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Abstract: Accurately calculating winding losses has always been a significant challenge in the
design of large-capacity medium-frequency transformers. This paper presents an accurate design
algorithm for calculating the winding losses of a large-capacity medium-frequency distribution
transformer. First, the peculiarities of winding losses in medium-frequency distribution transformers
are analyzed. Various commonly used winding conductor types for medium-frequency transformers
are introduced. The mechanisms of and differences between AC and DC winding losses in medium-
frequency transformers are explained, and an effective analytical method for calculating the AC-to-DC
resistance ratio is provided. Finally, the analytical calculation results of different types of winding
losses are compared with those obtained through finite element simulations and experimental
methods applied to a real transformer prototype. The discrepancies between the analytical results
and those obtained using the other two methods were found to be within acceptable error margins,
thereby validating the accuracy and effectiveness of the proposed algorithm.

Keywords: large-capacity medium-frequency transformer; winding losses; design algorithm; Litz
wire; copper foil

1. Introduction

With the establishment of China’s goals for “carbon peaking and carbon neutrality,”
the proportions of renewable energy generation and power electronic devices are expected
to increase significantly [1]. Medium-frequency transformers, in combination with power
electronic conversion devices, play a crucial role in scenarios involving the flexible regula-
tion of power and voltage; energy interconnection and mutual support; fault management;
the integration of high-proportion distributed energy resources; large-capacity energy
storage access; flexible interaction between sources, grids, loads, and storage; and AC-DC
grid interconnection [2—4]. These transformers are essential for realizing the functions of
new power distribution systems.

In the context of introducing power electronic conversion devices into new distribution
systems, the operating frequencies of transformers can be increased [5]. Compared to
power-frequency distribution transformers with the same operational capacity, medium-
frequency distribution transformers operating at frequencies between 400 Hz and 2000 Hz
exhibit significant reductions in design volume and weight as the operating frequency
increases [6-8]. Consequently, medium-frequency transformers are more cost-effective,
occupy less space, and are applicable in a broader range of scenarios [9-11]. However, an
increase in operating frequency substantially affects the characteristics of transformers,
and traditional transformer design algorithms are no longer suitable for the design and
development of medium-frequency distribution transformers.

In many application scenarios, power electronic distribution systems also introduce a
significant quantity of harmonic currents to medium-frequency distribution transformers,
complicating their operational conditions and making loss design more challenging [12,13].
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Accurately calculating the losses of large-capacity medium-frequency distribution trans-
former windings under harmonic operating conditions is one of the critical challenges in
their design.

In this paper, we not only conduct an in-depth study on the analytical calculation
of winding losses in large-capacity medium-frequency distribution transformers but also
verify the accuracy of this analytical algorithm through finite element simulation and
experimental tests conducted on a prototype. This analytical algorithm will significantly
enhance the design efficiency of similar medium-frequency transformers in engineering
applications, thereby contributing to the development of new distribution systems.

In this paper, the calculation of winding losses in distribution transformers under
medium-frequency excitation, rather than the typical power-frequency excitation, is inves-
tigated. Meanwhile, the capacity of the distribution transformer is up to the MW level.
Through derivation and calculation, it is demonstrated that the AC resistance losses of Litz
wire windings in medium-frequency transformers can be equivalently represented by DC
resistance losses. Additionally, special consideration is given to the practical engineering
scenario where the height of the copper foil winding often does not match the height of the
core window. By using the porosity factor algorithm, the winding height is equivalently
adjusted to match the height of the core window, making the algorithm more applicable to
engineering practices.

2. Specificity of Winding Losses in Medium-Frequency Distribution Transformers

Winding losses in transformers, also known as copper losses, are caused by the work-
ing resistance of winding conductors when alternating current flows through them [14,15].
In power-frequency transformers, copper losses are equivalent to the losses caused by the
resistance of the copper material in the windings, known as DC resistance losses [16]. This
is because, at a 50 Hz operating current, the skin effect and proximity effect in the conductor
are weak, resulting in minimal difference between the AC resistance and DC resistance
of the windings [17]. Consequently, the DC resistance losses and AC resistance losses are
nearly identical [18].

The resistance exhibited by a conductor under direct current (DC) excitation is referred
to as DC resistance, while the resistance under alternating current (AC) excitation is known
as AC resistance [19]. In an AC environment, the skin effect and proximity effect influence
the conductor, causing a change in resistance. As a result, the AC resistance of the conductor
varies with the operating frequency [20].

For medium-frequency transformers used in power electronic transformers, the oper-
ating frequency is relatively high. The operating current is often non-sinusoidal, and the
operating voltage is typically a square waveform (as shown in Figure 1). This results in
a significant amount of higher-order harmonic currents entering the windings. In such
cases, the influence of the skin effect and proximity effect on the winding conductors
cannot be ignored, as they lead to AC resistance losses that are greater than DC resistance
losses [21,22]. Therefore, it is necessary to study the impact of operating frequency and
harmonic composition on transformer winding losses.
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Figure 1. Medium-frequency transformers’ operating conditions. (a) Operating current. (b) Operating

voltage.

3. Introduction to Winding Conductor Types for Medium-Frequency Distribution
Transformers

The selection of winding conductors is of paramount importance in the design of
medium-frequency distribution transformers [23]. The type of conductor significantly
influences the winding losses, and the calculation of these losses varies depending on the
conductor type.

Currently, copper foil, Litz wire, and flat copper wire are the commonly used conductor
types in medium-frequency transformers to better suppress eddy current effects [24]. The
most suitable type should be selected based on the transformer’s specific characteristics.

Flat copper wire windings have a sizeable current-carrying capacity and exhibit good
thermal performance, and their manufacturing process is simple. However, due to their
relatively large thickness, their ability to suppress the skin effect and proximity effect
is weak [25,26]. Therefore, flat copper wire windings are suitable only for transformers
operating at relatively low frequencies (several hundred Hz).

Litz wire windings can mitigate the skin effect and proximity effect, bringing the AC
resistance of the Litz wire close to its DC resistance. This makes Litz wire advantageous in
medium- to high-frequency transformers [27]. However, due to manufacturing limitations,
Litz wire windings have a lower current-carrying capacity and poor heat dissipation. Thus,
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Litz wire windings are typically used in medium- to high-frequency transformers with
small currents.

Copper foil windings offer a large current-carrying area and small thickness, ef-
fectively weakening the skin effect and proximity effect. They also have good thermal
conductivity and can be simply manufactured, making them suitable for large-current
medium-frequency transformers.

4. Methods for Analyzing Winding Losses in Medium-Frequency
Distribution Transformers

In designing medium-frequency distribution transformers, the theoretically calculated
winding losses must not significantly deviate from the measured losses of the actual
product. However, the calculation of transformer winding losses is inherently a complex
electromagnetic field problem [28]. The structural composition of actual transformers is
highly intricate, and the internal magnetic field distribution is equally complex, making it
extremely challenging to analytically compute winding losses [29]. Typically, simplified
calculation models are used to approximate winding losses in transformers. These models
must ensure that the calculated results closely approximate the measured results for the
actual product.

A medium-frequency distribution transformer (the parameters of which are shown in
Table 1) is used as a prototype to analyze and validate the analytical calculation method for
winding losses under harmonic current excitation (the parameters of which are shown in
Table 2). Flowcharts for the two analytical methods of winding loss calculation introduced
in this chapter are shown in Figure 2.

Table 1. Parameters of the medium-frequency distribution transformer.

Transformer Structure Dry-Type Dual Winding Capacity 3.95 MVA
Operating frequency 1kHz Voltage ratio 1.5kV/10.5kV
Primary winding turns 9 turns Secondary winding turns 63 turns

Primary copper foil conductor

Primary winding type
Total length of primary
conductor
RMS primary current

Cross-sectional area: 160 mm?2

Secondary Litz wire Strand diameter: 0.12 mm

1.8 mm x 700 mm

conductor Number of strands: 3540
Single-layer winding Secondary winding type 4 parallel conductors
137 m Total length of secondary 1185 m
conductor
26333 A RMS secondary current 376.2 A

Table 2. Parameters of excitation current containing harmonics.

Frequency (kHz) RMS Current (A)

1 (fundamental wave) 2633.3
3 196.7
5 84.5
7 56.8
9 45.0
11 37.9
13 329
15 29.0
17 25.3
19 221
21 19.0
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Figure 2. Flowchart of analytical calculation of winding losses.

4.1. Calculation of Litz Wire Winding Losses

In this case study, the secondary winding is composed of Litz wire, with the specific
parameters detailed in Table 1. Due to the structural characteristics of Litz wire, the skin
effect and proximity effect are significantly weakened. Historically, in medium-frequency
transformer design, the AC resistance losses of Litz wire windings have been considered
equivalent to the DC resistance losses.

This study calculates the AC resistance losses of the Litz wire winding and verifies
whether they can indeed be equated to the DC resistance losses.

4.1.1. Analysis of Deviation between AC and DC Resistance

The complex structure of Litz wire makes the analysis of AC resistance particularly
challenging. Numerous studies have proposed methods for calculating the AC resistance
of Litz wire [30-33]. In this case study, the employed method leverages the orthogonal
relationship between the skin effect and proximity effect to perform the calculations. The
formula is as follows: 5
RS =S+ K(P)°G

Rpc
A M
o~ (24)

where R is the AC resistance of the Litz wire, Rpc is the DC resistance of the Litz wire, S
is the AC-to-DC resistance ratio for a single strand (generally equal to 1), D; is the diameter
of a single strand, Dy is the diameter of the Litz wire, G is the eddy current factor, and f is
the operating frequency.

The constant K related to the number of strands in the Litz wire N has specific values
provided in Table 3.

Table 3. Correspondence between the constants K and N.

N 3 9 27 )
K 1.55 1.84 1.92 2

By substituting the parameters of the transformer from Table 1 into Equation (1), the
following result can be obtained:

4
Rac 0.12 x 14150 .2 { 0.12 x /10000
“AC — 1402 = 1.0027214 2
Rpe T2 ) ( 256.18 00272149 @)
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The resulting calculation shows that the ratio of the AC resistance to the DC resistance
of the Litz wire winding is approximately equal to 1 in this case. This demonstrates that
the AC resistance losses in the Litz wire winding of medium-frequency transformers can
be effectively approximated using the DC resistance losses.

4.1.2. Calculation of Secondary Litz Wire Winding Losses

The losses in the secondary Litz wire winding can be calculated as follows:

Py = If*Ry
Re=£

S

3)

where Py is the secondary winding loss; Iy is the RMS value of the rated current for the
secondary winding; Ry is the DC resistance of the secondary winding; p is the resistivity of
copper, taken to be 0.02135 Q-mm?/m (at 75 °C); [ is the length of the conductor; and s’ is
the total cross-sectional area of the conductor.

By substituting the parameters of the medium-frequency distribution transformer
from Table 1 into Equation (3), the value of Py can be obtained:

0.02135 x 118.5

P; = 376.22
r = 376.2° X 160

= 2237.9 (W) 4)

4.2. Calculation of Copper Foil Winding Losses

The losses in copper foil windings are primarily AC resistance losses, which entail
solving a three-dimensional electromagnetic field problem within the transformer [34]. This
scenario is highly complex, making it challenging to use analytical methods. To facilitate
the calculations, the three-dimensional model is simplified to an ideal two-dimensional
model, as shown in Figure 2, for analysis.

4.2.1. Winding and Core Window of Equal Height

In Figure 3, it is assumed that the height of the winding equals the height of the core
window hy,. The thickness of the copper foil dy, is significantly smaller than the height
Hy(x), and the interlayer spacing d;; is relatively small. Thus, the magnetic field component
in the x-direction is negligible compared to that in the y-direction. Therefore, the magnetic
field intensity H within the core window can be approximated as being distributed only
in the y-direction. The electromagnetic field within the copper foil windings, being the
internal magnetic field of a conductor, is a typical quasi-static magnetic field.

2 Primary winding E Secondary winding [ Core

di diso d

O (O (O] 4.

aul] Anpowwkg

[
dy

Figure 3. Cross-sectional view of the ideal transformer winding model.
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The windings of the medium-frequency transformer studied in this paper are good
conductors, wherein the conduction current component significantly outweighs the dis-
placement current component, allowing the displacement current to be neglected. Therefore,
the electromagnetic field within the windings of the medium-frequency transformer is a
typical quasi-static magnetic field. The excitation of this medium-frequency transformer
is not of a single frequency, and thus the resulting electromagnetic field is also not of a
single frequency. However, since the winding conductor material is linear and isotropic,
Fourier decomposition can be used to equivalently represent the excitation as a series of
harmonic sources at different frequencies [35]. Each equivalent harmonic source can then
be analyzed using Maxwell’s equations.

V.-D=p

V x E = —jwB

VxH=] ®)
V-B=0

The variables above are explained below:

D is the electric displacement vector;

E is the electric field intensity vector;

B is the magnetic flux density vector;
H is the magnetic field intensity vector;
J is the current density vector;

p is the charge density.

Through complex electromagnetic derivations, the final analytical formula for the
AC-DC resistance coefficient F, can be obtained as follows:

Fo= 54 = Al +3(m = 1){o]

~ Rpc
__ sinh(2A)+sin(2A)
G = sinh(2A)—cos(2A)
inh(A)—sin(A
&2 = Senin)reosa) ©)
b=
5= \/ans

The variables above are explained below:

{1 is the skin effect coefficient;

(> is the proximity effect coefficient;

m is the number of layers in the copper foil winding;

A is the conductor penetration ratio;

¢ is the skin depth;

w is the angular frequency;

u is the magnetic permeability of the conductor material;
o is the electrical conductivity of the conductor material.

4.2.2. Winding and Core Window of Unequal Height

In practice, the height of the copper foil winding often varies with respect to the height
of the core window. Additionally, other types of windings cannot be directly calculated
using the above method. To equate the winding height to the core window height, the
porosity factor algorithm is used to convert the winding equivalently. As shown in Figure 4,
the winding on the far left is a segmented conductor, the height of each conductor segment
is dy,. Using the porosity factor #;, the winding can be converted into a copper foil winding
with the same geometric height (as shown in the middle winding in Figure 4). Then, using
the porosity factor 7, the winding can be further converted into a copper foil winding with
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a height equal to the core window height (as shown in the far-right winding in Figure 4,
and its height is h).

Iy he

@IZI]]]]]I]]]]]I]]II]EJ_IHI]]II]I]]]]]I]]]]]

= Tt eererera A

=

Figure 4. Schematic diagram of winding equivalence.

The calculation formulas for #; and 7, are as follows:

— Ndh

e @)
p— hu7

=7,

where N is the number of segments in one layer of the winding.

After two equivalent transformations, the cross-sectional area of the winding changes
compared to the actual area. To ensure the DC resistance remains constant, the porosity
factor is used to adjust the conductivity o and the conductor penetration ratio A.

o' =mmo =no
N = /A

where ¢ is the adjusted conductivity, 7 is the total porosity factor, and A’ is the adjusted
conductor penetration ratio.

The excitation current from Table 2, including the fundamental and harmonic currents,
was substituted into the formula to calculate the AC-DC resistance ratio and the resulting
losses. The results are shown in Table 4.

(8)

Table 4. AC-DC resistance ratio and loss calculation results.

Frequency (kHz) RMS Current (A) AC to DC Resistance Ratio Winding Loss (W)

1 (fundamental wave) 2633.3 4.84 3605.354
3 196.7 32.877 136.658
5 84.5 68.965 52.935
7 56.8 104.39 36.28
9 45.0 133.046 28.98
11 37.9 155.188 23.971
13 329 172.375 20.063
15 29.0 186.087 16.773
17 25.3 197.432 13.554
19 221 207.179 10.889
21 19.0 215.845 8.335

As shown in Table 4, the total winding loss Py is 3953.8 W.
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5. Simulation Validation of Winding Losses in Medium-Frequency Transformers

As shown in Figure 5, a three-dimensional model of the medium-frequency trans-
former (wWhose parameters are in Table 1) was created. The transformer has an inner copper
foil winding and an outer Litz wire winding.

Figure 5. A 3D model of the medium-frequency transformer.

Transient field simulations were conducted using Ansys Maxwell, with the excitation
circuit established, as shown in Figure 6. The primary winding was subjected to an exci-
tation current containing harmonics, with multiple parallel current sources set according
to Table 2. The secondary winding was set to be short-circuited. The specific simulation
process is illustrated in Figure 7a. Additionally, the core of the transformer employed in
this study consists of an amorphous material, 1K101. According to the laboratory mea-
surements, the B-H curve of this material is shown in Figure 7b, and the B-P curves under
various frequency excitations are presented in Figure 7c.

GND
T
1kHz SkHz 9kHz 13kHz 17kHz 21kHz
CICICICICICICICICICIS)
3kHz 7kHz 11kHz 15kHz 19kHz
Primary winding
R,
I\/\/\' Secondary winding
1
GND

Figure 6. Excitation circuit model.
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Figure 7. Detailed description of the finite element simulation. (a) Simulation process flowchart;
(b) B-H curve of the amorphous material 1K101; (¢) B-P curves of the amorphous material 1K101 at

various frequencies.

The prototype has a standard symmetrical structure. To reduce computational com-
plexity, one-quarter of the prototype was simulated. The simulated copper foil winding
loss curve and actual copper foil winding loss curve are shown in Figure 8. The average
copper foil winding loss and Litz wire winding loss for the quarter model were 987 W
and 478.45 W, respectively. Therefore, the average copper foil winding loss and Litz wire
winding loss for the entire prototype were 3948 W and 1913.8 W, respectively.
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Figure 8. One-quarter of the prototype’s winding loss simulation waveforms. (a) Copper foil winding
loss waveform. (b) Litz wire winding loss waveform.

6. Experimental Validation

The equipment used to measure load losses includes a variable frequency power
supply, a power analyzer (WT3000), a voltage transformer, and a current transformer.

Before conducting the experimental measurements, the following connections needed
to be made: As shown in Figure 9, the high-voltage side windings of the transformer are
connected in series, and the low-voltage windings are connected to the variable frequency
power supply. A voltage transformer and a current transformer are installed on the low-
voltage side, and their signals are fed into the power analyzer.

The steps of the experimental measurement process are as follows: Activate the
variable frequency power supply, and adjust the voltage and current to reach the rated
voltage and current on the low-voltage side of the transformer. Once the data stabilize,
record the losses from the power analyzer and convert the losses to 75 °C as required.

The experimental data indicated that the total winding loss, after adjustment to 75 °C,
was 6239.8 W.
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Figure 9. Experimental site photograph.

7. Conclusions

This paper demonstrates that the AC resistance losses in the Litz wire windings of
medium-frequency transformers can be effectively approximated using the DC resistance
losses. This significantly reduces the workload and complexity involved in calculating the
winding losses for Litz wires in medium-frequency transformers. For copper foil windings,
this study accounts for the practical scenario where the winding height often does not
match the height of the core window. The porosity factor algorithm was employed to
achieve equivalence, transforming the calculation into the more established method used
when the winding height equals the core window height. Additionally, the changes in the
cross-sectional area of the winding after equivalence were considered, and the conductivity
was accordingly adjusted.

For the large-capacity medium-frequency distribution transformer prototype used in
this study, the analytical calculation results, simulation results, and experimental results
for winding losses are shown in Figure 10. It can be observed that the values of different
types of winding losses obtained from the three different methods are very close. The
discrepancy between the total winding losses calculated using the analytical algorithm and
the results from the other two methods is within 6%, which is acceptable. Therefore, it can
be concluded that the design algorithm for winding loss proposed in this paper is accurate
and effective. This design algorithm can be widely applied in the design of large-capacity
medium-frequency transformers, promoting the development of accurate winding loss
calculations within this industry.
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Figure 10. Parametrical curves of winding losses obtained via the three methods.
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