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Abstract— This paper presents a new single-phase high
power factor interleaved boost rectifier operating in
critical conduction mode, where the switches and boost
diode performing zero-current commutations during its
turn-off, eliminating the disadvantages related to the
reverse recovery losses and electromagnetic interference
problems of the boost diode, when operating in the
continuous conduction mode. The interleaving technique
is applied in the power cell, providing a significant input
current ripple reduction in comparison to discontinuous
mode of operation, due to its input current continuous
conduction operation. This paper presents a complete
modeling for the converter operating in critical
conduction mode, resulting in an improved design
procedure for interleaved techniques with high input
power factor, a complete design procedure, and main
simulation from a designed prototype with two
interleaved cells rated at 1kW, 400V output voltage and
220V rms input voltage.
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I. INTRODUCTION

In recent years, due to the power factor correction
requirement, the single-ended boost converter has been
widely used as the front-end single-phase PFC converter due
to its step-up voltage conversion ratio, continuous input
current, simple topology, and high efficiency [1].

However, a couple of things are still of concern. For high
power applications, the boost inductor will become one of
the major factors affecting the system cost, volume, and
weight. For high voltage applications, high voltage devices
have to be used, which produces high conduction losses and
high switching losses. When voltage is higher than a certain
level, some types of devices are even not available.
Therefore, it is very desirable to use smaller inductor and
lower voltage devices [2].

Due to the high output voltage, the boost converter
requires the use of a diode, which allows fast recovery and
supports high voltage. At high switching frequencies, fast
recovery rectifiers produce significant reverse recovery
related losses when switched under “hard” switching
conditions. These losses can be significantly reduced
providing high efficiency even at high frequencies by
employing soft switching technique, as such ZCS (Zero
Current Switching) or ZVS (Zero Voltage Switching) [3,4].

Another method of achieving high efficiency in boost
converters is operating the boost converter at the boundary
of discontinuous conduction mode (DCM) and continuous
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conduction mode (CCM). In this operation mode the
switching frequency is variable, and the reverse recovery
related losses are then eliminated, because there is no stored
charge in the boost diode at switch turn on [4-5].

However, boundary operation requires additional input
current filtering and produces peak currents that are at least
two times the input current averaged over the switching
cycle. This is generally undesirable for high power and
power- factor correction applications.

In another way, the drawbacks of the boundary operating
boost converter can be alleviated if two or more converters
are interleaved. Interleaving reduces the input-ripple current
and peak input current while retaining the benefits of soft
switching in boost diode and switch. Nevertheless, the
interleaving of variable frequency power- factor correction
boost converters requires a relatively complex control circuit
[1-8].

In dc to dc and/or ac to dc converters with boost topology,
the employment of interleaved techniques becomes
especially appropriate, minimizing the need of voluminous
input filter, due to the elimination of the pulsating nature of
the input current, present in single structures, when operating
in critical conduction mode. In this way, the levels of EMI
can be drastically reduced.

II. PRE REGULATOR AC TO DC BOOST ZCS-FM
INTERLEAVED WITH TWO CELLS

Interleaved power conversion refers to the strategic
interconnection of multiple switching cells for which the
conversion frequency is identical, but for which the internal
switching instants are sequentially phased over equal
fractions of a switching period. This arrangement lowers the
net ripple amplitude and raises the effective ripple frequency
of the overall converter without increasing switching losses
or device stresses. An interleaved system can therefore
realize a savings in filtration and energy storage
requirements, resulting in greatly improved power
conversion densities without sacrificing efficiency [6].

Therefore, the main advantage of interleaving is that it
effectively increases the switching frequency without
increasing the switching losses.

In this context, Fig. 1 shows a novel pre-regulator boost
ZCS interleaved with two cells that can reduce the switching
losses, including the diode reverse recovery losses, yields
higher efficiency, high power density, and lower cost. It
should be noticed that this paper provides a detailed and
complete modeling for the proposed converter that facilitate
the analysis for a generic N interleaved cells and its dynamic
performance, providing conditions to reduce the control
circuit complexity and assembly costs, through the use of the
EPLD — Eprom Programmable Logic Devices.



Fig.1 Pre-regulator AC/DC Boost ZCS-FM Interleaved
with two cells.

Stage 7— (té, t7)[i] Stage 8— (t7, t8)[i]
Fig.2 Topological stages for a generic cell of
pre-regulator boost zcs in the critical conduction mode,
during a generic switching periody;.

A — Principle of Operation

The analysis of this new structure is developed assuming
the following simplifying conditions:

all components are ideal;

the output voltage (V,) is constant.

the variable switching frequency (fy;) is much higher than
the ac line frequency (fj,e), so the sinusoidal input voltage
can be considered practically constant (Vi,;) during one
generic switching period (Tpy);

Therefore, in steady state, during a generic switching
period, the circuit of one generic cell goes through eight
stages shown in Fig. 2, while the main ideal waveforms are
shown in Figs. 3 and 4.

First Stage (ty, t;);; — This operation stage begins at t=ty,
when the main switch S, turns on under zero current (ZCS).
The current through boost inductor (L), leaves of your null
value and rises linearly as a function of input voltage and L,
resonant inductance.
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Fig.3 Main ideal waveforms for a generic cell of
pre-regulator boost zcs in the critical conduction mode,

during a generic switching periody;.
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Fig.4 Stresses waveforms in semiconductors for a generic cell of
pre-regulator boost zcs in the critical conduction mode,
during a generic switching periody;.

While the resonant capacitor voltage vc(t); keeps
clamped in V,. The main state variables are given as follows:
) . Vit 1

lLin(t)[i] = lLrl(t)[i] = ﬁ't ( )

in rl
Ver (t)[i] =V (2)
The time interval of this operating stage is determined by

3).

Ny =D, T 3)



Where : T, = 1

S
D. : constant auxiliary critical duty cycle;
T(i; : generic switching period;

furip ¢ generic switching frequency.

Second Stage (t;, t;); — At the instant t=t;;; the auxiliary
switch S, is turned on under zero current (ZCS).

The current through L, and L,; remains rising in a linear
rate. This stage finishes at t=ty;, when the voltage vc(t)y
reaches zero, providing zero-voltage turn on (ZVS) process
for the diode D,. The state variables are given by (4), (5) and

(©).
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2
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The time interval of this stage can be expresses by (7).
1 = 7
Atzm ) Do, E ( )
Where :
1 ®)
Cor L,-C

Third Stage (t,, t3);; - When D; is turned on at t=t,; there
is a link among two circuits which were working apart in the
previous stage, then a new resonance angular frequency s,
expressed by (9), determine the evolution of this stage.

®.. = Lm '(Lr'l +Lr2)+Lr'l 'er (9)
7 Lm 'Lrl 'er 'Cr

The currents iy, (t);; and i »(t);; decrease in a resonant way
until the current ip,(t); reaches zero at t=ts;. The main state
variables are given as follows:
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The time interval of this stage cannot be expressed by one
generic expression because involves a solution of a non
linear equation with many parameters. To solve these
problems was employed the well known method of Newton-
Rhapson.

Fourth Stage (t3, ty); — This stage begins when Dg,
(intrinsic and antiparallel diode of S;) turns on. This stage
finishes at t=ty;, when ip»(t); arrives to zero, providing that
diode Dy, (intrinsic and antiparallel diode of S,) turns on.

The equations that govern the state variables of this stage
are the same of the previous stage, and the time interval of
this stage is obtained through a non linear solve method.

Fifth Stage (t4, t5); — This stage begins when Dg, turns
on. Such as the two previous stages the main state variables
are governed by the same equations and resonance angular
frequency ;.

In this time interval, S, and S, are turned off,
simultaneously, in zero-current and zero-voltage (ZCZV).

The end of this stage occurs when the current through
iLn(t)y reaches zero again, providing that Dg, turns off under
ZCS.

Sixth Stage (ts, ts); - This stage begins when Dg, turns
off under ZCS, removing circuit part of the commutation cell
regarding auxiliary switch S, and resonant inductor L,,.

The current iy, (t); and the voltage ve(t); evolve in a
resonant way, determined by the following equations:
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Seventh Stage (te, t;); — This stage begins when Dg,
turns off under ZCS. The state variables are given as
follows:

(Vm[i] - Vé[i]) ] sin ((007 't)

L, @7

in

(19)
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Where:
o oL 21
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When the voltage v, (t);; reaches the output voltage value,
provides that D, turns on under ZVS and D; turns off under
ZVS.
The time interval of this stage is equal to:

[ 2 2
1 . Kl[i] 'KZ[:] - K2[1] +1- Kl[i] (22)
Aty =—"-asin >
O, Koy +1
Where: ,, VoV o _ L Lran .
i = > AR T ’ ’
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Eighty Stage (t;, tg);; — This stage begins when D, turns
on under ZVS, accomplishing the link among energy charge
element with the load, represented by voltage source V,
transferring energy to the load.

The current ipj,(t);; decreases in a linear way, while the
voltage v (t)y is clamped in V.

(Vo=Vou) (23)

I (t)[[] = IP7[i] - I .

The end of this stage occurs at t=tg;;, when iy ,(t); arrives
to zero, providing that D, turns off under ZCS.
The time interval of this stage can be expressed by
equation (24).
I 'Vm[i] (24)

(1]
Vo - Vin[i]

B — Analysis of Commutation

In order to achieve soft-commutation at zero current for
both active switches (S, and S,) as described before, some
constraints must be satisfied:

(a) Bi<l and amx<P,*t1 to guarantee that the current
through L, will reaches zero before the current through L,,;

(b) Additionally, to guarantee that all the operational
stages occur, the expression (25) must be positive.

A 1-G? v,
Hc.acos[“_G2 j—G]+ Vo 4[H.(1+ BZ)]} >0

Where :

A — Bl . G — Vo 1 . C — Bz +1.
Bz'(B1+1)+B1 Vin(rms) C-4A-H \ Bz
H= B] Co _ IO[H] Lm +Lr1 . B = er . B _ Lm .
> Ymax T > M1 s P2 >
Bz +1 Va min (rms) Cr Lrl L,-1

Vin min (rms) - Minimum value of rms input voltage;
Vinems) : Nominal value of rms input voltage;
Iopm : nominal value of load current in a generic cell “n”.

(25)
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Fig.5 Results of inequality (25) as a function of §;
and taken [3, as a parameter, at q equal to 1.81.

Figure 5 shows the results of (25) as a function of 3; and
taken [, as a parameter, in order to select parameters that
satisfy the constraints, for a specified value of the voltage
conversion ratio. The voltage conversion ratio (q) for the
rectifier is given by (26).

. 1 E(B]ﬁﬁz’q’f’T[Vmwm]) 6
_ 2
nz:‘lin[n] ]m[n] VO (oo ((Bla qu’ f’IEVmwm])) ( )
4=—7—=7 = -
1, Loy Viims) 1+ F (Bw Bz’q’f’T[”ww])
. ((Bp Bz’q’f’IEVmwm»]))
Where:
Loy [L+L @7
(O (Bl:B27q7f’]EV2nwm]) 7 B
( A
fo
| (29)

form—
C oL, +L,)-C

Jivinams)) : Value of switching frequency at Viyms);

Linm; : nominal value of input current in a generic cell “n”;
Io : nominal value of load current;

N : number of generic cells.

Figure 6 shows the surface of normalized rms current
(oums) as a function of conversion ratio (q) and the relation f,
where B, B> and T are taken as parameters of control.
Additionally, Fig. 7 shows a slice of Fig. 6, showing the
sectors regarding to discontinuous conduction mode and
critical conduction mode. Furthermore, the sector of critical
conduction operation employing the critic duty cycle
parameter is shown in Fig. 7.

III. DESIGN EXAMPLE

A design procedure is presented in this section providing
a closed methodology without approaches with standard
boost operating in critical conduction mode that are usually
employed. In this context, the input and output data are
defined in Table 1.

TABLE I
Input and output data
Parameter Value Parameter Value
VinJLns) 220V ,fs[\/in rms)] 50 kHz
Vo 400 V Number of Cells (N) 2
Po 1 kW Phase-Shift [rad] /2




Fig.6 Surface of normalized rms current (o) as a function of q
and f, where 3, B, and Tyvinems)) are taken as parameters.

A — Determination of conversion ratio

A I
V. 220

in(rms)

B — Parameters Selection

From Fig. 5, the parameters adopted for design are [3,=15,
B:=0.7, and the resonant capacitor (C;) was choose as a
commercial value equal to 10nF. It should be noticed that the
ratio between the parameters f and oy, is not a linear
function, and o, is a function of f. Figure 8 shows the
behavior of this ratio taken B, By, q and fyvims as
parameters.

S =0.5529; [ =0.6716; o, =12146.
Qg (Bl’ BZ’qifD-f;[Vin(mu)])
C — Determination of critical boost and resonant
inductances

2
L - f S T
fsm”(rms)] -2n (1 +B, ) -Cr

=£ =28.5uH; L., =B,-L,, =20pnH.

2

D — Critical Duty Cycle (D)

L

rl

The value of auxiliary critical duty cycle is obtained based
an interactive numerical method, where the solution is the
duty cycle that provide a generic operating cycle satisfying
the design constraints of switching period and conversion
ratio. Thus, D,= 0.337.

E — Input Ripple

Figure 9 shows the normalized rectified input current
ripple amplitude, considering the converter operating at
Vinems) and in critical conduction mode. The ripple waveform
of a single cell was first determined from analytical
equations. Sets of such waveforms, shifted in time by the
appropriate amount, were then superimposed to extract the
input ripple. One interesting result obtained from Fig. 9 is a
demonstration that the optimal inter-cell phase angle is not
necessarily (2n/N), for N greater than two.

IV. SIMULATION RESULTS

In order to validate the proposed modeling and design, a
two cell pre-regulator boost ZCS FM interleaved topology
has been simulated, in order to verify the validity of the
proposed approach.
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Fig.9 Normalized rectified input current ripple amplitude for the
boost ZCS — FM interleaved topology, as a function of phase shift
between the cells, operating at nominal rms input voltage.
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Fig. 10 Rectified input current, and the currents through the boost
inductors in each cell, for some generic periods.

The converter’s cells have the same parameters, and
operate with master and slave control approach using the
turn on gate signal of the main switch of master cell to
activate an auxiliary signal that provides the phase shifting of
the slave cell operation. Figure 10 shows the rectified input
current and the currents through the boost inductors in each
cell, demonstrating the effects of interleaved technique used.
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Fig.11 Input current and input voltage during one ac period,
at full load.
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Fig.12 Harmonic current amplitudes from the proposed pre-
regulator boost, and the IEC 61000-3-2 Class A Limits.
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Fig.13 Commutation details, voltage and current through auxiliary
switch Sa, and main switch Sp in the master cell,

where Vj, is near to its peak value.
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Fig.14 Commutation details, voltage and current through auxiliary
switch Sa, and main switch Sp in the master cell,
where Vj, is near to zero.

Figure 11 shows the input current and input voltage
during one ac line period, at full load. One can verify in Fig.
12 that the input current THD is reduced, only 0.64%, and in
agreement with the limits of IEC 61000-3-2 standard. A
commutation details for the voltage and current through the
main and auxiliary switches are shown in Figs. 13 and 14.
Both figures demonstrate that the soft-commutation are
performed for all main, and auxiliary switches used, during
the ac line period.
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V. CONCLUSIONS

Increased requirements to utility power quality challenge
the research on the ac to dc converters which are able to
provide unity power factor, low input current total harmonic
distortion and low electromagnetic pollution in the line.

In this paper was investigated an interleaved high input-
power-factor pre-regulator boost topology operating in
critical conduction mode, using a non dissipative
commutation cell and frequency modulation.

The main contribution of this paper is a complete
modeling and design example for the proposed converter,
containing the resonance elements influence, instead of use
the usually approach of standard boost design, allowing
conditions to implement a close-loop control using EPLD.

For the proposed converter discussed in this paper, the
inductance of the boost inductors can be significantly
reduced compared with the conventional PFC boost
converter. The device current rating is only a fraction of the
conventional boost switch current, which is desirable for
high power applications, and reduces both conduction and
switching losses. Therefore, utilization of smaller inductors
and low current devices yields higher efficiency, high power
density, and lower cost. The interleaved boost ZCS-FM pre-
regulator can further reduce the switching losses, including
the diode recovery losses. It would be useful for high
switching frequency operation and EMI reduction.
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