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Abstract: The auxiliary power supply in a power converter is a key topic in the optimization of
the converter’s low-voltage electronic circuit performance. In this article, a low-voltage DC-AC
soft-switching full-bridge topology, with an innovative, driven technique to achieve a zero-voltage
transition, is presented and discussed. The full-bridge converter drives a high-frequency transformer
(called the main transformer) that on the secondary side, distributes an AC voltage and current to the
several electronic circuit’s supplies. Every power supply is composed of an HF transformer (called
load transformer) that converts the AC secondary voltage of the main transformer to the voltage
and current levels requested by the electronic circuit. In this paper, the operating conditions are first
investigated by several simulation results. Furthermore, an actual DC-DC power converter is used as
a workbench for an experimental investigation of the effectiveness of the proposed auxiliary DC-AC
soft-switching topology, and the AC distribution approach, to realize the several points of load power
supply requested. Finally, the advantages and drawbacks of this auxiliary power supply solution are
critically discussed, providing guidelines for the power converter designer.

Keywords: auxiliary power supply; soft-switching DC-AC converter; zero-voltage transition; point
of load supply; full-bridge MOSFET converter

1. Introduction

Nowadays, many efforts are directed at the development of innovative topologies
of power converters with high efficiency and increasingly reduced in space, as well as
enhanced switching device technologies, to improve reliability and performance [1-3]. A
power converter is achieved by switching the topology composed of the power devices
with associated gate drivers, passive components, such as capacitors, inductors, and
high-frequency transformers. Furthermore, the control circuits are present in the power
converter, formed of a mix of digital and analog circuits, with several input and output
(I/O) ports to connect the converter system with the management environments. The
need for increasingly compact converter equipment leads to design solutions with a closer
arrangement of both electronic power circuits and signal boards. This proximity may be
producing influences between the control signals and the power electrical quantities, which
can affect the performance and the reliability of the power conversion system.

Two kinds of power supplies are required in the power conversion circuits. First of
all, the main power source to supply the switching devices topology (in DC-DC converter,
inverter system, controlled rectifier, etc.). Further, there are auxiliary power supplies
for control, analog conditioning, sensing, and driver circuits. These auxiliary power
supplies must be distributed to all the signal electronic control boards, without introducing
further noise criticalities and failure conditions on the power converter system. The
auxiliary power supply circuit is generally arranged with a power converter with multiple
isolated outputs to power different electronic circuits [4]. In power supply circuits, a
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crucial design criterion to avoid electrical noise is galvanic insulation and accurate layout
design [5]. Auxiliary power supplies deserve a thorough investigation to optimize converter
performance and reduce disturbance conditions to increase the reliability of the power
converter. Furthermore, the different load requirements necessitate a careful design of the
power supply at the point of use (local power supply—LPS) [6,7]. In some cases, dual
voltage power supplies are required. In other operating conditions, sudden load variation,
such as in the gate driver circuits, requires voltage stabilization, even under dynamic
stresses [8]. Moreover, some loads need a strongly stabilized voltage to avoid errors in
signal processing, such as in a microcontroller unit.

Another critical issue in an extended power converter system is related power distribu-
tion among the different subsystems that can be distributed on multiple electronic boards.
The LPSs consist of isolated modular converter topologies. Modularity and sub-circuit
isolation are required for reliability, functionality, and low susceptibility to interference.
Furthermore, in electronic boards, there may be additional specific circuits with different
power supplies and these are obtained through the point-of-load (PoL) solutions, which
can be:

e switching non-isolated converters (Buck or Boost);
e isolated switching converters (Forward, Flyback or push-pull) [9];
e linear type, such as low voltage drop (LDO) regulators [10].

The number of power supply net rails necessary on a system’s electronic board in-
creases with the complexity of the mixed control and signal processing circuits that compose
the powered loads. Several integrated modular switching converter solutions for the LPS
arrangement are discussed in the literature and available in the market, with satisfactory
efficiency and power density [11,12]. Moreover, the auxiliary power supply’s rail distribu-
tion from the multiple output power supply to the electronic circuit’s supplies requested is
generally in DC.

Over the years, multiple solutions have been developed for insulated auxiliary power
supply. The common solution presented in the literature, and used in many actual appli-
cations, is to have a main power supply circuit, such as a Flyback [13,14], or a Forward
converter with multiple outputs [15]. Alternatively, soft-switching isolated converter so-
lutions can be used to increase the efficiency and reduce EMI contents; however, they
come with an additional number of components, an increased control complexity and a
limited operational range [16,17]. Furthermore, despite the efficiency and the reduced EMI
emissions, an additional figure of merit is represented by the scalability of the solution, e.g.,
in a conventional Flyback converter, adding a point of load would require the redesign of
the Flyback transformer (coupled inductors).

In this article, a novel solution for distributed power supplies, for low-voltage circuits
in a power converter, is presented and discussed. A soft-switching full-bridge silicon
MOSFET converter is used as the main DC/AC isolated power supply, powering several
LPS circuits through an AC bus distribution. An innovative driving strategy leads to a
soft-switching zero-voltage commutation, allowing it to increase the overall converter
efficiency, while reducing EMI emissions. Furthermore, the main full-bridge DC/AC
topology features the full exploitation of the magnetic core of the insulation transformer,
compared with a typical Flyback converter, since it acts on the entire hysteresis cycle
through an AC signal. The isolated AC bus is distributed up to the point of load requested
for the power supply of the electronic low-voltage circuits, thus, increasing system noise
immunity (antenna effect is avoided). Each local power supply is supplied by a high-
frequency (HF) load transformer that provides the input voltage level to drive the local
voltage regulator, according to the requirements of the powered circuit [18]. The proposed
approach allows for a simplified and isolated LPS circuit, with the use of a distribution of
electrical quantities in AC.

Furthermore, an important advantage of the proposed solution is its scalability. It is
possible to add an LPS without a redesign of the main HF transformer, as long as the maxi-
mum power ratings of the converter core are not overcome. The auxiliary power supply
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solution is investigated and discussed by several simulation results and experimental tests.
A DC-DC power converter is used as a workbench to demonstrate the effectiveness of the
proposed low-voltage power supply arrangement.

This article is composed of the following sections:

In the second section, the main arrangement and requirements of a distributed auxil-
iary power supply are investigated;

In the third section, the soft-switching full-bridge converter topology and the opera-
tion conditions are analyzed. Furthermore, simulation runs are presented to describe
and validate the operation of the main auxiliary converter;

In the fourth section, an actual case of study is presented and the AC distribution
solution for the auxiliary power supplies are considered.

In the fifth section, the main converter benefits and the AC distribution are discussed,
considering the advantages and the drawbacks compared with the traditional DC
rails solutions.

2. Auxiliary Power Supply Arrangement and Load Request

In power converter topologies, the different low voltage electronic circuits need an

appropriate power and voltage level, in dual or single-ended voltage solutions [19]. Fur-
thermore, an insulation is necessary in several floating circuits, such as the gate drivers of
the high-side switches. A commonly adopted architecture for the auxiliary power supply
consists of a main DC/DC converter, interfaced with a DC source. An isolated DC/DC con-
verter with multiple outputs can be adopted [20]. The converter power rate is in the range
of 20-60 W. While the control or processing signal boards and gate drivers are powered
by a specific LPS, every LPS converter output features dual or single voltage polarization,
based on the loads’ needs.

A typical distributed power architecture with DC sources and several LPS powering

several loads at different voltages is depicted in Figure 1. The voltage and current outputs
of the main DC/DC converter are distributed in DC [9].
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Figure 1. Typical distributed auxiliary power supply architecture with a main DC/DC converter with

multiple output voltages and several LPS powering different kinds of low-voltage loads. (a) Multi-

output isolated converter through a Flyback solution. (b) Single output DC/DC converter solution.

In Figure 1a, a multi-output isolated converter through a Flyback solution is consid-

ered. The multi-output solution (single magnetic core with several outputs) optimizes
costs and saves components. However, it does not guarantee a fine regulation of all the
load power supplies (especially if it has different voltage requests between the various
channels) [21]. The multi-output solution requires a weightier design and a lower main
DC/DC converter output voltage quality. Every LPS requires a linear LDO (or not isolated
DC/DC switching converter). The single output DC/DC converter solution [22], depicted
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in Figure 1b, distributes the single DC line to each load point. Each power supply stage is
independently regulated and isolated. This auxiliary power supply solution offers a more
modular approach (repeating non-isolated DC-DC blocks or isolated DC-AC and AC-DC
converter blocks) and is aimed at obtaining enhanced quality of the output voltages of the
various LPSs.

In terms of noise immunity, the multi-output solution features the disturbances limited
to a single generation point (the main DC-DC converter). An input EMI filter is neces-
sary [23]. On the other hand, the noise due to external disturbances propagates through
the DC bus line. Therefore, additional galvanic isolation would be necessary to avoid noise
propagation. Instead, the single voltage output solution (Figure 1b) generates disturbances
in a distributed way, in the various power supply points of the power converter. In this
second case, it is necessary to provide anti-interference filters for every LPS.

In the proposed solution, a soft-switching full-bridge converter is used to obtain an
AC magnetizing current to drive an HF transformer. The AC output is connected to the
local HF transformer to obtain several LPS circuits. The architecture of the auxiliary power
supply system is described in Figure 2.
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Figure 2. AC distributed auxiliary power supply’s architecture with a main H-Bridge soft-switching
converter and HF transformers to obtain the LPS requested low voltage (V4cn) for the load’s needs.

Each secondary circuit is composed of a fast rectifier diode bridge, followed by a low
pass filter and a linear or switching regulator, if it is necessary to obtain a more stable and
accurate output voltage. Further, in this LPS arrangement, the HF transformer can be with
a single voltage on secondary or center-tapped secondary to obtain a dual-voltage output.
The design of the low pass filter (yellow block in Figure 2) is crucial to supply the correct
electrical quantities requested to the loads.

The LPS must satisfy the different needs of the loads. A simplified half-bridge topology,
shown in Figure 3, is used to describe the main low-voltage electronic circuits that are
necessary to supply.

The following main types of electronic circuits, powered by LPS, can be considered to
investigate the necessary supply requirements:

gate driver circuits;
microcontroller circuits;
sensing interface circuits;
I/0 circuits.
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Figure 3. Half-bridge power converter with the main low-voltage electronic circuits that need
auxiliary power supplies.

2.1. Gate Driver Circuit Power Supply Requirements

In power converters, silicon devices, such as MOSFETs and IGBTs, or wide-bandgap
devices, such as SiC MOSFETs and GaN FETs, need to be driven with different voltages and
currents levels. The power supply related to the high-side gate driver requires insulation
from the ground. The voltage levels depend on the switching device. For example, in the
case of S5iC MOSFETSs, the on voltage (Vs on) is in the range of 18-20 V, while the off voltage
(VGs,off) is generally negative, in the range of —5V to —2 'V [24,25]. The power supply must
be capable of powering the gate drive of the device, considering the constraints of the gate
charge [26]. Furthermore, the LPS power rate must include the whole driver circuit losses.

For insulated gate devices, the driving power losses are related to the gate charge Qg
request, according to the equivalent device input model, shown in Figure 4 (depicted with
a MOSFET, but the same consideration can be carried out for IGBT and GaN FET switches).
The gate driver power losses are related to the gate charge Qg, the gate voltage swing AV g
(from positive to negative value) and switching frequency fs., as described in (1)

Pc = Qc-AVis: fsw 1

where ()¢ is the gate charge of the driven insulated gate device and f, is the switching
frequency. In Figure 4, the different circuital paths, to drive both the turn-on and turn-off
transients of the device, are highlighted. Furthermore, the positive and negative supply
voltages needed in optimized converter switching leg operations are considered. From the
simplified circuital model depicted in Figure 4, the power rate request of the driver circuit
is achievable. An analysis procedure to achieve the driver power supply requirement is
described in [27].

The LPS design must take into account these driver supply constraints for the correct
sizing of both the core and the number of turns of the HF transformer. Furthermore, each
type of gate driver supply side may be isolated, both on the high side and also on the low
side, to avoid noise.
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Figure 4. A simplified gate driver circuit and power MOSFET with inner resistance and

capacitors model.

2.2. Low-Voltage Control and Processing Circuit’s Power Supply Requirements

The use of microcontrollers, FPGAs (field-programmable gate arrays), and I/O circuits
is widespread in power converter control boards. The device supplies are quite straight-
forward, but in industrial environments or in high-voltage converter applications, some
trouble appears (voltage dips or glitch) due to the noises. The disturbance reduction needs
galvanic isolation [28]. Furthermore, the low voltage requested by these electronic devices
(3.3 V) requires step-down regulators, with satisfactory efficiency, limited output ripple,
reduced size and cost. These design constraints require choosing a suitable power supply
solution. A favorable way to step down voltage is by the use of a linear voltage regulator
(LDO regulator) [12]. This is a practicable solution if the load current is relatively low and
the efficiency is not a crucial design point. In this supply arrangement, the efficiency drops
when the step-down voltage is very low, compared to that of the input voltage. In an LDO
solution, the regulator dissipation can become a critical limitation at higher loads.

Higher efficiency may be achieved using switching step-down regulators.

If a switching converter is used as a voltage regulator, the inductor of the filter,
downstream from the secondary of the HF transformer, is not strictly necessary. In sensing
processing circuits (current and voltage, temperature, and so on), they mainly consist of
analog circuits, which may also require dual voltages, obtained with two secondary turns
in the HF transformer (as described in Figure 2). The LC filter can be followed or not by
linear or switching voltage regulators, based on efficiency and performance needs.

Other global design considerations concern the layout of the printed circuit board
(PCB). The layout, to be effective and less sensitive to disturbances, should be very close to
the points to be powered (point of load) [6].

3. Soft-Switching Full-Bridge Converter Topology

The main DC/AC converter, described in Figure 2, is based on a soft-switching full-
bridge MOSFETs converter that drives an HF transformer. The control operates in an
open loop with 50% of the duty cycle. The schematic of the proposed power converter
solution is reported in Figure 5a. In the schematic arrangement, an HF transformer with a
center-tapped secondary is considered.
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Figure 5. (a) Schematic of soft-switching full bridge with complementary power MOSFETs in the
switching leg and innovative driving solution. (b) 50% of duty cycle PWM voltage control signal.

A square wave voltage is obtained by switching each half-bridge leg. The dv/dt is
regulated by the capacitive snubber, in parallel connection on every MOSFET.

The switching leg consists of two MOSFETs with the same power rating: a PNP
MOSFET for the high side and an NPN MOSFET for the low side. This design choice
allows for a strong reduction in the complexity of the driving circuit. The gate driving
method and the capacitors in parallel connection across the drain and source of every
device achieve the soft-switching operation. A simple oscillator circuit, operating in the
range of 100 to 200 kHz, is used in a complementary way, to drive the two low-side devices
of the switching legs, as shown in Figure 5b. The gate charging of the MOSFET devices
takes a crucial role in the balancing conduction in the switching legs. The two resistor
dividers (R;—R, and R3—Ry), and the diodes D, and Dy, are used to obtain the dead-time in
the high-side and low-side devices of a switching leg. The resistive divider is designed to
set the correct threshold (Vy,) of the Schmitt trigger that drives the turn-on of the driven
MOSFET device [29].

3.1. Power Converter Operation

The converter operation is divided into five stages. The general description of a switch-
ing leg voltage operative condition, with both the primary current and the magnetizing
current, at a steady state, is depicted in Figure 6a. To describe the full-bridge converter
operation (Figure 6b), a simple diode rectifier is considered in the secondary path, with a
resistive load (Figure 6¢).

In the first phase, it is assumed that Q, and Q3 are turned ON and Q; and Qy are
turned OFF; Vi, is zero while NOT Vj;, is high. In this operating condition, the voltage at
HF; is 0, while the voltage at the pin HF; is equal to Vpp. The current is flowing positive
from Vpp to the ground, through Q; and Q3. Capacitors are in the following states: C; and
C4 are charged at voltage Vpp, while C; and Cj are discharged at zero. The gate voltages
Vs,q2 are high (about Vpp minus BJT voltage losses) and Vg 3 are low (zero voltage to
ground, a negative voltage gate drain as Vgg o1 in state 3), while the Vg g1 are high and
Vs,04 are low. State 1 is highlighted in Figure 7a. The switching conditions of MOSFETs in
the full bridge are depicted in Figure 7b. The interaction between the primary inductor of
the HF transformer and the capacitors’ operative conditions is reported in Figure 7c.
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the operation analysis.
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Figure 7. (a) Qualitative switching waveforms at starting of the description (State 1). (b) Switching
conditions of the MOSFETS. (c) Primary side of the HF transformer and capacitors’ interactions.

In the second phase, the first voltage transition occurs. Vi, rises high, while Vi,
inverted, applied to the Qq driver circuit is 0. In the initial state, Vyr; was high. The diode
D4 and the resistor divider, composed of R3 and Ry, keep the voltage at the input of the
Schmitt trigger high. Consequently, Q4 remains off. By setting Vi, high, Q, is immediately
turned off. The current in the magnetization inductance cannot go to 0 instantaneously,
thus, it splits in the capacitors C, and Cj. The effect is to charge C; and discharge C; [29]

The operative conditions in the second phase of operation are reported in Figure 8.

Figure 8a describes the transient’s state of the switching voltages and currents. Figure 8b
shows the switching evolution of the MOSFETs and body diode of the high-side devices.
The current and voltage behavior in the capacitors and in the primary-side inductor are
depicted in Figure 8c.

In Figure 8a, looking at the magnetizing current of the transformer, it is at its peak
value. With a good approximation, it can be considered constant during the switching
transient phase.
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(State 2). (b) Switching conditions of the MOSFETs. (c) Primary side of the HF transformer and
capacitors’ interactions.

The voltage peak reported in Figure 7a is due to the magnetizing current that turns
ON the body diode of the upper device Q;. The voltage Vpg 5, is clamped to the value of
Equation (2):

Vps,2 = Vpp + VF )

where VF is the direct voltage drop of the body diode of Q.

The third phase is related to the second voltage transition, caused by Q3 opening.
When Qj is turned OFF, the voltage across the two capacitors C3 and Cy starts to change,
with the same dynamic of the previous transition. The voltage Vip; decreases. When the
voltage at the input of the Schmitt Trigger of the driver circuit of Q4 decreases below the
threshold value (Vy,), Q4 is turned ON. The driving circuit is made to connect, through
the point Gj, the gate of the Q; and Q4. In this way, the two devices are turned ON
together. In Figure 9a the switching waveforms are depicted, highlighting state 3. The
switching MOSFETs conditions are reported in Figure 9b. Finally, the primary side of the
transformer-simplified model and capacitor interactions are depicted in Figure 9c.
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Figure 9. (a) Qualitative switching waveforms description at third phase of the operative condition
(State 3). (b) Switching conditions of the MOSFETs. (c) Primary side of the HF transformer and
capacitors’ interactions.
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The fourth phase is related to the third voltage transition, Vj, fall to 0 V. Vi, goes
high and Q4 opens immediately. In the initial state, Vjr» was high. The diode D; and the
resistor divider, composed of R; and Ry, maintain the voltage at the input of the Schmitt
trigger high, maintaining Q, as OFF. The voltage Vyr; starts to rise with slope, depending
on the C3 and C4. As we know, the current in the magnetization inductance cannot go to
0 instantaneously, thus, it splits in the capacitors C3 and Cy4, discharging C3 on C4. As in
the second operating phase, the voltage on the HF1 pin exceeds the threshold voltage of the
body diode of Q3, resulting in a peak voltage in Vpg g4. The voltage high Vgr; turns on the
diode D; and connects the gate of Q; to the voltage Vyp1. Qp turns OFF at the end of the
rise ramp of the voltage Vir1. When Q) is turned OFF, the voltage across the two capacitors
C; and C; starts to change, with the same dynamic of the previous transition described. The
voltage Vyry decreases. When the voltage at the input of the Schmitt Trigger of the driver
circuit of Q; decreases below the threshold value, Q, is turned ON. The driving circuit
is arranged to connect, through the point G3, the gate of the Q3 and Q,. In this way, the
two devices are turned ON together and phase 1 returns. In Figure 10, the four operative
conditions are described. In Figure 10a, the state 4 waveform behaviour is highlighted. In
Figure 10b, the switching conditions of power MOSFETs and high-side body diode are
focused on. Finally, in Figure 10c, the capacitors and primary-side inductor interaction and
current behaviour are depicted.

0§ i State 2 State 4 Body diode
Vm 8 On-statep OF '-state T \’L,Dom‘l“(“ * On-state
Sutel | State 3 ..
= 5 0; Lles

By 1
Is

p, WF,
Vasal Vs

b |
| [t 1 |

Vir = Voso: Var = Vosou
— :

-

by —3 "t
'

Figure 10. (a) Qualitative switching waveforms description at fourth phase of the operative condition
(State 4). (b) Switching conditions of the MOSFETs and body diodes. (c) Primary side of the HF
transformer and capacitors’ interactions.

The fifth phase is similar to phase 1. The MOSFETs, Q, and Qj3, return in conduction
and C; and Cy start to charge, as shown in Figure 11. In Figure 11a, the state 5 curves
are highlighted. In Figure 11b, the switching state of the MOSFETs are shown, and in
Figure 11c, the current inversion on the primary inductor and the capacitors’” charging
involved in phase 5 are depicted.

3.2. HF Transformer Selection Issue

The correct HF transformer selection is crucial in the converter operation [30]. Consid-
ering a square wave voltage (i.e., waveform factor equal to 1), according to Faraday’s law,
the generated core magnetic flux (¢r), in the core, features a triangular waveform, and as
depicted in Figure 12, the maximum voltage can be written as:

Vmux = qu)%rr;ax = 4'fsw‘(PTmax = 4'fsw'N'Ae'BTmax (3)
4
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Figure 11. (a) Qualitative switching waveforms description at fifth phase of the operative condition
(State 5). (b) Switching conditions of the MOSFETs. (c) Primary side of the HF transformer and
capacitors’ interactions.

V_a Vous

Figure 12. Qualitative voltage and flux density stress on the transformer. ¢7 is the linkage flux and
PTmayx s its maximum value.

N-turns are the transformer winding and A, and By represent the cross-sectional
area of the core and the magnetic flux density, respectively, and ¢1,,y is the maximum
linkage flux. This equation can be used to design the HF transformer.

Considering the data of commercial ferrite transformers, the V- s data-sheet parameter
(considering the saturation flux @ss > @Tmay) can be used to select a correct HF transformer
by processing (3) and setting Vimax = Vpp.

T.
VDD'% < N-@sat 4)
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3.3. Notes on the Snubber Capacitor Selection

The voltage in the snubber capacitors increase in a time At; (where the index i indicates
the parallel generic capacitor C; with i equal to 1, 2, 3, 4) with the following rate of rising.

_2.GiAV

At;
' ILm

©)
where AV is the voltage variation across the capacitor i (equal to drain-source voltage of
generic Q; device). The 1, is the magnetization current; it is the difference between the
current I, and ! Is

Iim = ILp - I/LS (6)

where I1;, is the current on the primary, while I1gis the secondary current, reported to the

primary side by the turns ratio.
The capacitors must satisfy the following design constraints:

" Ci >> Cpss,i (Where C,; ; is the output inner capacitor of MOSFET, i switches equal to
Cps of Figure 4) must be imposed to control the At;.

»  To maintain the softness in switching turn-off transient, the following empirical
relation can be used:

Iyt
L 2off < k, with1 <k <2 )

2C;

where {5 is the turn-off MOSFET switching time and I, is the magnetizing current during
the turn-off.

= An energetic criterion can be further considered:
1
2

where AV; is the voltage variation across the capacitor C;. L, is the HF transformer
magnetizing inductor.

1
Ly-If, > 5-4Ci-AV3i (8)

n Furthermore, the capacitors C; cannot be of too great value, in order to not increase
the capacitor energy losses shown in (8).

= On the other hand, the capacitors C; cannot be too small so as to not go against the
first criterion and to have a margin of adaptation of the circuit to compensate for the
asymmetries of the magnetization current.

3.4. Power Converter Simulation Results

The full-bridge converter topology is analysed, considering a secondary path con-
nected to a Schottky diode bridge rectifier with a filter capacitor and a resistive load.
The simulation results are carried out in LTspice, under the following conditions:
Vobp=15V,
C1 =C2=C3=C4=101‘1F,
Ca1=Cq2 =Cq3 =Cae=1nF,
Lp =Ls =20 uH
The simulation results are carried out on the simplified circuit, reported in Figure 13.
The switching frequency is fixed to 100 kHz. In the secondary side of the HF transformer,
a diode bridge rectifier with a filter capacitor is connected. A resistive load to vary the
requested output power in the range of 5-30 W is considered.
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Figure 13. Simulation converter circuit and transformer secondary path arrangement for the simula-
tion results.

The simulation results of the voltage waveforms, related to the gate voltage of the
devices Q; and Q, node voltage of the HF, pin equal to the Drain Source voltage (Vpsy)
of the low-side device Qy, are reported in Figure 14. The secondary and primary voltage
and current quantities at steady state are reported in Figure 15. The leakage inductance (in
our case, an overall equivalent inductance of 100 nH in the secondary path is considered)
affects the secondary current rise Iy s, both in positive and negative transients.

: e
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oV ioBlis e

334us  336us  338ps 34005 342us 344us 346us  348us 350us  352ps

Figure 14. Simulation results in steady state of a switching leg. Up-side, the gate voltage of Q; (Vgs1)
and Q, (Vgs2). Down-side the Vi) voltage corresponding to the Vpgp across Qy. Time t = 2 us/div.
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Figure 15. Simulation results in steady state. Up-side, the current and voltage across the inductor
in the secondary side (ILp, Vi) with magnetizing current I ;. Down-side secondary side electrical
quantities (Ig, Vig). Time t =2 ps/div.
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In Figure 16a, a zoomed-in view of the simulation results in steady state of the turn-off
ZVS of device Q, is depicted. Furthermore, the snubber capacitor’s currents are considered
to show the magnetizing current is the sum of the absolute value of these two currents
during the HF2 voltage rise (dv/dt). Moreover, as shown in Figure 16a, the voltage and
current crossing is obtained at 1 V. The simulation waveforms are obtained considering
a realistic value of equivalent parasitic resistance and inductance on the secondary side
(Lseq and Rseq), with a Vg, =1 V and a resistive load (Rjpaq) of 10 Q. In Figure 16b, the
same switching waveforms are carried out at heavy load. The capacitive currents show a
noticeable current peak and the HF2 voltage curve, which features a double-voltage slope
compared with the HF2 voltage of Figure 16a, due to the energy stored in the leakage
inductance of the transformer.
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Figure 16. Simulation results in steady state of the turn-off ZVS of device Q;. In the up plot there are
the magnetizing current Iy ;,,, the capacitors current Ic; and Icp. In the bottom plot there are the gate
voltage of Q (VGsz), the Vg, voltage, the current on the primary side (I.;,) the drain current of the
MOSFET Q; (Ipp), time t = 40 ns/div. (a) Low load. (b) High load.

From inequality 7, it is possible to evaluate the capacitor value across the MOSFET.
In Figure 16a, the turn-off is evaluated in to¢ = 10 ns, the I, = 2 A, considering 1 V as
crossing voltage with the drain current C; = 10 nF.

4. AC Distribution for Auxiliary Power Supplies

In this section, the high-frequency soft-switching converter is used as a core of the
auxiliary supply system, to power the several supplies dedicated to the driver circuits,
the current sensing circuits, the conditioning and control circuits. The described auxiliary
supply technique is investigated on the application in a main DC-DC power converter,
evaluating the benefits and the limits.

4.1. A Case of Study

The soft-switching HF converter operation is experimentally validated in an actual
25 kW, [31] (800 V of DC bus) SiC MOSFETs-based DC-DC full-bridge converter, devoted
to the first stage of an isolated charger circuit [32]. The simplified schematic of the power
converter is reported in Figure 17a. The main HF open-loop soft-switching converter, with
several LPS circuits, is highlighted in the schematic of Figure 17a. The picture of the power
DC-DC converter and the auxiliary power supply circuits are depicted In Figure 17b. The
HF soft-switching converter is based on an integrated half-bridge with an N and a P channel
MOSEFET (FDD8424 H). The main electrical parameters of the half-bridge MOSFETs are
reported in Table 1. The capacitor across the drain-source of the MOSFETs, to obtain the
soft-switching operation, is fixed to 10 nF and Vg is equal to 2 V. The main transformer
selection procedure and characteristic parameters are reported in Appendix A. The DC bus
issetto 15 V.
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Figure 17. (a) Block schematic of DC-DC power converter and auxiliary power supply’s ar-
rangement. (b) Picture of experimental converter DC-DC power converter and auxiliary power
supplies arrangement.

Table 1. Main power MOSFETs parameters.

MOSFET Parameters N-Channel P-Channel
Rpson (@14.51 V) 23mQ (@7 A) 58 mQ) (@ 5.6 A)
VGs,tH 3V -3V
Q. 14nC 17nC
Ciss 1000 pF 1330 pF
Crss 115 pF 115 pF
Coss 155 pF 185 pF

The switching waveforms of the main primary-side voltage at no-load on the HF1
and HF2 point of Figure 5a, with the primary voltage and the magnetizing current, are
reported in Figure 18. In Figure 19a, the low-side MOSFET Q; gate-source voltage, with the
drain-source voltage switching cycle in the no-load condition are shown. The zoomed-in
view of zero-voltage transient operations is focused on in Figure 19b.

o, Y HFD

e ¥ HF1

3
5,00 Vidiv 500Vidv| 100 mA/div
50mVofst]  OmVoffsel  0.0mAofst

Figure 18. Switching waveforms at the primary side of the main HF transformer at no-load operation.
Vpr = VHFl = VHFZ =5 V/diV, ILm =100 mA/diV, t=2 LLS/le

e ET
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Figure 19. (a) Switching waveforms of gate-source voltage and drain-source of low-side MOSFET
with the magnetizing current of the main HF transformer. (b) Focus on zero-voltage switching
waveforms operation. Vpgp = Vggp =5 V/div, Iy, = 100 mA /div, (a) t =2 ps/div, (b) t =200 ns/div.

The switching waveforms at load operative conditions are reported in Figure 20
(Ioad =1 A). While the gate-source voltage and drain-source voltage of the low-side (Q;
MOSFET) device, at several load currents, are depicted in Figure 21a. The commutation
voltage has a double slope, due to the energy stored in the leakage inductance of the
transformer. During the first phase (higher slope) of the commutation, the leakage induc-
tance keeps forcing current into the load and, therefore, the current at the primary side
of the transformers is the sum of the load current and the magnetizing current. In the
second phase (lower slope), the current in the leakage inductance goes to zero and, at the
primary side of the transformer, only the magnetizing current is present, whose value is
independent from the load. When the current in the load is sufficiently high, the current in
the leakage inductance is maintained during the whole commutation; therefore, only the
high slope is observed. Furthermore, the primary-side current and drain-source voltage at
no-load and at 600 mA of the load current operative conditions are reported in Figure 21b.

~ Vip

15V brerans VR AU P |
n |

7.36 ys 5.36 ps 336 s 136 s 4 6d0ns 264 s 464ps 6.64 us 864 s 1064 ps 1264 s

ci | ] Thase 264 ps| Trigger ()
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0mV offsetl __0mVoffse]  0.0mAofst 400 kS 20 GS/s|Edge _Positive

Figure 20. Switching Waveforms at high load (Ijoaq =1 A). Vgsp =5 V/div, Vyp, = Vpgp =5 V/div,
Ip =1A/div, t=2 ps/div.
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Figure 21. (a) Gate-source and drain-source switching transients of low-side device versus
load current variation. (b) Primary-side current and drain-source voltage in two load current
operative conditions.

The efficiency of the HF soft-switching converter is evaluated with the measurement
circuit setup, depicted in Figure 22a, where the load variation is achieved by an electronic
load. The efficiency considered is obtained by measuring the input power (Pj,) with the
power given at the secondary side (Psec). This evaluation choice neglects the rectifier bridge
power losses’ contribution. The bridge diode rectifier is not considered in the efficiency
because it is part of the secondary-side stage that depends on actual applications of the
several electronic circuits served. The efficiency at different load currents is depicted in
Figure 21b.
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Figure 22. (a) Measurement circuit setup. (b) Efficiency versus power variation on the secondary
path of the main HF transformer.

4.2. AC Distribution Experimental Evaluation

The load transformers allow for the supply of the requested voltage at several circuits,
as depicted in Figure 17a. The secondary side of the main transformer is connected at
different transformers in parallel connections. As a rule of thumb, the nominal power of
the main transformer selected must be greater than or equal to the sum of the powers of
the used transformers supplied. The load transformer “on site” manages the voltage and
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current levels, based on the requests of the electronic circuit served. An actual arrangement
and design of the load transformer application for the current sensing circuit is presented
in Appendix A. The primary (Vp,m) and secondary-side voltages (Vsecm) of the main HF
transformer with a secondary voltage of a load transformer (Vg 1, = 15 V) are reported
in Figure 23a. The secondary-side waveforms of the load transformer for the positive
voltage (Vsecp) of the SiC MOSFET power device driver circuit is shown in Figure 23b. The
DC-regulated voltage to power the driver circuit is also considered in Figure 23b.

T 5368 3368 360 iom 264us [T Goius [T T0eiu sius

(Tbase 264 us/Tigaer ct [Tbase 264 ps/Tigaer
sl 10ovien]  100vian] e v
400 ks~ 20 Gsis| 000V ofs| 000V ofs posiv

Figure 23. (a) Primary and secondary-side voltage of the Main HF transformer with a secondary
voltage of a load transformer. Vpr v =5 V/div Vgeem = 10 V/div, Ve = 10 V/div (b) Primary-side
voltage of the Main HF with the positive secondary voltage of load transformer devoted to the
SiC MOSFET devices and the regulated DC voltage Vipsp. Vprm = 10 V/div Ve = 10 V/diy,
VLPS,D =10V/div, t =2 ps.

4.3. Maximum Load Request

The zero-voltage commutation enables a strong reduction in the losses and the
EMI emission. However, under extreme load conditions (e.g., low load resistance), soft-
switching operations may not be guaranteed. During the switching operations, the snubber
capacitors across the MOSFETs are charged and discharged using the energy stored in
the magnetizing inductance of the transformers (main transformer + load transformer,
in Figure 24a). In Figure 24b, the equivalent circuit of the converter is depicted, consist-
ing of the main and load transformers, with the rectifier bridge at the secondary side of
the load transformer, plus capacitor filter and resistive load. The energy stored in the
transformers should be sufficient to charge/discharge the snubber capacitors. However,
under heavy load conditions, during the voltage transition part, all the energy stored in the
magnetizing inductance may go to the load, instead of to the snubber capacitors. This can
cause a partial charge/discharge of the snubber capacitors, and if the threshold voltage
necessary for switching is not reached, the converter stops. Supposing we have a purely
resistive load, we can define it as ‘limit resistance’, the value of resistance beneath which
the converter stops working. The limit resistance is affected by multiple variables, such
as: the parameters of all the transformers (magnetizing inductance, leakage inductance,
ohmic resistance), the voltage ripple on the load, the value of the snubber capacitances, the
forward voltage of the diodes used in the bridge rectifier, the number of load transformers
connected in parallel, and the threshold voltage selected for the soft commutation of the
MOSEFETs. As all these parameters must be considered, an analytical expression would
be complex; therefore, the limit resistance has been computed by performing a SPICE
simulation. Figure 24 shows part of the schematic of the case study circuit, simulated
in SPICE, with the load transformer supplying a resistive load. The parameters of the
transformers used are reported in Appendix A. Figure 25 shows the results from the SPICE
simulation, where the parameters of the transformers are the same as the real case study.
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Figure 24. (a) Main transformer connected to the load transformer supplying a resistive load.
(b) Equivalent transformer circuit for both main and load transformers reported in the primary
side. The secondary side is connected with a full-bridge rectifier and capacitive filter which supply
resistive load. (c) Simplified representation of the equivalent circuit of (b).
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Figure 25. Load resistance lowered from 80 to 0 Q2. Case 1: high impedance transformer.

The green trace is the voltage at the node HF1, which alternates between 0 and 15V, at
a frequency of 100 kHz, while the blue trace is the voltage applied to the resistive load. The
load resistance represented by the red trace is gradually lowered, from 80 () down to 0 ()
(i.e., the load current increases). In this case, the converter continues to work, also, when
the load resistance goes to zero. This is mainly due to the load transformer that has high
resistance (2.3 () at the primary side and 2.85 (2 at the secondary side) and high leakage
inductance (6.5 uH at the primary and secondary side). In other words, the parasitics of the
load transformer limit the maximum current in the load, and soft-switching operations are
possible, also, when the load resistance drops to zero. A downside is that when the load
current increases, the output voltage decreases significantly. However, this is usually not
critical, as a voltage regulator (e.g., linear LDO) is commonly interposed between the diode
bridge and the load. A second example is shown in Figure 26. In this case, the parasitics of
the load transformer have been reduced, so as to have a resistance of 1 () on the primary
and secondary side and leakage inductance of 1 uH on the primary and secondary sides.
In this case, when the resistance of the load is below 7 (), the converter stops working, as it
is not possible to perform the zero-voltage commutation. When the load resistance lowers
under a certain limit, the magnetizing current that is normally used to charge/discharge
the snubber capacitors goes in the load.
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Figure 26. Load resistance lowered from 80 to 0 (). Case 2: low impedance transformer.

A second condition that can be critical is when the voltage ripple on the load is too
high (e.g., insufficient load capacitance). In this case, during the commutation phase, the
magnetizing current that, under normal operating conditions will charge/discharge the
snubber capacitors, instead, flows in the load. That said, the snubber capacitors have to be
charged up to the DC-link voltage, but if during the switching phase the voltage on the
load drops considerably, then the magnetizing current finds a preferential path in the load.

As described, due to the complexity of the problem and the many variables to consider,
it is not possible to provide a simple analytical expression for calculating the limiting
resistance. However, as a rule of thumb for a good design, the parasitics of the main
transformer should be at least one order of magnitude lower than the parasitics of all the
other transformers and the voltage ripple on the load should be below 5%.

5. Discussion

The soft-switching MOSFET-based DC-AC converter presented can be applied as an
auxiliary power supply in several kinds of power converters. The described DC-AC con-
verter, through an AC electrical distribution, is able to power several analog conditioning
and digital control circuits, as well as gate drivers, and so on. The auxiliary power converter
circuit shows the following characteristics:

Simple power-stage topology with an innovative soft-switching driving technique.
The power rate of the full-bridge auxiliary converter can be designed to power several
electronic circuits at the same time.

e  Satisfactory efficiency of the auxiliary AC-DC converter, when the power required by the
various loads is sufficient, thanks to the use of the zero-voltage soft-switching technique.

e Simplified open-loop control circuit, with 50% of the duty cycle on the full-bridge
circuit, without the control capability of the HF transformer secondary voltages.

e  Thesecondary side of the auxiliary DC-AC HF transformer is distributed into the differ-
ent points of the power converter to supply the several requested low-voltage circuits.

e  The electrical quantities distributed are in AC, from which the front-end device of
every supplied circuit is another HF transformer (called load transformer).

e  Every HF transformer achieves galvanic isolation on the electronic circuits powered,
from which the noise rejection is improved.

e  Easy scalability of the LPS arrangement. Additional LPSs can be easily added to the
system, without the need to redesign the core H-bridge and main HF transformer
(verified that the maximum power ratings of the converter are not overcome). The
main HF transformer load limits are discussed in Section 4.3.

Several isolated DC-DC converters are available in the literature, among which, the
Flyback converter is worth mentioning, due to its large use.
The main advantages of the proposed technology over the Flyback converter are:

e Lower EMI emission. Flyback converters are highly emissive due to the hard switching
commutations that cause high dv/dt and di/dt.

e  Lower switching losses. The proposed solution is soft switching (zero-voltage commu-
tation), while the Flyback is hard switching in these kinds of applications.
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e Lower breakdown voltage semiconductors. Flyback converter switches must be sized
for a much higher voltage (input voltage + overvoltage at commutation + secondary
voltage scaled by the Flyback transformer factor + safety margin), compared to the
proposed solution (input voltage + safety margin) [33].

e Lower voltage ripple on the load. During the Flyback converter operations, the load
is supplied only for part of the period, while in the proposed converter, the load is
always supplied, except during the voltage transition. This results in a lower ripple
voltage for the same load current and filter capacitance.

Higher efficiency due to the soft-switching commutation.

Better use of the magnetic component. The HF transformer magnetic cycle is on the
fourth quadrant of the BH plane.

The main advantages of the Flyback versus the presented topology are:

Lower component count. A lower number of semiconductors and passive components.
Widely used. Plenty of material is available in the literature and dedicated IC solutions
are available on the market [34].

e  Voltage regulation. The voltage on the secondary side can be regulated by acting on
the duty cycle at the primary side.

As reported above, the proposed solution enables an important reduction in the EMI
emission, compared to a classical hard-switching converter.

This is true not only for the emission generated during the commutation, where the
soft switching avoids the generation of overvoltage and current oscillation, which are highly
emissive. The second advantage is the fundamental voltage applied to the HF transformer
that has a reduced number of high-frequency harmonic components. An example is shown
in Figure 27, where the harmonic components of a voltage square wave (Vsq), typical of a
“standard” hard-switching converter, are compared with the harmonic components of the
quasi-trapezoidal voltage wave, generated by the proposed converter (V;,m). Both FFT
plots show the presence of the fundamental component at 100 kHz, plus a series of superior
order harmonics. It can be seen that the proposed solution enables an important reduction in
higher-order harmonics, especially in the range 500 kHz-10 MHz, thus, bringing important
advantages in terms of EMI emissions. Furthermore, the transformer parasitics act as a
low-pass filter, enabling a further reduction in the harmonic components of the AC voltage
that is used to supply the load transformers.
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Figure 27. (a) square voltage wave (Vgq) typical of a hard-switching converter compared with the
primary voltage (Vpm) of the main HF transformer. (b) FFT of the voltage wave applied by the
proposed converter to the primary side of the main transformer and the FFT of square wave voltage.

The proposed auxiliary power supply solution compared to a DC-distributed supply
with local converters (one for each load, isolated or not), features a single main DC/AC
bridge converter, followed by one transformer and one rectifier bridge for each load (with
or without LDO regulator, based on the specific load request).



Electronics 2022, 11, 884

22 of 25

In contrast, a conventional solution with DC distribution (as described in Section 2)
would require:

1. One DC/AC half or full-bridge solution, one transformer and one rectifier, for each iso-
lated supply. Moreover, this would include additional filters for the EMI compatibility.
2. One DC/DC stage for each non-isolated supply

Therefore, the proposed solution requires fewer components and allows the optimiza-
tion of the single main DC/AC bridge (soft-switching converter), therefore, maximizing the
overall efficiency. This advantage becomes more significant in the case of multiple isolated
supplies (such as gate drivers for multilevel structures [20]), as the number of DC/AC units
can be reduced dramatically.

6. Conclusions

In this paper an innovative, auxiliary power supply solution, for power converter
low-voltage electronic circuits, was presented and described. The power supply is based on
a DC/AC soft-switching converter that drives a high-frequency transformer. The auxiliary
power converter is based on an N-channel and P-channel MOSFET device, driven by
an optimized driving technique, to obtain soft-switching transients. Simulation results
were carried out to investigate the operation conditions and the limits of application. An
experimental validation was presented in an actual case study, considering an auxiliary
power supply for a 25 kW high-voltage full-bridge phase-shift DC-DC converter. The
experimental results were carried out at several operative conditions, to demonstrate on
the application, the effectiveness of the proposed solution. Furthermore, the satisfactory
efficiency of the DC-AC stage with the HF transformer is described. The proposed soft-
switching DC-AC converter, through the secondary path of the HF transformer, delivers by
an AC bus, the electrical quantities in every point needing an auxiliary supply. At the point
of load, an HF transformer (called load transformer) is used to adapt the main transformer
secondary AC voltage level to the load request. A rectifier bridge with a suitable filter and
a LDO (if necessary) is connected to the secondary path of the load transformer to power
the requests of a DC load. This solution features an isolated power supply, very close to
the load, improving noise rejection and, consequently, the converter robustness. The main
DC/AC soft-switching converter shows an enhanced FFT, with a reduction in higher-order
harmonics, compared with a hard-switching DC/DC isolated converter. Furthermore,
quite a reduced number in overall components are achieved compared with a conventional
DC/DC auxiliary converter, with DC distribution for local LPS. Finally, the proposed AC
distribution system allows manageable scalability in adding LPS.
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Appendix A
Load Transformer Selection Example

A power supply for the current sensing circuit is considered as an example of load
transformer selection. The main HF transformer secondary path (see Figure Ala) is con-
nected with two load transformers, to obtain the positive and negative voltage level. The
two rectified voltages are regulated by an LDO circuit to achieve the requested supply’s
voltages (Figure Alb).
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Table Al. Transformers Parameters.

Volt-Time Product

Part Number Turn Ratio Lm [uH] Lol [uH] Ro1 [Q] Lo2 [uH] Ro2 [Q] [Vius]
Main Transformer 1:1.55 158 0.5 0.014 0.8 0.022 443
Load Transformer 1:1 3790 6.5 2.3 6.5 2.85 221

DA2099-AL_

The power ratings of the main and load transformers, presented in the case study
analysis, are reported in Table Al. The main transformer has considerably lower parasitics
than the load transformer. In the case study, multiple load transformers (not presented
here) have been connected in parallel. The main transformer must have an adequate power
rating to supply all the load transformers. The main transformer of the case study has been
custom designed and then experimentally characterized.

The first thing to verify is that the voltage-time product (flux) does not saturate the
core of the transformer. The following relationship must be verified for each transformer
(See Figure 12):

Tsw

PTmax = Vsupply'T < Psat (A1)

where ¢y is
Psat = N-@sqt (A2)

In the commercial HF transformer, this value is achieved in the datasheet.
For the main transformer:

=37.5V-us < 443 V % us (A3)

10 us
‘PTmax =15 4FL

For the load transformer (DA2099-AL_), considering the output voltage of the main
transformer (turn ratio 1:1.55):

Pax = 23.25-

10 4”5 = 58.125 V-ps < 221V x pis (A4)

In case of saturation of the core, the switching frequency of the converter can be
increased or a new transformer with a higher saturation flux can be selected.

Secondly;, all the losses in the copper and the core of the transformers must be com-
puted in the worst-case scenario (maximum load). The maximum temperature of the
transformer must not overcome the maximum operating temperature recommended by the
manufacturer; however, to maintain a high level of efficiency, the authors suggest limiting
the temperature rise of the transformer to a few tens of degrees.

In the case study, the selected transformers have a considerably high saturation flux
(Vxus product) compared to the one that is strictly needed. This is due to the limited choice
of transformers (for the off-the-shelf load transformer) and cores (for the custom-designed
main transformer) available on the market. Furthermore, operating the transformers at a
lower flux enables one to reduce the core losses and to increase the efficiency of the system.
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Figure Al. (a) The soft-switching auxiliary converter with the main HF transformer. (b) Cur-

rent sensing power supply with the two load transformers for the positive and negative voltages
source request.
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