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An Integrated Single-Stage Zero Current Switched Quasi—Resonant
Power Factor Correction Converter with Active Clamp Circuit
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ABSTRACT

A new integrated single-stage zero current switched(ZCS) quasi-resonant converter(QRC) for the power
factor correction(PFC) converter is introduced in this paper. The power factor correction can be achieved by
the discontinuous conduction mode(DCM) operation of an input current. The proposed converter has the
characteristics of the good power factor, low line current harmonics, and tight output regulation. Furthermore,
the ringing effect due to the output capacitance of the main switch can be eliminated by use of, active clamp
circuit. Therefore, the proposed converter is expected to be suitable for a compact power converter with a
tightlv regulated output voltage requiring a switching frequency of more than several hundreds kHz.

Key Words : Power Factor Correction, Discontinuous conduction mode(DCM), Single-Stage converter

1. INTRODUCTION switching power conversion for T.V., lighting

systems,  computers, and motor drive  systems.

As the world population grows and the energy However, conventional off-line switching power
consumption increases, the nations have become systems usually include the full-bridge rectifier and
increasingly concerned with the availahility of large filter capacitor at their input stage. This initial
energy. One approach is reducing energy solution produces significant  harmonics in  main
consumption by using more efficient electrical supply, causing poor power quality which is an
equipments. This requirement for more efficient increasing problem on public utility network[1],[2].

electrical  system  was, initially, satisfied by Recently, standards such as IFEE 519 and IEC
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Fig. 2 Key waveforms for mode analysis

61000 impose a limit on the harmonic current drawn
by equipments since conventional off-line power
supplies including the full-bridge diode rectifier
generate highly distorted input current waveforms
with large amount of harmonics. In low power
applications, these requirements must be satisfied in
single stage to reduce the size and cost. Most of
single stage converters developed for this purpose
adopt the PWM control which prevents the increase
of the switching frequency due to the switching
losses. To solve this problem, small number of
papers have suggested single stage resonant DCM
PFC converters but they have disadvantages of input
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current waveform distortion at zero-crossing- points
and a large low frequency output voltage
ripplel31,14]. In this paper, single-stage 7CS QRC
power factor corrector hased on flyback topology
operating in DCM. This converter gives a good
power factor, improved input current waveform
without distortion at zero-crossing—points, and tight
output regulation. In general, switching component
of ZCS QRC suffers from additional voltage stress
due to a serious ringing during off-state. Thus, by
adoption of active clamp circuit in the proposed
converter, the ringing effect can be eliminated[5]."

2. MODE ANALYSIS

Fig. 1 shows the circuit diagram of the proposed
converter with an conventional single output voltage
loop. The basic structure can be understood as a
cascade connection of a boost converter followed by
a flyback QRC and these converters share the same
switch. An active clamp circuit for eliminating the
ringing effect is shown in dotted line. As shown in
Fig. 2, each switching period is subdivided into
eight modes and their topological states are shown
in Fig. 3.

(a) The discharging and charging times o the
output capacitor of QI in mode 1 and mode 3
are ignored

(b) The link, output, and clamp voltages are
assumed to be constant DC voltages, VC, Vo,
and VCc, respectively
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(¢) The magnetizing inductance of the transformer
IS SO large that it is assumed to be a constant
current source.

Mode 1 (1,<t<t;)

Mode 1 begins at ¢, when the switch ¢, is tumed
on. Since the resonant inductor current, .., is
smaller than the magnetizing current reflected to the
transformer primary, I»., the rectifving diode, D
maintains on-state and the resonant capacitor
voltage, Vi, 18 clamped to the output voltage, V.
Where, n means the transformer tums ratio. Thus,
I 18 linearly increased and can be expressed as

7‘/(*4’ n V,,

I ()=~ I (1—1.). (1

Also, the mput inductor current is linearly increased
with the slope of V,/Li, as follows:

v,
L= L* (t—t). )

which continues until the end of mode 2. This mode
stops when ILr(t) reaches I./n.

Mode 2 (1hi<t< 1)

The rectifying diode, 1), is reverse biased as the
resonant capacitor discharges its energy to the
resonant inductor. The voltage across the resonant
capacitor, Ve, decreases sinusoidally as

ave L a0 "
a C, C, .

and the rate of increase of the resonant current
becomes

(b _ Ve | nVeln
a L, L, -

(4)

The resonant inductor current and the input
inductor current flow together into the switch @,
and this switch current, Io(¢), will continue to
oscillate and feed energy back to the link capacitor
until time ¢,

Mode 3 (1< t < t3)

Mode 3 begins after @; is turmed off at - Since
the current flowing in the resonant inductor cannot
change abruptly, the diode I is forced to be
on-state to make the path for I;,(#) and the diode D
also starts to conduct to transfer the energy charging
in Ly to the link capacitor. Thus, the resonant
capacitor, (., is charged by ;{8 reflected to the
transformer secondary through D; and I as well as
L. From the mode diagram shown in Fig. 3(c) the
differential equations can be written as follows:

Arn Ve

L, 5
,dV(‘,-(Q o Q_ 7111,;({)‘ ©)
¢, c, )

Since the switch @ is turned off after mode 2,
I1in(8) begins to be linearly decreased as follows:

V= Ve V.
LD =—5—5(= 1) + 75 ( Ty + To). )

where Ty and Tw mean the durations of modes 1
and 2, respectively. This mode stops when Vide) is
equal to V.

Mode 4 (t3<t < t4)

When G- 1s charged to the point which Dy is
forward biased at t; the output bulk capacitor is
connected to the resonant capacitor in parallel and
Volt) 1s clamped to V., which results in the linear
increase of I;(t) as shown in egs. (8) and (9):

V,
L (D= _nfu(l*l:a)Jr' 1;,(ty) (&)
Vo=V, 9

where I1,(ty) is the initial condition of mode 3. Since
I140) reflected to the transformer secondary and the
magnetizing current flow together into the load, the
powering mode is initiated. Until the cnergy held in
Ly is fully transferred to the output stage, hoth Dy
and D- keep conducting. Therefore, as can be seen
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in the mode diagram, the drain-source voltage of
the switch @; is equal to the link voltage during
modes 3 and 4.

Mode 5 (1<t < t5)

At the zero-—crossing instant of [.(t), D is
blocked and a new resonant network is formed
between L, and Cy as shown in Fig. 3(e). The
inductor  current, I;Af), and the
drain-source voltage of @, Voi(t), increase with the

resonant
following rates:

dl () _ (VetnV) Vel

F TR & o)

AV 1,00
B o (an

with the initial condition of 7,,(z)=0 and Ve (z)=
V.. When Vor(e) reaches to Vi, the next mode begins.

Mode 6, 7 (ts<t < t7)

Once Voi(t) increases to the point where the
antiparallel diode of @ hegins to conduct, Vo(f) is
clamped to the clamp voltage. During mode 6 and 7,
the clamp capacitor current, I¢.(¢), flows in a resonant
manner by the clamp capacitor, (., and the resonant
inductor, L. This can be expressed as follows:

+ V(/ V'( ‘
IeH=1,(t;)+ V‘—"Lg‘(z-m (12)

VVhere ]Ly(tS):\/ (VZV,))g"( V(;+ nV(,— VQ)B/Z(J--

During mode 6, Ip,(t) decreases to zero with the
same slope of mode 3 and D; is blocked.

Mode 8 (t7<t < tg)

The auxiliary switch, », is turned off at ¢ and
the resonant inductor, Lr, resonate with the output
capacitance of @, Cg. During this small dead time,
the energy stored in Lr discharges some quantity of
the energy stored in Coy.

3 TURN-ON TIME OF Q-

Table 1 Parameter Lists

L [ s ] Q@ [ WP |
L | wd | D.D: | DELOO *
G | OWF Dy FML365
G 34nF BD | DESBAOL

e } nl 431

LG l(X)()uF Mo lps |

In order to guarantee the operation of mode 3, 4,
and 5, ¢ must not be turned on prior to the end of
mode 5. Also, to discharge the energy of the clamp
capacitor, &, must be turned on before the clamp
capacitor current reverses its direction. Since the
time durations are varying under line and load
conditions, AT, which is defined as the dead time
after @ is turned off, should satisfv

2 T( i+ T{/
maX{ Zl T(/," T(A}SAT(JZS mln{_'iz—f

} (3
where Ty is the pulse width of the gate signal of
@ This condition happens when the line voltage
has a peak value at a full load.

4. DESIGN

4.1 Selection of 1, and n

To determine Lin, a steady state analysis must be
performed in advance. By averaging the large signal
model equations half a line cycle, the solutions of
VC and Vo become

Vlmu . 5 2 R,, 7d\. 2
ve= L (1+\[1 0832nL77.d(’J1[’ ) ) 1
_ dﬁv V(,' I
Vn* ].-d/_; n (l\))

where d,=/,/f,. From above two equations, the

transformer tums ratio can be founded as:

W L mfr Vr) V)J”Nl\\dfs
mf‘r Vn( 1 d/\ 0 /126 V;.,mz.\nRo( 1 - a’fs)d/x'

(16)

To maintain a sinusoidal line current, the input
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inductor current must flow in DCM over entire line
cycle. This requirement is guaranteed by the
following condition as

V2V
*"\/@Tdmél*dj;\.. (7

Lrms

With egs. (14), (15), and (16), the maximum L to
meet DCM can be calculated as follows:
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Once Li, 1s calculated using eq. (18) and design
specifications  at the worst case, the transformer
turns ratio, n, can be obtained using eq. (16).
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4.2 Selection of L, and C,
During mode 2, the switch current is written as
L=+ L (verav)si )
S = Y + 2 ctnV,)sinw,(i—¢
V,
+ L* (t—t+ Ta). (19)

In order to achieve a ZCS condition over the
entire line cycle, the switch current must be zero at
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the end of mode 2 when the line voltage has a peak
value. This can be written as follows:

1,

I V2V
n L

in

+ o (Ve+nV)sing+ (Lvr=0 0
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where ¢ is defined as w,7T,. This equation may be

satisfied when ¢ has a value between T and 21 It is
necessary to select a suitable due to the heavy current
stress of switch, which is the general characteristic of
a ZCS QRC. Eq. (200 clearly shows that a current

stress of the switch becomes mimmal when the
characteristic impedance 7, satisfying a given resonant
frequency is selected as large as possible and this
condition can he accomplished if { has the value of 3
1/2. Thus eq. (20) is rewritten as follows:

l'_’_ _ L \/—2 Vgrms 37{' — v
7 Z,,(VCM*_ nV,)+ L, ( 2_w7+Ta1)v0 (21)
Therefore, L, and (- are determined from eq. (21),
and a desired resonant frequency in rad/sec, w,, at

a full load condition.
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Fig. 10 Efficiency of the proposed converter

43 Selection of C.

To prevent the ringing across &; when @ is
turned off, the resonant frequency formed by (. and
L, should be sufficiently low. On the other hand, if
too large a value of C. is chosen, it may be bulky
and costly. Therefore, a good design guideline has
been suggested that the capacitor value is selected
so that one half of the resonant period formed by
C. and L, exceeds the maximum off time of @[9].
This can be expressed as follows:

( 1— dfs,mz'n) :

7T2L )fz.\‘s,mm ( 22)

c>

4.4 Selection of Switches
Assuming that the clamp capacitor is selected
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sufficiently large, the voltage stress of switches @
and @~ are approximately expressed as following
equation:

Vo= Vetnl,. (23)

The worst case of voltage stress happens at a
light load. Thus, the maximum voltage stress can be
found using egs. (14) and (23) with R,=Fo e and
fos=fs mn. Also, the worst case of current stress of
¢ happens at a full load and the peak line voltage.
The peak current stress can be expressed as

V2V s I,
L=~ (ot Ta) #5544 (Vet nV,). 2

5. EXPERIMENTAL RESULTS

The prototype converter has been constructed to
show the operation of the proposed converter based
on the design eguations with V,=110V.., V=15V,
P,=10W,  f=1.25MHz,  f; me=300kHz, and 7=85%.
Using the design equations given in section 4, the
converter parameters are selected as listed in Table
1. Figs. 4 and 5 show Kkey waveforms of the
proposed converter. As can be seen in these figures,
the switching waveforms are well agreed with
theoretical analysis and the filtered line current
follows the line voltage with low line current
distortion at line zero-crossings while the output
voltage is tightly regulated. Fig. 6 is the
experimental waveforms of drain-source voltage of
@; with RCD clamp and active clamp circuit. This
figure shows that the drain—source voltage of @
can be clearly clamped by the active-clamp circuit,
which results in the reduction of additional voltage
stress caused by the ringing effect. To show the
advantages of the proposed converter, some
comparisons are made with ZCS-QR SEPIC. Fig. 7
shows the normalized input current waveforms of
ZCS-QR SEPIC and the proposed converter as a
function of load for one half-cycle. This figure
shows that the line current of the proposed
converter does not have an offset at the line

zero—crossing and it 1s more close to the sinusoidal
waveform than the line current of ZCS-QR SEPIC.
The measured harmonic currents are shown in Fig.
8 Fig. 9 shows the plot of the power factor as a
function of output power in the two converters. As
can be seen in this figure, due to the lower THD of
the proposed converter compared with that of
7ZCS-QR SEPIC, the power factor of the proposed
converter stays more higher. Finally, the efficiency
of the proposed converter is plotted in Fig. 10. This
figure shows that this converter has the efficiency
of about 87% at the rated condition.

6. CONCLUSIONS

This paper has presented the analysis, design,
and experimental results of an integrated ZCS QRC
for PFC operating in DCM. By eliminating the
distortion of the line zero—crossings in the line
current waveform, THD and power factor can be
improved. Since the proposed converter is capable of
producing the desired output voltage without a
significant output voltage ripple, it is possible to
carry out the tight and fast output voltage
regulation with a wide bandwidth output voltage
controller while not degrading the line current
waveform. In addition, the voltage stress caused
from the ringing effect can be reduced by using
active camp method while achieving ZCS of the
main switch. The prototype converter gives a high
power factor of above 0.985, low THD, and a high
efficiency of 87%. Therefore, the proposed converter
is expected to be suitable for a compact power
converter with a tightly regulated output voltage
requiring a switching frequency of more than
several hundreds kHz.
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