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Fig. 1. ldeal input voltage and input current waveforms of CCB PFC.

Fig. 2.  Circuit diagram of CCB PFC.

across the entire line range. In addition, a lower input voltage to
the dc/dc output stage has beneficial effect on its performance
because the dc/dc stage can be implemented with lower voltage-
rated semiconductor devices and optimized loss and size of the
transformer.

The buck PFC converter operation in both discontinuous
conduction mode (DCM) and continuous conduction mode
(CCM) were described first in [6]. Additional analysis and
circuit refinements were described in [7]-[14]. Because the
buck PFC converter does not shape the line current around the
zero crossings of the line voltage, i.e., during the time intervals
when the line voltage is lower than the output voltage, as
shown in Fig. 1, it exhibits increased total harmonic distortion
(THD) and lower PF compared to its boost counterpart. As a
result, in applications where IEC61000-3-2 and corresponding
Japanese specifications need to be met, the buck converter PFC
employment is limited to lower power levels. A simple control
circuit for the buck PFC converter, suitable for cost-sensitive
applications, is the clamped-current-mode control circuit [15].
The basic concept of the clamped-current buck (CCB) PFC,
shown in Fig. 2, is similar to that of the clamped-current boost
PFC [16].

In this paper, a thorough analysis of the CCB PFC con-
verter operation and performance along with design optimiza-
tion guidelines are presented. Experimental results obtained on
a 90-W notebook adapter with buck PFC are provided. A loss
analysis based on SIMPLIS and PSPICE simulations is also in-
cluded. Major factors that contribute to the improved efficiency
of the buck PFC versus the boost PFC are briefly explained.
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Fig.3. Reference voltage V;¢¢, Slope-compensation-ramp vz, sensed voltage
R;iy,, and duty cycle of CCB PFC: switch turns off when (a) R;*i; reaches
Vief  vg,and (b) when duty cycle D reaches Dmax-

Il. ANALYSIS OF CCB PFC

The analysis of the CCB PFC shown in Fig. 2 is performed
assuming the following.

1) The input voltage is a full-wave rectified sine wave, i.e.,
Vineree = Vi [SINC L) = Vi [sin( )], where Vi, is the
amplitude and ; =2 f; isthe line frequency.

2) The output voltage V, is constant, i.e., it has a negligible
ac ripple.

3) The switching frequency f., is constant and much greater
than the line frequency f7,, so that the input voltage can be
considered constant during a switching cycle (quasi-static
approach).

4) The reference voltage V.t to the PWM modulator is con-
stant during each half of a line cycle, because the band-
width of the output-voltage loop is much smaller than the
rectified line frequency (2f1).

5) The phase shift of the line current caused by the input filter
can be neglected.

Within a half line cycle, the input current can flow only when
the input voltage is greater than the output voltage, as shown
in Fig. 1. The conduction angle of the input current is equal to

2 o, where o = asin(V,<V;;,).

The conduction of switch Q in Fig. 2 is initiated by the os-
cillator of the control circuit. The switch is turned off either
when sensed voltage R;¢i; reaches the difference between ref-
erence voltage Vi = V. and slope-compensation-ramp voltage
VR, 1.€.

Rivir = Viet (1)

as shown in Fig. 3(a), or when the duty cycle of switch Q reaches
its preset maximum value Dpax, as illustrated in Fig. 3(b).
Note that in practical circuits, sensing of inductor current i,
is implemented by sensing the switch current i, since during
ON-time if, = ig.

During a half line cycle for o < < o, the buck in-
ductor can operate in both the DCM and CCM. Depending on
which event terminates the conduction of Q in a switching cy-
cle, two discontinuous and two continuous conduction modes
of operation are possible. In this paper, the DCM and CCM,
where Q turns off when the switch duty ratio reaches D ax

UR
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Fig. 4. Input current waveforms versus kg at Vin = 100 Vims.

[see Fig. 3(b)], are denoted as DCM1 and CCM1, respectively.
Similarly, the DCM and CCM in which sensed voltage R;¢i,
reaches the difference voltage Vier  vg [See Fig. 3(a)] are de-
noted as DCM2 and CCM2, respectively. From the two CCM’s,
only CCM2 will be considered since CCM1 usually encom-
passes only a few switching cycles with fast rising or falling
edges of the inductor current, which can be approximated with
vertical segments, as shown in Fig. 4 (input current waveforms
at kg = 0.5 and ks = 1). Depending on the line and load con-
ditions, five different sequences of the operation modes, called
mode sequences (MSs), can be distinguished. The five MSs are
summarized in Table I.

Expressions for the input current waveforms in the five op-
eration modes as well as expressions for the boundary angles
between the operation modes are derived next. Since it is more
convenient to perform these derivations by using current sig-
nals instead of voltage signals, reference current I¢ and slope-
compensation-ramp current i are defined from (1) as

= ‘/ref Ui =]
Rq; Ri ref

’iL Z'RD (2)
The rectified input current is equal to the switch current av-
eraged over a switching cycle, i.e., dincrec(t) = iQ(t) 14, -
To obtain the expressions for the input current and boundary
angles, the slope of the compensation ramp should be deter-
mined first.

A. Sope Compensation Ramp

To ensure the stability of the current loop, the slope of the
compensation (external) ramp, S?, should be at least 50% of the
maximum down slope of the inductor current in CCM2, S'J‘;max,
ie.

Si = ks*Stmaxs ks Ob> (3)

It should be noted that parameter kg in (3) represents the
normalized slope of the external ramp. From Fig. 3(a) the slope
of the compensation ramp is given by

- I Ir
Sq R _ tRM > (4)

" DmaxT: T,

The downslope of the inductor current in CCM2 is constant,
i.e.
V.

Sj‘<max = S} = va (5)

Substituting (4) and (5) into (3), the amplitude of the com-
pensation ramp is obtained as

ksV,
= >

Ipyv = —— (6)
Lfsw
B. Discontinuous Conduction Mode
In DCM, the input current is obtained as
. 1L pke
lin-DCM = DDCM'M (7

2

where, izpk-pcm is the peak of the inductor current defined as
'V;m |Sin( Lt)l V;D
Lfsu;

Substituting (8) into (7), the input current in DCM is deter-
mined as

)

irpk-dcM = Dpcwm

Vi lsin( 0]V,

lin-DCM = DZDCM 2Lf 9)
sw
Specifically, in DCM1
Dpcmi = Dmax (10)

and by substituting (10) into (9), the final expression for the
input current in DCML1 is

V;m |Sin( Lt)l V;)
2L fow
It should be noted in (11) that in DCM1, the input current is

proportional to the input—output voltage difference.
In DCM2, the peak of the inductor current is defined as

finpem1 = DZ oy (11)

irpkpcM2 = Iref  Trar Docome> (12)

Combining (18) and (12), the duty cycle in DCM2 is obtained
as
Irefosw

D = -
DeM2 = P sinG 2O Vo + I Lfon

(13)

By substituting (13) into (9), the final expression for the input
current in DCM2 is

_ Irzef Lfsur

. Vim |5in( Lt)l Vo
lincDCM2 — 2

- >
[‘/im |S|n( Lt)l ‘/0 + IR]\JLfsu']Z
(14)
It should be noted in (14) that in DCMZ2, the input current is
proportional to the input-output voltage difference if

Vim |Sin( Lt)l ‘/0 IRAJ Lfsu:l> (15)
Condition (15) can be rewritten by using (6) as
‘/i’m |Sin( Lt)l (l + kS)‘/oD (16)
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therefore, I.¢ cannot be expressed in a closed form. To deter-
mine Iyef, first, the corresponding boundary angles should be
determined from the input—output power balance (28) after ex-
pressing I¢¢ as a function of the corresponding boundary angle.

Specifically, in MS2, by rewriting (27), I,ef can be expressed
as

Vo
ref( p2c2) = Irur Vim SiN pac2
v, Vo
. . _ 31
Lfou ( Vim sin DZCZ)D ( )

After substituting Irer ( p2¢2) from (31) into (14) and (22)—
(24), boundary angle p,c» can be determined from the input—
output power balance (28) by using an iterative procedure. Once
boundary angle p2¢» isdetermined, Ires, directly follows from
(32).

In MS3, Irer can be expressed by rewriting (25) as

Dmax
Lfsw

Iiet( p1p2) = Ip + (Vimsin pip2 Vo)  (32)
and after substituting Iret ( p1p2) from (30) into (14), boundary
angle pip2 can be determined from the input—output power
balance (28) by using an iterative procedure, similarly to that in
MS2. Once boundary angle pip; is determined, I qf3 directly
follows from (32).

In MS5, both boundary angles pip2 and poc2 exist, as
shown in Table I. Therefore, both expressions (31) and (32) for

Iref hold. In addition
Iret ( p1p2) = Iret ( c2p2)> (33)

One of the boundary angles should be expressed as a function
of the other boundary angle. For example

Lfsur ‘/:7
— (] Ip) +
Voo Dinax (Iref ( D2c2) R) Vm) >

p1p2 = asin (

Then, after substituting Irer ( p2¢2) from (31) into (14) and
(22)-(24), and using (34), boundary angle p,c2 can be de-
termined iteratively from the input—output power balance (28).
Again, once boundary angle p,¢2 is determined, Ires directly
follows from (31).

The whole procedure described previously can be easily im-
plemented by using any standard mathematical software (e.g.,
Mathcad). In a particular design, I is calculated for all five
MSs. The actual value of Iet, i.e., the actual MS, is the one that
satisfies the MS conditions, which are also defined in Table I.

In fact, the MS conditions in Table | include three tests of
the reference current. The first test is I, compared to Ip.

If Ief < IR, the duty cycle is always smaller than Dpax, as
follows from Fig. 3(b), and the first operation mode of the buck
inductor is DCM2. In the opposite case, when I IR, the
duty cycle can reach D ax, as shown in Fig. 3(b), and the first
operation mode of the buck inductor is DCM1.

The second test is Iref compared to Irefccmz defined as

‘/iﬂl ‘/0 ‘/0
1 =\Ilpy +———|° 35
refCCM2 < RM Lim ) v (35)
which tests if the buck inductor can reach operation in CCM2
at the peak of the input voltage, i.e., at phase angle = /2.

Specifically, for operation in CCM2 at = /2, the peak of the
inductor current in (19) should be greater than the peak-to-peak
ripple of the inductor current in (20), i.e.

o ‘/() ‘/1771 ‘/0
1 Ipye—— o °
ref RM v > Vi Lfon (36)
It should be noted that (35) directly follows from (36).
The third test is ;. compared to Irerp1c2 defined as
v,
Iretpic2 = Ip + 7. *(1 Dmax) (37)

which is used in MSs MS4 and MSS5 to test if the buck inductor
can reach operation in CCM2 directly from DCM1, i.e., at max-
imum duty cycle Dnax. Specifically, for operation in CCM at
Dmax, the peak of the inductor current in (19) should be greater
than the peak-to-peak ripple of the inductor current in (20), i.e.

V,
Dmax)'ﬁI>

Again, it should be noted that (37) directly follows from (38).

Iret Irpm*Dmax > (1 (38)

F. Input Current Harmonics and PF

The input current contains only odd harmonics whose rms
value can be determined by using the Fourier analysis

2 2

Ting, =

. (/ v iin-oem1( )esin(k ) d( )

+/ b iinocmz( )esin(k ) d( )

<2
+/ tin<cemz( )esin(k ) d( )) > (39)

The rms value of the input current is defined as, (40) as shown
at the bottom of the next page.

Pin

Tret1 =
" \/V;mLfsu f0<12 (V;’m Sin( ) V;)).Sin( )<] [‘/L'm Sin( ) VYO + IR]LILfsur]Z d

P (2<] )V;’,m' (foplCz iin<DCM1( )Sin d +f “

(29)

D1C2

iinocm1( )sin d )

Treta = 1

(29 ) p1c2)'Vs

> (30)
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Fig. 5. Input current waveforms versus kg at Vin = 230 Vims.

TABLE Il
MS, PF, AND THD VERSUS kg AT Vin = 230 Vims

presented in Fig. 5, whereas the corresponding values of PF and
THD are given in Table I1l. The MSs for different values of
kg are also included in Table Ill. It is shown in Table Il that
with increasing kg, the MS changes from MS3 to MS1. In fact,
except for small values of kg below 1, the MS is MS1, where
the converter operates only in mode DCM2. It should be noted
that it was shown in Section I1-B that in DCM2, in order the
input current to be proportional to the difference of the input—
output voltage, kg should be as large as possible, which follows
from (16). It can be concluded from Fig. 5 and Table Il that
with increasing kg, the quality of the input current improves,
PF increases, and THD decreases. The minimum value of kg
to meet the IEC61000-3-2 Class D standard is kg min = 1.25.
By observing the input current waveforms in Fig. 4, it can
be concluded that a practical value of kg should be between
3and 5.

It follows from the analysis above that with a single value of
ks in the whole input voltage range, an optimum design cannot
be achieved. The value of kg should be variable to increase with
increasing input voltage. In this paper, ks = 1.5 is selected at
nominal low line and kg = 5 is selected at nominal high line.

The implementation of the external current ramp can be
achieved in two ways. First, the slope of the external current
ramp can be directly controlled by the input voltage as defined
earlier. Second, the slope of the external current ramp can be
indirectly controlled by the input voltage when the current ramp
is implemented as an exponential ramp. In fact, at nominal high
line, the duty cycle is smaller than at nominal low line and,
therefore, at the end of the duty cycle the slope of the exponen-
tial ramp is greater than that at nominal low line, as illustrated

Fig. 6. Exponential current ramp.
Fig. 7. Circuit diagram of experimental CCB PFC (P, = 94 W).
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Fig. 8. Measured input voltage vi,, input current ¢;,, and output voltage V,

waveforms at nominal low line (Vi, = 100 Vms) and full load P, = 94 W.

in Fig. 6. In this paper, the external ramp is implemented as an
exponential ramp. The exponential ramp is obtained from the
gate drive signal by using an RC low-pass filter.

IV. EXPERIMENTAL RESULTS

The circuit diagram of a 94-W, 80-V output, universal-input
(Vinerms = 90-264 V) CCB PFC converter, which is used as
the front end in a 90-W notebook adapter, is shown in Fig. 7.
Measured input voltage and input current waveforms at nominal
low line and nominal high line, at full load, are shown in Figs. 8
and 9, respectively. The measured waveforms are in a good
agreement with the corresponding calculated waveforms, except
for the additional phase shift in the measured input current
waveforms, which is due to the effect of the input filter.
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Fig. 9. Measured input voltage vi,, input current zj,,, and output voltage V,
waveforms at nominal high line (Vin = 230 Vms) and full load P, = 94 W.

TABLE IV
MEASURED EFFICIENCY AND PF oF CCB PFC VERSUS INPUT
VOLTAGE AT FULL LOAD (V, =80V, P, = 94 W)

Viu [V] PF n [%]
90 0.8910 95.74
100 0.9085 95.85
115 0.9356 96.02
132 0.9630 96.20
180 0.9627 96.35
200 0.9540 96.25
230 0.9278 96.22
264 0.8846 96.00

TABLE V

MEASURED EFFICIENCY OF CCB PFC VERSUS LOAD
(Va =80V, Pymax = 94W)

P.[%] n [%] N [%]
@100V | @230V

100 95.85 96.22
75 96.15 96.15
50 96.4 96.10
25 96.0 95.45
10 94.58 93.79

5 92.45 91.85

Efficiency and PF measurements at full load in the whole
input voltage range are presented in Table 1V. It can be seen
in Table 1V that the buck PFC maintains a high efficiency of
around 96% across the entire input voltage range.

Efficiency measurements versus load, at nominal low line
and nominal high line, are presented in Table V. It can be seen
in Table V that the buck PFC maintains a high efficiency of
around 96% across the load range from 100% to 25% of the full
load. At light loads below 10% of the full load, the efficiency
is slightly decreased, which is the result of the implementation
of the control circuit with discrete ICs. In fact, up to date, no
dedicated controller IC for the buck PFC is available.
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V. L0OSs ANALYSIS

The loss analysis of the CCB PFC converter is performed
by using the following methodology. First, the resistance of
the relevant components is obtained by measurement, calcula-
tion, or from the datasheets. Second, the rms and average value
of relevant currents are calculated from SIMPLIS simulation.
Third, the switching loss of the buck PFC switch is calculated
from PSPICE simulation. Fourth, the core loss of the buck PFC
inductor is calculated in Mathcad by using the Steinmetz ap-
proach [17]. The results of the loss analysis at nominal low line
and full load are summarized in Table VI.

Generally, the efficiency of the buck PFC at nominal low-line
voltage compared to the efficiency of a conventional DCM/CCM
boundary boost PFC is greater by approximately 1%. To identify
the factors that contribute to the improved efficiency of the
buck PFC versus the boost PFC, a loss analysis of a typical
DCM/CCM boundary boost PFC converter with 385-V output
voltage, which is used as the front end in a 90-W notebook
adapter for the universal-input voltage (Vin.rms = 90-264 V) is
also performed. The loss analysis of the boost PFC converter is
based on the procedure described in [18]. The results of the loss
analysis at nominal low line and full load are also summarized
in Table VI.

It follows from Table VI that there are three major factors that
contribute to the improved efficiency of the buck PFC versus the
boost PFC.

First, the loss of the common mode choke of the boost EMI
filter is significantly larger than that of the buck EMI filter. In
fact, to meet the EMI standards such as EN 55022, the boost
PFC requires a two-stage common-mode EMI filter with a sig-
nificantly increased value of the total common-mode inductance
in order to attenuate the elevated common-mode current, which
is the result of the larger voltage swing of the boost switch and
the increased parasitic capacitance between the primary and sec-
ondary windings of the high-voltage transformer in the dc—dc
output stage. Therefore, the size of the boost PFC EMI filter is
larger than that of the buck PFC.

Second, the boost PFC has a significantly larger bridge-diode
loss because of its average rectified input current is greater than
the average rectified input current of the buck PFC, which is
also illustrated with a simple example in Fig. 10. The rms value
of the sinusoidal input current of a boost PFC in Fig. 10(a)
is equal to the rms value of the rectangular input current
with 50% duty cycle of a simplified buck PFC in Fig. 10(b),
i.e., finterms = Tinzerms = Lim< 2. The corresponding average
rectified currents are linireccave = (2< )I;,, = 0.63717;,, and
Tinoreccave = Iim <2 = 0.51;,, respectively, i.e., Iinicrec-ave =
1-27Iin2<rec<ave-

Third, the boost PFC has a significantly larger loss of the
PFC choke than the buck PFC. In fact, the PFC inductance of
the boost PFC is larger than that of the buck PFC because the
minimum switching frequency of a DCM/CCM boundary boost
PFC is typically lower than the constant switching frequency
of a buck PFC. This results in an increased number of turns
and, consequently, in an increased conduction loss. Also, the
core loss of the boost PFC choke is larger than that of the buck
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TABLE VI
LOsSS ANALYSIS AT Vin = 100 Vyms AND FULL LOAD P, = 94 W

iin1 iin2

() N— lim

d kN
hY

\/‘ \x_,/’f t

(@) (b)

Fig. 10.  Simple example which illustrates that the buck PFC has lower aver-
age rectified input current than the boost PFC. (a) Sinusoidal input current of
boost PFC and (b) rectangular input current with 50% duty cycle of buck PFC
have the same rms value, I;,,, < 2. The corresponding average rectified cur-
rents are Ilinicreccave = (2< )i = 0.6371, and Iinz<reccave = 0.5,
respectively.

PFC choke, which is the result of a larger change in the flux
density AB. In fact, ABmax, Which occurs at the peak of the
line voltage, is obtained at the nominal low line as

AB _ Vim V:)<buck.v;<buck _ 141 80 ﬂ
maxbuek = NLAcfs’w ‘/;YIL - NLA(:fs’w 141
346
= — 51
NLAcfsw ( )
and
‘/im ‘/L’m
NB . = " e o
maxboost NLAcfsu,v<min ( Vmboost)
VL] < 141) 89
NLA(:fsw<min 385 NLA(:fs’twmin
(52)

for the buck and boost PFC, respectively, where Ny, is the num-
ber of turns of the PFC choke and A, is the cross-sectional area
of the PFC core. For example, if the denominators in (51) and
(52) have the same value, ABmax-boost = 2.58*ABmax-buck -

It also follows from Table VI that the boost PFC, compared
to the buck PFC, has a slightly lower total loss of the MOSFET,
a slightly lower loss of the rectifier diode, and almost the same
total loss of the bulk capacitor. It should be noted that the bulk
capacitance value for both the boost PFC and the buck PFC is
selected based on the holdup time requirement. The size of the
boost PFC and buck PFC bulk capacitors is almost the same,
which is in agreement with the general conclusions in [19].

VI. SUMMARY

A detailed design-oriented analysis of the CCB PFC converter
has been presented. The design is focused on the slope of the
external current ramp. It was shown that with a constant slope
of the external current ramp in the whole input voltage range, an
optimum design cannot be achieved. The slope of the external
ramp should be variable and increase with increasing input volt-
age. The whole design procedure can be easily implemented by
using any standard mathematical software (e.g., Mathcad).

Experimental results obtained on a 94-W, 80-V output,
universal-input  (Vip.rms = 90-264 V) CCB PFC converter,
which is used as the front end in a 90-W notebook adapter,
were provided. It was shown that the buck PFC maintains a
high efficiency of around 96% across the entire input voltage
range and across a load range from 100% to 25%.
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A loss analysis based on SIMPLIS and PSPICE simulations
was also included. Major factors that contribute to the improved
efficiency of the buck PFC versus the boost PFC were briefly
explained.
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