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An Ultrasonic Series Resonant
Converter With Integrated L-C-T

Marthinus C. Smit, Jan A. Ferreira, Member, IEEE, Jacobus D.
Van Wyk, Fellow, IEEE, and M. Ehsani, Senior Member, IEEE

Abstract—The concept of an integrated structure for the capac-
itor, inductor and transformer of the series resonant converter
is presented. It is shown that the necessary capacitance can be
achieved by using a bifilar primary and the leakage inductance
of the transformer replaces the physical inductor. By integrating
three components into one it would be possible to save space,
mass, volume and cost.

NOMENCLATURE

a Width of U-core

b Height of U-core

C Discrete capacitance

Coon Distributed capacitance

d Separation of bifilar primary conductors

h Height of toroidal core

Kasi—asn Distributed magnetic coupling between first bi-
filar primary conductor and secondary winding

Kss1—bsn  Distributed magnetic coupling between second
bifilar primary conductor and
secondary winding

Kpp1—ppn  Distributed magnetic coupling between first and
second bifilar primary conductors

l; Diameter of primary of U-core structure

l, Diameter of secondary of U-core structure

L Discrete series inductance

Lai—an Distributed series inductance of first bifilar pri-
mary conductor

Ly1—bn Distributed series inductance of second bifilar
primary conductor

Lsi—sn Distributed series inductance of secondary

Lm Magnetizing inductance

Lo Leakage inductance

L Discrete inductance of primary of transformer

L. Discrete inductance of secondary of transformer

m Width and height of secondary of toroidal struc-
ture

n Number of elements in the transmission line
model

N, Number of primary turns

r; Inner radius of toroidal core

I, Outer radius of toroidal core
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Rei-an Distributed series resistance of first bifilar pri-
mary conductor

Ry1—on Distributed series resistance of second bifilar
primary conductor

R, Discrete resistance representing capacitor losses

Rpo—pn Distributed resistance representing capacitor
losses

Rs1—sn Distributed series resistance of secondary wind-
ing

R, Discrete series resistance of primary winding

Ro Discrete series resistance of secondary winding

w Width of bifilar primary conductors

€o Permittivity of free space

€r Relative permittivity

Yo Permeability of free space

Lo Relative permeability

I. INTRODUCTION

constant demand exists for ever decreasing size in switch
mode supplies. The first step has been the introduction of
resonant mode converters [1]. Such converters typically consist
of a resonant tank, a transformer and an input or output filter.
The soft-switching characteristics of these converters allow an
order of magnitude higher frequency, thus reducing the size of
the reactive components. A further concept towards a smaller
package is introduced, namely the electromagnetic integration
of the resonant tank and, if possible, the transformer into a
single component. That has the potential to not only save mass
and volume, but also to eventually reduce manufacturing costs.
The particular converter to be investigated is the well known
series resonant converter shown in Fig. 1. In this paper it
will be shown that it is possible to integrate the series circuit
consisting of the capacitor, inductor and transformer into a
single structure.

II. THE INTEGRATED L-C-T TRANSMISSION LINE

The first step towards a practical integrated L-C-T is to
recognise that a three conductor transmission line structure
can behave as a series capacitor, inductor and transformer. In
microstrip theory {2] it is a well known technique to create
a capacitor by using short sections of transmission line of a
very low characteristic impedance. In Fig. 2 conductor 1 and
2 are spaced with a very thin dielectric and form the series
capacitor in the series resonant converter. In microstrip circuits
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Fig. 2. The integrated L-C-T transmission line.
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Distributed circuit representation of the integrated L-C-T transmission

coupling between two circuits can be obtained by placing two
conductor sections in close proximity to each other. In Fig. 2
conductor 3 has been placed so that a mutual flux @, couples
conductor 3 with conductor 1 and 2. Due to the space between
them, a certain leakage flux ®; also exists. This leakage flux
gives an uncoupled inductance which can serve as the series
inductance L in Fig. 1.

This transmission line can be modelled as a distributed
circuit network as indicated in Fig. 3. Magnetic coupling
between conductor 1 an 3 is indicated by K,,;, and that
between conductor 2 and 3 by Kj;,. This network is used to
simulate the behaviour of the integrated L-C-T. The transmis-
sion line structure as configured in Fig. 2 is not practical for
power transmission and the operating frequencies, if microstrip
technology is to be used, is beyond the capability of power
semiconductors with sufficient power processing capabilities.
It is therefore necessary to investigate more practical lower
frequency structures which can operate at frequencies below
10 MHz. It is however necessary that the new structure
behaves in the same manner as the transmission line structure,
because the experimental and theoretical work conducted
within the scope of this project, indicated that the distributed
network is a workable alternative to the lumped L-C-T.
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Fig. 4. Transformer diagram of the integrated L-C-T.
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Fig. 5. Toroidal L-C-T transformer structure.

III. THE INTEGRATED L-C-T IN A TRANSFORMER STRUCTURE

A suitable L-C-T structure for a series resonant converter
requires a large enough LC product for a practical switching
frequency, a suitable Zp to match the supply voltage and
load and very good coupling between conductors 1, 2 and
conductor 3 to facilitate power transmission. Good coupling
can be achieved using a high frequency core, in which case
the L-C-T structure becomes a transformer, as shown in Fig.
4. Conductors 1 and 2 in Fig. 2 have become a bifilar primary
which contains the capacitor, while the leakage inductance
serves as the series L (Fig. 1). Two structures were investigated
experimentally.

The first involves a toroidal core as shown in Fig. 5. The
primary consists of bifilar foil windings wound directly on
the core [4]. The secondary has a single turn and forms
a cup which contains the core and the primary. The space
between the primary winding and the interior walls determine
the leakage inductance.

Theoretical analysis of the toroidal structure is relatively
easy due to the radial symmetry of the configuration. Manu-
facturing on the other hand is fairly complicated.

The second configuration is shown in Fig. 6 and consists of
four U-cores positioned to form a cross, and I-core sections
closing the magnetic circuit in the centre leg. Barrel type
windings of foil conductors are used and construction is
therefore easier than in the case of the toroidal structure.
Theoretical analysis of this structure is more difficult, in
particular calculation of leakage inductance. An approximation
can be obtained by using the method outlined in reference [3].

IV. THE TOROIDAL L-C-T STRUCTURE

The structure investigated in this section involves a trans-
former on a toroidal core, as is shown in Fig. 5. The specific
design entails a single turn secondary and a multiturn primary.
A toroidal configuration permits a very large range of leakage
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Fig. 7. Cross sectional dimensions of toroidal structure.

inductance values, since, contrary to other core configurations,
the winding window is unbounded. For this configuration
the theoretical analysis can then be performed with less
approximation and verified with an experimental prototype.

A. Theoretical Analysis

Inductance: Calculation of the inductance of the structure
is simplified by assuming that the magnetizing flux is confined
to the volume of the core, and the leakage flux is confined to
the volume enclosed between the multi turn bifilar primary
and the single turn secondary winding. It can then be shown
(Fig. 7) that the magnetizing inductance is given by:

B popr N2R(ro — 1;)

L, = 1
w(ri +75) M)

and the leakage inductance by:
L, - /AoNg [m2 — h(ro, — Tz)] )

w(ri + 7o)

where N, = number of primary turns and m, h,r; and 7, as
defined in Fig. 7.

Capacitance: As can be seen from Figs. 2 and 4, the
primary winding is constructed to form a capacitor by using a
parallel strip bifilar wound winding, and bringing the opposite
connections out. Assuming no fringe effects, the capacitance
is given by:

_ 2e0e- Npw(hi+ 714 — 1)

¢ d

3

where d = bifilar primary plate separation, w = bifilar primary
plate width.

Ve =

Fig. 8. SPICE model of discrete component converter.

B. Spice Simulation

The objective of the simulation is to show that the integrated
structure reacts in the same way as a discrete series inductor
capacitor and transformer would do, and in turn agrees with the
experimental results. Fig. 8 shows the SPICE circuit model of
the discrete component series resonant converter. Inductance
L represents the leakage inductance of the structure, while
the magnetizing inductance is represented by L;. Since the
secondary winding has only one turn, the inductance Lo in
the secondary of the converter is given by:

L=2 @

Ny

Resistances R; and R, are the equivalent series (conduction)
resistance of the converter primary and secondary respectively,
and R, models the capacive losses.

Fig. 9 shows the equivalent circuit representation of the
integrated structure. The windings are modelled in terms of
the transmission line in Fig. 3 and the component values are
computed from the parameters used for discrete modelling
(Fig. 8). It is assumed that no magnetic cross coupling exists
and the coupling between conductors 1 and 2 (Fig. 2) is close
to unity.

R
Ral"'Ran:Rbl Izbnz_nl (5)
L
Lo+ Lan=Ln - Lon = — ©®)
C
Cr+ Gy = — @)
n
CoiCn = = ®
2n
Rpl o 'an—l = an (9)
Rp();an = ZTI,RI, (10)
Kpp1 -+ Kppn = 0.99999 (1
L
Kasl"'Kasn:Kbsl"'Kbsn = ]-_ZI (12)
Rsl"‘Rsn = 'IE (13)
n
Lyy---Lgp = & (14)
n

where n is the number of elements in the transmission line
model.

These SPICE models are used to simulate both the fre-
quency and time response described in the next paragraphs.



28 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 10, NO. 1, JANUARY 1995

S D1 S3 D3
Distributed circuit

of Figure 3
S2 D2 S4 D4

L\

\/ 0s\/ 7‘|-
Vo

\/ Pe\/ Ds

i

Fig. 9. SPICE model of integrated component converter.
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Fig. 10. Open circuit response.

Since it was shown [5] that little or no difference exists
between the two SPICE models if the number of elements
in Fig. 3 is greater than 10, the computed data of only one
model is presented in each case.

C. Experimental Prototype
An experimental prototype was constructed, and had the

following dimensions:
rTo=18mm r; =11.25mm h=15mm
s =120 er = 2.67 d = 25 pm
N, =8 turns m = 20 mm w =4 mm

As shown in Figs. 10 and 11, an open circuit (secondary)
resonant frequency (fopen) Oof 1.35 MHz was measured and
a resonant frequency of 9 MHz was obtained when the
secondary winding is shorted out (fshort)-Transformer action
of the integrated L-C-T is evident if the frequency response of
the ratio, secondary output voltage to primary input voltage, is
plotted. As shown in Fig. 12 the voltage ratio of 0.125 (eight
turn primary and single turn secondary), is only evident at
high frequencies where capacitance between the bifilar primary
conductors is negligible. A comparison between the computed
(Egs. (1)>-(3)) and experimental results are shown in Table 1.

V. U-CORE LCT STRUCTURE
The configuration is shown in Fig. 6 and is described in
paragraph 3. The two winding bifilar primary (separated by a
dielectric) and single turn secondary are wound through the
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|=——_Computed
10k
1k
100 |
10}
1
100 m
1k 10k 100 k 1™ 10M 100 M
Frequency (Hz)
Fig. 11. Short circuit response.
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Fig. 12. Vout versus Vi, ratio (secondary open circuit).
TABLE 1
DIFFERENCE BETWEEN COMPUTED AND
EXPERIMENTAL VALUES (TOROIDAL STRUCTURE)
Ln(uH) Lo@mH) C@F)  fopen fshort
(MHz) (MHz)
Computed 9.85 261.5 1.23 1.45 8.87
Experimental 11.56 255.4 1.2 1.35 9.1
A% 14.8 2.4 2.5 6.9 2.6

core window. Since in the present experimental configuration
this structure is much larger than the toroidal structure, it
results in a lower resonant frequency. (This configuration has
been constructed in its present dimensions partly due to the
available materials, and partly due to ease of experimental
measurements).

A. Theoretical Analysis

Inductance: Using the same assumptions in calculating
inductance in the U-core structure as for the toroidal structure,
it can be shown (Fig. 13) that the magnetizing inductance is
given by:

_ V’OMV‘Nzliz

Im=5Gx0) 15
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and the leakage inductance by:
N2 _ l2
L, = “0_[__] (16)
w
where N, = number of primary turns, w = bifilar primary
plate width.
Capacitance: Once again assuming no fringe effects, the
capacitance is given by:
o ﬁwsoerpwli an

where d = bifilar primary plate separation, w = bifilar primary
plate width and [;, [,,a and b as defined in Fig. 13.

B. Experimental Prototype

The dimensions of an experimental prototype of the U-core
structure are as follows:

l,b,=135mm [;=60mm a="T70mm
b=70mm w=50mm N, =2 tumns
= 1200 er = 2.67 d =25 pum

C. Frequency Domain Performance

Using the capacitance of the bifilar primary (23.9 nF), the
leakage and magnetizing inductance can be found by short-
and open circuiting the secondary winding respectively. The
open circuit resonant frequency was measured as 119 kHz,

ok impedance {£2)
== Computed o
T
1k
100 E

™
| ¥

1

100 1k 10k 100 k 1M 10M
Frequency (Hz)
Fig. 15. Short circuit response.
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Fig. 16. Vout vs. Vi ratio (secondary open circuit).
TABLE 1I
DIFFERENCE BETWEEN COMPUTED AND
EXPERIMENTAL VALUES (U-CORE STRUCTURE)
Lu(tH) Lo(uH) C@F)  fopen fshort
(kHz)  (kHz)
Comp 77 1.47 22.5 120.9 875.1
Experimental 74.8 1.79 239 119 769.2
A% 2.9 17.9 5.6 1.6 12.1

which gives a magnetizing inductance of 75 pH. A resonant
frequency of 769 kHz was obtained when the secondary
winding shorted, corresponding to a leakage inductance of 1.8
pH (Figs. 14-16).

As suspected from the geometry of this structure and the
assumptions made for the magnetic field distribution, the
equation for the leakage inductance is not very accurate, but
is adequate for an approximate analysis (Table II).

D. Time Domain

With a rectifier bridge, filter capacitor and 2.7 Q load
resistance, the applied voltage across and primary current
of the L-C-T structure is shown in Fig. 17. From these
time domain graphs it is evident that the integrated L-C-T
structure functions well in a series resonant converter (Fig. 18).
Agreement between experimental and simulated waveforms,
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Fig. 17. Measured current and voltage waveforms of integrated component.
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Fig. 18. Simulated current and voltage waveforms of integrated component
converter.

as well as the similarity between the waveforms obtained with
the lumped and distributed models [5], confirms the theoretical
approach followed.

VI. CONCLUSION

A method to integrate the capacitor, inductor and trans-
former of a series resonant converter has been described. The
results presented shows that an integrated L-C-T structure
is practical and can successfully be modelled. The proposed
component has been constructed and operated in a series
resonant converter with success.

This integrated structure requires certain manufacturing
technology which must be developed. A crucial technology
is to be able to obtain large enough capacitance in the primary
in order to get reasonable values of characteristic impedance
and resonant frequency. This high permittivity would allow
the integrated LCT-toroidal structure of this paper to be
constructed with dimensions smaller than discrete components
at an acceptable frequency, and would make this a competitive
technology.
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