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Abstract. Buck-type converters are analyzed for application as
power factor preregulators. In particular, the maximum power
for which the IEC 1000-3-2 standards are met is calculated for
different conversion ratios and modulation techniques.

Two step-down converters are proposed, which comply with
EMC standards thanks to an auxiliary flyback stage which uses
the same switches of the main converter plus a small power
switch commutated at the line frequency. With proper design,
the voltage stress of the main switch remains the same as for a
conventional buck topology.

Simulations and experimental results are reported to
validate the theoretical analysis.

1. INTRODUCTION

In ac-to-dc conversion, equipment having a rated current
less than 16A/phase must comply with IEC 1000-3-2
standard which limits the harmonic content of the current
absorbed from the mains [1]. For this purpose, many
converter topologies have been analyzed in the literature for
use as power factor preregulators, i.e. to provide an almost
sinusoidal current absorption and regulated dc output voltage
[2-5]. Among them, the most popular is certainly the boost
preregulator, which provides the following advantages:
simplicity, inherent input current filtering due to the input
inductance, almost unity power factor when working in CCM
with average current mode control [5]. Still, it has some
drawbacks, namely, no limitation of the inrush current at
start-up, lack of short-circuit protection and output voltage
greater than peak input voltage (V,= 380-400V for universal
input voltage range).

These limitations can be overcome by using a buck-type
preregulator which, however, shows a pulsed input current
and some line current distortion, due to the notches around
zero crossing of the line voltage. Nevertheless, since IEC
1000-3-2 standards allow a certain amount of line current

distortion [1,6], usually a power range exists in which the
buck-type preregulator meets the standards.

This power range is calculated, in the first part of the
paper, for different voltage conversion ratios and modulation
strategies. In the second part, two step-down topologies are
proposed which include a main buck converter and an
auxiliary flyback stage. This latter is used to absorb current
even during the time intervals in which the main buck
converter is inactive. In this way, the input current distortion
is reduced, thus increasing the useful power range.

Differently from the scheme proposed in {7}, the flyback
stage uses the same switches of the main converter for the
modulation and requires only additional line-frequency-
commutated switches. Moreover, this auxiliary converter is
rated for a fraction of the total power.

Lastly, simulation and experimental results are reported
which confirm the theoretical expectations.

II. THE BUCK-TYPE PREREGULATOR
The basic scheme of a buck converter used as a

preregulator is shown in Fig. 1. It consists of a diode bridge
rectifier followed by a standard buck converter.

l—o0—

Fig. 1 - Buck-type preregulator

As in boost-type preregulators, the output capacitor filters
out the low-frequency components of the input power.
However, unlike the boost converter, the converter shown in
Fig. 1 is able to draw current from the line only when the
input voltage is greater than the output voltage. As a
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consequence, notches appear in the line current around zero
crossing of the line voltage, causing distortion.

Fig. 2 shows a typical filtered line current waveform of
the converter whose parameter values are specified in table L.
This waveform is obtained by using a sinusoidal input current
reference, which gives the lowest possible current distortion.
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Fig. 2 - Filtered line current waveform of the buck preregulator for
sinusoidal-current reference

10

As we can see, the input current remains zero until the input
voltage becomes greater than the output one. Clearly, the
dead angle 64= oty at the beginning and at the end of the
line half-period is a function of the voltage conversion ratio
M, ie.:

=

04 =sin”'(M), M ==2 ty)
Ug

where flg is the line voltage peak. The initial limited slope

of the input current is unavoidable since the inductor current
can increase with a slope limited by (U,-U,)/L. Moreover,
since at the beginning of the conduction phase the inductor
voltage during turn-on is very low (U, close to U), initially
the converter works in discontinuous conduction mode
(DCM), which further limits the current rise-time.

A comparison between the current spectrum and the
limits imposed by IEC 1000-3-2 standard for Class A (Class
D equipment limits are the same for a power greater than
600W) shows that this solution, for this particular output
power and voltage conversion ratio, does not meet the
standards for high-order harmonics. Thus, it becomes
interesting to find the maximum power that a buck converter
can deliver while satisfying the standards for different
voltage conversion ratios.

III. ANALYSIS OF THE CURRENT ABSORBED BY A Buck
PREREGULATOR: IDEAL WAVEFORMS

In the following, we will consider two different
modulation strategics, i.e. constant-current reference (also
called input-current-clamping) and sinusoidal-current
reference. A typical filtered input current waveform for
constant-current reference is shown in Fig. 3. The advantages
of using constant-current reference are reduced current
stresses of the power semiconductors and limited current
load around the peak of the line voltage, which could
partially compensate for the peak-clipping effect of
conventional diode-capacitor rectifiers. On the other hand, a
sinusoidal-current reference allows, for the same voltage
conversion ratio, a higher input power without exceeding the
harmonic limits.
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Fig. 3 - Filtered line current waveform of the buck preregulator for
constant-current reference

A. Constant-Current Reference
As we can see from Fig. 3, the average input current can
be approximated by a three-level square wave, for which the
peak harmonic currents are given by:
Hre -cos(6,)
nzx

In eak =
- @
In practice, the input current waveform has an equivalent
dead angle greater than 6,4 due to the DCM operation when
the inductor current starts to flow. The duration of this
operation mode depends on input and output voltages and
inductance values [6].

From (2) it is possible to find the maximum input power
that the buck converter can deliver without exceeding the
standards (IEC 1000-3-2 Class A equipment). The results are
shown in Fig. 4 as a function of the voltage conversion ratio
and for three different input voltage levels. As we can sce,
with this type of modulation the load power cannot exceed
some hundred watts.
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Fig. 4 - Maximum input power as a function of voltage conversion ratio M in
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case of constant-current reference modulation.

For higher voltage conversion ratios the dead angle 8,4
increases thus increasing the input current harmonic content.

Note the peaks in the curves of Fig. 4 which occur at 50%
and 71.5% of duty~cycle revealing some harmonics
cancellation at these duty-cycle values. Results obtained with
other idealized input current waveforms are given in [6].

The curves end for a duty-cycle equal to 85% in order to
remain within the Class A specifications (for higher
duty-cycles the input current waveform belongs to Class D).

B. Sinusoidal-Current Reference

Using a sinusoidal-current reference, the maximum input
power achievable tends to infinity as M approaches zero,
because the average input current becomes a pure sinusoid.
Analyzing an ideal truncated sinusoidal waveform
(approximation of the real behavior shown in Fig. 2) the
input current harmonic content is given by:

©))

Ty e = 2 {720, +sin(20,)

v} - .lsin[(n +l)¢9d] B sin[(n - 1)0d]|
7 I n+l n-1 |

In_pea.k = =3,5"7...
where Ipp is the peak of the sinusoidal current reference.
The plots of the maximum input power calculated in the
same conditions of Fig. 4 are reported in Fig. 5.

Combined sinusoidal- and constant-current reference
techniques can be used in order to gain some advantages of
both approaches. In this case the maximum power achievable
lays between the correspondent curves of Figs. 4 and 5.
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Fig. 5 - Maximum input power as a function of voltage conversion ratio M in
case of sinusoidal-current reference modulation.
a) Ug =220 VRMS’ b) Ug =165 VRMS’ C) Ug =110 VRMS

IV. PROPOSED SOLUTION

As we have scen, the dead angle of the input current
strongly affects the maximum power delivered by the
converter. Thus, by allowing current absorption during the
line intervals in which the main buck converter is inactive,
the maximum power achievable can be greatly increased.
This was the solution proposed in [7] which includes, besides
the main buck converter, an auxiliary parallel flyback
converter feeding the same load. This auxiliary power stage
is activated only in the fraction of the line period in which
the main converter is idle and thus can be designed in order
to handle a power which is just a small fraction of the total
input power. One of the drawbacks of the solution given in
[7] is that a complete second power stage is needed, thus
increasing the whole cost of the converter.

The aim of this paper is to propose solutions which
integrate the buck and the flyback stages, thus reducing the
components count. One of these solutions is shown in Fig. 6.
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Fig. 6 - Proposed integrated buck-+flyback converter

Diode bridge (D,-D,), switch S, and components Dy, L
and C form the main buck power stage, while the remaining
components constitute the auxiliary flyback converter. One
important difference with respect to the solution proposed in
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[7] is that the flyback stage exploits the same switch of the
buck converter (S,) to perform the modulation, while switch
S5 is operated at line frequency in order to enable and disable
the auxiliary flyback converter.

The converter operation can be subdivided into two parts:

a) Ug< U,. During this fraction of the line period, the
current in the filter inductance L remains zero for the
presence of diode Dg; switch §, is kept closed and switch
S, is modulated so as to absorb the desired line current by
operating the auxiliary flyback stage.

b) Ug> U,. In this case, switch S, is turned off so as to
disable the flyback stage, while S; is modulated in order
to achieve proper operation of the buck converter.

A typical simulated filtered input current waveform is
shown in Fig. 7 (in case of sinusoidal-current reference) for
the same converter parameters reported in table I. Indeed, in
Fig. 7, the flyback operation was enabled for an input voltage
slightly greater than the output one so as to partially
compensate for the initial DCM operation of the buck stage.
As we can see, the sinusoidal reference peak value for the
flyback operation was kept intentionally lower (K-Izpgp
k < 1) than that for the buck operation in order to limit the
power handled by the flyback stage to the minimum required
to satisfy the harmonic limits and, at the same time not to
worse the peak current stress of switch S,.

The analysis performed on an idealized waveform (which
approximates the behavior shown in Fig. 7) gives the
following harmonic peak values:
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Fig. 7 - Filtered line current waveform for the buck-+lyback converter in case of

sinusoidal-current reference (k = 0.25)

L peak = }&;1-|7r~29d(1-k)+(1—k)sin(26d)| @)
I _ 2Lzgr(1-K) Isin[(n + l)ﬁd] _ sin[(n - I)Od]l
n_peak z n+l n-1
n=357...

where k is the ratio between the sinusoidal reference peak
value for the flyback operation and the sinusoidal reference
peak value Ippp for the buck operation. Note that, for k=1,
the ideal absorbed current becomes a pure sinusoid, having a
peak value equal to Ippp.

The harmonic content of the waveform of Fig. 7 now
complies with the standards.

From (3) and (4), the peak of the fundamental component
of the input current during flyback operation is given by:

L gy= Klpgr '|—2‘94 +sin(2 04)|

®
7

Thus, the ratio between the power handled by the flyback
stage and the total input power is simply given by:

P, I
fy o 1Ay (6)
Ptm Il _peak

A plot of this power ratio as a function of the voltage
conversion ratio is reported in Fig. 8 for different values of
parameter k. These curves show that, if M is not too high, it
is possible to design a converter at whatever power we want
while keeping the power rating of the auxiliary stage at a
small fraction of the total power.
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Fig. 8 - Normalized power of flyback stage as a function of output voltage
conversion ratio M for different values of parameter k
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The curves in Fig. 9 show the maximum power
achievable with the converter of Fig. 6. From this plot it is
possible to derive, for given input and output voltages, the
value of parameter k which ensures input current harmonics
complying with the standards. Then, the plots of Fig. 8 allow
to find the power rating of the flyback stage components.

It is important to note that similar results can be obtained
also for the constant reference current. However, in this case,
for the same power, a greater utilization of the flyback stage
is needed in order to comply with the standards. Moreover,
the maximum power is anyway limited due to the
square-wave shape of the absorbed current (see Fig. 4). More
information about this modulation technique can be found in

[71.
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Fig. 9 - Maximum input power as a function of voltage conversion ratio M in
case of sinusoidal-current reference

V. CONVERTER DESIGN

The power stage design can start from the simple buck
converter and then extended to the complete power stage.

A. Inductor
The average inductor current can be determined by
considering the following relations:

i,(6) =i.(6)d(6) )
- I,|sin(®0)] for 6, +m<O<(n+)n-0y
i,(0) =

0 for -04+m<6<64+nn ®
n=0,1,2, ...

where Tg (6) is the switch (i.e. input) current averaged over a

switching period. From 3) and the power balance we can
find:

i - 1 - 2n Po
& REF ﬁgln-—ZGd +sin(264)| (9)
Considering CCM operation the duty-cycle is given by:
U M
d(0) = —2c=—"—
( ) u, (6) sin(6) (10)

Thus, the peak of the average inductor current from (7) and
(10) is given by

A

A - - 1
I = iLmax(®) =1L(0), » =%
while the maximum value of its instantaneous current ripple
results:

Al e =eq
Aleax = A1L|e=_72|:_ = Lfs (]. M) (12)

The inductor value can than be calculated from the desired
maximum current ripple:

L= Sr—(1-M)
Ig sTi 13
where
r = AiLma\x
i =
21 (14)

The maximum instantaneous inductor current can be
calculated from (12) and (13).

When the operation of the flyback stage is taken into
account, equations (10-14) can still be used provided that

Ag = Izpp is calculated from (4) and the power balance.

B. Capacitor

As usual, the output filter capacitor is selected from the
constraint regarding the low-frequency output voltage ripple.
The latter is derived by integrating the capacitor current over
part of a half-line period. The expression for the capacitor
current is as follows;

-i_c(e)=IL(e)—Io BT
{iLsinz(e)-Io for 64+mm<6<(n+)n-064

-1, for —04+m<0<L0;+nn (15)
The peak-to-peak voltage ripple is then given by:
1 A P
Au, = m[(n ~20y)(f, - 21, )+ I sin(26 1)] (16)
where o is the line angular frequency and
6, = sin’l[ —Iﬁ—}
I amn

Capacitor C is then selected from (16).
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These equations can still be used also for the complete
power stage provided that the power handled by the flyback
stage is much lower than the total one.

C. Transformer turns ratio

The selection of the transformer turns ratio is a trade-off
between voltage and current switch stresses; in particular,
during flyback operation the maximum switch voltage stress
is given by:

~ n N N
usmax(e)=us(6d)=ug(ed)+i—§-Uo=(1+N—;)Uo as)

while, during buck operation the maximum voltage stress is

limited to ﬁg . For the converter specifications given in table
I it is convenient to choose a unity turns ratio, so that the
maximum voltage stress during flyback operation results
lower than ﬁg. In this way, no increase of the main switch
voltage stress occurs.

VI. EXPERIMENTAL RESULTS
A converter having the specifications and parameters

listed in table I was built and tested in order to verify the
theoretical expectations.

TABLE 1
CONVERTER PARAMETERS
Ug = 1762264 Vp\(g U, =160V P, =600 W
L=450 uyH C =2-680 uF £, =50 kHz

A charge control was used in order to force a sinusoidal
average input current for both buck and flyback operation
modes, i.e. the input current is sensed and than integrated
cycle by cycle. The main switch S, is turned on at constant
frequency and turned off when the integral of the switch
current reaches a suitable sinusoidal reference (after that the
integrator is reset) [8]. To implement such control, a standard
PFC controller like the MC34261, which is normally used in
boost PFC's designed to operate at the boundary between
continuous and discontinuous conduction modes, was
employed with some external circuitry.

The filtered input current wafeform during operation of
both buck and flyback stages is shown in Fig. 10a together
with its spectrum (Fig. 10b): as we can see now this converter
complies with the standards. The power handled by the
flyback stage is about 7.2% of the total input power.
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Fig. 10 - a) Filtered line current waveform for buck-+lyback operation (nominat

power); b) current spectrum and IEC 1000-3-2 limits

VII. OTHER CONVERTER TOPOLOGY

In the converter of Fig. 6, the addition of diode Dy in
series with the power path reduces the converter efficiency,
even if its effect becomes relevant only for low output
voltages. Thus, when high power and low output voltage are
needed, the circuit shown in Fig. 11 can be profitably used
instead of that previously proposed. The converter operation
remains very similar except for the fact that switches S;-S,
and S,-Sp operate alternatively each half line period: when
U, is positive, S; modulates both flyback and buck stages,
depending on the instantaneous input voltage value, while S,
enables and disables the flyback stage (line-frequency
commutations); when Ug is negative, the same operations are
done by S, and Sy respectively. Besides the reduction of the
devices number in the power path (i.e. higher efficiency), this
solution allows a reduction of the power rating of switches S,
and S, (one half of the total power each).
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Fig. 11 - Two-switch buck + flyback converter
VIII. CONCLUSIONS

The use of buck-type converters as power factor
preregulators was investigated. The maximum input power
for which the input current harmonics do not exceed the IEC
1000-3-2 limits is calculated for different voltage conversion
ratios and for constant- and sinusoidal-current references.

Then a modification of the buck converter which fully
complies with the standards was proposed which includes an
auxiliary flyback stage. This stage uses the same switch of
the main converter, without voltage stress increase, plus a
small power switch commutated at the line frequency.

The solution was also extended to a two-switch buck
converter.

Simulated and experimental results of a 600W prototype
validated the theoretical analysis.
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