High-Efficiency Power Supply for Resistive Loads with Sinusoidal Input Current
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Abstract A high-quality rectifier for supplying recommendations (like IEC 1000-3-2) while the severe
resistive loads is presented. It features high power environmental conditions, in terms of available space and
factor, low input current ripple and high efficiency. ambient temperature, in which these power supplies can
Device stresses are the same as for a buck converterwork call for high power density and efficiency.
and input current is continuous. In the following a simple high-quality rectifier for

A suitable auxiliary network provides zero voltage supplying resistive loads is presented and briefly analyzed
switching for both power switch and diode. in its several operating modes. The circuit features: high

The ripple steering technique was applied in order power factor, zero-voltage switching, obtained by using a
to reduce the input current ripple. suitable auxiliary network and low input current ripple,

The converter, suitable for heating and lighting achieved by exploiting the ripple steering phenomenon.
applications, was analyzed and experimentally tested on ~ Experimental results of a prototype are reported,
a 1kW prototype. showing actual converter performances.

|. INTRODUCTION 1. BASIC CONVERTERSCHEME

The market for household appliances is becoming an The proposed converter scheme, shown in Fig. 1, is a
important application area for power electronics. In fact, atep-down topology derived from the Cuk cell by a cyclic
compared to electromechanical devices, electronic powetation of the components[1-3]. Due to the presence of the
supplies offer superior performances at a similar cost. Omgut inductor Iy, it draws a current with a much lower
of the main application area regards supplies for resistifrequency content as compared to a standard buck
loads in lighting and heating applications where futures likeonverter. Moreover, this topology is suitable for the
continuous power regulation, accuracy irrespective of lirepplication of the ripple steering concept which further
voltage variations, protection against short-circuits aneduces the input current high-frequency ripple.
open-circuits, power limitation etc. are becoming Due to the presence of two inductors and the diode
mandatory requirements. bridge rectifier, more operation modes are possible. As

On the other hand, electronic power supplies must beported in [3], besides the usual Continuous Conduction
considered carefully as regards efficiency, reliability anMode (CCM) and Discontinuous Conduction Mode
harmonic distortion. From these points of view, topologie®CM), the converter can work in Discontinuous Input
which provide low input current ripple are preferred, irCurrent Mode (DICM) in which only the input diodes stop
order to reduce the size of the input filter. EMI problemsonducting during the switch off-interval, and in
are also crucial, calling for soft-switching techniques. Othddiscontinuous Input and Output Current Mode (DIOCM),
common requirements for resistive loads are: direct suppipraracterized by discontinuous currents in both inductors.
from the utility line; high power factor; output powerBoth these latter operation modes lead to different
regulation from a few percent to 100% of rated power; higlundamental relations as compared to the buck converter;
power density; limited power loss. however, as suggested in [3], they are not recommended

The care reserved to the utility line interface comesince produce a higher input current ripple and, above all, a
from the attempt to meet standard regulations and



higher switch voltage stress at light load, which limits théhe sum of the two inductor currents during the on- and

load range the converter can work with. off-intervals respectively.

In the next section we will briefly review the converter y .+ — YV, v, b— 7,9,
behavior only for CCM and DCM operation modes; for a r
more comprehensive treatment the reader is suggested to
consult [3]. v B k
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Fig.1 - Basic converter scheme

I1l. REVIEW OF OPERATIONMODES CCM AND DCM a) b)

. . . . Fig.2 - Main converter waveforms in a switching period. a) CCM
In the following analysis we will consider two separate operation, b) DCM operation

inductors I3 and Lp; the effects of the coupling will be

taken into account later. For the application we are dealing The volt-second balance applied to inductofsabd Ly
with, the instantaneous output voltage, as well as the outgjifes:

power, is allowed to vary during the line cycle, since th%l(g) =v,4(6)

goal is to control the average power supplied to the load.

Thus, the circuit does not include large energy storagg — VL(G) Vi =d (3)

devices. ve(0) Vi

. Assuming a switching.frequency much higher than tr\‘/?/here d is the duty-cycle (dF tg+tq). It is important to

line frequency, we can write: note that, due to the presence of the input diode bridge
Vg(e):Vi JE'H(G)\ (1)  rectifier, current { must always be greater than zero,
v, (9) =V, q?sin(e) leading to the following constraint on inductoy:L

R -M
whereg; is the line angular frequency. Since all reactive-1 > i %Q
elements of the converter are designed to handle energy at “ o
the switching frequency, from the power balance in Where §is the switching frequency.

switching cycle, assuming unity converter efficiency, we From Fig. 2a it is also possible to calculate the peak
current in both switch and freewheeling diode:

, 0=wt

(4)

can write:
i 2 , : Vi 1-M
Vg(e) |:ﬂl(e) = R, O '1(9) = ?LVi ‘SII’](G)‘ @ , peal D pea R, ”
Lo . 2Lfs Lo,
where the overbar means averaged quantities in a switchikg R Le = TN -
v, (6 L 1 2
period and M = "( ):V—L is the voltage conversion

vg(8) Vi 1) DCM operation. With this operation mode the
ratio. This relation reveals that a high power factor iFeewheeling diode current is discontinuous, leading to the
achieved for constant duty-cycle and switching frequency.typical waveforms of Fig. 2b. The main difference respect

The relations and converter waveforms given hereaftes the buck converter is that the input current remains
are valid provided that the high-frequency voltage rippleontinuous in spite of the zeroing of the diode current
across capacitorsjGnd G is neglected. which, in fact, is the sum of the two's.

1) CCM operationLooking at Fig. 2a which reports the  From the analysis of the waveforms of Fig. 2b we find
main converter waveforms during a switching period for thihat the first of (3) is still valid while the voltage conversion
case of CCM operation, both inductor currents anatio results:
continuous and the converter equations are the same of the
buck topology. Both switch and freewheeling diode carry



2 between the maximum allowed current stress, which calls

M= s 4k for a high k value, and the inductor size, as it will result
+ 1+ —
17 g2

from the following analysis (in fact, high k means a wider

©) . _
CCM tion).
which is the same relation of a buck converter having a{%nge ° 5 operation)

inductance equal tod- i SN peal

Note that for the application we are dealing with,
parameter k is constant because the load is assigned, while
M must vary from zero to one in order to regulate the
power delivered to the load. Thus, the value; M 3
corresponding to the boundary between DCM and CCM
operation is: 2
M, =1-k @)

The condition which ensures a curreftgreater than 1 02 024 o6 os 1
zero is given by the inequality: k
L, S 1-M Fig. 3 - Normalized switch and diode current stress as a function of
L_2 ™ 8) parameter k
. The .SWItCh ar;(:/glode Cf[r;m stress is given by: 3)_ Inductances { and Ly. From (_7) the _ve_ll_ue of parameter
Ispeak =1 D peak™ R—'I:IM B k is found as k = 1-M and from its definition the value of

L equivalent inductancedis obtained as:
L,L R
Le=— 22 ="Lf1-M
V. POWERSTAGE DESIGNCRITERIA eT L 4L, 2fg Eﬂ 1) (11)

As explained before it is convenient to design the A second constraint on the two inductors is given by
converter for CCM and DCM operation modes only, innequality (8):
order to limit current and voltage stresses. While CCM i>1‘M2
operation, compared to DCM, ensures the lowest current L, M, (12)
ripples and thus the minimum current stresses and minimwvhere M, is the value of the conversion ratio in
conduction losses, it has the drawback of having higher tuznrrespondence of which curregtzeroes every switching
on losses as well as EMI due to hard recovery of theycle. This value must be chosen suitably lower thgnim
freewheeling diode. Moreover, it requires high inductancerder to reduce the input current ripple, thus reducing input
values. filter requirements. From (11) and (12), the values of
Taking into account the above considerations, it seermauctances § and Ly are derived as follows:
reasoqable to design the converter in such a way that its R, E -M,0
operation mode changes from CCM to DCM when thé1 =,

. ; 2f M
voltage conversion ratio decreases from one to zero. s UMz (13.a)
L, = Ry =My E

1) Converter Specification 27 2fs 1-M, 00 (13.b)

Peak Input voltage: ............................................ Y Note that the value of L obtained from (13.a)

Load Resistance:.............ccceeviiiiiiiiicici, [ R , e : ,

o : automatically  satisfies constraint (4) which, as
Switching Frequency: ........cccccevvviiieeeee i, s...f

demonstrated in [3], ensures a transfer from CCM to DCM

2) Switch and Diode Current Stresss stated above, at operation without entering the DICM region.

maximum output voltage (M = 1) the converter operates m

CCM. Calling M; the value of the voltage conversion ratio Capacitance gand G. The values ~of - the two

in correspondence of which the converter enters the Dcﬁlpacnances 'S cho;en on the paS'S of the des_lred voltage
npples. For a detailed derivation of these ripples see

region, the maximum normalized switch and diode currente ence 3]
stress results (from (5) and (9)): '

o4 1 . 1
. = if k<= V. RIPPLE STEERING CONCEPT
i — 'S.peakEIR L - a?) \/E 10
SN.peak \V E!1+ k)2 ¢ sl (10) The ripple-steering phenomenon was originally
B 4k ! z 3 investigated in Cuk converters [5], but it can effectively be
. . . _ applied to all converter topologies in which two or more
in which the relation k = 1-Mwas used (see (7)). inductors are fed by similar (scaled) voltage waveforms.

Fig. 3 reports the variation of the normalized curreng d this is exactly the case for the proposed step-down

stress as a function of parameter k. This plot can be us (5% | Fig. 2 5 ; he fi f .
to chose the value of k (and thus of Mnaking a trade off qf ology (see Fig. 2a and 2b), since the first of (3) remains



valid both for CCM and DCM operations. Thus we cainput current ripple depends also on the leakage inductance

draw the equivalent circuit model shown in Fig. 4. Lg1 on the primary side.
As far as the design of the coupled inductors is
M L FLf Li. 1]  concerned, there are three constraints that must be satisfied:

1) zero current ripple condition (14);

2) inductance h must have the desired value imposed by
the power stage design; in fact the equivalent
inductance | as defined in (11), coincides with
Loeq= L2 since L ggtends to infinity (see (16));

3) core saturation must be avoided.

For a detailed design procedure see [6].
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Fig. 4 - Coupled-inductor equivalent circuit VI. AUXILIARY CIRCUIT FORSOFT-SWITCHING

IAS statgd abc?_v %’ dui toh cop\:je_rter oAperatldqn, Ithe SaMe 1y order to reduce the electromagnetic noise generated
Vo t?ge v ('js. app |(fa tp oth win INGS. cglor Ollng_y, dzebr%uring commutations a suitable auxiliary circuit was used,
ripple condition of primary current is easlly derived DY, ion allows soft transitions for all switches and diodes.
ObSGrV'T‘Q that secondary 'eak"%‘ge |nduct§n(& bn_d The auxiliary circuit, composed by componenis By,
magnetizing inductance;/form an inductive divider which Dy, C; and Ly, is shown in the equivalent scheme of Fig. 5
scalt_as the voltage applied to th_e secondary Wir_1ding WithQH{Which lo corresponds to the sum of the two inductor
altering its shape (voltageMn Fig. 4). If turn ratio N/Np . ents i+i> and Vi, represents the voltage across

Is chosen to s_tep-up the Vo't’?‘gﬁ d the o_nglnal yalue Vs capacitor G given by the first of (3). As described in [4],
zero current ripple on the primary side is obtained. Thugyjtch $ is activated prior the main switch turn-on in order
the zero ripple condition is [6]: to discharge the parasitic capacitance of the main devices.
Nz _ L, =k, In this way, the main switch turns on at zero voltage and,

Ni L,+Lgp (14) above all, a soft turn-off of the freewheeling diode is

where k is defined as secondary coupling coefficient. Thachieved, so avoiding the losses due to its recovery time.
input current ripple does not simply disappear, but it is _Its behavior can be better understoo_d by_lookmg at the
"steered" into the other winding. main converter waveforms reported in Fig. 6. Let us
We can obtain the same result starting from the mutugnsider, initially, § and M, constants. Before instar, t
inductor equations: assuming the same voltage applied ¢i@de D is conducting the currery. IAt fg the auxiliary

both windings, we can derive the rate of change of tfvitch is turned on under zero current condition and the
currents in the two windings: resonant current } rises linearly until it reaches the value

lo- Then, diode D is turned off in soft manner andchn

% = LL %2 = LV resonate with parasitic capacitancega®d G, At time b,
leq 2eq (15) the body diode of the main switch starts to conduct
where, allowing the zero voltage turn on of SWhen $ is turned
B Lz,\,I 1- Lz,\,I off (instant g), L, resonates with Ccharging it to \j,
Ll Lyl through 1. Note that the auxiliary switch is turned off at
Lieq =L1 E’Tl Loeq =L B— = zero voltage due to the presence f & instant g, Do
1-—M 1-—M starts conducting ang_J decreases linearly to zero flowing
Lo Ly (16)  through § and Q.

From these expressions, it is seen that, to obtain zero \when § is turned off its voltage increases linearly due
ripple current in the input winding, the equivalent inpufy the charge of gand discharge of §and G until, at
inductance kegmust be infinity, which is accomplished byinstant ¢ the diode D starts conducting initiating the usual
selecting lp=Ly. With this choice, we obtain also freewheeling period. Note that all devices commutations
Loeg=L2. Using the relations reported in Fig. 4, it isare soft, both at turn on and turn off.
easily verified that this zero ripple condition is equivalent This is only one of the two possible operation modes in
to the previous one (14). which we have assumed that, at instanttie energy stored

It is important to observe that the actual coupleg L, is able to completely chargg © Vip, i.e.:
inductor behavior deviates from the ideal one mainly for

the following two reasons: the zero ripple condition (14)}L u V. Ceq DZ >£C V2
r (o] n rvin
L, Q 2

cannot be achieved due to integer number of turns armd
- . (17)
difficulty to set the gap thickness to the exact value The other ration mode will be not considered her
required, and a real converter does not apply the same € Oitterr?pe ?to b ? € v eni ?“ fr? r?the ?ir tene
voltage to both inductor windings due to a non-zero voItaiee(r:?:]"sre im:J ms] ?iu no N fss convenie en the first one.
ripple on capacitors, DC voltage drop on inductorg, " More informatio see [4]

switching noise and so on. As a consequence, the actual



Cq where Ggg= Cg+Cq In the same manner the minimum
switch on time can be derived as:

s s Vi
tonemin = %_@L rCeq+E\/L c r+TIZ(Ceq +Cr) 21)

Now, we have to take into account that quantitigarid
Vi in the implementation of Fig. 1 are not constant. In
particular, neglecting the high frequency voltage ripple
. across g, voltage \, is equal to ¥(6) while, |5 is equal
Fig 5 - Simplified schematics for analysis of the auxiliary circuit ~ tO the load curren (6) (the low frequency current inds
negligible) given by:

o - . v (6
vesy =
T | | RL 22)
Lo ‘ ‘ ‘ Thus, since in (20) and (21) always compares the ratio
vesz 1 o * between the two quantities we can write:

Vin _ vg(6) _ RL

voaﬁ ly iL(6) - M(5e) (23)

el ‘ j j Thus specifying the maximum and minimum duty-
IDS1 S ,_\/—| | . cycles from (3,17,19-22) the values of the auxiliary circuit
0 . — parameters |, C; and (gq can be derived, and the current

Covin' , : j and voltage stresses of these components can be calculated

\ [4]. 1t is worthy to note instead that current and voltage

stresses of the main devices remain the same as the
o ‘ l— hard-switching solution.

—— : | Note that, in this application, the limitation on the
S, y ‘ maximum duty-cycle achievable does not cause particular

VoS I A y ‘ problems. In fact, the maximum power transfer can be
e o .~ anyway achieved by keeping the main switch always closed

IDsr ﬂ I o ©and thus avoiding the commutation losses at maximum

L : : —>  power.

VD /

ILr
VIl. EXPERIMENTAL RESULTS
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Fig. 6 - Main waveforms of the simplified circuit of Fig. 5b A prototype was designed and built with the following
in a switching period specifications: Y= 220 \Rums P = 1 kKW, 5= 25 kHz.
The converter parameter values are listed in Table | in
VII. AUXILIARY CIRCUIT DESIGN which the value of k refers to the converter without

magnetic coupling.
The presence of the auxiliary circuit limits the available Fig. 10 shows the measured input current with and
duty-cycle. In order to estimate these limits we define amithout magnetic coupling. The measurement was taken at

effective off time as [4]: a conversion ratio value which maximizes the current
Ts ripple: by comparison the magnetic coupling reduces the
toffe = —J’v paidt current ripple by a factor of six.
in 9 (18)
Of course, such definition gives the usual off time in the Table | - Converter parameters
case of hard switching converters in whighavis a square L4 = 400pH L, = 160pH Ci=2pF | Cy=1pF
wave. According to (18), the equivalent duty-cycle is then C =15nF L = 31pH Coq=751F| R =480
given by:
5o = Lone — Ts ~tofte
Ts Ts (29)

From the analysis of the waveforms of Fig. 6 the
minimum value of the equivalent off time, which limits the
maximum duty-cycle achievable, is:

L V,
toffemin = \c;. : * . cheq +2|i(ceq + Cr)

in 0 (20)
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Fig. 10 - Input current waveform at ¥ 220V and | = 3Agmis Fig. 11 - § waveforms in a switching period.
a) without magnetic coupling; b) with magnetic coupling a) without auxiliary circuit; b) with auxiliary circuit
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