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Abstract: This paper presents a high-efficiency GaN-based 65 W Quasi-Resonant (QR) Flyback
converter. The converter is characterized by a wide input voltage range and a variable output voltage,
and it is designed as a Switch Mode Power Supply (SMPS) for high power density USP-Power
Delivery (USB-PD) applications. To increase the efficiency and power density, a regenerative snubber
clamp solution has been used to limit the excursion of the drain voltage during the power switch
turn-off. The activity involved the modeling of the converter, the sizing of the regenerative snubber,
and the design of the flyback transformer. Furthermore, a dedicated test application board was used
to verify the effectiveness of the solution. The results were compared with those obtained using a
flyback converter with an RCD snubber.
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1. Introduction

There is a large interest in improving the efficiency of Flyback converters, characterized
by a wide input voltage range and a variable input and output voltage due to its wide
applications [1–4]. To this aim, several non-dissipative clamp circuits, passive [5,6] and
active [7–10], have been proposed and optimized over the years to limit the voltage spikes
on the main switch, typically a power MOSFET, due to the transformer leakage inductance
and optimized to not excessively affect the overall efficiency system [11]. A regenerative
solution has been proposed in the work presented in [12] as an improvement of the non-
dissipative passive LCD solution, replacing the snubber inductance with further winding in
the transformer; this solution has been widely used in applications to increase the efficiency
and power density of the converter [13].

However, the literature only reports studies in which the regenerative solution is
designed for topologies characterized by a fixed DC output voltage. In most cases, also
the input voltage of the converter is fixed to a certain value. A new integrated semi-active
regenerative snubber that integrates the inductor into the main transformer to decrease
the number of components thus reducing PCB size is presented in [9]. Partial coupling
of a snubber inductor with a secondary side makes it possible to recover part of the
transformer leakage energy directly to the secondary side to increase efficiency. However,
only simulations are performed and fixed input and output voltage are considered. In the
work presented in [12], the improvement in terms of efficiency with a regenerative solution
was validated with a flyback prototype operating in Discontinuous Conduction Mode
(DCM) supplied with a 150 V-DC input voltage and a fixed output voltage of 15 V-DC.
Comparatively, in the work presented in [13], a regenerative snubber was designed for a
MOSFET-based flyback converter, operating in Continuous Conduction Mode (CCM) with
a fixed input voltage higher than 300 V-DC and a 24 V-DC output voltage. Moreover, the
work presented in [13] also reports the main constraints that must be considered to size
the regenerative clamp circuit, this allows us to obtain the equations to establish a range of
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suitable parameters, which depends on the input and output voltage of the converter. In
the work presented in [14], the state-plane approach is proposed to size the regenerative
snubber reported in the work presented in [13]. A modified version of the regenerative
solution is proposed in the research presented in [15], where the auxiliary winding is
replaced with a separate transformer, allowing the leakage energy to be transferred directly
to the output stage. An efficiency comparison for two different fixed input voltages
(72 Vdc and 200 Vdc) is reported. However, compared with a conventional regenerative
snubber, this solution only improves the converter’s efficiency at low input voltage. For
high input voltage, the modified version seems to be worse than the conventional one, as
the efficiency is reduced.

In the work presented in [16], an efficiency comparison between energy regenerative
and an RCD snubber for a Flyback single-stage isolated power-factor-corrected power
supplies that operates in DCM was proposed. The comparison for fixed input (110 V-DC)
and output voltage condition (28 V-DC) varying the output load (60–100 W) highlighted
that the solution with regenerative clamping reaches better efficiency. Similarly, in the work
presented in [17], a MOSFET based flyback converter with an energy regenerative snubber
circuit was designed for a 35 V-DC input voltage and a 380 V-DC output voltage. In this case,
an efficiency evaluation by varying the output power from around 25 W to 200 W was per-
formed. The experimental results reported an efficiency improvement from 25 W to 100 W,
but efficiency was decreasing over 100 W. Moreover, the actual improvement in a compari-
son with a passive snubber solution was not investigated. In the work presented in [18]
the stability of a MOSFET-based Flyback converter with a regenerative energy snubber
characterized by a fixed input voltage (311 V-DC) and 12 V-DC output voltage was studied.
Simulation results were obtained by exploiting the PSIM software (version 2021b). The
study has shown that the solution can be implemented without problems in their dynamics.
In the work presented in [19], a series input parallel output interleaved flyback converter
with regenerative leakage inductance energy has been proposed. Experimental results
were performed in a prototype working in DCM and CCM, with a fixed input voltage
(400 V-DC) and output voltage (24 V-DC). The regenerative solution resulted in high effi-
ciency and power density compared to the series input parallel output interleaved flyback
with RCD snubber.

A difference in the proposed converter is the adoption of a GaN-based transistor as
the main switch rather than a MOSFET, thus increasing efficiency and reducing system
size, weight and cost [20]. The proposed solution is an offline converter exploiting the
GaN-based quasi-resonant flyback topology, that can be supplied with an input voltage in
a range between 90 V-AC and 264 V-AC. An additional advantage in comparison with the
previous works is obtained thanks to the use of a GaN switch because it enables working
in quasi-resonant mode thus obtaining higher efficiency. In detail, this solution allows to
drastically reduce the switching losses, so the converter meets a high efficiency compared
with most of the applications present in the literature. It is worth noting that, the adoption
of a GaN switch together with the possibility of working in quasi-resonant mode improves
the converter efficiency also when a dissipative RCD snubber is used. In fact, the quasi-
resonant operation mode allows to turn on the switch when the voltage across the device is
low, that is operating in Zero Voltage Switching (ZVS), and the GaN based device presents
a lower parasitic capacitance than a traditional MOSFET.

In the work presented in [21], a GaN-based device in a quasi-resonant converter is
adopted to drastically reduce the switching losses and an efficiency comparison between
the traditional RCD solution and the regenerative solution has been done but in an easier
scenario, that is constant output voltage. A solution allowing to reach ZVS on the main
switch was considered also in the work presented in [22], which adopted a regenerative
snubber circuit for GaN-based low-power flyback converter. The snubber circuit recycled
the leakage inductance energy and reduced the effect of parasitic loop inductance thanks
also to the use of a low-side auxiliary switch. The analysis was experimentally validated
with a prototype characterized by a fixed input (15 V-DC) and output voltage (5 V-DC). A
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reduction in the peak voltage across the main switch with the snubber was reported but it
lacks in a comparison with an RCD solution. A GaN switch was adopted also in the work
presented in [23] where a novel regenerative snubber with both an additional inductor and
an auxiliary winding in the transformer was presented. The power supply worked in CCM
with two different input voltages (115 V and 230 V-AC) and the efficiency comparison
with the conventional LC snubber solution and the traditional regenerative snubber for a
fixed output voltage (12 V-DC) reported that the traditional regenerative solution allows to
reach a higher efficiency for both input voltage compared to the proposed solution and the
LC solution.

A first contribution of this paper is the concurrent adoption of wide input and output
voltage. More specifically, differently from previous works, in this paper four output
voltages between 5 V and 20 V, up to a maximum power of 65 W (20 V, 3.25 A) have been
considered. Considering that the voltage at the input and the output of the converter are
not fixed, another contribution in this work is the identification of a worst-case to size
the regenerative snubber. In fact, all the previous works using GaN or MOSFET do not
consider different input and output voltages. Therefore, this work investigates, for the
first time, the challenge of sizing the regenerative snubber related to the worst-case in
this kind of application. To this aim, a circuit simulation-based parametric analysis of
the converter components has been executed to identify the values that maximize the
converter performance.

It is worth noting that, although the adoption of a GaN switch and the related enabled
possibility to work in resonant mode provide several advantages, different challenges have
to be faced. In particular, a safe design of the maximum drain-source voltage of the GaN
switch must be cared. When the MOSFET breakdown voltage is exceeded, the avalanche
condition occurs thus causing an increase in the current flowing through the junction. This
mechanism could not be destructive if timely countermeasures are executed. In the case of
GaN, the avalanche condition is not possible and the safety limit is given by the absolute
maximum rating (AMR). It is absolutely prohibited to overcome this limit because it causes
failure. For all these reasons, in a GaN based converter, the snubber must be designed to
surely guarantee that the drain-source voltage does not exceed the AMR, which, in turn,
implies dissipating greater energy in the RCD snubber to avoid failure. Hence, the use
of a regenerative solution in a GaN-based flyback converter even more could increase
the efficiency.

Therefore, the work focuses on sizing and optimizing the components of the regen-
erative clamp circuit, that replaces the traditional dissipative RCD clamp. The goal is
to properly handle the GaN switch and to obtain a higher efficiency compared with the
efficiency obtained with the typical RCD solution. A new challenge that has been faced is
reaching the objective regardless of the input voltage and the output profile, modifying
the application board, in particular replacing only the clamp circuit and the transformer.
A preliminary study was conducted by performing circuit simulations of the converter
which required a proper initial modelling. This allowed us to study the behavior of the
regenerative snubber in the entire input voltage range and for each profile. Based on the
simulation results, the best size of the regenerative clamp and transformer design has been
found. Finally, the new solution was compared with a traditional one, through a dedicated
test bench. The results have shown that opportunely designing the regenerative snubber is
possible to improve the efficiency for each output fixed profile of the converter even for
wide-range input voltage applications, so efficiency can reach 94%.

2. The Regenerative Snubber

The Flyback topology is widely used for power converters, thanks to its simplicity
and flexibility. As illustrated in Figure 1, it is characterized by a single power switch and
a transformer used as an energy storage element that also provides electrical insulation.
By properly controlling the switch commutations, the output voltage of the converter can
be regulated.
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Figure 1. Flyback Converter with RCD snubber.

The flyback transformer is a two-coupled inductive magnetic component. It can be
mainly represented by a primary inductance Lp that stores the energy during the switch on-
state for subsequently transfers it to the secondary side through the transformer. However,
part of the energy stored in the primary winding cannot be transferred to the secondary
winding due to the flux from the primary winding, which does not perfectly couple to the
secondary winding.

When the switch turns off, the transformer leakage inductance, Llk, causes a voltage
spike across the drain that might exceed the breakdown voltage of the switch itself, resulting
in unsafe operations of the converter.

Therefore, a turn-off snubber was required to limit the peak voltage stress. In the
schematic of Figure 1, is included one of the simplest circuital solutions that allows the
implementation of this snubber, also known as the RCD Snubber. With the RCD clamp ap-
proach, the leakage inductance energy is dissipated using a resistor. Due to the high-power
dissipation, this dissipative snubber circuit cannot easily meet the efficiency requirements
of modern power supplies. Many different improved flyback-based topologies have been
developed, to reduce the inevitable switching losses, as well as the losses across the snubber.

The flyback topology efficiency improvement can be reached, thanks to a snubber
circuit called Energy Regenerative Snubber. In detail, it recovers the leakage energy from
the snubber capacitor to the DC bus, thus improving energy efficiency and power density.
As shown in Figure 2, this clamp circuit consists of a couple of diodes, D1 and D2, a
capacitor Csn and an extra auxiliary winding in the transformer.

The working principle is the following. When the power switch is turned-on, D2 is
forwarded biased and the snubber capacitance Csn is discharged (Figure 2a). During this
interval, the voltage across Csn can be expressed as:

vCsn(t) = Vg
Nr

Np
−

(
Vg

Nr

Np
− vCsn(max)

)
cos(ω0t), (1)

where:
ω0 =

1
Nr
Np

√
LlkCsn

(2)

The voltage vCsn(t) reaches the minimum at half of the resonance period:

vCsn(min) = 2Vg
Nr

Np
− vCsn(max) (3)
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When the power switch is turned-off, the energy of the leakage inductance Llk is
transferred to Csn, that clamps the maximum drain voltage of the switch. It is possible to
prove that the voltage vCsn(max) can be expressed as follows [13]:

vCsn(max) = vCsn(min) + Im

√
Llk
Csn

, (4)

Therefore:

vCsn(min) = Vg
Nr

Np
− Im

2

√
Llk
Csn

(5)

where Im is the magnetizing current. Combining the previous equations, it is straightfor-
ward to derive the following expressions:

vCsn(max) = Vg
Nr

Np
+

Im

2

√
Llk
Csn

(6)

∆VCsn = vCsn(max) − vCsn(min) = Im

√
Llk
Csn

(7)

Figure 3 shows typical waveforms of a quasi-resonant flyback converter with an
energy-regenerative snubber.
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During the switching, part of the energy not transferred to the secondary side is
returned to the main.

The auxiliary winding turns (Nr) and the snubber capacitance must be suitably sized
depending on the characteristics of the converter.
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The selection of the maximum snubber capacitance is critical since the energy stored in
the snubber is discharged into the power switch during its tun-on, thus causing a capacitive
current spike whose amplitude and duration depend on the capacitance itself.

At the end of the leading-edge blanking, if the converter adopts a peak current mode
control and the capacitive spike exceeds the current limitation imposed by the control loop
time then the turn-on switching cycles might be prematurely stopped.

Additionally, the current flowing in D1 and D2 and the snubber capacitance cur-
rent injected on the GaN channel at turn-on (which increases the RMS drain current)
introduces extra conduction losses which must be evaluated to appropriately design the
regenerative snubber.

The working principle described above may change when the input voltage is reduced
enough to keep in conduction both diodes.

This would prevent the snubber capacitance from being fully charged during the
switch off-state as both diodes would be forward-biased by the voltage levels imposed by
the circuit. This must be considered during the design phase of the regenerative snubber,
as the input voltage varies over a wide range.

3. Converter Design and Simulation

This study aims to design a regenerative snubber for a GaN-based 65 W Quasi-
Resonant Flyback USB-PD converter that can achieve efficiency higher than an RCD snubber
solution. To analyze and design the regenerative snubber for a wide range of input
voltage and variable output voltage, the converter was modeled and simulated using PSIM
software (version 2021b). This allowed us to analyze the main differences under various
operative conditions.

To properly characterize a power supply with variable input and output voltages, it
was necessary to impose worst-case conditions at the output (20 V/3.25 A). Figure 4 shows
the simulated circuit in PSIM together with the diode and transformer main quantities,
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while Table 1 reports other related quantities. In the considered model, only the components
involved in the clamping process are modelled with any reasonable parasitic effects. The
GaN device was modeled considering an ideal power switch with a series resistance to
consider the device RDS-ON and a parallel capacitance Coss (it is equal to a capacitor with a
constant capacitance that would give the same stored energy as COSS while VDS is rising
from 0 V to 400 V). The device’s main electrical characteristics are reported in Table 2. The
remaining components are simulated using their ideal models. In this way, only the loss
contribution due to the regenerative snubber (diodes, capacitance, and auxiliary windings)
and the power switch affect the overall efficiency.

Table 1. Main quantities in the simulation model.

Quantity Value

VO 20 V
Pout 65 W
VR 133.3 V
Cin 120 µF
Co 1.36 mF

ESR 5 mΩ

Table 2. Electric characteristics of the GaN switch (Typical values at TJ = 25 ◦C, VGS = 6 V).

Parameter Symbol Value

DC blocking voltage VBL(DSS) 650 V
Drain transient voltage VDS(transient) 750 V

Drain-to-source On resistance RDS-ON 225 mΩ (@2.2 A)
Equivalent output capacitance COSS 22 pF

Total gate charge QG 1.5 nC

The waveforms reported in Figure 5 were obtained by simulating the converter with
a constant input voltage (Vg = 400 Vdc). As shown in the figure, before the turn-off, the
voltage across the snubber capacitance, Vcsn, is equal to Vcmin. At turn-off, the diode D1 is
forward-biased due to the leakage energy, and the voltage at the anode of D1, i.e., Vx, will
be almost equal to the input voltage Vg. At the same instant, due to the bootstrap effect of
the snubber capacitance, the voltage at the drain node, Vds, must be equal to Vg + Vcmin.

To transfer the energy from the primary to the secondary, the diode D3 must be
forwarded-biased, which means that the drain voltage must be higher than Vg + VR, where
VR is the reflected voltage, i.e., the output voltage reported to the primary winding through
the primary to secondary turn ratio (Np/Ns).

If Vcmin < VR, the energy transfer will be delayed with respect to the turn-off instant.
This delay depends on the increasing of the drain voltage up to Vg + VR, due to the energy
leakage inductance. This consideration allows us to estimate the minimum value of the
snubber capacitance.

The energy associated with the leakage inductance can be expressed as:

Elk =
1
2

Llk

(
Ipk

)2
(8)

where Ipk is the drain current at the end of the on time.
The same amount of energy will charge the snubber capacitance from Vcmin to Vcmax,

then it can be also expressed as

Ecsn =
1
2

Csn(∆V)2, (9)

where ∆V is the difference between the voltage drops Vcmax and Vcmin.
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Combining Equation (8) with (9) is possible to get the snubber capacitance as:

Csn =

(
Ipk
∆V

)2
Llk, (10)
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Moreover, the peak value of the voltage at the drain node can be expressed as:

Vds,peak= Vg + VR + ∆V. (11)

The maximum allowed drain voltage is defined by the AMR of the device from which
also derives the minimum value of the snubber capacitance which can be exploited in the
regenerative snubber:

Csnmin =

(
Ipk

∆Vmax

)2
Llk, (12)

where:
∆Vmax = Vdsmax−Vgmax − VR. (13)

The power supply being analyzed has an input voltage of 90 Vac to 264 Vac.
Since the converter is designed for USB-PD applications, the output voltage is variable

in a range between 5 V and 20 V. Therefore, the worst case, from the power switch stand-
point, is with Vo = 20 V and Vin = 264 Vac, which results in the maximum voltage stress
across the drain.
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For simulation purposes, it is possible to define a maximum number of turns of
the auxiliary winding Nr. As is shown in Figure 6, for a given value of the snubber
capacitance, the snubber effect decreases rapidly as Nr approaches the number of turns
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of the primary winding Np. Consequently, the voltage variation affecting the snubber
capacitance decreases, and the peak voltage at the drain node increases, reaching values
that can exceed the device’s AMR.
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When the converter is supplied with an input voltage of 115 Vac, the peak DC input
voltage Vg is approximately equal to 150 Vdc. This implies that the operating principle of
the regenerative snubber differs from what is described in Section 2.

Its specific mode of operation can be analyzed by examining the waveforms obtained
in the simulation, which are shown in Figure 7.

As discussed in Section 2, the voltage across the snubber capacitance, before the turn-
off, is equal to Vcmin. At turn-off, the leakage energy forces the current to flow through D1,
which is forward-biased. Therefore, the voltage Vx can be considered almost equal to the
input voltage Vg. Since the voltage across a capacitor cannot change instantaneously, the
drain voltage increases up to Vg + Vcmin, due to the bootstrap effect. During this phase, the
leakage energy is transferred to the snubber capacitor thus increasing the drain voltage.
Once this energy is completely transferred, the diode D1 will no longer be forward-biased
and the Vx node becomes floating.

In this condition, the parasitic elements cause drain voltage oscillation and, due to the
bootstrap effect, even the Vx node oscillates at the same frequency. The voltage Vt, at the
anode of D2, is forced by the output voltage and the turn ratio windings: in the simulation
of Figure 7, the worst-case condition is considered, i.e., Vo = 20 V.

If Vx decreases below Vt, due to the oscillations, the diode D2 starts to conduct, and
the snubber capacitor is slightly discharged. As long as D2 is forward biased, Vx is equal
to Vt minus the voltage drops across D2.

During this interval, part of the energy of the snubber capacitor is transferred to the
secondary side.
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D2 also conducts in another short interval during the off period, after the primary
inductance demagnetization. In detail, once the primary inductance is completely demag-
netized, the secondary diode D3 will no longer be forward biased and, consequently, the
anode of D2 can be considered floating, due to the interaction with the anode of D3 through
the auxiliary to secondary turn ratio.

During this period, both D2 terminals are floating, thus Vt and Vx follow the drain
oscillations. Considering that Vx is equal to the drain voltage reduced by the auxiliary to pri-
mary turn ratio, then Vt decreases less than Vx, thus the D2 diode becomes forward biased.

Once D2 starts to conduct, a current flows through the GaN’s output capacitance
involving a slight charge that opposes its discharges after demagnetization. Due to this
phenomenon, when the switch is turned-on, the Vds will be higher than Vg − VR (that is
the nominal value of a QR mode flyback converter), thus increasing the switching losses.

It is worth noting that this phenomenon does not occur at higher input voltage, where
D2 is forward-biased at the turn-on only.

4. Choice of the Optimum Parameters

The snubber efficiency in function of its capacitance and auxiliary winding number of
turns has been evaluated by parametric simulations. The efficiency has been expressed as
the ratio between the input energy and those delivered to the load. These quantities have
been indirectly obtained using the two wattmeters, placed as shown in Figure 4.

In the considered model, only the components involved in the clamping process are
modeled with any reasonable parasitic effect. The remaining components are simulated
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using their ideal models. In this way, the loss contribution due to the regenerative snubber
(diodes, capacitance, and auxiliary windings) and the power switch affect the efficiency.
Therefore, the result of the parametric simulation is an exhaustive search that returns a
qualitative curve useful to identify the optimal values of Csn and Nr that maximize the
efficiency without the need to use any specific optimization technique.

In the simulations, Nr was varied from 10 to 40 and, the snubber capacitance Csn was
varied from 1 nF and 10 nF, according to Equation (12), the other quantities are set to the
values reported in Figure 4b,c and Tables 1 and 2. In such a case, being discrete and limited
the search space due to component admissible values, as mentioned before, it was not
necessary to adopt any optimization technique, which is usually used when one needs an
optimal design with a limited number of evaluations of the objective function.

The first parametric simulation enabled us to understand the influence of the auxiliary
winding number of turns on the drain voltage. This allowed us to exclude the Nr values
leading to a voltage higher than the selected Vdsmax. Figure 8 shows the results of this
parametric simulation.
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As explained in the previous section and as shown in Figure 8, the snubber effect
decreases when Nr is greater than 20. Moreover, the parametric evaluation with Nr ≥ 30 is
pointless, because the peak on the drain voltage exceeds the maximum acceptable value
(700 V) in the worst case (Csn = Csnmin).

In the second step of the parametric simulation, the power supply was powered with
an input voltage of 230 Vac while the output voltage was set to 20 V at maximum load. The
snubber capacitance and number of turns were varied within their range. Figure 9 shows
some curves that were obtained by processing the results returned by the parametric
simulation. These curves indicate that the efficiency changes as the number of turns of the
auxiliary winding varies for three different values of Csn.

The efficiency curves have a maximum when Nr = 20, and then it decreases. When the
converter operates at 115 Vac, the optimal value of the number of turns is lower than 20.

However, since the aim of the study is the optimization of the power density, the
maximization of the efficiency at 230 Vac has been considered as the main target, being the
snubber losses higher than at 115 Vac.

Although the curves in Figure 9 indicate a slight increase in the efficiency as the snub-
ber capacitance increases, another set of simulations was performed to exactly determine
the optimum value of the snubber capacitance, Csn. The converter efficiency and the snub-
ber diode losses were evaluated by varying the snubber capacitance in a range between
500 pF and 10 nF, maintaining a constant number of turns (Nr = 20). Capacitances lower
than Cmin, i.e., 1 nF, are only used to draw the qualitative efficiency curve, because, for
this value, Vds exceeds the AMR voltage. Simultaneously, the snubber capacitance cannot
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be greater than 3 nF, because of the high extra current that would occur on the device at
turn-on, as is already discussed, causing a premature termination of the conduction cycle
of the power GaN.
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Further parametric simulations have been performed under low input voltage (150 Vdc)
and output load equal to 25% (0.81 A) conditions. At low input voltage, the diode losses
increase with increasing the snubber capacitance. Moreover, these contributions are not
negligible compared to the switching losses. Additionally, the low output load involves
low GaN conduction losses, making significant the diodes losses.

For all these reasons, under the selected simulation conditions, an increase in the
snubber capacitance involves an increase in the diode losses and, consequently, a significant
efficiency reduction. Figure 10 show the snubber efficiency and power dissipated by diodes
D1 and D2 as the snubber capacitance varies.
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Moreover, the one just reported represents the most interesting result since in the case
of high input voltage and low input voltage at maximum load conditions, an increase in
snubber capacitance led to a very slight increase in efficiency. Considering both cases, it
can be deduced that the optimal snubber capacitance is the minimum value (1 nF).

5. Experimental Results

An STMicroelectronics evaluation board of a 65 W USB-PD isolated power supply
has been used to test the proposed solution. The board is designed for a wide range
input voltage range, i.e., 90 to 264 Vac, with 4 fixed output dc profiles: 5 V@3 A; 9 V@3 A;
15 V@3 A; 20 V@3.25 A.

The evaluation board implements a quasi-resonant flyback converter based on the
VIPERGAN65, a High Voltage (HV) converter with optocoupler feedback for voltage regu-
lation. This controller combines a high-performance low-voltage Pulse Width Modulation
(PWM) controller chip with a 650 V E-Mode GaN HEMT (Gallium Nitride High Electron
Mobility Transistor) power switch integrated in the same package. The main electrical
parameters of the GaN power switch are reported in Table 2.

Figure 11 represents the top and the bottom sides of the application board. In the
bottom side of the board, it is possible to identify the RCD snubber characterized by the
diode D1, the capacitance C4 and the resistances R3, R4, R5, and R18, which is better shown
in Figure 12.

Electronics 2024, 13, x FOR PEER REVIEW 15 of 22 
 

 

in snubber capacitance led to a very slight increase in efficiency. Considering both cases, 

it can be deduced that the optimal snubber capacitance is the minimum value (1 nF). 

5. Experimental Results 

An STMicroelectronics evaluation board of a 65 W USB-PD isolated power supply 

has been used to test the proposed solution. The board is designed for a wide range input 

voltage range, i.e., 90 to 264 Vac, with 4 fixed output dc profiles: 5 V@3 A; 9 V@3 A; 15 V@3 

A; 20 V@3.25 A. 

The evaluation board implements a quasi-resonant flyback converter based on the 

VIPERGAN65, a High Voltage (HV) converter with optocoupler feedback for voltage reg-

ulation. This controller combines a high-performance low-voltage Pulse Width Modula-

tion (PWM) controller chip with a 650 V E-Mode GaN HEMT (Gallium Nitride High Elec-

tron Mobility Transistor) power switch integrated in the same package. The main electri-

cal parameters of the GaN power switch are reported in Table 2. 

Figure 11 represents the top and the bottom sides of the application board. In the 

bottom side of the board, it is possible to identify the RCD snubber characterized by the 

diode D1, the capacitance 𝐶4 and the resistances R3, R4, R5, and R18, which is better 

shown in Figure 12. 

  

(a) (b) 

Figure 11. Application board: (a) top view; (b) bottom view. A magnification of the red box is re-

ported in Figure 12. 

 

Figure 12. RCD Snubber components. 

Therefore, the evaluation board has been appropriately modified. In detail, according 

to the outcome of the simulation results, the transformer was replaced with a new one, 

characterized by an additional auxiliary winding with 𝑁r = 20. The RCD snubber was re-

moved from the board and replaced with the designed regenerative solution. 

Figure 11. Application board: (a) top view; (b) bottom view. A magnification of the red box is reported
in Figure 12.

Electronics 2024, 13, x FOR PEER REVIEW 15 of 22 
 

 

in snubber capacitance led to a very slight increase in efficiency. Considering both cases, 

it can be deduced that the optimal snubber capacitance is the minimum value (1 nF). 

5. Experimental Results 

An STMicroelectronics evaluation board of a 65 W USB-PD isolated power supply 

has been used to test the proposed solution. The board is designed for a wide range input 

voltage range, i.e., 90 to 264 Vac, with 4 fixed output dc profiles: 5 V@3 A; 9 V@3 A; 15 V@3 

A; 20 V@3.25 A. 

The evaluation board implements a quasi-resonant flyback converter based on the 

VIPERGAN65, a High Voltage (HV) converter with optocoupler feedback for voltage reg-

ulation. This controller combines a high-performance low-voltage Pulse Width Modula-

tion (PWM) controller chip with a 650 V E-Mode GaN HEMT (Gallium Nitride High Elec-

tron Mobility Transistor) power switch integrated in the same package. The main electri-

cal parameters of the GaN power switch are reported in Table 2. 

Figure 11 represents the top and the bottom sides of the application board. In the 

bottom side of the board, it is possible to identify the RCD snubber characterized by the 

diode D1, the capacitance 𝐶4 and the resistances R3, R4, R5, and R18, which is better 

shown in Figure 12. 

  

(a) (b) 

Figure 11. Application board: (a) top view; (b) bottom view. A magnification of the red box is re-

ported in Figure 12. 

 

Figure 12. RCD Snubber components. 

Therefore, the evaluation board has been appropriately modified. In detail, according 

to the outcome of the simulation results, the transformer was replaced with a new one, 

characterized by an additional auxiliary winding with 𝑁r = 20. The RCD snubber was re-

moved from the board and replaced with the designed regenerative solution. 

Figure 12. RCD Snubber components.

Therefore, the evaluation board has been appropriately modified. In detail, according
to the outcome of the simulation results, the transformer was replaced with a new one,
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characterized by an additional auxiliary winding with Nr = 20. The RCD snubber was
removed from the board and replaced with the designed regenerative solution.

The goal of the experimental phase was the comparison of the RCD clamp and regen-
erative snubber solutions. To this aim, the efficiency curves of the offline converter with
varying input voltage, output voltage and load have been obtained by measurements.

Part of the experimental setup is reported in Figure 13 which was characterized by:

• 2 Digital Power Meter (Yokogawa, Belgrade, Serbia, WT310E)
• DC Electronic Load (Chrom, Pune, India, 63,105–1 A/10 A–125 V/500 V–300 W)
• AC Power Source/Analyzer (Agilent, Santa Clara, CA, USA, 6812 B–300 Vrms–750 VA)
• Mixed Signal Oscilloscope (Tektronix, Beaverton, OR, USA, MSO54B)
• High Voltage Probes (Tektronix P5100A–500 Mhz–40 MΩ–2.5 pF–1000 V CAT2)
• Current Probes (Tektronix TCP0030A–120 Mhz–5 A/30 A–300 V CAT2)
• Power-Z USB Tester (ChargerLAB, Monterey Park, CA, USA, KM003C)

The main waveforms were analyzed by supplying the application board at the nominal
input voltages of 115 Vac and 230 Vac, to verify that the regenerative snubber perform as
predicted in simulation. Figures 14 and 15 show the main experimental and simulated
waveforms at 230 Vac and 115 Vac, respectively.
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Figure 13. Measurement Setup and Application Board.

Tables 3 and 4 report a comparison between PSIM simulation and experimental results.

Table 3. Parameters Comparison at 230 Vac.

Parameter Simulation Experimental

Vds (peak) 576 V 562 V
ID1 (peak) 1.32 A 1.45 A
ID2 (peak) 1.42 A 1.59 A

Vcmin 127 V 130 V
Vcmax 248 V 250 V

fsw 118 KHz 109 KHz
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Table 4. Parameters Comparison at 115 Vac.

Parameter Simulation Experimental

Vds (peak) 471 V 476 V
ID1 (peak) 2 A 1.92 A
ID2 (peak) 0.6 A 0.7 A

Vcmin 67 V 75 V
Vcmax 196 V 200 V

fsw 67 KHz 65 KHz
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The experimental results show that the circuit model used in the simulation accurately
emulates the behavior of the application board.

To obtain comparable efficiency measurements with the two snubber configurations,
it is necessary to have the same snubber effect, i.e., similar peak drain voltage under similar
operating conditions. For this reason, the drain node voltage was evaluated in the worst
operating conditions: maximum input voltage (264 Vac), maximum output voltage (20 V)
and load conditions (3.25 A). This approach allows us to verify if the regenerative snubber
component values give a sufficient snubber effect while maintaining the peak drain voltage
always lower than the device AMR (in Figure 16, Vdsmax is approximately equal to 638 V).

This demonstrates that the optimum capacitance (1 nF), causes a peak on the drain
node lower than the AMR. To achieve the same snubber effect (similar Vdsmax), when RCD
snubber is used, the snubber capacitance is maintained at 1 nF while it must be chosen an
appropriate snubber resistance value. Moreover, the same transformer is used to maintain
the same leakage inductance for both measurements.
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Figure 16. Voltage at the drain node for 264 Vac input voltage.

The efficiency measurements have been performed at nominal input voltages (115 Vac and
230 Vac), for all output voltage profiles (5 V, 9 V, 15 V and 20 V).

The efficiency measurements have been performed by replacing the energy regener-
ative snubber with an RCD snubber maintaining the same snubber capacitance value to
have the same snubber effect. The efficiency curves at different operative conditions are
compared and reported in Figures 17 and 18. The plots show that the efficiency in the case
of regenerative solution is higher in both cases (low and high input voltage) regardless of
the dc output profiles.
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6. Conclusions

This work proposes an energy regenerative snubber for to improve the efficiency
and power density in a GaN-based 65 W USB-PD Flyback Converter. Through the circuit
modelling of the converter the behavior of the quasi-resonant converter has been analyzed.
The simulations have predicted that the regenerative solution strongly reduces the drain
voltage spike at the turn-off of the GaN device, because the energy associated with the
leakage inductance is partially recovered, thus increasing the overall efficiency.

A set of parametric simulations has been executed to correctly design the regenerative
snubber circuitry. Special attention was given to the sizing of the transformer’s extra
auxiliary winding and the snubber capacitor. These parametric simulations allowed us to
obtain the optimal parameters from an efficiency point of view. A comparison in terms
of overall efficiency between the proposed solution and standard RCD snubbers has been
experimentally performed. From the bench analysis, it is possible to confirm that the
regenerative snubber solution improves the efficiency compared to the RCD solution for
each output fixed profile of the USB-PD converter and it is useful even for wide-range input
voltage applications, so it can allow us to reach very high efficiency and power density.
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