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Abstract: Common implementations of power factor correction include sensors for the input and
output voltages and the input current. Many alternatives have been considered to reduce the number
of sensors, especially the current sensor. One strategy is to precalculate the duty cycles that must
be applied to every ac main, so the system only needs to synchronize them with the input voltage,
and include a simple output voltage loop. The main problem with this approach is the sensibility
to any synchronization error, because the input current is not measured, so its evolution is not
continuously corrected. This paper shows how the synchronization error alters the current and the
power factor, and it proposes several methods to detect and correct this error. All methods use the
output voltage ADC, which is already used to control the output voltage, so the cost of the system is
not increased. This technique can also be applied to any current sensorless PFC converter, because
they are usually affected by leading or lagging currents, so the synchronization can be modified
to reduce these effects. Results show that the implementation of this synchronization loop keeps
a high-power factor under a wide synchronization error range, while the added logic is not significant.
Keywords: digital control; power factor; field programmable gate arrays; AC-DC power conversion

1. Introduction
Power Factor Correction (PFC) techniques are required for rectifiers to comply with the electrical
normative. Ideally, PFC allows the converter to behave as a resistive emulator. In this way, the harmonic
content of the input current is almost removed [1–4].
Traditional PFC techniques are based on sensing three physical magnitudes, which take part in
the conversion: output voltage, input voltage and input current. Output voltage should be sensed and
regulated according to the load needs. On the other hand, the harmonics in the input current should
be reduced, making the input current proportional to the input voltage, so both should also be sensed
in principle. However, in the literature, many works have addressed PFC techniques reducing the cost
of the system by removing one of the sensors.
Voltage sensors can be removed [5,6], but especially the current sensor is a candidate to be
removed [7–12], because current sensors usually are more complex, more expensive, imply power
losses in the case of resistive sensors, or are less accurate. For this reason, many works show power
converters not measuring the input current of the converter.
In [7–9], the input current is estimated using voltage ADC measurements in dc-dc multiphase
converters. In [11], the input current is also estimated measuring the input and output voltages and
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taking into account the inductance of the inductor, which defines the increasing and decreasing ramps
of the input current. In the case of switched reluctance motors, it is necessary to measure the current in
each phase winding, but, in [13], the number of sensors is reduced using reconstruction techniques.
In [14], a three-phase current reconstruction technique is presented for three-phase inverters, using
only one current sensor. In addition, in [15], a parabolic current control for a single phase inverter is
presented, without measuring the current but rebuilding it.
Focusing in PFC techniques, many works have also been presented. In [16], a three-phase Boost
PFC converter is implemented using only one voltage sensor, estimating the other variables (currents
and voltages) by measuring the ripple of the DC link voltage. A current sensorless control for Dual-Boost
Half-Bridge PFC Converter is presented in [17]. In [18], a power factor corrector is proposed without
any current sensing or ADC, but using voltage comparators, which are less expensive, as well as
saw-tooth signals. For PF correctors, current estimation is also possible by measuring the input and
output voltages [10,19]. In [20], the input current is not measured but the system detects its zero crossing
measuring the input and output voltages.
In [21], PFC is achieved by implementing only an output voltage loop, without measuring the
input current or the input voltage, but it only obtains high power factor with nominal conditions.
The previous paper is based on the fact that the power transferred between two sinusoidal sources
of the same amplitude but different phase connected through an inductor is proportional to the
phase difference when this difference is small. The same authors added two feed-forward loops [22],
obtaining better results in terms of sinusoidal current. The previous papers take into account the value
of the inductor series resistor and the voltage drops of several devices (diodes and switch), thus, in [23],
the effects of estimation errors of these values are analyzed. Finally, the same authors presented [24]
an evolution of their system, improving the power factor under distorted input voltage.
In [25], a PFC technique without current sensor is presented, using current estimation with an
adaptive nonlinear observer which estimates the load value. In [26], current sensorless PFC converters
are presented, determining the input current by the charging and discharging voltages of the boost
inductor and the duty ratios of the switch.
Another alternative that has been explored is to use preprogrammed duty cycles to achieve PFC.
In [27,28], a boost-based PFC converter is presented. Preprogrammed approach requires the duty cycle
to be captured using a traditional PFC converter with current measuring. Once the duty cycles are
stored, they can be used in a current sensorless converter. The main drawback of that approach is that
it is difficult to regulate the preprogrammed duty cycles if any input condition changes. In [27,28],
several duty-cycle sets are preprogrammed for different loads, and the control only chooses which
set has to be used, but no further control is performed. Therefore, the system is highly sensitive to
non-nominal conditions.
Instead of preprogramming the duty cycles with a current sensor-based system, another approach
is to precalculate the duty cycles that will be applied to the switch of the converter. The system,
in the best-case scenario, does not need any ADC. This can be done because the ac-dc conversion
has a periodic pattern that is repeated every ac line period [29–33]. Precalculating the duty cycles,
the system only needs to know when the precalculated duty cycles should be applied, which can
be done by detecting the zero-crossing of the input voltage. The main problem with precalculation
techniques occurs when the load or the input voltage are not the expected ones, so further regulations
should be applied. These new regulations should be integrated with the previous regulations without
needing more sensors.
This paper is focused on a synchronization loop with the ac-mains that is integrated with two
other loops that already control the mean output voltage and the current waveform. The proposed
system implements these three loops measuring only the output voltage. Although the synchronization
loop is applied to a precalculated duty cycles in this paper, this synchronization technique can be
applied to any sensorless method.
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The rest of the paper is organized as follows. Section 2 shows the original precalculated system
and its regulators. Section 3 explains different methods to detect if the synchronization stage is being
accurate enough and how to reduce its error. Section 4 shows the results which have been obtained
after applying the previous methods. Finally, conclusions are given in Section 5.
2. Precalculation and Closed-Loop Regulation
Precalculated techniques consist in applying duty cycles that have been calculated before the
power conversion. These calculations can be done offline with a computer, or they can also be done
in real time, for instance, in the previous line period. The simplest precalculated techniques do not
have any control loop or they include simple loops. For example, in [29,30], a precalculated method is
presented that can apply one of the sets of precalculated duty cycles for eight different load values.
The system decides which set is the nearest for the real load and applies it. Besides, that work does not
take into account any change in the input voltage.
As an example of online duty cycle precalculation, Zhang et al. [31] showed a predictive process
that calculates, in real time, the duty cycles, which will be applied in the next line period. Because
of the limitations in the case of load changes, the system is improved in [32] but adding an input
current sensor.
In [33], a system is presented, which only has one ADC to measure the output voltage and one
voltage comparator to know when to apply a precalculated duty cycle set. Only with the output
voltage ADC, the system applies two regulations: one loop is the classical voltage loop for a PFC,
and the other regulation estimates the load of the converter by measuring the ripple of the output
voltage and adapts the duty cycle waveform accordingly but not the mean duty cycle value. In this
way, both regulations are executed together to modify the precalculated duty cycles.
In the case of systems that use precalculated duty cycles, an accurate synchronization with the
ac mains is crucial. For instance, if the duty cycle set begins to be applied when the input voltage
is not near 0 V (duty cycle near unity when the input voltage is not null), high currents will be
generated, changing the output voltage and maybe causing damage to the load or the converter.
For this reason, a small error in the synchronization process reduces drastically the power factor.
In [34], different methods to achieve synchronization with the ac mains are compared, showing that
a voltage comparator and a simple digital filter can achieve accurate synchronization, and it is less
expensive than an ADC. However, a synchronization loop is still necessary to make systems based
on precalculated duty cycles more robust, reducing the synchronization error with the ac mains and
making the systems more stable.
Synchronization errors produce leading or lagging currents, deteriorating the power factor and
generating harmonics. However, other sources of error can also produce leading or lagging currents,
thus any PFC system that does not measure the input current can suffer these effects. This paper shows
several methods to reduce these current effects, taking a system that uses precalculated duty cycles as the
case-of-study system. The synchronization error of the proposed system can be produced by the latency
of the ADC or voltage comparator used to measure the input voltage, or noise in the measurement.
The proposed method detects leading or lagging currents without any current sensor and
corrects them. Figure 1 shows the high-level architecture of the proposed system. It can be seen
that there is a memory with the precalculated duty cycles but they are regulated before being driven
to the PWM generator. All the regulations are accomplished measuring only the output voltage.
The synchronization method proposed in this paper also only uses the output voltage ADC, detecting
the shape of the output voltage, which depends heavily on the input current.
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Figure 1. Architecture of the proposed system.

As explained in the previous section, the main advantage of a system using precalculated
duty cycles is to reduce the cost of the system by removing sensors, especially the current
sensor. The precalculation should be accomplished taking into account the running conditions,
i.e., the topology of the converter, the expected load, the input voltage, the input frequency, etc. In the
case of a boost converter, the duty cycle during the ac period can be defined as follows, as can also be
seen in [33]:
vout (k) − v g (k )
+
vout (k)
L (i L (k + 1) − i L (k ))
+
·
TSw
vout (k)

d ( k ) = d1 ( k ) + d c ( k ) =

(1)

In the previous equations, v g and vout are the input and output voltages, respectively, L is
the inductance, i L is the inductor current, and TSw is the switching period of the converter.
These calculations can be done with high resolution or even adding other non-idealities such as
losses, as they are performed offline with a computer. The system should only apply the precalculated
duty cycles every line period. Nonetheless, the system should be able to modify in real time the
precalculated duty cycles to adjust them to the actual conditions. Control loops should be added to
modify the components of the duty cycle in case of non-nominal conditions.
The previous d1 parameter, as shown in Equation (1), depends on the input voltage as well as the
load through the ripple of the output voltage, thus it is not symmetric. It can not only be controlled by
a classic output voltage loop, but also by a current regulation. To achieve both regulations, d1 can be
divided into two components:
vout (k ) − v g (k)
vout (k)
Vout − v g (k)
d a (k) =
Vout
d b ( k ) = d1 ( k ) − d a ( k )

d1 ( k ) =

(2)

The parameter d a defines the relationship between the instantaneous input voltage and the
average output voltage. Hence, it does not depend on the load because the output voltage ripple is not
considered, thus it is symmetric. As shown in Figure 2, d a is the main component of the total duty
cycle. db is the result of subtracting d1 from d a , thus db takes into account the output voltage ripple
produced by the load. As the output voltage is lower than the voltage average during the first half
of the line period, db is negative, but db is positive during the second half as the output voltage is
increased (see Figure 3). Using d a and db , the relation between voltages and the effect of the load are
taken into account. Finally, dc modifies the duty cycle to let the input current increase at the first half
of the line period (positive values), while it decreases the input current at the second half of the line
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period (negative values). Therefore, the system gets the final duty cycle d adding the components d a ,
db and dc :
d(k ) = d a (k ) + db (k ) + dc (k )

(3)

1
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0
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Figure 2. d a component used to form the final duty cycle set.
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Figure 3. db and dc components used to form the final duty cycle set.

A memory should store the values of d a , d1 and dc , and the controller will apply the output and
current regulations for all the components. d a and d1 should be regulated using the output voltage loop,
which is a classic loop. On the other hand, dc and db need to be regulated by the current regulation.
This current regulation requires further description. d1 and dc components depend on the input
current and the input current is proportional to the input/output power of the converter for a given
input voltage, so any change in the load would affect proportionally the input current and thus both
components. The system cannot measure the power of the load directly, but it is able to extract that
information from the ripple of the output voltage, which is already measured for the voltage loop.
The ripple of the output voltage is proportional to the output power, thus, by sensing the ripple of
the output voltage, both components can be regulated. This regulation measures the output voltage
ripple but it does not try to modify it. It only adapts the waveform of the duty cycle—changing db and
dc —to improve the power factor when the load changes. However, the average values of the changed
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components (db and dc ) are 0 (as can be seen in Figure 3), so the average output voltage will not be
changed. Therefore, this regulation is not a typical closed loop, but a kind of feed-forward actuation.
More details of the different duty cycle components can be found in [33].
The regulation system proposed in [33] is shown in Figure 4. The figure shows two regulators
that modify the duty cycles stored in the memories. The Regulator A reads the average output voltage
during one cycle of the ac mains (voutaverage ). Its actuation modifies the components 1 − d a and 1 − d1
of the duty cycle. Likewise, the Regulator B reads the ripple of the output voltage during one cycle of
the ac mains (voutripple ) and modifies the components db and dc . Table 1 shows the transfer functions
of the regulators of Figure 4. As can be seen, the sampling period of the regulators is 10 ms, as their
inputs are updated every cycle of the ac mains. Regulator A is a PI (Proportional-Integral) regulator
with a bandwidth of 3.7 Hz and its main objective is to compensate the differences between the real
and the expected average output voltage. It has not been designed to get fast dynamics but to get
a stable system. Regulator B implements a feed-forward regulator, in which actuation is proportional
to the output voltage ripple, and its purpose is to adapt the duty cycle to non-nominal output loads.
The measured output voltage ripple is divided by the nominal ripple (36.73 V) and the result is the
actuation of Regulator B. That actuation is used to modify the components db and dc , because they are
proportional to the output load and, therefore, to the output voltage ripple. Further details about the
regulators can be found in [33].

1-d a

Vout average ref

Vout average

-

+

1

Regulator A k

1-d a *
+
-

da *

1

1/k

≈

1-d 1

- db*
+
db*dc *
1-d 1 * +
+
d1 * +

+
+

d*

db*dc * *

dc *

dc
Regulator B

Vout ripple

÷

nominal Vout ripple
Figure 4. Control system using d a , db and dc .

With these two regulators, the system is able to get high power factor even under not nominal
input voltages and under different loads. However, the system depends on the synchronization system
with the ac mains, so any error in this process will worsen dramatically the power factor.
Table 1. Regulators A and B of the proposed method (Figure 4).
Regulator

Transfer Function

Sampling Period

Regulator A (PI)
Regulator B (feed-forward)

2−9 ·(z−0.75)
z −1
1
36.73

10 ms
10 ms

3. Detection of Synchronization Error and Regulation
As explained in the previous sections, a system based on precalculated duty cycles reduces
the cost of the system but it depends on the synchronization. It is important to notice that, if the
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system is unsynchronized regarding the ac mains, it will apply wrong duty cycles, thus even small
synchronization errors can lead to poor results.
An uncontrolled synchronization system can be implemented by measuring the rectified input
voltage and detecting its periodical zero-crossing. This can be accomplished using an ADC or even
with a voltage comparator (see Figure 5). As can be seen, there is a ROM (Read Only Memory) memory
with the duty cycles stored in it. Instead of storing the final duty cycle (d), the components 1 − d a ,
1 − d1 and dc are stored in three memories, as shown in Figure 4. As the switching frequency of the
system is 100 kHz and the ac mains frequency is 100 Hz, the memories will store 1000 duty cycles
each one. Every component is written using 16 bits, where 11 bits are used to store a value between
0 and 999 in two’s complement, and 5 bits to store fractional values of the duty cycle components.
These fractional values are used to implement a dither technique, which increases the resolution of the
PWM [35]. Hence, each component memory uses 16,000 bits, less than one block RAM of the FPGA
used in Section 4 (this low-cost FPGA provides 24 modules of 16 kb).

Vg
synchronization

Voltage comparator
or
ADC

Rectified
input voltage

Sync. trigger
Address
counter

ROM memory
w/ duty cycles

PWM

AC/DC
Converter

Duty cycle
Figure 5. Architecture of the precalculated PFC system.

However, the synchronization process will present a latency caused by the ADC or the voltage
comparator, i.e., the trigger. Besides, this process can be altered by noise in the measurement.
Even when this latency is small, the power factor may be excessively reduced, because a system
using precalculated duty cycles is very sensitive to this synchronization process. Figure 6 shows the
output voltage and the input voltage when the synchronization process presents no delay, when there
is an early restart of the counter of the memory and when there is a late restart. In Figure 6, the positive
and negative errors are 20 µs and −20 µs, respectively (±0.2% with respect to the ac semi-period).
Using high speed ADCs and voltage comparators, the delay will be smaller, but also noticeable in the
input current and, therefore, in the power factor. The graphics in Figure 6 have been acquired from
a real PFC corrector (see Section 4) forcing the error cited above, and the switching noise has been
reduced to clarify the figure.
As shown in Figure 6, there is a relation between the input current and the output voltage. In the
case of an early restart, the trough of the output voltage—its minimum value—appears after its ideal
time, which is a quarter of the line period. Besides, its crest—its maximum value—also appears after
its ideal time, which is three quarters of the line period. This effect is also known as lagging current,
and it is also present in other PFC systems that do not measure the input current. In the case of a late
restart, the behavior is the opposite: the trough and crest appear before the desirable time, which is
also known as leading current. Besides, it can be seen that the crossing of the output voltage with the
same value that in the origin of the line period, vout (t = 0), presents the same pattern: before in the
case of the late restart, and after in the case of early restart. Lagging and leading current effects for
a current sensorless PFC converter, which does not use precalculated duty cycles, is analyzed in [23],
where they prefer leading current than lagging current for their system to avoid hard-commutations
currents. The technique proposed in this paper can be applied to any current sensorless PFC converter
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because they are always affected by leading or lagging currents, and this technique can regulate them
through the ac mains synchronization.
420

vout (V)

410

400

390

Early restart
Nominal

Late restart

380

370

0

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

0.01

2

Early restart

Late restart

iL (A)

1.5

Nominal
1

0.5

0

0

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

0.01

t (s)
Figure 6. Output voltage and input current distortion under positive and negative synchronization
error with the ac mains. The horizontal lines define the zero-crossing, regarding the output voltage
when the line period began.

As explained above, there are three reference points that can be measured to detect
synchronization errors: crest, trough and vout (t = 0) crossing. All these points can be detected using
the same output voltage ADC of the two previous loops, thus the cost of the system is not increased.
Using an ADC is trivial to get the values of the output voltage, but it is not easy to detect the
exact instant of the maximum and the minimum value. First, the output voltage has noise due to the
switching converter, so the minimum or maximum values can be reached several times, because, in
that zones, the derivative of the output voltage is near 0. This problem is increased if the resolution of
the ADC is not enough to measure small increments in the output voltage. Besides, if the system is not
well synchronized, the output voltage is not sine-shaped, thus there can be more than one maximum
or minimum value.
This can be addressed by not detecting the crest or the trough, but the crossings with a threshold
located near that crest or trough, as Figure 7 shows. Near from the threshold, the derivative is bigger
and the error in the detection method will be smaller. Considering both crossings (negative and
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positive), the system can measure the time between them and the half point between them it is the real
crest or trough of the output voltage. This simple technique implicitly implements a low pass filter,
so the error is reduced. However, the high frequency noise of the output voltage can produce multiple
crossings, so the system will take into account only the first and the last crossing, as shown in Figure 7.
The threshold value is calculated by adding or subtracting a value, δ, from the maximum or minimum
value of the previous line period. This value, δ, cannot be static because, in the case of the low loads,
a static value of δ could represent the whole ripple value. Therefore, δ should be proportional to the
ripple of the output voltage (in our case, 12.5% of the ripple value).
On the other hand, the detection of the other inflection point, i.e., the same value of the output
voltage at the origin of the line period, is easier because in that point the derivative is in its maximum
value and the electrical noise almost does not affect the measure of the output voltage. Therefore,
this point is extracted by detecting the first crossing with the searched value.
The mathematical relation between the synchronization error and the output voltage shape
is very complex, so a traditional transfer function is not easy to extract. Therefore, a classic loop
has not been implemented. As Figure 5 shows, a system based on precalculated duty cycles
generates a synchronization trigger, based on an analog measure of the input voltage and a digital
synchronization system. The system proposed in this paper modifies the trigger generation, making
the synchronization to trigger earlier or later, depending on the detected error (late restart or early
restart, respectively). Before applying this simple technique, it has been experimentally proven that
there is a nearly linear relation between the synchronization error and the positive or negative offset in
the output voltage. Figure 8 shows this almost linear relation for synchronization errors of ±1.5% of
the ac period, and for all the characteristic points of the sine wave.
420

last max value
δ Crest

415

Threshold

410

vout(V)

405

First crossing Last crossing

400

Threshold
Vout(t=0) crossing

395

Threshold

390

δ Trough

385

First crossing

380
0

Last crossing

last min value

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

t (s)

0.01

Figure 7. Several methods to detect the synchronization error.

The synchronization loop output cannot be modified quickly because an abrupt change in
the synchronization can lead to high currents and damage in the load or the converter, as it is
a precalculated PFC. The method to make stable the synchronization loop is to choose a small positive
or negative delay to add to the counter, which in our case is 20 ns (0.0002% of the line period). Therefore,
the loop is very stable and it will slowly correct the error in the synchronization process. The loop
slowness should not present big disadvantages because the error in the synchronization process
(delay of the ADC/voltage comparator) is almost constant.
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Figure 8. Time of the reference points regarding the error in the synchronization stage (positive is
considered as late restart, and negative as early restart).
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4. Experimental Results
The control methods proposed in the previous section were tested in an experimental setup.
The explained PFC converter using precalculated duty cycles presents the parameters detailed in
Table 2. As can be seen, the inductance of the proposed system is quite high. As explained above,
PFC systems that use precalculated duty cycles are quite sensitive to synchronization errors and other
non-nominal conditions, and high inductors partially compensate this problem. In [36], it is seen that
selecting higher inductances allows systems without synchronization loop, such as the one proposed
in this paper, to get better power factor and input current THD (Total Harmonic Distortion) when
there are synchronization issues between the ac mains and the memory with the precalculated duty
cycles. However, in [36], it is seen that the capacitor value is not critical. Although this paper proposes
a synchronization system that will avoid these issues, a high inductance, such as the ones used in
precalculated PFC systems without synchronization loop, has been selected for a proper comparison.
The controller was implemented in a Xilinx FPGA XC7A100T-CSG324-3. The results of the
following experiments were acquired with a Tektronix PA1000 power analyzer.
A simple control loop was implemented for every reference point of the output voltage waveform:
crest, trough and the crossing with the same value of the output voltage at the origin of the ac
semi-period (see Figure 7). The control loop detected the time when these reference points occur and it
compared them with their nominal values. Regarding the arithmetic sign of the comparison (positive
or negative), the control loop generated the restart signal before or later.
Table 2. Boost converter parameters.
f ac

f sw

L

C

P

Vg

Vout

50 Hz

100 kHz

5 mH

68 µF

300 W

230 V

400 V

Figure 9 shows the results in terms of power factor and input current THD of the three proposed
loops and the system without any regulation. It can be seen that the system with no synchronization
loop cannot achieve high power factor under synchronization errors, both positive and negative.
However, adding the synchronization loop, the converter keeps high power factor. As the previous
figure shows, the choice between the different proposed loops is not quite relevant, because all the
loops achieve approximately the same results.
As shown, the inclusion of a synchronization loop reaches high power factor under positive and
negative synchronization errors. However, the logic complexity that is added with this loop should
also be considered, because the precalculated approach is based on a low-cost goal. Table 3 shows the
resources used by the system with the different proposed synchronization loops and without them.
It can be seen that the crest and trough loops use approximately the same number of LUTs (Look Up
Table) and flip flops. This result was expected because both loops perform the same calculations using
the crest or the trough of the output voltage signal (see Figure 7). The Vout (t = 0) loop uses fewer
resources because its complexity is lower, as it only detects a simple threshold crossing, without any
arithmetic operations or filters. Table 3 also shows the overhead produced by all the synchronization
loops, in terms of absolute values and also percentages respect to the total LUTs and FFs. Comparing
any proposed loop with the original system, it can be observed that the added complexity in terms
of FPGA resources is small. The synchronization loop uses around 15% more resources than the
original system but it should be noticed that the total logic size is really small. The PFC controller
with the synchronization loop only uses 3% of the available programmable logic of the selected FPGA.
Therefore, taking into account the loop complexity and the PF results, it is clearly proven that it is
advantageous to include a synchronization loop in a PFC converter using precalculated duty cycles.
All synchronization methods achieve good results but the trough loop, followed by the crest loop, gets
the higher PF and lower current harmonics.
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Figure 9. Power factor and input current THD under different synchronization errors (positive error is
considered as late restart, and negative as early restart).
Table 3. FPGA (Xilinx XC7A100T) resources used by the different proposed loops.
Method
Without loop
With crest loop
With trough loop
With Vout (t = 0) loop

4 Input

FFs

LUTs
2204
2525
2518
2432

3204
3346
3367
3339

Overhead
LUTs

FFs

321 (14.56%)
314 (14.25%)
228 (10.34%)

142 (4.43%)
163 (5.09%)
135 (4.21%)
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Figure 10 shows oscilloscope screenshots of the proposed system with and without the trough
loop. Without the loop, the effects of lagging current (early restart) and leading (late restart) can be
noticed. It can be seen also the correction of the synchronization loop, obtaining almost sinusoidal
input current.
More experiments were performed to show the robustness of the proposed system. Figure 11
shows the output voltage and input current waveforms in nominal conditions. In that situation,
the system reaches a power factor of 0.996 and an input current THD of 7.562%. Besides, Figure 12
shows two load transients between 100% and 50% of load. It can be seen that the dynamic of the
system is relatively fast, although this is not a primary goal. The reason is that the load change is easily
and quickly detected by seeing the ripple of the output voltage. Therefore, Regulator B in Figure 4 can
quickly compensate the load change.
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Figure 10. Input current (upper-green) and output voltage (lower-orange) with and without
synchronization loop, and synchronization error of ±50 µs. Hor. scale: 2.5 µs. Ver. scale: 20 V/div
(output voltage), 1 A/div (input current). Offset: 450 V (output voltage), −1 A (input current).
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The previous experiments showed the behavior of the system with nominal input voltage.
However, the system should work properly when the input voltage level and frequency are not
as expected. In the case of the input voltage level, the system can handle the situation with the
Regulator A of Figure 4. However, as shown in [37], systems that use precalculated duty cycles are very
sensitive to frequency changes. In the system presented in this paper, a method to adapt the duty cycles
to non-nominal ac frequencies has been included, such as the one presented in [37]. Figures 13 and 14
show the behavior of the system when the input voltage frequency is 47.5 and 52.5 Hz, with and
without the frequency loop presented in [37]. The system with the frequency loop gets a PF of 0.986
and input current THD of 6.876% when f vin = 47.5 Hz and a PF of 0.983 and input current THD of
8.899% when f vin = 52.5 Hz. However, without frequency loop, the system reaches a PF of 0.765 and
input current THD of 39.15% when f vin = 48.5 Hz and a PF of 0.894 and input current THD of 27.87%
when f vin = 51.5 Hz. These last results, without the frequency loop, are given for f vin = 48.5 Hz
and f vin = 51.5 Hz instead of f vin = 47.5 Hz and f vin = 52.5 Hz, as the input current peaks trigger
the protections. As a conclusion, it is important to include a control loop that measures the ac mains
frequency, as the duty cycles precalculated should be applied in the expected moment.
All experiments show that a robust system can be implemented by measuring just the output
voltage and a simple synchronization method with the ac mains.
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Figure 13. Behavior of the system under non-nominal ac main frequency (lower frequency): output
voltage (yellow) and input current.
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voltage (yellow) and input current.

5. Conclusions
Precalculated duty cycles can be used to reduce the cost of a power factor controller, because
the system can get rid of some of the sensors usually included in this application, especially the
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current sensor. However, the main disadvantage is that the input current is in open loop so any
change in the ac conditions or the load can lead to a low power factor. In previous works, methods for
adapting to changes in the input voltage value or load were proposed, showing that these changes
can be handled using a single ADC for the output voltage, measuring both its mean value and
ripple amplitude. However, no solution for errors in the synchronization with the ac mains has been
proposed previously. It must be taken into account that the precalculated technique is especially
susceptible to the synchronization. This paper has shown this problem and has proposed different
simple synchronization loops, without adding any new sensor, but using the delay in the output
voltage waveform as the input to these loops. Results show that all the proposed loops keep the power
factor at high levels almost without adding logic complexity to the power factor controller.
Author Contributions: Conceptualization, A.S. and A.d.C.; methodology, A.S. and A.d.C.; software, A.S. and
M.Y.; validation, A.S., M.Y., A.d.C., M.S.M.-G., and J.G.; writing—original draft preparation, A.S. and A.d.C.;
writing—review and editing, M.Y., M.S.M.-G. and J.G.; and Supervision, J.G.
Funding: This research was funded by Spanish Ministerio de Economía y Competitividad grant number
TEC2013-43017-R.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

6.
7.
8.

9.

10.

11.

12.
13.

Kim, J.; Won, C.Y. Improved Modulated Carrier Controlled PFC Boost Converter Using Charge Current
Sensing Method. Energies 2018, 11, 717. [CrossRef]
Ali, M.; Khan, M.M.; Xu, J.; Faiz, M.T.; Ali, Y.; Hashmi, K.; Tang, H. Series Active Filter Design Based on
Asymmetric Hybrid Modular Multilevel Converter for Traction System. Electronics 2018, 7, 134. [CrossRef]
Chang, Y.N.; Cheng, H.L.; Chang, C.H.; Yen, H.C.; Lin, R.Z. An AC/DC LED Driver with Unity Power
Factor and Soft Switching. Appl. Sci. 2018, 8, 780. [CrossRef]
Zhang, R.; Ma, W.; Wang, L.; Hu, M.; Cao, L.; Zhou, H.; Zhang, Y. Line Frequency Instability of
One-Cycle-Controlled Boost Power Factor Correction Converter. Electronics 2018, 7, 203. [CrossRef]
Chattopadhyay, S.; Ramanarayanan, V. A Voltage-sensorless control method to balance the input currents
of a three-wire boost rectifier under unbalanced input Voltages condition. IEEE Trans. Ind. Electron. 2005,
52, 386–398. [CrossRef]
Mukherjee, S.; Shamsi, P.; Ferdowsi, M. Control of a Single-Phase Standalone Inverter without an Output
Voltage Sensor. IEEE Trans. Power Electron. 2017, 32, 5601–5612. [CrossRef]
Midya, P.; Krein, P.; Greuel, M. Sensorless current mode control-an observer-based technique for DC-DC
converters. IEEE Trans. Power Electron. 2001, 16, 522–526. [CrossRef]
Qiu, Y.; Chen, X.; Liu, H. Digital Average Current-Mode Control Using Current Estimation and Capacitor
Charge Balance Principle for DC-DC Converters Operating in DCM. IEEE Trans. Power Electron. 2010,
25, 1537–1545. [CrossRef]
Rodriguez, M.; Lopez, V.; Azcondo, F.; Sebastian, J.; Maksimovic, D. Average Inductor Current Sensor
for Digitally Controlled Switched-Mode Power Supplies. IEEE Trans. Power Electron. 2012, 27, 3795–3806.
[CrossRef]
Lopez, V.M.; Azcondo, F.J.; de Castro, A.; Zane, R. Universal Digital Controller for Boost CCM Power Factor
Correction Stages Based on Current Rebuilding Concept. IEEE Trans. Power Electron. 2014, 29, 3818–3829.
[CrossRef]
Lukic, Z.; Zhao, Z.; Ahsanuzzaman, S.; Prodic, A. Self-tuning digital current estimator for low-power
switching converters. In Proceedings of the 2008 Twenty-Third Annual IEEE Applied Power Electronics
Conference and Exposition, Austin, TX, USA, 24–28 February 2008; pp. 529–534.
López-Martín, V.M.; Azcondo, F.J.; Pigazo, A. Power Quality Enhancement in Residential Smart Grids
through Power Factor Correction Stages. IEEE Trans. Ind. Electron. 2018, 65, 8553–8564. [CrossRef]
Gan, C.; Wu, J.; Yang, S.; Hu, Y. Phase Current Reconstruction of Switched Reluctance Motors From DC-Link
Current Under Double High-Frequency Pulses Injection. IEEE Trans. Ind. Electron. 2015, 62, 3265–3276.
[CrossRef]

Electronics 2019, 8, 4

14.
15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.

29.

30.

31.
32.
33.
34.

35.

16 of 17

Cho, Y.; LaBella, T.; Lai, J.S. A Three-Phase Current Reconstruction Strategy with Online Current Offset
Compensation Using a Single Current Sensor. IEEE Trans. Ind. Electron. 2012, 59, 2924–2933. [CrossRef]
Zhang, L.; Born, R.; Gu, B.; Chen, B.; Zheng, C.; Zhao, X.; Lai, J.S. A Sensorless Implementation of the
Parabolic Current Control for Single-Phase Stand-Alone Inverters. IEEE Trans. Power Electron. 2016,
31, 3913–3921. [CrossRef]
Mallik, A.; Khaligh, A. Control of a Three-Phase Boost PFC Converter Using a Single DC-Link Voltage
Sensor. IEEE Trans. Power Electron. 2017, 32, 6481–6492. [CrossRef]
Chen, H.C.; Lu, C.Y.; Li, G.T.; Chen, W.C. Digital Current Sensorless Control for Dual-Boost Half-Bridge
PFC Converter with Natural Capacitor Voltage Balancing. IEEE Trans. Power Electron. 2017, 32, 4074–4083.
[CrossRef]
Hwu, K.; Chen, H.; Yau, Y. Fully Digitalized Implementation of PFC Rectifier in CCM without ADC.
IEEE Trans. Power Electron. 2012, 27, 4021–4029. [CrossRef]
Azcondo, F.; de Castro, A.; Lopez, V.; Garcia, O. Power Factor Correction without Current Sensor Based on
Digital Current Rebuilding. IEEE Trans. Power Electron. 2010, 25, 1527–1536. [CrossRef]
Roh, Y.S.; Moon, Y.J.; Gong, J.C.; Yoo, C. Active Power Factor Correction (PFC) Circuit with Resistor-Free
Zero-Current Detection. IEEE Trans. Power Electron. 2011, 26, 630 –637. [CrossRef]
Chen, H.C. Duty Phase Control for Single-Phase Boost-Type SMR. IEEE Trans. Power Electron. 2008,
23, 1927–1934. [CrossRef]
Chen, H.C. Single-Loop Current Sensorless Control for Single-Phase Boost-Type SMR. IEEE Trans.
Power Electron. 2009, 24, 163 –171. [CrossRef]
Chen, H.C.; Wu, Z.H.; Liao, J.Y. Modeling and Small-Signal Analysis of a Switch-Mode Rectifier with
Single-Loop Current Sensorless Control. IEEE Trans. Power Electron. 2010, 25, 75–84. [CrossRef]
Chen, H.C.; Lin, C.C.; Liao, J.Y. Modified Single-Loop Current Sensorless Control for Single-Phase Boost-Type
SMR with Distorted Input Voltage. IEEE Trans. Power Electron. 2011, 26, 1322 –1328. [CrossRef]
Pahlevani, M.; Pan, S.; Eren, S.; Bakhshai, A.; Jain, P. An Adaptive Nonlinear Current Observer for Boost
PFC AC/DC Converters. IEEE Trans. Ind. Electron. 2014, 61, 6720–6729. [CrossRef]
Lo, Y.K.; Chiu, H.J.; Ou, S.Y. Constant-switching-frequency control of switch-mode rectifiers without current
sensors. IEEE Trans. Ind. Electron. 2000, 47, 1172–1174. [CrossRef]
Finazzi, A.P.; de Freitas, L.C.; Vieira, J.B.; Coelho, E.A.A.; Farias, V.J.; Freitas, L.C.G. Current-sensorless
PFC Boost converter with preprogrammed control strategy. In Proceedings of the 2011 IEEE International
Symposium on Industrial Electronics, Gdansk, Poland, 27–30 June 2011; pp. 182–187.
De Pádua Finazzi, A.; de Lima, G.B.; de Freitas, L.C.; Coelho, E.A.A.; Farias, V.J.; Freitas, L.C.G. Proposal for
preprogrammed control applied to a current-sensorless PFC boost converter. Microprocess. Microsyst. 2014,
443–450. [CrossRef]
Merfert, I. Analysis and application of a new control method for continuous-mode boost converters in power
factor correction circuits. In Proceedings of the 28th Annual IEEE Power Electronics Specialists Conference,
Saint Louis, MO, USA, 27–27 June 1997; Volume 1, pp. 96–102.
Merfert, I.W. Stored-duty-ratio control for power factor correction. In Proceedings of the Fourteenth Annual
Applied Power Electronics Conference and Exposition, Dallas, TX, USA, 14–18 March 1999; Volume 2,
pp. 1123–1129.
Zhang, W.; Feng, G.; Liu, Y.F.; Wu, B. A digital power factor correction (PFC) control strategy optimized for
DSP. IEEE Trans. Power Electron. 2004, 19, 1474–1485. [CrossRef]
Zhang, W.; Liu, Y.F.; Wu, B. A New Duty Cycle Control Strategy for Power Factor Correction and FPGA
Implementation. IEEE Trans. Power Electron. 2006, 21, 1745 –1753. [CrossRef]
Sanchez, A.; de Castro, A.; Lopez, V.; Azcondo, F.; Garrido, J. Single ADC Digital PFC Controller Using
Precalculated Duty Cycles. IEEE Trans. Power Electron. 2014, 29, 996–1005. [CrossRef]
Sanchez, A.; de Castro, A.; Lopez-Colino, F.; Garrido, J. Comparison of AC mains synchronization methods
when using precalculated duty cycles in Power Factor Correction. In Proceedings of the 2014 IEEE 15th
Workshop on Control and Modeling for Power Electronics (COMPEL), Santander, Spain, 22–25 June 2014;
pp. 1–4.
Peterchev, A.; Sanders, S. Quantization resolution and limit cycling in digitally controlled PWM converters.
IEEE Trans. Power Electron. 2003, 18, 301–308. [CrossRef]

Electronics 2019, 8, 4

36.

37.

17 of 17

Garcia, A.; de Castro, A.; Garcia, O.; Azcondo, F.J. Pre-calculated duty cycle control implemented in FPGA for
power factor correction. In Proceedings of the 2009 35th Annual Conference of IEEE Industrial Electronics,
Porto, Portugal, 3–5 November 2009; pp. 2955–2960.
López-Colino, F.; Sanchez, A.; de Castro, A.; Garrido, J. Handling input voltage frequency variations in
power factor correctors with pre-calculated duty cycles. Electr. Eng. 2018, 100, 27–38. [CrossRef]
c 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

