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ABSTRACT In this paper a single-phase boost PFC multilevel interleaved high-voltage gain based on the
hybrid switched-capacitor concept is presented. The proposed converter merges interphase transformers and
switched-capacitor cells to obtain current sharing and high voltage gain. These features allow for both the
reduction of voltage and current stresses on the semiconductors. Furthermore, the interleaving method allows
for obtaining multilevel voltages at AC terminals, thereby reducing the weight and bulk of the input inductor.
PFC operation is guaranteed through both input current control and output voltage control. Both steady-state
and dynamic analyses were conducted. Experimental results for a 1.25 kW, 127 V to 800 V laboratory

prototype are presented and discussed.

INDEX TERMS High voltage gain, interleaving, interphase transformer cells, power factor correction, PWM

rectifier, switched-capacitor.

I. INTRODUCTION

In recent years there has been a growing demand for high
voltage power supplies. These sources are required in appli-
cations such as renewable energy systems [1] and electric
vehicle powertrains [2], among others [3], [4].

Hybrid topologies are the prominent technique that allows
for high voltage gain. This technique combines a traditional
boost topology with switched capacitor (SC) converters. The
SCs allow increased voltage gain by means of diode-capacitor
cells, that guarantees the voltage division on the semiconduc-
tors. It has been developed for numerous applications, such
as LED systems [4], pulse generation [5], and high static gain
systems [6], [7], among others [8]-[19].

On the contrary, in applications connected to the electrical
network, power factor correction is required owing to the
regulations. Typically, a PFC boost rectifier is applied to
obtain a sinusoidal current at the input and a high power
factor. Although it has a voltage-elevating characteristic,
the gain of this converter is limited owing to losses and
high efforts in semiconductors. One solution to this prob-
lem is the use of hybrid topologies. In [20] a family of
unidirectional single-phase hybrid switched-capacitor (HSC)
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AC-DC boost rectifiers is presented, whose converters pro-
vide a static gain twice that of the conventional PFC boost
rectifier, and can be increased with the addition of cascad-
ing multiplier stages. In [21] another family of single-phase
and three-phase unidirectional hybrid rectifiers with a high
power factor is presented. Through a three-level generic cell,
a static gain four times greater than that of the conventional
boost converter was obtained. A reduction in the voltage
stresses on the switches to one-fourth the output voltage,
the PFC operation, and high efficiency. However, the topolo-
gies have an operating range limited to some applications
owing to the significantly increased current stress at high
power.

To overcome the high current stresses the interleaved
technique can be employed. The interleaving technology
is applied in power applications above 600 W, which also
increases the equivalent switching frequency as demonstrated
by [22]-[24]. It presents the current share between the con-
nection arms, promotes waveform frequency multiplication
of inductive and capacitive elements, and reduces voltage
efforts [25], [26]. In addition, it promotes input-current rip-
ple reduction, thereby allowing for filter size reduction,
and contributes to a low electromagnetic interference level
[27]-[30]. Recent studies have demonstrated that the inter-
leaving technique associated with HSC converters, can be
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used in applications with high static gain and low ripple
current, such as [25], [31], [32].

In [33] an interleaved double-input three-level boost con-
verter, which is composed of two boost converters indi-
rectly in series, is proposed. In [34] a nonisolated three-level
bidirectional dc-dc boost converter is proposed using the
interleaving technique. In [35] an input-parallel-output-series
multilevel boost converter integrated with SC cells. These
topologies present high-voltage gain and small voltage across
all components, owing to the advantages of the interleaving
method associated with SC concept. However, these topolo-
gies were applied only in DC-DC converters.

From the above, this paper presents a single-phase HSC
interleaved AC-DC boost converter with a high power factor
and high static gain. The converter has the inherent advan-
tages of interleaved operation with a hybrid topology with
an SC. Among the advantages are reduced input current
ripple, low AC losses in the inductor, low voltage stresses
across all semiconductor devices, and high output voltage.

In the following sections, the basic operation principle of
the proposed high step-up converter and mathematical model
are described. In addition, the control strategy and the main
characteristics are presented. Finally, to validate the proposed
converter, experimental results were obtained from a 1.25 kW
prototype with 800 V output voltage.

Il. PROPOSED CONVERTER

The proposed single-phase HSC interleaved AC-DC boost
converter is shown in Fig. 1. It comprises four switches S,
n € {1, ..,4}, an input inductor L switching capacitors Cj
Jj € {1,2,3} k € {A, B}, and two interphase transformers
with inductors. The interphase transformers are represented
by self inductances Lg, which are connected to an interleaved
arm.

As previously mentioned, the interleaving technique asso-
ciated with SC converters is advantageous for high static gain
applications. Owing to the interleaving technique, the input
inductor operates at twice the switching frequency, which
reduces its bulk. The inductors of interphase transformers
also have a bulk reduction, as they only have high-frequency
magnetic flux. These advantages make the proposed topology
more interesting when compared with the topologies pre-
sented by [21] because it operates in the PFC, as the reference
topologies, and makes it possible to obtain other topologies
with lower current stresses on semiconductors for high power
applications compared to the reference.

A. OPERATIONAL STAGES
As the proposed converter operates symmetrically it is ana-
lyzed over a positive half cycle of the grid. However, quanti-
tative and qualitative analyses are also valid for negative grid
semi-cycles. It operates in four stages depending on the PWM
modulation scheme shown in Fig. 2.

Fig. 2(a) shows the waveform from input voltage vg,
switching voltage v,,, the modulation signals vy,qx k €
{A, B}, and the triangular carriers v;;; and v;,. Angles 61 and
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FIGURE 1. Proposed single-phase HSC interleaved AC-DC boost converter.
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FIGURE 2. (a) Idealized waveforms for high power factor operation valid
to modulation index M > 0.5, (b) PWM modulation scheme.

6, are the points at which correspond to the voltage level tran-
sition boundary. The switching pattern of the switches is gen-
erated by means of two comparators, as shown in Fig. 2(b),
where the modulation signal v;;,q, is compared with the
triangular carried v, to generate the command signals vys,
and v, for switches S1 and S, respectively. The switching
pattern for switches S3 and S4 is generated by means of
a second comparator employing a carrier signal vy, shifted
180°. Ideally, for the same switching period, the switches are
fed with the same duty cycle. Switches S; and S3 operate for
the positive semi-cycle of the grid, while S> and S4 operate
for the negative semi-cycle.

As the duty cycle d is variable over a grid period, it can
be performed according to the voltage level transition angles
01 and 6,, facilitating analysis. Thereby, the duty cycle is
d > 05towt <0yandd <0.5t06] < wt < 6.

Fig. 3 shown the command signals vgs; and veg3 for
switches S1 and S3, respectively. The respective operational
stages and their time intervals over a switching period Ty,
where d is the duty cycle. Fig. 4 represents the equivalent
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FIGURE 3. Operational stages defined by the command signals vgsI and
vgs3 : (a) valid to duty cycle d < 0.5; (b) valid to d > 0.5.

circuit to each operational stage, where rc3 4 represents the
capacitor series resistance.

For operational stages the capacitors are previously
charged and their voltages are constant.

1) FIRST STAGE

As shown in Fig. 4(a), the command for driving switch S
occurs, while switch S3 is turned off. During this period,
inductor L transfers energy to capacitor C3 4, through diodes
Dy and D,. Capacitor Cj 4 transfers energy to capacitor C3 4
through diode D,. Capacitor C; 4 transfers energy to the load
R,, while inductor L, stores the energy supplied by the input
inductor L. The input inductor L receives energy from the
power source v, while diode D3 remains blocked. Applying
Kirchhoff’s loop law, the equations describing this stage are
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icya 300 Do

Di& i, af
Ve, A== Cha

T

(2)

Dy & icy Al
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iy, A
1
Ve, A
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(©)

presented in equations by (1).

Vg = VL + VL,

iCZ,A = iCI,A +icy, —iry

Ve 4 = 0C5 TCip T V030
: : , (1
. (VC1,A + VCz,A)
ICyy = — R
0

Vg =vL +vr, + VC 4

2) SECOND STAGE

As illustrated in Fig. 4(b), switches S; and S3 are turned off.
The input inductor L together with inductors Ly and L; trans-
fers energy to all capacitors. The inductor L, transfers energy
to capacitor C3 4. Capacitor C; 4 and the load R, receive
energy from capacitor C3 4 through diode D3. The inductor
L transfers energy to capacitor Cy 4 through diode D;. The
diode D> remains blocked. The expressions in (2) define this
stage.

Vg =VL +VL +VC,

Vg = VL + VI, —VC3 4 —iC3 4 TCia T VCIA T VO
—VCi 4 — VO FiCs, TCa T V34 F VL — VL, =0

. . (VC1,A + VCZ,A) @
Ic34 Tic, + R—a =0

i, +ic, = iC],A

IC3 0 = ~ U,

3) THIRD STAGE

As shown in Fig. 4(c), switch S is turned off, while switch
S3 is driving. The inductor L; stores the energy supplied by
the input inductor L, which in turn receives energy from the
power source V. The inductor L, transfers energy to capacitor
C3.4. Capacitor C3 4 transfers energy to the load R, as well as
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FIGURE 4. Operational stages of the proposed converter valid to positive
semi-cycle of the grid: (a) switch S, is turned on and S5 is turned off; (b) S; and S,
are turned off; (c) S; is turned off and S5 is turned on; (d) S; and S5 are turned on.
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to the capacitors C 4 and C 4 through diode D3, showing the
switched-capacitor operation. The diodes D1 and D, remain
blocked. The equations for this stage are shown in (3).

Ve = VL + v,

Ve =VL +VL = Vi3, —iC3, TCix V04 T Vo4

ICp =~ (3)
(VC1,A + VCz,A) -0

ics, tic,, +
3,A 2,A R()

ICiqa = 1Coa

4) FOURTH STAGE

Fig. 4(d) shows that when the duty cycle is d > 0.5.
Switches S and S3 were turned on. The input inductor stores
energy from the power supply through switch S3, as well as
from capacitor C3 4 through switch S;. The load R, receives
energy from capacitor C 4.

Fig. 5 shown the basic waveforms from the proposed con-
verter over a switching period T including the four oper-
ational stages. The command signals for switches vgg, and
Vgss, levels from switching terminal voltage vy, voltage vy
and ripple current Aiy px—pr of the input inductor, where v,
is the input voltage and V,, is the output voltage.
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FIGURE 5. Theoretical waveforms from proposed converter, valid to duty
cycled < 0.5.

B. STATE-SPACE ANALYSIS

The analysis by the state-space averaged model is presented
considering the converter operating in continuous conduction
mode. The analysis can be performed in matrix form by
equations in (4).

xX=A-x+B-u @
y=C-x
where A, B e C are the matrices with the variables states in
each operational stage within one switching period 7. The
vector x is the derivative vector of x that is the space state
vector, u is the input vector, and y is the output vector of the
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system, those are expressed by the equations in (5).

T |:dli dip, dve,, dve,, dVC3'Ai|
dt’ dt’ dt = dt = dt
xls = [iLw iy, VCyys VCZ,A’VC3.A] 5)
u = [vg]
y= [iga Vol

Considering the operational stages to d < 0.5, shown
in Fig. 3(a), the matrices A, B, and C are determined by the
expressions in (6).

A=A +A3)-d+ A -(1 - 2d)
B = (Bi + B3)-d+ By-(1 — 2d) Q)
C=C1+GC)-d+C-(1 -2d)

where Ap, By, Cp, n € {1, 2, 3}, are the matrices with state
variables from each operational stage.

For the state analysis, the derivative result of the space-state
vector is zero (x = 0) thus, the analytical solution for
expressions in (4) is x = (—A~!' . Bu). Solving for it,
the state variable expressions are obtained in (7) to vector
x as a function of the input voltage v, load R,, and duty
cycle d.

PV
R, - (d — 1)?
ir, 2-vg
iL, Ry (d — 1y
x=|ven = —— gl (7
VCZ,A ( ‘;g )
VC; 4 7
_(dvg 1)
L @-1 _

The grid current i, equals the input inductor current iy,
(ig = ir), where iy, = Xip,n € {1,2,3,4}, and the output
voltage V,, is determined by expression V, = Zvc¢;,,j €
{1,2} and k € {A, B}. Therefore, the output variables matrix
y results in expression (8).

6~vg

i | _ | Ry-(d—1)?

AR R ®
d-1)

Solving for it, the static gain can be written by expres-
sion (9).
Vo 4
ve (I —d
Therefore, by means of expression (9), the static gain of the

proposed converter is four times greater than the conventional
boost gain.

G =

©))

C. CURRENT STRESSES ANALYSIS

To determine the semiconductors currents and volt-
ages some considerations were adopted, which are as
follows:
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TABLE 1. Semiconductors average current to each operational stage.

Semiconductor 1° stage 2" stage 3" stage 4" stage
C i _ ig(dQ +d-— 1) 1 ig (d + 1) it _ ig -d I/ — ig(d + 1)
LA Ci,a — 2d Cia — 9 Ci,a™ o Ci,a — 9
C i’ _ Zg(d - 1) i _ g~ d 1 g - d g g d
2,A Ca,a — P Ca,a ™ o Coa — o Ca, A 2
C i — 7'g(d — 1) 1 — 7179 i — 7179 G — 7l79
3,4 Cs,a 2d C3,4 2 Cs,a 2 Cs,a 2
D1 ip = X ihy = %g blocked i = %9
/ 7;9 (d — 1)
Do Do = —7——— blocked blocked blocked
2d
Dy blocked 43:7% gmzf% gg:f%
i2
S1 ig; = 4—2 turned off turned off turned off
\2d
S3 turned off turned off ity = \/(ng) turned off

o The converter operates in continuous conduction mode.

o The switching frequency f; should be much higher than
the grid frequency f, (voltage grid approximately con-
stant within a switching period 7).

« The input current ripple is neglected.

o The dc-link voltage is kept constant.

« All capacitance values are sufficiently large to keep their
voltages constant over a switching period 7.

o All components are ideal.

Considering that both input voltage v, and input cur-
rent i, are purely sinusoidal and high-power factor operations,
according to the equations in (10).

\./g = Vg - 'sin(a)t) (10)
ig = Igp - sin(wt)
where V,,, and I, are the grid peak voltage and the grid peak
current, respectively.

Neglecting the average voltage across the input induc-
tor L, which is calculated over a switching period Ty, then
Ve & (Vao)T,, Where (vqo)7, is the average voltage between
the nodes a and o, that is determined by equation (11) over a
switching period 7.

Vo o
(Vaol, = I(l —d) - sign{ir} (1D

where d is the duty cycle and sign{ir} is the signal function
of ir.. The duty cycle is related with modulation signals vy,oqk
k € {A, B}, as shown in Fig. 2(b), which is determined
through the equation d = V"",LT‘”‘ , where Vr is the peak of

the triangular carrier. Isolating d in equation (11) it results the
equation (12), that depicts the duty cycle variations.

d=1-M - |sin(w?)] (12)

where M is the modulation index, that is determined by the
. 4. .
equation M = (#), and V,, is the output voltage.
Therefore, the input inductor current equals the input cur-

rent (i = ig) and it depends on the duty cycle d. Given that,
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the quasi-instantaneous RMS current expressions are shown
in Table 1 as a function of the input current i, as well as the
duty cycle d.

The average current expressions for the semiconductors are
listed in Table 1, and the expressions for the RMS current are
presented in Table 2 for switches S; and S3, diodes D1, D>
and D3, capacitors Cy 4, C2,4 and C3 4. All expressions are
defined as functions of the modulation index M as well as the
grid peak current /).

D. INDUCTOR CURRENT RIPPLE
The envelope of the normalized input current through induc-
tor L is defined by expressions in (13).

3 M* 1
. —Msen(wt) — —sen”(wt) — — if wt > 0
Airpk—pe = 1 8 4 8

M M 5 .

gsen(a)t) — Tsen (wt) if wt < 6

13)

where 61 = arcsin (ﬁ), that corresponds to the boundary

of level transition, as shown in Fig. 2(a), and Eka_pk rep-
resents the normalized input current, that is determined by
equation (14).
— Vo
Aifpk—pk = Aippk—pk ——— 14
Lpk—pk Lpk pk4'L'f:v (14)
Considering that the maximum current peak occurs when
wt = arcsin(ﬁ), leading to the normalized input current
0.25, with modulation index M > 0.5,
that is one-fourth the input current i,. Therefore, the input
inductance value L is determined by equation (15).

Vo
L=—— "
16 - Aippk—pk - fs

to Aippk—pk =

15)

E. DC-LINK VOLTAGE RIPPLE
Considering that the capacitors C3 x k € {A, B} have low
capacitance the dc-link voltage ripple Avc, is defined by the
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TABLE 2. Semiconductors RMS current equations over a grid period.

Semiconductor Effective current expression
312, -8 arcmn<7Mz )+[(M4+4Mh-%)w—%]\ﬂ—%GM}\/—MLH—%w
| - M241 |
. 1 V—M241
Cl,A 1C1,A rms = g T M
2 _ g0
\/7 12, M(97M—352)
. 192
s JArms =
C2,4 ic2,A NG
Igp —4 arctan | —M +(1\421r+4JVI+21r)\/—JV12+1—27r
_ L vV -M2+1 ]
. 1 V-M2+1
CS,A 1C3,A rms = 1 NZYi
2
\/Igp M
. 6
Dy ID1rms = — = —
NG
21510 —% arctan(%)+(1\/I3+%w1\42+%]%+%7r)\/—I\/12+ —%w
3 | Vv -M241 |
D . 1 V-M2+1
2 1D2 rms = 12 = M
2
Igp M
. 6
D3 1D3rms = — =
NG
2 | _16 M S M2116—
12,16 arctax](\/T)+(1M+27r) M2416—87
B —M2+416
. 1 v -M2+16
S1 1S1rms = 3 M
2 —
_ [12,(8 M—3m)
48
S3 153 rms =
NG

output capacitance C, through the dc-link capacitors Cj x,
Jj €{1,2} k € {A, B}, calculated by equation (16).

P,

- 16
4.7 -f-Vo-Co (16)

Avey, =
Considering to the dc-link voltage ripple, the output capac-
itance C,, is determined by equation (17).

P,
Co =
4.7 fo - Vo Avey

7)

The capacitance C3 ; k € {A, B} are calculated according
to partial-charge operation mode, that ensures that there are
no current spikes [36]. Over the capacitors switching the
current is limited by the series resistance of the capacitors and
semiconductors circuit. Therefore, determining the circuit
time constant 7, which is calculated using the expression
T = (r¢3.k - C3.x), and the capacitor switching time using the
expression 7T; = (M -T) is necessary. Initially, the value of the
switching frequency f; is defined according to the semicon-
ductors and input inductor losses. Subsequently, the values
of the capacitors C3 x, k € {A, B}, and series resistance rc3 k.,
k € {A, B} are defined through the manufacture datasheet.
Finally, the condition T > 7; must be satisfied to enable
the partial-charge operation mode. In conclusion, verifying
whether the switching capacitors can withstand the effective
circuit current is necessary.

140804

IIl. CONTROL STRATEGY

The control strategy developed for PFC operation of the
proposed converter is shown in Fig. 6. The average current
mode method was applied to equate the variables for the
control loops of the input current i, and output voltage V.

Owing to the interleaving connection, the input current i,
is divided into four components, which are the currents iy, n €
{1, ..,4} of the interphase transformer inductors L. Thus,
the input current is the sum of these currents, that is deter-
mined by expression i, = Xig, n € {1, .., 4}.

The output voltage control monitors the dc-link partial
voltages v, and v, because the output voltage V, is deter-
mined by the sum of these voltages, thatis V, = (vop +Vvon).

The measurement of the input voltage v, is required to
generate the control reference signal irLef, which is applied
to the current-loop to generate the modulation signals
Vmod, k € {A, B}.

Finally, the modulation signals are compared using two
comparators from the PWM scheme, as shown in Fig. 2(b),
with the triangular carriers v4;, and v, to generate the
command signals v, for the switches S, n € {1, .., 4}.

A. CURRENT-LOOP CONTROL

Current-loop control is illustrated in Fig. 6, which comprises
the generation of the modulation signals vy,0q x k € {A, B}
following a sinusoidal reference irLef, whose waveform is

defined by the input voltage v, and its amplitude is defined by

VOLUME 9, 2021



J. C. Guimaraes et al.: Single-Phase Hybrid Switched-Capacitor Interleaved AC-DC Boost Converter

IEEE Access

D; K
Co ==
Y N
Caa=
- D, &
L
) Cra=
UL,
- Sl S3
N\, to
Uy S Sﬂ
ip, |
- D, &
[
Cs 5=
D; K
Vgs, Vgs,
Vgs5Vgs, Y Ds &
[ Gate Drivers | [ Signal Conditioner | Signal Conditioner
Voltage loop Current loop DSP
VTCf jref Umod 4
o Ci(s) i 1}%1

ABS

Voltage balance loop
—_—

—— Umody
Ci(s) + Vgs,
—_ 180°

A Ugs,
Carrier

, [Pz, Firy| v
Vop="Uon Vg Vtriy

FIGURE 6. Control strategy of the input current iy, n € (1, .., 4) and
partial voltages vop and von.

voltage-loop control. Subsequently, the modulation signals
are compared with the triangular carriers. Finally, the com-
mand signals vgs, n € {1, .., 4} are generated for the switch
gates.

Therefore, by defining the small-signal model and apply-
ing the Laplace transform, the transfer function is obtained in
expression (18), that depicts variations in the inductor current
with duty cycle.

s Ve

= T AL

(18)

B. VOLTAGE-LOOP CONTROL

The voltage-loop control, shown in Fig. 6, generates the
signal irLef. The dynamics of the voltage-loop control must
have a slow action, such that the sinusoidal reference signal
does not oscillate.

The voltage balance loop produces a balance between the
partial voltages v,, and v,, through the difference between
them. The difference value is applied to a gain and then added
to the input voltage signal.

To model the output voltage-loop control, it is assumed
that the dc-link capacitors Cj j € {1,2} k € {A, B} have
much higher capacitance than the capacitors Cs ¢, k € {A, B}.
Capacitors Cj . j € {1, 2} k € {A, B} provide alow impedance
path to 120 Hz ripples in instantaneous power and low ripple
dc-link voltage.
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Considering this, by applying the small-signal model and
Laplace transform, the voltage-loop transfer function, which
describes variations of the output voltage with the inductor
current is provided by expression (19).

Vo) VR, 1
GO == 2, |:R0-C0~s+2i| (19)

IV. EXPERIMENTAL RESULTS

A. DESIGN CONSIDERATIONS

The experiments were carried out using the specifications of
the design parameters presented in Table 3. The prototype
was tested operating in a closed loop with control of the input
current and output voltage under rated conditions.

TABLE 3. Design parameters.

Specification Value
Input RMS voltage, vg,rms 127V
Output voltage, V, 800V
Grid frequency, fg / Switching freq., fs 60 Hz /50 kHz
Rated output power, P, 1.25 kW

The component specifications used for the prototype are
listed in Table 4. For practical implementation, operating
the converter in the partial-charge mode is adequate, as it
results in a good relation between the peak current and capac-
itance [21].

TABLE 4. Laboratory prototype components.

Component

Description

Diode Dy, n € {1,2,3,...8}

IDH16S60C SiC Infineon

Input inductor, L

240 pH Magnetic Cor T255-34
Micrometal 54 turns 3x18 AWG

Coupled inductors, L,

125 pH Magnetic Cor EE65/33/26

Thorton 31 turns 18AWG

Capacitors Cj g, B4345A9477M 470 pF 400 V
je{1,2}, ke {A B} Epcos

Capacitors C3 ., k € {A, B} M10999100277G 60 pF 800 V
Epcos

IPW60R041P6 600 V Infineon
TMS320F28379D Texas Inst.

MOSEFET Sy, n € {1,2,3,4}
Digital signal processor (DSP)

The capacitors C3x k € {A, B} have low capacitance
value, then film capacitors were employed because they have
low resistance and low parasitic inductance, leading to good
performance in high frequency. The dc-link capacitors Cj
j € {1,2} k € {A, B} electrolytic technologies were already
used to absorb the oscillating power present at the frequency
of 120Hz.

Fig. 7 shows the input voltage v, input current i,, partial
voltages vop and v,,, and output voltage V,. The output
voltage is according to the desirable value, thatis V,, =800V,
with the partial voltages balanced v, = vy, &~ 400V, indicat-
ing good voltage regulation. In addition, the PFC operation is
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FIGURE 9. Capacitor voltages Ve, a7 Vo ar and Ves 4 (100 V/div).

confirmed through the current and voltage input experimental
waveforms, with a power factor of 0.986.

The switching terminal voltage v4,, input voltage v, and
partial voltages v, and v,,, are shown in Fig. 8. The converter
can impose voltage levels on its terminals, corresponding to
Vold = 4200 V, V,/8 = 100 V, 0, —V,/8 = -100 V, and
—V,ol4d = —-200 V.

Capacitor voltages are shown in Fig. 9. The voltage is
one-fourth of the output voltage, which are v¢, , = v¢,,, =
ves 4 =200 V.

The switch voltages vs,, n € {1, .., 4} are shown in Fig. 10
and they are one-fourth of the output voltage.

Fig. 11 represents the interphase transformer cell current
irnn € {1, .., 4}. This confirm the reduction in current efforts
owing to the use of the interleaving technique.

Fig. 11 shows the iy, and i;, waveforms are out of phase,
so they tend to cancel each other out, thereby reducing the
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FIGURE 13. Efficiency curve of the laboratory prototype.

high frequency input ripple current, which is caused by the
boost switching action.

The input current harmonic spectrum as a percentage of the
fundamental component for the proposed converter operating
at the rated power is shown in Fig. 12. The current spectrum is
obtained from the current shown in Fig. 7, showing a current
sinusoidal shape and in phase with the respective voltage.
It has a THD = 8.5%, that is accordingly IEC 61000-3-2
standard [37], and a power factor of 0.986. The harmonic
components are compared with the harmonic limits of the
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TABLE 5. Comparison of the proposed converter with other topologies.

Parameter Topology
Reference [33] [34] [35] [21] Proposed
Converter
. Vo Vo Vo Vo Vo
Switch = = 2 4 4
voltage
. Vo Vo Vo Vo Vo
Capacitor -5 5 2 4 4
voltage
. v, . Vo Vo Vo
Diode = no diode 5 =X 2
voltage
Active 2 5 2 4 4
switch
Capacitor 3 3 3 6
Inductor 2 2 2 1 5
Fast diode 3 0 3 6 6
Slow diode 0 0 0 2 2
. . 2 2 2 4 4
Static gain =) =) (=) [(=T) =d)

IEC 61000-3-2 standard for class A equipment that have been
measured for the load condition.

The converter efficiency was measured with a FLUKE
Norma 4000 power analyzer and the results are shown
in Fig. 13. When the converter operated under the rated
condition the maximum efficiency achieved was n ~ 95.1%
with an estimated value of conduction losses of 49.64 W and
apower factor of 0.986. The experimental results indicate that
the proposed converter is viable because it corresponds to the
expected values according to the specifications in Table 3.

V. COMPARATIVE AND DISCUSSION

Table 5 presents a qualitative comparison of the proposed
converter with other topologies. The topologies presented
in [33]-[35] submit the semiconductors to (0.5 V,,), the static
gain is twice the conventional boost topology, and are not
designed for PFC operation. The converter presented in [21]
has higher similarities with the proposed converter. It pro-
vides a static gain four times greater than the boost conven-
tional topology, and the voltage across the semiconductors
is (0.25 V,,), leading to lower voltage efforts. Although the
proposed converter uses more components, owing to the use
of the interleaving method the input inductor operates at
twice switching frequency, reducing its bulk. The inductors
of interphase transformers also have a bulk reduction because
they only have a high frequency magnetic flux. In addition,
it provides lower current efforts, allowing for higher power
applications for PFC operation.

VI. CONCLUSION

In this paper a single-phase HSC interleaved AC-DC boost
converter topology is proposed. The topology is derived
from a family of high voltage gain single-phase HSC PFC

VOLUME 9, 2021

rectifiers. All switches support one-fourth output voltage and
low current efforts, owing to the use of the interleaving
technique, leading to low conduction losses.

Through an extensive mathematical analysis and experi-
mental results, is demonstrated the feasibility of the converter,
that presents a low input current ripple, low harmonic dis-
tortion, and regulated output voltage. The converter has an
efficiency of n &~ 95.1% under rated conditions.

The proposed converter is suitable for unidirectional appli-
cations that require high voltage gain, low current and voltage
efforts, PFC operation, and an output voltage above 800 V.
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