Gpy(γ) =
σPFEMy(γ)

H2
y

(A.2)

Where PFEMx and PFEMy are the ohmic losses of the cell for the magnetic field in x and
y direction respectively.

If we have one conductor which is excited with a certain magnetic field, we can predict
the losses in low frequencies with (A.3) and in high frequency using (A.4): (as an example
see Fig. A.4)

G1(γ) =
π

8
γ4 (A.3)

G2(γ) =
2π√
2
γ (A.4)
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G1

G2
Exact Solution

Figure A.4: Proximity losses of one conductor of 1 mm of diameter under the influence of a magnetic field
of 100 A/m. The orange line corresponds to function (A.3), which can predict low frequency losses. The
yellow line corresponds to function (A.4), which can predict high frequency losses. The blue line is the
exact solution of the losses of a conductor that corresponds to the simulation by finite elements.

To obtain a function that can predict exact losses and depends on (A.3) and (A.4), a
weight function is needed to solve the problems at the turning point 3.2δ = d as:

Gp(γ) =
G1(γ)
f(γ) + 1 +

G2(γ)
f(γ) − 1 (A.5)

Where

f(γ) = 0.08889γ5 + 0.03981γ4 − 0.1214γ3 + 0.9557γ2 − 2.174γ1 + 10.27
γ2 − 0.4336γ + 0.06334 (A.6)

Thus, the empirical expression for Gpx and Gpy when we have more turns can be ex-
pressed as:

Gpx(γ,Nturns,
h

d
) = x(h

d
,Nturns)

G1(γ)
f(γ) + 1 +

G2(d, γ)
f(γ) − 1 (A.7)

And:

Gpy(γ,Nturns,
h

d
) = y(h

d
,Nturns)

G1(γ)
f(γ) + 1 +

G2(γ)
f(γ) − 1 (A.8)

Where:

x0(Nturns) = tanh((Nturns − 1)0.3801)0.36 + 0.7949 (A.9)

x1(Nturns) = tanh((Nturns − 1)0.7288)0.368 + 0.00197 (A.10)

x2(Nturns) = tanh((Nturns − 1)0.4347)(−0.4869) + 0.9984 (A.11)

x(h
d
,Nturns) = tanh(

h

d
x0(Nturns))x1(Nturns) + x2(Nturns) (A.12)
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Figure A.5: Error between the fitted equation vs the data obtained by FE simulations.

And:

y0(Nturns) = tanh(Nturns − 3.313)(−5.424) − 10.09 (A.13)

y1(Nturns) = tanh(Nturns − 3.219)0.5631 + 2.147 (A.14)

y(h,Nturns) = y0(Nturns)(
h

d
)
0.35

+ y1(Nturns) (A.15)

A.2 Relationship between Real Permeability and Magnetic
Energy

Taking advantage of the FE simulation data, we constructed in [133] an empirical model
for the real part of the complex permeability, which determines the reactive power in the
single-layer winding, by using (4.48):

µ′lx =
4EFEMx

µ0H2A
(A.16)

And:

µ′ly =
4EFEMy

µ0H2A
(A.17)

From the simulations results, it is possible to obtain an expression for the real part of
the permeability that describes the energy for a magnetic field in x-direction as:
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µ′rx(Nturns,
h

d
, γ) = 1 − b(Nturns,

h

d
) tanh(

√
γ − 1.5a(Nturns,

h

d
)) (A.18)

Where a and b are obtained by fitting:

a(Nturns, h) = 0.4+0.04215Nturns−0.005358
h

d
−0.002983N2

turns−0.006102Nturns
h

d
(A.19)

b(Nturns, h) = 0.6223+0.04548Nturns−0.07698
h

d
−0.002895N2

turns−0.01695Nturns
h

d
(A.20)

Fig. A.5 shows the error between the data and the proposed expression.

For the field in the y-direction, we can simplify using a real permeability of 1.
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