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Abstract— Wireless charging of an electric vehicle (EV) is an 

emerging technology that enables noncontact charging, which has 
advantages in terms of convenience and flexibility. However, the 
embedded charging pads under and on the ground expose the 
charging coils, ferrite shielding, and related components to a 
potentially severe external environment. To study the 
electromagnetic shielding performance under such extreme 
temperature conditions, ferrite shielding material’s permeability 
characteristics are tested under temperatures as low as -50°C to as 
high as 240°C. Referring to the official recorded lowest and 
highest temperature of the United States, in this paper, it is 
assumed that the operation temperature ranges from -50°C to 
57°C as the coldest winter and hottest summer environment for 
WPT application. Electromagnetic performance, shielding, and 
associated stray magnetic emissions are simulated by using three-
dimensional (3D) transient simulations to study the impact of low 
and high temperature on electromagnetic shielding performance. 
Based on ferrite testing data, from -50°C low temperature to 57°C 
high temperature, the ferrite’s relative permeability ranges from 
2550 to 3727. The simulation study indicates that there won’t be 
significant impact on the EM shielding performance for WPT 
operated under those severe environment temperature conditions.  

Keywords—wireless power transfer, inductive power transfer, 
electric vehicle, electromagnetic field, ferrite shielding. 

I. INTRODUCTION 
Wireless power transfer (WPT) is a noncontact, convenient 

electric vehicle (EV) charging technology [1-4]. Some 

electromagnetic (EM) shielding solutions have been developed 
for stationary and 200-kW dynamic wireless charging of light-
duty electric vehicles (LDEVs) [5-8]. However, the embedded 
charging pads under and on the ground expose the charging coils 
and ferrite shielding to a potentially severe external cold or hot 
environment. As such, EM shielding performance under such 
conditions need further study. 

Most of the publications in the WPT field focus on power 
electronics control or interoperability studies [9-14]. In terms of 
charging pads and EM analysis, three-dimensional (3D) coil 
positioning of EM coupling is studied in Gao et al. [15]. Control 
strategies to improve the magnetic coupling and mitigate stray 
EM fields are presented in Lin, Covic, and Boys [16]. Tavakoli 
et al. [17] compared the EM coupling of different lumped and 
shaped pads/rails for cost optimization. These methodologies 
are great solutions to increase the EM coupling and mitigate 
stray EM emissions, but few methodologies focus on the 
shielding material’s characteristic study under an extreme low- 
and high-temperature environment. 

This paper investigates the permeability characteristics of 
ferrite shielding material and its impact on EM WPT field 
emissions. The permeability of ferrite samples was tested at an 
extreme temperature range of -50°C to 240°C. Stray magnetic 
emissions are simulated using 3D transient simulations to study 
the impact of low- and high-temperature in the range of -50°C 
to 57°C on the performance of electromagnetic shielding. In this 
paper, the analysis focuses on in-motion dynamic wireless 
power transfer (dWPT) as an example to conduct simulation; 
however, low- and high-temperature impact on EM performance 
is applicable to both dWPT and static WPT. 

II. WIRELESS CHARGING SCENARIO AND CHARGING PARDS 
IN/ON THE GROUND  

In the electrified lane, high-power wireless charging pads are 
installed on a roadway. When LDEVs pass by, ground-side 
wireless pads are energized alternatively to charge the in-motion 
EVs. EM coupling factor between the vehicle and charging pad 
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is a key parameter determining the dWPT charging 
effectiveness. For dWPT, assuming that the coils’ resistances 
are negligible compared to coils’ inductances or load battery 
impedance, the output power P0 of dWPT can be written as 
follows: 

 𝑃𝑃0 = 𝑣𝑣𝑣𝑣𝑖𝑖𝑣𝑣 = 𝜔𝜔𝜔𝜔𝐼𝐼𝑔𝑔𝐼𝐼𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝑔𝑔𝑔𝑔  (1) 

where vv and iv present the transient vehicle-side voltage and 
current, respectively; Ig and Iv are the RMS values of the ground- 
and vehicle-side currents, respectively. M is the mutual 
inductance between the ground- and vehicle-side coils, and 
𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝑔𝑔𝑔𝑔  is the power factor on the vehicle-side. The mutual 
inductance M is given by the following: 

 𝑀𝑀 = 𝑘𝑘�𝐿𝐿𝑔𝑔𝐿𝐿𝑣𝑣 (2) 

where k is the coupling coefficient typically between 0.1 and 0.5, 
owing to the loose coupling [18]. Lg and Lv present the ground-
side and vehicle-side coil self-inductance. 

The electromagnetic field coupling contributes to the power 
transfer, but a downside to the coupling is the stray EM field 
emission could be a safety concern for human health. The 
Society of Automotive Engineers (SAE) standard J2954 defines 
a maximum allowable magnetic field of 27 μT at 0.8 m (derived 
from a typical LDEV width of 1.6 m) from the center of the 
vehicle-side coil for LDEV stationary WPT [19], as shown in 
Fig. 1, but no dWPT standard exists yet. 

 
Fig. 1. EM safety boundary for static WPT [19]. 

As the wireless charging pads are installed along the 
roadway, they are exposed to the external environment such as 
cold temperatures in the winter or hot temperatures in the 
summer, as shown in Fig. 2. Additionally, the charging pads 
installed under the ground are exposed to a high-temperature 
environment and experience a lack of air flow or heat exchange 
circumstance, which causes an accumulated effect that could be 
even worse when fault current occurs on the underground 
charging pads. To ensure safety, EM performance under those 
extreme temperature conditions should be studied. 

 
Fig. 2. Typical dWPT scenarios with wireless charging pads installed along 

the electrified roadway. 

 

III. PERMEABILITY-TEMPERATURE CHARACTERISTIC TESTS OF 
FERRITE MATERIAL 

As a high-permeability material, ferrite is widely used as a 
shielding component for high-power WPT and dWPT 
prototypes [6]. Because the charging pads might be exposed to 
a high- and low-temperature environment, it is vital to study the 
EM characteristics of the ferrite material under extreme 
temperature conditions to ensure proper operation. 

A. Measurement Method 
To obtain the relative permeability-temperature curve, the 

permeability of a ferrite sample (BH1T, KEMET) has been 
tested at the ferrite test facility at temperatures ranging from -
50°C to 240°C. Table 1 presents the parameters of the tested 
samples and test condition. 

TABLE I.  FERRITE TEST PARAMETERS 

Quantity Value [unit] 
Test ferrite piece size 25 x 15 x 10 [mm] 
Frequency 100 [kHz] 
Current 0.1 [mA] 
Measured performance inductance 
Associated windings Φ0.26 [mm] x 10 [turns] 
Temperature -50 to 240 [degC] 

 
For a test setup with winding and ferrite core, assuming the 

ferrite permeability is not saturated when magnetic field is low, 
the permeability µ𝑟𝑟  can be calculated as such: 

 µ𝑟𝑟 = ( 𝐿𝐿𝐿𝐿
4𝜋𝜋𝜋𝜋𝑁𝑁2

) × 107 (3) 

where µ𝑟𝑟  is the relative permeability. L is the measured 
inductance (H), l is the average magnetic path length (m), A is 
the cross-section area (m2), and N is the number of the associated 
winding turns. Fig. 3 demonstrates the measurement circuit 
setup. 



 
Fig. 3. Measurement circuit setup for relative permeability test. 

 

B. Measure Equipment 

 
(a) 

 
(b) 

Fig. 4. Measurement equipment at KEMET facility [20]: (a) LCR meter and 
thermostatic chamber for -50 to 100°C; (b) LCR meter and 
thermostatic chamber for 100 to 300°C. 

 

The measurement equipment is present, as depicted in Fig. 
4. The FL721N-E type thermostatic chamber from Maker ETAC 
is used to carry out permeability test from -50 to 100°C, as 
shown in Fig. 4 (a), while HPS-222 type thermostatic chamber 
from Maker TABAI is used to carry out high-temperature test 
from 100–300°C, as shown in Fig. 4 (b). 
 

C. Measured Result 
Fig. 5 presents the results of the relative permeability-

temperature characteristics of the ferrite material test. 

 
Fig. 5. Results of the relative permeability-temperature characteristics of 

ferrite material test. 

According to the tested data shown in Fig. 5, the ferrite’s 
relative permeability declines from 3074 to 2550, with the 
temperature dropping from 0°C to -50°C. Historically, the 
lowest official, minimum recorded temperature of the 
contiguous United States was -56.7°C in Montana on January 
20, 1954 [21]. Normally, it is very rare to have environment 
temperatures drop below -50°C [21]. In this paper, considering 
-50 °C as the theoretically lowest temperature for dWPT 
operation, the ferrite’s relative permeability drops from 3074 to 
2550. 

On the high temperature end, the relative permeability of the 
ferrite drops significantly when the temperature climbs over 
220°C. It quickly reduces to 1 (no shielding effectiveness) when 
approaching 240°C. However, normal environment temperature 
even in the hottest summer ever won’t be as high as 220°C. 
Historically, the highest recorded official temperature of the 
United States was 134 degrees Fahrenheit or 56.7°C, which 
occurred at Greenland Ranch in Death Valley, California on July 
10, 1913 [22]. No other United States location has ever come 
close to this historical hot summer. Considering 57 °C as the 
theoretically highest environment temperature for dWPT 
operation as the worst-case scenario, the ferrite’s relative 
permeability increases from 3074 to 3727, and it is still under 
the ferrite deficiency point of 220°C by a considerable margin. 

 



IV. SIMULATION STUDIES OF TEMPERATURE IMPACT ON 
SHIELDING PERFORMANCE 

A 200-kW dWPT system with parameters referring to 
Zhang, et al. [6] is presented as an example on how to conduct 
the analysis. The finite-element model of both the ground-side 
and vehicle-side couplers are shown in Fig. 6, where both the 
ground-side coil/shielding and the vehicle-side coil/shielding 
are modeled in detail.  

 
Fig. 6. 3D transient finite-element simulation model for EM emission 

analysis. 

To represent the in-motion charging scenario, previously 
shown in Fig. 2, symmetric boundaries along the driving 
direction are adopted to enable multiple ground-side charging 
pads considered in transient simulation computing. Fig. 7 
presents the transient model setup when EV is aligned with 
ground-side coils. To mimic multiple ground-side coils along 
the electrified lane, the symmetric boundary with magnetic field 
B, which is set in parallel with symmetric boundary, is utilized 
to ensure symmetric magnetic field distribution along the 
electrified lane.  

 
Fig. 7. 3D transient finite-element simulation model for EM emission 

analysis. 

Fig. 8 presents the results for the EM emission simulation 
comparison along with a side-to-side direction under normal and 

cold weather operation conditions. The simulation model is 
preliminarily verified in static mutual-inductance measurement 
in Zhang, et al. [6]. According to the results shown in Fig. 8, 
when the environment temperature drops from 0°C to -50°C, 
there is only a slight stray field increase in EM field emissions, 
as shown by the green line as compared to the blue one in Fig. 8. 

 
Fig. 8. Magnetic field emission comparison between normal temperature and 

-50°C low temperature. 

On the high-temperature end, on the contrary, the EM 
shielding performance even improves a bit. Fig. 9 presents the 
results of the simulation comparison between normal and 57 °C 
operating conditions. According to the results shown in Fig. 9, 
when the temperature approaches 57 °C, the EM field emission 
slight decreases, as shown by the green line as compared to the 
blue one. This is because the ferrite material’s relative 
permeability, as shown in Fig. 5, increases to 3727 when the 
temperature increases to 57 °C compared to the relative 
permeability of 3074 in 0 °C.  

 
Fig. 9. Magnetic field emission comparison between normal temperature and 

57 °C high temperature. 

Fig. 10 demonstrates the magnetic field distribution 
comparison from -50 °C to +57 °C. It is observed that under the 
typical operation conditions with temperature ranging from as 
low as -50°C in the cold winter up to 57 °C in the hot summer, 
there won’t be significant EM performance degradation. Lower 
temperature leads to slightly weaker EM field centralization as 
show in Fig. 10 (a), thus a bit higher EM field emission as shown 
in Fig. 8. But in general, the temperature in the range of -50 °C 
to +57 °C doesn’t have significantly negative impact on the EM 
performance. 



 
(a) 

 
(b) 

Fig. 10. Magnetic field distribution when (a) -50 °C in the winter and (b) 57 °C 
in the summer. 

V. CONCLUSION AND DISCUSSION 
This paper presents the permeability test curve of the ferrite 

shielding material and its impact simulation on EM field 
emissions for WPT. The test methods, equipment, and 
conditions are presented in detail. The permeability of the ferrite 
samples is tested from -50°C to 240°C, where the relative 
permeability of the ferrite drops significantly when the 
temperature climbs over 220°C, and quickly reduces to 1 when 
approaching 240°C. Referring to the official lowest and highest 
recorded temperature of the United States, 220°C is unrealistic, 
thus in this paper, it is assumed that the operation temperature 
ranges from -50°C to 57°C as the coldest winter and hottest 
summer environment for WPT application. 

Based on the tested ferrite permeability curve, from -50°C 
low temperature to 57°C high temperature, the ferrite’s relative 
permeability ranges from 2550 to 3727. A stray magnetic 
emission is simulated using 3D transient simulations to study the 
impact of low and high temperatures on electromagnetic 

shielding performance. The simulation study indicates that there 
won’t be significant impact on the EM shielding performance 
for WPT operated under those severe environment temperature 
conditions. Currently, the full-size, high-power dWPT has been 
tested functionally at Oak Ridge National Laboratory (ORNL). 
The hardware deployment and integration with real world 
roadway conditions is in under coordination and will be 
presented in future work. 
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