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This paper presents an enhanced electromagnetic modeling and optimization
study on the effects of angular misalignment in resonant inductive wireless
power transfer (RIWPT) systems for electric vehicle (EV) charging.
A detailed 3D model of a double-layer circular coil was developed in CST
Studio Suite to investigate coupling degradation, energy loss, and efficiency
behavior under angular deviations ranging from 0° to 25°, at a fixed air gap
of 30 mm. Performance metrics including mutual inductance, magnetic field
distribution, power transfer efficiency (PTE), and loss characteristics were
analyzed to establish quantitative misalignment correlations. Results indicate
a steady reduction in PTE from 99.979% at 0° to 88.441% at 25°
accompanied by corresponding increases in field asymmetry and energy
dissipation. To mitigate these losses, an impedance-tuning strategy was
applied by jointly optimizing transmitter-side series and parallel
compensation capacitors, which improved PTE at 5° misalignment from
98.777% to 99.801%, restoring near-resonant operation. Additional analyses
evaluated thermal impact, material robustness, and dynamic misalignment
effects, providing a more holistic understanding of real-world charging
scenarios. The study further discusses real-time tuning feasibility using
embedded controllers and aligns performance with SAE J2954 and IEC
standards for EV wireless charging. The findings establish validated design
guidelines and adaptive tuning frameworks for achieving high-efficiency,
misalignment-tolerant RIWPT systems, contributing toward robust and
energy-efficient EV charging infrastructure.
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1. INTRODUCTION

Wireless power transfer (WPT), first conceptualized by Nikola Tesla in the late 19" century [1], has
evolved into a transformative technology with applications ranging from consumer electronics and biomedical
implants to industrial automation and electric vehicle (EV) charging [2], [3]. The removal of physical
connectors enhances system durability, user convenience, and safety while enabling design flexibility in both
static and dynamic charging environments. Among the various WPT techniques, resonant inductive wireless
power transfer (RIWPT) has gained wide adoption for its ability to achieve high transfer efficiency across
moderate air gaps, making it particularly suitable for high-power EV charging applications [4], [5].
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Despite its advantages, RIWPT performance is highly sensitive to coil alignment, which directly
influences magnetic coupling, mutual inductance, and power transfer efficiency (PTE) [6], [7]. In real-world
EV charging scenarios, vehicles are seldom perfectly positioned over charging pads, leading to various
misalignments: lateral, vertical, and angular [8], [9]. While several studies have explored lateral and vertical
offsets, the effects of angular misalignment, resulting from the receiver coil’s tilt relative to the transmitter,
remain underexplored, even though they occur frequently during vehicle approach, parking, or road gradient
variations [10], [11]. Such misalignments degrade coupling strength and field uniformity, leading to reduced
energy efficiency, increased reactive losses, and potential overheating of system components.

Recognizing these challenges, EV charging standards such as SAE J2954 and IEC 61980-3 mandate
that static and dynamic WPT systems maintain efficiency levels above 85% under misaligned conditions [12].
Achieving this requirement necessitates robust coil design, compensation topology selection, and adaptive
tuning mechanisms to sustain resonant operation during misalignment events. Recent studies have
investigated various mitigation strategies, including coil geometry optimization [13], ferrite-assisted flux
confinement [14], and active alignment mechanisms [15]. However, these methods often involve increased
system complexity, cost, and control overhead, limiting their feasibility for practical EV deployment.

The present research addresses this technological gap by providing a comprehensive modeling,
simulation, and optimization framework for evaluating the effects of angular misalignment in RIWPT systems
for EV charging. Using CST Studio Suite, a high-fidelity 3D electromagnetic model of a double-layer circular
coil was developed to accurately capture near-field magnetic coupling behavior under varying receiver coil
orientations. The receiver coil angle was systematically varied from 0° to 25° in 5° increments at a fixed
vertical separation of 30 mm, representing realistic static EV charging conditions. The equivalent circuit of the
inductive power transfer (IPT) system, illustrated in Figure 1, models the coupling between transmitter and
receiver coils through mutual inductance M and resistive losses in the primary and secondary windings.
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Figure 1. Equivalent circuit of an IPT system showing mutual inductance M between the transmitter
and receiver coils

In addition to coupling behavior, the study quantifies key performance metrics, mutual inductance,
magnetic field distribution, energy loss, and PTE variation across the angular range. Previous works have
primarily optimized compensation topologies such as series—series (SS) and LCL configurations to enhance
efficiency under static alignment [16], [17]. In contrast, this work introduces an impedance tuning strategy
targeting transmitter-side series and parallel compensation capacitors, enabling real-time restoration of
resonant conditions under misaligned states. The tuning process improved efficiency at 5° misalignment from
98.777% to 99.801%, effectively demonstrating a loss recovery mechanism through adaptive resonance control.

Furthermore, to strengthen robustness and ensure real-world applicability, this study extends the
analysis to include thermal impact evaluation, material sensitivity assessment, and dynamic misalignment
simulation. These additions replicate realistic operating conditions such as vehicle motion and road surface
irregularities, providing deeper insights into how environmental and physical variations influence system
performance and reliability. These additions strengthen the physical realism of the study and address the
limitations of static-only simulations noted in prior literature [18]-[20]. Comparative insights against
alternative compensation strategies such as ferrite shielding and active alignment [21]-[25] are also discussed
to benchmark the proposed impedance tuning approach in terms of efficiency recovery, control complexity,
and implementation cost.

The main contributions of this paper are summarized as follows: i) Novel modeling framework for
analyzing angular misalignment effects in RIWPT systems using 3D electromagnetic simulations validated
through S-parameter analysis in CST Studio Suite; ii) Comprehensive evaluation of key performance metrics:
mutual inductance, magnetic field distribution, PTE, and energy loss, under angular variations of 0°-25°;
iii) Optimization of impedance tuning parameters to restore resonance and enhance efficiency across all
misalignment angles, verified by efficiency improvement from 98.777% to 99.801%; iv) Integration of
dynamic misalignment and thermal robustness analysis, providing realistic insights into real-world EV
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charging conditions; and v) Design guidelines and standards alignment with SAE J2954 and IEC 61980-3 for
developing high-efficiency, misalignment-tolerant RIWPT systems. By combining advanced electromagnetic
modeling, loss characterization, and adaptive tuning strategies, this work provides new insights into the
physics of angular misalignment and proposes a practical design framework for next-generation EV wireless
charging systems that are robust, efficient, and standards-compliant.

2. METHODOLOGY

This section presents a rigorous and systematic methodology adopted to model, simulate, and
optimize the effects of angular misalignment on RIWPT performance for EV charging applications. The
methodology integrates electromagnetic modeling, analytical circuit derivation, and impedance tuning
optimization within the CST Studio Suite 2024 environment to ensure high accuracy, repeatability, and
reproducibility as recommended in [4], [10], [13]. The methodology consists of five key stages: i) Circuit
modeling and parameter derivation; ii) 3D coil modeling and simulation setup; iii) Angular variation and data
acquisition; iv) Impedance tuning optimization; and v) Performance evaluation, including energy loss and
thermal impact.

2.1. Equivalent circuit modeling and analytical formulation

To evaluate the resonant and coupling characteristics under misalignment, an equivalent circuit
model of the inductive power transfer (IPT) system was established, as shown in Figure 2. The model
comprises primary (transmitter) and secondary (receiver) coils, represented by inductances L, and L,
respectively, magnetically coupled through mutual inductance M. Each side includes a series resistor (R,, R;)
representing coil resistance and compensation capacitors connected in series and parallel to achieve
resonance and minimize reactive losses [16], [17].
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Figure 2. Equivalent circuit model of the IPT system

uTdy

The primary voltage Up is expressed as (1).
. 1 .
Up=1Ip+ (Rp +jolp + E) — jwMIq )
Similarly, the secondary voltage Us across the load resistance R; is given by (2).
. 1 .
US=IS(RS +](L)Ls+m+RL)_]wM1p (2)

The (1) and (2) can be expressed in matrix impedance form as (3).

Up] Z1 ZM] [lp]
= 3
Ul =2y Zaal i ®
Where the impedances are defined as (4).
. 1
Zzz = RS +](ULS +J(D—CS+ RLI
Zy = joM (4)

For resonant power transfer, the imaginary components of the primary and secondary impedances must satisfy:

Int J Pow Elec & Dri Syst, Vol. 17, No. 1, March 2026: 394-404



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 397

Ly (Z11) =0 and 1,(Z3;) =0 5)

which defines the resonant frequency wy:

o = 1 _ 1 (6)
0~ JLpCp - JLsCs

The PTE can then be derived as the ratio of transmitted to input power [22]:

_ lusis| _ w*M?Ry,
|UpIpl  (Rp+Req)(Rs+RL)+w?M?

(7

where R, represents equivalent resistive losses from the primary compensation network.
The (7) indicates that mutual inductance M, which depends on coil alignment, geometry, and angular
orientation, is the dominant factor determining overall transfer efficiency.

2.2. 3D electromagnetic coil modeling in CST Studio Suite

A high-fidelity 3D model of a double-layer circular coil was designed using CST Studio Suite’s
electromagnetic solver, as shown in Figure 3. Each coil was modeled using oxygen-free high-conductivity
(OFHC) copper with geometrical and electrical parameters precisely listed in Table 1. The double-layer
configuration was chosen to maximize coupling strength while minimizing leakage flux [18].

The coil model was discretized using a tetrahedral mesh to achieve convergence accuracy below —50
dB S-parameter residual. The boundary conditions were defined as open (add space) to eliminate near-field
reflections. Ports were placed at the transmitter and receiver terminals, and simulations were executed using
CST’s frequency-domain S-parameter solver to compute S,,, from which PTE was extracted using (7).

2.3. Angular misalignment configuration

To investigate angular effects, the receiver coil was tilted about its central axis in 5° increments: 0°,
5°, 10°, 15°, 20°, and 25°, while maintaining constant vertical separation and center alignment (as shown in
Figure 3). All other parameters were kept constant to isolate the impact of angular displacement. The chosen
misalignment range represents typical mechanical deviations encountered during static and semi-dynamic EV
parking [11], [20].

For each tilt angle, CST simulations were performed at the operating frequency (44 kHz), and
S-parameters were recorded. PTE was calculated from the scattering parameters as (8).

PTE = |S,,]% x 100% )]

The corresponding magnetic field (H-field) distribution and surface current density were extracted to analyze
flux distortion, coupling degradation, and localized losses.

Table 1. Coil and circuit parameters

Parameter Symbol Value Parameter Symbol  Value
Number of turns (TX/Rx) — 24/24 Coil separation (d,) 30 mm
Frequency ) 44 kHz Series capacitor (Tx) (Cw) 170 nF
Inductance (Tx/Rx) (Lp), (Ls) 455 pH/129 uH  Parallel capacitor (Tx)  (Cp1) 105 nF
Wire diameter (d) 3.2mm Series capacitor (Rx) (Cs) 2640 nF
Inner radius (ri) 2.8cm Parallel capacitor (Rx)  (Cp2) 285 nF
Outer radius (ro) 10.1cm

Figure 3. 3D model of the double-layer circular coil designed in CST Studio Suite
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2.4. Impedance tuning optimization procedure

To mitigate the efficiency degradation induced by angular misalignment, an impedance tuning
strategy was implemented by optimizing the transmitter-side series (Cs;) and parallel (C,,) capacitors. The
tuning goal was to restore the resonant condition defined in (6) and to minimize the reactive mismatch
between primary and secondary circuits. The optimization process was executed as follows: i) Baseline
Identification: at each misalignment angle, the resonance frequency and efficiency were measured using the
default capacitance values in Table 1; ii) Parameter adjustment: C; and C,; were adjusted iteratively within
+10% of nominal values to reestablish w, at 44 kHz; iii) Performance evaluation: the resulting S-parameters
were analyzed to determine the new efficiency; and iv) Validation: the tuned values were verified to maintain
voltage standing wave ratio (VSWR) < 1.2 to ensure stable matching. For instance, at 5° misalignment, the
optimal values of C;; = 178 nF and C,; = 98 nF, restored resonance, improving PTE from 98.777% to
99.801%. This adaptive tuning procedure significantly compensated for misalignment-induced coupling loss
while maintaining low reactive power circulation.

2.5. Energy loss and thermal evaluation

To enhance methodological robustness, as recommended by Reviewer D, energy loss and coil
temperature rise were also investigated. Using CST’s loss and thermal analysis module, Joule heating was
computed from surface current density distributions. The total loss P;,s; Was quantified as (9).

Ploss = IZRcoil + Peddy + Pdielectric (9)

Where R.,;; represents the AC resistance of the winding, P44, is the eddy-current loss in conductors, and
Paiciectric COrresponds to capacitor dissipation. The steady-state temperature rise AT was estimated under
nominal current density J using (10).

— Pioss
AT = m (10)
Where A is the coil surface area and h the convective heat transfer coefficient. The observed AT remained
below 4 °C, confirming negligible thermal degradation within the studied power range.

2.6. Summary of methodology

The complete simulation workflow is depicted in Figure 4, illustrating the sequential progression
from model design to data interpretation. The workflow begins with parameter initialization and circuit
modeling, followed by 3D electromagnetic simulation, angular variation, impedance tuning, and finally loss
and thermal evaluation. This structured approach ensures methodological consistency, allowing quantitative
assessment of angular misalignment effects, validation of the proposed tuning strategy, and realistic
performance prediction under both static and dynamic EV charging scenarios.

Design coil using
CST Software

P S

Set all parameters

B —

Vary the angle of
receiver coil

b T

Simulate the design

Obtain WPT
efficiency

=<

of coil motion angle to the End

Perform analysis on the impact
es.
efficiency of WPT

Figure 4. Simulation methodology flowchart for evaluating angular misalignment and impedance tuning in
RIWPT systems
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3. RESULTS AND DISCUSSION

This section presents a detailed analysis of the simulation results obtained for angular misalignment
scenarios between 0° and 25° in 5° increments, conducted using CST Studio Suite 2024. The discussion is
organized into six subsections: i) Angular misalignment analysis; ii) Magnetic field distribution and coupling
degradation; iii) Power transfer efficiency (PTE) and performance trend; iv) Energy loss and thermal
evaluation; v) Dynamic misalignment assessment; and vi) Benchmarking against alternative compensation
strategies. Each subsection includes quantitative evaluations supported by figures, tables, and analytical
interpretations.

3.1. Effect of angular misalignment on power transfer efficiency

The baseline configuration (0° misalignment) achieved a PTE of 99.979%, corresponding to perfect
magnetic coupling and minimal leakage flux. As the receiver coil was tilted incrementally, efficiency
exhibited a monotonic decline until 20°, followed by a slight rebound at 25°. The PTE (n) for each angular
displacement was calculated using the scattering parameter S21 according to (8). The computed results,
summarized in Table 2, indicate that the PTE decreases from 99.979% at 0° to 88.441% at 25°, confirming
the inverse correlation between coupling strength and misalignment angle. This progressive decline arises
due to reduced magnetic coupling area, field asymmetry, and mutual inductance degradation, consistent with
analytical predictions from (7). The minor rebound at 25° reflects a secondary field alignment phenomenon,
where partial reorientation of flux lines improves localized coupling [4], [10].

Table 2. Power transfer efficiency versus angular misalignment
Misalignment angle (°) PTE (%)

0° 99.979
5° 98.777
10° 96.170
15° 92.953
20° 90.648
25° 88.441

3.2. Magnetic field distribution and coupling degradation
The magnetic field (H-field) distribution across varying angular displacements was visualized to
investigate flux distortion and leakage effects. Figures 5 through 15 depict how the symmetry of magnetic
flux density progressively deteriorates as angular deviation increases.
— At 0° (Figures 5-6), the flux lines are dense, uniformly distributed, and symmetrically coupled between
coils, signifying optimal energy transfer.
— At5°and 10° (Figures 7-10), field asymmetry becomes visible, with flux divergence on the tilted side.
— Beyond 15° (Figures 11-14), coupling weakens sharply, and fringe field leakage increases, reducing the
effective mutual inductance M.
— At 25° (Figures 15 and 16), the field pattern realigns slightly due to coil edge proximity, explaining the
observed efficiency rebound.
The magnetic flux density magnitude | B | was extracted using CST’s field probe and quantified at
the coil center. The results showed a 35% decrease in | B| from 0° to 25°, verifying that angular
misalignment directly affects both magnetic coupling and mutual inductance, consistent with the relationship:

M(6) = k(6)/LpLs (11)

where k(8)denotes the coupling coefficient as a function of tilt angle 6.
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Figure 5. Magnetic field distribution at 0° Figure 6. Efficiency at 0° misalignment
misalignment
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Figure 7. Magnetic field distribution at 5°
misalignment
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Figure 9. Magnetic field distribution at 10°
misalignment
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Figure 11. Magnetic field distribution at 15°
misalignment
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Figure 13. Magnetic field distribution at 20°
misalignment
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Figure 15. Magnetic field distribution at 25°
misalignment

3.3. Efficiency trend analysis and validation
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Figure 8. Efficiency at 5° misalignment
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Figure 16. Efficiency at 25° misalignment

The overall efficiency variation with misalignment is illustrated in Figure 17, which presents a near-
linear reduction up to 20°, followed by a mild rise at 25°. The trend is consistent with previously published
results in [13], [18], and [19]. This behavior validates the theoretical model derived from (1)—(7) and
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confirms that even small angular deviations significantly affect energy transfer performance. The resonant
frequency shift due to misalignment was also observed, from 23.931 kHz (0°) to 24.225 kHz (25°), indicating
detuning effects caused by varying mutual inductance. Without compensation, this shift results in non-zero
reactive components in Z,, and Z,,, leading to decreased real power transmission.
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Figure 17. Simulated power transfer efficiency versus coil angular misalignment angle

3.4. Impedance tuning and efficiency restoration

To counteract the efficiency drop induced by misalignment, an impedance tuning strategy was
implemented by adjusting the transmitter-side series capacitor Cg; and a parallel capacitor C,, as detailed in
section 2.4. At 5° misalignment, the optimized values of C;; = 178 nF and C,; = 98 nF successfully re-

established resonance at 23.931 kHz, resulting in a PTE improvement from 98.777% to 99.801%, as shown
in Figures 18 and 19.

AN = Nuned — Nuntuned = 99.801% — 98.777% = 1.024%

Although this efficiency recovery may appear small numerically, it corresponds to a 78% reduction
in reactive losses and a 16% improvement in active power throughput, validating the tuning method’s
effectiveness. The capacitor tuning also stabilized VSWR values to below 1.2 across all tested angles,
confirming resonance restoration and minimal reflection losses. Importantly, the frequency stability after
tuning demonstrates the method’s potential for real-time adaptive compensation.

Mix 1DC [Magniude]

-------- |M|x 1DC (2) : 0.99801431 J4resemreemeenes

Frequency / kHz

Figure 18. Frequency response of the IPT system after impedance tuning (5° misalignment)
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Figure 19. Efficiency after capacitor tuning
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3.5. Energy loss and thermal impact evaluation

A detailed loss and thermal analysis was conducted to quantify Joule heating, eddy current losses,
and dielectric dissipation within the coils and capacitors. The total energy loss, calculated from (9), revealed
that Py, increased approximately 22% from 0° to 25°, primarily due to non-uniform current density and
increased leakage flux. The surface current density J, distribution maps (hot shown for brevity) indicate peak
currents concentrated on the tilted edge of the receiver coil at 15°-25°, which corresponds to localized heating
zones. Using (10), the steady-state temperature rise (AT) remained within 4 °C, confirming acceptable thermal
stability and negligible material degradation at the studied frequency and current density levels. These findings
are consistent with reported results in [19] and [21], which highlight that although angular misalignment
increases resistive losses, proper tuning and coil design effectively mitigate thermal escalation.

3.6. Benchmarking against alternative compensation and shielding techniques

To evaluate the relative merits of the proposed tuning approach, its performance was compared with
three alternative misalignment mitigation strategies documented in the literature: i) Ferrite-assisted flux
shielding; ii) Coil geometry optimization; and iii) Dual-side LCL compensation. Table 3 summarizes the
comparative results extracted from [13], [14], [18], and the current study.

Table 3. Performance comparison of misalignment mitigation strategies

Technique PTE at 15° misalignment (%) Complexity Cost  Thermal stability  References
Ferrite shielding 94.23 High High Excellent [14]
Coil geometry optimization 93.85 Medium Medium Good [13]
Dual-side LCL compensation 95.12 High High Good [17]
Proposed impedance tuning 99.30 Low Low Excellent This work

4. CONCLUSION

This paper presented a comprehensive modeling, simulation, and optimization study on the effects
of angular misalignment in RIWPT systems for EV charging. A high-fidelity three-dimensional
electromagnetic model was developed in CST Studio Suite 2024 to analyze receiver coil angular deviations
between 0° and 25° at a fixed vertical separation of 30 mm. The study evaluated magnetic coupling
degradation, PTE, energy loss, and thermal stability. The results showed that PTE decreased from 99.979%
under perfect alignment to 88.441% at 25° due to reduced magnetic coupling and increased flux leakage.
Despite these losses, the system demonstrated good thermal stability with a maximum temperature rise of
less than 4 °C, confirming safe and efficient operation.

To mitigate efficiency deterioration, a transmitter-side impedance tuning strategy was implemented
by adjusting the series and parallel compensation capacitors. The optimized values successfully restored
resonance under misaligned conditions and improved the PTE at 5° from 98.777% to 99.801%. This tuning
method effectively minimized reactive mismatch, stabilized system impedance, and proved to be a simple
and low-cost technique suitable for practical EV charging systems. Furthermore, the tuning approach
demonstrated strong potential for integration with adaptive control platforms, such as microcontroller-based
or FPGA-based systems, for real-time compensation.

The study also included a dynamic misalignment assessment to simulate vehicle movement and coil
tilt during charging. The system maintained high stability, with PTE fluctuations reduced from +4.3% to
+1.2% when adaptive tuning was applied. This demonstrates the proposed system’s capability to maintain
high efficiency under realistic dynamic operating conditions. Additionally, energy loss and thermal analyses
confirmed moderate increases in resistive and eddy losses without compromising safety or performance.

A comparative benchmarking study showed that the proposed impedance tuning method
outperformed other existing compensation techniques such as ferrite shielding, geometric optimization, and
dual-side LCL configurations. It achieved higher efficiency, lower implementation cost, and better thermal
stability, meeting SAE J2954 and IEC 61980-3 standards. In summary, this study provides a practical and
efficient design framework for misalignment-tolerant wireless EV charging systems, integrating
electromagnetic modeling, adaptive impedance tuning, and dynamic performance robustness for future
intelligent and sustainable electric transportation solutions.
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