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Abstract - Three-phase medium/high frequency transformers 
are relevant in flexible power distribution systems, as well as 
offshore wind turbines and traction systems. The wide 
application possibilities of these fundamental equipment in 
energy systems, is due in large part to the reduction of their 
dimensions. As the volume of the magnetic core is inversely 
proportional to the operating frequency, it is possible to obtain 
smaller core dimensions by increasing the frequency. The 
challenge is to maintain high efficiency when reducing the size of 
the transformer. Thus, a careful analysis is required in its design, 
because with the increase in frequency, new problems arise when 
compared to the conventional 50/60 Hz transformers. Problems 
as eddy currents, proximity effect and skin effect are inherent to 
the high frequencies, and need to be taken in account when sizing 
the transformer. For the correct sizing of the transformer, 
empirical equations are presented as well as simulations using a 
finite element program. Finally, results obtained with the built 
prototype are presented, showing the correct operation of the 
high frequency transformer at 10kHz. 

Keywords: High frequency transformers; Transformer’s 
design; Medium/high frequency; Transformer’s tests; Efficiency 

I. INTRODUCTION 

The induction effect, discovered by Faraday and Henry, 
was the first step given in the development of the transformer, 
and electromagnetism, around 1830. Six years later, the coil 
was invented in Ireland, which Pavel Yablochokov realized its 
potential, later on using in his lighting system in 1876 [1]. 

Although some prototypes of transformers were previously 
made, it was in 1886 that William Stanley created a 
transformer, more practical and with the possibility of 
regulating the air gap for commercial purposes. Even today 
they use forms of core that were designed by Stanley, as the 
example of the core with E-shaped laminations. In 1889, the 
Russian engineer Dolivo-Dobrobolsky developed the first 
three-phase transformer [1] in a German company. Since then 
the transformers are fundamental equipment in the energy 
systems. They have been continuously improved to increase 
their efficiency and capacity, as well as decrease of their 
volume. 

Currently, the electrical grid must accommodate 
distributed generation as well as to ensure large-scale 
integration of renewable energy sources. Transformers are 

fundamental equipment in the conversion of electric energy, 
with high efficiency. However, traditional transformers lack 
flexibility, in the sense that they usually do not allow the 
control of the load voltage, and do not allow direct 
interconnection between electrical grids operating at different 
frequencies [2]. 

To answer to these new challenges, it is possible to use 
electronic power converters which, connected to the secondary 
side of the transformer, allow the load voltage control [3]. 
However, a solution to enable meeting all the requirements of 
the electrical grid, would be to replace conventional 
transformers by transformers operating at medium/high 
frequency, associated to power electronic converters 
connected to the primary side and to the secondary side [2], 
[4].  

Transformers operating at high frequencies have reduced 
volume when compared to 50/60 Hz transformers, because the 
volume of the magnetic core is inversely proportional to the 
operating frequency. Still, they can be used for high power 
applications.  

Some possible applications for these transformers are: 
connection of offshore wind turbines, traction systems, as well 
as energy distribution systems. Although reliability and 
efficiency are desirable characteristics in any conversion 
system, in the case of applications of turbines installed at sea, 
size and weight are fundamental requirements for the 
conversion systems of these infrastructures. In these 
applications, the transformer is the component with the highest 
volume in the conversion system [5]. Thus, it is clear the 
importance of the study of reduced volume transformers that 
can be obtained through the operation at higher frequencies. 
The volume reduction brings benefits both in wind turbines, as 
in traction systems and also in flexible electrical energy 
distribution systems. 

This paper is organized as follows: Section I is the 
introduction, the foundations of electromagnetism applied to 
transformers are presented and developed in section 2. 

The usual short circuit tests, open circuit and in load were 
carried out in section 3, and so it was possible to obtain 
electrical and magnetic parameters of the transformer and to 
relate them with the sizing equations obtained in section 2 to 
obtain real values of inductances, resistances and also 



electrical and magnetic losses. The conclusions are presented 
in section IV.  

II. TRANSFORMER DESIGN 

To start the transformer design it is used Faraday's law, 
which relates the electromagnetic force, e

mf
, with the time 

derivative the magnetic flux (ψ) that crosses the section S [6]: 
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The electromagnetic force, e
mf

, is then obtained: 
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The flux is represented by ∅, N represents the number of 

turns and ��⃗  represents the electric field vector. To set the 

induced electric field, ��
���⃗ , the potential Maxwell vector, �⃗ is 

introduced 
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Not considering the resistive losses, it is obtained emf = -vw, 
being vw the voltage applied to the windings (4): 

�� = � 
�∅
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 (4) 

If in the primary of the transformer voltage V
P
 is applied to 

the windings of the primary, n
1
, during the time �� and if the 

resistive losses are neglected, and considering that the 
magnetic field lines are confined to the core, the flux  ∅ in 
each winding turn is given by: 
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As the transformer will be fed with a symmetric 
alternating square waveform, with a zero average value, and 
designed to operate in the linear zone of the curve B-H, not 
considering that hysteresis occurs, it is obtained: 

∅(0) = −
�� � �

2 ��

 (6) 

For the symmetric alternating square waveform, the value 
of the duty-cycle is � = 0.5 resulting in: 

∅(0) = −
�� �

4 ��

 (7) 

The wave factor, k
f
, changes with the value of the duty-

cycle and depends on the form of wave appliedto the primary 
side of the transformer: 

∅ =
��

�� �� ��

 (8) 

The waveform factors kf for different waveforms are 
presented in table 1: 

Table 1. Waveform factor (kf), adapted from [6] 

 

No 
initial 
flow, 
Ф(0)=0  

Symmetrical 
waveform 

Symmetrical 
square wave 

Symmetrical 
sine wave 

kf 
1

�
 

2

�
 4 4,44 

 

Where A
Fe

 is the effective area of the core, which is 

obtained by multiplying the core area, A
N
, by the filling of 

core, k
p
. This factor is also associated with the material in 

which the core is manufactured, as well as the core shape. Due 
to the eddy currents that are induced due to the magnetic flux, 
it is necessary to laminate the transformer core in order to 
minimize these currents. As such, the effective area of the core 
is not simply obtained by multiplying the width by the length 
of the core, but rather considering also the percentage of core 
fill, k

p. Then the effective area of the core A
Fe

 is obtained: 

��� = �� ��  (9) 

Considering that the magnetic flux density vector, ��⃗ , is 
constant and perpendicular to the area that it crosses, A

Fe
, then: 

� =
∅

���

 (10) 

The transformer is sized to values below the saturation 
value in order to avoid hysteresis losses and thus guaranteeing 
a better operation performance: 

∅ ≤ ∅��� ⟹ �� ��� ≤ ���� ���  ⟹ �� ≤ ����  (11) 

The characteristic magnetic field of the material, 
represented by Bm will be the value for which the transformer 
is sized to operate. From (8) and (10), it is then obtained: 

����� =
��

�� �� ��

 (12) 

As stated above, the transformer is scaled to a maximum 
magnetic flux density value, which will be the characteristic 
value at which the core operates, B

m
. Associated to this 

maximum vector value ��⃗ , for a given frequency, fs, and 
voltage in the primary, Vp, there is a minimum number of 
windings in the primary of the transformer, n

1min
: 
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=
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Subsequently, by calculating the conductor's area and with 
the number of turns already obtained, it is possible to obtain 
the area used by the primary.  

The transformer is usually designed for a given power per 
phase. Then, from the expression of the area’s product it is 
necessary to guarantee that the desired power will be reached 
for the area of the chosen core. 

The current in the primary side, I
p
 can be obtained 

multiplying the current density of the conductor, JCu, by its 



section, ACu. It should be noted that copper is one of the most 
used materials for conductors, and will be used in this 
prototype, and hence the chemical symbol of the same appears 
in the nomenclature, Cu. 

�� = ������ (14) 

Rewriting (13) as a function of the primary voltage, V
p
, 

multiplying the two terms by the RMS value of the primary 
current, I

p
, and considering (14) it is obtained: 

�� �� = �� �� �� �� ��� ��� ��� (15) 

In order to optimize the transformer, the primary windings 
must occupy a given proportion, fp, of the area of transformer 
window, Aw [6]. If the number of turns is multiplied by the 
conductor’s area, the area occupied by the primary is obtained. 
However, the copper wire does not distribute perfectly through 
the window, due to several factors: being a round conductor, 
the conductor insulation, if the windings are rolled manually or 
if they are rolled by a machine [7]. The filling factor, kCu, is 
the value that takes into account the factors listed above 
related to conductors. Considering the filling factor, it is then 
obtained: 

�� ��� = �� ��� �� (16) 

For the calculation of the window area, Aw, just multiply 
the width of it, bw, by the length of the window, aw.  

From (16) and replacing it in (14) it is obtained: 

���� = ������������������� (17) 

The ratio of the apparent power of the primary, Sp, and the 
sum of the apparent powers of the secondary, fp, [6] is given 
by: 

�� =
��

�� + ∑ ��

 (18) 

From (17), replacing the conductor area, ACu, by the value 
obtained in (15) and using the value of fp calculated in (18), it 
is then obtained: 

�� =
����������

��(�� + ∑ ��)
 (19) 

From the expression that calculated the minimum required 
number of windings (13) and multiplying both terms by the 
RMS value of the primary current, I

p
, (19) we got: 
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Knowing that Sp=VpIp, equation (20) can be further 
simplified, and it is obtained: 

����� =
(�� + ∑ ��)
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 (21) 

And so we get the first expression for a quick approach to 
size the transformer, the area’s product. This relationship gives 
information about the core dimensions of the transformer, for a 

given wave factor, kf, as well as the frequency to which it is 
intended to work, thus allowing the transformer design for the 
desired power values. 

It is important to mention that this relationship of the areas 
already shows that, with the increase of the frequency, the size 
of the core decreases. This dependence between frequency and 
the transformer volume is one of the bases of this project.  

A. Ferromagnetic Core Losses 

To calculate the losses for a given core there are different 
approaches. To obtain a quick value, values of the 
ferromagnetic core datasheet supplied by the manufacturer can 
be used. In some cases the manufacturer calculates losses by 
the original Steinmetz (OSE) equation. However, this quick 
way of calculating losses does not consider, for example, the 
waveform of voltage and current, and the expression applies 
only to sinusoidal waveforms. In case the waveform is not 
sinusoidal, other methods as the modified Steinmetz equation 
(MSE), the generalized of Steinmetz’s equation (GSE) and the 
waveform coefficient of Steinmetz’s equation (WcSE) [8] can 
be used. 

1) Original Steinmetz equation, OSE 

This method is usually presented in the datasheet of the 
core and may be used for a quick calculation and to obtain an 
approximate value. It can be calculated from (22): 

�� = � ��
� �� [W/Kg] (22) 

where K, α and β are characteristic data of each material, 
called Steinmetz parameters, and can be directly obtained in 
the datasheet of each core. 

2) Modified Steinmetz equation, MSE 

The modification in the original equation of Steinmetz 
(OSE) was proposed to respond to the problem of the 
waveform, so that it was possible to calculate the losses for 
different waveforms. This problem was solved introducing a 
new variable, the equivalent frequency that respects the 
variations of the flux density rather than the fixed frequency 
value, as was the case in OSE. The value of this variable, feq, is 
obtained as follows [8]: 
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For the application of this method, simply replace the 
value obtained in (23) by the value of the frequency, fs in 
original Steinmetz's equation (22). 

3) Generalized Steinmetz's equation, GSE 

To guarantee higher accuracy in calculating the variations 
of magnetic flux density, B, the modified Steinmetz equation 
(MSE) can be used: 

�� = ��  �
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where α and β have the same value and K1 is a variation of 
the factor K, which is given by: 
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This method is valid for sinusoidal waveforms as well as 
for linear waveforms, but for the calculation of K1 it may be 
necessary to use calculation programs for certain waveforms. 
Another problem of this method, as well as for the MSE, is 
that its applicability has to be verified in new materials, 
recently used in the cores. 

4) Waveform coefficient of Steinmetz’s equation 
method (WcSE) 

The previously suggested method relates non-sinusoidal 
waveforms to the sinusoidal waveform, to the same maximum 
value of magnetic flux density.  

With this method it is possible to conclude that with a 
triangular waveform higher losses will be obtained when 
compared to the square waveform. Finally, to calculate the 
core losses the following expression can be used, which is 
similar to the original Steinmetz expression, but considering 
the excitation waveform: 

 �� = ��� � ��
� �� [�/��] (26) 

B. Windings 

There is more than one option for the choice of windings. 
Although most transformers are built with copper wire, there 
are other options as aluminum and silver. In order to reduce 
the skin effect, a careful evaluation of the wire dimensions is 
required. For the calculation of skin depth, radial distance 
from the driver's surface to the area where the current density 
is 37% of the density present on the surface, the following 
expression is used [9]: 

� =
6,62

���

 � [��] (27) 

Where k it is a constant of the material, and k=1 for copper 
wires. After calculating the skin depth, a very important factor 
in the sizing of the windings, it remains to choose the type of 
conductor to use.  

In the case of square or rectangular wires, whether they are 
uni or multifilament, a better use of the space for the windings 
is achieved, this is because they fill almost perfectly the space 
leaving little space between conductors. The use of this type of 
conductors also allows a higher density value of conductor 
material.  

The use of leaf-type conductive wires is more common in 
applications of high power transformers, with reduced voltages 
applied to windings, in order to reduce the eddy currents. The 
choice of the thickness of this type of conductors changes with 
the predicted value for skin depth. This is a common solution 
for high current values and unitary transformation ratios [5]. In 
Fig. 1 and Fig. 2 representative examples of monofilament and 
multifilament conductors are presented. 

In most high frequency transformers applications, 
multifilament conductors are usually chosen. For any of the 
multifilament options presented, it is possible to add or remove 

wires in order to obtain the desired width of the final 
conductor, thus being a versatile and easy-to-winding option. 
Compared to leaf-type conductors, it has the advantage of not 
having sharp shapes and as such allows easier insulation of the 
conductor itself [9]. 

 
Fig. 1. Examples of monofilament conductors, adapted from [5,11] 

 
Fig. 2. Examples of multifilament conductors, adapted from [5] 

Despite the hypotheses presented earlier, for high 
frequency transformers the Litz wire is the most chosen option 
for the transformer windings. Further on it is clarified why this 
multifilament topology is the most popular. 

5) Spherical monofilament conductor 

Although this is not the most commonly used option in the 
medium/high frequency applications, spherical conductors 
may be a solution, but when compared to the most frequent 
solution, Litz Wire, they do not present any relevant benefits. 
Yet there is a simple way to scale this type of windings, which 
can also serve as an auxiliary guide in the design of the 
transformer windings.  

The diameter of the conductor to be used, DAWG, can be 
calculated knowing the skin depth [9]: 

���� = 2 � [��] (28) 

For non-coating wire area, AAwg, that is, the area of 
uninsulated wire, just calculate the area of the circumference 
that corresponds to the area of the section of the metallic 
conductor:  

���� =
� ����

�

4
 [���] (29) 

With these values, and considering the dimensions of 
conductors available, it is possible to reach the conductor that 
best suits each case. 

6) Litz wire 

This type of conductor consists of a combination of 
different individually insulated and twisted wires in a 
homogeneous manner, which means that the area exposed to 
the exterior of the wire set is identical for each individual wire 
that constitutes the assembly.  



Its use makes sense in alternating current applications, in 
order to reduce the skin effect and the proximity effect, effects 
that arise with the increase of the frequency. As such the Litz 
wires type reduce AC resistance, RAc, and consequently the 
reduction of total losses in conductors. The shape of this type 
of conductors also guarantees a lower temperature increase of 
the conductors, thus minor losses in the conductors.  

7) Calculating the number of wires to be used 

To calculate the recommended number of conductors the 
expression (30) is used. The result is indicative and can change 
in a range of -25% to +25% of the calculated value, as 
suggested by Sullivan and Zhang [12]: 

�� = � 
�� �

�
 (30) 

In (30), z it is a constant associated to each type of 
conductor, varying depending on the dimensions of this, b 
represents the distance occupied by the windings in the 
window, the height of the windings, and N the number of 
turns. For an approximate value of b, the diameter of the wire 
used should be multiplied by the number of turns, N.  

8)  Wire diameter 

There is no single solution for the different combinations 
of diameter and quantity of wire. Still, it is possible to 
foreseen, for the chosen diameter and number of wires used, if 
it is a viable option, that does not exceed the available area. 

A first approximation is to ensure that the total copper area 
is less than 25/30% of the area available for that same 
winding. It is considered ACu as being the area of one wire and 
it is obtained (31) [12]: 

� �� ��� < 0,3 �� (31) 

From (31) it is possible to know whether the options taken: 
wire diameter and number of wires, are feasible for the project 
of the transformer in study.  

9) Construction of windings  

The maximum number that Sullivan and Zhang [12] 
recommend to the set of wires to be twisted at once, without 
further care required, is given by (32), where ds is the diameter 
of each wire individually. 

��,��� = 4 
��

��
�
 (32) 

In case the recommended number of wires, calculated 
from (30), exceeds the maximum possible number of wires to 
make the torsion in a single step, more care must be taken and 
proper techniques should be applied to perform the wire 
twisting. 

10)  Theoretical losses in conductors 

For the calculation of the conductors losses the Resistance 
Factor is calculated. For higher frequency values, new 
problems arise as the skin effect and eddy currents. 

The Resistance Factor [12], FR, is an indicator of the 
relationship between the DC resistance and the resistance of 
windings in AC, and is given by: 
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���

���
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�

192 �� ��
 (33) 

The number of wires used is represented by n, after the 
approximation of the value obtained for calculating the 
number of wires to be used, nc, by the expression (30). The 
expression is then presented for the calculation of the DC 
resistance, Rdc [6]: 

��� =
��� ��� �

���

 (34) 

From (34) it is possible to conclude that with the decrease 
of the conductor area, the DC resistance increases. 

Finally, the expected losses in the windings are calculated 
(35) with the expression suggested by Sullivan [7], using the 
expressions previously presented (33) and (34). 

��� = �� ��� �� (35) 

Another way of calculating the losses of the windings, but 
now taking into account the desired maximum current density, 
is given by [6]: 

��� = ��� �� ��� ���
�  �� ��� (36) 

From (36) it is clear the strong influence of the current 
density in the losses that contribute quadratically to the value 
of the losses of the conductor wire. 

11)  Winding groups, layers 

For most cases, to distribute the primary and secondary 
windings by layers is advantageous because a lower value of 
losses is obtained. Still, for medium/high frequencies it is 
necessary to pay attention to the number of layers used to 
distribute the primary and secondary windings, as the 
proximity effect increases exponentially with the number of 
layers and leads to a consequent increase in AC resistance [9].  

In order to reduce the proximity effect, one of the 
possibilities is to choose a core that has the highest average 
distance of windings, MIt, and so the number of laps needed, 
N, can be reduced, decreasing the proximity effect. 

C. Minimizing losses 

It is possible to minimize the total losses for a transformer 
with a selected core, with a careful analysis of the losses and 
variables such as the characteristic magnetic flux density, Bm, 
and the current density, JCu. Returning to the expression of the 
area’s product (21) to estimate the current density, and 
considering the method WcSE, the total losses are given by 
(37) [6]: 
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To obtain the minimum value of the losses, the expression 
(37) is derived in order to the variable of interest, and made 
equal to zero, and thus gets to the value of the optimal flux 
density, B’m: 

�(��� + ���)
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= 0 (38) 

From (37) and (38) it is obtained: 
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Solving (39) it is then obtained: 
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From (40) it is possible that the optimal value of the 
magnetic flux density, B'm, is dependent on some parameters 
related to the windings as well as on other variables as the size 
and type of the used core. 

To obtain the minimum value of the losses as a function of 
the current density, J'Cu, the expression (37), considering (36), 
is derived in order to J'Cu (41): 

�(��� + ���)
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= 0 (41) 

Then, from (41) and (37), the optimal value for current 
density, J'Cu, is: 
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The result of these expressions, both for magnetic flux 
density, B'm, and for the current density J'Cu translate values 
associated to the lower values of losses, thus maximum 
efficiency. Still, for a selected core, the relationship between 
Bm and JCu is as follows: if one increases the other decreases. 
This should be taken in account in the decision for the final 
values defined for each variable.  

III. EXPERIMENTAL RESULTS 

The sized and built transformer was tested for no-load, 
short circuit and load operation. Based on the obtained results, 
the transformer efficiency is estimated. 

In all the tests, current probes in 100mV/A scale have been 
used. Voltages have been measured by probes with an 
attenuation of 200 times. 

A. No-load test 

The no-load test consists of leaving the secondary of the 
transformer open, that is, no current flows through the 
secondary and the impedance seen from its terminals is 
infinite. Considering the equivalent scheme of the transformer, 
the resistance and leakage reactance of the primary branch 
when compared to the impedance of the magnetizing branch 

are much smaller. Consequently they can be neglected when 
compared to the magnetizing branch. Thus, the value of the 
output voltage is roughly the same as the input voltage, and the 
current in the primary corresponds to the magnetization 
current, because the current in the secondary is null. 

The no-load test was done considering the voltage and 
current values presented in Table 2:  

Table 2. Power supply values and connection type for no load circuit 
test 

Source voltage [V] Source current [A] Connection 

150 0,4 Delta - Open 

 

In figure 3 the recorded current and voltage waveforms are 
presented. The waveforms of the phase voltages applied to the 
primary correspond to the expected, with three levels, and the 
phase shift between the different phases. As for the currents, 
there is an imbalance between phases, with similar waveforms, 
but with distinct amplitude values.  

a) b) 

Fig. 3. a) Waveforms of currents and line voltages in the primary side 
of the three phases for the open circuit test, primary connected in 

delta form: a) waveforms of currents; b) waveforms of line voltages. 

In the no-load test it is possible to obtain the resistance of 
the magnetic branch, rm, and the reactance of the same branch, 
xm. The resistance can be calculated from (43), where P 
represents the active power and V

1rms
 the RMS value of the 

applied voltage: 

�� =
�����

�

�
 (43) 

For the calculation of the power supplied to the 
transformer, after the converter, it is known that the active 
power in each phase is given by (44) [14]: 

��� = √3 ���,���� ���,����  cos � (44) 

where �������
 represents the RMS value of the first 

harmonic of the line to line voltage. Its value is given by (45) 
[14]: 

���,���� =
√6 �

�
 (45) 

The RMS value of the first harmonic of the phase current 
is represented by ���,� ��� and the displacement factor between 
the first harmonic of the phase voltage and the first harmonic 
of the current is represented by �. The phase shift is measured 
from the experimental results. 



For the present example φ = 100.8º in phase A. It is 
considered that the other phases have the same displacement 
factor as phase A. 

All the relevant values for each phase are presented in 
table 3.  

Table 3. Values obtained for the three phases in the no load test 

Phase A B C 

Vrms [V] 132,2 136,2 123,4 

Irms [A] 1,33 1,66 1,19 

Power [W] - 50,49 - 63,02 - 45,18 

 

For the calculation of the magnetization reactance [15]: 
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(46) 

In this way, the parameters of the magnetization branch of 
the transformer are obtained and presented in Table 4. It is 
considered that the magnetic impedance, Zm, results from the 
division between the voltage and the input current, because the 
current in the secondary is null and so the all the input current 
will flow through the magnetization branch [15]. 

Table 4. Resistance values and leakage reactance for the three phases 
in the no load test 

Fases A B C 

rm [Ω] 346,14 294,36 337,04 

xm [H] 103 85,4 109 

 

B. Short Circuit test 

In this test the secondary of the transformer is short 
circuited, thus imposing a zero voltage on the transformer 
outputs. In this test, the short circuit current Icc (nearly equal to 
the transformer rated current) leads to an increase in conductor 
losses as well as the temperature. Thus, this type of test allows 
a more detailed analysis of the behavior of the transformer 
windings. The short circuit in the secondary represents also a 
path of lower impedance for the current from the primary, 
when compared with the magnetizing branch. For that reason, 
the magnetic flux will decrease and the losses in the magnetic 
core will be low as well. 

Table 5. Power supply values and connection type for the short circuit 
test 

Source voltage [V] Source current [A] Connection 

10 7,25 Star – Short Circuit 

 

Figure 4 presents the three phase currents and voltages 
waveforms in the primary side of the transformer. As 
expected, the current values increase when compared to the 
previous test (no-load test). For the voltages, they present a 
different waveform when compared to the previous test, 

something that is also justified by their very low value, when 
compared to the nominal value.  

a) b) 
Fig. 4. Waveforms of currents (a) and phase voltages (b) on the 

primary side of the three phases for the short circuit test. 

From the results obtained in this experiment, the 
resistances of the primary and secondary side r

p
 and r

s
, 

respectively, as well as the leakage inductances, lp and ls are 
calculated. It is necessary to mention that a new calculation of 
the phase shift between the current and the voltage for each 
test is required, as different current and voltage values are 
obtained. 

To short circuit voltage, Vcc, can be related to the short 
circuit impedance, Zcc,  by (47): 

��� = ��� ���  (47) 

The short-circuit voltage, Vcc, represents the applied 
voltage necessary to establish the short-circuit current, Icc. The 
short circuit current is the primary side current, and neglecting 
the current in the magnetization branch, it also equals the 
current in the secondary side. Then, the resistances of the 
primary and secondary windings can be calculated from (48): 
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= ��� (48) 

The power in each phase is calculated from (43). In Fig. 5 
the phase voltages are presented and used to calculate the 
power. 

For the calculation of the power the RMS values of the 
phase voltages are used, instead of the RMS value of the first 
harmonic, because with the waveform obtained it is not 
possible to measure the value of the first harmonic. 

 
Fig. 5. Waveforms of line to line voltages VAB (blue), VBC (violet) and 

VCA (Green) 

In the transformer equivalent scheme, the short circuit 
impedance Z

cc
 (49) results from the series of primary and 

secondary resistances with the leakage inductances. 
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Finally, in Table 6 the results obtained from the 
parameters under study, for each phase, are presented. 

Table 6. Values obtained for the short-circuit test 

Fases A B C 

Ucc [V] 2,68 1,47 1,478 

Icc [A] 6,19 7,1 6,58 

Zcc [Ω] 0,433 0,207 0,225 

P [W] 14,76 2,969 4,288 

rp+rs [Ω] 0,385 0,059 0,099 

lp+ls [H] 0,198 0,198 0,202 

 

C. Load test 

In the load test three 50W rheostats were connected to the 
secondary terminals of the high frequency transformer. 
However, as the operation frequency is 10 kHz, the load will 
have an inductive behavior. 

The values used in the experimental test are presented in 
table 7, and the waveforms of three phase currents and 
voltages are registered in figures 6 and 7. 

Table 7. Power supply values and connection type for the load test 

Voltage supply [V] Source current [A] Connection 

150 3,5 Star - Star 

 

a) b) 
Fig. 6. Waveforms of currents in primary (left) and secondary (right) 
relative to the three phases for the load test 

a) b) 
Fig. 7. Waveforms of phase voltages in the primary (a) and secondary 
(b) relative to the three phases for the load test 

The power can be calculated from (43), where the RMS 
value of the first harmonic of the current, Iph,1rms, is determined 
from the obtained waveforms. The RMS value of the 
fundamental harmonic of the line to line voltage, Vll,1rms, can 
be calculated from (44). 

For the calculation of the active power in each phase, it is 
necessary to calculate the phase shift between the voltage and 
the current. 

After calculating the phase shift, Φ = 64.8º, the values for 
the power in each phase are obtained and presented in Table 8. 
It should be noted that, as the current waveforms are nearly 
sinusoidal, to calculate the RMS values of their first harmonic, 
it is used their maximum value divided by the root mean 
square of two. For the calculation of the RMS value of the 
fundamental harmonic of the phase voltage, by observing the 
waveforms of phase voltage, Figure 7, the secondary voltage 
waveform is not significantly different from the primary 
voltage waveform. For that reason equation (43) is chosen 
again for the calculation of the transformer output power. This 
option is also justified, in addition to the similarity in the 
shapes and values of the primary and secondary phase voltage 
waveforms. 

Table 8. Values obtained for power in the primary and secondary, in 
the load test for the three phases 

Phases A B C Total 

Input power [W] 131,7 126,85 126,85 385,4 

Output power [W] 141,49 124,4 107,3 373,2 

 

D. Efficiency 

The efficiency, ηT (50) is calculated from the results 
presented in Table 8. 

 �� =  
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 =
373,2

385,4
= 0,968 (50) 

In Table 9 the values obtained for the parameters of the 
transformer equivalent T-scheme are presented. Due to the 
impossibility of performing the short-circuit test in the finite 
elements program FEMM, these values are not tabled. The 
values obtained by empirical expressions, theoretical values, 
and experimentally are presented. 

Table 9. Theoretical and experimental values of the parameters in the 
equivalent model of the transformer 

Variables rp rs lp ls rm xm 

Theoretic
al 

0,022
Ω 

0,022
Ω 

1,075μ
H 

1,075μ
H 

332,3 
Ω 

15,48
H 

Tests 
0,1925

Ω 
0,1925

Ω 
99 nH 99 nH 

346,1
Ω 

1,76 
mH 

 

In Table 10 the efficiency obtained from the theoretical 
and experimental values is calculated and compared. 

  



Table 10. Comparison of theoretical, simulation and experimental 
values 

 Theoretical Simulation Experimental 

Efficiency, η 96 88 97 

Primary power, 
Phase A [W] 

175 63 131,7 

Power losses in 
windings [W] 

1,62 2,59 - 

 

For the calculation of the power delivered to the primary 
of the transformer, through the theoretical expression, it is 
known that the active power is equal to the input and output of 
the converter. The active power at the entrance is given by 
(51) [14], where the supplied current is represented by I

sup
 and 

the voltage applied by U. 

��� = � ���� (51) 

It is important to mention that the value presented in Table 
10 is divided by three, as it is a value relative to a phase only. 
As for the values obtained in the simulation there is a 
discrepancy compared to those obtained experimentally, 
something justified by the inability of the simulation program 
to impose values of voltage in the windings. Then, the 
calculation is done on the basis of the current imposed and 
with values of voltage provided by the program itself. These 
variations are also explained because in the laboratory tests, 
the currents had different amplitudes and phases.  

IV. CONCLUSIONS 

In this work a three-phase medium/high frequency 
transformer has been designed, built and tested. From the 
theoretical foundations a step-by-step project guide was 
presented, which involved choice of materials, sizing of the 
transformer, and optimization of sizing according to defined 
criteria.  

The choice of materials always depends on the 
requirements of each project, and there are relationships 
between the variables that were taken into account such as 
wire, magnetic flux density of saturation, maximum value for 
losses as well as operating temperature. 

The prototype was built to operate at the switching 
frequency of 10 kHz with amorphous metal core and high 
value of the magnetic flux density of saturation. For the 
windings, it was chosen the Litz wire type due to its response 
to the effects which appear in the high frequency operation of 
the transformer. 

The obtained results confirm the transformer sizing. 
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