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ABSTRACT Resonant converters are widely used in high voltage applications thanks to the soft switching
technologies. The high frequency and high voltage (HFHV) transformer is the most complicated and
important part to boost the voltage by tens or hundreds of times, and the parasitic capacitance of the
transformers is critical to the performances of resonant converters. To reduce the parasitic capacitance,
the multi-section winding technique is usually employed in HFHV transformers. However, the parasitic
capacitance values calculated by the classical methods are not consistent with the experimental results of
HFHV transformers, and they are usually designed and optimized with low efficiency. This paper proposes
a new analytic method for calculating the parasitic capacitance of HFHV transformers of multi-section

windings, which is verified with good accuracy by experimental results.

INDEX TERMS HFHV transformer, parasitic capacitance, resonant converters, multi-section windings.

I. INTRODUCTION

High frequency resonant DC-DC converters, which can
reduce the switching losses and the system volume, are used
more and more widely in high voltage applications [1], [2].
The HFHV transformers are the most challenging and essen-
tial components for those converters. The high turn ratio
of the HFHV transformers renders a large parasitic induc-
tance or capacitance. At high frequencies, the impacts of
parasitic capacitances on harmonic analysis of the HFHV
transformer on the converter cannot be ignored. Total par-
asitic capacitance will generate loop reactive current, and
parasitic capacitance between windings is responsible for
the electromagnetic interference [3]—[5]. The parasitic capac-
itance will distort the current waveform and decrease the
overall efficiency [6]. Therefore, the parasitic capacitance is
regarded as an important performance indicator of HFHV
transformers. For an instance, the LC converters (Fig. 1 (a))
are preferred by the chargers of high voltage capacitor banks
[2], [7]-[11] because of the characteristics of constant output
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current and short circuit proof ability. However, the equiva-
lent parasitic capacitance C,, existing in the HFHV transform-
ers makes the LC converter an LCC type in practice. Even for
the LCC converter, the C,, is a critical parameter. As shown
in Fig. 1(b), the parasitic capacitance C,, decreases remark-
ably the charging rate and efficiency. It is a fundamental issue
to calculate the parasitic capacitance for optimizing the per-
formance or utilizing the parasitic capacitance as constitutive
elements of the resonant converters.

Many efforts have been made to model the capacitive
effects of HFHV transformers. When the frequency is not
very high, the models of lumped parameters focused on
winding levels have been established [3]-[6], [12]-[21]. The
m-shaped model was widely used [4]-[6], [12], [21]. The six-
capacitance model was used to investigate the whole elec-
trostatic behavior of the transformer, where the transformer
was regarded as a three-port network considering the third
current running between the two windings via parasitic capac-
itances [13]-[20].

The analytical approach for the parasitic capacitance cal-
culation is usually preferred for the reasons of fast compu-
tation and intuitive physical concepts [22]-[24]. According
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FIGURE 1. The series resonant charger for high voltage capacitor banks.

to the equivalent capacitance reflecting law of transformers
[13], the parasitic capacitance of the secondary winding (Cy)
becomes a predominant part because of the very high turn
ratio N. So it usually gets the attention of the analytical
approach. Actually, the classical calculation methods of the
parasitic capacitance for mono-section windings are fully
discussed and reviewed [13], [15], [16], [25]-[28].

However, the multi-section winding technique, whose
winding is divided into separate identical sections, is widely
used in HFHV transformers to reduce the parasitic capac-
itance [9], [11], [16]. For high power HFHV transform-
ers of multi-sections, it is usually found that the results
of the parasitic capacitance model of mono-section do not
match with the experimental results. This is because the
high power HFHV transformer has a large turn number of
the secondary winding, but the winding space of the mag-
netic core is also limited. So the intersection capacitance
cannot be neglected anymore due to the small section gap.
Unfortunately, the intersection parasitic capacitance is rarely
discussed in previous works ...[17, 18]. This paper attempt to
come up with a more accurate calculation model of the para-
sitic capacitance of the secondary side of HFHV transformers
of multi-section windings.

Il. TRANSFORMERS OF MULTI-SECTION WINDINGS

The potential difference between 2 successive layers renders
the interlayer parasitic capacitance. In previous literature,
the equivalent capacitance is analyzed and calculated by
using the law of energy [13], [26]. Analogically, there is also
a potential difference between both sides of the section gap,
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FIGURE 2. Multi-section winding's structure. r is the effective diameter
of the Litz wire, § is insulation thickness of Litz wire, dy; is distance
between turns (1.8 mm), dj is the distance between layers (1.6 mm).
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FIGURE 3. The potential distribution between 2 layers.

rendering the intersection parasitic capacitance. All the sym-
bols used in this paper are described in Table 1. The multi-
section structure is shown in Fig. 2, there are Ny sections of
winding connected in the Z-type method, and each section
has identical layers and turns winded in the U-type method.
There is an insulating layer between each layer and section,
so the wires can be arranged in order by fine winding. The
disordered arrangement which will not be considered in this
paper can be referred to references [13], [16], [29].

A. INTERLAYER PARASITIC CAPACITANCE (C1)

The voltage across each layer equals U, and the winding
length for each layer is Ly. Then the voltage difference
between 2 layers along the z-axis (as shown in Fig. 3) is

2U,
Vir(z) = L—LL(LL —2) e
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TABLE 1. Symbols’ description.

Symbol Description
U, Voltage drop across one layer
L, Winding length of each section
N Layer number in each section
N Section number
Vie Voltage distribution in layers
Cro Static capacitance between 2 successive layers
Cie Equivalent interlayer capacitance of 2 successive layers
w Electric field Energy
Cige Equivalent interlayer capacitance of one section
U Total voltage drop of the entire secondary winding
Au Voltage difference at the section gap
Ciwo Static intersection capacitance
Cise Equivalent capacitance of one section gap
C Total equivalent interlayer capacitance
C; Total equivalent intersection capacitance
Cs Parasitic capacitance of the fringing effect.
Cs The total parasitic capacitance of the secondary winding
c Parasitic capacitance between primary and secondary
P windings
Cy Static capacitance between primary and secondary windings

The static capacitance between the 2 neighboring layers is
Cro [26], [30], [31], and the capacitance per unit length is
Cro/Lr, The equivalent interlayer capacitance Cj, = Cro/3
can be solved by equation (1). There are Ny, layers in each
section, the effective capacitance for each section Cjg, can
be obtained by using the law of energy:

11 1
W= 5<§CL0)<ZUL)2>(NL -1)= zc,-szeuvLUL)Z 2)

And we have Cjg,= 4Cjjo(NL-1 )/N%. For N; sections con-
nected in series, the total effective interlayer capacitance C
is
Cise _ 1 (NL —1)4C1p0

Ci = = 3
Ny Ny N 3

3

The formula (3) is used to calculate the parasitic
capacitance of multi-section windings in the -classical
methods [13], [31].

B. INTERSECTION PARASITIC CAPACITANCE (Cy)

The potential distribution at the section gap is analogous to
the case of interlayer. The voltage distribution at the section
gap between #1 and #2, which are similar to Z-type winding
in [11], [13], [16], can be seen in Fig. 4. The potential at the
down end (the upside of the section gap) of #1-1 and #1-
2 layers are both Ur. So the potential of the upside of the
section gap begins with Uy, and increases by the step of 2U},
in every 2 layers. Similarly, the potential of the downside of
the section gap begins with U /N; and increases by the step
of 2U| in every 2 layers.

Assuming the voltage drop across the entire secondary
winding is U and the layer number Ny >1, Uy =
U/(NsNp) < U/Njs, the voltage u(r) will distribute linearly
along r direction [13], [31]. And the voltage difference is
Au(r) =~ U /N;,. Suppose the static capacitance of the section
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FIGURE 4. Voltage distribution at the section gap.

gap is Cjs0, the corresponding equivalent capacitance is Cige,
and Au = U /N;, we have

W = L@ ®, — 1) = e CLy )
= 5 is0(AU s = 5 ise N,

It results in equivalent capacitance Cj, = Cjs0/4. There
are N;—1 identical section gaps. The equivalent capacitance
of all intersection capacitance C; can be solved by using the
law of energy conservation:

1 2U

1
W, = §C2U2 = Ecise<7s)2(M -1 Q)

Then we have C; = 4(N;—1)Cis. /N2, and

C2 — (Nv - 1)C (6)
—st isO
where Ny is the number of sections, Cis0 = &£Ss/d, ¢ is the
permittivity of the filling material between the section gap, d
is the length of the gap, S is the area of the secondary winding
in radial section.

C. PARASITIC CAPACITANCE CAUSED BY THE FRINGING
FIELD (Cs)

The COMSOL Multiphysics analyzed results of multi-
section windings (in the axial symmetry model) are shown
in Fig. 5 (a). The stray electric field exists around the trans-
former’s windings due to the potential difference along the z-
direction, which is known as the fringing effect. The fringing
effect is usually ignored, but it has to be considered for a
more accurate model. Besides, the results also show that the
electric field intensity at the section gap is significant indeed
that renders the intersection capacitance C3.
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FIGURE 5. Fringing effect of the windings.

The fringing effect of the plate capacitor is already dis-
cussed in [24], [30]-[32] and some analytical solutions of
the capacitance are proposed [31]. As shown in Fig. 5, the
electric potential increases linearly along z-direction that is
analogous to the potential distribution of the plate capacitor.
So the electric field distributions in the air are similar to each
other.

As shown in Fig. 5 (b), although the potential of the bottom
or top windings increases along r-direction, the potential
difference between them along r-direction is constant. So the
capacitance of the fringing field of the transformer’s wind-
ings can be estimated as a plate capacitor. Considering the
proportion of fringing effect capacitance being minor in the
transformer, a concise analytical estimating of fringing effect
capacitance C3 [31] is available.

C; = 0.65¢,D

_ 2a +2b + 4w

7
7(R1 + R2) @

where g is the dielectric constant of air, D is the mid-diameter
of the wingdings. In our transformers, D is the average turn
length in one section. When the shape of the winding’s skele-
ton in the radial section is a rectangle with lengths of @ and b,
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FIGURE 6. Voltage distribution of the inner layer of the secondary
winding.

and the thickness of the winding is w, D = 2a+2b+4w; When
the shape is a cylinder with inner radius R and outer radius
Ry, D =7m(R| + R»).

The total parasitic capacitance of the secondary windings
Cs can be obtained by summing up the interlayer capacitance
(equation (3)), intersection capacitance (equation (6)) and the
fringing effect capacitance (equation (7)),

Ci=C+Cr+C3 (8

D. PARASUTIC CAPACITANCE BETWEEN PRIMARY AND
SECONDARY WINDINGS (Cps)

For a transformer with a large turn ratio, the voltage of
the secondary winding is much larger than the voltage
of the primary winding, so the primary winding can be
regarded as zero potential. The voltage distribution of the
inner layer of the secondary winding is shown in Fig. 6.
For the reasons of U/Ns; > Up, the voltage distribution
can be equivalent to the stepped distribution shown as the
blue line. Then the capacitance between primary and sec-
ondary windings Cps can be obtained via the integration of
voltage [33]:

1 Ns 1 Co U 7?
—C,U? = N n-1D=1| d
2P /0 2N, [(” )NS] "

CoN? —3N;+3

3w ©

= Cps =
where Cy is the static capacitance between primary and sec-
ondary windings.

According to the equivalent capacitance reflecting law
of transformers, the capacitance of the primary winding is
neglected because of the high turn ratio. And the total capac-
itance can be expressed as:

Cp = N*Cs + NCps (10)
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TABLE 2. Calculated results of the transformers in reference [16].

L ¢, in Classical method!!®] COMSOL Formula (8)
Winding
™ [16] reference
structure [16] (oF) Value(pF) error Value (pF) error Value (pF) error
Whole windin, 4.20
Transformer#l ~ \ho€ Winine 3.84 3.15 -18.0% 3.9 L5%  sisoca i cmoo 9.4%
Whole windin 5.16
Transformer #2 @ 17mm air section ggap 4.84 3.97 -17.9% 4.57 -5.6 % (C=3.97, 00,05, Cs=1.14) 6.6%
Whole windin, 12.30
Transformer #3 @ dmm ot section g%p 12.80 10.47 -18.2% 12.26 -4.2% (Cm10.46, (o035, Com1 45) -3.9%
TABLE 3. Main information of the 6 HFHV transformers.
Transformers T™ #1 ™ #2 T™ #3 ™ #4 T™ #5 TM#6
Turn ratio 10/546 10/525 10/324 10/360 10/468 10/468
Secondary w1nd1gg 14x13 x3 5%21x5 4%9%9 4x9x10 4 x9 x13 3x12 x13
(Turns x layers xsections)
Winding skeleton size
(width, xwidthsxlength) (mm) 49x61x120 61x71x135 45x55%150 40x50x110 80x90x140 80x90x140
Section breath (mm) 25.2 9 8 8 8 6
Winding thickness (mm) 21 34 15 15 15 20
Section gap 6 mm paper tape 3mm G10 3mm G10 2mm G10 3mm G10 4mm G10
Transformers T™ #1 ™ #2 T™ #3 ™ #4 TM #5 TM#6

Ill. FEM RESULTS, ANALYTICAL RESULTS, AND
EXPERIMENTAL RESULTS

First of all, the wingdings structure and the measured values
in reference [16] are used to verify the proposed method.
Because of the limited structure parameters of the trans-
formers in reference [16], the formula (8) is used to cal-
culate the parasitic capacitance of the secondary windings.
Additionally, the COMSOL is also employed to compute the
capacitance as well. All the results are listed in Table 2.

It shows 1) the COMSOL and the proposed method are
consistent well with each other; 2) the proposed method has
better accuracy than the classical method of which the para-
sitic capacitance parts of C, and C3 are not considered. The
error of the proposed method comparing with the measured
capacitance is 9.4% (18.0% by using the classical method).

According to reference [16], the outer diameters of the
secondary wires of the three transformers are 0.472mm,
0.297mm, and 0.194mm in sequence. And their section
breaths are 2.5 mm, 4 mm, and 5 mm in sequence. The section
gaps are much larger than or almost equal to the correspond-
ing section breaths. So the intersection capacitance C, is
minor. The classical method seems still available when the
interlayer capacitance Cj is dominated.

However, in our high voltage (20 kV) and high power
application (20 kW), the required space of the secondary
windings is much larger because of the larger wire diameter
and turn number. The intersection gap is usually limited as
listed in Table 3. The high power HFHV transformer is shown
in Fig. 7. The secondary windings are made of Litz wire
of 1.6 mm diameter, which is made of 150 copper filaments
of 0.1 mm diameter [13], [16]. The Litz wire is covered with &
= 0.1 mm Teflon (¢; = 2.55) insulation. The layer insulation
is Kapton film (¢ = 3) of 2 = 0.1 mm ~ 0.3 mm. And
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FIGURE 7. HFHV transformers of multi-section windings.

the section gap insulation is filled with insulation paper tape
(er =4) or G10 plate (g; = 2.5). The insulation of the primary
and secondary windings is with air and Kapton film of 10 mm
thickness. The specifications of the 6 transformers are listed
in Table 3.

The calculated results of C using the classic methods,
COMSOL and the formula (10) proposed in this paper are
listed in Table 4. The influence of the core is negligible when
the winding is far from the core or a screen is employed
[16]. The iron cores are removed to measure the parasitic
capacitances of the secondary windings directly. And their
parasitic capacitances can be measured by using the fre-
quency resonance point method proposed in [4], [14], [27],
[34], [35]. As shown in Fig. 8, the impedance frequency char-
acteristics of the secondary’s windings and their inductances
are measured by the HIOKI IM-3536 LCR meter. All the
measured results are listed in Table 4.

When the section gap is smaller and the windings’ thick-
ness is larger in a compact high power HFHV transformer,
the classical method may not be available anymore as shown
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TABLE 4. Measured and calculated results of the 6 HFHV transformers.

Transformer Winding structure Measured Classical method (nF) COMSOL (nF) Formula (10) (nF)
¢, (nF) value error value error value error
T™ #1 Section #1 93.3 82.8 -11.2% 85.3 -8.6% 88.8 -4.8%
(3 section) All sections 60.2 277 -54.4% 55.7 -7.5% 58.5 -2.8%
(@ 6mm paper section gap
@ 3mm G10 section gap 68.6 17.4 -74.7% 66.2 -3.5% 66.0 -3.8%
(Szggtffis) @ 3 mm air section gap 36.1 17.4 -51.9% 347 3.9% 37.8 47%
@ 10 mm air section gap 27.6 17.4 -40.0% 26.2 -5.1% 29.3 6.2%
(92&1 9 @ 3.2mm G10 section gap 44 0.9 -79.5% 48 9.1% 47 6.8%
R O?:iﬁf)ns) @ 2mm G10 section gap 9.8 -85.7% 9.2 6.1% 9.6 2.0%
TM #5 Turn=4, Layer=9
(13 sections) @ 3mm G10 section gap 25.8 6.4 -75.2% 23.4 -9.3% 27.3 5.8%
T™ #6 Turn=3, Layer=12 o o o
(13 sections) @ 4 mm G10 section gap 194 32 -83.5% 18.6 1% 19.1 -1.5%
2.5+ F 100 —&— Experiment
——— Impedance Z 10} —e— COMSOL
204 F 50 —A— Formula
: —A—  Phase ¢ Y
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, | 8 \ E
RS LN - \
= | = L \C1
N | F-so g 26t i
1.0 } g 3 \
! 100 al ,{ “e _ ¢ i
057 f=3738KkHz. || PN *2
| F -150 , v * -
I T T 2r *-'-*--*-1:;‘:*- -::-: 1
100 300 500 700 900 1 C, == 3= 3
f(kHz) 4 L L L
1 2 3 4 5 6 7 8 9

FIGURE 8. Typical impedance frequency characteristics (TM # 2 @ 3mm
air gap).

in Table 4. Take transformer TM #2 as an example, the mea-
sured C, (27.6 nF) is still much larger than the classical
method prediction (17.4 nF) even when the air section gap is
10 mm. That is because the intersection capacitance cannot
be neglected. The existence of the intersection capacitance
is also verified by the experimental results of TM #2 with
different kinds of section gaps. If the 3 mm G10 (¢, = 2.5)
section gap is replaced by a 3 mm air (&, = 1) gap, the total
Cp decreases from 68.6 nF to 36.1 nF. But the intersection
capacitance is never discussed before. And more sections will
make smaller C, in the traditional idea. That may misguide
the design of high power HFHV transformers. With the error
smaller than +7 %, the proposed method considering the
intersection capacitance and fringing effect is more accurate.
A smaller error is usually limited by the handmade windings
and imprecise structure sizes.

Another interesting experiment is carried out on the sec-
ondary winding of the transformer TM #3. The parasitic
capacitance Cy is measured when the sections are added one
by one as shown in Fig. 9. And the values of Ci, C, and
C3 of formula (8) are also plotted as dot lines in Fig. 9.
The total parasitic capacitance C; = 10.3 pF for the case

14070

Section number

FIGURE 9. Cs varies with the section number (TM #3).

of 2 sections, which is not 5 pF as expected by the classical
method (C1) due to the intersection capacitance C; (5.3 pF).
Also thanks to Cy, Cs does not decrease as rapidly as the
prediction of the classical method when the section number
increases. The fringing capacitance Cj is only proportional to
the average turn length D. It is independent on section number
and remains constant. All the results of the proposed method
show a good agreement with the experimental results and the
COMSOL results.

The following conclusions can be drawn from above:

> The classic method is valid and accurate to calculate the

Cp when itis mono-section windings or multi-windings
with large enough section gaps.

> For high power HFHV transformers, the capacitance of
the section gaps usually has significant effects on the
total C, value, and it cannot be neglected. Using the
classical method may cause big errors.
The proposed method, taking the section gap parasitic
capacitance and fringing effect into account, is valid to
calculate the parasitic capacitance of any multi-section
windings.
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FIGURE 10. Optimization analysis of HFHV transformers.

IV. DISCUSSION AND EXPERIMENTAL VERIFICATION

In practice, the parasitic capacitance of the secondary wind-
ing becomes a predominant part because of the very high turn
ratio. It is interesting and meaningful to know the windings
structure that has the minimum parasitic capacitance of the
secondary winding C;. Take the TM #5 transformer in Table 4
as an example, the secondary winding is around 450 turns.
All the possible combinations of sections, layers, and turns
are tried within the available winding space (the skeleton
size or the iron core’s window size), and the results are
shown in Fig. 9. The section number ranges from 1 to 20.
The layer number varies within each section independently.
The turn number is determined by the product of the section
number and layer number to have the total turn number
being constant. All sections are distributed evenly on the
skeleton to have a section gap as larger as possible. As shown
in Fig. 10 (a), the Cs value decreases remarkably with the
section number. For a certain section number, the C, value
also decreases with layer number as shown in the left insert
windows of Fig. 10 (a) (4 sections). The right insert windows
of Fig. 10 (a) shows the minimum value of Cs for each
section number. It follows that the C, cannot be minimized
remarkably by increasing section number after the section is
greater than 10. The transformer of 13 sections is chosen, and
more details are shown in Fig. 10 (b). The optimized result is
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FIGURE 11. Experimental results of the High voltage charger equipped
with 3 different transformers.

the structure of 2 turns, 18 layers, and 13 sections. But it is
hard to be manufactured. Instead, the other two structures are
manufactured, and the results are listed in Table 4.

Three representative transformers in Table 4 are tested by
experiments to verify the proposed method: TM #1 (C, =
60.2 nF, 20 kV rated), TM #3 (C, = 4.4 nF, 10 kV rated),
T™ #6 (C, = 19.4 nF, 20 kV rated). They are tested in
a high voltage resonant charger (resonant capacitor C; =
0.65 uF, f; = 2.5 kHz). The high capacitance bank to be
charged is 165 uF (20 kV rated). The experimental results,
as shown in Fig. 11, show that the performance of the LCC
converter charger is sensitive to Cp,. By using the concept of
i = C(du/df), we know that the performance of the three
transformers: TM #3 > TM #6 >TM #1, and the performance
of transformer TM #3 is very close to that of an ideal LC
resonant converter. Transformer TM #1 is not suitable to be
used in an LC resonant converter. The charging current is not
constant and decays all the time. On the other hand, it also
can be concluded that controlling the parasitic capacitance
of the secondary winding is very necessary and challenging
for high turn ratio transformers. To design and manufacture a
10 kV rated high power HFHV transformer may be easy. But
the difficulty is exponentially growing as the rated voltage
rising.

V. CONCLUSION

HFHYV transformers are the key and most challenging parts
of high voltage converters, and the parasitic capacitance is
a critical performance indicator for the HFHV transform-
ers (especially used in high voltage chargers). Many papers
are already published on this important issue, where the
interlayer capacitance is fully and clearly discussed. But
it causes some errors for high power HFHV transformers
with multi-section windings. A valid and effective method
to calculate the parasitic capacitance, which is verified by
the experimental results, is proposed in this paper. The
idea of minimizing the parasitic capacitance by increasing
the section number is also discussed. For a given winding
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space, more section number and more layer number (larger
section gaps) will gain smaller C,. But it also shows that
excessive section numbers will not gain much smaller C;
value.
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