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Abstract— This paper proposes the analysis of a magnetic
controlled LCC-S compensated Wireless Power Transfer
system that regulates the transferred load power by varying the
magnetization level of a variable inductor. A steady-state
analysis of the LCC-S compensation network is proposed, a
design example of a controlled variable inductor for a 100 W
Wireless Power Transfer system is described, and the simulation
results are provided, considering the magnetic model of the
variable inductor.
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I. INTRODUCTION

Wireless Power Transfer (WPT) is a suitable solution to
avoid bulky cables during the charging process of electric
devices [1]. This technology has been widely used in several
applications, ranging from consumer electronics to electric
vehicles [2]-[3]. For this latter application, wireless charging
can potentially solve several problems related to cables.
Several charging cables standards are available, such as
Combo, CHAdeMO, Testa, GB/T[4]. Since the power
charging rate is constantly increasing, reaching up to 400kW,
one of the most critical elements of the charging infrastructure
is the charging cables [5]. Higher cross-section and liquid
cooling are required to maintain the temperature under safety
levels, increasing costs and weights. EV wireless charging can
be a suitable solution to these issues [6].

WPT systems can be divided into two main categories:
Inductive Wireless Power Transfer (IWPT) and Capacitive
Wireless Power Transfer (CWPT). Advantages and
disadvantages have been extensively discussed in [7]. In this
paper, the focus is placed on IWPT. The main limitation of
WPT systems compared to wired solutions is the conversion
efficiency. High leakage flux is presented since the power is
transferred through an air gap, and high reactive power is
required due to the coil’s magnetic coupling. To this end,
additional reactive components are used to create resonance
and allow maximum power transfer. Several resonant
compensations have been proposed over the years [8]. The
most widely used topology is the Series-Series compensation.
This topology is obtained by adding two capacitors in series
with the coupled inductances. This topology operates as a
current source and allows high conversion efficiency [9].
Higher-order compensations reduce the voltage/current stress
and obtain different behaviour compared to the SS
compensation for different load conditions. One of the most
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promising compensations is the LCC-S. Several works are
focused on performance comparison with respect to the SS
compensation [10]. Unlike the SS compensation, the LCC-S
compensation acts as a voltage source. In [11], the output
power and the conversion efficiency are compared under
different load conditions. Since the SS compensation acts
approximately as a current source, the output power increases
linearly with the load resistance.

On the other hand, since the LCC-S compensation acts as
a voltage source, the output power decreases with the load
resistance. As shown in [11], another advantage of the LCC-S
is the lower voltage stress across the components. An accurate
power loss comparison between SS and LCC-S is presented in
[12]. The results show the higher conversion efficiency of the
LCC-S.

While the control of the SS compensation is relatively
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 component to regulate the
output voltage or current. For example, in [13], the two
resonant capacitors are regulated using a MOSFET-type AC
switch. Although this solution is simple, this approach
requires many capacitors and switches, significantly
increasing the costs of the system. In [14], an interesting
approach that avoids the adoption of additional capacitors is
proposed, using a switch-controlled capacitor. This approach
enables the continuous variation of the equivalent capacitance
within a specific range so that the compensation parameters
can be fine-tuned according to the actual state of the system.
However, an additional power MOSFET is required for each
variable capacitor.

In this paper, a novel approach consisting of varying the
resonant inductance is proposed. The main advantage of the
proposed technique is the possibility to change only one
component without adding several power components. This
approach is usually defined as magnetic control, and it has
been already widely used for the LCC [15][16][17]Errore.
L'origine riferimento non ¢ stata trovata.. The variable
inductor is obtained through an auxiliary winding where a DC
bias current generates a DC bias magnetic flux density inside
the magnetic material, thus adjusting the material magnetic
permeability by changing the DC operating point around the
knee of the BH curve.

The paper is organized as follows. In Section II, the
steady-state analysis of the LCC-S compensation is presented.



In Section III, the variable inductor design is presented. In
Section IV, the simulation results using PLECS® software tool
are shown. Finally, in Section V, the conclusions are derived.
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Fig. 1. Electric circuit. (a) DC-DC converter for IWPT with LCC-S
compensation. (b) Equivalent electric circuit.

II. LCC-S COMPENSATION

In this Section, the analytical expression of the output power
and conversion efficiency are derived and the case study is
presented.

A. Analytical Analysis

The electric circuit of an LCC-S compensation is shown in
Fig. 1. The relationship between capacitors and inductors,
which allows obtaining the maximum power transfer and
minimizing the reactive power circulating in the system, are
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Studying the circuit, the currents circulating in the circuit can
be calculated as

MU
I = : (7)
, , RR
kR+ ]a)(Cmek M2 - j
w
RU, ()

I =

P

Kk, +ja{R(Lm +L,)-
()

R _cr|wr, -2
¢, oC,

; oC,U, (wL, R~ jk,)

in = . 1 1 .
ke, ks +Ja)R|Ia)2C/ -L, —LpJ—Cme [Cf—a) Lpﬂ

€]

Thus, the output power P,=R;. |I* can be calculated as
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The complex apparent power at the input of the resonant
compensation is S=U; I;,= Pi,+ jQin.

p,=01{U[,} (11)

Let define
ky=1-0’L,C, (12)
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After many calculations, the input power can be calculated as

P = RUSZ [Cpk2k4 +ksk, (CP +k6cf )]
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(16)

Thus, the transmission efficiency #=P,/P;, can be calculated
as
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77:

If the system operates in resonance the equations (1), (2) and
(3) are satisfied. Thus, the expression of the efficiency and
output power can be simplified as follows

n= R &’M’ s
- 21 42
R(&’M’ +RR))
'C;M*RU;
P = ' (19)

R (e’C,L -1)

(a) /p )

This latter equation can be rearranged to obtain a particular
output power under resonant conditions. Thus, known the
output power P, and the resonant angular frequency wy, the
capacitor Cycan be designed using
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Under this condition, the input resistance Z;=R;+ j X, is

(20)
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Thus, the maximum power transmission is achieved.

B. Case Study

in

In Table I, the constraints of the system analyzed in this paper
are presented.

TABLE I
CIRCUIT PARAMETER
Parameter Value Description
f 85 kHz Operating Frequency
Vi 24V DC Input Voltage
P, 50 W Output power
k 0.2 Coupling coefficient
Ly, Ls 50 uH Primary and Secondary Inductance
Ry, Rs 02Q Primary and Secondary Parasitics
R 10Q Load Resistance

Using (1)-(3), the resonant components can be designed. The
values are summarized in Table II.

TABLE 1
SCIRCUIT PARAMETER
Parameter Value

Cr 82 nF
Lin 74 ]J,H
Cy 471 nF
Cs 70 nF

The proposed control strategy consists of regulating the
output power varying the inductance L;,. Using (16) and (17),
the output power and the conversion efficiency in steady-state

condition can be evaluated.
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Fig. 2. Resonant compensation behaviour for different load resistance. (a)
Output power. (b) Transmission efficiency.
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Fig. 3. Resonant compensation behaviour under variable inductance L;,. (a)
Output power. (b) Transmission efficiency.
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Fig. 4. Resonant compensation behaviour for different
coefficients. (a) Output power. (b) Transmission efficiency.
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III. VARIABLE INDUCTOR DESIGN PROCEDURE

In this Section, the procedure adopted for designing a
controlled variable inductor is described. The variation of the
inductance value can be achieved operating on the incremental
permeability of the magnetic core material, which is defined
as

_ 0B
oH
Different magnetic field strength values lead the magnetic
material to operate in three different regions of the
magnetization curve, from a linear region, where the
differential permeability shows a near-constant profile, to a
roll-off region, in which the permeability rapidly decreases,
finally to a saturation region, where the minimum value of the
differential permeability is obtained, and the material is fully
saturated. Fig. 4 represents the magnetization curve and the

s (23)



incremental inductance profile of a Mn-Zn ferrite,
highlighting the different operating regions.

In this paper, the topology adopted to realize the
controlled variable inductor is composed of a double E core
with the main winding placed on the central leg and
connected to other components of the LCC-S compensation
network and two auxiliary winding placed on the outer legs
of the core [19]. By controlling the direct current value in the
auxiliary windings, the applied magnetomotive force in the
core is varied, and thus the magnetic field strength in the
magnetic material is controlled. The auxiliary windings are
connected in series with opposite polarity to force the DC
magnetic flux path only in the outer legs of the double E core.
Instead, the central leg operates in the linear region of the
magnetization curve and is designed to assure the component
exhibits a linear behaviour when excited with the AC
magnetomotive force swing.

Linear region Saturated region

Roll-off region
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Fig. 5. Magnetization curve of a a Mn-Zn ferrite. The red line represents the
B-H curve and the blue line represents the related incremental
inductance profile. The three different operating regions of soft
magnetic material are highlighted.

To this end, a concentrated air gap is adopted in the
central leg of the selected core. Fig. 5(a) represents the
arrangement of the considered core geometry. The equivalent
reluctance model represented in Fig. 5(b) is adopted to
compute the incremental inductance profile referred to the
main winding [20].

The air gap reluctance and the ferromagnetic path
reluctance can be described as constant terms by

I
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while the reluctance of the outer leg’s ferromagnetic path can
be described as a function of the magnetomotive force

applied by the auxiliary windings:
Zfe,l
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The equivalent reluctance referred to main winding is
defined as
EReq (NDCIDC) = SRfe,c + ERg +0.5- SRfe,l (NDCIDC )s (27)

and thus, the incremental inductance can be computed as
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Fig. 6. Description of the core and winding configuration for the variable
inductor design. (a) Detail of the double E core gapped configuration.
(b) Equivalent reluctance circuit.
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Fig. 7. Incremental inductance profile of the proposed variable inductor, as
a function of the magnetomotive force if the auxiliary windings.
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Fig. 8. (a) Electrical circuit or the setup adopted in the Plecs simulation. (b) Detail of the load voltage and current waveform during 100 W operation.

To obtain a variable inductance profile suitable for the

specification of the designed LCC-S compensation topology,
a N87 double E 32/6/9 core is selected, with a 0.25 mm gap
on the central leg, 5 turns on the main winding and 5 turns of
the auxiliary windings, equally split on the outer legs.
The supply of the auxiliary windings is realized with a
synchronous buck converter, and the current value to control
the incremental inductance value is obtained through a PI
regulator. Fig. 6 represents the incremental inductance profile
of the designed variable inductor as a function of the
magnetomotive force of the auxiliary windings.

IV. SIMULATION RESULTS

The presented LCC-S compensated WPT system has been
tested with dedicated software tool (PLECS®), assuming the
first harmonic approximation on the load side, as represented
in Figure 8. The simulated output load voltage and current
waveforms are represented in the same Figure, when an
average load power of 100W is transferred. At the previously
specified switching frequency, input voltage, and load level,
by varying the magnetization current in the auxiliary windings
of the variable inductor, the average load power can be
regulated, as represented in Figure 9. The magnetizing current
level suddenly reaches the target value, and a 0.5A current
ripple is observed due to the magnetic unbalance of the outer
legs of the core when operating in saturation, which causes a
non-zero electromotive force on the series of the two
windings, and due to the small impedance of the
magnetization circuit. However, this does not represent an
issue for the average load power transmission, as shown in the
upper graph of Figure 9. Moreover, Figure 10 represents the
operating region on the magnetization curve of the outer leg's
core material in the saturated and the unsaturated region. Due
to the polarity of the applied DC magnetic flux and the
addition of the air gap, the central leg instead operates in the
linear region of the magnetization curve.

V. CONCLUSIONS

In conclusion, the presented paper proposes the analysis of
a LCC-S compensated WPT system, focusing on the magnetic
control of the output power.
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Fig. 9. (a) Simulated magnetization current waveform. (b) Related average
power transferred to the load
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Fig. 10. Operating regions of the outer leg’s magnetic material in saturated
and unsaturated conditions.



The target is obtained by adopting a controlled variable

inductor, adequately designed to operate in a range of
inductance values controlled by regulating the current of an
auxiliary magnetizing winding. The theoretical analysis of the
LCC-S compensation is supported by the simulation results of
a 100 W WPT system, considering the magnetic model of a
N87 ferrite double E-core variable inductor.
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