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Abstract

The complex interaction between material properties in an induction heating circuit
was studied by multi physics simulation and by experimental verification in a full-
scale laboratory heater. The work aims to illustrate the complexity of the system of
interacting materials, but also to propose a method to verify properties of soft mag-
netic composite materials in an integrated system and to identify which properties
are the most critical under different circumstances and load cases. Heat losses at dif-
ferent loads were primarily studied, from DC currents to AC currents at 15, 20 and
25 kHz, respectively. A FE model for magnetic simulation was correlated with a cor-
responding model for heat simulation. The numerical model, as well as the estab-
lished input material data, could be verified through the experimental measurements.
In this particular study, the current loss in the litz wire was the dominant heat
source, thus making the thermal conductivity of the SMC the most important prop-
erty in this material.
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1. Introduction

Soft magnetic materials play a very important role in most electromagnetic devices,
mainly to control the magnetic flux. The demands on the soft magnetic material may

vary depending on application, but low internal losses are always a requirement.
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Typically, these materials range from laminated structures to different kinds of powder-
based materials, often called soft magnetic composites (SMCs). This work involves one
type of SMC material developed by the authors, but the results of the system analysis
should be regarded as generic.

Ideally, a well-designed electromagnetic system should have no or very low internal
energy losses, but this is the seldom case in practical applications [1]. Thermal losses in
both coil and SMCs must be handled by different means. The thermal conductivity of
the SMC material is important in this respect, but the thermal coupling between coil
and SMC structure is also critical in order to facilitate cooling of the coil through the
SMC material. There are studies that show that in many cases most of the heat is
generated in the coil [2].

Each important material property at different load conditions, for example current
levels and frequencies, can be determined by established methods for the coil material,
SMC material and isolation materials [3]-[5]. However, there are always uncertainties
in each characterization method [6] [7], and the required accuracy needed to perform
accurate system simulations is always an issue [8]. It is also obvious that different
applications, from electric drives to induction heating devices, put different demands
on the combinations of material properties, and thus the choice of optimal material
combinations. This study focuses on one such system, an induction heating device,
which is an example of a complex system where the SMC material must be chosen and
designed based on the integrated functionality. The importance of a multiphysics
approach will be demonstrated, where the coupled effects of different material
properties will be demonstrated. Numerical simulation through Finite Element
Analysis (FEA) modeling is a powerful tool to analyze interacting and connected
physical phenomena in an induction heater [9]-[11]. However, in order to verify the
output from the simulation and to identify where poor material data input will be
critical, a full-scale laboratory heater was built.

The laboratory induction heater was built with state-of-the-art technology, using litz
wire in order to minimize losses in the current conductor, and using a specially deve-
loped powder-based soft magnetic material in order to minimize iron losses but also to
facilitate optimal thermal coupling between coil and SMC body. The typical current
frequency is set to 15 - 25 kHz, mainly due to the power system, which justifies the
choice of material for this particular setup. An induction heater with these materials is
normally designed for industry applications, such as heating steel belts, rods, rollers
and sheets. The SMC material chosen has some special features, perhaps the most
important one is the capability to be molded at room temperature into any given shape
and size, thus given the name Soft Magnetic Moldable Composite (SM*C). This mate-
rial has been developed by the authors at Lund University [12].

The SM’C material consists of two components: binder and soft magnetic powder.
The binder is an epoxy and the powder is based on a 6.5% silicon-alloyed iron. The
powder is gas atomized and has a particle size range of 10 - 400 um. The material is
molded and not pressed like conventional SMCs, which means that the particles are not

deformed during manufacturing. There are a few advantages with this material. Firstly,
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the material will become isotropic, in other words the magnetic field can be directed in
any direction in the material. Secondly, the material can be molded to just about any
size and geometry (many other materials are limited in size, for instance). Thirdly, it is
possible to get a good contact between the SM’C and other materials, resulting in good
thermal contact. A good contact between electrical conductor and SM’C can result in
leakage currents through the SM’C material. This is something that must be avoided
and can be managed by applying an insulator material between the coil and SM*C
material. This, however, decreases the thermal contact, which is undesirable. The most
important properties of the SM?C material is the permeability, iron loss and thermal
conductivity. All of these properties have been measured on different geometries,
presented in [12]. Even if the model and the laboratory heater are based on this SM’C
material, the presented methodology and the scientific approach will be shown to be
generic, and any material combination can be studied and analyzed. Therefore, here-
after the soft magnetic material will simply be called SMC.

As mentioned earlier, the complex interaction between litz material, isolation mate-
rials and SMC materials sets the limits for the configurations of each of them. In order
to obtain a complete model, the properties of the coil material, the internal current
losses and thermal conductivity of the litz wire must be known. Models to calculate
losses exist, and the thermal conductivity can be calculated by methods presented in
[13].

The presented work uses a multiphysics approach in order to handle the complexity
of a system with many interacting materials. A novel methodology to verify properties
of soft magnetic materials in an integrated system by use of coupled simulation and
experimental verification is presented. An additional objective in relation to this is to be
able to identify which material properties are most critical under different circum-
stances and load cases.

2. Method

It is necessary to choose a geometry that will be suitable for both simulation and
physical tests. By choosing a geometry with axisymmetric properties, a 2D model can
be used. For the simplicity of the Finite Element Method (FEM) it is good to choose a
geometry with known boundary conditions. This can be performed by insulating
certain boundaries or controlling the temperature at certain boundaries. A combination
of this has been used in the chosen geometry. Eighteen thermocouples are placed in the
SMC material in order to verify the temperatures in the physical test setup compared
with the simulations. The thermocouples are positioned in such a way that there are
always two sensors that should have the same position and therefore the same tempera-
ture. In order to get a high accuracy of the collected data these two measured values are
therefore used to calculate an average. The collected data can then be used to compare
with simulated values. There are also two thermocouples positioned on top of the litz
wire in order to measure the coil temperature. Earlier, motors have been tested, simu-
lated and evaluated with these materials, but due to the complexity of those machines a

simpler case is chosen. Electromagnetic fields are used in both motors, induction
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heaters [14]-[16] and filter inductors, as well as the same type of materials. An induc-
tion heater cell is therefore chosen to perform the tests on.

The first thing to do is to make sure that the losses in the litz wire are correct in the
simulation. This is done by measuring the electric properties of a coil with the same
geometry as the one used in the other experiments, but without any SMC material or
load. The measurement was performed by measuring the resistance on the coil with an
LCR meter at the intended frequencies. The difference in powers between the
simulation and the measurements are then used in order to compensate any deviation
in the simulation for the coil with SMC material. The length of the connection ends of
the coil is also compensated for by calculating the percentage of the connection ends in
relation to the coil and then subtracted from the resistance measured.

In order to obtain the uncertain narrowed parameters, several different tests will be
performed. In setup 1 only the inductor and no work piece will be used. This will be
tested using DC current in order to validate the thermal conductivity model and the
resistive losses in the litz wire on DC. AC tests at several frequencies and powers will
also be performed in this setup in order to determine the losses in the SMC. In setup 2 a
work piece will be used on AC tests.

The thermal conductivity of the litz wire will be predicted by using the Hashin and
Shtrikman approximation, Equation (1).

(148, ) xky, +(1-9,)xk,

k, =k 1
T (1-9,) xky, +(149,)xk, M

where k and § are the thermal conductivity and volumetric fraction with the
subscripts e, p and cu representing the effective, potting and copper, respectively. The
usage of Equation (1) is not entirely correct due to the twisted copper wires in the litz
wire, but is considered to be close enough.

The losses in the SMC will be predicted by using the Steinmetz Equation (2).
P=kf“B” ()
where P is the power loss (W-m™), & a and f the fitting coefficients, f the
frequency (Hz), and B the peak magnetic flux density (T).

In the experiments a fixed temperature will be set to the cooling liquid, as well as a

set current and frequency, see Table 1. The equipment used is voltage controlled, which

Table 1. Experimental parameters.
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Setup 1 Setup 2
Frequency [kHz] DC 15 20 25 15 20 25
Current RMS [A]
Test 1 40 29.5 254 22.7 35.2 29.7 25.5
Test 2 45 35.7 29.8 30.7 39.4 32 29.9
Test 3 50 41.3 32.6 38.1 44.4 38.1 34.6
Test 4 55 44.7 36.7 42.5 48.6 42.8 41
Test 5 60 48 42 46.9 51.5 48.9 449
185
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means that it is difficult to set a specified current. The currents are specified so that the
temperature on top of the litz wire will be relatively evenly distributed from 120°C to
40°C. The currents are therefore different for different measurements. The setup will
run until a steady state is reached and the temperatures will be measured. This will then
be performed for several currents and frequencies in order to compare with simulated

results.

3. Simulation Model

In order to simulate the test setup a FEM program that can handle nonlinear multi-
physics problems is needed. It is also very important to be able to correctly simulate the
high frequency losses in the litz wire. Finite Element Method Magnetics 4.2 [FEMM] is
one simulation software that can handle this, and is therefore chosen [17]-[23]. The
FEMM software is controlled from MATLAB by commands given in the FEMM
documentation in order to combine the heat and magnetic simulations. The losses
generated in the magnetic simulation are transferred to the heat simulation in order to
generate heat losses required to determine the temperature pattern. The losses
generated in the litz wire is calculated in the FEMM software and described by Meeker
in [20]. Since the resistivity of the litz wire is temperature dependent [24], the program
need to iterate between the two simulation models. Convergence is assumed when the
total loss increase for a new iteration is below 0.1 W. In order to get the correct iron
losses in the SMC the Steinmetz coefficients are used. By extracting the flux density of
individual positions in the SMC material from the magnetic simulation, the iron loss
density can be calculated. The result is then incorporated in the heat simulation model.
The iron losses are also temperature dependent, but in such small degrees that it is neg-
lected in the simulations.

It is not possible to transfer losses on an element level from one simulation to the
other in FEMM 4.2. It has to be done by transferring a value to a whole area. Calcu-
lating the loss for the whole SMC and then transfer the value to the entire area would
not be correct because the losses is generated in different parts of the SMC depending
on the magnetic flux concentration. The geometry of the SMC is instead divided into
smaller regions in the thermal simulation where the losses are transferred to. Thus, a
simple adaptive algorithm that uses the loss gradient to decide the size of each area
created is used to transfer the losses from the magnetic simulation to the thermal
simulation, Figure 2. Since the flux density of any given cooridinate can be obtained
from the program based on interpolated values, the loss W, of each rectangular region

limited by the corners [ X, y;]and [X,; Y;,] s calculated according to Equations (3)

and (4).
W, =313 (B(x y))/A ®
A :(Xi+1_xi)'(yj+1_yj) (4)

Different loss gradient values have been tested in order to create a correct and
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efficient model. The mesh size has also been optimized in a similar way. During testing
it was found that the model is not sensitive to the change in mesh size and the choice of
loss gradient values. The number of element used for the electromagnetic and thermal
simulation respectively are about 618,000 and 320,000. In the thermal simulation, the
SMC material was divided into approximately 500 regions of different size according to
Figure 2.

The temperature in the litz wire is going to be different in different turns. The 22
boxes that makes up the litz wire is therefore considered to have different temperatures.
The losses is therefore integrated over each individual box and transferred to the co-
rresponding turn in the thermal simulation. The temperature is then transferred back
for each box individually to the magnetic simulation for each iteration.

Two different models are used in order to evaluate every different important
parameter. The first setup is without any work piece, Figure 1. It is cooled at the
bottom by a constant temperature and insulated at the sides and top. The simulation is
performed using both AC and DC currents in order to investigate the different
properties. Firstly, DC is used to investigate the thermal conductivity of the litz wire
and the rest of the model, without any losses in the SMC material and only the resistive
losses in the wire. Secondly, AC is used to investigate the iron losses created in the
SMC. Also AC losses in the litz wire due to skin and proximity effects are considered in
this case.

The second setup has an aluminum work piece and uses high frequency AC currents,
Figure 2.

Both models are run at different powers and the AC simulations run at different
frequencies, see Table 1 and Table 2.

The Steinmetz coefficients used to calculate the loss in the SMC is; k= 67.0; o = 1.33;
B=1093.
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Figure 1. Heat simulation of the inductor without work piece on DC.
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Figure 2. Heat simulation of the inductor with work piece at 15 kHz.
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Table 2. Material properties used in simulations.

Material/Property Air Litz SMC Al5052  Superwool Epoxy Kapton
Relative permeability [-] 1 1 16 1 1 1 1
Electrical 54 0 20 0 0 0
conductivity @ 20°C [MS/m]
Electrical temperature
‘ ° 0.00394 - - - - -
coefficient [K™']
Volumetric heat
i B 0.0012 2.6 2.5 2.35 0.01 1.7 1.7
capacity [MJ/(m’ K)]
Thermal
0.025 0.85 2.2 138 0.06 0.2 0.2

conductivity [W/(m K)]

In the simulations it has been observed that only a very low percentage of the heat is
dissipated through the insulation on the side and the top. Therefore, it is considered to
be a good approximation to set the boundary condition to perfectly insulated on both
the top and the sides. The work piece in the second setup is an aluminum pot with
boiling water in. The boundary condition is therefore approximated to a constant
temperature of 100°C on top of the work piece.

How sensitive are the results if a parameter is incorrect? Data that are supplied from
a manufacturer might not be exactly correct, and data that are measured or calculated
on a sample might also deviate from the correct value. In order to know how variations
of different material parameters will affect the results, simulations where one parameter

at a time is changed plus and minus 10% will be compared and discussed.

4. Experiments

The tests are performed in three steps in order to get all the data verified. In the first
step we use only the inductor with the cooling plate on the bottom and 90 mm
insulation on the sides and on top, Figure 3. At this point all measurements are
performed with DC. By using DC no iron losses will occur in the SMC material but
only resistive losses in the litz wire.

The collected data can then be used to compare with simulated values from FEMM.
The aluminium cooling block is glued to the bottom with epoxy, and the DC test are
therefore used to calibrate the thickness of the epoxy in the FEMM simulation.

The second step is to run the same setup as before with AC instead of DC. By
running it with AC, the iron losses in the SMC material can be calculated.

The third step is to run the same setup with AC and a load, in this case an aluminum
pot filled with boiling water on top of the heater, see Figure 4.

The litz wire used in the test setup consists of 192 individually insulated wires with a
copper diameter of 0.2 mm. It has insulation around the entire wire consisting of textile
yarn, which gives it a total outer dimension of 3 x 4 mm. The coil consists of 22 turns
of litz wire in one layer. After winding, the wire is fully impregnated with epoxy in
order to increase the thermal conductivity, as well as ensuring it is mechanically stable.

In this experimental setup there are thermocouples of K type with accuracy of £1.5°C.

188
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Figure 3. Thermocouple placement on a schematic test setup 1 without load.
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Figure 4. Schematic of test setup 2 with aluminum load.

In order to minimize the temperature measurement uncertainty, all the thermocou-
ples are tested and calibrated at room temperature before each test.

The positioning of the thermocouples is very important. It is possible to mold the
thermocouples directly into the composite; however, it is difficult to verify where the
sensors are positioned after mounting. Since it is critical to position them in a pre-
defined position, the mounting is made after molding by drilling holes in the now
molded composite and mounting the sensors in the holes. The drill has a 118 degree
angle on the tip, which makes it easy to place the thermocouple in the center of the
hole. The holes are then molded with SMC.
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The holes are drilled from beneath, impossible to place the thermocouples wrongly
in the radial direction, as long as they are placed in the bottom of the hole. However, it
is possible that the thermocouples will be axially misplaced. The incorrectly placed
thermocouple will always have a lower temperature than the correctly placed. If two
thermocouples that should have the same temperature deviate too much from each
other the thermocouple with the highest temperature is assumed to be the correct one.

The positioning of the two thermocouples on the litz wire is not that critical. In
simulations it can be seen that the temperature only has relatively small variations over

the wire where the thermocouples are positioned.

5. Results and Discussion

When comparing the simulated results with the experimental results for the DC case, a
good agreement can be seen. The difference between the simulated results and the
experimental results can be seen in Table 3, and the results for the 50 A test are
illustrated in Figure 5.

Frequency = 0 Hz , Current = 50 A
80

. X Measured values
® Simulated values

~
o

D
(=}

Temperature [°C]
(&)
o

®
40}
- ®
30} ®
. x
20 : : : : : : /
20 30 40 50 60 70 80 90

Distance from center [mm]

Figure 5. Comparison between simulated and measured temperatures at 50 A DC.

Table 3. Temperature deviation in degrees K between simulated and measured values. The
numbering of the thermocouples correlate with the numbering in Figure 3.

40 A 45 A 50 A 55 A 60 A
TC1 1.99 1.73 1.41 0.55 -0.09
TC2 2.16 1.81 1.71 0.99 0.11
TC3 -0.14 -0.90 -1.50 -2.73 -4.16
TC4 2.40 2.59 2.82 2.46 1.95
TC5 1.31 1.12 1.13 0.10 -1.66
TC6 2.26 2.18 2.14 1.51 0.63
TC7 -3.04 -3.45 —4.00 4.62 —-5.53
TC8 0.65 0.84 0.50 -0.17 -1.06
TC9 1.46 1.31 1.12 0.18 -1.12
TC10 0.92 -0.35 0.48 -1.72 —6.55
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When looking at sensor 10, the first/lowest four currents show good agreement

between the simulations and the experiments; however, the last/highest current, 60 A,

shows a lower value in the simulation compared to the experimental reading. An

explanation could be that the thermal conductivity is measured at room temperature,

and the elevated temperature could change the properties for the materials. However,

there is good agreement between the simulated and the experimental results for the

other nine sensors in all measurements. Therefore, the simulation model is seen as a

good representation of the experimental setup at temperatures up to 70°C with DC

current excitation.

Adding complexity to the tests and simulations by using AC currents and an optional

induction load, that is water-cooled aluminum sheet. Figure 6(a) shows a comparison

Deviation in percent of measured value

Deviation in percent of measured value

0 -
_5 L
_10 L
-15} —— 25 kHz load
—— 20 kHz load
15 kHz load
-20} = = =25 kHz no load
== =20 kHz no load
- = =15 kHz no load
_25 L f L L L L 1
20 25 30 35 40 45 50 55
RMS current [A]
(a)
5 .
ol =, X, N
-5t \
— 25 kHz load
—— 20 kHz load
-10} —— 15 kHz load
= = =25kHz no load
= = =20 kHz no load
- =15 kHz no load
_15 1 1 1 1 1 L J
20 25 30 35 40 45 50 55

RMS current [A]

(®)

Figure 6. Comparison of deviation between simulation and measured values, with and without
aluminum load. The measuring point chosen is the one on top of the litz wire, Sensor 10. (a)

Before calibration; (b) After calibration.
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between the relative error of temperature sensor 10 and the simulated temperature for
that location when using AC currents in the coil, with and without induction loading.

It is clear from Figure 6(a) that the simulated temperature of the litz wire is much
lower than the measured one, and the deviation increases with increased current. The
reason for this is unknown. The simulation should take into account the skin effect and
the proximity losses. The capacitive/dielectric losses have been measured and calculated,
but are less than one percent of the total losses and can be neglected.

A typical temperature point comparison can be seen in Figure 7(a), where it is
obvious that the temperatures in the SMC behaves according to the model, while the
temperature of the litz wire shows a considerable error. In order to work around this
problem a simulation of only the coil without any load or SMC material is performed.

The deviation between simulation and measurement is used to calibrate the losses in

110 X
X Measured values
100¢ TC 10 ® Simulated values
90} e
O 80
(]
5 701
E 60
g our X 1C8
g $TCO °
= %0 ¥ TC5
40, ®TC6 TC7 >.<
30, ®TC3 & TC2 TC4 ¥
TC1 ¥
20 : : : : ' : :
20 30 40 50 60 70 80 90
Distance from center [mm]
()
1By TC 10
» X Measured values
100¢ @ Simulated values
90
O 80r
[0
§ 70t
g 60| @ >.< TC8
% 5 XTCQ
= @ TC5
a0l XTC° 2 TC7 ™
4| XTC3 ® TC2 TC4 R
TC1 R
20 ‘ : ‘

20 30 40 50 60 70 80 90
Distance from center [mm]

(®)

Figure 7. Comparison of measured values with simulated values at 15 kHz and 48 A without
induction load. (a) Uncompensated simulated values; (b) Compensated simulated values.
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the wire by increasing its power loss. The results after calibration can be seen in Figure
6(b).

It is clear that the calibration works well for the non-loaded case, while the errors of
the loaded case are reduced by approximately 50%. This is because the proximity effect
will affect the losses. A representative figure for the non-loaded case can be seen in
Figure 7(b).

When looking at Figure 7(a) and Figure 7(b), it is clear that the losses in the litz
wire to a high degree affect the temperature in the SMC material since the calibration
just added loss to the wire. It is then possible to see that with the correct, calibrated loss
in the litz wire, the temperature in the SMC material coincides with simulation and
measurement. This means that the simulation of the losses in the SMC material is
essentially correct.

The losses in the SMC are between 22% - 32% of the total loss in the induction heater
when no induction load is used. The losses in the SMC have decreased to less than 1%
with load. This is mainly because of the increased reluctance of the magnetic circuit
with the aluminum sheet induction loading. The efficiency of the induction heater with
aluminum load is above 72% for all measured cases, see Table 4.

A comparison of the temperature deviation in the litz wire, sensor 10, is shown in
Figure 6(a). It can be seen that the temperature deviation is dependent of the frequency
and with or without induction loading. The increase of deviation with the increase of
the current is most likely due to the thermal model deviation seen in the DC case at
elevated temperatures, while the deviation due to the frequency depends on the
conservative power loss model of the litz wire.

A sensitivity analysis has been performed for seven key parameters in the simulation.
Figure 8 shows how much the temperature on top of the litz wire changes if one
parameter at a time is changed plus/minus 10%. A similar behavior can be observed for

all measuring points in the simulation.

Frequency = 15 kHz , Current = 48 A

a. Copper resistivity
6r b. Copper temp coef.
c. Litz thermal cond.

4+t d. SMC thermal cond. -
e. Kapton thermal cond.
9 f. Epoxy thermal cond.

g. Total steinmetz loss ~

Deviation in percent of nominal value

a b [ d e f g
Figure 8. Sensitivity analysis of seven key parameters in the simulation model, performed

without load and compensation of losses. The temperature from the simulation used is the one
on top of the litz wire, sensor 10.
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Table 4. Power losses in watt in the different parts of the induction heater.

- Litz wire cooling block Aluminum load SMC

DC,50 A 70.9 - - -
AC, 15 kHz, 48 A, without load 68.7 104 - 27.5
AC, 15 kHz, 51.5 A, with load 90.1 0.06 254.5 1.97

It is clear that the litz wire’s copper resistivity and the thermal conductivity of the
SMC are the most influential properties, thus having the largest impact on the simu-
lation errors. The losses in the SMC only have a minor effect on the temperatures in the
inductor. This of course depends on which SMC material is used.

In practice, it is hard to change the copper resistivity, but it is possible to increase the
cross sectional copper area, and thereby lower the current density. This can be done by
either increasing the space for the litz wire or increasing the packing factor.

The thermal conductivity of the SMC is highly dependent on the SMC type. In this
case, some kind of thermal conductive filler in the epoxy or by increasing the packing
density of the powder should increase the bulk thermal conductivity. Thus, it is impor-
tant that the ferromagnetic packing density of the powder is not decreased in the search
for a higher thermal conductivity.

6. Conclusions

The simulated temperatures show good agreement with the measured values, which
means that it is possible to model the whole system with coupled simulations. Another
conclusion from these results is that the input parameters are accurate and robust, in
other words the methods and procedures to obtain critical material properties for SMC
and litz wires are equally accurate and robust.

A key parameter for induction heaters and filter inductors is the service temperature.
The heat from losses will be generated inside the inductor itself, whereas it is critical to
effectively transport the heat away from the inductor core. A high thermal conductivity
is therefore important in the litz wire and in the SMC material. One conclusion from
the studied setup in this paper is that the thermal conductivity of the SMC is more
important than the thermal conductivity of the litz wire’s structure. Generally, this
condition depends on the materials used in each case, as well as the current frequency
and the geometry of different parts. However, it shows the importance of the thermal
properties of the material used, not only the electrical and magnetic properties.

The results of the study also indicate which material properties would be the most
beneficial to improve. In the studied case it is obvious that the material development of
the SMC should be focused on thermal conductivity. Improvement of the litz wire’s
structure should be focused in lower losses, which could be obtained by increasing the

cross section, or rather by introducing thinner strands.
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