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Article

Parameter Estimation-Based Output Voltage or Current
Regulation for Double-LCC Hybrid Topology in
Wireless Power Transfer Systems
Thaís M. Tolfo , Rafael de S. Silva, Ruben B. Godoy * , Moacyr A. G. de Brito and Witória S.
de Souza

Electrical Engineering Department, Faculty of Engineering, Architecture and Urbanism and Geography—FAENG, Federal
University of Mato Grosso do Sul—UFMS, Costa e Silva Avenue, Campo Grande 79070-900, MS, Brazil
* Correspondence: ruben.godoy@ufms.br

Abstract: In Wireless Power Transfer Systems (WPTS), variations in the load connected to the receiver
can cause instability in the waveforms of output voltage and current due to their sensitivity to
changes in load impedance. To overcome such drawbacks, this paper presents a control scheme
for regulating voltage and current at the output of a WPTS system with the Double-LCC topology.
The proposed method is based on estimating secondary-side parameters while assuming a constant
coupling coefficient that remains close to its intended value during operation. The methodology begins
with the mathematical modeling of the primary and secondary resonant circuits. By measuring the
input voltage and current, the system estimates the load impedance, which is then used to derive
the expected output voltage and a reference for the input voltage. To maintain a stable output, the
system dynamically adjusts the input voltage, ensuring that it aligns with the theoretical reference
value. Analytical calculations and simulations were performed using the MATLAB/Simulink platform
to validate the proposed approach. Simulations confirmed the theoretical predictions for a wireless
system operating at 120 kHz with a power transfer of 100 W. The results demonstrated that the load
voltage remains stable at 32 V, even under varying load conditions, while the output current remains
at 3 A despite fluctuations in battery voltage.

Keywords: control; hybrid Double-LCC topology; parameter estimation; wireless power transfer

1. Introduction
Electric vehicles associated with micro-mobility encompass light automobiles designed for short

trips, offering a sustainable, economical, and practical solution to urban transportation challenges.
In such systems, wireless energy transfer emerges as an innovative, convenient, and safe technology
for charging these vehicles. Beyond micro-mobility, this technology can also be applied to charging
electronic devices, and even implantable medical equipment, among others [1]. Its success lies on its
wire-free energy transfer process, which enhances safety and allows for reliable operation in humid
and harsh environments [2].

The near-field resonant inductive coupling scheme is based on the principle of electromagnetic
induction, where wireless energy transmission occurs between two magnetically coupled coils — one
acting as a transmitter that generates magnetic flux and other as a receiver, where voltage or current
is induced according to Ampère’s and Faraday’s laws [3]. Due to the lack of a ferromagnetic core to
confine and guide the flux lines, flux dispersion is an inherent characteristic of this design. As a result,
viable solutions must be implemented to achieve adequate efficiency for practical applications. To
address this, compensation topologies are employed to minimize the reactive power demand on the
source while enhancing power transmission capacity [4] [5].

The arrangement of compensation elements in the primary and secondary circuits of the system
can vary, with classic configurations including SS (Series-Series), SP (Series-Parallel), PS (Parallel-
Series), and PP (Parallel-Parallel) [REF]. Each acronym denotes the positioning of the compensation
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capacitor on the primary and secondary sides, respectively. While these classical topologies simplify the
design, they have inherent limitations that hinder their widespread adoption. For instance, even a slight
misalignment between the coupling coils can lead to impractically high current levels, compromising
system performance. To overcome these challenges, hybrid topologies that mix classical configurations
have gained relevance in enhancing system robustness and efficiency. In this article, the system
under analysis is the Double-LCC topology, originally proposed in [6]. This topology features an LCC
resonant network on both the primary and secondary sides, ensuring minimal variations in resonance
frequency despite changes in the coupling coefficient or load conditions. Additionally, it offers the
advantage of bidirectional power transfer, making it a compelling solution for high-performance
wireless power transmission systems.

When implementing inductive power transfer for charging batteries in electric micro-mobility
vehicles, it is essential to ensure a charging process that follows a constant current followed by a
constant voltage phase. As described in [7][8], the battery charging cycle occurs in distinct stages.
Initially, the battery is charged with a constant current while its voltage gradually increases. Once
the voltage reaches its maximum threshold, the charging mode shifts to constant voltage, allowing
the current to decrease significantly. The cycle is complete when the current reaches a predefined
cutoff value. Analyzing these two stages through the lens of Ohm’s Law, the load resistance increases
progressively throughout the charging process, meaning it is not constant. Consequently, variations
in load resistance lead to fluctuations in output voltage, which must be carefully managed to ensure
efficient and stable power transfer.

Significant efforts have been dedicated to output voltage control in wireless power transfer (WPT)
systems with time-varying loads [9][10][11]. In most cases, the literature suggests communication
between the secondary and primary circuits to achieve regulation. However, this approach increases
system complexity and cost, as it typically requires a dedicated wireless communication system
between both stages.

To address this challenge, implementing a control strategy that relies solely on a primary-side
controller, without feedback from the secondary circuit, can be a valuable alternative. This approach
reduces overall cost, complexity, and system size while enhancing performance and reliability [12]. In
[9],a control method was proposed for the SP topology, applied to implantable devices. By analyzing
the input impedance, mutual inductance, and load, the system could estimate the output voltage,
enabling control without direct measurements on the secondary side. A similar technique was applied
in [10] for the S-LCL topology. Meanwhile, in [11], the author proposed an estimation method for
voltage and current in the load of a system utilizing an LCC resonant network on both primary and
secondary sides. By monitoring the currents in the primary inductors L1 and filter L f 1, along with
the inverter output voltage, it was possible to assess secondary circuit behavior and execute control
adjustments accordingly.

To reduce system complexity while ensuring high performance, this work proposes a method
for estimating the load and output voltage in a wireless power transfer system for charging electric
micro-mobility vehicles. The approach utilizes a Double-LCC hybrid compensation topology, relying
on a stable and well-defined coupling factor. In this proposal, the usage of concentric solenoid coils is
crucial in maintaining a consistent coupling coefficient, even in the presence of misalignments.

Once the coupling is established, voltage or current control at the load is achieved based on
primary-side estimations. These estimations are derived from the total equivalent circuit impedance,
the inverter’s output current, and its output voltage. Finally, variations in load demand or battery
voltage are accounted for by dynamically adjusting the duty cycle of the single-phase full-bridge square-
wave inverter. By modulating the output voltage of the DC-AC converter, the system ensures a stable
and precisely regulated load voltage or current, guaranteeing the required operational conditions.
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2. Project Analysis
2.1. Principles

The diagram of the proposed wireless power transfer system is depicted in Figure 1. This
system consists of three fundamental sections: the single-phase square-wave DC-AC converter, the
resonant network, and the load, constituting a double-LCC topology. The power switches, S1-S4,
are MOSFETs that compose the inverter. L1 and L2 represent the self-inductances, while RL1 and
RL2 denote the intrinsic resistances of the transmitting and receiving coil windings, respectively. The
mutual inductance between the coils is represented by M. The resonant circuit is then formed by adding
C1 and C2, which act as the compensation capacitors. C f 1 and C f 2 represent the filter capacitances,
while L f 1 and L f 2 correspond to the filter inductance. RL f 1 and RL f 2 represent the resistances of the
filter inductances. The indices ’1’ and ’2’ denote components in the primary and secondary sections,
respectively. The DC input voltage source is denoted as ucc, while u1 represents the square-wave AC
output voltage of the inverter. The system load, which may be a resistive load or a battery, is connected
to the secondary terminals with a voltage denoted as uc.

Figure 1. Wireless Power Transfer Equivalent Circuit with Double-LCC Compensation Hybrid Topology.

To help in the analytical development of the system, the T-equivalent model can be used to
represent the schematic of Figure 1 [6], as shown in Figure 2.In this representation, the components
of the receiving side are reflected onto the transmitting side, and are denoted by an apostrophe “ ´ “.
The parameter n is defined as the turn ratio between L1 and L2, as given by Equation (1). The T-model
simplification represents the magnetizing inductance Lm referred to the primary side, with k as the
coupling factor. Additionally, Ld1 and Ld2 denote the leakage inductances associated with the coils
L1 and L2, respectively. In this representation, a resistive load R with voltage ur is considered. The
formulation for the corresponding variables are expressed in Equations (2)-(8) [6].

Figure 2. T-equivalent model of double-LCC topology.

n =

√
L2

L1
(1)

Lm = kL1 (2)

Ld1 = (1− k)L1 (3)
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L′d2 = (1− k)
L2

n2
(4)

L′f 2 =
L f 2

n2
(5)

C′2 = n2C2 (6)

C′f 2 = n2C f 2 (7)

R′ =
R
n2

(8)

To parameterize the equivalent input impedance of the circuit in Figure 2, an analytical simpli-
fication of each branch is performed based on Thévenin’s theorem. Consequently, the equivalent
impedances are defined by Equations (9)-(15). For clarity, the analyzed branches are indicated in
Figure 2. By considering the contribution of each branch in the equivalent model, the total theoretical
impedance of the system can be determined. Through the algebraic manipulations described in
Equations (16) and (17), the resulting expression is given by Equation (18).

a =
R
n2 +

jωL f 2

n2 +
RL f 2

n2
(9)

b =
1

n2 jωC f 2
(10)

c = jω(1− k)
L2

n2 +
1

n2 jωC2
+

RLd2

n2 (11)

d = kjωL1 (12)

e = jω(1− k)L1 +
1

jωC1
+ RLd1 (13)

f =
1

jωC f 1
(14)

g = jωL f 1 + RL f 1 (15)

A =
ab

a + b
+ c (16)

B =
Ad

A + d
+ e (17)

Zinput =
B f

B + f
+ g (18)

2.2. Coupling Coil Design

Initially, the fundamental design parameters for sizing the coupling coils must be defined. These
include the design frequency ( fs), in Hertz, the peak current in the coil (Ipeak), in Amperes, the
desired inductance value (Ldesired), in Henries, and the internal radius (Rinternal), in meters. The copper
resistivity is 2 · 10−8Ω/A and the magnetic permeability (µ0), corresponds to 4π · 10−7H/m.
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Next, the cross-sectional area of the AWG conductor wire is calculated, along with the number
of conductors in parallel. In alternating current applications at high frequencies, the skin effect
significantly increases the resistance of the conductors. As a result, Joule heating losses rise, and the
effective cross-sectional area of the cable decreases. To mitigate these undesirable effects, multiple
twisted cables, known as Litz wires, are used to form the coupling coil conductor. Therefore, the cable
cross-sectional area, in mm2, must be determined according to Equation (19). Based on Equation (19),
the Litz conductor should be composed of several wires, each with a cross-sectional area Slitz equal to
or less than 2δ .

δ =

√
ρ

π × f0 × µ0
(19)

After selecting the AWG wire for the project, its values for the diameter with insulation of the
chosen conductor dlitz, in meters, and the wires current-carrying capacity Ilitz, in Amperes, must be
used. The minimum number of conductors in parallel that satisfies the design requirements can then
be calculated using Equation (20), yielding the smallest integer value greater than or equal to Ncmin

(minimum number of conductors).

Ncmin = ⌈
Ipico

Ilitz
⌉ (20)

The calculation of the inductance of the coupling coils primarily depends on the chosen geometry.
For both the primary and secondary coils, a solenoid configuration is selected, where a conductive
wire is wound in a spiral, forming a cylindrical shape. This choice is made because solenoid coils
exhibit minimal variation in the coupling factor, even when there are misalignments. Given the defined
geometry, the inductance value Lconductor is calculated, in Henries, using Equation (21). Here, µr

represents the relative permeability of the solenoid core material, which, in this case, is the air and it is
approximately equal to 1. N denotes the number of solenoid turns. A indicates the cross-sectional area
of the solenoid based on the previously defined internal radius Rinternal , in square meters, and lsolenoid

is the length of the solenoid, in meters.

Lcondutor =
µ0 × µr × N2 × A

lsolenoid
(21)

To determine the total length of the solenoid lsolenoid, the number of turns N must be multiplied
by the total diameter of the litz wire Dtotal . Additionally, 30% should be added to the calculated length
to account for non-idealities in practical implementation. Equation (22) is then derived. Additionally,
the approximate total length of the conductor lcable can be calculated by multiplying the number of
turns of the coil by the length of a single circumference, which is equal to 2πRinternal , as shown in
Equation (23).

lsolenoid = N × Dtotal × 1, 3 (22)

lcable = N × 2× π × Rinternal (23)

The total diameter of the set of conductors in parallel Dlitz can be determined using Equation (24),
where Stotal represents the total area of the conductor set in parallel, calculated according to Equation
(25).

Dtotal =

√
4× Stotal

π
(24)

Stotal = Ncmin ×
π × d2

litz
4

(25)
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Given that the process of modeling and constructing the coils involves several interdependent
steps, a pseudo-code is provided in Algorithm 1 to help clarify the presented methodology.

Algorithm 1 Pseudo-algorithm for physical coil design.

1: Declare variables ( f0, Ipeak, Ldesired, Rinternal , ρ, µ0)
2: Select conductor based on skin effect
3: δ←

√
ρ

µ0×π× f0
(calculate penetration depth)

4: Slitz ← max(AWG ≤ 2δ) (maximum allowed section)
5: Obtain dlitz, Ilitz
6: Design litz wire
7: Ncmin ← ⌈

Ipeak
Ilitz
⌉ (minimum number of parallel conductors)

8: Stotal ← Ncmin ×
π×d2

litz
4 (total area of parallel conductor set)

9: Dtotal ←
√

Stotal×4
π (total diameter of parallel conductor set)

10: Inductance calculation
11: N ← 1 (initially, number of turns equals 1)
12: while true do
13: lsolenoid ← N × Dtotal × 1, 3 (solenoid length)
14: lwire ← N × 2× π × Rinternal (total conductor length)

15: Lconductor ←
µ0×µr×N2×A

lsolenoid
(calculated coil inductance)

16: if Lconductor ≥ Ldesired (verify if coil inductance reached design value) then
17: break
18: else
19: N ← N + 1 (add one turn to the solenoid)
20: end if
21: end while
22: return Lconductor

The values obtained for the dimensioning of the primary and secondary coils are summarized in
Table (1).

Table 1. Designed parameters for primary and secondary coils.

Variable Primary coil Secondary coil

Ipeak 1.72 A 1.72 A
Dinternal 0.07 m 0.10 m

Conductor 6×[AWG 26] 6×[AWG 26]
N 110 54

lsolenoid 16 cm 8 cm
lwire 24 m 17 m

Ldesired 360µH 360µH
Lconductor 363.17µH 363.84µH

2.3. Load Estimation

The input impedance of the system can be determined by measuring the voltage u1 and the
current i1, with their respective amplitudes represented by U1 and I1. The impedance is related to the
phase angle between u1 and i1. Therefore, the magnitude and phase angle of the input impedance can
be defined as shown in Equation (26).

|Zinput| =
U1

I1

∠Zinput = θ

(26)

The real and imaginary components can be expressed as shown in Equation (27).
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|Zinput|∠θ = |Zinput| cos∠θ + j|Zinput| sin∠θ (27)

Using Equations (18) and (27), the equivalent input impedance can ultimately be rewritten as
given in Equation (28).

|Zinput|∠θ =
B f

B + f
+ g (28)

Equation (28) is algebraically manipulated to isolate the variable R. This allows for the calculation
of the estimated load resistance of the system, denoted as Rest, as given in Equation (29).

For simplification purposes, it is considered |Zinput|∠θ = Z.
The parameters in Equation (29) are calculated using Equations (9)-(15). It can be observed that

the load estimate can be derived from the system’s input impedance, which is solely dependent on
parameters obtained from the primary circuit. For this purpose, the characteristic parameters of the
wireless power transfer system — namely, L1, L2, L f 1, L f 2, RL1, RL2, RL f 1, RL f 2, C1, C2, C f 1, C f 2, ω,
and k — are constants and are known.

Rest = −n2
( RL f 2+jωL f 2

n2 + bcd f−Zbce−Zbc f−Zbde−Zbd f−Zbcd+bcdg+bce f+bceg+bde f+bc f g+bdeg+bd f g
bd f−Zbe−Zcd−Zb f−Zce−Zc f−Zde−Zd f−Zbd+bdg+be f+cd f+beg+cdg+ce f+b f g+ceg+de f+c f g+deg+d f g

)
(29)

The system’s output voltage, characteristic of the load, can be projected based on a defined
coupling factor. It is important to note that k must remain constant or very close to the design value,
thus excluding conditions where k ̸= kproject. To achieve this, the estimated load resistance is used to
determine the equivalent output voltage.

By applying consecutive current dividers in the schematic of Figure 2, as shown in Equations
(30)-(33), the currents i1, i2 and i3 can be calculated. Consequently, the load current iout is determined,
and the estimated load voltage ucest is obtained, as expressed in Equation (34).

i1 =
u1

Zinput
(30)

i2 =
f

f + B
i1 (31)

i3 =
d

d + A
i2 (32)

iout =
b

b + a
i3 (33)

ucest = |Restiout| (34)

2.4. Output Voltage Control

A single-phase full-bridge inverter is used to power the circuit. The relationship between the DC
input voltage, ucc, and the magnitude of the high-frequency AC output voltage of the inverter, U1, can
be expressed as shown in Equation (35) [13].

U1 =
4
π

ucc (35)

In wireless power transfer systems, the goal is to charge the load in a manner that ensures a
constant voltage or current, providing optimal performance and protecting the load from undesirable
voltage fluctuations [8]. However, due to frequent load variations during charging, the output voltage
and current may become unstable. To simplify system design, a control scheme is proposed that
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maintains a stable and appropriate load voltage or current, based on the estimation of the secondary
circuit parameters. For this, the primary-side data, u1 and i1, are utilized.

To keep ur or the current iout stable, the evaluation is based on the inverse analysis of the equations
presented in (30)-(33). By setting a predetermined and required value for ur, and knowing the estimated
load Rest, the output current iout can be determined.

From the development of the equations, i1 is calculated, and consequently, the required output
voltage of the reference inverter, u1re f , is determined. After comparing u1re f with u1, the error e is sent
to a PI controller. The controller then adjusts the duty cycle of the inverter PWM, modifying u1 and
ensuring that ur remains constant at the proposed design value.

3. Simulation Results and Discussion
3.1. Voltage Source Operation
3.1.1. Load Step-Up

The schematic of the proposed control strategy is illustrated in Figure 3(a), while Figure 3(b)
presents the details of the applied PI controller. For the simulation analyses, MATLAB®, in combination
with Simulink®, was utilized to validate the secondary data estimation and plant control. The design
parameters defining the double-LCC hybrid topology used in the system simulation are listed in Table
2. As stated in [6], the transferred power P can be determined using equation (36).

(a) (b)
Figure 3. (a) Proposed control strategy. (b) PI controller detail.

Table 2. System parameters

Parameter Value

Transferred power (P) 100 W
Switching frequency ( f s) 120 kHz

Input voltage (ucc) 36 V
Coupling factor (k) 0.25

Transmitter coil inductance (L1) 360 µH
Receiver coil inductance (L2) 360 µH

Filter inductance (L f 1) 35.41 µH
Filter inductance (L f 2) 35.41 µH
Filter capacitance (C f 1) 49.67 nF
Filter capacitance (C f 2) 49.67 nF

Primary capacitance (C1) 5.42 nF
Secondary capacitance (C2) 5.42 nF

Transmitter coil resistance (L1) 541.50 mΩ
Receiver coil resistance (L2) 541.50 mΩ

Filter inductance resistance (L f 1) 3.10 mΩ
Filter inductance resistance (L f 2) 3.10 mΩ
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P =

√
L1L2

ωL f 1L f 2
ku1rms uRrms (36)

With an input DC voltage of 36 V, the amplitude of the output voltage of the single-phase
inverter is 45.8 Vpeak, as given by equation (35). By substituting the variables in equation (36) with the
corresponding values from Table 2, the designed secondary output voltage is determined to be 32.4
Vrms. Consequently, given the power and voltage, the coupled design load resistance R must be 10,505
Ω.

As the load increases, the resistance rises accordingly. In this simulation scenario, an increment of
5 Ω is considered, resulting in a total resistance of 15.505 Ω. The figures depicting the simulation results
for the system under a load step-up condition, in open-loop, are shown in Figure 4. For k = 0.25, it is
observed that the load resistance can be accurately determined using the estimation given by equation
(29), as shown in Figure 4(a). Figure 4(b) illustrates the inverter output voltage, which remains constant
at 45.8 Vpeak. According to Figure 4(c) and Figure 4(d), the estimated and simulated load voltages are
presented, respectively. With the load step increase, the voltage uR rises from 32.2 Vrms to 47.3 Vrms. It
is evident that the estimated voltage closely matches the simulated value. Consequently, implementing
a control method to maintain a constant voltage becomes essential.

After applying the proposed control method, it is also possible to evaluate, as shown in Figure 5,
the behavior of the secondary parameter estimates for a load step up from 10.505 Ω to 15.505 Ω. In
Figure 5(a), it is shown the estimated load resistance. Figure 5(b) illustrates the modulating signal with
the insertion of the PI controller, which reduces the modulation index from 0.50 to 0.23. As a result, the
inverter output voltage u1 adjusts accordingly to maintain a constant load voltage uR at the load.

According to Figure 5(c) and Figure 5(d), the calculated reference inverter output voltage u1re f

and the simulated input voltage u1 are presented. Before the variation in R, u1 remains at 45.8 Vpeak.
After the change, u1 adjusts to approximately 31.5 Vpeak.

The calculation of u1re f is essential for adjusting the inverter output voltage to ensure proper
control of the output voltage. The equivalence between u1re f and u1 is then demonstrated. The
difference between these values represents the error fed into the PI controller, which operates with
Kp = 0.0001 and Ki

s = 1000. Thus, in Figure 5(e) and Figure 5(f), it is shown the estimated and
simulated output voltage, respectively. The output voltage remains constant at approximately 32.2
Vrms, even after the load variation. It should be noted that the maximum voltage u1 is constrained
by the modulation index limit of 0.50. Consequently, load variations are accommodated within a
restricted range. Whether increasing or decreasing, these variations must occur above the nominal
load design value of 10.5050 Ω.
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(a) (b)

(c) (d)

Figure 4. Waveforms for the system without control. (a) Estimated load resistance Rest. (b) Input voltage
magnitude u1. (c) Estimated output voltage ur. (d) Simulated output voltage ur.

(a) (b)

(c) (d)

(e) (f)

Figure 5. Waveforms for the system with control and load step up. (a) Estimated load resistance Rest. (b)
Modulating signal for switches S1 − S4. (c) Reference input voltage u1re f . (d) Simulated input voltage u1. (e)
Estimated output voltage ur. (f) Simulated output voltage ur.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 February 2025 doi:10.20944/preprints202502.1783.v1

https://doi.org/10.20944/preprints202502.1783.v1


11 of 15

(a) (b)

(c) (d)

(e) (f)

Figure 6. Waveforms for the system with control and load step down. (a) Estimated load resistance Rest. (b)
Modulating signal for switches S1 − S4. (c) Reference input voltage u1,re f . (d) Simulated input voltage u1. (e)
Estimated output voltage ur. (f) Simulated output voltage ur.

3.1.2. Load Step-Down

To evaluate the behavior of the system under a decreasing load, an initial load of 20.5050 Ω is
assumed, with a variation of 5 Ω, resulting in a final load of 15.5050 Ω. The simulation results obtained
are shown in Figure 6.

In Figure 6(a), the load resistance is accurately estimated. In Figure 6(b), the modulation index
increases from approximately 0.175 to 0.235. As shown in Figure 6(c) and Figure 6(d), the reference
voltage u1re f and the simulation voltage u1 converge to initial values of 24.2 Vpeak and final values of
30.1 Vpeak.

Thus, by readjusting the inverter output voltage, the output voltage ur can be observed to remain
constant at the predefined value. According to Figure 6(e) and Figure 6(f), the estimated and simulated
output voltages are presented, clearly demonstrating that uR stays constant and close to the defined
value despite the load step-down.

3.2. Current Source Operation

Moving on to practical applications, it is possible to propose battery charging using inductive
wireless power transfer with the double-LCC topology, as shown in Figure 7. An important char-
acteristic of the hybrid topology under analysis is that the LCC resonant network on the secondary
side functions as a current source, which is ideal for the charging process with constant current (an
important feature of the actual battery charging systems). Given this, it is necessary to incorporate a
rectifier circuit for coupling with the battery, as it provides a DC voltage that varies over the course of
the charging time.
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To simulate a battery charging process with increasing voltage, the load with varying voltage
was modeled. Initially, uo is set to 36 V and gradually increases to 42 V. Unlike the previous analysis,
which focused on maintaining a constant voltage, the objective now is to supply the load with a fixed
current of 3 Arms. Using equations (30)-(33), the reference voltage u1re f that ensures a constant load
current iout at the required value can be determined. u1re f is then compared to the actual voltage u1,
and the difference corresponds to the error e, which is fed to the PI controller. The controller adjusts
the switching signal of switches S1 − S4, thereby regulating the inverter output voltage and ensuring a
constant output current.

The simulation results are presented in Figure 8. Figure 8(a) shows the curve of the estimated
load resistance, which exhibits an increasing trend from 10.7 Ω to 12.5 Ω. However, Rest exhibits an
error of approximately 1.5 Ω during the steady-state, which does not significantly impact the control
performance. In Figure 8(b), the modulation index for controlling the switches shows a minimal
increase, but it is sufficient to adjust the voltage u1. As shown in Figure 8(c) and Figure 8(d), both u1re f

and u1 exhibit equivalent and ascending behavior.
The battery voltage is satisfactorily estimated when compared to the simulation value, as shown

in Figure 8(e) and Figure 8(f). Figure 8(g) and Figure 8(h) illustrate the reference and simulation output
ioutrms current, respectively. The simulated current converges to the required value of 3 Arms. Finally,
the constant value of the iout current is maintained, even after variations in the battery voltage during
charging, thereby validating the proposed control strategy.

Figure 7. Equivalent circuit with double-LCC topology and coupled battery.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 8. Waveforms for the system with control and increasing battery voltage variation. (a) Estimated load
resistance Rest. (b) Modulating signal for switches S1 − S4. (c) Reference input voltage u1re f . (d) Simulated input
voltage u1. (e) Estimated DC output voltage uo. (f) Simulated DC output voltage uo. (g) Reference ACrms output
current iout. (h) Simulated ACrms output current iout.

4. Conclusions
This paper proposes a control scheme for regulating the output voltage or current of a wireless

power transfer system used for recharging the batteries of electric vehicles associated with micromo-
bility. The analytical modeling of the parameters on the receiver side was carried out based on the
measurement of the primary voltage and current, as well as the calculation of the total equivalent
impedance observed by the source.

The double-LCC hybrid topology, operating at a switching frequency of 120 kHz and designed
to transmit 100 W, was used. The desired output voltage is 32.4 V, with a load resistance of 10.5050
Ω. The load resistance of the system was successfully estimated, accounting for both increasing and
decreasing variations, while maintaining a coupling coefficient close to the design value.

Furthermore, it was possible to emulate a coupled battery with varying voltage during charging.
In the proposed simulations, the charging steps were correctly evaluated. With the load resistance
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and the desired output voltage, the reference inverter output voltage was calculated to ensure that ur

remained stable and constant, even after load variations. Similarly, the charging current was controlled
at the desired value by calculating and maintaining the reference voltage accordingly.

The difference between the reference inverter output voltage and the simulation voltage was fed
to the PI controller, which adjusted the modulation index of the switches in the single-phase inverter.
As a result, u1 was readjusted, ensuring a constant and fixed output voltage or current. The simula-
tion results ultimately validated the proposed analytical formulations, using MATLAB/Simulink®
software. For future projects, we aim to obtain experimental results of the control scheme through the
implementation of the analyzed wireless power transfer strategy.
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