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Abstract

This paper presents the design and a design analysis of a coaxial, linear transformer. This is a novel high frequency transformer concept
for energy conversion. The examined transformer was designed for 1 MHz nominal frequency. One of the main advantages of the
proposed transformer design is its simple winding system. It contains only two coaxial copper tubes, which can be easily manufactured
and modeled with high precision. One of the key design tasks is the minimization of the leakage inductance. The inductance of the
straight coils depends on the ratio of the height and the diameter of the coil. Therefore, a three-dimensional FEM analysis is sufficient
to calculate the optimal length of the linear transformer. The planar 2D model and the 3D model of the transformer are presented
in this paper. The accuracy of the 2D and 3D calculation results were compared to each other and to the measurements to show the
applicability of the planar 2D models. Moreover, the sensitivity of the losses and the leakage inductance with respect to the winding
parameters is presented. The dependencies of the design variables on the performance parameters, such as the power mass density

and the leakage inductance of this transformer concept were examined. It was shown that the value of the leakage inductance is

a linear function of the ratio of the length and the diameter of the transformer windings.
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1 Introduction

Performance-per-watt requirements are driving higher
energy efficiency and density metrics in power conversion
technologies [1]. Due to the recent advances in the power
semiconductor technologies the operating frequency of
these applications became higher. One of the most com-
mon structures of the medium and high frequency solid
state transformers is the cascaded H-bridge topology.
This can be composed from many stages [2, 3], to reach
high-current or high-voltage requirements, resolving the
power-semiconductor limitations [2, 4—6].

Magnetic components, i.e. transformers and coils, are the
cause that limits integration of power converters into the final
applications [7]. Although that the magnetic components
can limit the integration, they are still a key technology to
improve the performance of power transformers [7]. There
is a high demand (from the 1950's [7, 8]) from the industry

to find new technologies and transformer layouts, which can
increase the performance-per-watt ratios [1, 3, 7, 9, 10].

There are many papers, which presents loss prediction
and the design of magnetic components [1, 2, 4, 7, 9-21].
Most of the design methodologies are still based on the
Dowell formulas, which has certain limitations [1, 9, 11, 22]
and most of the conventional converter designs applies
sandwich windings to increase the coupling of the trans-
former [20]. However, this design can limit the coupling of
the transformer windings. Even though power losses of the
main switch and diode should be taken into account, they
can be reduced by the reduction of the leakage inductance
of the transformer [20].

This paper investigates a novel winding design, a coaxial
linear transformer. This simple winding structure consists
of only two coaxial cooper tubes, where the inner winding
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is actively cooled by water. Other advantages are very high
coupling coefficient, relatively low leakage inductance and
high-power density. These advantages are inherent feature
of this transformer design [16—18]. High coupling coeffi-
cient and low leakage inductance are the results of wind-
ings arrangement, high power density is result of efficient
water cooling of transformer windings. These benefits can
be fully achieved at frequencies above 100 kHz [17, 18].

The main parameters of the proposed design were inves-
tigated by 2D and 3D FEM software. The 2D FEM calcu-
lations were performed originally by Ansys. For the accu-
rate calculation of the leakage inductance, a 3D harmonic
magnetic field analysis was performed in COMSOL, the
optimal value of the leakage inductance was determined
with the use of Artap framework, which contains tools
and integrated optimization algorithms for robust design
optimization and executors for different FEM solvers, like
COMSOL or Agros Suite [23-26].

2 The examined linear transformer

The prototype of the experimental coaxial linear trans-
former has been fabricated for laboratory testing (Fig. 1).
These design calculations were based on the design prin-
ciples of a spiral coaxial transformer. The main objectives
during the design process were to minimize the leakage
inductance and increase the energy density of the trans-
former. To achieve these objectives and to achieve the high-
est possible coupling between the primary and the secondary
winding, the thickness of the main insulation was selected
as small as possible. This insulation was made of a 0.5 mm
wide glass fibre. To minimize the winding losses, the thick-
ness of the windings (copper tubes) should be twice the skin

Fig. 1 The examined coaxial linear transformer with P, = 4.3 kVA

and 2:1 turn-to-turn ratio
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depth, which is 67 m at the nominal working frequency of
the transformer (1 MHz). Due to the manufacturing toler-
ances, this thickness is selected a bit larger, a 0.5 mm thick
copper tubes were selected for our prototype transformer.
The cross section of the prototype linear transformer is
shown in Fig. 2, the dimensions are summarized in Table 1.

The turn ratio of the designed transformer is 2:1, where
the nominal voltage in the primary coil is 112.4 V. The nom-
inal currents are (/, =394 A, I, =79.8 A)at P =4.36 kW
nominal power, with the maximum allowed joule losses (Pj)
20 W. This value was estimated by another FEM calcula-
tion [17, 18]. The transformer power was determined in dif-
ferent working frequencies with and without a ferrite core
(Fig. 3). The estimated efficiency of the transformer, with
ferrite core at 1 MHz working frequency is = 99.54 %.
TN13.5/7/5-3F4 type core rings were applied to the design,
each of the cores has 5 mm thickness, so the total height of
the core is 48 mm (Fig. 1), the total length of the transformer
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Fig. 2 The examined coaxial linear transformer with P, = 4.3 kVA
and 2:1 turn-to-turn ratio

Table 1 The geometrical dimensions of the manufactured transformer

in Vou Rin Ruu Dci Dco tx = [)’ T
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm)]
1.5 2.0 2.5 3.0 7.0 13.5 15.0 30.0
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Fig. 3 The nominal power of the proposed linear transformer for different
frequencies. The green dashed line represents the nominal power with

ferrite core, the blue dashed line represents the air core case

is 60 mm. This distance is equal with the half of the circum-
ference of one turn of the spiral transformer. This selection
ensures equivalence between the circular coaxial transform-
ers and the proposed linear transformer [16, 17]. Otherwise,
the height/diameter ratio of the applied copper tubes has
a significant impact on the leakage impedance of the trans-
former. This effect is analyzed in next section of paper.

Other important measure of this transformer design is
the maximum achievable power density. This value can be
determined from the geometrical and electric power data
given above. The mass density of the applied copper tubes
is cu = 8920 kg/m?, core = 4700 kg/m? for the core and
ins = 1200 kg/m? for the glass fiber insulation. From these
data, the total mass of the linear transformer is mt = 57.1 g,
which is the sum of the mass of the copper tubes (14.4 g),
the ferrite core (42.4 g) and the insulation (0.3 g). In this
case, the achievable maximum power density at 1 MHz
is 76.3 kW/kg with ferrite core, where the output power
of the linear transformer is 4.3 kW. The measurements
proved [16, 17], that this theoretical number can be achieved
with the proposed design. However, the performance of the
natural water flow based cooling is relatively low, it can be
increased significantly with better water cooling.

3 Design analysis

The aim of this section is to point out some interesting sen-
sitivity analyses, which can help to understand non-lin-
ear behavior of the examined linear coaxial transformer.
The subject of the first analyses was to determine the
impact of the diameter selection of the inner winding on the
losses of the transformer. During the analyses, the accept-
able joule losses (Pj) were estimated by finite element anal-
ysis, proportionally to the heat dissipation on the surface.

The maximum allowed input voltage (U, ) and the allowed
maximum P, values are described in Table 2. The results
of this analysis are summarized in Table 1. It can be seen
that the nominal power increases linearly with the radius
of the inner winding. The presented results are normalized
for one winding, the manufactured design contains 4 wind-
ings (Fig. 1). In this case, we assumed that the distance of
the glass fibre insulation is minimized.

During the second analyses the influence of the core
diameter selection on the performance parameters were
examined. In this case, the winding dimensions were held
constant and the inner diameter of the ferrite core was var-
ied. The maximum value of the magnetic flux density was
calculated by a 2D planar FEM analysis.

The inner diameter of the ferrite core (D)) in the anal-
ysis varied from the smallest possible (6.5 mm) to 16 mm.
The minimum core diameter is limited by the maximum
allowed value of the magnetic flux density, which guaran-
tees that the core is not saturated. The output maximum pos-
sible output power (P, ) and the power mass density («) were
examined during the analysis. The analysis was carried out
with the following assumptions about the magnetic core:
a magnetizing curve is approximated by its relative permit-
tivity (1, =2000) and it is considered as linear till the satura-
tion point, which is B = 250 mT. The hysteresis phenomenon
was included only in the core loss calculations. The calcu-

lated values are presented in Table 3.

Table 2 The impact of the inner winding diameter selection on the

performance parameters on the linear transformer.

r, P/_ n P, a U,y
[mm] (W] [%0] [kW] [kW/kg] [Vl
[mm)] [mm)] [mm] [mm] [mm)] [mm]
1 4 99.42 0.69 459 48
1.5 6 99.48 1.16 59.4 50.8
2 8 99.52 1.65 68.7 53.1
2.5 10 99.53 2.14 75.1 54.9
3 12 99.55 2.64 80 56.4

Table 3 The impact of the inner core diameter selection on the

performance parameters of the transformer.

Dm, n PZN o U, e Bmdx
[mm] [7] (kW] [kWike] [V] [mT]
[mm] [mm] [mm] [mm] [mm] [mm]
6.4 99.23 1.29 118.6 334 225
8 99.39 1.62 91.1 41.4 116
10 99.53 2.14 75 54.9 104
12 99.6 2.52 60.4 63.7 96
14 99.65 2.81 49.1 71.4 92
16 99.67 3.05 40.5 78.4 91




4 3D sensivity analysis
Originally, the linear transformer length was selected
to be half of the diameter of the reference circular coax-
ial transformer, to get equivalent magnetic and electrical
properties. However, the inductance of the coil heavily
depends on the ratio of the coil height and diameter [27].
Inductance calculation is straightforward if the coils are
wound with an infinitesimally thin conducting tape with
essentially no gaps between turns and when the length of
the coil is high, much higher than the diameter of the coil.
Technically, this kind of coils does not exist. In our case,
the height of the primary coil is 60 mm, which is 10 times
higher than the diameter of the outer (secondary) coil.
The leakage inductance of the transformer can be cal-
culated from the magnetic energy:

W, =S LI, 1)

where W denotes the magnetic energy inJ, L is the leakage
inductance in A and / is the current of the reference coil in 4.

As part of our research, a sweep analysis was per-
formed by Artap where the length of the windings was
varied from 30 mm to 100 mm. Artap controlled our 3D
COMSOL model during the analysis. For the sake of sim-
plicity, the length of the core was always the same as the
length of the windings during our calculations. A har-
monic magnetic field analysis was performed at /=1 MHz
frequency. The magnetic energy (W, ) and the coil losses
P, in the primary and P in the secondary windings were
calculated by COMSOL (Fig. 4). The transformer consists
of four columns, using this symmetry only one column
was modeled by FEM. The total copper losses (P, ) were
calculated by a simple multiplication. The current in the
primary and the secondary coils was 38 A and 1,=19 A-s
during the calculation. The previous measurements [16]
show that the total copper losses in the prototype are about
2 W, which is 10 % higher than the calculated 1.84 W.

Fig. 4 The influence of the magnetic flux density and the output power
on the selection of the core diameter.
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The manufacturing tolerances and the 3D mesh can explain
this difference. Due to high frequency (1 MHz), the pene-
tration depth in the windings is very small (Fig. 5) and the
numerical computation of the magnetic field is computa-
tionally expensive. The result of the analysis is presented
in Table 4. The last column of this Table contains the mag-
netic energy density (D, ). This is the ratio of the stored
magnetic energy (W ) and the length of the transformer.
The magnetic energy density and the magnetic energy
are plotted in Fig. 6. From this figure it can be seen that the
magnetic energy has a quadratic dependence on the length
of the transformer. This dependence can more non-linear
at the nominal power (Ip =38 A) [16—18]. In Fig. 6 we can
see a deviation from the curve at 45 mm, it was caused
by a numerical computation error. It can be also seen that
around 50 mm there is an inflection point in the magnetic
energy density curve. Above this point there is a linear
dependency of the magnetic energy on the length of the
transformer, from this point the 2D FEM provides accurate
or even more accurate results, because some 2D academic
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Fig. 5 Power density in the primary and secondary windings.

Table 4 The impact of the winding length on the magnetic energy
and the copper losses.

Lenght P, P, P, w, D,

[mm] [W] [Ww] [W] [Ww] [W]

[mm] [mm] [mm] [mm] [mm] [mm]

0.030 0.136 0.097 0.929 2.64E-12  8.79E-11
0.035 0.156 0.108 1.058 3.07E-12  8.77E-11
0.040 0.169 0.131 1.202 3.47E-12  8.68E-11
0.045 0.200 0.143 1.370 4.16E-12  9.24E-11
0.050 0.191 0.154 1.381 4.32E-12  8.63E-11
0.055 0.236 0.169 1.620 5.38E-12  9.79E-11
0.060 0.275 0.184 1.836 6.46E-12  1.08E-10
0.070 0.318 0.215 2.132 8.24E-12  1.18E-10
0.080 0.355 0.241 2.384 1.01E-11  1.27E-10
0.100 0.458 0.306 3.057 1.55E-11  1.55E-10
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Fig. 6 The dependence of the stored magnetic energy on the length of

the linear transformer.

FEM codes provides hp-adaptive [24, 25, 28-30] FEM
solver, whose higher degree polynomials can better approx-
imate the exponentially decaying magnetic field in the cop-
per tubes. It can be concluded that the optimal length of the
transformer core and windings is about 50 mm, which is
very close to the manufactured core (48 mm) and windings
(50 and 60 mm). A more accurate 3D calculation can con-
sider the end effect, which is caused by the copper tubes
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