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Abstract: This study proposes a novel frequency modulation scheme for a continuous conduction
mode (CCM) boost power factor correction (PFC) converter. The aim is to improve the total harmonic
distortion (THD) under light-load conditions. Boost converters are widely utilized with CCM control
for the PFC stage owing to their ability to achieve high efficiency with minimal components. In
addition, they have a high power factor (PF) and low THD. However, despite being designed for
CCM operation, the boost PFC converter transitions into discontinuous conduction mode (DCM) as
the output load decreases. This mode, known as mixed conduction mode, degrades the PF and THD
of the PFC converter. To address these issues, we propose a novel frequency modulation scheme.
The CCM boost PFC converter adopts frequency variation to reduce the DCM region. To validate
the feasibility of the proposed concept, a prototype with a 60 Hz/230 Vac input and 850 W/380 V
output was utilized. Consequently, the boost PFC converter attains a high PF and low THD with
simplified circuits.
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1. Introduction

The increasing global power demand and growing concerns about its environmental
impacts have prompted the introduction of regulations aimed at curbing this trend. Notably
among these regulations are IEC 61000-3-2 and the Climate Saver Computing Initiative [1,2].
IEC 61000-3-2 particularly sets the limits on harmonic currents, which increases reactive
power and causes a subsequent unnecessary increase in power capacity in grid systems as
well as transmission line losses. To ensure low harmonic currents, a power factor correction
(PFC) converter is necessary for power electronic systems. The PFC converter ensures a
high power factor (PF) and low total harmonic distortion (THD) in power systems [3,4].

Examples of the PF and THD regulations utilized in computer power supplies are
shown in Figure 1. The 80 PLUS certification serves as a benchmark for high-quality power
supplies and offers four levels based on efficiency and PF. The highest level, titanium,
demands an exceptionally high PF under 20–100% load conditions. Recently, this regulation
has become more stringent, often requiring a very high PF even at a 20% load condition.
In addition, IEC 61000-3-2 imposes limits on harmonic currents, effectively regulating
the THD.

Among the various PFC converters, the boost PFC converter is widely utilized with
continuous conduction mode (CCM) control owing to its high efficiency with a minimal
number of components. In addition, it has a high PF and low THD compared with other
PFC converters. However, although the boost converter is designed to operate with the
CCM, when the output load is reduced in light-load conditions, the average inductor
current is decreased and the inductor current starts to reach to 0 A. As a result, the CCM
boost converter starts to operate with the DCM boost converter in light-load conditions.
In particular, since the inductor current is small near the low input AC voltage, the DCM
region occurs near 0 V of the input voltage. At that time, the inductor current still operates
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as the CCM near the peak of the input voltage. Therefore, the CCM and DCM regions both
exist in the light-load condition. This is called mixed conduction mode (MCM), as shown
in Figure 2a [5–9]. The problem with the MCM is that the DCM region makes current
oscillations, as shown in Figure 2b, which degrades the PFC and THD [10–17].
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Studies aimed at resolving these issues are underway [18–22]. In [20–22], various
control techniques based on digital signal processing were proposed to alleviate THD
concerns within MCM operation. These methods are highly effective and relatively easy
to implement. However, digital integrated circuits (ICs) are more expensive compared
with their analog counterparts and may be limited in terms of computational speed. In the
absence of digital ICs, an alternative converter structure was introduced in [20] and [21]
to enhance THD performance under light-load conditions. In [20], various snubbers
were incorporated to suppress resonance between parasitic components. Although this
approach improved the THD and PF, it introduced power losses within the snubber circuit.
Consequently, Ref. [21] proposed a converter structure that maintained efficiency without
degradation. This method eliminates the MCM operation by exclusively operating in
CCM and DCM. Under heavy-load conditions, it operates in pure CCM operation and
transitions to complete DCM operation as the output load decreases. This innovative
approach harnesses the advantages of both CCM and DCM, resulting in a high PF and
efficiency. However, implementing this method requires the addition of two extra thyristors
and their associated gate signals, thereby increasing the complexity and cost of the system.
In [22], the authors proposed a new controller structure to modulate the on-time of the PFC
converter. By increasing the on-time of the converter near the peak current and decreasing
the on-time near zero voltage, they improved the THD of the converter. However, this also
required two additional switches, a resistor, a capacitor, and an amplifier to implement the
proposed controller.

To resolve these challenges, this study presents a novel method to improve THD
by utilizing simple passive components. The proposed method involves increasing the
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switching frequency near the zero-crossing point of the line voltage to minimize the DCM
region. Further, it involves decreasing the switching frequency near the peak of the line
voltage to reduce switching losses. This method relies on only a few components; thus, it
offers a simple and versatile solution that is applicable to a wide range of analog ICs.

2. Concept of the Proposed Scheme

As shown in Figure 2, the CCM boost PFC operates with DCM when the average
current of the boost inductor decreases compared with the ripple of the boost inductor. The
boundaries between the CCM and DCM regions can be determined as follows:

Iin − ∆IL = Iin −
Vline·Dswitch

Lboost
· 1

fswitching
= 0 (1)

where Iin is the input current, ∆IL is the current ripple of the inductor, Vline is the line
voltage, Dswitch is the duty ratio of the switch, Lboost is the boost inductor, and fswitching is the
switching frequency. Therefore, the DCM region decreases by increasing the switching fre-
quency, resulting in improved THD and PF. However, although a high frequency improves
the PF and THD, the frequency cannot be easily increased by the general power supply
because it causes high switching losses at the switches. Thus, the proposed method adopts
frequency modulation, as shown in Figure 3.
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The proposed scheme utilizes a high switching frequency near the zero-crossing area
to reduce the DCM region. Moreover, near the peak of the line voltage, a low switching
frequency is employed to reduce switching losses at the switch. Consequently, compared
with the conventional method that employs a constant frequency, the proposed converter
has a reduced DCM region owing to the high switching frequency near the zero-crossing
area. This leads to a high PF and low THD. In addition, the proposed converter utilizes
a lower switching frequency compared with the conventional converter near the peak
line voltage, thereby avoiding an increase in switching losses at the switch. Therefore,
the proposed method enables the boost PFC converter to achieve a high PF and low
THD without compromising efficiency. To validate the effectiveness of the proposed
method, we varied the switching frequency from 40 to 80 kHz and compared it with
the conventional boost PFC converter that operates at 60 kHz. Notably, the frequency
variation can be modulated from 50 to 70 kHz or 30 to 90 kHz. However, the impact on the
electromagnetic interference (EMI) filters at the input stage should be considered during
frequency variations, as excessively low frequencies can affect these filters.
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3. Implementation of the Proposed Scheme

The key concept of the proposed idea is to modulate the switching frequency along the
input AC voltage. Therefore, in Section 3, the method to implement the proposed frequency
modulation scheme is explained. Section 3.1 discusses the implementation method for the
analog integrated circuit (IC) and Section 3.2 discusses the implementation method for the
digital IC.

3.1. Implementation with Analog ICs

The switching frequency of the general analog IC is determined by the frequency of
the ramp wave. The ramp wave represents the voltage of the timing capacitor CT, which
increases when the ramp current Iramp flows through the timing capacitor, as shown in
Figure 4. The ramp current is decided by the internal reference voltage and external resistor.
Once the ramp voltage reaches a particular level, it is reset by utilizing a switch. Therefore,
the frequency of the ramp wave varies with variations in the ramp current. In a general
IC, as shown in the figure, the ramp current can be externally modulated with a reference
voltage and RT to set the switching frequency. Therefore, to implement the proposed
method, a line voltage adaptive lamp current is required.
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Figure 4. Frequency design method for general ICs.

Because the line voltage should be sensed in the boost PFC converter for feedback, the
sensed AC voltage, VAC_det, is utilized to create a ramp current. Accordingly, the proposed
method utilizes the line voltage, as shown in Figure 5, to modulate the ramp current. The
value of VX varies with the line voltage as follows:

VX =
Rb|| R a

Rc + Rb|| R a
VAC_det +

Rb|| R c
Ra + Rb||R c

Vref (2)

where Vref represents the internal reference voltage of the analog IC. The ramp current Iramp
is calculated as follows:

Iramp = IRT2 + Iline =
Vre f

RT2
+

Vre f − VX

Ra
(3)

Notably, the first term of the ramp current is constant. However, the second term
varies with VX, which in turn varies with VAC_det. Because VX is at its maximum when
the line voltage is at its peak, the ramp current reaches a minimum at the peak of the AC
line. In addition, the ramp current reaches a maximum at zero voltage of the AC line.
Consequently, the ramp current is modulated by utilizing simple passive components.
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The major waveforms of the conventional boost PFC converter and proposed converter
during MCM operation are shown in Figure 6. In the conventional converter, the switching
frequency remains constant regardless of input voltage variations, resulting in a large
DCM region. However, with the proposed frequency modulation scheme, the switching
frequency varies with the line voltage. Because the switching frequency is higher near the
zero-crossing area, the proposed converter has a reduced DCM region, which results in
high PF and low THD. The full system with the Section 3.1 is attached in Appendix A.
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3.2. Implementation with Digital ICs

One notable advantage of the proposed scheme is its implementation with both
analog and digital ICs, such as digital signal processors (DSPs) and microcontroller units.
Implementing the proposed scheme with digital ICs requires no additional components.
This is because the sensing data required for the proposed scheme are already sensed by the
digital IC for the feedback loop control. In contrast, the analog IC implementation described
in Section 3.2 necessitates the utilization of the VAC_det signal and four resistors to generate
the input voltage adaptive ramp signal. However, when employing a digital IC, only the
VAC_det signal is required, and these data are utilized to generate variable frequencies.

For example, in the DSP manufactured by Texas Instruments, the frequency of the
pulse-width modulation (PWM) signal is set by the time-base period (TBPRD) register.
Assuming a boost converter switching frequency of 60 kHz and a DSP clock frequency of
120 MHz, the TBPRD can be calculated as follows:

TBPRD = fck/fsw (4)

where fck and fsw are the clock and switching frequencies, respectively. Consequently, the
TBPRD value was determined to be 2000. This value changed with the switching frequency
or DSP speed. In a constant-frequency system, such as a conventional CCM boost PFC
converter, the TBPRD value remains unchanged and is always set at 2000 for a system
with switching and at clock frequencies of 60 kHz and 120 MHz, respectively. Only the
time-base counter (TBCTR) varies to modulate the duty ratio.

However, to implement the proposed frequency modulation scheme, the boost PFC
converter should operate at a high frequency near the zero-crossing area of the input voltage
and a low frequency near the peak of the input voltage. This means that the proposed
converter should have a low TBPRD value near the zero voltage of the 60 Hz line voltage
and a high TBPRD value near the peak voltage of the 60 Hz line voltage. Therefore, by
modulating the TBPRD according to the 60 Hz line voltage, as shown in Figure 7, the
switching frequency can be adjusted to operate with the proposed scheme.
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To design the TBPRD shown in Figure 7, the sensed input voltage VAC_det was utilized
to create a 60 Hz line voltage shape. We assumed that the sensed line voltage VAC_det is
expressed as follows:

VAC_det = α·sin(wt) (5)

where α is the modulation factor from the input to the ADC voltage of the DSP. If VAC_det
is directly added to the conventional TBPRD value, the switching frequency changes to a
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negligible value. Because the scale of the TBPRD value is considerably larger than the ADC
voltage, the modulation should be operated as follows:

TBPRDAC = β·VAC_det (6)

where TBPRDAC is an additional TBPRD value to vary the TBPRD during the line cycle, β is
a modulation factor from the ADC voltage to the TBPRD. The shape of the TBPRDAC is
similar to that of the input line voltage, and its value is determined by utilizing β. For a
slight variation in the switching frequency, β can be designed with a small value. In this
case, the change in the conventional TBPRD value was insignificant with the addition of
the TBPRDAC. Thus, β can be designed with a large value, provided the frequency can
vary considerably.

However, directly adding the TBPRDAC to the conventional TBPRD value does not re-
sult in a proper operation because the value of the TBPRDAC is always positive throughout
the line cycle. Consequently, this results in a decrease in the switching frequency com-
pared with the conventional switching frequency. Therefore, a negative DC bias should be
added simultaneously to the TBPRDAC. The DC bias is required to increase the switching
frequency, and it is determined by calculating the difference between the nominal and
maximum frequency, as follows:

TBPRDBIAS =
fck

fconv
− fck

fmax
(7)

where fconv is the conventional switching frequency and fmax is the maximum switching
frequency near the zero voltage of the line input. The β value is determined by the
frequency range. Thus, its description is similar to that of Equation (6) as follows:

β =
fck

fmin
− fck

fmax
(8)

where fmin is the minimum switching frequency at the peak of the line input.
Therefore, the TBPRD of the proposed scheme can be calculated by utilizing

Equations (4)–(8) as follows:

TBPRDprop = TBPRDconv + TBPRDAC − TBPRDBLAS

= fck
fconv

+( fck
fmin

− fck
fmax

)·sin(wt)− fck
fconv

+ fck
fmax

= ( fck
fmin

− fck
fmax

)·α·sin(wt) + fck
fmax

(9)

Assuming the target frequency ranges are from 40 kHz to 80 kHz, the TBPRDprop is
determined to be 1500·sin(wt) + 1500 based on Equation (9). Therefore, the TBPRD value of
the proposed converter varies from 1500 to 3000, resulting in frequency variation between
40 kHz and 80 kHz based on Equation (4) with a 120 MHz clock frequency.

3.3. Simulation Results

The key waveforms of the proposed frequency modulation scheme are shown in
Figure 8. In the conventional boost PFC converter, which is the left figure, the ramp current
is constant, and the frequency of the ramp voltage is also constant. On the other hand, the
proposed boost PFC converter, shown in the right figure, has variable ramp current by
using the input voltage to make the ramp current. As a result, the proposed converter has
a lower frequency near the high input voltage and a higher frequency near the zero voltage.
Since the switching frequency cannot be observed during the 60 Hz input frequency, the
input voltage is adjusted to a relatively high frequency to see the switching frequency.
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4. Experimental Results

The effectiveness and feasibility of the proposed frequency modulation scheme were
validated by utilizing a 60 Hz/230 Vac input and 850 W/380 V output prototypes. Generally,
the CCM boost PFC converter operates at a relatively low switching frequency owing to its
inability to achieve zero-voltage switching during CCM operation. Therefore, the general
CCM boost PFC converter operates near 60 kHz, so the center-switching frequency of the
proposed converter was designed to be 60 kHz. The frequency varied from approximately
40 kHz to 80 kHz. The frequency range can be modulated by utilizing four resistor values
in the analog IC or by calculating the β value for the digital IC. In this experiment, we
compared the proposed boost PFC converter with a conventional CCM boost PFC converter
with analog control prototypes.

The experimental specifications and design examples of the prototype converters are
listed in Table 1. As previously mentioned, both topologies are based on the CCM boost
PFC converter. The proposed converter incorporates a frequency modulation scheme to
reduce the DCM region under light-load conditions. The target application of this converter
is a server power supply because the power supply for data centers is subject to strict
regulations owing to its high power consumption and reliability. Therefore, achieving
high efficiency, high PF, and low THD is crucial and a challenging objective for a server
power supply. The input voltage for the experiment was 220 Vac/60 Hz, corresponding to
a high line voltage. This voltage was converted to 380 VDC by utilizing a boost converter.
The output power was set at 850 W. To implement the CCM boost PFC converter, we
utilized the widely used Infineon ICE3PCS03G [23], which offers various subfunctions and
facilitates easy designs. However, it operates at a constant switching frequency. Although
ICE3PCS03G is designed for CCM control using four resistors and the sensed input voltage
VAC_det, it can also operate with frequency modulation control. For the proposed converter,
we applied external resistors Ra, Rb, Rc, and RT using small 1608 chip resistors with values
of 36 kΩ, 51 kΩ, 510 kΩ, and 130 kΩ, respectively, as per Equation (2). By utilizing these
resistors, the proposed converter could operate within a frequency range of 40 to 80 kHz.
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To compare the performance, the conventional CCM boost PFC converter was tested at
switching frequencies of 40, 60, and 80 kHz.

Table 1. Specifications and design examples of the prototype converters.

Conventional Converters Proposed Converter

Target application Server power supply
Input voltage 220 Vac/60 Hz

Output voltage 380 VDC
Output power 850 W

Topology CCM boost PFC converter
Control IC ICE3PCS03G (Infineon CCM PFC controller)

Bridge diode LL25XB60 (600 V, 25 A, 0.87 VF)
MOSFET TK31V60X (600 V, 31 A, 0.078 Ω)

Diode SCS212AJ (650 V, 12 A, SiC)
Inductor 1 mH

Output capacitor 450VXT820MEFCSN30 × 55 (450 V, 820 uF)
Switching frequency 40, 60, 80 kHz 40 kHz~80 kHz

Ra, Rb, Rc, RT - 36 k, 51 k, 510 k, 130 k
Input power analyzer Yokogawa WT3000 (0.02% accuracy within 1 MHz)

Output power analyzer Yokogawa WT1600 (0.1% accuracy within 1 MHz)

The testbed for the prototype converters is shown in Figure 9. To ensure precise
measurement of the PF and THD, a Yokogawa WT3000 power analyzer [24] was utilized.
This power analyzer boasts an exceptional accuracy of 0.02%. In addition, it offers a
bandwidth range from 0.1 Hz to 1 MHz for PF and THD measurements. The output power
was measured by utilizing a Yokogawa WT1600 power analyzer [25].
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Figures 10 and 11 show key waveforms of both prototype converters at a 20% load
condition. Although both converters are designed to operate with CCM, they operate with
MCM operation in light-load conditions. Since the PFC converters are designed to operate
with CCM over a 50% load condition, they start to operate with DCM under a 50% load
condition. And because the advantage of the proposed frequency modulation scheme is to
decrease the DCM region in MCM operation, the effectiveness of the proposed converter is
analyzed by focusing on the light load such as a 20% load condition. For both figures, the
yellow line is a 60 Hz input high line voltage with 220 VAC, and the blue line is a current
waveform of the boost inductor. Since the switching frequency of the boost converter is
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relatively high compared to the 60 Hz line frequency, it is shown as a ripple current shape.
Lastly, the red line is an input current waveform flowing between rectifier diodes and an
input capacitor of the boost converter. Since there is an input capacitor between the boost
converter and the rectifier diodes, the input current can be a clear sine wave even though
the inductor current has a large ripple current. And the input current near zero-crossing
has a small discrete current due to the dead zone.
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As shown in Figure 10, the conventional boost PFC converter has a DCM region owing
to the low-output power condition. The width of the DCM region increases as the output
power decreases. In particular, under the 20% load condition, the DCM region occupies
approximately 56% of the line cycle, whereas the CCM region occupies approximately
44%. Determining the inductor current from the waveform is challenging as it is filtered
by the input capacitor between the rectifier diodes and boost inductor. However, precise
measurement is possible by utilizing the WT3000 power analyzer. In the DCM region,
numerous suboscillations caused by resonances between parasitic components occur, re-
sulting in a decrease in the average value of the input current. Consequently, distortions
in the input current are observed and represented as a red line in the measurement. As
shown in the figure, the conventional CCM boost PFC converter has a THD value of 9.51%
at a load condition of 20%. This value is quite low because the THD generally increases
under light-load conditions. However, owing to the stringent THD regulations for server
power supplies, even under light-load conditions, this value is considered significant. This
is particularly relevant as data centers often operate under light-load conditions.

Compared with the conventional system, the proposed converter in Figure 11 shows
a considerably lower DCM region under the same output load condition. Because the
switching frequency is increased near zero voltage, ripple currents are reduced compared
with the conventional boost converter, and the DCM region decreases from 56% to 42%,
representing a 25% reduction. On the other hand, the ripple current near the peak voltage
increases from 1 A to 1.5 A due to low switching frequency. Therefore, the proposed
converter achieved high-quality current through the implementation of a novel frequency
modulation scheme.
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The measured THD values of both converters under all load conditions are shown in
Figure 12. Notably, the proposed converter showed no improvements at heavy loads, as the
THD remained consistently low. However, as the output load decreased, the DCM region
increased, resulting in a significant increase in the THD. In practice, because the THD is
generally low under heavy-load conditions, the key to satisfying various regulations is to
have a low THD under light-load conditions. The advantages of the proposed converter
are significant under light-load conditions.
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The measured PF values of the prototypes are shown in Figure 13. In general, the
value of the PF is high under heavy-load conditions, similar to the THD. However, as the
output load decreases, the PF starts decreasing as well. The main reason for the decrease
in the light-load condition is related to the phase-leading current in the input capacitor.
This current, with a different phase from the input voltage, predominantly degrades the PF.
Notably, the absolute value of the phase-leading current remained constant regardless of the
output load condition; thus, it significantly influenced the PF under light-load conditions.
Therefore, the proposed scheme does not yield a considerable improvement in the PF, as
the low PF under light-load conditions is not related to the DCM region. However, the
PF consists of a displacement and distortion factor. Therefore, improving the THD has a
positive effect on achieving a high PF. As a result, the PF of the proposed converter was
slightly improved under light-load conditions.
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The measured efficiencies of both prototype converters are shown in Figure 14. Al-
though the proposed converter operated at a high switching frequency to reduce the DCM
region, it did not degrade the efficiency under all load conditions. This is because the
proposed converter reduced the switching frequency near the peak of the input line voltage.
Therefore, the proposed converter improved the PF and THD without degrading efficiency.
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5. Conclusions

This study proposed a simple method to improve the THD of a CCM boost PFC con-
verter under light-load conditions by utilizing a frequency modulation scheme. Achieving
a high PF and low THD is crucial in numerous applications, particularly in server power
supplies. A low PF and high THD increase the reactive power, which increases conduction
loss in transmission lines. Therefore, many industrial regulations strictly govern the PF
and THD. The PFC stage, which typically employs a CCM boost converter, determines the
PF and THD in a power system. The CCM boost PFC converter is an excellent choice for
the PFC stage owing to its simplicity, fewer number of components, and high efficiency.
In addition, it has a relatively high PF and low THD compared with other PFC converters
with other topologies, such as buck or buck–boost converters. However, despite its excel-
lent performance, as technology advances and regulations become more stringent, novel
methodologies must be developed to satisfy these requirements. Many related studies
have been conducted to improve the power quality using various concepts. The methods
employed in previous studies have proven to be highly effective in enhancing power qual-
ity. However, owing to this trade-off, some decrease the efficiency of the system, whereas
others require numerous components, such as MOSFETs, resulting in an increase in cost
and volume. In addition, the utilization of active components degrades the reliability
of power systems. Consequently, the practical application of many of these studies to
industrial products has been challenging. However, the proposed method offers a distinct
advantage. While it did not significantly improve the power quality, it clearly decreased
the THD and enhanced the PF through the utilization of simple passive components. In
addition, frequency modulation did not degrade the overall efficiency under all load con-
ditions, although it increased the switching frequency near zero voltage. This highlights
the paramount importance of the proposed method, which prioritizes practicality and
reliability through a straightforward approach. Furthermore, the proposed method can be
applied to almost all analog and digital ICs. The proposed control method emerges as a
strong contender for numerous applications in which THD and PFC are crucial.
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Appendix A

Figure A1 is the total system and control structure of the proposed frequency modu-
lated CCM boost PFC converter based on ICE3PCS03G IC.
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