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Abstract

This work describes a new technology to calculate the magnetic field emission of a High Frequency Series Resonant Inverter
in a domestic induction heater by means of computational simulations. The calculation is performed assuming normal opera-
tion conditions required to measure the magnetic field by means of a triple loop antenna. This triple loop antenna, also known
as a van Veen & Bergervoet antenna, is generally employed to test compliance with emission regulations in the frequency

range of band A and band B i.e. 5-55 kHz.
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1. Introduction

In domestic applications [1] electric apparatus must com-
ply with various regulations in order to guarantee harmless
operation conditions for the user and other electrical ma-
chines. Among others, emission [2] disturbance regulations
have been defined to minimize magnetic interferences in or-
der to protect other electrical devices against external elec-
tromagnetic fields [3]. In that case, the mandatory regulation
is adapted from the international recommendations termed
CISPR-16 (from Comité International Spécial des Perturba-
tions Radioélectriques). These documents define the pro-
cedure to measure interference disturbances in medium fre-
quencies by using Large-Loop Antennas (LLAs). LLAs were
proposed by van Veen & Bergervoet in order to determine
the dipolar magnetic contribution to the electromagnetic field
of a medium size source located in the middle. LLAs were
subsequently studied by other researcher to prove their use-
fulness in determining the emitted interference of a wide va-
riety of devices. The probe planned in the recommenda-
tion consists of three LLAs placed in perpendicular direc-
tions called LLAX, LLAY and LLAZ, respectively, as shown in
Fig. 1, where the subscript denotes the normal vector of the
plane defined by the loop antenna. It should be noted that
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that the magnetic field arises from closed loop current densi-
ties in the devices; consequently, the projection of the current
densities in a plane is associated with the dipolar moment
directed along the normal vector to the plane. As a result,
each large loop antenna detects the dipolar moment compo-
nent directed along the normal vector to the LLA plane. Thus
LLAX and LLAY antennas, the so called vertical antennas,
measure the vertical current loops densities, whereas LLAZ,
called the horizontal antenna, determines the effect arising
from horizontal current densities. In this research work, a
procedure to simulate and predict the emission levels arising
from a high frequency series resonant inverter in a domes-
tic induction heater is proposed. These devices consist of
three or four burners on which is placed a ferromagnetic type
pot, which is heated up by the variable magnetic field gen-
erated by the inductor system situated below. As a rule, a
high frequency series resonant inverter provides a medium
frequency current, ranging between 5 and 100 kHz to the
induction-heated system to the inductor system, in order to
deliver a power of 2 kW into the pot. In this paper the main
discussion is on the mathematical calculation of the emission
of a high frequency series resonant inverter [4] used in a do-
mestic induction heater in order to estimate compliance with
respect to the limits specified in the standard EN 50011.



Journal of Power Technologies 97 (4) (2017) 283—288

Figure 1: Triple loop antenna designed to evaluate the magnetic disturbance
of the equipment under test (CISPR16-1-3)

2. Characterization of the Induction Heating System

The high frequency resonant inverter lies at the heart of in-
duction heating [5, 6] systems. This system may operate effi-
ciently under the condition of power factor close to unity. The
main requirements for the high frequency resonant inverter
are switching in the high-frequency range [7], high efficiency,
wide power range and reliability.

Induction heaters are usually designed to operate with
a vessel made from a specific material, primarily ferro-
magnetic stainless steel. Therefore desired characteristics
for the inverter are: no reactive components other than the
heating coil and the non-smooth filter inductor, no input or
matching transformers, 50 duty ratio that simplifies the con-
trol and gate circuits, zero current switching (ZCS) and/or
zero voltage switching (ZVS), clamped switch voltage and/or
current. One uncontrolled voltage source is used. Induction
heating power [8] supplies are frequency changers that con-
vert the available utility line frequency power to single phase
power at a frequency appropriate for the induction heating
process. They are often referred to as converters, inverters
or oscillators. But they are generally a combination of the
above mentioned circuits. The converter section of the power
supply converts the line frequency alternating current to di-
rect current, and the inverter or oscillator portion changes
the direct current to single phase alternating current of the
required frequency for induction heating purposes. Different
types of power supply and models are available to meet the
heating requirements of a nearly endless variety of induction
heating applications. The frequency, power level and other
parameters like coil voltage, coil current and power factor are
decided by the specific application. Fig. 2 shows common
applications of induction-heated systems. Fig. 3 illustrates
this same relationship for induction heating prior to metal
forming operations.
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Figure 2: Power-frequency diagram for typical induction heat treating appli-
cations
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Figure 3: Power-frequency diagram for typical induction heating prior to
metal forming

The selection of frequency is a key parameter in induc-
tion heating treatment, because it is the primary control
over the depth of current penetration. Moreover, the fre-
quency also plays an important role in the design of in-
duction heating power supplies, because the power devices
must be rated for operation at a specific frequency. The
power circuit must ensure that these components are op-
erated with adequate margin to yield high reliability at this
frequency. Very early power supplies used high power
vacuum tubes in an oscillator circuit to generate the ra-
dio frequency that was used for induction heating. Mod-
ern induction heating power supplies utilize power semi-
conductors such as SCR (Silicon-Controlled Rectifier), GTO
(Gate turn-off thyristor), BJT (Bipolar Junction Transistor),
MOSFET (metal-oxide—semiconductor field-effect transis-
tor), IGBT (insulated-gate bipolar transistor), MCT (MOS-
controlled thyristor) etc. to switch the direction of current flow
from a direct current source to produce alternating current
at a frequency suitable for induction heating. Fig. 4 shows
graphic depictions of the various combinations of power and
frequency ranges that are covered by power supplies using
thyristors, transistors or vacuum tubes. There are obviously
large areas of overlap where more than one type of power
supply can be used.
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Figure 4: Power semiconductors used for induction heating
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Figure 5: Full bridge series resonant inverter

In the proposed topology Bm in air is low. Thus, to gener-
ate sufficient eddy current loss, the frequency f is required
to be as high as possible. Accordingly, the frequency should
be in the radio frequency range to keep the product (f(B,,))
high. In view of saving electrical energy in various home ap-
pliances, it is better to implement the high frequency inverter
topology. Full bridge circuit is normally used for higher out-
put power. Basic circuit is shown in Fig. 5. Four solid state
switches are used and two switches are triggered simulta-
neously. Anti-parallel diodes are connected with the switch
that allows the current to flow when the main switch is turned
OFF.

The circuit is on when switches Q1 and Q4 are triggered
simultaneously. The current flows for a half cycle of the res-
onant frequency and becomes zero when both switches Q1
and Q4 are turned off. When Q1 and Q4 stop conducting
and switches Q2 and Q3 are not yet turned ON, the current
through the load reverses and is now carried by D1 and D4,
the anti-parallel diodes which are connected with the respec-
tive switches. The voltage drops across diodes appear as a
reverse bias for switches Q1 and Q4. If the duration of the
reverse bias is more than the turn-off time, then switches Q1
and Q4 get commutated naturally and therefore, a commu-
tation circuit is not required. This method of commutation is
called load commutation and used in high frequency invert-
ers for induction heating. Fig. 6 shows the FEA-tool based
simulations results of a domestic induction heater with pot
acting as the system load.

The high frequency series resonant inverter in a domes-

Figure 6: FEA-tool based simulations results of a domestic induction heater
with pot acting as the system load

tic heater load system can be electrically modelled [9] as an
RLC-series equivalent. The frequency dependent equivalent
impedance Z(f) of the inductor-pot system is extracted from
the FEA (Finite Element [10] Analysis)-tool model depicted
in Fig. 6, as well as the electromagnetic fields of the induc-
tion system, therefore, the induced voltage VLLA (Voltage of
Large-Loop Antennas), X(f), VLLA, Y(f), and VLLA, Z(f) in
each LLA are synchronously calculated. The high frequency
series resonant inverter employed in the induction system
in the domestic induction heater was modelled with the pot
over the cooking surface at a distance of 2—6 mm above
the inductor. The pot is misaligned with respect to the induc-
tor 25 mm along the normal direction of the LLAX, therefore,
large signal levels were obtained for the LLAY and the LLAZ.
It should be noted that that the largest emission levels are as-
sociated with the LLAZ for a centered pot, because the ma-
jority of the field sources are current loop densities parallel to
the plane of this antenna. The coil is modelled as an exter-
nal current distribution, Je, whereas the pot and the shielding
(usually an aluminum sheet which protects the power elec-
tronics converter placed under the inductor-pot system) are
included, assuming the approach of the impedance bound-
ary condition which is suitable for good conductor materials.
Finally, the flux concentrator added to increase the coupling
between the magnetic fields of the coil and the pot are mod-
elled with bars of high permeability material. It should be
noted that the half-bridge inverter working in normal mode
acts as a voltage source with output of vo(¢). This vy(¢) is
a rectangular pulse train with period equal to the inverse of
the switching frequency (fsw) and amplitude values equal to
0V or bus voltage, V,,,, the latter being equal to the voltage
taken from the network and subsequently rectified. Thus, the
Fourier series of the inverter output voltage, vy(?), is given
by:

Vo (1) = Vipus Z Vrecz,nejz”f‘” (1)

Where V,,, is equal to 745 2 |sin (1007t)| because it is the
rectified voltage from the mains, and V., corresponds with
the n* harmonic of the decomposition of a rectangular pul-
sation sequence, therefore:
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Figure 7: Harmonic content of the output of High Frequency Series resonant
inverter voltage simulation values symbolized
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Figure 8: Harmonic content of the output of High Frequency Series reso-
nant inverter voltage simulation values symbolized in real time experimental
setup

Vnern = 1/j27n n = odd
=1/2 n=0 (2)
= 0, n = even

An assessment was made between the theoretical val-
ues and the voltage amplitude obtained from experimental
work [11] for per capita harmonic of the inverter output volt-
age. The results of the experiment are depicted in Fig. 7
and Fig. 8 which show good settlement between them. The
current carried by the inductor, iy(f), can also be expressed
by the Fourier series expansion, where each harmonic of
the current, ip,, is determined by the ratio between the cor-
responding harmonic of the output voltage, Vy,, and the
impedance of the resonant tank, Z;,, which is equal to:

Zoa(nfs) = (nf2) +

Jj2nfC, ®)

Where: Z;, is the n” harmonic of the equivalent
impedance of the inductor-pot system and ¢, is the value of
the resonant capacitor connected in series with the inductor.

3. Mathematical Analysis

Of the many mathematical calculations performed, only one
specific analysis is presented here [12]. Emission control
with 2500 W domestic induction heater is achieved. Fi-
nite Element Analysis (FEA) is employed to confirm whether
2500 W input power is obtained in a domestic induction-
heated system. After performing FEA it is found to obtain
an input power of 2463.92 W i.e almost 2500 W. A coil used
in an induction heater with diameter D = 0.02 m, length
L = 0.05 m and thermal conductivity k = 50 W/(m°C) is
exposed to ambient air at 7, = 500°C with a heat trans-
fer coefficient 8 = 100 W/(m?,°C). The left end of the coil
is maintained at temperature T, = 1000°C and other end is
insulated. The objective is to determine the temperature dis-
tribution and the heat input at the left end of the coil. The
governing equation of the above problem is

2

d
AL B (T =T =0,0<x<L 4)
dx?

We rewrite the above equation in the non-sinusoidal from
a6

—— +m0=0,0<x<L (5)

dx

Where 0 = (T - T,) being the temperature, and m? is given
by

2o Pp_ P 4B (®)
Ak ixD% kD
The boundary condition of the problem becomes
o~ (d6
0(0) =T (0)-T, =500°C, o =0 (7)
x=L

The boundary condition of the problem becomes

60 =0(0) LD 50— () (FARLE L (g

cosh mL cosh mL
For the sake of comparison, both the finite difference and
finite element solution of the problem are considered here.
i) Finite Difference solution:
The second derivative may be approximated with the cen-
tered finite difference expression in the following
2
372 ~ h_12 (0is1 — 20; + 6;-1) 9)

Substituting the above formula for the second derivative into
equation (5), we arrive at

01+ (2+m*h?)6; = 61 = 0 (10)

Which is valid for any point where 8 is not specified.

At first a mesh of three points (2 = 0.0025) is chosen, two
end points and one in the middle. Applying the equation (10)
at nodes 2 and 3, we obtain (m?=400):

(2+4007%) 6, = 05 = 61, —0, + (2 + 400h*) 63 — 6, = 0 (11)

Where 6, = 6(0) = 500°C.
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It should be noted that 6, is the value of 6 at the fictitious
node 4, which is considered to be a mirror image because of
the boundary condition of d6/dx.

To eliminate 65, one of the following expressions may be
used:

de 64— 0
(—) _ 865 =0 (forward) (12)
dx/ _, h
do 64— 6,
hadd - _ 1
( dx)x() T 0 (centered) (13)

The latter is of order 0(h2), consistent with the centered dif-
ference equation no. (9). Using (13), 6,=6, is set in equa-
tion 11. Equation (11) can be written in matrix form as

225 -1 6 | _ | 500
RS [ 2 Bl B
The solutions of these equations are

6, = 239.29°C, 6; = 38.41°C (15)

The heat at node 1(x =
tion

0) can be computed using the defini-

0(0) = kA(—%) = kA
dx x=0

0, -0
1h 2 =573575W  (16)

Next, a mesh of five points is used. Applying equation (10)
at nodes 2, 3, 4, 5 and using 6¢ = 64, we obtain (h = 0.0125)

2.0625 -1 0 0 6> 500

-1 2.0625 -1 0 [ 63 ]:[ 0 } (17)

0 -1 2.0625 -1 04 0
0 0 -2 2.0625 s 0

6, = 336.61°C, 03 = 194.27°C, 04 = 64.06°C, 05 = 62.12°C
The heat at node 1(x = 0) can be computed using the defini-
tion

de

0(0) = kA(——) — A
dx x=0

y
22 -2463.92W  (18)

4. Relationship Between Virtual Reality Results and
Real-World Experimentation

Fig. 9 shows the judgment between the measured emis-
sion levels for horizontal LLA’s corresponding with LLAX and
LLAY. Both of these represent the output of the EMI receiver
with a line. The amplitude of the fundamental harmonic ob-
tained by simulation [13] for the system configuration already
described is represented with circles. It also signified the limit
of the standard EN 55016-2-3 for high frequency series res-
onant inverters in domestic induction heater appliances. The
LLAY can be seen to have a good arrangement with higher
emission levels compared to LLAX. Here during measure-
ments, some difficulties related to misalignment of the an-
tennas were detected. Therefore some emissions assigned
to the LLAY level measurement are presented in the LLAX
signal.
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Figure 10: Emission levels in the vertical antenna LLAZ in the induction
heater

Fig. 10 shows the emission levels associated with the verti-
cal antenna LLAZ, which has an emission level permitted by
the regulations which is higher than the one found in the hor-
izontal antennas. Note that the agreement between the sim-
ulation results and the emission levels of the main harmonics
is quite good for frequencies up to 55 MHz but, beyond this
limit, major parasitic elements in the electrical system, not
associated with the inductor, are needed to be considered to
achieve accurate simulation results.

Interference by a high frequency series resonant inverter in
a domestic induction heater used in emission control is re-
quired for high efficiency. Also it is required for heating non-
ferromagnetic materials and eventually heat distribution in
the cooking surfaces of the pan.

The inclusion of a high frequency resonant inverter for such
applications is also essential for many other factors: design
purpose, topology selection, calculation of design compo-
nents, simulation of the designed system, prototype build
up, prototype testing, EMI addition, design of the complete
version and finally in testing the final version of the configu-
ration.

At this point, the designer needs to determine the regulations
governing the sale and use of the application.
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5. Conclusion

This paper describes a procedure for obtaining emission lev-
els of electromagnetic fields using computational methods
in order to verify the compliance of the design with exist-
ing results obtained through laboratory measurements. This
approach is very effective for high frequency series reso-
nant inverters employed in domestic and industrial induction
heaters. The process followed is verified by experimental
measurements obtained in a precertification test under real
conditions. The conformity achieved is quite satisfactory, al-
lowing future improvements through simulation results, as
the proposed method is also validated by experimental work.
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