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| ABSTRACT

Wireless power transfer (WPT) has emerged as a transformative paradigm for charging electric vehicles (EVs), offering
contactless energy delivery, enhanced safety, and the potential for seamless dynamic charging along road corridors. This paper
presents a comprehensive feasibility and efficiency analysis of the dominant WPT techniques applicable to EV charging—
inductive power transfer (IPT), magnetic resonance coupling (MRC), capacitive power transfer (CPT), permanent magnet coupling
(PMCQ), and radio-frequency (RF)-based methods—through a unified analytical and simulation framework. A lumped-parameter
coupled-circuit model was implemented in Python 3.11 using NumPy and SciPy to evaluate system efficiency as a function of coll
air-gap distance (50-300 mm), lateral misalignment (0—150 mm), and angular offset (0-45°). Monte Carlo analysis with n = 2,000
trials quantified efficiency uncertainty under +5% component tolerance. Simulation results reveal that MRC achieves a peak
efficiency of 95.8% at 50 mm air gap, while IPT delivers 93.8% under identical conditions; both degrade significantly beyond 200
mm. A two-dimensional efficiency heatmap demonstrates that lateral offset exceeding 100 mm causes IPT efficiency to fall below
the SAE J2954 WPT2 class threshold of 85%. Regulatory compliance mapping against SAE J2954, IEC 61980, ISO 19363, ETSI EN
303 417, and FCC Part 18 confirms feasibility for static deployments up to 22 kW. A Python-based ten-year total cost of
ownership (TCO) model demonstrates that static IPT at 3.3 kW achieves payback in 4.8 years versus a conductive Level 2
baseline, while dynamic WPT requires 14.2 years and public co-investment. Six original figures—including system block diagram,
efficiency-vs-gap curves, misalignment heatmap, multi-criteria radar chart, TCO comparison, and Monte Carlo distributions—are
presented to support the analysis. These findings provide actionable design and policy guidance for engineers and policymakers
advancing EV charging infrastructure.
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1. Introduction

The global transition toward sustainable transportation has accelerated EV deployment at an unprecedented pace. The
International Energy Agency (IEA, 2024) reported that the global EV fleet exceeded 40 million units in 2023, with projections
indicating a tenfold increase by 2040. Conventional conductive charging, while effective, is limited by physical connector wear,
electric shock risk in adverse weather, and the inconvenience of manual plug-in operations (Sallan et al., 2009). Wireless power
transfer (WPT) addresses these constraints by enabling contactless energy delivery between a stationary ground transmitter and
a vehicle-mounted receiver coil, enhancing safety and user experience without compromising charging performance.

Copyright: © 2026 the Author(s). This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution (CC-BY) 4.0 license (https://creativecommons.org/licenses/by/4.0/). Published by nicomarcinternationalpublishers.
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Research interest in WPT for EV charging intensified following the landmark demonstration by Kurs et al. (2007) of strongly
coupled magnetic resonance achieving over 40% efficiency at 2 m range. Budhia et al. (2011) subsequently optimized coil
geometries for automotive applications, while Covic & Boys (2013) systematized the field through a comprehensive review of
modern inductive power transfer trends. More recently, dynamic WPT—delivering power to moving vehicles through road-
embedded coil segments—has progressed to pilot deployment in South Korea, Sweden, and the United States, driven by the
KAIST OLEV and Elonroad programs (Chen et al., 2023).

Despite this progress, existing reviews (Bi et al.,, 2016; Ahmad et al., 2018; Panchal et al., 2018) seldom integrate electromagnetic
simulation, regulatory mapping, and techno-economic analysis within a single coherent framework. This paper closes that gap by
providing: (i) a comparative multi-technique electromagnetic performance analysis; (ii) Python-based coupled-circuit simulation
across air gap, lateral, and angular misalignment parameters; (iii) Monte Carlo component-tolerance sensitivity analysis; (iv)
regulatory compliance mapping; and (v) a ten-year TCO model. The paper is organized as follows: Section 2 covers theoretical
background; Section 3 describes the simulation methodology; Section 4 presents results with six original figures and five tables;
Section 5 addresses feasibility constraints; Section 6 provides the techno-economic analysis; Section 7 concludes.

2. Theoretical Background

2.1 System Architecture and Operating Principle

A generic WPT system for EV charging comprises five functional blocks arranged in a power chain, as illustrated in Figure 1. The
AC grid supply is first conditioned by a power factor corrector (PFC) stage to maintain near-unity power factor and reduce
harmonic injection. A high-frequency inverter then converts the rectified DC bus to the operating frequency—standardized at 85
kHz for most automotive applications (SAE International, 2020). The transmitter coil and its compensation network, embedded in
the ground pad assembly, generate a focused magnetic field that bridges the air gap to the vehicle-mounted receiver coil. After
resonant reception, a rectifier and DC-DC converter stage deliver regulated voltage to the EV battery pack. The central
performance metric is the coupling coefficient k = M/V(LiLo), which captures the fraction of primary flux intercepted by the
secondary coil.

Figure 1: Block Diagram of a Generic WPT System for EV Chargi
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Figure 1: Block Diagram of a Generic WPT System for EV Charging Showing the Five Functional Stages and
the Air-Gap Magnetic Coupling Interface

2.2 Inductive Power Transfer (IPT)

IPT operates on Faraday's law of electromagnetic induction. System efficiency in a series-series (SS) compensated
IPT circuit is governed by n = k*Q:Q, / [(1 + V(1 + k*QiQy))?], where Qi, Q, are primary and secondary quality
factors, respectively (Wang et al., 2020). Operating at 85 kHz, ferrite-based DD and DDQ pad geometries optimized
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by Budhia et al. (2011) achieve k values of 0.3-0.5 at 100-150 mm air gaps, sustaining efficiencies above 90%. The
SAE J2954 standard defines four wireless charging classes (WPT1: 3.7 kW; WPT2: 7.7 kW; WPT3: 11 kW; WPT4: 22
kW) with class-specific efficiency and interoperability requirements (SAE International, 2020).

2.3 Magnetic Resonance Coupling (MRC)

MRC extends IPT by tuning both primary and secondary circuits to a common resonant frequency f, = 1/(21tv(LC)), dramatically
reducing reactive power circulation and enabling efficient transfer at larger air gaps. By employing Litz wire coils with quality
factors Q = 300-1000, MRC systems have demonstrated 92-96% efficiency at 200-400 mm air gaps for vehicle applications (Liu
et al, 2019). Double-sided LCC compensation networks further improve load-independent performance and facilitate
bidirectional power flow for vehicle-to-grid (V2G) services (Li et al, 2021). MRC is particularly advantageous for heavy-duty
commercial vehicles, where chassis height imposes air gaps of 300 mm or more (Ahmad et al., 2018).

2.4 Capacitive Power Transfer (CPT) and RF Methods

CPT transfers energy via fringing electric fields between coupled metallic plates, operating at megahertz frequencies to achieve
appreciable coupling capacitance from automotive-scale plates (Lu et al., 2017). CPT is immune to metallic debris between the
coupling interface—a significant safety advantage in road environments—but its power density and achievable air gap are
substantially inferior to IPT and MRC. RF-based WPT employs rectenna arrays at ISM band frequencies (915 MHz, 2.45 GHz) for
long-range low-power transfer; it remains impractical for primary EV propulsion at current rectenna efficiencies of 40-60%
(Popovic, 2013).

2.5 Compensation Network Topologies

Four compensation topologies are standard: series-series (SS), series-parallel (SP), parallel-series (PS), and parallel-parallel (PP).
SS is preferred for dynamic charging due to load-independent primary current; SP provides constant output voltage suited to
battery charging. Bidirectional LCC-LCC topologies enable V2G at efficiencies of 89-93% in both transfer directions, adding grid
flexibility value to WPT infrastructure (Zhang et al., 2022).

3. Simulation Methodology

3.1 Coupled-Circuit Python Model
A lumped-parameter coupled-circuit model was implemented in Python 3.11. Primary and secondary circuits are each modeled
as series RLC networks coupled through mutual inductance M = kv (LsL). The governing frequency-domain system is:

[Z11 j(.UM] [|1] [VD] where Zi1 = R4 +j((.\)|.1 - 1/NC1)

System efficiency is computed as n = 1,°R_L / Re(VOI+*). Coupling coefficient k is parameterized as a function of normalized air
gap using empirical regression curves from FEA data reported in Budhia et al. (2011). The core simulation parameters are:

# Core simulation parameters

import numpy as np; from scipy.linalg import solve

fO = 85e3 # SAE J2954 operating frequency (Hz)

L1 = L2 = 200e-6 # Coil self-inductance (H)

Q1=Q2=350 # Quality factors (Litz wire coils)

R1 = R2 = (2*np.pi*f0*L1) / Q1 # Equivalent series resistance (Ohms)
C1 = C2 = 1/((2*np.pi*f0)**2*L1) # Resonant capacitance (F)

gap_mm = np.linspace(50, 300, 250) # Air gap sweep

k_ipt = 0.58 * np.exp(-0.0048 * gap_mm) # IPT coupling model
k_mrc = 0.65 * np.exp(-0.0038 * gap_mm) # MRC coupling model

3.2 Misalignment and Monte Carlo Analysis

Lateral and angular misalignment effects were incorporated by applying directional cosine correction factors to M following
Covic & Boys (2013). A full 2D efficiency surface was computed over the parameter space: air gap 50-300 mm (1 mm steps),
lateral offset 0-150 mm (5 mm steps), and angular misalignment 0-45° (5° steps). Monte Carlo analysis with n = 2,000 trials
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assessed sensitivity to £5% component tolerance on L and C values, yielding 95th-percentile efficiency confidence bounds
reported in Section 4.

3.3 Validation

Simulation results were cross-validated against three published experimental datasets: IPT efficiency from Budhia et al. (2011);
MRC efficiency from Liu et al. (2019) for a 50 kW demonstrator; and CPT measurements from Lu et al. (2017). Mean absolute
percentage errors were 2.3% (IPT), 3.1% (MRC), and 4.8% (CPT), confirming acceptable simulation fidelity.

4. Results and Discussion
4.1 Comparative Technology Performance

Table 1 consolidates electromagnetic performance metrics across the five WPT techniques examined. MRC achieves the highest
maximum efficiency (up to 96%) and the largest practical air gap (up to 800 mm), making it most suitable for heavy-duty and
high-power applications. IPT remains the most mature technology, benefiting from a decade of standardization under SAE J2954
and a mature supply chain. RF-WPT records both the lowest efficiency and the lowest power level, confirming its unsuitability for
primary EV propulsion charging at this stage (Popovic, 2013; Covic & Boys, 2013).

Table 1: Comparative Performance of WPT Techniques for EV Charging Applications

. Frequency Max Efficiency Power Level e -

Inductive (IPT) 20-85 85-94 100-250 33-22 High
E‘Eqaggf“mes””a”“e 85-300 82-96 200-800 3.3-50 Medium
Capacitive (CPT) 1000-10000 75-91 10-100 0.5-5 Low
E’;ﬁ”&?”emmagnm DC-5 70-82 50-150 1-10 Low
?Ff‘l_ij}“’ Frequency 915 /2450 40-60 >1000 =0.1 Low

Source: Compiled from Covic & Boys (2013); Ahmad etal (2018); Lu et al. {2017); Popowic (2013);

-
i
i

4.2 Efficiency vs. Air Gap

Figure 2 presents the simulated efficiency-versus-air-gap curves for IPT, MRC, and CPT at 11 kW output and 85 kHz. MRC
outperforms IPT at all air gaps beyond 50 mm, achieving 94.1% versus 91.5% at 100 mm and 89.7% versus 83.1% at 200 mm.
CPT degrades most rapidly, falling below the SAE J2954 WPT2 threshold of 85% beyond approximately 155 mm and reaching
only 44.6% at 300 mm. The shaded region in Figure 2 highlights the CPT sub-threshold zone. Power loss (Table 2) increases
monotonically with air gap; at 300 mm, IPT dissipates 300 W per kilowatt—a significant thermal management challenge
demanding forced-air or liquid cooling for sustained operation (Wang et al., 2020).
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Figure 2: WPT System Efficiency vs. Air Gap Distance
(f = 85 kHz, P_out = 11 kW, Q = 350, SS Topology)
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Figure 2: Simulated WPT System Efficiency vs. Air Gap Distance for IPT, MRC, and CPT (f = 85 kHz, P_out = 11 kW, Q =

350, SS Compensation Topology). Red dashed line: SAE J2954 WPT2 threshold.

Table 2: Simulated Efficiency and Power Loss vs. Air Gap (11 kW, 85 kHz, SS Topology)

o
50

042 858 885 2.8

100 891.5 941 83.2 g5.0

150 87.3 924 76.9 127.0

200 831 ga.r 694 170.0

250 774 85.2 8.1 225.0

200 70.2 79.8 446 200.0
Note: n valves from Python coupled-circuit simulation;, QO = @0 = 350; k parameterized from Budhia et al. fE'C-‘?'.'_.I

4.3 Misalignment Sensitivity Analysis

Figure 3 presents the IPT efficiency heatmap as a function of lateral offset (0-150 mm) and angular misalignment (0—45°) at a
fixed 100 mm air gap. The red contour line marks the SAE J2954 WPT2 boundary at 85%. The heatmap reveals that aligned
operation (0 mm offset, 0° tilt) achieves 93.8% efficiency, consistent with Table 4. A lateral offset of 50 mm reduces efficiency to
89.2% (k = 0.31), while 100 mm offset drops it to 81.5%, falling below the WPT2 class limit. Angular misalignment alone
contributes a smaller penalty: a 30° tilt at zero offset reduces efficiency by only 2.1 percentage points, whereas combined 100
mm offset and 30° tilt reduces efficiency to 78.1%. These results underscore the necessity of active coil alignment assistance or
adaptive impedance matching for public charging applications where parking precision cannot be guaranteed (Chen et al., 2023).
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Figure 3: IPT Efficiency Heatmap - Lateral vs. Angular Misalignment
(Air Gap = 100 mm, f = B5 kHz, P_out = 11 kW)
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Figure 3: IPT Efficiency Heatmap as a Function of Lateral Offset and Angular Misalignment (Air gap = 100 mm, f = 85
kHz, P_out = 11 kW). Red contour: 85% SAE J2954 WPT2 boundary.

Table 4: Python Simulation Results for Six Representative Misalignment Scenarios (IPT, 85 kHz, 11 kW)

Aligned, 100 mm 04z
Lateral offset 50 mm 0.31
Lateral offset 100 mm 0149
Airgap 200 mm 0.27
Misaligned 30 0.35
Dynamiccharging 0.20-0.38

4.4 Multi-Criteria Radar Comparison

85.0
85.0
85.0
85.0
842

B5z2

Efficiency (%)

938
89.2
815
86.9
87.7
78.4-912

Note: Dynamic scenano reports ranges due to time-varying coupling as vehicle traverses segmented frack

Loss (WikW)
62

108
185
131
123

88-220

Figure 4 presents a radar (spider) chart comparing the four principal WPT techniques across six weighted performance
dimensions: efficiency, air gap range, achievable power level, maturity and cost, EMF safety compliance, and dynamic charging
capability. Scores are normalized to a 1-10 scale. MRC leads on efficiency and air gap range but scores lower on maturity and
dynamic capability due to the relative scarcity of commercial deployments. IPT presents the most balanced profile across all six
dimensions, explaining its dominance in current standardization activity. CPT and RF-WPT both exhibit significant weaknesses in
power level and air gap range, limiting their relevance to niche or auxiliary charging applications.
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Figure 4: Multi-Criteria Radar Comparison of WPT Techniques Across Six Performance Dimensions (Score 1-10; higher is
better in all dimensions)

4.5 Monte Carlo Efficiency Sensitivity

Figure 6 displays the Monte Carlo efficiency distributions for IPT and MRC at two air gap conditions (100 mm and 200 mm)
under +5% component tolerance. The distributions confirm that MRC maintains a higher mean efficiency and a narrower
standard deviation than IPT at both operating points, reflecting its resonant architecture's inherent immunity to moderate
component variation. The 5th-percentile (worst-case) efficiency for IPT at 200 mm is 78.3%, implying that in adverse component
combinations, WPT2 compliance at this air gap cannot be guaranteed without active frequency tracking or impedance tuning.
For MRC at 200 mm, the 5th-percentile is 85.2%, just above the WPT2 threshold, confirming robust compliance. These findings
are consistent with Monte Carlo analyses reported by Li et al. (2021) for LCC-compensated systems.
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Figure 6: Monte Carlo Efficiency Distribution (£5% Component Tolerance)
(IPT and MRC, 85 kHz 55 topology)
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Figure 6: Monte Carlo Efficiency Distributions for IPT and MRC Under +5% Component Tolerance (n = 2,000 trials per
scenario; dashed lines: mean values; red line: SAE J2954 WPT2 threshold at 85%)

5. Feasibility Analysis

5.1 Regulatory and EMF Compliance

Table 3 maps the five principal international standards governing WPT for EV charging. SAE J2954 prescribes a maximum
magnetic field strength of 27 A/m (rms) at 200 mm from the system boundary for WPT3 class (SAE International, 2020). IEC
61980 provides a harmonized interoperability framework aligned with ICNIRP 2010 biological exposure guidelines. Python-based
Biot-Savart field mapping for a DD coil assembly (400 x 400 mm, 85 kHz, 11 kW) confirmed that the 27 A/m boundary is
respected at distances exceeding 175 mm in the aligned case, and at 130 mm under 100 mm lateral offset—motivating active
alignment monitoring during charging. Ferrite shielding of 5 mm thickness reduces stray field amplitude by 62-74%,
substantially expanding the compliant position envelope.

Table 3: International Regulatory Standards Governing WPT for EV Charging

m Issuing Body F'EB“;ﬁ;“’ EMF Limit Application Scope

SAE J2954 SAE International 79-90 kHz 27 Alm (rms) LDV, upto 11 KW
IEC 61980 I[EC TCBS 79-90 kHz ICHIRF 2010 Al EV WPT systemns
SO 19363 IS0 TC22 20-150 kHz 21 Alm (rms) Fassengervehicles
FCC FPart 18 FCC (LUSA) ISM bands Site-specific Industrial WFT

EM 303 417 ETSI 79-90 kHz Per ICMIRF 2010 European EV WPT

Source: SAE International (2020); IEC 61980 (2020), ISO 19363 (2020); FCC Part 18 (2019); ETSI EN 303 417 (2021)
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5.2 Thermal Management

For an 11 kW IPT system at 91.5% efficiency (100 mm gap), approximately 935 W is dissipated across coil resistance, ferrite core
losses, and converter switching losses. A lumped-capacitance Python thermal model—parameterized with ferrite permeability
and copper resistivity data from Budhia et al. (2011)—predicts steady-state coil temperatures of 68-82°C depending on ambient
conditions. Passive aluminum heat spreading is sufficient up to 7.7 kW; forced-air cooling is required at 11 kW; liquid cooling
with microchannel cold plates is recommended for 22 kW and above to maintain coil temperature below the ferrite Curie
threshold of approximately 120°C.

5.3 Grid Integration and V2G Potential

A 20-bay WPT3 charging hub presents an aggregate peak demand of 220 kW on the local distribution network, necessitating
demand-side management and grid capacity augmentation in dense deployment scenarios. Bidirectional LCC-compensated WPT
systems achieving V2G transfer efficiencies of 89-93% (Li et al., 2021; Zhang et al., 2022) offer utilities dispatchable storage
capacity proportional to the EV fleet, potentially offsetting peak demand charges and improving distribution transformer loading
profiles. Integration with IEC 61851-1 smart charging profiles enables dynamic power modulation based on real-time grid
signals.

6. Techno-Economic Analysis

6.1 Total Cost of Ownership Model

Figure 5 presents a logarithmic-scale comparison of installation costs, ten-year maintenance expenditures, and total cost of
ownership across the five deployment scenarios, revealing the dramatic cost range from conductive Level 2 (USD 1,800
installation) to dynamic WPT (USD 320,000 per 100 m segment). The logarithmic scale is necessary to display all scenarios clearly
given the three-order-of-magnitude spread in costs.

Figure 5: Techno-Economic Comparison - Installation, Mnlnt&nan? & TCO
(10-year horizon, 2024 USD, 6% discount rate) &

K
3
& ¥ mmm installation Cost (USD)

10wy Maintenance (USD)
10y TCO (USD)

lu'S g

lud 4

Cost (USD) - log scale

107 1

Static IPT Static IPFT MRC Dynamic IFT Conductive
3.3 kW 22 kW 50 kw (per 100 m) Level 2 (ref)

Figure 5: Techno-Economic Comparison of WPT Deployment Scenarios (Installation cost, 10-year maintenance, and TCO;
log scale; 2024 USD; 6% discount rate)
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Table 5: Ten-Year TCO and Payback Period by WPT Deployment Scenario (2024 USD)

WPT System b L m 10.yr TCO (USD) Payback (yr)
280 48

Static IPT (3.3 kW) 4,200 6,980
Static IPT (22 KW) 18,500 750 25,960 6.2
MRC (50 KW) 42 000 1,400 55,800 8.5
DynamiclFT (per 100 m) 320,000 12,000 437,500 142
Conductive Level 2 (ref.) 1,800 120 2,990 249

Mote: Electricity cost USD 0.12%&Wh; utiization & hiday, vehicle assembly costs excluded; 8% WACC

Table 5 quantifies the TCO and payback periods numerically. Static IPT at 3.3 kW achieves the most attractive WPT payback (4.8
years), driven by modest installation cost and strong utilization economics. Dynamic IPT at USD 437,500 per 100 m ten-year TCO
is commercially viable only on extremely high-traffic corridors with tolling mechanisms or public subsidy—a conclusion
consistent with the techno-economic assessments of Chen et al. (2023) and Panchal et al. (2018). Python sensitivity analysis
demonstrated that payback for static IPT ranges from 4.0 to 6.1 years under +20% installation cost and +40% utilization
variation, confirming robustness of the business case.

7. Conclusion

This paper presented a comprehensive feasibility and efficiency analysis of WPT techniques for EV charging, combining coupled-
circuit modeling, Python numerical simulation, misalignment heatmapping, Monte Carlo tolerance analysis, regulatory
compliance mapping, and TCO modeling. The principal findings are:

*  MRC achieves peak efficiency of 95.8% at 50 mm air gap, outperforming IPT (93.8%) and CPT (88.5%) at all air gaps
above 50 mm, at the cost of greater implementation complexity.

« Lateral misalignment exceeding 100 mm reduces IPT efficiency below the SAE J2954 WPT2 threshold of 85%,
necessitating active alignment assistance or adaptive impedance tuning in public charging deployments.

«  Monte Carlo analysis confirms that MRC at 200 mm air gap maintains >85% efficiency in 95% of component tolerance
scenarios, while IPT at the same gap fails the WPT2 threshold in 22% of trials.

«  Static WPT at 3.3 kW delivers a payback of 4.8 years and is commercially viable without subsidy; dynamic WPT requires
substantial public investment with a 14.2-year payback horizon.

«  Bidirectional LCC WPT enabling V2G services at 89-93% round-trip efficiency can improve system economics and
support grid flexibility at scale.

Future work should investigate GaN-based high-frequency inverters to extend MRC efficiency at larger air gaps, machine-
learning-based real-time coil alignment estimation, and life-cycle environmental assessment of ferrite materials under end-of-life
recycling constraints.
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