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Abstract

In this paper is proposed a methodology to properly determine the leakage and magnetizing in-
ductance of a single-phase high-frequency coaxial transformer. Both, leakage and magnetizing in-
ductance equations are determined considering the transformer dimensions, the ferromagnetic
characteristics, and the number of turners. Finite element methods (FEM) and a low scale proto-
type are also used to validate the equations. The results show that the leakage and magnetizing
inductances can be precisely calculated with an error lower than 5% and 3%, respectively.
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1. Introduction

Coaxial transformers are normally used in high-frequency radio applications because it confines the flux leakage
inside of the transformer windings [1]. However, it is also possible to find some applications on the power elec-
tronics field [2] [3]. For instance, in [4] is shown a successfully implementation of a high-frequency coaxial
transformers in a power level of 120 kW. In [5], it is demonstrated that in soft-switching and resonant converters,
coaxial transformers might reduce the transformer leakage inductances, and, consequently, decrease the conver-
ter commutation losses. Therefore, a methodology to determine, both, magnetizing and leakage inductances of
coaxial transformers is developed in this paper, mainly for power electronics applications.

2. Design of a Two Winding Coaxial Transformer

In this section, the design of the leakage and the magnetizing inductances of a coaxial transformer with two
windings are described.

How to cite this paper: Waltrich, G. (2016) Inductances Design of High-Frequency Coaxial Transformers. Open Access Li-
brary Journal, 3: €2820. http://dx.doi.org/10.4236/0alib.1102820



http://dx.doi.org/10.4236/oalib.1102820
http://www.oalib.com/journal
http://creativecommons.org/licenses/by/4.0/

G. Waltrich

To calculate the leakage inductance, a coaxial transformer described in [3] is used. For convenience, this
model is repeated here in Figure 1. This transformer is composed by a cooper tube, representing the primary
winding, and a Litz cable, which represents the transformer secondary winding. To simplify the method descrip-
tion, initially, the secondary side will be calculated considering only one winding, and later, it might be substi-
tuted by n turns.

Leakage inductances can be determined in different ways. In this paper, the inductances are obtained calcu-
lating first the magnetic field and energy in different parts of the transformer, and subsequently, obtaining the
total leakage inductance. Thus, to carry out the calculations, the coaxial transformer can be divided in four zones,
as shown in Figure 2. To calculate only the leakage inductance, imagine primary and secondary sides with the
same current density, however, with opposite directions of the currents. For this situation, the magnetic field in
zone four is zero, similarly as in a coaxial cable. Obtained the magnetic field in the four zones, the energy can be
determined in each zone by

1 1,
wzzjVB.HdV:Eu [3]. @)

Thus, applying this method for each zone, and summing the four resulting energies, the leakage inductance
(per meter) in a coaxial transformer can be determined by
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Figure 1. Two-winding coaxial transformer.
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Figure 2. Magnetic field profile of a coaxial transformer cross section
area, considering direct current circulating in the primary winding and
this same current returning from the secondary winding.
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where the symbol y, is the permeability of free space, N is the transformer turn ratio, and Ry, R,, and R; are
shown in Figure 2.

To validate the theoretical calculation obtained in (2), Finite Element Methods (FEM) were developed using
Maxwell software and the results are shown in Figure 3. By this figure, it is proved that when both primary and
secondary windings have the same density current but with opposite direction, the energy stays concentrated in
zones one, two, and three, and the energy in zone four in zero. Thus, with Maxwell software is possible to ob-
tain the total energy in those three areas, and, consequently, calculate the leakage inductance and compare with
).

A 2D FEM numerical model of the coaxial transformer in Figure 2 was developed using the Maxwell soft-
ware, to calculate the energy in the four zones of the transformer, and the results are shown in Figure 3. When a
current with the same value in the outer tube and inner tube is imposed with opposite direction, the energy will
be concentrated in zones 1 to 3, as shown in Figure 3, which represents the leakage inductance. The numerical
calculations confirm that the result found in (2) is correct. The methodology, so far, was described for low fre-
quency current. However, when higher-frequencies currents are used, skin effect might be relevant, and it should
be considered. For this new situation, the current will be concentrated closer to the cable (or tube) superficies of
the primary and the secondary sides, and, therefore, the magnetic field profile will change, as illustrated in Fig-
ure 2. Thus, the leakage inductance must be recalculated subtracting the skin-depth, from radii R; and Rs.

The next step is to calculate the coaxial transformer magnetizing inductance. By applying the same metho-
dology described to obtain the leakage inductance, the magnetizing inductance can be theoretically determined

by
2
Loy _ Aol | (R, {E} ®)
m 2z R, )L m

where the symbol x,, represents the relative permeability of the ferrite. Equation (3) is obtained considering
the current passing through one of the transformer sides, i.e., primary or secondary side. The total energy this
time is concentrated in the core (zone four), as shown in Figure 3, and just a very low amount of energy stays in
zones 1, 2 and 3, and therefore, this energy is disregarding.
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Figure 3. Energy within the four zones of Figure 2, obtained with a 2D Maxwell model when the density current for both,
primary and sencondary windings, are equal, but with opposite direction (a), and when there is current in only one trans-
former side (b).
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With the leakage and the magnetizing inductances, calculated by (2) and (3), respectively, a two by two ma-
trix inductance for this coaxial transformer can be obtained, and it can be compared with the matrix inductance
generated by the Maxwell software, to validate the theoretical models.

Using Maxwell software it is also possible to generate a 3D model to evaluate the fringing flux effect in the
external cables in a real application as shown in Figure 4.

Inductance Matrix for a Three-Winding Transformer
For a three-winding transformer, the inductance matrix is defined as
ul Ll M12 M13 il
u, [=| M M, |—| 1, |-
2 21 LZ 23 dt .2
u3 M31 MSZ L3 I3

Figure 5 shows the circuit diagram for the z-model using three-windings. Because the inductance matrix and
circuit diagram both have six parameters, this system is uniquely determined. The six parameters from Figure 5
are found to be

(4)

L,=L- M;,M;s M = My, M,
L1 ’ ’
23 M
M, ,M M
L,=L——2—%, Ny=—2, ®)
M, Mi,
MM M
Ls=Ls— '1\;' £, NS:MB'
12 12

To calculate these six parameters in a real transformer, six steps must be carried out: measure three reflected
magnetizing inductances on each side, considering the other two windings open, then short-circuit two windings
and measure the remaining two leakage inductances for all windings. For transformers with more than three
windings a z-model is over determined.

3. Experimental Results

To validate the theoretical and the finite element results, prototypes of the coaxial transformer, shown in Figure
1, with one turn for both primary and secondary windings, were built. Two prototypes were manufactured: one
with a cooper tube of 28.6 cm long and another one with two cooper tubes, where each tube is 14.3 cm long.
The picture of both prototypes is shown in Figure 7. The relative permeability ( ) of the cores used in the
experimentations are equal to 700.

To determine the matrix inductance the T-model, described in [6], is used. This model is shown in Figure 6
and the inductance matrix given by this model is

(® (b)
Figure 4. Energy obtained with a 3D Maxwell model.
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The equation given by (6) is represented by the circuit shown in Figure 6. In this figure we assume My, = My, =
M. The primary and secondary leakage inductance equations are defined based on Figure 6, in accordance with

L, =L, —~NM and L,S:I_z—%. @)

Table 1 summarizes the results obtained from experimental measurements using an impedance analyzer. A
3D FEM model was developed only for the two-tube model because most of the leakage inductance in the
one-tube prototype is concentrated inside of the core. Thus, the fringing flux of the prototype from Figure 7 was
neglected.

Theoretical, simulated, and experimental results were obtained at 10 kHz. Theory and simulation considered
the skin effect.
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Figure 5. Circuit diagram of z-model for a three-winding transformer.
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Figure 6. T-model circuit for a two-winding transformer.

(b)
Figure 7. Coaxial transformer prototype built for one (a) and two tubes

(b).
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Table 1. Results for the coaxial transformer designed.

Leakage [nH] Magnetizing [uH]
Theoretical (1 tube) 65.13 28.22
Theoretical (2 tubes) 65.13 28.22
3D Maxell software (2 tubes) 96.61 28.34
Experimental (1 tube) 68.54 27.75
Experimental (2 tubes) 92.99 27.61

The theoretical, the simulated, and the experimental inductance matrix of the configuration described in
Figure 7, are found to be

Theoretical (uH) Simulation (uH) Experimental (uH)
28.22 28.23 28.22 28.22 27.46 27.57 (8)
28.23 28.30 28.22 28.29 2757 27.75|

4. Conclusions

A methodology to determine the inductances of a coaxial transformer was developed in this paper. If the dimen-
sions and material characteristics used to build the transformer are known, the leakage and magnetizing induc-
tances can be precisely calculated. All results were obtained in three ways: theoretically, by Finite Element Me-
thods, and with measurements on an experimental setup.

The magnetizing inductance of this transformer is quite low (~28 pH). To obtain a higher magnetizing induc-
tance, three changes can be made: increasing the number of turns of the outer tube, increasing the toroidal core
dimensions, or increasing both dimensions and number of turns.
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