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This paper analyses the design of a controlled variable inductor adopted as the series inductance of an LCC-S
compensation network in an Inductive Wireless Power Transfer system. In this compensation topology, the
power transfer to the load can be controlled by varying the differential inductance of the component through
a DC bias. The analytical design process of a double E ferrite core variable inductor is presented, and the

specifications for an experimental prototype are proposed. The design output is verified with FEM simulations
to validate the obtained differential inductance profile and with circuit simulations to test the non-linear
behaviour of the component under the typical current and voltage waveforms of the LCC-S compensated
Wireless Power Transfer system. Finally, a prototype is realized, characterized and tested in an experimental

Wireless Power Transfer system.

1. Introduction

The inductive Wireless Power Transfer (WPT) technology is be-
coming adopted extensively in battery charger systems, both in low
power applications, such as consumer electronics or medical equipment
and high power applications, as in the automotive field [1-4]. The
wireless solution shows some advantages compared to the wired one,
such as the suppression of bulky cables and connectors, which are
parts typically exposed to deterioration, and presents a higher comfort
for the users [5]. However, the main limitation of inductive WPT
systems compared to wired solutions is the conversion efficiency. The
high leakage flux caused by the large air gap between coils deter-
mines a low coupling coefficient. It involves a high reactive power
value, influencing the transmission efficiency of the system. In order
to improve efficiency, additional reactive components are adopted to
create resonance and ensure maximum power transfer. Several resonant
compensation topologies have been proposed over the years [6,7]. The
most intuitive choice, and the most widely adopted topology, is the
Series-Series (SS) compensation. This configuration consists of two ca-
pacitors in series with the transmitter and the receiver coils. However,
other solutions, such as LCC-S (LCC-Series), represented in Fig. 1, offer
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more freedom in the design and regulation of the system, reducing
the passive component’s voltage/current stress compared with the SS
compensation [8]. An accurate power loss comparison between SS and
LCC-S is presented in [9]. The results show the higher conversion
efficiency of the LCC-S. While the control of the SS compensation is rel-
atively simple since it acts as a current source, the control of the LCC-S
compensation is more complex. Most of the control strategies consist of
varying a passive component to regulate the output voltage or current.
This paper proposes a novel approach to control the resonant series
inductance value. This approach is usually defined as magnetic control,
and it has been widely adopted for the LLC resonant converter [10-12].

A controlled variable inductor is realized by controlling the perme-
ability of the core material through an auxiliary magnetizing winding
supplied by a DC current source. The paper analyses the design of
a controlled saturable inductor suitable for an experimental 100 W
WPT system. The analytical design process output is verified with
FEM simulation to validate the differential inductance profile of the
component and with circuital simulations in PLECS®, considering the
non-linear characteristic of the variable inductance during the WPT sys-
tem operation. In conclusion, a test inductor is realized, characterized
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Fig. 1. Equivalent electrical scheme of the LCC-S compensated WPT system. The red box highlights the compensation network.
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Fig. 2. Profile of the output power as a function of the input inductance L;, value,
for a 100 W WPT system.

and tested to verify the effectiveness of the design process and adopted
in an experimental 100 W WPT system.

2. Preliminary design of the saturable inductor

In an LCC-S compensated WPT system, the input inductance value
L;, influences the power transferred to the load, as represented in
Fig. 2, where the output power profile of a 100 W WPT system is pro-
posed as a function of the input inductance value. A controlled variable
inductor, whose inductance can be accurately regulated, allows the
active and continuous regulation of the output power [13]. The basic
principle of a controlled variable inductor (CVI) is the variation of the
permeability of a ferromagnetic material. The differential permeability
is defined as the relative permeability corresponding to the slope at a
given point on a magnetization curve of magnetic flux density: [14]:

1 dB
Ha = 14_0 di (€Y
As represented in Fig. 3, which shows a typical differential permeability
profile of the N87 ferrite, at low values of the applied magnetic field,
the magnetic material operates in a linear region of the magnetization
curve, where the differential permeability exhibits a near-constant
profile. Under increasing magnetic field, the material tends to oper-
ate in the roll-of region of the magnetization curve. The differential
permeability value rapidly decreases, going towards the saturation
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Fig. 3. Magnetization curve and differential permeability profile of the N87 ferrite.
The three operating region of the magnetic material are highlighted.
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Fig. 4. Description of the core and winding configurations for the controlled variable
inductor design and equivalent reluctance circuit.
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Fig. 5. Magnetic flux density distribution obtained by FEM simulation of the proposes double E core. Only the auxiliary windings on the outer legs are supplied. The DC magnetic

flux path involves only the outer legs of the core.
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Fig. 6. Differential inductance profile as a function of the magnetizing current,
computed with the analytical reluctance model for the prototype defined in Table 2.

region, in which the minimum value of the differential permeability
is obtained. Considering a closed core shape with an N turns winding,

the differential inductance is defined as [15]
do
= 2
4= g 2
Assuming the cross-section S is constant over the entire ferromagnetic
path, the magnetic flux @ is defined as

®=N S B. 3
Furthermore, the applied current i is related to the magnetic field H
through the Ampere’s Law:

H lfe

i= ~ ()]
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Fig. 7. Comparison of the differential inductance profile obtained with the analytical
reluctance model, and the one obtained from FEM simulations.

Thus the differential inductance can be directly related to the differen-
tial permeability of the core:
N N?

=22 _N22 =
aH I Ho Ha = 75

. (5)
eq,d

Considering a double E core geometry, the most suitable solution
to obtain a controlled variable inductor is to place the AC winding
(connected to the LCC resonant tank) on the central leg of the core.
In addition, an auxiliary DC winding is placed on the outer legs to
regulate the magnetic field’s static value and control the inductance
value. The DC winding splits into two windings of 0.5 Npc turns, one
on each outer leg, connected in anti-series. In this way, the DC magnetic
flux path interest only the core’s outer legs, where the differential
permeability of the material is controlled through the magnetizing
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Fig. 8. Current density distribution in the wire of the main winding, at 85 kHz. The conductors in the air gap region are interested by higher current density values.
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Fig. 9. (a) Average power transferred to the load, in the unsaturated and saturated operation of the controlled variable inductor. (b) Related magnetizing current profile in the

auxiliary windings.

current of the auxiliary windings. Due to the resonant behaviour of
the considered WPT system, the average magnetic field density in the
central leg is zero. Thus, if the amplitude of the AC magnetic field swing
is limited, the magnetic material of the central leg’s region operates
in the unsaturated region [16]. Fig. 5 represents a 2D FEM simulation
of the proposed double E core configuration when only the auxiliary
windings are supplied. The magnetic flux path and the magnetic flux
density colour map highlight how the core’s central leg is practically
not involved in the magnetic flux applied by the DC windings. An air
gap in the central leg is adopted to maintain the magnetic flux density
at low values even when the AC winding applies high magnetomotive
force values. Moreover, the anti-series connection of the outer leg
windings almost cancels the sum of the AC electromotive force on each
DC winding. Under the previous assumptions, the equivalent reluctance

model represented in Fig. 4 can be adopted to compute the differential
inductance profile of the presented core [17,18].

The equivalent differential reluctance, reported in (5) and referred
to the AC winding, can be computed as

Req,d =Ripre + 0.5 Rygi s 6)
where

lte !
Riote = Ho Hrein Stec " Ho gSg @
and
Riot = fre Ste - (8)

Ho Hted
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Fig. 10. Typical voltage and current waveforms of the input inductor in the LCC-S
compensated WPT system.

Table 1
Specification of the tested WPT system.
Switching frequency 85 kHz
Inductance range 15 pH-10 pH
AC winding current 4.5 A (RMS)
Table 2
Design parameter of the controlled variable inductor
prototype.
Core material N87 ferrite
Core geometry E 32/16/9
Gap length 1 mm
AC winding N turns 10
DC winding N turns 10 (5+5)

Hgein> adopted in the computation of the ferromagnetic path reluc-
tance of the central leg in (7), is the initial permeability value of the
magnetic material. The differential permeability value u, 4, adopted in
the computation of the ferromagnetic path reluctance of the outer leg
in (8), is a function of the DC magnetomotive force that determines
the magnetic field strength. The differential inductance profile can be
tuned to regulate the WPT system’s power transfer by controlling this
parameter.

The gap cross-section S, of (7) is corrected in order to consider the
fringing field’s effects on the equivalent gap reluctance, as [19]

Sy =(a+1y)-(b+1y), C))

where a and b are the two dimensions of the central column cross-
section.

The reluctance model has been adopted to compare different core
dimensions, gap length values, and numbers of turns on the AC and DC
windings, to define a design suitable to the application specification,
presented in Table 1.

Table 2 describes the selected material, geometrical and winding
parameters of the prototype. Fig. 6 represents the computed differential
inductance profile as a function of the applied magnetizing current in
the auxiliary windings.

3. Simulation verification of the controlled inductor parameters
3.1. FEM simulation

In order to verify the differential inductance profile of the designed
controlled variable inductor, a magnetostatic 2D FEM simulation of the
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Fig. 11. Magnetic flux waveforms in the three core legs, during the unsaturated and
the saturated operation.

analysed geometry is performed through the software FEMM. Different
simulation steps are performed under increasing magnetizing current in
the auxiliary windings while the main winding is supplied with a small
signal current. As represented in Fig. 7, the FEM simulation output
shows overall compatibility with the analytical differential inductance
profile. Minor differences can be ascribed to the fringing flux effects due
to the air gap and the leakage flux paths not considered in the analytical
reluctance model. However, the deviation between the two differential
inductance curves is still negligible compared to the tolerances on the
permeability value of the material and the geometrical dimensions
of the core. In addition, the FEM simulation allows verifying the AC
resistance increase of the windings due to the skin and proximity effect.
In particular, the goal is to minimize the high-frequency resistance of
the main winding, supplied with AC waveforms, that can cause a non-
negligible increase of the ohmic losses at 85 kHz. However, the main
winding, placed on the central leg of the core, is also subjected to the
high magnetic field in the air gap region, which further accentuates the
problem, as represented in Fig. 8, where the current density distribution
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Fig. 12. Operation regions of the magnetic material in the saturated case. The central
leg operates in the linear region of the magnetization curve, while the outer legs operate
in the roll-off region.
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Fig. 13. Measured differential inductance profile of the realized prototype, compared
with the analytical reluctance model and the FEM simulation output.

of the AC winding is represented [20]. Considering a winding cross-
section of 1 mm?, the resistance at 85 kHz is 24 times the DC resistance.
A practical solution to mitigate the problem is to use litz wire for
the main winding. Considering an equivalent 1 mm? section made
of 130 twisted strands with a diameter of 0.1 mm, the AC over DC
resistance ratio reduces to 2.16 without involving an increase in the
DC resistance. The high-frequency resistance of the auxiliary winding
is not critical because only a reduced AC component can circulate due
to the induced electromotive force. For this reason, a solid conductor
with a cross-section of 0.6 mm? is selected for the auxiliary windings.

3.2. Circuit simulation

In order to verify the operation of the designed variable inductor in
the LCC-S compensated WPT system, the software PLECS® is adopted
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Fig. 14. Measured AC winding resistance as a function of the frequency.

to simulate the entire circuit, taking into account the magnetic model of
the inductor. PLECS® allows modelling the magnetic component with
a saturable core block, representing the ferromagnetic path reluctance,
and an air gap block. The equivalent non-linear reluctance model of the
considered double E core can be simulated, considering the interaction
with the electrical circuit of the WPT system. Through this simulation,
the effectiveness of the designed controllable inductor in the load
power transfer control is verified, and the saturation level of each
ferromagnetic path under the voltage and current waveforms applied
by the LCC-S compensated WPT system is checked. Fig. 9(a) represents
the average power transferred to the load in the unsaturated and
then in the saturated operation of the controlled variable inductor. In
addition, Fig. 9(b) shows the magnetizing current required to saturate
the component. The simulation confirms that the load power transfer
can be effectively regulated by controlling the auxiliary winding cur-
rent. Fig. 10 shows the voltage and current waveforms of the inductor
during the typical operation of the tested WPT system, and Fig. 11
shows the related magnetic flux swing in the three core legs. Fig. 12
displays the operation regions of the N87 ferrite material when the
inductor is saturated. The central leg operates in the linear region of
the magnetization curve, while the outer legs operate in the roll-off
region.

4. Experimental verification of the design

The controlled variable inductor has been realized following the
design specification, and the differential inductance profile and the AC
resistance of the main winding are measured. The setup adopted to
measure the differential inductance profile as a function of the current
of the auxiliary winding is made of the Hioki IM3536 LCR meter,
directly connected to the AC winding, and a controllable DC source
supplying the magnetizing winding to regulate the magnetizing current.
The auxiliary winding circuit should not represent a load for the main
windings due to anti-series connection of the two half windings that
compensates for the overall induced electromotive force. However,
to ensure that the auxiliary winding connections do not influence
the measurement, a 2 mH ferrite choke with high saturation current
is placed in series with the magnetization circuit. The measurement
is performed at 85 kHz. Fig. 13 represents the measured differential
inductance profile compared with the analytical reluctance model and
the FEM simulation output.
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Fig. 15. Photo of the experimental 100W LCC-S compensated WPT system adopted for the test of the controlled variable inductor.
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Fig. 16. Measured voltage waveforms on the controlled variable inductor and on the input capacitor. (a) Unsaturated operation. (b) Saturated operation.

As introduced before, the deviations between the experimental dif-
ferential inductance profile and the simulated ones can be ascribed
to the tolerances that the core producer declares on the permeability
value, which is defined as +25% to the nominal values, and the non-
negligible but more limited tolerances on the core dimensions and on
the gap length. Also, the positioning of the winding on the magnetic
core can influence the inductance value of the component and leakage
and fringing flux, which are phenomena difficult to model during the
design phase. However, the measured differential inductance profile
of the realized variable inductor satisfies the requirement of the LCC-
S compensated WPT system. In addition, the resistance of the main
winding, realized with litz wire, is measured as a function of the
frequency to verify the resistive losses at the resonance frequency of the
WPT system [21]. The Hioki IM3536 LCR meter is adopted to measure
the realized AC winding. The winding, formed over a coil former, is
tested without the magnetic core. The so obtained resistance value
is underestimated considering the effects of the gapped core on the
current density distribution. However, the in-phase current component
measured with the winding placed on the cores includes also the
contribution of the magnetic losses of the material, which are difficult
to separate from the resistive losses of the winding at high frequency.
Under this simplification, the measured behaviour of the main winding
resistance as a function of the supply frequency is presented in Fig. 14.
At the resonance frequency of the WPT system, a 19% increase with
respect to the DC resistance is reported in the tested configuration.

5. Test of the experimental WPT system
The controlled variable inductor has been tested during the opera-

tion of an experimental LCC-S compensated WPT system. Fig. 15 shows
a photo of the experimental setup. The setup is not tested in the full

Table 3
Measured load power and related magnetization
current, for the unsaturated and saturated operation.

Piosa W) Ipc (A)
Unsaturated 34.94 0
Saturated 53.66 3

power configuration. The traces of Figs. 16(a) and 16(b) represent the
measured voltage waveforms on the controlled variable inductor in the
saturated and the unsaturated condition and the voltage applied on
the parallel capacitor C;, of the LCC-S compensation network. Table 3
describes the transferred load power in the unsaturated and saturated
operation of the variable inductor and the required DC current.

The experimental results confirm the effectiveness of the load power
regulation through the designed controlled variable inductor.

6. Conclusions

The paper proposes the design criteria of an inductor operating
under controlled saturation conditions, adopted to realize the magnetic
control of the output power in an LCC-S compensated WPT system.
First, the specification for a prototype is defined with an analytical
procedure, comparing different core dimensions, number of turns and
air gap values. Then, the final design configuration is examined with
FEM simulations to verify the differential inductance profile and the
high-frequency resistance of the main winding. A circuit simulation
is also adopted to verify the effectiveness of the designed inductor
in the load power transfer regulation and to test the operating point
of the different ferromagnetic paths of the core under the typical
operation of the WPT system. Finally, a prototype of the designed
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controlled variable inductor is realized, characterized and tested in
an experimental WPT system, concluding that the magnetic control of
the load power is a suitable solution in an LCC-S compensated WPT
system. Future works will evaluate the design of the supply circuit for
the auxiliary windings and the control strategy of the magnetization
current. In addition, the efficiency of the WPT system under different
operating conditions has to be analysed, focusing on the inductor losses
in the saturated and unsaturated operations.
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