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Abstract - In this paper, the SEPIC converter operated in
boundary conduction mode for power factor correction
applications with arbitrary output voltage is proposed, analyzed
and designed. By developing an equivalent circuit model for the
coupled inductor structure, the SEPIC converter with or
without coupled inductors (and ripple current steering) can be
analyzed and designed in a unified framework. Power factor
correction under boundary conduction operation mode can be
achieved conveniently using a simple commercially available
control 1C. Experimental results are provided to validate the
circuit design.

[. INTRODUCTION

In universal line input (85Vins~264V,ns) power factor
correction (PFC) applications, the Boost converter is
commonly used. However the output DC voltage of the Boost
converter has to be set to be greater than the input line peak
voltage (normal greater than 400V). In some applications
where an intermediate output voltage level (say 48V, 210V or
s0) is required, converters with step-up and step-down
conversion ratio, for examples SEPIC, Flyback and Cuk, are
potential candidates.

Boost [1,2] and Flyback [3,4] converters at boundary
conduction mode (BCM) are generally accepted for low-
power PFC applications. At BCM, a turn-on switching
process is initiated when the output diode current falls to
zero, while a turn-off switching process is established when
the peak transistor current reaches the threshold level set by
the controller output. This ensures the converter operating at
the boundary of Continuous Conduction Mode (CCM) and
Discontinuous Conduction Mode (DCM) at the expense of
variable switching frequency over the AC line period. As a
result, there is no diode recovery current problem in a BCM
converter. At same power level and design consideration, the
peak inductor current is smaller in aBCM converter thanin a
DCM converter.

SEPIC converter at BCM is found to be suitable as a low
harmonics rectifier in this paper. Fig.1 shows that a single
controller chip can realize the BCM operation in a SEPIC
single-phase rectifier. Compared to a flyback converter, the
input current in SEPIC converter is continuous and thus the
SEPIC rectifier needs smaller volume of input filter.

It is well known that inductors could be realized in same
magnetic core, provided they are fed by similar voltage
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waveform [5,6,7]. The impedance characteristic of coupled
inductors is found to be independent of the feeding voltages
of both primary and secondary sides. This leads to a
simplified model of coupled-inductors, such that the analysis
process of the coupled-inductor and uncoupled-inductor
SEPIC can be unified. The ripple steering phenomenon of
coupled inductors can aso be explained in the same
framework.
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Fig. 1 (a) Experimental BCM SEPIC converter, (b) ideal input inductor
current and transistor current waveforms



From the analysis, design and experimenta results, it is
shown that the SEPIC converter under BCM results in nearly
sinusoidal and in-phase input current with small ripple due to
current steering effect of coupled inductor. It features
adjustable output voltage and no inrush current. Unlike the
Flyback converter, the SEPIC converter does not need alossy
snubber circuit or extra active clamping circuit. Therefore,
higher efficiency and simpler implementation are expected.

1. ANALYSISOF UNCOUPLED-INDUCTOR SEPIC
CONVERTER AT BCM

During the analysis of converter operation, only the
governing factors are being considered. Thus, the following
assumptions are made.

A.  Theinput line voltage Viy(t) isideally sinusoidal. No
voltage drop or losses will be considered in the bridge
rectifier. The input voltageis

Vin(t) =V sin(wt) D
Then, the rectified voltage becomes
Vi (t) =Viy [sin(wt)| )

B.  The twice frequency ripple on DC bus is neglected.
The output voltage is assumed as a constant DC value V, in
guasi-steady state operation.

C.  The bandwidth of output voltage feedback loop is
selected to be relatively low, compared to the line frequency,
such that the compensator output can be considered constant
for ahalf line cycle. As aresult, the peak transistor current is
enveloped by arectified sinusoid:

ik () = 1 Jsin(t) (3)
The value of | is determined by the compensator output and
considered constant during the line half cycle.

Fig. 2 portrays the typical current waveforms in SEPIC
converter at the boundary conduction mode. The peak to peak
ripple on uncoupled inductors are described in (4) and (5).

Aiy (1) = vy (Oten (1)/ Ly 4

Aip (1) = v, (Dten 1)/ L ©)
When the transistor is conducting, the peak transistor current
is the sum of two inductor current and expressed as.

() = (54 Den OV in(@1) (©)
1 2

The transistor “on” time can be obtained by substituting (3)
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Fig. 2 Waveforms of uncoupled-inductor SEPIC at BCM
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It is seen that the switching frequency changes along with
line input voltage in the BCM SEPIC converter.

Due to the operation of BCM, the transistor will conduct
zero current after being turned on. To satisfy the charge
balance orC,in a switching cycle, the inductors current will
not be zero at the point of turning on transistor, instead there
is a shiftl(t) with different signs appliedhe charge balance
on C, in a switching cycle can be written as:

m . m,.
502010 T = MO+ LOFn O (50
The inductor current shift can be obtained by solving (10).

_1 1V, 1 v
o0 = 2T°”V1(t)(L2 vt +V, L () +v0) (11)

The average value of rectified input current is then found as

g (0 =20 0) +1,(0) = 0S8y ()

2L, vy (1) +V, (12)

into (6). By further simplification, it becomes
ton (t) = I-el pk /VM :Ton (7) . _ 1 |Si n(a)t)|
. . . Il,avg (t) =1 pk f (13)
whereL, =L, /L,. This equation shows that the transistor 2 "1+ K, fsin(wt)
“on” time of BCM SEPIC is constant under stable load andhere the input-output ratio is defined &s; =V /V,
input voltage conditions. To further evaluate the switchingl; ' . . . ] :
he filtered input line current is then:
frequency, we apply volt-seconds balancelgrandL, and
find out the transistor “off” time as: 1 sn(et)
torr (1) = Tovy(t 8 in®)==ly3—F— 14
off() on 1( )/Vo ( ) |n() 2 pk 1+ Kv|sin(wt)| ( )

The instantaneous switching frequency is then described as:
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Fig. 3 Input current waveform with different K,

The input current waveforms of different values of K, are
plotted in Fig. 3. It is shown that the current is sinusoidal for
K,=0 but will be distorted as K, increases. This means that
the SEPIC at BCM can not achieve unity power factor
performance except at extreme condition.

Next step is to find out the input current as a function of
averaged input power, which is:

Toc L1 sin(wt)

. 0
Bn = Tacj- : 5 WWM sm(wt)%jt (15)
We can define
1 MO sin?(wt)
F(x) —ﬁj; +x|sin(wt)|§ (16)

then, the average input power is then expressed in a compact
form as

1

P =5V wF(K,) an

A closed form solution and approximate express for F(x) can
be found in [8]. It is now possible to find the enveloped pesk
current I, from the specified input voltage, output power and
expected efficiency.
2P,
| pk = 9
nVu F(K,)
For the switch loss estimation, it is found out that the RMS
value of transistor current and average diode current are
_ F(Ky)
Iq,rrns =1 pk T
Id,avg = Io (20)
By substituting expression for | into (10), the switching
frequency can be expressed as a function of input voltage,

regulated output voltage, output power and equivaent
inductance.

(18)

(19)

Vi F(K,)

SO= o ax K, Jsin(@1)
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Fig. 4 Equivaent circuit model of coupled-inductor structure: (a) T-
model, (b) simplified model

[11.COUPLED-INDUCTOR MODELING

The ripple-steering phenomenon was originaly
investigated in Cuk converter [6]. It iswell known that two or
more inductors fed by same or scaled voltage waveforms can
be coupled on same magnetic core. In the following analysis,
it is found that the impedance characteristic of coupled-
inductor is independent of the feeding voltage in SEPIC
converter, as a result the parameters in the ssimplified model
are only related to the physical structure of coupled-
inductors.

Fig. 4 is the general T-model of a two-winding coupled-
inductor, in which the leakage inductors of primary and
secondary sides are modeled as Lg; and L, respectively. The
basic voltage and current relation sare shown in (22).

Ful)=La dlli dm(t)

%2 : e2 d'zt m d (22)
5 din(®) _ G0, 20

H dt

In the coupled inductors in SEPIC converter, both windings
are fed by equal voltage which is vi(t) = w(t). Under this
condition, primary and secondary current condition can be
wirtten as:

[Le - (N-DL,]

The zero ripple condltlon for both terminals can be directly
derived and described in the phisica relations between
leakage inductance, magnitizing inductance and winding
turnsratio as followings:

dll(t) d'z(t)

=[Lep + (=Dl =2~ (23)



Primary side: di ()
dt

=00 Ly =@-n)nL,  (24)

Secondary side: % =00 Ly =(n-DL,, (25

From (22) and (23), a simplified equivalent circuit model,
obeying (26) and (27), is obtained and shown in Fig. 4(b).

diy (t)

O

@Vl(t) = Leql dt
oo di () (26)
()= L 220
DL - LPJ.LeZ + I-ml-e2 + n2|-m|-e1
et L., +n(n-1)L
where, [ e2 m 27

— LelLeZ + LmLeZ + nZI-ml-el
sz La ~(0-DLy,

The simplified model shows that coupled inductors fed
by the same voltage waveforms will exhibit as two equivalent
inductors, which only depend on the physical inductor
structure instead of the feeding voltages. So that, the analysis
results from the uncoupled inductor SEPIC converter can be
extended to coupled inductor SEPIC converter.

Furthermore, if those two windings were wound
symmetrily, the major factor that determines the difference
between primary and secondary leakage inductance is turns
ratio. The leakage inductors have following relationship:

Lez =N°Lg (28)

By defining the coupling coefficient k, = Lg/L with

L=(LmtLe), the eguivalent inductance and zero ripple
condition can be written in compact forms:

0 _mk(2-k)
E T (n-n+k,

a_ _nk,(2-k,) L (29
€2 T 1
O @-n +k,

(] n
Primary side zero ripple condition: k, =1-n (30
Secondary side zero ripple condition: k, = nT—l (31)

These equations agree with the resultsin [6].
IV.SMALL SIGNAL MODELING

The modeling approach for ideal rectifier with pure
sinusoidal input current waveform has been proposed in [8]
and [9]. Due to the rigid restriction on the input current, the
output voltage will have twice line frequency harmonics,
which should not be regulated by the voltage feedback loop.
Hence the bandwidth of output voltage loop will be much
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Fig. 5 Modeling SEPIC rectifier: (a) large-signa model, (b) small-signal
model

lower than the line frequency and it is unnecessary to model
the system behavior of frequency higher than the line
frequency. Upon this, the approach in [9] can extend to BCM
SEPIC which has a non-sinusoidal but periodic input current
waveform at line frequency.

Under quasi-steady state operation, the output port of the
rectifier can be modeled as in Fig. 5(a). The second and
higher harmonic components are removed by averaging over
one-haf of the ac line cycle. Average power in (17) can be
rewritten in (32) as a function of input RMS voltage,
transistor “on” time, which is proportional to control input.

p = F(K)

Vi r%,rmsTon (32)

e

In the averaged model of Fig. 5(a), the averaged output

currentl, is given by:
F (KV) Vir%,rmsTon
Le VO

2= (33)

The small-signal model is obtained by linearizating (33) at
the quiescent operating point and eliminating the high-order

nonlinear terms.

iAz = 9oVinrms + Joton Yo
' I, (34)
where
_ V2K F(K)Top
2 L, (35)
_ViarmsF (K,)
SRV (36)
e 2
KSTonF (Ky) (37)

The resulting small-signal model of BCM SEPIC rectifier is
given in Fig. 5(b). The input to output and control to output
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Fig. 6 Theratio of maximum frequency and minimum frequency
between high line and low line as afunction of turnsratio

transfer functions can then be derived from (34) if the load
condition were known.

V. DESIGN CONSIDERATIONS

In this section, we first discuss the voltage stresses and
current stresses of switch components. The switching
frequency distribution for different line inputs is then
discussed. Finaly, ripple steering phenomenon is evaluated.

A. Component stresses

It is assumed that the DC output voltage for the SEPIC is
Vo. Current stresses are evaluated and normalized in terms of
the DC load current l,. Voltage stresses are expressed in
terms of DC output voltage V..

The switch voltage stress is (1+K,)V,, which shows that
under maximum line input voltage, switches have the worst
voltage stresses. The worst-case current stress for both
transistor and diode, shown in (38), happens at low-line input
and maximum output power. The peak current of both
transistor and diode, RMS transistor current, and average
diode current also are given by:

.= 2P, 2 |
Pk T -
P VM ,IGWF(KV) Kv,IowF(Kv,Iow) °

2 1
| = / | (38)
arms Kv,Iow 3F(Kv,low) °

Id,avg = Io

o o

B. Switching frequency

In order to design an EMI filter to remove most of the
harmonics effectively, it is necessary to investigate the
switching frequency distribution for the SEPIC at BCM.

For each given input line voltage, the minimum switching
frequency happens at peak of AC line voltage, while the
maximum switching frequency happens at zero crossing of
AC line voltage. The ratio of switching frequency between

Tek 25.0MS/s 326 Acqs
T

C1 Freq
135.619kH2z
Low signal
amplitude

C1 +width
1.900ps
Low signal
amplitude

2
<Ko

M2.00ps Cha 7 924mA 7 aug 2000

19:30:22
Tek ST 25.0k5/s 118 Acgs
5 T

Ay

C2 Freq
119.617 Hz
Unstable
histogram

;]

=

EF 100V M2.00ms Ch4 5 912mA 7 Aug 2000
Chd  200mA 19:33:05

TeK SIER 10.0kS/s 277 Acgs
[ T

P

C4 Freq
60.000 Hz

“WM5.00ms Chd 7 668MA 7 Aug 2000

19:36:20
©
1

LA NAAD
JEVEvRTAY

500 VA M5.00ms Chd & 668mA 7 Aug 2000
19:37:20

200mA

Tek 10.0kS/s 30 Acgs
| T

C2 Freq
120.907 Hz

(d)

Fig. 8 Experiment results of SEPIC converter. (a)gate drive (chl),
primary (ch4, 0.2A/DIV) and secondary inductor current (ch4,
1A/DIV), (b) rectifier input voltage (ch2, 100V/DIV) and current (ch4,
0.2A/DI1V), (c)line current at high-lineinput (0.2A/DIV, PF=0.924,
THD=18.1%), (d)output voltage ac ripple at twice line frequency
(5V/DIV)
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Fig. 7 Coupled inductor structure

Primary: 133 turns of Litzwire, 16/36, N3=18 turns of #26 AWG
Secondary: 80 turns of Litzwire, 20/36
Air gap: 2*0.03"with L, =853uH, L4=662.5uH

TABLE |
EXPERIMENTAL RESULTS
Vin(v) | Efficency | PF | THD “?Iff_'(;? ’\("Il';_fg)
Lowline | 120 808% | 0990 | 49 | 2175 | 1123
HighLine | 264 915% | 0.924 | 181 | 4261 | 1426

Po = 100W, \ = 210V, Vhiow = 120Vac, Vhnigh = 264Vac

high line and low line input at the maximum and the
minimum points are given by:

(fs,high _ Mhign (VM,high > F2(Kynigh) @+ Ky jow) (39)
1Es,low mn '7Iow VM,Iow FZ(KV,IOW)(1+ Kv,high)
(fs,high _ Thign (VM tigh 2 F2 (Ky high) (40)

fs,low e nlow VM Jow FZ(KV,|0W)

C. Ripplesteering

The ripple steering phenomenon can be visually observed
from the simple model derived in Section I1. In (27) or (29),
when primary and secondary sides do not have the same
turns, the equivalent inductance of each side will be different.
Current ripple steering then happens. When n>1, Legl<Legp,
the primary side ripple will be steered from the secondary
side. When n<1, Lep>Llep the opposite phenomenon
appears. Steering the ripple to secondary side can lead to
reducing the conducted EMI at line input. But steering the
entire ripple to the secondary side is not practical. One of the
reasons is that this will increase the switching frequency to a
level where driving the MOSFET and switching loss could be
a problem. Also, when the turns ratio n is reduced, the
switching frequency range will increase as shown in Fig. 6.
This may lead to difficultiesin EMI filter design.

VI. EXPERIMENTS
A prototype for the coupled-inductor BCM SEPIC

topology at 100W output was built to verify the simplified
coupled-inductor model and evaluate the circuit performance.

The output voltage is regulated to 210V. The circuit diagram
is given in Fig. 1. The MOSFET IRFPESO0, diode BY M26E
and PFC Controller MC34262 are used in the prototype.

The coupled-inductor structure used in [4] is adopted in the
prototype and shown in Fig. 7. The SEPIC inductors and zero
current detection windings are realized in a UU core.
Experimental waveforms are shown in Fig. 8. In Fig. 8(a), the
inductor current waveforms of both primary and secondary
sides are shown. Part of the primary winding current is
steered to secondary side at a turns ratio of 133/80. It is
shown in Fig. 8(b) that the rectified current waveform is not
pure sinusoidal as predicted in Section Il. Input current and
output voltage are well regulated and shown in Fig. 8(c) and
(d) respectively. Experimental results of two different line
inputs are concluded in Table I. The BCM SEPIC rectifier
can achieve high efficiency, high power factor and acceptable
THD at both high and low line inputs.

VII.  CONCLUSIONS

In this paper, the SEPIC converter operating in boundary
conduction mode for power factor correction application is
proposed, analyzed and designed. By developing a simplified
equivalent circuit model for the coupled inductor structure,
the SEPIC converter with or without coupled inductors (and
ripple current steering) can be analyzed and designed in a
unified framework. Small signa model is presented for the
purpose of designing the output voltage loop. Power factor
correction under boundary conduction operation mode could
be achieved conveniently using a simple commercialy
available control IC. Experimenta results are provided to
validate the circuit design.
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