
Eletrônica de PotênciaSpecial Issue
Open Journal of Power Electronics

Received April 24, 2024; accepted July 04, 2024; Date of publication August 07, 2024.
The review of this paper was arranged by Associate Editor Roberto F. Coelho and Editor-in-Chief Heverton A. Pereira .

Digital Object Identifier http://doi.org/10.18618/REP.2005.2.023027

Optimized Design Methodology and
Maximum Efficiency Tracking

Algorithm for Static IPT Chargers in
Electric Vehicles

Leonardo A. Brum Viera 1, Pedro Pascoal 2, Cassiano Rech 1

1Federal University of Santa Maria, Department of Electrical Energy Processing, Santa Maria - RS, Brazil
2Institute of Systems and Computer Engineering, Technology and Science, Porto, Portugal

e-mail: leonardo.viera@ufsm.acad.br, pedro.pascoal@inesctec.pt, cassiano.rech@ufsm.br.

ABSTRACT In recent years, technologies related to the electrification of transportation have attracted sig-
nificant attention. Among these, wireless charging stands out, even facing numerous challenges concerning
design and parameter optimization. Consequently, this article introduces a novel design methodology to
improve the performance of inductive power transfer (IPT) systems for wireless charging applications in
electric vehicles. The methodology considers operational limits of switches and passive components. By
using a combination of Newton-Raphson and Particle Swarm Optimization (PSO) algorithms, the proposed
approach efficiently determines both electrical and physical parameters of converters and coils to achieve
maximum efficiency at a chosen operational point. Furthermore, a Maximum Efficiency Point Tracking
(MEPT) algorithm is employed for optimal system operation. The proposed methodology is validated
through experimental analysis using a 3.6 kW setup. Results demonstrate a power transfer efficiency
around 89.4 %, while ensuring that current and voltage levels remain within safe operating areas for the
components.

KEYWORDS Electric Vehicle, Inductive Power Transfer (IPT), Optimization Design, Particle Swarm
Optimization (PSO), Wireless Charger, Wireless Power Transfer (WPT).

I. INTRODUCTION
The increasing adoption of electric vehicles (EVs) is a
sustainable solution for urban mobility. Data from the In-
ternational Energy Agency (IEA) demonstrates a significant
growth in the EV fleet and a doubling of sales in 2021, driven
by various factors such as political support, commitments to
phase out internal combustion engines, and initiatives from
automakers to electrify their fleets [1].

In addition, the rise in EV adoption in Brazil reflects the
growing interest in sustainable mobility, aligning the country
with this global trend. With more countries and regions prior-
itizing the transition to electric vehicles, continued growth in
the EV market and a reduction in the environmental impact
of transportation are expected [2]. However, adoption of EVs
face some barriers like low energy density and high cost of
batteries, resulting in limited autonomy compared to com-
bustion vehicles. Improving battery technology and charging
infrastructure is crucial for addressing these challenges in
urban electric transportation.

One innovative technology in this field is the Wireless
Power Transfer (WPT) charging system. The WPT enables
convenient and efficient charging of EVs without the need
for physical cables, offering greater convenience and ac-
cessibility for EV owners. Inductive Power Transfer (IPT),
one of the WPT technologies, is extensively used in electric

vehicle charging applications [3]–[5]. It’s greatest advantages
compared to other WPT techniques is the superior perfor-
mance for operation at medium distances, smaller volume of
transceivers, and better performance for high power levels,
which aligns with the requirements stipulated in standards
[6]–[9].

When designing IPT systems one of the main concerns
is about PTE (Power Transfer Efficiency). Various method-
ologies can be employed to maximize its efficiency, even
considering load variations and misalignment operations. An
optimization technique is presented in [10], using multiple
transmitting coils and adaptive control to select the coil most
aligned with the vehicle to maximize PTE. In [11], a 2-
D finite-element analysis (FEA) to determine the optimum
design parameters of the system coils is presented, com-
paring misalignment and coils cost. In all these techniques,
the design starts with the geometry of the coils and then
the components are chosen based on the magnitudes of the
electrical variables. However, it would be important to design
the IPT system taking into account the current and voltage
limits imposed to the circuit to suit the available components.

In addition to the optimized design, it is essential to ensure
that the system remains at a point of maximum efficiency,
where switching and conduction losses are minimized for
the same transferred power. Furthermore, the IPT charger
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should exhibit robustness against disturbances such as coil
misalignment and load variation. In the literature, complex
MEPT (Maximum Efficiency Point Tracking) techniques are
found [12], where analytical equations are used to estimate
the dynamic coupling factor, consequently allowing for the
determination of the optimized point. In [13], a machine
learning-based algorithm is employed to accurately estimate
efficiency throughout the operation, considering misalign-
ment variations. While the algorithm demonstrates precision,
a downside is the amount of data required to train it, as
well as its lack of generalization to all applications. In this
work, the algorithm proposed in [14] and [15] is utilized,
which has been experimentally validated only for low-power
applications.

Therefore, this article proposes a new approach to increase
the efficiency of IPT system through the optimization of de-
sign variables using the PSO algorithm, assuming maximum
voltage and current boundary conditions in the components.
This article is an expanded version of [7], including a
detailed analysis of the equations that govern the physical
parameters of the coils, in addition to new results obtained
and a discussion of an efficiency tracking algorithm used
during the operation of the converter.

This article is organized as follows: the operational princi-
ples of the IPT system are discussed in Section II, and a com-
prehensive presentation of the proposed design methodology
is presented in Section III. Experimental results are included
in Section IV to validate the effectiveness of the optimization
technique in achieving maximum system efficiency.

II. DESCRIPTION OF THE IPT SYSTEM
The IPT system under study is illustrated in Figure 1. The
circuit has two main parts: one external to the vehicle (trans-
mission side) and other embedded in the vehicle (receiving
side).

The transmission side is composed by a high-frequency
DC-AC full-bridge inverter, a transmission coil, represented
by the inductance L1 and the compensation capacitance
(C1). The inverter has the function of injecting high-
frequency alternating current into the transmission coil,
which in turn generates an electromagnetic field. Due to
the high-reluctance air core, it is necessary to insert the
compensation circuit, in this case, a capacitor in series, sized
to compensate the leakage inductance of the primary coil. In
addition, the IPT charger has a front-end converter (usually a
PFC boost converter) connected to the grid, but it is not the
main focus of this work. Therefore, it was not considered in
this analysis.

The receiving side comprises a receiving coil,represented
by the inductance L2, the compensation capacitor (C2), a
passive ac-dc full-bridge rectifier and a synchronous buck-
boost converter. In this part of the circuit, the receiving coil
captures the electromagnetic field produced by the primary
coil, which is compensated by the series capacitor and then
rectified by the full-bridge diode rectifier, generating an

intermediate dc bus voltage for the buck-boost converter
connected to the EV battery bank.

The system is controlled in the primary and secondary
sides, where the secondary buck-boost converter has the
function of guaranteeing adequate voltage and current levels
for battery charging, while the primary inverter uses a perturb
and observe algorithm to track the maximum efficiency
transmission point.

A. SERIES-SERIES STEADY-STATE ELECTRICAL MODEL
The design methodology relies on the steady-state analytical
equations of the circuit. Consequently, a simplified circuit is
considered for modeling. For this purpose, a first harmonic
approximation is utilized, which considers that in a resonant
system the only component of the Fourier series contributing
to power transfer is the fundamental frequency component
[16]. Through this approximation, it is possible to replace
the input inverter by an ac voltage source at the resonance
frequency of the system. Furthermore, the battery, output
rectifier and buck-boost converter can be replaced by an
equivalent resistive load, representing a specific operation
point. The resulting simplified circuit is illustrated in Figure
2, where rL1, rL2, and Roe represent, respectively, the
resistance of the transmission coil, the resistance of the
reception coil, and the equivalent load resistance of the
circuit. The voltage vie represents the amplitude of the first
harmonic component synthesized by the inverter, considering
symmetric phase-shift modulation. The relationship between
the modulation angle (φ) and vie can be expressed as follows
[17]:

vie =
1

2sin−1
(

π
√
2

4φVin

) . (1)

The equivalent output resistance (Roe) can be found
using the static gain of the buck-boost converter, where the
resistance reflected at the converter input (Req) is expressed
by [18]:

Req =

(
1−D

D

)2

Ro (2)

where Ro represents the equivalent resistance of the battery
determined using power and voltage measurements at a
specific operating point, and D is the duty-cycle of buck-
boost converter. Considering the Fundamental Harmonic
approximation (FHA) [19], the equivalent Roe could be
expressed as:

Roe =
8

π2
Req. (3)

In compensation topologies, IPT can be designed in two
ways. The first involves designing the capacitors to operate in
resonance with the leakage inductances, while in the second
method, capacitors are sized for resonance with the self-
inductances of the coils. In [20], both techniques are com-
pared, with self-inductance compensation presenting higher
efficiency and greater robustness against coil misalignment
variations. Therefore, one can choose to perform this analysis
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Figure 1. IPT electric charging system.
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Figure 2. IPT simplified circuit.

considering capacitors C1 and C2 operating in resonance
with self-inductances L1 and L2, respectively. Thus, the
capacitances of the circuit can be desinged from:

C1 = 1
ω2L1

, C2 = 1
ω2L2

. (4)

In this way, for an operating frequency ω0 the primary
and secondary reactances are cancelled, so that:

1/jω0C1 = jω0L1, 1/jω0C2 = jω0L2. (5)

For the static analysis, the dynamic voltage and cur-
rent components were replaced by their steady-state phasor
equivalents. The phasors are the rms values of the sinusoidal
voltages and currents, defined by:

vie = V ie

√
2sin(ωt),

i1 = I1
√
2sin(ωt + θ1),

vo = Vo

√
2sin(ωt + θ2),

i2 = I2
√
2sin(ωt + θ2).

(6)

Using Kirchhoff Law it is possible to write the primary
current (I1) and secondary current (I2) as:

I1 =
Vie(rL2 +Roe)

ω2M2 + rL1(rL2 +Roe)
, (7)

I2 =
Vie(jωM)

ω2M2 + rL1rL2 +RoerL1
. (8)

Multiplying (8) by the load resistance Roe one can obtain
the output voltage, represented by

Vo =
Vie(jωM)Roe

ω2M2 + rL1rL2 +RoerL1
. (9)

Multiplying (8) and (9) gives the following expression for
output power:

Po =
Vie

2ω2M2Roe

[ω2M2 + rL1rL2 +RoerL1]
2 . (10)

The apparent input power is calculated by multiplying the
rms value of the input voltage Vie by (7), and it can be
expressed as:

Sin =
Vie

2(rL2 +Roe)

ω2M2 + rL1(rL2 +Roe)
. (11)

The input active power can be calculated by multiplying
(11) and the cosine of the phase difference between vie
and I1. However, it is observed that (7) does not have an
imaginary part due to the compensation method used. Where,
as seen in the equation 5 for operation with a switching
frequency equal to the resonant frequency, the capacitor
fully compensates the coils’ self inductance. In this way,
the system does not present a phase difference between the
input current and voltage, operating with unity power factor.
Therefore, the input power can be given as:

Pin =
Vie

2(rL2 +Roe)

ω2M2 + rL1(rL2 +Roe)
. (12)

Therefore, the circuit efficiency can be obtained from (10)
and (12), and it can be given by:

η =
Roe[

1 + rL1(rL2+Roe)
ω2M2

]
(rL1 + rL2)

. (13)

The voltage across the capacitors can be calculated from:

VC1 =
I1

jω0C1
, VC2 =

I2
jω0C2

. (14)

B. COILS DESIGN
The electromagnetic coupling of a IPT system is composed
of two coils. The main parameters under consideration dur-
ing the design of these coils are the coupling coefficient and
the quality factor [21]. The first is predominantly influenced
by the spacing between the coils and their misalignment.
Consequently, to achieve the target coupling coefficient, the
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coil must be designed for a specific distance and misalign-
ment values. The latter is enhanced through the reduction of
conductor resistance (rL), which depends on the skin effect,
proximity effect, and dispersion losses, and by amplifying
the values of self-inductance [22].

Currently, the literature presents various coil configu-
rations, including circular, square, rectangular, and three-
dimensional spiral (solenoid). These designs serve as foun-
dational models for the development of other arrangements,
such as the DD coil, DDQ, and bipolar multi-coils [22].

In the studies conducted in [23] and [24], it was de-
duced that the circular coil occupies less space, requires a
smaller amount of material, and exhibits greater tolerance
to misalignment. This culminates in enhanced performance
concerning mutual inductance parameters, coupling coeffi-
cient, magnetic flux, and magnetic field. In this context, the
circular coil is esteemed as an exemplary choice in IPT
systems, and the design variables are illustrated in Figure
3. Parameters Do and Di are, respectively, the external and

Di

c

Do

s
a

w

N

Figure 3. Parameters of the flat circular coil.

internal diameters of the coil. The section of the conducting
wire is represented by w, the spacing between the turns is
described as s, and N symbolizes the number of turns.

The self-inductance of the coils is a crucial requirement
for the IPT system, determining the resonance, also, it con-
tributes to enhancing the quality factor and, alongside mutual
inductance, establishes the prescribed coupling coefficient.
The self-inductance of flat circular coils is estimated by:

Lx = 31, 33µ0N
2

(
a2

(8a) + (11c)

)
µH (15)

where subscript x is the primary and secondary coils (given
in micro-Henry), and the variables a and c are given by

a =
(Do +Di)

4
, (16)

c =
(Do −Di)

2
(17)

and µ0 represents the permeability of the vacuum, given by:

µ0 = 4π.10−7 H/m. (18)

Note that to determine the self-inductance, their internal
diameter is necessary, which can be established according
to:

Di = Do − (2wN)− (2s(N − 1)). (19)

To determine the mutual inductance between the coils,
numerical methods are usually implemented, such as the
Boundary Element Method (BEM) and the Finite Element
Method (FEM). However, mutual inductance can be obtained
based on the concepts of the Biot-Savart and Faraday-Lenz
laws, analytically, as follows:

M = −ρ1µ0N1N2

4π

∫ ρ2

ρ2=0

∫ 2π

ϕ2=0

∫ 2π

ϕ1=0

ρ2(A cosϕ1 +B sinϕ1)

r3
dϕ1dϕ2dρ2

(20)

where:

ρ1 = a = Radius of primary coil (m)
ρ2 = Radius of secondary coil (m)
A = ρ2 cosϕ2 − a cosϕ1

B = ρ2 sinϕ2 − a sinϕ1

r =
√

ρ22 + a2 − 2ρ2a cos (ϕ2 − ϕ1) + D2

D = Distance between coils (m).

Equations (15) - (19) were derived from the results re-
ported in [25], while (20) was deduced. All these equations
were subsequently validated through finite element simula-
tion, as demonstrated in [26].

Based on the mutual inductance and the self-inductance of
the coils, it is possible to estimate the coupling factor, such
as a function of the distance between the coils, as expressed
by the following equation:

k =
M√
L1L2

. (21)

Another important variable for the methodology proposed
in the article is the resistance of the coils, which is used
to estimate the efficiency of the system. In this design
methodology is proposed to use litz wire to build the coils, as
recommended in the standard [27], therefore the resistance
can be estimated by:

Rw =
ρl

Astr.Nstr
.knb.kBW (22)

Rw represents the total resistance of the conductor since ac
losses are ideally eliminated using the Litz wire. ρ and l are
the resistivity of the copper and the conductor length, respec-
tively. Nstr corresponds to the total number of conductors
(strands) making up the Litz wire, and Astr symbolizes the
area of each of these conductors. The variables knb and kBW

are related to the yarn length shortening factor due to the
strand bundling process and factor of possible broken wires,
respectively.
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III. DESIGN OPTIMIZATION TECHNIQUE
A. DESIGN SPECIFICATIONS
Table I shows the specifications of the IPT charger under
development.

Table 1. Design specifications for the IPT system

Parameter Sym Value

Input Voltage Vin 400 V
Output Nominal Voltage Vo 360 V
Nominal Output Power Po 3.6 kW
Operation Frequency fs 85 kHz
Coils Gap DGap 160 mm
Nominal coupling factor k 0.2
Compensation topology Series-Series

The operating frequency and the distance between the
coils are defined based on the SAE-J2954 standard [28]. The
operating frequency can vary between 79 kHz - 90 kHz. The
definition of the distance between the coils is based on the
Z2 class, which defines nominal operation for a distance
between 100 mm and 210 mm.

B. ITERATIVE IPT SIMULATION ALGORITHM
The proposed design methodology uses a simplified model of
the system, as shown in Figure 2. Analyzing this figure, the
circuit has four main variables that can be used to interact
with the algorithm: ac input voltage amplitude (Vie), t he
inductance L1, the inductance L2 and the duty cycle of the
buck-boost converter (D) intrinsic to the Roe. The other
parameters such as series resistance of the coils (rL1 and
rL2) and compensation capacitors (C1 and C2) are linked to
the inductance values and the physical design of the coils.

In the design of resonant converters, the output quality
factor (Qo) is a variable typically used as a design parameter.
This factor generally ranges between 2 and 10 for IPT
systems, as a higher value can make the system difficult
to tune, and a lower value will generate harmonics in the
current and voltage waveforms [29], [30] and can be defined
as:

Qo =
ω0L2

Roe
(23)

where ω0 is the operating frequency, in rad/s.
From (23), one can observe that the quality factor is

dependent on both the output load resistance and the self-
inductance of the secondary coil. Consequently, new design
variables can be defined: the input voltage (Vie), and the
output quality factor (Qo), which incorporates the duty ratio
and secondary self-inductance. Additionally, a ratio between
the primary and secondary inductance’s (L1/L2) can be
defined as a variable instead of directly assigning an arbitrary
value for L1.

The boundaries of the algorithm are divided into electrical
and geometrical constraints. Electrical constraints encom-
pass maximum currents in coils, maximum voltages across

Calculate L2  using 

Eq. 23

Start

Input Project 

Variables:

 Qo,V1hrms, L1/L2 

Generate a 

random Value to 

Req

Compute Eq. 14, 15, 17 

and 19 to find N, ω 

Calculate Po and 

Voe Eq. 9, 10 
 Po = Poref 

Recalcuates Roe using 

project Poref   and Voe 

N

Calculate  and save  

I1, I2, D, η, Vc1, Vc2

Eq. 7, 8, 2, 14

Calculate L1

through the ratio  

L1/L2 

Estimate Coil 

Losses Eq. 22

Calculate I1 and I2  

Eq. 7, 8

Estimate M and k

Eq. 20, 21

Y

Input initial coils 

parameters 

Imax, s, Do

End

Figure 4. Flowchart diagram of the interactive algorithm for IPT circuit
simulation.

capacitors, maximum inverter-synthesized voltage, and the
duty cycle range of the buck-boost converter. Geometrical
constraints relate to the physical implementation of the coils,
specifically limiting the number of turns based on the inner
radius. Predefined parameters include the outer radius and
conductor spacing, with the algorithm adjusting the number
of turns to achieve the desired inductance.

Based on these three design parameters, an iterative algo-
rithm has been developed, based on the flowchart given in
Figure 4, aiming to simulate the behavior of the main circuit
variables by varying the design parameters. In this case, it
was decided to check the behavior of the primary rms current
I1rms, secondary rms current I2rms, peak voltage in the
capacitors VC1pk and VC2pk, the duty ratio of the buck-boost
converter (D) and the circuit efficiency (η). The Newton
Raphson algorithm was used to compute the variables of the
system, the variables converge to the values that guarantee
the power and output voltage specified in the project. As
an example, the variables of interest are shown in Figure 5
as a function of the quality factor that varies between (0 -
10), the input voltage that varies between (100 V - 400 V),
maintaining the ratio (L1/L2) constant and equal to 0.89.

This example does not encompass the optimization pro-
cess; rather, Figure 5 illustrates the planes that define the
behavior of the variables of interest (including efficiency) in
relation to the design variables. These represent all possible
design options, essentially the planes where the algorithm
will find the optimal point.

All points belonging to the three-dimensional planes illus-
trated in Figure 5 satisfy the design specifications. However,
depending on the operating point it is possible to obtain
specific characteristics for the variables of interest (D, I1, I2,
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Figure 5. Analysis of the simplified model: (a) η , (b) D , (c) I1 , (d) I2 , (e)
VC1 and (f) VC2 as a function of the variation of Qo and Vie keeping the
ratio L1/L2 fixed at 0.89.

VC1 and VC2). As an example, the black dot positioned in the
graphs was chosen for obtaining maximum circuit efficiency.
It can be seen that at this point the peak voltage in the ca-
pacitors reaches high values, which could be a problem with
regard to the insulation of the circuit components. Further-
more, this voltage level is also reflected at the terminals of
the transmission and reception coils, thus complicating their
physical design. Therefore, it becomes interesting to develop
a design method that guarantees maximum efficiency taking
into account some operational restrictions.

C. OPTIMIZATION DESIGN ALGORITHM
The objective of the optimization algorithm is to adjust
the design variables to meet the design specifications while
maximizing efficiency. This involves maximizing the qual-
ity factor of the coils while seeking operation with lower
current magnitudes for the same transferred power. Thus,
semiconductor conduction losses will also be minimized.
Additionally, the algorithm must ensure operation within
maximum limits based on available components. This leads
to the formulation of an optimization problem, presented as:

max ℑ → Eq.(13).

subject to g →


VC1 < VC1pk

VC2 < VC2pk

I1 < I1ref
I2 < I2ref

Dmin < D < Dmax

 .
(24)

Particles
ηmax

First Interaction Last interaction

QQ

Vie Vie

L1

L2

Figure 6. Position of particles in the plane (Vie, L1/L2, Q). (a) First
iteration. (b) Last iteration.

In this optimization problem, the objective is to maximize
the cost function ℑ, while subjected to the constraints
outlined in g. The selected optimization approach for pa-
rameter design is Particle Swarm Optimization (PSO), a
population-based algorithm inspired by the collective behav-
iors observed in bird flocks or fish schools. PSO iteratively
enhances a population of potential solutions by adjusting
their positions in the search space based on both individual
experiences and those of their neighbors. This iterative
process aims to converge towards the optimal solution for
the specified problem.

The PSO was chosen for its ease of implementation,
requiring minimal parameter tuning, and robust precision.
However, even a brute force algorithm could yield similar
results, though with a significant computational cost due to
high-resolution requirements, particularly when optimizing
with three or more variables. Moreover, extending optimiza-
tion to the physical design of coils introduces at least 3
additional variables. Hence, PSO emerges as an adequate
tool for scaling problems with a multitude of variables [31].

The solutions in the PSO algorithm are called particles,
which travel through an n-dimensional space formed by the
parameters to be varied. The particles move using the best
positions found as a reference, where the best position is
the one in which the objective function reaches the max-
imum/minimum values. The algorithm has been executed
using the design specifications and the following operating
limits: I1ref ≤ 20 A, I2ref ≤ 20 A, VC1 ≤ 1600 Vpk, VC2

≤ 1600 Vpk, Vie ≤ 400 V, 0.3 < D < 0.70, Do = 50 cm.
Figure 6 illustrates the behavior of the particles for the

first and last iteration of the algorithm, where the red
square represents the position of the particle whose highest
efficiency was obtained, respecting the established limits. It
can be observed that throughout the interactions the particles
concentrate around a zone that the algorithm interprets as
having the best solutions to the problem. Table 2 presents
the design parameters found for the arbitrated specifications
and restrictions.
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Table 2. Resulting design parameters.

Parameter Sym Value

Primary inductance of the coil L1 120 µH
Secondary inductance of the coil L2 136 µH
Input voltage Vie 210 V
Duty-Cycle of Buck-Boost converter D 0.577
Compensation capacitor C1 29.11 nF
Secondary compensation capacitor C2 25.71 nF
Series resistance primary inductor rL1 128 mΩ

Series resistance secondary inductor rL2 137 mΩ

Output resistance Roe 15.68 Ω
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voltage Vie0 +5% 

 

Start
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Adjusting the 
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Buck-Boost (D0) 
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Y

N

Wait for 100 ms 

Y

Figure 7. Flowchart of MEPT algorithm.

IV. MAXIMUM EFFICIENCY POINT TRACKING (MEPT)
ALGORITHM
This section aims to present the algorithm responsible for
controlling the inverter, ensuring system operation under
conditions of maximum efficiency under load variations and
misalignment. Control strategies for IPT systems can be
classified by: primary control, secondary control or or dual-
side control. The proposed control is a dual-side strategy
[15], [14], as illustrated in Figure 1.

In this control strategy, output current and voltage are
used for controlling the buck-boost converter, which main
function is to control the battery charging. This is achieved
through the implementation of a dual-loop voltage and cur-
rent control scheme. Input current and voltage are employed
for inverter control, using a maximum efficiency tracking
algorithm, as depicted in Figure 7.

The main concept is to guarantee constant power at the
output and modify the control action of the input inverter to
demand the lowest power from the energy source.

The inverter modulation is based on the phase-shift tech-
nique, known as SVC (Symmetrical Voltage Cancellation)
[17]. The output of MEPT algorithm (in %) is converted to

Table 3. Parameters of the implemented coils.

Parameters Tx Coil Rx Coil Unit

Inductance (L) 120 135 µH
Number of turns (N ) 12.5 13.5 -
Inner diameter (Di) 375 365 mm
Outer diameter (Do) 500 500 mm
Wire length (l) 19 20 m
Equivalent resistance (Rw) 84.8 52.3 mΩ

Mutual inductance (M ) 23.76 27.09 µH
Coupling coefficient (k) 0.202 0.202 -

an RMS voltage and applied to (1), which determines the
phase angle for generating the PWM signal, ranging from
0º to 180º. The switching frequency is maintained constant,
due to small switching frequency range imposed by SAE
J2954 [9], thereby restricting the flexibility of the controller.

V. EXPERIMENTAL VALIDATION
This section presents some experimental results obtained
through the development of a prototype to validate the IPT
converter design for applications in EV chargers. Figure 8
shows a picture of the experimental setup. It can be seen
that the coils are installed on a platform that allows vertical
and horizontal distance adjustment. For nominal system
operation, the vertical distance is 16 cm and the horizontal
misalignment can vary up to 22 cm. Another feature of the
coil platform is that its structure is entirely built with non-
ferromagnetic materials, which contributes to more accurate
measurements, where the induction of eddy currents can be
minimized. The practical parameters of the coils are given
in Table 3.

The primary goal of the initial analysis is to ensure that
operational limits are not exceeded, based on the nominal
operating point. Therefore, Figure 9 shows the voltages
across capacitors and currents through coils. Notably, the
analysis reveals that the maximum peak voltage in the
compensation capacitors remains within the specified design
limits, as well as for primary and secondary currents.

In addition, Figure 10 presents the voltage synthesized
by the high-frequency inverter and the primary current.
Firstly, examining the voltage synthesized by the inverter
and the current in the primary tank, one can observe that
they are nearly in phase. This observation leads to the
conclusion that the resonant circuit is fully compensated,
implying that only active power is drawn from the source.
Consequently, this results in a reduction of conduction losses.
Additionally, through the phase-shift modulation technique,
ZVS (Zero Voltage Switching) is achieved in two of the four
inverter switches, as depicted in Figure 10. This achievement
significantly contributes to an overall reduction of the circuit
losses.

Figure 11 illustrates an estimation of the distribution of
losses across various components of the system. Notably, the
semiconductor devices in the input inverter and the output
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Figure 8. IPT charging prototype.
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b)

MSO-X 3014T

MSO-X 3014T

Figure 9. a) Voltage in the primary capacitor (vC1), voltage in the primary
coil (vL1) and primary current (i1). b) Voltage in the secondary capacitor
(vC2), voltage in the secondary coil (vL2) and secondary current (i2).

buck-boost converter account for the largest share of losses,
with coils contributing approximately 19 % to the total
system losses.

An efficiency analysis was carried out with the Yokogawa
WT3000E analyzer, where a total efficiency of 89.4 % was
obtained for nominal operation from dc input to dc output.

vie

i1

G4

vS2
vS4

i1
i1

MSO-X 3014T

ZVS ZVS

G2

Figure 10. Voltage waveform synthesized by the inverter (vie), gate
signals for low side switches S2 and S4 (G2 and G4) , voltages across the
switches (vS2 and vS4) and primary current (i1).

Figure 12 illustrates the efficiency of the IPT converter by
varying the output power, comparing the performance with
constant inverter modulation to that with activation of the
maximum efficiency algorithm.

One can observe that for low output power levels, the
efficiency significantly improves with the implementation of
the MEPT algorithm. This improvement occurs because the
magnitude of the secondary current in the resonant tank
depends solely on the voltage synthesized by the inverter,
regardless of the load. Consequently, maintaining the inverter
at nominal modulation ensures the same secondary current
for both 500 W and 3600 W outputs. Therefore, the conduc-
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Figure 11. Loss estimation and temperatures of the IPT system: a)
Distribution among the components, b) Individual efficiency of each
stage, c) Case temperatures of inverter switches, d) Case temperatures of
switches and inductor of buck-boost converter.
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Figure 12. System efficiency varying the output power, with or without
MEPT.

tion losses in the secondary components remain constant,
leading to a considerable reduction in system efficiency for
low power levels. This issue is mitigated by adjusting the
inverter modulation.

Considering practical scenarios where a driver might park
an electric vehicle misaligned with the charger. Figure 13
depicts IPT system efficiency considering misalignment from
0 to 10 cm, both with and without tracking, while oper-
ating at a fixed output power of 3 kW. The reduction in
system efficiency resulting from misalignment stems from a
decrease in the coupling factor, consequently leading to an
increased primary current. Nonetheless, this adverse impact
can be mitigated by adjusting the inverter modulation, as
demonstrated in Figure 13. Consequently, an enhancement
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ie
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Figure 13. System efficiency depending on the horizontal misalignment
of the coils, for operation with and without efficiency screening. For an
output power of 3 kW.

of approximately 0.87 % is observed compared to operation
with constant modulation when the system operates with
active tracking.

VI. CONCLUSION
IPT charging represents a technology with significant po-
tential to advance and solidify the electric vehicle industry.
However, it still faces certain developmental constraints,
particularly concerning the design and efficiency of the
wireless transfer process. The methodology outlined in this
article offers a means to optimize efficiency while ensuring
that the system operates within predefined limits, particularly
those related to system isolation (such as voltage in coils and
capacitors) and maximum currents in semiconductors. As a
result, manufacturers can tailor their component portfolios
to better support the development of wireless chargers. The
practical prototype demonstrated satisfactory functionality,
meeting the specified limitations and delivering adequate
performance in accordance with the SAE-J2954 standard.
Furthermore, it was possible to verify the operation of a
simple MEPT technique that guarantees better performance
even with power variations and coil misalignment.
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