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ABSTRACT

This paper proposes modifying the Taipei rectifier into a single-phase version and analysing its advantages as a single-
stage rectifier for single-phase high-power electro-domestic applications. The rectifier utilizes two boost cells operating in

discontinuous-conduction mode, separated by a virtual neutral. Frequency modulation is applied to switch-on the transistors
with zero-voltage-switching and maintain a balanced voltage at the output capacitors. The virtual neutral, along with a coupled

inductor, allows the use of low-rating electrolytic capacitors at the DC bus and increases common-mode noise immunity. The

interleaved cells ensure a continuous input current and work as voltage followers without requiring a current control loop. There

are no reverse recovery losses, and the body diode of the adjacent cell’s switch is utilized as a boost diode, thereby sparing two

components and enabling synchronous rectification. The topology operation stages and their features are studied and compared

with similar power-factor-correction single-phase rectifiers. Additionally, the equations required to design the power components

are introduced and validated in a 3 kW prototype, with a minimum switching frequency of 50 kHz, input and output voltages of

220 and 385V, respectively. At rated conditions, the topology complies with IEC 61000-3-2, achieving a total efficiency of 92.52%.

1 | Introduction

Most of the rectifiers are designed to comply with power
quality standards like TEC 61000-3-2/4 or IEEE 519-2022 that
limit the device harmonic distortion to improve power-factor-
correction (PFC), so to obtain better results manufacturers
constantly seek for new technologies, optimized methodologies,
or enhanced topologies.

Among the three-phase power converter rectifiers, a new topol-
ogy, named the TAIPEI rectifier, is introduced in [1], which
operates in discontinuous-conduction mode (DCM) and is based
on a Boost converter. It achieves a total harmonic distortion
(THD) below 5% and efficiency up to 97% in a 2.8 kW prototype
operating at 20 kHz with 380 Vyys line-to-line voltage. Figure 1
illustrates the rectifier composed of only two transistors that

switch on with zero-voltage-switching (ZVS), thereby reducing
the switching loss that is more detrimental in DCM converters.
The input current is continuous due to the ripple cancellation
of the three interleaved inductors, so the input electromagnetic
interference (EMI) filter is not as bulky as other DCM converters.
The inductor current follows the sinusoidal input voltage, then
only the output voltage is controlled, the switches are com-
manded with frequency modulation (FM), keeping a fixed duty
cycle of 50% to ensure switch-on with ZVS. Typically, three-
phase rectifiers with a few switches are not efficient because they
cannot independently shape each phase current into a sinusoidal
waveform, so topologies with multiple switches or complex
controllers are adopted [2-5]. Hence, the results obtained with the
TAIPEI rectifier are impressive, making it an attractive option for
PFC applications due to its simple topology and control circuit
[6-10].
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FIGURE 1 |

power factor correction.

Topology of three-phase TAIPEI rectifier applied to

Although the TAIPEI rectifier was first designed for three-phase
systems, it is also interesting for single-phase applications. In [11,
12], the authors modify the Taipei rectifier into a single-phase
topology to employ in aviation applications. In these systems,
where the line frequency is up to 800 Hz, DCM converters are
an attractive alternative to maintain sinusoidal input current
shaping without a current controller, which would require a
minimum bandwidth of around 50 kHz. The tests made with a
320 W prototype achieve 3.3% THD and comply with the DO-160
standard, and an efficiency of 95.2% at rated conditions with input
voltage of 115 V.

In the scope of electrodomestic single-phase power supplies,
where the line frequency is much lower, varying between 50
and 60 Hz the boost converter [13] operating in continuous
conduction mode (CCM) is the most conventional solution in
low-power applications until a few kilowatts [14], achieving low
THD and practically unitary power factor using few components.
However, conduction and diode reverse recovery losses are high
[15], accounting for most of the rectifier’s total losses. The control
circuit is complex, comprising a slow loop to regulate the output
voltage and an additional, faster loop to control the inductor
current, thereby emulating a resistive load with a sinusoidal
shape at the input to achieve a high power factor.

The continuous enhancements in semiconductor technology
[16-21] enable manufacturers to handle better problems such
as switching loss and current spikes, making the DCM boost
converter (BDCM) competitive in the industry [22]. The control
circuit is simpler than that of CCM converters [23], typically
requiring only one slow loop to control the output voltage [24],
as the discontinuous inductor current already has a sinusoidal
shape. Converters operating in DCM use smaller inductors,
resulting in an overall reduction in size and weight of the
converter [25]. The disadvantage is the high and discontinuous
input current ripple that requires a bulky input filter to eliminate
high-frequency harmonics.

One way to overcome the problem of current efforts in DCM con-
verters and improve input current distortion is by replicating the
converter in smaller cells that operate in interleaved mode along
a switching cycle, as exemplified in [26-34]. According to [35], an
interleaved DCM boost (BIDCM) rectifier with variable frequency
modulation achieves similar efficiency to a conventional ZVS
boost rectifier. Interleaved boost topologies with DCM cells have
continuous input current because part of the inductor current
ripple from one cell is cancelled by the others [36]; according
to [37], the input current ripple is reduced by 14.7% in a boost

DCM with two cells operating with duty cycle modulation and
29.2% when operating with frequency modulation, by employing
three cells these values are even more reduced to 8.5% and
11%, respectively.

In [38], a new DCM interleaved boost topology with two cells
is introduced, named the Nabae rectifier. It utilizes a capacitor
divider on the alternating current (AC) side to create a virtual
neutral, which divides both cells and enhances the common
mode noise immunity. The switches are controlled by frequency
modulation because it is necessary to have a fixed duty cycle of
50% to switch-on with ZVS. The input current is continuous, and
the ripple has double the switching frequency. The converter has
two fewer diodes because the MOSFET body diode of the adjacent
cell works as the boost diode. The paper made experiments with
a 75 W prototype operating at 10 kHz with an input voltage of 100
V and output voltage of 200 V without using an input EMI filter
and achieved a THD of 6.03%.

In [39], the Nabae rectifier is modified by relocating the input
capacitor divider to the direct current (DC) side, allowing the
use of electrolytic capacitors. This is an interesting solution for
high-power applications where the use of film capacitors would
be more costly. However, it is also necessary to add two diodes
to ensure unidirectional current flow to the load, increasing
conduction losses. An 85 W prototype with an input voltage of
200 V and switching frequency of 52 kHz is built; it complies
with IEC61000-3-2 with a THD of 9.2%, power factor of 0.994
and efficiency of 83%, where the diode conduction losses are the
primary source of losses.

In [40] another variation of the Nabae rectifier is studied to
use lower-voltage rating components, named as three level inter-
leaved boost DCM (TLI DCM). The virtual neutral is extended,
splitting the DC bus output into a capacitor divider, and two
fast diodes are added between them and the switches. These
modifications result in the reduction of the voltage effort at the
semiconductors and output capacitors to half of the DC bus. It
uses asymmetric pulse width modulation (PWM) to control the
switches and balance the output capacitor voltage, so there is no
ZVS to reduce losses. The proposed converter achieves a power
factor of 0.99 and a THD of 10%, with an efficiency of about 90%.

This paper is an extension of [11, 12]. A high-power single-phase
version of the TAIPEI rectifier is studied for electrodomestic
applications with a line frequency of 50-60 Hz, in accordance
with IEC 61000-3-2 class A, CISPR 14, and IEC 60950-1 Class
1. The rectifier is compared to other single-phase topologies
to analyse its advantages and disadvantages. More details are
given about the component design and selection to optimize
operational results. The electromagnetic interference is analysed
and compared to CISPR 14. A simpler hysteresis control is
used, maintaining a fast dynamic response without increasing
controller costs. The SPT optimizes the volume and price of
the passive components of the output stage by implementing
a three-level DC bus with a virtual neutral that employs low-
rating electrolytic capacitors, also, a coupled inductor improves
common mode noise from load, reduces current ripple at the bus
capacitors, and reduces noise from the high dV/dT caused by the
boost cells’ interleaving process.
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FIGURE 2 | Proposed single-phase TAIPEI rectifier for power factor

correction.

The modification of the three-phase TAIPEI rectifier into a single-
phase version uses two interleaved boost converter cells, similar
to the Nabae rectifier and its variations. The main advantages of
this rectifier are: switch-on with ZVS in both switches, requires
small output electrolytic capacitors, has high common-mode
noise immunity, has a simple control circuit, continuous input
current and uses the body-diode from the switch of the adjacent
cell as a boost diode.

Section 2 explains the proposed topology and its features, com-
paring the advantages and disadvantages to other DCM similar
topologies. Section 3 presents the theoretical analysis, including
design equations and component selection. The simulations and
experimental results with a 3 kW prototype are presented in
Section 4, followed by discussion and conclusions in Section 5.

2 | Description of the Single-Phase TAIPEI
Rectifier

Figure 2 shows TAIPEI rectifier modified to operate as a single-
phase topology. It is formed by two boost cells separated by a
midpoint connected between Cj, and Cy,, S; and S,, C,; and
C,,- The midpoint works as a virtual neutral with zero potential,
increasing the symmetry of the circuit to ground and improving
common-mode noise immunity. The cells are decoupled due
to the virtual neutral, so the boost inductors L;; and L;,, are
magnetized individually by half of the input voltage imposed by
the input capacitor Cy; or C,.

There is no specific component used as boost diodes; instead,
it uses the switch’s body diode of the adjacent cell to transfer
the energy from the boost inductor to the output, sparing two
fast diodes.

The switches S; and S, operate in a complementary way, so
while one cell is magnetizing the boost inductor, the other is
transferring the energy accumulated in its boost inductor to
the output.

The capacitor C, and the coupled inductor L. form a high-
frequency current source, where at each switching frequency
semi-cycle the energy stored in L;,, and L;,, are transferred to one
of the output capacitors C, and C,,, respectively.

To keep the voltage balanced in C,; and C,, besides maintaining
ZVS, S, and S, operate with a fixed duty cycle of 50% and the
power flow is controlled by varying the modulation frequency.

The boost inductor current of each cell adds up in the converter’s
input power mains. Due to both cells operating in opposed
stages, part of the discontinuous current is cancelled, result-
ing in a continuous input current with a ripple of twice the
switching frequency.

2.1 | Analysis of Operation

The rectifier has eight operational stages in one switching cycle,
where two of them are due ZVS in S; and S,. To facilitate the
analysis, some considerations are taken:

* The rectifier is operating in steady state with fixed frequency
switching and duty cycle of 50% in S; and S,;

* The switching frequency is fast enough that the input voltage
remains constant during this period;

* The network input voltage is in the positive semi-cycle (V,, >
0);

* All components are considered ideal, so series resistances and
inductances, forward voltages and parasitic elements are not
included;

* The capacitors Cy, and Cp, have the same capacitance values,
and are large enough that the voltage remains constant during
one switching cycle;

* Switches S, and S, are represented by an ideal switch with
an anti-parallel diode and a parallel capacitor, which simu-
late respectively the MOSFET’s body diode and the output
capacitance (C,).

Figure 3 presents the eight operational stages, with the current
loop of each component drawn instead of the equivalent current,
to clearly distinguish the operational stage of each cell. Figure 4
presents the resulting waveforms considering one switching
cycle. Next to each figure with a smaller scale, the waveforms are
replotted for one cycle of the low-frequency network.

1. Stage one: S, is switch-on, but the current flows through Dy,
because the current in L;,, is higher than L;,. C;, imposes
half of input voltage (V) in L;,; which starts to store energy.
L;,, charges C, which transfer energy to the output capacitor
C,-

2. Stage two: L;,; has more storied energy than L;,, and the
current start to flow through S,. The other components keep
working according to the first stage.

3. Stage three: There is no more energy stored in L;, and its
current is null while the other components keep the same
operation as the previous stages.

4. Stage four: S, is turned off and S, is turned on. Part of the
current flows through C,; and Cy,, charging the first with the
output bus voltage V, and discharging the second at the same
rate.

5. Stage five: The switching process ends and L;,, start to
demagnetize through D, to charge C, while L, , start to
storage energy. The current flows through D, because the
energy in L;, is higher than L;,. With the shift of the
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FIGURE 3 |
Te]. (D) [T6 — T7]. (2) [T7 — Tg]. (h) [Tg — T, ].

demagnetizing cell, the displacement current in Cy, reverses,
transferring the energy to C,,. During this stage, Cy, imposes
half of the input voltage to magnetize L;,,.

6. Stage six: L;,, has more storied energy than L;,; and the
current start to flow through S,. The other components keep
working according to the fifth stage.

7. Stage seven: There is no more energy stored in L;; and its
current is null while the other components keep the same
operation as the previous stages.

8. Stage eight: S, is turned off and S, is turned on. Part of the
current flows through Cy; and Cy,, charging the second with
the output busvoltage V, and discharging the first at the same
rate.

2.2 | Topological Comparison of SPT

Table 1 summarizes the main features of the SPT converter
in comparison to similar single-phase topologies. Due to the

Operational stages of SPT rectifier at one switching cycle for Vi, > 0. (a) [T} — T5]. (b) [Ty — T3]. (¢) [T5 — T4). (d) [T4 — Ts]. (e) [Ts —

discontinuous current at the boost cells, diodes have zero-current-
switching (ZCS).

All topologies only require controlling the output voltage, and
the controller complexity depends mainly on the modulation
type. FM is simpler due to its use of hysteresis control, but
it has limitations on load variation. In contrast, PWM uses
complex circuits but can be easily tuned to operate with light
loads.

The topology from [40] is interesting when it aims to reduce cost
with semiconductors while still achieving low common-mode
noise, thanks to the use of low-voltage rating components.

For applications where AC film capacitors are not desired, [39]
is a good option if maintaining a good trade-off in the diodes’
conduction losses.

The SPT requires low current ripple (LCR) and voltage rating
electrolytic capacitors, so the DC bus cost is improved.
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TABLE 1 | Main differences between SPT and similar topologies.
DCM
interleaved Nabae rectifier Nabae modified Three-level Single-phase
boost PFC [35] [38] w/ elect. cap. [39] DCM boost [40] TAIPEI rectifier
Transistors Lossy switching ZVS ZVS Lossy switching ZVS
comm.
Diodes comm. ZCS ZCS ZCS ZCS ZCS
Modulation PWM FM M PWM asymmetric FM
Control PI voltage loop Hysteresis Hysteresis PI voltage loop Hysteresis
D,: Type Slow  Ultrafast Ultrafast Ultrafast Ultrafast Ultrafast ~ Ultrafast Ultrafast
Quantity 4 2 4 4 2 4 2 4
Voltage  Viy Vo Vin Vin Vin/2) =V, Vin Vo/2 Vin
Sy Voltage V, V, Vo V,/2 Vo
Quantity 2 2 2 2 2
L,: Type DCM boost DCM boost DCM boost DCM boost DCM CM filter
Quantity 2 2 2 2 1
Cy: Type Electrolytic ACfilm  Elect. Elect. Elect. Elect. AC film Elect. ACfilm DC film
Local Boost cells Boost DCbus DC bus Boost Split DC Boost Split DC Boost Filter
Ripple HCR HCR HCR HCR HCR HCR HCR LCR HCR HCR
Quantity 1 2 1 1 2 2 2 2 2 1
Voltage v, Vin/2 v, v, V,/2 V,/2 Vin/2 V,/2 Vin/2 v,
TABLE 2 | Powersim simulation parameters. 2, Diodes: Uses (2), where I; is the diode’s forward current,
related to conduction losses, heat sink size and compo-
Parameter Symbol Value nent price. Vipy is the maximum repetitive reverse voltage
Output power P, 1000 W required, linked to switching loss and price.
Output voltage V, 600V Pevo = IV s @)
Input voltage Vin 220V
Switching frequency fs 50 kHz 3. Inductors: Uses (3), where L, is the component’s inductance,
Network frequency fr 60 Hz linked to volume, number of turns, and component price.
Maximum voltage ripple at V/, AV, 10% Ipys is the effective current, linked to winding losses, tem-
) ) perature rise, volume, and price (copper volume). I, is the
Cut-frequency input filter — 5kHz

The rectifier from [38] features a simpler topology, utilizing a
neutral point to mitigate common-mode noise, but it requires a
bulky DC bus capacitor due to the high current ripple (HCR).

To evaluate the topologies quantitatively, they are simulated in
the software Powersim according to the features exhibited in
Table 2. The simulation results are used to calculate figures of
merit for processed power in semiconductors and for energy in
passive components, both linked to efficiency and cost.

1. Transistors: Uses (1), where Iy is the transistor’s effective
current considering the body-diode. This variable is linked to
conduction losses, heatsink size, and component price. V.,
is the maximum blocking voltage, linked to switching losses
and price.

Peyvis = InmsVimax @

peak current, related to the number of turns, and core losses
(ABgy)-

1
Epvi = ELxIRMSka 3

4. Capacitors: Uses (4), where C, is the component’s capaci-
tance and Ay is the voltage ripple, both linked to volume,
component price, and losses (dissipation factor).

1
Epvie = 2 CxA%/ @

Figure 5a presents the normalized processed power for all semi-
conductors in each topology. The topologies from Nabae, Nabae
modified and SPT have higher processed power. The transistors
dissipate most of the processed power because they switch at V
and have the current from the boost diode incorporated in the
intrinsic antiparallel diode, increasing Iyys. TLI DCM presents
lower processed power because the semiconductors switch at
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FIGURE 4 | Main waveforms of SPT rectifier at one switching cycle

for Vi, > 0and u, < 0.4. The gates g; and g, are plotted as a reference for
each operational stage. Next to each high-frequency waveform is plotted
on a smaller scale the same signal extrapolated for one low-frequency
network cycle.

Vout/2. Although BDCM and BIDCM yield equivalent results for
this figure of merit, it is worth noting that in BIDCM, the current
through the boost diodes and transistors is half that in BDCM.

Figure 5b presents the normalized energy accumulated in the
passive components, accounting for the input EMI filter. The
total energy from magnetic components is lower in the topologies
with virtual neutral than in the classical BDCM and BIDCM.
TLI DCM and SPT have lower total energy consumption in pas-
sive components, making them more economical since passive
components are more expensive than semiconductors. TLI DCM
is more promising than SPT for reducing semiconductor costs,
even with two additional diodes, since it uses transistors and
boost diodes switched with V,, /2. Even though both have similar
total energy in the passive components, the SPT permits better
optimization of the output capacitors due to the presence of the
common-mode inductor installed between the boost cells and the
three-level output capacitors. Figure 5c presents the normalized
current per output capacitor for each topology, highlighting the
advantage of SPT.

The graphics from Figure 5 highlight one advantage of SPT: the
lower energy accumulated in the passive components, which
allows better optimization of these components compared to
other DCM topologies. However, it also highlights a disadvan-
tage: the high processing power in semiconductors, especially
transistors. Based on that, the topology is more interesting
for high-frequency applications, reducing magnetic components
even further and taking advantage of ZVS in transistors to
minimize switching losses at the component with the higher
processed power. For higher output power, this analysis remains
valid, since only the energy per component increases, while the
dynamics of the topologies remain the same. In the next section,
each component of the SPT is analysed to optimize costs while
maintaining a unitary power factor, an acceptable efficiency, and
input THD that comply with IEC 61000-3-2 class A.

3 | Qualitative Analyses and Design Equations

In this section, a qualitative analysis is performed for each
component to design the single-phase TAIPEI rectifier (SPT),
presenting the main equations and methodologies to enhance
the converter.

Boost Inductor L,

31 I inl and LinZ

The boost inductor operates in DCM, reaching peak current
at half the switching cycle. According to (5), the magnetizing
current slope is proportional to the voltage applied by Cj,

corresponding to half of the input voltage.

Verpk sin(w,t) T
g = 2 —= 5 ®)

As indicated in (6), the demagnetizing time depends on the
switching period and the gain a, which is the ratio between the
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(a) Graphic comparing the impact of « in the input current THD and PF. The increase in output voltage in proportion to the input

voltage causes a reduction in the input current ripple, improving THD and PF. (b) Current in L;, for different values of u,. As the resonance factor

increases, the input filter formed by L;, and C¢ becomes under-damped, and the current assumes a sinusoidal waveform.

peak voltage at C; and output voltage of the boost cell.

asin(wt) T,

= .=
d 1—asin(w,t) 2

(6)

As reported in [1, 37], higher voltage gains of the boost cells
reduce the demagnetization time and the input current distortion,
improving the power factor. This occurs because the sinusoidal
term from (6) is also attached to the input current, adding a
distortion that is reduced when « is small enough to make the
denominator practically unitary. Figure 6a presents the impact
of the demagnetizing current at the input THD for different
values of a. Even when ignoring the high-frequency switching
ripple, there is still a minimum level of low-frequency distortion
due to each cell’s demagnetizing current. The interleaved tech-
nique is only useful for cancelling even harmonics and part of
the switching-frequency harmonics with their sidebands, while
the demagnetization time creates low-frequency odd harmonics

that are reflected into the rectifier input current, reducing the
equivalent THD.

The minimum inductance to maintain the cell in DCM calculated
by (7) is the same as for the conventional boost rectifier. It
is optimized in applications that require a larger load and
are feasible to use higher switching frequency, reducing the
component into smaller coils, optimizing the material’s volume
and weight in the topology.

(% +arctan(\/£7)> —2)
Az f

a ayi1l-a?

ocR0<—z +—

Lin (7)

The gain equation is obtained by correlating the output current
I, with the sum of the demagnetizing currents from L;; and L;,,,
where its average value is the same as the output current. The
SPT’s gain is the same from a boost converter operating in DCM,
calculated by (9) where W, is given by (8).
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T 2 Ve a
v=—2-24 =2 . |Z jarctan| —— (®)
@ ayi-az |2 <V1—“2)]
V, 2R,
= V2 A ©)

As shown in Figure 4 and Equation (5), the inductor current
has a triangular shape for each switching cycle, with the peak
value changing according to the sinusoidal voltage input. Con-
sequently, the core’s flux has a major hysteresis loop that ends
at the network line period, with a 27 periodic cycle; and each
switching cycle represents an inner minor hysteresis loop that
repeats until it closes the major hysteresis loop. To calculate core
losses in flux waveform with minor loops, the improved modified
generalized Steinmetz (iGSE) equation from [41] must be used,
once the losses depend on the time history of the flux waveform
as well as on its instantaneous value and derivative. The total core
losses correspond to the sum of losses caused by the minor and
major loops, calculated with (10) using the Steinmetz coefficients

and (11).
T
— 1 dB
Po=7 / &rn

K — k
i 2
@)1 [ | cos 6]%28-d6

a

(AB)F-*dt (10)

@y

The magnetic core of L;,; and L;,, should be of ferrite material
with an air gap, since the current ripple is high and core
losses are worse than converters with continuous current. Ferrite
materials exhibit lower core losses than powder cores with dis-
tributed gaps. Additionally, the low permeability from the air gap
dominates the equivalent core permeability, and the inductance
remains relatively unchanged with variations in current ripple
or temperature.

When designing the winding, it is important to consider AC
resistance losses caused by frequency modulation, which may
lead the rectifier to operate at a high frequency as specified by the
design. The harmonics and multiples of the switching frequency
further increase the skin and proximity effects. Therefore, the
authors recommend selecting a winding cross-section at least
twice that determined by the skin effect from (12), using the rated
switching frequency as a reference.

Pr

O

(12)

Equations (13)-(17) from [42] calculate R, as a fraction Fr(f)
of Ry and take into consideration the skin effect in the first
term and the proximity effect in the second term. N; is the non-
integer number of layers, k is the number of parallel strands per
winding, d. is the equivalent diameter of the set of k parallel
strands, d; is the diameter of the bare conductor wire and 7,, is
the porosity factor.

The total winding losses are calculated by the sum of the losses
caused by each harmonic and its equivalent R, summed to the
losses from Rpyc.

Ryc(f) = RocFr(f) 13)

Fr(f) =
sinh(24,) + sin(24;)  2(N7k — 1) sinh(A,) — sin(4y) 1)
£ cosh(2A;) — cos(24y) + 3 cosh(Ay) + cos(4y)

iod

A=A = (2) —=— (15)
=40=(5) iV
d, = dVk (16)
d.

Nw = 0, 9E (17)

i

3.2 | Input Capacitors C, and Cy,

These AC capacitors form a voltage divider splitting both boost
cells between the virtual neutral with half of the input voltage
each. L;; and L;,, along with Cy; and C;, form LC filters where
the ratio between the switching frequency (w,) and the filter
natural frequency (w,,) defines the quality factor y, in (18) and
nominated as resonance factor.

1
Wor _ VInCr _ 1
o = G

In Figure 6b, the boost inductor current waveform for different
values of y, is plotted. As the resonance factor increases and
approaches the filter’s natural frequency, the waveform becomes
more sinusoidal due to the effects of resonance. The authors
recommend designing L;, and C; to result in ¢, < 0.4 to ensure
an over-damped filter and reduce the current efforts.

18)

The minimum value of Cy, and Cy, are calculated using (19) by
selecting a value for .

1

_— 19
L, (9

Cfl,min = sz,min =

By choosing values of u, higher than 0.4, the distortion in the
inductor current is reflected in the input harmonics, increasing
the THD. This is because the resonance becomes more intense,
reflected in the C; and Cj, voltages due to the addition of a
high-frequency ripple oscillating at the switching frequency. The
high-frequency ripple can be calculated by (20).

I L_fund

—_— 20
Cf'ws'(:ufz)_l) ( )

ch_res ~

The peak amplitude of each harmonic considering the effect of «
and y, can be approximated by the series Taylor expansion of (21)
where the instantaneous averaged current is calculated by (22)
where Act = Vg oo/ V.

1

2m
b, = ;/0 i;, (wt) sin(nowt) d(wt) (21)

V, sin(wt) a,
stLin 1- aol SiI‘l(Cz)t)l

0.5 - | sin(wt)| - Aa?

1 - a,| sin(wt)|)?
(22)

iin(wt) =

Table 3 shows the importance of u, in the design by presenting the
resonance impact for various u, values in a 1 kW SPT with a 20
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TABLE 3 |
frequency of 20 kHz, « = 0.43, and L;;, = 60.43 uH.

Impact of u, in the low frequency harmonics using Equations (22) and (21). The design considers an SPT of 1 kW, with switching

Harmonic a=043 Mo =0.2 M, =03 M, =04 Mo =05 M, = 0.6
1st 12.86 12.87 12.96 13.24 14.00 16.15
3rd 131 1.32 1.35 1.46 1.76 2.60
5th 0.02 0.02 0.02 0.04 0.04 0.15
7th 0.03 0.03 0.03 0.03 0.04 0.05
10’ F T T T T T P’
E o1
“02
“03
———
P —_—
L Vg
g 1% —_
= o
E #09
5
o
a 10"
5
o
10-2 1 1 1 1 1 1 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Gain o
FIGURE 7 | Graphic of normalized output current (I,) in function of the gain o for multiple values of . Lower values of « result in a reduction

of I, due to the decrease of t4 from L;,. I, is also affected by the resonance factor, which increases the RMS value of L;, during the stages [T; — T3] and

[Ts - T5].

kHz switching frequency, o = 0.43 and L;, = 60.43 uH. The first
column lists the theoretical peak of each harmonic considering
only the distortion from «; the others include resonance effects
from Equations (22) and (21). For u, values below 0.4, the third
harmonic increases by up to 12%, so this limit should be respected
in designs. In this case, the equivalent THD is 10.21% when only
a distortion is considered, and 11.02% when both « and u, = 0.4
are included.

In Figure 7, the normalized output current is plotted as a function
of « for different values of u,. For lower values of « the current
efforts are minimized due to the reduction of t,. For y, > 0.2, the
output amplitude current is more sensitive to the impact of the
under-damped filter, which also reflects in more losses at C,, and
Co-

Besides the fundamental frequency, the switching-frequency
harmonics with their multiple sidebands are the dominant source
of loss in C;. Their loss contribution is calculated by (23), by
the sum of the loss of each harmonic in the equivalent series
resistance (ESR).

Ploss,n = Z ESR(fn) : I?ms,n (23)
The ESR comprises all resistance phenomena that can contribute
to the capacitor’s dissipation factor, so its value changes with

frequency. According to [43], at low frequencies, there is predom-
inance of dielectric losses, and the approximate ESR is calculated

using Equation (24) with tan §(f) given by the manufacturer. At
medium frequencies, losses at the capacitor pads are dominant,
and ESR becomes practically constant, and at high frequencies,
ESR increases at a rate of \/E f) due to the skin effect. Based on
this information, the ESR at different frequencies can be modelled
to predict component losses with greater precision.

tan 8(f)

BSR() = 5 =

)

The authors recommend using film capacitors with polypropy-
lene dielectric because this material exhibits lower capacitance
variation due to temperature, humidity and frequency, making
it more suitable for frequency modulation with u < 0.4 and
reducing the risk of input current THD deterioration due to
capacitance drop.

3.3 | Capacitor C,

The boost capacitor Cy filters the current demagnetized by L;,
and L;,,. Hence, film capacitors are recommended due to their
low equivalent series resistance and inductance, which is ideal
for filtering high-frequency harmonics.

Due to the interleaved demagnetization of the boost inductors, at
each half of the switching cycle, the voltage across C, abruptly
changes in relation to the virtual neutral proportionally to the
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DC bus voltage, this fast dV/dt produces common-mode noise
that would increase the current at C, and add unacceptable noise
to the load, hence, a coupled inductor (L.) in common mode
configuration must be added between Cy and C, to work as a filter.

The voltage across C, is equal to the sum of the voltages of C;
and C,,, that is, the output voltage V, since the average voltage
across L is zero.

The minimum value for C, in (25) considers the sum of demag-
netization currents and the maximum high-frequency voltage
ripple specified for the component (AV¢, ). As C,; and C,, store
the energy for the DC bus, and C,, filters mainly high-frequency
harmonics, the resulting capacitance is small, and the component
is selected based on the maximum RMS current.

a*V,

T 8LV, (- ) (@)

Cy

The same Equations (23) and (24) are suitable to calculate losses
in Cy,. The biggest difference is the DC level and the order of the
highest impact harmonics, been the double of the network fre-
quency and the switching frequency since the capacitor receives
the demagnetizing current from both boost cells.

3.4 | Semiconductors Devices and Soft-Switching
The SPT is composed of four fast diodes and two switches. The
body diode from both switches is used as a boost diode for the
adjacent cell, reducing price, volume, and switching losses.

The body diodes do not have reverse recovery losses; the current
is inherently reduced to zero during stages one to three and five to
seven when the energy from both boost inductors becomes equal.
After this point, the current starts to flow through the switch’s
channel, and the voltage applied to the body diode recovers its
depletion area, which is proportional to the switch’s channel
drop voltage.

The diodes from the bridge rectifier also do not have reverse
recovery losses due to the discontinuous current of the boost
inductors. However, they must have fast switching features
because of the high-frequency current ripple. Additional losses
may occur when the boost inductor’s current is null due to res-
onance between its inductance and the rectifier diode’s junction
capacitance. These losses are reported in [1] and are reduced by
selecting diodes with small junction capacitances.

The moment S; or S, is switched-on, its body diode conducts the
resulting current from both cells. The current from the cell storing
energy is lower, and the resulting current is always in the same
direction as the polarized diode; hence, the moment the switch is
commanded, the voltage applied to its terminals is proportional
to the body diode forward voltage.

To maintain ZVS, the energy stored in the boost inductor must
be higher than the switch’s output capacitance C as indicated
in (26). The critical condition occurs with maximum frequency
operation (minimum load) and minimum input voltage. If the
energy accumulated in L;, or L;,, is insufficient, part of the

current used to discharge C, is diverted from the transistor’s
channel, resulting in a combination of soft and hard switching.

Vi<l Vet

) = — 26
Pl = 51 g2 26)

%COSS
Figure 17b presents a graph of the loss distribution in an SPT
of 3 kW with rated switching frequency of 79 kHz. S, and S,
are responsible for approximately 45.7% of the overall losses,
followed by the four rectifier diodes with 21.3%. To achieve high
efficiency, it is necessary to prioritize semiconductor devices with
low conduction losses.

One way to improve conduction losses in S; and S, is to use
MOSFET devices with synchronous rectification, linking the
power loss to the drain to source channel resistance Rpgon)
instead of the diode forward voltage drop (V). This is simple to
implement because the current always starts to flow in the source-
to-drain direction, so it is only necessary to have a MOSFET with
a lower voltage drop in Rpg,y,) than V5.

The losses from the MOSFETSs and the bridge diodes are calcu-
lated similarly to L;,, summing the losses from each switching
cycle since the peak current also varies with the sinusoidal
input voltage. The intrinsic variables of each component can
be obtained from the datasheet’s extrapolation data adjusted to
the component’s electrical waveforms at the specified opera-
tional temperature.

The MOSFET’s conduction losses depend on the drain-to-source
resistance, which varies with drain-to-source voltage and temper-
ature, and are calculated individually for each switching cycle
using (27).

1
condgw = T_
g

TE
P / Rps(on(in, T;) - ip(t)* dt 27
0

The switching losses depend on the gate resistance R, the MOS-
FET’s input capacitance Cj, which has a non-linear behaviour
and reduces according the voltage, the gate threshold V1, plateau
voltages V,,, and gate to source Vg voltages; also the drain to
source voltage Vg, and equivalent charge Qgp(p)-

To compute the switching losses, the energy per switching cycle
is calculated based on [44] using transition times, MOSFET’s
capacitances, and operational voltages applied in Equations (28)
and (29) with transition times of (30) and (31).

[on ° VDS : IDS(on)

Eon = > (28)

Ey = M (29)

o= Rel oo 0 (2T ) ¢ v 7 2] 00
Lot = Rg [?/(1}):((1])))) : ‘1//—]: + Ciss(vpg) I (II,/_ipl >] 31

Due to the ZVS behaviour of S; and S, during the switch-on, the
loss algorithm uses the relation (26) for each switching cycle, if
the energy from L;, is enough to discharge the MOSFET’s output

10 of 21

IET Power Electronics, 2026

95UdDIT SUOWWO)) dANeal) a|qediidde ayy Aq pautanob aie sapile YO @sn Jo sa|nJ 1oy Aeaqi] auljuQ A3]Ip Uo (suonipuod
-pue-swiay/wodhapimAieigijpuljuo//:sdny) suonipuo) pue suudl 3y 33S [9202/90/0L] uo Aieiqry sutjuo Asjip ‘sade) Ag "95202°219d/6+01°0L/10p/wodAs|imAreiqiauljuo-ydieasaiiadl//:sdiy wouy papeojumoq ‘L ‘9202 '€¥S¥SSLL



capacitors the result from Equation (28) is null for that switching
cycle. The critical conditions for ZVS occur at the edges of the
line network cycles, where the peak voltage from L;, is lower. The
switching frequency also reduces the accumulated energy at L;,
in a quadratic proportion with f.

The body-diode and bridge rectifier diode loss model are calcu-
lated using Equation (32), which primarily accounts for forward-
voltage conduction that varies with current and temperature. Due
to the discontinuous current from the boost cells, the losses from
reverse-recovery in the bridge rectifier diodes can be ignored, as
they switch off with ZCS. The total loss per switching cycle for the
diode is calculated using (32), and for the MOSFET using (33).
By summing the losses for each switching cycle over one low-
frequency line network period, the component’s total losses are
obtained.

T,
1 & . .
Poni, = - / Venlin. T)) - (0] de (32)

Ptotalhf = (Eon + Eoff) : fs + Pconds + Pcondd (33)

3.5 | Output Common-Mode Inductor L,

When S, is off during stages five to seven, C receives the energy
stored in L;,;; at this moment, the voltage between C,, and the
virtual neutral is equal to V. Similarly, when S, is off during
stages one to three, C, receives the energy stored in L;, and
the voltage between C, and the virtual neutral is equal to —V,.
With these abrupt voltage changes at each half-switching cycle,
the current in the output capacitors would have a high RMS
value due to the high dV/dt common noise. Hence, a coupled
inductor L, is placed between Cy and the capacitors C,; and C,,
to decouple the output and work as a common-mode impedance.
The magnetizing inductance is designed according to (34) where
AlIL . is the peak-to-peak current ripple.

Vo

L= ——
¢ SAIchs

(34)

The winding arrangement creates a high impedance to common-
mode current and cancels the flux of differential current, allowing
for a core with large inductance and a small gap without
saturation. The leakage inductance acts as an additional filter for
the differential current, further reducing the RMS value of current
in C,; and C,.

In Figure 8a,b illustrates the reduction in the RMS current
value at the output capacitors with an increase in magnetizing
and leakage inductances, as determined by a parameter sweep
simulation on prototypes of 3 kW with switching frequencies of
20, 50 and 65 kHz. Based on these results, the authors recommend
using a Al varying between 40% and 50% of the output current
ripple to achieve a good trade-off in reducing the current at output
capacitors and using a small coil without affecting the rectifier
operation. The prototypes with switching frequency of 50 and
65 kHz present a better reduction of the current in C, for the
same values of inductance used in the 20 kHz prototype due
the increase of impedance in L, so design projects with higher
switching frequency also optimizes the volume of C,.

The leakage inductance depends on the value of L. and the
winding arrangement around the coil. However, expressive
reduction in current is achieved with small values of leakage
inductance, for example, the current in the SPT of 3 kW is reduced
approximately four times using a leakage inductance with 0.5% of
the magnetizing value.

Due to the frequency modulation and the reduction in current
at C, for higher values of leakage inductance, it is interesting
to minimize the inter-winding capacitance in the winding;
consequently, both windings must be assembled separately, not
alternating layers. The authors recommend using E or ETD
cores, which offer a higher winding-window area per core cross-
section, maximizing space for the two windings. The losses from
L, are calculated using the same methodology presented in the
Section 3.1 for L;,.

3.6 | Output Capacitors

The virtual neutral is extended to the DC bus output, forming a
three-level configuration by splitting the output capacitors, where
each one has half of the output voltage. This allows the use of
low-voltage rating electrolytic capacitors.

Due to L, and its leakage inductance that filters part of the
common and differential mode harmonics, the overall current in
the output capacitors is small.

The output capacitances are calculated using (35), which cor-
relates the capacitor’s energy to the pulsating power in the
DC bus. The maximum allowable low-frequency voltage ripple
determines the minimum capacitance.

C —C. = 4P,
ol = Oz_a)r(Vé v )

omax Comin

(35)

The same Equations (23) and (24) are suitable to calculate losses
in C,, where the harmonics with biggest impact has double of the
line network frequency.

3.7 | Circuit Modulation and Control

To switch-on S; and S, with ZVS is necessary that the cells
work in a complementary way, but is not possible to implement
asymmetric modulation because the energy accumulated in L;,
and L;,, would be different, unbalancing the voltage of the output
capacitors and eliminating the advantage of use low voltage rating
electrolytic capacitors. Hence, the duty cycle is kept constant at
50%. The switching frequency is modulated to control the power
flow through the output, so both cells work in a complementary
manner for the same amount of time, and the energy received by
the capacitors C,; and C,, is automatically balanced.

Itis only necessary to control the output voltage since the currents
in L;,; and L;, are discontinuous and follow the input voltage V;,
with a sinusoidal waveform. The simplest way to control it is by
using a hysteresis controller, as it is not necessary to know the
transfer function V,(s)/ f(s).
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(a) Parameter sweep simulation to evaluate the current at C,, for different values of L. in an SPT of 3 kW operating with frequencies of

20, 50 and 65 kHz. To optimize L, the inductance value chosen for the design should be below 200 H, before the graphic’s linear zone to save turns and

reduce core winding area. (b) Parameter sweep simulation to evaluate the current at C,, for different percentage values of Ly to SPT of 3 kW operating

at frequencies of 20, 50 and 65 kHz. Even small values of leakage inductance can significantly reduce the current at C,,.
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voltage. Fy is always compared to the design minimum and maximum val-

Flowchart of the hysteresis controller to limit the output

ues before updating the driver switching frequency to avoid extrapolated
values at significant load changes near the SPT’s operational limits.

The power flowing through the output capacitors increases by
reducing the switching frequency; hence, the output voltage is
inversely proportional to the switching frequency. Hence, the
critical inductance and the minimum switching frequency must
be designed for the condition in which the currents in L;,; and
L,,, are higher, ensuring a higher power flow to the load without
saturating the inductors.

Figure 9 summarizes in a flowchart the behaviour of the
hysteresis controller. The output voltage is measured cyclically
to compare with the limit values of V,. Once a violation
occurs, the algorithm checks if the operational frequency limits
have been achieved before incrementing or decrementing the
switching frequency.

The switching frequency boundaries are necessary to maintain
the boost inductors in DCM at heavy loads and to limit switching
losses at light loads. Depending on the SPT’s features, the
switching frequency can reach values unfeasible for maintaining
the converter’s operation; in these cases, the burst mode operation
must be applied as described in [6].

The power limitation of the rectifier is related mainly to the
impacts of L,,, « and y, on the third harmonic. As verified in (7)
the inductance of the boost cells is inversely proportional to the
rectifier power and switching frequency. The inductance value
reduces linearly with the increase of switching frequency or load.

Considering the scope of this article where the application IEC
61000-3-2 class A, the third harmonic must have the maximum
value of 2.3 A,,,. Figure 10 presents the critical inductance for
different designs considering «, y, and f,. Additional care must
be taken for lower inductances values not only due the current
ripple at the components of the boost cells, but also in relation to
resonance with the diode junction capacitance and for the choice
of Cy, to have a good trade off between u, and input current phase-
shift.

4 | Simulations and Experimental Results

To validate the proposed topology, a 3 kW prototype is built
according to the information presented in Table 4. The SPT is
designed to be applied as a single-stage power supply with a 385
V DC bus. The input voltage ranges from 160 to 220 V, with the
output power varying linearly from 2.2 to 3 kW according the
input voltage increases. The minimum inductance and switching
frequency are designed at the condition where the current in L;,;
and L;,, are higher, at input voltage of 160 V and output power of
2.2 kW. For rated voltage of 220 V, the load can vary from 2.4 to 3
kW, corresponding to a switching frequency sweep between 79 to
98 kHz at the frequency modulation.
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FIGURE 10 | Abacus of L;, limits in mH according to load variation and voltage gain for switching frequencies of 20, 50 and 100 kHz.

TABLE 4 | Prototype parameters.
Parameter Symbol Value
Output power p, 3000 W
Output voltage v, 385V
Input voltage Vi 220V
Minimum input voltage Vinmin 160V
Minimum switching frequency fs 50 kHz
Network frequency fr 60 Hz
Quality factor Ho 0.25
Maximum high frequency ripple AV, 5%
Maximum ripple current at L, Al I,
Maximum voltage ripple at V, AV, 10%
Maximum ambient temperature — 65°C

The boost inductors L;,; and L;,, have an inductance of 19.6 uH,
designed for the boundary condition mode (BCM), which is the
critical operating condition with an input voltage of 160 V and a
minimum switching frequency of 50 kHz. Each inductor utilizes
a PQ 40/40 core of 3C97 MnZn Ferrite, wound with 23 litz wires
in parallel, each formed by 22 strands of 38 AWG. It is assembled
with 16 turns and a gap of 3.5 mm to optimize the core’s window
and the fringing flux from the gap into windings. The PQ core
offers improved temperature dissipation due to its larger surface
area compared to its volume, and also enhances winding coupling
as it covers most parts of the winding.

The input filter capacitors C; and C;, are designed for the
same operating condition of L;,, each one formed by four film
capacitors from TDK (2.2 uF, 4.5 A at 50 kHz, X-type) connected
in parallel. It uses polypropylene as a dielectric and metallic
plastic film for electrodes (MKP). For safety standards, EMI

X-type capacitors are necessary due to their location at the
AC side.

The rectifier diodes must block the DC bus voltage, which means
a device with at least a 500 V rating, considering the output
peak voltage plus a safety margin. It is used the VS-ETL1506-1-M3
(Vign = 600 V, Iyayy =15 A, Vi =085V @ I = 15 A, Cp = 12
PF @ Vigm = 420 V), an ultrafast rectifier diode from Vishay. It
has low junction capacitance, reducing oscillation with the boost
inductance and avoiding the need for snubber circuits.

The switches S; and S, also have the maximum voltage equal to
the DC bus and should have low output capacitances to require
less energy to achieve ZVS. The body diode must have fast
switching features, in addition to a low forward voltage, since
it conducts part of the cell boost current. It is used the silicon
MOSFET IPW60R024CFD7 (Vs = 650 V, Rpson)max = 24 MQ,
Ip=49A @ T = 100°C, C,. = 143 pF @ Vs = 400 V, Vi, = 1
V@I =424A,0Q, =1.3uC @ Vgry = 400 V and d,;/dt = 100
A/us) from Infineon.

To C,, it is used three small film capacitors from TDK (2.2 uF, 450
Vpes 42A A at 50 kHz, MKP) in parallel, the current is mainly
composed by high-frequency harmonics, so film capacitors are
a good option due its low ESR and capability to support high
DC voltage.

The coupled inductor L, has a magnetizing inductance of 167 uH
and leakage inductance of 2.4 uH. It is built using an ETD 59/31/22
core of 3C97 MnZn Ferrite wound with 11 litz wires in parallel,
formed by 22 strands of 38 AWG. It is assembled with 30 turns
and a gap of 0.19 mm. Each winding is assembled individually
in two layers to optimize inter winding intrinsic capacitances.
The ETD core is a suitable option for volume optimization, as it
features a small cross-sectional area for low common-mode flux
compared to a large window area that accommodates multiple-
turn windings due to the high inductance and differential
current.
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TABLE 5 | Parameters for EMI simulation in GeckoCIRCUITS.
Intrinsic parameters for EMI
Component simulation
D,-D, Rp =10 mQ, Vi, = 1.5V, C; = 12 pF,
Lpad =10 nH
Sl - Sz RDS =27mQ, CDS =130 pF, Lpad =20 nH,

Ry =10mQ, Vg, = 1.1V
C C =2.2pF, ESR = 0.024 Q, ESL = 10 nH

Cy C =22 uF, ESR =0.024 Q, ESL = 10 nH
C, C =270 uF, ESR = 0.737 Q, ESL = 25 nH
L, L=19.6 uH,R, =2.5mQ, C, = 14 pF
L, L =167uH, L, = 2.4 uH, R, = 2.5mQ,

Cium = 2.8 pF, C,, = 105 pF
TO-262AA Cys = 12 pF@ ceramic insulator
package

TO-247 package Cys = 193 pF@ ceramic insulator

The output capacitors C, are formed by four low-voltage-rating
electrolytic capacitors in parallel (270 uF, 250 Vpc, 1650 mA at
120 Hz).

The hysteresis control algorithm of Figure 9 is implemented in
a TMS320F2837xD dual-core microcontroller from Texas Instru-
ments (TT). A delay of 300 ps is added before each measurement
to maintain the SPT stable, and the voltage limits are specified,
allowing a maximum ripple of 10% of the rated output voltage.
V, is measured with a high precision AMC1301 amplifier from
TI with capacitive insulation. The MOSFET’s gates are triggered
by two UCC5390S isolated gate drivers with split outputs, which
individually control the gate’s charge and discharge, also from TI.

The rectifier is simulated in the software GeckoCIRCUITS to
analyse the impact of the conducted EMI. The intrinsic parasitic
parameters of each component are added in simulation as

Differential Mode (DM) Common Mode (CM)

shown in Table 5. It is also added the equivalent capacitances
between power components and the heatsink, which contributes
to common-mode noise.

The simulation is made for the converter operating in its startup
condition @ V;, = 160 V, f, = 50 kHz, P, = 2.2 kW, which
corresponds to the maximum stress of current and critical induc-
tance for DCM operation. The results of differential and common
mode noises are presented in Figure 11a. The differential noise
dominates the conducted EMI spectrum, reaching a maximum of
110 dBuV at 150 kHz, a multiple of the switching frequency. The
common-mode noise has its maximum value at 100 kHz, with
116 dBuV, and the maximum within the CISPR 14 standard is
at 200 kHz, with 101 dBuV. The peaks from the common mode
spectrum are in the multiples of 2x f while the differential noise
are in multiples of f,. Common-mode noise attenuates to 10 MHz,
where the intrinsic capacitances become dominant and stabilize
the conducted noise.

According to CISPR 14, which applies to electrodomestic equip-
ment and limits EMI conducted emissions from 150 kHz to 30
MHz, the rectifier still requires an EMI filter. Based on that, a
two-stage EMI filter is designed according to [45], comprising a
single-stage common-mode LC filter coupled with a two-stages
differential LC filter. To optimize volume, the common-mode
choke’s leakage inductance is used to complement the differential
inductances of the first-stage differential LC filter. The 50 pH
inductance from LISN is used as the differential inductance of
the second stage. The component selection for the LC filter
follows insertion-loss theory, which involves designing the filter
to attenuate a specified dB noise level based on the most harmful
harmonic in the EMI spectrum. The components are selected
according to (36), where f} is the frequency of the harmful
harmonic, Att, g is the desired attenuation in decibels, and L and
C are the components of the filter for the determined stage.

fcu[off = fh = ! (36)

,/10"“2% 2my\/LC

120 120 Conducted Emissions: Quasi-Peak & Average vs CISPR 14 Limits
CM- Peak
— — —CM- Quasi-Peak 80 - Limit CISPR 14 (QP)
e RSN ey ~ = =Limit CISPR 14 (AV)
100 + T T == 100 Simulated Quasi-Peak
70k Simulated Average
sl 60 ~ [
§ § % 50 4 Fmmm e e e e e e e e e e e m - - - -
o _———
> o 3 = X
3 2 TOL I
g 3 3 | / . e R S
w0l 0 / e L
20}
20+ 20+
10+
DM - Peak
— — — DM- Quasi-Peak
0 i | J 0 | I i 0 H ! I
100k 5M  10M 30M 100k 5M  10M 30M 100k 5M 10M 30M
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(a) (b)
FIGURE 11 | (a)Differential and common-mode conducted noise at the input of the 3 kW SPT, simulated at GeckoCIRCUITS. (b) Total conducted

EMI noise at the SPT input after adding the EMI filter, complying with CISPR 14.
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FIGURE 12 |
switching frequency of 50 kHz and an output power of 3 kW. (1) Two-
stage LC input EMI filter. (2) Cy, and Cyy. (3) Lip; and Liy,. (4) Dy, D,
D5 and D, (bottom side of the printed circuit board [PCB]). (5) S; and S,
(bottom side of the PCB). (6) Cy,. (7) L.. (8) Co; and C,. (9) Gate driver of
S; and S,. (10) Signal conditioning, modulation and control circuits. (11)

Top view of the prototype for SPT with a minimum

Auxiliary power supplies.

It is recommended that the differential capacitor in the first stage
be limited to up to 8 uF to prevent distortions. In the case of the
differential filter, the first stage must attenuate more than 50% of
the noise and have a cut-off frequency at least one decade below
the second stage to avoid oscillations.

The capacitance Cy for the common-mode stage is selected using
Equation (37) to avoid deterioration of the power factor, and is set
as a reference to IEC 60950-1 Class I to limit the leakage current
to 3.5 mA.

I leakage

C, = —ee 37
YT 1av,enf, 37)

Ix(S1:drain)

V(V_GATE_S2,V_SOURCE_S2)

12V
21.724ms

T t t
21.732ms 21.740ms 21.748ms 21.756ms

(@)

FIGURE 13 |
current, when the input voltage approaches near zero the ZVS is lost.

21.764ms

The input EMI filter results in Cy, = 33 nF, Ly; = 4 mH, Ly, =
110 pH, Cx; = 8 uF, Ly, = 50 uH and Cx, = 470 nF. The total
conducted EMI from the input, simulated in GeckoCIRCUITS
using the EMI filter and compared with CISPR 14 is presented
in Figure 11b.

The virtual neutral is not connected to the network, so the output
common voltage of the classical Nabae rectifier varies from -V /2
to V,/2 at each switching cycle, using the ground of the Cy
EMI filter as a reference. Similarly, the classical interleaved boost
rectifier varies from V, to V,/2 during each switching cycle.
Splitting the DC bus with a virtual neutral in the SPT reduces
the common-mode voltage to V, /4, also reducing the conducted
common-mode EMI noise.

Figure 12 presents the prototype’s top view including the EMI
filter, auxiliary sources and control circuit.

The SPT is simulated in LTspice to confirm ZVS in S; and S,
at light load, which corresponds to V;, = 220 V, P, = 2.4 kW,
and f = 98 kHz. Figure 13a presents the simulation results for
this condition, where the ZVS occurs. But also, the edge of the
sinusoidal current must be analysed, as shown in Figure 13b; this
is the critical condition at which the MOSFET starts to lose ZVS
due to the low input voltage.

Table 6 lists the instrumentation used for the prototype measure-
ments.

Figure 14a displays the results of the current in L;; and L;,, at
rated load with f equal to 79 kHz. The high-frequency input
current is calculated using the oscilloscope’s math channel by
summing the currents of both inductors. The input current is
continuous, and the ripple has a frequency that is twice that of
each discontinuous boost cell. The effect of the diode’s junction

Ix(S1:drain)

12V
24.924ms

f
24.942ms 24.948ms 24.954ms

(b)

24.930ms 24.936ms

(a) ZVS with maximum input voltage at condition of V;, =220V, P, = 2.4 kW and f, = 98 kHz. (b) Only in the edge of the sinusoidal
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FIGURE 14 | (a) Measurements of the high-frequency interleaved current of L;,; and L;,,. The measurement utilizes the oscilloscope’s math
inl in2

function to sum both waveforms and plot the resulting continuous input current (i;, (¢)) with a ripple twice the switching frequency. (b) Measurements of
the input voltage vj,(¢) and the summed current of Ly, and L;,,, zoomed in on two cycles of the line network. The equivalent input current ripple is still
sufficiently high to require the use of an input EMI filter. (c) Measurements from drain-to-source voltage (vg;(£)) and its the gate signal (v (¢)). When
Vg1 (£) rises vg; () is already zero, that is, the MOSFET capacitances are discharged and S is switched-on with ZVS. (d) Measurements from input voltage
(Ui (1)) and current (i, (¢)) followed by voltage and current at load (v,(¢) and i,(t)) at rated conditions. The input current has a sinusoidal waveform due
to the EMI filter, which improves the power factor. The load waveforms are 120 Hz, with double the input line network frequency.

TABLE 6 | Instrumentation used to test the SPT. the ZVS. The overlapped waveforms confirm that the drain-

- - - to-source voltage is null when the gate pulse signal starts to

Equipment Model/Specifications rise, indicating that the MOSFET’s intrinsic capacitances have

Oscilloscope MSO 3014 - 100 MHz - 2.5 GS/s .dlscharged,. and S; S\yltches on with the for\ivard vqltage from

its conducting body diode. When part of the discharging current

Voltage probe THDP0200 - 200 MHz - 1500 V passes through the MOSFET’s gate, there is an oscillation in the
Current probe TCPO0030 - 120 MHz - 30 A AC/DC gate signal waveform.

Power analyser PA4000

Figure 14d shows the input and the output voltages and currents
using an input EMI filter with rated load. The results from
the power analyser that verifies the energy quality are listed
in Figure 15a where the converter achieved an efficiency of
92.52%, power factor of 0.99, and input current THD of 12.46%.
In Figure 15b, the first 40 current harmonics, for minimum and
rated input voltage, are compared to the harmonics from the
IEC 61000-3-2 class A standard. The converter complies with the
limits, where the fifteenth and the thirty-fifth harmonics are the
most critical at rated input voltage. The third harmonic is the
most harmful to distort the current waveform with an amplitude
of 1.72 A.

capacitance is noticeable during the period when L;, is completely
demagnetized, resulting in a slight oscillation.

Figure 14b exhibits a complete view of the equivalent input cur-
rent without input filter calculated using the math channel. The
resulting high-frequency current ripple is significantly reduced
compared to the boost cells, but it still requires an EMI filter.

Figure 14c presents the voltage across the drain-to-source and
gate-to-source in S; at rated input voltage and load to verify
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(o)

(a) Measurements of SPT power quality. Group A summarizes the measurements from the input and Group B summarizes the

measurements from the load. The rectifier achieves a total efficiency of 92.52% at rated conditions. (b) Graphic with the first 40 harmonics of the input

current for rated input voltage of 220 V and minimum input voltage of 160 V. Both cases comply with IEC 61000-3-2 Class A limits standard.
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: : 4.00ms 125MS/s e /
@ 50V 5 @ 20.0A & )[ SM points 10.0 V J
[ Value Mean Min Max Std Dev
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@ 50V 10.0ms LOMS/s @ / 21 fpr 2024 9.71 A 9.71 9.71 9.71 0.00 19 Mar 2024
E 100 V @ 2004 ][ 100k points 8.36 A ][10: 50: 37 ] 580 V 580 580 580 0.00 13: 35: 51
24.8 A 24. 24.8 24. 0.00
(a) (b)
FIGURE 16 | (a)The hysteresis control maintains v,(t) within the specified limits after a 10% load step, providing a fast dynamic response to control

the output voltage. (b) Current reduction in L. due to the leakage inductance. Despising the leakage inductance, the theoretical value of the current

in L. should be 15.76 A at rated conditions, but due to the leakage inductance of 2.4 uH, the value is reduced to 9.71 A, also reducing the current per

capacitor from 3.42 to 1.52 A.

The startup condition of the rectifier, which occurs at a minimum
input voltage of 160 V at 2.2 kW and f, = 50 kHz, yields a better
THD of 9.25%. This can be explained by the reduction of a, which
reduces the deterioration of the odd low-frequency harmonics.

In Figure 16a, the input voltage, along with the output voltage
and current, is monitored to test the hysteresis control. The test
uses a 10% load step variation with the SPT operating in steady
state and rated conditions. During the load step, there is a sudden
variation in output current, followed by the regulation of the
output voltage.

Figure 17a presents the total efficiency of SPT with rated input
voltage of 220 V for three loads of 2.4, 2.7 and 3 kW, where the the-
oretical values are calculated using the loss equations presented

in the previous sections. Figure 17b presents the loss distribution
per component. The switches are the main source of losses in
the rectifier; in addition, losses increase as the load reduces
due to higher switching frequency, which also increases turn-
off losses. The maximum switching frequency is around 98 kHz.
At this frequency level, the litz wires help reduce losses from
skin and proximity effects, thereby reducing the overall losses
from L;, and L.. The losses in capacitors also reduce since most
harmonics are not in the region dominated by the skin effect.
As all sources of losses are decreasing except the turn-off loss
from MOSFET, the overall efficiency tends to increase or remain
at the same level as presented in Figure 17a, until the critical
points are achieved, which are: ZVS loss in most switching cycles,
eddy currents dominant at inductors, skin effect dominant at
capacitors.

IET Power Electronics, 2026

17 of 21

95UdDIT SUOWWO)) dANeal) a|qediidde ayy Aq pautanob aie sapile YO @sn Jo sa|nJ 1oy Aeaqi] auljuQ A3]Ip Uo (suonipuod
-pue-swiay/wodhapimAieigijpuljuo//:sdny) suonipuo) pue suudl 3y 33S [9202/90/0L] uo Aieiqry sutjuo Asjip ‘sade) Ag "95202°219d/6+01°0L/10p/wodAs|imAreiqiauljuo-ydieasaiiadl//:sdiy wouy papeojumoq ‘L ‘9202 '€¥S¥SSLL



100 -

90 -
100 - Efficiency Analysis: Theoretical vs. Experimental 80 -
o5 @ -—-——--———— - ———————— g 70 -
% oy ———————— o —- o =
E 60
85 5
—_ -§ 50 -
,\:. 80 s
> (8]
9 L
s " g
3] -
E 70 30 -
65
20 -
60
55 @ Theoretical or
¢ Experimental
50 . . :
2400 2700 3000
Output Power [W]
(a)
FIGURE 17 |

I Switching Losses

45.7% 46.7% 49.2%

12.7% 12.5% 1M.7%

3000

2700
Output Power [W]

(b)

(a) Theoretical and experimental total input efficiency with rated input voltage for loads of 2.4, 2.7 and 3 kW. (b) Loss distribution per

2400

component as load decreases. The turn-off loss from the MOSFET represents the main source of loss that increases with frequency.

TABLE 7 |

Comparison of the improvement in volume and price of C, employed in SPT compared to Nabae rectifier due to the virtual neutral and

L. All capacitors are from Nichicon LGW series, withstanding 3000 h of application of rated ripple current at 105°C.

Rectifier Model Voltage (V) Cap. (nF) Qty. Vol. (imm?) Price (%) Vol. (%)
SPT LGW2E271IMELZ25 250 270 4400 249 31.4
Nabae 1 LGW2W271IMELA50 450 270 8 10,000 51.9 71.4
Nabae 2 LGW2E271MELZ25 250 270 16 8800 49.7 62.9
Nabae 3 LGW2W561MELC50 450 560 8 14,000 100 100

Figure 16b presents the current and voltage at L. for rated
load conditions. Considering an ideal coupled inductor without
leakage inductance, the theoretical value of the current in L,
should be 15.76 A at rated conditions, but due to the leakage
inductance of 2.4 wH, the value is reduced t0 9.71 A, also reducing
the current per capacitor from 3.42 to 1.52 A. As L, is assembled
with litz wires, which reduce eddy currents, it is more interesting
to avoid interleaving layers to optimize winding capacitance and
use the leakage inductance to reduce the RMS current at C,,.

Table 7 allows a comparison of volume and cost reduction
caused by the implementation of a DC bus split with a virtual
neutral. It is comparable to the Nabae rectifier designed for the
same SPT conditions, but with different capacitor combinations
to make C,. Due to the commercial limitations of electronic
capacitors to voltages normally up to 450 V, the three-level output
becomes more attractive as the DC bus voltage increases. If the
exact same electrolytic capacitors are applied at Nabae and SPT
rectifiers, there is a volume reduction of 50% for SPT. By using
LGW2W271MELA50 models for 450 V, which can be assembled
at the Nabae DC bus without series associations, also results
in a volume reduction of approximately 50% to the SPT. At
least, using the LGW2W561MELC50 model, which has equivalent
capacitance and voltage to the Nabae specifications, results in a

reduction of four times the volume of SPT bus capacitors, since it
is necessary to assemble more components in parallel due to the
high AC current.

5 | Conclusion

In this paper, the TAIPEI rectifier is modified into a single-phase
version to be studied as a single-stage PFC rectifier for high-power
electrodomestic applications. The topology is an enhancement
of the Nabae rectifier, an AC-DC interleaved boost converter
with a virtual neutral dividing the switching cells. It uses two
complementary DCM boost cells operating in frequency modu-
lation to achieve ZVS and balance the output capacitor voltages.
A virtual neutral divides both cells and the output capacitors,
providing symmetry and increased immunity to common-mode
noise. The virtual neutral along a common-mode inductor splits
the output capacitors into two levels, decoupling the DC bus and
reducing voltage and current efforts, allowing the use of low-
rating electrolytic capacitors. The input current is continuous,
with a ripple of double the switching frequency. Changing the
voltage gain and the resonance factor of the input LC filters that
compose each boost cell improves the input current THD.
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TABLE 8 | Single-phase topologies comparison.
Topology Eff. (%) THD (%) PF P, (W) o fs (kHz) Ho
Nabae rectifier [38] — 14.20 0.99 75 0.471 10 0.44
Nabae modified with electrolytic caps [39] 83.00 9.20 0.99 85 0.454 52 0.19
Interleaved DCM boost PFC (three-levels) [40] 90.00 10.56 0.99 1000 0.225 40 0.40
Single-phase TAIPEI rectifier 92.52 12.46 0.99 3000 0.404 79 0.24

To analyse the advantages and disadvantages of the rectifier, a 3
kW prototype is developed and tested. At rated conditions the SPT
achieves a power factor of 0.99 and complies with IEC 61000-3-2
class A standard, where the third, fifth and seventh harmonics are
the most harmful to THD current. Overall, the converter achieves
aTHD of 12.46% at rated conditions with a switching frequency of
approximately 79 kHz. For minimum input voltage and switching
frequency of 50 kHz the resulting THD is 9.25%. One of the
reasons of this improvement is the reduction of « (0.404 to 0.294),
that improves the minimum THD of the input current according
to Figure 6a, resulting in reduction of the third harmonic and the
others low-frequencies odd harmonics. Deriving the theoretical
third harmonic for the input current it is expected to have 11.91% of
the amplitude of the fundamental current, the prototype achieves
12.4%. This theoretical value is reduced to 7.4% for an input
voltage of 160 V, while the experimentally obtained value is 8.0%.
The multiples of the switching frequency with its side-bands do
not interfere in these results, since only the first four harmonics
are considered.

Table 8 compares the quality features of the SPT with its similar
topologies. The lower efficiency of the topology [39] is mainly
due to the losses from the two additional diodes applied at the
boost cells and by the use of electrolytic capacitors in the input,
which have higher equivalent series resistance (ESR) than film
capacitors.

The SPT achieves THD and efficiency similar to those reported in
[40]. The improved efficiency could be attributed to the reduced
number of semiconductors and the higher switching frequency,
which benefits overall efficiency through ZVS. A worse THD
is related to the voltage gain «, which impacts the demagne-
tizing time of the boost cells and the amplitude of the odd
harmonics.

The semiconductor components are responsible for approxi-
mately 67% of the topology losses at rated conditions. Conduction
losses are critical due to the large current ripple in each cell;
therefore, it is necessary to use semiconductors with low forward
voltages and conduction resistances. Switching losses are reduced
by ZVS in the transistors and the absence of reverse recovery
losses in the diodes, allowing the rectifier to be designed to
operate at high frequencies to reduce conduction losses and to
optimize volume from the boost cells and the output common-
mode inductors.

A simple hysteresis controller is sufficient to maintain the recti-
fier’s stability, as the boost inductor’s current naturally follows the
sinusoidal input voltage. It is only necessary to control the output
DC bus by limiting the low-frequency voltage ripple. At rated

conditions, the 3 kW prototype achieves an overall efficiency of
92.52%.
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