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Abstract—In this paper are described the equations needed to 

design a transformer. Some considerations about the choice of the 

core and windings materials are made, due to the medium 

frequency character of the transformer and are presented 

solutions to the problems. The parameters of the prototype to 

build are calculated and the prototype is mounted. The model of 

the transformer is presented and its parameters are estimated 

theoretically, with an impedance meter and testing the 

transformer in open circuit, short circuit and load condition. An 

efficiency map of the transformer is made. A Simulink simulation 

of the transformer, using the parameters obtained in the tests, is 

made to validate the results obtained before. 

 
Index Terms—Medium frequency power transformer; Loss 

estimation; efficiency maximization; Square waveform; non-

sinusoidal transformers tests; transformer simulation. 

I. INTRODUCTION 

ITH the increase of renewable energy and distributed 

power generation the design of highly efficient power 

conversion systems become crucial because it links these 

systems to the grid and need to respect some voltage and 

harmonic standards. The magnetic link is one essential part of 

these conversion systems, and it occupies significant volume, 

weight and cost of the overall system. Here the advantages of 

medium frequency transformers (MFT’s) as smaller 

dimensions, can be exploit to achieve better results. Medium 

frequency power transformers operating in the frequency range 

of 500 Hz to 5kHz, can constitute a key component in in 

converters used in offshore wind plants and in the future 

distribution grids. [1]  

 This work will summarize the design, construction, testing 

and simulation of a medium frequency power transformer 

(5kHz), square waveforms, 150 𝑉 and 100 𝑉 tension levels and 

nominal power of 600 𝑊. 

 During this work, some equations will be presented for the 

calculation of the minimum cross section product (between 

cooper area and ferromagnetic material area), the number of 

turns of each side of the transformer as well as some 

expressions to estimate the transformer winding and core 

losses, the efficiency and the maximum surface temperature. A 

brief description the available materials for this type of 

transformers are presented, and some considerations about the 

type of conductors to use. According to the characteristics of 

the transformer to build, the parameters are calculated, and the 

transformer is build according to those. After the transformer is 

build, the T model parameters are calculated and is described 

 

 
 

the parameters measurement using an impedance meter. Once 

the parameters are estimated the transformer is tested in open 

circuit, short circuit and load conditions to confirm the values 

estimated and obtain an efficiency map. To verify these results 

is also done a Simulink simulation where are reproduced the 

system used to test the transformers are simulated the several 

tests made to the transformer.  

II. THEORETICAL EQUATIONS 

To obtain the characteristics of the transformer to build some 

equations will be showed [2][3][4][5].  

A. Area product relation 

To find an equation that relates the area product of the 

transformer with the power which is desirable to transform the 

starting point should be the faraday law applied to transformers 

as it follows: 

𝒗𝒌 = 𝒏𝒌
𝒅∅

𝒅𝒕
 

(1) 

Where 𝑣𝑘 and 𝑛𝑘 are respectively the voltage and number of 

turn of the winding 𝑘 and ∅ the magnetic flux. Solving this 

equation in order to ∅, and attending to the fact that the 

transformer will work with a square wave voltage then: 

∅ =
𝑽𝒓𝒎𝒔
𝒌𝒇𝒏𝒑𝒇𝒔

 
(2) 

Where 𝑉𝑟𝑚𝑠 is the rout mean square value of the voltage applied 

to the winding, 𝑓𝑠 is the frequency of the voltage, 𝑘𝑓 is the form 

factor of the voltage, that for square wave is equal to 4 and 𝑛𝒑 

is the number of turns of the winding. 

 Assuming that the flux magnetic density vector 𝐵 is 

perpendicular to the ferromagnetic material cross section 𝐴𝑓𝑒 

then the following equation can be written: 

𝑩 =
∅

𝑨𝒇𝒆
 

(3) 

Substituting (2) in (3) is obtained an equation that relates the 

voltage with de magnetic density vector. But the objective is to 

obtain a relation between the power to transform and the area 

of the cross section of the core and area of the window. So, in 

order to achieve this is needed to introduce two more equations, 

one for current and another one with the area of the window. 

The first one relates the current route mean square value with 

the current density and the area of conductor.  

𝑰𝒓𝒎𝒔 = 𝑱𝒄𝒐. 𝑨𝒄𝒐 (4) 

Where 𝐼𝑟𝑚𝑠 is the route mean square value of the current, 𝐽𝑐𝑜 is 

the electric current density and 𝐴𝑐𝑜 is the effective area of 
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conductor per turn. The second one, relates the conductor area 

with the area of the window. 

𝑨𝒄𝒐 𝒏𝒑 = 𝑨𝒘 𝒌𝒄𝒐 𝑹𝒆𝒍𝒑 (5) 

Where 𝐴𝑤 is the area of the window, that is the area available 

to fill with the windings, 𝑘𝑐𝑜 is the fill factor of the window, 

namely is the relation between the effective area of winding and 

the area of the window, and 𝑅𝑒𝑙𝑝 that is the relation of the 

power of the winding with the transformed power and is defined 

as 𝑅𝑒𝑙𝑝 =
𝑆𝑝

𝑆𝑝+∑𝑆𝑠
, where 𝑆𝑝 is the power in the primary winding 

and ∑𝑆𝑠 is the sum of the powers of the secondary windings.  

 Substituting (2) in (3), multiplying both terms for (4) and 

then substituting 𝐴𝑐𝑜 by the expression obtain with (5) is 

obtained the next equation: 

𝑨𝒇𝒆𝑨𝒘 =
(𝑺𝒑 + ∑𝑺𝒔)

𝑱𝒄𝒐 𝒌𝒄𝒐 𝑩𝒎  𝒌𝒇 𝒇𝒔
 

(6) 

 The equation (6) is the equation that allows to estimate the 

core minimum dimensions for a given power. This equation 

also allows to verify that with the increase of the frequency, for 

the same power, the transformer dimension decrease.  

B. Conductor equations 

Due to the medium frequency nature of the transformer is 

needed a special attention to the skin effect otherwise the losses 

in the windings will be very high due to the current density 

difference in the middle and surface of the conductor. To avoid 

this is needed to guarantee that the conductor used have a radius 

less than the skin depth (𝛿𝑐𝑜) that is given by: 

𝜹𝒄𝒐 = √
𝟐 𝝆𝒄𝒐
𝝁 𝒉 𝝎

 
(7) 

Where 𝜌𝑐𝑜 is the resistivity of the material, 𝜇 is the magnetic 

permeability, ℎ is the harmonic and 𝜔 the angular frequency. 

C. Equations to maximum efficiency  

In order to find the maximum efficiency point is needed to 

minimize the losses in the transformer.  

The losses in the ferromagnetic material (𝑃𝑓𝑒) have a 

standard expression, which the parameters are normally 

provided by the manufacturer, and follow the next shape: 

𝑷𝒇𝒆 = 𝒌𝒄𝒍𝒇𝒔
𝜶𝑩𝒎 

𝜷
𝑴 

 

(8) 

Where 𝐵𝑚 is the magnetic flux density and nominal power and 

𝑀 is the mass of the core. 𝒌𝒄𝒍, 𝜶 and 𝜷 are parameters normally 

provided by the manufacturer. 

 The losses in the windings (𝑷𝒄𝒐) are given by the following 

expression: 

𝑷𝒄𝒐 = 𝑭𝑹 𝝆𝑪𝒐 𝑾𝒎𝒕 𝑱𝒄𝒐
𝟐  𝑨𝒘 𝑲𝒄𝒐 

(9) 

Where  𝑾𝒎𝒕 is the wire mean turn length and 𝐹𝑅 is the 

resistance factor. This factor is introduced again due to the 

medium frequency character of the transformer, because the 

resistance at 5 kHz is different than the DC resistance, or the 

50/60 Hz resistance that can be considered the same. This factor 

is multiplied by DC resistance to obtain the effective resistance 

of the windings. There is no expression to estimate the 

resistance factor for square have so will be used the maximum 

normal value of the resistance factor for sinusoidal waveforms, 

𝐹𝑅 = 1.5. 

 These losses are connected to the resistive voltage drop in the 

windings, this makes the voltage relation of between primary 

and secondary winding not equal to the relation between 

number of turns. So, in order to compensate this effect, the 

secondary number of turn should be calculated by the next 

expression: 

𝒏𝒔𝒏 =
𝒏𝒑𝑽𝒔𝒏

𝑽𝒑
(𝟏 + 𝜶𝒕) 

(10) 

Where 𝑛𝑠𝑛 and 𝑉𝑠𝑛 are respectively the number of turns and 

voltage of the 𝑛 secondary winding and 𝜶𝒕 the resistive voltage 

drop factor that is defined as 𝜶𝒕 = 𝑷𝒄𝒐/𝑷𝒏 . 
 Once the expressions of the losses are defined is needed to 

find the minimum of its sum, for this, the derivative of the sum 

will be calculated and then estimated the values of magnetic 

field density and electric current density that makes the 

derivative equal to zero, this is the maximum efficiency point. 

𝝏(𝑷𝒄𝒐 + 𝑷𝒇𝒆) = 𝟎 (11) 

 

𝑩𝒎 = (
𝟐 𝝆𝑪𝒐 𝑭𝑹 𝑾𝒎𝒕 (𝑺𝒑 + ∑𝑺𝒔)

𝟐

 𝑲𝒄𝒐 𝒌𝒇
𝟐 𝒇𝒔

𝟐+𝜶 𝑨𝒇𝒆
𝟐  𝑨𝒘 𝜷 𝒌𝒄𝒍 𝑴 

)

𝟏
𝜷+𝟐

 

(12) 

 

𝑱𝒄𝒐 = (
(𝑺𝒑 + ∑𝑺𝒔)

𝜷
𝒇𝒔
𝜶−𝜷

 𝜷 𝒌𝒄𝒍 𝑴

𝟐 𝝆𝑪𝒐 𝑭𝑹 𝑾𝒎𝒕  𝑨𝒇𝒆
𝜷
 𝑨𝒘
𝜷+𝟏

𝑲𝒄𝒐
𝜷+𝟏

 𝒌𝒇
𝜷
   
)

𝟏
𝜷+𝟐

 

(13) 

With the losses of the transformer defined is also possible to 

define the efficiency, this is one of the most important 

parameter of evaluation of a transformer, so, assuming unity 

power factor 𝑆𝑝 = 𝑃𝑝, and then: 

𝜼 = 𝟏 −
𝑷𝒄𝒐 + 𝑷𝒇𝒆

𝑷𝒑
=
𝑷𝒔
𝑷𝒑

 
(14) 

Where 𝑃𝑝 is the power flowing into the primary. 

D. Surface temperature estimation 

In order to estimate the surface temperature of the 

transformer, avoiding a complicated simulation procedure, will 

be presented some equations to estimate this one in a simple 

way. 

Once the losses are known is known the power needed to 

dissipate and then is possible to write the next equation: 

𝑻𝒔𝒕 = 𝑻𝒂 + 𝑹𝒕𝒉(𝑷𝒄𝒐 + 𝑷𝒇𝒆) (15) 

Where 𝑇𝑠𝑡  is the surface temperature of the transformer, 𝑇𝑎 is 

the ambient temperature and 𝑅𝑡ℎ is the heat transfer coefficient 

in ℃/𝑊. 

 The heat transfer coefficient is like a thermal resistance, and 

its directly related with the area that the transformer have to 

dissipate the temperature (𝑆𝑎𝑖𝑟), in other words, the area of the 

transformer in contact with the cooling fluid, in our case, the 

air. And can be approximated by: 

𝑹𝒕𝒉 ≈
𝟏

𝟏𝟔 𝑺𝒂𝒊𝒓
 

(16) 

 This way is possible to verify if the surface temperature of 

the transformer is in reasonable values. 

 Another interesting possibility is know the power that the 

transformer is able to transform with the surface temperature 
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limited to a determined value, which is just do the opposite 

reasoning. 

III. TRANSFORMER DESIGN 

Once the equations needed are presented, in this chapter will 

be described the materials choice, the calculations done and the 

assembling of the transformer. The transformer to build is 

supposed to have the following characteristics: 

𝑃𝑛 = 600 𝑊    
𝑉𝑝 = 150 𝑉 | 𝑉𝑠 = 100 𝑉 

𝑓𝑠 = 5 𝑘𝐻𝑧 

𝜂 = 98 % 

A. Core materials 

In classical 50/60 Hz transformers the core material is usually 

iron or iron nickel alloys sheets, but for frequencies above 500 

Hz the losses of these materials are high so they aren’t suitable 

for medium frequency applications. 

In order to have a good efficiency is needed to find a material 

with: 

• Low loss at medium frequencies to obtain better 

efficiency and minimize temperature rise. 

• High magnetic permeability to avoid magnetic leakage. 

• High magnetic saturation value to reduce de 

ferromagnetic section and obtain smaller transformers. 

• high operating temperature to avoid a difficult thermal 

management and obtain more compact designs. 

Taking in account these restrictions have been found three 

types of materials: ferrites, amorphous and nanocrystalline. 

The first ones, ferrites, are composed by a compressed 

powder mixture of iron oxide with nickel, zinc or magnesium. 

The advantages are a highly variety of shapes, low core loss and 

high magnetic permeability, but on the other side, has the 

disadvantage of having a small magnetic saturation value and 

its thermal instability. 

Amorphous materials are made with metal alloys that during 

its solidification process are prevented from crystallizing and 

acquire a vitreous form. This material both magnetic 

permeability and magnetic saturation flux are high. 

For last the nanocrystalline materials, which are based on 

amorphous ones, but with the introduction of special 

nanocrystals that improves the performance of the material. 

These materials have even higher magnetic permeability and 

magnetic saturation flux than the amorphous and have the 

advantage of being stable at high temperatures. 

 Even then the nanocrystalline materials present the 

best choice for the transformer to build, due to its substantially 

higher cost compared to amorphous materials, the amorphous 

is the material selected to this work. This material has a 

magnetic saturation flux of 1.56 T [6], a magnetic permeability 

in the range of 2000 to 5500 [7] and a continuous working 

temperature of 155ºC [8]. The parameters of the losses are 

𝑘𝑐𝑙 = 6.5, 𝛼 = 1.51 e 𝛽 = 1.74, for sinusoidal waveforms and 

using the frequency in kHz [6]. 

 

  

B. Winding materials 

As explained in the previous chapter is also need to have 

attention to the conductor radius due to the medium frequency 

character of the transformer. So, in order to work around this 

issue there are several types of conductors in the market. The 

best known solution is the use of Litz wire, this ones consist in 

several individual conductor strands twisted together which 

reduce the skin effect and eddy current loss at higher frequency 

operation. This type of conductor is also available in a 

rectangular shape what can be an advantage because can 

increase the filling factor of the transformer. Another type of 

conductor is the foil tape conductor which is a very thin and 

wide tape that as de desired area of section [1].   

The materials used for medium frequencies can be the same 

as in 50/60 Hz transformers, cooper or aluminum. In the case of 

this work the choice is over cooper, since has a better 

performance than cooper and is an affordable material.  

Although it isn’t the best solution, in this work will be used 

individual cooper conductors, with a radius less than the skin 

depth, in parallel to realize the area of conductor needed, 

because when the transformer is build this is the available 

material in the laboratory.  

Taking into account the restriction of the radius of the 

conductors was selected the wire AWG 17 which the 

characteristics follow: 

𝑅𝑎𝑑𝑖𝑢𝑠(𝑟𝑤) ≈ 0.575 𝑚𝑚   
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑑𝑤) ≈ 1.15 𝑚𝑚 

𝑆𝑒𝑐𝑡𝑖𝑜𝑛 (𝐴𝑐𝑜𝑛𝑑) ≈ 1.04 𝑚𝑚
2 

 

C. Parameter calculation 

Once the materials of the core and windings are selected, 

using the equations from the chapter 2 the parameters to build 

the transformer are calculated. 

Starting with the equation (6) will be calculated the 

minimum area product of the core. The value of 𝑘𝑓 is known 

because the transformer will work with a square wave and then 

𝑘𝑓 = 4. The values of 𝑆𝑝 and 𝑆𝑠 can be estimated as 𝑆𝑠 = 𝑃𝑛 

and 𝑆𝑝 = 𝑃𝑛/ 𝜂. 𝑘𝑐𝑜 value can’t be estimated because the core 

isn’t selected and isn’t known yet the windings characteristics. 

So, will be used a regular value for round wire, with isolation 

between layers of 𝑘𝑐𝑜 = 0.3. The values of 𝐽𝑐𝑜 and 𝐵𝑚 also need 

to be assumed, for de electric current density the value used will 

be 𝐽𝑐𝑜 = 3 ∗ 106 𝐴/𝑚2 because is a value that has reasonable 

losses and don’t requires a lot of conductor section. For the 

value of the maximum magnetic field density will be used  

𝐵𝑚 = 0.2 𝑇 to avoid high losses in the core besides the 

magnetic saturation flux of the material be 1.56 𝑇. Using this 

values in equation (6) is obtain a minimum area product of 

𝐴𝑓𝑒𝐴𝑤 𝑚𝑖𝑛 = 33.50 𝑐𝑚4. Taking in account this value the core 

chosen was the POWERLITE c-core AMCC50 which the 

characteristics follow: 
𝐴𝑓𝑒𝐴𝑤 = 46.2 𝑐𝑚

4  

𝐴𝑓𝑒 = 3.30 𝑐𝑚2 

𝐴𝑤 = 14 𝑐𝑚2 

𝑀 = 0.586 𝑘𝑔 

Once the core is selected, the parameters of the windings can 

be calculated. To do this are used the expressions (12) and (13) 

to calculate the values of magnetic flux density and electric 



 4 

current density that gives the maximum efficiency point of the 

transformer but first it is necessary to estimate the wire mean 

turn length, the mean magnetic path length and the losses 

constant of the core, 𝑘𝑐𝑙. The first two are estimated according 

to the dimensions of the form and the core, respectively, and are 

assumed as 𝑊𝑚𝑡 = 16.2 𝑐𝑚 and 𝑀𝑔𝑙 = 24.4 𝑐𝑚. The last one, 

is given by the manufacturer, but for frequencies in kHz so is 

needed to convert it to use in expressions with Hz and then is 

assumed as being 𝑘𝑐𝑙 =
6.5

(1∗103)1.51
= 1.9183 ∗ 10−4. As cooper 

resistivity is assumed 𝜌𝐶𝑜 = 1.72 ∗ 10
−8. With all the 

parameters fixed, the magnetic flux density and electric current 

density were calculated and the following values are obtained: 

𝐽𝑐𝑜 =  1.54 ∗ 10
6 𝐴/𝑚2 

𝐵𝑚 = 0.2831 𝑇 

The value of 𝐽𝑐𝑜 is lower than the one assumed to choose the 

core, but 𝐵𝑚 is higher. This is not a problem, the only reason to 

assume such a low value before is to guarantee low loss and be 

able to have a good efficiency, if the better efficiency point is 

at a higher value of 𝐵𝑚 is valid to continue with the design. 

The primary number of turns is calculated with the 

expression resulting from substituting (2) in (3), and the 

secondary using equation (10).  

𝑛𝑝 = 98 𝑒𝑠𝑝𝑖𝑟𝑎𝑠 

𝑛𝑠 = 67 𝑒𝑠𝑝𝑖𝑟𝑎𝑠 

Once the number of turns is known the next step is to 

calculate de the minimum area on conductor, this will be 

calculated with the expression (4). 

𝐼𝑝 = 4 𝐴     |     𝐴𝑐𝑜𝑝 = 2.64 mm
2 

𝐼𝑠 = 6 𝐴      |     𝐴𝑐𝑜𝑠 = 3.88 mm
2 

Attending to the winding materials chosen is needed to 

calculate the number of conductors to put in parallel to make up 

the total area of conductor needed. 

𝑁º𝑐𝑜𝑛𝑑.𝑝 = 2.52 ⇒ 3 𝑐𝑜𝑛𝑑𝑢𝑡𝑜𝑟𝑒𝑠 

𝑁º𝑐𝑜𝑛𝑑.𝑠 = 3.75 ⇒ 4 𝑐𝑜𝑛𝑑𝑢𝑡𝑜𝑟𝑒𝑠 

With all this data is possible to estimate the real filling factor 

of the transformer that can be given by: 

𝑘𝑐𝑜 =
((𝑁º𝑐𝑜𝑛𝑑.𝑝 ∗ 𝑛𝑝) + (𝑁º𝑐𝑜𝑛𝑑.𝑠 ∗ 𝑛𝑠)) ∗ 𝐴𝑐𝑜𝑛𝑑

𝐴𝑤
= 0.42 

Due to the increase in the filling factor regarding to what has 

being established first and the fact that is out of the normal 

range for this type of windings, in order to guarantee that the 

windings fit in the window of the core, is opted to use only two 

conductors in the primary winding. With this change the filling 

factor of the transformer becomes 𝑘𝑐𝑜 = 0.34, a value that is in 

the normal range for this type of winding. 

At this point all the parameters needed to build the prototype 

are calculated but to guarantee the validity of this prototype will 

be estimated the efficiency and the temperature raise of the 

transformer. 

To calculate the efficiency first is needed to estimate the 

losses, so using the equations (8) and (9) is obtained: 

𝑃𝑐𝑜 = 4.80[𝑊] 
𝑃𝑓𝑒 = 4.82[𝑊] 

Once the losses are estimated using the expression (14) is 

calculated the efficiency of the transformer. 

𝜂 = 98.4% 

This value is higher than the minimum efficiency imposed in 

the beginning of the design, so in terms of efficiency the 

prototype is valid. 

To estimate the elevation of temperature is needed to obtain 

the surface of the transformer in contact with the air. So in a 

rough approximation the transformer is considered an 

parallelepiped and so: 

𝑆𝑎𝑖𝑟 = 0.025 𝑚2 

And with the expression (16) is estimated the thermal 

equivalent resistance. 

𝑅𝑡ℎ = 2.4988 ℃/𝑊 

 With the equivalent thermal resistance and the losses 

calculated, defining the temperature raise of the transformer has 

Δ𝑇 = 𝑇𝑠𝑡 − 𝑇𝑎, using the equation (15): 

Δ𝑇 ≈ 24 ℃ 

Which is an acceptable temperature raise value once that even 

for high ambiance temperature the core material is in his 

thermal working range.  

 With the prototype validated either at level of efficiency as 

thermal, it is considered valid and will be built under the 

calculated parameters. 

D. Assembling 

Due to the fact of the windings are made with some 

conductors in parallel was felt the need of build a device, 

showed in Figure 1, to help in the process of coiling it, in order 

to each conductor be perfectly organized, with the same length 

and to achieve a better filling factor. 

 
Figure 1 – Photo of the device built to help  

in the process of coiling.  

The windings were made in the plastic forms provided by the 

manufacturer with the cores. 

The most common configuration for c shape core 

transformers are, the core type and the shell type. The first one, 

showed in the Figure 2 on the left, uses two pieces of magnetic 

material, u shaped, to make the core, and two sets of windings, 

one in each leg of the transformer. The shell type, showed in the 

Figure 2 on the left, requires four u shaped pieces of magnetic 

material to make the core. The several windings are all in the 
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same form, normally with the lower voltage winding in the 

interior, and then are placed in the interior leg of the 

transformer. 

 
Figure 2 – Scheme of the core type (left) and  

shell type (right) configurations [9] 

 There were built two prototypes, both in a core type 

configuration. The first one was made with the primary all in 

one leg and the secondary all in the other leg. When the 

transformer was tested in open circuit the results were as 

expected. But, during the short circuit test, even with a high 

value of voltage applied to the transformer wasn’t possible to 

achieve the nominal current value. Once calculated the power 

absorbed by the transformer it was concluded that the resistance 

of the windings had an acceptable value. Due to this, is possible 

to understand that the equivalent series inductance of this 

prototype is high and then conclude that magnetic leakage was 

very high. So, this prototype was abandoned and was build a 

new one. 

 In the second prototype, showed on Figure 3, in order to 

reduce the magnetic leakage, the windings were distributed in 

both the legs of the transformer. Half of the secondary is coiled 

in the interior and is surround by the primary, this is made in 

both forms, and so each leg of the transformer had half of each 

winding.  

 
Figure 3 – Photo of the second prototype build 

E. Transformer model numerical parameter estimation 

In order to obtain a simple model of the transformer the 

values of its parameters will be estimated and the T equivalent 

model will be built. In this model, all the parameters should be 

referred to the same side of the transformer, or expressed in per 

unit values. This estimation is also useful to know 

approximately what values to expect from the measurements 

and tests of the prototype. 

 
Figura 4 – Scheme of T model of the transformer 

The 𝑅𝑝 and 𝑅𝑠 resistors represents the resistance of the 

primary and secondary windings, respectively, and so the 

power in those represents the losses in the windings. In an 

equivalent way, the power dissipated in the resistor 𝑅𝑚 

represents the losses in the ferromagnetic material. 

The 𝐿𝑝 and 𝐿𝑠 inductances represent the leakage of the 

windings.  

The values of the resistances can be calculated by: 

𝑅 =
𝜌𝑐𝑜  𝑊𝑚𝑡  𝑛

𝑁𝑐𝑜𝑛𝑑  𝐴𝑐𝑜𝑛𝑑
 

, where 𝑛 is the number of turns, 𝑁𝑐𝑜𝑛𝑑 is the number of 

conductors in parallel and 𝐴𝑐𝑜𝑛𝑑  the area of each individual 

conductor. But this value is the DC resistance, as said before to 

obtain the effective ones is need to multiply it by 𝐹𝑟. As it was 

not possible to obtain a formula for square waveforms will be 

used the formula found to sinusoidal waveform: [3] 

𝐹𝑅 =
𝑅𝐴𝐶
𝑅𝐷𝐶

≈ 1 + exp (2𝑚𝑙
0.3[(1 − 2𝛿𝑐𝑜𝑚𝑙

−0.7)/(𝑘𝑢𝑑𝑤)]) 

, where 𝑚𝑙 is the number of coil layers, 𝑑𝑤 is the diameter of 

the conductors and 𝑘𝑢 is a constant, that for round wires is equal 

to √𝜋/4. The results are showed in Table 1: 

Table 1 – Estimated resistances and 𝐹𝑟 

 DC  Resistance Ω 𝐹𝑟 Resistance Ω 

Primary 0.1022 1.73 0.1768 

Secondary  0.0355 2.52 0.0895 

The leakage inductances of the transformer can be estimated 

with the next equation: 

𝑙 = 𝜇0 𝑛
2  (
𝑊𝑚𝑡  𝑏𝑤
3 𝑎𝑤

) 

, where 𝑎𝑤 is the height and 𝑏𝑤 the width for the core window. 

The results are presented in  
Table 2 – Estimated inductances 

 Inductance 𝑚𝐻 

Primary 0.1448 

Secondary  0.0697 

 Once the parameters of the windings are calculated is needed 

to calculate the parameters of magnetization. This resistance is 

calculated with the losses in the core calculated above with the 

next equation: 

𝑅𝑚𝑎𝑔 =
𝑉2

𝑃𝑓𝑒
 

, where 𝑉 is the voltage of the side that the resistance is referred 

to. 

 The magnetization inductance can be estimated by the next 

expression:  
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𝑙𝜇 = 𝜇 𝑛
2  (

𝐴𝑓𝑒

𝑀𝑔𝑙
) 

, where 𝜇 is the magnetic permeability of the core material and 

𝑛 the number of turns of the side that the inductance is referred 

to. The results for the magnetization parameters are showed in 

Table 3. 
Table 3 – Estimated magnetization parameters 

 Resistance Ω Inductance 𝑚𝐻 

Seen from primary  4500 32.64 

Seen from secondary 2000 15.72 

  

IV. RESULTS 

Once the prototype was build and the parameters estimated 

the transformer was tested. First using an impedance meter and 

then under real conditions.  

A. Impedance meter measurements 

Using the impedance meter ISO-TECH LCR819 were 

measured the resistances and impedances of the transformer in 

order to verify the theoretical calculations.  

The resistance of the windings was measured without the 

core mounted, and using the series mode of the equipment. The 

resistances were measured at 12 Hz, the minimum frequency of 

the device that is assumed as the DC resistance, and at 5 kHz, 

the working frequency of the transformer. This allowed to 

determine the resistance factor to compare with the sinusoidal 

theoretical value. The results obtained are showed in Table 4: 
Table 4 – Results of resistance measurements with 

 the impedance meter 

 DC Resistance Ω Resistance Ω 𝐹𝑟 

Primary 0.171 0.225 1.3158 

Secondary 0.065 0.087 1.0974 

 After measured the resistance of the windings was measured 

the impedance of the transformer in open circuit and in short 

circuit. 

 The open circuit measure, which aim to measure the 

magnetization impedance, was made using the parallel mode of 

the equipment at 5 kHz. In order to confirm the results, the 

measurements will be made in both sides of the transformer. 

The results obtained, seen from both sides of the transformer, 

are presented in Table 5: 

 
Table 5 - Results of open circuit impedance measurements with 

 the impedance meter 

 Resistance Ω Inductance 𝑚𝐻 

Primary 29 000 34.1 

Secondary 11 000 17.0 

The short circuit measure, which the objective is to measure 

the resistance of the windings and the leakage induction of the 

transformer, was made using the series mode of the equipment 

at 5 kHz. As in open circuit measurements, also in these will be 

made in both sides of the transformer. The results obtained, are 

showed in Table 6. 

Table 6 - Results of short circuit impedance measurements with 

 the impedance meter 

 Resistance Ω Inductance 𝑚𝐻 

Primary 0.66 0.0743 

Secondary 0.31 0.0353 

B. Testing results 

Once theoretically estimated and measured the parameters of 

the transformer were realized tests under real conditions, 

namely applying nominal voltage and current to the 

transformer. To do this, was needed to generate a square wave, 

this one is created using a PWM modulator, an inverter and a 

DC voltage source.  

To realize the open circuit test, the nominal voltage is applied 

to one of the windings of the transformer and the other one is 

left in open circuit. 

The data of the waveforms, showed in Figure 5, is obtained 

with the oscilloscope and then treated using MATLAB program 

in order to calculate the power and the root mean square values 

of voltage and current. With this data is possible to estimate the 

parameters of magnetization of the transformer. 

 
Figure 5 – Waveforms in the oscilloscope during the open circuit test 

viewed from the primary of the transformer (voltage in violet, current 

in green and inverter command signal in yellow) 

 Since the transformer was in open circuit, the value of the 

current was very low, and then is assumed that all the power 

flowing in the transformer is converted in losses in the 

ferromagnetic material. So, extrapolating to equivalent model 

of the transformer all this power is dissipated in the 

magnetization resistor, and then is possible to assume: 

𝑹𝒎 =
𝑽𝒓𝒎𝒔
𝟐

𝑷
 

, according to the side of the transformer the test was made 𝑉𝑟𝑚𝑠 
applied should be different and was obtained the value of the 

resistor seen from both sides of the transformer. 

 For the value of inductance since, as can be seen in Figure 5, 

the voltage is constant in each half period and the current has a 

linear progress, the magnetization inductance can be estimated 

as: 

𝑳𝒎 =
𝑽𝑪𝑨 ∆𝒕

∆𝑰𝑪𝑨
 

 The results obtained are showed in Table 7. The values for 

the secondary are already converted to the primary side of the 

transformer using the relation (𝑁𝑝/𝑁𝑆 )
2
. 
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Table 7 - Results of magnetization impedance obtained  

with open circuit test 

 𝑅𝑚 𝐿𝑚 

Seen from primary  3.89 𝑘Ω 53.7 𝑚𝐻 

Seen from secondary 3.61 𝑘Ω 56.5 𝑚𝐻 

 

The short circuit test is done applying a small voltage to one 

side of the transformer with the other side in short circuit. The 

voltage applied should be enough only to obtain the nominal 

current of each windings. The objective of this test is to estimate 

the resistance of the windings (𝑅𝑝 and 𝑅𝑠) and the leakage 

inductance (𝐿𝑝 and 𝐿𝑠). This test is just realized in the primary 

side of the transformer because the invertor maximum current 

is lower that the rated current of the secondary, the waveforms 

obtain in the oscilloscope are presented in Figure 6.Figure 6 - 

Waveforms in the oscilloscope during the short circuit test 

viewed from the primary of the transformer (voltage in violet 

and current in green) 

 
Figure 6 - Waveforms in the oscilloscope during the short circuit test 

viewed from the primary of the transformer (voltage in violet and 

current in green) 

Since the impedance of magnetization is much higher than 

the impedance of short circuit the first one could be disregarded 

and so, all the power flowing into the transformer is considered 

losses in the windings, and again comparing with the model of 

the transformer, all the power is dissipated in 𝑅𝑝 and 𝑅𝑠 and 

then: 

𝑹𝒑 + 𝑹𝒔 =
𝑷

𝑰𝒓𝒎𝒔
𝟐

 

 To estimate the leakage inductance couldn’t be used the same 

approximation as for the open circuit test because the current 

wasn’t a linear progress. Then, even not being the most 

appropriate method because the voltage wasn’t constant in each 

half period, the inductance is estimated with the time constant 

(𝜹) of the current, and so: 

𝑳𝑷 + 𝑳𝒔 =  𝜹 ∗ (𝑹𝒑 + 𝑹𝒔) 

 The results obtained with the short circuit test are shown in 

Table 8. 
Table 8 - Results of windings resistance and leakage inductance 

obtained with short circuit test 

 𝑅𝑝 + 𝑅𝑠  𝐿𝑃 + 𝐿𝑠  

Seen from Primary 0.339 Ω 8.483 𝜇𝐻 

 

After the open and short circuit tests were made, the 

transformer was tested under load conditions. Due to the current 

limitation of the inverter hasn’t been possible to achieve the 

rated power of the transformer so the results presented in Table 

9 are obtained as close as possible of the rated power of the 

transformer. In Figure 7 and Figure 8 are presented, 

respectively, the waveforms of the primary and secondary 

during obtain during the load test. 

 
Figure 7 - Waveforms in the oscilloscope during the load test viewed 

from the primary of the transformer (voltage in violet, current in 

green and inverter command signal in yellow) 

 
Figure 8 - Waveforms in the oscilloscope during the load test viewed 

from the secondary of the transformer (voltage in violet, current in 

green and inverter command signal in yellow) 

The values of the powers were obtained using MATLAB 

from the waveforms of Figure 7 and Figure 8 and the efficiency 

is calculated using expression (14). 
Table 9 – Values of power in the primary and secondary of the 

transformer and the respective efficiency. 

𝑃𝑝 565.3 𝑊 

𝑃𝑠 562.1 𝑊 

𝜂 99.42% 

 

Since the wave obtained from load test was more similar to a 

square wave then the one obtained in short circuit test and the 

load connected to the transformer was purely resistive, then the 

leakage impedance will be estimated again using the same 

method as in short circuit test and the result obtained is 𝐿𝑃 +
𝐿𝑠 = 267.8 𝜇𝐻. 

Due to the high efficiency value calculated in the load test 

was chosen to elaborate an efficiency map to verify the value 

found, check the efficiency at rated power and have an idea of 

the evolution of efficiency with the power transformed. So, 

applying to the transformer the rated voltage the load resistor 

value had been changed in order to obtain different powers. The 

data obtained was threated repeating the method of load test and 

the result is shown in Graphic 1. 
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Graphic 1 – Efficiency map of the transformer (Power vs. Efficiency) 

The values of the interpolation line can be admitted as more 

correct than the individual obtain point because this method can 

attenuate the influence of the measuring errors.   

 

C. Result Analysis 

In order to be easier to compare the results, all the results 

obtained previously were converted to per unit values using the 

following base values: 

𝑃𝑏𝑎𝑠𝑒 = 600 𝑊 
𝑉𝑏𝑎𝑠𝑒𝑝 = 150 𝑉 𝑉𝑏𝑎𝑠𝑒𝑠 = 100 𝑉 

𝐼𝑏𝑎𝑠𝑒𝑝 = 4 𝐴 𝐼𝑏𝑎𝑠𝑒𝑠 = 6 𝐴 

𝑍𝑏𝑎𝑠𝑒𝑝 = 37.5 Ω 𝑍𝑏𝑎𝑠𝑒𝑠 = 16.6(7) Ω 

 

Are also presented typical values of the several parameters 

obtain to comparison. Both the converted parameters and the 

typical values are presented in Table 10 and Table 11. 

 
Table 10 – Typical and parameters per unit values of magnetization 

impedance 

 𝑅𝑚𝑎𝑔 𝐿𝑚𝑎𝑔 

Typical > 100 > 20 

Theoretical 120 27.34 

Impedance 

Meter 
773 28.6 

Test 104 45 

 

 
Table 11– Typical and parameters per unit values of short circuit 

impedance 

 𝑅𝑐𝑐 𝐿𝑐𝑐  

Typical 0.04 < 𝑍𝑐𝑐 < 0.1 

Theoretical 0.0097 0.2770 

Impedance 

Meter 
0.0176 0.0622 

Test 0.0090 0.2244 

 

In the magnetization impedance values is possible to observe 

that the value obtained with the impedance meter to the 

magnetization resistor is very high compared to the other values 

obtained and also with the tipical values. This variation is 

justified by the low current value obtained because the 

impedance meter only puts a tension of 1V in the terminals of 

the winding and so, the device has not enough precision to 

measure it. Besides this, because the voltage applied is so low 

the flux magnetic generated is very low and so the losses in the 

core, that is that this resistor pretends to represent. So, this value 

will be discarded. Exception made to this value the other values 

are according to typical values. 

In the short circuit impedance value, once again, the values 

obtain with the impedance meter have a big variation from the 

ones obtained theoretically and in the tests. Is possible to 

observe that the resistance of the windings is very low what is 

a good thing because allows to have a good efficiency. On the 

other side, the leakage inductance is high compared to typical 

values, this indicates that the transformer had considerable 

magnetic leakage. This can also be stated in the voltages 

obtained in the primary and secondary in the load tests. The 

voltage applied to the primary was 154.5V according to turn 

ratio, already taking in account the resistive voltage drop, the 

voltage in secondary should be 105.6V but, was only obtained 

97.9V, which represents a deviation of about 8 %. 

D. Simulation 

To confirm the data obtained before, a Simulink simulation 

of all the system mounted to test the transformer will be done.  

The function generator, PWM modulator, inverter and 

transformer used were all from Simulink library. Just the 

voltage source needs to be modulated in a different way 

because, due to the current limitations of the inverter, the 

voltage source current value was limited in order to avoid the 

protections of the inverter to fire. So, the voltage source is 

modeled with a current source in parallel with a diode, this one 

with a forward voltage equal to the value of the real voltage 

source and the current source with the value of the limit of the 

current. This allows to limit the voltage and current at the same 

time. 

The parameters used in the transformer are the ones obtain 

with the tests of the transformer. The leakage inductance was 

equally divided between the primary and the secondary. The 

windings resistance was divided taking into account the number 

of conductors and turns using the next system of equations: 

{
 
 

 
 
𝑅𝑝 + 𝑅𝑠

′ = 𝑅𝑐𝑐

𝑅𝑝

𝑅𝑠
=

𝑛𝑝
𝑁𝑐𝑜𝑛𝑑𝑝
𝑛𝑠

𝑁𝑐𝑜𝑛𝑑𝑠

 

, where 𝑅𝑠
′  represents the resistance of the secondary seen from 

the primary side of the transformer. 

 Once the simulation was built the open circuit, short circuit 

and load tests were simulated in order to confirm the parameters 

obtained and the efficiency map. 
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 In the open circuit simulation, the waveforms obtained, 

shown in Figure 9, were similar to the ones of the real test. The 

power flowing into the transformer in the simulation is 6.93 𝑊.  

 In the short circuit simulation, the results are not the ones 

expected. The waveforms do not correspond to the ones 

obtained in the tests and the voltage applied in the simulation 

needed to be 36.36 V in order to obtain the nominal current in 

the transformer while in the test the rout mean square value of 

the voltage was 6.33 V. 

 To obtain the efficiency map of the transformer the load 

applied to the transformer was changed. The waveforms obtain 

were similar to the ones obtained in the tests. The efficiency 

map is presented in the Figure 10. 

 
Figure 10 – Efficiency map of the transformer obtain with the 

simulation 

 The efficiency trend is similar to the one obtained with the 

tests and again confirm the pre-established value for the 

efficiency. It’s also possible to verify that the core material was 

a good performance because for low powers the efficiency of 

the transformer just suffer a small deviation from the efficiency 

at rated power. 

V. CONCLUSION 

In the first part of this work was possible to understand the 

relation between the several variables in the design of 

transformers. One of the more important was the inverse 

proportionality between the frequency of the transformer and 

its dimensions. Was also realized that neither the core cross 

section or the area of the window had minimum values what 

allows several types of designs, what could be especially 

important for specific applications. 

Was also realized that is possible to transform the same 

power using several combinations of values for current density 

and flux magnetic density however, the higher efficiency point 

of the transformer correspond to a unique combination of this 

values.  

The efficiency of the transformer is one of the most important 

parameters, and becomes especially important in very compact 

transformers because the losses are reflected as a temperature 

raise in the transformer, and due to the small area of contact 

with the cooling fluid, in the case of this work the air, the 

temperature raise could be too high. 

Due to the medium frequency character of the transformer is 

needed to have a special attention to the material selected. In 

this case was chosen an amorphous material for the core and 

used several conductors in parallel to try to minimize the losses. 

Was also verified that that theoretical calculations are a good 

approach to the parameters estimation in contrast with the 

impedance meter. 

It’s possible to observe in the efficiency maps that the 

transformer would be able to transform the power its designed 

for, and that the initial efficiency restriction was respected. Was 

also verified the good performance of the core material. 

The biggest difficulties found in this work are the lack of 

measuring devises for non-sinusoidal waveforms and 

bibliography about non-sinusoidal transformer tests. 

A. Future work 

Some of the future work that can be done in this subject is 

the developing of methodologies of testing for non-sinusoidal 

waveforms transformers. In order to solve the problem of 

magnetic leakage build a prototype with the same 

characteristics as the ones built but in a shell type configuration. 

Do a precise thermal verification of the transformer to identify 

hotspots and know its thermal behavior. In a wider scenario, 

connecting the transformer to two electronic converters, 

obtaining a bidirectional transformation system with 

intermediate DC points, what constitutes a very interesting 

feature to use in smart grids, due to its bidirectional power 

control that allows distributed control of the electric grid. 
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