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Abstract A low-loss, high-power-factor flyback rectifier is parasitic capacitances, into the control and driver parts of the
presented, which is designed as a possible application for a newintegrated circuit [1-3], which could cause fatal control
type of smart powerintegrated circuit. This is going to be fajlures.
manufactured by ST Microelectronics using the VIPowel M3 As a consequence, the conventional flyback topology has
technology and will include on the same silicon chip both control heen modified adding a lossless passive snubber [4-7], which
circuitry and an emitter switching power device. In order to helps to control the switch dv/dt at turn-off as well as to
avoid dangerous interactions between power and control part of reduce the switching losses. thus improving the converter's
the integrated circuit, it is necessary to control the rate of - . 9 ! . P . 9
change of the power device voltage at turn-off. Accordingly, a efﬁmency. Besides, py adoptllng this solution, the transfqrmer
lossless passive snubber was added to the conventional€@kage inductance is exploited to reduce the switch di/dt at
converter topology. The snubber also limits the voltage spikes turn-on and its energy is recovered to the input through the
across the power device, due to the transformer leakage snubber itself.
inductance, and reduces the electromagnetic noise generation. As far as the control strategy is concerned, a modified non-

A modified non-linear carrier control is considered which, |inear carrier control [8-11] is considered, which ensures high
thanks to the integration of the switch current signal, ensures power factor and inherent noise immunity, thanks to the
high power factor and inherent noise immunity together with @ -0 ration of the switch current signal. Moreover, the control
simple control implementation (no need of input voltage sensing, o

complexity is reduced, as compared to standard approaches

multiplier and current error amplifier). ; . -
A 200 W converter prototype was tested in order to evaluate (no need of input voltage sensing, multiplier and current error

the achievable performance. amplifier), which makes it particularly suitable, in terms of
ruggedness and simplicity, for smart power integration [11].
|. INTRODUCTION Experimental results, referring to a 200 W prototype where

Smart power integration’ i.e. the integration on a Sing|e CmF}”POWGI’ emitter SWitching device is used as the SWitCh, are
of a power switch and a given control circuit, may represeffported and discussed.
espec_ially for low power applications, an effecfcive_ way (_)f Il. CONVERTEROPERATION
reducing cost and size of a power converter, while increasing
its reliability and power density. However, the coexistence inlhe proposed low-loss flyback rectifier is shown in Fig. 1.
a single integrated circuit (IC) of power and signal circuitty employs a lossless passive snubber which is made up of the
poses several design problems. An important one is fiwlbber capacitor & inductance L, and diodes PD;-Ds.
minimisation of the interaction between the two parts of tth@ particular, diode Bis initially considered to simplify the
circuit, that can adversely affect the overall IC reliability. I6onverter analysis. However, as it will be explained in part H
some cases, its solution may require a careful control @fthis section, it can be removed with a careful snubber
current and voltage waveforms across the power device &gg&ign, improving the converter efficiency. The transformer
may constrain the selection of the converter topology and!fgkage inductance is represented hyThe input capacitor
design. Ci, allows the use of slow diodes in the rectifier bridge and

This paper discusses the design of a high-power_facf@eps the parasitic inductance in the loop containing the
flyback rectifier, which is meant to be a possible applicatiopmitter switching device and the snubber capacitor at
for a new type of smart-power IC's. These new chips afeinimum. In the following converter operation description, a
going to be manufactured by ST Microelectronics in theonstant input voltage dUs considered due to the high ratio
VIPower’ M3 technology, and are aimed to allow a cheapetween switching and line frequencies. The main converter
and rapid development of low-power high-power-factowaveforms during a switching period are reported in Fig. 2,
rectifiers. while the different circuit subtopologies are shown in Fig. 3.

As mentioned above, this type of integration technolody’® converter analysis starts at the generic instgmiviien
requires the voltage rate of change across the power devid@@@Wwitch is turned on. In order to keep the notation simple,
turn off to be kept below a known maximum level. This i€ beginning of each subinterval is considered as time
necessary to avoid the injection of high currents, throug#ero". Moreover, the approximationt<L, is used.
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Fig. 1 - Flyback rectifier with the lossless passive snubber

A. Interval [Ty, Ty

At the instant  the switch is turned on, while diodg I3
still on. The voltage across the leakage inductance equals the ;
sum of the input voltage and of the reflected output voltage Ul:\

(see Fig. 3a) and causes a linear increase of curgentil
this reaches the value of the magnetising current (instgnt T

U, +U i
i ()=———%P¢, 1 Rt -Ug
w(®) L, @) S AN !
o Lgly, To Ty TT3T,TsTe T;

To = U o + Uop ! 2 Fig. 2 - Main converter waveforms in a switching period
where T;=T,-To is the duration of this subinterval, _iL>d Ly
Uqp = Uy/n is the output voltage reflected to the primary side, N0 D,
and |, is the magnetising current valley value. Note that, D3 Uop C.—LUcsn
being interval F; very small as compared to the switching  Ya@ + _ L Lsn T4
period, j4 can be set equal to the magnetising current valuea%\t b) ILs
the end of the switch off-timgyl

The turn-on of the switch also starts a resonance between D
Csnand Ls, (see Fig. 3b), whose voltage and current are given i N 1
by: ' La VO]

qun(t) = UlCOE(()Osnt), (33-) + > "o D2

. U, . u S L

ILsn(t)zz_lsm(wsnt)! (3b) g 0 S5

sn C)
where | is the initial voltage across the snubber capacitor j 4 Ly
-
. 1 L .
Csn Whilew,, =———— and Z, = CS" are respectively D3
"Lsncsn sn Dq iul Ly

the resonance angular frequency and the snubber Csn
characteristic impedance. Ucen T

e)

B. Interval [T,,T;] Fig. 3 — Topological states of the proposed converter in a switching period:
During this interval energy is stored in the transformer, as 2 ntéval b b) interval b:#Tiz c) interval T+ TostTas d)

. . . ' interval Tos; e) interval Ts; f) interval Tse

in the normal flyback operation, while the resonance between

Csn and Lg, continues until the capacitor voltagesireaches U U U

the magnitude of the input voltage (in the hypothesis that the (T(,z):—lsin(msnToz):—l 1-4-20 . (6)
initial capacitor voltage Uis higher than the input voltage Zsn Zsn U

Ugy. The magnetising current is given by (see Fig 3c):

U C. Interval [Ty, T3]

. = _ g —_ g ) .
ILd(t)_Ill(t)_IuV +|_dT|_ut~'uv+|__t’ (4) At T,, diode O turns on clamping the voltage across

u . . .
. R . . . h lue - I h h f
while (3) holds also in this subinterval. The duration of thlgna;a;lljt;lriagr“ymintdjczg ufﬂ tlg atﬂg ?ng\lljvtln(gséee gg%d?rg'?h?s

subinterval is given by: interval ends in Twhen |, goes to zero.

1 U
Ty, =—cos - —20- T, ® . v
12 (")sn %U1% o ILsn(t)zlLsn(TO )_L_gt' (7)

while the value of currentd, at instant F is given by: ) _Sn_ ) .
Note that, during this interval, the input currgnequals the
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difference between,iand is, The subinterval duration is G. Interval [Ts, T7]

given by: During this period, the transformer energy is delivered to
T = Lo 1n(Too) ®) the output until the beginning of the next switching period.
23T 1, -
Y Ter=Ts = Ton = Tas ~Teg (19)

D. Interval [T, T, H. Diode D,

This interval completes the switch on-phase (the snubber i

inactive) and its duration is given by: Blode D; prevents a current inversion through G, Lsp,

D.,, G, and the transformer primary winding that, in general,
T34 = Ton = Tor = Tip = Tos. (9  could occur at the end of interval fTTg]. Anyway, being

E. Interval[T,, Ty c_onr_rgcted in series to the power _switch, diodg D

significantly worsens the converter's efficiency. Therefore, it

At instant T, the switch is turned off and the totalis important to verify if it is possible to eliminate it without

transformer inductance resonates with the snubber capaci@iersely affecting the snubber behaviour. The discharge of

Csn rising its voltage in an almost linear way (a constamapacitor G, takes place only if diode Ds turned on, which

magnetising current valug,lis assumed in this interval), impIieS'

while diode DB is still off (see Fig. 3e). Voltage waveforms >U,
; ; . . Z, (20)
and interval duration are given by: up
| The inequality (20) depends on the transformer design and,
uCSn(t): Uy + Pt (20) in general, could be satisfied in certain operating conditions.
Cen If this happens, the voltage across,, Guill tend to
lp sinusoidally oscillate around the jtl,, value. The
Usw()_U +UcSn(t)_ ..’ 11) oscillation will stop after half a resonant period, i.e. when

diode 0 again turns off, provided that enough time during
interval [T, T7] is available. A fundamental point is that the
QH minimum voltage reached by,{during the oscillation must
be greater than §Jin order to maintain the soft-switching
Note that the voltage across the switch rises with a slopgndition (18). This implies the following inequality:
which is controlled by the snubber capacitor value.
Zylp <Ug+Ug (21)

F. Interval [Ts, Td If the transformer design is such that (21) is satisfied, the
The previous subinterval ends at instaptwhen diode p presence of diode {Is not necessary. It is worth noting that,
is turned on, causing the magnetising current to dischargeitio practice, the oscillation of & voltage will always be
the output while the transformer leakage inductange ldamped to some extent, making condition (21) slightly
continues to resonate withythrough O and B) until its  conservative. B was not used in our prototype. With our
current goes to zero (see Fig. 3f). At the end of this intervalesign, the soft-switching condition is, in fact, always
voltage usnis equal to I and the voltage across the switchmaintained, as the experimental results will illustrate.
reaches the maximum value j#lJ;. The converter
waveforms are expressed by the following equations:

= (U +U,). (12

In conclusion, the use of the lossless snubber gives the
following advantages:

u
i, (t)=1,,- L°p t, (13) + low switching losses at turn-off. In fact, provided that
H condition (18) holds, then the switch turns off at zero
g (t)= COS(wd ) (14.9) voltage (see Fig. 2 at instanf)T
Uge,(t)=U +Zd|pp sin(w,t), (14.b) * reduced di/dt in the rectifier diodeDat turn-off,
depending on the value of the leakage inductpfin
Ld . any case less recovery problems);
where ¢ = ( andZq = Ce, « limited dv/dt across the switch at turn-off, as stated by
_ EdCen (11) (less interaction with the integrated control circuit
io (t)= i ()i () (15) in the smart power chip);
of n ' * recovery of the leakage inductor energy;
The interval length is a quarter of the resonant period, i.e. < predictable and controlled switch voltage stress.
.= I (16) The disadvantages are:
5
2004 ¢ increased switch current RMS value (the resonant
and the voltage across{&s current js, during interval T[T, adds to the
Uean(Tss) = Uy = Uy, + Zgl ,, Sin(00,Tse) magnetising inductor current in the switch), with the
a7 consequent increase of the conduction losses;
=Ugp +Zgly, * limitation of the minimum switch on-time in order to
Consequently, theoft-switching conditioiis given by: allow the discharge of the passive snubber;
increased cost (more fast diodes and a snubber inductor
U,>U, O Uy +Zgly>U,. (18) iy (
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switch output capacitance, transformer winding capacitance
etc.) that have been neglected in the analysis.

For the selection of the inductog,lvalue, we have to take
into account both the increased switch current stress as well
as the soft switching condition. Assuming the maximum
switch current during interval ¢J occurs at the peak of
current js, (this is not strictly true being the switch current
made up of the sum of a linearly varying magnetising current
and a sinusoidally varying snubber current), we can impose
the following condition evaluated fdd =172 (B being the
line angle i.ewyne):

. u,® m  ue)
i (8)+—2 + 1()S| (o). (23)
. . ) . - . L, 2w, 4 Hp
Fig. 4 — Voltage conversion ratio relative deviatioras a function P H sn sn
parameter k=2{fJ/R, for differentduty-cycle values. In this way, the snubber action does not increase the switch

) ) ) current stress as compared to that of the standard flyback. In
In the following sections the operation of the converter asag) |, appears as argument of bot and Z,
rectifier is investigated. On the other hand, the soft switching condition requires that
IIl. DC ANALYSIS interval Ty, must be lower than the minimum switch on-time
in order to allow a complete inversion of the voltage across

As we can see from the previous analysis, the use of M snubber capacitor,CIn this case, the worst condition
lossless passive snubber changes to some extent the convggiglrs at the maximum input voltage, €or T72:

behaviour, as compared to the standard flyback operation. In

this section we want to quantify this deviation by finding the icos—l ”g(e) <T (24)
: : — : = 'on_min

converter voltage conversion ratio M 50l as a function @, u,(8) -

of the duty-cycle and of the operating point. The details of

such derivation are reported in the Appendix: here, we simplypther criteria, e.g. the inductor \_/olume, could be taken ipto
show the result in Fig.4, which reports the Vonag@ccount to guide the snubber design. These could determine a

conversion ratio relative deviaticn= M/M+1 as a function different choice for the inductor value as compared to that

of parameter k=2lfgR  for different values of the calculated from (23) and (24).
duty-cycle (M = d/(1-d) is the theoretical voltage conversiorB. Transformer design

ratio for a flyback converter working in CCM). The
parameter values used to derive these curves are listed
Table |, at the beginning of section VI. As we can see, t
actual voltage conversion ratio is always higher than t
theoretical one, but the difference becomes appreciable o

at operating points close to the discontinuous conducti
mode (DCM). This consideration allows us to use the mu
simpler relations of the standard flyback converter, deriv
for the operation as a high power factor rectifier, for th
design of the power stage.

i'[]he transformer is another key point of the converter

sign. In our prototype we had the necessity of limiting the
H)éimary side current to less than 6 A, not to exceed the power
itch current capability. This fact compelled to accept a
nificant voltage stress for the device (1000 YV
U =230 \kws), and led to the determination of the
5ansformer turns ratio (0.165). Of course, the value of the

agnetising inductance was also selected to be quite high
g mH), in order to limit the current ripple and so the switch
peak current.

IV. POWER STAGE DESIGN
V. CONTROL SCHEME

A. Loss-less snubber design _ - .
A high power factor rectifier requires a control approach

The design of the lossless snubber requires the choice of #tgich allows to draw an input current as much proportional
snubber capacitor and inductor values as well as the selectionhe input voltage as possible. On the other hand, a reliable
of the auxiliary diodes Dand . As far as capacitor & smart power integration requires the choice of a simple and
value is concerned, its main objective is to set the maximumbust control circuit as much immune to the switching noise
voltage rate of change across the emitter switching at turss possible. For these reasons, a modified non-linear carrier

off, i.e.: control [8-10] is proposed here, which allows a simple

implementation without excessively worsening the input

du iupBgH power factor. All the details concerning the control

maxﬂzim (22) implementation can be found in [11]. Actually, because of
dt Can the snubber presence, in the converter we are analysing the

By imposing a maximum voltage rate of change equal ®Vitch current waveform in a modulation period is different
1.5V/ns at nominal power and minimum input voltage, thEom the typical one, considered in [11]. Nevertheless, the
value of G, results of 4 nF. In practice, using this capacitof FC operation of the circuit is not significantly affected, and
value, a slightly lower voltage rate of change has bedhe resulting line current maintains an almost sinusoidal
achieved, basically because of parasitic capacitances (&/gveform.
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Fig. 5 - Input voltage [100V/div] and filtered line current [1A/div]
waveforms (W= 230Vkwus; Po = 200 W). Tek stop: 250Ms/s 770 Acos )
VI. EXPERIMENTAL RESULTS |
A 200 W flyback rectifier, whose parameters are listed in /’\ Usw
Table I, was built and tested. The power device used in the
prototype is an emitter-switching in  VIPowev3 \v .
technology, the same device which will be integrated in the i " re
final smart power circuit. A Magnetics Kool4M core of the . / [ \\
77439-A7 type was used to build the transformeriflFig. 1 R R | AR R S \
represents its leakage inductance); the snubber inductor was g
instead built using a 77930-A7 core from the same j/ . \ ¢
manufacturer. As already mentioned in Section Il, diode D 0Vsa ’
was not mounted in the prototype board; instead a small / i
saturable core (A= 5110 nH, T38) was used in order to damp ) : Ucsn |\
the parasitic oscillations occurring at the end of intervgl [T L] g \ o
Te] when diode B turns off. Moreover a small R-C (4. 0k  b) Chi 200V  Cha 100V B 5oous Ghs esomy
Fig. 6- Switch collector-to-source voltagg, {200 V/div] and voltage
TABLE | across the snubber capacit@i,J200 V/div] in a switching
CONVERTER PARAMETERS period recorded at the peak of the line voltage: a)
Input voltage ] 90-230 \kws @ U =90 Vs, b) @ Uq B 2_30 VRN!S
Output voltage Y 48V Th_e current total harmon_|c d|§tort|on (THDs about 1_3%,
Output power P 200 W being the input \_/oltage distortion (THDabo_ut 1.7%. Fig. 6
Transformer turns ratio nsfm,  0.165 reports the switch and snubber capacitor voltage in
Switching frequency of 60 kHz TABLE Il
Output capacitor C 2200pF HARMONIC ANALYSIS OF INPUT
Magnetising inductance L, 1 mH CURﬁENT | @ Ui = 230 \kus, Po= 200 W
Leakage .inductance aL 15puH He(l)r:ggrnlc Met{:l;t;\r:;js]value IIiIrEn(i:t :[Lr?]OAOFjS-]Z
Snubber inductor & 300 uH 1 1600
Snubber capacitor £ 4 nF 3 1175 2300
5 52.5 1140
10 nF) snubber was put in parallel to diode The control ; 252;59 Zgg
circuit is instead implemented by means of discrete 11 15.8 330
components, basically as described in [11]. The resulting 13 4.9 210
filtered input current waveform at nominal power and 15 4.2 150
230 Vkus input voltage is shown in Fig. 5, together with the 1 9 ﬁg
input voltage: as we can see, the deviation from the ideal 21 78 107
sinusoidal waveform is modest and the resulting harmonic 23 7.6 98
content is quite low. 25 31 90
Considering the IEC 1000-3-2 harmonic standards, Table II o o8 o
shows the harmonic content of the line current at 23V 31 6.9 73
input voltage and nominal output power. The measured 33 8.3 68
converter efficiency, in these conditions,nis 86%. As can 35 7.1 64
be seen, each harmonic is kept well below the standard limits. g; Zs% gé
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APPENDIX

0,85
DC voltage conversion ratio
08 1 In order to find an approximated expression for the voltage
n conversion ratio M=}/Ug as a function of the duty-cycle and of the
0.75 1 operating point, let's neglect intervalp;Tas compared to the
switching period so that we can assumg=Ty,. Starting from the
0.7 ‘ ‘ ' ' ‘ ‘ ‘ volt[Second balance across the magnetising inductance, from Fig. 2
25 50 75 100 125 150 200 . ’
P we can write:
(o}
Fig. 7- Measured converter efficiency as a function of the output power Pi(Ug + Uop) 14 +EB— Uyp=0 U M =d +k
@ U =90 Vrus TS 0 2 O 1+M 2TS
switching period, measured at the peak of the input voltage (A1)

prere the right-hand side highlights the corrective tepyi2Ts

Ui. The dv/dt across the switch at trn-off is limited to ab égused by the snubber operation. This can be found from (12), i.e.:

1.4 V/ns. It is important to notice that, when the input volta

Ui is minimum (90 Vaws), the snubber capacitor dischargeds _ Csn (, (LM 1 , (A.2)
through diode B during interval [, T;, as previously 2Ts 2Tg g M 0, +Ungs
explained. Being the final voltage value still higher thap U moaL,

this discharge process doesnt imply the loss of t!/ﬁ\'/ﬂereasimplified expression fqp, lwas used and, Istands for the

soft-switching condition, as it was expected. average magnetising current. Substituting (A.2) into (A.1) we can
Lastly, Fig. 7 shows the measured efficiency of the flybaggite:

rectifier as a function of the output powey, Pheasured at

2
Ug = 90 Vrus As can be seen, the efficiency always remains“ = Ys @ (1+m) Cs”lz‘“ —d@ (A.3)
greater than 75%, even at the minimum load condition, with a  2Lufs tM (L-d)-d T2
peak value close to 82%. The average input curreny from Fig. 2, can be expressed as:
Ty
VI. CONCLUSIONS I, =dl, _2_%2. Lo (Toz) (A.4)

The paper discusses the design of a flyback rectifiergy ,ging (6) and (8) and taking into account the power balance
characterised by high power factor and efficiency. Thpug:U[Jo, we can write:

rectifier employs a lossless snubber circuit to achieve soft- U2
switching and to limit the voltage dv/dt across the power =dl, —ﬂi(uf _U;)zﬂrﬁi. (A.5)
switch. This is an emitter switching device that is going to be 2Ts U, R Y

iqteg_rated on a smart power chip together with thg controlyow, by using (A.3), (A.5) and (17) we can find an approximated
circuit. Experimental results are presented to validate tlgpression of the voltage conversion ratio M as a function of the

C

design procedure. duty-cycle and the load resistance. Before doing that it is worth
normalising voltages and currents by using the following base
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