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Abstract  
 
Permanent magnet synchronous machines (PMSMs) are extensively used because of their superior 

advantages in industrial applications and electrical vehicles (automotive industry). The losses present in 

these machines are however of major concern in their application. To precisely determine the core losses in 

the electrical steels used to manufacture rotors and stators of PMSMs, a better understanding and 

measurement of the B-H curve and iron losses of the materials is required. In this paper, different kinds of 

non-orientated electrical sheets are measured using a ring core measurement test setup and simulated in 

Opera 2D software using sinusoidal waveforms with varying frequencies.  

Keywords: finite element calculation, materials, material handling ,permanent magnet motor, synchronous. 

 

1. Introduction  

A PMSM is driven by a frequency converter with modulated voltage which causes additional current 

harmonics with varying switching frequencies of the inverter, resulting in higher harmonics and iron losses. 

The accurate or precise measurement and understanding of the iron losses of the electrical sheets is 

important before calculating the iron losses of the PMSM using any finite element method (FEM) software 

that is available on the market. The characteristics of the materials are directly dependent on the operating 

frequency. Nevertheless, most of the proposed methods are performed in the standard 25 cm Epstein frame 

measurement system (Standard IEC 60404-2) [1-5] which has a fixed frame size and could cause high 

temperatures in the winding due to high frequencies. The ring test method (Standard IEC 60404-6) [6] is 

used to determine the iron loss of non-oriented (NO) electrical steel sheets. It provides a continuous 

magnetic flux path without any air gaps which helps in the accurate calculation of the length of the uniform 

distributed magnetic field strength H. The ring iron core measurement system is cheaper and the test is 

simple to prepare as it does not require any special measurement system as for the Epstein frame [7].  

 

In this paper, iron loss measurements at higher frequencies for semi-finished materials (M450P-50K) and 

fully-f inished materials (M400-50AP) are presented. Semi-finished NO electrical steels sheets do not have 

guaranteed magnetic properties when they are supplied by the steels manufacturer. The motor manufacturer 

punched the semi-finished electrical sheets to the desired shaped and they are further processed to heat-

treatment to develop desire magnetic properties. This final annealing treatment reduces losses and improves 

permeability and polarisation of the NO electrical steels sheets. Whereas Fully-finished NO electrical steels 

sheets are fabricated with careful selection of alloying content (particularly silicon, Si) in combination with 
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the most suitable thermo-mechanical (annealing) manufacturing process. At the end of this paper, iron loss 

measurements in a ring core of different NO electrical steel sheets are presented at higher frequencies as 

well. In the Opera 2D finite element calculation software, the ring core measurement system is built and it 

is used to compute a B-H curve and compare them to the measured B-H curves and the data sheet provided 

by the manufacturer. 

2. General measurement principle of the magnetic losses of NO electrical 

sheets 

The iron loss measurement test setup for continuous measurement is shown in Fig. 1. The signal 

frequencies generator is used to supply varying frequencies (50 Hz - 12 kHz) in the inputs of the ring core 

measuring system. The measured current of the primary coil and measured voltage of the secondary coil 

are displayed on an oscilloscope and imported into Matlab for further calculation. With the current of the 

primary coil, the magnetic field strength H and the voltage of the secondary coil, the magnetic flux dens ity 

B is calculated. With these two values, the B-H curve is determined and plotted in Matlab. The losses are 

also calculated using the B-H curve for varying frequencies. 

 

Figure 1: Measurement setup of iron loss of the ring core (1: signal generator, 2: signal amplifier, 3: shunt resistor, 

4: ring core of NO electrical sheets, 5: differential probes , 6: oscilloscope) 

2.1. Magnetic field strength (H) 

According to Ampere’s law, the magnetic field intensity in the core is calculated with the primary 

current I1 in the core and the number of turns in the primary side N1.  

                                    

A simplified form of Eq. 1 is 

      
    
    

                      

where re is the mean radius of the ring iron sheets which is calculated according to the standard IEC 

60205 [8] as follows: 
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where    is the inner radius of the ring core,    the outer radius of the ring core,    the effective radius, and 

   the effective area of the core. 

The magnetic properties and losses of non-oriented electrical steel strips vary with different cutting 

technologies [9]. Therefore, in this paper a water jet cutter is used to cut the ring core to the dimensions 

shown in Table 1. The water jet cutter is used to cut semi-processed and fully processed steel sheets. The 

semi-processed NO electrical sheets are then annealed at high temperatures to obtain thin insulation layers. 

This way of mechanical cutting (water jet cutter) and then annealing prevents the NO electrical sheets from 

undergoing mechanical deformations (local plastic strains and internal stresses) and their magnetic 

properties do not vary.  

Table 1: NO electrical ring specimens with dimensions 
 

Type of NO ring sheets M450P-50K M400-50AP  
Inner radius, r1 (mm) 10 10 
Outer radius, r2 (mm) 13 13 

No. of sheets 12 12 

Processed type semi-finished fully f inishe d  

2.2. Magnetic flux density (B) 

The magnetic flux density B (t) measured using the magnetic flux Φ (t) inside the core and time variation of 

flux results in induced voltage     in the secondary coil having N2 turns according to Faraday’s law, 

   

 

  

                          
    

  
                          

Using Eqs. 7 and 8 gives 

     
   
 

  
  

    
                          

2.3. Magnetic power losses (     ) 

The effective iron losses of the iron core are calculated as follows [6, 10]: 

    
 

      

  

  

           
 

   
                     

where           is the effective volume and     is the specific mass density of the test iron core. 
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3. Measurement and simulation results  

3.1. Measurement results  

To verify the ring core measurement system, the M450P-50K ring core was initially tested at a 50 Hz 

frequency and compared with the data sheet and the measurement done with the Epstein frame 

measurement system as shown in Fig. 2. For a better understanding of the influence of fully finished 

materials over semi-finished NO materials, the M400-50AP ring core was tested and its comparison with 

the data sheet is also shown in Fig. 3. The influence of the number of primary and secondary windings is 

also studied. The optimal number should be determined for fast measurement but one also needs to be 

careful about power supply capability generating the magnetizing current [11].  The effect of the winding 

numbers is not presented in this paper. The simulation results are also included in this study, the magnetic 

flux lines are shown in Fig. 4. The final simulation results are also shown in the simulation section.  

Figure 2 shows that there is a perfect match of the measured B-H curve with the data sheet and the Epstein 

frame measurement system, whereas Fig. 3 shows there is some variation of the measured values and the 

data sheet in the lower value of the magnetic field intensity. One of the variations may be because of the 

insulation material that is present in the materials. In the fully f inished materials (M400-50AP), the 

material is directly obtained from the manufacturer and it is cut into the desired shape of the ring. The 

measurement is then performed. The water jet cutter is used to cut the fully processed steel sheets (annealed 

by the manufacturer). Their magnetic properties may vary during water jet cutting methods. A detailed 

study of the insulation material after cutting it into ring shapes found that the NO electrical sheet material is 

poorly insulated.  

 

  
Figure 2: Comparison of the B-H curve of the semi-

finished M450P-50k with data sheet, Epstein frame and 

ring core measurement at 50 Hz 

Figure 3: Comparison of the B-P curve of the ful ly finished 
M400-50AP with data sheet and ring core measurement 

setup at 50 Hz 

3.2. B-H curve and power losses of ring core at higher frequencies 

This section presents the comparison of the measurement of the B-H curves and power losses of the ring 

cores M450P-50K and M400-50AP with varying frequencies. The results obtained are as expected, with 

higher frequency yields in higher iron losses as shown in Figs. 5 and 6. 
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Figure 4a: B-H curve of the M450P-50K with varying 

frequencies 

Figure 4b: B-H curve of the M400-50AP with varying 

frequencies 
  

 

 

 

Figure 5a: Iron losses of M450P-50K using ring core 

measurement system from 50 Hz to 1 kHz 

 

Figure 5b: Comparison of losses of M400-50AP using 

ring core measurement system from 50 Hz to 1 kHz 
  

 

 
Figure 6a: Iron losses of M450P-50K using ring core 

measurement system 2 kHz to 12 kHz 
Figure 6b: Comparison of losses of M450P-50K using 

ring core measurement system 2 kHz to 10 kHz 
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3.3. Simulation results 

The finite element method is used to validate how close the measured B-H curves are to the data sheet and 

the simulation results. Figure 4 shows the cross section of the NO ring core model in Opera 2D. The NO 

magnetic material iron core is marked as the blue ring area. The B-H data from the data sheet is adopted as 

the B-H curve for NO iron core in Opera 2D. The four red layers refer to the cross section of the primary 

and secondary windings. The secondary winding is wound directly onto the core. The primary winding is 

wound onto the secondary winding. A power source is connected directly to the primary winding. From the 

source a 50 Hz sinusoidal current signal is fed into the primary winding. A large resistance is used in the 

secondary winding as the idling resistance. The primary current ip and the secondary voltage us are 

obtained after completing the simulation.  

  
 

Figure 7: Magnetic flux lines plotted in 2D Opera FEM (red: primary and secondary windings, blue: ring iron core, 

yellow: magnetic flux lines) 

 

From the simulation, the primary winding current ip and the secondary winding voltage us are obtained. 

With the help of Eq. (11) and Eq. (12) using Matlab / Simulink, the magnetic field intensity (H) and the 

magnetic flux density (B) are calculated. After the simulation, the simulation result is evaluated using Eqs. 

11 and 12. Figure 8 shows the B-H curve comparison between the simulation result, the data from the data 

sheet and from the measured B-H curve. The red line is the B-H curve of the simulation result. In 

comparison, the blue line shows the B-H curve of the data sheet. It can be seen that the two curves are 

almost identical.  
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Figure 8: B-H curve from simulation, measurement and data sheet for 50 Hz 

4. Conclusion 
In this paper the successful measurement of the NO electrical sheets using the ring core measurement 

system at normal room temperature up to a frequency of 12 kHz is presented. The measured B-H curve 

(Figs. 2, 3 and 4) and the power losses curve (Figs. 5 and 6) are then compared with those provided by the 

manufacturer of the sheet material to validate the ring core measurement system. Using the proposed 

measurement system as shown in Fig. 1, the measurement is successfully achieved without any heating 

problem in the iron sheets at normal room temperature. It can be seen that the measurements obtained from 

the ring core measurement system agree well with the Epstein frame measurement system and the data 

sheet that is provided by the manufacturer and also with the article [12].  

This paper provides a detailed discussion of the measurement of fully processed and semi-processed 

material with varying frequencies as well as losses of the iron core resulting from changing temperature. 

Simulation results compare the measured B-H curves with the data sheet of the NO electrical sheets. The 

simulated B-H curve, measured B-H curves and data sheet provided by the manufacturer are close to each 

other. The results of ring core measurements are perfect for semi-processed NO materials in relation to the 

fully processed material in this study. The deterioration effect of the magnetic properties of fully processed 

materials might result from the cutting process on steel edges as the electrical steel in this area might have 

become too saturated. Alternatively, the insulation that is present in the fully processed material might have 

deteriorated. 
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