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Abstract A high-quality rectifier employing a coupled-inductor transformer. In this case, a single magnetic core is needed, thus
SEPIC topology is described, featuring high-frequency insulatiomallowing considerable size and cost reduction [6,7].

and low input current ripple. Moreover, sinusoidal and in-phase This paper describes a single-phase high-quality rectifier based
input current is obtained even with constant duty-cycle. Th®n a coupled-inductor Sepic topology. It features: sinusoidal and
magnetic structure is simple and cheap, allowing considerable sizephase input current with low ripple, high-frequency insulation,

and cost reduction. simple PWM controller and only one magnetic core.
Converter analysis, design criteria of both power and control
sections and experimental results are reported in the paper. SEPIC CONVERTER IN DICM
INTRODUCTION Operation as dc/dc converter.

Before going into the details of the proposed high quality
For applications in which the line pollution in terms of harmonicrectifier, it is worth while to review the fundamental relations of the
content and displacement factor of the input current is of maidc/dc Sepic converter with separate inductors, whose scheme is
concern, ac/dc converters featuring almost unity power factor ashown in Fig.1.
required. These high quality rectifiers, also called Power Factor

Preregulators (PFP's), replace the usual capacitive-filter rectifiers, i, L, Ug ip D lo
which have the disadvantage of absorbing high and narrow peak —= ~am +H‘ — M .
currents from the utility line. The goal is to emulate a resistive load, * .. J_"‘
so achieving theoretically unity power factor, even in the presence of ——\"S Lo, c Ug <R
distorted line voltage. In order to do that, PFP's must be able to shape L, 2T 3
the input current in such a way that it represents a scaled replica cf in ~—o
the line voltage. Between the active methods for input current Fig.1 - Dc/dc Sepic coﬁverter scheme
shaping based on switching dc/dc converters, those employing boost '
topology are most diffused [1-3]. These solutions are effective angl,o voltage conversion ratio is [5]:
quite simple but have some limitations, like lack of insulation, output U nl, D
voltage higher than peak input voltage, high in-rush current duriné/! :U—O =1 nGl—_D (CICM) (1)
start-up and no overload protection. 9 0

In those applications in which a fast output voltage regulation ig = Uo_nhh_ D (DICM) 2)

not required, like in distributed power systems, single stage solutions Ug |, JK

based on flyback, Cuk and Sepic topologies are well suited. The firﬁ)heren is the converter efficiency, D is the duty-cycle and the
converter is simpler, but it draws a pulsating input current, thuﬁarameter K is given by:

increasing the input filter requirements [4]. Instead, Cuk and Sepic . Lyl

topologies are free of current steps even in DICM (Discontinuou¥ = , with Lo =——= )
Inductor Current Mode) [5]. In addition, the Sepic topology is well S Li+Lls

suited for multi-output converters. In the above equationsgTis the switching period andLis the

DICM operation (which occurs when the freewheeling diodelransformer magnetizing inductance.
current zeroes during the switching period) is convenient from thE'sing (1) and (2), the value of parametegiKat the boundary
control point of view, because sinusoidal and in-phase input curreR€tween continuous and discontinuous inductor current mode results:

absorption is obtained with constant on-time of the switch, thui _@-bf _ 1 K>K,OCICM @)

avoiding the need of an internal current loop. oit 72 (n + M)2 H< < K,; O DICM
nother quantity of interest is the average inductor currenthich
2 given by:

Moreover, in order to obtain a low input current ripple, a proper,

choice of the circuit parameters must be done, which typically lea

to high values of the input inductance. This, in turn, causes ap - &

. : =nlp=n0, (5)
increase of input current-to-voltage lag and a decrease of the power o . .

factor. The main difference between Sepic (and Cuk) topologies and other

The same property of very low input current ripple can also bgonverters working in DICM is represented by the continuous

achieved by exploiting another feature of Cuk and Sepic structure'é‘dl,mtOr currents. In fact,_DICI\_/I means th"’.lt’ durin_g the switch turn-
ff interval, the freewheeling diode, which is carrying the sum of the

i.e. the possibility to magnetically couple inductances and RS :
P Y J y P Inductor currents, stops to conduct. In this situation, the inductor

current waveforms are as shown in Fig.2. During the interval in




which both switch and diode are non conducting, the inductor An output voltage loop controls the converter duty-cycle D, thus
currents have a non zero value. This explains why the input currewarying Ry, by using a simple PWM generator.
can have a low high-frequency ripple even in DICM operation.

A

PWM controller

* (0]
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Fig.2 - Inductor current waveforms in DICM

V4444
Operation as a rectifier Fig.3 - Proposed converter scheme
When operating as a rectifier, the dc input voltagg i8
substituted by the rectified line voltage: RIPPLE-STEERING CONCEPT

uy (8)=U, Osin(6)
_ . . . The ripple-steering phenomenon was originally investigated in
whered = wt. Consequently, the voltage conversion ratio becomes'Cuk converters [6], but it can effectively be applied to all converter

m(e) = Yo = _M (6) topologies in which two or more inductors are fed by similar (scaled)
Ug(e) |S|”(9)‘ voltage waveforms. In a Sepic converter the two inductor voltages
where M=U}/Ug. Moreover, when the converter draws a sinusoidahre equal, both in CICM and DICM operation, providing that the
current, the input power is pulsating. Thus, the output capacitor mugoltage across capacitor; Gollows rectified voltage ¢(6) with a

be designed to absorb energy at twice the line frequency whilkeegligible high-frequency ripple. The equivalent circuit model of a
keeping low the output voltage ripple (voltage-fed approach [8]). Inwo-winding coupled-inductor structure is shown in Fig.4.

the hypothesis of constant dc voltage, the average (respect to the

switching period) inductor currenf(B) is equal to:

i,(6)=ni (8)= nr2l,sin?(6) @)
and the apparent load6)( seen at the secondary side of the L,
transformer is given by:

+

U R : : N,: N
r(0)= —2~ = (8) 172
©) i5(6) 2sin?(6) LN
Substituting (6) and (8) into (3) and (4) we obtain: MUN, M
_ 2L, _ . 5 _ 2L, N
k(e) - ?(é)T—s - 2KaS|n (9),Ka - R_I_s (9) I—]_ - Ld]_ + Eﬁg Ell_u
ta2
K eri (9)2 il (9) > (10) L, =Lgpt+L,
(M +n []Bm(@]) Fig.4 - Coupled-inductor equivalent circuit
For the converter to operate in DICM the following condition must
be satisfied: Due to converter operation, the same voltage v is applied to both
1 windings. Accordingly, zero ripple condition of primary current is
Ka< ( : )2 (11) easily derived by observing that secondary leakage inductgpce L
2(M +nsin(6) and magnetizing inductance, form an inductive divider which

The average current drawn by the converter, at constamstales the voltage applied to the secondary winding without altering
duty-cycle and switching frequency, is sinusoidal and in phase witits shape (voltage ¥ in Fig.4). If turn ratio N/N, is chosen to

the line voltage and is giv?n)by [5]: step-up the voltage Mo the original value v, zero current ripple on
_ 1 DZTS Uy (6 the primary side is obtained. Thus, the zero ripple condition is
'1(9)—5 L. [, (6)= R, (12)  19,10:
N Ly
where,2 ] N = Tl =k, (14)
_4NLke 1 m d2
Rem = 13
em DZTS ( ) - . - . . .
is the emulated resistance, i.e. the converter appears to the line a§hgre k is defined as secondary coupling c_ogff|f|ent. TVI\IE‘_ Input
"resistor", which is the condition to achieve unity power factor. current ripple does not simply disappear, but it is "steered" into the
other winding.
Proposed converter We can obtain the same result starting from the mutual inductor

The scheme of the proposed converter is shown in Fig.3. THeauations: assuming the same voltage applied on both windings, we
mutual inductance J reveals the magnetic coupling betweencan derive th_e rate of change of the currents in the two windings:
inductors Iy and L. As we will explain in the next section, this ﬂ: v di: v
arrangement allows not only to eliminate one magnetic core, but alsdt L., " dt L 2eq
to obtain a low high-frequency ripple in the input inductor current bX/vhere,

means of an appropriate choice of the magnetic structure parameters.




1- L.L 1- L.L In the last term of (17), zero ripple condition (14) has been used.
Ligg =Ly B—F—=5Loeq =L, B—7—5 (15)  Equations (16) and (17) highlight the need of a high-leakage
1--M 1-—M structure in order to havegh values of |; and Lg,. Moreover, high
2 1 leakage means low coupling coefficientdnd, consequently, high

_ o _ _ turns ratio to meet condition (14), thus further increasing the value of
From these expressions, it is seen that, to obtain zero ripple currgnt

in the input winding, the equivalent input inductanggqmust be
|nf|n|ty, which is accompliShEd by Selectingft.LM. With this POWER STAGE DESIGN
choice, we obtain alsoyk-L,. Using the relations reported in Fig.4,

previous one (14). Sepic converter used as a power factor preregulator without magnetic
coupling and working in DICM, the only difference being the value
SENSITIVITY OF ZERO RIPPLE CONDITION of inductances | and Ly, which are equal to feq and loeq

_ _ _ ~ respectively. Input data are:
From the previous analysis, we can recognize that the zero ripple - minimum and maximum input voltage peak valugold Ugma

condition is independent of leakage inductange @n the primary - output voltage i}
side. In practice, two main causes contribute to a non-zero ripple in - output power p
the input inductance current [10]: - switching frequencyf
. " _ . _ . - expected converter efficiengy
1) Zero ripple condition mismatchHn practical design, zero ripple  _initial value for transformer turns ratio n.

condition (14) cannot be achieved due to integer number of turnag,o design procedure is as follows:

and difficulty to set the gap thickness to the exact value required.

themselves and does not depend on the remaining part of theMmaXfrom (6);

converter. 2) evaluate the second term of (11)8e172 and Myax

. . 3) choose the value of parametej suitably lower than the value
2) Applied voltage mismatcfhis problem arises from the fact that a ) found in step 2 (for insptance 1(%20% Iovs\;er)'

real converter does not apply the same voltage to both inductgy iy the value of inductance,Lwhich coincides with b if zero
windings. These differences may come from non-zero voltage ripple condition is satisfied:

np_ple on capacitors, DC voltage drop on _mductors, SW'tCh'n‘i‘a%calculate device current and voltage stresses as well as peak
noise and so on. The consequent current ripple depends only o inductor currents:
the converter design and 'S independent of cou_plec_i-lnduct%r repeat the procedure for different values of transformer turns ratio;
param_eters. For _example, in usual dc/ dc_ app||(_:at|ons, t. choose the solution which best meets device ratings.
capacitor voltage ripples can be reduced by increasing capacitor
values. Ho_w_eve_r, in the case of hl_gh-quallty ac/ dc_rect|f|_cat|o_n, Particular attention must be given to the selection of capacitor
there are limitations on capacitor sizes due to possible dIStortICEll Three constrains must be taken into account: first, voltage u
of the input current. must follow the input voltage shape without distorsion; second, its
. . : . voltage ripple must be as low as possible; thifds@ould not cause
In order to quantify the residual current ripple, the equivalenf,, tequency oscillations with inductors; Land Ly. The former

ci_rcuit shown in Fig.4 can be simplified as _shown n Fig.E_S, n Whicrl:onstrains arise from the need to have the same voltage waveform
different voltages applied to the two windings are considered. Thgpplied to L and Ly, to reduce theapplied voltage mismatch

rate of change of currentis given by problem, while the latter avoids input current distortion. Clearly the
requirement of low voltage ripple, which calls for a big capacitor, is
1 é in contrast with the others, and a trade-off must be done. In practice,
, (ot . . . L DS tor
i Lay » O the higher capacitor value which causes limited input current
— distortion or oscillations must be chosen. Simulation can be
n n employed for the best choice.

Lastly, the output capacitor value is selected to achieve the
v
Ly @ @ v, K, Eu z desired 100 Hz voltage ripple.

. . . o _ _ MAGNETIC STRUCTURE DESIGN CONSIDERATIONS
Fig.5 - Coupled-inductor equivalent circuit reported to primary side

H/ K mv H H H As reported in_[9-10],_ th_e magnetic structure could t_)e a simple

di, 0O LOTTN, R EEL N, 1 U-_I or U-U core with a wmqllng on each leg, as shown in Fig.6. In
ot K R\ _VL2)+VL2 5 -k, N_éé:% this case, we rely on the inherent leakage reluctance of the core,
[JAvplied voliage . _ 2 0 which has been demonstrated to be relatively independent of air-gap

mismatch 2o e " ] size and number of turns. Thus, for a given core, a "leakage

(16) parameten " can be ?ntroduced which greatly simplify the design.
This parameter is defined as:

Lo Ly [ENlﬁz N, £=HoSR,. . .

Cn+L, N, ULy +Lg EIE (17)  where R, is the core leakage reluctance and S is the core section.

But, from the considerations done with regard to the sensitivity of

where

L'=Lg +




zero ripple condition and in particular for thepplied voltage ) 5

mismatchproblem related to the value of capacitqy €seems more - _[} - HoSN; 02+ oSNz (23)
convenient to use an E-I or E-E core to increase the leakage 2L, 2L,

inductances. The corresponding magnetic structure, is shown in /+x

Fig.7, together with its reluctance model. In the following we will Ny =2—=[N, (24)

assume that the magnetic core has already been chosen and its
leakage parameter measured. Moreover, from the power stage
design, the maximum curreny Bnd b in the two windings are
known.

condition (21) is not satisfied no closed form solution can be
obtained. For the design procedure in this case and for an estimation

of the core cross section refer to [10].
L2
CONTROL SECTION DESIGN
N N . . .
! 2 Due to the input power fluctuation, which causes an output

voltage ripple at a frequency double than the line frequency, the
bandwidth of the voltage loop must be limited to a value properly
lower than the line frequency, in order to avoid input current
distorsion. Thus the simple small-signal model derived in [11] can be
used, which shows that a PI controller is sufficient.

—

I/\I\I\I\I\I\I\I\'l

Fig.6 - Coupled-inductor on U-I core

q)'l
— N, L2 IR EXPERIMENTAL RESULTS
hWo—F +l Ryl Nily L
—F “Re
—F M oor= 2mrz= MNelp 0 T In order to test the actual converter performances, two
—0= prototypes were built with different magnetic cores: one U-U and the

other E-E core type. The converter parameters are listed in Table I. A
capacitor @was used at the bridge rectifier output in order to filter

Fig.7 - Coupled-inductor on E-I core the high frequency content of the input inductor current. The high
frequency switch current and voltage waveforms, taken at nominal
Design specifications are as follows: input voltage and rated power, are shown in Fig.8. The DICM
operation is evident from both the ramp current waveform (which
1) zero current ripple condition (14) must be satisfied; means zero-current turn on), and the oscillations at the end of the
2) inductance kL must have the desired value imposed by the poweiurn-off interval. These latter are caused by the resonance between
stage design (i.e. DICM operation); inductance L and switch parasitic capacitanceyCwhen the
3) core saturation must be avoided. freewheeling diode stops to conduct. Instead, the high frequency

oscillations present at switch turn off, are caused by the transformer
From the core reluctance model, the above constrains are eadi#pkage inductance and the switch parasitic capacitance. Dispite the
expressed in terms of number of turngsahd N, and gap size x. In  conservative design intended to limit the switch voltage stress in

particular, from Fig.7b we derive: order to use 500V low resistance mosfets, these oscillations imposed
N, R, 2R, 1_7 X the use of a 800V mosfet in order to avoid a too heavy snubber, with
= =—_0—, RX = (18) . . .
N, 2R, +R,/I2R, 2 /+X oS consequent decrease of converter efficiency. This choice, of course,
) ) implies a trade-off between switch and snubber losses.
L= N3 _ N3 l+X (19 The rectified input voltage and filtered input current for the
> R,+R, /IR, R, D2£+x prototype with E-E core at nominal conditions are shown in Fig.9.
[ NI, N,I, R, /I2R, As we can see, the input current follows quite well the input voltage
P, = R +R. /R > DR “R. /2R shape with low-frequency oscillations superimposed on it. These
H X ! * 2R, *+R, //§ R, % ! X latter, and the phase shift of the current with respect to the voltage,
O N R /2R NI (20.a)  are strongly influenced by the value of capacitgr |br the sake of
[, = = +R2 2// = 3= er //X2R + 11 > comparison, the filtered input current waveform in correspondence
E X ‘ X X ¢ * 2R, +R,IIZR, of different values of capacitor Care reported in Fig.10: the
3 worsening at higher values is evident. This fact represents a big
éb :im + )<S[|B difference as compared to dc/dc applications, in whighc&h be
2 1+H1,)< M . ) ) - :
N, (20.b) chosen_from rlpple conS|derat|(_)n only, and limits the effect_lveness of
Etb _ L, EB E3£+2x fl.0 4 H< S[B,, ' magnetic coupling. In fact, with these values of capacitance, the
' 2N, gt ¢ 20+xg 2 voltage ripple across {ds not negligible, so increasing the residual

input current high-frequency rippleafdplied voltage mismatch
roblem) (16). From this point of view, E-E core showed better
erformance then U-U type, as expected, due to the higher leakage.
able Il reports the variation of the residual input current ripple for

where B, is the maximum induction allowed in the core. Only one’
of (20.b) can be taken as equality; in particular, a simple solution i
closed form can be obtained if:

5 different G values for both prototypes.
P} > ZM (21) Although the input current waveform looks not good, the power
ly Xt factor, at rated load, is close to unity (0.99), as revealed by the plots
which means tha®,>2®, and the central leg saturates first. In thisin Figs.11 and 12. It becomes worse at low output power and
case the solution is: maximum line voltage.

N. = L, |+ 29 As far as converter efficiency is concerned, Figs.13 and 14
2~ BMSEQ 1t 2) (22) report this parameter as a function of the output power for different



input line voltagesE-E core has an efficiency of 86% in rated
conditions, showing an improvement of 4% respect to U-U core in

the same conditions (82%).

Table I Prototype parameters

Ug =220 Vi * 20% |Up =36 V R =100W | =100 KHz
L, =74pH Cy;=0.68uF |G=0.1pF |[Co=10mF
D=BYT30P400 S=IRFPE50| n=0.5

...............

....................

+ E-E core

|
...............
===

........

Table Il: Residual input current ripple for different @alues

CiluF] | Ajir [Al | Aix [A]
(U-U core)| (E-E core)

0.22 0.4 0.14

0.68 0.13 0.045

2 0.1 0.03

600

400

200

Fig.8 - High-frequency switch current and voltage waveforms (nominal

conditions)
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Fig.9 - Rectified input voltage and filtered input current (nominal

conditions)
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Fig.10 - Input current waveforms for differenf @alues (nominal
conditions): a) 220nF, b) 680nF, c) 2uF
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Fig.11 - Power factor vs. output power for different input voltages
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Fig.12 - Power factor vs. output power for different input voltages

CONVERTER EFFICIENCY (U-U Core)
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Fig.13 - Converter efficiency vs. output power for different input voltages



CONVERTER EFFICIENCY (E-E Core)
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