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A Low-Inductance Line-Frequency Commutated
Rectifier Complying With EN 61000-3-2 Standards

José Antenor PomilioMember, IEEEand Giorgio SpiazziMember, IEEE

Abstract—This paper presents a high power factor rectifier, interesting. In [7], a modified line-frequency commutated boost
based on a modified conventional rectifier with passiveL—C filter,  rectifier was presented which employs a small line-frequency
which utilizes a line-frequency-commutated switch and a small y4nsformer which allows control of the input current slope at

auxiliary circuit in order to improve both harmonic content of the itch t ith t reducti f hiah f
input current and power factor, thus allowing compliance with EN ~ SWILCh tUrn on, with a consequent reduction o high frequency

61000-3-2 European standards. Being the switch turned on and current harmonics as compared to the simple boost rectifier
off only twice per line period, the associated losses are very small. [5], [6]. A smoother input current waveform, which means
Moreover the limited di/dt and dv/dt considerably reduce the compliance with the standard at a reduced input inductor value,
high-frequency noise emission, thus avoiding heavy EMI filters. was achieved in [8] where a bi-directional low-frequency

The switch operation results in a boost action, which compensates tated switch loved. A noticeable advant f
for the filter inductor voltage drop, thus providing output voltage commutated switch was empioyed. A noticeable advantage o

stabilization against load variations. Compared with other similar  SUch solution is the possibility to be used in existing rectifiers
approaches, the presented topology can achieve higher powerwith passivel—C filters without interruption of the power flow.

levels with a reasonable overall magnetic component size. Low-frequency commutation rectifiers have already found
Index Terms—Electromagnetic interference, power filters, reac- applif:ation in air conditioning equipment., as presented in [9].
tive power, rectifiers. This paper presents another double-line-frequency commu-

tated high-power factor rectifier capable of maintaining EN
61000-3-2 compliance even at high power levels with smaller
or comparable overall magnetic components as compared to
IGH quality rectifiers (also called power factor cor-previous solutions, and, at the same time, it provides output
rectors—PFCs) are rapidly substituting conventionabltage stabilization against load variations. Moreover, the low
front-end rectifiers due to harmonic limits imposed by internawitching frequency allows reduction of switching losses and
tional standards like EN 61000-3-2 [1]. Such high-frequenayMl filter requirements.
PFCs provide very high power factors, many times much The proposed solution is described in detail in the paper and
more than required by the standards and a good output voltaggtable design criteria are given. Comparison with existing line-
regulation, at the expense of an increase of the overall ac-tofeguency commutated rectifiers as well as with standard recti-
converter size and cost. For these reasons, some large voldieag with a passivé—C filter is given, in order to fully highlight
applications still use standard low cost-high reliable rectifiegglvantages and limitation of the proposed solution.
with passive filters in order to improve the quality of the
current drawn from the line, even if the volume of the reactive Il. CONVERTERDESCRIPTION ANDOPERATION
components needed becomes rapidly prohibitive as the powe

increases [2]. Basically, it consists of a standard rectifier with BaC filter,

Performance improvements of rectifiers with passive fiIters|us an additional switching unit consisting of two diodes, one

were aqh|eved in [3] and [4] by adding another capacno.r 'nsng(\?vltch, one capacitor and one inductor which are all rated at a
the rectifier or even another diode. However, such solutions are :

i ; raction of the total power delivered to the load. The converter
useful for an input power up to 300 W, and, being complete

. . e -Behavior can be better understood with the help of Fig. 2 which
passive, they do not provide output voltage stabilization agains . o . i .
- reports the simulated circuit main waveforms: auxiliary capac-
load variations. itor voltage output voltagd/,, rectified input current
The active solution presented in [5], [6] is, actually, a ‘g€uca, OUIP 9%, P g
. . . .and auxiliary inductor current,,,.
boost converter operated at line frequency which provides . ; ) . .
. : he analysis can be broken into two parts: the discharging in-
compliance with the standard as well as some degree of outpu : ” )
S . ervalT,,, + T,y , at the end of which the auxiliary capacitay
voltage stabilization. However, as the power increases, the .
. ; . is charged at the voltadé,, and the resonance interVgl + 75,
inductor value needed makes the solution progressively less . X . .
in"'which we have the input current evolution. The switch gate
signal can be applied at any instant around the line voltage zero
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. INTRODUCTION

Eig. 1 shows the scheme of the proposed high quality rectifier.
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where

1 L
and 7, =/ ==.
VL.Cq Ca

« similarly to the line frequency boost rectifier presented in
[5], [6], the switch voltage stress is simply given by the output
voltageU,,.

« the input current waveform depends, besides on the input
inductor value, on the resonant frequengy= 1/v/LC, and

Wq =

switching unit on the voltagé/; across capacitd?, at the end of the discharge
interval. The effects of the different parameters on the input cur-
Flg 1. Scheme of the line frequency commutated rectifier. rent Waveform are analyzed |n Success|ve Sect|0ns
A lll. COMPARISONWITH PREVIOUS SOLUTIONS
U Many different solutions, based on modifiée-C diode rec-

tifier, have already been presented in the literature [3]-[8] aimed
to achieve compliance with the EN 61000-3-2 standard. Before
the recent modifications of the standard [10], these solutions ex-
ploited the difference between the absolute harmonic limits ap-
plied to Class A loads and the relative limits applied to Class
D loads, for applications below 600 W. Thus, the goal of these
modified rectifiers was to change the shape of the input current
S0 as to stay outside the Class D template [1] for at least 5% of
the line half period. With the recent modifications introduced
into the standard, this trick cannot be used anymore, so that the
; | . goal becomes simply to improve the input current harmonic con-
T, : T, E T,/2 tent, irrespective of the power level. In particular, since for the
- < > standard passivé—C filter the third harmonic is responsible
for the loss of compliance [2], [6], reduction of this harmonic
Fig. 2. Rectifier main waveforms: auxiliary capacitor voltage,, output iS achieved at the expense of an increase of the high order har-
voltagel,, rectified input current, and auxiliary inductor current,, . monics. Thus, the latters now set the power limit for such solu-
tions: as an example, Fig. 3 reports the comparison between the

one (T, ;), the input current remains zero. When the switch RassiveL—C rectifier and the line frequency commutated boost
turned-off, the current,, flows to the output through diode,, rectifier of [5], [6] in terms of input current waveform and its
continuing to discharge the auxiliary capacitor, until it becomé&®ectrum Ui = 230 Vipys, P, = 900 W, L = 10 mH). As we
zero (intervall,; ;). The input current will start to flow at in- €an See, the active solution reduces the third harmonic at the ex-
stantT; when the input voltage becomes equal to the voltage Pense of an increase of the high order harmonics.
This occurs earlier respect to the bridge diodes turn-on naturafor high power applications, we need solutions able to reduce
instant due to the lower voltadé, as compared t&,. During the third harmonic without excessively increase the high order
this phase, the input inductor resonates with the auxiliary caarmonics, like the converter presented in [8] and the solution
pacitor, giving rise to the smoothed current waveform shown R{oposed hgre, which provides a smoother Input current wave-
Fig. 2. When, after interval}, voltageuc, reaches the output form (see Fig. 2) as compared tp that of Fig. 3 (active glrcqlt).
voltage value, diodé® starts to conduct and now the input inHowever, a meaningful comparison must be done taking into
ductor resonates witt? + C,. In this sense, the auxiliary ca-account all the aspects and in particular the higher circuit com-
pacitor can be considered part of the output voltage filter. THM€xity and the need for a second inductor. To this purpose, the
phase (interval) lasts until the input current zeros data collected in Table | should help the reader in making this
A detailed description of the converter waveforms is reporté@mparison and in selecting the power range in which this rec-
in the appendix. Here we want just summarize some results tifier achieves the maximum advantage as compared with other
« the voltagel; across capacitof!, at the end of the dis- Solutions. _ _ _
charge interval as well as the auxiliary switch and diode currentThe table reports the simulation results of the pasgive’
stress depend only on the auxiliary inductor and capacitor valuygstifier (P), the proposed active rectifierd() and the boost

>
—

T

and on the switch on-timé, ., i.e.: rectifier (A,) for three different power levels ranging from 600
up to 1200 W UU; = 230 V,..,s). For each power value the fol-
U, =1, (1 ~ 20— COS(%TM))> Q) lowing data were coll_ected: average oqtput voltégeinductor
current values ensuring compliance with the standard, peak and
A A A U, . RMS inductor currents, coefficiedf;, = L - I, - I, distor-
La =1Sa =1Da = 7~ sin(wa Ton) () tion factorDF = g1rms/ Igrms, displacement factaros(¢;)
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TABLE |
COMPARISONAMONG PASSIVE AND ACTIVE RECTIFIERS AT DIFFERENTPOWER LEVELS. [P = PASSIVE; A; = ACTIVE PROPOSEDSOLUTION; A, = ACTIVE
BOOSTRECTIFIER, DF = DISTORTION FACTOR; cos(¢1) = DISPLACEMENT FACTOR; PF = POWER FACTOR]

P, U, L L, Igpe-k Igrlm ILlpe-k TLarms EL Ko Kia DF COS(¢1) PF
W] [Vl | [mH] | [mH] | [A] | [A] | [A] [ [A] | [(mJ] | [mJ] | [mJ]

600-P | 294 7 85 | 3.66 253 | 218 0.762 | 0936 | 0.713

760 oo 2711 , 71758, V0558 0756

_600-4, | 298 | 6 | | 86 {364 | |22 | 188 |  [0756] 0948 | 0717

900-P | 258 19 9.77 | 5.13 0.888 | 0.859 | 0.763

‘ A 78 A AR I e 09 )26 8491 0992 10842

1900 - A, 1 2874 | 10 | 1988 [ 48 | | - | 488 | 476 , 0:9;/8/ 3;259“/ g.;zgj

500 PO O s YO ; 10 0989170898~

1200-A,] 268 | 18 |  lwmrgle22] 1 | 12 | 109241 0907 10838

[A] IV. DESIGN CONSIDERATIONS

} . The choice of the converter parameters depends on the
- designer objective. In fact, if the goal is just to comply with the
[m standard without looking for a deep output voltage regulation,
2 1 then the minimum switch on-time should be used, since

it strongly affects the auxiliary inductor size and auxiliary
switch and diode current stress, as can be seen by (2). On the
other hand, allowing highef,,, values, an increase in the
converter boost action is achieved, thus increasing the output
voltage regulation against both line and load variations. In
the following the analysis will be limited to the objective of

% 10 20 0 40 achieving compliance with the standard at the minimum cost,
i.e., minimum size and device stresses.

Harmonic order

Fig. 3. Current spectrum comparison between the padsiée rectifier and A, Analysis of the Input Current Waveform
the line frequency commutated boost convertgr. £ 230 V..., P, = 900 . . o .
W, L = 10 mH). The input inductor waveform is influenced by three main fac-

tors: input inductor value, auxiliary capacitor value, which sets
and power factol’F' = DF - cos(¢;). CoefficientKy, is re- the resonant frequency during the secondary resonance interval
lated to the core size and is proportional to the product betwegn and residual voltagé&/; on capacitorC,, at the end of the
the iron cross-section, and the core window ared,, as it discharging process. Since the effects of these different factors
will be shown later. It is also related to the inductor peak ewombine together in a way that is very hard to put in correla-
ergy, i.e..K; = 2EL/CF whereCF = I, /1,5 is the crest tion with the input current spectrum, simulation must be used in
factor. These data show that, in this power range, the proposeder to verify the design choices. Here, some simulations are
solution allows a considerable reduction of the total magnetieported which help to make a reasonable parameter value first
component size as compared with both the passive filter and #atimation.
line-frequency-commutated boost. Note, also, the higher outpufThe effect of capacito’, can be analyzed by looking at
voltage achievable as a consequence of a lower input indudtay. 4: it shows the input current waveform and its spectrum
value and of the switch boost action. at different values of parameter = w,./w; at constant output

A comparison among some low and high-frequency (Hjower and normalized voltadé y = U, /U, (w, = 1/V/LC,

commutation PFC's (boost topology) was presented in [11]. Fandw;: line voltage angular frequency). As we can see, higher
the HF commutation PFC, the converter losses are concentratgdvalues (lowera) cause lower harmonic amplitudes, except
in the power switch, what means that the transistor and tf@ the third and ninth ones, together with lower peak current
fast diode heatsinks are much bigger than in the low-frequenglues. However, of the three waveforms, that corresponding to
commutation case, in which the losses are concentrated in the= 5 is the only which does not comply with the standard.
inductor. Especially in the kW range, another relevant aspecinreover, high”', values cause high switch current stress since,
the EM filter size. The volume of a standard EMI filter is comat constant/; ;y values, the current stress is proportional to the
parable to the low-frequency PFC inductor volume. Of coursguare root of”, [from (1) and (2)].
there are some alternatives to reduce the EMI emission, likeAs far as the effect of voltag¥; is concerned, Fig. 5 shows
soft-commutation techniques, that should be considered fothe simulation results at differebt i values at constant output
more precise comparison among the resulting power densitipgwer and converter parameters values. Actually, changing
The conclusion is that the power density of a low-frequen®f voltage U; is achieved modifying the switch on-time.
PFC can be comparable to the HF solution, if considered tBecreasing’/; causes a reduction of dead tirig as well as
overall converter volume, including heatsinks and EMI filtersreduction of third, ninth and thirteenth harmonics, while other
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Fig. 5. Effect of variation of voltagé’; (U1nx = Ui/U,). (a) Input current

Fig. 4. Effect of variation of capacitaf's (o = w./w;). (a) Input current \aveforms: (b) input current spectrum (peak valug) & 230 V..., P, =
waveforms; (b) input current spectrum (peak vallé) & 230 Voo, Po = 9o W L = 6mH. L. = 1 mH. o = 6).

900W, L =6mH,L, =1mH,U,x = 0.72).

harmonics increase. The peak input current is also decreasgereBuax is the maximum flux density/ is the desired cur-

However, only the waveform corresponding 8y = 0.7 rentdensity andr the window filling coefficient.

complies with the standard. Moreover, lower values mean A plotof coefficientK, as a function of inductor valug, is

higher T,,, value and consequently increase of the switoigported in Fig. 6 for three different value of voltageshowing

current stress. a monotonic increase with the inductor value and a strong de-
From both Figs. 4 and 5, we can see that the purpose of @ndence on voltag€,, as already stated above.

switching unit should be to modify as little as possible the input

current waveform as compared to that of the standas@ rec- C. Selection of Output Capacitdr

tifier, thus causing a decrease of the third harmonic amp“tUdeForthe selection of the output capacitor value, a good guess is

beIO\_N the '”?"'tW'thO“t excessive Increase of_the_hlgh o_rdgr h%e value obtained by the approximate analysis of the classical
monic amplitudes and with the minimum switching unit size. diode-bridge with capacitive filter rectifier, i.e.:

B. lection of.
Selection of_,, <P,

The objective of this work is to provide compliance with C= DU AU. (4)
the standards with a reduced overall magnetic component size T
as compared to previous solutions. To this purpose, the switghere AU, is the maximum allowed output voltage ripple
on-time should be kept as small as possible since it strongly gfeak-to-peak). Note that due to the switching unit operation,
fect the auxiliary inductor size and auxiliary switch and diodthe effective output voltage ripple will be lower thakU,
current stress, as can be seen by (2). Minimization of the auecause of the extended diode bridge conduction angle as well
iliary inductor size is accomplished by choosing the minimumas because of the energy delivered by the auxiliary inductor
value for inductorL, taking into account the allowed switchto the output capacitor in a moment in which it would be
current stress. In fact, the inductor core volume is related to thigcharging in the conventional rectifier.
product between the iron cross-sectidnand the core window

aread,,, i.e.: D. Design Example
AA = N Iparms Lolpapr) = Kira 3 In order to give an idea of the magnetic component size, let
vt T \kr  J NBrax ) kg J Bmax () s consider a practical example:
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Fig. 7. Modified rectifier scheme with coupled inductors.

Fig. 6. CoefficientK';, as a function of the auxiliary inductor value. (a) .
Uin = 04; ) Uiy = 0.5; (¢) Urw = 0.6. (U; = 230 V..., P, = 900 E. Output Voltage Regulation
w). L
) As far as the output voltage regulation is concerned, we

must consider separately the effects of load and input voltage
variations, having in mind the constraint imposed by the
U; =220 Vims £20%, P, =900W, L =6mH, maximum switch on-time that strongly affect the switching
’ unit size. Thus, once we have selected the maxinfymin
Lo =1mH,  Co =44 pF,  Ton =60 ps. order to accomplish compliance with the standards at nominal
The material used for both the main and auxiliary inductot@@d and prescribed input voltage, the control can only reduce
has the following parameter values: the switch on-time at load current decreasing. A standard Pl
regulator having a bandwidth well below the line frequency,
like any other PFC regulator, is sufficient to accomplish this.
flux density : B=135T. Clearly, a minimum power level exists below which the output
The utilized window filling coefficient r is 0.4, and the cur- voltage regulation pannot be rr_laintained! _and if{ corresponds
rent density/ is 3 A/mn?. The auxiliar inductor parameters are:to Fhe .vaIue for Wh'.Ch the passive-C' rectifier (without the
switching unit) achieves the same output voltage. At lower
iron cross section : A, =1.6-10"*m? power levels, the output voltage increases toward the input
voltage peak, like any standard rectifier. For this reason, a

Converter specifications:

relative permeability: p, = 11674

. — =
number of furns: No =85 high output voltage reference is preferable, since it can be
wire diameter : P, =1mm maintained for a broader load variation.
external core volume: Vol =1.96-107° m3. As far as the line voltage variation is concerned, having im-
The main inductor parameters, calculated for the maxim&r?sed a maximun_1 switch on-time, the regulation of th_e output
input current (i.e., minimum input voltage), are: voltgge can _be mamtamed only fora_small mputvoltage increase
(which requires reduction of the switch on-time), while, at low
iron cross section : A, =7.7-10"4m? input voltage T, is kept constant and equal to the maximum
number of turns: N =69 value allowed by the switching unit design, causing the decrease
, ' of the output voltage too.
air gap: tgap = 0.38 mm
wire diameter : $=1.6mm

V. TOPOLOGY VARIATION

, , . _ 10—4 m3
external core volume: Vol =1.27-107% m. The circuit discussed so far has the disadvantage to use two

The rectifier output voltage at the minimum input voltage angeparate inductors, thus it is worthy to study the possibility of
nominal power is 227 V. o . ~using only one magnetic core. A scheme that basically works
For the sake of comparison a similar design was carried 4§ the previous one but employs only one tapped inductor is
for the passive solution. The inductor value needed to com@liown in Fig. 7. Differently from the previous one, this circuit
with the standard for the same converter specification is 19 mghntains one more line-frequency commutated switchich
The resulting inductor parameters are: can be implemented using a SCR. For a better understanding of
iron cross section - A, =1.28 1073 m? its o_pe_ration prinf:iple let us assume the sv_viﬂ;h_s off at the
beginning of the line half period. The capacitor discharge phase

nwmber of turns: N =131 occurs through windingV, when switchS, is turned on and it
air gap: tgap = 0.73 mm continues through diod®,, duringT, ¢, causing voltage.c,
wire diameter - d = 1.7mm to drop atU; level (see Fig. 2). Switcl§; prevents conduction

of the bridge diodes during thE,,, interval since voltagec,

reflects in thelV; winding with the right polarity to cause a pre-
The rectifier output voltage at the minimum input voltage anshature bridge diode turn on. Wheh is turned on the resonant

nominal power is 179 V. interval starts involving the overall inductance (corresponding

external core volume: Vol =3.24-10"* m?.
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Fig. 8. Measured Input voltage; (100 V/div) and input current; (5 A/div)

of the proposed rectifier of Fig. I = 230 V..., P, = 900 W). Fig. 9. Measured auxiliary capacitor voltage-, (100 V/div), auxiliary
inductor current ., (5 A/div) and switch gate drive signélg 41z (10 V/div)
of the proposed rectifier of Fig. L} = 230 V,.ps, P, = 900 W).

to N; + N,) and the input current evolution is similar to what

we have already shown in Fig. 2. However, coupling the two
inductors imposes a constraint on the circuit that is in order to
have a behavior similar to that of the original rectifier, diddg
must remain off during interval’; + T5. This condition is satis-
fied if the output voltage is greater than the peak input voltage.
In fact, the diode voltage during this interval is given by:

ug—uca
1+n

UDa = Ucq + o

For Up, to be negative must be > (u, — U,)/(U, — uca)
which is satisfied only ifU, > Ug,, since the denominator
tends to zero (see Fig. 2). For such circuit, the inductor coeffi-
cient K, which can be used as an estimation of the magnetic

H H 1 H . \V
component volume, is given by the following expression: ent 3ney
L Trapk . o . e
Kp = —— -max{ —2°, ]gpk Fig. 10. Load variation dynamic respondé; (= 230 V..., 450 W to 900
1+n 1+n W): output voltagel/, (top trace—50 V/div), load currert, (center trace—1

5 5 A/div) and switch comman@ ¢ 4+ (bottom trace—20 V/div).
’ (nIQTmS + V Igrms + ILarnls) (5)

output voltage value), while for the original rectifier the

maximum flux in the input inductor increases due to the

higher input current peak;

« the high output voltage gives to the circuit the capability of
maintaining a fairly regulated output voltage in a greater
load range as compared to the original one. Actually, being
U, > U, the output voltage can be maintained down to
no load by simply reducing the on time of switéh.

wheren = N;/N,, andir, denotes the current in windiny,
during the discharge phase. This expression takes into account
the possibility that the maximum flux in the core occurs during
the discharge phase (in windig,) instead of during the reso-
nant phase (in windingv; + N,).

In order to compare this topology variation with the original
rectifier we can make the following considerations:

« the need for an output voltage higher than the input voltage
requires highefT,,, values as compared to the original
circuit, in order to increase the converter boost action. As
a consequence, a global filter inductor value very close toln order to verify the results obtained by simulation a pro-
the sum of the two separated inductor values employedtimtype of the circuit shown in Fig. 1 was built having the fol-
Fig. 1 is required in order to meet the standards; lowing specificationsU; = 230 Vs, U, = 292V, P, = 900

« the high peak current during the discharge phase, con¥¢- f;, = 60 Hz, L. = 6 mH, L, = 1 mH, C, = 44 uF,
quence of an increaséfd,,, causes a higher inductor co-C = 1200 uF.
efficient K1, as compared to the original circuit. However, The rectifier input current and voltage waveforms at nominal
since the maximum flux in the core usually occurs duringonditions are shown in Fig. 8 and the corresponding current
the discharge phase [see eq. (5)], it remains unchangedhatmonics amplitudes are reported in Table II, together with
lower input voltages (actually it decreases due to the low€tass A limits. As can be seen, the input current waveform well

VI. EXPERIMENTAL MEASUREMENTS



POMILIO AND SPIAZZI: LOW-INDUCTANCE LINE-FREQUENCY COMMUTATED RECTIFIER 969

TABLE I ance with harmonic standard with a reduced overall magnetic
MEASURED INPUT CURRENT HARMONICS FOR THEPROPOSEDRECTIFIER component size as compared to previous solutions. The added
switching unit employs a line frequency commutated switch

L H:m' Clas[;A timits rated at a fraction of the total power delivered to the load. Its
I [2,'1 2'5"(',"] inherent boost action allows regulation of the output voltage
I 073 1.14 against load variations, without affecting the converter effi-
1, 0.46 0.77 ciency. A topology modification employing only one magnetic
Iy | 0028 0.40 core was alsg presen.te_d anq it; performances discussed in
M 0.14 033 comparison with the original circuit.

I;; | 005 021 Measurements on a 900 W prototype have shown a good
I;s | 0.058 0.15 agreement with theoretical expectations.

I;7 | 0.048 0.132

Iig | 0.022 0.118 APPENDIX

by | 0026 0.107 In order to derive the input current equations during the

different time intervals in the line half period let us refer to
Fig. 2 waveforms and to Fig. 11 that reports the converter

lLa_> sub-topologies. The following equations hold on the assump-
tion that during the total discharge interval of capaci€tr
+ La (Ton + Toy¢) the input current stays at zero since the rectified
Ca Ca input voltage is lower than.,. Moreover the output capacitor
Ucy Sa UCaT is considered big enough to maintain constant the output
voltage. The rectified input voltage ig, (¢t) = U, | sin(w;t)|.
a) 1) Discharge interval
i i a) 0 <t<T,,.Aresonance betweeti, and L, occurs
g _,» L g _o» L
+ +1 + * (wa: LlC Zy = %)
ug uCa-T-Ca ug U(’() o ’
b) _ Us .
ira(t) = 7 sin(w,t)
Fig. 11. Converter sub-topologies in a line half period. (a) Discharge interval e
T,. + T.sr; (b) resonance interval, + Ts. uce(t) = U, cos(wgt). (A1)

agrees with the simulation results and all the harmonics are well b) To, <t < Topn + Toy 5. Co continues discharging until
below their limits. The employed switch on-time is /8, as we currentiy, zeros

can see from Fig. 9 which reports the auxiliary capacitor voltage U —U
uca, the auxiliary inductor current,, and the switch gate drive i1, (t) = I cos(wa(t — Ton)) — OT“O
signal at the beginning of the line half period. Comparing such @
waveforms with the idealized ones of Fig. 2 allows easily recogea(t) = U — ZoLao sin(wy (t — Ton))
nition of subintervald’,,,, 1,5 ¢, 74 and}. The switch current — (U, — Uyg) cos(wq(t — Ton)) (A.2)
stress is about 20 A, while the output voltage limits its voltage

stress. The measured efficiency is 96%, not including contwwhere the initial conditiong,, andU,, are given by:

and driving losses, while the power factor is 0.85, and it is al-

sin(wq (t — Ton))

most totally dominated by the distortion factor DF which results Io = E sin(wqe T )
0.86 (THD= 59%). Za
Fig. 10 shows the dynamic response to a load variation be- Uao = U, cos(waTon)- (A.3)

tween 450 and 900 W. The control loop uses a Pl controller. As

can be seen the control system is able to maintain the outputerval7, s can be calculated setting curregt, to zero, i.e.:
voltage regulation. Bellow 450 W, as the auxiliary switch does .

not conduct anymore and the voltage output increases up to Toff = 1 atan( sin(wa Ton) ) . (A.4)
reach the input voltage peak value (325 V). For the input voltage a 1 — cos(waTon)

variation, the system is able to regulate the output up to a 5F/ﬂe voltage across, at the end of the discharge interdaj, +
over-voltage (241 V). T,/ is given by:

VII. CONCLUSION U, =U, (1 B \/2(1 — COS(%TM») _ (A5)
The paper has presented a modification of conventional
rectifiers with a passivé—C filter that helps to make compli- 2) Secondary resonance interigl < ¢t < T, + 1;.
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This interval starts at = T,; when the rectified input voltage [3] R. Redland L. Balogh, “Power-factor correction in bridge and voltage-

becomes equal to voltad& across’,, i.e. doubler rectifier circuits with inductors and capacitors,’Aroc. IEEE
aren Appl. Power Electron. Conf. (APECWar. 1995, pp. 466-472.
[4] R. Redl, “An economical single-phase passive power-factor-corrected

1 . U, rectifier: Topology, operation, extensions, and design for compliance,”
Ty =—asin | = (A.6) in Proc. IEEE Appl. Power Electron. Conf. (APEGjeb. 1998, pp.
Wi Uy 454-460.

[5] I. Suga, M. Kimata, Y. Ohnishi, and R. Uchida, “New switching method
for single-phase AC to DC converter,” iRroc. Power Conv. Conf.
Tokyo, Japan, 1993, pp. 93-98.

[6] L.Rossetto, G. Spiazzi, and P. Tenti, “Boost PFC with 100Hz switching
frequency providing output voltage stabilization and compliance with
EMC standards,"EEE Trans. Ind. Applicat.vol. 36, pp. 188-193,

U,
0,

2
) -1 a,=—b,
1

U; a?
by = ——% by = —Uy [ -2 ) (A73) Jan./Feb. 2000. o -
wil \a2 -1 a2 -1 [7] G. Spiazzi and S. Buso, “A line-frequency commutated rectifier com-
plying with IEC 1000-3-2 standardJEEE Trans. Ind. Electron.vol.
ig (t) =a; [cos(wi(t — Td)) — Cos(wr (t — Td))] 47, pp. 501-510, June 2000.

1 [8] G. Spiazzi, E. da Silva Martins, and J. A. Pomilio, “A simple line-fre-

e S o« _ guency commutation cell improving power factor and voltage regulation
+bi [Sm(wz(t Td>) o Sm(wr(t Td))] of rectifiers with passiveL—C filter,” in Proc. IEEE Power Electron.
(A 7b) Spec. Conf. (PESCJune 2001, pp. 724-729.
: [9] Y. Shimma and K. lida, “Inverter applications to air conditioning field,”

. 1 . in Proc. Int. Power Electron. Conf. (IPEC’'0QJapan, May 2000, pp.
ealt) =U + ay [sin(es(t = Ta) = 2 sinGer (¢~ 7o) sy, (PECaB)apan, ey 2000, pp
@ [10] Amendment A14 to EN61000-3-2, “Limits for harmonic current emis-
sions (equipment input current up to and including 16A per phase),” Eu-
+ by [(1 — cos(w;i(t — Ty))) ropean Committee for Electrotechnical Standardization, Belgium, Mar.
2000.
[11] J. A. Pomilio, G. Spiazzi, and S. Buso, “Comparison among high-fre-
_E(l — cos(wy(t — Td)))] (A.7¢c) quency and line-frequency commutated rectifiers complying with
IEC 61000-3-2 standards,” iRroc. IEEE Ind. Applicat. Soc. Annu.
Meeting—IAS’00Oct. 2000.
wherew,. = 1/y/L C,ande = w, /w;. This interval ends when

the voltage across the auxiliary capacitdr reaches the output
voltage value, i.eyc. (T4 +11) = U,. Letus indicate the input
current value at this instant dg,.

3) Mainresonanceintervdly + Ty <t < Ty + Ty + Ts

José Antenor Pomilio(M’02) was born in Jundiali,
Brazil, in 1960. He received the B.Sc., M.Sc., and
D.Sc. degrees in electrical engineering from the Uni-
versity of Campinas (UNICAMP), Campinas, Brazil,
in 1983, 1986, and 1991, respectively.

From 1988 to 1991, he was head of the Power
Electronics Group, Brazilian Synchrotron Lab-
oratory. Since 1991, he has been an Assistant
U, Professor at the School of Electrical and Computer
—wi(t—Tqg—T1)|. (A.8) Engineering, University of Campinas. From 1993

Ug to 1944, he held a post-doctoral position at the
Electrical Engineering Department, University of Padova, Italy. He currently
. . . is President of the Brazilian Power Electronics Society and at-large member
After InteljvaITQ’ the |_nput current zeros and remains zero um’(ﬁf the IEEE Power Electronics Society Administrative Committee. His main
the next line half period. interests are switching mode power supplies, electrical drives, and active power
filters.

) U
ig(t) = Iy + ﬁ cos(w;(Tq + T1)) — cos(w;t)
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