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ABSTRACT.  Many induction heating coils use soft magnetic composite materials (SMCs) to 
improve induction system performance.  In demanding induction heating applications, the core 
loss in the soft magnetic composite material is one of the critical factors in predicting the 
reliability of the induction coil using computer modelling. In this paper we have used 
calorimetry method for experimentally determining core losses in SMCs up to ≈1 T magnetic 
flux densities at a frequency near 150 kHz.  This paper contains a discussion on the limitations 
of current methods for calculating core losses.  To address these limitations, a new method for 
calculating core losses is presented.   Using the new method, the results of the core loss 
measurement did not fit well with traditional core loss models over the full range of magnetic 
flux densities.  A discussion on the different models and a hypothesis for the source of the 
variation from the models is presented. 
 
INTRODUCTION   
    SMCs are used on many different types of induction heating coils.  One of the important 
factors in the design and optimization of a reliable induction heating coil is the accurate 
calculation of power losses in the soft magnetic composite materials.  In order to properly model 
induction coils with SMCs, it is critical to understand the magnetic core loss behavior over the 
entire operating range of induction heating conditions.  
   The source of heat generation or the magnetic core loss in SMCs can be divided into two main 
categories: Hysteresis losses (h) and eddy current losses.  The eddy current losses can be further 
divided into individual particle eddy current losses (ipe), local eddy current losses (local) and 
global eddy current losses (global). The total power loss is the sum of these losses [1]. 
 

  Ptotal = Ph + Pipe + Plocal + Pglobal                                                             (1) 
 

   For proper characterization of a magnetic material, it is desirable to make a measurement of 
the non-geometry dependent components of core loss (hysteresis and individual particle eddy 
currents).  Computer modeling software is appropriate for calculation of local eddy currents 
and global eddy currents in the core used on an induction heating coil.  For many decades, 
empirical equations have been used to statistically fit the experimental data to provide estimates 
of core losses in the materials. In 1892, Steinmetz [2] proposed an equation to fit power loss 
with magnetic field, given by 
 
   Pv(t) = k Bβ             (2) 
 
where Pv is the power loss per unit volume, B is the maximum peak flux amplitude, β and k are 
curve fitted coefficient obtained from experiment.  The original Steinmetz equation did not 



 

include frequency and calculated the core loss per unit volume of the material.  Later, to increase 
the accuracy of the estimation, more terms were introduced in the equation.   
   Modified Steinmetz’s equation, also known as the Power Law equation, that incorporates 
frequency, is the standard core loss equation that is used by many manufacturers, scientists and 
engineers. Power law equation is given by 
 
   𝑃" = 𝑘	𝑓'𝐵)             (3) 
 
Where Pv is the power loss per unit volume, B is the maximum flux density and f is the 
frequency. k, a, b are the parameters that are determined by actual experimental data for a given 
material.  Generally, the modified Steinmetz equation will work well over a limited range of 
field strengths and frequencies. 
    More recently, a new model has been proposed by Bertotti, et. al, [3] which attempts to better 
describe the losses by breaking them down into individual components.  The Bertotti’s model 
equation is as follows [3] 
 
   𝑃*+,-.--/ = 𝑘01𝑓	𝐵) +	𝑘+331𝑓4𝐵4 + 𝑘+5𝐵6.8𝑓6.8     (4) 
 
In the equation (4), f and B are the frequency and the maximum flux density; 
𝑘01,𝑘+331,	𝑘+5and	𝑏	  are the material specific parameters determined by curve fitting 
experimental results. The three components of loss in the model are hysteresis, individual 
particle eddy current and “excess” losses (other losses).  Hysteresis loss is first order in 
frequency.  SMCs are designed for use in frequency ranges where individual particle diameter 
is significantly less than the reference depth of the particle.  Therefore, individual particle eddy 
current heating should be proportional to the square of frequency and magnetic flux density in 
the particle at a given temperature.  Magnetic cores for testing are sized such that global and 
regional eddy currents are negligible.  The “excess” loss is a curve fitting tool to account for 
losses being higher than trend at low fields. 
   Eggers, et. al [4] observed that the Bertotti model had the following limitations i) assuming 
linear material behavior where the permeability is constant near the operating point and ii) 
proposed a rule of thumb that the equation is valid for flux density value B ≤ 1.2 T and 
frequencies f ≤ 400 kHz.[4].  Eggers et al, along with some other groups, proposed additional 
correction factors for their model.  However, in the end the authors found that the practically 
all models have very limited applicability to soft magnetic composites used under the full range 
of induction heating conditions which can operate at flux densities of mT up to over 1T at 
frequencies from 15-20 kHz up to a few MHz    
   For proper modeling heat generation within SMCs for induction heating, it is desirable to 
have an equation that can cover the full range of conditions that a magnetic core could be used 
in.  To have the proper description, it is necessary to think of the material as a sum of discrete 
magnetic particles, rather than a single homogenous material.  Therefore, the magnetic core 
loss for a core with n particles should be described as 
 

𝑃>.,+ = ∑ 𝑃/𝑛
𝑛=0                             (5) 

 
With Pcore being the total power in the core and Pi being the power in the individual particle.  
The power in any given particle can be accurately described by 
 

Pi = Ph + Pipe           (6)
                                                                            



 

 
Which can be expanded to 
 

Pi = f ∮𝐻	𝑑𝐵 + E
F-F*FGF

HI3
                (7) 

         
 
   Because SMC’s are inhomogeneous and consist of a distribution of particle sizes separated 
by varying thicknesses of non-magnetic materials, there are multiple potential parallel paths in 
the magnetic circuit.  This leads to a magnetic flux density distribution that is not homogenous 
on the microscopic level within the cross-section of the core and different particles are at 
different flux density levels.  The distribution of the flux density levels can explain the quasi-
linear behavior of SMCs and why it is very difficult to fully saturate them (Figure 1). Flux in 
these non-magnetic regions between particles does not generate additional loss (hysteresis or 
eddy current) in the core.  Flux in the magnetic regions does generate loss in the core.  
Therefore, as magnetic permeability of the bulk material increases, or decreases the percentage 
of magnetic flux flowing in magnetic particles and generating magnetic loss increases or 
decreases. 
 

                                                                                             
         (a)       (b) 

 
Figure 1. (a) Magnetic permeability versus flux density* and (b) B-H Curve* for Fluxtrol A 
and Fluxtrol 75.  *-Measurements made at 10 kHz and using recalculation of magnitude of flux 
density from RMS reading of voltage. 
 
   As we get to very high fields, the preferred paths are already saturated and lesser magnetic 
paths take greater percentages of magnetic flux.  With little change in magnetic flux in the 
individual particle, there is very little change in the loss in that individual particle. Because all 
of the flux paths are broken by non-magnetic materials at multiple points, the differential in 
reluctance between the magnetic paths and the airgaps in parallel, becomes smaller and smaller 
meaning more and more of the additional flux is not actually flowing in the particles, but in the 
non-magnetic materials separating them.   
   Finally, as the permeability of the particle varies, the eddy current component of the loss 
should vary as the ratio of the particle diameter to the reference depth changes.  Therefore, the 
proper description of both sources of loss needs to have a component that is proportional to the 
magnetic permeability of the core, which may not be the same.   
   In this paper, magnetic losses at frequency close to 150 kHz and magnetic flux densities up 
to and exceeding 1 T were measured and compared for two commercially available soft 
magnetic composites, Fluxtrol A and Fluxtrol 75.  The losses were measured by calorimetric 



 

method. Although the calorimeter used was insulted from the surroundings, it was found that it 
was losing a significant amount of energy to the environment that was having an impact upon 
the measurement results.  Efforts were made to understand and quantify this loss and 
incorporate it into a new calculation method. For the new method, temperature was measured 
at multiple key points in the system to provide information on the thermal gradients within the 
system.  Power loss to the environment was adjusted for each data point and calculated from 
the cooling data.   
 
EXPERIMENTAL AND CORE LOSS DETERMINATION METHOD   
   The losses were measured by calorimetric method where the toroid of the material was 
wrapped with litz wire and immersed in a high boiling point liquid (Figure 2a). A 25 kW 135 – 
400 kHz power supply was used for the testing.  The power supply had a 3 turn coil water 
cooled coil connected to the front of the unit with a relatively small inductance for tuning 
purposes.  The toroidal core (shown in Figure 2b) was connected in parallel with the 3 turn coil.  
The generator output display voltage between 150 Vrms (approximate minimum power of unit) 
and 500 Vrms (maximum output voltage) was used with a given toroid and winding for the 
trials.  Measurements were taken at various voltages in this range for a given winding.  Once 
the maximum voltage level was reached, the number of turns on the core was reduced 
strategically so that additional trials could be conducted at a range of flux densities below the 
maximum from the previous turns number and significantly above that number.  Voltage was 
measured close to the winding and efforts were made to minimize the inductance loss between 
the measurement point and the winding of the core.  The overlap in readings assures that there 
is continuity between measurements with cores with different turns numbers. Flux density 
magnitude was calculated based upon the measurement of the mean RMS voltage in the coil 
and multiplying this value by the root square of 2.  The reasoning behind this method as opposed 
to calculating from the magnitude of voltage are included in the results discussion section. 
   1-3 litz cables in parallel depending upon the number of turns were used to keep winding 
resistive loss low compared to the core loss and maximize the percentage of the core under the 
windings to try to maintain as uniform as possible core loading azimuthally at high flux 
densities close to saturation. Finally, the windings were made flat and parallel in order to 
maximize the percentage of the cross-section filled by toroid to minimize error induced by 
bypass flux flowing in the airgap between the core and winding (Figure 2b). 
 

 
                                                                                       
 
                                                                                  
                             
 
 
 
 
 
 
 

 
(a)                                                                             (b)                                                                      

 
Figure 2. (a) Experimental layout for the loss measurement and b) toroid with thirteen turn 
winding   
  



 

   The high boiling point liquid was used to remove error associated with phase change and 
conservation of mass from the loss evaluation.  It has been the authors experience in similar 
trials that the core temperature is significantly higher than the bulk fluid when testing and 
condensation of water vapor has been visualized on the lid of the calorimeter and steam has 
been emitted from the liquid during some trials. 
   In our previous trials, the individual test error was high (over 100%) based upon repetitive 
testing.  Investigation into this error revealed that there were two main sources of error in the 
trials – loss to the environment and significant thermal gradients within the fluid.  Although the 
calorimeter used was insulted from the surroundings, it was found that it was losing a significant 
amount of energy to the environment that was having an impact upon the measurement results, 
especially at low magnetic loss levels.   
   Existing methods used for core loss calculation, such as the initial slope method, greatly 
underestimate core loss amounts due to thermal lag in the system and therefore could not 
accurately determine the fluid temperature and the exchange of heat from the environment.   
Other methods, such as simple calorimetric calculation based upon fluid temperature rise 
divided by heating time, may over or under estimate the core loss based upon thermocouple 
location. To improve the accuracy of our calculations, temperature was measured at multiple 
key points (three places inside the liquid, one on the outside surface of the calorimeter, one on 
top of the lid and one ambient temperature) in the system to provide multiple data points for the 
analysis.  The energy deposited in the core was averaged over the volume of the fluid, core, 
winding and inner calorimeter and applied to the volume for the time recorded in the trial. 
Losses from the inner calorimeter were calculated at each step in the process and subtracted 
from the energy deposited in the core at a given time during heating and cooling.  Power loss 
to the environment was adjusted for each trial and adjusted to match the mean temperature of 
the fluid from the cooling data once the fluid temperature had reached quasi-equilibrium 
conditions.  The temperature curves for a representative case are presented in Figure 3.  It can 
be seen in this data that the difference in simple calorimetric calculations for the lowest 
thermocouple reading and highest thermocouple reading would be close to 100% based upon  
                                                                 

                                   (a) (b) 
 
Figure 3. Representative temperature measurement data and temperature estimation used for 
core loss calculation ((a) full time scale and (b) initial heating time scale)  
 
the difference in delta T values (approximately 8 C vs approximately 16 C). Flux density 
magnitude was calculated based upon the measurement of the “RMS Voltage” in the coil and 
multiplying this value by the root square of 2.  The reasoning behind this method as opposed to 
calculating from the magnitude of voltage are included in the results discussion section. 
 
 
 



 

TEST RESULTS AND DISCUSSION 
   Trials were run for Fluxtrol A and Fluxtrol 75 (Figure 4). The maximum magnitude of flux 
density achieved for Fluxtrol A was just under 1.2 T and for Fluxtrol 75, just over 1 T.  The 
frequencies for the individual trials varied between 156 and 161 kHz.  The power density values 
are normalized to 150 kHz based upon an assumption of losses being directly proportional to 
frequency.  We were unable to achieve higher flux density levels during these trials due to the 
generator response to the operating conditions. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Power density versus magnetic flux density for Fluxtrol 75 and Fluxtrol A at 150 kHz 
 
   From the curves above, the losses for Fluxtrol A are somewhat higher than Fluxtrol 75 over 
the flux densities tested. To make a more detailed analysis of the behaviour, it is necessary to 
isolate the curves and review the data over a narrow range of magnetic permeabilities. If we 
look magnetic permeability curves for Fluxtrol A and Fluxtrol 75 (Figure 1) we can see that 
between 0.15 and 0.6 T flux density values, the permeability curves are approximately flat and 
close to their maximum value.  Over this range, the data fits very well to the Steinmetz model 
with an exponent for flux density of 2.0.  For both curves, the data point 0, 0 was used as core 
losses are 0 at 0 flux density (Figure 5).       
 

(a)                                                                                  (b) 
 
Figure 5. (a) Power density versus magnetic flux density for Fluxtrol A and (b) Fluxtrol 75 at 
150 kHz between 0.1 and 0.6 T and comparison to the Steinmetz model with B exponent 2.0. 
    
   Figure 6 shows the same curves and Steinmetz model, but with data up to the maximum flux 
density level tested for the material.  Above 0.6 T, the power loss values begin to diverge from 
the flux density squared approximation.  The higher the level of magnetic flux, the greater the 
divergence from the curve.  In addition, there is some evidence that the curves  



 

are beginning to plateau.   

(a)                                                                         (b)  
 

Figure 6. Power density versus magnetic flux density for (a) Fluxtrol A and (b) Fluxtrol 75 at 
150 kHz between 0 and 1.2 T and comparison to the Steinmetz model with B exponent 2.0. 
 
   As noted above, the value of the magnitude of flux density used for the correlations is 
calculated from the mean rms value of the voltage.  The reason for this is the main use of the 
data we generate is for calculation of losses in cores for induction coil component temperature 
prediction using computer simulation.  In most commercial induction heating modelling 
software used for the heating process simulation, the calculations are done in the frequency 
domain rather than the time domain.  This means that the voltage is approximated to have a 
sinusoidal waveform.   
   As flux density increases and a magnetic core approaches saturation, the shape of the 
waveform in our trials goes from a sinusoidal wave to triangular wave to progressively larger 
levels of distorted wave form (Figure 7 a).  In this case, the ratio of the magnitude of voltage to 
the rms value of voltage increases to values larger than the root square of 2.  This means that 
the magnitude of flux density is higher.  However, since the software will inherently assume 
the relationship is sinusoidal, it means that the model will underestimate core losses, leading to 
a lower predicted value of temperature in the SMC than will occur.  By calculating the 
magnitude of flux density from the rms voltage, the core losses in the models will better 
correspond to real performance conditions.   
 
 
 
 
 
 
 
 
 

(a) (b)  
 

Figure 7. Waveform of voltage in core near saturation at time/division of (a) 2 µs and (b) 5 ms  
 
   In addition, in most induction heating applications, there is not a true constant sinusoidal 
voltage applied.  Usually, there is some oscillation of the magnitude of the voltage due to 
imperfect rectification of the line frequency voltage (Figure 7 b).  This means that the rms 
voltage value will be varying in time at a much lower frequency than the process is operating 
at (except for the processes in the 100’s of Hz).  To compensate for this, the scope is set to a 



 

long-time division (5 ms) when calculating rms voltages, hence the term “average rms voltage” 
is used for convention in the data.  Most computer models do not consider this effect, so the 
authors feel this is the best value to use at the current time for calculations.   
 
CONCLUSIONS AND FUTURE WORK 
   Many induction heating coils use soft magnetic composite materials (SMCs) to improve 
induction system performance and these materials perform under a wide variety of conditions.  
In order to improve the ability to accurately model induction coil performance, it is necessary 
to provide improved material properties data.   
   We reviewed the literature on test methods for magnetic core loss measurement using a 
calorimetric method.  Initial testing revealed very high levels of error and poor test repeatability.  
A detailed analysis was performed on the test system and it was found that there are three main 
sources of error in the methods, phase change/conservation of mass in the fluid, thermal lag in 
the system, and thermal loss to the environment.  Solutions were presented to address these 
issues including the use of a high boiling point liquid, multi-point temperature measurement 
and a method involving averaged thermal body temperature calculation with dynamic thermal 
loss calculation based upon cooling curve analysis.   
   Using this method, we presented core loss results for two commercially available SMC’s, 
Fluxtrol A and Fluxtrol 75, at magnetic flux densities between 0.1 and 1.2T at frequencies 
between 156 and 161 kHz.  The data were normalized to 150 kHz.  The data fit very well to a 
flux density squared relationship, up to 0.6 T when the magnetic permeability of the core was 
relatively constant.  Once the magnetic permeability started declining with increasing levels of 
flux density, the flux density squared relationship significantly overestimated the level of core 
loss.  As the flux density increased further to values closer to the saturation flux density, the 
divergence increased, and the values of core loss appeared to be starting to approach 
asymptotically a threshold value. 
   The proposed hypothesis for this behavior is due a combination of magnetic saturation and 
the natural inhomogeneity of SMC materials.  SMC’s consist of a combination of magnetic 
particles and non-magnetic materials separating them.  This leads to multiple parallel magnetic 
circuits, some very efficient and some less efficient.  As the permeability of an individual 
magnetic particle in a magnetic circuit declines approaching saturation, the efficiency of the 
magnetic circuit also declines, leading to additional magnetic flux flowing in less efficient 
magnetic circuits, which inherently have more non-magnetic space and less high magnetic 
permeability paths.  Magnetic core losses (except for global eddy currents) will only occur in 
the magnetic materials in the circuit.  Therefore, more and more of the additional flux in the 
SMC is in components that will not heat when exposed to an alternating magnetic field.  Once 
all the magnetic particles are fully saturated, then a threshold value of core loss should be 
achieved.   
  Additional measurements are planned to use all commercially available material grades of 
Fluxtrol and Ferrotron products at multiple frequencies between several kHz and several 
hundred kHz.  Once all the data is assembled, efforts will be made to create a correlation that 
accurately fits all the data studied.  This information is expected to be available in the summer 
of 2019. 
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