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Abstract: This article presents the design and implementation of a DC-DC power
converter for application in electric vehicle (EV) fast-charging systems. The proto-
type is of the resonant LLC type and consists of a high-power transformer operating
at high frequency, which is an essential feature for the adequate behavior of the EV
fast-charging system as a whole. As demonstrated throughout the article, by using
this converter topology as well as its specific operating modes, such as for achieving
zero-voltage switching (ZVS) and zero-current switching (ZCS), it is possible to enhance
efficiency by reducing conduction and switching losses as well as to increase power density.
The details of the high-power high-frequency transformer (HFT), considering different
designs, are presented and discussed. With the implemented laboratorial prototype fully
developed with silicon carbide (SiC) power semiconductor devices, it was possible to
demonstrate and validate the main features of the resonant LLC converter, including high
efficiency, under distinct conditions of operation.

Keywords: electric vehicle; fast charger; DC-DC resonant LLC converter; soft switching;
high-frequency transformer

1. Introduction

Electric mobility and the ongoing energy transition are increasingly important issues
today. There is an urgent need for technological development in this direction, and people
are giving more consideration to the use of public transportation and to the utilization of
electric vehicles (EVs) [1]. This leads to a reduction in transportation costs and, from an
environmental perspective, helps to minimize CO, emissions and other pollutant gases [2].
As evidence of this, Figure 1 shows a notable increase in the number of EVs by the end
of 2023, ranging from under 1 million sales to over 40 million sales [3]. However, there
are still some factors that require further technological development for the mass adoption
of EVs, namely: (i) a reduction in the EVs’ price; (ii) a shorter charging time; and (iii) an
increase in the expected battery lifetime [4,5]. In addition to these factors, there are political
and social limitations, such as legislation that does not favor the use of these vehicles or
issues such as the lack of space for charging [6]. To harness the growth of electric mobility,
it is equally important not only to increase the number of charging stations but also to
develop improved technological solutions for the charging process of EVs [7]. From AC
charging (on-board or off-board) to advanced DC fast-charging systems (off-board), as
depicted in Figure 2, there are various topologies that meet different charging needs [8].
Concerning the AC-DC stage, where several topologies are available, the three-phase
boost-type rectifier is distinguished by its high efficiency, low total harmonic distortion
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(THD), straightforwardness, cost-effective configuration, and the capacity to facilitate
bidirectional flow [9,10].
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Figure 1. Global EV stock over the last 10 years (2013-2023) [3].
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Figure 2. Composition of an EV fast charger, based on an AC-DC three-phase and an isolated
DC-DC converter.

However, the use of this technology presents a significant number of challenges,
including the potential for high-voltage stress, the risk of current surges at the start, and
vulnerability to overcurrent during short-circuits. Another example is the three-phase
buck-type rectifier, characterized by the lower starting current and voltage stress on the
components. In comparison, boost rectifiers result in greater reliability and a wider range of
output voltage regulation, but like the boost type, they have some issues, such as significant
conduction losses due to the use of diodes and switches in series [11].

For the isolated DC-DC converter, the literature indicates the use of multiple topolo-
gies that may be divided into two main groups, namely, the isolated and the non-isolated
types [12]. The interleaved three-phase LLC resonant converter is particularly effective in
achieving high efficiency under full load conditions due to the distribution of power losses
across the three legs [13]. This results in a reduction in thermal strain and minimization of
stress on critical components such as capacitors and power switches, which contributes to
an enhanced level of reliability. Furthermore, the leg deactivation enables the converter to
sustain its efficiency across a wide range of loads, although it requires an elevated level of
design and control complexity due to the necessity for meticulous leg management [14].
Nevertheless, the converter’s efficiency tends to decline at lower loads, rendering it less
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suitable for applications where load levels are subject to frequent fluctuations [15]. Another
topology is the dual active bridge (DAB) converter, which is particularly well suited to
applications that necessitate bidirectional power flow, such as vehicle-to-grid (V2G) and
grid-to-vehicle (G2V) functionalities [16]. The modulation technique facilitates seamless
switching, which contributes to a reduction in switching losses and an enhancement in
overall efficiency. Furthermore, the DAB converter is capable of efficiently managing a
diverse range of output voltages, thereby offering versatility for different types of batter-
ies [17]. However, both sides of the converter are susceptible to high conduction losses,
which can be mitigated through the utilization of a semiconductor switch with low on-state
drain-to-source resistance (Rpg(on)) [18,19].

As a final input, the non-isolated DC-DC multilevel converter stands out for its ability
to generate high-quality power with minimal total harmonic distortion, thus reducing
the need for extensive filtering components [20]. The converter is highly scalable and
modular, making it an optimal choice for integration into various charging infrastructures,
particularly those requiring high-power applications. The converter can efficiently handle
high voltage levels without the need for transformers, which allows a reduction in both
the overall size and the cost of the charging system. However, incorporating an increased
number of components such as capacitors and switches can result in a more complex system
architecture and higher costs. In addition, the control system is subject to greater complexity
due to the need to supervise various voltage levels and switching operations [21]. In
Table 1, it is possible to see some advantages and disadvantages of other possibilities of
DC-DC converters.

Table 1. Advantages and disadvantages of different DC-DC power converter solutions for EV
fast-charging systems.

Advantages Disadvantages
Interleaved Three-Phase High efficiency in total load o  Complexity of design
LLC Resonant Reduction in stress of components e  Reduced efficiency at low loads
Bldlrect.longl power flow Loss of control
DAB Soft switching Complex modulation
Wide voltage range p
Multilevel High power quality . e  High number of components
Scalability and modularity e  Complex control
High efficiency
LLC Resonant Soft switching e  Complexity with the resonant tank
High power density

The distinguished points of this paper are as follows: (i) Presentation of the converter
design process showing, step by step, the most relevant details, including distinct designs
of the HFT aiming to verify the influence of key parameters. (ii) Detailed design and
implementation of a resonant LLC converter for applications in EV fast-charging systems
with the main goal of proving that their use is more advantageous compared with the
topologies seen before. A comparison with the main similar topologies is also presented and
compared in terms of advantages and disadvantages, supporting the benefits of the resonant
LLC converter. (iii) Computer validation for the most relevant operation conditions for
input values of 900 V and with a 1:1 conversion ratio at a switching frequency (fs) of
100 kHz, validating the operating principle and the key features (e.g., operation with ZVS
and ZCS). (iv) A laboratory prototype designed for a power value of 50 kW, including the
respective experimental validations for different scenarios of operation but for power values
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only up to 1 kW. (v) Experimental validation of various HFT configurations to demonstrate
that the developed prototype achieves high efficiency through the improvement of the HFT
design as well as the utilization of SiC power devices.

This paper is structured as follows: Section 2 presents the LLC resonant converter,
while its operation principle is validated with computational simulation in Section 3. The
design and development of the HFT are presented in Section 4, while the developed
laboratory prototype and the respective experimental validations are presented in Section 5.
The main conclusions are presented in Section 6.

2. Design of the DC-DC LLC Resonant Converter

The initial concept of a resonant converter consists of incorporating resonant tanks
into power converters to create oscillatory voltage and/or current waveforms, creating
conditions for ZVS or ZCS. This makes it possible to reduce switching losses due to soft
switching [22]. Specifically, isolated DC-DC LLC resonant converters have become a good
option for EV fast-charging applications, since the use of ZVS and ZCS soft-switching
techniques helps to reduce losses and, consequently, significantly increase efficiency. This
allows an increase in the value of fs;, while reducing power density [23].

The resonant LLC converter under study is composed of four different stages, as
shown in Figure 3: (i) the full-bridge inverter, constituting four switching elements capable
of generating a square wave with the same value as the input voltage, thus supporting
a higher current; (ii) the resonant LLC tank, made up of a coil and a capacitor in series
and a coil in parallel with the primary side of the transformer; (iii) the full-bridge diode
rectifier; (iv) an output filter capacitor used to obtain a constant voltage at the load [24]. In
addition to these four different stages, the proposed solution also has an HFT (included in
the resonant tank) to ensure galvanic isolation between the converter’s input and output,
so that it is possible to adjust the voltage through the transformation ratio, if necessary.

e Resonant LLC Converter “
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Figure 3. Block diagram of an EV fast-charging system highlighting the internal constitution of the
resonant LLC converter.

2.1. Design of the Isolated DC-DC LLC Resonant Converter

The unidirectional converter under study, as shown Figure 4, operates in three modes
with different resonant frequencies. Operation of the converter at an f;, higher than the
resonant frequency (f;) is used for the ZVS, which is in a delayed power factor mode.
Conversely, the operation of the converter at an fs;, lower than f; is used for the ZCS, which
is in an advanced power factor mode. Operating at f,, the circuit does not operate in either
ZVS or ZCS; therefore, for EV charging applications, it is recommended that this LLC
converter operate above the f; to achieve optimal point of efficiency and stability [25]. In
this article, a key focus is related to the design to operate above the resonance frequency,
therefore optimizing the system’s performance in the widest possible frequency range, with
a gain value equal to 1.
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Figure 4. Topology of the DC-DC resonant LLC converter.

The input DC voltage is converted into a square wave with a full-bridge inverter
and transferred to the LLC resonant tank. The resonant tank circuit consists of a resonant
inductance (L,), a magnetizing inductance (L), and a resonant capacitor (C;). Diodes D;
and D; are used to rectify the alternating voltage at the HFT secondary side terminals. The
capacitor used as the output load filter is represented as C,. As seen above, the isolated
DC-DC resonant LLC converter has two distinct frequencies (f,; and f,»). This can be
calculated from [26,27] the following:

1
frl = W (1)
1
fr2 = ot /7(L7+Lm)cr (2)

The load resistance transferred to the resonant equivalent circuit (R,:), which depends
on the transformation ratio (1), is given by

8 nZRout
Rae = 2 ®3)
The quality factor (Q) of the LLC converter is calculated using
Q= 7”5{’/(:’ 4)
ac
The normalized frequency (f) is calculated by
f r2
i 5
f n ©)
The relationship between the two inductances (m) is given by
_ L+ Ly
m=—1 (6)

Finally, in the equivalent circuit of the LLC converter with a non-ideal transformer, the
ratio between the output and input voltages (G;) corresponds to the gain of the resonant
circuit and is given by
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( f22> m(m—1)

frl

Vi | (1 (7 ' 7
(fVZ2 B 1) +]f712 (fr12 B 1) (m B 1)Q

Thus, it is possible to see that the parameter m represents the relationships between
the inductors of the resonant tank, influencing the maximum gain (G, of the converter.
Larger values of m allow greater flexibility in the circuit, enabling higher gains, while
smaller values restrict the resonant behavior. Figure 5 illustrates how different values of
m affect the system’s performance in terms of efficiency, stability, and amplification ca-
pability, making it an essential parameter for optimizing the resonant converter. The
same figure shows the effect of Q, which directly influences the G; parameter of the
resonant circuit. Lower values of Q result in wider, flatter gain curves, indicating
a less selective response and lower peak gain. On the other hand, higher values of
Q produce narrower curves with higher peaks, reflecting greater selectivity and ampli-
fication around F,. Hence, the Q effect demonstrates how the quality factor controls
the bandwidth and resonant behavior of the system, and it is essential to defining the
performance and efficiency of the resonant converter.
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Figure 5. Plots of different effects in the curve gain: (a) m effect; (b) Q effect.

2.2. Advantages and Disadvantages of the Isolated DC-DC Resonant LLC Converter

The LLC resonant converter is a popular choice for high-efficiency and high-power-density
applications such as fast chargers for EVs. It offers several significant advantages over
other DC-DC converter topologies. By increasing the fs;, to values above 100 kHz, this type
of converter manages to increase the power density, which in turn leads to a reduction in



Energies 2025, 18, 1099

7 of 26

the size of the magnetic components. Consequently, this results in a more compact and
lightweight EV charging station design. Given this, some advantages of the LLC resonant
converter are as follows [28]: (i) An increased fs;, translates into increased power density
and reduced size and weight of the components, making the prototype lighter and smaller.
(ii) A higher switching efficiency, with the use of soft-switching techniques such as ZVS
and ZCS, minimizes switching losses, reducing thermal stress and consequently increasing
the useful life of the components. (iii) Galvanic isolation provided by the HFT isolates the
input from the output, improving operational safety and allowing flexibility in system
design. (iv) Improved dynamic response through f, operation allows a quick response to
load variations. In addition to these advantages, the converter also has some disadvantages
that can be an obstacle to its use for other purposes [29]: (i) The complexity of the project
increases as it requires a more complex design compared with other isolated DC-DC
converter topologies; allied with the high difficulty of adjusting the resonant components,
this can complicate development and increase project time. (ii) The cost of high-frequency
and high-efficiency components can be more expensive, and the production of the HFT
can also increase the cost. (iii) Controlling an LLC resonant converter is more challenging
due to its highly frequency-dependent response. (iv) Ensuring system stability under all
operating conditions can require advanced control techniques. (v) Small variations in the
values of the resonant components can significantly affect the converter’s performance.

2.3. Soft Switching vs. Hard Switching

The switching process is extremely important in the development of power converters
and other electronic devices, as it has a direct impact on the efficiency and reliability of the
system. Two main approaches to switching have been identified: traditional switching and
soft switching. Each of these approaches has its distinctive characteristics, advantages, and
disadvantages depending on the purpose of each design [28,29].

In the traditional approach, electronic switches, such as transistors, are switched on
and off abruptly [30]. Hard switching leads to rapid transitions in current and voltage,
which, in turn, lead to higher switching losses. During these transitions, current and voltage
are simultaneously present in the semiconductor devices, which results in significant power
losses, as shown in Figure 6. In addition, these losses result in the generation of heat, which
requires the use of heat sinks and additional cooling systems to keep the components
within the specified temperature range. In addition, traditional switching methods have
been identified as a source of electromagnetic interference (EMI) [31]. This can disrupt
the operation of other electronic devices, and the rapid transitions intensify the electrical
and thermal stress on the semiconductor components, thus reducing their lifespan and
reliability. However, hard switching is simpler to implement and control, requiring no
additional circuitry to manage the switching transitions [32].

Voltage

¢ Current \ Hard /

Switching

Figure 6. Representation of the principle of operation with hard switching.

In contrast, soft switching employs modulation techniques to reduce the losses and
stress associated with current and voltage transitions [33]. The two main soft-switching
techniques are ZVS and ZCS. In ZVS switching, the switches are triggered when the voltage
across them is at its minimum, thus minimizing the energy losses that occur during the
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switching process [34]. This is achieved through resonant circuits that generate a sinusoidal
voltage variation, as shown in Figure 7. On the other hand, for ZCS switching, the switches
are activated when the current flowing through them is zero.

Voltage

Current

N N
./
Soft
Switching

Figure 7. Representation of the principle of operation with soft switching.

Soft switching offers several significant advantages. Firstly, the reduction in switching
losses significantly improves system efficiency, resulting in lower heat production and re-
duced heat dissipation requirements. In addition, smooth transitions reduce the generation
of electromagnetic noise [35]. Another important advantage is the increased lifetime of the
components due to the reduced electrical and thermal stress. However, these benefits have
a lot of challenges. Implementing soft-switching techniques requires additional circuits
such as resonant networks, which increases the complexity of the project. Tuning and
calibrating these circuits can be complicated and require more development time, and
manufacturing costs can be higher due to the need for additional components and more
complex circuits. The efficiency of soft-switching techniques can also vary with the load,
requiring sophisticated control to maintain efficiency over a wide operating range, as can
be seen in Figure 8 [36].

A A
vDs /" YDs§ _\
VS ZCS
ip R ip II = \‘
o fi \ /i
\ 1 N s 1 o—
e /' = '\ i ’l
PWM PWM
*—> *—>
(a) (b)

Figure 8. Examples of switching techniques: (a) ZVS switching; (b) ZCS switching.

With that, the choice between soft switching and hard switching depends on the
specific requirements of the application. Soft switching is ideal for applications that require
high efficiency and low EMI. However, the additional complexity and cost can be a signifi-
cant disadvantage in such scenarios. A careful assessment of the system requirements and
the characteristics of each switching method is essential to making the right choice when
designing power converters and other electronic devices.

2.4. High-Frequency Transformer Design

The HFT design process begins with the analysis of its equivalent circuit, as shown in
Figure 9, to understand how the L, and L,, values are obtained.
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Figure 9. Equivalent electric circuit of the HFT.

After obtaining the HFT’s equivalent circuit, some steps must be taken into considera-

tion to calculate the additional parameters, including the number of turns and the number

of copper wires in parallel in each coil. Thus, the steps are as follows [37]:

1.

Select the core with the “product of area” method using the following equation, where
P, is the input power, By, is the maximum magnetic flux density, k is the packing
factor, and | is the current density:

_ p;
ZBmk]fsw‘

Determine the number of turns on the primary and secondary sides of the HFT (N4

Ap 8)

and N, respectively) using the following equations, where S represents the cross-
sectional area of the magnetic core:

Vi

N=——"+—, 9
" 4B, S fuw ©)
N, = % (10)

Calculate the cross-sectional area of the wire for Ay * | = ;s and Ay % | = Dpps
through the following equations, where I; and I, represent the current in the pri-
mary and secondary windings of the transformer, respectively. Ip; and Ip; represent
the current in the diodes, and Ij,,;; represents the rms value of the current in the
resonant tank:

irrms = ip1 +ipp =2 I, (11)

. N, 1
=1 —==1. 12
Iprms Ny L \@ 1 ( )

Calculate the winding losses (Pp) and the losses in the HFT core (Ps) through several
steps to determine the HFT’s global efficiency.

4.1. Winding losses:

Pp = IZrms + iD2 ’ (13)
P, = (12 +R ) 2 14
s — ( rms + eff ’ ( )

Pi=P,+P,. (15)
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4.2.  Find the HFT core losses using the datasheet for operating conditions.
4.3.  Total sum of losses and calculation of HFT efficiency (7):

Pout

=~ 16
T Pout+Ploss ( )

These steps facilitate a more comprehensive understanding of the HFT design. The
possibility of obtaining an efficiency close to 100% is of the utmost importance. Once the
above calculations have been completed, it is essential to consider how the HFT should
be wound. The choice of core material, shape, and size determines the optimum wind-
ing method, allowing variable resonance inductance values to be obtained, as shown in
Figure 10. In addition, the HFT magnetizing inductance can be influenced by the space
between the two cores.

Lpri_1/Lsec_1

m{mf

—— [ =] =3
o — Lsec 1 = I=———+F Lsec 2
) — — 1 E— —

Lpri_2 — e Lsec_2 —— ——F
| R — —1 .
| — =— \\;:: Lpri_2
T— LprLl == —_—
I — F— —

I 1 f— —

() (b)

Figure 10. Possibilities for the arrangement of the windings in the HFT: (a) Proposed design for
HFT1, with one primary and one secondary winding together in one part of the transformer and
one primary and one secondary winding separated. (b) Proposed design for HFT2, with the secondary
winding wound on top of the primary winding on both sides.

3. Computational Validation

To facilitate comprehension of the system’s operational mechanics before its imple-
mentation in a tangible context, a series of simulations were conducted. This approach
was undertaken to enhance certainty regarding the converter to be deployed. Prelimi-
nary simulations were conducted to improve the impact of resonant tank sizing on the
system behavior. Subsequently, a basic control system was introduced, followed by the
integration of the final circuit. This circuit will serve as a point of reference for future com-
parisons with the prototype. For a more comprehensive grasp of the simulation parameters,
one may consult Table 2, which provides a more detailed account of the values in question.
It is crucial to highlight that the objective of this simulation was to achieve an input voltage
value that is identical to the output voltage value. To this end, a 1:1 HFT was employed. To
calculate the predicted efficiency, the actual models of the MOSFETs and the diode were
constructed to achieve the greatest possible approximation of the anticipated real values.

Table 2. Electric parameters for the proposed simulation values.

Parameters Value
Input voltage 9200V
Output voltage 900 V
Operating power 5 kW to 25 kW
Switching frequency, fsw 100 kHz
HFT transformation ratio 1:1
MOSFET model G3R30MT12J
Diode model GD30NPS12]

Output capacitor 10 uF
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3.1. Operating Principle Validation

To thoroughly comprehend the operation of the isolated DC-DC converter, it is im-
perative to grasp the behavior of several pivotal variables. One of the most significant
factors is the voltage across Cy, as it directly impacts the overall system performance. It
is important to highlight those variations in the converter design, including changes in
the HFT winding configuration, can significantly influence the peak voltage across C;. As
illustrated in Figure 11, an increase in the value of C, results in a reduction in the peak
voltage, while a decrease has the opposite effect. Secondly, it is extremely important to
comprehend the influence of the resonance current (I;,) on the system, i.e., the effect on
these values of changing the design. An analysis of Figure 12 shows that there is no change
in I}, when the design values are varied; however, it should always be borne in mind that
the value should not be too high in order not to compromise the design and the cost of
producing a prototype.

100
50

0

-50

-100

200

(b)

Voltage (V)

-200

400
200
2 (c)
-200
-400
0.64m 0.645m 0.65m 0.655m 0.66m 0.665m ©0.67m
Time (s)
Figure 11. Simulation results showing the voltage variation in C; (V) for different case studies:

(a) Case 1, with peak voltage value equal to 87 V; (b) Case 2, with peak voltage value equal to 205 V;
(c) Case 3, with peak voltage value equal to 318 V.

After the analysis of these factors, it is essential to analyze the voltage waveforms at
four other crucial points: (i) the converter input side (V;,,); (ii) the HFT’s primary side (Vrim);
(iii) the HFT’s secondary side (Vi); and (iv) the output of the HFT (V,,). Considering the
above points, the converter is of the DC-DC type, and it is expected that both the input and
the output will have continuous and equal voltage values, located in both cases around
900 V, as shown in Figure 13.



Energies 2025, 18, 1099 12 of 26

40 Ilr

-40
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(W]

(b)

[
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1
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[\
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0.64m 0.645m 0.65m 0.655m 0.66m 0.665m ©.67m
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Figure 12. Simulation results showing the current variation (I},) for different case studies: (a) Case 1,
with peak current value equal to 44 A; (b) Case 2, with peak voltage value equal to 44.2 A; (c) Case 3,
with peak voltage value equal to 44.3 A.

1.1k

1k

900

(a)
800 / )

VII/

~
(3
Sl

Voltage (V)

1k

900

/' (b)

800
Vrml

7061m 1.5m 2m 2.5m 3m 3.5m 4m

Time (s)

Figure 13. Simulation results showing the voltage waveforms for the DC-DC resonant LLC converter
at (a) the input side (V};,) and (b) the output side (Vius).

By observing Figure 14, it is possible to conclude that V,,;, and V. are minimally
influenced by the configuration of the resonant tank. On the secondary side, it is also
possible to observe the voltage after it has been transformed by the HFT. Given the 1:1
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Voltage (V)

1k

500

-500

-
-

-
=

500

-500

-1k

turns ratio of the HFT, Vs, will be equal in magnitude to V. This characteristic ensures
that the HFT faithfully reproduces the voltage levels, giving a clear understanding of the
behavior of the circuit at both stages.

Vprim
(a)
(b)
1.5m 1.52m _ 154m / 1.56m
Time (s) Vsec

Figure 14. Simulation results showing the voltage waveforms on the HFT: (a) Primary side (Vy);
(b) Secondary side (V).

In this context, it is possible to understand how the system will behave and which
components are the best option. Firstly, we see that by increasing the value of the L,, the
coil reduces the frequency range, which can make it easier to obtain a real value for the HFT
design; secondly, it is known that increasing the value of the C;, is not advantageous for
the system, as it means a substantial increase in the voltage value. It is also worth noting
that the value of the peak current in the L, does not change much with these variations.
Finally, with a 1:1 transformation ratio for the HFT, V;,, and V,; as well as Vorim and Vi,
are expected to have similar peak and RMS values.

3.2. ZVS and ZCS Control Simulations

The simulations performed for the soft-switching techniques, namely ZVS and ZCS,
produced compelling results that strongly confirm the effectiveness of these approaches
in optimizing both the efficiency and reliability of power converters. These methods play
a critical role in reducing switching losses and component stress, thereby extending the
overall life of the system. Figure 15 provides a visual representation of the ZVS and ZCS
techniques during the simulation process, showing their distinct operating characteristics.
The observed behavior is the direct result of the careful integration and finetuning of the
various parameters discussed in previous sections. These parameters include the resonant
circuit design, fs,, and load conditions, all of which contribute to achieving the desired
soft-switching conditions. The results emphasize the importance of a holistic approach to
system design, where the interplay of electrical, mechanical, and thermal factors ensures
optimum performance, highlighting the potential of ZVS and ZCS as highly effective
strategies for advancing modern power electronics applications.
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Figure 15. Simulation results showing the voltage (Vps;3) and current (Ips,3) waveforms on the SiC
power device g3, which validates the ZVS and ZCS operation.

Analyzing this result, it is possible to confirm the ZVS and ZCS operation, i.e., the
voltage (vps,3) increases when the current (ips;3) reaches zero. On the other hand, the
voltage (vps,3) becomes zero when the current (ipsg3) increases. In this way, the ZVS and
ZCS operation is reached, which is fundamental to increasing the efficiency of the converter.

3.3. Influence of Power and Frequency on Converter Operation

The complete behavior of the system was presented for a series of case studies with the
same power value. However, the question remained as to how power and frequency affect
the system. Firstly, the influence of power was analyzed, with all the results previously seen
for two different power values (5 kW and 15 kW) being presented and compared with the
values previously analyzed with a power of 25 kW. The analysis showed that a reduction
in power results in a linear decrease in the current and voltage values in the L, and C,,
respectively. In addition, the response time of the ZVS and ZCS controls remain unchanged,
while there is a decrease in the negative current in the Ipgg3, as shown in Figure 16.
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Figure 16. Simulation results showing the influence of decreasing the operating power.

Figure 17 shows the case study for 15 kW, where it is again clear that there is a decrease
in the values compared with the initial case and an increase compared with the previous
case. It is also evident that the power value does not affect the converter, and it needs to
be taken into consideration only when developing the prototype to size the system for the
desired power value.
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Figure 17. Simulation results showing the influence of increasing the operating power.

In addition to the effect of increasing the operating power, which, as seen above,
influences the system’s behavior, it is also necessary to understand the behavior in re-
sponse to frequency alterations. As observed earlier, the system’s behavior is optimal
within a certain frequency range where the gain is equal to one, i.e., if it operates outside
of this range, the converter will not operate at the f, and will behave differently than
desired. To understand this, two different cases are shown with the same power and with
two frequencies other than 100 kHz, i.e., 50 kHz and 150 kHz. In Figure 18, with fy;, below
the ideal value, the system fails to reach the soft-switching condition. Additionally, the
expected sinusoidal waveforms of V, and I;, are not properly formed.
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Figure 18. Simulation results show the influence of decreasing the fs;, on the system (50 kHz).

In the next case, at a value different from the ideal but closer to the f, range, it is
visible that the system’s behavior improves somewhat, although this indicates that all
values outside the range will be detrimental to the system’s expected behavior, as shown in
Figure 19.
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Figure 19. Simulation results showing the influence of increasing the fg;, on the system (150 kHz).
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4. HFT Development and Prototype Assembly

To conduct meaningful tests on the converter, it is imperative to develop a tangible
and effective prototype that can effectively execute the concept developed in the simulation
environment with optimal efficiency. To achieve this, it is crucial to accurately implement
the HFT, which is a pivotal component of this topology. Additionally, ensuring the ap-
propriate interconnections between all system components is essential for the success of
this prototype.

4.1. Implementation of a Real HFT

As will be seen in the following sections, the most crucial aspect of the implementation
of a laboratory prototype of this topology is undoubtedly the design of the HFT. While
other components are equally important, it is of the utmost importance to comprehend the
way the HFT is to be wound, the cores that are to be employed, and the number of turns in
both the primary and secondary circuits. It should be noted that the HFT utilized in this
development was designed to accommodate power values of 25 kW and an fs;,, of 100 kHz.
To achieve this, a core with the reference UF120/80/40 was selected from the company IF
cores, from which there are three core options: PQ core, EE core, and UU core. The UU core
(UF120/80/40) was selected due to its superior isolation and reduced leakage inductance
compared with the other options. Its symmetric design and enclosed winding configuration
ensure a more uniform magnetic path, tighter coupling between windings, and minimal
flux leakage. These features contribute to improved electromagnetic interference (EMI)
suppression and higher efficiency. The UU core is particularly advantageous for this type
of application (EV charging stations), where optimized isolation, minimal energy losses,
and reliable performance are critical [38], because of its two U-shaped cores. Once the core
had been selected, the thickness of the copper to be used was determined, i.e., 0.1 mm,
using 800 cables in parallel with 12 turns in the primary and 12 turns in the secondary and
with a 1:1 turn ratio, due to the main objective of having V,,: be equal to V;,. To facilitate
the construction of the HFT, 3D parts were produced in which the HFT cores were fixed, as
show Figure 20.

Figure 20. A 3D mold was implemented to create the ‘O’-shaped core with the dimensions 17 cm
long, 12 cm wide, 6 cm deep, and 3 mm material thickness.

Ten different designs were initially tested to understand how the different ways of
winding the HFT affected the values of the L, and the magnetization field, and consequently,
the value of the C,. It is possible to verify some examples in Figure 21.

e  Design 1: Wrap 12 turns of the primary and 12 turns of the secondary on top on
both sides.
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Design 2: Wrap 6 turns plus 6 primary turns, and then, on top, 6 turns plus 6 secondary
turns, repeating on both sides.

Design 3: Wind 12 primary turns and another 12 secondary turns.

Design 4: Wind 12 turns plus 12 turns of the primary on one side and 12 turns plus
12 turns on the other side of the secondary.

Design 5: Wind 12 turns of the primary plus 12 turns of the secondary on each side,
using the larger side.

Design 6: Wind 12 turns plus 12 turns in parallel of the primary plus 12 turns of the
secondary on both sides.

Design 7: Wind 12 turns of the primary on one side plus 12 turns of the secondary on
the other side, and then, on the larger side, wind 12 turns of the primary plus 12 turns
of the secondary in parallel.

Design 8: Wind 12 turns of the primary plus 12 turns of the secondary in parallel on
one side, and then, 12 turns of the primary plus 12 turns of the secondary on the other.
Design 9: Wrap 12 turns of the secondary, 12 turns of the primary, 12 turns of the
secondary, and 12 turns of the primary divided among the 4 sides.

Design 10: Wind 12 turns of the primary, 12 turns of the primary, 12 turns of the
secondary, and 12 turns of the secondary, changing the order of Design 9.

Rt e \'D
L ; 4 A

Figure 21. Three different designs according to the shape of the body: (a) Design 5, (b) Design 8,
(c) Design 3.

For these designs, the results presented in Table 3 were obtained.

Table 3. Values of L;; and L, were obtained for different HFT designs.

Lo Loz Ls
Design 1 144 uH 154 uH 1.47 uH
Design 2 179 uH 180 uH 12.86 uH
Design 3 176 uH 177 uH 19.2 uH
Design 4 196 uH 199 uH 70 uH
Design 5 163 uH 175 uH 1.7 uH
Design 6 156 uH 157 uH 1.32 uH
Design 7 163 uH 163 uH 3 uH
Design 8 157 uH 158 uH 2.5 uH
Design 9 158 uH 196 uH 18 uH

Design 10 168 uH 170 uH 32 uH
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To obtain these values, specific tests were conducted in open and closed circuits, so
that it was possible to visualize the values, as shown in Figures 22-24.

(a) (b) (c)

Figure 22. Values obtained through Design 1 tests: (a) L,1 equal to 144 uH; (b) L,, equal to 154 uH;
(c) Ls1 equal to 1.47 puH.

(a) (b) (c)

Figure 23. Values obtained through Design 4 tests: (a) L,1 equal to 196 uH; (b) L,, equal to 199 uH;
(c) Ls1 equal to 70 pH.

8
B

Deiis. v J

(a) (b) (c)

Figure 24. Values obtained through Design 8 tests: (a) L, equal to 157 uH; (b) L,, equal to 158 uH;
(c) Ls1 equal to 2.5 uH.

Consequently, it was possible to obtain two solutions (chosen due to their proximity
to the values used in the simulation environment) to assess their performance on the
laboratory prototype. Based on the design of two transformers, as show Figure 25 it was
possible to identify the advantages and disadvantages of each.
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(a) (b)

Figure 25. HFTs development: (a) The first HFT had L,; equal to 173 puH, Ly equal to 172 uH, and
Ls1 equal to 3 pH. (b) The second HFT had L,; equal to 147 uH, Ly, equal to 148 uH, and L, equal to
12.5 uH.

4.2. Prototype Assembly

Following the completion of the design process, simulations, and the implementation
of an HFT, it was possible to create a laboratory prototype capable of handling power
up to 25 kW. The system was subdivided into four discrete printed circuit boards (PCBs),
with one PCB dedicated to the converter’s input power system (comprising the input
capacitor, SiCs, and resonant capacitors) and a second PCB allocated to the output power
system (encompassing the rectifier bridge and output filter). Regarding the control system
and the way the power system was implemented, it was necessary to divide the PCB
control system into discrete sections. The initial main PCB incorporated the DSP utilized
for the prototype’s control system in addition to the power supply systems and drivers
as well as the current and input voltage sensors. The second PCB, situated near the
output, incorporated solely the signal processing apparatus for the voltage and current
output sensors.

Furthermore, in addition to the implementation of the PCBs, protection systems,
including contactors and switches, were incorporated into the prototype to facilitate
a more straightforward connection between the user and the prototype. It should be
noted that it is possible to visualize the prototype in Figure 26 that was implemented and
subsequently tested.

Figure 26. Implemented prototype with the different PCBs and all the connections with the user.
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5. Experimental Results

Once the tests on the control hardware were completed, it was possible to move on
to the tests on the power hardware, which were divided into two phases. These values
were dimensioned using the equations seen in Section 2 of this article. By setting the
fsw value, considering that the resonant LLC converter operates more efficiently at higher
switching frequencies, the 100 kHz frequency was selected based on the transformer design
process and applied within the simulation environment. In an initial phase, the first HFT,
designed for an f;;, of 104 kHz, was tested with a capacitor tank of around 600 pH and
with voltage values between 30 V and 60 V. These values were then modified. In a second
phase, the second HFT was used for an f;;, between 127 kHz and 131 kHz with a capacitor
tank of around 800 uH and voltage values between 30 V and 110 V. With these tests, it was
possible to better understand the converter’s operation in a laboratory environment and all
the adjustments needed for 1 kW power. During the tests, no additional control methods
were implemented beyond the hardware-level control provided by the soft switching
achieved through the circuit design. The prototype contained overcurrent and overvoltage
protection only.

5.1. Test with First HFT Design

The experimental validation began by working within the initially calculated values,
i.e., an fs, value of 104 kHz, a 600 pH capacitor bank, and a voltage value of 60 V, as shown
in Figure 27. Notwithstanding, the results obtained were not as expected, since there was
some noise in V., and the input and output current waveforms (Iprim and I, respectively)
were not completely sinusoidal as predicted, which indicates a discontinuous mode of
operation, because the transformer was operating below the value of F;.

File  Edit  Utility  Help
Waveform View
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Figure 27. Experimental test using the first transformer with 1 kW of power and 100 kHz of
fsw- Yellow line: PWM signal at MOSFET 1 (V_g1); blue line: voltage signal at the HFT input side
(Vprim)} red line: voltage signal at the HFT output side (Vs.); green line: current signal at the HFT
input side (I;,); orange line: current signal at the HFT output side (Isec)-

To address this, an attempt was made to see how the system could be altered to
improve its behavior and achieve the results obtained in the simulation environment.
Initially, at the same fs, value, the capacitor tank was increased to 800 pF, as shown in
Figure 28. There was an improvement in the system’s performance, which was close to the
predicted behavior, but it was still not in agreement, which led to the conclusion that it
would be necessary to adjust the fs, value to the correct value, i.e., 127 kHz.
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ile  Edit  Utility Help.

Figure 28. Experimental test using the first transformer with 1 kW of power and 100 kHz of
fsw. Channel 1 yellow line: PWM signal at MOSFET 1 (V_g1); blue line: voltage signal at the HFT
input side (V;,); red line: voltage signal at the HFT output side (Vsc); green line: current signal at
the HFT input side (,;,); orange line: current signal at the HFT output side (sec).

As Fgy increases, it is clear, as shown in Figure 29, that the system is getting closer to the
desired behavior predicted in the simulation environment. Taking into consideration the
approach to the ideal behavior, it was also necessary to understand whether the converter
was achieving soft-switching control.

<3 g s ; -

Vv s0viav [0V | s0mviav. | s0muiv 0y

R N e Sl o1 A 2024
200wz _| 200wz | 200wz | 200wz _f 200 sz V5ol 33875 o0

Figure 29. Experimental test using the first transformer with 1 kW of power and 127 kHz of
fsw- Yellow line: PWM signal at MOSFET 1 (V_g1); blue line: voltage signal at the HFT input side
(Vprim); red line: voltage signal at the HFT output side (Vsc); green line: current signal at the HFT
input side (Ip,.im); orange line: current signal at the HFT output side (Isec).

With the same tested values, the appearance of the ZVS control was tested, as shown in
Figure 30. This situation is not yet visible, which makes it clear that there is some parameter
in the converter that does not completely match what has been calculated with the values
used in the simulation environment; therefore, it was necessary to readjust the values
calculated for the prototype.

The first values showed that incorrect sizing of the HFT can affect the system’s behavior.
So, it was necessary to change the HFT design by increasing the value of the resonance
inductance and the fs;, as shown in the following section.
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Figure 30. Experimental test using the first transformer with 1 kW of power and 127 kHz of
Fsw. Yellow line: PWM signal at MOSFET 1 (V g1); blue line: voltage signal (V); red line:
anode-to-cathode (V) voltage signal; green line: current signal at the HFT input (Iprim); orange line:

current signal at the HFT output (Isc).

5.2. Test with Second HFT Design

As seen above, the results obtained using the first HFT design were not as expected;
therefore, a second HFT with the same characteristics as the one designed in Figure 30 was
used, changing the value of the fs;, (50 kHz) and maintaining the value of the capacitor tank
(800 uH). Considering and applying a voltage between 0 V and 110 V, an improvement
in the system’s behavior is visible in Figure 31 where it is noticeable that both the input
voltage and output voltage waves (blue and red, respectively) and the input current and
output current waves (green and orange, respectively) are similar to those observed in the
simulation environment.

File Edit _ Utility _ Help

ch1
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Figure 31. Experimental test using the second transformer with 1 kW of power and 50 kHz of
fsw. Yellow line: PWM signal at MOSFET 1 (V g1); blue line: voltage signal (V); red line:
anode-to-cathode (V) voltage signal; green line: current signal at the HFT input (I,;,); orange line:
current signal at the HFT output (Isc).

Having concluded that the system was behaving as intended, all that remained was
to confirm the existence of soft switching, which, as verified in the previous section, was
the biggest problem concerning the HFT. Figure 32 shows the existence of soft switching
(blue line and yellow line); i.e., it shows that the voltage passing through the diode is active
only when the source voltage of the MOSFET is equal to zero, which indicates the correct
operation of the ZVS control. By checking this parameter, the correct operation of the entire
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system can now be seen in a laboratory environment using a prototype capable of proving
the correct operation of the converter despite the small changes it was subjected to during
the 1 kW test phase.

h 1 ) ==
20V | 100V/div | 100 Vidiv v Add | Add
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Figure 32. Experimental test using the second transformer with 1 kW of power and 50 kHz of
fow. Yellow line: PWM signal at MOSFET 1 (V g1); blue line: voltage signal (V); red line:
anode-to-cathode (V) voltage signal; green line: current signal at the HFT input (I,;,); orange line:
current signal at the HFT output (Isec).

5.3. Efficiency Results

Finally, it is possible to see in Figure 33 that the converter achieved high efficiency in a
simulation environment using dynamic semiconductor models to get as close as possible
to the real values. In the experimental validation, an efficiency of 96.6% was achieved with
an operating power of 1 kW. This efficiency is expected to improve as the power increases,
aligning with the system’s design specifications, where the soft-switching behavior will
approach its optimal performance and optimal design.
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Figure 33. Efficiency for an operating power range from 5 kW to 25 kW in the simulation environment.

6. Conclusions

The evolution of electric vehicles (EVs) and their widespread adoption presents con-
siderable challenges related to charging times, vehicle autonomy, battery durability, and
innovative fast-charging systems. Aligned with such evolution, this article presents the
design and development of a laboratory prototype of a DC-DC resonant LLC converter for
electric vehicle (EV) fast chargers. The various phases of the design and implementation
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process of a laboratorial prototype are outlined, with a special emphasis on the design of the
HFT, which proves to be the most crucial part of the DC-DC resonant LLC converter. The
critical significance of the high-power, high-frequency transformer (HFT) design, which
exerts a profound influence on the system’s behavior, is presented in detail, considering
various designs (e.g., in terms of the possibilities for the arrangement of the primary and
secondary windings in the HFT), with the objective of identifying their effects on the
DC-DC resonant LLC converter. In addition, the prototype was fully developed, consider-
ing the utilization of silicon carbide (SiC) power devices. A set of relevant simulation and
experimental results are presented, validating the operating principle as well as the specific
operating modes of the DC-DC resonant LLC converter when achieving zero-voltage
switching (ZVS) and zero-current switching (ZCS). By combining these features, it is pos-
sible to reduce conduction and switching losses and, therefore, achieve a high-efficiency
operation under distinct conditions of operation.
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