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Abstract: The multi-winding medium frequency transformer (MMFT) has attracted widespread
attention, since its application in power electronic transformers can simplify the system structure
and reduce the volume and weight. However, the special working conditions of MMFT due to high
voltage and high power density increase the difficulty of insulation design for MMFT. For this issue,
this paper presents a comprehensive analysis of electric filed characteristics for MMFT. First, the
electric field model of MMFT is established using the 2-D finite element method. Based on it, the
influences of connection mode, core structure, and hollow winding on the electric field characteristics
of MMFT are studied, including the overall electric field distribution, maximum electric field intensity,
and the electric field intensity along a fixed path. The results show that there are differences in the
maximum electric field intensity for different connection modes and different core structures, which
provides references for MMFT insulation design. The proposed modeling method and analysis
results in this paper are important for insulation improvement of MMFT.

Keywords: medium frequency transformer; electric field; finite element method; insulation design;
connection mode; core structure; hollow winding

1. Introduction

With the continuous development of distributed renewable energy [1], energy storage,
and electric vehicles in the power grid, AC/DC hybrid distribution technology based on
power electronic transformers has been rapidly developed, and among them, the multi-port
power electronic transformer (M-PET) [2–5] can realize the flexible control of the power of
multiple ports, and multi-input and multi-output can be achieved at the same time, which
is very suitable for renewable energy grid-connected applications.

Multi-winding medium frequency transformer (MMFT) [6–9], responsible for voltage
transformation and potential isolation, is the core component of M-PET. Compared with
the scheme of using several single-input single-output medium frequency transformers
(MFT) [10–17] to achieve multi-input and multi-output, the MMFT scheme can reduce the
number of transformer and the number of voltage conversion, therefore, the system struc-
ture can be simplified, volume and weight can be reduced, and lower cost can be achieved.

The electromagnetic characteristics analysis of MMFT is more difficult due to the
increase of winding number. Different from MFT, the connection mode of multiple out-
put windings of MMFT varies with the application requirements, and the influence of
connection modes should be considered for MMFT design. Besides, the number of con-
ductors increases rapidly due to the increase of winding number, which poses a challenge
to the modeling of MMFT since a large amount of computing resources and time will be
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consumed as the complexity of model increases. Previous work on MMFT can be found
in [6–9]. Ref. [6] studies the accurate copper loss analysis of a three-winding transformer,
taking into account the variations of phase shift, duty ratio, and amplitude of waveforms.
Ref. [7] proposes a design method of shell-type MMFT in DC-DC converter, and several
geometrical parameters are optimized. Ref. [8] discusses three important factors in the
design process of MMFT for M-PET, involving the core material selection, wire selection,
and winding placement on the core. Ref. [9] presents 7 design schemes and evaluates them
in terms of efficiency, volume, leakage inductance, and parasitic capacitance. Ref. [10]
presents a novel computer-aided optimal design for MFT using the non-dominated sorting
genetic algorithm II. Ref. [11] proposes a design methodology to include the Litz wire
configuration in the optimization process. Most previous works on MFT mainly focus on
the overall design of transformer, and the analysis of electric field is insufficient.

Reliable insulation design is critical for transformers, since insulation failures of
transformers not only cause power outages, but also result in costly maintenance and
replacement costs. The insulation stress of M-PET is mainly concentrated on MMFT, and
M-PET is usually working in high voltage conditions since they are usually connected
with a power grid. Compared with a traditional power transformer, the large reduction
of MFT volume brings challenges to the insulation design since it is difficult to meet
high insulation requirements in a small volume. The insulation design of transformers
is concerned in [18–23]. Ref. [18] designs the insulation structure of a dry-type high-
voltage transformer considering volume and insulation performance. Ref. [19] focuses on
transformer design with high insulation requirements, a single-layer winding is employed
to eliminate insulation stress between different layers. Ref. [20] discusses the technical
challenges and trade-offs on MFT design, and concludes that the power density of MFT
can be improved using stronger dielectric materials for insulation. Ref. [21] proposes a
novel insulation structure for MFT with high insulation level, the primary winding is
impregnated in cast epoxy resin and especially enhanced at the terminal. Ref. [22] proposes
a novel cooling and insulation structure based on the parallel-concentric winding concept.
Ref. [23] carries out a study of the parameters that affect the breakdown voltage in the
insulation supports of a standard dip and bake dry-type transformer. As can be seen,
previous studies mainly focus on improving the insulation structure and winding structure
to meet the high insulation requirements.

Compared with previous work on MMFT design, the novelty of this paper lies in
the fact that it provides a new perspective to improve insulation performance and that
several important factors that affect the electric field characteristics are analyzed, including
connection mode, core structure, and hollow winding, which provide a reference for MMFT
insulation design.

The main contributions of this paper include: (a) the influences of different connection
modes on the electric field distribution of MMFT are studied, involving series connection
mode and independent operation mode. (b) the influences of different core structures on
the electric field distribution of MMFT are studied in detail, including the overall electric
field distribution, maximum electric field intensity, and the electric field intensity along
fixed path. Two kinds of core structures are common for MFT, involving shell type and
core type [21]. (c) the effects of hollow windings on the electric field distribution of MMFT
are studied in detail. The hollow windings have been considered in MFT design, and
thermal analysis of MFT with hollow windings is presented in [24]. It has been identified
as a promising solution to quickly absorb the heat dissipated from the conductors that
placing phase change material inside hollow conductors [25], and hollow windings have
been used for direct cooling in electrical machine [26]. The finite element method [27] is the
most commonly used method for electromagnetic field analysis of transformer [28], and
2-D finite element method is chosen in this paper for electric field calculation and analysis
of MMFT.
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This paper presents the electric field modeling and analysis for MMFT, and the rela-
tionship between the sections is as follows: The basic principle of electric field calculation
using finite element method is presented in Section 2, and the electric field model of MMFT
is established in Section 3. Sections 4–6 present the electric field analysis for different
connection modes, different core structures, and hollow windings with different hollow
ratios. The electric field calculation principle and electric field model in Sections 2 and 3
lay a basis for electric field analysis in Sections 4–6.

2. 2-D Electric Field Calculation Method

The basic principle of electric field calculation using finite element method is presented
in this section. The electric field calculations for different connection modes, different core
structures and hollow windings with different hollow ratios are carried out in Sections 4–6,
though the transformer structure or parameters are different, the principles of electric field
calculation are the same.

The basic principle of finite element method is to divide the whole field with finite
units, and the potential of each point is determined by making the electrostatic field energy
of the whole field as the minimum [29]. The analysis object is taken as a combination
of a finite number of units with simple shapes, and the properties within the unit are
approximated by a simple function as follow:

Φ = α1 + α2x + α3y (1)

Usually, the potential energy X in a 2-D field can be expressed by the following formula:

X =
1
2

x
ε

{(
∂Φ
∂x

)2
+

(
∂Φ
∂y

)2
}

dxdy (2)

where ε is dielectric constant. The nodal potential can be solved by minimizing the potential
energy of the whole field. To minimize X, the derivative of X with respect to the potential
at each node can be set to zero, i.e.,

∂X
∂Φi

= ∑
∂X(e)
∂Φi

= 0 (3)

3. 2-D Electric Field Modeling for MMFT

The case study in this paper was conducted on a 1 MW/20 kHz MMFT in a DC-
DC converter [7] as shown in Figure 1. There are two connection modes for the output
windings, one is series connection mode as shown in Figure 1a, and the other is independent
operation mode as shown in Figure 1b. This MMFT consists of two primary windings and
twelve secondary windings, and the specifications and parameters of this MMFT [7] are
shown in Table 1. Two kinds of core structures for this MMFT are studied in this paper,
including shell type and core type, as shown in Figure 2. The primary winding is the low
voltage winding (LV winding), and the secondary winding is the high voltage winding (HV
winding). For shell type, the primary and secondary windings go around the same core
column. For core type, the primary and secondary windings go around two core columns.
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Parameter  Symbol  Value 

Power  P  1 MW 

Working frequency  f  20 kHz 

Primary voltage  U1 3 kV 

Secondary voltage  U2 30 kV 

Rms primary current  I1  333.33A 

Rms secondary current  I2  33.33A 

Number of primary winding  m  2 
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Number of turns for primary winding (total)  N1  18 
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Figure 1. The schematic diagram of DC-DC converter using MMFT with different connection modes:
(a) Series connection mode; (b) Independent operation mode.

Table 1. Specifications and parameters of this MMFT.

Parameter Symbol Value

Power P 1 MW
Working frequency f 20 kHz

Primary voltage U1 3 kV
Secondary voltage U2 30 kV

Rms primary current I1 333.33A
Rms secondary current I2 33.33A

Number of primary winding m 2
Number of secondary winding n 12

Number of turns for primary winding (total) N1 18
Number of turns for secondary winding (total) N2 180
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Figure 2. MMFT with different core structures. (a) Shell type. (b) Core type.

In order to save the computational resources and improve the simulation efficiency,
1/2 model was adopted. The structure of this MFT is symmetrical up and down, and the
high voltage is concentrated in the upper half of windings, 1/2 model is applicable by
adding symmetric boundary condition. Therefore, the number of conductors is greatly
reduced, and so are the simulation resources and time. Electric field models are established
in finite element simulation software ANSYS Electromagnetics/Maxwell 16.0. Figure 3a,b
provide the winding arrangement for shell type and core type, respectively. The primary
winding is the low voltage winding (LV winding), and the secondary winding is the high
voltage winding (HV winding). There are 12 secondary windings, and there are 15 turns
for each secondary winding. There are 2 rows for each secondary winding, and there is a
vacancy in the second row. In Figure 3a, both primary and secondary winding go around
the middle core column, therefore, the vacancy appears on the right of the second row.
In Figure 3b, the primary winding goes around the left core column while the secondary
winding goes around the right core column, therefore, the vacancy appears on the left of
the second row. Table 2 provides the model parameters of core and windings.
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Table 2. Parameters of core and windings for this MMFT.

Parameter Value

Core

Window width 64 mm
Window height 149 mm

Core stack length 21.6 mm
Core stack width 24.5 mm

Core stack number 4

Windings

Wire type for primary winding Foil conductor
Wire type for secondary winding Litz wire

Size of the foil conductor (length/width) 55 mm/2 mm
Size of the Litz wire (radius) 2 mm

The insulation distance between primary winding layers is 0.4 mm, the insulation
distance between secondary winding layers is 0.6 mm, and the insulation distance between
primary and secondary winding is 2.2 mm. there are nine foil conductors in primary
winding, and ninety litz conductors in secondary winding. The voltage excitations for
primary winding in the two connection modes are the same, decreasing from outside to
inside. The voltage excitation for secondary winding decreases from top to bottom in series
connection mode, and the voltage excitations for each output winding are consistent in
independent operation mode.

4. Electric Field Analysis for MMFT with Different Connection Modes

The electric field distributions of MMFT can be obtained using the established finite
element model. The core structure is shell type, and the windings are arranged as shown
in Figure 3a. Two connection modes are simulated, including series connection mode and
independent operation mode. In series connection mode, the excitation voltages of multiple
output windings increase from bottom to top, while in independent operation mode, the
excitation voltage of each output winding is consistent. The electric field distributions
for the two connection modes are simulated as shown in Figure 4a,b. The maximum
electric field intensities Emax for the two connection modes are shown in Table 3, as can be
seen, Emax of series connection mode is higher, which is 4.8 times that of the independent
operation mode. In series connection mode, the excitation voltage of multiple output
windings is cumulative, resulting in a high voltage and a high electric field intensity in the
first output winding.

Table 3. Maximum electric field intensities for different connection modes.

Connection Mode Emax (V/m)

Series connection mode 1.9432 × 107

Independent operation mode 4.0876 × 106
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5. Electric Field Analysis for MMFT with Different Core Structures

Using the established electric field model in Section 3, the electric field distributions for
MMFT with different core structures are obtained as shown in Figure 5a,b. The connection
mode is series connection. For both shell type and core type, the high electric field intensity
occurs in the upper part of the secondary winding, which is mainly concentrated in the
region between primary and secondary winding, and the region between the secondary
winding and core. The maximum electric field intensities Emax for different core structures
are shown in Table 4, and as can be seen, Emax of shell type is higher than core type, which
is 1.2 times that of the core type. The change of core structure affects the arrangement
of windings, and further leads to the change of electric field distribution and maximum
electric field intensity.
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Table 4. Maximum electric field intensities for different core structures.

Core Structure Emax/V/m

Shell type 1.9432 × 107

Core type 1.6238 × 107

The electric field intensity distributions along predefined paths are researched. As
it can be seen in Figure 5a,b, high electric field intensity arises mainly in two regions,
the region between primary and secondary winding, and the region between secondary
winding and core. Therefore, two paths are preset in these two regions as shown in Figure 6.
Path 1 is in the region between primary and secondary windings, and 0.1 mm away from
the secondary winding. Path 2 is in the region between secondary winding and core, and
0.1 mm away from the secondary winding. The upper vertices of path 1 and path 2 are
aligned with the upper edge of foil conductor in primary winding, and the lengths of path
1 and path 2 are equal to the length of the foil conductor in primary winding.
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The electric field intensity distributions along fixed path can be obtained using the
established finite element models as shown in Figure 5a,b. The electric field intensity
distributions along path 1 and 2 for shell-type and core-type structures are shown in
Figure 7a,b, respectively. The horizontal axis from 0 mm to 55 mm represents the highest
point to the lowest point of the path. As can be seen, the electric field intensity fluctuates
along the winding height, and the peak value decreases from top to bottom. First, for
secondary winding (litz wire winding), the distance between conductor and core varies
with the winding height since the shape of conductor is round and there are insulation
gaps between adjacent layers, resulting in the fluctuation of electric field intensity along the
winding height. Second, for series connection mode, the excitation voltage value decreases
from top to bottom of the winding; therefore, the amplitude of electric field intensity
decreases from top to bottom.

Path 1 is in the region between primary and secondary windings. For shell-type
structure, 12 conductors in the left of secondary winding are closest to primary winding
(Figure 6 shows only the upper part of the secondary winding for shell-type structure),
while for core-type structure, 6 conductors in the left of secondary winding are closest to
primary winding. Therefore, for path 1, there are 12 peaks for shell-type structure, and
6 peaks for core-type structure as shown in Figure 7a.

Path 2 is in the region between secondary winding and core. For shell-type structure,
6 conductors in the right of secondary winding are closest to core, while for core-type
structure, 12 conductors in the right of secondary winding are closest to core. Therefore,
for path 2, there are 6 peaks for shell-type structure, and 12 peaks for core-type structure as
shown in Figure 7b.
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6. Electric Field Analysis for MMFT with Hollow Winding

Due to the skin effect, the current in conductor accumulates towards the conductor
surface at high frequency. Compared with solid conductor, the utilization rate of winding
material can be improved by using hollow winding. Besides, the cooling efficiency can be
improved by introducing cooling medium into the hollow winding. In order to study the
influence of hollow winding on electric field distribution, several important parameters of
hollow winding should be concerned.

As shown in Figure 8, the radius of the hollow region is called the hollow radius, and
is denoted by r0. The hollow ratio ∆h is an important parameter for hollow winding design,
which is defined as follows:

∆h =
t
δ

(4)

where t refers to the thickness of the hollow winding as shown in Figure 8, and δ refers to
the skin depth of a winding at a specified frequency, which can be calculated as follows:

δ =

√
1

π f µσ
(5)



Energies 2021, 14, 3285 11 of 16

where f refers to the working frequency, µ refers to the permeability of conductor, and σ
refers to the conductivity of conductor. The values of parameters are shown in Table 5.
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Table 5. The values of parameters in formula (5).

f/kHz µ/H/m σ/S/m δ/mm

20 4π × 10−7 5.8 × 107 0.4673

The 2-D electric field model of MMFT with hollow winding is established in ANSYS.
The core structure is shell-type, and the connection mode is series connection. The windings
are arranged as shown in Figure 6, and the only difference is that the conductor of the
secondary winding is hollow conductor as shown in Figure 8, and three hollow conductors
with different hollow radiuses r0 are researched, including 1.0 mm, 1.5 mm, and 1.8 mm.
Table 6 offers the hollow radius r0, the thickness of the hollow conductor t, skin depth ∆,
and the hollow ratio ∆h of the three windings. The excitation voltage distribution of the
three windings is consistent with that of the shell-type solid conductor winding in Section 3.
The insulation distance between primary winding layers is 0.4 mm, the insulation distance
between secondary winding layers is 0.6 mm, and the insulation distance between primary
and secondary winding is 2.2 mm.

Table 6. The parameters of the three hollow windings.

Number r0/mm t/mm ∆/mm ∆h

a 1.0 1.0 0.4673 2.14
b 1.5 0.5 0.4673 1.07
c 1.8 0.2 0.4673 0.43

Figure 9a–c provides the electric field distributions for the three hollow windings, and
high electric field intensity arises mainly in two regions, the region between primary and
secondary winding, and the region between secondary winding and core. Table 7 shows
the maximum electric field intensities Emax of the three hollow windings, and as can be
seen, Emax basically remains unchanged with the decrease of the hollow ratio ∆h, and Emax
of hollow winding is slightly higher than that of solid conductor winding. First, the change
of area of the hollow part does not affect the potential of the conductor, so the electric field
intensity is basically unchanged at different hollow radiuses as shown in Table 7. Second,
the potential of the conductor remains the same whether it is a solid conductor or a hollow
conductor when the excitation voltage is consistent, thus, the electric field intensities of
solid conductor winding and hollow winding are basically the same, and the hollow part
causes the variation of the model’s subdivision mesh, which may lead to slight differences
of the calculation results; therefore, Emax of solid conductor winding and hollow winding
are not exactly the same as shown in Table 7.
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Table 7. Maximum electric field intensities for the three hollow windings.

Number Hollow Radius
r0/mm Hollow Ratio ∆h Emax/V/m

a 1 2.14 2.0860 × 107

b 1.5 1.07 2.0465 × 107

c 1.8 0.43 2.0442 × 107

d Solid conductor Solid conductor 1.9432 × 107

The electric field intensity distribution along predefined path for the three hollow
windings is researched. Two paths are preset, as shown in Figure 6. The electric field
intensity distribution along fixed path can be obtained using the established finite element
model, and the electric field intensity distributions along path 1 and 2 for the three hollow
windings are shown in Figure 10a,b respectively. As can be seen, for the three hollow
windings and solid conductor winding, the variation trend of electric field intensity along
the winding height is consistent, and there is little difference in the magnitude of electric
field intensity. First, the core structure of the three hollow windings and solid conductor
winding is the same, and the number of conductors closest to primary winding is the same;
thus, the number of peaks along path 1 for the four windings is the same. For the same
reason, the number of peaks along path 2 is the same, as shown in Figure 10a,b. Second, as
discussed in previous paragraph, the electric field intensities are basically unchanged at
different hollow radiuses, and the electric field intensities of solid conductor winding and
hollow winding are basically the same; therefore, the magnitudes of electric field intensity
for the four windings are almost uniform as shown in Figure 10a,b.
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7. Discussion

This paper presents the electric field modeling and analysis for MMFT. The elec-
tric field distributions for different connection modes, different core structures, and hol-
low windings with different hollow ratios are simulated and compared, and the electric
field intensities along fixed paths are obtained. The results show that there are differ-
ences in the maximum electric field intensity for different connection modes and different
core structures.

Compared with previous work, the feature of this paper lies in the specialized and
detailed study on the electric field characteristics of MMFT. Most previous works on MFT
mainly focus on the overall design of transformer, and the analysis of electric field is often
insufficient—only the overall electric field distribution and maximum electric field intensity
are offered, which vary with the transformer constructions, core and winding parameters,
and safety factors of insulation; therefore, it is difficult to use a unified standard to compare
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the performance of electric field in different literatures. However, through the comparative
analysis with the previous research results, the following two conclusions can be obtained:

(a) For the overall electric field distribution, the proportion of the area with high electric
field intensity in the transformer area in this paper is much smaller than that in
previous work, for example in [21]. The reduction of area with high electric field
intensity is beneficial to reduce the probability of insulation failure.

(b) For the value of the maximum electric field intensity, close result can be found in
previous work, for example, 14 kV/mm in [21], while the range in this paper is
6~20 kV/mm, which proves that the results in this paper are at a reasonable level.

8. Conclusions

This paper focuses on the electric field modeling and analysis for MMFT, and the
influences of connection mode, core structure, and hollow winding on the electric field
characteristics are studied, the main work is as follows:

(a) The electric field model of MMFT using 2-D finite element method is established, and
the overall electric field distribution, maximum electric field intensity, and the electric
field intensity along fixed path can be obtained.

(b) The electric field distributions of MMFT for series connection mode and indepen-
dent operation mode are simulated and compared, and the results show that series
connection mode achieves higher maximum electric field intensity.

(c) The electric field distributions of MMFT with shell type and core type structures
are simulated and compared; the results show that maximum electric field intensity
of shell type structure is higher. The electric field intensity along paths 1 and 2
are simulated and compared, and the results show that the electric field intensity
fluctuates along the winding height, the peak value decreases from top to bottom.

(d) The electric field model of MMFT with hollow winding is established, and the electric
field distributions of hollow windings with different hollow ratios are simulated
and compared; the results show that the change of hollow ratio has little effect on
the maximum electric field intensity. Besides, there is little difference on maximum
electric field intensity of hollow winding and solid conductor winding.

The proposed modeling method and research results provide a basis for insulation
design of MMFT. The electric field characteristics can be improved by selecting the proper
connection mode of converter and selecting the proper core structure. The proposed
method and analysis results are expected to facilitate further improvements in insulation
design of MFT, which is crucial for long-term service.
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