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Abstract: This study presents design guidelines for planar induction systems whose winding is considerably farther from its
load than in usual arrangements. Optimum efficiency design is paramount for larger distances due to the magnetic field
dispersion. To this end, a parameterised finite element model is used to ascertain the system's parameters in this new
configuration. This model is used to test variations in frequency, inductor-load distance and inductor diameter. From simulation
results, efficiency, output power, power loss volumetric density and near field measurement predictions are obtained. Graphical
representation of these results is used to determine the viability of each possible design, choosing one to develop a prototype.
Moreover, a study was carried out with Pareto techniques to determine the effect of ferrite coverage and thickness, as well as its
distance to the aluminium shielding on efficiency and near field predictions in order to develop a second prototype. The validity

of the model is confirmed by experimental tests in small and operating signal regimes.

1 Introduction

Induction cooktops contain planar windings over which a vessel is
placed at a small distance, in order to transfer power. A medium
frequency (between 20 and 100 kHz) alternating current is driven
through the inductor, which induces losses in the vessel due to two
phenomena, Joule effect dissipation of induced currents and
magnetic hysteresis in the ferromagnetic material. The distance
between inductor and vessel is in most cases determined by the
thickness of both ceramic glass and electric insulation materials.
This distance varies from 4 to 6 mm in current applications, as
depicted in Fig. 1, which allows achieving high energy transfer
efficiency and low magnetic field emissions [1]. However, the
advent of new technologies and kitchen market trends push
towards increasing this distance, such as the integration of
induction cooktops beneath kitchen worktops, as shown in Fig. 2.

This change will mean a significant modification of specifications
that will require redesigning current inductors. As an example, a
commercial 180 mm diameter inductor has been simulated, and its
efficiency and volumetric loss density versus distance are shown in
Fig. 3.

Considering that coupling between magnetic elements
decreases when the distance between them increases [2], energy
transfer becomes less and less efficient. This study presents an
inductor design method to operate at a distance from vessels
greater than 5 mm and achieving the best possible performance and
efficiency. Inductor-load distance will not necessarily be a fixed
input parameter; rather the design objective could be to reach a
compromise between distance and efficiency.

Fig. 1 Dypical induction heating system
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Since a long distance between inductor and load has rarely been
needed in the past, previous work barely focused on it [3].
Therefore, this study seeks to use existing methods for magnetic
modelling [4-8] and losses calculations [9-18] and apply them to
this new configuration. Additionally, the B field was carefully
studied to check for norm compliance [19-22], and several
topologies were considered for the prototype's construction [23—
28].

This paper is organised as follows. In Section 2, both the
simulation model and the optimisation process are introduced.
Section 3 shows simulation results. Section 4 analyses the effect of
ferrite coverage and aluminium tray proximity on efficiency and
near field measurement predictions, as well as providing further
design considerations. Section 5 presents the prototypes and
experimental verification of the calculations. Section 6 reports the
conclusions drawn from this study.

2 Inductor-load system model
2.1 Geometry and simulation parameter definition

Maxwell's equations [4] are solved for each geometry by means of
a finite element model to analyse their influence on inductor-load
system parameters. A 2D axisymmetric geometry as depicted in
Fig. 4 is considered in order to avoid long simulation times.
Induction cooktops heat up ferromagnetic vessels across elements
whose electromagnetic properties are similar to air; therefore they
are not represented in this simulation. Inductor windings usually
consist of twisted multi-stranded wires with litz structure (litz
wires), allowing to consider equivalence between strands. Ferrite
bars are placed beneath the inductor to conduct the magnetic field
and also, to a lesser degree, shield the components below. The last
element is an aluminium tray which completely shields magnetic
fields and protects electronic components that are usually placed
below.

At first, it is more useful to learn overall tendencies and trends
in data instead of focusing on specific cases, so the simulated
geometry is simplified. The inductor is modelled as a lossless and
ideal current density, while its actual losses are computed by means
of formulas, using the H field solution of the finite element
analysis. The usual ferrite bars are replaced by a lossless magnetic
disk with equivalent permeability and the aluminium tray is
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removed in a first approach. The vessel is portrayed as a
ferromagnetic cylinder [5] whose surface is assigned an impedance
boundary condition. The model is simulated by COMSOL at
different frequencies, using Matlab's Livelink to change its
geometry, sweeping inductor diameters and inductor-load
distances.

A sinusoidal current, /, of 1 ampere is driven through the
inductor. The system's equivalent impedance seen from the
inductor, Z;,4, is calculated from the voltage, Vj,q, induced in the

winding
Vina= — ¢‘E¢dls (D

Zind = Vind/L (2)

where E, is the electric field's azimuthal component. Zi,q is
complex-valued, and can be broken down into its real and
imaginary components

Zind = Ring + joLing, 3)
Ring = Rioaa + Ra, “4)
Req = Rioad + Ra + Ry, (5)

where Riq is the induction resistance, R, is the system's total
equivalent resistance and Liyq its equivalent inductance. R, can
also be broken down into: Rj,,q the vessel's resistance, R, the
aluminium tray's resistance and Ry, the copper winding losses that
are computed analytically [9, 10].

Rioad and R, represent the power dissipated in the load and
aluminium tray, respectively. Therefore, their contribution to the
equivalent resistance can be computed from the power delivered to
each element, which in turn is calculated by integrating the flux of
Poynting's vector, S, over their surface. S represents power surface
density akin to B representing magnetic flux surface density

S=ExH, (6)

P= f Sds, (7)
N

R =2P/T, (8)

where E is the electric field and H" is the complex conjugate of the
magnetic field.

Copper winding losses [11-13] are categorised into those
caused by conduction: dc and skin effect, R.,,q, and those caused
by the magnetic field's proximity effect, Ry,x, whose expressions
for circular windings in 2D geometry are

Ry, = Reond + Rproxa (9)
n 77,'(7' xt T rin)
Roong = 15" heonq(rs/ ), (10)
N
R _ 3 4r 7 2
prox — n ns?¢prox(rs/5)<2”r|Hs.l| >, (11)

where 7 is the winding's turn number, n, the strand number, 7.y, and
rine the inductor's external and internal radii, respectively, 7y the
strand radius, o the copper electric conductivity, H , the magnetic
field over the strands created by a single turn per current unit, ¢.nq
and ¢« €ach a group of Bessel functions [15] representing the

losses’ dependence to 7 and copper skin depth, &

1
5=4/m, (12)
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where y, is the air's magnetic permeability and f'is the frequency.

The resistances and inductance that contribute to the equivalent
impedance can be related to those of an inductor of the same
geometry but with a single turn and a single strand [29]

Rioad! Rioad, 1 = Rar/ Rat 11 = Leq/Leq 11 = n, (13)
Reond/ Reond. 1 = ning, (14)
Rprox/Rprox,ll = nsn& (15)

where the subscript 11 marks the parameters of an ideal inductor
with a single turn and a single strand. These relations allow the
designer to simulate the behaviour of inductors of any number of
turns and strands for a given geometry, which in turn allows for
simpler, broader studies to analyse trends and develop guidelines.

2.2 Parameter optimisation

Inductor design is ruled by four criteria in this analysis: first, the
desired rated power must be achieved when the power inverter
works at resonance; second, a high efficiency must be achieved;
third, heat dissipated by the inductor must be under a certain limit
to avoid damaging cable isolation and connectors; fourth, magnetic

Fig. 2 Induction cooktop integrated under the worktop
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Fig. 3 Efficiency versus distance of a commercial 180 mm diameter
inductor
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Fig. 4 2D simulation geometry diagram
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Fig. 5 Conventional inductor efficiency (%) varying its strand diameter,
9,

flux radiated must be under a certain value to be norm compliant
[19-22].

Output power at the resonant frequency due to the first
harmonic is

Py res = Vlz.rms/(n2Req,11)’ (16)

where V| ¢ is the root mean square value of the voltage's first
harmonic feeding the inductor. Therefore, power can be adjusted
by changing the number of turns.

The complete system's efficiency can be expressed as [7]

7 _ Rload
] — .
o Rload + Ral + Rcond + Rprox

amn

The system's efficiency can be expressed in terms of the resistances
of one strand and one turn inductors, becoming

" _ Rioad. 11 ( 1 8)
total Rload, s Ral,ll + Rcond, ll/nns + nnstrox, 11 ’

where the product between the number of strands and turns, nn, is
proportional to the copper volume.

The inductor's total copper volume, V., can be calculated from
nng, rs, and the mean turn length, /..,, whose expressions for
circular windings are

Inean = 7(Tine + Text)s 19)
Veu = nnsﬂrzlmean . (20)

In order to determine the optimum copper volume, the derivative
with respect to nng is calculated as

a’/Il()tal _ Rluad,ll(Rcond,ll/nns - Rprox. 11)
= 5.
onig (Rload. 11+ Rat i1 + Reond, /nng + Rprox.ll)

@n

Hence, maximum efficiency versus nng [16, 17] happens when

nn jdeal = 4/ Reond, 11/ Rorox.11 - (22)

However, the ideal copper volume is usually bigger than the
available winding's volume for each inductor geometry, so the
maximum copper volume must also be taken into account

hind(rext - rint)

nNg max = Ku ﬂ'l‘z
s

: 23)

where K|, is the packing factor, which is the ratio between copper
volume in the inductor and its total volume and #h;,q is the
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inductor's thickness. Owing to the strands’ insulation, K, decreases
when 7y is reduced [18]. The available copper volume, nng ,y,, is

defined as the optimum volume limited by its maximum.
Consequently, the available efficiency can be derived as the one
achieved with the available copper volume

Rload, 11
Rload, n+ Ral, n+ Rcond, l]/nns, ava + nng avaRprOX, 11

. (24)

Mtotal,ava =

Copper power losses, P, are calculated as the difference between
total and effective power

Pcu = (1 - Wcu.ava)Po, (25)

where copper efficiency, 7, is defined as

Rload
= . 26
Mlew Rload + Rcond + Rprox ( )
Therefore, copper power loss density, J.,, is
Jeuw = Pew/ Veus 27

where V., is the copper volume from (20).

Near field emission measurements are taken with a spherical
probe that houses three perpendicular, circular loops of wire of
100cm® surface area. For induction cooktops, in particular, the
probe is placed 30 cm from the appliance's edge. Since the inductor
position can vary greatly with the cooktop's layout, in the FEA tool
the simulated probe is placed 30 cm away from the inductor's edge
for a worst case scenario. The three probe loops are aligned with
the simulation axes. The measurement value is the norm of the
field averages in each loop

1
Bax.i;mean = %‘A:Baxjdsi’ (28)
Bnorm = \/ng, 1, mean + B;x.z.mean + B;X,B,mean, (29)

where S, is the area of each loop, the subscript mean denotes that
the values are averaged and ax, i represents the generic ith
directional vector of coordinate system ax. For cylindrical
coordinates, they become r, ¢, z, and x, y, z for Cartesian.

Magnetic flux density is proportional to the turn number and
inductor current, so its value can be obtained from a simulation
with one turn and one ampere

Bm)rm = n]Bnorm, 11 (30)

3 Simulation results
3.1 Trend analysis

The influence of design variables on goal parameters is shown
below. As seen in the previous section, strand radius, rg, affects
losses and available copper volume, reaching more desirable
results by decreasing r;. In spite of that, for small strand diameters,
insulation thickness becomes more relevant, reducing the packing
factor, K,. This reduction also diminishes the maximum copper
volume, which in turn decreases efficiency, as shown in Fig. 5.

Working at frequencies lower than 60 kHz, which is most of the
time for induction cooktops, the copper optimum volume is higher
than the maximum, so in most cases filling the inductor's housing
with copper provides the best design.

Fig. 6 shows that available efficiency increases with inductor
diameter and decreases when load distance increases. This is
mainly due to the variation in the magnetic coupling between
inductor and load. There is a bigger coupling for smaller distances
or bigger diameters. Moreover, with bigger diameters, the effect of
the distance is noticeably reduced.
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Fig. 6 Total available efficiency (%) sweeping inductor diameter for
several inductor—load distances at 30 kHz
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Fig. 7 Total available efficiency (%) sweeping frequency in a 180 mm
inductor working at a 20 mm distance

Fig. 7 shows the total available efficiency depending on
frequency. At low frequencies, the available copper volume is
much lower than its optimum, so efficiency is reduced, while at
high frequencies, having reached optimum copper volume,
conduction and proximity losses keep increasing, so an efficiency
maximum is reached at an intermediate frequency. An inductor
efficiency higher than 96% should be achieved in order to keep up
with current designs that work at 4 mm.

Copper power loss density follows the same trend as efficiency,
except that as inductor diameter increases, so does its volume, thus
power loss density decreases even faster, as shown in Fig. 8. In
order to avoid overheating problems in inductors, J,, should be
kept below a certain limit, which can vary anywhere between 4 and
6 W/cm? depending on the cooktop's layout, cooling mechanism,
size, and so on.

Near field emissions simulated as per norm are shown in Fig. 9.
They increase with inductor—load distance, while they decrease
when inductor diameter increases at equal power rating. However,
smaller inductors have reduced power ratings, so below 200 mm,
near field measurements can go up and down. A lower magnetic
coupling causes an outward ‘leak’ of magnetic flux. The magnetic
field weakens with frequency increments, so its measurement also
diminishes. The magnetic flux density limit imposed by the norm
between 800 Hz and 150 kHz is 6.25 uT, so in cases where results
are higher than this value, additional measurements must be taken
to mitigate it.

4 Further design analysis and considerations

As mentioned in the conclusions of [30], a thorough analysis of
ferrite quantity was called for to determine its effects on efficiency
and radiated near field. Therefore, a 3D simulation was carried out
to sweep the ferrite coverage, ferrite thickness, hg,, and ferrite—
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Fig. 8 Loss power density (W/em3) sweeping inductor—load distance and
inductor diameter at 30 kHz
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Fig. 9 Magnetic flux density (uT) measured 30 cm from the inductor's
edge, sweeping inductor diameter for several inductor—load distances at
30 kHz

a b

Fig. 10 Coverage examples of
(a) 20%, (b) 80%

aluminium distance, dg;_,, in order to design a 210 mm diameter
inductor to work at a 34 mm distance. In this case, ferrite coverage
is modified using eight circular sectors of a variable central angle,
from 0° (0% coverage) to 360°/8 (100% coverage), as indicated in
Fig. 10.

The effect on the efficiency is measured with the power loss
density, Jy, in order to consider both the thermal and
electromagnetic limits. The resulting loss density and near field
estimation are represented in Fig. 11 to determine Pareto efficiency
[31], with marker shape indicating ferrite thickness, marker colour
representing ferrite—aluminium distance and line greyscale
representing ferrite coverage.

Ferrite coverage produces the most noticeable decrease in
losses, as well as a small increment in near field emissions. An
increase in either ferrite thickness or ferrite—aluminium distance
significantly boosts near field emissions while decreasing Jy, at a
reduced rate the bigger the distance becomes. In fact, the effect of
ferrite thickness is mostly related to the implicit change in distance
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Fig. 12 Power distribution at
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Fig. 13 Prototype inductors of

(a) 180 mm diameter, (b) 210 mm diameter

to the aluminium, as can be seen in Fig. 11, for the 5 mm distance,
10 mm thickness points in relation to their reciprocal 10 mm
distance, 5 mm thickness points, which are very close together.

Although increasing ferrite coverage is mostly beneficial, ferrite
quantity also increases weight and cost, so all involved input
parameters have positive and negative effects. Aside from the cases
with the highest J, there is no design that is superior in every
circumstance, making each individual application determine the
balance it needs between losses, near field emissions, and ferrite
quantity. In the case of this study, the most important criteria were
to minimise overall appliance height and minimise J, so the
smallest aluminium distance and ferrite thickness were chosen, as
well as a ferrite coverage of 100% using a ferrite plane. The second
inductor prototype was designed following these guidelines.

In order to qualitatively determine the thermal performance of
the system, the surface power density has been represented via
Poynting's vector, S, in Fig. 12 comparing the results at 4 and 34
mm distances. As can be seen, both distributions are very similar.
The annulus with the highest power density, represented by its dark
red colour, is slightly wider for 4 mm, but low power zones
represented by their bright blue colour extend a bit further in the
34 mm case. The temperature distribution is usually an averaged
and blurred version of the power distribution, so despite these
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minor differences, the thermal performance is expected to be nearly
identical to conventional induction heating.

The interference of inductors working in close proximity is a
plausible drawback of this system. Therefore, a simulation was
carried out where two identical inductors are placed within 10 mm
of each other, placing a vessel on top of one of them and obtaining
their impedances. When the vessel is at a 4 mm distance, the
inductive coupling coefficient, &, between inductors is 0.0053,
while at 34 mm k& becomes 0.0174, more than triple. Nevertheless,
k is still very low, so in appliances where each inductor would heat
its own individual load, the mutual interference can probably be
neglected.

5 Experimental verification
5.1 Inductor design

A medium-sized inductor was considered for a first prototype. This
prototype inductor should work at the longest possible distance
while maintaining good performance parameters. Fig. 7 shows that
a good efficiency can be reached for a 180 mm inductor working at
20 mm distance and 40 kHz. Considering that in this case the near
field limit is exceeded, it will be necessary to mitigate it by
additional measures.

For inductors with continuous turns, such as the one shown in
Fig. 13a, the maximum number of strands of 0.2 mm in diameter is
around 3400. A power rating of 3000 W can be reached at 40 kHz
with 19 turns, so the litz wire can have up to 180 strands. Instead of
using a ferrite plane, the inductor has five rectangular ferrite bars in
addition to an aluminium tray. These modifications from previous
simulations will alter the system's equivalent impedance, so this
new configuration has been simulated in 3D.

Additionally, after the initial results presented in [30], a second
inductor prototype of 210 mm diameter, shown in Fig. 135 was
designed, with the results from the previous section, to work at a
distance of 34 mm delivering 3700 W. The maximum number of
strands, in this case, is close to 4200, so the needed 29 turns were
wound with 144 strands wire.

5.2 Simulation verification

In order to substantiate the simulation's results, the real prototype
geometry has been studied by means of a three-dimensional
simulation. The prototype in Fig. 13a has been measured at small
and real signal regimes, using an impedance analyser, and
transmitting power to a ferromagnetic vessel, respectively. The
prototype in Fig. 135 has been measured at the real signal regime
only.

The first inductor has been measured without load with an LCR
meter, obtaining resistance and inductance data represented in
Fig. 14, where the continuous line represents the simulated data
and the dots represent the measured data.

These simulated resistance values are nearly spot-on, while the
inductance has a very small error at all frequencies as well as a
bigger error at very high frequencies due to the self-resonance
effects not considered in the simulation.

Induction cooktops can use a wide variety of inverters [23-25]
to power the system. In this case, a half-bridge inverter was used
for its reduced number of components and degrees of freedom [26,
27]. Real signal data has been obtained with the setup shown in
Fig. 15 at a 0.5 duty cycle while sweeping frequencies in order to
vary output power. Delivered power and current results are shown
in Fig. 16 for both prototypes, with simulated data represented by
continuous lines and measured data by dots.

Since both electronics and resonant capacitors are rated to work
at 40 A, power has not been increased beyond that point for
safety's sake. Measurements show agreement with simulated data
for the considered power range.

A field probe was also used to measure the magnetic flux
density near the system in order to verify the simulated values. For
this measurement, the oscilloscope probes were removed and the
aluminium tray with the inductor was put back in their casing,
shown in the background of Fig. 15. Fig. 17 shows the values taken
at 3100 W at several points of increasing distance. The figure
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Fig. 16 Experimental results at the real signal regime for the 180 mm prototype and the 210 mm prototype.
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shows that the simulation becomes more accurate the farther the
probe is to the system, which is fortunate because the norm
measurements are taken at 30 cm. It is also worth noting that the
simplified simulation geometry does not take into account the
appliance's metal casing, which is the likeliest cause of the reduced
field measurements compared with the simulated values.

6 Conclusions

All in all, domestic induction heating is possible at higher
distances, considering a careful design and mindfulness of the
existing limitations.
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Since winding losses are not a limiting factor for inductors the
same size as the prototype or bigger, total efficiency is a suitable
indicator of good design.

Based on that, smaller inductors can work at a 20 or 25 mm
distance at most. In order to work across larger gaps, it is necessary
to use bigger inductors or consider other options, such as wireless
energy transfer with multiple inductors.

Ferrite coverage has a significant impact on inductor efficiency,
so it must be taken into account in the design process. If there is
enough space for it and near field emissions are well below norm
limits, distancing the aluminium tray can provide a small and easy
efficiency boost.
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Thermal distribution is barely affected by the distance increase.

Interference between inductors in close proximity can be
neglected if they heat different vessels.

Based on our B-field measurement, careful casing design could
also help reduce near field emissions.

The experimental measurements carried out to agree with the
model's results, so simulation data can be trusted.
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