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Abstract—This paper illustrates the design and building of a
planar transformer prototype with a 1:1 transformation ratio
for high-frequency applications in power electronics. By using
reference literature and considering the ferrite core dimensions,
the windings were conceived and exported to Gerber format
using PCB design software. The transformer prototype was then
assembled and tested under laboratory conditions for frequencies
from 800 Hz to 5 MHz, which showed a sinusoidal wave at
the transformer output from 1.3 kHz onwards and a better
performance starting at 10 kHz, where the loses were significantly
reduced and the transformation ratio was closer to the originally
designed. As a final step, a finite element method (FEM) analysis
was carried out to understand the electromagnetic flux behavior
using a 3D Multiphysics simulation software. The 3d building
process and details are explained step by step and the resulting
magnetic flux density is graphically shown for the core and the
windings.

Index Terms—Planar transformer; experimental validation,
High-frequency applications; 3D simulation.

I. INTRODUCTION

LIMATE change has motivated the rise of new ways to

generate energy such as solar panels and wind power.
Renewable energy operation is tightly linked with the weather;
thus, it needs more robust systems that will not necessarily be
in the classic generation — transmission — distribution schema.
Smart Grids and distributed generation make part of these
relatively new ways of producing energy that, as much as
the conventional generation methods, require power conver-
sion systems [[1]], [2]. In the traditional way, conventional
transformers handle the conversion process. Conversely, Smart
Grids require power converters, which typically work at high
frequencies and include devices known as planar transformers
(PT) [3].

Planar transformers are widely used in fields such as the
aeronautics and spatial industries with applications in electrical
mobility, medicine, defense and embedded systems, etc. Its
compact shape and high-density properties represent funda-
mental characteristics for its use within electronic circuits
and, more particularly, for high frequency power converters.
Additionally, PTs present unique advantages such as low
profile, outstanding thermal behavior, modularity, and simple
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manufacturing that result attractive for the aforementioned
fields [1], [4]l, [3]-

There are two fundamental characteristics that mark the
difference between the Planar and classic transformer: The
geometry of the core and the structure of the windings [6]. The
planar transformer core is typically made of soft Ferrite, due
to its high magnetic permeability, low electrical conductivity,
and comparatively low losses at high frequencies. In the other
hand, its windings are commonly made with PCBs. This
allows the designer to have more flexibility and precision on
the final design with the required specifications, according to
[7]. The main reasons that motivated the development of the
planar transformer relied on the need to miniaturize power-
handling components such as the transformer itself [8], [9],
mostly for high frequency and high-power density usage. This
reduction in size and format, would simplify a low-profile
assembly, making it adaptable to a low-cost mass production,
contrary to the conventional transformer [[10].

One of the first existing planar device records dates from
1967, a transmission-line transformer was designed with an
etched geometry to improve thermal behavior and bandwidth
ratio. In 1986, A. Estrov in [I1] patented a “Switching
electrical power supply utilizing miniature inductors integrally
in a PC”. This development greatly simplified the study of
planar devices. Articles [[7], [8]] have been increasingly written
on different aspects of the planar transformer. In 1988 a study
was conducted on magnetic and insulating thin films fabricated
on substrates using thin film deposition techniques. Later, the
authors of [12]] in 2004 the integration with resonant circuits
was developed, Linkage Flux Path (LFP) and known core
shapes are studied in new core shapes and winding structures.
In 2010, authors of [13]] an optimal design study was proposed
with an improved interleaving structure that minimizes AC
resistance, leakage inductance and stray capacitance. And
more recently, references [[14]], [[15] in 2014, has studied the
trade-off between power losses and frequency at high levels,
results are compared using the Dowell method. On the other
hand, in [16], a PT with a novel topology (Meander-type)
is designed, fabricated and later improved on [17]. Finally,
in 2018, another topology is proposed on [18] in form of a
Multilayer Planar Pot-Core Transformer with high efficiency.

Although there exist a broad range of specific studies
with specific applications, to our knowledge, there is not an
approach of the basic construction parameters of a simple
planar transformer that analyses it from an educational per-
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spective. Therefore, in this paper, a low-cost planar transformer
prototype was conceived with a 1:1 transformation ratio (3
winding turns on each side) and the usage of accessible
components to simplify its construction and show the basic
characteristics of its behavior through a laboratory test and
a simulation. Every step is shown and explained so as to
encourage students from engineering and other related fields
to better understand this device by a practical manipulation
and hands-on experimentation. This paper is organized as
follows: succeeding the Introduction, Section [[I] explains the
construction of the prototype divided on Core, Windings and
Assembly, Section m focuses on the experimental results,
Section [IV| provides the tridimensional simulation and shows
its results. Finally, Section V exposes the conclusions.

II. CONSTRUCTION OF THE PROTOTYPE

The construction of the transformer comprises 3 main steps:
the core, the windings, and their assembly. Figure [I] depicts
a flow diagram that contains an overview of the construction
and testing of the device, in which those 3 steps are in yellow,
blue, and red, respectively.

Core shape selection (EE, ER,
EQ, etc)

4

Windings’ design based on the
shape of the core

4

Windings export to Gerber
format

4

Windings’ printing (if
applicable)

4

‘ Planar transformer

assembly

'

‘ Laboratory tests

4

Simulation

Fig. 1. Construction and testing flowchart.

A. Core

The Ferrite core has different shapes depending on the final
application, it is often chosen based on the desired magne-
tizing inductance and active power through its area product.
Although in nowadays industry the core can be completely
personalized, there are 4 shapes that are often available in the

market (see Figure 2): EE, ER, EQ and PQ [[7], [19], [20].

fcd (dy

Fig. 2. Type of cores: (a) EE, (b) ER, (c) EQ and (d) PQ core shapes [19].

A ferrite EQ core was used for the construction of the
prototype, with the dimensions shown in Figure [3]

A
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o %

4.8 cm 1.6 cm

Fig. 3. Type of cores: (a) EE, (b) ER, (c) EQ and (d) PQ core shapes [19].

The cost of one core unit, on the local market, was of
$0.5 approx. This core shape was chosen due to its round
center post, which allows a more efficient use of copper in the
windings and board space, and in consequence reduced copper
losses [7]]. The power losses on the core can be neglected, due
to the high resistivity of the ferrite [21]]. On the other hand,
the hysteresis losses are defined as a non-linear function of
the frequency and the maximum magnetic flux, as follows:

Phys = Kc(-DB)m ;7,’ (1)

where Py, is the hysteresis losses per unit volume, DB is the
magnetic flux density swing, f; is the switching frequency, m
corresponds to a construction constant in the range of 2 to 3,
n is a construction constant in the range of 1 to 2, and K,
represents the core loss constant.
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B. Windings

Planar windings have important advantages over the conven-
tional wiring, they are less bulky and easier to manufacture,
and thus, easier to integrate and embed to the final application
[15]. There are several types of planar windings, among them:

o Lead Frame: Particularly useful for low voltage — high
current applications, due to its width. They typically have
only one turn, which fits the core []§[]

o PCB: Printed Circuit Board, the most common planar
winding type. Useful for high voltage — low current
applications. It can be found in a single layer or can be
designed as multi layers [6]], [[7]].

o Meander Type: The windings are engraved into the ferrite
core to reduce overall transformer thickness [17].

Fig. 4. Examples of Leadframe (left), PCB (center) and Meander type (right)

el [17.

Just as for the core, the final application is the determining
factor when choosing a winding configuration. For the present
study, and due to its relatively easy design and implementation,
the PCB type was chosen. As a first design step, the space
between the center column and the outer ones was calculated
to decide how many turns the transformer would have. For this
purpose, both the diameters of the inner and outer circle were
calculated, the difference was 1 cm. On the Planar Transformer
Handbook, one of the proposed transformers has 2.54mm of
trace width, and a winding resistance of 0.057 €2, a similar
width was selected based on their proposal: 2.2mm for it to
have enough space for three turns on each board [7]. The
windings were drawn on Adobe Illustrator as shown in Figure

The external holes on the corners (H1) allow to hold the
structure with M6x50mm screws. The blue holes on the trace
ends (H2) are used for the internal connections between the
windings, they were designed with a 2mm diameter for it
to fit up to 13-gauge copper wire. These holes have copper
around them for the welding to be simpler. The 4 blue holes
on the board (H2), with the same characteristics, serve as the
transformer input and output, and along with the black hole
next to the trace (H3), they also make the internal connection
easier as explained on Fig. 8. Once the Illustrator vector was
finished, it was exported to the PCB design Software Fritzing
on five layers that the program requires to identify the PCB
structure:

« Copper Top
o Copper Bottom

==Y s

Fig. 5. Winding design.

o Silkscreen Top
o Silkscreen Bottom
e PCB Base

This software was selected because of its intuitive interface,
free license, capability to import vector files (.svg) and cer-
tainly, to export as Gerber format (.gbr), which contains the
necessary information for PCB printing. The designer can use
it for implementing his/her own design strategy. We used the
services of JLCPCB, in China, for printing the windings. This
company requires the files in Gerber format, which is another
important reason to have chosen Fritzing.

TRANSFORMADOR PLANAR VIO

O O

fritzing
Fig. 6. Final PCB design.

The file was then uploaded to the JLCPCB platform, and the
order was placed: Five panels of 152mm*150mm containing

ETESEA
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6 windings boards each, as shown in Fig. 7. The total cost of
the order, including shipping to Colombia, was of $18.2. As
only six were used to assemble the final structure, the cost for
this application was $3.64.

Fig. 7. Panel of 6 winding boards.

C. Assembly

Figure [§] explains the connection of the windings, in which
spot welding was used on the copper wire with tin. The current
follows the path from the “Primary winding input” towards the
“primary winding output”, likewise for the secondary winding.
As depicted, the current on the primary winding has the
opposite direction in relation to that of the secondary winding.

Primary winding input

Secondary winding input

Secondary winding
Fig. 8. Winding connection.

The winding boards can be interleaved or non-interleaved.
The first means the primary and the secondary boards can be

stacked one directly after the other, this is usually written as
PS-PS-PS (for 6 winding boards) where P stands for Primary
and S stands for Secondary. This is however not the only
type of interleaving, as an example, for an 8§ winding boards
stacking, an interleaving of PP-SS-PP-SS can be performed.
Non-interleaved configuration for an § boards stacking is PPPP
— SSSS. Nonetheless, the latter arrangement presents more
loses due to the skin and proximity effects that cause the
current density to be non-uniform at high frequencies [19]. In
an interleaved arrangement of 8 boards is presented, it is
shown that AC resistance decreases as the frequency increases.

For this study, an assembly of 6 boards was selected due to
the available space within the core, considering the dimensions
of the M6 screw nuts which were used not only to adjoin
steadiness to the structure but also to create a bigger gap
between the windings and thus, reduce the proximity effect. A
PPP-SSS arrangement was chosen for it simplifies the manual
inner connection. The hole on H3, was nonetheless designed
to create in a simpler way an interleaved manual connection
for future developments.

As stated in the beginning of this section, the intercon-
nections were made with 14-gauge copper wire, using spot
welding with tin. The structure was held with M6 screws
used on the border holes (H1) and M6 screw nuts were
used to guarantee structural stability. With the winding board
connections done, the core was inserted and secured with
plastic moorings. Outer copper wire was intentionally left to
connect the primary and secondary inputs and outputs to the
laboratory devices.

Fig. 9. Transformer assembly completed.

III. EXPERIMENTAL RESULTS

So as to evaluate the power transfer of the transformer, a
signal generator, an oscilloscope and a multimeter were used.
It is important to mention that before the behavior evaluation,
a conductivity test was executed using the multimeter to make
sure there were no contact points that might cause the output
signal to be the same as the input signal, or worse, that could
provoke a short-circuit. Figure [T0] depicts the connection of
the transformer to measuring instruments.
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Fig. 10. Experimental evaluation: connection of the transformer to the
oscilloscope (left) and to the signal generator (right).

The primary is then excited with a low frequency sinusoidal
signal that is gradually increased until the oscilloscope’s screen
starts showing another sinus-like signal, which happens around
1.3 kHz. From this point on, screenshots are progressively
taken with the aim of displaying the device behavior (see

Figure [TT).

3000KHz

300 KHz

Fig. 11. Experimental results: Signal on the transformer output at increasing
frequencies.

The signal generator output was configured to provide
the maximum value of voltage: 5V. As for the frequency,
measurements were made from 800 Hz up to the device’s
limit: 5 MHz. During the test, voltages at the primary (Vp)
and secondary (Vs) of the transformer were measured using
the oscilloscope and tabulated as shown in Table I}

TABLE I
VP AND VS FOR DIFFERENT FREQUENCIES.

Frequency VP (V) Vs (V) Transformation Ratio
0.8 0.072 0.200 2.78
1.3 0.068 0.064 0.94
1.5 0.076 0.068 0.89
10 3.440 4.080 1.19
20 2.400 3.440 1.43
50 2.480 2.320 0.94
100 2.500 2.360 0.94
200 2.080 2.000 0.96
500 2.650 2.400 0.91

1000 3.200 3.120 0.98
3000 2.960 3.200 1.08
5000 2.320 3.360 1.45

Figure [T1] illustrates the power transfer results on the
designed planar transformer. For frequencies from 10kHz on-
wards, the oscilloscope was configured with the single-period
mode, to have a clearer depiction of the sinus wave. Starting
at 1.3 kHz, a sinusoidal wave appears, and the transformation
ratio is close to 1. Nevertheless, these low frequencies present
higher losses. As Table I suggests, the transformer does not
keep the designed transformation ratio under 10 kHz. The
voltages on both primary and secondary of the transformer
are greatly different from the one given by the source, is due
to the flux leakage presented on the core for low frequencies.
Above 10 kHz, the magnetic flux finds a lower reluctance path
through the ferrite core than through the air, which results in
less current consumption, a better flux linkage, and therefore,
less losses. For these frequency values, the transformation ratio
is almost 1:1, notably from 1000kHz to 3000 kHz range. The
erratic behavior of the voltage at increasing frequencies is
affected by the ferrite physical properties, the quality of the
elements and the measuring process.

IV. TRIDIMENSIONAL SIMULATION

The main objective of this step is to observe the magnetic
field behavior on the device. The simulation was conducted
on COMSOL Multiphysics software and took about 13 hours
on a computer with the following characteristics: 3.6 GHz
Intel Core 17 processor, 8GB RAM and 64 bits Windows
10 OS. The 3D model was built with the real-life proto-
type dimensions, although in a simplified manner. This was
necessary to reduce the structure complexity and focus the
simulation on the magnetic behavior of the materials. The
simplification was mainly performed in the windings, whose
turns were represented as rings with the same width (2.2mm),
as illustrated on Figure [12]

Three materials (taken from the COMSOL library) were
used on the 3d geometry: Alloy Powder Core Ferrite for the
core, Copper for the windings and Air for the surrounding
environment. In a similar manner, three free tetrahedral meshes
were generated for each component group, for the Air and for
the core a “General physics” mesh was used, while for the
windings a “Semiconductor” type was selected.

An electrical circuit was also adjoined to the simulation,
so it could reproduce the voltage source and the losses on
the windings. The first was selected with a 1 V amplitude at
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60 Hz, while the resistances for the second had 0.01 € for both
the primary and secondary windings, this value was measured
from the windings in the physical prototype.

(IR

gz

6.01

Fig. 12. Finished 3D PT Model

A. Simulation results

The fundamental study that was conducted is “Magnetic
Fields” on the software interface. This study shows as result
the magnetic field density on the geometry where it is per-
formed and takes into consideration the materials, the selected
electrical circuit (used to simulate the voltage source and
the assigned losses on the windings), and the own magnetic
restrictions of the device.

e

Fig. 13. This picture shows the magnetic flux density of the planar transformer
on t=0.05 s, at 1 kHz and with 1 V input. As it can be seen, the core has
a strong magnetic flux linkage in almost its whole surface, getting close to
0.25 T on the flashpoints. The arrows on the windings indicate the direction
of the current.

V. CONCLUSIONES

A planar transformer prototype was built with a 1:1 trans-
formation ratio, with 6 PCBs for the primary and secondary

windings, two turns each. The obtention, building, wiring, and
design processes were explained for the core, windings, and
connection elements. The finished prototype was then tested
under laboratory conditions, where the power transfer was
verified: under 10 kHz there were significant losses, while
above that value the power transfer from primary to secondary
presented a better behavior, notably at the range of frequencies
from 1000 kHz to 3000 kHz, where the transformation ratio
approached closely to the designed of 1:1.

The COMSOL Multiphysics software was used to perform
the simulation considering the actual prototype size and the
materials each component was made of, in order to observe
the magnetic behavior of the transformer (especially the core),
working at 1 kHz frequency with a 1V amplitude excitation.
The resulting magnetic densities of the field had up to 0.25 T
on the flashpoints.

This initial approach on this device mainly focused on
its construction, design, and base characteristics. As future
work, the prototype that was built is to be improved to reach
the 1:1 transformation ratio. Studies can be conducted with
different loads, at higher frequencies, on the power density,
and the curves that characterize it. Other prototypes can be
built changing parameters as the number of PCB windings,
the distance between them, the number of their turns, the
transformation ratio, and different interleaving configurations.
As for the simulation, it is important to improve the geometry
by a more realistic approach that allows to analyze the
voltages, currents, and power both at the input and output
of the device, and furthermore, the behavior under different
loads.
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