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Abstract— Dynamic wireless charging of electric vehicles is a 

flexible and state of the art charging technology with the potential 

capability of enabling fully automated in-motion charging. With 

charging power increasing to more than 100 kW for light duty 

vehicles, electromagnetic field (EMF) emission becomes a critical 

challenge. Due to the high costs of ferrite materials, this paper 

proposes an active shielding solution with multiple canceling coils 

installed on the ground side to supplement ferrite passive shielding 

to ensure electromagnetic safety. Two canceling coils are designed 

on two sides of the ground side coil. The canceling coils are small 

in size and 180 degree opposite in phase to the ground coil. 

Simulation and modeling shows that the canceling coils can reduce 

EMF emission from 37.2 μT to 18.2 μT at 0.8 m during 100 kW 

operation with only 2.5% of ground side current flowing in the 

canceling coils. These results have been preliminarily verified by 

inductance measurements and magnetic field measurement at 1.1 

m distance without canceling coils. By further increasing the 

canceling coils’ currents to 4%, EMF emission can also be 

mitigated at 200 kW, although the canceling coils’ shape, position, 

and phase angle can be further optimized to improve the three-

dimensional field distribution.  

Keywords—inductive power transfer, dynamic wireless power 

transfer, electric vehicle, electromagnetic field, active shielding 

I. INTRODUCTION 

Dynamic wireless power transfer (dWPT) or dynamic 
inductive power transfer (dIPT) is a newly developing, 
convenient, flexible, and state-of-the-art wireless charging 
technology [1-3]. Different from stationary inductive power 
transfer (IPT), in-motion wireless charging is the main technical 
feature for dIPT. For light-duty electric vehicle (LDEV) 
application, dIPT offers a good wireless charging solution for 
fully autonomous driving. More importantly, it offers the 
potential EVs to travel longer distances without requiring stops 
to recharge or increasing the size of the on-board battery, which 
brings potential benefit to reduce the requirement for battery 

energy storage capacity for LDEV [4, 5]. High power charging 
enables less of the roadway to be electrified in order to meet the 
vehicle energy requirements. The higher the power, the less 
ground side infrastructure is required resulting in lower capital 
costs and maintenance.  

The state-of-the-art wireless charging technology for LDEV 
is currently approaching 100- to 200-kW level [6-8]. With the 
increase of wireless charging power, electromagnetic field 
(EMF) safety in regard to human health surrounding the dIPT 
becomes a critical concern [9]. [10] reports detailed impact 
evaluation of EMF on human body. Numerous existing 
investigations of suppressing stray EMF emission have mainly 
focused on coupler optimization or passive shielding design [11-
13]. There have been some passive shielding solutions 
developed with ferrite that works well for stationary 100- to 200-
kW level wireless charging [14]. However, due to the high cost 
of ferrite, it would be better to utilize less ferrite on the ground-
side shielding solutions for IPT application scenarios. 

In addition to passive ferrite shielding solution, active 
shielding by using canceling coils to mitigate leakage EMF is an 
alternative and cost-efficient method to achieve EMF safety. In 
several designs, shaped-ferrite was combined with canceling 
coils to actively mitigate leakage flux of dIPT [15, 16]. The 
canceling coils proposed were designed for heavy-duty vehicles 
(HDVs) in various large sizes/shapes which are not applicable 
for LDEV. One design, [17] installed two canceling coils next 
to both the primary and the secondary coils in order to supress 
stray magnetic field for stationary 1 kW IPT. [18] investigated 
the canceling coils’ impact in reducing the coupling factor 
between primary and secondary coils. Since the adjacent 
canceling coils are large and impact the coupling factor, it’s also 
not preferred for high power LDEV application.  

This paper presents active shielding concept designs with 
multiple canceling coils installed to supplement ferrite passive 
shielding for a high-power (100- to 200-kW) dIPT system. An 
application scenario, a design consideration, and simulation 
results are presented in detail. Given the different technical 
features, this paper focuses on high-power dIPT for LDEVs; 
discussion of HDVs (e.g., trains, buses) [19, 20] is beyond the 
scope of this paper. Also, this paper focuses on the magnetic 
field. The electric field, which is typically not a critical concern 
for stationary IPT [21], is not discussed here and will be 
investigated for dIPT operation scenario in future studies. 
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II. APPLICATION SCENARIO AND CONCEPT DESIGN 

A. Multiple Active Canceling Coil Systems for dIPT 

Fig. 1(a) presents a typical dIPT application scenario. In a 
specially planned electrified roadway lane, wireless charging 
pads are installed in the roadway. These series of charging pads 
are integrated with distributed power electronics supply, where 
high frequency resonant charging currents are provided. When 
LDEVs pass by, wireless pads are activated simultaneously and 
alternately to generate various EM fields which transfer the 
energy from the electric grid to the in-motion LDEVs and 
ultimately charge the LDEVs’ batteries. During the charging 
process, the generated EM field for power transfer also creates 
stray EM field which might lead to safety concerns, hence the 
focus of this paper. 

In addition to ferrite passive shielding presented in previous 
work [15], this paper presents an active shielding solution as a 
supplement to the main passive shielding to limit stray magnetic 
field, as shown in Fig. 1(b). Along the electrified lane, smaller 
canceling coils are installed on two sides of each ground-side 
coil. These canceling coils generate reverse magnetic fields 
simultaneously to the main fields from ground-side and vehicle-
side coils to minimize stray magnetic field emissions at the edge 
of the electrified lane.  

 
 (a) (b) 

Fig. 1. (a) Typical dIPT application scenario and (b) proposed active-shielding 

solution with canceling coils. 

B. EM Safety Limitations 

SAE J2954 defines a maximum allowed magnetic field of 27 
μT at 0.8 m from the center of the vehicle-side coil for LDEV 
stationary IPT, as shown in Fig. 2 [23]. This standard is designed 
for stationary IPT where the 27-μT criteria comes from the 
ICNIRP 2010 standard [24] for human heath protection and the 
0.8-m criteria is derived from a typical width of a 1.6-m wide 
LDEV.  

 No authority has yet defined a standard for EM safety 
distance (or magnitude) for dIPT. Definition of this standard is 
likely to be more complicated due to the realities of in-motion 
charging. Due to the higher risks posed by physical impact to a 
person or animal standing too close to a moving vehicle it is 
likely that the distance criteria should be larger than 0.8 m and 
may logically be at the edge of the driving lane (distance criteria 
to be half of the lane width). However, lane widths very 
drastically from the typical U.S. lane width of 3.7 m to the most 
narrow lane in Japan of only 2.75 m. Vehicles also vary in 
position within the lane and thus the distance from lane edge to 
center of vehicle-side coil will vary with different 
misalignments. Considering lane edge as an EM safety 

boundary for dIPT, the distance criteria between lane edge and 
center of vehicle-side coil is still an open question. 

 

Fig. 2. Definition of magnetic-field emission limitations for LDEV in SAE 

J2954 [22]. 

III. CANCELING COIL AND CIRCUIT DESIGN 

When an electric vehicle passes by a charging pad, the 
highest transferred power will be received when the vehicle-side 
coil and ground-side coil are aligned. To simplify, consider only 
the driver’s safety aspect; the fully aligned situation is 
considered as the worst case because of the highest vehicle-side 
current received, although some misaligned scenarios might 
lead to higher EM emissions near the ground-side coils. 

 

Fig. 3. The proposed dIPT circuit including two canceling coils in series with 

the ground-side coil. 

Fig. 3 presents the proposed dIPT circuit, including two 

canceling coils in series with the ground-side coil. It consists of 

grid-voltage input, power-factor compensation, ground-side 

inverters, a ground-side compensation capacitor, a ground-side 

coil with attached ferrites, a vehicle-side compensation 

capacitor, a vehicle-side coil with attached ferrites, vehicle-side 

rectifiers, and a battery load, where vg and vv are the ground and 

vehicle-side transient voltages, respectively. Symbols ig and iv 

represent the ground- and vehicle-side transient currents, 

respectively; Cg and Cv stand for the ground- and vehicle-side 

compensation capacitors, respectively, and Lg and Lv present the 

ground- and vehicle-side coils, respectively. M is the mutual 

inductance between the ground- and vehicle-side coils, C0 is the 

load-side bus capacitor, and Z0 represents the equivalent DC-

side load impedance. Lc1 and Lc2 are the two cancelling coils in 

series with the ground-side coil, where currents going through 

two cancelling coils Lc1 and Lc2 are adjustable and typically very 

low compared to the ground-side coil current. In this way, most 

of the currents (typically >95%) will still go through the ground-

side coil and connected wire, which is presented as Lline in the 

circuit of Fig. 3, instead of through cancelling coils, so that the 

negative impact of losses on cancelling coils is minimized. To 

make the figure simple, different coils’ inductance symbols Lg, 



Lv, Lc1, Lc2, and Lline are used in Fig. 3 to present coils. Their 

resistances are also counted in the calculation, which will be 

presented in equations as follow. 

The DC side load Z0 in Fig. 3 can be transferred to AC-side 
equivalent impedance Zvac as shown below [24, 25], 

 𝑍𝑣𝑎𝑐 =
8

𝜋2
𝑍0 (1) 

Circuit equations based on a resonant circuit, shown in Fig. 3 
can be given by: 

 𝑣𝑔 = (𝑗𝜔𝐿𝑔 +
1

𝑗𝜔𝐶𝑔

+ 𝑅𝑔 + 𝑍𝑐) 𝑖𝑔 − 𝑗𝜔𝑀𝑖𝑣  (2) 

 𝑗𝜔𝑀𝑖𝑔 = (𝑗𝜔𝐿𝑣 +
1

𝑗𝜔𝐶𝑣

+ 𝑅𝑣 + 𝑍𝑣𝑎𝑐) 𝑖𝑣  (3) 

where Rg and Rv are corresponding resistances to Lg and Lv, 
respectively. Zc presents the equivalent impedance of canceling 
coils’ branch, which consists of two canceling coils’ connected 
wires, as well as related current-adjustment equipment (e.g., 
switches, adjustable resistors, semiconductors), as marked in 
Fig. 3. 

To make the canceling coils small overall, two canceling 
coils are connected, in parallel first, and then in series with the 
ground-side coil, as shown in Fig. 3, so that smaller Litz wire 
diameter, with lower current carriage capability, can be utilized 
compared to main coils. At this concept-design stage, the 
currents flowing in the canceling coils are simply set as 
180 degrees opposite to the ground-side coil, which cancels 
most of the stray field generated next to the ground-side coils, 
although the phase differences between canceling coils and 
vehicle-side coils would be around 90 degrees. 

In order to avoid affecting the coupling factor between 
ground-side and vehicle-side coils, two canceling coils are 
installed on two sides of the ground-side coil with large 
horizontal gaps so that the canceling coils and ground-side coil 
are decoupled, as shown in Fig. 4. In this way, the mutual 
inductance M can still be given by the following equation 
without canceling coils’ impacts. 

 

Fig. 4. The proposed two canceling coils’ installation in series with the 

ground-side coil. 

 𝑀 = 𝑘√𝐿𝑝𝐿𝑠 (4) 

where k is a coupling coefficient, typically between 0.1 and 0.5, 
owing to loose coupling [26]. Simulation calculations on mutual 
inductance between the ground-side coil and canceling coils will 

also be presented in the following section to ensure that 
canceling coils are decoupled from the two main coils. 

Considering the resonant circuit, vehicle-side L-C and 
ground-side L-C are still resonant at the angular frequency 𝜔0, 
which meets the following equations: 

 𝑗𝜔0(𝐿𝑔 + 𝐿𝑐) +
1

𝑗𝜔0𝐶𝑔

= 𝑗𝜔0𝐿𝑣 +
1

𝑗𝜔0𝐶𝑣

= 0 (5) 

where Lc is the corresponding inductance component of Zc. 

Theoretically, the ground-side compensation capacitor Cg 

requires to be retuned to fully compensate the additional 

inductances coming from the two canceling coils in Lc based on 

Eq. (5). Because the required increase in Cg is typically too small 

to be able to find the next-level commercially available product, 

especially for high power IPT capacitor, this specific retuning 

process is practically omitted. To achieve this, Lc should be 

designed very small, to a negligible level compared to Lg so that 

the minor resonant-frequency differences between ground- and 

vehicle-side can also be ignored. 

As a typical example of a high-power IPT, a 100-kW IPT 
system, with parameters described in [6], is adopted to carry out 
the simulations. Two canceling coils are located on the two sides 
of the ground-side coil at a distance of 0.8 m from the center of 
the ground-side coil. To minimize the impact of the canceling 
coils on the main circuits in terms of power losses in canceling 
coils and self-inductance increases for compensation capacitor-
tuning consideration, only two turns are designed to wire the 
canceling coils with reverse low currents of 4.275 A, which is 
only 2.5% of the ground-side current. Table I summarizes the 
parameters of the designed canceling coils. 

TABLE I  

CANCELING COIL DESIGN FOR 100 KW IPT SYSTEM [6] 

Quantity Value 

canceling coil turns 2 

canceling coil current 4.275 A 

canceling coil type DD 

resonant frequency 22 kHz 

output power 100 kW 

ground-side coil current 177 A 

vehicle-side coil current 171 A 

turns of ground or vehicle side coil 8 

ground- or vehicle-side coil type DD 

ground- or vehicle-side coil shielding      backing ferrite 

IV. SIMULATION RESULTS 

Based on the circuit and canceling coils’ design, presented 
previously, simulation verification is carried out in this section 
to prove the concept design. To ensure the simulation model’s 
correctness, a finite-element model with parameters listed in 
Table I, without canceling coils, is preliminarily verified against 
measured self and mutual inductances, as well as magnetic-field 
measurement at 1.1 m distance, which will be presented in the 
following Subsections, A and B. 



A. Mutual-inductance decoupling check 

To ensure that canceling coils will not affect the main coils’  
coupling factor, mutual inductances between ground-side and 
vehicle-side coils, as well as those between ground-side and 
canceling coils are calculated by using finite-element 
simulation. In simulation, mutual inductance can be calculated 
based on Eq. (3) in case of a short circuit while self-inductance 
can be calculated, as below, 

 𝐿𝑔 =
2𝐸

𝐼𝑔
2

 (6) 

where E is the total spatial EMF-energy integration when only 

one (e.g., the ground-side coil) is excited with all other coils in 

open circuit; Ig is the steady state RMS value of ig. Table II 

presents the simulation results, along with part of measured self 

and mutual inductances. The canceling coils’ hardware, as well 

as relevant current adjustment components, are still under 

development so their measured data are currently unavailable in 

Table II. 

TABLE II  

INDUCTANCES SIMULATION AND VERIFICATION 

Quantity 
Simulated 

Value (μH) 

Measured 

Value (μH) 

Self-inductance of ground-side coil 49.37 50.89 

Mutual inductance between ground-

side and vehicle sidle coils 
22.46 22.43 

Coupling factor between ground-side 

and vehicle sidle coils 
0.46 0.44 

Self-inductance of canceling coil 1.19 / 

Mutual inductance between ground-

side and canceling coils 
1E-3 / 

Coupling factor between ground-side 

and canceling coils 
8.4E-4 / 

 
The results compared in Lines 1–3 of Table II preliminarily 

illustrate the correctness of the simulation model because self 
and mutual inductances are major variables representing coils’ 
EM energy-storage capability. The designed canceling coils 
only have 1.19 μH self inductance and 1E-3 μH mutual 
inductance with the ground-side coil; both are very small. These 
small inductance values support the previous discussion in 
Eq. (5) that canceling coils’ inductances are designed to a 
negligible level compared to ground-side coil. In this way, the 
retuning procedure of compensation capacitors can practically 
be omitted due to the difficulties in capacitor-type selection with 
minor capacitance adjustments. The minor resonant-frequency 
differences between ground-side and vehicle-side can be 
ignored as well. 

Comparing the mutual inductance of 22.46 μH between 
ground-side and vehicle-side coils to that of 1E-3 μH between 
ground-side and canceling coils, the canceling coil’s impact on 
the coupling between the two main coils is negligible, which 
supports the discussion in Eq. (4) that the canceling coil will not 
affect IPT coupling effectiveness. 

B. Active shielding effectiveness 

Fig. 5 presents simulated results according to parameters 
listed in Table I with and without the canceling coils in blue and 

green lines, respectively, where the simulated magnetic field 
without canceling coils is preliminarily verified by a magnetic-
field measurement at a 1.1-m distance with IPT operated at 
100 kW. The distance to the center of the coils mentioned in all 
the following simulation results refers to the side-to-side 
direction along the mid-plane between ground- and vehicle-side 
coils of the vehicle, as shown in Fig. 2. 

Canceling coils can reduce magnetic-field emissions from 
37.2 to 18.2 μT at a 0.8-m distance from the center of the main 
coils. Also, all magnetic-field emission levels over 0.8 m are 
below the limit of 27 μT in accordance with ICNIRP 2010 [23]. 
Because only 2.5% of the ground-side current is flowing in the 
canceling coils, the downside of utilizing active canceling coils 
in terms of coil losses is acceptable. Note that 0.8 m marked here 
is just a reference as the worst case, which is not the distance 
criteria.  

 

Fig. 5. Magnetic field shield effectiveness with and without canceling coils, 

operated in 100 kW. 

In order to better understand canceling-coils performance in 
higher transferred power with different canceling-coil currents, 
simulations are also conducted at 200 kW operational power, 
with canceling-coil currents in 4, 2.5, and 0% of the ground-side 
coil current. Fig. 6 presents the simulation result. It is observed 
that the field emission around 0.8 m can still be limited to less 
than 27 μT in 200 kW operation by adjusting the flowing 
currents in the canceling coils. With canceling-coil currents 
increasing from 0 to 2.5 to 4%, the EM field at 0.8 m drops 
significantly from 53.2 to 25.8 to 13.1 μT, respectively. 

 

Fig. 6. Magnetic field shield effectiveness with different canceling coils’ 

currents, operated in 200 kW. 



On the other hand, Fig. 6 also demonstrates that canceling 
coils can only mitigate stray field within a limited region. The 
EM field emission outside of regions mitigated by canceling 
coils are still high, as marked by the blue circle of Fig. 6. This 
requires further investigation. 

C. EM field distribution analysis 

To clarify the canceling coils’ impact on the surrounding 
EMF, field distribution in the mid-plane between ground- and 
vehicle-side coils is simulated. As a comparison, simulation 
result without canceling coils is provided. To be consistent with 
previous analysis results shown in Fig. 6, calculations are carried 
out in 200 kW operation, with all dimensional parameters in 
accordance with Table I. Also, only 2.5% of currents compared 
to that in the vehicle-side coil are flowing in canceling coils. The 
discussion here mainly focuses on the horizontal mid-plane 
while the vertical stray field, shown in Region 3 of Fig. 2, in 
accordance with SAE J2954 [22], is typically not of critical 
concern [21]. 

Fig. 7 presents a simulated magnetic-field distribution. 
Noting that the distribution is in mid-plane between the ground- 
and vehicle-side coils, in Fig. 7, the coils, ferrites, and canceling-
coil shapes represent ground-side, vehicle-side, and canceling-
coil projections to the mid-plane. In Fig. 7 (a), without canceling 
coils, the field distribution is ideally symmetric, which decreases 
isotropically at further distances. 

However, when canceling coils are used, field distribution 
distorts a bit around the canceling coils. Based on the Biot-
Savart law, the magnetic-field vector generated by ground-side, 
vehicle-side, and canceling coils in a three-dimensional space 
can be given by: 

�⃑� 𝑠𝑢𝑚 =
𝜇0𝑖𝑔

4𝜋
∮

𝑑𝑙 × 𝑟 𝑔

𝑟𝑔
2

𝑐𝑜𝑖𝑙_𝑔

+
𝜇0𝑖𝑣
4𝜋

∮
𝑑𝑙 × 𝑟 𝑣

𝑟𝑣
2

𝑐𝑜𝑖𝑙_𝑣

+
𝜇0𝑖𝑐
4𝜋

∮
𝑑𝑙 × 𝑟 𝑐

𝑟𝑐
2

𝑐𝑜𝑖𝑙_𝑐

 

(7) 

where coil_g, coil_v, and coil_c present the ground-side, 
vehicle-side and canceling coils’ volume regions for integration 
calculation; 𝑟 𝑔, 𝑟 𝑣, and 𝑟 𝑐 represent the distance vectors between 

the ground-side, vehicle-side, canceling coils and target point, 
respectively, where the magnetic field is calculated. Because the 
focus region of the stray-EM field is mainly in Region 2 of 
Fig. 2, as defined in SAE J2954 [22], so 𝜇0  is used here. 
Although nonlinear ferrite materials exist in the region, its 
permeability is still linear below the field saturation limit of 
410 mT at 100℃ [7, 27]. Thus, the whole region can still be 
treated as a linear system for purposes of magnetic-field 
calculation. 

Comparing Fig. 7 (a) and (b), it is observed that canceling 
coils significantly mitigate the stray field in the middle of the 
canceling coils’ cover regions, as shown in the lower white 
circle of Fig. 7(b), which is also consistent with the results 
shown in Fig. 6. However, the canceling coils also bring a 
downside in that the field at the edge is augmented, as shown in 
the upper white circle of Fig. 7(b). This can be explained 
according to Eq. (7). The generated magnetic fields from 
canceling coils in the middle are exactly opposite to those from 

the ground- and vehicle-side coils due to the 180 degree phase 
differences in currents, so the field in the middle is reduced. But 
with these canceling-coil orientation and current settings, the 
field generated by canceling coils at the edge would be around 
90 degrees different from that generated from vehicle-side and 
ground-side coils, which ultimately enhances the stray field. 

 

(a) 

 

(b) 

Fig. 7. EM-field distribution in mid-plane between the ground- and vehicle-

side coils, operated at 200 kW. (a) Simulated results without canceling coils 

and (b) simulated results with canceling coils. 

To better understand the shape of canceling coils’ impact on 
EM-field distribution, one more case study, with the canceling 
coils’ orientation adjusted, is also conducted. In this case, all 
parameters and operation powers are still consistent with that in 
Fig. 7, except for a 90 degree orientation adjustment in canceling 
coils, as shown in Fig. 8. 

Comparing Fig. 8 to Fig. 7 (b), it is observed that the field-
decreased areas in the middle of canceling coils’ cover regions 
are broadened, as shown in the lower white circle of Fig. 8. Also, 
the downsides of the augmented EM field at the edge is 
suppressed a bit, as shown in the upper white circle of Fig. 8. 
The overall shielding effectiveness, in terms of EM-field 
distribution, is improved, but work can be continued to 
understand canceling-coils size and position-sensitive analysis, 
canceling-coil phase optimization, and the open discussion 
question about what exactly the EM-field distance criteria 
should be for dynamic IPT application scenario for LDEVs. 



 

Fig. 8. Simulated EM field distribution in mid-plane between ground-side and 

vehicle-side coils when canceling coils rotate 90 degrees. 

V. CONCLUSION AND DISCUSSION 

dIPT is an emerging technology with the capability of 
enabling in-motion wireless charging. EMF safety is a critical 
concern as the charging power progresses beyond 100 kW. Due 
to the high cost and limited supply of high-performance ferrite 
materials, this paper presents an active shielding solution with 
multiple canceling coils as a supplement to passive ferrite to 
ensure EMF safety for 100–200 kW dIPT. A simulation model, 
which is preliminarily verified by inductance measurements and 
one-point magnetic-field measurements at 1.1 m for 100 kW, 
indicates that the proposed canceling-coil design can reduce 
EMF emission of 100 kW dIPT from 37.2 to 18.2 μT at 0.8 m 
from the center of main coils with only 2.5% of current flowing 
in the canceling coils. By further increasing canceling coils’ 
currents to 4%, field emission can be mitigated below 27 μT 
when operated at 200 kW. 

Active shielding research with canceling coils for dIPT is 
still at a concept-design stage. Because of the high cost and 
limited supply of high-performance ferrites, active shielding 
might serve as a good supplement in conjunction with passive 
ferrite shielding to reduce the amount of ferrite needed, even 
though some technical barriers remain and relevant 
disadvantages present in increasing system complexity. Further, 
canceling-coil shape, position optimization, co-simulation, and 
optimization with passive shielding, as well as phase-angle 
tuning studies are still under investigation. An on-site dIPT 
demonstration platform with LDEV is also planned to be built 
at American Center for Mobility (ACM) in Ypsilanti, MI [4]. 
This dIPT development and demonstration is lead by Oak Ridge 
National Laboratory, with partnership from Idaho National 
Laboratory, National Renewable Energy Laboratory, 
universities, and vehicle manufacturers. Due to the page limit of 
ITEC conference, more content will be presented in the future 
conference/journal publications. Additionally, the measurement 
distance for EMF safety criteria for dIPT application, 
considering different misalignments’ scenarios, is still an open 
question given the range of roadway lane widths implemented 
around the world.  
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