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A High-Quality Rectifier Based on the Forward
Topology With Secondary-Side Resonant Reset

Giorgio Spiazzji Member, IEEE

Abstract—The use of buck-derived topologies for unity power Cr” Uy
factor ac-to-dc applications is limited by their inherent inability to i i I IL
_> i’
+

draw current from the line in those intervals, during the line half .
period, in which the input voltage is lower than the output one.

This drawback is overcome in the proposed high-quality recti- i”l L L
fier based on the forward topology with secondary-side resonant (2 I Dy Cr, U, RL
reset. The employed secondary side reset capacitor is able to pro- @ . u
vide proper transformer reset by recycling the transformer stored uj g
energy to the load and, at the same time, it allows to draw energy S
from the line even when the input voltage is lower than the output o—|E —
one. Consequently, besides to a better utilization of the transformer _ TCDS
core (bipolar core excitation), a low distorted input current wave- ] -1
form can be obtained with a power factor close to unity.

Experimental results of a 200 W prototype confirm the theoret- Fig. 1. Scheme of the proposed high-quality rectifier based on a forward
ical expectations. converter with secondary-side resonant reset.

Index Terms—Bipolar core excitation, buck-derived topologies,
capacitor, input voltage, transformer core. with a good transformer utilization (bipolar core excitation),
with only one switch and with less transformer leakage induc-
tance problems as compared to the flyback topology.

In Sections Il and Il the converter analysis is reported for
T HE FIELD of power factor correctors (PFCs), i.e., rectinoth step-down and step-up modes considering a constant input

fiers that draw a current from the line proportional to thgojtage, while Section IV describes the application of the con-

input voltage (unity power factor), is almost totally dominategerter as a high quality rectifier. Finally, results of an experi-

by the boost and the flyback topologies. Boost rectifiers proviggental prototype are reported confirming the theoretical expec-
an inherent input current filtering but they lack of an overcukztions.

rent protection and they require an output voltage greater than

the line vqltage peak [1]. Moreover, isolaf[ed boost structurt_—:‘s Il. CONVERTERANALYSIS IN STEP-DOWN MODE

are complicated [2]. On the other hand, in low power appli-

cations requiring isolation, the flyback topology represents the The proposed high-quality rectifier based on the forward

best choice due to its simplicity [3]. However, the unavoidabi@Pology is shown in Fig. 1. As we can see, the secondary-side

transformer leakage inductance calls for heavy snubbering"#$onant reset scheme is simply made up by capaCjtaon-

order to control the switch overvoltage and the electromagnefigcted in parallel with the rectifier diode,. The transformer

noise generated (EMI). reset occurs through the resonance between its magnetizing
Rectifiers based on buck-derived topologies are not widéfductancel,, and the resonant capacitoy. during the switch

used mainly for their inability to draw current from the line irPff-time, and the mechanism is conceptually equal to the

those interval, during the line half period, in which the rectifie§tandard resonant reset scheme which exploit the switch output

input voltage is lower than the output one, since they can oper§@Pacitanc&’ns (shown with a dotted line in Fig. 1) [6]. The
only as step-down regulators [4], [5]. only difference is that the transformer-stored energy can now

This problem can be overcome by using a suitable sek€ partially delivered to the load instead of being dissipated in
ondary-side resonant reset scheme, in conjunction with ti switch at turn on. o .
forward topology, which ensures proper transformer reset,!n order to keep the notation simple, a constant input voltage
while providing the boost action necessary to draw current froty iS considered and the extension to rectifier operation is con-

the line in the whole line half period. The result is a rectifiefidered in Section IV.

with a power factor close to unity, which provides isolation, In general, the converter can operate in different modes char-
acterized by different topological sequences in a switching pe-

riod: all these possible sub topologies are shown in Fig. 2, from
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Fig. 2. Converter sub topologies in a switching period (NOTE:
Ugs, 1gs, Lpus, tus are variables referred to the transformer secondary
side.)

side), in which the converter behaves very similar to a standard
forward converter. Assuming a continuous conduction mode
(CCM) of operation (i.e., the freewheeling diode remains on (b)
during the whole switch off-time), the converter can assunm.3. Converter main waveforms corresponding to operating mbHeand
only two operating mode&/0 andM 1, described by the wave- M1 in a switching periodT, = ts —to = 15 — to).
forms shown in Fig. 3. These operating modes are character-
ized by the following topological sequences in each switchigheret/, , is the initial capacitor voltage value. During this in-
period: terval, the energy stored i, is delivered to the load. After in-
stantt,, the topology changes as shown in Figl'2; becoming
MO:T1 -T2 —T3 the standard powering phase of the forward converter.
M1: T2 — T3 — T4 At the same time, the magnetizing current starts to increase
linearly at the switch turn on until instamn, i.e., (0 is the
and are described hereafter. In the following analysis, a lo#tial value)
current much higher then the magnetizing one reflected to the

secondary side is assumed, (> i,/n wheren = Ny/N; is iy (t) = Lo + Y t. )
the transformer turns ratio). Moreover, the output current ripple Ly

is neglected, so thag, = I, = I,. . .
9 £ L Interval To3 = t3 — to = (1 — d)T%. At instantt, the switch

is turned off and diode); starts to conduct. The magnetizing
A. ModeMO0 - .
_ _ ) ~current transfers to the secondary winding and charges, in a res-
This operating mode occurs when the switch off-time ignant way, the reset capacit6t. (see Fig. 2F3). On the as-
shorter than one half of the resonant period, so that the resong@ifyption of a load current much higher then the magnetizing
capacitorC,. is not completely discharged during the switclyne current,, can reverse, witt ; still on (ip; = i, /n+ir).

turn off interval. For a better understanding of the convertgjyring this subinterval, the resonant waveforms are given by (a
operation let us refer to Fig. 3, which reports the converter maigy time origin is assumed i)

waveforms in a switching period.

Interval T» = to — tg = dT,. At instantt, th(_a swtih is wy (V') = Z, 1,1 sin (w,t')
turned on causing the turn off of the freewheeling diddge.
During the first intervally; = t; — to, diode D,. remains off iy (t') = I cos (wpt) 3)
(see Fig. 2¥'1) until capacitorC,. is completely discharged by
the filter inductor current (instartt) where
Uy (t) = U,no — I—Lt T01 = UL& (1) [,ul = 4pu0 + & de (4)

C. I
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is the peak magnetizing current and l\/i T T T ; T N I
S T T T
1 L ____|___|___|___|____:____|____}____:____|____
W= g, =] ) R i i S S i oy
ny/L,C; C, A A .....LkN.

R e R e B e e e s ~ 2
are the resonant tank parameters. At the end of the off interva :r ! T; E N~
under a steady state condition, we can write I N T S S T _:___lg\:l___

Uy (Toff):ZTI;LISin(eroff):UTO 06 i E E E : _:____E_-~-E____i_-_-
i (Togf) = Tu1 cos (w, Toff) = Lo (6) AT
IR R bl
From (4)—(6), the initial magnetizing current valjg results ! t i i i i i 5 E
U 04 T T T T S S
Lo =— 2Lg dTsy 04 0.48 0.56 0.64 0.72 0.8
# Duty-cycle d’maX

—2cos (wy (1 —d)Ts)
y=< 1l —cos(w,(1—d)Ts)
1 wr(l=d)Ts >

wr(l—d)TS<7r(7) e _ , . :
ig. 4. \oltage conversion ratio as a function of duty-cycle for different
values § corresponds to the nominal load resistance).

where the parameter assumes values lower than one for op- | et us show the boost effect with the following example:
erating mode\/0, and is equal to one for operating modt&l . U, =30+60V,U, =48V, I, =4 A, n =2, f, = 50 kHz,

The magnetizing peak current is given by L, =1mH,C, = 2nF. With the constraint of ,, < 0 (itis an
U arbitrary design choice to limit the maximum flux in the trans-
I = 2Lg dTs (2 — ) (8) former), the maximum boost effect, needed at minimum input
s voltage, is achieved when the conditity/4 = T, ; is met. In
while the average value is fact the energy stored in capacitoy and delivered to the load
U during intervalTy, is given by
Lyavg = 57~ AT: (1=7). ©) ,
Iz 1 2 Ug 2 1
E.==-CU;fy=—"L (dls) ——— . (12)
Note that,/,,; is constant and equal tel,,q during mode\/1 2 2L, tg? (%)

(the core excitation is symmetrical with zero average value) and

increases as the converter enters madi@, sincey becomes This energy reaches the maximum value Bfyax =

lower than one. In the latter case the magnetizing current 4€% /2L,,) (dTs)* whenw, (1 — d)Ts = /2 and I, = 0.
guires a positive average value, as can be inferred from (Based on these considerations, the resonant capacitor value
It is this shift of the transformer flux, which gives, to this opwas chosen in order to satisfy the following constraint:

erating mode, a certain degree of boost effect. In fact, part of

the magnetic energy stored in the transformer during the switch f = s (13)
on-time is transferred to the resonant capaaditprduring the 4 (1 = dpyax)

turn off interval, and then to the load during interd@l, . This hered’

- . . Taax 1S the maximum duty-cycle needed to obtain the
can be demonstrated by finding an approximate expression 1or . . . .
; . ; . esired output voltage in correspondence to the minimum input
the voltage conversion ratio during mo#t&). This can be done

by observing that the output voltage is always given by the a\\//c_)ltage, taking into account the boost effect,
y 9 X g YS9 y Fig. 4 reports the actual voltage conversion ratioas the

erage value of the voltage across the freewheeling diode, I-€: nction of duty-cycle for three different values fy is the

B d To1 10 value ofk corresponding to the nominal load resistance): as we
Uo = nlUgd+ oo Uro- (10) can see, the boost action starts abdve: 0.6 and increases

27T
as the load current decreases. However, this effect vanishes at

In (10), the second term reflects the average value of voltag@per magnetizing inductance values [see eq. (12)], thus re-
u(t), given by (1), during intervaly;, since the freewheeling ducing the energy transferred to the load.
diode voltageup s equalsnU, + u, during the switch off in-

terval. Now using (1)—(6) we obtain B. ModeM1

M =d-F(d, k) If the resonant period;, = 2r/w, is shorter tharRT,;,
then the converter waveforms modify as shown in Fig/3;
1_’_\/1_1_% (1—|—cos(wr (1-d) Ts)>

F(d, k)=

(11) i.e., a complete half resonance occurs during the switch off time.
k \ 1—cos(w, (1—d)T5)

Since voltage:,. cannot reverse, at instatjtit goes to zero and
remains zero, while the magnetizing current continues to flow
wherek = (2L, fsn?)/Ry, is an adimensional parameter usuthroughD, andD; (see Fig. 2¥'4). As a consequence, the ini-
ally found in converters operating in discontinuous mode. tial voltageU,., acrosC; is zero and o = —1I,;. Clearly, this

1
2
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operating mode corresponds to a standard forward operation, ﬁ
swW

which only the reset mechanism is modified. —~— !
Before to end the analysis of the converter in step-dowi [Vl i b): o———
mode, it is interesting to show the effect of the selection of the 220 [===F===1===1===4====- - ==F=== ===
resonant capacitaf’, on the maximum switch voltage stress. ! ! ! ! ! ! ! ! !
To this purpose, we are going to compare two different choices 190 S S S S SIS AV N N B Y
a) C, is selected in order to satisfy condition (13) so as tc N T oy
exploit the maximum boost effect of modé0; E E E E E E E i E
b) C, is selected in order to operate at the boundary betwee 160 f===r=-=r==-1-=q---a---om-copo-opfforoi-
modesMO0 and M1 at the minimum input voltage, i.e., | E T R 3 ' E E
according to the following condition: 130 ____;___*___: :____E__ ! (IR SN
fs 100 1 1 1 1 1 I 1 1 1
fr= m (14) 04 048 0.56 0.64 0.72 , 0.8
Duty-cycle d .

wheredyax = Uy /nUgmin = 0.8 > d ... In this case the
converter beha\{es as_a standard forW‘_’J‘rd one, W'thOUt_any bqgéts. Switch voltage stress as a function of duty-cycle for two different
effect, because it continues to operate in Madlealso at higher design approaches: (#). is chosen according to (13) and (f) is chosen
input voltages (lower duty-cycles). according to (14).

In case of solution b), assuming a continuous conduction
mode, the converter operates always in Mdde, the param- The converter main waveforms describing these two operating
etery is equal to one and the peak voltage across the resongitides are reported in Fig. 6 and the corresponding topological
capacitor remains constant and equal to [using (5), (6), (8equences are
(14)]

f . ModeM2: T1 - T3 —-T5
. - T
Uriiy = Zplyn = Uor s = Uoy 7—5—- (19) Mode M3: T1 — T2 — T3 — T5.

On the other hand, with solution a), at minimum input voltag€hese waveforms were obtained by simulation of a rectifier
the maximum duty-cyclel;,,.. turns out to be 0.78, thanks tohaving the following parametef$, = 230 Vs, U, = 160
the boost action (see Fig. 4). Consequently, the resonant capgcP, = 600 W, n = 1, f, = 50 kHz, L, = 2 mH, C,. = 10
itor peak voltage reaches the maximum value at the minimunf, L = 450 pH. In particular, the waveforms corresponding
input voltage, since the magnetizing current reaches its mag-modeM 2 andM 3 were recorded after 0.5 ms and 1 ms from
imum value [given by (8) folUy min, d),.x,» @ndy = 0], and the line voltage zero crossing, respectively (the line frequency
reduces at lower duty-cycle values (higher input voltages) bgas 50 Hz).

causel,,; decreases. In both cases, the switch voltage stress i#lode)M 2. Starting from the turn on of the switch at instagnt

given by the magnetizing currentincreases linearly while the filter induc-
R tancel r resonates with capacitar, accumulating the energy
0., = U, + & (16) previously sto_red in the_resqnant capgcitor. The corres_ponding
) n sub topology is shown in Fig. 2-1. At instantt;, the switch

Fig. 5 shows the comparison between the two design aié_turned off causing the turn on of the freewheeling diddle
c

proaches: as we can see, exploiting the boost effect gives a ﬁ—e Fig. 2¢'3). the magnetizing inductance resonates with
siderable benefit in terms of maximum switch voltage stresy r':]ee;h: EI;?rt:/quczfr:ecﬁqr;er:eg;(;:eii?femizﬁgeurr:;:éétgg
and itis the preferred choice also for rectifier operation, as itwﬁfthe se?:ondar LHSSide) Thisgoccursgat instantthus causin

be shown later. This advantage is counterbalanced by a m < turn off ony' frorr; now until the subse(’quent switchi%g
imum flux in the core which is twice the flux we had selectin%)n f

C, based on criterion b), because, in the latter case, the maggugtr;itg”réﬁ:g?eﬁiz Vt\ﬂt: ttrhaizlljor?mﬁéurs S(Li%rr:;gne;;ég]g m(—j
tizing current is always symmetric with zero average value. y )an

(see Fig. 27'5).

Mode M 3. This mode of operation differs from the previous
one because during the switch on time the resonant capacitor
When the input voltage is lower than the output voltag€'. discharges to zero (instanf), causing the turn on of diode

reflected to the primary side, the proposed converter is ablefp (see Fig. 2F2). During the corresponding subinterva] [
operate in different modes, depending on converter parametdr the magnetizing current continues to increase linearly while
values and duty-cycle. In the following, we will illustrate twothe filter inductancd. » discharges to the load (note the negative
of them that appear at low input voltage and load current, whistope of current;, caused by an input voltagg,, lower than the
correspond exactly to the situation encountered in a high powrtput one). When the switch turns off the topological sequence
factor rectifier around the zero crossing of the line voltagés the same of the previous modé2.

I1l. CONVERTERANALYSIS IN STEP-UP MODE
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[Al] P\ 4 o ‘
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i 5 lL Time [ms]
0 i u \/t Fig. 7. Simulated filtered input current waveform of proposed forward rectifier
L ' H with charge control.
M2 b4t &= t+Ts o | |
verter changes during the line andgle= wt, i.e., assuming a
@ unity power factor we can write [7]
U, M
M : m0) = —— = _ an
: nU; |sin (9)|  Isin (6)]
i 5 R
o/ - ST e
o Pl | t . o . .
[A] : o, Thus, a high boost capability is required around the line
E ~ lu E voltage zero crossing, but with a load current which is very
/\/\ small as compared to the average value. Standard buck-type
0 — ; » rectifiers, being able of a step-down action only, have a non
(AL i b ! t  zero input current only during a portion of the line half period
. b [4], [5], i.e., forfy < 6 < m — 64, where
; dp i U,
0 i | L: /\ > fa = sin~" <—U> (19)
| P : t is the dead angle. On the other hand, the proposed rectifier al-
M3 th t; 4 t3 t4=t0+TS lows overcoming this limitation, as demonstrated in the previous
section. In order to verify the theoretical forecasts, a converter
(b) simulation was performed using the same parameters employed
Fig. 6. Converter main waveforms corresponding to the operating modes: {@)derive the waveforms for modé$2 andM 3, which are listed
M2 and (b)M3. at the beginning of Section Ill. The filtered input current wave-

form results as shown in Fig. 7. Charge control was employed

From the waveforms of Fig. 842 and M3, we can see that to force the average input curren@ to follow a §u[tab|e sinusoidal
during the switch on-time the input curreit = i, + n - iz reference waveform, e, the switch current_|s mtggrated cycle
is positive, i.e., energy is transferred from the line to the log cycle and the resultis compared to the sinusoidal reference
even when the input voltage is lower than the reflected outpfitOrder to determine the switch turn off instant [3]. As we can
one. Actually, in model/2 the instantaneous voltage converSee, the cqnverter draws curren_t from the grl_d in the whole line
sion ratio was 3.1, while during mode3 was 1.6. This, rep- Period, while the dead angle given by (19) is’30he small
resents a stronger boost effect, as compared to that encountSHSEEN distortion at the line voltage zero crossing is due to the
in mode M0, and it allows to overcome the inherent inabiliyStabilizing ramp added to the controlled signal needed to avoid
of buck-type rectifiers of drawing current from the line in thdhe inherent instability of the charge control (similar to the peak

intervals corresponding to an instantaneous input voltage lovigiTent control instability).
than the reflected output one. Foré ranging from O tar /2, the converter passes through the

following operating modes (at instants 0.5ms and 2ms respec-
tively): M2 — M3 — MO.
IV. ANALYSIS OF THE CONVERTER ASHIGH-QUALITY The simulated magnetizing currefif and switch voltage
RECTIFIER ups are shown in Fig. 8 in the first 90of the line angle: it
is important to note that the switch voltage stress occurs at
When the converter operates as a high-quality rectifier, thtiee peak of the line voltage, and the magnetizing peak current
voltage conversion ratio and the apparent load seen by the conanges very little during the line period. In other words,
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Fig. 9. Simplified scheme of the adopted modified nonlinear carrier control
[8]-[10].
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Fig. 10. Filtered input current; with modified non linear carrier control

Fig. 8. Simulated switch voltage and magnetizing current in the firstc#0

the line angle (charge control). TABLE I

INPUT CURRENT HARMONICS (U; = 230 Vs, P, = 200 W)

TABLE | Harmonic Harmonics IEC 1000-3-2
CONVERTER PARAMETERS order [ mAms] [ mArms]
Uj = 90-260 Vymg Uy =48V P, =200 W 1 977
n=0.56 fg=56 kHz CL = 4400 uF 3 209 2300
L,=3.5mH C,=1010F L =300 uH 5 26 1440
7 15 770
9 9 400
for a properly designed converter, the boost effect does not
increase the device stresses. Thus, the transformer can be 11 14 330

designed as in a standard forward converter, considering the
volts-second across the winding. The only thing we need is a
proper magnetizing inductance value, which can be obtaingtnt. An internal clock sets the switching frequency, turning on
with a suitable air gap. the switch at constant intervals. For more details see [8]-[10].
The filtered input current is shown in Fig. 10 at minimum
RMS input voltage: as we can see, the converter was able to
draw current in the whole line period as predicted [at the min-
A 200 W forward rectifier was built and tested in order tomum input voltage the dead anglg given by (19) is about
verify the theoretical expectation. The converter parameters d2]. The low frequency distortion is due to the adopted control
listed in Table I. scheme, which is best suited for flyback-type rectifiers. Never-
The transformer core was ferrite E 42-21-20 with a small diheless, due to the low output power, there is no problem in sat-
gap in the center lag. The adopted control technique was ibfying the limits imposed by the standard EN 61000-3-2 (Class
modified non linear carrier control described in [8]-[10], whiclA piece of equipment), as can be seen from the comparison be-
does not require input voltage sensing and current error amglireen the input current harmonics and their limits reported in
fier as well as any compensation ramp for stability purposes. Table Il U; = 230 Vs, P, = 200 W). Higher order har-
principle scheme is shown in Fig. 9: the switch current is sensetbnics are negligible, and were not reported in Table II.
(Rs is the equivalent sensing resistance) and integrated togethedfinally, the switch drain-to-source voltage recorded at the line
with the outputl/,,, of the voltage error amplifier; the integratorvoltage peak is shown in Fig. 11 in two different conditions: a) at
output is then compared witti,, to determine the turn-off in- the minimum input voltagé/; = 90 V,.,,,s; b) at the maximum

V. EXPERIMENTAL RESULTS



SPIAZZI: HIGH-QUALITY RECTIFIER

731

[ ‘ \ % ‘ Efficiency
s 4 020 A,
0,88 /'/v
| . uSW: 0,8U
l .
SW [100V/div] 0.84 /
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u 020 e
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(b)
[2us/div] Fig. 12. Measured overall efficiency: (a) as a function of input voltage for
nominal power and (b) as a function of output power for different input voltage
(b) RMS values{, = 48V, P, = 200 W).

Fig. 11. Measured switch voltagesy and current sy recorded at the line
voltage peakl{, = 48V, P, = 200 W): (@)U; = 90 V..., and (b)U; = 260

rms-

higher input voltages, however, the efficiency is good, reaching
its maximum around 220 ¥uss.

input voltageU; = 260 V,.,,.,. As we can see the resonant ca-
pacitorC,. was selected according to criterion a) of Section II, so VI. CONCLUSION

as to fully exploit the boost effect, and the switch voltage stresspig paper presents a high quality rectifier based on the

remains below 750 V in all operating conditions. Note that twiyyard topology. The particular transformer reset mechanism
small R—C snubbers were used, the firstin pa_rallel to the switGlnich exploits the resonance between the magnetizing induc-
(Ra1 = 110 ©, Ca1 = 0.5 nF) and the other in parallel to theance and a secondary-side capacitor, adds a boost effect to
transformer secondary windingi; = 75 €2, G4z = 0.47nF),  the converter, which allows to draw current from the line also

in order to damp the parasitic oscillations caused by the trafs-inose intervals, during the line half period, in which the
former leakage inductance. From Fig. 11, we can also see that

) _ tified input voltage is lower than the reflected output one.
at the line voltage peak the converter operating mode@sat  Thg result is an almost unity power factor isolated rectifier with
minimum input voltage and/1 at maximum input voltage.

ot X i no need of any auxiliary winding for the transformer reset and
The overall converter efflc'lency, including also the contrQlith 4 good transformer core utilization (bipolar excitation).
losses, is reported in Fig. 12: Experimental results of a 200 W prototype confirm the theo-

a) as a function of input RMS voltage at nominal outpurtetICaI expectations.

power;
b) as a function of output power for different input voltage
RMS values.
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