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Using Transformer Parasitics for Resonant
Converters—A Review of the Calculation of the
Stray Capacitance of Transformers

Juergen Biela and Johann W. Kolar, Senior Member, IEEE

Abstract—Parasitic capacitances of conventional transformers
can be used as resonant elements in resonant dc—-dc converters in
order to reduce the overall system size. For predicting the values
of the parasitic capacitors without building the transformer differ-
ent approaches for calculating these capacitances are compared. A
systematic summary of the known approaches is given and miss-
ing links between the different theories and missing equations are
added. Furthermore, a new simple procedure for modeling para-
sitic capacitances that is based on the known approaches is pro-
posed. The resulting equations are verified by measurements on
four different high voltage transformers.

Index Terms—High-voltage transformer, inductor model, para-
sitic capacitance, resonant converter, transformer model.

I. NOMENCLATURE

€D Dielectric constant of wire insulation.

EF Dielectric constant of foil between layers.
Erm Effective dielectric constant.

) Thickness of wire insulation.

OTwist Thickness of outer insulation of litz wire.
OWire Thickness of insulation of a single strand.
bsec Breadth of winding section.

Cy Static capacitance between two layers.

ClLayer Equivalent capacitor between two layers.
Clsec Equivalent capacitor of one section.

Cwdg Equivalent capacitor of the whole winding.
Cis Equivalent capacitor general model.

d Distance between successive turns.

dw o Diameter of a single strand with insulation.
dsec Distance between two successive sections.

dy Distance between two successive turns.

h Thickness of foil or distance between layers.
et Effective distance between two layers.

k Number of turns in one incomplete layer.

Ly Length of coil (or sum of sections).

Lo.m Mean turn length of two the considered layers.
Ng Number of strands of litz wire.
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Fig. 1.  Series-parallel resonant dc-dc converter.

Nrayer Number of all layers of one winding.

Ny Number of turns in layer i.

Nsec Number of sections.

R, Radius of inner layer of considered pair of layers.

Ry, Radius of outer layer of considered pair of layers.

d;[r; Diameter/Radius of wire without insulation.

dy /7o Diameter/Radius of wire including insulation.

Vit Voltage between two successive layers of one
winding.

Vivdg Voltage of one winding.

Vit Voltage between two successive turns.

We. L1 Electrical energy stored between two layers.

WEg 6c Electrical energy stored in equivalent six-
capacitor network.

WE wde Electrical energy stored in one winding.

z Number of turns in one complete layer.

II. INTRODUCTION

PPLYING resonant dc—dc converters can help to reduce
A the switching losses and/or to raise the switching fre-
quency of the power switches. On this account, the overall sys-
tem size in many industrial applications, e.g., telecom power
supplies [1], high-voltage generators [2], or inductive heating [3]
could be reduced.

In particular, the series-parallel resonant converter, Fig. 1,is a
promising converter structure since it combines the advantages
of the series resonant and the parallel resonant concept. On one
hand, the resonant current decreases with the decrease of the
load and the converter can be regulated at no load, and on the
other hand, a good part-load efficiency can be achieved [4], [5].
Furthermore, the converter is naturally short-circuit proof.

In order to reduce the overall system size, the series
inductance of the resonant circuit could be integrated into the
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transformer by increasing the transformer-leakage inductance
by a magnetic shunt as described in [6] and [7]. Also, the series
and the parallel capacitors can be integrated in the transformer
by using planar cores together with layers of high-permittivity
material [7]-[9]. The application of integrated planar cores,
however, is limited to power levels up to some kilowatts and
is not appropriate for high-voltage applications. There, conven-
tional transformers with wire winding structures are usually
used. These transformers also have parasitic capacitances that
can be used as integrated parallel capacitor of the resonant
circuit.

Different aspects of the calculation of the parasitic capac-
itance are described in [10]-[51], but a complete structured
overview and a comparison of the different calculation methods
is missing. This will be presented and completed by deriving
missing equations in this paper in order to find the most appro-
priate algorithm for calculating the “parasitic” parallel capaci-
tance of the transformer, and to find the winding structure that is
most suitable for realizing high-capacitance values and, which
causes the lowest dielectric losses. Furthermore, the links and
dependencies of the different approaches will be revealed.

In high-voltage applications, the number of turns of the sec-
ondary winding, which mainly causes the parasitic capacitance
Cp, is high in order to limit the voltage per turn and to achieve
a high-step-up ratio. This fact and the insulation requirements
usually result in multilayer and multisection windings. For this
reason, the presented algorithms focus on the calculation of the
parasitic capacitance of multilayer windings that are divided
into one or more sections. As shown in Fig. 2, the stored electric
energy for a standard multilayer winding mainly concentrates
between two successive layers. In comparison to that, the en-
ergy between two turns of the same layer is very small. Thus,
the turn-to-turn capacitances of turns in the same winding layer
are neglected in this paper.

The equivalent capacitance of single layer coils, whose value
mainly depends on the turn-to-turn capacitance, is not covered
in this paper, but information could be found in [47]-[51], for
example.

All the parasitic capacitance models of windings/transformers
are based on the static layer-to-layer capacitance, which could
be measured at dc conditions between different layers. There
are five different models for the static capacitance presented in
literature—two simple approximations: parallel-plate capacitor
[10]/cylindrical capacitor and three analytical methods [11],
[12]. These models and the calculation methods are described in
Section II for windings consisting of solid or litz wire. With the
equations for the static layer-to-layer capacitance, the equivalent
capacitor of standard and flyback windings (cf. Figs. 7 and 9),
and with it a general equivalent model of multilayer windings
could be calculated as presented in Section III. This equivalent
model also includes incomplete layers. The presented model is
verified by a finite element analysis (FEA) simulation result, and
is approximately valid just below the first resonant frequency of
the winding [18], since it sums up distributed capacitances to a
lumped capacitor.

In Section IV, a more general model of two winding layers
that could also be used to describe two layers of different wind-
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Fig. 2. Energy distribution within a multilayer standard winding.
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Fig. 3 (a) Orthogonal winding. (b) Orthocyclic winding. (c) Definition of
effective distance between plates.
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Fig. 4. (a) Parallel-plate capacitor model. (b) Cylindrical capacitor model.
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Fig. 6. (a) Electric flux line for orthogonal windings based on FEA. (b) Dis-
tribution of electric field strength.
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Fig. 7. Analytic field calculation for orthocyclic winding.
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Fig. 8 (a) Electric flux line for orthocyclic windings based on FEA. (b) Dis-

tribution of electric field strength.
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Electric flux line

Basic cells

Fig. 9. Second analytic field calculation for orthocyclic winding.

ings or interleaved windings is discussed. The results of the
different approaches are verified by measurements of the para-
sitic capacitance of four different high-voltage transformers in
Section V. Finally, a conclusion and topics of future research
are given in Section VL.

III. STATIC CAPACITANCE MODEL

All calculations of the equivalent winding capacitance are
based on the static layer-to-layer capacitance. With this capac-
itance the electrical energy is calculated that is stored between
two successive winding layers, and that will be used in Section
IIT for calculating the equivalent capacitance. The layer-to-layer
capacitance is calculated by assuming that the layers of the
winding are equipotential surfaces, i.e., that all turns of one
layer are short-circuited and edge effects are neglected. Thus,
two successive layers of the winding could be approximated by
a cylindrical capacitor [Fig. 4(b)] or a parallel-plate capacitor
[Fig. 4(a)].

A. Parallel-Plate Capacitor Model

For calculating the static capacitance, there are five different
approaches. The first one replaces the round wires by flat rect-
angles, as shown in Fig. 3. In a second step, the flat rectangles
can be replaced by an equipotential surface if the electrical con-
nection between the layers is disconnected and dc conditions
are assumed. This results in a parallel-plate capacitor, as shown
in Fig. 5(a) [10].

The distance d. is the effective distance between the plates
[cf. Fig. 3(c)]. It is determined by calculating the capacitance
of the real arrangement of the wires [Fig. 3(a) or (b)], i.e., the
capacitance of the two wire grids and the value of the parallel-
plate capacitor [Fig. 4(a)]. By equating these two capacitance
values, the effective distance dqs could be calculated [cf. (1)] as
a function of the geometry of the wire grid. The variable d’ is
given in (2) for orthogonal windings (cf. Section II-C) and in (3)
for orthocylcic windings (cf. Section II-D). For the orthocyclic
winding, there are two different values for d’ depending on the
distance of the two layers

dog = d' — 2.3 (ro +8) + 0.26 dy 1)
Orthogonal 3a): d =d=2ro+h )
Orthocyclic (3b) :
d=2ry+h h >0
=9 b VOREIRER O

The derivation of the relationship for the effective distance is
described in [13] and it will not be repeated in this paper for the
sake of brevity.

The value of the parallel-plate capacitor could be calculated
as

lur,m LL

lw ,m ZQTO
dett

o “)

CO,pla = E&0€r,m = E&0€r,m

By (5), the effective permittivity ¢, ,, and the average turn
length of the two layers [,, ,, that are used in (4) can be cal-
culated. The effective permittivity is determined by equating
the voltage across the series connected dielectrics and the volt-
age across the equivalent dielectrics or by equating the stored

energies [52].

eper (6 + h)
rom — — h:RCY—RC, ;
&r, erd+eph 2cyl Leyl
l’w,m =TT (Rl,cyl + RQ,Cy]) . (5)

1) Remark: The author of [22] uses the parallel-plate ca-
pacitor model for approximating the relative permittivity by
measurement data for wires in the range ry = 0.05...,
0.35 mm. The result is that E/'p varies from 1.3 for thicker wires
to 2.2 for thinner ones for orthogonal windings [cf. Fig. 3(a)].
For orthocyclic windings, the permittivity is assumed to be ap-
proximately double. Furthermore, the author assumes that in a
standard winding, approximately half of the turns are orthogonal
and the other half is orthocyclic. With the foregoing assump-
tions and by assuming further that & = 0, the resulting static
interlayer capacitance is equal to

z(z4+1)(22+1)
622

(z>>1). (6)

- —12
CO,app ~ 180e lw,m

~ 6010,z DPF

This equation could be used as a thumb rule for a first guess
on the parasitic capacitances of windings.

B. Cylindrical Capacitor Model

Many windings have a cylindrical shape. Therefore, the sec-
ond approach replaces the parallel-plate capacitor by a cylindri-
cal capacitor, as shown in Fig. 4(b). Thereby, the round wires of
a layer have also been replaced by an equipotential surface (cf.
Section II-A, Fig. 3). For the cylindrical capacitor the capaci-
tance is calculated by

E0Er,m 277-LL

Co.ey1= =
0.cy1 In ((Rl,cyl + deff)/Rl,cyl)

E0Er,m 2m22T0
In ((Rieyt + detr) / Rien)
@)

The radius of the inner cylinder is given as a mean value of the
two cylindrical layers minus half of the effective distance ds.

R+ R — des
5 )

For standard values of R; .y and Ry .y of high-power trans-
formers, the difference between the parallel-plate and the cylin-
drical capacitor model is quite small so that the simpler parallel-
plate capacitor model could be used in most cases.

Rl,cyl =

®)
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C. Analytic Capacitance Model for Orthogonal Windings

The remaining three approaches approximate the electric flux
lines by straight lines. An example of an approximated electric
flux line for an orthogonal winding, whose layers are separated
by a foil of thickness /4, is shown in the basic cell of Fig. 5. In
orthogonal windings, the turns of successive layers are orthogo-
nally on top of each other, whereas in orthocyclic windings, the
turns of the successive layer are in the gaps between two turns
of the preceding layer.

The electric flux line leaves the wire, which is an equipoten-
tial surface, approximately orthogonally. Because of the small
thickness ¢ of the insulation, the flux line approximately runs
as a straight line to the border of the insulation [11]. Then,
the approximated flux line deviates toward the successive layer
and runs as a straight line to the second layer. It crosses the
symmetry line (dashed line in Fig. 5) of the two layers orthog-
onally. The path of the flux line continues symmetrically from
the symmetry line to the second wire. This approach is used for
all angles ¢ from 0 to 180°, i.e., that within one basic cell, all
approximated electric flux lines from one turn to the underlying
one are contained.

In Fig. 6, the resulting flux lines of a finite element analy-
sis are shown. The FEA-flux lines correspond quite well with
the approximated flux lines especially in the regions where the
stored electric energy and, therefore, the parasitic capacitance
is high (¢ is around 90°—cf. Fig. 2— energy).

With the considered path of the flux lines, a given permittivity
of the insulation and the foil, and the given voltage between one
wire and the underlying wire (layer-to-layer voltage), the electric
field strength in the different sections of the approximated flux
line could be calculated. Then, the electric field strength could be
used for calculating the electric energy that is stored between the
two wires lying on top of each other. This energy is equated to the
electric energy that is stored in the equivalent capacitor, which
leads to the equivalent capacitance of the basic cell. Multiplying
this capacitance by the number of turns per layer, z results in the
static capacitance of the two layers. The detailed calculation is
described in [11].

The result of the earlier described calculation is the static
layer-to-layer capacitance for orthogonal windings

_ EOZZU}JH 1 20 2 7
C[),ort,hn — 1_ (S/EDTQ [V + 8€D <TO) 1_ 5/5Dr0
)]
with
V= Larctan ptl1y _ =
52 -1 6—1 4
B (ﬂz - 2) g+1 0 T
Z—Wamtan ﬁ_l 72(62_1)71
a=1--" 51(1+ h ) (10)
EDTo (67 285‘7"0

D. Analytic Capacitance Model for Orthocyclic Windings

A similar analytic approach [11] could be used for an ortho-
cyclic winding which is shown in Fig. 7. There, the basic cell
consists of a triangle (ABD) and the path of the approximated
electric flux line, which is very similar to the one described in
the foregoing section, is given. Again, the analytic electric flux
lines correspond very well with the flux lines resulting from
finite element analysis (Fig. 8).

For calculating the static layer-to-layer capacitance the ana-
lytic flux line is used to calculate the energy that is stored in
the basic cell, as done in Section II-C. In order to calculate the
complete electric energy that is stored between one turn of the
upper layer and the two underlying turns of the lower layer, one
also has to consider the energy stored in the two small triangles
(ADE and BCD in Fig. 7). This is done by multiplying the en-
ergy stored in the basic cell by two, since the two small triangles
are half of the two adjacent basic cells.

Again, the complete layer-to-layer capacitance is calculated
by a comparison of stored energies (cf. Section II-C). The re-
sulting capacitance is

457‘0 - 262

My, +
€D (2T0)2

C’0,cyclic = 4depzly,m Mp

(1)

together with

M _/”/6 cos? 1) — costp/cos? i —3/4 —1/2
v 2[cosp—(1—8/2epry)(+/cos? ¥v—3/4+1/2)]?

M /”/6 sin? 9 + cos\/cos? ¢ — 3/4

b 0 2[cosp—(1-8/2epry)(y/cos® p—3/4+1/2)]2

12)

dy

dip

1) Remark: In order to achieve a better agreement between
the calculations and measurements, the authors of [21] intro-
duced an empiric equation for the relative permittivity in (11).

0.7
\/2ri/mm.

With this function, €p varies from 2.95 for r; = 1.25 mm to
6 for r; = 0.02 mm.

ep = 2.5+ (13)

E. Second Analytic Capacitance Model for Orthocyclic
Windings

A second calculation model for the turn-to-turn capacitance
of orthocyclic windings is presented in [12]. The approach is
very similar to the one in the foregoing section except for the
exact path of the electrical flux line and the shape of the basic
cell, as shown in Fig. 9 where the basic cell is a rhombus (e.g.,
ABCD). See (14), at the bottom of the next page.

In order to calculate the complete energy stored between one
turn of the lower layer and two “half” turns of the upper layer,
one has to consider two rhombuses (ABCD and BFEC). The
area covered by these two thombuses is a little bit smaller than
the one covered by the two triangles of Fig. 7, and the path
of the flux line in the region between the insulations of the
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TABLE I
COMPARISON BETWEEN LAYER CAPACITANCE MODELS WITH

lym =1m; d=100pum; r9=05mm;z=1; h=
0.15mm; ep =3; ep =3
A. Orthogonal Winding
FEA: 51.8pF/m Value Error
Parallel-Plate (4) 54 2pF/m 5.1%
Cylindrical (7) 54.5pF/m 4.6%
Orthogonal (9) 49.2pF/m -4.9%
B. Orthocyclic Winding
FEA 136.5pF/m Value Error
Parallel-Plate (4) 54 .2pF/m -60.2 %
Cylindrical (7) 54.5pF/m -60 %
Orthocyclic (11) 140pF 2.8%
Orthocyclic I1 (14) 158pF 16.8%
Orthocyclic — Empiric (11+13) 146pF/m 7.8%

wire is a bit different. Furthermore, for calculating (11) and
(12), the author of [11] made some numerical approximations.
This causes slight differences in the result for the static-layer
capacitance as compared to (11).

F. Comparison of Static Layer Models

In Table I, the results of the different models for the static-
interlayer capacitance and the result of a FEA-Simulation are
compared. For the orthogonal windings, the “orthogonal” model
(9) yields good results. The results for the orthocyclic winding
also show that the approximation of the flux lines by the “or-
thocyclic” model (11) causes the smallest errors, and the simple
approaches cause a significant error.

1) Remark: A too exact modeling of the path of the electric
flux lines and the static interlayer capacitance is useless, since
the tolerances of the geometric winding parameters are usually
large and the positioning of the wire is not deterministic.

G. Using Litz Wire Instead of Solid Wire

For calculating the static interlayer capacitance Cj, the outer
diameter r( of the wire and the nominal diameter d; are needed.
In order to apply the calculations also for inductors and trans-
formers by using litz wire, these parameters have to be derived
from the specifications of the applied litz wires, as described
in [21]. In Fig. 10 the geometry of a litz wire and the belonging
solid wire are depicted.

The nominal diameter d; could be calculated by subtracting
the thickness of the twists’ outer insulation and the thickness of
the insulation of a single strand from the outer diameter of the

| dj

5
transform @ d“’v_{

Transformation of Litz-wire to solid wire.

KOs

Fig. 10.

complete litz wire as

Ty =70 — 0 = T — OTwist — OWire- (15)

The outer diameter of the litz wire could be taken from the
data sheet of the wire or calculated by (16), presented in [21].

4Ng dw o
T 2

Another possibility is to use (17) for determining the outer
diameter. This equation is presented in [16], and is based on
the interpolation of values given in data sheets of different litz
wires.

135 x 1076 Ng 0-45 dW,O — 20Wire 0-85 5

n= () () e
a7

In general, the accuracy of the analytic calculation procedure
for determining the equivalent capacitance of inductors or trans-
formers using litz wire is limited, since the winding tension and
the shape of the bobbin strongly affect the parasitic capacitance
of the winding. Further information on this topic could be found
in [21].

Ty = (16)

IV. CONNECTION OF LAYERS OF THE SAME WINDING

The static layer-to-layer capacitance does not comprise the
voltage distribution between the layers that is dependent on
the winding method (standard or flyback—cf. Figs. 7 and 9).
According to the applied winding structure, the effective layer-
to-layer capacitance changes because the static capacitance is
not charged uniformly, but the charge distribution depends on
the voltage distribution.

A. Standard Winding Method (Two Layers)

For the standard winding method (Fig. 11), one side (x = 0)
of the two layers is shortened and the voltage between the two
layers at the other side (x = L) is double the layer voltage
Viwdg/NLayer (it is assumed that all layers have the same number
of turns z per layer). This fact leads to a relatively high-electric
field strengths and dielectric losses at the unconnected side (z =
L) of the layer.

If it is assumed that all turns of the two layers comprise the
same magnetic flux, the voltage distribution along the layer [cf.
Fig. 11(c] is approximately linear (exact: staircase-shaped).

4e, tan’l{(\/g — 1) (2, +1In ro/m)}/{(\/g—k 1) \/ln ro/ri (26, +1nro/ 1)}

CO,cyclic I = Z2¢€) l'u:,m

(14)

\/25,. Inro/r; + (In 7“0/7"1‘)2

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on December 1, 2008 at 05:42 from IEEE Xplore. Restrictions apply.



228 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 44, NO. 1, JANUARY/FEBRUARY 2008

(a) (b) AV (x (©

Nl,@er:z Vde 1 " ( )

X Niger | 2.V,
e L - a X
©0©©O©—0 . Vi (x) =—"%

I P [y T = X Niger L
== Vir(Li) —1!"
eee0000—o0 | g =V, -
= ———> _Vde J_ ......... L
L N Layer
Fig. 11. Layer-to-layer voltage for standard winding method.
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Fig. 12.  Layer-to-layer voltage for a flyback winding.

In this case, the leakage flux, which flows through single
turns of the layers, is neglected because it is very small for
usual winding designs. With the voltage distribution V7, (),
the stored electric energy could be calculated as (where V,, =
Viwag)

Co [F_, 2Cy [ Viwvag 2
WL = — 1% dy = =20 YWde
BLL 2L1_ 0 LL (x) v 3 NLayer

2
o C(Layer Vde

: (18)

Equating this energy to the energy stored in the equivalent
layer capacitor Cpayer [right hand side of (18)] results in the
equivalent layer capacitor for the standard winding method
C1Layer = C(0 /3

B. Flyback Winding Method (Two Layers)

With the flyback winding method, all layers are wound in
the same direction and the voltage between the two layers is
constantly equal to the layer voltage VAvae/Nyrayer (Fig. 12).
Therefore, the electric field strength and the dielectric stress
are uniformly distributed and the dielectric losses are lower as
compared to the standard winding method.

A disadvantage of the flyback winding method is that at the
end of one layer, the wire of the winding has to cross all turns
of this and the proximate layer. This leads to a lager overall
winding length, and to local high-electric field strengths and
dielectric losses (locally comparable to the standard winding
method). The problem with the local high-electric field strength
could be avoided with special arrangements of the “flyback
connection” of the layers, but this increases the complexity of
the manufacturing significantly.

For calculating the voltage distribution [Fig. 12(c)] along the
layer, it is assumed again that all turns of the two layers are
linked with the same flux (cf. Section III-A).

A D A v, D
© © ©
£ 8 g ¢
Vil 2@ © |V; © ©
] © ] © ' @®
X @ © Xl © ©
© © © ©

B Vs | ,C Bol 5 | oC

(a) O «— O (b) Po—«—— O
Fig. 13. Layer-to-layer voltage for a flyback winding.

Equating the stored electric energy [(19), where V1, = Vayg,]
to the energy that is stored in the equivalent layer capacitor

Co [* Co ( Vwae \
Weirr = 2L0L ; Vi (z)de = 70 (N]\jldg )
ayer
CLayerV\%/dg
— T WeE 1
5 19)

results in an equivalent capacitor Cpayer = Cp /4.

C. General Approach for Arbitrary Winding
Methods (Two Layers)

In Sections III-A and III-B, the voltage distribution between
the two layers and therewith, the equivalent layer capacitance is
calculated separately for the standard and the flyback winding
method. In the following, a more general approach for arbi-
trary winding connections that is used by many authors [10], is
presented.

The voltage between the two layers could be expressed in
terms of Vi, V; and Vi, or V5 and V} independently from the
winding method [Fig. 13 and (20)]

x

VLL(CC)=V3+(V2—V1)LL

X
Vit (V= Vi) £ (20)

With the layer voltage, the stored energy is calculated and
equated to the energy in the equivalent capacitance (cf. Section
II-A) that results in (21) for the equivalent capacitance, where
V1, is the sum of the voltages across the two layers.

Cy (V& + V3V + V)
3 V2

_ G
3

C(Layer -

(02 =1A) +3V5 (12 = A) + 3V ).
@

Connecting the layers either with the standard or the flyback
winding method the general approach provides the same results
as calculated in Sections III-A and III-B.

D. Multilayer Windings

In the preceding sections, the calculation of the equiva-
lent capacitance for two layers for different winding meth-
ods is described. With these equations, the equivalent capac-
itance for multilayer windings with standard or flyback winding
method (cf. Fig. 14) could be calculated, as explained in the
following.
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Fig. 14.  (a) Multilayer standard flyback. (b) Winding method (NLayer = 4).

Again, the equivalent capacitor for the complete winding is
calculated by equating the energy stored in this capacitor to the
energy that is stored in all the layer capacitors

Niayer—1
CwagViva 1 & 2Wavag \°
Wewdg = ———— = = Clayer.n < g) )
’ & 2 2 1;1 Lay NLayer
NLayerfl 2 2
= C'de = Z CLayer,V (N) . (22)
v—1 Layer

If all layer capacitors Cfayer,, are equal, the equation for
the equivalent winding capacitor simplifies to the well-known
equation

ayer — 1
70Layer- (23)

N2

Layer

In (22), the calculation of the equivalent winding capaci-
tor Cwyqg is done by equating the stored energies. A different
approach uses the impedance transformation rule of autotrans-
formers. There, the equivalent layer capacitor of two layers
C;.i+1 is transformed into a capacitor at the input of the wind-
ing C} ;,; by multiplying the equivalent layer capacitor C; ;1
by the square of the turns ratio of the two layers to the complete
winding resulting in

2
z{.i+1 = (NLN;:: NL,ZHQ) Ciit1=
> Npg
k=1
Nigger—1
Cwag = 24)

!
E Ciis1
i=1

The transformed equivalent capacitors are connected in par-
allel and can be summed up to the equivalent winding capacitor
Cwaqg that is in parallel to the winding.

E. Incomplete Layers

So far, only complete layers with z turns in each layer have
been considered. In the following, a winding with Npayer —
1 layers with z turns and the last layer with k < z turns is
considered, as shown in Fig. 15 [21].

The interlayer capacitance for the complete layers could be
calculated, as described in Section III, and the interlayer capac-
itance built by one complete and the incomplete layer scales
linearly with the number of turns, as
with N = Nipayer — 1.

C’Layer,N = OLayer; (25)

k - turns

° @@@@@@%%

(NLayer1):z

2t

z - turns

Wdg

Vv,
siofe] ey

Fig. 15.  Winding with incomplete layer.

Fig. 16. Equivalent circuit of two arbitrary layers/windings.

The equivalent winding capacitor C'yqg is calculated by trans-
forming all interlayer capacitors to the connection of the winding
by the impedance transformation rule of transformers

Niayer—2
CVLayer,N2k2 + Z C'Layer.,1/2252

Cwag = =0 26

o (Vo — 1) 2 1 £ 20

If it is assumed that all interlayer capacitances are the same,
the equation simplifies to

4C'Layer (NLayer - ]-) (22 + k2)
((NLayer - 1) -2+ k‘)2

Cwag = 27

V. GENERAL MODEL OF TWO LAYERS

In Section III, an equivalent circuit for two or more layers
of the same winding is calculated, whereas in this section, a
model for two arbitrary successive layers is presented. This
model could be used for calculating the equivalent capacitor of
two layers from different windings e.g., primary and secondary
winding or interleaved winding structures.

A. Generalized Capacitance Model of Two Layers

As the authors of [14] have shown the electrostatic behavior
of a transformer (what is equivalent to two layers of different
windings) could be modeled by a three-input multipole (primary
and secondary voltage and the voltage between the windings).
In the linear working area, as long as propagation times can
be ignored, the electrostatic energy/behavior of this multipole
could be modeled by six independent capacitors, as shown in
Fig. 16.

The values of the six capacitors in Fig. 16 are again calculated
by the energy approach. First, the energy that is stored in the
capacitance between the two layers—cf. Fig. 13(a)—is calcu-
lated by using the equation of the layer-to-layer voltage (20).
The energy is expressed in terms of the three voltages V;, Vs,
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Fig. 17. Transformer with interleaved primary and secondary winding.
and V3 in
Co 2 2
WE.LL:? (Vo =V1)" +3V3 (Vo = V1) +3V5 ). (28)

Second, also the energy stored in the six capacitors of Fig. 16
is calculated in dependence of V;, V5, and V35 as

W sc
1 (Clvf + CVE + C3V2 + Cy (Vo + Vs — V1)2>
2\ 4G (o + W) + G (Vs = 1)
(29)
By equating these two energies and comparing the coeffi-
cients of the variables Vi, Vs, V3, Vi Vs, Vi V3, and Vo Vs, the
six capacitors could be expressed in terms of the static-winding
capacitance Cy. The result is given in (30). The values of these
six capacitors can also be determined by three independent mea-

surements, as described in [14] and [15] (where C; = Cy, Cy
= (4, and C5 = Cj is assumed).

We.L, = Wgsc
_ G _~ G,
jCvl—C'Z— 67 03_04_37
Cy =Cs = % (30)

B. Complete Capacitance Model for Transformers or Coils

With the equivalent circuit for arbitrary layers of different
windings, it is now possible to model the complete winding
structure of transformers. Each pair of successive layers is
modeled with an equivalent circuit consisting of six capaci-
tors (Fig. 16) [17]. The result is a quite complex model of the
parasitic winding capacitance if the number of layers is larger
than two. However, it is always possible to reduce the number
of equivalent capacitors to six, as it is shown later.

In the following, the transformer assembly in Fig. 17 is taken
as an example. The primary winding consists of three layers
(light grey, P;—P3) that are interleaved with one secondary
layer (dark grey, S1). First, an equivalent circuit consisting of
six capacitors (Fig. 16) is calculated for each pair of layers, as
shown in Fig. 18 (where, to each inner layer, two capacitors are
connected in parallel—e.g., Cy, and C; to the primary layer—
according to the two basic cells on each side of the layer). The
value of the static capacitance could be different for each layer.
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Fig. 18.  General equivalent circuit for transformer of Fig. 17.

The layers P» and Ps of the primary winding are not inter-
leaved with the secondary winding and are connected directly.
Thus, the interlayer capacitor Cps p3 could be simply modeled
by one capacitor (instead of C'. — Cg,) and could be calculated
as described in Sections III-A and III-B, and as shown in Fig. 18
in the grey shaded part.

In general, the equivalent capacitor for two successive lay-
ers belonging to the same winding is directly calculated by
Crayer = Cp/3 or Crayer = Cp/4 instead of using the six-
capacitor network (Fig. 16). Only two successive layers belong-
ing to different windings must be modeled by the six-capacitor
network.

In the second step, the equivalent layer capacitors are trans-
formed to the connection of the winding (A, B, C, and D in
Fig. 17) by using the impedance transformation rule of trans-
formers (24). This results in

C()c
3

2 C()c
3 .

2
= Cwag = Cap = ()

Cpa ps = (31)

3

Furthermore, also all six capacitor networks are transformed
to the connection of the winding.

This is done by writing the voltages of the six capacitors as a
function of the primary and secondary voltage V; and V;

Vo, =(a-b)Vi Vo, =(c—d)Va
Vo, = -1 +dVa + V3
Vo, = —0Vi +cVa + V3

5

Vo, =—aVi +cVa + V3

Vo, = —aVi +dVe + V3 (32)

by calculating the energy stored in the six original capacitors
(Fig. 19) also as a function of V; and V5 and
Co

=[-8 - V&, 2V,

WEA,GC,urg 12

VA, +VE +VE, | (33)

equating this energy to the energy that is stored in the six trans-
formed capacitors (29). By comparing the coefficients of the
different terms of Vi, V5, and V3, the values of the six trans-
formed capacitors could be calculated as function of the ratios
a, b, ¢, and d (34)

WEg6c_org = WE6c =
Cy = Cy/6 (2a’+2ab + 20> —3a — 3b)
Co = Cy/6 (2¢*—3c — 3d + 2d*+2cd)
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Fig. 20. Resulting equivalent network for transformer of Fig. 17.

TABLE II
COMPARISON BETWEEN LAYER CAPACITANCE MODELS WITH

Rpp =15mm; 6 =30pum; ro=0.75mm; z=30;
h=0mm; ep =25
Winding method

Crayer Standard Flyback
Parallel-Plate (4) 140pF 105pF
Cylindrical (7) 140pF 105pF
Orthogonal (9) 133pF 99pF
Orthocyclic (11) 236pF 171pF
Orthocyclic 11 (14) 246pF 185pF
Empirical (plate) (6) 187pF 140pF
Empirical (cyclic) (11+13) 209pF 156pF

Cy = Cy/6(—3a + 2ac + ad — 3b + 2bd
+ be — 3¢ — 3d + 6)
Cy = Cy/6(2ac + ad + 2bd + be)
C; = Cy/6(—2ac — ad — 2bd — be + 3¢ + 3d)

Cs =Cy/6(3a —2ac—ad+3b—2bd—bc). (34)

All transformed six capacitor networks are finally connected
in parallel. This is also true for the transformed equivalent layer
capacitors of winding 1, which are in parallel to C;, and all
transformed equivalent capacitors of winding 2, which are in
parallel to C5. Thus, after combining all parallel capacitors
to one capacitor, a single six-capacitor network modeling all
parasitic capacitances results. For the considered example, the

TABLE III
EXPERIMENTAL RESULTS FOR FOUR HIGH-VOLTAGE TRANSFORMERS
Type HVT-1 HVT-2
|
!
|
Equivalent Secondary Winding Capacitor
Measured 4.3pF 12.4pF
Orthogonal (9) 2.45...2.78..3.14 pF 6.4...7.3..8.3 pF
Orthocyclic (11) 4.12..4.75..5.44 pF 10.7..12.4...14.2 pF
Orthocyclic (11 +13) 3.91...4.56...5.28 pF 9.66...11.3...13.2 pF
Orthocyclic I (14) 4.55...5.17...5.86 pF 11.9...13.6...15.4 pF
Parallel-Plate (4) 3.68...4.12..4.56 pF 9.7...10.8...12.1 pF
Type HVT-3 PT1
|
'
~
Equivalent Secondary Winding Capacitor
Measured 7.15pF 4.2pF
Orthogonal (9) 0.99...1.16...1.35 pF 0.83...1.31...3.35 pF
Orthocyclic (11) 1.40...1.70...2.03 pF 1.25..2.15..6.05 pF
Orthocyclic (11 +13) 1.05...1.31...1.57 pF 1.26...2.16...6.1 pF
Orthocyclic I (14) 1.81...2.09..2.41 pF 1.60...2.44...6.35 pF
Parallel-Plate (4) 1.29...1.51...1.75 pF 1.25...2.01...4.17 pF

result is shown in Fig. 20, where it is assumed that all static-layer
capacitances (Cy, = Cp, = Cy..) are equal.

VI. EXPERIMENTAL VERIFICATION

In Table II, the calculated results for the different approaches
for one winding geometry and the two possible winding meth-
ods (standard and flyback) are given. Besides the analytic ca-
pacitance models, the results for the two empirical methods (6)
and (13) are also included. The largest value is obtained for
orthocyclic turns, since the distance between the wires is the
smallest and the empirical values are close to this value. At
the lower end of the range, the values for the orthogonal turns
and parallel-plate and cylindrical model can be found since the
distance between the wires is large.

In Table III, the measurement and calculation results for four
different high-voltage transformers are given. The values, mea-
sured with an impedance analyzer HP4294 A from Agilent,
agree well with the calculated average values of the transform-
ers if the wire insulation is small in comparison to the wire
diameter (HVT-1: § /rqg =~ 11% and HVT-2: § /rg ~ 10%). The
range of values is a result of including the tolerances of the
mechanical properties of the winding in the calculations.
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For transformers whose wire insulation is large in comparison
to the wire diameter (HVT-3: 6/r¢ =~ 50% and HVT-2: § /ry ~
20%), the electric flux not only flows from the layer L; to the
successive layer Ly below but also to the layer Ls, which is
below layer L. The flux is flowing through the relatively large
areas of insulation between the wires of layer Lo. Thus, for
calculating the equivalent capacitance of a pair of layers, one
has to consider not only the next layer but also the subsequent
layer. This must be considered in the equations and will be
presented in a future paper.

VII. CONCLUSION

A complete survey of the different calculation methods for
parasitic transformer capacitances was given and general equa-
tions were added. Based on the compiled equations, a sim-
ple modeling procedure for the parasitic capacitances of induc-
tors and transformers was presented. The different calculations
methods were compared, and verified by FEA simulations and
measurement results for high-voltage transformers.

As proved by the measurement results, the equivalent ca-
pacitor could be calculated by the presented procedures and
predicted without building the transformer. The parasitic capac-
itance, which is in parallel to the windings of the transformer,
could be used as a parallel capacitor in a series—parallel resonant
dc—dc-converter as proven by experiment.

Due to the admissible page count of this paper, the influence
of the core and shields on the equivalent winding capacitor have
been neglected. The corresponding equations and measurement
results will be presented in a future paper.
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