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Abstract- The rapid advancement of electric vehicles (EVs) 

offers a significant reduction in carbon emissions by replacing 

fossil fuels with more sustainable energy sources. This paper 

studies wireless charging technology for EVs, focusing on high-

frequency power losses. It presents an experimental investigation 

into the inductive power transfer (IPT) system's efficiency under 

various pavement materials (specifically, asphalt and concrete), 

revealing significant power losses due to material electromagnetic 

properties. This research provides insights into optimizing IPT 

system design through empirical analysis of power losses across 

different frequencies and magnetic flux densities. Three main 

contributions are highlighted: quantifying power loss density, 

developing an empirical equation for magnetic losses, and 

identifying the significant impact of pavement materials on overall 

system efficiency. A 17.8 kW IPT system is implemented to 

measure and validate the power losses in pavement materials. This 

research underscores the critical need for interdisciplinary 

approaches to enhance the feasibility of IPT systems for future 

autonomous and smart city applications. 

Index Terms—Inductive power transfer (IPT), power loss, road 

pavement material, wireless power transfer (WPT), dynamic 

wireless power transfer (DWPT) 

I. INTRODUCTION 

As an effective way to reduce fossil fuel consumption, the 

development of electric vehicles (EVs) has advanced rapidly 

over the past decade, offering an eco-friendlier transportation 

alternative to mitigate carbon emissions and combat global 

warming. Nonetheless, EV charging still predominantly relies 

on traditional conductive charging methods. Recently, there has 

been a growing focus on leveraging wireless power transfer 

(WPT) technology for EV charging to address the limitations 

and inconvenience associated with traditional conductive 

charging methods. Moreover, WPT technology can facilitate 

the integration of intelligent transportation systems (ITS), 

vehicle-to-grid (V2G), and various vehicle-to-vehicle (V2V) 

applications [1]-[3], paving the way for a truly sustainable and 

fully autonomous future. 

In terms of charging EVs wirelessly, there are two primary 

WPT options: stationary wireless power transfer (SWPT) and 

dynamic wireless power transfer (DWPT) [4], [5]. Both 

methods predominantly utilize compensated inductive power 

transfer (IPT) technology. DWPT offers enhanced flexibility 

and convenience by enabling on-the-go charging, making it 

particularly promising for the future of transportation and the 

integration into smart city infrastructures. 

This approach eliminates the need for vehicles to stop for 

charging by providing continuous power transfer while in 

motion. The potential of DWPT lies in its ability to reduce the 

burden on the vehicle's battery by supplying consistent energy 

along the travel route, effectively addressing both range anxiety 

and battery capacity limitations [6], [7]. Such a system is 

particularly effective in reducing battery size when deployed on 

dedicated routes—such as public transit systems or specific 

highways—where vehicles have consistent access to wireless 

charging infrastructure. This deployment enables significant 

reductions in battery size [8], [9]-[11]. In such controlled 

environments, batteries serve primarily as backup or for short-

distance travel, as continuous wireless power minimizes the 

vehicle’s reliance on stored energy. Consequently, this 

approach reduces vehicle weight and cost, making DWPT an 

attractive solution for electric vehicle operations on fixed 

routes. 

This wireless charging process, as shown in Fig. 1(a) 

eliminates the need for human involvement in handling the 

high-voltage charging cable, thereby reducing the risk of 

physical injury and mental stress associated with remembering 

and operating the high-voltage charging cable involved in the 

traditional plug-in charging process [12]-[15]. As a result, it 

provides a safer, more convenient, and robust energy transfer 

solution to meet the needs of ITS [16]-[18]. 

While DWPT systems offer significant benefits in providing 

continuous power to the vehicle while it is in motion, the 

mounting position of the ground assembly (GA), which 
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(a)                                                                                                                 (b) 

Fig. 1. Structure of a WPT system illustrating the importance of investigating the pavement material impacts on the WPT system efficiency. 

(a) Road-embedded inductive charging system concept. (b) Buried mounting GA coil, showing interference with asphalt. 
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includes the GA coil, is an important consideration. The current 

SAE J2954 standard primarily focuses on above-ground 

mounting of the GA [19], due to its ease of installation, 

maintenance, and alignment. However, future versions of the 

standard and SAE J2954/2 is currently classified as a Technical 

Information Report (TIR) for heavy-duty vehicles, are expected 

to explore buried mounting configurations as a focus shown in 

Fig. 1(b), particularly for dynamic wireless power transfer 

(DWPT) systems [20], [21]. Embedding the GA within the road 

pavement could provide enhanced protection for internal 

components and support seamless vehicle movement [22]-[24], 

though specific technical and safety requirements are still under 

development. This evolving approach will play a crucial role in 

further optimizing DWPT systems for both public transit and 

highway applications, where consistent and reliable power 

transfer is essential. During the charging process, these 

materials can lead to additional power loss and heat generation 

[25], [26] due to their distinct electromagnetic and physical 

characteristics. However, understanding the exact cause of 

power loss from various pavement materials is a complex 

process which requires interdisciplinary collaboration. 

In this paper, an experimental investigation is conducted to 

directly measure and observe the power loss phenomenon for 

various concrete and asphalt pavement materials. There are 4 

different concrete materials and 3 different asphalt materials 

tested under an evenly distributed magnetic field, generated by 

a resonant LCR circuit using a solenoid coil, shown in Fig. 2.  

Furthermore, the selected concrete and asphalt materials 

based on the results of the power loss experiment are tested 

again in an IPT prototype under various power levels up to 

17.833 kW at frequency f= 85 kHz. These testing benchmarks 

are conducted based on the Society of Automotive Engineers 

(SAE) J2954 standards for EVs and EV Supply Equipment 

(EVSE) that published in October 2020 [27], [28]. Since the 

standardization of J2954, there is substantial amount of research 

aimed at improving efficiency within the design of IPT system 

themselves. However, there is a wide gap in the research related 

to analyzing the power loss attributed to different pavement 

materials as the energy transfer medium and how they affect the 

efficiency and power level of an IPT system when the 

transmitter is embedded in pavement materials. 

Several studies have highlighted the critical role of material 

selection and its impact on the performance of DWPT systems, 

each approaching the topic from distinct disciplinary 

perspectives. Chen et al. investigated the dielectric properties 

of pavement materials and their impact on the efficiency of IPT 

systems from a civil engineering perspective, revealing that 

moisture content significantly affects power loss and overall 

efficiency [28]. Cirimele et al. emphasized the influence of the 

electromagnetic parameters of concrete and the geometrical 

configuration of road-embedded coils on the performance of 

WPT systems, demonstrating that these factors can lead to 

unexpected electromagnetic interactions that alter the system's 

inductive behavior [29]. Amirpour et al. explored the thermal 

and electromagnetic performance of magnetizable concrete 

composites from a thermal engineering perspective, showing 

that appropriate material selection and configuration can 

mitigate power losses by managing thermal effects [30]. 

Tavakoli et al. examined how the incorporation of new roadway 

construction materials can enhance magnetic properties and 

reduce electromagnetic interference, providing insights for 

optimizing material choices in DWPT systems [31]. 

Collectively, these studies underscore the importance of 

comprehensive pavement material characterization and 

selection for achieving efficient and reliable DWPT systems. 

Throughout this study, significant power losses are observed 

in several scenarios. Therefore, it is critical to investigate and 

quantify the power loss associated with different pavement 

materials. Understanding how different pavement materials 

impact the power loss of an IPT system could lead to 

 
Fig. 2. Structure of a solenoid coil to generate an evenly distributed 

magnetic field environment for pavement material testing. 

   
                                                              (a)                                                                                                              (b) 

Fig. 3. Planar coil prototypes to realize high-power wireless charging testing and study the magnetic field distribution when transfer 17.8 kW 

high power. (a) Implemented planar coil prototypes to achieve wireless charging. (b) Maxwell-simulated magnetic field. distribution of planar 

coils. 
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improvements in the design of the entire charging system for 

both SWPT and DWPT.  

Moreover, these findings highlight strategies for selecting 

pavement materials in road construction, thereby improving the 

overall performance and feasibility of WPT technology. This is 

particularly relevant for the integration into smart city 

infrastructures and supporting fully autonomous driving. 

There are 3 main contributions in this research: 1) Obtained 

and analyzed the power loss density D (kW/m3) for both 

concrete and asphalt materials under different frequencies f 

from 50 kHz to 120 kHz with magnetic flux density B from 0.71 

mT with 0.34 kA to 7.02 mT with 3.34 kA. 2) Leveraging the 

extensive experimental data collected, an empirical equation is 

developed based on the Steinmetz Equation to quantify the 

relationship for each tested pavement material for the various 

magnetic losses, system frequency f, and magnetic flux density 

B. 3) Observed significant power loss density for the tested 

pavement materials under a proposed IPT system which its 

power level reaches almost 18 kW. 

II. QUANTIFICATION OF PAVEMENT MATERIAL’S POWER LOSS 

UNDER UNIFORM MAGNETIC FIELD 

A. The Design of Uniform Magnetic Field 

An example of a unipolar square coil is shown in Fig. 3, in 

which Fig. 3(a) presents the planar coil structure. Fig. 3(b) 

shows the generated magnetic fields that exhibit a non-uniform 

distribution, with variations in magnetic flux density across 

different regions. The higher magnetic flux density is 

represented by red and orange colors, while lower magnetic 

flux density is indicated by green and blue colors. This non-

uniformity, inherent to the planar coil geometry, complicates 

the analysis of power loss for various pavement materials, as 

the power loss is influenced by the local magnetic flux density 

B and its alternating frequency f. Therefore, it is necessary to 

produce a uniform magnetic field to investigate the relationship 

between these key factors. It can be achieved by utilizing a 

solenoid coil to generate an evenly distributed magnetic field 

within its internal space as shown in Fig. 4.  

Based on Ampere’s Circuital Law, the magnetic field 

intensity H, integrated along a closed rectangular path 

represented as labcd is given by Equation (1). In this equation, μ0 

represents the magnetic permeability of free space (4π×10−7  

H/m), µr is the relative magnetic permeability of non-

ferromagnetic materials, such as concrete or asphalt, and µm is 

the material permeability [29]. The number of turns N of the 

coil is that the path encircles, and I is the current enclosed by 

the path. The total magnetic field intensity along labcd can be 

expressed as the sum of the magnetic field components along 

the path, denoted as Hab, Hbc, Hcd and Hda. When the length l is 

significantly greater than its diameter, the component Hab 

dominates, and the contributions from Hbc, Hcd and Hda, can be 

neglected, as shown in Equation (2).  
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The relative magnetic permeability µr of non-ferromagnetic 

materials, such as concrete or asphalt, is µr= 1, shown in 

Equation (3). Therefore, the magnetic flux density Babcd can be 

determined by Equation (4).  

   
(a) (b) (c) 

Fig. 5. The statistical derivation of the impact parameters in an empirical equation to model the power loss density D of concrete cement PC at 

various magnetic flux densities (0-5 mT) and frequencies (0-120 kHz). (a) Coil dimensions. (b) Maxwell-simulated magnetic field. (c) 

Comparison of simulated and theoretical B fields by equations (1)-(3)  
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Fig. 4. A solenoid coil structure to create an internal uniform magnetic 

field environment for further pavement material testing. 
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B. Experimental Validation of Pavement Material Power Loss 

in Different Uniform Magnetic Fields 

During the test process, the cylinder structure pavement 

material specimens are placed in the middle section of the 

solenoid coil inside of it to ensure that a uniform magnetic field 

environment is provided. 

Detailed parameters of the constructed solenoid coil are 

shown in Fig. 5(a). It has a length l of 600 mm, a diameter d of 

105 mm, and an inductance Lsol of 520 μH. It contains 168 turns 

of litz wire consisting of 0.04 mm individual strands with a total 

gauge equivalent to AWG 46 wire.  

Fig. 5(c) shows both the theoretical and simulated magnetic 

flux densities B produced by the constructed solenoid coil with 

different excitation current I. It shows high consistency between 

the simulated and theoretical magnetic flux density B, which 

validates the proposed method of creating uniform magnetic 

field. For example, with the excitation current I= 20 A, the 

simulated magnetic flux density B is 6.58 mT, that is only 

6.26% different from the theoretical B=7.02 mT.  

The voltage supplied by the dc power source; the conductive 

parasitic resistance of this circuit is Rc. The power loss induced 

by the pavement material is equivalent to a resistance RM. A 

current I was regulated by Vs within a range of 0 A to 20 A 

(RMS). In this study, the switching frequency varied from 50 

kHz to 120 kHz. At each frequency, the capacitance is adjusted 

to ensure the circuit is in resonance, supplying a sinusoidal 

current.  

The selection of the tested frequency range is driven by 

several key factors grounded in real-world WPT developments 

and research objectives. Firstly, exploring higher frequencies, 

especially around 100 kHz, is essential for high-power and 

DWPT applications, such as heavy-duty electric vehicles, 

which demand greater power transfer efficiency and 

misalignment tolerance than standard light-duty systems 

operating at 85 kHz. The SAE J2954/2 TIR for heavy-duty 

vehicles allows for flexible frequency selection, making this 

range ideal for accommodating larger air gaps and improving 

overall performance [32]. Secondly, this approach ensures the 

system's flexibility and compliance with global regulatory 

standards, as different regions have varying regulations for 

wireless frequency use [33]. In summary, testing the 50 kHz to 

120 kHz range allows us to comprehensively assess WPT 

system performance, security, and compliance, contributing to 

the development of robust, efficient, and adaptable wireless 

charging technologies for diverse applications [34]. 

During the experimental tests, the total power loss for the 

entire LCR circuit is measured across various transfer mediums: 

air, 4 different concrete cement specimens, and 3 different 

asphalt specimens, under various magnetic flux densities B and 

frequencies f. Based on experimental setup shown in Fig. 6(a), 

these system power loss values are directly obtained from the 

readings of the DC power source. The power loss measured in 

air environment is denoted as Pair. Particularly, Pair is a 

reference point, and it is attributed to the inverter loss Pinv and 

conductive passive loss PLC in the solenoid coil and capacitors. 

C. Seven Tested Pavement Materials 

Based on the theoretical analysis of the uniform magnetic 

field from the section above. An LCR resonant circuit is 

established to resonate with the solenoid coil and generate the 

uniform magnetic field. The experimental platform is shown in 

Fig. 6(a). A full-bridge inverter provides ac power to the 

solenoid coil. Seven different pavement materials are tested, as 

shown in Table 1 and Fig. 6(b). 

In this study, four types of concrete are tested, including 1) 

traditional Portland cement (PC) concrete, 2) granulated blast 

furnace steel slag (GBFS) modified concrete, 3) metakaolin 

(MK) modified concrete, and 4) fly ash (FA) modified concrete. 

Symbols representing the different concrete materials are 

         
(a)                                                                                                                 (b) 

Fig. 6. Testing platform to generate uniform magnetic fields in a long solenoid coil to measure power loss in cylinder-shape pavement materials. 

(a) LCR based testing platform including a solenoid coil and its resonant circuit. (b) Seven tested pavement materials corresponding to Table 1. 
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Inverter
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PC GBFS FAMK

Concrete Cement Specimens ( Vs=1.570L) 

HMA-4.75mm SMA-12.5mmHMA-9.5mm

Asphalt Specimens ( Va=0.943L)

Table 1. Seven Tested Pavement Materials 

Material Key Components Symbol 

Concrete 1 traditional Portland cement (PC) PC 

Concrete 2 
granulated blast furnace steel slag 

(GBFS) modified concrete 
GBFS 

Concrete 3 metakaolin (MK) modified concrete MK 

Concrete 4 fly ash (FA) modified concrete FA 

Asphalt 1 
hot mix asphalt (HMA) nominal 

maximum aggregate size of 4.75 mm 
HMA-4.75mm 

Asphalt 2 
hot mix asphalt (HMA) nominal 

maximum aggregate size of 9.5 mm 
HMA-9.5mm 

Asphalt 3 
stone matrix asphalt (SMA) nominal 

maximum aggregate size of 12.5 mm 
SMA-12.5mm 
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provided in Table 1. It is noted that GBFS, MK, and FA are 

porous materials with approximate air voids of 20%. 

Among the 4 cement concrete specimens, PC is conventional 

concrete without any additives. GBFS, MK, and FA are porous 

cement concrete materials with many air voids within the 

material reducing water runoffs and allowing air and 

groundwater recharge. The variations of their colors are due to 

different types of additives. Each additive in GBFS, MK, and 

FA could provide various benefits such, increased strength and 

faster curing. More detailed information can be found in the 

authors’ previous work of Ref. [35]. 

  
(a) (b) 

  
(c) (d) 

Fig. 7. Measured power loss density in concrete cement materials at various frequencies (50-120 kHz) and excitation current magnitudes (0-2.8 

kA) in an implemented solenoid coil to quantify pavement impacts in a uniform magnetic field, showing FA concrete has the highest power loss. 

(a) Power loss density in concrete PC, maximum is 30.20 kW/m3. (b) Power loss density in concrete MK, maximum is 43.05 kW/m3. (c) Power 

loss density in concrete GBFS, maximum is 50.83 kW/m3. (d) Power loss density in concrete FA, maximum is 54.21 kW/m3. 
 

   
(a) (b) (c) 

Fig. 8. Measured power loss density in asphalt materials at various frequencies (50-120 kHz) and excitation current magnitudes (0-2.8 kA) in an 

implemented solenoid coil to quantify pavement impacts in a uniform magnetic field, showing all asphalt materials have low power loss. (a) 

Power loss density in asphalt HMA-4.75mm. (b) Power loss density in asphalt HMA-9.5mm. (c) Power loss density in asphalt SMA-12.5mm. 
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For asphalt material, the dense-graded hot mix asphalt (HMA) 

mixture with nominal maximum aggregate size (NMAS) of 

4.75 mm and 9.5 mm are used, which are labeled as HMA-

4.75mm and HMA-9.5mm in Table 1. Dense-graded structure 

refers to a tightly packed structure for all the aggregate particles, 

such as the stone, sand, and gravel within the asphalt. It 

indicates fewer air voids between the aggregate particles 

resulting in a finer material texture.  

In addition, gap-graded stone matrix asphalt (SMA) with 

NMAS of 12.5 mm is also tested, which is labeled as SM-

12.5mm. Gap-graded structure refers to certain sizes of 

aggregate particles that are missing creating more air voids or 

gaps within the asphalt. SMA uses the largest size of aggregate 

particles that results the most of gaps in the material. More 

detailed information of the asphalt materials can be found in the 

authors’ previous work of Ref. [36]. 

D. Quantifying the Impact Factors of Magnetic Loss 

The pavement materials are tested inside the solenoid coil 

where the strong and uniform magnetic fields are present. 

Under this situation, the magnetic loss PM, typically include 

eddy current loss Pedd and dielectric loss Pdie [37], [38]. Based 

on a modified Steinmetz Equation model (5), these two types of 

loss are directly related to strength of magnetic flux density B, 

its alternating frequency f, and the material volume V. 

M die edd pP P P k f B dV = + =                         (5) 

In the equation, kp is the material coefficient, which is mainly 

related to physical characteristics of pavement materials, such 

as their permeability, permittivity, and conductivity. For a given 

magnetic flux density B and its alternating frequency f, α and β 

are their coefficient respectively. Based on the analysis, it is 

assumed that all the material coefficients kp, α and β are 

independent of each other.  

To precisely determine the exact power loss under each 

combination of the above impact factors is difficult through an 

analytical method. Therefore, this experimental study is set up 

to directly collect and test the power loss data of various 

pavement materials within different uniform magnetic fields 

produced by the solenoid coil. Those tests results are 

subsequently analyzed through a rigorous statistical modeling 

to derive the parameter coefficients α, β, and kp shown in (5). 

E. Power Loss Density of Concrete Cement and Asphalt 

Specimens 

In the power loss test, the 4 concrete cement specimens have 

the same volume Vcon= 1.57 L, the 3 asphalt specimens have the 

same volume Vasp= 0.95 L. The power losses in the tested 

materials are respectively denoted as PPC, PGBFS, PMK, and PFA, 

PHMA-4.75mm, PHMA-9.5mm, and PSMA-12.5mm. 

When the transmitter of an IPT system is embedded in 

different pavement materials, the total system power loss Ptot 

includes Pair and the power loss for the given material. For 

example, the total system loss Ptot for concrete cement FA, 

which demonstrated the highest power loss, is represented in 

the Equation (6). 

tot inv LC M Air MP P P P P P= + + = +                       (6) 

At any given frequency f, or magnetic flux density B, 

additional power loss is observed for each of all the 7 types of 

pavement materials and compared to Pair. 

Furthermore, the power loss density D is calculated for each 

of the concrete cement and asphalt specimens, denoted as DPC, 

DGBFS, DMK, DFA, DHMA-4.75mm, DHMA-9.5mm, DSMA-12.5mm. 

respectively. They are introduced to represent the loss power 

caused by the materials is shown in kilowatt per cubic meter 

(kW/m3). For example, the power loss density for FA is defined 

in Equation (7) as DFA. 

tot Air FA
FA

con con

P P P
D

V V

−
= =                            (7) 

Therefore, the power loss density for each of materials is 

calculated using equation similarly. The results for the 4 

concrete cement specimens are shown in Fig. 7(a), (b), (c), and 

(d), and the power loss density for the 3 asphalt specimens are 

provided in Fig. 8(a), (b) and (c). 

Fig. 7 demonstrated that as both frequency f and magnetic 

flux density B increases, the power loss density D of 4 concrete 

cement specimens increases dramatically compared with the 3 

asphalt materials. 

For the 4 concrete cement specimens, there is a positive 

correlation for the power loss density D with frequency f and 

magnetic field B. In particular, D is more sensitive to the 

increasing magnetic field B rather than the change in frequency 

f in all the combinations of the test conditions. 

Among the tested concrete specimens, FA exhibits the 

highest power loss density in all tested frequencies when the 

excitation current for given magnetic flux density is higher than 

2 kA. However, at excitation currents below 2 kA and 

specifically at 120 kHz, GBFS demonstrated higher power loss. 

In contrast, specimen PC consistently maintained the lowest 

power loss density under all experimental conditions. 

Notably, with an excitation current I of 2.8 kA at 120 kHz, 

DFA is 54.21 kW/m3, significantly surpassing DPC (30.20 kW/m3) 

by over 44%. This significant variances in power loss density 

among different concrete specimens highlight the need for 

optimized pavement material selections to enhance efficiency 

and mitigate potential power loss in IPT systems operating with 

concrete specimens as the power transfer medium. 

In Fig.8, all the power loss densities of asphalt show a trend 

similar to concrete cement specimens but on a smaller scale and 

with a less distinct correlation. Particularly, HMA-9.5mm 

shows little to no variation in loss density across all tested 

frequencies and magnetic flux densities, while HMA-4.75mm 

and SMA-12.5mm display higher power loss densities. 

The asphalt materials do not clearly establish a positive 

correlation between their power loss densities and the magnetic 

field B or frequency f. Although the power loss densities for all 

asphalt are significantly lower than concrete cement specimens, 

the difference between the highest DHMA-4.75mm and the lowest 

DHMA-9.5mm is still over 43%, indicating a notable variance in 

power loss densities among all tested asphalt materials. These 

tests results are valuable for evaluating and selecting pavement 

materials for road construction and many other implications 

when we have pavement materials as the transfer medium. 

Overall, asphalt materials demonstrate significantly lower 

power loss density for given frequency f and magnetic flux 

density B. Within concrete cement specimens, FA demonstrates 

overall highest power loss, and DPC is the lowest among all 

concrete materials, but it is still much higher than the highest 

DHMA-4.75mm within the asphalt materials. 
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The results also reveal that asphalt materials, such as HMA-

9.5mm, show the lowest power loss density compared to 

concrete materials. This makes asphalt a favorable option for 

embedding IPT systems, particularly in DWPT applications 

where minimizing power loss is crucial, such as high-power and 

high-frequency WPT systems. For concrete materials, PC 

exhibits the lowest D among all tested specimens and remains 

competitive with asphalt in terms of power loss density, making 

it a suitable candidate for IPT systems requiring high 

mechanical strength and durability. Although exact 

explanations for variations in D between FA and PC materials 

are complex, the experimental findings offer valuable insights 

into material selection for optimizing WPT system performance. 

The comprehensive experimental data collected, including the 

developed empirical model based on the modified Steinmetz 

Equation, enables a practical assessment of material suitability 

for different IPT applications.  

Therefore, materials that have the lowest power loss density 

can be used to embed the transmitter of an IPT system. It is the 

HMA-9.5mm in the asphalt material group and PC in the 

concrete cement group. These two materials are further selected 

to be tested in an implemented IPT setup in Section IV. 

III.  DERIVE EMPIRICAL EQUATIONS OF MATERIAL LOSS 

A. Case Study Example: Derive Power Loss Equation for 

Concrete Cement PC 

Based on the LCR experimental setup in Fig. 6(a), all 7 

pavement materials are tested under various magnetic fields B 

at different frequencies f. A coefficient kp is proposed to 

describe the material’s power loss characteristic. kp is a 

coefficient determined by the materials themselves, which is 

relatively independent of the magnetic flux density B and the 

frequency f. In addition, the magnetic field coefficient α and the 

frequency coefficient β are also proposed to represent the power 

loss density D, as shown in Equation (8).  

pD k B f =                                       (8) 

The target of this section is to utilize the concrete cement PC 

as an example to derive the empirical equation of power loss in 

 
Fig. 9. Flow chart of the proposed derivation procedure of empirical 

equation of power loss in pavement materials, including the magnetic 

field coefficient α, frequency coefficient β, and material coefficient 

kp. 
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Fig.10. The statistical derivation of the impact parameters in an empirical equation to model the power loss density D of concrete cement PC 

at various magnetic flux densities (0-5 mT) and frequencies (0-120 kHz). a) Derivation of magnetic field coefficient α. b) Derivation of frequency 

coefficient β. (c) Identify optimal α, β for deriving of kp. 
 

TABLE. 2. EMPIRICAL EQUATIONS OF PAVEMENT MATERIALS 

Material 

Name 
kp α β Derived Empirical Equation 

Predicted D (kW/m3) 

At 85kHz 

Observed D (kW/m3) 

At 85kHz 
Average Accuracy 

PC 8.45184×10-4 2.25 1.88 D= 8.45184×10-4B2.25·f1.88 0.129~13.316 0.113~15.350 91.77% 

GBFS 1.14819×10-1 2.36 1.56 D= 1.14819×10-1B2.36·f1.56 0.287~30.038 0.207~28.049 89.30% 

MK 3.39149 2.48 1.315 D= 3.39149B2.48·f1.315 0.247~27.809 0.159~27.605 86.16% 

FA 7.27544×10-2 2.45 1.64 D= 7.27544×10-2B2.45·f1.64 0.170~27.664 0.170~32.433 93.11% 

SMA-12.5mm 1.17454×10-1 2.02 1.275 D= 1.17454×10-1B2.02·f1.275 0.098~6.557 0.055~9.215 70.77% 

HMA-4.75mm 5.67358×10-4 1.595 1.5 D=5.67358×10-4B1.595·f1.5 0.133~3.670 0.535~7.455 66.45% 

HMA-9.5mm 1.13023×10-3 1.63 1.36 D=1.13023×10-3B1.63·f1.36 0.042~1.245 0.019~2.057 51.42% 
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pavement materials. The proposed derivative procedures are 

shown in Fig. 9. 

At a given frequency f, the power loss density D can be 

decoupled, as shown in Equation (9), to simplify the process of 

the statistical modeling.  

D a B=                                    (9) 

Fig. 10(a) shows the derivation for each α at the tested 

frequency f with respect to the change of magnetic field B for 

concrete cement PC. 

The same analytical process can also be applied to derive the 

frequency coefficient β as shown in Equation (10). Fig. 10(b) 

displays the analysis results of concrete cement PC, charting 

how each β at the tested magnetic field B with respect to the 

change of frequency f. 

D b f =                                 (10) 

The material coefficient kp can be derived using Equation (11) 

with various experimental conditions of B and f. 

p

D
k

B f 
=


                           (11) 

Optimal values of α and β are determined by Equation (11) 

as shown in Fig. 10(c). The RSD of the calculated kp across all 

combination of α and β for concrete cement PC. The lowest 

RSD of kp is achieved at α=2.25 and β=1.88.  

The material coefficient kp can be quantified with the optimal 

α=2.25 and β=1.88 for concrete cement PC. Fig. 11 presents a 

comparison between the predicted power loss density D using 

the developed empirical equation, and the observed D from the 

experiments.  

This comparison demonstrates the accuracy of the prediction 

model across various magnetic flux densities B at f=85 kHz. For 

instance, the average accuracy of concrete cement PC for 

predicting the D using the derived empirical equation is at 

91.77% with maximum accuracy at 99.17% and minimum 

accuracy at 85.20% for all the compared data sets. 

4 2.25 1.888.54184 10PCD B f−=                   (12) 

The definitive empirical equation (12) quantities the power 

loss density D in the concrete cement specimen PC. Therefore, 

the development of this predictive equation for quantifying 

system power loss contributes significantly to the advancement 

and optimization of the design and implementation of road 

embedded IPT system for EV charging.  

B. Identify Empirical Equations for All Tested Materials. 

The material coefficient kp, the magnetic field coefficient α 

and the frequency coefficient β are derived for all pavement 

materials using the procedure described in the flow chart in Fig. 

9. The empirical equations are summarized in Table 2. 

The average accuracy of predictions for concrete cement 

specimens is generally higher than that for asphalt materials, 

attributable to the greater power loss densities observed in the 

experiments. Since the power loss densities for all asphalt 

materials fall within the single digits in terms of kilowatts per 

cubic meter (kW/m³), when potential experimental errors are 

considered, the relative standard deviations (RSD) for these 

materials are higher than desired. Consequently, the average 

accuracy in predicting the power loss density for asphalt 

materials is relatively low. 

IV. INDUCTIVE POWER TRANSFER SYSTEM TO TEST THE 

PAVEMENT MATERIAL POWER LOSS 

A. An Experimental IPT Testing Prototype 

Fig. 12 (a) illustrates the proposed 85 kHz/17.8 kHz IPT 

testing prototype, which is configurated as a series-series 

compensation as provided in the circuit schematic of Fig. 12(b). 

Vdc is the input dc voltage and Vout is output voltage at the 

rectifier. The IPT system is tuned to resonance at 85 kHz 

delivered by a full bridge inverter using four Wolfspeed 

C3M0016120K SiC MOSFETs, which are rated for 1200 V and 

115 A with a low on-state resistance of 16 mΩ. A 

TMS320F28335 microcontroller is used to generate the 85kHz 

drive signal. At the receiving side, a low loss SiC based full 

bridge rectifier is connected. The rectifier design employs the 

Infineon IDW30G65C5 SiC Schottky diodes, which are rated 

for 650 V and 30 A. An eight-channel Tektronix 5 Series 

oscilloscope is used to collect waveform data, and a Yokogawa 

WT1806E precision power analyzer is used to measure power 

DC-DC power and efficiency.  

The Tx and Rx coils are compensated by series capacitors 

CTx = 14.26 nF and CRx =14.16 nF. The system employes a 

transmitter and a receiver, LTx= 248 µH and LRx=247 µH with 

ferrite bars. The quality factor of transmitter coil and receiver 

coil is QTx= 354.5 and QRx= 369.6 respectively. The air gap 

between Tx and Rx coils is set at 175 mm, which closely aligns 

with industry standards for EV wireless charging. This gap falls 

within the 100 mm to 200 mm air gap range specified by the 

J2954 standards. The coupling coefficient k is 0.13. 

As demonstrated in the circuit schematic in Fig. 12(b), the 

power recirculation setup allows the rectified DC output from 

the Rx coil to be fed back into the DC input source, creating a 

closed-loop configuration. This configuration enables the 

system to effectively recycle power between the Tx and Rx 

coils, achieving higher power levels in a controlled laboratory 

setting without the need for an external high-power load [39], 

 
Fig. 11. Predicted vs. observed power loss density D for concrete 

cement PC at f=85 kHz with an average accuracy of 91.77% across 

magnetic flux densities B (0-5 mT). 
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[40]. The Ploss can be directly measured using the DC power 

source, as it only needs to supply power to offset the system 

losses rather than the full operational power. This setup 

simplifies the assessment of system efficiency, as the observed 

power loss accurately reflects the system’s overall performance 

under various test conditions.  

Both the Tx and Rx coils are constricted using 800 strands 

litz wire with 0.1 mm diameter for each strand. The dimensions 

for transmitter and receiver coils are 300 mm×300 mm×5 mm 

with a total of 28 turns as demonstrated in Fig. 3(a) in Section 

II. for the coil structure of the proposed IPT system. The 

pavement materials are placed between coils, and they tested 

individually under various conditions with different magnetic 

field B under frequency f=85 kHz. 

The maximum power transfer efficiency when using only air 

as the transfer medium can be calculated using Ref. [41]. In an 

ideal scenario for implementing an IPT system for wireless EV 

charging, the road pavement material exhibiting the lowest 

power loss density D should be selected for embedding the 

transmitter coil. This choice minimizes undesired additional 

power loss and enhances the overall system efficiency. 

Therefore, considering the 3 tested asphalt materials, HMA-

9.5mm is selected to reduce power loss. Also, considering the 4 

tested concrete cement specimens, PC is chosen. Both selected 

pavement materials exhibit the lowest power loss density D 

within their respective material groups, under the uniform 

magnetic field generated by the solenoid coil test.  

Given these findings, it is crucial to further investigate the 

power loss density D for the selected pavement material 

specimens, HMA-9.5mm and PC, under the proposed practical 

 

 

(a) (b) 
Fig. 12. Experimental IPT prototype to test the impact of pavement materials to the power transfer performance. (a) Proposed 18-kW IPT experimental setup. 

(b) S-S compensated circuit topology with power recycling capability. 
 

  
 

(a) (b) (c) 

Fig. 13. IPT experimental coil structure for asphalt HMA-9.5mm (500 mm×400 mm×50 mm) as the medium. This setup mimics a transmitter 

coil embedded in 50 mm beneath the material to measure power loss density across a range of input power (0.5-17.172 kW). (a) Front view. (b) 

Isometric view. (c) Top view. 

   
(a) (b) (c) 

Fig.14. IPT experimental coil structure featuring concrete cement PC as the medium (400 mm×400 mm×50 mm), mimicking a transmitter coil 

embedded 50 mm beneath the material to measure power loss density across various input power (0.5-17.833 kW). (a) Front view. (b) Isometric 

view. (c) Top view. 
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IPT system setup as shown in Fig. 12(a).  

B. HMA-9.5mm and PC Materials Between Coils 

Fig.13 and Fig. 14 illustrate the experimental coil structures 

for the proposed IPT prototype with asphalt HMA-9.5mm and 

concrete cement PC as the materials to embed the transmitter 

coil. Both materials are formed into block shapes with 

dimensions of 385 mm×250 mm×75 mm for HMA-9.5mm, and 

400 mm ×400 mm×50 mm for PC. 

The volumes for the HMA-9.5mm and concrete cement PC 

are Va=10 L and Vc= 7.22 L respectively. Their volumes are 

used to calculate the power loss density for each material. To 

ensure an accurate measurement of the additional magnetic loss 

caused by materials, they are placed at the center of the Tx and 

Rx coils. 

In a particle IPT charging system for EVs, the transmitter coil 

is encased in a protective package to reinforce its durability and 

withstand the exerted by the pavement material and weight of 

the vehicles. Given the substantial size and weight of both 

materials, exceeding 20 kg each, a weight-bearing structure is 

implemented to manage the pressure exerted by the materials.  

This structure is essential for mitigating the impact on the 

embedded transmitter coil, preserving its structural and 

functional integrity to simulate a real IPT charging system in 

particle applications. 

Ferrite plates are utilized for both the transmitter and receiver 

coils. Their dimensions measure at 315 mm×315 mm×10 mm, 

slightly larger than the coils themselves, to increase inductance 

and concentrate the magnetic fields effectively. The air gap for 

testing both materials is consistently maintained at 175 mm 

throughout the experiment, ensuring a steady magnetic 

coupling coefficient k=0.13. 

C. Power Loss Density of Pavement Materials in IPT System 

Fig. 15(a) shows the power loss density D for each of these 

two pavement materials across a range of input power from 0.5 

kW to 17.833 kW at frequency f=85 kHz. At the maximum 

input power Pin=17.172 kW, the HMA-9.5mm demonstrates the 

power loss density DHMA-9.5mm=3.186 kW/m3 with system 

efficiency at 95.869%. For PC, the power loss density 

DPC=16.375 kW/m3 and the system efficiency is 95.451%.  

The DC-DC system efficiencies of the implemented IPT 

system, which uses air, asphalt material HMA-9.5mm, and 

 
(a)  

 
(b) 

Fig. 15. IPT system experimental results when using the selected asphalt and 

concrete as transfer medium and compared with the air environment. (a) Power 

loss density of HMA-9.5mm asphalt and PC concrete. (b) Efficiency with air, 
HMA-9.5mm, and PC as medium. 
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Fig. 16. Experimental waveforms and measurement results of critical 

voltages and currents when pavement materials exist between coils. (a) 

No pavement materials between coils (air). (b) HMA-9.5mm asphalt 

material between coils. (c) PC concrete material between coils. 

0 10 20 30 40 50 60

Time (µs)

Vdc=600 V, Plos= 0.686 kW, Pin= 17.021 kW, ŋ= 95.967% 

VTx RMS: 586.0 V    ITx RMS: 30.81 A

VRx RMS: 602.4 V    IRx RMS: 29.66 A

Iout Mean: 27.30 A

Idc Mean: 1.216 A

Vdrive

VRx 

IRx

VTx

ITx

Iout

Idc

ZVS

f=85 kHz

Transfer medium: Air

60 V/div

50 kV/div

500 A/div

50 kV/div

500 A/div

25 A/div

100 A/div

Transfer medium: HMA-9.5mm

Time (µs)

Vdc=600 V, Plos= 0.709 kW, Pin= 17.172 kW, ŋ=95.869% 

VTx RMS: 588.7 V    ITx RMS: 31.11 A

VRx RMS: 601.7 V    IRx RMS: 29.91 A

Iout Mean: 27.49 A

Idc Mean: 1.247 A

VRx

IRx

VTx

ITx

Iout

Idc

ZVS

0 10 20 30 40 50 60

f=85 kHz

Vdrive
60 V/div

50 kV/div

500 A/div

50 kV/div

500 A/div

25 A/div

100 A/div

Transfer medium: PC

Time (µs)

Vdc=600 V, Plos= 0.817 kW, Pin= 17.833 kW, ŋ=95.416%

VTx RMS: 583.5 V    ITx RMS: 32.24 A

VRx RMS: 603.2 V    IRx RMS: 30.91 A

Iout Mean: 28.49 A

Idc Mean: 1.404 A

Vdrive

VRx
IRx

VTx

ITx

Iout

Idc

ZVS

0 10 20 30 40 50 60

f=85 kHz
60 V/div

50 kV/div

500 A/div

50 kV/div

500 A/div

25 A/div

100 A/div

This article has been accepted for publication in IEEE Transactions on Transportation Electrification. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TTE.2025.3528227

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



 11 

concrete cement PC as the power transfer medium, are detailed 

in Fig. 15(b). The peak efficiencies achieved for those 3 

mediums are ηair=95.981% with an input power of 8.543 kW, 

ηHMA-9.5mm=95.872% when the input power is at 9.669 kW, and 

ηPC=95.559% when Pin=7.919 kW respectively. When 

compared to ηair, the efficiencies for both materials are lower 

due to additional power loss incurred by the pavement materials. 

The experimental waveforms are provided in Fig. 16. With 

f=85 kHz, Vdc=600 V. The performance of the implemented IPT 

system is investigated with air, asphalt material HMA-9.5mm, 

and concrete cement PC.  

Fig. 16 (a) shows the maximum input power Pin=17.021 kW 

with DC-DC peak system efficiency of 95.967% when air is 

used as the transfer medium in the well-aligned condition. The 

system power loss can be directly observed and calculated using 

the Vdc and Idc readings from the dc power source, since the 

power circulates between the Tx and Rx coils and the power 

supply only provides additional power loss for the experiment. 

The slight phase shift between VTx and VRx is intentionally 

designed into the experiment aiming at achieving zero-voltage 

switching (ZVS). 

With asphalt material HMA-9.5mm and concrete cement PC 

as the power transfer mediums, Figs. 16 (b) and (c) respectively 

display the experimental waveforms. For HMA-9.5mm, the 

maximum Pin=17.172 kW, and for PC, the maximum Pin is 

17.833 kW, both in the well-aligned condition. The power loss 

Ploss is 0.709 kW for HMA-9.5mm and 0.817 kW for PC when 

Vdc=600 V at their respective system maximum input power. 

V. CONCLUSION 

This study investigates the power loss characteristics of 

seven different roadway pavement materials when used as the 

power transfer medium in IPT systems for EV charging. The 

research provides a detailed analysis of power loss density D 

under various combinations of magnetic flux density B from 0 

mT to over 7 mT and frequency f from 50 kHz to 120 kHz using 

a solenoid coil setup. Based on the experimental data, empirical 

equations were developed to quantify material-specific power 

loss characteristics, enabling a more precise understanding of 

material behavior in IPT systems. 

The study highlights the significant variations in power loss 

density among different pavement materials, particularly 

between concrete cement and asphalt specimens. Concrete 

materials, such as FA, exhibited the highest power loss densities 

under tested conditions, whereas asphalt materials showed 

comparatively lower losses, making them more suitable for 

minimizing energy dissipation in IPT applications. 

A modified Steinmetz Equation model was proposed to 

describe the power loss behavior of pavement materials. This 

model, validated through extensive experimental data, offers a 

reliable method to predict power loss based on material 

properties, magnetic flux density, and frequency. The derived 

parameter coefficients and predictive accuracy for each 

material are displayed in Table 2. 

The research identified that PC in the concrete group and 

HMA-9.5mm in the asphalt group demonstrated the lowest 

power loss densities, making them ideal candidates for 

embedding IPT system transmitters. These findings are crucial 

for optimizing IPT system design, especially for applications 

that require high efficiency and minimal power loss. The final 

stage of the study involved implementing a 17.8 kW/85 kHz 

series-series IPT prototype to test the selected materials. The 

results confirmed that HMA-9.5mm and PC maintained their 

low power loss characteristics in a practical IPT setup, with 

power loss densities of DHMA-9.5mm=3.186 kW/m3 and 

DPC=16.375 kW/m3 respectively. These values highlight the 

material's impact on overall system performance and provide 

practical guidance for material selection in real-world IPT 

applications. 

Therefore, this research offers valuable insights into the 

selection and application of pavement materials in IPT systems, 

providing a foundation for further optimization and 

implementation of efficient wireless EV charging infrastructure. 
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