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In the control of DC-DC converters, pulse width modulation (PWM) is commonly used. In converters operating
with PWM control, the switches operate under hard-switching conditions, resulting in increased switching losses,
current and voltage stresses on the switching elements, and electromagnetic interference (EMI) noise as the
operating frequency increases. Achieving higher power density and faster transient response in DC-DC converters
is possible only by increasing the switching frequency. Therefore, reducing these losses and noises while
increasing the switching frequency is only possible with soft switching techniques. Particularly in cases of
variable loads, such as batteries, and when a smoother output voltage is required, the series-parallel LCC-type
circuit topology from resonant converter topologies is employed. In this study, a simple algorithm has been
developed to rapidly control the output voltage and switching frequency of the Full-Bridge Isolated LCC Series-
Parallel Resonance circuit based on the current drawn by the changing load over time. The circuit has been
successfully operated in the range of 100-130 kHz.
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1. Introduction

Pulse Width Modulation (PWM) converters enable the flow of power between the power source and the load through
the abrupt switching of semiconductor switches. Semiconductors operate in switching mode, and the transition from
on to off state of the switch occurs under full load current. During opening and closing, switches are exposed to
significant opening-closing voltages. At the same time, in switches, there is a power loss that linearly increases with
the switching frequency. Another drawback of operating in the switching mode is the occurrence of high
electromagnetic interference (EMI) due to the large di/dt and dv/dt during switching. The foundation of soft switching
technique relies on bringing the switches to the on or off state when the current, voltage, or both are at zero values on
semiconductor circuit elements [1-4].

To reduce the volume and weight of power electronic converters and increase power density, it is necessary to increase
the switching frequency. In this case, the problems arising from operating in the switching mode become more
significant. However, these issues can be minimized by making the switch voltage or current zero at the moment of
switching from on to off or vice versa. This process is referred to as zero voltage or zero current switching. Many of
these circuit structures operate according to the L-C resonance phenomenon, and therefore, these circuits are generally
referred to as "resonant converters” [5-7].

Reducing the switching voltages in converters operating in the switching mode is achieved by using snubber circuits
consisting of diodes connected in series and parallel with the switch, along with passive damping elements. However,
in such circuits, the switching losses occurring in the switch are transferred to the snubber circuit, and therefore, no
increase in overall efficiency can be achieved. In converters operating in the switching mode, if one of the switch
current or switch voltage can be made zero during switching, in the opposite direction of the function provided by the
snubber circuits, the switching stresses, switching losses, and EMI problems arising from switching can be overcome.
Ideally, during the switching transition event, both voltage and current should be zero [7-10].

Soft switching topologies are created by adding a high-frequency resonant arm to the traditional hard-switching
topology. As a result, the switch current or voltage oscillates at the zero point, creating soft switching conditions for
power elements. Switching waveforms can be shaped by the resonant arm to trim switching losses and stresses, thus
reducing EMI. The selection of the resonant arm scheme depends on the current and voltage waveforms that will occur
in the converter. This implies that there can be various ways of classifying topologies [11-14].
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The structure of the Series-Parallel Resonant converter incorporates advantageous aspects of both series resonant and
parallel resonant converters. The circuit topology is formed by connecting a half-bridge or full-bridge series-parallel
inverter and a voltage-controlled rectifier in series. The load is connected in parallel with a resonant capacitor in the
series-parallel inverter. If the reactance of this capacitor is smaller than the input impedance of the rectifier, the output
voltage of the inverter becomes close to sinusoidal, and the inverter behaves like a sine wave voltage source. In this
case, the series-parallel resonant inverter operates compatibly with voltage-controlled rectifiers. If these conditions are
not satisfactorily met, the output voltage of the inverter is formed in a non-sinusoidal form [15].

2. Series-Parallel resonant circuit (LCC) topology

Figure 1 shows the series-parallel LCC resonance circuit topology, including three different rectifier types. The inverter
section consists of two bidirectional switches, S1 and S2, and resonant circuit elements L, C1, and C2. Similar to the
series resonant converter, the C1 capacitor and L coil are connected in series. The C2 capacitor is connected in parallel,
similar to the parallel resonant converter. As the MOSFET switches have their own body diode, they can conduct
current in both directions. The switching elements perform switching at the switching frequency (f=w/2w) with a duty
cycle of 50%, acting as a square-wave voltage source. If the C1 capacitor is chosen to be excessively large, the circuit
behaves like a parallel resonant converter. On the other hand, if the C2 capacitor is excessively small, the circuit
behaves like a series resonant converter. In fact, transformer series resonant circuits behave like a series-parallel
resonant circuit due to the stray inductance of the transformer. For these reasons, the series-parallel resonance topology
operates between the characteristics of series and parallel resonance circuit topologies [1].
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Figure 1. Series-Parallel resonant converter.

The output voltage of the inverter is rectified using any rectifier shown in Figure 1. Since the output voltage is highly
sensitive to the switching frequency, the output voltage is controlled by varying the frequency over wide ranges. The
C2 capacitor can also be placed on the other side of the transformer. In this case, the capacitance of the transformer
windings is absorbed by the C2 capacitor, and the leakage magnetic inductance of the transformer is absorbed by the
L inductor. Therefore, if there are parasitic transformer components in the circuit, this circuit topology is preferred.

Instead of rectifiers, a square wave current source can be connected, as seen in Figure 2a. The switches can be replaced
with internal resistances Ri, as shown in Figure 2b. The parallel Ri-C circuit in Figure 2b is converted to the series Rs-
Cs circuit in Figure 2c. In Figure 2d, a DC voltage source Vi and switches S1, S2 are replaced with a 0-Vi square wave
voltage source. In this case, the total parasitic resistance is r=rDS+rL, and the total resistance of the circuit is R=Rs+r.

If the switching frequency is greater than the resonant frequency (f > fr = 1/N(LCeq)), the current and voltage
waveforms resemble those of a parallel resonant converter. It should be noted that Ceq=C1Cs/(C1+Cs) in this case. If
the quality factor is large, the current flowing through the L coil will be close to sinusoidal, and the converter will
operate in continuous conduction mode. The first half-period of this current flows through switch S1 when it is open,
and the second half-period flows through switch S2 when it is open. Selecting the operating frequency above the
resonant frequency is not harmful for the parallel diodes on the MOSFETs when recovering in the reverse direction

[2].
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Figure 2. Converter equivalent circuit (a) A square wave current source is connected instead of a rectifier (b) An
internal resistance is connected instead of a rectifier (c) The parallel circuit is converted into a series Cs-Rs circuit
(d) The switching elements are removed and a square wave voltage source is connected.

3. Circuit analysis of series parallel resonant converter

In series resonant converters, the maximum value of the current flowing through the resonant circuit is inversely
proportional to the load. Thus, at low loads, conduction losses decrease, leading to an increase in partial load efficiency.
In parallel resonant converters, however, the maximum value of the current flowing through the resonant coil is entirely
dependent on the load resistance. This is because most of the current flowing through the resonant coil connected in
parallel to the resonant capacitor passes through the load resistance. Consequently, due to constant conduction losses,
the partial load efficiency will be weak. In the series-parallel resonant converter, if Ri << XC2 = 1/0C2, most of the
current through the coil passes through the load resistance. However, the maximum value of the current flowing
through the resonant circuit is inversely proportional to the load. Thus, with the series-parallel resonant converter,
more efficient output power can be obtained at higher powers without constant losses [1]. The analysis of the circuit
in Figure 1 in the time domain is as follows:
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4. PSIM simulation study of full bridge LCC circuit

In this study, a simple algorithm has been developed to rapidly control the output voltage and switching frequency of
the Full-Bridge Isolated LCC Series-Parallel Resonance circuit based on the current drawn by the changing load over
time. The circuit is designed to operate with an input voltage of 550V, an output voltage of 400V, a maximum output
current of 25A, and a variable operating frequency between 100-130kHz depending on the load condition. The
algorithm detects the current flowing through the resonance circuit and the output voltage through sensors, ensuring
the continuous resonance operation of the system and maintaining the output voltage at 400 volts even when the load
changes. The S1 and S3 switches in the circuit perform switching in zero current and zero voltage conditions. The S2
and S4 switches, on the other hand, perform zero voltage switching by phase shifting according to the power state. The
drawings and simulation results of the circuit using the PSIM program are presented in Figures 3.
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Figure 3. Simulation of LCC resonant converter at different loads.

The developed algorithm detects the current flowing through the resonance circuit and the output voltage, ensuring
continuous resonance operation of the system and maintaining the output voltage at 400 volts even during load changes.
Figure 4 shows the variation in output voltage and output current over time. When the system is started, it operates
with a 16€2 load for 2ms, drawing a current of 25 amperes. Between 2ms and 3ms, it operates with a 32Q load, drawing
a current of 12.5 amperes. Between 3ms and 4ms, it operates with a 48 load, drawing a current of 8.3 amperes. After
4ms, it operates with a 64Q load, drawing a current of 6.25 amperes. Apart from the fluctuation during load changes,
the output voltage is consistently maintained at 400V.
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Figure 4. Output voltage and output current on variable load.
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The resonance current in the LCC resonant converter circuit is detected with the help of a sensor to control zero
crossings, and switches S1 and S3 perform switching in zero current and zero voltage conditions. Switches S2 and S4,
on the other hand, perform zero voltage switching by phase shifting according to the power state. As seen in Figure 5,
when the output current lo is 25 amperes, the peak value of the current flowing through switch S1, denoted as Im, is
around 70 amperes. However, since the switching is done at 110 kHz and in zero current, the switching losses are close
to zero.
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Figure 5. Current and voltage curves on the switching element (Io=25A, fs=110kHz).

As seen in Figure 6, when the output current lo is 12.5A, the peak value of the current flowing through switch S1,
denoted as Im, is around 53 amperes. Here again, since the switching is done at 120 kHz and in zero current, the
switching losses are close to zero.
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Figure 6. Current and voltage curves on the switching element (10=12.5A, fs=120kHz).
As seen in Figure 7, when the output current lo is 8.3 amperes, the peak value of the current flowing through switch

S1, denoted as Im, is around 46 amperes. Similarly, here, since the switching is done at 127 kHz and in zero current,
the switching losses are close to zero.
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Figure 7. Current and voltage curves on the switching element (10=8.3A, fs=127 kHz).

As shown in Figure 8, when the output current lo is 6.25 amperes, the peak value of the current flowing through switch
S1, denoted as Im, is around 42 amperes. However, similarly, the switching is done at 130 kHz and in zero current,
resulting in switching losses close to zero.
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Figure 8. Current and voltage curves on the switching element (10=6.25A, fs=130 kHz).

5. Conclusion

In this study, a straightforward algorithm has been devised to swiftly regulate the output voltage and switching
frequency of the Full-Bridge Isolated LCC Series-Parallel Resonance circuit based on the current drawn by the
changing load over time. The circuit is designed to operate with an input voltage of 550V, an output voltage of 400V,
a maximum output current of 25A, and a variable operating frequency between 100-130kHz depending on the load
condition. The algorithm detects the current flowing through the resonance circuit and the output voltage through
sensors, ensuring the continuous resonance operation of the system and maintaining the output voltage at 400 volts
even when the load changes. In converters employing PWM control, the switches operate under hard-switching
conditions, leading to increased switching losses, current and voltage stresses on the switching elements, and
electromagnetic interference (EMI) noise as the operating frequency rises. Achieving higher power density and faster
transient response in DC-DC converters is only possible through an increase in the switching frequency. Therefore, it
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has been demonstrated that reducing these losses and noises while simultaneously increasing the switching frequency
can be achieved by implementing soft switching techniques. Simulation studies have presented the suitability of the
series-parallel LCC-type circuit topology derived from resonant converter topologies, especially in scenarios involving
variable loads such as batteries, and situations where a more stable output voltage is required.
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