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Abstract

This paper proposes a novel magnetic coupler, a segmented bipolar pad (SBP) that out-
performs the conventional bipolar pad (BP) with symmetrical geometrical dimensions.
The performance parameters: mutual inductance (MTR), coupling coefficient (k), output
power (PO), and DC-DC efficiency (η). The performance evaluation of the proposed pad
is compared with the conventional pad under cases: (1) lateral misalignment (∆Y), and
(2) interoperability with non-polarized pad (NPP) and polarized pad (PP). A 4.7 kW induc-
tive power transfer (IPT) system is designed with an inductor–capacitor–capacitor-series
(LCC-S) compensation network. For case 1, the MTR of the SBP at ∆Y = ±90 mm is the
same as the MTR of BP at ∆Y = 0 mm, ensuring better misalignment tolerance capability of
SBP. The maximum η of SBP is 93.64%, which is 4.96% greater than the highest η of BP. For
case 2, the MTR of the SBP with NPP is 22–24% and with PP is 20–25% higher than the BP
interoperable performance. The obtained η shows maximum improvement of 2.46% for
SBP with NPP, and 3.7% for SBP with PP when compared to the interoperable results of BP.
SBP gives enhanced performance for both cases compared to the conventional pad at no
additional pad design cost. The proposed work is validated through an experimental setup.

Keywords: electric vehicle; segmented bipolar pad; inductive power transfer; misalign-
ment; interoperability

1. Introduction
In recent years, electric vehicles (EVs) have retained their consistent growth in the

automotive industry by offering a promising path towards a sustainable environment and
cutting down the dependency on fossil fuels [1]. The transition to EV from conventional
internal combustion engine (ICE) vehicles is contributing to a cleaner and more sustainable
energy future. However, the widespread adoption of electrified transportation relies
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completely on the convenient and safe charging of EV batteries [2]. Wireless power transfer
(WPT), an optimistic technology, is highly entertained by the researchers involved in the
field of EV charging enhancement. The WPT technology eliminates the need to handle
cables and facilitates automatic and reliable EV powering [3]. Among several methods of
WPT technology, the inductive power transfer (IPT) method has been widely applied in
industrial sectors, which utilizes the electromagnetic induction principle for achieving high
power transmission [4]. A magnetic coupler system consists of a ground-embedded pad
called a transmitter (Tx) and a vehicle-fitted pad called a receiver (Rx), combinedly known
as charging pads, which are the key elements of IPT technology [5]. The major challenge in
EV powering through the IPT concept is designing anti-misalignment magnetic coupler
pads. The misalignment between charging pads causes significant flux leakage and a
reduced coupling coefficient that pulls down the overall system efficiency [6]. Another
research consideration is to improve the interoperable nature of the Tx pad with different
Rx pads to accommodate the unique pad design of various EV models [7,8]. It is a crucial
part for the designers to address critical issues like misalignment and the interoperability
characteristics of magnetic couplers.

Different shapes and designs of coupling pads are proposed by the researchers in
an attempt to improve the misalignment tolerance and the interoperability performance
rate. In the literature [9], the authors have made a comparative analysis of non-polarized
pads (NPP), including circular and square geometrical coils. Further, they studied the
performance of the coils with lateral misalignment conditions. Based on the performance
comparison, the authors suggested the square coil arrangement as the best one for the WPT
application. However, the NPP coils addressed in the above work facilitate only vertical
flux components. At the same time, polarized pads (PP) like double-D pad (DDP), double-
D quadrature pad (DDQP), and bipolar pad (BP) produce both vertical and horizontal
flux components and show better power transmission irrespective of misaligned receiver
pads [10]. Mohammad Ibrahim et al. [11] have studied the interoperability performance of
three different commercial vehicle models, including Renault, Schneider, and the NewTech
inductive pad. An analysis between the rectangular pad (RP) and DDP was conducted,
and the performance evaluation was carried out based on parameters such as coupling
coefficient, output power, and efficiency [8]. An interoperable characteristic between two
NPP, like square and circular, has been studied under different misalignment distances
based on the key parameter mutual inductance [12].

In the literature [13], an interoperability analysis is conducted between the quadruple
coil as the Tx and different receiver pads, including rectangular, DDP, and DDQP. The
compatibility study is based on the evaluation parameters, like mutual inductance between
transmitter and receiver pads (MTR) and coupling coefficient (k) under misalignment.
Gautam Rituraj [14] proposed a unipolar coil arrangement method (UCAM) to reduce the
leakage flux and improve the power transmission efficiency by achieving the maximum
coupling coefficient. The interoperability nature of the proposed UCAM-based coil with
the conventional coil is studied. However, the UCAM approach has been conducted only
on NPP by varying the number of turns of the rectangular coil of different geometries.
In the literature [15], an adaptive position adjustment method is used to improve the
interoperable behavior between rectangular and DDP against misalignment conditions.
In the literature [16], the authors proposed a coil structure that comprises a pair of DDP
placed inside a large rectangular coil. The interoperability of the designed structure is
studied for different receiver coils for the application of unmanned aerial vehicle (UAV).
Ankur Yadav et al. [17] developed a honeycomb magnetic coupler by modifying the design
of the rectangular pad to improve the magnetic coupling of the charging pad. However,
these works have not carried out any design modification in the conventional BP with
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similar geometrical dimensions to study its misalignment tolerance and interoperability
characteristics.

Meanwhile, some work has utilized a ferrite core design in the coil to improve the
mutual inductance between charging pads [9]. Itay Garrofy et al. [18] proposed multiple
coils wound vertically over the ferrite core, unlike the planar DDQP. The vertical receiver
coil (VC) shows better transmission efficiency when compared to DDQP. Nevertheless,
the addition of the ferrite core to the coil leads to an increase in the system’s weight and
cost [19]. Considering these limitations, modifying the coil design is the appropriate
way to enhance the coupling coefficient (k) rather than adding ferrite material. In the
literature [20], the authors showed that an improved coupling coefficient can be achieved
by minimizing the self-inductance of the coil through optimizing the pad structure. The
authors in the literature [21,22] have proposed an intermediate coil design in the square and
circular magnetic coupler for achieving a better coupling coefficient between charging pads.
However, the works that have been presented so far only deal with unipolar coil structures.
The comparison of the proposed coil with the existing works is provided in Table 1.

Table 1. Comparison with existing works.

Ref. Coil
Structure Coil Size

Symmetrical
Geometrical Dimensions
to the Conventional Coil

Design
Modification

in BP

Analysis

Lateral
Misalignment

Interoperability

NPP PP

[12]
Square

- - ✗ ✔ ✔ ✗
Circular

[13]

Quadruple

200 × 100 mm ✔ ✗ ✔ ✔ ✔
RP

DDP

DDQP

[14] RP 400 × 300 mm ✗ ✗ ✔ ✔ ✗

[15]
RP 650 × 500 mm

✗ ✗ ✔ ✔ ✔
DDP 650 × 600 mm

[17]
Honeycomb

400 × 400 mm ✔ ✗ ✔ ✗ ✗
RP

[18]
VC

500 × 500 mm ✔ ✗ ✗ ✗ ✗
DDQP

[23]

Solenoid
DD (SDD)

320 × 300 mm ✔ ✗ ✔ ✔ ✔DD

RP

Proposed
work

SBP
300 × 350 mm ✔ ✔ ✔ ✔ ✔

BP

It has been noticed from the literature that most of the works have not approached
the design modification of the BP structure for improving the mutual inductance and
coupling coefficient between transmitter and receiver pads. This work proposes a magnetic
coupler SBP, which is developed through a systematic design refinement of conventional
BP structures. Partitioning the number of turns of the BP into a new segment to form
a quadrature coil is known as the SBP. The SBP outperforms the conventional bipolar
pad (BP) with symmetrical geometrical dimensions. The performance of SBP exhibits
notably improved mutual inductance and coupling coefficient between Tx and Rx pads.
The enhanced magnetic coupling leads to considerably higher output power and DC-
DC efficiency of the IPT system. The proposed coil attains improved tolerance to lateral
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misalignment and better interoperable characteristics with the NPP and PP compared to
the BP.

In this context, the main objectives of this article are given below:

1. This paper proposes a novel magnetic coupler structure, segmented bipolar pad (SBP),
which has been utilized to develop the anti-misalignment IPT system incorporating
inductor–capacitor–capacitor-series (LCC-S) compensation topology for EV charging.

2. The proposed pad has been compared with an existing bipolar pad (BP) designed
with identical geometrical dimensions. The comparative analysis has been conducted
through a graphical representation of parameters, including mutual inductance be-
tween Tx and Rx pads (MTR), coupling coefficient (k), output power (PO), and DC-DC
efficiency (η). The behaviors of the proposed pad are analyzed at the lateral mis-
alignment (∆Y) as per the specified tolerance range of SAE J2954 standard given in
Table 2 [24].

3. This paper analyzes the interoperability nature of the proposed pad with a non-
polarized rectangular pad and a polarized bipolar pad.

4. In addition, the paper furnishes detailed theoretical modeling of the IPT system,
incorporating the LCC-S compensation network.

Table 2. SAE J2954 specification to the proposed work.

SAE J2954
Requirement Specification Proposed

Work

Power class WPT 2 (up to 7.7 kW) 4.7 kW

Lateral misalignment tolerance Up to ±100 mm ±90 mm

Vertical air gap between Tx and Rx Z1 class (100–150) mm 100 mm

Interoperability Mandates interoperability between
standardized coil assemblies

Analyzed interoperability with
non-polarized and polarized coils

The structure of the remaining paper is as follows: Section 2 presents the IPT configu-
ration, followed by the design and modeling of the LCC-S compensation network-based
IPT system. Section 3 provides the design of the proposed SBP. Section 4 compares the
proposed magnetic SBP coupler with existing bipolar pads based on simulated results. This
is followed by a study of compatibility strength between the proposed magnetic coupler
as Tx and rectangular NPP and bipolar PP as Rx. The remaining Section 5 provides an
extensive verification of the proposed SBP performance through an experimental prototype,
followed by a discussion of the simulation results. Section 6 gives the conclusion.

2. IPT System
A typical block diagram of an IPT system for EV powering is shown in Figure 1 [25].

Generally, real-time EV charging through an IPT technique faces more airgap distance
between charging pads, resulting in more leakage flux and relatively lesser mutual induc-
tance between transmitter and receiver pads (MTR) with a poor coupling coefficient (k). The
relation between MTR, the leakage inductance, and k is given as

MTR = LT − L1 = LR − L2 (1)

k =
MTR√
LT LR

(2)

where LT and LR are self-inductances, and L1 and L2 are the leakage inductances of the
Tx and Rx pads. In addition, the compensation network minimizes the VA rating on
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the primary side and maximizes the output efficiency on the secondary side [26]. The
conventional compensation topologies in which the capacitor and inductor are connected
in different series-parallel combinations have been commonly incorporated into the IPT
charging system [27]. Various hybrid topologies have been preferred for the betterment
of tuning controllability to attain constant voltage (CV) and constant current (CC) output
characteristics, irrespective of load variation [28,29]. The compensation topologies series-
series (SS), LCC-series, and LCC-LCC are recommended for the WPT system, considering
their capability of providing high efficiency, zero voltage switching (ZVS) operation, and
better interoperable performance with various compensation networks [30].

Figure 1. Block diagram of a complete IPT-based wireless EV charging system [25].

2.1. Modeling of LCC-S-Based IPT System

The generalized block diagram of a wireless charging system incorporating LCC-S-
based compensation circuit is shown in Figure 2a, and its corresponding equivalent model
is obtained by applying fundamental harmonic approximation (FHA) in Figure 2b.

Figure 2. LCC-S-based IPT system: (a) circuit; (b) equivalent model.

In Figure 2a, VINV and VREC are the DC voltage of the primary side inverter and the
secondary side rectifier. LF, CF, and CT are the compensating inductors and capacitors of
the transmitter side, whereas CR is the compensating capacitor of the receiver side. LT and
LR are the self-inductances of the Tx and Rx pads. The load resistance is denoted by RL.
In the equivalent circuit Figure 2b, UT and UR are the fundamental AC voltages of the
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primary side inverter and the secondary side rectifier. IF, IT, and IR are the corresponding
currents flowing through the equivalent series resistance (ESR) RF, RT, and RR. The mutual
inductance between Tx and Rx coils is given by MTR, and Req is the equivalent load
resistance.

The compensation network components are designed to maintain the circuitry reso-
nance conditions at the operating frequency, such that ωo = 2π fo where fo is the operating
frequency in Hertz. The design of the LCC-S compensation network is as follows: the
compensation inductor and capacitors are derived from the angular resonance frequency,
which can be expressed as

ωo =
1√

LFCF
=

1√
LRCR

=
1√

(LT − LF)CT
(3)

According to the FHA

UT =
2
√

2
π

VINV , UR =
2
√

2
π

VREC, Req =
8

π2 RL (4)

Extracting mesh equations by applying Kirchhoff’s Voltage Law (KVL) on equivalent
models and neglecting ESR

UT = (jωoLF+
1

jωoCF
)IF −

1
jωoCF

IT (5)

(jωoLT+
1

jωo CF
+

1
jωoCT

)IT − 1
jωoCF

IF+jωo MTR IR = 0 (6)

(jωoLR+
1

jωoCR
+ Req)IR+jωo MTR IT = 0 (7)

using (3) in (5), (6) and (7) to obtain the current and voltage as below

IT =
UT

ωoLF
(8)

IR =
MTR
LF

UT
Req

(9)

IF = (
MTR
LF

)
2 UT

Req
(10)

VREC=
MTR
LF

VINV=
k
√

LT LR
LF

VINV (11)

The input VA rating is
VAin = UT IF (12)

and the input power factor (PFin) is the phase angle difference between the inverter output
voltage and current (UT and IF), which can be expressed as

PFin = cos(Θin) (13)

The VA rating for the compensation element is

VALF = IF
2ωoLF, VACF =

ICF
2

ωoCF
, VACT =

IT
2

ωoCT
, VACR =

IR
2

ωoCR
(14)

ICF = IF − IT (15)

https://doi.org/10.3390/en19051258

https://doi.org/10.3390/en19051258


Energies 2026, 19, 1258 7 of 20

The output power and efficiency can be given as

PO = (
MTR
LF

)
2 VINV

RL
(16)

η =
PO

PO + IF
2RF + IT

2RT + IR
2RR

(17)

2.2. Theoretical Observation and Design Consideration

It is noted from (11) that the output voltage is not dependent on load variation at
constant k, which clearly implies that the LCC-S compensation network-based IPT system
will maintain constant output voltage (CV) characteristics for EV charging. It is also
understandable that the output voltage can be controlled by the charging pad parameters,
including the self-inductance of Tx and Rx coils (LT and LR), mutual inductance between
charging pads (MTR), and coupling coefficient (k). This clarifies that these parameters are
essential for the designer involved in the design of a magnetic coupler structure for the
wireless EV charging system.

Table 3 furnishes the design values for the parameters of the proposed IPT charging
system. Equations (3) and (11) are used for the design of compensation elements LF, CF, CT,
and CR for the obtained self-inductance value of segmented BP, RP, and BP pads from the
simulation using ANSYS Electronics Desktop 2025 R2. The minimum DC link capacitance
value has been fixed using the following formula for the duty cycle (D = 0.5) and operating
frequency (f o = 100 kHz).

Cmin =
Iout ∗ D ∗ (1 − D) ∗ 1000

fO ∗ VPP(max)
(18)

where the Iout is the output current, and Vpp(max) is the peak-to-peak ripple voltage.

Table 3. Parameters of the IPT system.

Parameters Segmented-BP Non-Polarized (RP) Polarized (BP)

VINV 300 V 300 V 300 V
fo 100 kHz 100 kHz 100 kHz
RL 10Ω 10Ω 10Ω

Cmin 300 µF 300 µF 300 µF
LF 63.31 µH 48.85 µH 40.13 µH
CF 40 nF 51.84 nF 63.11 nF
CT 14.61 nF 16.99 nF 16.98 nF
CR 10.83 nF 12.90 nF 13.41 nF

3. Design of Magnetic Coupler
The structure of the proposed and existing magnetic coupler is depicted in Figure 3.

The total number of turns in the conventional BP has been split and forms the separated
layers as a segmented (S) coil known as a segmented bipolar pad (SBP). The notable char-
acteristics of the segmented coil are its polarized nature, which allows uniform magnetic
flux distribution across the pad area. Consequently, the parallel flux path effectively im-
proves the flux linkage between the transmitter and receiver pads. The significance of the
segmented coil lies in the improved tolerance to misalignment and better compatibility
with other coil configurations. Figure 3a shows a clear view of a single-segmented BP
(SSBP) coil in which the S coil (Tx3) dimension has been chosen to maximize the coupling
strength between the Tx and Rx pad to give better misalignment tolerance. The radius of
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the inner S coils has been decreased as the number of segmentations increases, producing
double-segmented BP (DSBP) as presented in Figure 3b.

 

Figure 3. Structure of magnetic coupler: (a) proposed single-segmented BP (SSBP); (b) proposed
double-segmented BP (DSBP); (c) existing BP.

The proposed segmented BP charging pad has been developed to attain improved
misalignment tolerance strength and better interoperability performance based on the
finite-element-based design refinement process, as shown in Figure 4. The paper considers
the design of single- and double-segmented BP coils to analyze the performance of the
proposed magnetic coupler. The number of segmentations in the proposed pad can be
fixed as per the requirement of a better misalignment tolerance rate and enhanced interop-
erability characteristics in real-time applications. It needs to be mentioned that the design
parameters, including outer dimensions, inner air gap, number of turns, turn thickness, and
distance between each turn, are set to be identical for the proposed and existing magnetic
couplers to conduct a genuine comparison. For simplicity, the Rx pad has been designed
identically to its corresponding Tx pad for analyzing the performance of the proposed
pad against lateral misalignment. In the case of interoperability evaluation, the Tx pad
of the proposed and conventional magnetic coupler is simulated with a non-polarized
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and polarized Rx pad. Table 4 provides the design parameters, which imply that identical
geometrical dimensions have been utilized to design the proposed and existing charging
pads.

Figure 4. Flowchart for the design process of segmented BP.

Table 4. Design parameters for charging pads.

Types Structure Parameters

BP

 

Outer dimensions
of pad 300 mm × 350 mm

SSBP

 

 

Total number of turns 28

DSBP

 

Each turn thickness 2 mm

4. Performance Evaluation
The performance of the proposed SBP charging pad is investigated based on the

functionality comparison with existing BP pads. According to the finite-element-based
design refinement process, the single-segmented and double-segmented bipolar pads (SSBP
and DSBP) have been designed using ANSYS Maxwell software. The magnetic flux density
(B) and magnetic field strength (H) of the proposed SSBP, DSBP, and existing BP magnetic
couplers are shown in Figure 5. The distribution of flux components shown in Figure 5 is
simulated at a 100 mm vertical distance between the Tx and Rx pads. Figure 5a,b shows
the B field of the proposed SSBP and existing BP in the isometric views. It has been noted
that a higher B field is attained in the proposed SSBP than in the existing BP pad. It has
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been observed from Figure 5a that the magnetic flux of the SSBP is distributed uniformly
across the entire pad region compared to the BP in Figure 5b. This ensures that the effective
flux path is obtained in the proposed pad. Figure 5c,d gives the H field of SSBP and BP at
the perfectly aligned condition; whereas, Figure 5e shows the laterally misaligned SSBP
with the H value. The maximum H field obtained for the laterally misaligned SSBP is
shown in Figure 5e, which is higher than the H field of the perfectly aligned BP in Figure 5d.
This confirms the better performance of the proposed SSBP against lateral misalignment.
Figure 5f gives the isometric view of the DSBP with magnetic flux density.

  

 

Figure 5. Flux distribution at 100 mm vertical air gap between Tx and Rx pads: (a) SSBP with B
field; (b) BP with B field; (c) SSBP with H field; (d) BP with H field; (e) misaligned SSBP with H field;
(f) DSBP with B field.

Magnetic Field Characteristics

The magnetic field characteristics in terms of magnetic flux density (B) and magnetic
field strength (H) for the proposed and conventional pads are given in Figure 5. For the
detailed analysis, the distribution of the magnetic flux and the intensity of the magnetizing
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field over the charging pad region for the SSBP and BP are shown in Figure 6a,b. It is noted
from Figures 5c,d and 6b that the proposed SSBP exhibits a magnetizing field maximum
of 2792 A/m, which is considerably higher than the BP with a magnitude of 765 A/m.
Consequently, the maximum amount of B distribution created by the SSBP pad is 0.0035 T,
which is higher than the maximum B value of 0.00096 T of the BP pad, as shown in Figures
5a,b and 6a. The obtained H and B values of SSBP are 3.65 times higher than the magnetic
field characteristics of BP. This improvement is attained because of the polarized nature
of the segmented coil in the proposed SSBP. The appropriate geometrical structure and
proper turn distribution of SSBP will significantly enhance the magnetic field strength,
leading to enhanced flux concentration in the proposed pad. Moreover, uniformity in the
distribution of the magnetic flux throughout the entire pad region offers better flux linkage
between the transmitter and the receiver pads of SSBP when compared to BP. The enhanced
magnetic characteristics directly contribute to improved coupling coefficient and mutual
inductance of SSBP. Subsequently, SSBP facilitates better power transmission compared
to the BP. Meanwhile, analyzing the performance of the proposed pad in the misaligned
condition based on the magnetic field characteristics from Figure 5e, the magnitude of H for
SSBP is 877 A/m; whereas, the value of H for perfectly aligned BP is 765 A/m, as shown in
Figure 5d, which is less than the magnetic field strength of SSBP at the misaligned condition.
Thereby, it has been established that the proposed pad exhibits superior performance even
in the misaligned scenarios compared to aligned BP. The improved magnetic characteristics
of the proposed pad validate the significance of SSBP over conventional BP.

 

Figure 6. Magnetic field comparison between the proposed and conventional pad: (a) magnetic flux
density; (b) magnetic field strength.

It has been observed from Figure 6 that a high amount of magnetic field passes through
the center region of the pad. The moderate distribution of B and H was obtained in the
intermediate region, and the lower concentration in the outer region of the pad. The amount
of magnetic flux and magnetic field strength is high at the center of the pad, and gradually
the concentration of B and H reduces towards the outer pad area.

Based on the finite element analysis (FEA), the interoperability performance between
each and every transmitter and receiver coil for the three types of charging pads is presented
in Table 5. Table 5 provides the cross-coupling effect between each of the transmitter and
receiver coils in terms of mutual inductance and the coupling coefficient. For the SSBP, it
can be observed that the cross-coupling for Tx1-Rx1, Tx2-Rx2, and Tx3-Rx3 is large, and the
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cross-coupling for Tx1-Rx2 and Tx2-Rx1 is reduced. Similarly, the cross-coupling effect for
the BP and DSBP can be analyzed based on the values given in Table 5.

Table 5. Mutual inductance and coupling coefficient between each transmitter and receiver coils.

Charging Pads Coil Combinations Mutual
Inductance (µH)

Coupling
Coefficient

BP

Tx1 and Rx1 10.85 0.1253

Tx1 and Rx2 3.61 0.042

Tx2 and Rx1 3.56 0.041

Tx2 and Rx2 10.94 0.129

SSBP

Tx1 and Rx1 6.79 0.118

Tx1 and Rx2 2.37 0.041

Tx1 and Rx3 5.13 0.1053

Tx2 and Rx1 2.38 0.041

Tx2 and Rx2 6.94 0.122

Tx2 and Rx3 5.31 0.109

Tx3 and Rx1 5.1 0.1049

Tx3 and Rx2 5.26 0.1091

Tx3 and Rx3 6.26 0.1517

DSBP

Tx1 and Rx1 6.8 0.1184

Tx1 and Rx2 2.36 0.0417

Tx1 and Rx3 2.59 0.093

Tx1 and Rx4 2.13 0.083

Tx2 and Rx1 2.38 0.0415

Tx2 and Rx2 6.93 0.122

Tx2 and Rx3 2.82 0.1022

Tx2 and Rx4 2.63 0.1027

Tx3 and Rx1 2.58 0.094

Tx3 and Rx2 2.78 0.1026

Tx3 and Rx3 1.66 0.1261

Tx3 and Rx4 1.5 0.1229

Tx4 and Rx1 2.11 0.0835

Tx4 and Rx2 2.58 0.1033

Tx4 and Rx3 1.5 0.1232

Tx4 and Rx4 1.44 0.1276

The total mutual inductance (MTR) between the transmitter (Tx) and receiver (Rx)
pads is the summation of the absolute values of the mutual inductance between each coil
of the transmitter and receiver, which can be calculated by Equation (19).

MTR = ∑n
i=1 ∑n′

j=1 MTXi RXj (19)
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Similarly, the self-inductance of the Tx pad LT and Rx pad LR is the sum of the self-
inductance of each coil of the transmitter and receiver. Thereby, the coupling coefficient
can be obtained from Equation (20).

k =
MTR√

(∑n
i=1 LTXi )(∑

n′
i=1 LRX j)

(20)

where n is the number of coils in the transmitter pad and n’ is the number of coils in the
receiver pad.

The simulation results of mutual inductance between transmitter and receiver pads
(MTR) and coupling coefficient (k) for the proposed and existing charging pads under lateral
misalignment (∆Y) from −90 mm to +90 mm against a 100 mm vertical distance between
Tx and Rx pads are shown in Figure 7. The graphical plots are depicted in Figure 7 for
different designs of magnetic couplers, where the Rx pad is identical to its corresponding
Tx pad for simplicity.

 

Figure 7. Lateral misalignment for proposed and existing magnetic couplers: (a) MTR; (b) k.

From Figure 7, it is observed that the different designs of magnetic couplers have
shown a drastic influence on both the flux distribution and the strength of coupling between
the Tx and Rx pads. It is also noted that the impact of the lateral misalignment is reflected
in the variation in MTR and k. Similar results are obtained for both left and right side ∆Y,
since an identical misalignment distance has been considered in the paper. It is noted
from the simulated results that the MTR and k values have been inevitably higher for the
proposed SBP than the existing BP magnetic couplers. For the perfectly aligned condition,
the proposed magnetic coupler design shows 57% improvement in MTR with a significant
coupling coefficient value of k = 0.19 for the SSBP and k = 0.2 for the DSBP when compared
with the existing BP. Similarly, at ∆Y = ±90 mm, the SSBP shows 52%, and the DSBP shows
24% higher MTR value with better k than the BP pad. Meanwhile, the simulation results
imply that the ±90 mm laterally misaligned SSBP transfer equal MTR of a properly aligned
BP. Thereby, the high misalignment tolerance capability of the proposed SBP has been
undoubtedly noticed from the simulated results.

The LCC-series connected IPT system has been simulated using MATLAB R2023b
software, and the variation in output power and DC-DC efficiency for the proposed and
existing charging pads is studied. The graphical plots depicted in Figure 8 provide the
relationship between the output power (PO) and DC-DC efficiency (η) versus lateral mis-
alignment for 100 mm vertical separation. It has been observed from Figure 8a that the
output power gradually decreases when the ∆Y distance increases for any type of charging
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pad. The LCC-series compensation circuit shows that output power and DC-DC efficiency
are almost stable by facilitating a constant voltage (CV) output irrespective of the mis-
aligned conditions. The proposed charging pads attain a maximum power output (POmax)
of 4.7 kW, comparatively. The PO of the SSBP and DSBP at ∆Y = 0 is 5.5% more than the BP
at aligned conditions.

Figure 8. Lateral misalignment for proposed and existing magnetic couplers: (a) output power;
(b) DC-DC efficiency.

Meanwhile, analyzing the simulated results of the horizontally misaligned SBP,
the PO of the proposed SBP at ∆Y = ±90 mm is 2.2% more than the PO of the perfectly
aligned existing BP. It is clear from the investigation that the SSBP and DSBP have better
tolerable capability for a wide range of lateral misalignment. Similarly, the SBP shows
a maximum efficiency of 93.64%, which is 4.96% greater than the highest efficiency
attained by the existing BP. The modest rise in coupling coefficient for the proposed pad
leads to enhanced power transmission and overall efficiency, which implies the system is
operating under a resonant condition. Thereby, the systematic design refinement process
has been effectively utilized to design a magnetic coupler with a better misalignment
tolerance rate.

To study the interoperability nature of the proposed pad, the Tx coil has been set as
the existing BP and the newly designed single-segmented BP; whereas, the Rx coil has been
chosen as a non-polarized RP and polarized BP pads. The graphical plots are depicted in
Figure 9, representing the mutual inductance and coupling coefficient between transmitter
and receiver pads against the lateral axis misalignment at 100 mm separation at the Z-axis.
The plot showing the interoperable performance of four cases includes BP-RP, SSBP-RP,
BP-BP, and SSBP-BP. As noted, the interoperable performance of SSBP as a Tx pad with both
unipolar (RP) and bipolar (BP) Rx pads is comparatively higher than the existing BP coupler
working with different Rx pads. At the perfectly aligned condition, the performance of the
SSBP as a Tx pad with the non-polarized RP pad shows 24% higher MTR with a relatively
larger coupling coefficient than the BP (Tx pad) functioning with the RP (Rx pad) for
the aligned condition. Similarly, the proposed pad with polarized BP gives 25% more
MTR compared with BP-BP performance. The effective interoperable characteristics of the
proposed SBP magnetic coupler have been confirmed from the simulated results of mutual
inductance (MTR) and coupling coefficient (k).
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Figure 9. Interoperability performance of proposed and existing magnetic couplers: (a) MTR; (b) k.

For the BP and SSBP, the simulated PO and η for the interoperability performance
varying with lateral misalignment have been shown in Figure 10. Compared with the
interoperable nature of existing BP pads, higher power output and system efficiency have
been attained for the proposed SSBP as a Tx pad with both non-polarized and polarized
Rx pads. The maximum η improvement is 2.46%, and 3.7% is obtained for SSBP with
non-polarized and polarized pads compared to the interoperable performance of BP with
non-polarized and polarized pads.

 

Figure 10. Interoperability performance of proposed and existing magnetic couplers: (a) output
power; (b) DC-DC efficiency.

5. Experimental Verification
A prototype system has been constructed to validate the performance of the proposed

SBP pad. Based on the simulation results, the SSBP and DSBP show better performance than
existing BP, which ensures the SSBP gives the maximum power transmission characteristics.
Thereby, the comparative study has been carried out for the proposed SSBP and existing BP
through a laboratory setup. The experimental parameters of the IPT hardware system are
listed in Table 6, whereas Table 7 provides the specifications for the hardware equipment
utilized in this paper.
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Table 6. Parameters of the prototype system.

Parameters Values

Vdc 31 V

fo 100 kHz

VOmax 25.7 V

IOmax 8.42 A

POmax 216 W

Compensation
elements values

SSBP

LF = 50 µH
CF = 57 nF
CT = 15 nF
CR = 12 nF

BP

LF = 27 µH
CF = 91 nF
CT = 19 nF
CR = 15 nF

Table 7. Specifications of the hardware components.

Equipment Part No. Rating

SiC MOSFET (Littlefuse, Chicago, IL, USA) LSIC1MO120E0080 1200 V,
25 A

FPGA Controller (Intel Corporation (formerly
Altera), Santa Clara, CA, USA) EP4CE30F23C7N -

Diode (onsemi, Scottsdale, AZ, USA) FFPF10U20DP 200 V, 10 A
DSO (Keysight Technologies, Santa Rosa, CA, USA) EDUX1002G Up to 50 MHz
LCR meter (Hioki E.E. Corporation, Nagano, Japan) IM 3536 Up to 8 MHz
Clamp Meter (Center Technology Corp., New Taipei

City, Taiwan, China) CENTER 222_ AC/DC Up to 600 V,
600 A

The IPT system shown in Figure 11a consists of a DC power source, a high-frequency
inverter (HFI) operating at f o = 100 kHz, an LCC-S compensation circuit, SSBP magnetic
couplers, an uncontrolled rectifier, a filter capacitor, and a resistive load. Figure 11b provides
the fabrication photo of the proposed structure. The voltage across the SSBP transmitter
pad and receiver pad with the compensation circuit has been measured as 29.2 V and 27.5 V
is shown in Figure 11c. The maximum load voltage (VOmax) is 25.7 V for the given 31 V
input voltage (Vdc) from the DC power source, and the maximum load current (IOmax) is
8.42 A, as shown in Figure 11d. The obtained maximum output power (POmax) is 216 W
with a DC-DC efficiency of 88%.

To validate the working of the proposed pad through experimental results, the PO and
η have been measured for the existing BP and SSBP for the lateral misalignment condition
∆Y = −90 mm to 0 mm against a 100 mm vertical distance, as shown in Figure 12. From
Figure 12a, the existing BP measured the maximum output power of 205.4 W with 81% DC-
DC efficiency for the perfectly aligned case. Whereas for horizontally misaligned conditions,
the PO and η of the BP drop and show 198 W with 73% at ∆Y = −90 mm. Looking into
the results of SSBP performance from Figure 12b, the proposed pad shows a maximum
output power of 216 W for perfectly aligned conditions and a minimum output power
of 207.5 W at ∆Y = −90 mm lateral misalignment case. Similarly, the DC-DC efficiency
for SSBP, the pad measured a maximum of 88% and a minimum of 82% with respect to
lateral misalignment. Based on the comparative analysis, it is observed from the measured
values PO and η, that the performance of SSBP at ∆Y = −90 mm is almost symmetrical
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to that of a perfectly aligned BP. The results reflect the better misalignment tolerance
ability of the proposed SSBP pad over the existing BP. Meanwhile, the proposed SSBP
measured 7% to 9% improved η when compared with the existing BP. Minor discrepancies
between the simulated and the experimental DC-DC efficiency are due to the hand-wound
charging coils utilized for hardware. Despite these differences, the proposed novel SSBP
has outperformed the existing BP, as evidenced by both the simulation and experimental
results.

 

Figure 11. Experimental photo for SSBP: (a) IPT charging system with proposed SSBP; (b) SSBP
fabrication image; (c) voltage across Tx and Rx pad; (d) load voltage and load current.

Figure 12. Experimental results: (a) existing BP; (b) proposed SSBP.
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Discussion

Based on the simulation results, the proposed SBP magnetic coupler facilitates the
following effective benefits when compared to the existing BP.

1. The maximum MTR of the proposed pad shows 57% enhancement with relatively
larger k = 0.19 for SSBP and k = 0.2 for the DSBP at laterally aligned conditions.

2. The SSBP and DSBP show improved MTR values of 52% and 24% at ∆Y = ±90 mm
compared to BP.

3. The proposed SSBP and DSBP at ∆Y = 0 mm give 5.5% more Po with an η improvement
of 4.96% compared to BP.

4. The MTR of SSBP at ∆Y = ±90 mm is equal to the MTR values of BP at ∆Y = 0 mm,
which ensures the better misalignment tolerance characteristics of the proposed SSBP
as implied in Figure 7a.

5. The interoperability performance of the proposed SSBP magnetic coupler with a non-
polarized rectangular pad (RP) shows 24% improved MTR with k = 0.18 at ∆Y = 0 mm
and 22% higher MTR with k = 0.12 at ∆Y = ±90 mm than BP-RP characteristics.

6. In the case of compatibility with the polarized pad, the SSBP-BP gives a maximum of
25% and a minimum of 20% better MTR value with improved k compared to BP-BP
performance.

7. The Po of SSBP-BP is relatively high with an improved η of 3.7% over the values
obtained for BP-BP magnetic coupler.

6. Conclusions
In this paper, a design modification was performed in the existing bipolar pad (BP)

to propose a novel segmented bipolar pad (SBP) with symmetrical dimension parameters.
The proposed SBP outperforms the conventional BP magnetic coupler in terms of improved
mutual inductance between the transmitter and receiver pad (MTR) and coupling coeffi-
cients (k). In the development of magnetic couplers as single-segmented bipolar pad (SSBP)
and double-segmented bipolar pad (DSBP), a finite-element-based design refinement was
adopted in the process of splitting up the number of turns into separate layers to form a
segmented (S) coil. The polarized characteristics of the segmented coil exhibit uniform flux
distribution between the transmitter and receiver pads. Owing to this effective flux path,
the proposed pad attains improved misalignment tolerance and better interoperability. This
work utilizes the inductor–capacitor–capacitor-series (LCC-S) compensation network to
attain constant voltage (CV) output characteristics. A 4.7 kW IPT charging system incorpo-
rating LCC-S compensation topology with the proposed pad was simulated using MATLAB
software to extract the output power (Po) and DC-DC efficiency (η). The work presented
in this paper extensively compares the proposed SBP with the existing BP based on the
simulation output results. The comparison was made based on the following conditions:
(1) lateral misalignment (∆Y) from −90 mm to +90 mm at 100 mm vertical separation,
and (2) interoperability characteristics with non-polarized pad (NPP) and polarized pad
(PP). The proposed SSBP shows 4.96% improvement in DC-DC efficiency under perfectly
aligned conditions and about 4.06% η rise at ∆Y = 90 mm misalignment compared to the
BP. For the interoperable performance of SSBP, the maximum η improvement is 2.46% for
non-polarized and 3.7% for polarized pads compared to the interoperability of BP. The
proposed work has been experimentally verified by a laboratory prototype system as well.
The experimental results show that the performance of the proposed pad is better than that
of the conventional pad. It has been concluded that the proposed SBP magnetic coupler
gives better misalignment tolerance and interoperable characteristics compared to the
existing BP pad. This work is limited to static wireless EV charging, and the applicability
of the proposed pad to dynamic charging remains for future studies. Since the proposed

https://doi.org/10.3390/en19051258

https://doi.org/10.3390/en19051258


Energies 2026, 19, 1258 19 of 20

wireless charging system is rated at 4.7 kW for light-duty EVs, with smaller dimensions, it
can be adopted in home and office parking areas. The proposed charging pad dimensions
can be adjusted based on the application and its power rating.
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