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ABSTRACT This paper explores the magnetic flux emissions of induction heating systems compared
with inductively coupled heating systems. Inductively coupled heating uses a resonator coil attached to the
ferromagnetic load in order to improve energy transfer from the appliance to the load. The magnetic flux
emissions of both kinds of systems are simulated, and their dependence on coil current and turn number is
outlined. The paper focuses on emitted near field, whose measurement and limits are determined by norm.
Several prototypes are developed and tested to verify the simulations.

INDEX TERMS Induction heating, appliances, inductive power transmission, electromagnetic interference.

I. INTRODUCTION
Domestic induction heating (IH) technology has evolved dur-
ing the last 20 years enabling the development of induc-
tion cooktops, which nowadays can be considered standard
consumer electronics products [1]. The advantages of these
apparatus in contrast with traditional cooking systems (gas,
resistive or radiant) are recognized by an increasing number
of users worldwide. At the heart of the success of the induc-
tion cooktops lies its contactless heat generation capability
and the advances and innovations of the enabling technolo-
gies. Nowadays, an intense research activity is still detected in
this field, mainly focused on improving the performance and
reducing the cost of current cooktops. This research activity
encompasses power electronics converters for an efficient use
of the energy [2], [3], coil arrangements for the improvement
of the user flexibility [4]-[6], load identification systems [7],
[8], sensing functionalities [9]-[11], inductor PCB imple-
mentations [12], magnetic materials [13], robotized mobile
inductors [14], or adapting non-metallic cookware for induc-
tion cooktops [15].

Induction heating cooktops generates a variable magnetic
field by means of a planar inductor. Consequently, each
burner of an induction cooktop can be regarded as a wireless
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power transmitter. This fact is inspiring new applications or
features of induction cooktops. Currently, the Wireless Power
Consortium is launching a cordless kitchen standard, which
is built on the success of the Qi standard [16]. This standard
covers the field of cooktops that deliver up to 2200 W to
smart cordless kitchen appliances [17]. Moreover, induction
technology is also favouring the development of wide and
clear worktops, which incorporate the cooking functional-
ity without the need to build the appliance into the work-
top, by placing inductors beneath its surface [18], as it is
illustrated in Fig. 1. The main improvements of glassless
systems versus conventional IH systems are their aesthetics,
the increase of multi-function working area and the ease of
cleaning.

The under-worktop arrangement faces technological
challenges mainly derived from the air gap between the
inductor and the cookware, which is higher than in conven-
tional cooktops. This fact reduces the global efficiency of
the power transference and increases the leakage magnetic
flux [19]. In some cases, the decrease of the efficiency
compromises the feasibility of practical applications because
a substantial reduction of the rated power should be adopted.
Several authors have proposed solutions based on the use of
intermediate coils, also known as resonators or relay coils.
Formerly these solutions were developed for wireless power
transfer (WPT) applications [20]-[24] and subsequently
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FIGURE 1. lllustration of the induction heating evolution: from traditional
cooktops to wireless-power-transfer worktop surfaces.

they have been applied to domestic induction systems
[5], [25]-[27], which is referred as inductively coupled
heating (ICH) in this paper. The effectiveness of these
arrangements is patent, especially regarding the efficiency
and heating performance.

Most reservations of induction cookers prospective users
concern the electromagnetic emissions [28]. Nevertheless,
IH appliances must be compliant with the electromag-
netic compatibility (EMC) existing regulations for com-
mercial apparatus. Regulations pursue the reduction of
both the electromagnetic levels in the users and the
magnetic interference levels in other surrounding elec-
trical devices. The electromagnetic emissions of induc-
tion cookers are concerned by two documents. First, the
International Commission on Non-lonizing Radiation Pro-
tection [29] proposed recommendations about user exposure
to time-varying electromagnetic fields. Second, measure-
ment methods for electromagnetic fields of household appli-
ances with regard to human exposure were regulated by the
International Electrotechnical Commission, IEC [30], later
adapted by the local regulatory committees [31]. In the past,
electromagnetic-compatibility-oriented analysis of conven-
tional induction arrangements were conducted in order to pre-
dict emission levels [32] and to propose compliance-focused
solutions [33], which were based on spread spectrum
technique [34].

Several works report that emission level of commercial
cooktops are below the existing regulations. [35]-[37]. How-
ever, the compliance of the above mentioned large-air-gap
arrangements with the EMC regulations is still pending
of an appropriate analysis and experimental verification.
This paper aims to analyze the electromagnetic emissions
of domestic emerging IH applications where the load is
placed at higher distance than in conventional cooktops.
The study includes both single-coil and coil-and-resonator
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FIGURE 2. Basic induction heating system comprising the planar
windings, ferrites, aluminum shielding and vessel.

arrangements. Both kinds of system are compared through-
out the paper. The paper is organized as follows. Section II
establishes the measurement method and limits of near emit-
ted magnetic field. Section III introduces the finite element
simulation of single inductor IH systems and presents some
magnetic flux results. Section IV expands the simulation
to ICH systems of analogous geometry. Section V presents
the experimental results, comparing both kind of systems.
Finally, section VI presents the conclusions drawn from this
work.

Il. MEASURING PROCEDURES AND METHODS FOR
MAGNETIC FIELDS

Proper estimation of field emissions should be in accordance
with the standards. Near field emission measurement proce-
dures and methods for magnetic fields are specified in the IEC
62233:2005 standard [30]. This standard sets that the mag-
netic field should be measured at a horizontal distance from
the appliance to the probe, dprobe, 0f 30 cm from each side
of the device along a vertical line, and it should be averaged
over an area of 100 cm? in order to avoid inhomogeneities.
The test vessel must have the same diameter of the inductor,
or slightly bigger. Moreover, the limit recommended by the
1998 ICNIRP guidelines is 6.25 nT rms for the range com-
prised from 800 Hz to 150kHz for the general public [29].
The frequencies used in IH cookers fall in this range. Newer
ICNIRP recommendations [38] have increased the general
public exposure limit in the range between 3 kHz and 10 MHz
to 27 uT, but they have yet to be included in newer home
appliance standards and regulations.

According to this standard, near field commercial probes
consist of three perpendicular and circular loops of area
Stoop = 100 cm?. Considering that the loop surfaces are
aligned with the three directions of an arbitrary orthonormal
coordinate system (1, &2, €3):

B = B, &1 + Be,¢2 + B, e3, €]

each loop provides the average of the magnetic flux density
according to this expression:

1

Be,-,av -

/ By dS.. i=123, ®
Se,

loop

where the coordinate basis is usually cartesian in simulation.
The magnitude specified in the IEC 62233:2005 standard is
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FIGURE 3. Decimal logarithm of magnetic flux produced to deliver 3000 W to the load at 30 kHz and d; of (a) 6 mm, (b) 30 mm.

the root mean square norm of the magnetic flux density, i.e:

Brorm = rms <\/|Bel,av|2 + |Be2,av|2 + |Be3,av|2) N E))

Therefore, any point with a horizontal dprobe 0f 30 cm from
the edge of the cooktop, the condition: Bporm (r) < 6.25 1T,
must be met.

Considering (2), (3), the magnetic flux density is
required in order to predict the near field emissions of an
IH arrangement.

Ill. MAGNETIC FIELD EMISSIONS OF
SINGLE-COIL SYSTEMS
System impedance, and consequently delivered power and
emitted field are very dependent on load geometry and mate-
rial. Load sizes bigger than the inductors produce no change,
but smaller diameters do. Horizontal misalignments are detri-
mental, but can usually be tolerated if they are smaller than
half the windings’ radius. Systems can be optimized for
specific distances, or they can be designed to work adequately
for a range of distances, typically between 6 and 30 mm [27].
Fig. 2 shows the arrangement of a single-coil IH system.
In this figure, the main vertical distances are shown. The
inductor system consists of a n-turn planar windings, the load,
a flux concentrator and a shielding plate. In conventional
arrangements the distance from the inductor to the load, dj,
is set by the thickness of the cooktop ceramic glass and
other insulation elements, which usually ranges from 4 mm to
6 mm. This distance could go up to 50 mm in modern seam-
less IH arrangements as the one shown in Fig. 1. The diameter
of the load is often higher than the diameter of the wind-
ings in normal operation. Usually, conventional IH cooktops
incorporate an automatic load-size detection system based
on the value of the equivalent impedance, which switches
off the power when the diameter of the vessel is smaller than
the diameter of the windings. The flux concentrator consists
of a set of ferrite bars or circular sectors and the shielding is
usually an aluminum plate.
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FIGURE 4. Magnetic flux measured by simulated probe when delivering
3000 W to the load for different frequencies and distances. The IEC
62233 [30] limit is highlighted in a thicker blue line.

The field emissions are obtained by means of the COM-
SOL finite element analysis (FEA) tool. The system of Fig. 2
has axial symmetry and is therefore suitable for 2D simula-
tions. Given that the testing probe requires integration in a
3D field, the 2D solution is revolved and the polar coordinate
system is substituted for a cartesian one to use the X, y,
z components directly in (3). The following considerations
have also been adopted:

— All involved media are considered isotropic and linear.
Moreover, dissipative media (aluminum and load) are
modelled as an Impedance Boundary Condition (IBC).
This model is valid when the skin depth of fields is
smaller than the thickness of the media, as occurs in
the aluminum and ferromagnetic vessels at the operating
frequencies [15].

— Real windings and their cabling structure are modeled
by an ideal rectangular cross-sectional constant current
density of value J = nl /Sy, where n is the winding’s
number of turns, S,, is the cross-sectional area of the
winding and 1 is the current amplitude. This assumption
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FIGURE 5. Basic structure of an induction heating system with resonator
coil.
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FIGURE 6. Magnetic flux generated by the ICH system with 1 Ampere-turn

in the primary inductor at 30 mm and 30 kHz for different current ratios
and phase angles.

is valid for coils with high density of turns, which is
typical in commercial applications.

— Considering that the magnetic field is proportional to
number of turns and current amplitude, simulations per
turn and per Ampere are carried out, i.e., the input
current density is calculated assuming n = 1 and] = 1.

Some simulation results are shown in Fig. 3 for an IH
with an inductor of ¢exy = 180 mm external diameter. This
figure shows the B field for two different distances d; = 4 mm
and d; = 30mm. As it can be observed, the higher the
distance is, the higher is the magnitude of the magnetic field
in the surrounding area of the cooktop. Generally speaking,
the magnetic field is partially shielded by the load and the
shielding is less effective with increasing d;. For the same rea-
son, when the frequency of the excitation increases the level
of Bhorm decreases. The dependency map of Bporm with the
distance and frequency is shown in Fig. 4, where the limit of
the current standard is also represented. Considering that the
rated power is usually supplied at frequencies below 40 kHz,
for the depicted inductor of ¢y = 180 mm the maximum
allowable distance would be less than 40 mm, which is similar
to the thickness of regular worktops. Therefore, commercial
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FIGURE 7. Power delivered by the ICH system with 1 Ampere-turn in the

primary inductor at 30 mm and 30 kHz for different current ratios and
phase angles.
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FIGURE 8. Power delivered by the ICH system per emitted magnetic field
with 1 Ampere-turn in the primary inductor at 30 mm and 30 kHz for

different current ratios and phase angles. The orange line represents the
values that can be achieved with the system.

solutions of under-worktop IH arrangements could compro-
mise the fulfilment of current regulations. Therefore, an alter-
native solution is explored in the next section.

IV. MAGNETIC FIELD EMISSIONS OF INDUCTION
HEATING SYSTEMS WITH RESONATOR COIL
The use of resonator coils is relatively common in WPT
systems in order to improve the coupling between primary
and secondary coils and to make them tolerant against
misalignment or high d;. As it was above commented,
ICH designers take advantage of this idea for adapting
conventional-sized inductors to large vessels or for heating
non-ferromagnetic materials. The presence of the load, i.e. a
dissipative medium in the system, confers specific character-
istics to this approach.

The basic structure of a ICH system with resonator coil is
shown in Fig. 5, where the resonator is attached to the load.
As the windings’ impedance is dependent on the properties
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FIGURE 9. Decimal logarithm of magnetic flux produced by the ICH system to deliver 3000 W to the load at 30 kHz and d; of (a) 6 mm, (b) 30 mm.

of the ferromagnetic material of the load, it is preferable to
make the inductor non-detachable. In this structure the first
winding wirelessly transfers energy to the second winding,
which inductively heats the load. In this figure, the capacitor
is designed to shift the phase of the winding current and
therefore to achieve a constructive addition of the fields
generated by both coils at the bottom of the vessel. Cur-
rent phase difference between the primary and resonator
coils determines the level emission of the magnetic flux
density at the positions of the near field probe. Assuming
harmonic analysis, the current of each inductor is defined as
follows:
I =1, - eVerten

“

b = I, - eVet+e2)

where 1 1 iz are the current amplitude of each inductor, @
is the angular frequency and ¢;, ¢, are the phase of the
inductor currents. Therefore, the phase difference between
the inductor currents is ¢ = @1 — 2. Moreover, the field
generated by each inductor can be obtained by means
of:

H; (r, 9;)) = n; - Hj pt pa (1) i ()

where subscripts pt, pA denote per turn and per Ampere
magnitudes, respectively, and r is the position vector of the
point where the field is calculated. Consequently, the total
field at an arbitrary position is:

i=1,2 (5

H(r,¢) =H; (r,¢1) + Hy (r, ¢2), (6)
and considering that the near field probe is placed in the air:
B(r,¢) = noH (r, ¢). (N

It would be more accurate to say that B is separately
dependent on ¢ and ¢y, but the standard measurement only
needs its rms norm, as shown in (3).

The simulated geometry in this case is very similar to the
one in the previous section, where the resonator coil is of the
same size of the primary inductor and it is placed directly
below the load. For a fixed 17, the magnetic flux generated by
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TABLE 1. Prototype parameters.

System ny Mg Cy Co

IH 32—  200nF -
ICH400nF 19 19 480nF 400nF
ICH800nF 19 19 480nF 800nF

the system freely changing |/>| and ¢; in simulation is shown
in Fig. 6. When the currents are in phase, the fields have a
constructive effect that increases the total radiated field when
I, increases, as could be expected. When the currents are in
near opposite phase, there is a current ratio that minimizes the
radiated field.

Phase and amplitude differences between inductor currents
also determine the delivered power on the vessel’s bottom sur-
face [39]. Therefore, the effect of the phase on the delivered
power is also investigated. The power can be obtained as the
flux of the Poynting’s vector at the vessel’s bottom surface,
which in the harmonic regime is defined as follows:

1
S(r,p) = JEr. ¢) x H* (r, ¢) (®)

where the asterisk in the magnetic field represents the com-
plex conjugate and the electrical field is obtained by adding
the electrical field generated by each coil, analogous to (6).
Considering the per turn and per Ampere analysis, this equa-
tion can be expressed as follows:

S(r,p) = ZZnn]

xH; [ oA (T, ) - II 9

Fig. 7 shows the delivered power by the ICH system in
simulation with 1 Ampere-turn in the primary and variable I,
and ¢, with full freedom. It can be seen that an increase in I»
increases P, and a phase difference between currents reduces
power notably.

In order to minimize Bporm While maximizing P, the ratio
P/Bporm is represented in Fig. 8. The Figure shows that

i,pt,pA (r, )
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FIGURE 11. Probe calculated magnetic flux for the (a) IH system (b) ICH system.

the optimum operation point is very near the flux minimum
observed in Fig. 6, where the power is also smaller, but
to a much lesser degree, as seen in Fig. 7. Unfortunately,
the current ratio and phase difference cannot be selected
freely because only the primary inductor is fed directly, so the
only way to change them is via the compensation capacitors.
The orange line in Fig. 8 represents the ratios and phase
differences that can be reached by design.

Fig. 9 shows the magnetic flux generated by the ICH
system at d; of 6 mm and 30 mm delivering 3000 W at 30 kHz.
Comparison with Fig. 3 shows that the ICH system emits less
magnetic field for the same frequency and output power.

Ideal designs for the IH and ICH systems have been devel-
oped with the objective of reaching 3000 W at 30 kHz for
different d;. Fig. 10 shows P for the IH and ICH system
and Fig. 11 shows Bporm for both systems calculated at a
dprobe Of 30 cm. The figure shows that for equal frequency
and power, the ICH system emits more magnetic flux than
the conventional IH system at low d;. As distance increases,
emitted flux increases faster for the IH system than the ICH
system, surpassing it when d; > 20 mm.
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FIGURE 12. Experimental setup.

Power losses generated in the windings, P,,, and the mag-
netic shielding, Py, can be estimated from simulations [40],
and the efficiency, n, defined as:

Pioad

nN=———0——", (10)
Pioad + Py + Py
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(d)ICH 1.

where Pjpyq is the power delivered to the load. Although 7
cannot be measured experimentally, the simulated values for
the designs are 92.19 % for the IH system, 96.45 % for the
400 nF ICH system and 96.2 % for the 800 nF ICH system.

V. EXPERIMENTAL RESULTS

In order to reduce the number of required prototypes,
the experimental results will focus on the d; of 30 mm.
To achieve similar power and frequency, three 180 mm &
windings are prototyped. Two of them have 19 turns, and
the third has 32. With these inductors and different com-
pensation capacitor combinations, adequate designs for the
IH and ICH systems for 30 mm can be achieved. Table 1
groups the relevant parameters for each prototype. Two
very similar ICH prototypes are selected to accentuate the
relevance of C, selection in terms of emitted magnetic
field.

Fig. 12 shows the experimental setup. It maintains the
axial symmetry of the 2D simulation with the aluminum
shielding disk, the ferrite plane composed of 4 90° circle
sectors and a flat ferromagnetic load with the same diameter
as the inductors, complying with the norm’s size restrictions.
The oscilloscope is used to measure voltage and currents in
the system. Voltage probes are attached to the inverter output
and both inductors, and current probes are attached to the
inductors. The field probe is used to take measurements from
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dprobe = 0 cmup to the 30 cm of the IEC 62233:2005 standard
[30] in 5 cm increments.

High temperature is not expected to be a problem for
the system. The inductors in conventional IH systems can
withstand load temperatures, so even though the secondary
inductor heats faster, being nearer the load, the steady-state
temperature is still manageable. As the capacitors are more
sensitive, they have to be placed as far away as possible
from the load, preferably with separating thermal insulation
material. With these precautions, capacitor temperature can
be kept low.

The measured power and currents of each prototype are
shown in Fig. 13. The measurements of the IH system match
the simulations perfectly. The simulated and experimental
values of the 400 nF ICH system are close, with small dis-
crepancies at higher frequencies. The experimental values
of the 800 nF ICH system fit the simulated ones very well.
The congruent P and / measurements validate the impedance
calculations of the FEA simulations, and they encourage
optimism for the magnetic field measurements. Fig. 14 shows
the current waveforms for the 800 nF ICH system, where their
phase difference can be observed.

Fig. 15 shows the simulated P/Byormy ratio for the measured
2D ICH cases with the simulated and measured current ratios
and phase differences. While both the 400nF and 800 nF
cases operate along the white line, the point at which the
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TABLE 2. Measured and simulated f, P, I, 5 and Bporm values at 3000 W.

System f (kHz) P (W) I (A) I>(A) n(%) Bhorm (UT) Bhorm reduction (%)
y Sim Exp Sim Exp Sim Exp Sim Exp Sim Sim Exp  dpobe =30cm  median
IH 29.5 29.6 2967 2986 32.07 35.15 - - 92.19 3.988 4.257 - -
ICH400nF 34.6 343 3030 2969 39.05 3836 15.03 14.63 9645 3.665 4.107 3.5 10.3
ICH800nF 39.7 39.0 2988 2980 35.66 3579 3497 3278 9620 3.029 2.398 437 45.6
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FIGURE 14. Current waveforms in the 800 nF ICH system.
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FIGURE 15. Simulated P/Bnorm ratio for the prototyped 2D ICH cases,
with simulated and experimental current ratios and phase differences.
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FIGURE 16. Simulated and measured Bnorm at different djqpe for the 2D
IH and ICH systems.

system reaches 3000 W, the rightmost one in both cases,
is different. From Fig. 15 it can be inferred that the 800 nF
design will emit less magnetic field.
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FIGURE 17. Ratio between the measured Bporm in all systems with
respect to the IH system’s.

Fig. 16 shows the measured and simulated Byorm for the
IH and ICH cases for the dpobe range mentioned previously.
In all cases, the experimental and simulated values are closest
at the farthest dj,robe and they diverge as they get closer to the
system. This is likely due to minor geometry elements in the
experimental setup that deviate from the simulated 2D axial
symmetry, which are accentuated the closer the probe comes
to the systems.

Fig. 17 represents the ratio between the measured Bporm of
all prototypes with respect to the IH system’s. From the IH to
the 400 nF ICH system, the emitted field decreases 3.5 % at
30 cm and a median of 10.3 % for all considered dprope. From
the IH to the 800 nF ICH system, the field decreases 43.7 % at
30 cm and a median of 45.6 %, more than was expected from
the simulations.

For ease of comparison, the simulated and experimental
probe values at dprobe = 30 cm are shown in Table 2, along
with f, P, I and 7 of all three systems.

VI. CONCLUSION

In this paper it has been proven that ICH systems emit
the same amount or less magnetic flux than IH systems of
similar geometry and characteristics. Furthermore, a good
ICH design focused on EMI can significantly reduce emitted
field.

Magnetic field emissions in multiple inductor systems
depend on the current ratio and current phase difference,
with optimal power to flux points of operation. For ICH in
particular, the absolute optimal point cannot be reached, but
local optimums can be selected through careful design.

Active elements in the receiver side, such as a DC/DC
stage, can add degrees of freedom to reach more favourable
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power to magnetic flux emission ratios. Though more costly,
those new elements can reduce emissions or increase power
for the same magnetic flux.
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