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Abstract—In LLC converters, the transformer’s lumped wind-
ing parasitic capacitance degrades the zero-voltage-switching
performance as well as power delivery capability. However,
the literature survey indicates that there is still a lack of a
systematic methodology to guide the optimal winding of the
transformer. In this paper, a method to reduce the parasitic
capacitance is proposed. The mechanism of the parasitic lumped
winding capacitance in spiral winding transformer is detailed. A
performance comparison between the conventional winding and
proposed winding is conducted experimentally. The experimental
results show that using the proposed design, the lumped winding
capacitance is reduced from 14.40pF/turn to 1.76pF/turn.

Index Terms—Intra-winding capacitance, inter-winding capac-
itance, LLC, spiral winding transformer.

I. INTRODUCTION

LLC converter is a prevalent isolated dc/dc topology. Fig.
1 shows the schematic of a classic half-bridge LLC' converter.
In the deadband, the magnetizing current charges the primary
side MOSFET capacitance (C,ss), secondary side diode ca-
pacitance (Cy) and the lumped winding capacitance (C,). As
illustrated in Fig. 2, the resonant capacitor (C,) is neglected
since Cpss < Cy. The Cy and Cy induce a high-frequency
oscillation [1] and lead to the regulation issue [1]-[3]. In the
worst case, all magnetizing current is used to charge Cy, and
C,4 before the primary side reaches zero-voltage-switching
(ZVS), which degrades the performance of ZVS. Moreover,
the power delivery capability is reduced with a large Cy,, as
shown in Fig. 3.
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Fig. 1. Schematic of classic half bridge LLC' converter.
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Fig. 3. Comparison of power delivery capability.

\;

A\

Large C,,

Cy, origins from two aspects as shown in Fig. 4. The capac-
itance between different windings is inter-winding capacitance
(Cinter). The capacitance within the same windings is intra-
winding capacitance (Cptrq). Cir in this paper considers the
zero ac common-voltage cases, as demonstrated in Fig. 4(b).

Many research works have been conducted to analyze
the parasitic capacitance of the transformer. In [4]-[7], the
parasitic capacitance is calculated and measured via frequency
sweep. The first-order parallel resonant frequency is induced

coqecs

&

Fig. 4. Transformer (a) inter-winding capacitance and intra-winding capaci-
tance; (b) Zero common voltage lumped capacitance Cty..
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by self-inductance and the lumped capacitance after setting
the common-mode voltage between the primary side and
secondary side.

Methods to reduce Cjpirq and Cinter have also been stud-
ied. In [1], authors suggest reducing C;,+r, by changing the
dielectric material. In [3], Cjntrq is reduced by misaligning
two adjacent layers. In [8], ground points are inserted in the
layers to reduce Cj,¢rq.In [9], a shielding layer is added to
reduce Cipier. In [10], the primary side and secondary side
planes maintain a 180° difference to reduce Cj,ter. In [11]
insulators are added so that the interleaved windings don’t
cause a rapid increase of Cjnter. It should be noted that
all these above-mentioned methods are modeled on planar
magnetics.

However, for spiral windings, those arrangements cannot be
as precisely controlled as what we can do on printed-circuit-
board. The spiral winding structure is different from those
in planar magnetics, where multi-layer and multi-windings
are frequently used, leading to various conditions. Generally,
more choices can be made for spiral winding connections than
planar windings. Moreover, although the spiral winding trans-
formers are classic, most of the winding capacitance literature
focus on the planar magnetics. There lacks a methodology
to guide the design of spiral winding transformers with low
lumped winding capacitance.

In this work, the static spiral winding capacitance and
lumped winding capacitance are modeled. Methods to re-
duce the static winding capacitance is analyzed. Both intra-
winding capacitance and inter-winding capacitance are con-
sidered. Effect of the inter-winding capacitance on the lumped
capacitance is investigated. An optimization methodology is
proposed to reduce the lumped winding capacitance. The
lumped winding capacitance is reduced from 14.40pF/turn to
1.76pF/turn.

The spiral winding capacitance modelling and analysis
are in Section II. Section III is the proposed optimization
methodology for reducing the lumped winding capacitance.
The experimental verification is in Section IV. Conclusions
are in Section V.

II. CAPACITANCE MODELLING IN SPIRAL WINDINGS
A. Static Winding Capacitance

In Fig. 5(a), spiral windings ap ~ as, bg ~ bs are
evenly winded around the center leg in two layers. In Fig.
5(b), those eight windings are winded in an alternative way
to fill the window area. For mechanical stability, only the
winding structure that is symmetrical to the vertical direction is
considered. The intersecting surface potentials are named after
their surface names. R; is the radius of the bobbin on the core
center leg. Since the distance between the core and windings
are much greater than that among windings, the core-winding
capacitance is ignored in the analysis.

The number of turns are extended into N turns with m layer
and n windings per layer. N = mn. If N = 1, there is no
overlapped area due to single winding. Hence, the lumped ca-
pacitance Clymyp is zero. However, N = 1 is not practical due
to the restriction of the maximum flux. Parasitic capacitance
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Fig. 5. (a) Spiral winding intersecting surface at m = 2,n = 4. (b) Spiral
non-uniform windings at m = 1.33,n = 6.
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Fig. 6. Basic cell of spiral orthogonal windings.

exists between directly overlapped windings. Due to geometric
symmetry, Caq-,b(ifl) = C’%;l)bi = C,y are the diagonally
capacitance. Ca(i—l)b(i—l) = (, are horizontal capacitance.
Ca(ifl)ai = Ch_qybs = Cy are vertically capacitance.

To analyze C,, C, and C,,, the basic cell of spiral
orthogonal windings is illustrated in Fig. 6. § is the insulated
depth. R,, is the copper winding radius. The electric field
inside the surface of the conductor is approximated to be zero.
The horizontal capacitance consists of series connection of
insulated capacitance C,, ; and air-gap capacitance Cy 4. l,, is
the mean turns length (MLT). Since Ry > Ry, L, =~ 27 R;.

Ry+3
dCy; = eoer/ dl/ - %d&,
0y s — lo (R + 6)d0
L (R 1 6) W
92(Ry + 0)(1 — cos(6))
iC, — 20CeidCe

2dCy; +dCyp g
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The calculations of C, and C,, are similar due to geometric
symmetry.

€0€rlw
dCy,; = In(Bats)
N
dCy o = ¢g——2——da, 2
Cu, 602(1 — cos(a)) “ @
_2dC,;dCYy ,
dcy N 2dCyl + dCy,a’
€06l
dCyy,i = Wdﬁ,
U
ACyy o = €0——" 4B, &
. 02(\/5 — cos(a)) 8 )
a0y, = 2CayidCoy

2dChy i + dCoya’

To get the total capacitance, do the integration,

/2 dc /2 dc
C, :/ 09, C, :/ % o,
J—m/2 g Y —m/2 da

/2 dC
Coy= [ Ttas.
Y —m/2 dﬂ B

According to (1),(2), and (3), the winding insulation capaci-
tance under the same MLT is mainly determined by the ratio
between § and R,,. A thicker depth causes a lower capacitance
with the same R,. On the other hand, a smaller R, can
also reduce the capacitance with the same ¢§. The air-gap
capacitance is only determined by the MLT. Hence, reducing
the winding capacitance by decreasing the static capacitance
can be achieved in two ways:

“

1) increase the insulation layer thickness;

2) decrease the winding length per turn, or MLT.

The first way is restricted by the magnetic core window
utilizating rate. The insulating layer occupies the space of
copper windings. The second way can be achieved with a
small center leg radius core. However, it may increase the
maximum flux and magnetic loss. Since the effect of the first
way is inversely related to the distance, adding an insulation
layer to fill the window area is simple and feasible without
inducing additional loss.

B. Lumped Capacitance between Layers

The potential difference between 1) ag and a; is marked
as Ugoa1; 2) ag and by is noted as U,gpg, and so on. All
of them are determined by the winding connected sequence,
e.g. the induced electromotive force. The winding capacitance
has inner excitations between two adjacent nodes in Fig.
7(a), so the lumped capacitance is related to the winding
connection sequence and can not be calculated as series or
parallel connection type. In the lumped model in Fig. 7(b),
the voltage on the whole windings is marked as Uy,;.

In case as shown in Fig. 5(a), only these three directions of
capacitive energy exists. Define the m?”* layer has windings
named as ko, k1, ...k,; (m — 1)*" layer has windings named
as jo, J1, ---Jn. In the following modelling, n is equal for each
layer. Energy of capacitance between layer b;,_; and b; is
similar to that between layer a;_; and a;.

Ca}bz Ca2b_1 C
] ] a3b3

IIQ
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1
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Clﬁmp
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T U™
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Fig. 7. Winding (a) circuit model with parasitics capacitance (b) lumped
parasitic model

The horizontally overlapped area is much larger than the
diagonally overlapped area. The diagonal capacitance has a
longer distance between its overlapped area than those in hor-
izontal and vertical capacitance. The vertically overlapped area
is similar to the horizontally overlapped area. C,,, < C, = C).
However, the voltage across the diagonal direction may be very
large. The energy stored in the diagonal capacitance can still
be considerable in spiral windings. This property is different
from the planar conditions. In planar conditions, the diagonal
capacitance has nearly zero overlapped area if the winding
width is the same due to rectangular winding shape. The
capacitive energy stored in layers is shown in (5).

1

_ 2
Ea(i—l)ai - an(i,l)ai A(i—1)@i)
1 2
Eb(i—l)av‘, = §Ub(i,1>n,icaib(i—l)’
: 5)
Ea(i—l)bi = EUa(i,I)biCa(z—l)bi,?
1
_ Lo
By oy = 2Ub(fq)a(iq)Ca(z’—nb(i—l)'

The lumped capacitor model and the total energy FE,; can
be calculated as (6).

AFE,, is the energy increasement from layer j to layer
k. It consists of three parts. The first part is the vertical
capacitance energy incrementation. Specially, if n = 1,
Cy = 0. The second part is the horizontal capacitance energy
incrementation. The third part is the diagonal capacitance
energy incrementation.

For non-uniform spiral windings as Fig. 5(b), the winding
capacitance is more complicated. (m,n) in this condition is
not an integer pair. In Fig. 5(a), due to the shielding effect of
adjacent windings, the dominant winding capacitance consists
of three directions. However, in Fig. 5(b) type, the winding
by has overlapped area with all windings near it, e.g. ag — as.
Therefore, more parasitic capacitance appears and the total
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Fig. 8. Two windings transformer with three lumped capacitance in zero
common mode voltage.

capacitive energy will be larger than situations where m and
n are integers, e.g. Fig. 5(a).

1
Etot - iUf?otClu'mpy
Eiot = E1 + AFEs + ... + AE,,,

1 n—1
B-jo S
1 2 ll‘ Ua(i_l)aiv
=1

1 n—1 1 n—1
AV *501/ Z Upoyybs + 5090 Z Ui aybia
i=1 i=1

1 n—1
+ §Cmy Z(Uib(i,l) + Ulf(i—l)bi)
=1 (6)

1 n—1 1 n—1
_ 2 2
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i=1 i=1

n—1 ’

1 2 2
* 501'?/ Z(Ubwufn U yei)
i=1
n—1

1 2 1 2
AE, =5C, Z; Uik + 5Ca z; U ke
1= 1=

n—1
1 n—1
2 2
+ 5095?/ Z(szk(%l) + Uj(i—l)ki)'
i=1

C. The Transformer Capacitance Model

Fig. 8 shows the three lumped capacitance model for a
two windings transformer. The primary side has intra-winding
capacitance named after C,,;. The secondary side has intra-
winding capacitance named after Cge.. Cinger between the
primary and the secondary side is named after Ci,;.;—sec. All
those three capacitance can be calculated with (6). Moreover,
from (6) the lumped transformer capacitance is independent
from Uy,:. To get the overall lumped capacitance, the inter-
winding capacitance need to be transformed across a single
port. Without loss of generality, the inter-winding capaci-
tance is reflected to the primary side as Cps . L{vs(t)} =
Vs, L{vp(t)} =V, L{ip(t)} = I,. In situations where the
transformer is secondary side open circuit, it has equations as
follows.

1
‘/s = 7V7
n p
]p = jwcprifsec(v; - ‘/ZD)?
‘ Vs n-—1. (N
C ssp — Y5 — C Ti—Ssec)
JwWClps,p v, n Jwlp

1
Cir = Cpri + Cps p + ECS"'C'

Therefore, if the transformer turns ratio is n = 1, Cjpier has
no effects on Cy.. A higher n will has a larger effect from
Cinter on the Cy,..

D. High Frequency Effects

1) Skin effect and Litz-wire equivalence: To analyze the
parasitic capacitance, skin effect and proximity effect are
ignored in above analysis for simplification. If considered, the
current will distribute near the conductor surface. The electric
field in the copper wire is not zero and complicated to calculate
due to the Eddy current. Additional capacitive energy excited
by skin effect becomes obvious. This leads to an increasement
of the parasitic capacitance Cy,.

To mitigate this effect, Litz wire is always used. & is
the copper filling factor of Litz wire. Inside the Litz wire,
circulating current is limited and electric field between strands
inside a Litz wire is close to zero. Hence, the Litz wire with
n strands radius r,, can be equivalently modelled as a solid
wire with Reg ..

nmr

=R, ®)

2) Proximity effect: The proximity effect doesn’t affect the
capacitance directly. However, to mitigate its effect, windings
are always interleaved. Interleaved windings may increase the
overlap area of inter-windings but decrease the overlap area
of intra-windings. This leads to an increase in inter-winding
capacitance and a reduction in intra-winding capacitance. For
the transformer whose turns ratio is not unity, e.g. n # 1,
the inter-windings capacitance also affect the total transformer
Ctr-

III. PROPOSED METHODOLOGY TO REDUCE THE LUMPED
CAPACITANCE

For a N turns winding, design with low capacitive energy
is that layer number m and winding number per turn n are
both integers. Hence, the first step is to determine a N that
equals the product of two integers. N = mn.

Uagyas = Uagryapy Ubiybi = Ubgyiybys

Vai by = Vagiybpyr Uaibay = Uapbg, sy
Ueiinyei = Uepnyens Ubnyeqiny = Ubgponyeipoys 9)

Ubica1y = Ubpeipnys = Ukgoayke = Uk by

Ujtimrykiony = Uj(p—1>k<p—1>7 Uji’“(i—l) = Ujpkgpys

i=1,2,..,.n—1,p=1,2,...,n—1.

In Fig.10, integer n is first chosen then m is determined.
The energy of windings can be sorted into three categories:
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Fig. 9. (a) Conventional non-uniform connection sequence (b) uniform
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distribution under proposed

connection sequence.

number 71, with
window area restriction.

VN

is a integer?

Achieve a chart of
lowest winding
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Fig. 10. Flow chart of the proposed methodology to reduce the winding
capacitance.

a) Horizontal mutual capacitance energy related with C.

b) Diagonal mutual capacitance energy related to Cy,,.

c) Vertical mutual capacitance energy related to C,,.
Therefore, the minimum horizontal capacitive energy happens
when horizontal potential differences between two adjacent
windings are equal. So do the vertical and diagonal direction
capacitive energy, which is described in (9).

The potential difference distribution should satisfy the
Kirchhoff’s voltage law and Lenz’s law. The studided case
has zero ac common voltage as illustrated in Fig. 4, therefore
the inter-winding capacitance can be optimized as well. Con-
ventional method, as shown in Fig. 9(a) may fill the window

height and leave some windings to another layer, e.g. p # n.
Besides, it connects the adjacent windings to achieve a small
winding resistance. However, in the perspective of winding
capacitance, such a connection exhibits the worst energy
distribution. Moreover, the non-uniform windings increase the
overall capacitive energy. Connection demonstrated in Fig.
9(b) has a low winding energy. Since N is always a settled
value with optimization of magnetic core loss and copper loss,
m =n = /N is the optimal lumped capacitance design if N
is a square number.

However, such a situation is not always feasible. The pro-
posed method is to minimize the total energy in the windings.

The design flow chart is shown in Fig. 10. The first step is
to determine the overall turns number N. N is restricted to
the maximum magnetic core loss:

B, = V1T
4N A, (10)
Prore.maz > Veke fBE ..

Vi is the tarnsformer terminal voltage on the NV turns winding,
ns is the secondary winding number. A. is the equivalent
flux surface area. T is the switching period. k., o, are
coefficients determined by the core materials. V. is the selected
core volume. For secondary winding, Vi = V.. For primary
winding, Vp = V; when the converter is working at the
resonant point. If N is not a square number, calculate the
voltage distribution in uniform connection from n = 1 to
N = Nmaz- Mmaz 18 Testricted by the window height. After
that, we can achieve a chart of the optimal winding capacitance
in each n case with (4)~(9). Take the lowest one, then the
accessible lowest capacitance design can be found.

IV. EXPERIMENTAL RESULTS

To demonstrate a significant improvement compared with
the conventional method, two interleaved LLC transformers
are designed. The conventional design exhibits less overlapped
area than the proposed method. The LLC converter is a
36V/20V design at 56 kHz resonant frequency. Note that
the conventional way doesn’t require the turns number to
be a square number, so the counterpart transformer with the
conventional method is designed with the minimum turns
number.

The simulation results of Finite element analysis (FEA) is
shown in Figs. 11 and 12. In the simulation, the common-
mode voltage between the dot terminals is 10 V. The electric
field distribution using the proposed design methodology is
more evenly distributed than that in conventional types.

The frequency characteristics are compared in Figs. 13 and
14. The proposed methodology can achieve 2.24 times higher
self-resonance frequency, from 530.884kHz to 1.318MHz with
more turns compared with the conventional method.

The parameters comparison is listed in Tab. I. The first order
self-resonance frequency is caused by Cy,. and L,,. The pro-
posed method reduces the winding capacitance significantly
from 345.67pF to 63.40pF, or 14.40pF/turn to 1.76pF/turn.
Therefore, the proposed method can achieve a smaller lumped
capacitance with a larger winding turn number. The maximum
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Fig. 15. Transformer voltage commutation time of conventional method.

flux can be reduced while the self-resonance frequency doesn’t

= = decrease. Less magnetic core loss and lower lumped winding

" capacitance can be achieved using the proposed optimization
methodology.

The performance improvement in ZVS performance is
compared in Figs. 15 and 16 at 20V, 0.4A output. The
charging period of C}, together with Cy and C,ss is reduced
= [ with the proposed methodology from tconv,m = 410ns to
f tpro,m = 300ms. Time equivalent capacitance of the tested
] o diode (C3D10060A) and MOSFET (IPW60R180P7) at 30V

\
V1N J Lo
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Fig. 13. Frequency sweep results of the transformer using conventional non- ! i
uniform connection. ~-"7VS of :
})rimary siJe .
ME v A Al .
TABLE I Lm
TRANSFORMER PARAMETER COMPARISON
Transformer Turns Magnetizing Lumped winding
number inductance L, capacitance Ct, : : ; ’
. & oV [2] 4.00ps 2.5068/s S
Conventional ~ (24):(15) L, conv = 260uH  Cconv = 345.67pF g 1004 1.0y ][""y 10M points TEL

Proposed (36):(22) L, pro = 230ul Chro = 63.40pF

Fig. 16. Transformer voltage commutation time of proposed method.
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from their datasheets is Cy + 2C,ss = 1.25nF. From Tab. I,
the capacitance reduces

C’plro + CVd + 20055
C’conv + Cd + 2Coss

Consider the mismatch of the charging current ip,,, the
charging times have relationship as follows.

tpro _ Cpro + CVd + 2Cvoss Lm,pro
Cconv + Cd + 2C'oss Lm,conv

toro and feony are the theoretical charging time using the
proposed design methodology and the conventional one with
frequency sweep results in Tab. I. It is shown that the charging
time is reduced: t,,, = 400 x 0.72 = 298ns, which agrees
with the measured results (tprom = 300ms). Therefore, the
experimental prototype exhibits a reduction in the transformer
lumped capacitance in both frequency sweep and the commu-
tation performance.

= 82.3%.

Y

=0.72.

(12)

tCOHV

V. CONCLUSION

In this paper, a methodology to reduce the lumped winding
capacitance in spiral winding LLC' transformer is proposed.
The spiral winding lumped winding capacitance is modeled
and analyzed. Both inter-winding and intra-winding capaci-
tance are taken into consideration. Methods to calculate and
to reduce the lumped capacitance is discussed. An experiment
is designed to validate the proposed concept in both frequency
sweep and commutation performance. Compared with the
conventional method, the proposed design methodology can
reduce the lumped windings capacitance from 14.40pF/turn to
1.76pF/turn in the experiments.
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