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Understanding the theory of active power factor correction in single-phase regulators can be
quite complex for young students. This is even more critical if one considers the diversity
of strategies that exist, their combinations, and even the existence of both passive and active
strategies. In some way, all these approaches seek to reconstruct the input current signal, but
the strategy used may be significantly different in each case. This article aims to present an
overview of these techniques that can be used as a starting point for the study and design of
equipment.

Keywords: Active correction, harmonic distortion, power factor, signal reconstruction,
single-phase rectifiers

Entender la teorfa de la correccion activa del factor de potencia en reguladores monofasicos
puede ser bastante complejo para jévenes estudiantes. Esto es atin mds critico si se considera la
diversidad de estrategias que existen, sus combinaciones, e incluso la existencia de estrategias
tanto pasivas como activas. De alguna forma todas estas estrategias buscan reconstruir la sefial
de corriente de entrada, pero la estrategia utilizada puede ser sensiblemente diferente en cada
caso. En este articulo se busca presentar una vision general de estas estrategias que sirva de
punto de partida tanto para estudio como para el disefio de equipos.
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Introduction

The vast majority of electrical energy generated
worldwide corresponds to alternating current (AC), the
systems of generation, transmission, and distribution of
electrical energy (power system) are designed for this form
of current (Liu et al.,2016; Pahlevani et al.,2014). However,
the current loads used in the different electrical energy
consumption equipment require direct current (DC), largely
due to the electronic component that is part of the load
(Martinez, 2009b;, Martinez et al., 2013). Given the large
number of low and medium power devices that require a
power supply, their impact on the power system is a major
problem (Martinez et al., 2019). These devices obtain their
direct current using a rectifier circuit, or AC-DC converter,
which takes the energy from the power system and rectifies
it (Akther et al., |2019). These circuits are implemented
with semiconductor elements such as diodes and thyristors
in controlled and uncontrolled schemes, which ensure that
the electric current flows through the load always in the
same direction (Martinez & Jacinto, 2013). However, with
these schemes, the current drained from the power network
behaves as pulses due to the conduction intervals of the
rectifier circuits (Martinez, [2003). The rectifier circuits
turn out to have a non-linear behavior that changes the
waveform of the current signal in the power network (and
of the voltage as a consequence of voltage drops), which is
a major problem since this is done in an enormous amount
of medium and low power equipment simultaneously. These
electrical current peaks lead to a lot of problems for the
power system, among which we can mention: high harmonic
content in the electrical current, low efficiency of the rectifier
circuit as a consequence of the high RMS value of its input
current, low power factor (PF) as a consequence of the
distorted current, and losses in power equipment designed
to operate with low-frequency signals (Martinez & Gémez,
2004).

Due to the large amount of this equipment connected
to the grid, and the cumulative consequences for the
power system, several agencies have considered limits for
the injection of harmonics, intending to guarantee the
quality of the electrical power (Martinez, 2001). Among
these standards and norms are the IEC (International
Electrotechnical Commission) 61000-3-2 (electromagnetic
compatibility, applied in Europe), EN 50006, VDE Standard
0160 for converters, and the ANSI/IEEE 519-1992 Standard
for compensation in power converters, applied in the United
States (Ochoa et al., [2017). To comply with these
recommendations, numerous schemes for the reconstruction
of the input current signal have been proposed in the
specialized literature (Martinez & Gémez, 2012). According
to how this process is performed, these correctors can be
classified into passive, active, and hybrid schemes (Jauch
& Biela, 2016). Passive schemes usually do not provide
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a complete solution to the problem and have cost and
efficiency problems. On the other hand, active methods
pose complexity and reliability problems, leaving hybrid
schemes as the ideal configuration with the best advantages
(Martinez, 2009a; Martinez & Goémez, 2007; Riafio et al.,
2012; Vasquez & Martinez, 2011).

In this paper we seek to present in a summarized form,
by way of documentation, the different existing schemes for
power factor correction in the rectification stage of medium
and low power equipment (single-phase equipment below
16 A). As stated in the literature, these schemes have been
separated into three groups according to the behavior of
the elements that perform the correction: passive methods,
active methods, and hybrid methods. For each case, a
description of the scheme, its general circuit, and its behavior
as a correction scheme is presented. The structure of the
rest of the document is as follows, in the next section a
methodological overview is presented with the classification
of the analyzed methods. The third section details each of the
methods and their principle of operation. Finally, the fourth
section presents our conclusions.

Methodological Overview

Given the high impact and its wide use, this discussion
focuses on the correction schemes of the current signal at the
input of single-phase rectifier circuits, in medium and low
power applications (de Souza et al.,[2019). Traditionally the
problem is addressed in two ways, passively by installing
filters, and actively by power converters that implement
some control scheme on semiconductor devices operating at
a frequency much higher than the frequency of the power
network (Monteiro et al., 2019). Considering the advantages
and disadvantages of each case, it is possible to include a
third classification in which hybrid schemes are implemented
with the support of both filters and high-frequency switched
elements (Fig. [I). In any case, the objective is to return the
current signal to its sinusoidal form and in phase with the
voltage signal, so that the power factor returns to the nominal
value of one. This is why these schemes are also known as
power factor correctors (PFC) or resistive emulators.

Due to the high generation of current harmonics produced
by single-phase rectifier circuits, their extended use in
the power system can place the system at an operating
point that exceeds international standards. Among the
problems that this entails is a decrease in the quality of
the power supplied, negative effects on system equipment
such as harmonic losses in all equipment, reduction in
installed capacity, current peaks in power capacitors, and
consequently, oversizing of equipment, particularly power
transformers. For reference, Tables [I] and [2] show the
harmonic limits for IEC 61000-3-2 and IEEE 519-1992
standards.
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Classification of methodologies for current reconstruction according to the control scheme (Kazem, .

Current Waveshaping

Passive methods

Parallel connected
filter

Series induction
filter

Series connected
resonance filter

Parallel connected
resonance filter

Ferro resonance
transformer
method

Variations of these
methods

Active methods

Hybrid methods

Boost converter
current shaping

Buck converter
current shaping

Hysteresis current

shaping

Variations of these
methods

Table 1

Harmonic current limits allowed by IEC 61000-3-2 for
class A equipment (balanced three-phase and single-phase
equipment not included in other classes).
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As mentioned, the generation of electrical energy is
done by transforming another energy form into electrical
machines using the rotational movement of electric charge
in a magnetic field. This produces electrical signals of
periodical behavior, specifically of sinusoidal type. The
current signal is distorted because of the non-linear loads that
produce current peaks, but it is still a periodical signal. This
current i(¢) is a non-sinusoidal periodical signal that can be
analyzed by decomposing its fundamental i;(f) (component
at the mains frequency, 50 Hz or 60 Hz depending on the
country) and its 4 harmonic components i,(f) (frequencies
multiplied by the fundamental). This is written as follows:

i) =i 0+ ) in(0) (1)
h=2

The harmonic distortion of a waveform represents the
harmonic content of that signal. The amount of distortion
in a voltage or current waveform is quantified by an index
called total harmonic distortion (THD). This index is defined
for mains voltages and currents as shown in Eqs. 2 and 3.
In these equations, V| and /; correspond to the fundamental
voltage and current components respectively, and Vj, and I,
the A-harmonics, all in RMS terms.

\ 2 Vi

THDy = ~—
1

(@)
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Harmonic current limits (%%) established by IEEE 519-1992 for the non-linear load connected to the utility grid at

the point of connection. Isc is the maximum short circuit current, and I, is the maximum fundamental current. Even
harmonics are limited to 25% of the limits for odd harmonics.
Ieo/ls Order of odd harmonics h THD [%]
h<11l 11<h<17 17<h<23 23<h<35 35<h
<20 4.0 2.0 1.5 0.6 0.3 5.0
20 - 50 7.0 3.5 2.5 1.0 0.5 8.0
50 - 100 10.0 4.5 4.0 1.5 0.7 12.0
100 - 1000 12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0
Figure 2
NN L .
THD; = ; (3) Full wave rectifier with inductive filter on the DC side.
.. 1 . 00000
Under these conditions, the power factor (PF) is defined L1
as the product of the displacement power factor (DPF) and - b2
the ratio % (Eq. 4). In this equation, DPF corresponds DIN3491 DIN3491
to cosp, where ¢ is the phase angle between voltage and - 1 a -
current. As can be seen, the power factor is closely ) v T
linked to the harmonic distortion, the higher the harmonic o o
distortion, the higher the total current Ig concerning its L D1N3401 DIN3401
fundamental component /; (since the rest are harmonics), so
that the power factor decreases. Therefore, the presence of

harmonics in the current has a very negative effect on the
efficiency with which the equipment provides power to the
network, and it is a very important aspect to control, not only
for safety but also for effectiveness.

P I
PF ===l xDPF 4
ST 4)

Strategies for the Reconstruction of the Current Signal
Passive methods

These methods use passive elements (inductors and
capacitors) to try to improve the input current waveform
and therefore provide the circuit with at most a gain of one.
This strategy involves a series supply reactor that functions
as a tuned harmonic filter (in series or parallel). The most
common methods are the inductive filter, the resonant filter,
and the ferroresonant transformer.

Series Induction Filters (SIF)

To attenuate the ripple of a rectified signal, a capacitor
is commonly used in parallel with the load of the circuit.
Intuitively, it can also be noted that using a series inductance
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the ripple value in the load can be reduced (low-pass filter).
By connecting a coil with a capacitor in an L-mount, it is
possible to take advantage of each of these filters and obtain
excellent results in both low and high power consumption.
This inductor can be placed before (AC side) or after
the bridge rectifier (DC side), then place the inductor in
series with the output of the diode bridge, and analyze
approximately how the output signal behaves (Fig. [2).

A full-bridge rectified signal can be expressed in the
Fourier series. In the expression found there is a constant
term and a series of terms of alternating characteristics at the
frequency of 2w, 4w, 6w,.... A coil placed in series with
the load (in this case with the equivalent impedance of the
capacitor in parallel with the load) behaves as a low-pass
filter. In this way, the continuous signal will pass through
the inductor (this being short for it), and of the time-varying
signals, the 2w frequency signal will be the least attenuated.
Accordingly, in the following analysis, the other components
of frequencies higher than 2w are neglected (note that the
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4w frequency harmonic is in amplitude only 20% of the
amplitude of the 2w component).

The impedances of the circuit elements are as follows
based on this approximation of the signal incident on the
filter:

1
C it —_— 5
apacitor — 2 jC %)
Inductor — 2jwL (6)

In the circuit we have a divider formed by X; and X¢ in
parallel with the load R. Depending on the incident ripple v,;,
the output ripple v, will be:

X ||R

— 7
X, + (Xc||R) ™

V(@) = v ()

For the capacitor to operate effectively, that is, for the
capacitor to be able to supply the load, it is necessary to have
to:

(X.||R) <<R 8)

In other words:

1 1
2aC <<R = C>> PoR ©))

And, for this case, the expression for the output ripple is:
Xc
Vp X Vy
r ri X, + XC

Since a small ripple is desired, the value to be chosen for
X;, must be large compared to X¢, i.e:

(10)

1 1
2Lw >> —— = L>> 11
@ 2wC 4w?C (an
Which produces a ripple of:
X
Ve Vg (12)
The ripple factor is defined as:
Viers
= — 13
Vmed ( )
Where:
Vr( ico) 4V X
Viegp = =5 = —1= 30 (14)
V2 3nV2 X
2V,
and V,,py = — (15)
g
Therefore, the ripple factor is defined as:
2 X 2 1
= i_c - V2 (16)

3 X, 3 4wlLC
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At 60 Hz, and expressing the values of C in u-Farads and
L in Henries, we have that:

083
T LC

The configuration shown in Fig. [2] can operate in a
continuous or discontinuous mode according to the current
conduction in the diode bridge. The expressions stated above
are valid as long as they do not imply a current reversal in
the coil (which diodes do not allow). This inversion will
occur when the peak value of the ripple current (\/ilr(e ff))

a7

becomes equal to the average current (Imed = Vﬁ”). To avoid
this current reversal, it must be kept in mind that:

Imed = ‘/Elr(eff) (18)
Where:
VV (eff) r Vme \/§ Vme
Deppy = —20 = Zmed 22 “med (19)
Xc Xc 3 X
And replacing this in condition (18):
Vmed 2 Vmed 2R
Zmed o, 2 = X, > = 20
R ~3 X, L=73 (20)

This is the value known as critical inductance, which
defines the operating mode of the circuit. Since this analysis
is approximate, in practice this value should be increased by
at least 25% to ensure continuous mode operation.

At low current consumption levels, the above
characteristic is not fulfilled, and the L-filter behaves
as a capacitive filter (Fig. 3). Above a certain value of
consumption Iy the L-filter operates normally and the
established results can be applied. It should be noted that the
output resistance Ry, for power consumption greater than
Iy is equal to the sum of the coil resistance and the rectifier
resistance. The equivalent model of this type of filtering is
shown in Fig.[4]

This approximation of the first harmonic tends to
overestimate the continuous conduction limit and the value
of the critical inductance must be corrected. Let us now
observe the effect on the PF. The voltage applied to the circuit
is as follows:

/Average rectified voltage
U1 (t) = Vmed + VlP COs (2wt)

Number of alternating voltages to be rectified

Amplitude of the first harmonic

2V,

Vo
v (1) = — — —= cos Quwt) 21
3r
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Figure 3

Control curve for the inductive filter.

VS med
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=
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Figure 4

Equivalent model of the inductive filter on DC side.

L
30000

-

(1)

In continuous conduction we have:

2V, 4V diy (t
vi ()= =L - —LcosQwr) = L i ( )+iL O [R]C] (22)
T 3
dip (1) . R wR*C
N=L f
n == O\ T e T Ty o R
(23
Taking:
R
iR 24
1 + w?R2C? (24
It is concluded that:
2V 1% diy (t
()= —L£ - 3—;’ cos Quwt) = Ll;—t() +Ri, () +E (25)
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Where E would represent the complex part of this voltage.
Solving this equation leads easily to:

2V, 4v,
. A ra 2wl
i, () = — + cos | 2wt — arctan —/)
R 3VR + [2402 R

(26)
To simplify the expressions and facilitate their analysis,
the following parameter will be used:

2L

" RT

This parameter K is called the conduction parameter (in
reality this parameter is usually indicated as a function of the
load resistance R and not as a function of R’, however, due
to the value assigned to R’, this change does not affect the
results that will be reached). From this, the circuit current is:

27)

Y _E % cos (Zwt — arctan 21"{—L)
ip()=-"~2——+ (28)
R 3R V1 + 4K2n2

From this statement it can be deduced:

e The average value of the current:

2v,

=+ - E
Imed = R (29)
e The r.m.s. value of the current:
2 2
I 7k F (30)
Leff) = ; +
R 3R V1 + 4K2n2

e The current form factor (r.m.s. current value of i;(r)
referred to I,,,.4):

V2 2e
3R VI+4K272

Iroer
_ Lern _ + - 31)
Imed Y _E
T
Now, the active power at the output is equal to:
di .
P=4 [0, vi@ir@)di
L (T2 (pre o2 . 0 ; (32)
=L [ (Rie @ + Lip () 2 + Eiy (1) dr

P=Elya+R 1}y (33)

Where:

e E I, is the useful term corresponding to the power
transformed by the load.
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° R’Ii(e ) is the term corresponding to the Joule losses
in the load and in the filter inductance connected in
series with it.

For good load performance, the second term needs to
be very small compared to the first term. The increase of
the current form factor i;(t) (FF) causes an increase of the
various apparent powers, while the active power increases
little. Thus, it leads to a reduction of the overall power factor.

Most of the increase in the form factor corresponds, for
a given E X I,,.4 value, to an increase in the ripple currents
and Joule current losses in the load, in the semiconductors,
in the secondary and primary windings of the transformer,
and the power supply line. To seek a low ripple in the
rectified current, and therefore a high PF value, the value of
the conduction parameter K must be increased.

By increasing the value of this conduction parameter
the current waveform changes to the ideal case of an
approximately square current waveform (Fig. [5). In this
case, the PF obtained is 0.9, which is the maximum value
obtainable with this type of filter.

However, this type of solution has a major problem, the
size of the components used. For example, to feed a 2.1
kW inverter at 120 Vdc requires a 228 mH inductor, with
a maximum stored energy of 54 Joules to obtain a PF close
to 0.9. The size of the inductor is exaggerated, and therefore,
so is its cost. Because of this, solution variants have been
implemented to avoid these sizes and costs. One of the most
commonly used variants is shown in Fig. 6 and consists
of adding a capacitor to the secondary of the system power
transformer (C,) which is used to minimize the current
wave distortion factor. The inductance L is then placed to
minimize current harmonics in the line by decreasing the
current wave displacement, and C; is calculated so that the
rectified voltage has no significant ripple.

For analysis and testing purposes, this circuit was
simulated in SPICE 3 (Simulation Program with Integrated
Circuit Emphasis of the University of California, Berkeley)
(Nagel & McAndrew, [2018} Sellers et al., 2018)for the
following characteristics:

e Type of load: Resistive.

e Power consumed by the load in stationary state: 1920
W.

e DC voltage supplying the load: 120 V.

Using the circuit in Fig. [§] to obtain 120 V DC on the
load, for the 3.3 mH inductor, an AC voltage is required at
the output of the transformer secondary of:

V,=170V 34)

Vi(gff) ~ 1202V (35)
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And the load has a value of:

3 120?
1920
Without any type of correction, the diodes would
withstand peaks of at least 10 times the nominal current
(almost 200 A), so the 1N3491 diode was selected for the
rectification, which considerably exceeds these margins.
After a four-cycle transient, stationary behavior of the
input current is observed (Fig. [7). Although the current is
no longer sinusoidal and resembles somewhat the square
behavior identified above, it tries to conduct throughout
the network cycle and with little deviation concerning the
voltage signal.

=75Q

(36)

Resonant filter

This method is a variant of the use of low-pass filters, in
which tuned LC type arrays are used to reduce the amplitude
of a certain harmonic, usually those that occur with greater
amplitude in the circuit, i.e. third, fifth and seventh harmonic.
By surgically eliminating the harmonics that most affect
the current waveform, the PF automatically rises as the
current waveform now has its fundamental component as the
predominant element. These filters are normally located in
the power input line, just before the rectifier circuit, and as
with the inductive filter analyzed before, it is constructed
with an inductor and a capacitor in parallel and can be
complemented with inductive filters in series on the AC side
(Fig.[8). Since these filters are tuned to a certain frequency, it
is possible to eliminate more than one harmonic component,
for which it is only necessary to install a new shunt filter
for each frequency. Consequently, the only important design
criterion to consider is that each filter is tuned to the correct
frequency.

Series resonant filter

It could be considered as a general case of the series filter
with resonance tuning. In this type of connection, different
LC circuits tuned in series with the power supply are used
(Fig. E]) (Ji & Wang, 1998;; Prasad et al., [1990). If a single
LC block is used, then the resonance is only tuned to a single
harmonic frequency, but it is common to see it in multi-tuned
structures, i.e., with more than one LC block. The example
shown in Fig. [0 contains, in addition to the series filter on
the AC side, two resonant series blocks, one tuned to the
third harmonic (L,; and C,3) and the other tuned for high
frequencies (L,; and C,p).

Output filter

Another passive strategy used to reduce the harmonic
content in the input current of a rectifier is the use of a
filter in the output stage, to increase the conduction time of
the current in each half-cycle of the signal. This strategy
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Figure 5
Waveforms in the ideal case of the inductive L-filter.
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Ideal current waveform
—_—

-50V

-100 vV

-150 v

-200 V

0.0 ms 2.5 ms 5.0 ms 7.5 ms
Figure 6
Inductive filter alternative solution.
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A oiisor Apinseol
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= 340u i
3a0ur —Fl4nF 7.5
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A& D1n3491 A DIN34OL

uses an inductor in series after the rectifier circuit that keeps
the current flowing to the load for a longer time (Fig. [I0).
This inductive element is designed to work with the ripple
produced in the rectification, i.e., a low frequency equivalent
to twice the mains frequency. Moreover, at this point, there
is an average DC that the inductor must handle without
saturating. This is why these inductors are known as choke
and are designed with special cores or magnetic elements
with gaps in their magnetic circuits. This choke tends to be
large, so to reduce its volume and cost a small capacitor C; is
used in parallel with the bridge rectifier, which completes the
output filter (Redl,[1998)). It is also usual in this configuration

32

10.0 ms

12.5 ms 15.0 ms 17.5 ms

a diode in series with the choke to prevent current flow from
the choke to the capacitor when the rectifier voltage is lower
than that stored in the output capacitor Cy (if the capacitor of
the filter L is not used, then the diode is not necessary, and all
the filtering falls on the choke and the output capacitor Cy).

Active methods

These strategies use some active-controlled elements such
as transistors or thyristors to reconstruct the current signal
waveform by continuously tracking the behavior of the
voltage signal, which serves as a reference. While most cases
(which are the ones detailed in this article) use these active
elements in the output stage of the rectifier circuit, there
are also active rectification schemes in which the controlled
active element is part of the rectifier circuit. Since they are
beyond the scope of this research, we do not detail them
here, but they can be consulted in the related publications
(Martinez, [2003).

Boost converter

The Boost converter is the most used power topology
in active PF correction circuits. This topology has several
features that make it suitable for this type of application,
such as presenting a continuous output current (in circuits
operating in continuous operation mode at least) thanks to
the choke at the output, whose value can be tracked directly
in these elements to make current control, which has been
shown to ensure the stability of the converter. In addition,
it is an easily controlled booster circuit, which allows any
voltage value higher than the input voltage to be obtained at
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Figure 7

Input voltage and current in the inductive filtered circuit.

Voltage Current
300.0V
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-300.0V

0 'ms 25 ms 50 ms

Figure 8

Typical configuration of a parallel resonant filter.

Rectifier

*

Voltage
regulator

the output. Among the disadvantages, however, is the fact of
not having galvanic isolation between input and output, and
the restriction of use to low and medium powers.

Like all switched converters, its operating principle is
based on the switching of the active switch at a frequency
much higher than the mains frequency. When the average
duty cycle value is modulated, the average value of the
converter input voltage can be controlled. However, if
you simultaneously vary this average behavior to follow the
instantaneous value of the sinusoidal input voltage signal,
then the average current signal drawn by the converter from
the mains will also be sinusoidal and in phase with the mains
voltage, making the entire converter look like some kind of
linear resistance (Fig. [II). The converter is a non-linear
circuit, but by operating in this way the network sees it as
a linear load, for this reason, these circuits are known as
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Figure 9

Typical configuration of a series resonant filter.
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resistive emulators. The control algorithm used in these
converters can be widely different, from traditional PID to
neural systems and sliding controls. The important thing in
all cases is that the response of the control unit should be
much faster than the switching speed of the circuit, which
often requires the use of pre-recorded memories with the
simulated scheme for any operating condition (something
common in fuzzy control schemes).

Other power converters

In cases where a lower output voltage than the input
voltage is required, or some wider voltage regulation
characteristic, it is normal that the Boost topology is replaced
by others such as the Buck converter, Buck-Boost, SEPIC,
or CUK (Dacol et al., 2019; Dixit et al., 2019; Eckstein
et al.,, 2019). The latter topologies have the advantage
of allowing galvanic isolation, and even continuous output
current, something that is not possible without an additional
filter with the Buck converter. The control principle in these
converters is usually the same as with the Boost converter,
two control loops are used, a voltage loop to regulate the
output voltage, and a current loop to ensure stability and
reconstruction of the current signal. The control loop is of
a higher frequency than the switching frequency, while the
voltage loop can be slower, close to the frequency of the
power grid.

Hybrid methods

The best performance at the lowest cost is achieved
by combining active and passive solutions. This type of
strategy is called hybrid and has the advantages of the control
schemes of the active strategies, and the corresponding
advantages of the active elements, such as a resonant
operation that reduces the switching powers, and therefore
increase the efficiency of the circuits considerably (Jithin &
Cherian, 2018} 1. Lee, 2015} 1.-O. Lee, [2016).

Conclusion

It is clear the need to reduce the harmonic content in
single-phase rectifier circuits, its widespread use in everyday
equipment makes the injection of harmonics to the network
becomes every day a more critical problem. In this
article a categorization of the existing methods has been
made, however, the variety and quantity are so wide that
it is impossible to record them all in a document like
this. However, the schemes widely known in the scientific
community are recorded, as well as their most important
characteristics. This classification emphasizes two schemes,
the use of passive filters (which were simulated in a real
circuit) and the active strategies based on high-frequency
switching of a power converter. The combination of these
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two basic strategies seems to be the path taken by the most
recent research.
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Figure 11

Boost converter current shaping circuit.
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