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INVESTIGATION OF MAGNETIC PROPERTIES OF 0.10 MM 

AND 0.23 MM ORIENTED SILICON STEEL UNDER 

DIFFERENT OPERATING CONDITIONS 

Yu HAN1, Yang LIU2*, Fuyao YANG3, Hongwei XIE4, Baozhi LIU5, Jie GAO6 

With the different supply waveforms, different types of oriented silicon steel 

have different magnetic properties in power electronics. In this paper, the magnetic 

properties of 0.10 mm- and 0.23 mm-oriented silicon steels under different 

operation conditions were measured based on medium-frequency Epstein frame. The 

variation laws of magnetic properties of the above materials were revealed. Some 

suggestions on selection of oriented silicon steels were proposed through 

comparison of their magnetic properties under different frequency sine 

magnetizations, pulse width modulation (PWM) magnetization, and special pulse 

magnetization. Research conclusions provide data supports to the design of power 

electronics. 

Keywords: power electronics, different operation conditions, oriented silicon 

steel, magnetic properties 

1. Introduction 

Currently, power electronics are extensively applied to various fields, such 

as direct current (DC) transmission, flexible alternating current (AC) 

transmission, and rail traffic [1-3]. With large-scaled applications of power 

electronic devices, operation conditions of electrical equipment become more 

complicated. The electrical equipment usually works in environment with high 

temperature rise and under medium-high frequency non-sine excitation conditions 

[4-6]. The oriented silicon steel is a common soft magnetic material in electrical 
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equipment. The magnetic properties of oriented silicon steel under operation 

conditions influences safety and reliability of electrical equipment directly [7].  

Generally, the oriented silicon steel can be divided into two types based on 

its thickness. One is ultrathin oriented silicon steel with a thickness smaller than 

or equal to 0.10 mm. The other is an ordinary oriented silicon steel with thickness 

higher than or equal to 0.20 mm (non-laser notch type) [8]. At present, the 

ordinary oriented silicon steel has been widely applied, and some data on 

magnetic properties under different operation conditions have been accumulated. 

In [9]-[14], the magnetic loss of laminated steel was measured under various 

temperatures and frequencies by using the Epstein frame. In [15] and [16], an 

automatic measurement system of iron loss of non-oriented silicon steel under 

PWM power excitation was built using the inverter circuit. In [17], a measuring 

method and a calculation model of silicon steel magnetic properties under PWM 

excitation were presented. In [18], the iron core test platform was built, and the 

effects of different harmonics on iron loss were investigated. Although these 

studies involved measurement of silicon steel properties under different operating 

conditions, they focus on ordinary oriented silicon steel or non-oriented silicon 

steel. None of them discussed the magnetic properties of ultrathin oriented silicon 

steel. Therefore, designers of power electronics are confused in selecting ultrathin 

oriented silicon steel or ordinary oriented silicon steels. 

Based on previous studies, this paper measures magnetic properties of 0.10 

mm- and 0.23 mm-oriented silicon steels under different operation conditions by 

using the medium-frequency Epstein frame. The magnetic properties of the above 

steels under sine magnetization, PWM excitation, and special pulse conditions 

were compared. Results provide data supports for the design and type selection of 

iron core materials of power electronics. 

2. Measurement method 

2.1 Medium-frequency Epstein frame 

The traditional Epstein frame is a relatively mature way to measure 

magnetic properties of magnetic materials. Its highest test frequency is 400 Hz 

[19]. To measure magnetic properties under medium-frequency and high-flux 

density conditions, the traditional Epstein frame with 700 turns was improved, 

and a medium-frequency Epstein frame measuring device was developed. The 

primary and secondary coils decreased by 100 turns to increase the measured 

frequency to be higher than 1 kHz. The improved medium-frequency Epstein 

frame satisfies regulations in IEC 60404-10 standard. The schematic and physical 

image of medium-frequency Epstein frame measurement device is shown in Fig. 

1. 
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(a) Schematic                                          (b) Physical image 

Fig. 1. Medium-frequency Epstein frame measurement device 

2.2 Implementation methods under different operation conditions 

During measurement of magnetic properties, a voltage signal is produced 

through the analog output port of the computer-controlled data acquisition card. 

This voltage signal provides excitation voltage to the primary coil of the Epstein 

frame after passing through the power amplifier and isolation transformer. The 

analog input port of the data acquisition card is applied to collect current of the 

primary winding and voltage of the secondary coil to measure magnetic field 

intensity (H) and magnetic flux density (B). The computer corrects the analog 

output voltage signal continuously according to the difference between magnetic 

flux density (B) waveforms collected every time and the target magnetic flux 

density waveform (control objective) until reaching consistency. The waveform 

control method [17] is expressed as follows:  
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where i is the number of iterations, k is the proportional coefficient, Uout 
 is the 

output voltage waveform, Btarget
 
 is the target flux density waveform, and Bmeasure is 

the magnetic flux density waveform gained according to the integral of the 

secondary-induced voltage. The target magnetic flux density waveform can be 

either sine wave or non-sine wave, and it is set by the measuring staff based on 

excitation conditions of real power electronics. In this paper, the magnetic flux 

density B is controlled by the adaptive program during all the measurements. 

2.3 Determination of magnetic loss 

According to the secondary voltages of the Epstein frame, the 

instantaneous magnetic flux density can be expressed as follows: 



294                       Yu Han, Yang Liu, Fuyao Yang, Hongwei Xie, Baozhi Liu, Jie Gao 

 2 2

12

1
( ) ( ) ( 1) / 2

j

ks

B j U k U k
N A nf =

= − + +                                (2) 

where j is an integer, n is the number of sampling points in one period, f is the 

magnetizing frequency, N2 is number of turns of the secondary winding. 

• The magnetic field intensity can be expressed as follows: 
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where leff  is the effective magnetic circuit length, N1 is number of turns of the 

primary winding,  I is the primary winding current. 

The magnetic loss including eddy currents losses, hysteresis losses and 

excess losses, can be calculated as follows: 
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where ρm is the material density,  As is the effective cross-sectional area. 

3. Comparative analysis of magnetic properties of 0.10 mm- and 0.23 

mm-oriented silicon steels 

To avoid confusion of designers in selecting ultrathin and ordinary-

thickness oriented silicon steels, the GT100 (0.10 mm) and 23QG100 (0.23mm) 

ordinary-thickness oriented silicon steels are measured with medium-high-

frequency sine magnetization, PWM, and special pulse oscillation. 

3.1 Magnetic properties under conditions of sine magnetization 

In the measurement, the sinusoidal flux density B was applied as 

magnetization conditions. The magnetizing curves of GT100 (0.10mm) and 

23QG100 (0.23mm) with different frequencies were given in Fig. 2. 
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(a) GT100                                                                       (b) 23QG100 

Fig. 2. Magnetizing curves with different frequencies 

 

It can be seen from Fig.2 that the supplied frequency affects the saturated 

regional magnetizing curves of the two oriented silicon steels slightly. The 
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magnetizing curves after saturation overlap under different frequencies. Prior to 

saturation, the magnetizing curves are relatively sensitive to frequency variation. 

With the frequency increase, the magnetic permeability declines gradually. 

Compared with the ultrathin oriented silicon steel, the magnetic permeability of the 

ordinary-thickness steel decreases remarkably with the increase in frequency, and 

it is considerably influenced by frequency. The relative magnetic permeability of 

GT100 and 23QG100 oriented silicon steels under different frequencies with 

Bm=1.50T are shown in Table 1. As the frequency increases from 50 Hz to 1000 

Hz, the relative magnetic permeability of the ultrathin oriented silicon steel 

decreases by 39%, whereas the relative magnetic permeability of the ordinary-

thickness oriented silicon steel decreases by 81%. 
Table 1 

Relative permeabilities of GT100 and 23QG100 oriented silicon steels at Bm=1.5 T 

Model No. 50 Hz 400 Hz 600 Hz 1000 Hz 

GT100 30239 23817 21580 18402 

23QG100 49006 18504 13757 9084 

The loss curves of GT100 and 23QG100 oriented silicon steels with 

frequency changes are compared in Fig. 3. According to comparison results, the 

GT100 and 23QG100 oriented silicon steels have different frequency application 

ranges and critical loss frequencies.  
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(a) 50 Hz                                                                 (b) 200Hz 
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(c) 400Hz                                                             (d) 1000Hz 

Fig. 3. Loss curves of GT100 and 23QG100 oriented silicon steels with frequency changes 
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For GT100 and 23QG100 oriented silicon steels, the critical frequency of 

loss is around 200 Hz. When the frequency is lower than 200 Hz, the 23QG100 

oriented silicon steel has specific lower loss. When the frequency is higher than 

200 Hz, the GT100 oriented silicon steel has lower specific loss. Therefore, given 

the different model number of silicon steel, the critical frequencies of loss of 

GT100 and 23QG100 oriented silicon steels may change. Hence, the oriented 

silicon steels of different model number should be further tested and analyzed to 

determine the relevant critical frequencies of loss. 

3.2 Magnetic properties under PWM condition 

The PWM has been extensively used in power electronics. It can be divided 

into unipolar and bipolar types according to modulation mode. The bipolar PWM 

waveforms are shown in Fig. 4. Sine wave (Ur) and triangular wave (Uc) are the 

modulating and carrier signals, respectively, and Uo is the output equivalent pulse 

voltage. In PWM, two factors influencing output voltage are carrier wave ratio and 

modulation ratio. The carrier wave ratio can be expressed as follows: 

 v

f

s

f
K

f
=                                                   (5) 

where Kf is the carrier wave ratio, fv is the carrier frequency, and fs is the 

modulation frequency. 

The modulation ratio can be expressed as follows: 

 rm

A
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U
K

U
=                                                          (6) 

where KA is the modulation ratio, Urm is the amplitude of modulation wave, and 

Ucm is the amplitude of carrier wave. 
 

 
Fig. 4. Bipolar PWM waveforms 

 

The magnetic properties of GT100 and 23QG100 oriented silicon steels 

under bipolar PWM were analyzed in this section. In the measurement, the 
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magnetic flux density B corresponding to the PWM voltage was applied as 

magnetization conditions. The influences of carrier ratio on the magnetic hysteresis 

loop of the GT100 oriented silicon steel when KA=0.9 and fs=50 Hz are shown in 

Fig. 5. The influences of carrier ratio on loss curves of the GT100 oriented silicon 

steel are shown in Fig. 6.  

With the increasing carrier ratio, the magnetic flux density and harmonic 

components in magnetic field intensity decrease, whereas the harmonic number 

increases. The area of local magnetic hysteresis loop in the magnetic hysteresis 

loop decreases gradually, accompanied with a gradual reduction trend of loss. 
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Fig. 5. Influences of carrier ratio on magnetic hysteresis loop of GT100 when KA=0.9 
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Fig. 6. Influences of carrier ratio on loss curve of GT100 oriented silicon steel when KA=0.9 

 

The influences of modulation ratio on magnetic hysteresis loop of the 

GT100 oriented silicon steel when Kf=60 and fs=50 Hz are shown in Fig. 7. The 

influences of modulation ratio on loss curves of the GT100 are given in Fig. 8. 

With the reduction of modulation ratio, the area of local magnetic hysteresis loop 

in the magnetic hysteresis loop increases gradually, accompanied with a gradual 

increasing trend of loss. 
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Fig. 7. Influences of modulation ratio on magnetic hysteresis loop of GT100 when Kf=60 
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Fig. 8. Influences of modulation ratio on loss curve of GT100 when kf=60 

 

Influence of modulation ratio and carrier ratio on magnetic hysteresis ratio 

and loss characteristics of the GT100 and 23QG100 oriented silicon steels are 

same. Therefore, in this paper, the measuring results of the magnetic properties of 

the 23QG100 with different modulation ratios and carrier ratios were omitted. 

Comparison of the loss curves of GT100 and 23QG100 oriented silicon 

steels under different modulation wave frequencies when KA=0.9 and Kf=60 is 

given in Fig. 9. It is obvious that with the same modulation ratio and carrier ratio, 

the losses of GT100 and 23QG100 oriented silicon steels are mainly related with 

modulation frequency. With the increase of modulation frequency, the core loss of 

23QG100 increases, but core loss of the GT100 is relatively lower. Based on the 

above analysis, if the same modulation ratio and carrier ratio are given, the 

oriented silicon steel type should be selected according to the modulation wave 

frequency. When the modulation wave frequency is high, the GT100 oriented 

silicon steel is the first option. 



Investigation of magnetic properties of 0.10 mm and 0.23 mm oriented silicon steel under… 299 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

P
/(

W
/k

g
)

B
m
/(T)

 GT100

 23QG100

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

2

4

6

8

10

12

14

16

18

20

P
/(

W
/k

g
)

B
m
/(T)

 GT100

 23QG100

 
(a) fs=50 Hz                                                          (b) fs=200 Hz 

Fig. 9. Comparison of loss curves of GT100 and 23QG100 under different carrier frequencies 

when KA=0.90 and Kf=60 

 

When the modulation wave frequency is low, the 23QG100 oriented silicon 

steel shall be selected. 

3.3 Magnetic properties under special pulse oscillation 

At present, the magnetic properties of oriented silicon steels under such 

special operation conditions have not been reported yet. In this paper, the magnetic 

properties of GT100 and 23QG100 oriented silicon steels under operation 

conditions of saturation resistor of the ultrahigh voltage DC converter valve were 

compared and analyzed. 

The voltage waveform of saturation resistor of the ultrahigh voltage DC 

converter valve in one time period is shown in Fig. 10. In one time period, the 

valve is opened positively once and cut off inversely once, forming special impulse 

oscillation conditions. 
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Fig. 10. Voltage waveform of saturation resistor of ultrahigh voltage DC converter valve  

 

In the measurement, the magnetic flux density B corresponding to the 

special impulse oscillation voltage was applied as magnetization conditions. The 

measured magnetic properties of GT100 and 23QG100 oriented silicon steels 

under pulse oscillation at Bm=1.80T are given in Fig. 11. It shows that under such 
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unique working conditions, the flux density waveform and magnetic field intensity 

have serious distortions. The magnetic hysteresis loop has many complicated local 

magnetic hysteresis loops. 
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(c) Hysteresis loop 

Fig. 11. Measured magnetic properties of GT100 and 23QG100 under continuous pulse oscillation 

when Bm=1.80 T 

 

The loss curves of GT100 and 23QG100 under special pulse oscillation are 

compared in Fig. 12. According to comparison results, the 23QG100 has evident 

losses. The magnetic properties of 23QG100 under high frequency are relatively 

poor and the area of hysteresis loop is relatively large given the short pulse 

oscillation period and high-frequency effect. 
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Fig. 12. Measured loss curves of GT100 and 23QG100 oriented silicon steels under pulse 

oscillation 
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4. Conclusions 

Based on the improved Epstein frame, the magnetic properties of 

GT100 and 23QG100 oriented silicon steels under different operation conditions 

are measured and investigated in this paper, the following conclusions are 

obtained: 

(1) With sine wave magnetization, the critical frequency of loss of GT100 and 

23QG100 oriented silicon steels is 200 Hz. When the frequency is lower than 

200 Hz, the 23QG100 oriented silicon steel has high magnetic permeability 

and low magnetic loss. Otherwise, the magnetic permeability and loss of the 

23QG100 oriented silicon steel decrease significantly. The GT100 oriented 

silicon steel shows better magnetic permeability and magnetic loss. 

(2) With PWM, the variation of the magnetic properties of GT100 and 23QG100 

are the same. The magnetic loss is negatively related with carrier ratio with 

the same modulation ratio, but it is negatively related with modulation ratio 

with the same carrier ratio. 

(3) With the same PWM condition, the GT100 oriented silicon steel is better 

under high modulation wave frequency. The critical frequency of loss of 

GT100 and 23QG100 oriented silicon steels under PWM is lower than that 

under sine magnetization at different frequencies (200 Hz). Under special 

excitation conditions with characteristic of high-frequency magnetization, the 

GT100 oriented silicon steel has evident advantages. 
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