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Abstract: This paper presents an analysis of electric vehicle charging station operation
based on a dual active bridge topology. Two cases are considered: one with the use of
a medium frequency planar transformer, the other with a conventional Litz winding trans-
former. An analysis was performed using both solutions in order to compare the performance
characteristics of the system for both cases and to present the differences between each trans-
former solution. The analysis was based on tests carried out on the full-scale model of an
electric vehicle charging station, which is the result of the project "Electric vehicle charging
system integrated with lighting infrastructure" realized by the Department of Drives and
Electrical Machines, Lublin University of Technology. The results presented in the paper
show that the conventional transformer used in the research achieved better results than the
planar transformer. Based on the results obtained, the validity of using both solutions in
electric vehicle charging stations was considered.
Key words: conventional transformer, dual active bridge, electric vehicle charging station,
planar transformer

1. Introduction

The increasing problem of climate change, caused by the level of greenhouse gas emissions
into the atmosphere, is provoking a popularisation of electric vehicles on the market. The state
of the currently existing power transmission and distribution infrastructure requires continuous
adaptation to this trend. The key goal of this development is to ensure adequate availability of

0

© 2023. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivatives License (CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/), which per-
mits use, distribution, and reproduction in any medium, provided that the Article is properly cited, the use is non-commercial,
and no modifications or adaptations are made.

https://orcid.org/0000-0002-0773-474X
https://orcid.org/0000-0001-9422-2226
mailto:m.rudawski@pollub.pl
mailto:k.fatyga@pollub.pl
mailto:l.kwasny@pollub.pl
https://creativecommons.org/licenses/by-nc-nd/4.0/


340 M. Rudawski, K. Fatyga, Ł. Kwaśny Arch. Elect. Eng.

electric vehicle charging stations to enable the most effective transfer of energy from the distri-
bution network to the batteries and energy transfer in the opposite direction to achieve greater
flexibility of the power system. Considering that a single charging station may have a power
consumption in the range of 50 kW–450 kW, the operation of a significantly large EV charg-
ing infrastructure in the power grid will place a significant load on the power system [1–3].
This means that the parameters of charging station performance, such as the efficiency or the
level of electromagnetic interference generated and injected into the grid, will have a great
impact on the operation of the entire system. This indicates the need to develop the technol-
ogy of bidirectional charging stations with technologically advanced solutions characterized by
high efficiency and high reliability. This publication presents a study of the converter system
of an electric vehicle charging station that is the result of the project “Electric vehicle charg-
ing system integrated with lighting infrastructure”. The tests were carried out on two types of
medium-frequency transformers, namely a planar transformer and a conventional transformer.
The conventional transformer was a construction with a three-column ferrite core with windings
made of Litz wire wound on the central column. Both transformers were designed and manufac-
tured for the purpose of the project as short series prototype units. The aim of the research is to
present the performance characteristics and to compare the efficiency achieved by the system for
both types of transformers. To achieve this goal, both transformers were purposefully designed,
with calculations based on works [4, 5], which present methods for the design of medium fre-
quency transformers with Litz winding for applications in voltage converters, which require high
efficiency.

Fig. 1. View of electric vehicle charging statnion under study

The other competitive approach is the use of similar transformers with a conventional mag-
netic circuit structure but with planar windings [6, 7]. As in planar transformers, the use of these
windings results in an increase in parasitic capacitances. Publication [8] describes a method for
designing a planar transformer with reduced parasitic capacitance, which can lead to reduced
voltage and current oscillations in the transformer waveforms. Paper [9] presents a unidirectional
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vehicle charging station based on a transformer with tap windings. The paper also addresses the
problem of current and voltage oscillations occurring in a planar transformer. There are some
publications that investigate this issue and present methods to mitigate this problem. Work [10]
presents the influence of the slew rate change in the rising and falling edge of the voltage of
a transformer on the level of generated oscillations and indicates how to reduce them by changing
the voltage slope. In publication [11], the authors also point out the influence of low transformer
impedance at high frequencies, and propose an extended method for modelling transformers that
allows obtaining accurate simulation results. They also point out the link between the oscilla-
tions occurring in the transformer and the level of generated electromagnetic interference. An
important aspect to consider when designing a transformer for a DC/DC converter is its thermal
properties. Appropriate analysis of the temperature distribution makes it possible to eliminate
overheating of the transformer and to eliminate, for example, the thermal stresses [12, 13] in-
side the core, significantly extending its operational lifespan. There are many works focusing
on the mathematical modelling of thermal properties for planar transformers. Publication [14]
presents a model of the thermal properties of a planar transformer, while publication [15] presents
a non-linear mathematical model for a planar transformer. In the case of paper [16], the authors
present a method for determining power losses using a thermal imaging camera. For conventional
transformers, in publication [17], the authors propose the use of 3D analysis in a high-frequency
transformer. In publication [18], a numerical analysis of a push-pull transformer is presented.
Works [19] and [20] present thermal models used in the design process of a transformer for
a dc/dc converter. Throughout the analysis, the selected shape of windings is the determining
factor, paper [21] presents methods for optimising the winding size depending on the wind-
ing shape used. Another solution attempted in the literature is a non-isolated converter. The
paper [22] presents a soft-switched non-isolated high step-up multi-port DC-DC converter for
a hybrid energy system. Publication [23] presents a non-isolated converter for applications in mi-
crogrids or photovoltaic farms. Similarly, publication [24] proposes the design of a non-isolated
converter for applications in cooperation with renewable energy sources providing at the same
time a high voltage gain. In this paper, due to the intention to avoid problems occurring in
non-isolated inverter designs, such as the existence of common-mode interference, and due to
the aim of increased safety of the overall device, the focus is on isolated inverters. This article
is divided into six chapters. The first chapter is an introduction outlining the current state of
the art of the subject under study. In the second chapter, typical topologies of electric vehicle
charging stations for unidirectional and bidirectional energy transfer are presented. Construction
differences and comparison of properties of both solutions are described. The third chapter de-
scribes the properties of transformers used during the research. It compares both solutions in
terms of construction and an electrical equivalent diagram. The fourth chapter presents a test
bench in the form of an electric vehicle charging module, which is the result of the project.
The fifth chapter contains the results of tests carried out for both cases and conclusions drawn
on their basis. The last chapter contains a conclusion of the entire work. Efficiency curves
and a comparison of primary and secondary voltage waveforms, as well as the current flowing
through the transformer are presented. High-frequency oscillations present in the waveforms
of the planar transformer and a method of eliminating these disturbances to the conventional
transformer level, as well as the influence of these changes on the system operation, are high-
lighted.
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2. Structure of electric vehicle charging stations

In the structure of electric vehicle charging stations, a distinction may be made between
designs ensuring unidirectional and bidirectional energy flow. The first category includes the
stations with the PSFB (Phase Shift Full Bridge) output stage [25–29] in which the energy is
transferred only unidirectionally from the utility grid to the electric vehicle. In this design, the
rectifier and one of the bridges of the DC/DC converter are made of non-controlled elements.

Fig. 2. Diagram of an electric vehicle charging station: (a) one-way PSFB; (b) two-way DAB

Only one bridge of the DC/DC converter and the PFC (Power Factor Correction) circuit are
controllable [30,31]. The use of more non-controllable elements translates into lower complexity
of the whole system and a simpler control system, which also reduces the cost. The other category
of electric vehicle charging stations includes the station based on the Dual Active Bridge DAB
converter [4, 29, 32, 34]. Such a system enables bidirectional energy transfer, which gives wider
possibilities of optimising the operation of the entire utility grid [32]. All semiconductor elements
in this circuit are fully controllable. The bridge rectifier in this case also acts as a grid inverter for
energy transfer from the electric vehicle to the grid.

Due to the full controllability, no power factor correction system is required. It means higher
control complexity and manufacturing costs, but it also increases the opportunities for optimising
operation due to the possibilities offered by a bidirectional power transfer, such as V2G func-
tionality (Vehicle 2 Grid) [2, 33]. From the grid perspective, this translates into significant cost
reduction during operation [32]. A comparison of the two designs is shown in Tables 1 and 2.
They show the results obtained for the device under study. The values obtained for the PSFB
topology were obtained in the initial phase of the experiments when the presented design was
still under consideration. Tables 1 and 2 show the results for the same power as for the DAB
circuit.
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Table 1. Comparison of the AC/DC stage parameters of PSFB and DAB stations

AC/DC stage

PSFB DAB

No. of controllable elements 1 6

No. of measurements 2 × V, 1 × I 4 × V, 3 × I

Required algorithm No Yes

Power factor correction Required Embedded

THD (80%P) 3.1% 1.2%

Efficiency 95.5% 97%

Power factor adjustment No From cos 𝜑 = −0.5 to cos 𝜑 = 0.5

Bidirectionality No Yes

Table 2. Comparison of the AC/DC stage parameters of PSFB and DAB stations

DC/DC stage

PSFB DAB

No. of controllable elements 4 8

No. of measurements 2 × V, 1 × I 2 × V, 1 × I

Required algorithm Yes Yes

Efficiency 96.5% 98%

Bidirectionality No Yes

Voltage gain factor limited by DC bus voltage
and transformer ratio

limited by voltage class
of semiconductors

3. Comparison of transformers for charging stations

In power conversion systems, transformer design has a fundamental impact on the efficiency
of the overall system. In medium and high frequency applications, phenomena such as skin effect
or proximity effect, which cause the current not to flow through the entire cross-section of the
winding and consequently increase the resistance of the windings, become a key problem.

This requires a different design approach. One of the currently used solutions are planar
transformers, which utilize flat windings, usually in the form of multilayer printed circuits [35].
The large width-to-height ratio of the winding allows for a significant reduction of the skin effect.

Unfortunately, the large surface area of these windings makes planar transformers to be
characterised by larger inter-winding capacitances than conventional transformers. This results
in resonant circuits with frequencies of the order of megahertz, visible in the voltage and current
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Fig. 3. Transformers examined: (a) conventional Feryster transformer; (b) Standex Meder planar transformer

(a) (b)

Fig. 4. Cross-section of a planar and a conventional transformer

waveforms of the transformer [10]. The amplitude of these oscillations can reach in value the
amplitude of the control waveform.

The occurring oscillations have a negative effect on the level of electromagnetic interference
generated by the system [11]. In order to bring these oscillations down to the level comparable
to a conventional transformer, an additional leakage inductance can be used on the primary and
secondary sides of the planar transformer when operating the system. This case is presented
later in the publication. The windings used in the planar transformer allow the design of more
compact structures. It also allows the transformer to be placed directly within the PCB of the entire
system. However, the disadvantage of this solution is the high manufacturing cost of multi-layer
PCBs. The parallel connection of the windings often used in planar transformers contributes to
an increase in skin effect and proximity effect, reducing the benefits of using flat windings.
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The conventional transformer under study was designed for use in an electric vehicle charging
station. The windings were made as a parallel connection of four Litz wires in a layer winding.
The first layer consists of half of the primary side winding, on which the secondary winding is
wound. The third layer consists of the second half of the primary winding. The individual layers
have been offset from each other in order to increase the leakage inductance.

The use of a Litz conductor allows one to reduce the skin effect by dividing the flowing current
into many conductors with a small cross-section. The parameters of the tested transformers are
shown in Table 3. Based on the measurements, the parameters of the equivalent diagram both
transformers were determined. The equivalent circuit is shown in Fig. 5, and the measured
parameters are presented in Table 4. The flat windings used in the construction of the planar

Table 3. Comparison of the DC/DC stage of the station with the PSFB and DAB stages

Transformer Planar Conventional
Design power 50 kW 36.8 kW

Design frequency 100 KHz 45 kHz

Secondary side voltage 650 V 520 V

Secondary side current 77 A 80 A

Core material 3C94 3C94

Core height 3.4 mm 3.2 mm

Core width 11.5 mm 15.4 mm

Core length 14 mm 18.8 mm

Column width 76 mm 56 mm

Transformer height 3.4 mm 12.5 mm

Transformer width 11.5 mm 15.4 mm

Transformer length 20 mm 18.8 mm

No. of primary side windings 4 18

No. of secondary side windings 4 22

Shape of windings flat windings 4 × Litz

Power density 33 kW/kg 15 kW/kg

Magnetic path length 149 mm 350 mm

Fig. 5. Equivalent diagram of a transformer
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transformer create considerable capacitance due to their surface area, which is one of the reasons
for the occurrence of high-frequency oscillations in voltage and current waveforms [10, 11].
The planar transformer is characterised by winding capacitances 𝐶1 and 𝐶2, being an order
of magnitude higher than in a conventional transformer, and the leakage inductance 𝐿𝑠 of the
order of magnitude lower than in the conventional transformer. This results directly from the
constructional characteristics of the planar transformer.

Table 4. Equivalent diagram parameters of tested transformers

Transformer
Planar Conventional

𝑅1 0.1 Ω 0.2 Ω

𝑅2 0.1 Ω 0.3 Ω

𝐿𝑠 0.7 μH 4.9 μH

𝐿𝜇1 575 μH 475.8 μH

𝐿𝜇2 575 μH 334.7 μH

𝐶12 362 pF 273 pF

𝐶1 397 pF 496 nF

𝐶2 397 pF 661 nF

𝑛 1 : 1 1 : 1.2

4. Test stand

Figure 6 shows the inside of the test charging module used for the study. The figure shows
a model of a bidirectional electric vehicle charging station based on a DAB converter. The DC
bus contains capacitors with a capacitance of 750 μF each. The H-bridges shown in the figure
are built with silicon carbide MOSFET power transistors. The bridges were also supplied with
additional 3 × 22 μF capacitors. The operating frequency of the inverter was 100 kHz. The tests
were performed for the same power consumed at the secondary side with the assumption of
unidirectional power flow, simulating the case of vehicle battery charging. The secondary side
power was tested in the range from 0.0 kW to 7.3 kW.

Three operating cases of the system were studied:
– with a conventional transformer installed with an additional dissipation inductance on the

primary side equal to 𝐿𝑠 = 4.2 μH,
– with a planar transformer with an additional dissipation inductance at the primary side

equal to 𝐿𝑠 = 4.2 μH,
– with the planar transformer installed with additional dispersion inductance divided on both

sides of the transformer 𝐿𝑠1 = 𝐿𝑠2 = 2.1 μH.
In order to obtain the same power, tests were performed using two identical DC power supplies

simulating the DC bus of the system at the input and the battery of the electric vehicle at the output.
The schematic diagram of the tested DAB converter is shown in Fig. 7. The mathematical model of
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Fig. 6. View of tested system

the system under study was determined on the basis of the publications [32,36–38] where precise
mathematical relationships are presented. The power transfer between the two inverter bridges
can be shown as an equivalent of two voltage sources connected together by series inductance.
The voltage sources are the inverter bridges, while the inductance is the transformer leakage
inductance in combination with additional series inductance.

Fig. 7. Diagram of tested system

The transfer of energy takes place by changing the phase shift of the voltages generated by
the bridges relative to each other. This gives an active power flow according to Eq. (1), [36].

𝑃 =
𝑈prim𝑈sec sin(𝜑)

2𝜋 𝑓 𝐿
, (1)
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where: 𝑈prim is the primary side voltage, 𝑈sec is the secondary side voltage, 𝜑 is the phase shift
between bridge voltages, 𝑓 is the switching frequency, 𝐿 is the sum of the leakage inductance
and additional series inductance. The direction of the energy flow in this case takes place from
the bridge, the voltage of which is leading in phase, to the bridge, the voltage of which is lagging
in phase, as shown in Fig. 8, where 𝑈prim represents the bridge voltage on the primary side of
the transformer, 𝑈sec is the bridge voltage on the secondary side of the transformer and Il is
the current flowing through the transformer on the primary side. The power transferred by the
converter depends on the sine of the phase shift angle, which means that the maximum power
transferred by the bridge occurs for the angle 𝜑 = 90◦, and the relation 𝑃 = 𝑓 (𝜑) is non-linear.

Fig. 8. The voltage and current waveforms of the system under test

If we add to Formula (1) the transformer ratio and eliminate the dependence of the sine of the
angle, we obtain [37]:

𝑃 =
𝑛𝑈prim𝑈sec𝜑(𝜋 − 𝜑)

2𝜋2 𝑓 𝐿
. (2)

From this formula we can extract the relationship for the required phase shift between the
bridge voltages to achieve the assumed power flow:

𝜑 =
𝜋

2
×

(
1 −

√︄
1 − 8 𝑓 𝐿𝑃

𝑛𝑈prim𝑈sec

)
. (3)

From these relationships we are able to obtain the required power flow in the system.

5. Experimental and analytical results

The tests were carried out for loads from 0.0 kW to 7.3 kW. Figure 9 shows the obtained
system efficiencies of the tested dual active bridge inverter. The most important results are
presented in Table 5. The highest efficiency obtained was 98.6% for the load equal to 𝑃 = 1.5 kW
obtained on a conventional transformer. The corresponding efficiency for the planar transformer
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was 𝜂 = 97% for the case without split additional inductance and 𝜂 = 97.9% for the case with
split additional inductance. In the studied system, the conventional transformer achieved slightly
better efficiencies over the entire power flow range, obtaining efficiency differences for low loads
𝑃 = 1.5 kW equal to Δ𝜂 = 1.6% and for high loads 𝑃 = 7.7 kW equal to Δ𝜂 = 0.9%. The planar
transformer with split inductance achieved slightly better efficiencies with differences from the
conventional transformer of Δ𝜂 = 0.7% for 𝑃 = 1.5 kW and Δ𝜂 = 1.2% for 𝑃 = 7.3 kW.
These results show that in a long-term operation, using split inductance will result in significant
energy savings. This shows that with the right design approach, in specific applications, it is
possible to make a conventional transformer with efficiencies close to or even higher than a planar
transformer.

Fig. 9. Efficiency characteristics obtained

Table 5. Summary of selected measurement results

Transformer

Conventional Planar Planar divided inductance

𝜂 [–] 𝜂 [–] 𝜂 [–]

𝑃 = 50 W 0.463 0.455 0.377

𝑃 = 1500 W 0.986 0.97 0.979

𝑃 = 4000 W 0.972 0.966 0.962

𝑃 = 6000 W 0.956 0.947 0.944

𝑃 = 7300 W 0.94 0.934 0.915

Using a conventional transformer also eliminates a number of problems that can be encoun-
tered when working with planar transformers.
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One such problem observed in the system under study is the occurrence of high current
and voltage oscillations of the transformer as shown in Fig. 10, which results in increased EMI
generation and system efficiency decrease [11]. These are a result of the resonance created
between the transformer capacitances and the PCB power path inductance. One of the ways
of limiting this phenomenon is to use an additional leakage inductance on both sides of the
transformer. In this case, the oscillations are reduced as shown in Fig. 1, but they are still higher
than in the conventional transformer shown in Fig. 12. The thermal images presented in Fig. 13
show that the elements emitting the most heat are the transformer, additional inductors and

Fig. 10. Voltage and current waveforms on the primary and secondary side in the planar transformer circuit
for phase shift 𝜑 = 45◦

Fig. 11. Voltage and current waveforms on the primary and secondary side in the planar transformer circuit
with divided additional inductance for phase shift 𝜑 = 45◦

Fig. 12. Voltage and current waveforms on the primary and secondary side in the conventional transformer
circuit for phase shift 𝜑 = 45◦
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transistor drivers. The planar transformer was placed in a harness made of aluminium according
to the manufacturer’s recommendations, which was removed for temperature measurement. The
temperature distribution allows us to conclude that most of the system losses occur on these
components, especially on the transformer, due to the additional inductance resulting from their
size. For the planar transformer case, the additional inductances and the transformer itself reached
higher temperatures than in the conventional transformer case. In the case of the conventional
transformer, only the windings heated up, the core remained close to ambient temperature, while
in the planar transformer, the core reached higher temperatures. This is due to the difference in
the number of windings of the two transformers. Due to the small number of windings in the
planar transformer, the electromagnetic flux density in the core reaches high values, resulting in
high Eddy current losses in the core when operating at 100 kHz.

(a) (b)

(c)

Fig. 13. Thermal images on 7.3 kW load for: (a) planar transformer; (b) planar transformer with divided
additional inductance; (c) conventional transformer

For example, the manufacturer of the material used specifies the level of active losses in the
core as 100 kW/m3 for an induction of 100 mT.

In the case of a conventional transformer, the higher number of windings resulted in lower
losses in the core, but higher resistive losses in the windings. Figure 14 shows the results of
a charge and discharge test carried out on a real BMW I3 electric vehicle. Power was varied in
steps allowing time for the system to stabilise. In the first phase, an initial test run was carried
out, followed by a test of bidirectional energy transfer, by charging and discharging the battery of
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the electric vehicle. As can be seen from the graph presented, the system allows dynamic control
of power flow in cooperation with the real device.

Fig. 14. Input power (a) and output current waveforms (b) of the charging system

6. Conclusions

The used bidirectional converter topology appears to be the most promising for EV charging
station applications due to current trends of using EVs as mobile energy storage in cooperation
with technologies such as G2V or virtual prosumers. The use of an isolated topology eliminates
common-mode interference problems and increases the safety of the entire solution, which
simplifies the implementation of the entire device into widespread use. The results obtained
show that in specific applications it is possible to obtain a conventional transformer design with
efficiency close to or higher than a planar transformer. For the case studied, a slightly higher
efficiency was achieved for the conventional transformer. The use of a conventional transformer
removed the need of eliminating the phenomena of current and voltage oscillations. Prototyping of
conventional transformers is cheaper, more available and possible to implement within the country.
At this moment, a significant amount of technology related to planar transformers is controlled
by a very narrow group of manufacturers. The disadvantages of using a conventional transformer
are its larger size and lower power density. However, planar transformers often require additional
harnesses to improve the cooling conditions of the core and its mechanical strength, which
reduces the size advantage over a conventional transformer. Mechanical durability is important in
the context of long-term work in atmospheric conditions, where the system is exposed to constant
temperature changes. Planar transformer technology is relatively new and still needs a lot of
research. It has a very high potential to be introduced into widespread use, but at this point, taking
into account the results obtained and the observations made on the performance of the system in
the indicated cases, the use of conventional transformers in many solutions is deeply justified.
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