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Abstract. An Epstein frame has been built, which is used to measure magnetic properties of different kind of cores. Sinusoidal voltage excitation has 
been used in a frequency range of 1-400Hz. The measurements have been performed by a computer-controlled measurement system. The building 
and the measurement process have been published before. The objective of this work is to compare the simulation results performed with the 
COMSOL Multiphysics build-in modules and some potential formulation. For this work the Jiles-Atherton model has been chosen to prescribe 
hysteresis phenomena. The model parameters can be obtained by using the measurement results. The frame has been modelled in 2D.  
 
Streszczenie. W artykule zaprezentowano analizę systemu wykorzystującego platformę  COMSOL Multiphysics. Użyto modelu Jiles-Atherton do 
opisu histerezy. Przeprowadzono analizę 2D wykorzystując parametry uzyskane doświadczalnie. Analiza satemu Epsteina z wykorzystaniem 
metody elementów skczonych 
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Introduction 
The previous work was to build up an Epstein frame. 

The measurement results and the implementation of the 
Jiles-Atherton hysteresis model into COMSOL Multiphysics 
have been published in [20].  

The objective of this work is to compare computational 
time using COMSOL Multiphysics with different techniques. 
The main goal is to reduce the software simulation time as 
much as possible while the accuracy of the results should 
not decrease. The Epstein frame has been modelled in 2D. 

These results will be used later in Linear Parameter 
Varying (LPV) [3, 16] modelling of the frequency and 
temperature properties of an induction machine  
[8, 11, 14, 19]. 
 
The Epstein frame 

The Epstein frame is used to measure magnetic 
properties of electrical steels [4, 10, 12, 18]. The building 
and measuring process have been published [20]. The 
measurements have been performed analysing the material 
M250-35A produced by the ArceroMittal. During 
measurements, current excitation has been applied with a 
control mechanism to obtain sinusoidal induced voltage and 
magnetic flux density. Measurements have been performed 
applying 7 different frequencies with 8 different amplitudes. 
Fast Fourier Transform (FFT) have been used where every 
harmonic component have been removed. These filtered 
excitation signals have been used during the simulations, 
too. In Fig.1. the completed frame can be seen. 
 

Fig.1. The measurement ready Epstein frame 
 

The Jiles-Atherton model 
While measuring ferromagnetic materials, hysteresis 

phenomenon can be observed [1, 2, 9, 13, 15]. For this 
work, the Jiles-Atherton hysteresis model has been chosen. 
The necessary formulas can be found in [6, 7, 17]. The 
following equations have been implemented into the frame 
of COMSOL Multiphysics: 
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where B is the magnetic flux density, H is the magnetic field 
intensity, M is the magnetization of the core, μ0 is the 
permeability of vacuum, the rev subscript means reversible 
part, irr signs for irreversible part of magnetization, Man is 
for the anhysteretic magnetization, He is the so-called 
effective field, finally a, α, c, k, Ms are the model parameters. 

The partial differential equation of the Jiles-Atherton 
model can be formulated as 
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The implementation of (1)-(8) into COMSOL 
Multiphysics 4.3b can be found in [20]. Model parameter 
values are: a=1425A/m, α=0.0005, c=0.1, k=255A/m and 
Ms= 1 500 000A/m., i.e. the model is frequency-dependent.  

 
Potential formulations 

Nowadays, there are many potential formulations for 
electromagnetic field calculation. The aim of using these 
formulations is to convert the Maxwell’s equations to the 



24                                                                                PRZEGLĄD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 95 NR 6/2019 

solution of partial differential equations with boundary 
conditions [1, 2]. 

Eddy currents have been neglected, i.e. the Maxwell’s 
equations of quasi static magnetic field by differential form 
has been used: 

(9) curl H J , 

(10) div 0B , 
 

where J is the electric current density. 
The first constitution relation is the same as (1). 

Introducing the magnetic vector potential A, using the 
identity of divrotA = 0 on (9) and (10) gives 

(11) curl B A , 
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which lead to 
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where J0 is the source current density. The Neumann 
boundary condition on ΓH is  

(14) 
1

curl  0


 A n . 

 

In (14) n is the outer normal vector of the surface. The 
Dirichlet boundary condition on ΓB is 

(15)  0 A n . 
 

In 2D problems Coulomb gauge divA = 0 is satisfied 
automatically. The implementations of these equations into 
COMSOL was performed by using weak form of PDE. 
Ignoring the longer derivation, (16) is the result for air, (17) 
for coil and (18) for core domains when using nodal 
elements for approximation of A 
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Implementation into COMSOL Multiphysics 
COMSOL Multiphysics 4.3b has been chosen for 

simulation software. This version of the software does not 
have the built-in Jiles-Atherton model as the newer 5.2a 
version has [21]. The hysteresis model implementation has 
been published before [20]. Abandon the built-in magnetic 
field physics from the model means all the potential 
formulation equations must be added manually. 
 
2D problem 

The geometry of the Epstein frame is axial symmetrical, 
so the geometry can be simplified for a quarter [14]. The 
meshed geometry can be seen in Fig. 2, where Ω0 is the air 
domain and Ωm shows the magnetic material where the 
Jiles-Atherton model is written on.  

This geometry must be broken into two parts based on 
its magnetic behaviour, i.e. air and core. In the coil domains 
(17) can be applied, in the air part (16) can be used. This 
equation takes the following form in COMSOL: 
(19) 1/μ0(A1x  test(A1x)+A1y  test(A1y)). 
 

 

 
Fig. 1. The meshed 2D geometry in COMSOL Multiphysics 
 

 Equation (16) has been implemented as a weak form of 
PDE. The second -coil- part has been implemented as a 
weak contribution, where the current density J0 can be 
determined as the product of the current and the surface. 
To validate (18) for the magnetic material, a separate PDE 
must be added because of the hysteresis model, where H is 
the dependent variable of (8). (18) takes the following form 
in COMSOL: 
(20) test(A1y)  H1x-test(A1x)  H1y. 
 

 
Simulation results 

Simulations have been performed at 1Hz frequency with 
sinusoidal and current controlled excitation using the built-in 
modules and potential formalism. The time range of the 
time dependent solver has been set to 1.25 period with the 
number of values 101. Parallel Direct Sparse Solver 
(PARDISO) has been applied during the simulation with 
Newton’s method for nonlinearity. The specification of the 
computer is the following: Intel Xeon E5-2670 v3, 32 vCPU 
and 32GB DDR4 RAM. 

As it can be seen in Fig. 3. using sinusoidal current 
excitation there is maximum of 297A/m difference between 
the two curves. Applying formulation gives 3.17% higher 
magnetic field intensity H. This difference is just the 
opposite when simulating with the control current (Fig. 4.). 
In this case, the maximum difference is 311A/m, but the 
formulation gives higher H. 

 

 
Fig. 2. Comparing magnetic field intensity H using sinusoidal 
current excitation 
 

 
Fig. 3. Comparing magnetic field intensity H using current 
controlled excitation 
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Fig.5. Comparing magnetic flux density B using sinusoidal current 
excitation 
 

 
Fig.6. Comparing magnetic flux density B using current controlled 
excitation 

Examining whether these excitation variations make a 
difference between magnetic flux density B, there is less 
than 1.43% difference between the results as it can be seen 
in Fig. 5. and Fig. 6. 

The magnetization curves can be seen in Fig. 7. The 
difference between the curves negligible. 

 
 a) b) 
Fig.7. Magnetization curves with sinusoidal and current controlled 
excitation 
 

The main goal was to reduce the software 
computational time while the accuracy should not decrease. 
This difference between the two techniques is acceptable, 
but the simulation time is longer than we expected even if 
the Degrees of Freedom (DOF) is reduced with 38%. Table 
2 shows the simulation time with different methods. 

 
Table 1. The parameters of the sensor 

Method Time [sec] DOF 
Built-in module with 
sinusoidal current 

396 51244 

Built-in module with 
controlled current 

1309 51244 

Formulation with 
sinusoidal current 

17683 30032 (+1500 
internal) 

Formulation with 
controlled current 

55039 30032 (+1500 
internal) 

 
Power loss calculation 

The power loss in magnetic materials can be calculated 
in different ways. For this work the solution has been 
chosen which one COMSOL also offers in the 
documentation [5]. In a linear material model, losses can be 
specified by the complex relative permeability 

(21) r r r' j ''    , 
 

where μr’ represents the real part and μr” is the imaginary 
part. The power density Ploss can be calculated by [5] 

(22)  loss 0 r rms rms ''P    H H , 
 

where Hrms is the root-mean-square value over one cycle. 
The power density can be calculated with an integration 
over time as well 
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From (22) and (23) the following formulas can be 
deduced: 
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Power loss simulation has been performed at 50Hz 
frequency. Sinusoidal current excitation has been used with 
the amplitude of 4.56A. The magnetization curve can be 
seen in Fig. 8. 

 
Fig.8. Magnetization curve performed at 50Hz frequency with 
sinusoidal current excitation 

 
 

 
Fig.9. Power loss of the magnetic material on 50Hz frequency 
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After implementing equations (23)-(28), the power loss 
of the magnetic material can be calculated. The power loss 
simulation has been performed on 50Hz frequency because 
the catalogue values are also given at here. The simulation 
result can be seen in Fig. 9. 

The catalogue value for loss on 50Hz at 1.4T magnetic 
flux density B is 2.00W/kg. The simulation gives 3.1W/kg 
after 15 period. The difference is large and can be caused 
by the physical impact, cutting, machining of the sample or 
by the damaged insulating coating. 
 
Conclusion 
The test task is completed in which the Jiles-Atherton model 
has been implemented into COMSOL Multiphysics. The 
simulation results have been validated by measurements. 
Even if this 2D problem is quite simple compared to an 
induction machine, these results will be used later as the 
Jiles-Atherton model will be taken into account in induction 
machine LPV/qLPV modelling.  
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