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Technical challenges and tradeoffs

I
ncreasing public awareness of the environmental impact of green-
house gas emissions, together with the development of modern lith-
ium-ion batteries, has triggered worldwide interest in electric mobility 
[1]. Together with environmentally sustainable energy production using 
renewable energy sources, electric vehicles (EVs) and plug-in hybrid 

EVs have a smaller CO2 footprint compared to traditional vehicles that rely 
exclusively on internal combustion engines. As an additional advantage, the 
total cost of ownership over the lifetime of an EV is lower than that of a tra-
ditional vehicle, despite the higher initial purchase price [2]. Hence, vehicle 
markets in the developed world have seen EV sales rapidly increasing over 
the past years.

Nevertheless, further improvement is required to mitigate the techno-
logical barriers that currently hinder widespread EV adoption. The devel-
opment of electrical energy storage systems with ever-higher energy and 
power densities has already begun to address the limited electrical driving 
range and long battery-charging time of today’s EVs. Still, innovative solu-
tions for battery charging will be required to increase acceptance of the 
technology and accelerate the transition from traditional to electric mobil-
ity. To this end, the miniaturization of isolated conductive on-board EV 
battery chargers with high power capability is an ongoing research topic: 
the steady performance improvements are a result of ever-higher converter 
switching frequencies using novel wide-bandgap power semiconductors 
[3], soft-switching converter topologies [4], and improved modeling and 
optimization strategies that allow for the fullest utilization of all system 
components [5].

Novel Charging Concepts Promote EV Adoption
Novel concepts such as contactless battery charging by inductive power transfer 
(IPT) [6]–[25] have the potential to further accelerate EV adoption. Unique advan-
tages result from the contactless transmission via IPT of battery-charging energy 
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[5]. It was shown in [35] that, for contactless EV char-
gers, further tradeoffs result from requirements specific 
to IPT systems. However, a comprehensive investigation 
of these relations cannot be found in the literature at the 
present time. Also, a comparison of the attainable per-
formance with existing state-of-the-art conductive EV 
chargers has not yet been presented. In the meantime, 
the multiobjective IPT optimization process developed 
in [35] was applied for the design of a full-scale 50-kW 
IPT system in [36] and [37]. The technical details of IPT 
coil optimization and the power electronic converter 
will be covered in two upcoming papers, [38] and [39], 
respectively; here, we give only a concise summary of 
the key results. The main focus of this article is to point 

across the air gap between a charging platform embedded in 
the road surface and a receiver coil on the EV. The elimina-
tion of the galvanic connection between the charging station 
and the vehicle simplifies the charging process and removes 
safety concerns related to the handling of the electrical 
equipment. In addition, automatic power transfer without 
the need for moving mechanical components is particularly 
attractive for charging public transportation EVs because it 
enables the charging process to be integrated with regular 
vehicle operation via “opportunity charging” at bus stations, 
taxicab stands, or traffic lights along the route [25]–[27]. 
Reduced dwell times for recharging at a depot means that 
operators can trim the number of vehicles in their fleets and 
related operating costs.

Further, more frequent recharging reduces the bat-
tery’s depth of discharge, which extends battery life-
time [28] and allows dimensioning EVs with a smaller 
on-board energy storage capacity, thus lowering initial 
costs. Moreover, the lack of a galvanic connection frees 
the charging station from moving mechanical compo-
nents, which reduces the required maintenance. These 
opportunities have triggered a significant number of 
research projects in industry and in academia around the 
world (Figure 1). As a result, scientific publications and 
patent applications on the subject have been increasing 
rapidly in recent years.

Independent of the employed charging technology, the 
power electronic components must satisfy multiple perfor-
mance requirements simultaneously. For low energy costs 
and simplified thermal management of components, high 
charging efficiency is required. Moreover, on-board power 
electronic equipment must meet automotive requirements 
such as low cost, high reliability, and overall compactness 
[29], [30]. Another concern is standardization to enable both 
conductive and contactless EV chargers to interact with 
products from different manufacturers. For IPT systems, a 
key interoperability requirement is a common transmission 
frequency, which will be defined as 85 kHz in the upcoming 
standard SAE J2954 [31], [32].

In addition to the typical automotive requirements, fur-
ther design challenges arise for contactless EV chargers as 
a result of the physical principle of magnetic induction they 
employ. At higher power levels, high-frequency electromag-
netic fields are inherently required for the power transfer. 
However, if the charger is located in an area accessible by 
the public, it must comply with the relevant safety stan-
dards for electromagnetic fields [33], [34]. Furthermore, the 
consumer should be confronted with little or no additional 
effort in using the contactless charger. Hence, the power 
electronics and the control must have a high tolerance with 
respect to the coil positioning, such that no particular atten-
tion must be paid to the parking position of the EV on the 
IPT charging platform.

Interdependencies and design tradeoffs exist among 
the listed performance factors, which, for conventional 
power electronics, are well documented in the literature 
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out the limitations of IPT technology for EV charging as 
compared to conventional conductive chargers, based on 
the theoretical and experimental results obtained from 
the 50-kW prototype. For the sake of brevity, the obser-
vations are presented as a high-level discussion without 
considering all the technical details, for which interested 
readers are referred to [36]–[40].

Figure of Merit for IPT Systems
Based on the theoretical analysis of the transformer 
equivalent circuit of a series–series compensated 
IPT system, it was shown in [41]–[43] that the figure 
of merit kQFOM =  limits the transmission (or coil-
to-coil) efficiency to

	 ,kQ1 2
max .h - � (1)

where k  represents the magnetic coupling and Q  
the quality factor of the two IPT coils at the operating 
frequency 0~ . The magnetic coupling accounts for the 
magnetizing current [compare in  in Figure 2(b)] that 
is necessary to sustain a certain power output Pout , 
while the quality factor represents the ac power 
losses Ploss  that occur in the coil windings as a 
result of the parasitic resistance of the copper litz 
wire conductors.

The magnetic coupling is mainly a function of the 
ratio between the air gap and the size of the IPT coils, 
as shown in Figure 2(c) for an exemplary configura-
tion. Hence, larger IPT coils lead to higher efficiency 
for a given transmission distance. In addition, the 
magnetic coupling decreases rapidly with misaligned 
IPT coils. Therefore, large IPT coils are needed to limit 
the variation of the magnetic coupling and to achieve a 

sufficient misalignment tolerance. If, as a first approximation,  
the ac effects in the litz wire windings and the losses in the 
magnetic core elements are neglected, the quality factor 

/Q L R0 ac. ~  is proportional to the transmission frequency 
[Figure 2(d)]. In addition, the quality factor also increases with 
the coil size because of the increasing inductance that results 
from the larger coil area enclosed by the windings. Hence, the 

transmission efficiency is defined by 
the size of the IPT coils as compared to 
the air gap and by the selected transmis-
sion frequency.

For a given area-related power den-
sity /P Aout coila =  of the IPT coils and 
assuming natural convection cool-
ing, the coil surface-related power 
loss density is thermally limited to 

/P P Asurf,max loss,max coil=  by the heat tr
ansfer coefficient at the coil surface 
and the IPT coil surface area Acoil . 
This thermal limit defines a required 
minimum efficiency of

	 P
P P

1 1
,

min
max

out

loss surf,max
.h a- = - � (2)

and, thereby, a required minimum coil 
size for the dissipation of the power 
losses Ploss,max  that result during the 
transfer of a given charging power Pout. 
Depending on the materials used for 
the coil housing and on the power level, 
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FIG 2 (a) A four-turn spiral air coil pair. (b) A transformer equivalent circuit. (c) The 
calculated magnetic coupling as a function of the ratio of the coil diameter to the air gap. 
(d) The approximate frequency dependency of the coil impedances and the quality factor.
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FIG 1 (a) A geographical overview of selected research and development 
activities on IPT for EV charging. (b) The publication numbers obtained 
from the following Google Scholar search query: power inductive OR con-
tactless “electric vehicle”–“induction motor”–“induction machine.” (The last 
two parts exclude electrical machine research with similar titles.)
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the minimum coil size can be large 
compared to the air gap distance. For 
more compact IPT coils with a smaller 
surface area, active cooling is needed 
for the thermal management.

Note that a design tradeoff among 
the coil size, the transmission effi-
ciency, and the stray field exists for 
IPT systems. According to Fara-
day’s law, the induced voltage in the 
receiver coil is proportional to the 
magnetic flux in the air gap, the area 
enclosed by the windings, and the 
transmission frequency. Assuming a fixed observation 
point, IPT coils with larger physical dimensions result 
in higher magnetic fields. Even though the transmitter 
current is lower for larger coils with improved magnetic 
coupling, the close proximity of the conductors to the 
observation point leads to an increase in the magnetic 
field. Therefore, the remaining option for reducing the 
necessary magnetic fields in an IPT system is to select 
a higher transmission frequency. However, the high 
transmission frequency poses a challenge for the power 
electronics design. In the next section, these tradeoffs 
are investigated more closely for the IPT system [37], 
with the goal of accurately quantifying the performance 
limits for a specific system configuration.

The Design Tradeoffs  
for Contactless Chargers
For the design of the 50-kW/85-kHz 
IPT system shown in Figure 3, the 
multiobjective optimization process 
proposed in [35] was adopted. As 
illustrated in Figure 4(a), mathemati-
cal models describing the physical 
properties and the system operation 
(power losses, component dimen-
sions, system cost, topology, modula-
tion, etc.) are used to iteratively cal-
culate the performance of all system 
configurations contained in a speci-
fied design space. The core elements 
of the method are the comprehensive 
component and system models, 
which are based on a combination of 
analytical models and three-dimen-
sional finite-element-method calcula-
tions, as described in full detail in 
[37] and [38]. Here, only a short over-
view of the system architecture is 
given, and the main optimization 
results are summarized.

The topology of the contactless 
EV charger and the realized prototype 
hardware are shown in Figure 3. For 

the regulation of the power flow in the 
series–series compensated IPT system, 
the dc-link voltages U ,1 dc  and U ,2 dc  at 
the transmitter and at the receiver 
are actively controlled. For the dc–dc 
converter on the vehicle, a parallel-
interleaved modular approach with 
coupled magnetic components is cho-
sen for maximum compactness of the 
power electronics. At the transmitter 
side, the control of the dc-link voltage 
is provided by a buck-and-boost-type 
three-phase mains interface [44], [45]. 

A coordinated feedback control of both dc-link voltages via 
a wireless communication link allows regulation of the bat-
tery-charging current at the converter output in an efficient 
and robust manner over a wide load range [37].

The results of the multiobjective optimization of 
the transmission coils are summarized in Figure 4(b) 
and (c). Each point represents the calculated perfor-
mance of a different IPT coil design. Included are the 
ac winding losses, core losses, and eddy-current shield-
ing losses in the coils, as well as the losses in the film 
capacitors used for the employed compensation. For 
coils with a high area-related power density a, the mag-
netic coupling k  is lower because of the smaller coil 
area [compare the coloring in Figure 4(b)]. Thus, the 
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FIG 3 (a) An IPT system power-conversion chain from the three-phase mains to the EV 
high-voltage battery. (b) A 50-kW IPT coil with a transmission efficiency of 98%, an area-
related power density of 1.6 kW/dm2, and a gravimetric power density of 2.0 kW/kg 
(including all passive materials and cooling system). (c) An all-SiC vehicle-side power con-
verter with a dc-to-ac efficiency of 98.6% and a power density of 9.5 kW/dm3. DSP: digi-
tal signal processor; FPGA: field-programmable gate array.

A design tradeoff  
between the coil size, 
the transmission  
efficiency, and the 
stray field exists for 
IPT systems.
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transmission efficiency h is reduced as expected from 
(1). In return, a smaller amount of active materials is 
required for the more compact IPT coils, which results 
in a lower coil weight and reduced material costs. At 
the performance limit, the area-related power density a  
can be increased only at the price of a lower transmis-
sion efficiency h. This design tradeoff is described by 
the h-a -Pareto front.

Not captured by this analysis is the fact that the mag-
netic coupling and therefore the transmission efficiency 

of smaller coils become more sensitive to the position-
ing of the EV. Only an overdimensioning of the trans-
mitter coil and the power electronics or the use of an 
array of multiple, selectively activated transmitters can 
provide sufficient coil-misalignment tolerance. Con-
sequently, there also exists a tradeoff between the coil 
size, the complexity of the transmitter, and the position-
ing tolerance.

A low magnetic stray field presents the third key per-
formance factor for a contactless EV charger. The IPT 
system must comply with the relevant safety standards 
for the magnetic field [31], [33], [34] in all regions that are 
accessible to humans, i.e., in the passenger cabin and at 
all sides of the vehicle. Because the passenger cabin is 
shielded by the EV’s metallic chassis, the main concern 
is the stray field around the vehicle. In practice, the mag-
netic field would be measured with a field probe at test 
locations within this area, at a fixed distance from the EV 
specified by a standard.

For the multiobjective optimization of the 50-kW/ 
85-kHz IPT system, the influence of the EV chassis is 
not included in the sense of a worst-case analysis. In the 
compliance test measurements, the magnetic stray field is 
sampled at a fixed distance of 1.10 m from the coil center 
(the critical distance in the industry application at hand), 
assuming that the IPT coil is mounted centrally below the 
EV. The obtained results are shown in Figure 4(c). On the 
indicated Pareto front, the stray field can be reduced only 
if the IPT coils, i.e., the magnetic field source, are made 
smaller to increase the distance from the current-carrying 
conductors to the observation point [compare the coloring 
in Figure 4(c)]. However, the smaller IPT coils lead to a 
lower magnetic coupling and a reduced transmission 
efficiency. Therefore, a design tradeoff results among 
the magnetic stray field, the coil size, and the power 
losses. To overcome this limit, additional shielding of 
the IPT coils must be implemented, at the cost of addi-
tional system complexity.

The presented results do not include the power elec-
tronic converter, from which additional volume, weight, 
and cost arise. At higher power levels, off-board conductive 
dc chargers are typically connected to the vehicle at the 
receiver-side dc link [compare U ,2 dc  in Figure 3(a)] for mini-
mizing the number of on-board power conversion stages. 
For the contactless charger, a larger fraction of the power 
electronics must be located on the vehicle due to the intrin-
sic division of the system at the air gap between the IPT 
coils. In addition, controlling power transfer with high effi-
ciency over a wide load range requires a comparably high 
level of complexity. Significant simplifications typically 
lead to lower efficiency and, consequently, higher energy 
cost for the EV charger, e.g., caused by switching losses 
in the power converter [24]. Thus, for the on-board power 
electronics of a high-power contactless charger, a higher 
volume, weight, and cost are expected than for an off-
board conductive dc charger. The effort for the vehicle-side 
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FIG 4 (a) The multiobjective power electronics optimization: 
component and system models map the system parameters of 
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mensional Pareto surface limits the performance of the tech-
nology. The results of the multiobjective IPT coil optimization: 
(b) the transmission efficiency h of a forced-air cooled 
P 50out = -kW system with an air gap of 160 mm and a resonant 
frequency of 85 kHz as a function of the area-related power 
density a = Pout/Acoil; (c) the tradeoff between the total coil 
losses and the magnetic stray field at 1.10-m distance from the 
coil center.
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IPT power electronics is closer to that of a conductive on-
board charger, given the similarity of the power-conversion 
chains; see Figure 3(a) and [3].

For passenger EVs, a contactless system could be con-
sidered as an optional premium feature in addition to a 
conventional conductive charger. In this case, integration 
of the two on-board power converters reduces the required 
constructive volume and the total cost for the charging 
equipment. However, the major volume, weight, and cost 
increase due to the receiver coil remains, despite the com-
bination of the power electronics.

The State of the Art for Conductive  
and Contactless EV Chargers
The presented analysis indicates that the required compo-
nent volume, weight, and material costs for the IPT on-
board components are higher than for a conventional 
solution. This is confirmed by the data of existing on-
board conductive EV chargers collected in Table 1. The 
listed numbers for the conductive chargers include the 
complete power-conversion chain from the mains to the 
EV high-voltage battery. For the contactless chargers, only 
the receiver coil is included for the volumetric and gravi-
metric power density. Data for industry prototype IPT 
chargers [10], [21], [25] are compared in Figure 5. For com-
pleteness, the results for the 50-kW/85-kHz IPT system in 
[37] are also included. It must be pointed out that the 
listed commercial systems include structural elements for 
mounting the coil on the vehicle and comply with automo-
tive standards. For the work in [37], further modifications 
are required to fulfill all automotive requirements. As a 
comparison, the best-in-class 6.1-kW conductive EV char-
ger described in [3] is also shown.

The listed data highlight that the efficiency of the 
contactless EV chargers is reduced by approximately 5% 
compared to the latest conductive EV chargers. This is 
mainly due to the limited construction volume for the 
receiver coil on the vehicle. Small receiver coils lead to 
a low magnetic coupling even if, as in [21], a significantly 
larger transmitter coil is used. As a result, a comparably 
low transmission efficiency must be accepted for a con-
tactless EV charger.

The outstanding performance of the conductive char-
ger in [3] is achieved by the optimum utilization of silicon 
carbide (SiC) power-semiconductor technology and a high 
switching frequency for the miniaturization of the passive 
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––  

Source P (kW) V (dm3) m (kg) h  (%) t  (kW/dm3) c  (kW/kg)

Conductive m-pec1 [www.mpec.at] 6.6 1.38 2.53 96.0 4.8 2.6

Whitaker2 et al. [3] 6.1 1.22 1.6 95.0 5.0 3.8

J. Everts [46] 3.7 1.85 2.68 95.6 2.0 1.38

Gautam et al. [47] 3.3 5.46 6.2 93.6 0.60 0.53

GM Chevrolet Volt [12] 3.3 6.71 10.1 89.6 0.49 0.33

Nissan Leaf 2013 [48] 3.3 10.9 16.3 85 0.3 0.2

Toyota Prius 2010 [3] 2.9 6.4 6.6 n/a 0.45 0.44

Contactless Primove 2003, 4 [25] 200 198 340 90.0 1.0 0.59

Bosshard5 et al. [37], [38] 50 18.5 25 95.8 2.7 2.0

Goeldi5 et al. [23] 22 22.4 n/a 97.0 0.98 n/a

Chinthavali et al. [12] 6.6 7.2 12.3 85.0 0.92 0.54

Brusa ICS1153 [21] 3.7 2.3 4.0 90.0 1.60 0.93

WiTricity WiT33003 [10] 3.3 1.8 4.0 89.0 1.83 0.83

Diekhans5, 6 et al. [24] 3.0 8.5 3.2 95.8 0.35 0.93

Table 1. An overview of state-of-the-art conductive and contactless EV chargers.

Remarks: For all contactless chargers, only the dimensions and weight of the receiver coil are included. 1Designed with Si CoolMOS devices. 2Designed with SiC 
MOSFET devices. 3Data obtained from manufacturer upon request. 4The receiver is lowered to the street during charging. 5DC-to-dc efficiency. 6No coil housing 
included.
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components. For a contactless charger, this is possible only 
to a limited extent. A reduction in coil size is always tied 
to the tradeoff in terms of transmission efficiency. The 
increasing power losses due to the low magnetic coupling 
and the difficulty of cooling the IPT coils without eddy-
current-prone metal heat sinks restrict the use of small 
coils at a high power level.

Future Perspectives for IPT
The previously discussed design tradeoffs represent tech-
nology barriers that cannot be crossed using the considered 
power electronics topology, IPT coil geometry, and materials. 
They can be extended only by technological progress (digital 
control, wide-bandgap power semiconductors, etc.) or by 
novel concepts with inherently superior performance [5].

For the passive materials of the IPT 
coils, a large technological step is cur-
rently not in sight. Litz wire, ferrite, 
and film capacitors are components 
with a long-established quality and 
little room for improvement. Some 
advantages could result from novel 
synthetic materials for the coil hous-
ing. Enclosure of the IPT coil in ther-
mally conductive polymer or epoxy 
resin could simplify the thermal man-
agement. However, a disruptive tech-
nology improvement seems unlikely at 
the present time.

The design parameter with the 
highest potential for crossing the bar-
riers is the transmission frequency. 
Figure 6 shows the h-a-Pareto fronts 
and the design tradeoff for the stray 
field for a scaled 5-kW laboratory pro-
totype designed in [35]. At an increased 
transmission frequency, the efficiency 

of the power transfer is higher for the same power density, 
and reduced magnetic stray fields are possible. Additional 
research is still needed to quantify the attainable increase 
in efficiency and power density if the power converters 
are also included. However, decreasing advantages are 
expected at a sufficiently high frequency as a result of the 
frequency-dependent losses in the power electronics and 
the core materials. In addition, the power electronics design 
becomes more and more challenging due to the impact of 
the parasitic elements of the IPT coils and the converter. In 
addition, the upcoming interoperability standard SAE J2954 
sets the transmission frequency as 85 kHz, which effectively 
blocks development in this direction.

Further technological limitations result from the elec-
tromagnetic fields that are inherently required by the 
employed physical principle. When increasing the power 
level of a contactless EV charger, the stray fields become a 
limiting factor, and extensive shielding is necessary. Espe-
cially for the high transmission frequencies achieved with 
novel fast-switching wide-bandgap power semiconduc-
tors, electromagnetic compliance filtering for IPT systems 
is also needed specifically to limit the electric stray field. 
Future developments in this field, therefore, could help 
overcome technological barriers.

Considering these barriers, the outlook for significant 
improvements is limited for IPT systems, as the size, weight, 
and material cost for the receiver coil are restricted by 
design tradeoffs that foreseeable technological advances 
are unlikely to change.

Conclusions
The analysis presented here of the design tradeoffs of 
IPT systems compared to existing state-of-the-art EV 
chargers highlights that realization of a compact 
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contactless charger poses a major design challenge. On 
the one hand, a drastic drop in efficiency, the challenging 
thermal management of the IPT coils, and an inferior 
coil positioning tolerance restrict an increase of the power 
density (Figure 7). On the other hand, small coils are 
required to limit the necessary construction volume and 
material cost of the vehicle-side components, as well as 
to minimize the magnetic stray field of IPT systems. Ele-
vating the transmission frequency can increase the effi-
ciency of high-power-density coil designs, while at the 
same time reducing the magnetic stray field. However, 
the approach is limited by increasing losses in the power 
electronics, and it has recently been rendered unattract-
ive by the specification of 85 kHz as a common fre-
quency in SAE J2954.

For a conductive EV charger, the converter switching fre-
quency can be freely selected for design optimizations, e.g., 
for the miniaturization of the passive components. In addi-
tion, the converter topology and the high-frequency isolation 
transformer can be optimized irrespective of the geometric 
arrangement in the application itself. Hence, this technology 
can fully benefit from technological progress, e.g., from the 
steady improvement of wide-bandgap power semiconduc-
tors. This means that future performance improvements and 
material cost reductions may be anticipated. In stark con-
trast, for IPT systems the attainable performance is governed 
mainly by the geometric properties of the application and by 
the physics that describe the transmission coil system. There-
fore, the perspective for future improvements is limited for 
contactless EV charging.

Nevertheless, contactless EV charging remains an at
tractive solution if the lower efficiency and the increased 
on-board component volume are acceptable for the appli-
cation at hand. IPT offers the unique advantage of a gal-
vanically isolated power transfer to the vehicle without 
the need for moving mechanical parts that are subject 
to corrosion, wear, and fatigue. This is highly attractive 
for the opportunity charging of public transport systems, 
where the reliability and the maintenance requirements 
of the charger are a considerable factor in the operating 
costs. For passenger EVs, a contactless charger with a 
lower power level, e.g., 3–7 kW, and therefore a smaller size 
could be considered as a premium feature in addition to a 
high-power conductive charger rated for 22 kW or more. 
To reduce the cost and limit the necessary construction 
volume on the vehicle, the on-board power electronics of 
both charging systems could be optimally integrated into 
a single unit. In this way, the contactless charger would 
improve the convenience and safety for the routine use 
case, while faster battery recharging would remain pos-
sible with the conductive charger.
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