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Abstract
The need for high power density, efficiency and predictable parasitic parameters is driving the use of
high-frequency planar transformers (PTs). The scarcity of resources and the generated electronic (e)-
waste impose new constraints on the PT design. In circular economy, hardware design should be adapted
such that components are reused, repaired, maintained, refurbished and upgraded. Therefore, this
paper introduces modularity to the printed circuit board (PCB) layer design for PTs as well as proposes
a reconfigurable design methodology to fulfill the circular economy implications on PTs. The efficiency
(η) and power density (ρ) of the proposed PT are optimized employing ηρ-Pareto optimization and the
reconfigurable and modular PTs are selected from the optimal solutions. Four different PTs are built and
extensively tested. The theoretical, analytical, and experimental results demonstrate that the objectives of
circular economy can be addressed without violating the ηρ-Pareto optimal solutions.

1 Introduction
Transformers enable isolated DC/DC and AC/AC
conversion in a wide range of products covering
applications such as home appliances, grid and
e-mobility. Planar Transformers (PTs) with high po-
tential for weight and volume reduction have been
widely used in on-board chargers for electric vehi-
cles. This has motivated the design formulations
to maximize efficiency and power density without
considering the contribution of PT design to elec-
tronic (e)-waste and its environmental impacts [1].
Thereby, it is sensible for a study to incorporate the
constraints that minimize e-waste and enable reuse
of PT parts.
A number of methods have been realized to design
both conventional transformers and PTs. Regard-
ing conventional transformer designs, genetic al-
gorithm was applied to multi-objective transformer
design optimization with goals optimizing weight,
efficiency, and inductance [2]. A comprehensive
study was conducted in [3], including control vari-
ables such as number of turns, frequency, core
and conductor material and their constraints to

maximize power density and efficiency. Similarly,
the scaling laws for medium-frequency transform-
ers are derived by setting constraints and optimiz-
ing for frequency and number of turns [4]. Even
more variables were considered in [5], where a
100 kW 10 kHz transformer was optimized based
on database input and direct user input. The con-
straint imposed by the converter voltage and fre-
quency on transformer design were addressed in
[6]. Similar approaches have been applied to de-
sign optimization of PTs [7, 8, 9]. So far, it has
not been shown how a design can enable reuse
of transformer parts before complete wear out and
recycling of transformers.
The concept of circular economy was introduced
to use resources for the longest time possible
[10, 11, 12]. It is of a great advantage to consider it
early in the design process, as a large part of the
sustainability is already determined at this stage
[13]. While circular economy has already been
described in power electronics and batteries [14],
it has never been introduced to PTs. In power
electronics, the energy consumption of inverters
in standby mode, which reduces system efficiency,



Fig. 1: Circular economy applied to PTs for e-waste prevention.

has a significant impact on the environmental foot-
print [15]. In case of PTs, high electrical stress
and/or slow aging over time might lead to damage
to the insulation, copper and core [16]. However, a
part of the failed PTs can still be reused. A modular
structure enables repairs, reuse of modules or the
possibility of upgrading a product [10, 15, 17]. The
upgrade option of a product is particularly interest-
ing, as this allows a product to continue to be used
despite increasing needs, production time can be
reduced and scalability increased [18, 19]. Never-
theless, PTs also have an impact on e-waste and
shall be included in the circular economy.
The lack of transformer designs compatible with cir-
cular economy constrained optimization motivates
this paper to develop a PT structure that meets the
requirements of the circular economy. A PCB lay-
out is proposed that can be easily repaired, reused,
upgraded and reconfigured. A design optimiza-
tion including circular economy constraints is pre-
sented and it is shown that a Pareto-optimal solu-
tion can be achieved despite the circular economy
constraints. Four optimal PTs solutions are built
that scale the voltage between 400 V and 800 V
and power between 5 to 7.5 kW. Experiments are
carried out on the designed PTs to demonstrate the
feasibility of the PCB layout and the Pareto optimal
solutions.

2 Proposed Reconfigurable PCB-
Design

The economic cycle is conceptualized for PTs in
Fig. 1. Replacing damaged or worn PCBs or fer-
rites puts the product directly back into use and
creates a small economic loop, which is very ben-

eficial. Refurbishing used PTs helps to resell an
old product by upgrading it and bringing it to new
customers. The upgradability and reconfigurability
will be a great advantage, making it easier to give
the product a new life. If none of the previous steps
can be achieved, the last step should be to recycle
the transformers.
A conventional PCB layout design for a PT is shown
in Fig. 2(a), where 3 different PCBs are used to
create the primary side of the transformer. As it
can be seen, the layers have different structures
and each new PT should be designed from the be-
ginning. The proposed PCB design is shown in
Fig. 2(b). The top side features four connection
terminals, while the bottom side has two. The par-
ticular example shows a 4-layer PCB with 2 turns
per layer, where the bottom and top layers are kept
free of turns and only have terminals for connection.
This PCB design enables universal connection of
the PCBs using the four connection terminals. The
turns of the winding start at terminal 1 and finish
at terminal 2 on the top of the PCB. The turns are
connected through buried vias in the inner layers of
the PCB.
Different configurations are easily introduced using
this layout without modifying the PCB: interleaved,
non-interleaved, and paralleled layers. The first con-
figuration, shown in Fig. 3, represents the standard
connection of the PCBs. The PCBs are connected
in series and interleaved by design according to
the number of turns in each PCB. In this example,
the configuration is P-P-P-P-S-S-S-S-P-P-P-P and
will continue in that way. In order to achieve this
configuration, the second PCB is rotated 180° and
terminal 4 is connected to terminal 2 of the pre-



Fig. 2: Transformer PCB layout for (a) conventional design with different layers and (b) proposed PCB design top
view and bottom view.

Fig. 3: Assembly of interleaved design.

vious PCB. By connecting terminals 3 and 4, the
connection is moved back to the left side to start
the next PCB for the primary on top of the PCB for
the secondary. Then terminal 1 of the third PCB is
connected to terminal 4 of the second PCB. This
arrangement can be continued indefinitely until the
desired number of turns is achieved. The design en-
ables the product to be upgraded for higher voltage
requirements in the future. Furthermore, it allows
the PCBs to be easily reused and reconfigured for
other applications.
The option to change the interleaving pattern is im-
portant and depends on the requirements of the
application. Interleaving the windings results in a
trade-off between low leakage inductance, low cop-
per losses and high winding capacitance [9, 20]. It
is clear that low leakage, low copper losses and

Fig. 4: Assembly of non-interleaved design.

low winding capacitance cannot be achieved at the
same time, and the interleaving pattern must be se-
lected depending on the application. The proposed
PCB design enables the degree of interleaving by
controlling the number of turns inside each PCB.
The second configuration is shown in Fig. 4 and
implements a non-interleaved design. The V-cut
of the proposed PCB design is used to achieve
the non-interleaved design. Only the small PCB
area that will be separated is used and connected
as shown in Fig. 4. A filler material can be used
to replace the missing part of the PCB. The third
PCB is then connected to this terminal as before.
This process continues until all the primary layers
are connected. The next step is to connect the
secondary side in exactly the same configuration
as the primary side, with a 180° rotation on the z-



Fig. 5: Assembly of parallel layers.

axis. This configuration has the drawback of lower
power density, as one layer of PCB thickness is
used to achieve the non-interleaved connection.
This configuration is not recommended where high
power density is critical. However, this configuration
can help to achieve better circular economy, as
PCBs can be reused to achieve non-interleaved
patterns.
The third and final possible configuration is shown
in Fig. 5. This configuration demonstrates the use
of parallel layers in addition to the series connec-
tions. It allows 2 layers to be connected in parallel
before continuing with the series connection. In or-
der to achieve this configuration, the second PCB is
flipped and terminal 1 of the first PCB is connected
to terminal 2 of the second PCB and terminal 2
of the first PCB is connected to terminal 2 of the
second PCB. This results in a parallel connection of
the layers. The first turns of the secondary side are
then placed on top of this PCB stack and terminal
4 of the third PCB is connected to terminal 1 of the
second PCB. The fourth board is then connected
to the third PCB in the same way as the second
PCB is connected to the first, with the addition of
connecting terminal 4 of the fourth PCB to terminal
3 of the third PCB. This moves the primary connec-
tion back to the top left to connect the next PCBs
for a continuous series connection of two parallel
layers.
The proposed modular and reconfigurable PCB
design allows for easy reuse for other applications,
as the PCB can be reconfigured and modified to
suit the new requirements. In addition, repair and
maintenance of the PT is straightforward with this
PCB design, as a failed PCB can be easily replaced
with a new one.

3 Analysis of Planar Transformer
Designs and Upgrade Potential

This section provides the design optimization
methodology for the proposed PCB layout that
meets the requirements of circular economy. Pareto
optimal solutions are derived with the aim of max-
imizing efficiency (η) and power density (ρ) as in
[6]. Four ηρ-Pareto optimal solutions are selected
to maintain the modularity and reconfigurability con-
straints. Finally, finite element method (FEM) simu-
lations are performed to validate the proposed PT
designs.

3.1 Design Methodology
Flux density and current density are the main
drivers of power losses in the transformers core
and windings, respectively. The flux density of a
transformer with applied square wave depends on
the core area AE, the number of turns NT, the fre-
quency fs and the input voltage Vin and can be
calculated using the following equation:

Bmax =
Vin

4fsNTAE
. (1)

Based on this, the required core cross-section and
the number of cores in parallel can be calculated.
The core losses are calculated by the steinmetz
equation [21, 22]:

PV;vol = Cmf�s B�
max. (2)

The current density in the windings is dependent on
the current I, the copper width LCu and the copper
thickness HCu:

J =
I

LCuHCu
. (3)

This can be used to calculate the required copper
area with copper width LCu and thickness HCu.



The winding losses of the PT can be calculated
using the equation from [23]:

RAC

RDC
=

ξ

2

�
(Hext � Hint)2 sinh(2ξ) + sin(2ξ)

cosh(2ξ) � cos(2ξ)

+2HextHint
sinh(ξ) � sin(ξ)
cosh(ξ) + cos(ξ)

�
,

(4)

where ξ = HCu
� is the ratio between copper thick-

ness HCu and skin depth δ, Hext and Hint repre-
sents the magnetic field strength at the bottom and
on top of the layer. The DC resistance of the wind-
ing for PTs can be estimated by:

RDC =
ρCu � MLT � NT

LCuHCu
, (5)

where ρCu is the resistivity of copper, MLT the
mean length track of one turn and LCu the width of
one track. To calculate power density, the volume
of the PT is estimated by

VPT = (DCNC + 2LCuNL)LCHC (6)

where DC is the length of the core, LC the width of
the core, HC the height of the core, NC the number
of cores, LCu the width of the tracks per layer, and
NL is the number of tracks per layer.
A simplified temperature assumption from [24] is
used for the calculation of the overall system tem-
perature

Tmax =
�

24
VC

�0:5
Pv + TA, (7)

where VC is the core volume in cm³, Pv the total
losses including core and winding losses and TA
the ambient temperature. The temperature limit is
set to 125 °C, as above this value the core losses
increase and the PCB starts to go into glass transi-
tion.

3.2 Pareto Optimization
The objectives are to maximize the efficiency (η)
and power density (ρ) with consideration of the cir-
cular economy modularity. Control variables are
Bmax, J , HCu, NT, NL, the number of parallel lay-
ers NP, and core configuration. The copper thick-
ness is limited between 35 µm and 70 µm. All
commercially available E and I core combinations
are considered for optimization. The current den-
sity J is varied between 2 - 12 A/mm² and the flux
density between 0.05 - 0.3 T. The constraints are
defined by the core geometry and maximum tem-
perature. The design specifications to carry out the

Tab. 1: Specifications of the PTs.

Parameter
Output Power Pout 5 kW
Nominal input voltage Vin;nom 400 V
Nominal Output voltage Vout;nom 400 V
Nominal switching frequency fs 50 kHz
Transformer turns ratio 1:1

ηρ-Pareto optimization of the initial Design A are
given in Tab. 1.
The obtained results are shown in Fig. 6(a) for De-
sign A. It results in a lower front constrained by the
thermal boundary and an upper front constrained
by the geometric boundary. Any solution that is lo-
cated on the upper front of the geometric boundary
is suitable for the selection of an optimal design.
A trade-off is made between efficiency and power
density. The final solution for the design is marked
in Fig. 6(a) and the values for this solution are also
given. A 3D render of the final solution is shown
and is referred to as Design A. The frontmost values
have not been selected as a design with a lower
temperature should be selected. In addition, the
circular economy should also be considered here,
as the upgradability of the design is a vital point.
Since the solution selected is a combination of an
EI core, it can be upgraded to an EE core, which
means that additional PCBs can fit into the core. In
order to validate this, one of the frontmost solutions
is also shown and will be referred to as Design E.
The full list of parameters for both designs can be
found in Tab. 2.
As shown in section 2, additional windings can be
added in series or in parallel. For this reason, the
next case to be considered is one in which a higher
output power is required. The system power is to
be increased from 5 kW to 7 kW at the same volt-
age. Again, a ηρ-Pareto optimization is performed,
as shown in Fig. 6(b). This reveals that a possi-
ble solution at the upper boundary is the selected
design for 5 kW, but now with two PCB layers in par-
allel and an EE core combination to accommodate
the additional PCBs. The full list of parameters
for the design is given in Tab. 2 and the design
is referred to as Design B. The current density of
8.4 A/mm² is changed proportional to the previous
current density of 12 A/mm², as the current density
has increased by a factor of 1.4 and the copper
thickness has doubled due to the parallel layers.
This shows that the upgrade option for the circu-



Fig. 6: ηρ-pareto-fronts for (a) 400 V 5 kW, (b) 400 V 7 kW, (c) 800 V 5 kW and (d) 800 V 7.5 kW.

lar economy is provided by the design and that an
optimized design can still be achieved.
Another case considered is an increase in the re-
quired voltage from 400 V to 800 V. The final ηρ-
Pareto-front is shown in Fig. 6(c). The optimally se-
lected solution at the upper boundary of the Pareto
front shows the solution of the previous transformer
Design A but now with EE core combination to
accommodate the 24 turns. The selected design
referred to as Design C is shown in Fig. 6(c) and
the parameters are given in Tab. 2. The current
density of 6 A/mm² is changed proportional to the
previous design as the required current has been
halved. This again shows that an optimal solution
can be found at the upper boundary of the Pareto
front and the original selected design can be up-
graded by adding another 3 PCBs in series and
changing to the EE core.

The last case considered is an increase in voltage
from 400 V to 800 V with an increase in power from
5 kW to 7.5 kW. The final ηρ-pareto-front is shown
in Fig. 6(d). The selected solution represents the
same system as Design C, since 24 turns are re-
quired and the current density of 9 A/mm² in Tab. 2
is altered proportional to 6 A/mm² due to the 50 %
increase in current.
In summary, it can be shown that an upgrade op-
tion with the proposed PCB layout is possible by
selecting the appropriate initial system. It has been
shown that an optimal design can always be found
for the selected examples, despite the consider-
ation of circularity. The only limitation is that the
upgrade option does not allow a completely free
trade-off between efficiency and power density.

Tab. 2: Specifications of the Designed Planar Transformers.

Parameter Design A Design B Design C/D Design E

Specifications
Output Power Pout 5 kW 7 kW 5/7.5 kW 5 kW
Input voltage Vin 400 V 400 V 800 V 400 V
Output voltage Vout 400 V 400 V 800 V 400 V

Control Variables

Current Density J 12 A/mm² 8.4 A/mm² 6/9 A/mm² 12 A/mm²
Copper Thickness Hcu 70 µm 70 µm 70 µm 70 µm
Core EI-Core EE-Core EE-Core EE-Core
Number of Cores Parallel NC 2 2 2 1
Number of Turns NT 12 12 24 24
Number of Parallel Layers NP 1 2 1 1



Fig. 7: Simulation results for (a) flux density of Design A, (b) flux density of Design E, (c) current density of Design
A and (d) current density of Design B.

3.3 FEM Verification
To confirm the different configurations of the pro-
posed PCB design and the previous analysis, some
of them are built in Ansys FEM simulation software.
A 3D model of Design A is implemented with inter-
leaved windings and 12 turns connected in series.
A 2D flux density distribution in the core center is
shown in Fig. 7(a). The final design has a maxi-
mum flux density of approximately B = 0.15 T. This
flux density can be confirmed by (1) and shows that
the transformer design is correct.
Next, a PT design is selected to demonstrate the
correctness of the PCB layout for different winding
geometries. Therefore, Design E has been selected
as an example and its flux density is illustrated in
Fig. 7(b). As expected, Design E has a maximum
flux density of B = 0.15 T as in Design A. With
increasing number of turns in series, the DC resis-
tance increases and so does the temperature, as
shown in Fig. 6(a). This also confirms the upgrade
potential of Design E is very limited compared to
Design A, which is the best solution.
The last simulated PT is used to confirm the paral-
lel configuration of the layers correspond to Design
B. For ease of comparison, the power for the sim-
ulated transformer with parallel layers remains at
5 kW. To validate the parallel connection of the lay-
ers, the current density of the turns can be used.
Paralleling the layers effectively increases the cop-

per thickness HCu of the individual turns in (3). It
is expected to have half the current density. Fig.
7(c) and Fig. 7(d) show the current density of the
interleaved design of Design A and the parallel
design of Design B, respectively. The interleaved
design shows a current density of J = 12 A/mm2

and the parallel design shows a current density of
J = 6 A/mm2. This shows the correctness of the
selected Design B.

4 Experimental Results
The built PTs and their path in the economic cycle
are shown in Fig. 8. A DAB converter as shown
in Fig. 9(a) with SiC Mosfets is used to validate
the PT designs. A FPGA is used to generate the
PWM signals and control the phase shift, and an
additional inductor is placed in series to the PT on
the primary side. The experiments are performed
in open-loop mode and a thermal camera is used
to measure the temperature of the PTs. All PTs
are tested for 15 minutes at full power to reach
near steady-state temperature in order to validate
the design. The full-bridge converter used for both
sides is shown in Fig. 9(b) and waveforms for the
experiments of 400 V 5 kW and 800 V 7.5 kW are
shown in Fig. 9(c) and (d) respectively.
The first PT to be validated is Design A at 400 V and
5 kW power. From Fig. 10(a) it can be seen that the
maximum surface temperature of the transformer is
89 °C. This temperature is reached for the windings



Fig. 8: Built PTs and their relation to the concept of circular economy.

Fig. 9: Overview of the setup showing (a) the electrical schematic, (b) the full-bridge converter used for primary and
secondary side, (c) the waveforms for 400 V 5 kW and (d) the waveforms for 800 V 7.5 kW.

due to their high current density J of 12 A/mm².
The core temperature reaches approximately 72 °C.
The temperature of the inner layers is expected to
be slightly higher than the 89 °C of the top PCB. The
final recorded temperature is close to the estimated
temperature and confirms Design A.
Next, Design B with parallel layers is validated at
400 V and 7 kW power. The temperature after 15
minutes is shown in Fig. 10(b). The core tempera-
ture is approximately the same as for Design A and
reaches 67 °C. The maximum surface temperature
measured for the windings reached 103 °C. This
is higher than calculated, as the same losses and
therefore the same temperature would be expected

from the current density. The higher temperature
can be explained by the fact that a simple temper-
ature estimation method is used. Nevertheless,
the temperatures are within a reasonable range to
verify the upgradability with parallel layers.
In order to validate the additional windings in series,
Design C is validated at 800 V and 5 kW power.
The final temperature is shown in Fig. 10(c) and
reaches around 60 °C for the core. This is lower
than expected as the temperature should be similar
to Design A and B given that the flux density is the
same when the number of turns is increased to 24.
The winding temperature of around 47 °C is lower
than the other designs because the current density



Fig. 10: Temperature of the designed transformers after 15 minutes for (a) Design A at 400 V 5 kW, (b) Design B at
400 V 7 kW, (c) Design C at 800 V 5 kW and (d) Design D at 800 V 7.5 kW.

in this design is very low compared to the other
designs. Therefore, the upgradability with more
turns in series is also validated.
Further, Design D is tested at 800 V with 7.5 kW
power. The maximum temperature for the windings
and the core is around 72 °C as shown in Fig. 10(d).
The overall maximum temperature is lower than es-
timated, which is due to the fact that the estimation
assumes combined losses and does not separate
winding and core losses. In the experiment, the
winding and core losses do not affect each other
significantly, resulting in a lower temperature.
Finally, Design E can be validated at 400 V and
5 kW power. It is noticeable that the winding tem-
perature rises to 102 °C and the core temperature
reaches around 70 °C. This is as expected as this
is the frontmost solution in the first pareto front
in Fig. 6(a) and therefore has higher losses and
temperature. This design confirms that different
winding geometries are achievable and shows that
the upgradability of this design is limited as it al-
ready uses an EE core combination and a large
part of the core window.
The experiments confirm the analysis and the
achievement of upgradability. It shows that the
design can help to achieve circularity and reduce
the e-waste produced by PT.

5 Conclusion
While transformers are conventionally designed to
maximize the efficiency and power density, the envi-
ronmental impact has never been addressed at this
stage. This paper proposes a reconfigurable and
modular PCB design for PTs that introduces the
circular economy constraints at early design stages.
The PCB design is shown and different configura-
tions that can be achieved using this design are
explained. Extensive ηρ-Pareto optimization was
carried out and four designs complying with circu-
larity were selected from the optimal Pareto-front.
FEM simulations were carried out to validate the
analysis and the derived configurations. Finally, the
selected solutions were built and experiments were
performed on the PTs at voltage levels of 400 V
and 800 V and power levels of 5 kW and 7.5 kW.
The theoretical, simulation, and experimental re-
sults confirm that the proposed PCB design meets
the circular economy objectives and contributes to
the reduction of e-waste for PTs.
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