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Abstract 

With the increasing demand of high frequency transformer in the project, it is important 
to understand and calculate the key parameters which affect the manufacture of 
transformer and optimize the structure design. According to the influence of hysteresis 
loss, skin effect and eddy current loss of lamination core, the paper gives a detailed 
description and calculation and obtains the experimental conclusion and design method 
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1. Introduction 

As the core equipment of large-scale DC source interconnection, electric locomotive traction 
system and DC power grid, high-frequency transformer plays an important role in energy 
efficient transmission, power flow control, high and low voltage side electrical isolation and 
voltage conversion, They need to use electromagnetic conversion. However, they have many 
limitations, and can not be well used in power electronic circuits unless they are specially 
designed. In some special applications, the designers or users of power electronic devices must 
fully consider the characteristics and structures of inductors and transformers. Because the size 
of inductor and transformer is often difficult to be very small, energy loss is inevitable in the 
process of electromagnetic conversion. This paper mainly describes the basic problems that 
need to be paid attention to in the design process of high-frequency inductors and transformers 
(frequency from tens of kHz to several MHz) used in power electronic devices, and how to avoid 
these problems in design and production 

2. The Influence of Hysteresis Loss 

In order to improve some characteristics of inductors or transformers, a small amount of rare 
elements, such as boron, nickel, cobalt, chromium and so on, are often added to the core 
materials. With the increase of these rare elements, the properties of magnetic core materials 
have changed greatly. For the loss, the core of the magnetic material will heat when it works, 
which will lead to the increase of temperature. Of course, this is only an apparent phenomenon. 
In fact, it has a lot to do with the working frequency, magnetic flux density and heat dissipation 
conditions. In the process of repeated magnetization of ferromagnetic materials under the 
action of alternating magnetic field, the magnetic domains will keep rotating and friction with 
each other. Therefore, a certain amount of energy will be consumed, resulting in power loss, 
which is called hysteresis loss 
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  Fig.1  Basic concepts of ferromagnetic materials 

Figure 1 shows a ferromagnetic ring with a cross-sectional area of a and an average 
circumference of L (referred to as iron core for short), on which n turns of coils are uniformly 
and tightly wound. If the coil is connected with current I, the magnetic field intensity generated 
in the iron core is h, and there is the law of full current 

  idlH
l

                                                            (1) 

And:                    

  NiHl =                                                                               (2) 

                                                                                                          

The instantaneous power of the power supply coil is 0 

)()( titup                                                                                    (3) 

                                                      

 
  Fig. 2 Schematic diagram of flux density                          

 
Fig. 3 Relationship between loss and flux density of ferrite core 

Ignore coil resistance, the voltage at the coil end shall be balanced with the induced EMF. The 
law of electromagnetic induction is 
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Where,  is the magnetic flux in the core. If the magnetic induction intensity in the iron core is 
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Where V=A∙l is the volume of the core. In fact, P is to build interchange flux in the core to 
overcome the instantaneous power needed for domain rotation, and its average value in a 
period T is the hysteresis loss of the core 
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Where T is the change period of current I, f is its frequency, and the relationship between them 
is f = 1 / T. The results of formula 10.7 show that the hysteresis loss is proportional to the area 

of hysteresis HdB , loop, current frequency f and core volume v. As mentioned above, the area 

of hysteresis loop depends first on the properties of ferromagnetic materials, while for the same 
ferromagnetic material; it depends on the maximum value of magnetic induction strength BM. 
Because it is difficult to get hysteresis loop in practice, the empirical formula corresponding to 
formula is always used in engineering, and its expression is as follows: 

                    VfBkP a

mhh =                                                                   (7) 

It can be seen from the above formula that the hysteresis loss of the magnetic core increases 
with the increase of the magnetic flux intensity BM and the switching frequency f, and kh is the 
hysteresis loss coefficient of different materials; The value of a is between 1.5 and 2.0, and 2.0 
can be used for estimation. For different ferromagnetic materials, the flux density is Bac and 
the power loss per unit volume Psp is expressed as follows: 

( )d

ac

a

sp BkfP =                                                              (8) 

The K, a and d in the above formula are constants, and the properties of the materials are 
different, and their parameters will be different. In addition, formula 10.9 can only be applied 
in a certain frequency and flux density range, and different materials can be used in different 
ranges. If the average flux density is equal to zero (as is the case under alternating flux), the Bac 
in equation 10.9 shall take the maximum value of flux density of AC change Bm, as shown in 
figure 10.2a; If the average flux density is Bavg, as shown in figure 10.2b, the manufacturer of 
the above formula Bac=Bm-Bavg will usually provide the curve of PMSP and give the Bac value 
working at different frequencies. For example, figure 3 is a graph of the Psp of ferrite core 3F3, 
and the calculation of the unit volume power loss of this material, Psp, can be expressed as 
follows: 

( ) 5.23.16-10×5.1= acsp BfP                                                   (9) 

In the above formula, the unit of Psp is mW/cm3, the unit of frequency is kHz, and the unit of 
flux density Bac is mT. If metglas ferroalloy is selected as the magnetic core, because the 
resistivity of ferroalloy is smaller than that of ferrite, the eddy current loss of ferroalloy will be 
larger. Taking the magnetic core 2705m as an example, its power loss per unit volume Psp can 
be calculated by the following formula: 

( )28.16-10×2.3= acsp BfP                                                               (10) 
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Fig. 4 Relationship between empirical parameters and frequency of ferrite cores of various 

materials 

The voltage and current level (V-A) and operating frequency of the transformer are greatly 
related to the product of magnetic flux density(f∙Bac), which will be further analyzed later. If 
the magnetic loss of the core is constant, the corresponding loss can be calculated according to 
the empirical value PF= f∙Bac, and the required ferrite transformer core can be selected 
according to the calculation results. Then we can understand the characteristics of various 
ferrite cores at different working frequencies according to the instructions provided by the core 
manufacturer, as shown in Figure 10.4. It can be seen from the figure that the working 
characteristics of the same material are ideal only in a certain frequency range. For example, 
when the frequency of 3c85 is lower than 40KHz, its working characteristics are ideal; 3F3 
works well at 40-420khz; When the frequency of 3F4 exceeds 420hz, its working characteristics 
are ideal. Therefore, when the working frequency is different, different cores should be selected. 
For example, when the frequency is 100kHz, 3b8 can be used instead of 3F3, so the working 
characteristics will be better. 

When the frequency is relatively high, the power loss and saturation flux density of different 
materials calculated by equation 10.9 are far from the actual situation. In order to reduce the 
deviation caused by PF experience value, necessary correction should be made. As for the 
physical mechanism and analysis of this situation, it is beyond the scope of this book. Interested 
readers may refer to other literature. 

The temperature of different materials will also affect its power loss Psp value. Generally, it is 
assumed that the maximum temperature at which the magnetic core can work normally is 
100 ℃, and the Psp value is generally lower than several hundred mW/cm3. In addition, the Psp 
value is also related to the speed of heat dissipation, that is, to the thermal resistance between 
the core and the surrounding environment. If silicon steel sheet is used as magnetic core, the 
corresponding Psp will be smaller due to the smaller eddy current loss. 

3. Skin Effect 

When the material of the magnetic core is conductive material, the alternating magnetic field 
added to the magnetic core will produce self-ring current in the magnetic core, which is 
commonly known as eddy current. As shown in figure 10.5a, the right-hand rule can be used to 
determine the direction of the current. The eddy current will produce a magnetic field opposite 
to the original magnetic field, which will act as a shield inside the magnetic core, causing the 
magnetic field in the magnetic core to gradually decrease, and the decrease amplitude changes 
exponentially with the distance from the center of the magnetic core, as shown in figure 10.5b. 

Skin effect refers to the phenomenon that the alternating current does not distribute uniformly 
on the conductor cross section, but flows on the conductor surface. Skin effect is related to many 
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factors. The specific measurement of skin effect is often described by "skin depth", which means 
that in the process of exponential attenuation of the magnetic field, the corresponding distance 
from its amplitude to 1/e of the central amplitude (conductor surface) is called "skin depth" 

                      



r

2
                                                                              (11)   

Where the frequency of the alternating magnetic field is f= / , and the unit is Hz, µr is the 
relative permeability of the magnetic field of the magnetic material, σ It's the conductivity of a 
magnetic material. If the cross-sectional radius of the core is much longer than the skin depth, 
the magnetic flux density in the innermost core may be very small, or even not at all, as shown 
in figure 10.5b. Because of this, this situation weakens the ability of magnetic core to store or 
convert energy. At low frequency, the skin depth is relatively small (about 1 mm, frequency 60 
Hz) due to the relatively large relative permeability of the magnetic field. Obviously, with the 
increase of frequency, the skin effect will become more and more serious. 

When conductive magnetic materials are used as the core (silicon steel sheet) of inductor and 
transformer, it is generally made into a very thin sheet structure, and then stacked one by one, 
as shown in Figure 10.6. In addition, the insulation layer should be used between the sheets. 

A small amount of silicon will be added to most magnetic steels, which will increase the 
resistivity, but also increase the skin depth. However, sometimes when a few percent of silicon 
is added, the decrease of saturation flux density of silicon steel sheet is larger than the increase 
of resistivity. Therefore, in the case of power frequency (50-60Hz), the composition proportion 
of silicon steel sheet must be appropriate, usually about 97% of ferroalloy and about 3% of 
silicon; The thickness is about 0.3mm 

4. Conclusion 

This chapter mainly discusses the structure and design of inductor and transformer. In 
particular, the design of inductors and transformers used in power electronic circuits with high 
frequency (tens of kHz to several MHz) is described in detail. The following points are 
summarized as follows: 

1. There are two kinds of losses in the core of inductor and transformer: eddy current loss and 
hysteresis loss. In the case of high frequency, ferrite core is usually used. Due to the high 
resistivity of ferrite, there is usually only hysteresis loss. 

2. There are many types, sizes and materials of magnetic cores. Different magnetic cores can be 
selected according to different applications. 

3. The winding of inductor and transformer generally adopts copper conductor. The size and 
geometry of copper conductor are various. In order to reduce the loss of winding, different 
conductors can be selected according to different situations. Copper loss includes not only the 
loss caused by the DC resistance of the conductor, but also other losses caused by the change of 
resistance, such as proximity effect and skin effect, which make the distribution of current 
density uneven. 

4. The maximum temperature of inductor and transformer is usually set at 100 ℃ . Their 
temperature mainly depends on the material of magnetic core and the heat resistance of 
insulating layer, the thermal resistance between their surface and environment, and the power 
loss density (w / cm3) of the device. 
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