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Wideband Mechanism Model and Parameter
Extracting for High-Power High-Voltage

High-Frequency Transformers
Chen Liu, Lei Qi, Xiang Cui, Senior Member, IEEE, Zhiyuan Shen, and Xiaoguang Wei

Abstract—The high-power high-voltage high-frequency trans-
former (H3T) is a key equipment to develop the isolated high-power
dc–dc converter. In this paper, a wideband mechanism model is pro-
posed to analyze the external behaviors of the H3T. This model is
characterized by elaborate considerations on magnetic and capac-
itive effects of the H3T, including electrostatic couplings between
windings, magnetic core, and the enclosure, with parameters which
have explicit physical meanings. In terms of large number of turns
and racetrack windings of the H3T, a finite-element method based
on weighted algorithm is used to extract model inductance and
capacitance parameters. To verify the proposed model and corre-
sponding parameter extraction method, impedance characteristics
of an H3T prototype under open circuit, short circuit, and load con-
ditions are measured and simulated over a wide frequency band.
The results show that the proposed model is valid up to 300 kHz.
Besides, when one or two windings of the H3T are grounded, the
proposed model may be reduced to traditional six or three capac-
itance models due to changes of winding-to-ground capacitances,
which may account for shift of resonant frequencies. The proposed
model and corresponding analyses are helpful to electromagnetic
design and external behavior investigations of the H3T.

Index Terms—Finite-element method, grounding, high-
frequency (HF) transformers, modeling.

I. INTRODUCTION

R ECENTLY, as the demand for integrating large-scaled
offshore windfarms and new direct current (dc) sources

(including fuel cells, photovoltaics, batteries, redox flow pho-
tovoltaics, etc.) increases; the investigations on establishing dc
networks have gained widespread attention [1]–[4]. The high-
power dc–dc converter with intermediate high-frequency (HF)
transformers is the key equipment to develop dc networks as
it can achieve large scale of dc transmission and flexible con-
trol, while guaranteeing the bilateral galvanic isolation. Besides,
with the increased operating frequency, volume and weight of
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Fig. 1. Schematic diagram of a H3T.

the transformer will be significantly reduced. Some kilowatt-
scaled HF transformers applying to dc–dc converters have been
developed in the laboratory [5]–[9], but HF transformers with
higher power which applied to megawatt-scaled HVDC applica-
tions still stay at concepts stage [2]–[4]. The strategy of multiple
transformers in series or parallel has been researched in [7]–[9]
to meet power requirements. However, as the number of trans-
formers increases, this strategy may be at risk of low reliability
and high circulating current losses. Therefore, it is necessary to
enhance the power and voltage level of a single HF transformer.

A schematic diagram of a high-power high-voltage high-
frequency transformer (H3T) is shown in Fig. 1. As operating
frequency increases, parasitic capacitances, which are closely
related to physical structure of the transformer, are not ne-
glected and become main factors to impact normal operating
performance of the transformer and the interaction with power
electronics devices at its sides [10], [11]. Therefore, traditional
transformer models in low frequency may not be applied to this
subject as they fail to include capacitive effects of the H3T. As
power and voltage increase, the number of turns may be very
large, and an oil-immersed transformer with an enclosure may
be employed to guarantee the sufficient dielectric strength for
megawatt power application. Furthermore, traditional magnetic
material used as a core of low-power HF transformers, such as
ferrite, may be not suitable for the H3T due to its low-saturation
flux density and poor mechanical strength [6]. Instead, metal soft
magnetic material, such as nanocrystalline, which has lower loss
density, higher saturation flux density, and stronger mechanical
strength may be used as a magnetic core of the H3T [5], [6],
[25]. Different from a ferrite core which may be taken as an
insulator, the metallic core should be taken as a conductor as
the resistivity of those materials are only about 100 times larger
than copper. As a result, the metallic core of the H3T has to be
connected to the enclosure and grounded, just like traditional
power transformers with silicon-steel plate cores. Otherwise,
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Fig. 2. Lossless magnetic model. (a) Coupled inductors model. (b) Equivalent model using an ideal transformer.

the floating potential of the metallic core and enclosure may
cause discharge to the ground and harm insulations of the H3T.
As a result, the capacitive effects between windings, magnetic
core, and enclosure of the transformer should be elaborately
considered in the H3Ts. In addition, cross section of the metal-
lic core is often rectangular as these materials are tape wound,
maybe resulting in racetrack windings of the H3T [5], [6]. For
the windings, the finite-element method (FEM) in case of two-
dimensional axial symmetry is not used directly as well.

As is well known, the low-frequency characteristics of a trans-
former mainly depend on magnetic couplings, on which there
have been extensive studies [12]–[17]. Recently, HF models are
turned to be the focus of research. The refined models consider-
ing distributed parameters of every single turn have been devel-
oped to research transient behavior of power frequency trans-
formers [18], [19]. Relevant methods may be used to analyze
the H3Ts. However, considering a large number of turns, these
models will contain thousands of circuit components which are
too complicated to investigate the external behavior of the trans-
formers. Besides, the black-box models based on experimental
measurement have been proposed without having to know the
inner structure of a transformer [10], [20], [21]. However, these
models fail to link internal geometry and external behavior of
the transformer and cannot be applied to the design of H3T. The
equivalent circuit models focusing on winding level have been
proposed in [11], [22]–[24], where the transformer windings
were equivalent as several lumped parameters based on ana-
lytical or numerical methods, which are convenient to analyze
steady-state behavior of HF transformers. However, these mod-
els are mainly applied to low-power HF transformer without
enclosure, and the magnetic core is usually an insulator due to
the use of ferrite. As a result, for the H3T, electrostatic couplings
between windings, magnetic core, and enclosure could not be
satisfactorily considered with these models. Furthermore, these
models are all focused on transformers with axial symmetric
windings. As a result, their parameter extraction methods may
not be applied to the H3Ts.

In summary, existing models may not satisfy the demands
for analyzing external behavior and designing of the H3T, and
there are few corresponding methods to extract model param-
eters. In this paper, a wideband mechanism model for the H3T
is proposed, where the magnetic and electrostatic effects of the
transformer are fully considered with parameters having ex-
plicit physical meanings. In terms of racetrack windings and
large number of turns of a 30 kW, a 20-kHz H3T prototype in
the laboratory, an FEM based on weighted algorithm is pro-
posed to extract inductance and capacitance parameters of the

model. By impedance measurements of the prototype under
open circuit, short circuit, and load conditions over a wide fre-
quency band, the proposed model and its parameter extracting
method are proved to be valid up to 300 kHz. Besides, the va-
lidity of the proposed model when different windings of the
H3T are grounded is discussed and verified, and the relation-
ships between the proposed model and traditional six and three
capacitance models are revealed.

II. WIDEBAND MECHANISM MODEL

Electric behavior of the H3T at low frequency is mainly due
to the magnetic couplings between windings, while electrostatic
couplings between windings, magnetic core, and enclosure of
the transformer should not be ignored at HF. Therefore, detailed
analyses on magnetic and electrostatic couplings of the H3T are
necessary to establish the wideband model.

A. Magnetic Mechanism Model

As we focus on external behaviors of the HF transformers,
the magnetic core is considered working in linear region. There-
fore, consider the classical coupled inductors model as shown
in Fig. 2(a). The inductance matrix is fully determined by the
self- and mutual inductances, and the leakage inductance seen
from the secondary side 3–4 in Fig. 2(a) is

Ls = L2 − M 2/L1 =
(
1 − k2) L2 (1)

where k represents the coupling coefficient. In H3T, k is usually
near to unity due to the use of metallic magnetic core. As a
result, (1) may lead to inaccurate determination of Ls as it is
represented by the difference of two terms which are very close
to each other [12]. Considering that the leakage inductance is a
key parameter which affects the impedance characteristics of the
HF transformer [20], [21], an equivalent model using an ideal
transformer is employed in this paper. As shown in Fig. 2(b),
Lm is the core inductance seen from the primary side 1–2, and
n is turn ratio of the ideal transformer

Lm = L1 , n = k

√
L2

L1
. (2)

The equivalence of the two models may be verified by us-
ing Kirchhoff Current Law at the primary side and Kirchhoff
Voltage Law at the secondary side [13]. By using an ideal trans-
former, the leakage inductance in the equivalent model appears
as an independent parameter and it may be directly calculated
through the analysis of the magnetic field. Furthermore, the
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Fig. 3. Loss magnetic model. (a) Traditional low frequency model. (b) Model including frequency-dependent winding parameters.

mutual inductance is removed in this model which makes the
model more suitable for the circuit analysis.

For a real transformer, the losses of the windings and core
should be considered to get an accurate model. By adding two
winding resistances (Rs1 and Rs2) in series with the leakage
branch and a core loss equivalent resistance (Rm ) in parallel
with the magnetizing branch, a loss magnetic model is obtained
as shown in Fig. 3(a). Obviously, this is a traditional transformer
model at low frequency, which is widely used in power sys-
tem and electrical machinery applications [13]. Considering that
winding resistances and internal inductances will be functions
of frequency due to eddy current effects, they are incorporated
and represented as winding internal impedances, i.e., Zs1 and
Zs2 . Besides, the external inductance of the windings, which
may be taken as frequency independent if the proximity effect
is ignored [13], is represented as Ls0 referred to the secondary
side. The final magnetic model is shown in Fig. 3(b). However,
this model is still not suitable to research wideband external be-
haviors of the H3T because it fails to consider capacitive effects
between windings, magnetic core, and the enclosure.

B. Capacitive Mechanism Model

It has become widely aware that stray capacitances are related
to electrostatic couplings between conductors in the transformer.
As illustrated in Fig. 1, the conductors in the H3T mainly in-
clude the LV winding conductors, the HV winding conductors,
and the grounding magnetic core connected to enclosure of the
transformer. As a voltage drop occurs across each conductor
of the transformer, the capacitances must exist between these
conductors, including the core and enclosure.

Considering voltages of the primary winding, the secondary
winding and between the two windings (u1 , u2 , and u0), a two
winding transformer may be taken as a three input multipole,
and the electrostatic effects of the windings could be modeled
by a six-capacitance model as shown in Fig. 4 focusing on the
winding level [11], [20]–[24]. This six-capacitance model is
suitable for low-power HF transformers whose magnetic core
is usually ferrite and may be regarded as an insulator. However,
in the H3T, the metallic core connected to the enclosure is a
conductor and has to be grounded in order to avoid discharge to
the ground. Therefore, electrostatic couplings of the H3T cannot
be fully considered with traditional six-capacitance model as the
capacitances between windings, magnetic core, and enclosure
are reduced.

For improving the model in Fig. 4, a more complete capac-
itive model for the H3T including all electrostatic couplings is

Fig. 4. Six-capacitance equivalent model.

Fig. 5. New capacitive model.

proposed in this paper. As shown in Fig. 5, the primary and
secondary windings are represented as electrodes 1, 2 and 3,
4, respectively, and particularly the grounded magnetic core
connected to the enclosure is represented as the grounding elec-
trode 0. The self-capacitances of the primary and secondary
winding are represented as C12 and C34 , respectively, and the
capacitances between the primary and secondary winding are
represented as C13 , C24 , C14 , and C23 . Especially, except for
the six capacitances which account for electrostatic effects of
the windings, four new capacitances, i.e., C10 , C20 , C30 , and
C40 , are added between winding terminals and the ground to ac-
count for capacitive effects between windings, magnetic core,
and enclosure of the H3T.

In this new capacitive model, electrostatic effects between
electrodes of the H3T are fully considered with ten capacitance
parameters, which are only determined by geometry, size, and
mutual alignment of the conductors and permittivity of the di-
electrics. These capacitance parameters may be extracted by
a two-dimensional (2-D) FEM based on weighted algorithm
which will be presented in Section III. Besides, the relation-
ships between the proposed new model and traditional capaci-
tive models will be discussed in Section V.
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Fig. 6. Wideband mechanism model of the H3T.

Combining the magnetic and capacitive model of the H3T,
the wideband model is proposed as shown in Fig. 6. In the pro-
posed wideband model, magnetic and capacitive effects of the
H3T are fully considered, including the electrostatic couplings
between windings, magnetic core, and enclosure of the trans-
former. Furthermore, with the proposed model, rigorous mech-
anism links between R, L, C parameters and physical properties
of the H3T are established, and each parameter of the model has
explicitly physical meaning. Therefore, the proposed wideband
model may be taken as a “mechanism model.”

III. PARAMETERS EXTRACTION

Parameters of the wideband mechanism model, as an applica-
tion of the model, are extracted through a 20-kHz H3T prototype.
Photo and 2-D schematic diagram of the prototype are shown in
Fig. 7(a) and (b). Main parameters of this prototype are shown
in Table I. In this prototype, the LV winding has 12 turns, us-
ing rectangular copper wires and with glass fiber for insulation.
The HV winding has 1096 turns, using triple-insulated-layers
wires (TILW). The core is formed with a pair of U-cores made
of the FT-3M nanocrystalline material. Main characteristics of
the nanocrystalline core may be found in [5] and [25]. The oil-
paper insulation coordination is adopted as the all insulation of
the prototype.

A. Inductance and Resistance Parameters

Considering complicated structure of the H3T, the FEM is
employed to extract the inductance parameters in order to im-
prove the accuracy. The core inductance Lm is evaluated by
magnetostatic field computation [15]. External inductance Ls0
is evaluated by the leakage magnetic field computation when
ampere-turns are compensated, and the complementary varia-
tional principle is employed to increase the calculation accuracy
[16]. Internal impedances of the windings, i.e., Zs1 and Zs2 , are
calculated by numerical and analytical method taking account
of HF effects [13], [26]. Additionally, the core loss equiva-
lent resistance Rm is obtained by the modulus of open-circuit
impedance of the transformer at the first resonant frequency,
shown as f1 of Z1oc in Fig. 11.

It has been reported that the contribution of HF effects to
impedance of the inductor will decrease with increasing fill
factor [14]. Considering that the H3T always has a very large
fill factor (0.85 for the prototype) for its high power, the im-

pacts of HF effects on winding impedance of the prototype may
be ignored. Accordingly, winding impedances of the prototype
including and not including HF effects, i.e., Z0 and Zf , are cal-
culated respectively when the HV winding is short circuit. The
results are referred to HV winding and shown in Fig. 8. It may
be found that there is almost no difference between the value of
Z0 and Zf . Therefore, it is reasonable to ignore HF effects and
take winding resistances and internal inductances as constants
in the magnetic model of this prototype. The results of Lm , Ls0 ,
Rm , Zs1 , and Zs2 are given in Table II.

B. Capacitance Parameters

The electrostatic energy stored in the proposed capacitive
model shown in Fig. 5 may be calculated as follows:

W =
1
2
uT Cu (3)

where u is the voltage column vector and C is capacitance matrix
of the model. Expanding (3) as follows:

W =
1
2
(C10+C12 + C13 + C14)u2

1

+
1
2
(C13 + C23+C30+C34)u2

2

+
1
2
(C10 + C20 + C13 + C24 + C14 + C23)u2

3

+
1
2
(C30 + C40 + C13 + C24 + C14 + C23)u2

4

− C13u1u2 +(C10+C13+C14) u1u3 − (C13+C14) u1u4

− (C13+C23)u2u3 + (C13+C32+C30) u2u4

− (C13+C24+C14+C23)u3u4 = W1+W2+W3+W4

+ W12+W13+W14+W23+W24 + W34 . (4)

The total electrostatic energy stored in the prototype is repre-
sented as the sum of ten energy terms, i.e., W1 , W2 , . . . ,W34 ,
which are determined by the capacitance parameters and ap-
plied voltages as shown in Fig. 5. Applying voltages u1 , u2 , u3 ,
u4 between corresponding electrodes of the proposed model,
each energy term in (4) may be obtained and the capacitance
parameters will be extracted. Considering that the capacitance
parameters in the proposed model are only determined by phys-
ical characteristics of the prototype and are irrelevant to the
potential of each electrode, there are no limitations on the val-
ues of u1 , u2 , u3 , and u4 .

First, apply ui to corresponding port while keeping all other
ports open circuit, and the total energy W will satisfy

W
∣
∣
∣uk =0
k �=i = Wi (i = 1, 2, 3, 4) . (5)

Afterward, apply ui and uj to corresponding ports simulta-
neously while keeping all other ports open circuit, and we have

W
∣
∣
∣uk =0
k �=i,j = Wij + Wi + Wj (i, j = 1, 2, 3, 4 and i �= j) .

(6)
Take the computation of W12 as an example. Applying u1

and u2 to the LV and HV winding respectively while keeping
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Fig. 7. H3T prototype used in this paper. (a) Photo. (b) 2-D schematic diagram of the prototype.

TABLE I
MAIN PARAMETERS OF THE PROTOTYPE

Operating frequency 20 kHz

Power rating 30 kVA
Ratio 1:91.3
Core Nanocrystalline (FT-3M)

U150/120/70
Low voltage winding 0.7 kV

12 turns
0.8∗36 mm rectangular copper wire

High voltage winding 64 kV
1096 turns
0.5/0.73 mm (inner/outer diameter) TILW

Fig. 8. Comparison of calculated winding impedances including high fre-
quency effect (Zf ) and not including high frequency effect (Z0 ).

electrodes 3 and 4 grounding (u3 = 0, u4 = 0), the total energy
stored in the transformer will be

W |u3 ,u4 =0 = W12 + W1 + W2 .

As W1 and W2 have been calculated in the first step, then

W12 = W |u3 ,u4 =0 − W1 − W2 = −C13u1u2 ⇒ C13 .

Other capacitance parameters may be calculated by similar
process. Therefore, calculating total electrostatic energy stored
in the transformer is the key to extract the capacitance parame-
ters of the model. Three-dimensional (3-D) FEM may be used to

TABLE II
INDUCTANCE AND RESISTANCE PARAMETERS OF THE TRANSFORMER

Lm (mH) Ls 0 (mH) Rm (Ω) Zs 1 (mΩ) Zs 2 (Ω)
4.587 42.45 422.8 3.54+ jΩ0.158e-3 37.8+ jΩ21.5e-6

calculate the electrostatic energy. However, the large number of
conductors in the prototype will make high computational cost.
As an engineering approach, 2-D FEM is employed to extract
capacitance parameters as well.

The 3-D schematic diagram of the prototype is shown in
Fig. 9(a). Taking axial direction of the winding as Z-direction,
the cross section of the prototype is shown in Fig. 9(b). It may
be seen that winding configuration of the prototype is race-
track, which indicates that the 2-D FEM based on axisymmetric
structure of the transformer used in [22]–[24] is not feasible.
Therefore, a 2-D FEM based on weighted algorithm is pro-
posed in this paper to extract the capacitance parameters of the
model.

The electrostatic energies of the prototype are distributed in
insulating mediums, which may be classified as conductor insu-
lation of the LV and HV windings, layer insulation inner wind-
ings, bobbins, and oil. Numbering these insulating mediums
from 1 to 5, and the total electrostatic energy of the prototype
may be calculated as follows:

W =
5∑

i=1

[
Wi

XOZ liy + (Wi
YOZ + Wi

YO ′Z)lix
]
. (7)

For insulation medium i, WiXOZ , WiYOZ , and WiYO ′Z
represent its electrostatic energy densities in XOZ, YOZ, and
YO′Z sections, respectively, which may be calculated by 2-D
FEM based on electrostatic field. On the other hand, liX and liy
represent weighted path lengths of insulation medium i along
X- and Y-directions, respectively. For the conductor insulation
of the LV and HV windings, layer insulation inner windings
and bobbins, their weighted path lengths are easy to deter-
mine as they are placed around the windings and have explicit
lengths in X- and Y-directions. However, as oil is full inside the
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Fig. 9. Schematic diagram of the prototype. (a) 3-D schematic diagram of the prototype. (b) Cross-section of the prototype.

Fig. 10. Electrostatic energy computed results. (a) Left windings. (b) Right windings.

prototype, its weighted path length seems to be hardly con-
firmed. Fortunately, results of an FEM analysis show that elec-
trostatic energy of oil mainly centralizes between the LV and HV
windings. Fig. 10 shows the energy distribution when calculat-
ing W12 , for example. Therefore, the equivalent length between
the LV and HV winding is taken as weighted path length of
oil.

With (7), it may be found that to calculate total electrostatic
energy stored in the H3T with racetrack windings, three sections
of the transformer (XOZ, YOZ, and YO′Z) are needed to be
considered. Noticing that in the left windings in Fig. 10(a),
electrostatic energy distributions in the XOZ section (W left

XOZ)
and YO′Z section (WYO ′Z ) are similar. So are W right

XOZ and WYOZ
in Fig. 10(b). Therefore, below equations may be true

W
i(left)
XOZ = Wi

YO ′Z , W
i(right)
XOZ = Wi

YOZ . (8)

Combining (7) and (8), it may be feasible to calculate the
total electrostatic energy stored in the transformer only with

XOZ section as follows:

W =
5∑

i=1

Wi
XOZ liy + (Wi(left)

XOZ + W
i(right)
XOZ )lix

=
5∑

i=1

Wi
XOZ(lix + liy ). (9)

Table III shows the computed results of capacitance param-
eters based on (7) and (9), respectively, where the third row
shows the relative errors between using the two equations. A
good agreement between the results is observed and the devia-
tions are all within 5%. This is hardly surprising as the layout
of the prototype is balanced, that is, as shown in Fig. 9(a) and
(b), the position and distances between conductors in XOZ and
YO(O′)Z sections are the same and the insulating mediums be-
tween the conductors are uniform. As a result, the capacitive
effects of the left-XOZ and YO′Z section are almost the same,
so are the right-XOZ and YOZ section. For most all-insulation
transformers with racetrack windings, the conductors and
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TABLE III
CAPACITANCE PARAMETERS OF THE TRANSFORMER (PF)

Equation C1 2 C3 4 C2 4 C1 3 C2 3 C1 4 C1 0 C2 0 C3 0 C4 0

(7) 8.1 14.2 97.5 100.2 60.2 58.9 166.3 165.8 34.2 31.1
(9) 8.3 13.9 93.0 95.5 61.7 59.1 161.1 160.6 35.3 29.9
RE (%) 2.5 −2.1 −4.6 −4.7 2.5 0.3 −3.1 −3.1 3.2 −3.9

insulation mediums may be taken as balanced layout. In this
case, only one axial section of the transformer is needed to be
calculated to extract capacitance parameters, and computation
cost will be further reduced in engineering application.

IV. EXPERIMENTAL VERIFICATION OF THE MODEL

To verify that the proposed wideband mechanism model and
its parameter extraction method are effective for the H3Ts,
impedance characteristics of the prototype under open circuit,
short circuit, and load (a 125 kΩ resistance load and a 40-μH
inductance load) conditions are measured by an Agilent 4294A
impedance analyzer, frequency ranging from 100 Hz to 1 MHz.
Careful compensations of connecting cables are conducted to
improve the accuracy of experimental results, and impedance
curves are acquired repeatedly with different supply current
levels of impedance analyzer to ensure the prototype working
linearly [20]. The measurements are conducted on both sides
of the prototype. For convenience, subscript “1” and “2” of the
impedances represent that the impedance analyzer is connected
to the LV winding and HV winding, and “OC,” “SC,” “R,” and
“L” represent that another winding is open circuit, short circuit,
load with a resistance and load with an inductance, respectively.

Fig. 11 shows the measurement and simulation results un-
der open- and short-circuit conditions, and Fig. 12 shows the
measurement and simulation results under load conditions. In
Figs. 11 and 12, the solid lines indicate results measured by the
impedance analyzer and the dash lines indicate results calculated
by a circuit simulator based on the proposed wideband mecha-
nism model. A good agreement between the measurement and
simulation results may be observed with the frequency nearly
up to 300 kHz. The results indicate that the proposed model rep-
resents the magnetic and electrostatic couplings of the H3T ac-
curately. Meanwhile, the validity of parameter extraction meth-
ods proposed in Section III is also verified. It should be noted
that 300 kHz is not an inherent frequency limit of the proposed
model. Actually, for another H3T prototype with different values
for its geometric parameters or different materials used, effective
frequency range of the proposed model may be changed due to
different magnetic and capacitive parameters of the transformer.

V. DISCUSSIONS

For isolated dc–dc converters based on modular multi-
level converter, the HF transformers may provide galvanic iso-
lation of the system to achieve separate grounding arrangements
between two HVDC networks, and no winding of the H3T has
to be grounded [2], [3]. However, for certain dc–dc converters
with specific topologies, such as an isolated dual-channel quasi

resonant dc–dc converter, winding of the transformer may have
to be grounded to avoid the midpoint floated [27]. Different with
a traditional low-power HF transformer whose magnetic core is
made of ferrite and insulated, the metallic core of the H3T is a
conductor and has to be grounded to avoid partial discharges.
Therefore, electrical links will be formed between the magnetic
core and the winding which is grounded, and capacitive effects
of the H3T may be changed. Accordingly, it is necessary to
discuss the feasibility of the proposed model under different
winding grounding conditions. Furthermore, in these cases, the
relationships between the proposed model and traditional six
and three capacitance models are also revealed in this section.

A. Theoretical Analysis Based on Capacitance Matrix

Based on the potential of each electrode ϕi , the charges stored
on each electrode Qi may be represented as

{Qi} = [C] {ϕi} , i = 1, 2, 3, 4 (10)

where [C] is capacitance matrix of the proposed model
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

4∑

i=0,i �=1
C1i −C12 −C13 −C14

−C21

4∑

i=0,i �=2
C2i −C23 −C24

−C31 −C32

4∑

i=0,i �=3
C3i −C34

−C41 −C42 −C43

4∑

i=0,i �=4
C4i

.

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

Considering that these capacitances are sufficient to charac-
terize all capacitive couplings of the H3T from external-behavior
perspective, grounding of the transformer windings may cause
changes of capacitance matrix as follows.

If the primary winding is grounded, electrode 2 will be merged
into the ground (electrode 0) and a “contraction” may be oc-
curred in the capacitance matrix [28]. That is, the second row
and column of [C] will be removed. The equivalent model is
shown in Fig. 13(a) and [C] will be reduced to

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

4∑

i=0,i �=1
C1i −C13 −C14

−C31

4∑

i=0,i �=3
C3i −C34

−C41 −C43

4∑

i=0,i �=4
C4i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

.

Similarly, if the secondary winding is grounded, electrode 4
will be merged into the ground. The equivalent model is shown
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Fig. 11. Modules and phases of impedances for open and short circuit: measured (solid lines) and simulated based on the wideband mechanism model (dash
lines). (a) HV winding is open circuit. (b) HV winding is short circuit. (c) LV winding is open-circuit. (d) LV winding is short circuit.

Fig. 12. Modules and phases of impedances for a resistive load and an inductive load: measured (solid lines) and simulated based on the wideband mechanism
model (dash lines). (a) HV winding load with a resistance. (b) HV winding load with an inductance. (c) LV winding load with a resistance. (d) LV winding load
with an inductance.



3452 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 5, MAY 2016

Fig. 13. Equivalent circuits of the proposed capacitive model under different
winding conditions. (a) LV winding is grounded. (b) HV winding is grounded.
(c) LV and HV winding are both grounded.

in Fig. 13(b) and [C] will be reduced to

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

4∑

i=0,i �=1
C1i −C13 −C13

−C21

4∑

i=0,i �=2
C2i −C23

−C31 −C32

4∑

i=0,i �=3
C3i

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

.

If the primary and secondary windings are both grounded,
electrodes 2 and 4 will be merged into the ground. The equivalent

model is shown in Fig. 13(c) and [C] will be reduced to

⎡

⎢
⎢
⎢
⎣

4∑

i=0,i �=1
C1i −C13

−C31

4∑

i=0,i �=3
C3i

⎤

⎥
⎥
⎥
⎦

.

Based on the above analysis, it may be found that the ground-
ing of windings in the H3T will change capacitive effects of
the transformer as the order of capacitance matrix is reduced.
Specifically, when the LV winding is grounded, the proposed
capacitive mechanism model is reduced to a well-known six-
capacitance model as the grounding magnetic core is referred to
the LV side and the LV-winding-to-ground capacitance, i.e., C20
in this case, is shorted as shown in Fig. 13(a). Similarly, when
the HV winding is grounded, the proposed model is reduced to
another six-capacitance model as the HV-winding-to-ground ca-
pacitance, i.e., C40 in this case, is shorted as shown in Fig. 13(b).
When the LV and HV winding are both grounded, the proposed
model is reduced to a traditional three-capacitance model as the
capacitances of the LV and HV winding to the ground as well
as one capacitance between the LV and HV windings, i.e., C20 ,
C40 , and C24 , are all shorted as shown in Fig. 13(c).

B. Experimental Verification

To verify the validity of the proposed capacitive model when
the winding is grounded and corresponding analysis based on
the capacitance matrix, the impedance characteristics of the
prototype under different winding grounding conditions are
measured, and corresponding simulations are conducted with
the equivalent circuits of the proposed model as shown in
Fig. 13. The measurement and simulation results of open-circuit
impedances seen from the LV side of the prototype when the
LV winding is grounded, the HV winding is grounded and the
two windings are both grounded are shown in Fig. 14(a), (b),
and (c), respectively, where the solid lines indicate the results
measured by the impedance analyzer and the dash lines indicate
the results calculated by a circuit simulator based on the equiv-
alent circuits. A good agreement between the measurement and
simulation results may be observed in Fig. 14. Actually, the
open- and short-circuit impedances of the prototype seen from
both sides under different winding grounding conditions are all
measured and simulated. The results are also in good agreement,
but not presented here due to limited space. The results shown
in Fig. 14 are representative and typical due to their abundant
information on resonances.

The experimental and simulated results indicate that the pro-
posed mechanism model is valid in different grounding cases,
including all winding floated, one of the LV or HV winding
grounded and both the two windings grounded. Furthermore, it
is proved that the proposed capacitive model will be reduced
to traditional six or three capacitance model when one or two
windings of the transformer are grounded as the proposed model
has a more complete capacitance matrix.
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TABLE IV
RESONANT FREQUENCIES UNDER DIFFERENT GROUNDING CONDITIONS (KHZ)

Resonant Frequency No winding Grounded LV winding Grounded HV winding Grounded Both windings Grounded

f1 2.5 2.5 2 1.8
f2 74 74 60 53

Fig. 14. Modules and phases of open-circuit impedances seen from the LV
winding under different winding grounding conditions: measured (solid lines)
and simulated (dash lines). (a) LV winding is grounded. (b) HV winding is
grounded. (c) LV and HV winding are both grounded.

C. Impacts of Winding-to-Ground Capacitances
on Resonant Frequencies

The resonant frequencies of the open-circuit impedance char-
acteristics seen from the LV side under different winding
grounding conditions are shown in Table IV. Compared with
the situation that no winding is grounded, when the LV winding
is grounded the resonant frequencies remain unchanged. How-
ever, when the HV winding is grounded and the two windings are
both grounded, significant shifts of the resonant frequencies are
observed. This phenomenon, which is hard to be explained using
traditional six or three capacitance models, may be accounted
for by the proposed wideband mechanism model. Comparing
values of the LV-winding-to-ground capacitances and the HV-
winding-to-ground capacitances referred to the primary side,
i.e., C10 , C20 , and n2C30 , n2C40 (161.1, 160.6 pF and 295.9,
249.2 nF), it may be found that as the LV winding only has 12
turns, C10 and C20 are very small and may have little impact on
impedance characteristics of the transformer. However, the HV
winding has 1096 turns and n2C30 , n2C40 may not be ignored.
As a result, grounding of the HV winding will cause resonant
frequencies shift as C40 is shorted. When the two windings are
both grounded, besides C20 and C40 , one capacitance between
the two windings, i.e., C24 is also shorted, which causes the
resonant frequencies to shift further.

In summary, the proposed wideband mechanism model is ef-
fective to explain the impacts of grounding windings on resonant
frequencies of the H3T by analyzing the effects of winding-to-
ground capacitances. Furthermore, for an H3T in the design
phase, external behaviors of the transformer, including natural
resonances, transmission characteristic, etc., may be also pre-
dicted and adjusted by evaluating parameters of the proposed
model through electromagnetic computation based on geometry
of the transformer, no matter windings of the transformer are
floated or grounded. Corresponding studies will be conducted
and developed in the future.

VI. CONCLUSION

A wideband mechanism model and its parameter extraction
method for the H3T are proposed in this paper. The impedance
characteristics of an H3T prototype are measured under open
circuit, short circuit, and load conditions to verify the proposed
model and the parameter extraction method. In addition, when
different windings of the H3T are grounded, validity of the
proposed model and its relationships with traditional models
are discussed and verified. The results show that:

1) With elaborate considerations on magnetic and capacitive
effects of the H3T, including the electrostatic couplings
between windings, magnetic core and enclosure of the



3454 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 5, MAY 2016

transformer, the proposed mechanism model is sufficient
to characterize the wideband impedance characteristics of
the H3T, and the valid frequency band is up to 300 kHz
for the prototype evaluated in this paper.

2) Considering large number of winding turns and racetrack
windings of the H3T, the 2-D FEM based on weighted al-
gorithm proposed in this paper is effective and convenient
to extract capacitance parameters. Furthermore, for a bal-
anced layout H3T where positions and distances between
conductors in different axial sections are the same and
insulating mediums between the conductors are uniform,
it may be feasible to calculate only one axial section of
the transformer.

3) When the LV or HV winding is grounded, or the two
windings are both grounded, the proposed model will
be reduced to traditional six or three capacitance mod-
els as corresponding winding-to-ground capacitances are
shorted, which may account for the shift of transformer
resonant frequencies. The proposed wideband mechanism
model and corresponding parameter extraction method are
helpful to electromagnetic design and external behavior
investigations of the H3T.
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