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 To address the need for a reproducible design process for an efficient 

wireless electric vehicle (EV) charging system that guarantees compliance 

with the SAE J2954 standard, this paper proposes a systematic, flowchart-

based optimization technique. Unlike methods that focus solely on coil 

performance, the proposed approach integrates standard-specific constraints, 

such as inductance and geometric limits, from the outset to ensure the final 

design meets stringent performance benchmarks for efficiency and 

misalignment tolerance. A circular flat spiral coil structure has been adopted 

for both the transmitter and receiver coils to enhance manufacturability and 

achieve uniform magnetic field distribution. A flowchart-based design 

technique has been developed to optimize key coil parameters, including the 

number of turns and coil diameters, subject to constraints of 200 µH 

inductance and a maximum outer diameter of 700 mm. Finite element 

analysis (FEA) simulations verify that the proposed design approach 

achieves maximum magnetic coupling under various air gap distances and 

misalignment conditions. An experimental validation of a 2-kW prototype 

demonstrates close agreement with simulations, achieving coil-to-coil 

efficiencies between 92.61% and 96.67%, and overall system efficiency 

exceeds 80% under all tested conditions. These results confirm that the 

proposed design method effectively meets performance requirements set by 

the SAE J2954 standard. 
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1. INTRODUCTION 

Electric vehicles (EVs) are becoming a major part of the automotive industry, driven by increasing 

demand and a shift toward more sustainable transportation. According to the International Energy Agency 

(IEA), global EV sales surpassed 14 million units in 2023, and this number is expected to grow even more in 

the coming years [1]. One of the main reasons behind this growth is that EVs offer lower fuel and 

maintenance costs compared to traditional gasoline-powered vehicles [2]. 

Conventional plug-in charging systems for EVs have some significant drawbacks in terms of 

usability and safety. Connecting and handling heavy charging cables can be inconvenient, especially in bad 

weather conditions. Over time, frequent use can wear out charging ports and connectors, leading to higher 

maintenance costs and an increased risk of system failures. In wet conditions, moisture can damage cable 

insulation and connectors, increasing the risk of short circuits and leakage currents, which can cause electric 

shocks or even fires. Leakage currents are one of the leading causes of charging-related electrical failures, 

where multiple reports linking them to system malfunctions [3]-[5]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Wireless power transfer (WPT) technology has emerged as a more convenient and safer alternative 

by eliminating physical connectors. This substantially reduces the risks of electric shock, leakage currents, 

and other electrical failures commonly associated with traditional plug-in systems [6]-[8]. Wireless chargers 

for EVs have developed significantly over the past decade. This technology enables power transmission 

through magnetic coupling between the ground assembly (GA) and vehicle assembly (VA) without requiring 

any physical contact. Recent developments have shown that optimized WPT systems can achieve power 

transfer efficiencies exceeding 80% under various operating conditions [9]-[12]. However, implementing 

wireless charging systems faces several technical challenges, including efficiency optimization, 

electromagnetic compatibility (EMC), and safety considerations [13]-[17]. 

To ensure reliable and standardized wireless charging solutions for EVs, the Society of Automotive 

Engineers (SAE) has established the J2954 standard [18] for light-duty electric vehicles. This standard 

introduces crucial guidelines for categorizing the wireless EVs charging system, including input power (WPT 

power classes), vertical distance between transmitting and receiving coils (WPT Z-Classes), ground assembly 

installation categories, and interoperability classifications. Additionally, it specifies the requirements of 

output voltage, output power, maximum allowable coil misalignment, operating frequency, input power 

factor, and minimum system efficiency in both with and without coil misalignment. 

The design and development of wireless EV charging systems in accordance with the SAE J2954 

standard have been explored extensively in prior research. In response to the rising power requirements of 

wireless EV chargers, a study in [19] introduces a modular multilevel converter (MMC). An integrated boost 

multilevel converter (IBMC) with a primary-side control technique is proposed in [20], which achieves a 

boosted multilevel output voltage while eliminating additional components on the receiver side. To achieve a 

high coupling coefficient, increased tolerance to misalignment, and enhanced power efficiency, [21] proposes 

a double set square (DSSq) charging pad design for the receiver coil. In systems without parking assistance, a 

split flat solenoid coupler is proposed in [22] to increase lateral misalignment tolerance while reducing 

copper and ferrite material usage. A receiver coil with a dual-layer structure and an M-core is introduced  

in [23], which enhances the power density and coupling coefficient of the receiver. 

However, there is a lack of comprehensive design approaches for developing wireless EV charging 

systems that fully comply with the SAE J2954 standard, particularly regarding the optimization of coil design 

to achieve the most suitable structure for maximizing power transfer efficiency and improving misalignment 

tolerance. This paper aims to develop an optimal design approach for efficient wireless EV chargers that 

meet the performance requirements of the SAE J2954 standard, with a focus on the design of the transmitter 

and receiver coils. The design methodology is presented and subsequently verified through magnetic 

simulations using the COMSOL program. Finally, experimental validation is performed on a 2-kW wireless 

EV charging system. 

 

 

2. SAE J2954 STANDARD OVERVIEW 

The SAE J2954 standard establishes globally recognized guidelines and requirements for wireless 

charging systems, specifically tailored for light-duty electric vehicles. It defines acceptable criteria for 

interoperability, electromagnetic compatibility (EMC), EMF exposure, minimum performance, safety, and 

testing for WPT of electric vehicles. The WPT system described in this standard consists of two main parts: 

the ground assembly (GA) and the vehicle assembly (VA), as shown in Figure 1. The electrical energy 

provided by the utility grid is first converted into DC and subsequently into high-frequency alternating 

current (AC) through GA electronics. It is then wirelessly transmitted to the VA via electromagnetic coupling 

between the GA and VA coils. Before delivering the received power to the EV’s battery, the induced high-

frequency AC is rectified by the VA electronics. 

This standard classifies wireless EV charging systems based on the maximum input apparent power 

drawn from the grid (WPT power classes), the range of ground clearances (WPT Z-classes), ground assembly 

installation types, and interoperability. The three WPT power classes are WPT1 (3.7 kVA), WPT2 (7.7 

kVA), and WPT3 (11.1 kVA). The WPT Z-classed are defined based on the vertical clearance between the 

ground and the lower surface of the VA coil, known as the VA coil ground clearance. The WPT Z-classes 

include Z1 (100–150 mm), Z2 (140–210 mm), and Z3 (170–250 mm). This standard defines three GA 

installation categories based on their mounting position relative to the ground surface, which are above-

ground mounting (GA is placed on top of the ground surface), flush mounting (GA is installed flush with the 

ground surface), and buried mounting (GA is buried below the ground surface). To ensure compatibility with 

VA, this standard defines two interoperability classifications for GA. Interoperability Class I GA refers to a 

GA that is intended for public use (multiple VA), capable of operating across the full range of VA coil 

ground clearances and input power range. Interoperability Class II GA refers to a GA that is intended for a 

specific use (specific VA). It may operate over less than the full VA coil ground clearance range and input 
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power range. According to this standard, the designed system in this work is classified as detailed in Table 1. 

To ensure the reliable and efficient operation of wireless EV charging systems, performance requirements 

have been established by the SAE J2954 standard. Based on this standard and the system classification shown in 

Table 1, the minimum performance requirements for the designed WPT system are specified in Table 2. 

 

 

 
 

Figure 1. Overall WPT system as defined in the SAE J2954 standard 

 

 

Table 1. Classification of the WPT system under design according to SAE J2954 standard 
SAE J2954 classification Designing system Description 

WPT power class WPT1 Maximum input apparent power: 3.7 kVA 

WPT Z-Classes Z1 VA coil ground clearance: 100 – 150 mm 

Ground assembly installation Above ground mounting GA installation: Above ground 

Interoperability Class II GA GA compatible with specific VA units  

 

 

Table 2. Required performance of the WPT system under design according to SAE J2954 standard 
Parameters Value 

Rated output power 2 kW 

Input apparent power at rated output power ≤ 3.7 kVA  

Output DC voltage at rated output power 280 – 420 V 

System efficiency at rated output power (Air gap = 10 cm, No Misalignment) ≥ 85% 

System efficiency at rated output power (Air gap = 10 cm, Misalignment = 10 cm) ≥ 80% 

System efficiency at rated output power (Air gap = 15 cm, No Misalignment) ≥ 85% 

System efficiency at rated output power (Air gap = 15 cm, Misalignment = 10 cm) ≥ 80% 

Frequency 85 kHz 

 

 

3. SYSTEM DESCRIPTION AND ANALYSIS 

The wireless EV charging system illustrated in Figure 1 can be represented by the equivalent circuit 

depicted in Figure 2(a), where Vin represents the first harmonic component of an inverter output voltage. The 

inductance of the transmitter (GA) coil, receiver (VA) coil, and mutual inductance are denoted by Lp, Ls, and 

M, respectively. The intrinsic resistances of the GA coil and VA coil are defined as Rp and Rs. The series-

series (SS) compensation topology is adopted by connecting a capacitor with capacitance Cp in series with 

the GA coil and a capacitor with capacitance Cs in series with the VA coil. Both the transmitter and receiver 

circuits are tuned to resonate at the same frequency, defined as the resonant frequency (𝑓0). 

The system output can be represented by an equivalent AC resistance (𝑅𝑎𝑐), calculated as (1) [24]. 

 

𝑅𝑎𝑐 =
8𝑅𝑑𝑐

𝜋2  (1) 

 

Where 𝑅𝑑𝑐 is the equivalent DC resistance, determined by the voltage and current ratings of the EV battery. 

To ensure the system operates at a resonant frequency, the required capacitance values for the transmitter and 

receiver circuits are as (2) and (3). 
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𝐶𝑝 =
1

4𝜋2𝑓0
2𝐿𝑝

 (2) 

 

𝐶𝑠 =
1

4𝜋2𝑓0
2𝐿𝑠

 (3) 

 

By transferring the impedance in the receiver circuit to the transmitter circuit, the system can be 

simplified as shown in Figure 2(b), where Zr is defined as the reflected impedance, which is expressed as (4). 

 

𝑍𝑟 =
4𝐿𝑝𝐿𝑠𝜋2𝑓0

2𝑘2

𝑅𝑠+𝑅𝑎𝑐
 (4) 

 

Where 𝑘 = 𝑀 √𝐿𝑝𝐿𝑠⁄  is the magnetic coupling coefficient of a coupled coil. The coil-to-coil efficiency 

(𝜂𝑐𝑜𝑖𝑙) can be derived from (5), which depends heavily on the magnetic coupling coefficient (𝑘); that is, 𝜂𝑐𝑜𝑖𝑙  

increases as 𝑘 increases. It is noted that a well-designed coil can maximize the coupling factor. 

 

𝜂𝑐𝑜𝑖𝑙 =
4𝑅𝑎𝑐𝐿𝑝𝐿𝑠𝜋2𝑓0

2𝑘2

(𝑅𝑝+𝑍⃑𝑟)(𝑅𝑠+𝑅𝑎𝑐)2 (5) 

 

Commonly used structures of coupled coils for wireless EV charging systems are the circular flat 

spiral coil (CFSC), square flat spiral coil (SFSC), double D pad (DD), double D-quadrature pad (DDQ), and 

bi-polar pad (BP). A comparison of these structures is reported in [25], which can be summarized in Table 3. 

It is noted that the CFSC structure requires low space volume and material usage, thereby lowering the 

overall system cost. Moreover, it provides a uniform magnetic field distribution, scalability, and 

manufacturability [26]. 
 
 

  
(a) (b) 

 

Figure 2. Equivalent circuit of the wireless EV charging system: (a) full circuit and (b) simplified circuit 
 

 

Table 3. Comparison of the coupled coils structures used in a wireless EV charger 
Structure Misalignment tolerance Space volume Material usage 

CFSC Weak Low Low 

SFSC Weak Low Low 

DD Medium Medium Medium 

DDQ Medium Medium High 
BP Preferable Medium Medium 

 

 

4. PROPOSED DESIGN TECHNIQUE 

To meet the performance requirements of the SAE J2954 standard, as detailed in Table 2, this work 

focuses on the optimal design of a coupled coil for the wireless charging system. A circular flat spiral coil 

configuration, as shown in Figure 3, is adopted due to its key advantages, including ease of design, 

manufacturability, and uniform magnetic field distribution. The coil’s inner diameter, coil’s outer diameter, 

copper wire’s cross-sectional area, and spacing between coil turns are represented by di, do, w, and s, 

respectively. 

Various research efforts have proposed design methodologies to optimize the parameters of circular 

flat spiral coils; nevertheless, most of these studies emphasize system performance without referencing or 

conforming to established international standards. In this work, a systematic, flowchart-based optimization 

technique is proposed to provide a reproducible design process for an efficient wireless electric vehicle (EV) 

charging system that ensures compliance with the SAE J2954 standard. A comparison between the 

previously optimized design technique and the proposed design approach is presented in Table 4. 
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Figure 3. Circular flat spiral coil configuration 

 

 

Table 4. Comparison between the previously optimized design technique and the proposed method 
Sources Optimized design technique SAE J2954 compliance 

[27] Coil size ratio-based × 

[28] Model-based × 

[29] Machine learning × 

[30] Genetic algorithm × 

[31] Genetic algorithm × 

[32] Flowchart-based × 

This work Flowchart-based  

 

 

As presented in [30], in the case of zero turn spacing (s = 0), the self-inductance of a circular flat 

spiral coil (in 𝜇H) can be estimated as (6). 

 

𝐿 =
(𝑑𝑖+𝑤𝑁)2𝑁2

406.4𝑑𝑖+1524𝑤𝑁
 (6) 

 

Where 𝑁 is the number of turns of the coil. Note that 𝑑𝑖, 𝑑𝑜, and 𝑤 are measured in millimeters. The 

estimated coil inductance will be within 5% of the actual value if the condition in (7) is met. This condition is 

called the Wheeler Condition, or WC for short. 

 

0.9𝑤𝑁 − 0.1𝑑𝑖 > 0 (7) 

 

From (6), the coil inner diameter can be derived as presented in (8), while the coil outer diameter can be 

computed from (9). 

 

𝑑𝑖 =
0.2(1016𝐿+2√258064𝐿2+6985𝑤𝐿𝑁3−5𝑤𝑁3)

𝑁2  (8) 

 

𝑑𝑜 = 𝑑𝑖 + 2𝑤𝑁 (9) 

 

To achieve an optimal coupled coil that provides the maximum magnetic coupling coefficient, this 

work proposes a design technique, shown as the flowchart in Figure 4. It is assumed that the transmitter and 

receiver coils are identical. With this technique, the optimal coil turn number (𝑁), coil inner diameter (𝑑𝑖), 

and coil outer diameter (𝑑𝑜) are obtained through an iterative calculation process. The design constraints, 

including coil inductance (𝐿), turn spacing (𝑠), copper wire diameter (𝑤), and maximum coil outer diameter 

(𝑑𝑜,𝑚𝑎𝑥), are defined in the first step. Next, the calculation loop begins by setting the initial coil turn number 

to one. The coil inner diameter is then calculated using (8). After that, the coil outer diameter is calculated 

using (9). Then, it is compared with 𝑑𝑜,𝑚𝑎𝑥. If it is greater than 𝑑𝑜,𝑚𝑎𝑥, meaning the outer diameter of the coil 

exceeds the constraint, the current value of 𝑁 cannot be used. Thus, the coil turn number will be updated by 

increasing its previous value by one, and the process will return to the 𝑑𝑖 calculation stage. But if it is lower 

than 𝑑𝑜,𝑚𝑎𝑥, the process will continue to check the Wheeler condition (WC) in (7) to ensure that the 

difference between the estimated and actual coil inductance values is less than 5%. If this condition is not 

met, the coil turn number will also be updated, as explained earlier. But if this condition is met, the latest 

value of 𝑁, 𝑑𝑖, and 𝑑𝑜 will be assigned as the optimal value, and the design process will stop. Using the 

proposed technique, applied under the design constraints in Table 5, yields the optimal parameters for the 

coupled coil of the wireless EV charger, as shown in Table 6. 
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Figure 4. Proposed optimal coil design flowchart 

 

 

Table 5. Constraints for the coil design 
Parameter Value 

Coil inductance (𝐿) 200 µH 

Turn spacing (𝑠) 0 mm 

Copper wire diameter (𝑤) 4 mm 

Maximum coil outer diameter (𝑑𝑜,𝑚𝑎𝑥) 700 mm 

 

 

Table 6. Optimal coil design results 
N (turns) di (mm) do (mm) WC Remark 

1 81,286.99 81,294.99 Fail do > do,max 

2 20,334.44 20,349.97 Fail do > do,max 
3 9,051.99 9,075.99 Fail do > do,max 

4 5,107.63 5,139.63 Fail do > do,max 
5 3,285.30 3,325.30 Fail do > do,max 

6 2,297.95 2,345.95 Fail do > do,max 

7 1,704.50 1,760.50 Fail do > do,max 
8 1,320.62 1,384.62 Fail do > do,max 

9 1,058.24 1,130.24 Fail do > do,max 

10 870.95 950.948 Fail do > do,max 
11 732.42 820.42 Fail do > do,max 

12 626.85 722.85 Fail do > do,max 

13 544.29 648.29 Fail WC not met 
14 478.23 590.23 Pass Optimal value 

15 424.32 544.32 Pass Sufficient value 

16 379.50 507.50 Pass Sufficient value 
17 341.64 477.64 Pass Sufficient value 

18 309.17 453.17 Pass Sufficient value 

19 280.97 432.97 Pass Sufficient value 
20 256.18 416.18 Pass Sufficient value 

 

 

As indicated in Table 6, the optimal coil parameters are achieved at iteration 𝑁 = 14. At this stage, 

the coil’s inner and outer diameters are 478.23 mm and 590.23 mm, respectively. Note that the outer 

diameter is within the maximum limit of 700 mm, and the design meets the wheeler condition. For 

comparison, further iterations from 𝑁 = 15 to 𝑁 = 20 were conducted. The results show that the wheeler 

condition is met and 𝑑𝑜 < 𝑑𝑜,𝑚𝑎𝑥 at these stages. However, they do not yield the optimal coil parameters, 

which are defined as the sufficient value. 

To verify the presented coil design results, a finite element analysis (FEA) simulation was 

performed using COMSOL multiphysics software, as shown in Figure 5. The coil parameters listed in  

Table 5 (𝑠 and 𝑤) and those for iterations N = 14 to 20 in Table 6 (𝑁, 𝑑𝑖, and 𝑑𝑜) were used in the 

simulation. The coil alignment conditions, as specified by the performance requirements in Table 2, were 

simulated. These conditions include a 10 cm air gap both with and without a 10 cm horizontal misalignment, 

and a 15 cm air gap both with and without a 10 cm horizontal misalignment. 

The FEA simulation results presented in Figure 6 indicate that the highest magnetic coupling 

coefficient of the coupled coil, under all coil alignment conditions, occurs when the coil turn number is 14, 

which corresponds to the optimal value obtained from the coil design. The magnetic coupling decreases as 

the coil turn number increases, which verifies the proposed design method. Moreover, for a given coil turn 

number, the results indicate that magnetic coupling decreases with increasing air gap and/or horizontal 

misalignment between the coils. 
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Figure 5. COMSOL multiphysics FEA simulation 
 

 

 
 

Figure 6. FEA simulation results 
 

 

5. EXPERIMENTAL RESULTS AND DISCUSSION 

To validate the proposed technique, the transmitter (Tx) and receiver (Rx) coils are fabricated, as 

illustrated in Figure 7, using the optimal coil parameters derived from the design process, which are N = 14 

turns, s = 0 mm, w = 4 mm, 𝑑𝑖 = 478.23 mm, and 𝑑𝑜 = 590.23 mm. The inductance measured for the Tx coil is 

200.89 𝜇H and the Rx coil is 204.78 𝜇H, which deviates from the designed value of 200 𝜇H by 0.445% and 

2.39%, respectively. These errors are within 5%, confirming the validity of the wheeler condition. 
 

 

  
 

Figure 7. Fabricated coil designed with the 

optimal coil parameters 

 

Figure 8. Results of the magnetic coupling coefficient at 

different offset distances 
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The magnetic coupling coefficient of the coupled coils was measured as a function of horizontal 

misalignment (offset distance) from 0 cm to 10 cm, and the results are shown in Figure 8. Two air gaps 

(vertical distances) between the coils are considered, which are 10 cm and 15 cm. The results are in close 

agreement with those presented in Figure 6, which show that magnetic coupling decreases with increasing air 

gap and/or horizontal misalignment between the coils. Furthermore, the errors between the measured and 

FEA simulation results are less than 3%. 

The experimental validation was performed on a 2-kW prototype, as depicted in Figure 9, with its 

equivalent circuit illustrated in Figure 10. The components on the transmitter side include a variable three-

phase voltage source (3-phase variac), a three-phase full-wave rectifier (input rectifier), a full-bridge inverter, 

a transmitter coil (Tx coil), and a compensation capacitor (Cp). On the receiver side, the system consists of a 

receiver coil (Rx coil), a compensation capacitor (Cs), a single-phase full-wave rectifier (output rectifier), and 

a load resistor. The circuit parameters were measured and are listed in Table 7. 
 

 

 
 

Figure 9. A 2-kW prototype of a wireless EV charging system 
 

 

 
 

Figure 10. Equivalent circuit of the experimental setup 
 

 

Table 7. Measured parameters of the wireless EV charging system prototype 
Parameters Value 

Self-inductance of Tx coil (Lp) 200.89 µH 

Self-inductance of Rx coil (Ls) 204.78 µH 
Mutual inductance (M) at air gap = 10 cm, horizontal misalignment = 0 cm 69.7 µH 

Mutual inductance (M) at air gap = 10 cm, horizontal misalignment = 10 cm 58.5 µH 

Mutual inductance (M) at air gap = 15 cm, horizontal misalignment = 0 cm 48.9 µH 
Mutual inductance (M) at air gap = 15 cm, horizontal misalignment = 10 cm 42.6 µH 

Compensation capacitor at transmitter side (Cp) 17.394 nF 

Compensation capacitor at receiver side (Cs) 17.411 nF 
Intrinsic resistance of Tx coil (Rp) 0.385 Ω 

Intrinsic resistance of Rx coil (Rs) 0.392 Ω 

Load resistance (Rdc) 48 Ω 
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The measured system efficiency for the 10 cm and 15 cm air gap cases is shown in Figure 11 under 

different horizontal misalignment conditions ranging from 0 to 10 cm. Note that the system efficiency is 

calculated as the ratio of the DC output power to the input AC power (𝜂𝑠𝑦𝑠 = 𝑃𝑜𝑢𝑡,𝑑𝑐 𝑃𝑖𝑛,𝑎𝑐⁄ ). In all cases, the 

output power is kept constant at approximately 2 kW by adjusting the input AC voltage using a variable 

three-phase source (three-phase variac). It shows that system efficiency decreases as the air gap and/or 

horizontal misalignment increases, which aligns with the results in Figure 8. The system efficiencies exceed 

85% and 80% for the 0 cm and 10 cm horizontal misalignment cases, respectively. 

Figure 12 presents the experimental waveforms for the 10 cm air gap case, where 𝑃𝑖𝑛𝑣  is the product 

of inverter voltage (𝑉𝑖𝑛𝑣) and inverter current (𝐼𝑖𝑛𝑣), and 𝑃𝑟𝑒𝑐  is the product of rectifier voltage (𝑉𝑟𝑒𝑐) and 

rectifier current (𝐼𝑟𝑒𝑐). The coil-to-coil efficiency (𝜂𝑐𝑜𝑖𝑙) can be calculated by dividing the average value of 

𝑃𝑟𝑒𝑐  by the average value of 𝑃𝑖𝑛𝑣 . For the cases of 0 cm and 10 cm horizontal misalignment, the 𝜂𝑐𝑜𝑖𝑙  are 

96.67% and 95.19%, respectively. 

Figure 13 presents the experimental waveforms for the larger 15 cm air gap condition, which 

represents a more challenging scenario for power transfer. As shown, the coil-to-coil efficiency was 

measured at 94.52% with perfect alignment and 92.61% with a 10 cm horizontal offset. When compared to 

the 10 cm air gap results in Figure 12, these values represent a drop in efficiency of approximately 2-3%, 

which directly corresponds to the weaker magnetic coupling coefficient (k) at greater distances, as predicted 

by the FEA simulations in Figure 6. Despite this reduction, the efficiencies remain high, validating that the 

optimized coil design is robust even under less-than-ideal vertical and horizontal positioning. 

 

 

 
 

Figure 11. Measured system efficiency values at different horizontal misalignments (offset distance) 
 

 

  
(a) (b) 

 

Figure 12. Experimental waveforms at 10 cm air gap: (a) 0 cm horizontal misalignment and  

(b) 10 cm horizontal misalignment 
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To evaluate the system prototype, the test results are compared with the performance requirements 

of SAE J2954, as specified in Table 2. The evaluation results presented in Table 8 indicate that the designed 

system meets all the requirements. This result confirms the validity of the proposed design methodology. 

 

 

  
(a) (b) 

 

Figure 13. Experimental waveforms at 15 cm air gap: (a) 0 cm horizontal misalignment and  

(b) 10 cm horizontal misalignment 

 

 

Table 8. Evaluation of system performance against SAE J2954 standard 
Performance parameters SAE J2954 requirement Measured results Evaluation 

Input apparent power at rated output of 2 kW ≤ 3.7 kVA 2.28 - 2.6 kVA Pass 

DC output voltage at rated output of 2 kW 280 – 420 V 310 V Pass 

System efficiency at 10 cm airgap and 0 cm offset  > 85% 91.69% Pass 
System efficiency at 15 cm airgap and 0 cm offset  > 85% 88.00% Pass 

System efficiency at 10 cm airgap and 10 cm offset  > 80% 89.77% Pass 

System efficiency at 15 cm airgap and 10 cm offset  > 80% 84.59% Pass 

 

 

6. PRACTICAL IMPLEMENTATION CONSIDERATIONS 

While the 2-kW prototype successfully validates the coil design methodology, transitioning to a 

commercial product requires addressing further practical challenges, primarily related to electromagnetic 

interference (EMI) and thermal management. In a practical WPT system, managing EMI is critical for safety 

and regulatory compliance. To evaluate the effectiveness of shielding for the optimized coil, an FEA 

simulation was conducted. As shown in Figure 14(a), the unshielded coil exhibits significant magnetic field 

leakage, which could induce eddy currents in a vehicle's chassis. Figure 14(b) shows the result of adding a 

ferrite plate behind the coil to guide the flux and an aluminum plate to contain stray fields. The simulation 

confirms that this shielding strategy effectively reduces magnetic field leakage by 60%, ensuring the field is 

concentrated between the coils and minimizing potential interference. 

Simultaneously, thermal management is necessary to prevent the coils from overheating, which can 

damage insulation and increase resistive losses. At the 2-kW power level and 85 kHz operating frequency, 

the use of Litz wire is a primary strategy to reduce AC resistance caused by skin and proximity effects, 

thereby minimizing heat generation. For a production system, a dedicated thermal analysis using FEA would 

be required to predict the temperature rise under continuous operation. Depending on the results, passive 

cooling through natural convection or an active cooling system might be necessary to maintain the coil 

temperature within safe operating limits. 

The presented experimental setup utilizes a full-bridge inverter on the transmitter side and a full-

wave rectifier on the receiver side. In this work, the output power was maintained at 2 kW by manually 

adjusting the input voltage source. In a commercial application, a closed-loop control system is essential for 

regulating power and maintaining high efficiency under varying load conditions and coil misalignments. 

Common control strategies include phase-shift control of the inverter legs or adjusting the switching 

frequency to maintain resonance and achieve zero voltage switching (ZVS), thereby minimizing switching 

losses in the power electronics devices. 
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(a) 

 
(b) 

 

Figure 14. Finite element simulation: (a) without shielding and (b) with shielding 

 

 

7. CONCLUSION 

The design approach for the wireless EV charging system, aimed at meeting the performance 

requirements of the SAE J2954 standard, is presented in this paper. It focuses on the design of the coupled 

coil, as it has a significant impact on the overall system performance. The flowchart-based design technique 

is introduced to optimize key parameters of the flat spiral coil configuration, including the coil turn number, 

coil inner diameter, and coil outer diameter. The design process is governed by constraints, including a coil 

inductance of 200 μH, zero turn spacing, a copper wire diameter of 4 mm, and a maximum outer diameter of 

700 mm. The results of the optimal coil design satisfy all constraints and comply with the wheeler condition. 

The FEA simulation using COMSOL software indicates that the magnetic coupling coefficient of the coupled 

coil is maximized when the optimal coil parameters, derived from the design process, are employed. The 

error between the fabricated and designed coil inductances is within 5%, confirming the validity of the 

wheeler condition. Four coil alignments, corresponding to the performance requirements of the SAE J2954 

standard, are investigated, which are 10 cm air gap with 0 cm offset, 10 cm air gap with 10 cm offset, 15 cm 

air gap with 0 cm offset, and 15 cm air gap with 10 cm offset. The measured results of the magnetic coupling 
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coefficient, at different horizontal misalignments (offset) ranging from 0 to 10 cm, show good agreement 

with the FEA simulation results. The experimental results of the 2-kW prototype illustrate that system 

efficiency decreases with increasing air gap and/or horizontal misalignment between the coils, consistent 

with the relationship between magnetic coupling and coil offset. The measured system efficiency values 

exceed 85% and 80% for the 0 cm and 10 cm horizontal misalignment cases, respectively, meeting the 

required performance criteria. The test results of the four coil alignment cases indicate that the system 

performance complies with the requirements established in the SAE J2954 standard, thereby validating the 

proposed technique. This can be regarded as a guideline for developing high-performance wireless EV 

chargers that comply with the SAE J2954 standard. Future work will focus on integrating this optimized coil 

set into a complete system with a closed-loop controller to analyze dynamic response and load regulation. 

Furthermore, a comprehensive study on EMI shielding, thermal performance, and a comparative analysis 

with other coil topologies, such as DD and DSSq will be conducted to prepare the system for real-world 

deployment. These steps will further enhance the robustness of the proposed design for commercial EV 

charging applications. 
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