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Abstract—The calculation of a transformer’s parasitics, such as
its self capacitance, is fundamental for predicting the frequency
behavior of the device, reducing this capacitance value and more-
over for more advanced aims of capacitance integration and
cancellation. This paper presents a comprehensive procedure for
calculating all contributions to the self-capacitance of high-voltage
transformers and provides a detailed analysis of the problem, based
on a physical approach. The advantages of the analytical formula-
tion of the problem rather than a finite element method analysis are
discussed. The approach and formulas presented in this paper can
also be used for other wound components rather than just step-up
transformers. Finally, analytical and experimental results are pre-
sented for three different high-voltage transformer architectures.

Index Terms—Capacitance calculation, electrostatic analysis,
high-voltage transformers.

I. INTRODUCTION

HE electrostatic analysis of wound components has been
T a fascinating research field since the beginning of last cen-
tury when the study of the surge performance of transformers
became an increasingly crucial issue for predicting the devices’
frequency behavior [1], [2]. As soon as wideband transformers
began appearing in telecommunication systems in the forties
[3], [4], so followed papers devoted to the frequency character-
ization of these magnetic components [5] and, in particular, to
the calculation of their self-capacitance [6]—[11]. The definition
of a self-capacitance as a shunt lumped-element in the equiva-
lent circuit of the wire-wound component is a very useful tool to
justify and reproduce the first resonant frequency. However, the
concept of self capacitance is well beyond any lumped-element
circuit theory since it is an attempt to circumvent transmission
line effects on wound-components when the current distribution
begins to depart from its dc behavior [12], [13]. Recently, pro-
cedures for calculating the capacitance have been proposed for
inductors [14], planar transformers [15], [16], magnetic compo-
nents within SMPS [17], high-frequency transformers [18], [19]
and power transformers [6], [7].

This paper presents a comprehensive procedure for calcu-
lating the self-capacitance of high-voltage transformers and
identifies all the factors that dictate the electrostatic behavior of
these components [37]. The typical application of high-voltage
transformers is within isolated dc-to-dc converters, where they
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step up the primary voltage and provide isolation [20]. For the
high voltage transformer within a resonant dc-to-dc converter,
where the switching frequency can rise up to 500 kHz [21],
the parasitic parameters, in particular the self-capacitance, can
heavily affect the performance of the converter. This capaci-
tance is responsible for unwanted resonances and oscillations
of the primary and secondary side currents, hence reducing the
system’s efficiency and reliability [22]. Thus the parasitics of
the transformer, the leakage inductance and the parallel stray
capacitance, have to be determined. These elements are usually
used to form the resonant tank [23]. In order to predict the
performance of the resonant converter and to be able to use
the parasitics of the transformer as constitutive elements of the
resonant circuit, the calculation of the stray capacitance is a
fundamental issue [24].

The analytical approach was used instead of finite element
method (FEM) analysis for two reasons. Firstly, in order to point
out the physical relations of the electrostatics of wound compo-
nents; secondly, to provide a simple and fast design tool that
allows prediction rather than just reproduction of the capaci-
tances. Moreover, the dependence of the capacitance value on
the geometrical parameters and on the material properties is
clearer when an analytical formulation of the problem is con-
sidered. On the other hand, numerical tools such FEM are able
to model even complex structures and provide very accurate re-
sults, but at the cost of long simulation and overhead time re-
quired to draw the model and to set up the simulation parameters
accurately. The FEM user might require some further time to
learn a specific software package. Moreover, it is a good practice
to verify the numerical results with another method, for instance
an analytical one. Analytical tools are then a good tradeoff be-
tween speed to acquire results and their accuracy.

The main contributions to the self-capacitance in a high-
voltage transformer whose secondary winding is divided into
several sections made out of different layers of turns (see Fig. 1)
are the following:

a) the turn-to-turn capacitance;

b) the layer-to-layer capacitance;

¢) winding-to-magnetic core;

d) winding-to-electrostatic screen;

e) interwinding interactions.

Although this paper addresses the calculation of the self-ca-
pacitance of step-up transformers, the analysis and the calcu-
lation procedure have general validity and the formulation can
be adopted for other wound components.

The assumptions adopted herein for the calculation of the ca-
pacitance are as follows.

a) Staticelectric field: the electric field F isindependent of the

magnetic induction B rate-of-change. The displacement
current 9D /Ot is as well neglected, and the problem is thus

0885-8993/$25.00 © 2007 IEEE



2082

R e i S e e S SN b i s S i
™
q

“— H— «—J—>

Fig. 1. Cross section of a high-voltage transformer. A: central axis of the trans-
former (cylindrical symmetry); B: insulating cylindrical coil-former for the pri-
mary winding; C: primary winding realized with a foil conductor and outer elec-
trostatic screen; D: coil-former for the secondary winding divided in sections;
E: section made out of several layers of turns. F: width of the primary; G: sec-
tion’s width; H: magnetic core’s leg radius; and J: air-gap between windings.

time-independent. Accordingly, the incremental parasitic
capacitance due to dynamic fields is neglected [25].

b) No distributed charge between the electrodes. The volume
charge pr is neglected while only the surface charge o
is considered; this assumption and the previous one lead
one to consider the equivalent winding like its dc or “elec-
trostatic” equivalent.

¢) Uniform voltage distribution along the turns (equal mag-
netic flux linked to each turn) and all turns have the same
length.

This paper is organized as follows. Section II describes the
structure of the high voltage transformer and deals with the
self-capacitance of the basic cell assumed for the calculations,
the turn-to-turn capacitance. In Section III, the effect of the mag-
netic core on the electric flux lines distribution is analyzed and
discussed. Afterwards, Section IV deals with the layer-to-layer
electrostatic interaction and the calculations of the capacitance
of the secondary winding and winding-to-screen are presented.
Section V presents the experimental results obtained from three
different high-voltage transformers, which validate the pro-
posed procedure of calculation. Finally, Section VI summarizes
and concludes.
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Fig. 2. Arrangements of turns: (a) conductors aligned and (b) orthocyclic or
hexagonal turns grid.

II. BASIC CELL FOR THE CAPACITANCE CALCULATION

A. Transformer Characteristics

The typical high-voltage transformer’s structure is depicted
in Fig. 1. It is comprised of an F or U ferrite core and solid or
Litz wire windings. The primary usually only has a few turns, re-
alized by a foil conductor, while the secondary presents a larger
number of turns, arranged in layers and split into several sec-
tions. The secondary coils are usually hosted within a dielectric
coil-former that keeps the required distance between the wind-
ings parts and guarantees the electric breakdown limits with re-
spect to the voltage level in operation. A grounded electrostatic
screen is usually inserted between the windings in order to split
and ground the interwinding capacitance. Furthermore, in order
to increase the stepup ratio, the transformers are often built with
multiple secondary windings, which are then series connected.

The three decisive factors that mainly affect the value of the
self-capacitance are:

a) the dielectric constant of the insulating materials inter-

posed between the conductors;

b) the geometry, i.e., diameter and dimension of the ener-
gized conductor, and the mutual spacing between wires
and their distance to the screen or to the core;

c) the winding arrangement and the strategy of connecting
the different winding sections, which affect the distribu-
tion of the potential within each winding and between dif-
ferent windings and thus the amount of electrostatic en-
ergy stored (see Fig. 2).

B. Single Turn Capacitance

Whenever an energized wire is in the proximity of another
wire or of a ground plane, the electric field lines leaving the wire
terminate on the surrounding conductors and they are distributed
in the space such that the Laplace’s equation

V=0

is satisfied.

The turn-to-turn capacitance or the turn-to-ground (core or
screen) capacitance are the elementary cells for the analysis of
the electrostatic behavior of a wound component. For a cell con-
stituted by two turns, the two conductors represent the elec-
trodes and the electric field lines are distributed within the inter-
posed dielectric and air. The wire can be solid or composed by
several twisted strands. In this latter case, if ¢,, and ¢, indicate
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Fig. 3. Cross section of (a) a Litz wire. To determine (a) the equivalent isola-
tion, the outer and the inner coating are considered as an equivalent dielectric
of thickness o, and permittivity €.

the outer insulation thickness and the coating of each strand re-
spectively [see Fig. 3(a)], then the equivalent dielectric constant
€eq for a Litz wire is given by

c _ Eu)EL(t'Lu‘}_tL) (1)

“ eptw + ewlr

where €,, and e, are the dielectric constants of the outer insula-
tion and of the coating of each strand, respectively. The equiva-
lent insulation thickness is provided by

teg = tw +tr. @

If the diameter dy, of each strand of a Litz wire is known, the
outer diameter of the wire can be calculated as

4N,

™

dr, 3

where N, is the number of strands [26].

In order to calculate the capacitance, it is first necessary to
derive the electric field distribution, given the potential field ¢
(boundary conditions). For the elementary cell, such as the one
depicted in Fig. 4(a), the electric field £ along an electric flux
line [pg is given by

Q
/ E . dl = A(pPQ (4)

P

where Appg is the voltage difference between the two points.
Once that F is calculated, the value of the corresponding capac-
itance C' can be derived from the electrostatic energy stored in
the volume Vol between the conductors

= Eoq F2dv.
A<p2 \/Vol 4

Accordingly, the expression of the capacitance per unit of length
for a single wire of circular cross section, uniformly charged, is
given by

(&)

21
(%) ©

d;

Ct = €0€eq

where € = 8.854 pF/m is the air permittivity, . is provided by
(1), d; and d, are the inner and outer diameters [see Fig. 3(b)],
respectively.

C. Basic Cell: Turn-to-Turn Capacitance

Equation (6) overestimates the value of the capacitance be-
tween two conductors because it is derived under the assumption
that the charge is uniformly distributed over the surface of the
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Fig.4. Basic cells for the calculation of the turn-to-turn capacitance. According
to Koch’s approach, (a) the electric field lines are assumed radial, until they
reach the surface of the adjacent turn, [27]. The integration path proposed by
Massarini [14] is shown in (b): the electric field lines follow the shortest path in
the air-gap between two adjacent turns.

conductor. In a real system, however, the charge tends to gather
along portions of turns that are closest to neighboring turns.
Therefore, in order to take into account a more realistic charge
distribution, the electric field between two wires can be derived
considering field integration paths closer to the actual electric
flux lines configuration. With this in mind, one can suppose ei-
ther that the electric field lines remain radial until they reach the
surface of the adjacent turn [see Fig. 4(a)] or that they follow
the shorter path in the air-gap between the turns [see Fig. 4(b)].

These two problems have already been faced by Koch [27]
and Massarini [14], respectively. The calculation of the turn-to-
turn capacitance corresponding to the configuration in Fig. 4(a)
leads to the following formula:

2teq

Eeaqd?

Cii, i = 2¢¢ <mL + (de — teq)mD> @)

where the coefficients my and mp are given, respectively, by
z %— (sinzﬂ—l—cos(),/cos?B—%)
=
* ot (2 (4 o)
s
mp = /
0

~df,

Eeqde
sin? # + cos fy/cos? 6 — %
[0089 — (1 — :e:*;e) (% + 4/cos? 0 — %)

de.
}2
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Fig. 5. (a) Wire to conductive-plane capacitance calculable with the method of
images. (b) The properties of the core can be included in the model as a lossy
capacitance or (c) as series resistors to the core [28].

Fig. 6. (a) Sample shape for measuring the dielectric and conductive properties
of ferrite and (b) its equivalent circuit. The parallel capacitance C', and dielectric
loss factor tan . (or D) of a thin ferrite slab for N87 ferrite, having dimensions
of 8 mm X 8 mm X 1.52 mm, have been measured using the AGILENT A294A
dielectric test fixture.

If a three piecewise-linear path is considered, as illustrated in
Fig. 4(b), then the resulting capacitance (per unit of length) is
given by

w1 -1 [ de 0* T
Cit, M = €eqf™ In . (d—L> + g cot CE £ cot T2 )

where

#* = arccos <1 — i In <£)> .
€eq dl

III. INFLUENCE OF THE CORE ON THE
ELECTRIC FIELD DISTRIBUTION

The simplest winding arrangement is constituted by a single-
layer coil wrapped around the magnetic core. In this configu-
ration, the electric flux lines leaving each turn terminate on the
adjacent turns and on the core. The latter usually consists of a
ferrite material with a certain conductivity . The assumption
of considering the core as an ideal conductor is useful to calcu-
late the value of the capacitance against the core. The method
of images can be used [14] and the formulas for the turn-to-turn
capacitance derived in the previous section can be applied [see
Fig. 5(a)]. However, in order to predict the frequency behavior
of the systems, it is opportune to include the resistance of the
core in the model [see Fig. 5(b)].

An example of frequency analysis of ferrite wound compo-
nents is in [28]. There, it is shown how the equivalent core re-
sistance is responsible for the considerable damping of the fre-
quency resonance peaks due to the self capacitance and leakage
inductance of the winding (see Fig. 6). Thus, in order to verify
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the impact of the core resistivity on the transformer’s frequency
behavior, the parameters of ferrite material of grade N87 [29]
of the transformers cores analyzed in the experimental part of
this work, have been extracted. For this reason, a ferrite sample
between two electrodes has been considered to be a lossy ca-
pacitor [30], and the complex permittivity

€ = eoer = eo(e’ — je') 9)

describes the relationship between the electrical field, £, within
the material and the electric flux density D = &eF. The real
part of the complex permittivity, €', accounts for the electrical
energy stored in the dielectric material while the imaginary part,
€” accounts for the conduction losses.

The tests have been carried out using a tiny slab of material
N87 of dimensions 8 mm X 8§ mm X 1.52 mm with the elec-
trodes plated onto opposite 8 mm x 1.52 mm faces [31]. The
capacitive admittance of each thin plate, whose expression is
given by

Y, =G, + jwC, (10)
is measured using an AGILENT A294A precision impedance
analyzer with its dielectric test fixture. The measured capacitive
reactance is used to derive the frequency-dependent real part of
the relative permittivity as follows:

h
! =—0C . 11
€ (f) €0tab P(f) ( )
The measured dielectric loss factor, tan ., defined as
" G oteb
tand. = R h =27 (12)

;T = "ty b !
€ wC) wEfJETH WEQE

provides information on both dielectric and ohmic losses, that
cannot be empirically split. Actually, the former are dependent
on the lossy component of the dielectric constant, £/, while the
latter on the conductivity of the ferrite. The imaginary part of
the permittivity and the equivalent conductivity o of the ferrite
are given by

(13)
(14)

tan d.¢’

o
I

! 1
o =wtand.ege’ = wepe’ .

The frequency plot of ferrite parameters (¢’, €/, o) is shown
in Fig. 7. The conductivity assumes a large value over all the
considered frequency band [100 kHz—100 MHz] that is of
interest for practical applications. The damping of the fre-
quency resonances peaks and the larger values of the winding
impedance over all the frequency bandwidth are due to the
large value of the core resistivity, 1/o, that leads to a value of
the core resistance R. of some k{2 [see Fig. 5(b)]. In particular,
these effects are more relevant when the coil is directly wrapped
on the core, such as the primary winding (see Fig. 1), but are
negligible when the winding is far from the core or a screen is
interposed between the core and the winding.
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Fig. 7. Frequency plot of the real and imaginary parts ¢’ and £’ of the complex
relative permittivity and of the conductivity o for N87 ferrite at 25 °C.
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Fig. 8. Equivalent capacitance network for a single layer coil with a shield
or core.

IV. CAPACITANCE OF THE SECONDARY WINDING
AND CAPACITANCE TOWARDS SCREEN

A. Single Layer Capacitance

If the presence of a screen or core is considered, and if the
capacitance between two nonadjacent turns is neglected, then
the resulting equivalent network representing the distributed ca-
pacitances between adjacent turns, C', and towards the screen,
Cis, can be seen as depicted in Fig. 8. In the simplest case, if the
screen or core is distant from the coil or even absent (air-coil),
the resulting capacitance C'4p across the terminals A — B is
given by

Ctt
ny — 1

Cap = 15)

where n; is the number of turns. For the configuration depicted
in Fig. 8, the resulting capacitance across the terminals is given
by

Ct t

) Cit
Cap(ni—2)

Cap(n:) = + Cye (16)
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Fig. 9. Empirical verification of the dependence of the self capacitance of a
single layer on the spacing between turns. (a) Different spacing between turns
dl...d5, (b) measured self-capacitance of a coil made out of a wire having
a diameter of 0.5 mm and insulation thickness of 33 pm wound around two
different cores, E47 and E98. n, is the number of turns. (c) The electrostatic in-
teractions between nonadjacent turns cannot be neglected for the configurations
d4 and d5.

assuming the capacitance to shield C;s is two times larger
than the capacitance Cy; by virtue of the images method [see
Fig. 5(a)]. Equations (15) and (16) have already been proposed
in [14] and [32]. There, the capacitance C 4 g depends inversely
(15) and asymptotically, (16) on the number of turns, n;. Both
formulas provide good approximations of the self-capacitance
if there are only a few turns or they are well spaced [see d1
Fig. 9(a)]. In the case of many turns, tightly wrapped around
the core, the influence of the capacitive coupling between non-
adjacent turns cannot be neglected and the dependence of C'4p
on n. is better expressed by a linear relationship [33], i.e., the
capacitance increases linearly for increasing number of turns.
Fig. 9(b) shows the relationship between the number of turns
n; and the measured capacitance C'4 g for two different coils
made with wire having a diameter of 0.5 mm with insulation
thickness of 33 pum and magnetic cores, E47 and E98, of ferrite
grade N87. For both cases the following behavior has been em-
pirically registered. As long as the turns are wound uniformly,
each turn close to the next one, a linear dependence of C'4p on
n; is observed [see d2 and d3 Fig. 9(a)]. In particular, the values
of the capacitance measured for the two coils are nearly the
same for fewer turns (see Fig. 9) because the cores have been
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TABLE I
MEASURED AND CALCULATED WINDING CAPACITANCE [PF]
Measured | Calculated with (7) | Calculated with (8)
Tr# 1 3.84 3.12 3.35
Tr# 2 4.84 422 4.47

wound with the same wire, although the E47 core had a further
insulating coating with respect to the E98 core. For a larger n;,
the space between turns becomes tight, the turns start to overlap
[see d4 Fig. 9(a)] and a sudden increase of the capacitance
C 4p is observed. This is because the electrostatic interaction
between nonadjacent turns becomes stronger [see Fig. 9(c)]. As
soon as the second layer begins to grow [see d5 Fig. 9(a)], the
dependence of C'4p on n; is again linear and less steep, and the
trend is the same as that registered for the first layer. This kind
of dependence of C4p on n; can also be observed with more
layers. It should be noted that the measurement in Fig. 9 could
also have been equivalently realized by keeping the number of
turns n; constant while varying the mutual arrangement of the
turns.

B. Layer-to-Layer Capacitance

Starting from the value of C'; provided by (7) or (8) one can
calculate the value of the capacitance between two layers of
turns, then of a section of the winding constituted by z layers,
and finally of the whole winding made out of g sections (see
Fig. 1). Toward this aim the following formulas provide a good
assessment of these capacitances [6]. The layer-to-layer capac-
itance C); is given by

nt(nt + 1)(2nt + 1)
6n?2

Cy = 1Cy a7

where [ is the average length of a turn. Then the capacitance C
of a section is provided by

C. = Cu(z—1) G)Q

Finally, for the overall winding, constituted by ¢ sections, the
capacitance is:

(18)

19)

Table I shows the calculated values of the secondary winding
capacitances of transformers # 1 and # 2 whose specifications
are given in the Appendix.

The use of (17) for calculating the layer-to-layer capacitance
implies the calculation of the turn-to-turn capacitance Cy; by
means of (7) or (8). This computational effort is worthwhile if
the number of turns < 10 for layer, but for a larger number of
turns it is convenient to use simpler formulas for calculating the
capacitances. The winding structure can be modeled as a coaxial
cylindrical capacitor, or if the curvature radius r is large (see
Fig. 10), of a parallel plate capacitor:

2mrw

d

2mw

(9 w

r_, 00
— Oy = epey

CH = EQ&r
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Fig. 10. Representation of two adjacent layers or single-layer windings.

where w is the width of the layer, or the breath of each section.
Equation (20) is valid for a large number of turns with axial
symmetry. For only a few spaced turns the calculation of Cl
by means of (7) or (8) has to be the basis for deriving the self-
capacitance.

The value of the distance d between two wires of different
layers plays a decisive role in the calculation of the capacitance.
In general d is not provided by two times the insulation thickness
(see Fig. 3), as one can easily and erroneously assume, but it
is opportune to use an empirical formula [6] that accounts for
the actual mutual position between wires, that are usually not
perfectly aligned

d=126-d. —1.15-d; (21)
where d. and d; are external and internal wire diameters, respec-
tively, (see Fig. 3). Equation (21) should provide the length of
the average electric flux line between two conductors rather than
the insulation thickness. If the conductors are distant or the in-
sulation is thick, then the actual distribution of electric flux lines
can be more complex than the ones sketched in Fig. 4. Accurate
information on the wire’s characteristics, such as its insulation
thickness and its cross-section, is very important in order to have
a good assessment of the equivalent distance d and hence to re-
duce the error in the final calculation of the capacitance.

The expressions of the static capacitance CY; (20) are derived
under the assumption of uniform charge distribution over the
conductors of each layer disconnected (see Fig. 10). However,
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Fig. 11. Voltage distribution in dependence on the layers connection. Layers
wound in opposite direction, (a), and (b) equivalent potential distribution.
Layers wound in the same direction, (c), and (d) equivalent potential distribu-
tion. The terminal « is grounded.

according to the connection among terminals of adjacent layers,
i.e., the winding strategy, the potential distribution along the
turns varies and consequently so does the value of the layer-to-
layer capacitance.

C. Effect of the Connection Between Adjacent Layers

An interesting way to derive the value of the equivalent capac-
itance when different connections of the layers are considered, is
provided by the “Principle of Virtual Work™ (PVW) [34, p.460].
If U is the voltage difference between two layers, as those de-
picted in Fig. 10, then the corresponding electrostatic energy W,
stored between the layers is given by

1

1
W.== D-Edv = 5CHUQ. (22)

Vol
Consider the two possible connections between two adjacent
layers, i.e., layers wound in opposite directions [see Fig. 11(a)]
or in the same direction [see Fig. 11(c)].

According to the PVW, the stored electrostatic energy can
be calculated by realizing that no matter what process is used
to assemble the system, the final configuration (d and w) and
the voltage distribution are the same. For the connection as
in Fig. 11(a), that provides the equivalent voltage distribution
shown in Fig. 11(b), the electric field is given by

Uw

E(z) = T

(23)

and the electrostatic energy stored corresponding to this config-
uration is given by

1
W, = —/ eE?(x)dv
2 Vol
- w U 1 011
N ldd? 3723
1
= 5Cegl? (24)
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Fig. 12. (a) Equivalent capacitance C'4 g of two coils wound in opposite direc-
tion, with voltage ratio n = U, /U 4 g and one terminal grounded. (b) Lumped
capacitances C'1, C> and C’3 associated with a 2-D distribution of the electric
field for the configuration depicted in Fig. 10.

where ¢ is the equivalent dielectric constant of the media in-
terposed between the layers, [ the average turn length and CY;
is the static interlayer capacitance, (20). For the connection in
Fig. 11(c), which provides the equivalent voltage distribution
shown in Fig. 11(d), the electric field and the corresponding
stored energy can be derived with the same procedure and are
given, respectively, by

B(x) = (25)

and
W, =

(26)

Thus, layers wound in the same direction show a lower equiva-
lent capacitance Céq than the capacitance C.q of layers wound
in opposite direction and this is due to the different potential
distribution corresponding to the two configurations.

D. Effect of the Voltage Ratio and Spacing Between Adjacent
Layers

The voltage difference between adjacent layers or windings
affects the value of the static capacitance. In Fig. 10 the ports
AB and ab of two adjacent layers are shown. If the voltages
Uy and Uy or Uy, and Upy are known, the value of the ca-
pacitance at one port can be expressed by:

Ch
U2

ref

C= [(Uaa + Ups)* = UaaUss) 27

where C); indicates the static layer-to-layer capacitance and
U,t 1s a reference voltage [7]. Lets now assume the connection
shown in Fig. 12(a) of the two coils, a sketch of which is
depicted in Fig. 10. If the voltage Uap = Uyp/n is taken as
reference voltage for the calculation of the capacitance at the
terminals AB according to (27), the capacitance C'4p shown
in Fig. 12(a) is provided by

Chu

CAB— 3 (n—l) (28)
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Fig. 13. Distribution of the voltage U across a coil of ¢ = 5 sections and =z layers per section; d indicates the inter-layer distance while d is the distance between

the inner layers and the screen.

where n indicates the voltage ratio. Equation (27) is derived
under the assumption of potential variation only between the
layers.

If the variation of the voltage within the same layer of turns
is considered as well, then the electric field has two components
(E, E,) rather than just E,, as assumed so far. The equivalent
circuit in Fig. 12(b) shows the six capacitances, of which two
are linearly independent, that are associated with a 2-D electric
field distribution for the winding architecture shown in Fig. 10.
Such a field distribution is strongly dependent on the the dis-
tance d between adjacent layers; accordingly, the assumption of
2-D electric field distribution is more valid the larger the dis-
tance d. It can be easily proven [35], that these capacitances as-
sume the following values:

(29)

The equivalent capacitance C'4 g of the two port system corre-
sponding to the connection shown in Fig. 12(b), under the as-
sumption of 2-D electric field distribution, is provided by

Cap = (C1 4 C3)(1+n*) + Co(1 — n)*. (30)

By substituting the values (29) into (30), the capacitance C'4p
becomes a function of the static interlayer capacitance C; and
of the geometric parameters d and w:

Can= DB —n2+ Lo 2 31
AB—?( —TL)+W n(l+n+n°). (3D

If the equivalent distance d (21) between two adjacent layers
is small compared to the width w of each layer (see Fig. 10), then
the (31), derived under the assumption of 2-D electric field dis-
tribution, can be simplified to (28). This equation corresponds
to 1-D field distribution.

E. Capacitance Towards Screen

The capacitance against the screen is due to the electrostatic
energy stored in the gap between the secondary winding and
the screen. For this calculation, it is assumed that only the
lower layers of the sections contribute to the capacitance, since
the electric field between the screen and layers in front of
the screen provides the major contribution to the electrostatic
energy stored. The distribution of the voltage U across a coil
of ¢ sections and z layers per section is shown in Fig. 13. The
energy stored between each section and the screen is calculated
in a similar fashion as in [7] and then all contributions can
be summed up to provide the total energy stored between
the screen and the conductive layer opposite to the screen.
Hence the resulting layer-to-screen capacitance Cs assumes
the following expression:

Kl 1 204 —1)2 i—1)+1
G =3 Ci, <3z (i —1)*+3z(i )—I—)

— q2z2 3

(32)

where (', ; is the static capacitance between each section of
width w and the screen, which can be calculated in a similar
fashion as (20).

For a large number of sections ¢, the previous formula (32)
can be simplified into

Cis,iq

Cls = 3

(33)

where the capacitance C' ; between each section and the screen
can be assumed equal for all the sections, if the width w is the
same for all sections (see Fig. 13). A good approximation for
Cls,; (per unit of length) is given by

2mw

In (1 + %) GY

C(ls,i = €eqs

where €45 is the equivalent dielectric constant that accounts for
the properties of the insulation of the wires faced to the screen
and the air between the layer and screen. The parameter a is the
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radial distance of the screen from the central axis (see Fig. 1) and
d, is the distance of the secondary from the screen (see Fig. 13).

V. EXPERIMENTAL RESULTS

In order to verify the consistency of the procedure for calcu-
lating the self-capacitance, measurements and calculations have
been performed for three different transformers architectures.
The high-voltage transformers possess the same construction
characteristics (see Fig. 1) but different numbers of layers, sec-
tions and winding arrangements. The geometrical features of the
transformers and the properties of the windings are shown in the
Appendix.

If one refers all the contributions to the self-capacitance to pri-
mary side of the transformer, the capacitances of the secondary
windings and the capacitances between secondary windings and
screen have to be multiplied by a factor n2, where n is the trans-
former turns ratio (very large for step-up transformers) [35]. In
light of this, the contribution of the primary and the inter-wind-
ings mutual capacitances (between primary and secondary) to
the equivalent capacitance can be considered negligible.

The secondary winding impedance has been measured with
an Agilent A294A impedance analyzer for the following two
conditions. The measurement was first performed without the
screen and the magnetic core. In this case the value of the first
parallel-resonance frequency f,, given by

[ = 1
P onVIC

(35)
is shifted to higher frequencies than for the cored system since
the magnetizing inductance L without the core assumes a lower
value. Secondly, the impedance was measured for the system
comprising of the core and the screen (see Fig. 14). The mea-
surement realized without the core and screen provides the self-
capacitance of the winding while the measurement performed
with connected screen and winding gives the total capacitance,
i.e., the sum of the winding self-capacitance and the capacitance
to the screen. From these latter two measurements, the capaci-
tance towards the screen was calculated as the difference. Both
measurements with and without core showed that the stray ca-
pacitance towards the core can be neglected since the screen
is interposed between windings and core for these transformer
architectures.

The connections of the secondary winding’s terminal adopted
during the impedance measurements for the transformers # 1 is
shown in Fig. 15(a)—(b). This transformer has two secondary
windings that are series connected in operation, with one ter-
minal connected to the screen and grounded. Transformers # 2
and # 3 have only one secondary winding, with one terminal
grounded and connected to the screen in normal operation [see
Fig. 15(c)—(d)].

Table II shows the experimental and analytical results ob-
tained for the three transformers. The winding self-capacitance
has been calculated by substituting the formulas (20) into (18)
and (19) and considering (24) or (26) according to the type of
connection of the layers. The capacitance against the screen
was calculated with (32), (33) and (34). For the transformer #
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Fig. 14. Measured self-capacitance of the secondary winding without the
screen and the core (a) and measured self-capacitance for the system com-
prising of the screen and the core for the transformer # 3 (b).

1 having two secondary windings, one of the secondaries has
been short circuited during the measurement, to avoid the mag-
netic coupling between the two secondaries; moreover, the total
self-capacitance is given by the sum of two times the winding
self-capacitance and the capacitance to the screen.

From Table II it is evident that the relative error between cal-
culated and measured self-capacitance is constant. The param-
eter that mostly affects the calculation of the winding self capac-
itance is the equivalent distance d between wires (21). Further-
more, the analytical results have been obtained assuming that
the turns of each layer are aligned as shown in Fig. 2(a). If the
conductors were orthogonal, as shown in Fig. 2(b), the value
of the static dc capacitance is two times the value obtained for
aligned conductors [30].
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Fig. 15. Connections of the secondary winding’s terminals adopted during the
impedance measurement for transformers # 1, (a) and (b), and transformers # 2
and # 3, (c) and (d), respectively.

TABLE II
EXPERIMENTAL RESULTS [PF]

Transformer # 1
Calculated Measured Error (%)

Self-capacitance of secondary 3.15 3.84 —17.97
winding (2 Secondaries)

Self-capacitance towards screen 8.06 9.96 —19.08
Total self-capacitance 14.36 17.64 —18.59

Transformer # 2
Calculated Measured Error (%)

Self-capacitance of secondary 3.97 4.84 —17.98
winding

Self-capacitance towards screen 10.84 13.26 —18.25
Total self-capacitance 14.81 18.10 —18.18

Transformer # 3
Calculated Measured Error (%)

Self-capacitance of secondary 10.47 12.80 —18.20
winding

Self-capacitance towards screen 4.75 5.84 —18.66
Total self-capacitance 15.22 18.64 —18.35

The capacitance value is therefore between two case limits
with dependence on the the winding arrangement: lowest capac-
itance value for turns aligned and highest capacitance value for
an orthocyclic packing. Since the aligned turns condition was
assumed, then the results shown in Table II correspond to min-
imum capacitance values; the same assumption has been done
for the calculation presented in Table I. A correct assessment of
the mutual position of the turns can reduce the calculation error.
For the transformers considered, the turns within each section of
the windings are not exactly aligned but they are as well not or-
thogonally placed. A correcting factor k, defined as

1<k<2 36)
can be introduced and used to take into account the mutual po-
sition of the turns within a section. It was estimated between
1.1 and 1.3 for these transformers and this can be assessed de-
pending on the angle « shown in Fig. 2. This factor, once mul-
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tiplied by the calculated capacitance value, would compensate
the calculation error.

The calculation of the capacitance due to screen is also af-
fected by an error of —18% and this is due to the simplification
made of modelling the static dc capacitance between winding
and screen as an ideal cylindrical capacitor. This approximation
is accurate if the secondary winding is divided into several sec-
tions with the same characteristics (33).

VI. CONCLUSION

This work presented a comprehensive procedure for calcu-
lating the self-capacitance of high-voltage transformers. Such
transformers usually find application within isolated dc-to-dc
converters where the transformer’s self-capacitance and leakage
inductance are used as elements of the resonant tank.

The analytical approach was selected over the FEM approach
because there is a good tradeoff between speed in acquiring the
results and their accuracy. The proposed procedure of calcula-
tion is based on a physical approach and equations for calcu-
lating the turn-to-turn, interlayer, section’s and winding capac-
itances, respectively, were explained.

The approach and formulas presented in this paper can be
used for wound components other than just step-up trans-
formers. The influence of the core on the electric field dis-
tribution was analyzed and the dielectric characteristics of
N87 ferrite grade extracted. Including the core’s resistance in
the equivalent circuit of the winding is important to correctly
reproduce the frequency behavior. Moreover, the dependence
of the value of a single layer capacitance on the number of turns
was shown.

The two factors that are responsible for the error in the calcu-
lation are: the distance d between layers and the turns arrange-
ment, either aligned or orthocyclic.

The principle of virtual work was used to show how different
potential distributions influence the value of the static interlayer
capacitance. It was proven that a six-capacitances equivalent
model corresponding to 2-D electric field distribution can be
reduced to a conventional single capacitance associated to the
1-D electric field distribution, if the equivalent distance d be-
tween layers or adjacent windings is small enough.

The experimental results show that the calculation’s proce-
dure is consistent for different transformer architectures and the
error remains constant.

The proposed analysis of the electrostatic behavior of high-
voltage transformer and the calculation procedure are important
from a practical standpoint for three different purposes:

a) reducing the capacitance value and hence the dielectric
losses (by modifying for instance the winding arrange-
ment);

b) using the self capacitance of the transformer as an effec-
tive circuital parameter (integration);

c) applying a strategy of capacitance cancellation, that al-
ready succeeded for other two port devices [36].

APPENDIX 1
See Table III.
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TABLE III
TECHNICAL SPECIFICATIONS OF THE TRANSFORMERS
USED FOR THE EXPERIMENTAL VALIDATION

Transformer # 1 with ER98 Core

Outer diameter of secondary wire de max 0.472 mm
Insulation thickness h 20 pm
Dielectric constant of insulation € 3.55
Number of turns per layer nt 5
Number of layers z 10
Number of sections q 5
Average turn length l 27 - 26 mm
Breath of each section w 2.5 mm
Distance from screen ds 8 mm
Distance screen from axis a 15.5 mm
Breath of screen L 52 mm
Transformer # 2 with 72/65/39 Core
Outer diameter of secondary wire de max 0.297 mm
Insulation thickness h 16 pm
Dielectric constant of insulation e 3.55
Number of turns per layer nt 27
Number of layers z 5
Number of sections q 11
Average turn length l 27 - 31.7 mm
Breath of each section w 4 mm
Distance from screen ds 10.9 mm
Distance screen from axis a 18.5 mm
Breath of screen L 81 mm

Transformer # 3 with U 93/76/20 Core
Outer diameter of secondary wire de max 0.194 mm

Insulation thickness h 11.5 pm
Dielectric constant of insulation 5 3.55
Number of turns per layer ng 26
Number of layers z 20
Number of sections q 5
Average turn length l 27 - 40 mm
Breath of each section w 5 mm
Distance from screen ds 15 mm
Distance screen from axis a 21.5 mm
Breath of screen L 41 mm
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