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Abstract—Active power-factor correctors (PFCs) are needed to
design ac—dc power supplies with universal input voltage range
and sinusoidal input current. The classical method to control PFCs
consists in two feedback loops and an analog multiplier. Hence, the
input current is sinusoidal and it is in-phase with the input voltage.
However, a bulk capacitor is needed to balance the input and the
output power. Due to its high capacitance, an electrolytic capacitor
is traditionally used as a bulk capacitor in PFCs. As a consequence,
the lifetime of the ac—dc power supply is limited by the electrolytic
capacitor’s, which becomes insufficient to some applications (e.g.,
high-brightness LEDs). This paper proposes a reduction of the
output voltage ripple (which allows reduction of the output capac-
itance) by distorting the input current, but maintaining the har-
monic continent compatible with EN 61000-3-2 regulations. The
limits of this output capacitor reductions are deduced. Also, a con-
trol strategy based on a low-cost microcontroller is developed to
put the proposed study into practice. Finally, the theoretical results
are validated in a 500-W prototype.

Index Terms—Capacitor, harmonic, power factor correction,
switched-mode power supplies.

I. INTRODUCTION

N ORDER to limit the harmonic content on the line current
I of mains-connected equipment, the use of an active power-
factor corrector (PFC) as a first stage of the two-stage solution
[1]-[6] is almost mandatory. Fig. 1(a) shows a general scheme
of an active PFC controlled by two feedback loops, which is the
most popular circuitry to control this type of power converters.
In Fig. 1, the inner feedback loop is an input-current feedback
loop and the outer one is an output-voltage feedback loop. The
current loop makes the line current follow a reference signal, in-
phase with the input voltage, which is obtained by multiplying
arectified sinusoidal waveform (obtained from the line voltage)
by v4(#). The output voltage of the voltage loop (v4(¢)) is a dc
voltage due to the low-pass filter placed in the voltage loop in
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order to obtain a sinusoidal line input current. Therefore, the
pulsating input power is a square cosine function. In this case, a
storage capacitor with large capacitance is required to balance
the instantaneous power difference between the pulsating input
power and the constant output power. A large capacitance is
needed, and therefore, an electrolytic capacitor is often used as
the storage capacitor. However, it is known that due to its liquid
electrolyte, the lifetime of electrolytic capacitor is very limited.
At this point, the output capacitor can be an obstacle to design
an ac—dc power supply for long-lifetime loads, for example,
ac—dc drivers for high-brightness LEDs (HB-LEDs) [7]-[12]
or long-lifetime power supplies, for example, nonaccessible or
remote equipment. Therefore, the power supply manufacturers
are looking for reducing this capacitance in order to avoid the
use of an electronic capacitor. According to this idea, nowadays,
many of them offer lifetime warranty in the range of 5 to 10 years
of lifetime.

The objective of this paper is to propose a method to reduce
the storage capacitance, thus other capacitor technologies could
be adopted instead of electrolytic capacitor to achieve long life-
time [13], [14]. Taking into account the energy transfer process
of the PFC defined by its main waveforms [see Fig. 1(b)], if the
pulsating output current waveform (which is equal to the pulsat-
ing input power) was adequately modified, then the amplitude of
the output voltage ripple can be modified. The question is how
the pulsating input power can be reduced. A possible solution
consists on distorting the line input current. Following this idea,
the second section of this paper presents a study that analyzes the
tradeoff between the line input current distortion and the output
voltage ripple reduction in PFC. However, if the input current is
distorted, then the compliance with EN 61000-3-2 regulations
is not assured. To solve this problem, the limits of the output
ripple reduction compatible with international regulations are
presented in the Section III of this paper. A simple control strat-
egy based on a low-cost microcontroller that distorts the input
current is presented in the Section I'V of this paper. This control
strategy allows the output voltage ripple reduction distorting the
line input current. Finally, all the theoretical results presented in
this paper are validated in a 500-W boost PFC prototype.

II. REVIEWING THE STATIC MODELING OF PFCs
WITH FAST-OUTPUT-VOLTAGE FEEDBACK LOOP

The objective of this section is to determinate the evolution
of the output voltage ripple when the line input current of the

0885-8993/$26.00 © 2010 IEEE
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Fig. 1.

PFC is distorted. The static model of PFC with fast-output-
voltage feedback loop presented in [18] can be useful for this
study because it considers distortion in the line input current.
This model describes the static behavior of the PFCs when
the bandwidth of the output-voltage feedback loop is increased
and, therefore, considerable voltage ripple appears in the control
signal v (t), distorting the input current [see Fig. 1(b)]. In this
case, the voltage and the current at the input of the power stage
shown in Fig. 1(b) can be written as follows:

vy (wrt) = vy [sin(wrt)] (D

Vgp [sin(wrt)| va(t)
Ky
where v, is the peak value of v, (wrt),wy, is the line angular
frequency, v 4 (t) is the output voltage of the error amplifier, and
K/ is a constant.
The voltage v4 (t) can be rewritten as follows [see Fig. 1(b)]:

VA (t) = VAde T Vdac (t) (3)
VAac (t) = VAacp sin(Qth - (bL) €]

where v4q. is the dc component of v4(t),vaac(t) is its ac
component, v4acp is the peak value of vaac(t), and ¢y is its
phase-lag angle. It should be noted that we have assumed that
v4(t) only has an ac component of twice the line frequency
because the rest of possible harmonics are strongly attenuated
by the bulk capacitor Cp.

The pulsating input power p, (wrt) can be obtained by mul-
tiplying the values of v, (wrt) and i,(wrt) obtained from (1)
and (2)

py(wrt) = vy (wrt)ig(wrt) )

2
ng VAdc

2)

ig(wrt) =

pg(wrt) = sin? (wpt) - (1 + ksin(2wpt — ¢r)) (6)

M
where k& = Ugacp/Vadc is the relative ripple of v 4. The pulsat-
ing output power [the power delivered by the power stage in
Fig. 1(b)] can be obtained by multiplying the output voltage v,
by the current 4, (t) injected by the power stage into the output
cell made up of the bulk capacitor Cp and the load R,

Poi (WL t) = Uoio (WL t) (7)
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After establishing the balance between p, (wy,t) and py; (w.t),
we obtain (i.e.,: py (wrt) = poi(wrt))

2
ngUAdC

io(wrt) = sin® (wrt)(1 + ksin (2wt — ¢r)). (8)

Vo 1A M

The average value of p,(wy t) in half a line cycle will be as
follows:

2
ng VAde

4Ky

Pgav = UJ?L /pg(th)dt = (2+ Eksingr).  (9)
0

From (2)—(4) and (9), the value of the input line current
iy (wrt) will be as follows:
40?2
Vgp R (24 ksingy)

igL (th) =

X |sin (wpt) + gcos (wpt — 1) + gcos (Bwrt — ¢r)
(10)

Taking into account (2)—(5) and (9), the pulsating input power
Py (t) will be as follows:
v2 20?2

t = — _—
Po(@rt) = Bt BT hemon)

k
X |ksin(2wrt — ¢r) — cos(2wpt) — §sin(4th —ér)| -

(11)

The harmonic content of 4,(wrt) is easily obtained from
(7), (11), and the balance between input and output power, by
applying basic trigonometric relationships

ode = ;”L (12)
‘  2v, [ksin(2wrt — ¢r) — cos(2wr )]
fo2(wrt) = RL(2+ ksin¢y) (13)
ioa(wrt) = —Uok sin(dwrt —¢r)  (14)

R (2+ ksingy)
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Fig. 2. Line current (left) and output voltage ripple (right) for the same output
power and different values of k and ¢, .

where i,4c, to2(wrt), and i,y (wy t) are the dc component, the
second and the fourth harmonic of i, (wy, t), respectively.

The value of the output voltage ripple can be calculated
by multiplying the value of 4,2 (wrt) and i,4(wrt) by the
impedance constituted by Cp and R connected in parallel.
However, the impedance of Cp at twice and at fourth, the line
frequency must be much lower than R; in order to maintain
the output voltage ripple in a reasonable value and, hence, the
parallel impedance of Cp and R can be approximated by the
impedance of C. Thus, we obtain from (13) and (14)

2v,

t) = oac t) = 1
’UO( ) Vo + 0 (’( ) Vo + 2wLCBRL(2+kSIH¢L)

k
X |—kcos (2wrt — ¢r) — sin(2wr t) + 5 Cos (dwpt — op)|

s)

The expression of the output voltage ripple without distorting
the input current (i.e., k = 0) can be easily calculated as follows:

Vo
2wL CB RL '

Fig. 2 shows the line current waveforms normalized at its
peak value and the output voltage ripple compared to vyac_ko
(gray area), in both cases for the same output power and different
values of k and ¢ . As can be seen, the output voltage ripple
can be reduced distorting adequately the input current.

(16)

Voac_k0 =

III. LIMITS OF THE OUTPUT VOLTAGE RIPPLE REDUCTION AND
CoMPLIANCE WITH EN 61000-3-2 AND ENERGY STAR
PROGRAM REQUIREMENTS FOR SOLID-STATE LIGHTING

REGULATIONS

From (15), the peak-to-peak amplitude of the output volt-
age ripple can be calculated as a function of ¢ and k. Also,
this amplitude can be normalized to the amplitude of the out-
put voltage ripple of a PFC without distortion in the line
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current (14)

max{vVac(t)} — min{v,ac(t)}
0 — . 17
"o-pp 2Vpac_k0 an

Fig. 3 shows rv, p,, for different designs of the PFC with
input current distortion. As Fig. 3 shows the reduction of the
output voltage ripple (gray area) is obtained for negative ¢,
values. When ¢y, is close to —90°, the highest reduction in the
output voltage ripple is obtained for a given k value. However,
the proposed study is still not finished. This is because the
line-current harmonic content corresponding to the values of £
and ¢ obtained in Fig. 3 have not been checked yet. In fact,
this harmonic content should be low enough to guarantee the
compliance with EN 61000-3-2 regulations. As it is very well
known, any piece of equipment can be classified into four classes
according to EN 61000-3-2 regulations [15], [16].

A. Classes A and B

In these classes, the limits of i, 1, (¢) are absolute values. Hence,
the PFC will comply with the regulations up to a maximum input
power for each class and for each set of values of ¢, and k. This
maximum power for Classes A and B can be calculated by using

&)

529(2 + ksin¢r)

Class A : pgmax = ’

(18)

793.5(2 + ksin ¢z
; .

As an example, Fig. 4(a) shows the area (in gray color) of
compliance with regulations in Class A for a 1500-W PFC.
Fig. 4(b) shows rv, _j,, values that comply with regulations for
different designs at the same input power. As can be seen, the
maximum output voltage ripple reduction compatible with Class
A regulations (i.e., 27.7%) is obtained for k = 0.525 and ¢ =
—m /2. In fact, the maximum output voltage ripple reduction
at any output power always occurs at ¢;, = — /2. Therefore,
the maximum output voltage ripple reduction versus the output
power can be easily calculated in Classes A and B (see Fig. 5).
As Fig. 5 shows a 50% output voltage ripple reduction can be
obtained for output power levels above 600 W in Class A and
above 800 W in Class B.

Class B : pgmax =

19)
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B. Class C

In this class, the limit imposed on the third harmonic depends
on the PF and on the rms value of the first harmonic of the
line current. The expression of the inequality that defines the
compliance with regulations in this class can be calculated by
using (10)

0219 > k\/2 + k2 + 2k sin ¢y,
T (24 ksingp) A+ k2 + dksingp,

This inequality defines the area of compliance shown in
Fig. 6(a). As given in Fig. 6, the PFC always complies with the
regulations in for Class C equipment if & is lower than 0.448,
whereas it never complies with them if £ is higher than 0.82. For
values of k between 0.448 and 0.82, the compliance depends on
the value of ¢ Fig. 6(b) shows v, ,,,, values versus k and ¢,
for PFC designs that comply with Class C regulations. The val-
ues of v, _,;, given in Fig. 6(b) shows that reductions of 23.8%
can be obtained for PFCs classified in Class C.

(20)

C. Class D

In this class of equipment, the limit imposed on each harmonic
by the regulations is proportional to the power handled by the
PFC. In other words, the quotient between the rms value of any
harmonic divided by the input power must be below the limit
specified by the regulations. For the third harmonic, this limit is
3.4 mA/W (rms value). Thus, applying this condition, we obtain
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the expression of compliance with regulations in Class D

V2 k

s <34x1073.
Vgp (24 ksingr) —

21

This inequality defines the area of compliance plotted in
Fig. 7(a). As Fig. 7(a) shows the relative value of the third
harmonic is below the limit imposed by EN 61000-3-2 for al-
most any design condition. In fact, the converter fails to comply
with the regulations only if ¢, is between —90° and —45° and, at
the same time, k is higher than 0.878. Also, Fig. 7(b) shows the
'Vvo_pp values complying with international regulations in Class
D versus k and ¢, PFC designs. Maximum reductions of 37.8%
can be obtained for PFCs classified in this class.

Also, as it is known that the input PF can be an important
requirement in commercials products as ac—dc HB-LEDs. In
fact, Energy Star program requirements for solid-state lighting
(SSL) regulations specify certain PF in order to qualify certain
equipment into Category A or B.

D. Energy Star Program Requirements for SSL Luminaries

PF must be higher than 0.9 for ac—dc power supplies of com-
mercial luminaries as [17] specifies. The expression of the in-
equality that defines the compliance with regulations in this
class can be calculated by using (10), too

V2(1 4 0.5k sin ¢r) “09
V2 k2 4 2ksing,

(22)

In this case, the aforementioned inequality defines the area
of compliance plotted in Fig. 8(a). As you can see, all PFCs
designs with a k value lower than 0.657 comply with regulations.
Also, the maximum output voltage ripple reduction compatible
with regulations is 34.3% [see Fig. 8(b)]. Maximum output
voltage ripple reduction compatible Energy Star program SSL
regulations (i.e., 34.3%) is obtained for £ = 0.653 and ¢ =
—m/2.
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New control strategy based on a distorted sinusoidal reference in PFC.
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IV. CONTROL STRATEGY BASED ON A DISTORTED SINUSOIDAL
FIXED REFERENCE GENERATED BY A LOW-COST
MICROCONTROLLER

A. Principle of Operation

In order to obtain the highest output voltage ripple reduction,
the value of ¢; must be -90° and the k value varies with the
classification of the piece of equipment [between 0.448 and 1,
Figs. 4(b), 6(b), and 7(b)]. The ¢ value [which is the phase
lag of v4(#)] depends on the bandwidth of the output voltage
regulator [18]. However, the standard regulator design of a PFC
with fast-output-voltage feedback loop does not allow a ¢,
value of —90° in v4(¢) (i.e., lead angle of +90°). Therefore,
a new control strategy must be adopted to distort adequately
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the line current in order to obtain the maximum output voltage
ripple reduction.

If a distorted sinusoidal reference is introduced as a fixed pat-
tern in the PFC multiplier [instead of the traditional sinusoidal
reference sensed from the rectifier input voltage (see Fig. 9)],
then the input current will follow the distorted sinusoidal ref-
erence. This distorted reference must be calculated in order to
obtain the desired distortion in the input current. Therefore, the
maximum possible output voltage reduction can be obtained.
In this case, the output voltage of the voltage loop must be
a constant value (i.e., v4(t) = Vaqc). Therefore, the classical
low-pass filter is placed in the output-voltage feedback loop.

B. Line Voltage Feedforward

Equation (9) shows that the value of V44, depends on the
square value of V,, for a given average input power. Due to
this, the gain of the transfer function between the control (v4)
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and the output voltage (V,) will vary when the line changes.
As it is known [2], this problem can be overcome adding an
additional loop, which is a feedforward loop [see Fig. 10(a)],
allowing this control technique for universal input voltage. In
this case, the input current becomes [19]

Vgp |sin (wr )| va (1)
K'/l[ UF?F

ig(wpt) = (23)
where K}, is a new constant and vy is the feedforward volt-
age, which is the average value of the rectified input voltage
(i.e., Vrp = 2V, /7). Assuming that the feedforward voltage is
constant during each half line cycle, now the gain of the transfer
function between the control and the output voltage will not
vary when the line changes.

In the case of the proposed control strategy, the analysis is
quite different. Now the input current expression is as follows:

Vasref (£)Vade
Udsref _max KJ\J dsref

ig(wrt) = (24)
where K/ gsref 1S @ new constant, vqgper(f) is the distorted si-
nusoidal reference, and Vqgref_max 18 the maximum value of the
distorted sinusoidal reference. The expression of the distorted
sinusoidal reference can be easily calculated

Vasret (wpt) = sin (wrt)(1 + K sin (2wt — D) (25)

where now K and ®; are constant values in order to obtain the
desired shape of the fixed distorted sinusoidal reference to obtain
the maximum possible output voltage reduction. By using (24)
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and (25), the input current can be rewritten as follows:

VAdc

Udsref _max K]ﬂdsrcf

ig(wrt) =

K K
X |sin (wpt) + 5 cos (wpt—®p) + 5 cos (Bwpt — ®p)
(26)
In this case, pulsating input power can be obtained by using

(5), and therefore, the expression of its the average value in half
a line cycle will be as follows:

—
wr,
Dgav = — /pg(th)dt
s
0

_ Vgp VAdc
4Udsref,max K]\stref

(2+ Ksin®y). 27

Now the following equation shows that the value of V4 4.
depends on the value of V,, for a given average input power.
Therefore, the feedforward loop in the proposed control strategy
changes in order to allow this control technique for universal
input voltage. In this case, current becomes

Vdsref (t) . VAdc

! .
KMdsrcr UFF

ig(wpt) = (28)

Udsref _max *
where K, ..0¢ 1S @ new constant. As you can see now the
current reference must be divided by the value of feedforward

voltage instead of the square value of the feedforward voltage
[see Fig. 10(b)].
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C. Low-Cost Microcontroller Implementation

This pattern can be generated by a pulsewidth modulation
(PWM) module of a low-cost microcontroller (C), as can be
seen in Fig. 11. The microcontroller reference is smaller than
the traditional reference took from the rectifier input voltage.
Nevertheless, these multiplier control chips (i.e., UC3854B)
sense the |v,(7)| reference as a current reference. Therefore, if
the value of current limit resistance [20] used in the traditional
control is substituted by the adequate value, then the chip levels
are maintained.

On the other hand, the fixed and 2f7, repetitive pattern has to be
synchronized with the line. The distorted sinusoidal reference
and the rectifier input voltage have to be “in-phase.” Then, a
synchronization circuit has to be implemented. Normally, this
kind of circuits detects significant points of the input voltage. In
this case, zero voltage points of |v,(7)| have been detected. When
these points are detected, the microcontroller launches the fixed
reference. Therefore, the reference signal is synchronized every
10 ms (European line).

Regarding the algorithm, it is based on a look-up table with
normalized values of the duty cycle. With this system, the pro-
gram goes through the table from top to bottom when the syn-
chronized point is detected. Apart from the PWM generation,
the microcontroller can also perform another systems: protec-
tion system, supervision system, soft start of the converter, etc.

V. EXPERIMENTAL RESULTS

A 500-W PFC prototype, based on a boost topology, was
developed in order to verify the proposed study. The main
specifications of the PFC boost converter are the following:
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TABLE 1
EXPERIMENTAL HARMONIC CONTENT VERSUS THEORETICAL HARMONIC CONTENT
Class C Class A
Experimental results | Theoretical results Experimental Theoretical
results results
st
Input current 1 223 2261 231 2261
harmonic (A,,,)
rd
Input current 3 0.637 0.651 2295 2261
harmonic (A )
PF 0.967 0.961 0.718 0.707
Amn
55 A i
2 = Harmonic content 2 = Harmenic content
150 = Limits Class C 1.5 = Limits Class A
1] 1
0.5 - 0.5 _I
ol Il _m= 0
1 3 5 7 1 3 5 T
Harmonic Harmonic

(a)

Fig. 15.

85-265 V input voltage, 400 V output voltage; output capac-
itor is of 500 uF (to obtain a 1% of output voltage ripple in
traditional design, £ = 0) and 10 kHz switching frequency. In
this case, a low-cost microcontroller (PIC 16F627) working at
20 MHz has been used. Its cost is about 1 € .

First, the PFC experimental prototype was built with a tra-
ditional design. As can be seen in Fig. 12, the input current
is sinusoidal and the output voltage ripple is 1% in amplitude
(8 V peak-to-peak voltage). Therefore, the experimental output
voltage ripple complies with aforementioned specifications.

Then, two PFC designs were implemented to maximize the
output voltage ripple reduction in Classes C and A. Figs. 13 and
14 show the experimental results of the input current, the output
voltage ripple, and the distorted sinusoidal reference synchro-
nized with the input voltage. As can be deduced from Fig 13(a),
a20.2% of output voltage ripple reduction is obtained in Class C
(from 8 to 6.3 V). Also, in Fig. 14(a), a 47.5% of output voltage
ripple reduction is obtained in Class A (from 8 to 4.2 V). These
reduction results match with the study presented in this paper
in Class C [see Fig. 6(a)] and Class D (see Fig. 5). The exper-
imental waveforms of the line current and the output voltage
match with theoretical ones too. Table I shows the experimental
harmonic content of these designs versus the theoretical one.

Finally, Fig. 15 shows the harmonic content of both designs
versus the limits of Class C [see Fig. 15(a)] and Class A [see
Fig. 15(b)]. As can be seen, the input current is distorted into
the limits imposed by EN 61000-3-2 regulations. Therefore, the
distorted sinusoidal reference used in both designs generates the
desired input current in the edge of the regulation limits.

VI. CONCLUSION

The study of the output voltage ripple reduction distorting the
input current in PFCs has been carried out in this paper. Also

(b)

Experimental harmonic content of the PFC versus EN 61000-3-2 regulations in (a) Class C and (b) Class A.

the limits of maximum reduction of the output voltage ripple
compatible with EN 61000-3-2 regulations have been defined.
In order to apply this study, a new control strategy for PFCs
has been presented: if a properly distorted sinusoidal reference
(based on the static analysis presented) is employed as a fixed
pattern instead of the traditional reference, then the input current
will be distorted allowing the maximum output voltage ripple
reduction. The fixed pattern can be generated in a low-cost
microcontroller. A 500-W prototype has been built and tested,
and the experimental results are presented to verify the validity
of the proposed method.

In summary, this paper proposes a method to reduce the stor-
age capacitance in PFCs. The results show that reductions of
50% in Class A and B, 23% in Class C, 38% in Class D, and
34% in Energy Star program requirements for SSL luminaries
can be achieved.

Taking into account these output capacitor reductions, it is
difficult to remove the electrolytic capacitor only by distorting
the line input current. A possible solution is to distort the input
current and to allow a significant ripple in the output voltage in
order to remove the electrolytic capacitor. In this case, a second
stage is needed in order to eliminate the low-frequency ripple.
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