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Abstract: 

The quality and efficiency of electrical machines are key factors towards improvement of the drive 

performance. Manufacturing processes have a significant impact on the efficiency of electrical machines. 

There are different manufacturing techniques such as mechanical cutting, laser cutting, electrical discharge 

machining etc. Each cutting techniques may cause a deformation near edges of the cutting area that may 

severely affect the properties of the B-H curve of the ferromagnetic materials. Thus it is important to predict 

approximately the extension of the damaged area. In this study we have developed an approach based on 

finite element method using COMSOL Multiphysics simulation software to evaluate the deformation caused 

by laser cutting on the edges of the ferromagnetic material.   
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1. INTRODUCTION 

 

In order to manufacture electrical machines of high 

quality, the appropriate manufacturing processes of the 

ferromagnetic material and other components should be 

carefully implemented. One of the critical step of the 

machine manufacturing is the cutting of the electrical 

steel. Usually one of the cutting techniques is performed 

such as mechanical cutting (such as punching, or shearing) 

[1-5], laser cutting [2, 5-7] (different type of laser such as 

CO2 laser, FKL laser etc.), electrical discharge machining 

(EDM) [4], water-jet cutting [8], wire electrical erosion 

[9], and photo-corrosion [10]. Laser cutting and 

mechanical cutting are the most frequently used in the 

industry because of their advantages. In general, the laser 

cutting techniques is suitable for prototype design, but it is 

not convenient manufacturing process for mass 

production, while the mechanical cutting is widely 

preferred for mass production [11]. In [9] a comprehensive 

research was done to see the effects of the punching, laser, 

abrasive water jet and wire erosion techniques. The results 

show that the mechanical cutting causes a plastic 

deformation and rounding, the laser cutting causes burr 

and dross formation while abrasive water jet provokes the 

burr formation on the cut edge [9]. In addition, oxidation 

was noticed on the shear edge by wire erosion technique 

[9]. On the other hand, in [10] the author claims that the 

photo-corrosion is the least damaging technique on the 

ferromagnetic material. A large number of authors agree 

that the cutting process technique has a significant 

influence on the magnetic properties of the ferromagnetic 

material [10-15]. Especially, the B-H curve of the material 

deteriorates after the cutting process. The cutting is not 

only step affecting the B-H curve properties of the 

ferromagnetic material, some other mechanical steps such 

as welding [16] or interlocking [17] also have an impact 

and may change the B-H curve of the ferromagnetic 

material. 

     As it is already described above the cutting process 

causes deformation on the edges of the ferromagnetic 

material. The deformation on the ferromagnetic material 

depends on the several parameters which are closely 

related to the cutting process. In this article, we present our 

analytical and numerical modeling approach for 
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simulating the measurement procedure of the 

ferromagnetic properties of the ring-core (i.e. toroid core) 

sample. We modeled the ferromagnetic material as a ring-

core sample made of ferromagnetic material SURA M400-

50A [18]. Based on this we present an algorithm for 

modelling of the ring-core sample specifications and show 

how the degradation of the material affects its B-H curve 

due to the cutting process. 

 

2. METHODS 

 

 In the present article we used a ring-core with the size 

of 160-146-6 mm. The idea is to analytically and 

numerically simulate the measurement procedure of the 

ferromagnetic properties. In order to achieve this, we built 

a model of a ring-core shaped ferromagnetic sample with 

material properties (M400-50A) from the previous work 

[19]. We designed the model as a ring-core with the 

deformations near cutting edges and we have inserted 

primary and secondary windings around the core. The 

ring-core is composed of primary and secondary windings 

and there are thin layers of deformations on the edges of 

the ferromagnetic core caused by the cutting. The 

illustration of the typical configuration of the ring-core 

after the manufacturing process is shown in Figure 1. 

 

 
Figure 1. Illustration of the typical configuration of a 

ring-core after cutting process. 

We developed/built up a model in the COMSOL 

Multiphysics software [20]. Namely, COMSOL 

Multiphysics is a powerful tool for design and simulation 

of electromagnetic devices based on defined geometries, 

experimental parameters such as material properties, 

input parameters (such as frequency, voltage etc.) [20]. 

The COMSOL Multiphysics runs the simulation using 

finite element method (FEM). The deformation has an 

impact on the overall B-H curve of the core. In other 

words, the healthy area has the same B-H curve as after 

cutting but the deformed area has a poor B-H curve and 

these poor ferromagnetic behaviors have an influence on 

overall B-H curve of the ring-core. We assume that the 

impact mainly depends on the size of the ring-core. This 

means that the deformation has serious consequences 

when the ring-core has a smaller size. Therefore, in our 

approach the dimensions of the ring-core with the same 

deformation is varied to see the impact of the deformation 

on the B-H curve. 

      One of the main challenges of the simulation work is 

that we should develop an approach to find the value of 

the B-H curve of the deformed area. For the healthy 

material, the B-H curve is given/measured by the 

datasheet but on the other hand for the deformed area, the 

B-H curve is changed due to mechanical and thermal 

stress and other factors of the cutting. We developed our 

method to make an assumption to define the B-H curve of 

the damaged material. Our approach is based on a pre-

assumption of the B-H curve. We approximately describe 

the B-H curve with a mathematical equation and then 

optimize the coefficients of the equation for interpolation. 

In this part, we describe our algorithm/approach to 

determine the B-H curve of the deformed area on the 

ferromagnetic material.  

      The B-H curve approximation of the algorithm is 

designed to be compatible with COMSOL Multiphysics. 

The simulation software requires definition of the input 

parameters such as the number of turns of the windings 

(N1 and N2) materials defined for the ring-core and coils, 

the operating frequency, input voltage etc. Another 

necessary input values are the dimensions of the ring-

core, deformed area (if applicable) etc. After defining all 

required parameters and generation of finite element 

mesh, the COMSOL Multiphysics runs the simulation and 

provide the results such as induced voltage, magnetizing 

current, output B-H curve of the ring-core, magnetic field 

distribution in the model. MATLAB software is used to 

process the data obtained from COMSOL Multiphysics 

(i.e. LiveLink™ for MATLAB was used).  
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Figure 2.  The input and output parameters analyzed with the COMSOL Multiphysics and MATLAB. 

 

The working principle of the COMSOL Multiphysics 

and MATLAB is depicted in Figure 2. 

  There are various mathematical approximations to 

determine the B-H curve but due to the simplicity, the 

exponential approximation is selected [21]. The 

exponential approximation is done according to the 

equation 2.1. 

 

               𝐵 = 𝑎 ∗ exp(𝑏 ∗ 𝐻) + 𝑐 ∗ exp(𝑑 ∗ 𝐻)          (2.1) 

 

where the a, b, c, and d are the coefficients of the B-H 

curve to be determined with the algorithm, H is the 

magnetic field (A/m) and B is magnetic flux density (T). 

According to curve fitting toolbox of the MATLAB, the 

parameters are obtained as indicated below: 

a=1.418; b= 2.349e-05; c= -2.137; d= -0.01466.  

  The approximation data and the manufacturer 

datasheet values [18] of M400-50A are illustrated in 

Figure 3. 

 

 
Figure 3. B-H curve approximation by using exponential 

approach for M400-50A. 

 

       According to results shown in Figure 3, we can also 

approximate the B-H curve of the deformed area of the 

ring-core and express it with a mathematical expression.  

 

 

This helps us to determine our approach to find the B-H 

curve of the deformed area of the ring-core. The overall 

B-H curve of the ring-core depends on the relative 

dimensions of the deformation. The overall B-H of the 

ring-core is calculated by the magnetizing current and the 

induced voltage in the secondary coil. The magnetic field 

H is calculated as in equation 2.2, 

 

                                     𝐻 = 𝑁 ∗
𝐼

𝑙𝑒𝑓
                            (2.2) 

 

here N is the number of turns, lef  is the effective magnetic 

path and I is the magnitude of the magnetizing current. 

The magnetic flux density B is calculated as in equation 

2.3, 

 

                             𝐵(𝑡) = −
1

𝑁𝐴
∫𝑉(𝑡)𝑑𝑡,                  (2.3) 

 

where V is the induced voltage and A is the area of the 

ring-core. The algorithm for determination of the B-H 

curve of the degraded area is composed of the several 

steps. The first step is to measure the B-H curve of a very 

large ring-core because the deformed area has a negligible 

effect on the large ring-core. The next step is to measure 

the B-H curve of the overall ring core having smaller 

dimensions where the degraded area has a larger impact 

on the overall B-H curve of the ring-core. After obtaining 

the data next steps are based on the algorithm design. The 

initial B-H curve (dummy B-H curve) of the degraded 

area of the ring-core with smaller size is defined and 

together with the healthy B-H curve are inserted in the 

FEM model to obtain the simulation result. Both results 

are then compared. The algorithm is designed in such a 

way to alternate the parameters in order to suit each other. 

The flowchart of the algorithm is shown in Figure 4. 
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Figure 4. The flowchart describes the steps of the proposed algorithm to find the B-H curve of the degraded area. 

 

The B-H curve of the ferromagnetic material are 

specified by two parameters: XB and XH as stated in 

equations 2.4, and 2.5. 

 

                     𝐵 = 𝑋𝐵 ∗ 𝐵𝑖 ,                   (2.4) 

 

                     𝐻 = 𝑋𝐻 ∗ 𝐻𝑖 ,                    (2.5) 

 

where XB and XH are coefficients for varying the magnetic 

flux density B and magnetic field strength H of the 

deformed area, Bi and Hi are the values of the healthy 

material. For the healthy ferromagnetic material the 

values of the coefficients are XB = 1 and XH= 1. 

 

3. RESULTS 

 

3.1 Modeling of uniform/undeformed and deformed 

ferromagnetic sample 

 

       The modelling of magnetic behavior of ferromagnetic 

material is significant step towards evaluation and 

prediction of the electrical machine quality. These 

modelling and analysis are required to develop high- 

 

performance electrical machines with a low cost [22]. In 

the Table 1, the results of the iron magnetic quantities 

calculation of the ring-core are presented when the 

deformation area has a coefficient of XH = 1.33. 

 

Table 1: Iron magnetic quantities for non-deformed and 

deformed ring-core with the XH = 1.33. 

 

B1 / [T] H1 / 
[A/m] 

H2 / 
[A/m] 

µr1 µr2 Up1 = 
Up2 
/[V] 

0,1 34 45,22 2489 1760 0,012 
0,2 43 57,19 3515 2784 0,022 
0,3 53 70,49 4496 3388 0,033 
0,4 62 82,46 5389 3862 0,045 
0,5 70 93,1 6151 4276 0,055 
0,6 78 103,74 6749 4605 0,066 
0,7 86 114,38 7206 4872 0,078 
0,8 95 126,35 7554 5041 0,0885 
0,9 105 139,65 7793 5131 0,0989 
1 119 158,27 7782 5035 0,1095 
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Figure 5. a) B-H curve with different coefficients of B when the H is fixed to healthy values b) B-H curve with 

different coefficients of H when the B is fixed to healthy values. 

 

 

In the Table 1, the calculations are given for the 

material of M400-50A. B1 is the magnetic flux density, 

H1 and H2 are the magnetic field strength and where H1 

shows the fully healthy material and H2 shows the fully 

degraded material. Up1=Up2 are the input voltages, and µr1 

and µr2 are the magnetic relative permeability’s of the 

healthy and degraded materials, respectively. 

 

3.2 Modeling of ferromagnetic sample with introduced 

deformation area by technological/manufacturing 

process 

 

In order, better understand the influence of the 

presence of the deformation on the ferromagnetic 

properties of the sample we studied the behavior of the B-

H curve of the  

degraded area, by varying the values of the coefficients 

XB and XH. The results are given in the Figure 5. 

The B-H curve shown in Figure 5 are obtained when 

the X_B coefficient is altered by different values such as 

1 (no deformation), 0.9, 0.6 and 0.1 and X_H coefficient 

is altered by 1 (no deformation), 1.33, 1.25 and 1.5. This 

means that when the X_B is reduced with the constant XH 

and XH is increased when the XB is fixed, the material 

needs more magnetic field strength H (A/m) to obtain a 

higher magnetic flux density B (T). In other words, the 

deformed area has deteriorated properties on the B-H 

curve and those damaged properties affect the overall B-

H curve of the ring-core.  

In order to simulate/model the magnetic properties of 

the ferromagnetic material processed with laser cutting 

technological process used in electrical machines we built 

FEM models of ring-core samples with the 

introduced/added deformed area (where the deformation  

 

width is 1 mm on the edges of the ring-core sample). In 

the Figure 6, the deformed area with different XB and XH  

values are given. 

 

 
Figure 6. Magnetic flux density with changed 

coefficients: a) XB = 0.1, XB = 0.6, XB = 0.9, XB = 1(no 

deformation) and b) XH =1 (no deformation),  

XH =1.25, XH =1.33, XH =1.5  when maximum 

value of the magnetic flux density is obtained. 

 

      As described previously in the flowchart shown in 

Figure 4, first of all we should define the input parameters 

in COMSOL Multiphysics to run the simulation. We have 

used a 160-146-6 mm ring-core with primary and 

secondary windings having 150 number of turns. The 

input voltage was 2.5 V with 50 Hz frequency. The ring-

core has a SURA M400-50A material properties and the 

windings are defined as copper in COMSOL 

Multiphysics. The B-H curve of the healthy M400-50A is 

defined in the simulation software. We have used the data  



 

 

Acta Materialia Turcica 

 

Volume 4, June 2020, Pages 39-47 

  
 

44 

*Corresponding Author E-mail: mehmet.ilgaz@fe.uni-lj.si  

 

Figure 7.  The cut line on the ring-core along which the results of B are shown. 

 

from the datasheet of M400-50A [18] to define the B-H 

curve of the ring-core. For degraded area, we should alter 

the XB values while we fix the XH to define the ‘dummy’ 

B-H curve. We show how the magnetic flux density is 

changing as the damaged properties of the deformed area 

is increased by coefficient of the XB. We selected the 

moment when the B value is at maximum. In Figure 7 we  

defined the cut line along which we displayed the results 

of B in Figure 8.  

In the Figure 8, we demonstrate how the B is 

changing with the dominance of the deformed area (in 

other words we analyzed the region where the XB is 

decreased with fixed XH and when XH is increased with 

fixed XB). 

       Figure 8.a shows the comparison of magnetic flux 

density distributions (B) in the ferromagnetic samples 

with different B-H curves in the deformed area. So the 

lowest value of B occurred in the sample with the B-H 

curve of the deformed area with the lowest multiplying 

factor XB = 0.1. On the other hand, the Figure 8.b shows 

that the B has the lowest value with the highest XH factor 

(XH = 1.5). Further, in the Figure 9, we show how the  

magnetizing current changes with the different 

dominance of the deformation of the XB and XH factors.  

 

 

 

 

Based on our results, we show that the influence of XB is 

more pronounced compared to the influence of factor XH  

(the magnetizing current in Figure 9.b is almost is equal 

for different values of XH factor) . 

     The Figure 9.a shows that the magnetizing current is 

increased when the deformation is more dominant. In the 

Figure 10, we provide the B-H curve of the overall ring-

core without deformation and with deformation with 

different values of XB and XH . 

     The Figure 10.a shows that the slope of the output B-

H curve changes when the XB is decreased. On the other 

hand, the results in Figure 10.b show that due to the 

increase of factor XH up to 50%, the output B-H curve 

remained almost unchanged. 
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Figure 8. Magnetic flux density along the cut line over the ring-core for the variations of: a) XB and b) XH. 

 

 

 

Figure 9.  Magnetizing current of the primary coil over time obtained from the no deformation ring-core and the 

ring-core with deformation having different coefficients for variations of: a) XB and b) XH. 

 

 

 

 
Figure 10.  Overall B-H curve of the ring-core with different values of: a) XB and b) XH. 
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4. DISCUSSION 

 

       According to the obtained simulation results, we have 

shown that our algorithm approach can be successfully 

used for identification of the B-H curve of the degraded 

area near the edges of the ferromagnetic material due to 

the cutting. The deformation area has a negligible effect 

on the ring-core sample with larger dimensions but on the 

other hand the overall B-H curve of the ring-core sample 

with smaller dimensions can be significantly affected. 

This deformation is based on a large number of 

parameters but in this work, our simulations do not rely 

on any cutting technique since the main objective was to 

simplify the algorithm. In this study, we only take into 

consideration the deformation size and the dominance (by 

varying the XB and XH parameters) of the deformation on 

the ring-core to see its effect on the B, B-H curve and the 

magnetizing current. There are also other factors that may 

have an impact on the overall B-H curve such as: the type 

of the cutting technique, welding, interlocking etc. In 

order to further simplify the calculations, we approached 

only one ring-core size for the same deformation size used 

in the simulations to eliminate the unknowns as much as 

possible. 

 

5. CONCLUSION 

 

In this paper we have introduced our proposed 

algorithm based on the FEM to determine the B-H curve 

of the degraded material on the edges of the ring-core due 

to the cutting. The results obtained in this paper are the 

preliminary results of the finite element based modelling 

approach. In the future work, we intend to extend our 

algorithm with the experimental work. The future work 

will also include other factors such as interlocking and 

welding of the ring-core. The manufactured ring-core 

samples will be prepared in different dimensions with and 

without interlocking/welding and the experimental study 

will be done in a way to incorporate all phenomena and 

further on they will be compared with the measurements. 
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