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Abstract—Inductive power transfer (IPT) has been proposed as an
alternative charging technology for electric and hybrid electric vehicles
(EV/HEYV). Because the low magnetic coupling of the transmission coils
potentially limits the achievable transmission efficiency 7, the losses in
the inductors are of key importance in the design of an IPT system.
The available area for the receiver coil is usually limited due to the
vehicle construction and thus a high area related power density o of
the IPT system is needed. In this paper, it is shown that n is maximized
if the resonant compensation is chosen such that only active power is
transmitted through the air gap. It is shown that a physical boundary
termed the 7n-a-Pareto front exists, where a trade-off between high
efficiency and high area related power density is encountered. A thermal
model is used to include the effect of an increased winding temperature
into the efficiency calculation. The comparison of the n-«-Pareto fronts
of three example designs shows that the shielding of the inductor yields
a lower 7) due to additional losses in the shielding materials and that a
higher transmission frequency does not necessarily lead to an efficiency
improvement.

[. INTRODUCTION

The attempt to reduce the global consumption of fossil fuels has
promoted the development of electric and hybrid electric vehicles
(EV/HEV). Depending on the form of electricity production, they
can offer a significantly smaller carbon footprint when compared to
traditional vehicles. Moreover, electrical energy as a replacement for
traditional fuels leads to reduced operating costs. However, in order
to reach a vehicle driving range comparable to that of traditional
vehicles (at least 200 km), a large battery pack is needed. This not
only leads to high initial costs, but also requires a large amount of
space on the vehicle and adds additional weight. Recharging the
empty battery of an EV/HEV requires up to several hours while
refuelling a traditional vehicle is a matter of a few minutes. This is
considered a major disadvantage of EV/HEV by many users. With the
development of a network of plug-in fast charging stations, recharging
times of a few minutes could be achieved. However, fast charging
may have a significant impact on battery lifetime as the temperature
rise caused by the high charging current as well as the large depth-
of-discharge (DOD) lead to faster ageing of the cells [1].

In recent publications, inductive power transmission (IPT) has
been proposed for vehicle battery charging [2]-[4]. IPT offers the
possibility to recharge the battery without the need for a wired
connection. Apart from public recharging stations, this would also
allow for recharging units embedded into the road surface at traffic
lights, or vehicles could even be recharged whilst driving on a
dedicated lane on a highway [5]. Frequent recharging allows reducing
the DOD and, depending on the application, also the capacity of the
battery could be reduced. This leads to a longer battery lifetime and
may enable a reduction of its volume and its cost.

When designing an IPT system for use in an EV/HEV, a number of
constructive boundary conditions must be respected. If no additional
mechanical or robotic parts for the alignment of the coils are desired,
the length of the air gap is given by the construction of the vehicle and
the charging station. Typically, an air gap between 100 and 200 mm
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must be expected, which leads to a magnetic coupling in the range of
10%-30%. As shown in [6]-[9], the low magnetic coupling directly
limits the maximum efficiency 7 of an inductor. Moreover, in most
practical cases the size of the receiver coil is limited to an area of a
given size underneath the vehicle. Given the high power level needed
to charge an EV/HEV battery, this implies that the area related power
density « of the inductor is of key importance.

Various designs for the inductor coils were proposed [3], [10]-[12].
However, to the knowledge of the authors the relation between the
area related power density « and the efficiency n has not yet been
studied. Therefore, in this paper this question is discussed for the
IPT system presented in Sec. II. In order to determine the maximum
efficiency n given the required area related power density «, the
different possibilities for the resonant compensation of the receiver
coil are analyzed in Sec. III. In Sec. IV, an example inductor design
as shown in Fig. 1 is optimized at different given receiver radii. A
thermal model is included into the calculation to include the effect of
an increasing winding temperature. During this process, a boundary
termed the 7-c-Pareto front which limits the performance of any
inductor design is encountered [13]. On the Pareto front, a further
increase of one of the performance indices requires a reduction
of the other. The n-c-Pareto front is therefore a suitable tool to
quantitatively compare the performance of different IPT inductor
designs.

Many IPT inductor designs include ferromagnetic or conductive
materials to reduce the leakage field in the vicinity of the coils [10],
[11]. While the magnetic cores may improve the coupling of the two
coils, they add additional weight to the inductor, require more space
on the vehicle, and can lead to high core losses at high magnetic
field densities or at a high transmission frequency. The conductive
shielding materials can lead to eddy current losses and opposing
magnetic fields in the air gap that also reduce the efficiency of
the system. To the knowledge of the authors, the relation between
shielding and efficiency has not yet been analyzed. Therefore, the
same optimization is also applied to two example designs that include
either ferromagnetic or conductive shielding materials. The obtained
results are discussed in Sec. V.

Fig. 1.

3D-Model of one of the analyzed inductor designs (design A).
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Fig. 2. Overview of the inductive power transfer system. Compensation

capacitor C'> may be connected in series or in parallel to the receiver coil
in order to improve the efficiency of the transmission. On the primary side,
compensation capacitor C'; is used to reduce the reactive power that has to
be delivered by the voltage source inverter. At the output, a rectifier and an
output filter are used to produce a constant output voltage.

II. INDUCTIVE POWER TRANSFER SYSTEM

In this analysis, an IPT system with specifications typical for an
EV/HEV application is investigated. Its nominal parameters are given
in Tab. I. Systems of higher power are usually fed from the three-
phase grid. Therefore, a dc link voltage of approximately 800V is
typical. Depending on the state-of-charge (SOC), the terminal voltage
of an EV/HEV traction battery varies between 400 and 800 V for Li-
ion technology. Thus, the output voltage of the system should also
be in this range. The transmitted power should be as high as 75kW
to provide a sufficiently fast recharging.

Depending on the construction of the vehicle and the charging
station, an air gap between 100 and 200 mm is possible. Due to the
resulting low magnetic coupling of the transmission coils, a resonant
compensation of the leakage inductance on the transmitter and the
receiver side is commonly used to improve the efficiency of the
system [7], [9]. As indicated in Fig. 2, the compensation capacitor
on the receiver side can either be placed in series or in parallel to the
receiver coil. Another capacitor may be connected to the transmitter
terminals to reduce the reactive power that has to be supplied by
the inverter. Assuming an equal output power, the placement of the
primary side capacitor has no influence on the losses in the inductor
coils, because the induced voltage on the receiver and the current in
the primary coil must remain constant. A series connection of the
primary side capacitor allows cancelling the large voltage drop of a
transmission coil of high inductance or when operating with a high
transmission frequency. Parallel connection of the primary capacitor
allows using a higher primary current as only a small part of the
current flows through the semiconductors of the inverter. However,
owing to the circulating current in the primary resonance tank, the
partial load efficiency of such a system is lower [14]. Furthermore, an
additional series inductor is required for the connection to a voltage
source inverter (VSI). For these reasons, a series connected primary
capacitor is used in this work.

To supply the resonant tank, a dc/ac-converter consisting of a
voltage link and a full-bridge inverter can be used. The switches are
operated with a phase shift modulation as described in [15]. Variation
of the duty cycle as well as of the operating frequency allows using
zero-current switching (ZCS) at turn-on and turn-off of one bridge-
leg, practically freeing it from any switching losses. The other bridge-
leg is operated with zero-voltage turn-on and only experiences turn-
off losses. For the inverter switches, IGBTs or MOSFETs could be
used. With typical IGBT devices, a 2-level topology could be used,
while with MOSFETS, a topology with series and parallel connected

TABLE I
SYSTEM SPECIFICATIONS.

Variable Value
Ugc 800V
Uout 400 - 800V
Pou 0-75kW
fo 20-100kHz
air gap 100-200 mm

devices is required to carry the large primary current and to block
the dc link voltage. Hence, switching frequencies of 20-100kHz are
possible and will be investigated in this paper.

On the secondary side, a diode rectifier and an output filter allow
producing the required dc output voltage. Both, a LC-output filter
and a C-output filter are possible. In order to reduce the weight and
volume of the receiver for a given filtering capability, a C-output filter
is preferable [16]. However, it must be ensured that the inductance of
the cable connecting the battery to the dc link is sufficient to protect
the battery from excessive current ripple. Moreover, the higher stress
on the diodes due to oscillations in the diode current resulting from
parasitic effects in the inverter is a disadvantage of the C'-output filter.
On the other hand, for a LC-output filter, SiC diodes and possibly
a snubber circuit are required to reduce the losses resulting from the
hard turn-off of the diodes in the rectifier. The analysis of this trade-
off is subject to on-going investigations and will be treated as part
of a future work. At this stage, a C-output filter is assumed.

In order to optimize the IPT system for highest efficiency, the phys-
ical limitations on the transmission efficiency at the desired power
density a must be determined. In a first step, a suitable secondary
side compensation topology leading to the highest efficiency must
be chosen. Therefore, in the next section, the analytical analysis of
the circuit shown in Fig. 3a as presented in [9] is extended to the
case of a parallel connected compensation capacitor. The results for
series and parallel compensation of the receiver are compared and a
recommendation for the decision is given.

III. INDUCTOR LOSS ANALYSIS

In [9], the loss components in the receiver of the resonant circuit
shown in Fig. 3a are determined analytically. The results are summa-
rized in the first and second part of this section. A similar analysis
can be made for the circuit with a parallel connected compensation
capacitor as shown in Fig. 3b. This is presented in the third part of
this section. The choice of the primary side compensation capacitor
is analyzed in the last part.

A. Analytical Description of the Resonant Circuit

For both resonant circuits, the definitions given in Tab. II will be
used in the analysis. The magnetic coupling of two coils is defined
as the ratio of the mutual inductance Ly and the geometric mean of
the two self inductances L; and L2

Ly,
) VLiLy @
The magnetic coupling strongly depends on the separation of the
two coils and typically reaches only values around 10%-30% for IPT
systems with an air gap of more than 100 mm.
The primary and secondary quality factors are defined as 27t times
the ratio of the total stored energy in the circuit and the energy
dissipated per period [17]. They can be calculated by
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TABLE II
DEFINITIONS FOR THE ANALYTICAL DESCRIPTION OF THE RESONANT
CIRCUIT [9].

Definition Equation
Angular Frequency wo = 27 fo
Magnetic Coupling k=Lp/VL1Ls
Inductance Ratio n=+/La/L1
Transformer Ratio v=n/k

Ry, = Ug/[)oul

v = Rr/(woLy2)

X = 1/(w3C2L2)
Q1 = WO‘VLl /Ploss,l
QQ = WO‘VLz /Plnss,Z
Q=vQ1Q2
q=+/Q2/Q1

)\1 == Plnss,l/R)ul

)\2 == Pluss,2/Pnul
A= Ploss/Poul
n=1/(1+2)

Equivalent Load Resistance
Matching Factor
Capacitance Factor
Transmitter Quality Factor
Receiver Quality Factor
Inductor Quality Factor
Inductor Quality Ratio
Transmitter Loss Factor
Receiver Loss Factor
Total Loss Factor
Efficiency

Wi,  lwoLil?
Hoss,i/fo N 2 Rnss,i ’
where ¢ = 1 stands for the transmitter and ¢ = 2 for the receiver
circuit. W, is the energy stored in the inductor L;, and Plss,; is the
respective power loss. If only the dc resistance is considered, (2) can
be simplified to

Qi =2m (@3]

woLi
ey 3
Q="% 3
Introducing the equivalent load resistance R} = U2 / Pou, which

represents the power P,y delivered to the output at the voltage Ua,
allows defining the matching factor
R
v=— )

UJ()LQ '

The matching factor describes how well the resonant circuit is
adjusted to the load. The significance of the matching factor will
become clear in the following.

To quantify the resonant compensation of the receiver inductance,
the capacitance factor is introduced. It is defined as the ratio of the
capacitive to the inductive reactance

Xc, 1
= )
X, wiCaLa

For x = 1, the receiver inductance is fully compensated and the
reactance values are equal.

X

B. Series Compensation of the Receiver

In [9], it is shown that for the circuit with a series compensation
capacitor the receiver loss factor can be calculated by

]D]oss 2 1
Ap= 2 = —— (6)
2 Pou qQy

and that the calculation of the losses in the primary circuit results in

N\ = Ploss,l _ q
! Pou ’YQkQ

qQ

The total inductor loss factor A, defined as

(w+i> +1-x%]. @

>
F[]
T

v=nk @
a
R’ iy oLy Ry i 5]
p———>—0
" l @ ‘ L, o |[=
* o
v=nk (b)
n :\'LZ/Ll 3 A
o=1-k
9 parallel
Rl '= l)2 R1 ;%'
Ly'=0v*1, 1 ~ | series
i =i/ ‘
o 01 02 03 04 05 06
k
(©

Fig. 3.  Equivalent circuit diagram including the inductor and a series
connected compensation capacitor (a) or a parallel connected compensation
capacitor (b) on the receiver. For the latter case, the optimal capacitance factor
Xopt (¢) is a function of the magnetic coupling k£ and the inductor quality
factors (Q = 100 and ¢ = 1).

)\:)\14-)\27 ®)

is minimized for xop = 1, independent of the matching factor. This
corresponds to the choice

1
UJSLQ
for the secondary compensation capacitor. The secondary inductor

should be matched to the load according to the optimal matching
factor

Cy (©))

1
Yopt = E Vv (kQ)* +1, (10)
where the total loss factor reaches its minimum value of
iy = 1+4/1+ (kQ)? (11)
min (kQ)z .
The corresponding maximum efficiency is
2
max — T——— N 1——. 12
T T D *Q (12

As shown by (11), the minimal loss factor is only a function of
the factor

FOM = kQ. (13)

Hence, the factor £Q) is the Figure-of-Merit (FOM) for the opti-
mization of an inductor.
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C. Parallel Compensation of the Receiver

A similar derivation can be made for the circuit with a parallel
connected compensation capacitor. Using the definitions given in
Tab. II, the receiver loss factor can be calculated by

1 72
Ao=——1(14+—=]. (14)
2T 4y < X2 )
Similarly, the transmitter loss factor is found as
q 1Y v\’
A= —— y+——-——-) +[1+—— (15)
LT QR ( qQ x) < qu)

The total loss factor A can then be obtained as the sum of (14)
and (15). Minimization for a given matching factor v leads to the
optimal capacitance factor

kQ
Xopt = 1+ ( (]6)

Q7
Note that in this case, the capacitance factor is larger than one.
This indicates that more reactive power must be provided by the
capacitor than in the case of a series compensation. The values of
Xopt are shown in Fig. 3c as a function of the magnetic coupling for
an assumed inductor quality factor of @ = 100 and a quality ratio of
q = 1. The minimum of the total loss factor is found at a matching
factor of

! <i+qQ+k2%>‘ a7

Selecting the optimally matched value of Lo obtained from (17)
and solving (16) for the optimal secondary compensation capacitance
leads to [7]

Cy

2
wl2), (18)

=——|1 1-4
2w2 Lo * ( Rr

and to the resonance frequency

1 1
TN (RGa)?

Operation at this point will lead to the minimal loss factor

2 / 2
:W<l+ 14+ (kQ) ),

which is exactly equivalent to (11). Hence, the FOM defined in [9]
is equally valid for both compensation topologies. Fig. 4a shows
the achievable efficiency for both compensation topologies for an
inductor with a quality factor of () = 100, a quality ratio of ¢ = 1
and three different values of k in function of the matching factor ~.

An intuitive explanation for the optimality of the solutions shown
in this and in the previous section reveals itself when calculating
the impedance of the secondary seen from the primary side, often
termed the reflected impedance. For both compensation topologies,
the reflected impedance has only a real component and thus, only
active power is transmitted through the air gap. At this point, the
reactive power in the circuit is minimized and hence the efficiency
of the system reaches its maximum value.

Note that with the commonly proposed choice Cz = 1/(wgL2) in
the case of a parallel compensated secondary, the reflected impedance
has also a capacitive component [4] and thus leads to a suboptimal
solution in terms of efficiency.

19)

Amin (20)
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40

10 102 1 102 10*

100
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95

90
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85 (series and parallel)i

80

75 L .
005 0.10 0.15

020 025 030 035 040
k
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Fig. 4. The maximum efficiency (1max) that can be reached with a series or
a parallel connected secondary compensation capacitor is exactly equal (a),
however, the value ~yop at which the maximum occurs depends on the chosen
compensation topology. Also the efficiency under misalignment (7ac() is equal
for both compensation topologies (b), independent of the value of knom that
is used to determine the inductance and capacitance values.

D. Series Compensation of the Transmitter

In order to reduce the reactive power provided by the dc/ac-
converter, another compensation capacitor is added to the primary
side of the resonant tank. Because a parallel connection of the
primary side compensation capacitor leads to a large reactive current
even at low load operation, a series compensation is preferable
to obtain a higher partial load efficiency of the system. As the
reflected impedance has no reactive part, the value of the primary
compensation capacitor is selected to compensate the primary self
inductance

1
wg L1
for both analyzed secondary compensation topologies.

Even though neither the choice of C nor that of C5 requires a
value of k, a changing magnetic coupling due to misalignment of the
coils at a constant load leads to a suboptimal performance. Because
the value of 7o depends on the magnetic coupling of the coils,
coupling variations lead to suboptimal matching of the secondary
inductor and thus to a lower efficiency. Choosing a nominal coupling
value kyom to design the inductor and the capacitors allows calculating
the actual efficiency 7. under misalignment. As indicated in Fig. 4b,
this value is also equal for both compensation topologies.

In the case of a parallel compensated secondary, a varying load
will cause a change of the resonance frequency according to (19).
Even though this change can be tracked with an appropriate control

C1 = @n
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TABLE III
REQUIRED COMPONENT VALUES AT k = 0.3, @ = 100 AND g =1

| Pow = 75kW, Upy = 800V System

| Pou = 5kW, U =400V System

| Series Compensation | Parallel Compensation | Series Compensation | Parallel Compensation

fo | 20kHz ...100kHz | 20kHz ...100kHz
Ly | 183 uH ...37uH 15uH ...3puH
Cy | 345nF ...69nF 38 uF ... 767nF

20kHz ...100kHz
688 uH ... 138 uH
92nF ...18nF

20kHz ...100kHz
S7TuH ... 11 pH
1 uF ...205nF

method, it leads to a detuning of the primary and an increased reactive
power demand of the resonant tank and possibly a lower efficiency
of the primary side converter. The transmission efficiency, however,
will not be affected.

IV. INDUCTOR OPTIMIZATION

The presented calculations show that the maximum efficiencies,
that can be reached with a series or a parallel connected secondary
compensation capacitor, are equal even under misalignment of the
coils and depend only on the FOM = k(. Therefore, efficiency is
no criterion to prefer either of the solutions in the design of an IPT
system [7].

A key difference between the two compensation topologies is the
value Yop at which the maximum occurs [18]. Tab. III shows the
required secondary inductor and capacitor values for the IPT system
analyzed in this paper as well as for a scaled SkW system with
an output voltage of only 400V. It can be seen that the required
values of Lo are much higher for the case of the series connected
compensation capacitor. At higher power levels, the size of the
coils must be increased to obtain the surface area required for
sufficient cooling. With the coil size also the realizable inductance
values increase. Therefore, for a high-power IPT system a series
compensation topology is preferable as the low inductance value
required in the parallel case is hardly realizable. For a low-power IPT
system a parallel compensation of the secondary must be chosen as
the high inductance values required for a series compensation would
lead to an unnecessarily large size of the coils.

In the design of an IPT system for EV/HEV, the size of the receiver
coil is limited due to the construction of the vehicle. Hence, it may not
always be possible to reach the optimal inductance value. Moreover,
if the available area is small, the achievable magnetic coupling is
reduced. In the following, a coil optimization based on finite element

\air

leakage
ﬂuxg

aluminum ring
(only design C)

ferrite plane
: (only design B)
Symmetry
Fig. 5. Example inductor designs: air coils (A), inductor with two ferrite

planes (B), and inductor without ferrite plane but with aluminum shielding
ring (C).

(FE) analysis is used to determine the physical limit of the maximum
possible efficiency at a given area related power density. Due to the
high power level, a series compensation of the receiver is considered
in the following.

A. Example Designs

In this paper, only axial symmetric designs are considered, but
the approach can also be applied to more sophisticated designs. The
selected example designs are

A) Air coils without any shielding or magnetic material
B) Coils with ferrite shielding planes
C) Coils with aluminum shielding rings (without ferrite)

The most basic inductor design is to use two planar coils without
any core material (A). A common way to improve the magnetic
coupling between the inductor coils is to add magnetic core material
to both inductors (B). Typically ferrite is used for this purpose. To
reduce the leakage flux, aluminum shielding rings can be added to
the coils (C) [11]. Fig. 5 shows the results of an FE simulation of
the design A.

B. Inductor Loss Model

Litz wire is commonly used to reduce the ohmic losses due to the
skin and the proximity effect at higher frequencies [19]. An optimal
litz wire design has a strand diameter smaller than the skin depth
[20], which is 6 ~ 0.2 - 0.4mm for copper at the frequencies of
interest. Hence, a strand diameter of half a skin depth is a feasible
choice with available litz wires.

The ohmic losses Peopper in the wire at the resonant frequency
can be determined with the FE tool. For the inductor design using
shielding materials, also the core and eddy current losses in the ferrite
planes or in the aluminum shield must be taken into account. For

z Ty
Symmetry
primary ! Ploss.
; coil *le | o R
X/ N/ I
\ : Rincore
y I
— 1
7 I I
x ground ferrite I
plane 1
Ta Ta
(a) (b)

Fig. 6. Results of a thermal simulation of the transmitter coil (a) and thermal
circuit diagram (b). A part of the produced heat is dissipated by convection
in the air gap, another part is conducted into the ground and along the core
material.
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n-a-Pareto fronts of the three example designs for the transmission of 75kW through an air gap of 200 mm at 20kHz (a). Every point is the result

of a simulation with a different combination of the design parameters specified in Tab. IV. This implies that a reduction of the loss factor A = Ploss/Pou

requires an increase of the inductor area A (b).

a sinusoidal excitation, the Steinmetz equation [17] can be used to
calculate the power loss per unit volume

Pc/ore = KngT - fg‘N87 . BBNW, (22)
where a typical core material, ferrite N87, with the Steinmetz
parameters xng7 = 1.45, angy = 1.43, and Sngy = 2.59 and the
conductivity ong; ~ 0S/m was chosen. Integrating P/, over the
core volume leads to the required core losses Peore. The eddy current
losses Feday can also be extracted from the FE tool.

Inserting the total power loss

Hoss,i = L copper, + Pcore,i + Peddy,i (23)
into (2) will then allow calculating the quality factors for the

transmitter and the receiver.

C. Thermal Model

The temperature increase of the inductor materials due to the power
loss is given by the heat transfer to its environment. As shown in
Fig. 6a, one part of the produced heat is dissipated by convection in
the air gap while another part is dissipated via conduction into the
ground. Fig. 6b shows a thermal circuit diagram of the arrangement.
The thermal resistance of the core material is denoted by Rincore,
the ones of the ground material by Rngi and Ry ge. The thermal
resistance Rp,1 represents the convective heat transfer into the air
gap. The values of the thermal resistances can be determined either
with a thermal simulation or with an approximative calculation using
empirical values [21].

As all of the loss components presented above depend on tempera-
ture, the thermal model must be included into the optimization. In an
iterative process, the coil temperature and the losses of the thermal
steady-state can be determined. The coil temperature can then be
compared to an allowed maximum value as a validity check of the
design.

TABLE IV
PARAMETER SPACE AND LIMIT VALUES FOR THE GEOMETRY
OPTIMIZATION OF THE SELECTED EXAMPLE DESIGNS.

Variable Value

Area related power density 1...100W/cm?
Winding diameter 5...25mm
Number of turns 1...200
Minimum winding separation 1mm
Minimum litz wire strand diameter 0.1 mm
Maximum coil temperature 100° C

D. Implementation

An optimization procedure was implemented to determine the op-
timal geometry parameters for the example designs introduced above.
The geometries were parametrized in terms of inductor diameter D,
winding diameter d,, winding separation s,, and number of turns
N;. A minimum separation is required due to the thermal limitation
and for the winding insulation. A maximum temperature was chosen
according to the heat resistance of typical materials used in the
construction of inductors. Tab. IV shows the parameter space and
the limiting factors used in the optimization.

All possible parameter combinations are fed to the FE tool, where a
field solver is used to determine the magnetic coupling and the induc-
tance values. Based on this information and the optimal capacitance
factor xopt as derived above, the actual currents in the windings can
be calculated using the equivalent circuit diagrams shown in Fig. 3.
Another simulation with the actual current values is then used to
determine the different loss components. The temperature model is
used to determine the winding temperature in thermal steady state
and update the losses accordingly.

The quality factors for the transmitter and the receiver can be
calculated using (2). Using fundamental frequency analysis, the
matching factor can be found with [14]

_ R 8Ui 1
7_w0L2~7T2 PoulUJOLQ.

(24)
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Fig. 8. n-a-Pareto fronts of designs A and B at 100kHz compared to

those of 20kHz (also shown in Fig. 7). For design A the higher transmission
frequency leads to a higher efficiency, whereas for design B a lower efficiency
is observed due to increasing core losses.

Given the FOM and the matching factor, the total loss factor of
the design can then be found using (8). Its efficiency follows as
n=1/(1+N).

V. RESULTS
A. n-a-Pareto Front

The results of the parameter sweep are shown in Fig. 7a. Every
point represents a design with a different combination of the design
parameters specified in Tab. IV. It is clearly visible, that a maximum
efficiency exists for each value of the area related power density a.
This performance boundary, termed the n-ca-Pareto front, represents
the physical performance limits of the three example designs. Fig. 7b
shows the same results in a plot of the actual inductor area versus
the power loss.

These results indicate that with a sufficiently large inductor, a
very high transmission efficiency can be achieved. However, if the
available space for the inductor is limited and, therefore, a high area
related power density is required, only a reduced efficiency can be
achieved.

B. Influence of the Transmission Frequency

Fig. 8 shows the n-a-Pareto fronts of designs A and B at the
frequencies 20 and 100 kHz. The comparison shows that for design A
without shielding, the higher transmission frequency leads to a higher
efficiency due to the increased quality factor. However, for design B
that includes a magnetic core, the coil quality decreases due to higher
core losses. This implies that even though it reduces the required
primary current, an increase of the transmission frequency does not
automatically improve the design. However, to be able to compare
the overall performance of the design at different frequencies, the
physical properties of the switches (IGBT at 20kHz or MOSFET
at 100kHz) as well as the switching losses resulting from the
modulation scheme have to be included in the calculation of the
efficiency.

C. Effect of Shielding

A similar effect can also be observed if the effectiveness of
the shielding is analyzed. As shown in Fig. 9, the ferrite planes
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Fig. 9. Magnetic flux density at a point 2 m away from the coil center, shown
for designs A and B. A reduction of the leakage flux is only feasible with a
less efficient design.

used in design B allow reducing the leakage flux density. However,
the reduction leads to a lower efficiency as the inductor quality
is decreased due to the additional core losses. A good measure
for the performance of an inductor in this respect is the leakage
field attenuation 3, which shall be defined as the ratio between the
maximum allowed magnetic flux density and the actual magnetic flux
density at a certain distance from the coil center' 8 = Bmax/Buct.
More analysis of the relation of the parameter 5 and the efficiency
will be part of a future publication.

VI. CONCLUSION

For the design of an IPT inductor under the boundary conditions
encountered in applications with EV/HEV, the inductor coils are
optimized for efficiency n and area related power density «. It
was shown that the maximum efficiency with a series or a parallel
compensation of the receiver are equal if the capacitor is chosen such
that only active power is transmitted through the air gap. Hence,
efficiency is no criterion for the choice of a compensation topology.
However, the size required to provide sufficient surface area for the
cooling of the coils limits the possible secondary inductance values
and gives an indication for an optimal choice of the compensation
topology. A physical boundary termed the n-a-Pareto front, where
an improvement of one of the performance indices requires the
reduction of the other is encountered. The 7-c-Pareto front is
therefore a suitable tool to quantitatively compare the performance of
different IPT inductor designs. Using the 7-a-Pareto, it was shown
that depending on the coil materials used in the design, a higher
transmission frequency can lead to an increase or a decrease of the
transmission efficiency. For two example designs that include ferrite
or aluminum shielding materials, it was shown that a reduction of the
leakage flux in the vicinity of the coils is only possible if additional
transmission losses are accepted.
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