
1974 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

Origin Analysis and Mitigation Method
of Voltage Oscillation Occurred Inside

the Winding of Medium-Voltage
Medium-Frequency Transformer

Yueyin Wang , Wu Chen , Senior Member, IEEE, Zhan Shen , Member, IEEE, Xiao Yu , Xuhao Zhu,
Haozhe Jin , Graduate Student Member, IEEE, Siyi Luo , Graduate Student Member, IEEE, Zewei Hao ,

and Xin Li , Member, IEEE

Abstract—The medium-voltage medium-frequency transformer
is a critical component of high-power dc converters. However, the
ultrafast switching speed of wide bandgap semiconductors can
induce voltage oscillations in the medium-frequency transformer,
increasing the risk of primary-insulation partial discharge and
leading to permanent breakdown. Existing research has focused
on voltage oscillations occurring at ports, but there is insuffi-
cient knowledge about those happening within the winding. This
article presents a model for calculating internal voltage oscilla-
tions. Compared to conventional models, it is simple and con-
siders the core electrical energy for the first time. Accordingly,
the physically-based analytical formulas are derived to calculate
voltage oscillations. Based on the model, the relationship between
voltage oscillations, port voltage, and transformer structure is ana-
lyzed. The oscillation mitigation method is presented and validated
by experiment.

Index Terms—Analytical model, high-frequency oscillation,
high-frequency transformer.

I. INTRODUCTION

M EDIUM voltage dc (MVdc) collection grids are adopted
in renewable energy systems to increase power density

[1], [2], [3]. MVdc converters play a key role in these grids,
with the medium-frequency transformer (MFT) as the essential
component for providing critical galvanic isolation.

However, the MFTs installed in medium voltage (MV) collec-
tion systems encounter severe voltage stresses, which withstand
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voltage waveforms characterized by high frequencies and rapid
slew rates [4], [5], [6]. It can degrade dielectric performance,
resulting in partial discharge, increased dielectric losses, aging,
and even breakdown [7], [8], [9], [10], [11], [12], [13], [14],
[15]. Given the substantial operational costs of typical renewable
energy systems such as offshore wind farms and photovoltaic
plants, the reliability of high-frequency transformers is highly
required. Therefore, it is essential to comprehensively study the
voltage stress endured by MFTs in MV systems.

The insulation of MFTs typically has to withstand the highest
voltage, and the margin for insulation design is relatively low
within the limited space. The repetitive square waves output
by converters contain rich harmonics, which form continuous
high-frequency voltage oscillations (HFVO). It can lead to MFTs
experiencing unexpected voltage stresses over the rated dielec-
tric strength, causing more intense partial discharges, reduced
insulation life, and even breakdowns, thus posing a threat to
insulation reliability. A rational insulation design is a precondi-
tion for maximizing efficiency and power density in the limited
space available. Therefore, it is essential to accurately determine
the voltage distribution in transformers exposed to HFVO and
develop versatile and practical methods to mitigate HFVO.

The primary methods to study HFVO include the finite el-
ement method (FEM) and lumped circuit models. The FEM
models used for power electronics are often simplified. It means
that Maxwell’s equations are reduced into a quasi-static model,
which includes electrostatic and magnet-static forms depending
on their interested situation [16], [17], [18], [19]. It requires sig-
nificant computational resources and is inefficient for calculating
resonances occurring within MFTs.

The lumped circuit model is a promising method for model-
ing magnetic components. Currently, there are two main ap-
proaches, including methods based on measurement data or
physical structure. The measurement-based approach includes
approximating measured data to the equivalent circuit response
via mathematical fitting. It can be achieved through parameter
adjustments of a fixed circuit [20], [21] or generating a suitable
circuit directly [22], [23]. The approach is accurate within the op-
erating frequency and suitable for black-box texting. However,
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it lacks a clear physical meaning and is unsuitable for optimizing
the design of magnetic components.

Physical-based methods are extensively applied, with the
multiconductor transmission lines (MTL) theory being the most
prominent one. MTL builds lumped circuits based on individual
turns. Currently, there are two main simplification approaches.
The first is to create an equivalent circuit using a pure capacitance
network, neglecting the influence of inductance by assuming
that the inductance value is much larger than the capacitance
value [24], [25]. Another is based on energy conservation, where
voltage distributes linearly over the inductance, and capacitance
is obtained from the total electrical energy [26], [27]. Zhao
et al. [28] offered valuable insights into the applicability of
these two methods. Although intuitive, these models become
challenging to build and solve as the complexity of component
structures increases. To address this issue, models based on
physical principles have been introduced, considering additional
details such as circuit connectivity, fringe fields, and voltage
potential [29], [30], [31]. These models offer improved accuracy
and practicality by incorporating more physical information and
refining equivalent networks. However, the above models are
limited to predict the first resonance point and voltage distribu-
tion. They cannot handle calculations for the second resonance
point, which has been demonstrated to be strongly related to the
HFVO within the windings.

Existing models primarily focus on HFVO at the transformer
ports, overlooking the potential for more severe voltage oscil-
lations occurring within the transformer. Current research lacks
a comprehensive understanding of the underlying mechanisms
and the flexible suppression method. Cui et al. [32] investigated
voltage oscillation in dual active bridge (DAB) converters based
on time-domain analysis. Sekhar et al. [33] proposed connecting
a capacitance across the switches to suppress the oscillation.
The zero-voltage time is adjusted to eliminate the selected har-
monic and the resulted HFVO at the port of transformer, which
exhibits effectiveness in modular multiactive bridge converters
[34]. However, the ultrahigh switching speed of WBG devices
can also result in severe HFVO inside the winding. Cremasco
[35] first discovered the more severe voltage spikes within the
winding than at the port. However, it lacks a theoretical base for
the mechanism of HFVO and a practical oscillation mitigation
method. The typical waveform of the oscillation is illustrated
in Fig. 1. It can cause a more serious total discharge amplitude,
as shown in Fig. 1(c), which has been proven to be inversely
proportional to partial discharge lifetime [12]. Moreover, partial
discharge caused by HFVO can lead to early breakdown. There-
fore, it is imperative to clarify the mechanisms of internal oscil-
lations and propose practical solutions based on these insights.

This article first reveals the mechanism behind the HFVO
inside the transformer, the source of the related resonant energy,
and how the output voltage affects it. Based on this, some
methods to suppress oscillations are proposed. The contributions
of this study are outlined as follows.

1) The electrical energy stored in the core is considered,
which can improve the accuracy of predicting the oscil-
lation. A simplified circuit is used to obtain the intuitive
oscillation mechanism of HFVO.

Fig. 1. Schematic of voltage oscillations within the winding. (a) DAB trans-
former port voltages and oscillation occurring between transformer layers that
are more severe than the ports. (b) DAB circuit using a double-winding trans-
former. (c) Severe partial discharge in the polyimide film occurs under a 1 kHz
voltage due to HFVO.

2) An analytical expression for HFVO is proposed, which
factors in waveform and physical structure of the trans-
former, enabling the prediction of winding voltage spikes,
ringing frequencies, and amplitudes.

3) The mechanism of HFVO is investigated. For the first time,
it is discovered and proved that the resonant magnetic
field energy causing HFVO originates from the leakage
magnetic energy within one side of the winding rather
than the traditionally believed leakage inductance from
an imperfect coupling on both sides.

4) Based on the discovered oscillation mechanism, a practical
and flexible oscillation suppression process is proposed,
including factors related to transformer structure and cir-
cuit adjustment methods.

The rest of this article is organized as follows. Section II
introduces the modeling and calculating methods of the pro-
posed model. Based on the model, the analytical expression
for HFVO is derived in Section III, along with the proposed
mechanism and suppression methods. Section IV presents the
experimental waveforms of HFVO and verifies the mitigation
methods. Finally, Section V concludes this article.

II. MODELING METHOD AND PARAMETER CALCULATION

In this section, the issues faced in ordinary MTL models will
be addressed. The equivalent circuit will be simplified using
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Fig. 2. Basic structure of a high-frequency transformer and the corresponding
MTL model. (a) Cross section of the transformer. (b) MTL model, where Ctt is
interturn capacitance, Rtk (k = 1, 2, …) is the resistance of each turn, CHH is
the interlayer capacitance, and CHL is the interwinding capacitance.

the partitioned energy method. Furthermore, the electric field
energy within the core will be considered.

A. Ordinary MTL Model

As shown in Fig. 2(a), a transformer is used as a sample
with a two-layer primary winding and a single-layer secondary
winding. Assuming that the electromagnetic wavelength is much
larger than the length of a single turn winding, the ordinary
MTL model can be built, as depicted in Fig. 2(b), which in-
cludes adjacent interturn capacitance Ctt, self-inductance Lt,
self-resistance of each turn Rt, and the capacitance between
adjacent winding layers CHH or CHL.

Although this model can accurately calculate the first res-
onance and the corresponding voltage distribution before the
frequency [28], it still faces several issues.

1) The equivalent circuit shown in Fig. 2(b) becomes more
complex as the number of turns increases.

2) Since the coupling coefficient is ignored, it is unsuitable
for calculating frequencies above the first resonance point.

3) The electrical energy of the core is usually neglected, but
its influence becomes more significant as the frequency
increases.

B. Model Based on the Partitioned Energy Method

The partitioned energy method is used to solve the increasing
complicity with the number of turns. The energy of the winding
is partitioned into different regions, and each part is represented
separately using lumped components, as shown in Fig. 3. This
allows the model to be simplified unconstrained by the number
of turns.

There are several ways to divide the regions. As the HFVO
within the winding is of interest, and as will be shown later,

Fig. 3. (a) Dual-winding transformer, with the LV winding consisting of one
layer with 14 turns, and the MV winding consisting of two layers with a total of
28 turns. (b) Equivalent circuit model simplified by partitioned energy method.
The MV winding is connected in series from region 1–4, while the LV winding
is connected in series with region 5 and region 6. As a result, this transformer
can be reduced to a simplified configuration with 4 regions in the MV side and
2 regions on the LV side.

the most severe oscillations occur in the center of the winding.
Therefore, each winding layer is divided into upper and lower
regions along the center line to capture the severest HFVO within
the winding. The detailed modeling method is as follows.

Step 1: Divide the transformer into regions. A transformer
with nl winding layers is divided into nl parts. Each layer-part is
further divided into upper and lower regions along the centerline,
resulting in 2nl regions.

For a layer with nt turns, if nt = 2m, where m is a positive
integer, then each of the upper and lower regions contains m
turns. If nt = 2m-1, the upper and lower regions contain m and
m-1 turns, respectively.

Step 2: The magnetic field coupling between regions is
represented as self and mutual inductance (Lr, M). Consider
each region as a single winding and calculate the inductance
and coupling coefficient of each region using FEM. Then, the
resistance Rt of each region is calculated.

Step 3: The interlayer electric field is represented as ca-
pacitance Cp. Discretize adjacent windings into infinite tiny
capacitors and calculate the equivalent interlayer capacitance
Cp based on the assumed linear voltage distribution.

Step 4: The electric field energy generated by the induced
electric field inside the magnetic core is equivalent to Ccore

connected between layers.
As an example, the transformer shown in Fig. 3 can be divided

into 3×2 regions, with each region containing 7 turns. Then, the
calculation methods for each parameter are detailed below.

1) Mutual Inductance: The double two-dimensional (2-D)
FEM [32], [36] is used to calculate the mutual inductance
between different regions. It decomposes an asymmetric model
into two 2-D models. As shown in Fig. 4, sections A and B are
formed by cutting through the center of the transformer along
the zy and xz planes. And the electromagnetic field energy within
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Fig. 4. Concept of double 2-D Model. (a) Three-dimensional model of the
high-frequency transformer, (b) and (c) represent the 2-D cross sections of
Section A and Section B, respectively.

the 3-D model can be separated and added. The mean turn length
MTL is first determined

MTL = 2 (dlibx + dliby)

+ π (wins_LV + wins_MV + wMV + wLV) (1)

where dlibx and dliby are the thickness of the core columns
in the x- and y-directions, respectively. wMV and wLV are the
thicknesses of the MV and LV side windings, wins_MV and
wins_LV are the widths of the main insulation and the interlayer
insulation, respectively. The thickness lx of Section II-B in the
2-D model is defined as

lx = dliby. (2)

The thickness ly of Section II-A is then determined based on
MTL and lx

ly = 0.5 (MTL − 2lx) . (3)

The leakage magnetic field energy and the coupled magnetic
field energy of the two 2-D models can be calculated separately.
The total energy is obtained by combining these energies from
the two 2-D models. The self-inductance and mutual inductance
for the winding regions within each section can be calculated.

2) Interlayer Capacitance: As shown in Fig. 3, two main
capacitances are considered in the proposed model, i.e., the
capacitance Ccore corresponding to the electric field energy
within the core, as described in Section II-C, and the interlayer
capacitance Cp. The interturn capacitance and the winding-to-
core capacitance are neglected in this model. This is because, in
the samples prepared in Section IV, the interturn capacitance
is decreased with increasing turns number, and the distance
between core and winding is much larger than the interlayer
distance, as shown in Table I.

The interlayer capacitance is calculated in detail in [37]. The
electric field energy between the winding layers can be divided

TABLE I
PARAMETERS OF HIGH-FREQUENCY TRANSFORMER S0

Fig. 5. Variation of interlayer voltage with the position of the winding.

into countless tiny regions, as shown in Fig. 5. Each tiny region
can be approximated as a plate. The voltage across each set
of plate capacitors is a portion of the interlayer voltage Vp (x),
which is assumed to distribute linearly along the winding height.
Therefore, the electric field energy in each tiny region is

Wtiny(j) =
C0

2Lp
V 2
p (xj) j = 1, 2, . . .m, m → +∞ (4)

where xj is the coordinate of the jth tiny region along the height of
the winding, and Vp (xj) is the corresponding interlayer voltage,
as shown in Fig. 5 with dashed lines. C0 is the capacitance value
obtained when the winding is considered an equivalent plate
capacitor with a height of Lp. Furthermore, the electric field
energy, WE,U and WE,L, for the upper and lower regions can be
calculated by integrating the electric field energy within these
smaller areas. Subsequently, the corresponding capacitances,
Cp1 and Cp2, for the two regions are obtained

WE,U =
C0

2Lp

∫ Lp/2

0

V 2
p (x)dx =

7C0

48
Vin

2 =
Cp1V

2
in

2
(5)

WE,L =
C0

2Lp

∫ Lp

Lp/2

V 2
p (x)dx =

C0

12
Vin

2 =
Cp2V

2
N1,N2

2
(6)

where (5) and (6) represent the electrical energy in the upper
and lower layers, respectively, Vin is the high-level voltage,
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VN1N2 is the interlayer voltage in the middle of the winding.
The capacitance can then be obtained from these equations.

3) Resistance: The calculating resistance method can be re-
ferred to [38], in which a detailed explanation is offered.

C. Electric Energy of Core

The permeability of the core is always considered in the con-
ventional model, which is reflected in the inductance. However,
the electric field energy of the core is ignored in the traditional
lumped circuit, which can also significantly affect the resonance
phenomenon. The widely used MnZn ferrites have a high relative
permittivity, reaching 104 [39]. In high-frequency converters,
complex permeability changes are observed above the resonance
point [39]. This is attributed to the relatively small electromag-
netic wavelength in MnZn ferrites with high permeability and
permittivity, resulting in standing waves on the cross sections
[40]. Wunsch et al. [41] used programmable circuit models to
calculate the size resonances. The size resonance can also be
reflected by electric field energy within the core based on field
solutions [42].

Depending on the core parameters, the phenomenon occurs
at lower frequencies, such as in the hundreds of kilohertz range.
In contrast, HFVO oscillation frequencies are typically higher,
reaching into the megahertz range. Therefore, it is necessary to
consider the effect of core capacitance.

There is significant flux variation within the core for trans-
formers operating under square waves. Electric energy is gen-
erated due to the induced field within the core and the high
dielectric constants as

WE =
ε

2

∫∫∫
V core

|E|2dv (7)

where WE is electrical energy, ε is the permittivity of the core,
and Vcore is the volume of the core. The induced electric field
E can be derived through the magnetic flux within the core.
The equivalent magnetic circuit of the EE-type core is shown in
Fig. 6. R0 and R1 are the magnetic reluctances of the middle and
side columns, respectively, while Φ0 and Φ1 are the magnetic
flux of the middle and side columns, respectively. Typically, the
magnetic flux and reluctances of the two side columns are equal.
For transformers operating under square wave, the magnetic flux
variation ΔB within the core can be given as follows:

ΔB =
VinTs/2

NAe
(8)

whereΔB is the change of magnetic flux density during the high-
level voltage, Vin is the high-level voltage, Ts is the square wave
period, N is the number of turns in one winding, and Ae is the
cross-sectional area of the middle column. The circumferential
electric field induced by the magnetic flux variation∮

Edl = − ∂

∂t

∫
S

BdS. (9)

A triangular magnetic flux wave is induced by square wave
voltage. Combining (8) and (9), the electric field in the core can

Fig. 6. Schematic diagram of the magnetic circuit of an EE-type core and the
induced electric field at different cross sections.

be derived as

E(r, t) = − Vinr

2AeN
. (10)

Since the magnetic flux is a triangular wave, the induced
electric field intensity is a square wave. Then, the electric field
energy can be calculated by summing the energy density over
the middle and side columns. Generally, for an EE-type mag-
netic core, the cross-sectional area of the side column and the
magnetic flux are half that of the middle column. Therefore, the
change in magnetic flux densityΔB can be considered the same.
Combining (7) and (10), the electrical field energy of the middle
column can be derived as

WEm =
εlm
2

∫∫
Ae

|E|2ds

=
εlmV

2
in

∫ rom

0 r2 · 2πrdr
8A2

eN
2

=
εlmVin

2

16πN2
(11)

where WEm is the electric field energy of the middle column,
lm is the magnetic path length of the middle column, and rom is
the radius of the equivalent circle of the middle column section.
Similarly, the electric field energy of the side column can be
represented as

WEs =
εls
2

∫∫
As

|E|2ds = εlsV
2
in

∫ ros

0 r2 · 2πrdr
8A2

eN
2

=
εlsVin

2

16πN2
·
(

ros
rom

)4

(12)

where WEs is the electric field energy of the side column, ls is the
magnetic path length of the side column, As is the cross-sectional
area of the side column, and ros is the radius of the equivalent
circle of the side column section. This expression can also be ex-
tended to parallel cores, where As represents the cross-sectional
area of the single cores. The induced electric field intensity and
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Fig. 7. Core capacitance measurement diagram. To avoid interference from
insulation capacitance, a single-turn winding is used, maintaining a specific
clearance from the core. The core utilizes a total of 8 U-cores. Four U-cores
combine to form one EE-core, with two sets of EE-cores arranged in parallel
and labeled on the figure.

magnetic field energy are smaller in the side column due to the
smaller cross-sectional area and flux, as deduced from (12). This
is due to the smaller cross-section limiting the increase in electric
field intensity with radius. The induced electric field intensity
and magnetic field energy are smaller in the side column due to
the smaller cross-sectional area and flux, as deduced from (12).
Next, the electric field energy within the core can be obtained,
along with the corresponding capacitance Ccore

WE = WEm + 2WEs =
εVin

2

16πN2

[
lm + 2ls

(
As

Ae

)2
]

(13)

Ccore =
2WE

V 2
N1N2

(14)

where VN1N2 is the voltage between N1 and N2 in Fig. 3, and
for a two-layer winding, VN1N2 = 0.5 Vin. Furthermore, Ccore

and Cp2 can be combined into Ceq, i.e., Ceq = Cp2+Ccore. It
is noted that the linearity of the core may not be guaranteed in
some MV applications, and it can be considered by adjusting
the coupling inductance and changing core capacitance.

The experimental setup is shown in Fig. 7, where 8 U-cores are
used to form 2 parallel EE-type cores, with the core parameters
listed in Table I. A single-turn coil is used, keeping clearance
between the coil and the core to avoid the influence of other
types of capacitances.

The experimental results are shown in Fig. 8. Theoretically,
the impedance of an ideal inductor should increase with fre-
quency. However, an obvious impedance transition is observed.
This phenomenon suggests the existence of resonant energy
coupling between electric field and magnetic field energies.
Due to the distance maintained between the single-turn and
the core, the electrical energy should originate from the core.
The accuracy of the parasitic capacitance should be verified
from the resonance frequency. The amplitude error near the
parallel resonance is caused by the error in the impedance angle
measured. This is because even minor errors in the impedance
angle can result in significant resistance errors under the high
impedance induced by parallel resonance, and resistance has
a minor effect on the resonance frequency. Furthermore, the

Fig. 8. Impedance characteristics of a single-turn magnetic core considering
magnetic core capacitance. In this case, the inductance and capacitance of
the computed results are generated through calculations, while the series wire
resistance and magnetic core resistance are measured and further taken into
account in the computed results.

Fig. 9. Simplified circuit model. Compared to Fig. 3, the equivalent capaci-
tance of the core and the interlayer capacitance within the MV side are combined
into Ceq. The main insulation interlayer capacitance between the MV and LV
sides is ignored, as the spacing of the main insulation is usually large. The LV
winding is treated as a single winding region. The magnetic coupling represented
by red lines is considered nonideal, while the mutual coupling between regions
at the same height, represented by black lines, is considered to be ideally coupled
in subsequent analyses.

calculated and experimental first resonance frequencies are close
to each other, which validates the discussion.

III. ANALYSIS OF HIGH-FREQUENCY OSCILLATION

MECHANISM AND FURTHER SIMPLIFIED MODEL

In this section, the analytical expression for HFVO is derived
based on the simplified circuit presented in Fig. 9. The HFVO
results from series resonance caused by the interaction between
the leakage magnetic field energy and the electric field energy
within one winding side.
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A. Analytical Expression for Voltage Oscillation

The HFVO occurring in the winding can be obtained from
the simplified model shown in Fig. 3 using a commercial circuit
analyzer. However, it is necessary to derive an analytical expres-
sion for the HFVO to find its mechanism and provide methods
to reduce it.

The circuit illustrated in Fig. 3 is further simplified, as shown
in Fig. 9, to reduce the number of branches. Typically, the
midpoint interlayer voltage, VN1N2, experiences the most severe
HFVO and is, therefore, calculated to characterize the extent of
HFVO within the winding. Due to the larger primary insulation
spacing between the MV and LV sides, the interlayer capacitance
of the primary insulation is neglected. In Fig. 9, Lrj (j = 1–4)
represents the self-inductance of regions 1–4, and Mjl (j = 1–4,
l = 1–4) denotes the mutual inductance between regions. Noted
that, in the following derivation, M14 and M23 are considered
to be approximately equal to Lrj (j = 1–4). This is because
M23 is the coupling coefficient between two regions at the same
height, which is close to 1. Whereas coupling coefficients like
M13 between regions at different heights are lower, it will be
shown later that this type of coupling coefficient determines the
leakage magnetic energy of the excitation inductance itself.

The transfer function of the MV side of the transformer can
be represented as (see Appendix A for a detailed proof)

Vin

i1
= sMΣ1 (1− γ)

+ s (2MΣ4 (1− k))

1/sCeq

1/sCeq
+ s2MΣ4 (1− k)

(15)

MΣ1 = Lr1 +M12 +M13 +M14

+ Lr4 +M14 +M24 +M34

MΣ3 = M12 +M24 +M13 +M34

MΣ4 = L2 + L3 + 2M23 ≈ 4Lr1

γ =
MΣ3 + α

MΣ4

α =
1

ω2Ceq
(16)

where k is the coupling coefficient between the MV and LV
sides, M�1 represents half of the magnetizing inductance, M�3

is the combination of nonideal mutual inductances within the
windings, and M�4 is approximately the sum of self-inductances
across four regions. M�1(1-γ) signifies the leakage magnetic
energy within one side of the winding (the detailed proof is
given in Appendix B), ω is the electrical angular frequency, and
α is small at the resonance frequency, negligible compared to
M�4.

The port’s equivalent network can be represented by the series
component Lseq from the first part of (15), and the parallel
component of LMeq and Ceq from the second part. In it

Lseq = MΣ1 (1− γ)

LMeq = 2MΣ4 (1− k) (17)

Fig. 10. Proposed decoupling circuit model. Lseq is correlated with the leakage
magnetic field energy of the MV winding, and LMeq is half of the MV side
inductance.

and the circuit shown in Fig. 9 can be equivalently represented
as the one in Fig. 10, where the values of the inductances are
indicated.

The interlayer voltage at the winding center can be calculated
using the voltage drop across Ceq in Fig. 9. In the frequency
domain, the effect of high-order harmonics of the terminal
voltage can be accumulated

vosc =

Nh∑
h

(i1 − i2)
1

ωhCeq
(18)

where Nh is the harmonic order, ωh is the harmonic angular
frequency, and i1h, and i2h are the currents in branches 1 and 2,
respectively, under the influence of harmonics.

B. Mechanism of Voltage Oscillation

1) Transformer Factor: An equivalent circuit is derived from
(15) to investigate the mechanism of HFVO. As shown in Fig. 10,
two resonances can be observed in this circuit: parallel resonance
occurring between capacitor Ceq and the equivalent inductance
LMeq

LMeq = 2MΣ4 (1− k) (19)

and series resonance occurring between the series inductance
Lseq

Lseq = sMΣ1 (1− γ) (20)

and capacitor Ceq.
HFVO is the overvoltage phenomenon caused by series reso-

nance. As seen in Fig. 10, Lseq and Ceq form a series resonance,
which is the cause of HFVO. The value of Lseq is usually smaller
than that of LMeq because the insulation spacing between the
MV and LV windings is larger, resulting in a smaller coupling
coefficient than that between regions within the MV winding.
Therefore, parallel resonance occurs before series resonance,
and the effect of LMeq can be ignored during series resonance. It
can be concluded that HFVO is caused by the series resonance
of Lseq and Ceq.

Lseq reflects the leakage magnetic energy within the high-
voltage winding (mathematical proof in Appendix B). It is worth
noting that this energy is independent of the coupling coefficient
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Fig. 11. Impact of winding configuration on leakage magnetic energy. (a)
Two winding regions are arranged in the direction of window width y. (b) Two
winding regions are arranged in the direction of window height, x. (c) and (d) are
the schematic diagrams of magnetic field strength for arrangements (a) and (b),
respectively. In (a) and (b), the average distance between turns can be represented
by the center distance of both regions, i.e., the distance between the bright circles.

k between the MV and LV windings. Conversely, the traditional
leakage inductance, which reflects the coupling extent between
the MV and LV windings, is only related to parallel resonance.
This is consistent with the experimental results shown in Fig. 18,
indicating that when measuring the MV side, the open and short
circuits on the LV side only affect the parallel resonance without
affecting the series resonance. Therefore, Lseq is affected by the
winding arrangement on one side.

The winding configuration affects the coupling coefficient
between regions, thereby influencing Lseq. Considering only the
MV side operating as an inductor, its 2-D schematic is shown
in Fig. 11. The leakage magnetic energy is distributed in the
window and can be represented as

Wleakge =
μ0

2

∫
Aw

H2ds (21)

where μ0 is the magnetic permeability of air, Aw is the window
area, and H is the magnetic field strength of the window. The
windings configuration affects the average distance between
turns and the leakage magnetic loop, thereby changing the
leakage energy reflected by Lseq. Smaller numbers of turns are
beneficial for reducing leakage energy reducing the average
distance between turns. However, the magnetizing inductance
has a minimum requirement.

Fig. 11 shows the impact of winding arrangement on leakage
energy under the same number of turns and core. As shown, the
MV winding has 14 turns. Dividing 14 turns into two regions,
when arranged in the window width direction x, as shown in
Fig. 11(a), the average distance between turns is 10 mm, and the
coupling coefficient is 0.99973 according to ANSYS. Conversely,
arranging the two regions in the direction of winding height
y, as shown in Fig. 11(b), the average distance is 56 mm, and
the coupling coefficient is 0.99817. Calculate the Lseq for both
arrangements as 65.95 nH and 9.45 nH using (20). Therefore,
reducing the average distance between regions in the winding
can reduce Lseq. The corresponding mechanism is shown in
Fig. 11(c) and (d). One ampere of current flows through the
two regions in opposite directions. Then, the field within the
window can be considered a leakage field contributing to Lseq.

As can be seen, the field in Fig. 11(c) is much smaller than the
other arrangement.

On the other hand, achieving a closer height and width of the
winding cross section can result in a lower average distance.
However, due to the available core window shape, most re-
ported transformer designs tend to use a configuration where
the winding height is much greater than its width, which is
not conducive to reducing leakage magnetic energy. Therefore,
under the available core window and insulation constraints,
making the aspect ratio of the winding closer to the square is
beneficial for reducing Lseq.

Ceq consists of the interlayer capacitance Cp and the equiv-
alent core capacitance Ccore. It contributes to both types of
resonance. Cp only needs to consider the interlayer capacitance
within the MV side without considering the electric field cou-
pling between the MV and LV windings, which will be verified
in the subsequent experimental samples S1 and S2. Properly
reducing the area of the interlayer plates can suppress voltage
oscillations, while the insulation distance between layers needs
to be balanced against its impact on Lseq and Ceq.

2) Circuit Factor: Series resonance is the pathway through
which HFVO occurs, and the resonance-related harmonics of the
port voltage are the source of HFVO. In conventional bridge con-
verters, the port voltage of the transformer is square-wave and
has plentiful harmonic. Under the influence of series resonance,
a series of high-frequency harmonics at the port are amplified
within the winding, resulting in the HFVO. The transformer
S0 shown in Fig. 17 is used to prove this conclusion. Then,
the port voltage is decomposed into 70 harmonics using FFT
and cumulatively summed from the fundamental frequency.
Meanwhile, the variations in the interlayer voltage are shown
in Fig. 12. The figure shows the ratio between the midpoint
interlayer voltage V7–22 and the port voltage. The ratio starts to
increase slowly from 0.5. The rising rate of ratio is maximum
at the resonance frequency and becomes rapidly slower towards
the two sides. After the resonance point, the rising rate slows
and converges to a specific value. This proves that harmonics are
amplified inside the transformer by the effect of series resonance,
resulting in the HFVO.

The series resonance frequency should be increased through
the transformer design to suppress the voltage oscillations, thus
reducing the voltage amplification effect. At the same time,
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Fig. 12. Midpoint voltage gain after gradual accumulation of higher harmonics
V7–22/Vsw. The port voltage Vsw is at 100 kHz with a tr of 20 ns. V7–22

represents the interlayer voltage between the 7th and 22th turns, as shown
in Fig. 14(c), which corresponds to the interlayer voltage at the center of the
winding. This voltage can be calculated from the voltage across Cp1, as shown
in Fig. 9.

Fig. 13. FFT spectrum of a square wave with tr = 20 ns. Usually, a longer tr
means lower harmonic content, but on the spectrum, there are some harmonic
valleys dependent on tr.

harmonics in the terminal voltage near the series resonance
frequency should be suppressed to alleviate voltage oscillations
as much as possible.

As discussed previously, the oscillations between the winding
layers are caused by the harmonics gained by series resonance.
For a two-level square wave with frequency f, voltage-changing
time tr, its FFT decomposition can be expressed as

v̂h
v̂

= 2
sin(hπ/2)

hπ/2

sin (hπtrf1)

hπtrf1
, h = 1, 2, 3, . . . . (22)

As shown in Fig. 13, increasing tr, lowers the envelope of the
spectrum. This typically indicates lower levels of higher order
harmonics and HFVO. However, it is not feasible to reduce the
HFVO by minimizing tr, as this will reduce the efficiency of the
device.

This competition can be alleviated by certain characteristics
in the spectrum. Specifically, there are several valleys in the

Fig. 14. Voltage distortion versus equivalent capacitance C and voltage slope
dv/dt for transformer S0. Voltage distortion is the difference between the peak
oscillation value of V7–22 and the voltage without oscillation. Valleys appear in
the figure and can be used to mitigate oscillations.

spectral characteristics where the harmonic content decreases
significantly, as shown in Fig. 13. The first valley frequency is
1/tr, and the second valley frequency is 2/tr. Since the voltage
amplification effect is most significant at harmonics near the
series resonance fs, the HFVO can be mitigated by adjusting
the valley frequency to fs. This characteristic means that faster
switching speeds may result in lower harmonic content over a
given frequency range.

The HFVO inside the winding under different capacitance
and voltage slopes is shown in Fig. 14. The red line repre-
sents the voltage distortion of sample S0 for different voltage
changing times. The voltage distortion shows a clear nonlinear
relationship with the voltage changing time. The tendency is
wave-like, caused by the discrete valley frequency. Multiple volt-
age oscillation minima occur with decreasing voltage changing
time. Therefore, HFVO can be reduced by adjusting the voltage
changing time to be the reciprocal of valley frequency fs.

Therefore, if the voltage oscillation after transformer structure
optimization proposed in (1) Transformer factor does not meet
the required, the voltage changing time should be adjusted to-
wards the optimized time in two-level voltage. On the other hand,
optimizing the transformer structure can suppress series reso-
nance and increase the resonance frequency fs. This can reduce
the optimized voltage change time (tr.opt= 1/ fs), thus mitigating
oscillations while minimizing the impact on efficiency.

This method is suitable for half-bridge inverters and hard-
switching conditions. However, the switching loss would in-
crease, if the optimal voltage-changing time exceeds the normal
value, which degrades the performance of the device. Therefore,
a loss-friendly solution is required.

The oscillations can be mitigated by adjusting the switching
delay of the three-level voltage. The zero-voltage time induced is
adopted to mitigate the port oscillations, which can also be used
for the inner HFVOs [35]. As shown in Fig. 15(a), according to
the superposition theorem, the three-level output voltage can be
considered a superposition of the first switching voltage Vsw_p1

and the second switching voltage Vsw_p2. Each switching action
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Fig. 15. Schematic of the superposition of the three-level voltage and resulted
oscillations. (a) Three-level voltage can be decomposed as a first switching
voltage Vsw_p1 and a second switching voltage Vsw_p2. (b) Voltage oscillations
induced by Vsw_p1 and Vsw_p2 are Vosc_p1 and Vosc_p2, respectively.

can cause oscillations in the transformer Vocs_p1 and Vocs_p2

with the same oscillation period Ts, respectively, as shown in
Fig. 15(b). The oscillations caused by the three-level voltage are
the superposition of Vosc_p1 and Vosc_p2. Then, the oscillation
amplitude of the transformer Vosc is determined by the switching
delay, tph. When tph = 0.5Ts, the high-frequency harmonic of
Vosc_p1 and Vosc_p2 has a 180° phase shift and is compensated
by each other. Therefore, the oscillation can be mitigated. Com-
pared to the method of adjusting the voltage-changing time, this
method does not affect the switching loss due to no additional
loss during the zero-voltage time. The limitation is that it is
only suitable for three-level conditions. Besides, the control
complexity increases since the zero-voltage time is also used
to optimize other objectives, such as zero-voltage switch range
and current stress [43].

3) HFVO Mitigation Process: To suppress voltage oscilla-
tions, one can suppress the internal series resonance of the
transformer or adjust the voltage waveform. Suppressing series
resonance can increase the resonance frequency and reduce
the amount of port harmonics near the resonance frequency.
However, transformer structures are often limited by size and
core structure and the freedom for optimization is limited. If the
voltage oscillation cannot meet the requirements by the trans-
former design, the HFVO should be suppressed by adjusting the
voltage waveform.

For two-level conditions, the internal voltage oscillations can
be eliminated by adjusting the voltage changing time to remove
specific harmonics. However, this method affects switching
losses

In the three-level case, the switching delay can be adjusted
according to the oscillation period. The advantage of the above
methods is the flexibility in eliminating HFVO without being
limited by transformer structure, making the elimination meth-
ods complementary for different situations.

The flow of suppressing voltage oscillations is shown in
Fig. 16. After traditional transformer design, internal oscillations
can be calculated, as described in Section III-A. First, consider

Fig. 16. Flowchart of high-frequency voltage oscillation inside the trans-
former.

reducing the average turn-to-turn distance in the winding on the
oscillation side. When constraints like the window fill factor or
insulation spacing prevent further changes to the winding struc-
ture, try to adjust the voltage changing time for two-level con-
ditions or regulate the zero-voltage time in three-voltage-level
conditions. It should be noted that although the requirements
may not be met solely by the transformer design, the mitigated
series resonance is beneficial for further suppression methods.
Since the optimal voltage-changing time or zero-voltage time is
the reciprocal of the resonance frequency, increasing the reso-
nance frequency can achieve a faster optimal voltage-changing
time or smaller zero-voltage time, thereby reducing the impact
on system efficiency.

IV. MEASUREMENT VALIDATION

A. Waveforms and Distribution of HFVO

In this section, the experimental waveforms and distribution of
HFVO within the transformer shown in Fig. 17 are obtained. The
transformer S0 consists of an MV winding with two layers/28
turns and an LV winding with a single layer/7 turns. A 3D-
printed bobbin is used to offer insulation and ensure winding
dimensions. The specifications are given in Table I. The voltage
distortion between winding layers is obtained by measuring the
voltage leads, as shown in Fig. 17(b). First, the insulation of the
litz wire is melted at the soldered point, and then voltage leads are
soldered at the point. The lead is a copper wire with a diameter
of approximately 0.5 mm and should be oriented parallel to the
direction of the magnetic field to reduce interference.

The impedance-frequency characteristics were measured on
the MV side, as shown in Fig. 18. As analyzed in Section III, the
frequency and amplitude of the series resonance are independent
on the LV side. Normally, the primary insulation spacing on
the MV and LV sides is large, resulting in minimal electric
field coupling. In sample S0, the primary insulation gap is 10
times larger than that within the MV windings. Therefore, the
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Fig. 17. Schematic and cross-section of the samples (a) the cross section of
S0, (b) the photograph of S0 and the measurement method, (c) and (d) are the
cross section and photograph of sample S1, (e) and (f) are the cross section and
photograph of S2. In S1 and S2, the LV winding is directly wound onto the MV
winding with no gap. The voltage between two turns is measured by two voltage
leads as shown in (b).

Fig. 18. Impedance-frequency characteristics of the high-frequency trans-
former sample on the MV side. The series resonance occurs around 4.4 MHz,
and it is independent of the state of the low-voltage side. The parameters of
sample S0 are presented in Fig. 12 and detailed in Table I. In comparison to S0,
samples S1 and S2 differ only in the configuration of LV winding. Specifically,
the LV winding of S0 is replaced with a secondary winding directly wound onto
the MV winding, without an insulating layer. The secondary winding comprises
14 turns, with S1 having a single-layer secondary winding and S2 having a
double-layer secondary winding.

corresponding interwinding capacitance is relatively small and
is neglected in the model. To demonstrate that neglecting the
electric field coupling between the windings is also reasonable
in other structures, samples S1 and S2 are prepared. Compared
to S0, the configurations of S1 and S2 differ only in the LV
winding configuration. Specifically, in S1 and S2, two windings
are placed closely to maximize electric field coupling. The
impedance characteristics measured on the MV winding show

Fig. 19. Voltage distribution along the winding obtained using the circuit
shown in Fig. 7 and the experimental results of sample S0. The ground voltage
of the 7th and 22th turns is calculated using (15) and (16). Since the oscillating
voltage has the highest amplitude at the midpoint and approaches 0 at the ends,
a sine fitting is used to fit the ground voltage of other turns as shown by the
dashed line.

Fig. 20. Frequency response of the voltage gain of the midpoint voltage V7–22

in transformer S0. The gain is influenced by the series resonance, reaching
its maximum at the series resonance frequency. Compared to the experimental
results, the calculations considering the core capacitance provide a more accurate
result.

that the electric coupling of both windings slightly affects the
series resonance. The state of the LV side of the same sample
still does not change the series resonance frequency.

The voltage to ground at each turn of the MV winding for
different tr is shown in Fig. 19. The gray line represents
the conventionally assumed linear voltage distribution. When
a square wave is applied to the transformer terminal, there
is a severe distortion of the voltage inside the winding. The
distortion is most significant at the center of each layer, causing
the voltage distribution along the winding to deviate from the
linear distribution. Additionally, the distortion caused by faster
switching times is more severe. Thus, the voltage waveform
predicted by the model proposed in this article for the midpoints
of the layers accurately reflects the maximum voltage distortion
generated within the transformer.
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Fig. 21. Voltage oscillations occurring between turns 7 and 22 of the MV side in sample S0 obtained through measurements and calculations. The frequency of
these oscillations is 4.1 MHz. The calculated results considering the magnetic core capacitance provide a more accurate oscillation frequency.

The voltage transfer ratio between the midpoint voltage of
the layers V7–22 and the port voltage in the transformer Vsw,
denoted as V7–22/Vsw, is shown in Fig. 20. As the frequency in-
creases from the fundamental frequency to the series resonance
frequency, the voltage transfer ratio gradually increases from
0.5. Consequently, the midpoint voltage also rises from half of
the port voltage, resulting in the voltage distortion shown in
Fig. 19. Thus, the gain of the voltage transfer function around
fs can determine the strength of HFVO. Furthermore, neglect-
ing the magnetic core capacitance leads to overestimating the
resonance frequency. This signifies the impact of magnetic core
capacitance on HFVO.

The voltage waveform of V7–22 and port voltage Vsw (V1–28,

represented by the gray line) were observed using a Tektronix
scope, as shown in Fig. 21. This shows a significant oscilla-
tion occurred inside the transformer. The peak voltage at the
midpoint between layers reaches approximately 1.5 times the
peak voltage of Vsw, which is around three times the midpoint
voltage of a normal linear voltage distribution. Furthermore, the
resonance frequency is the same for load and no-load conditions,
since the operating conditions on the LV side do not affect the
series resonance. However, the load current induces a longer tr,
resulting in different oscillation amplitudes.

The above phenomenon confirms the conclusion made in
Section III, that HFVO is caused by the amplification of har-
monics near the resonance frequency in the output voltage due
to series resonance.

B. Mitigation Methods for Adjusting the Voltage Waveform

The HFVO can be mitigated by adjusting the voltage changing
time of the two-level voltage or regulating the switching delay of
the three-level voltage. First, the former method is validated at a
half-bridge inverter, with S0 as an example. The voltage chang-
ing time is adjusted by the gate resistance for hard-switching
condition. The optimum switching time, tr.opt1, is obtained as
249 ns from Fig. 14. Different voltage changing times are shown
in Fig. 22(a). The corresponding voltage waveforms V7–22 are
shown in Fig. 22(b). Therefore, the oscillations can be mitigated
by selecting the optimal switching time, rather than selecting a
longer switching time.

Fig. 22. Waveform of HFVO with adjusting the square voltage tr. (a) Vsw

waveforms with three different tr. (b) Corresponding waveform of interlayer
voltage V7–22.

Afterward, the mitigated HFVO is achieved by regulating the
switching delay time of three-level voltage. It is validated at a
full-bridge inverter, with a 10 Ω resistance load at the LV side
of the transformer. Due to the 70 μH leakage inductance of
Sample S0, the voltage leads to current, and the converter is
under soft-switching conditions. The optimal switching delay is
half of the oscillation period, 121 ns, as shown in Fig. 23(a).
Compared to the two-level voltage, the oscillations of interlayer
voltage V7–22 are significantly reduced, and switching loss is
unaffected by this method due to no additional loss caused in
the zero-voltage time.
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Fig. 23. Waveform of output voltage (a) and the interlayer voltage V7–22 (b)
for the mitigation method by adjusting the switching-delay time.

Fig. 24. (a) Photograph of sample S3 and (b) cross section of the transformer.
The MV winding of S3 consists of 3 layers with 28 turns. The interwinding
distance, interlayer distance, and the core are the same as S0. V5–16 indicates
the voltage between the midpoints of the first and second layers of the MV
winding of S3.

C. Mitigation Method for Decreasing Turn-to-Turn Distance

As discussed in Section III-B, a lower leakage magnetic
energy can be obtained by a smaller turn-to-turn distance on one
side. A sample S3 is prepared to validate the method, and sample
S0 is used to compare, as shown in Fig. 24. The sample S3 and
S0 differ in the number of layers on the MV side. The number of
layers in S0 is 2, and that of S3 is 3, and the average turn-to-turn
distance of S3 is 19 mm, and that of S0 is 29 mm. The voltage

Fig. 25. Voltage suppression effect of decreasing turn-to-turn distance, with
mid interlayer voltage waveform of the sample (a) S0 and (b) S3.

waveforms of the mid interlayer are shown in Fig. 25. The
oscillation frequency is increased by 33%, and the oscillation
is significantly decreased.

The increasing layer number can also reduce the equivalent
capacitance. In order to determine the impact of the capacitance
and the leakage magnetic energy. The port equivalent capaci-
tance of S0 and S3 are measured at MV port with LV port kept
open circuit. The equivalent port capacitance of S3 is 85% of
that in S0. As proved in Section III, the HFVOs are caused by
the series resonance, which is contributed by the inner leakage
inductance and the equivalent capacitance. Then, the leakage
magnetic energy of S3 is nearly 65% of that in S0 according to
the resonance formula by assuming that the electric energy of
S3 is approximately 85% of that in S0. Therefore, oscillation
can be mitigated by the reduced leakage magnetic energy in the
winding.

V. CONCLUSION

A comprehensive analysis of the phenomenon, mechanism,
and influencing factors of HFVO occurring inside the winding is
provided in this article. Based on the partitioned field energy, the
internal network of the transformer is simplified into a decoupled
circuit, and the analytical expressions for HFVO are derived.
The model considers the internal electric field energy of the
transformer core for the first time and is experimentally verified
to be accurate.
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Based on the proposed model, a comprehensive analysis of
HFVO is presented. It is pointed out that the cause of HFVO
inside the winding is not attributed to imperfect transformer
primary-secondary coupling as traditionally thought. Instead,
the HFVO inside the winding is due to series resonance caused
by the leakage magnetic field energy and electrical energy of
one winding, independent of the state of the other winding.

The HFVO suppression methods are proposed based on the
discovered mechanism. In terms of transformer design, series
resonance can be suppressed by reducing the average turn-to-
turn distance of the winding on the oscillation side. Circuitwise,
for hard-switching and low-frequency conditions, the voltage
changing time in two-level conditions should be adjusted to
be inversely proportional to the serial resonance frequency,
which can eliminate high-order harmonics associated with se-
ries resonance, thereby eliminating oscillations. For three-level
conditions, the switching delay time is set to half of the oscilla-
tion period to mitigate HFVO. The above suppression methods
complement each other, enhancing the flexibility in suppressing
voltage oscillations. The experiments validate the effectiveness
of the proposed methods.

APPENDIX

A. Port Transfer Function

Noted that, in the following derivation, M14 and M23 are
considered to be approximately equal to Lrk (k=1–4). This is be-
cause M23 is the coupling coefficient between two regions at the
same height, which is close to 1. Whereas coupling coefficients
like M13 between regions at different heights are lower, it will
be shown later that this type of coupling coefficient determines
the leakage magnetic energy of the excitation inductance itself.

Branch currents i1 and i2 are then obtained to determine
the voltages. The relationship between port voltage and branch
current can be expressed as

Vin = Vlr1 + Vlr2 + Vlr3 + Vlr4

=

⎡
⎢⎢⎣
Lr1 M12 M13 M14 M1s

M12 Lr2 M23 M24 M2s

M13 M23 Lr3 M34 M3s

M14 M24 M34 Lr4 M4s

⎤
⎥⎥⎦
⎡
⎢⎢⎢⎢⎣

si1
si2
si2
si1
−sis

⎤
⎥⎥⎥⎥⎦ (23)

where the reference directions for voltage and current are shown
in Fig. 9. The relationship between i1 and i2 can be obtained from
the KVL

UCeq = Ulr2 + Ulr3

=
1

sCeq
(i1 − i2)

= s (MΣ3i1 +MΣ4i2 −M2sis −M3sis) (24)

MΣ3 = M12 +M24 +M13 +M34 (25)

MΣ4 = Lr2 + 2M23 + Lr3. (26)

For a transformer with a turns ratio of N, assuming the
coupling coefficient between the primary and secondary sides is

k, then the nonideal voltage ratio is N′ = kN, and the relationship
between currents in both sides is

is = 0.5N ′ (i1 + i2) . (27)

Substituting (27) into (24) results in

i2 =

1/sCeq
− s [MΣ3 − 0.5N ′ (M2s +M3s)]

1/sCeq
+ s [MΣ4 − 0.5N ′ (M2s +M3s)]

i1

=

1/sCeq
− s

[
MΣ3 − k2MΣ4

]
1/sCeq

+ sMΣ4 (1− k2)
i1. (28)

Combining (23), (27), and (28), the transfer function of the
transformer port is derived as

Vin

i1
= s (MΣ1 − 0.5N ′ ·MΣs)

+ s (MΣ2 − 0.5N ′ ·MΣs)

×
⎛
⎝1/sCeq

− s [MΣ3 − 0.5N ′ (MΣ2s +MΣ3s)]

1/sCeq
+ sMΣ4 − 0.5N ′ (MΣ2s +MΣ3s)

⎞
⎠
(29)

where Mjs (j = 1–4) represents the mutual inductance between
each region on the MV and LV sides. The mutual inductances are
then expressed by self-inductance and coupling coefficient as

Mjs = k
√

LrjLrs = k

√
Lrj

(
4/N

)2
Lrj = k

4

N
Lrj . (30)

Substituting (30) into (29), the transfer function for port
voltage and current is represented as

Vin

i1
=

Former part︷ ︸︸ ︷
s
(
MΣ4

(
1− 2k2

)
+MΣ3

)⎛⎝1− s
[
MΣ3 − k2MΣ4

]
1/sCeq

+ sMΣ4 (1− k2)

⎞
⎠

+ s
(
MΣ4

(
1− 2k2

)
+MΣ3

)⎛⎝ 1/sCeq

1/sCeq
+ sMΣ4 (1− k2)

⎞
⎠ .

(31)

Thus, (31) can be divided into two parts, and the former part
is further simplified as

s
(
MΣ4

(
1− 2k2

)
+MΣ3

)(
1−

[
MΣ3 − k2MΣ4

]
−α+MΣ4 (1− k2)

)

=

−M2
Σ3 +M2

Σ4

(
1− 2k2

)
+ 2MΣ3MΣ4k

2

−αMΣ3 + αMΣ4

(
2k2 − 1

)
−α+MΣ4 (1− k2)

(32)

α =
1

ω2Ceq
. (33)

The α in the denominator of (32) can be ignored because it
is relatively small compared to the other term. Setting M�3 =
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k1×M�4, (32) can be simplified to

M2
Σ4

[
1− k1

2 + k2 (2k1 − 2)
]
+ αMΣ4

[
2k2 − (1 + k1)

]
MΣ4 (1− k2)

(34)
where k1 represents the nonideal coupling coefficient within the
windings, usually larger than the coupling coefficient k between
the MV and LV sides. Compared to k2, k1 is approximately equal
to 1, thus (34) can be further simplified to

M2
Σ4 (1 + k1) (1− k1)

(
1− k2

)
+ αMΣ4 (1 + k1)

(
1− k2

)
MΣ4 (1− k2)

= MΣ4 (1 + k1)

+

(
1− k2

)
M2

Σ4 (1 + k1) (−k1) + αMΣ4 (1 + k1)
(
1− k2

)
MΣ4 (1− k2)

= MΣ4 (1 + k1) +MΣ4 (1 + k1)

(
−k1 − α

MΣ4

)

= MΣ4 (1 + k1)

(
1− MΣ3 + α

MΣ4

)
= MΣ1 (1− γ) (35)

where parameter γ = (M�3+α)/M�4 represents the leakage
magnetic energy of the excitation inductance itself (proof in
Appendix II). The latter part of (31) can be simplified to

s
(
MΣ4

(
1 + k1 − 2k2

))⎛⎝ 1/sCeq

1/sCeq
+ sMΣ4 (1− k2)

⎞
⎠

≈ 2sMΣ4

(
1− k2

)⎛⎝ 1/sCeq

1/sCeq
+ sMΣ4 (1− k2)

⎞
⎠

≈ 2s [2MΣ4 (1− k)]

⎛
⎝ 1/sCeq

1/sCeq
+ s2MΣ4 (1− k)

⎞
⎠ . (36)

In circuit terms, (36) can be considered as the inductance
2M�4(1-k) in parallel with the capacitance Ceq.

B. Meaning of Lseq

For an ideal inductor, all magnetic flux is contained within
the core, and the inductance value is directly proportional to
the square of the number of turns. Since the number of turns in
the four regions on the high-voltage side is the same, the ideal
inductance is given by

Lideal = 4 (Lr1 + Lr2 + Lr3 + Lr4) . (37)

However, leakage flux exists within the window, and the
coupling coefficient between regions is less than 1. Therefore,
the effective excitation inductance is smaller and is given by

Lact = (Lr1 + Lr2 + Lr3 + Lr4)

+ 2 (M12 +M13 +M14 +M23 +M24 +M34)

≈ 2 (Lr1 + Lr2 + Lr3 + Lr4)

+ 2 (M12 +M13 +M24 +M34) . (38)

The difference between (37) and (38) can be regarded as the
leakage inductance referred to the high-voltage side

Llk = Lideal − Lact

= 2 [(Lr1 −M12) + (Lr2 −M13)

+ (Lr3 −M24) + (Lr4 −M34)]

≈ LΣ1

[(Lr1 −M12) + (Lr2 −M13)
+ (Lr3 −M24) + (Lr4 −M34)]

LΣ4

= LΣ1
(Lr2 + Lr2 + Lr3 + Lr4)−MΣ3

LΣ4

≈ LΣ1 (1− γ) = Lseq. (39)
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