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Abstract: This paper presents a novel technique for controlling the Power Factor Correction 
(PFC) of a two-stage converter. The proposed solution operates the PFC in a special inter-
mittent mode at a medium or light load. As a result, the flyback converter stage can be op-
timized to operate within a tight input voltage range, thus obtaining better efficiency and 
more compactness compared to a traditionally controlled two-stage converter. Circuit mod-
els of the converter have been developed to test the goodness of the proposed solution. 
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1. Introduction 
The development of power supplies presenting high power density at affordable cost 

is one of the main targets of any modern industry [1–3]. With this perspective, Gallium Ni-
tride (GaN) is an enabler technology because it allows for increasing the converters’ switch-
ing frequency, thus helping to reduce the size of the passive components [4–6]. On the other 
hand, the reduced thermal performance caused by high levels of integration and PCB board 
reduction creates obstacles for high power density [7]. Hence, it is essential to implement 
specific control strategies to maximize the efficiency of the power converter [8]. 

This aspect is also extremely important in offline power converters [9]. They present 
an input bridge rectifier and bulk capacitor to provide a pre-unregulated DC voltage to 
supply the downstream switching converter. In particular, the bulk capacitor supplies the 
downstream converter when the instantaneous line voltage is below the DC bus. How-
ever, the line current is a non-sinusoidal, but narrow pulse waveform, with a very high 
peak current, due to this capacitor input filter, which leads to high harmonic content that 
causes a significant reduction in the power factor (PF) [10]. 

The International Electrotechnical Commission (IEC) has published standards, e.g., 
IEC61000-3-2 [11], to provide harmonic current emission limits for any low-power com-
mercially available equipment with an input current less than or equal to 16 A per phase. 
To comply with this regulation, a high Power Factor Correction (PFC) switching pre-reg-
ulator is interposed between the input rectifier bridge and the bulk capacitor. The PFC is 
designed to draw a sinusoidal input current in phase with the line voltage. This signifi-
cantly increases the PF and reduces the total harmonic distortion (THD) below the limits 
imposed by the regulations [12]. The PFC typically provides an output voltage with a 
narrow ripple superimposed on a DC value (usually 400 V). Therefore, the downstream 
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converter can be designed to operate with an almost constant input voltage, thus facilitat-
ing the optimal design of the converter to increase efficiency and reduce costs [13]. 

As aforementioned, the development of control strategies to maximize efficiency is 
crucial for enhancing the power density of off-line converters with a two-stage architec-
ture, because the overall efficiency depends on each stage [14]. In this context, this paper 
introduces a novel technique that enables the PFC to operate intermittently when the out-
put power is below the limits imposed by IEC61000-3-2, significantly reducing PFC losses 
and improving system efficiency. The main novelty is that the proposed converter starts 
intermittent operation in a more efficient way than state-of-the-art methods, as will be 
detailed in the following sections. Moreover, the PFC’s output voltage fluctuation is con-
strained across the entire input voltage range, which typically varies from 90 Vac to 264 
Vac, allowing for the design of the subsequent converter, a flyback, with a narrow input 
voltage range. This leads the flyback to reach higher efficiency and more compact dimen-
sions compared to traditionally controlled two-stage converters. 

The paper is structured as follows: Section 2 presents an overview of the control tech-
niques which have been proposed so far to address the aforementioned issue. This section 
also briefly recalls the operation of a Quasi-Resonant Flyback (QRF) converter, which is 
particularly useful for completeness. Section 3 introduces the proposed hiccup mode tech-
nique and describes in detail its functioning in a two-stage converter and how it can help 
to improve the efficiency and power density of the power converter. Finally, Section 4 
provides the simulation results, which confirm the predictions of the previous sections. 
From there, the main conclusions are drawn. 

2. Control Strategies 
Various control strategies have been proposed so far to enhance the performance of 

two-stage converter architectures. In [15], the switching frequency of the PFC is changed 
according to the value of the main half-line cycle (Figure 1).  

 

Figure 1. Control implementation of the method proposed in [15]. 

The switching frequency is reduced when the phase angle range is ቂగସ ; ଷగସ ቃ, i.e., where 
the input voltage is higher, to reduce the switching losses. On the other hand, it is in-
creased in the range of ቂ0; గସቃ and ቂଷగସ ;𝜋ቃ, to limit the distortion of the zero-crossing point 
and maintain a sufficient PF. Figure 1 shows the principle of this method. However, the 
control strategy neglects the output power and, consequently, the efficiency at medium or 
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light load is significantly lower than with the single-stage converter. Additionally, the 
harmonic content of the system is greater than with standard control PFC. 

Another interesting technique is proposed in [16], where the PFC is intermittently 
turned off, depending on the efficiency. The technique restricts the operations of a con-
verter to only two operating conditions: the PFC converter is turned on only in the region 
where the conduction losses are minimized; otherwise, it is turned off to reduce the losses 
virtually to zero. More specifically, the PFC converter is enabled around the line current 
peaks while it is kept off near the zero-crossings of the line current. The drawback of this 
method is that the efficiency of power converters at medium and light loads is mainly 
determined by switching losses, core losses of magnetic components, and drive losses of 
semiconductor switches, which are all losses dependent on voltage. Consequently, in 
these load conditions, the PFC is enabled precisely in the region where the switching 
losses are most significant. Figure 2 shows the principle of this method. 

 

Figure 2. Control implementation of the method proposed in [16]. 

In [17], the power switch of the PFC is turned on within the region centered around 
the voltage peaks of the main, while the off-state interval of the PFC is variable because it 
is determined according to the power delivered by the PFC and absorbed by the supplied 
load. This technique provides stable operations and constant frequency operation with no 
acoustic noise at low loads. The limited transient response is the main drawback of this 
technique. Also, an internal counter and look-up table are required, thus increasing the 
cost of the controller. 

Finally, a popular and simple solution to improve the system efficiency is turning off 
the PFC when unnecessary. According to the standard IEC61000-3-2, the power adapters 
and chargers, including USB-PD converters, belong to class D. When the input power ex-
ceeds 75 W there are distortion limits dictated in the standard. Hence, the PFC stage can 
be turned off when the power converter operates below these limits [18,19]. 

Although this simple solution improves the converter efficiency, it also brings some 
undesired drawbacks that are not acceptable in some cases [19,20]. Firstly, if the down-
stream switching converter is optimized to work with a constant input voltage (usually 
400 V) then the downstream DC-DC stage works with different mains voltage input (e.g., 
from 85 Vac to 264 Vac) when the PFC is switched off. This causes higher conduction 
losses due to the increased rms primary current, and higher power losses in magnetic 
components. As a result, the power converter must be oversized to reduce the inefficiency 
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introduced by the extra conduction losses and the magnetic losses. A second important 
drawback arises during the transition from light to heavy load, which involves the turning 
on of the PFC. During the interval the PFC reaches the steady state condition, the DC-DC 
converter may not correctly maintain the output voltage regulation [19,20]. This phenom-
enon is more probable when the system is supplied with a low input voltage (e.g., USA 
input voltage range, 110 Vac), resulting in unacceptable output voltage undershoots or 
overload triggering. To avoid these problems during the power-on time of the PFC, the 
downstream DC-DC converter must be designed to operate in a wide range. However, 
wide-range operation implies worsened performances as well as increased system dimen-
sion and cost. Specifically, for DC-DC converters in the range of 120–140 W, a peak current 
mode control (PCM) flyback converter topology is commonly used, thanks to its simplic-
ity and flexibility. Unfortunately, the PCM flyback converter operating in continuous con-
duction mode (CCM) with a duty cycle approaching 50% or higher exhibits the well-
known sub-harmonic instability behavior [21], which requires a specific slope compensa-
tion technique to solve it [22]. Alternatively, the converter can be designed to operate, 
when in CCM, with a duty cycle below 50%. This can be performed either by reducing the 
reflected voltage of the flyback, i.e., the output voltage reported to the primary winding 
through the primary to secondary turn ratio (𝑁 𝑁ௌ⁄ ), or by increasing the input capacitor. 
In both cases, the flyback may operate in a sub-optimized state, and the dimensions and 
the cost of the system significantly increase. 

Very often, a Quasi-Resonant Flyback (QRF) converter is used since it does not, by 
definition, suffer from sub-harmonic instability when operated in discontinuous conduc-
tion mode (DCM) at a variable switching frequency. The main waveforms of a QR Flyback 
are reported in Figure 3. 

The turn-on switching losses, as well as the transformer’s parasitic capacitance losses, 
are minimized because the power switch always turns on at the drain-source voltage, 𝑉ௌ, 
resonant valley; i.e., when 𝑉ௌ = 𝑉ூே − 𝑉ோ [23], where 𝑉ூே is the input voltage. However, 
the switching frequency depends on the operative condition once the system’s parameters 
have been set. 

 

Figure 3. The main waveforms of a QR-operated flyback converter: drain voltage and primary in-
ductor current. 

A theoretical analysis of the QR Flyback [24] reveals that the switching frequency, 
FSW, can be set according to the following equation: 

Time (s)

Vds Vx

Ids
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𝐹ௌௐ = 2 ∙ 𝐹்1 + 𝐹்𝐹ோ + ට1 + 2 ∙ 𝐹்𝐹ோ  , 
(1) 

where 𝐹ோ = 1𝑇ோ = 12 ∙ π ∙ ඥ𝐿ெ ∙ 𝐶 , (2) 

is the resonance frequency between the transformer’s magnetizing inductance, 𝐿ெ, and 
the drain’s equivalent capacitance 𝐶 (sum of output capacitance of the power switch, 𝐶ைௌௌ , and the parasitic capacitance of the transformer, 𝐶 ). Finally, 𝐹்  is the transition 
frequency, i.e., the frequency necessary to operate in transition mode, i.e., with 1 𝐹ோ⁄ → 0, 
which would occur if 𝐶 = 0. The transition frequency can be expressed by the formula: 𝐹் = 𝑉ோଶ2 ∙ 𝑃ூே௧ ∙ 𝐿ெ ∙ ሺ1 + 𝑀ሻଶ , (3) 

where 𝑃ூே௧ is the transformer’s input power and 𝑀 = 𝑉ோ 𝑉ூே⁄ . 
The efficiency of the transformer is typically quite high, then 𝑃ூே௧ is approximately equal 
to the input power of the converter, 𝑃ூே,. Given that the QRF is operated in DCM, the 
primary current is given by: 

𝐼መ = ඨ 2 ∙ 𝑃ை்𝜂 ∙ 𝐿ெ ∙ 𝐹ௌௐ , (4) 

where 𝑃ை் is the output power and 𝜂 is the efficiency of the DC-DC converter. 
In most practical cases,𝐹ோ ≪ 𝐹், then 𝐹ௌௐ ≈ 𝐹். In this case, combining (3) and (4) it 

follows that: 𝐼መ = 2 ∙ 𝑃ை்𝜂 ∙ 𝑉ோ ∙ ൬1 + 𝑉ோ𝑉ூே൰ . (5) 

Equation (5) shows that the primary current increases when the input voltage de-
creases for a given output power and assigned reflected voltage. Figure 4 shows a typical 
trend of the normalized primary current 𝐼መ as function of the input voltage, at 150 W and 
with a reflected voltage of 150 V. It is possible to note a significant difference between the 
values of the current at 400 V and at the minimum input voltage. 

 

Figure 4. Normalized primary current 𝐼 as function of the input voltage: 𝑉ோ = 150 𝑉, and 𝑃ை் =150 𝑊. 

In many commercial PCM flyback controllers, the max primary peak current, 𝐼ை, is 
limited to a value beyond which the converter cannot be regulated, and overload protec-
tion intervenes. Therefore, it is important to ensure that, during both steady state 
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operations and transient loads, the condition 𝐼ை  𝐼መ is always satisfied. Consequently, 
when the PFC is turned on, the minimum voltage at the input of the converter, 𝑉ூேሺ୫୧୬ሻ, 
must satisfy the following inequality: 𝑉ூேሺ୫୧୬ሻ  1𝐼ை2 ∙ 𝑃ை் 𝜂⁄ − 1𝑉ோ  . (6) 

The increment of 𝐼ை, to meet the inequality, must be limited, because it needs an 
increase in the transformer and bulk capacitor size which will prevent high power density. 
Therefore, the previous techniques are not the best solutions to adopt. In the next section, 
our proposed innovative approach to control the PFC is described. It intermittently turns 
the PFC on and off in a so-called hiccup mode that addresses the aforementioned issues 
while increasing the overall converter efficiency. 

3. Hiccup Mode Operating Principle 
The control technique consists of intermittently turning off the PFC according to a 

new strategy that accounts for the output power. Figure 5 shows a simplified block dia-
gram of the implementation of the proposed hiccup mode (HM) management and Figure 
6 shows its key waveforms. 

 

Figure 5. Simplified block diagram of implementation of the proposed power management method. 

The Hiccup Control (HC) block receives information about both the output power 
from a Pout Estimator (PE) block, and the output voltage of the PFC, 𝑉ி. The HC block 
drives a pass switch, 𝑆𝑊, that directly connect the supply pin of the PFC, 𝑉ିி, to the 
supply voltage pin of the flyback, 𝑉ିி. 

During operations, the HC logic monitors the output power of the converter and 
compares this value with an internal threshold, 𝑃ை்ି்ு . As reported in Figure 6, if 𝑃ை்  𝑃ை்ି்ு, HC keeps 𝑆𝑊 closed and the system operates like classic two-stages con-
verters: the flyback converter operates with an almost constant input voltage 𝑉ி, while 
the PFC stage absorbs an input current in phase with the line voltage. During this interval, 
the input PF is maximized and the THD is reduced below the limits imposed by the 
IEC61000-3-2. The system’s total efficiency is given by the product of the efficiency of the 
two power stages. 
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Figure 6. PFC hiccup operation mode. 

Conversely, as soon as 𝑃ை் goes below the power threshold 𝑃ை்ି்ு, the HC block 
opens 𝑆𝑊  to activate the hiccup mode: since the value of the capacitor 𝐶ி  is in the 
range of a few hundreds of nF (and 𝐶ி ≫ 𝐶ி ), the voltage 𝑉ିி  is rapidly dis-
charged down to its undervoltage lockout (UVLO) threshold by the PFC supply current, 
and the PFC itself is completely shut down. As reported in Figure 6, at this point the volt-
age 𝑉ி is discharged from the original steady state value 𝑉ிି down to a voltage 𝑉ிି. Once this new threshold is reached, the HC turns on the PFC again by connecting, 
through SW, the flyback’s supply voltage 𝑉ିி to the capacitor 𝐶ி. Therefore, dur-
ing hiccup mode, the PFC will operate with an output voltage comprising between 𝑉ிି 
and 𝑉ிିு. In this case, the output voltage of the PFC is reduced and kept to a value that 
will permit the flyback converter to transit from a light or no-load condition to a full load 
condition without triggering overcurrent limitation (OCL) protection, thus maintaining 
output voltage regulation. Another important benefit is that, since the flyback converter 
operates with a lower input voltage, its turn-on switching losses are reduced as well. 

The overall efficiency of the converter will be: 𝜂்ை் = ൜𝜂ி ∙ 𝜂ி,           𝑑𝑢𝑟𝑖𝑛𝑔 𝑇ି  1 ∙ 𝜂ி,                  𝑑𝑢𝑟𝑖𝑛𝑔 𝑇ି , (7) 

where 𝜂ி  and 𝜂ி  are, respectively, the efficiency of the PFC and of the flyback, 
whereas 𝑇ି and 𝑇ି are, respectively, the on time and the off time of the PFC dur-
ing the hiccup mode. 

From Equation (7), the average efficiency of the system during hiccup mode is com-
puted as: 〈𝜂்ை்〉 = 𝜂ி 𝑇ି𝑇ି + 𝑇ି + 𝜂ி𝜂ி 𝑇ି𝑇ି + 𝑇ି . (8) 

Defining 𝛿௨ as the “duty-cycle” of the PFC activation during hiccup mode: 𝛿௨ = ்ುష்ುషା்ುష , (9) 

and combining (8) and (9), it is straightforward to derive the following equation: 
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 〈𝜂்ை்〉 = 𝜂ி ∙ ൣ1 − ሺ1 − 𝜂ிሻ ∙ 𝛿௨൧ . (10) 

Equation (10) clearly shows that the overall efficiency of the converter increases as the PFC 
activation time decreases. 

During the hiccup mode operation, the PFC output voltage is reduced compared to 
the value during the steady state. Therefore, an additional advantage of the proposed con-
trol is that the flyback converter operates with lower voltage on the drain node which, in 
turn, leads to a reduction in the turn-on switching losses as well as the transformer’s par-
asitic capacitance losses [23]. 

It is worth noting that the control methodology is fully compatible with any PFC-
integrated circuit, as it is turned off using 𝑆𝑊. As explained before, to meet regulation 
requirements, the PFC can be turned off only below a certain output power level. There-
fore, the PE block is one of the essential parts of the system: output voltage and output 
current can be either directly measured or estimated, then combined in an analog multi-
plier to obtain the required output power estimation. 

During the hiccup, when the voltage 𝑉ி is discharged down to 𝑉ிି, the control 
logic may restart the PFC, to recharge 𝑉ி  regardless of the phase angle of the input 
voltage main. The key point is that the PFC is very efficient near the peak of the sinusoidal 
input voltage and much less efficient near the zero-crossing region. Maximization of effi-
ciency can be then achieved if the PFC is set to operate only when the phase angle is be-
tween 𝜋⁄4 and 3𝜋⁄4 [25,26]. Referring to the input voltage 𝑣ூேሺ𝑡ሻ, the previous condition is 
met if 𝑣ூேሺ𝜋 4⁄ ሻ ≤ 𝑣ூேሺ𝑡ሻ ≤ 𝑣ூேሺ3𝜋 4⁄ ሻ ; i.e., when 𝑣ூேሺ𝑡ሻ  is greater than or equal to 𝑉ூே √2⁄ . Therefore, during hiccup mode, if the PFC is synchronized to turn on with an 
input voltage equal to or higher than 70% of its peak value (𝑣ூேሺ𝜋 4⁄ ሻ 𝑉ூே⁄ ≈ 0.71), its effi-
ciency is maximized. 

In summary, the proposed method provides higher efficiency at medium or light 
load in comparison with [15] thanks to the control of the PFC output capacitor voltage. 
Moreover, it presents a lower THD. An efficiency better than [16] is also achieved at these 
loads levels since the proposed method avoids enabling the PFC where there are high 
switching losses. Faster responses and lower cost are the advantages with respect to the 
method described in [17]. Finally, the advantage of the proposed method in comparison 
with [18,19] are as follows: lower flyback size and cost; prevention of undershoots, and 
the prevention of overload triggering. 

4. Simulation Results 
The PFC of the block schematic of Figure 5, designed to provide an output power of 

100 W, has been simulated to validate the hiccup mode concept. Since an accurate analysis 
requires a simulation several seconds long, a simplified PFC average model has been de-
veloped, as shown in Figure 7. The software PSIM rev2022.1.0.8 has been used for this 
purpose. The model is based on two voltage-controlled current sources, 𝐼௩ଵ and 𝐼௩ଶ. The 
current source 𝐼௩ଵ draws a current proportional to the rectified input voltage wave, en-
suring that the input voltage and current are in-phase sinusoidal waveforms. The current 
source 𝐼௩ଶ models the sine-squared current that charges the output capacitor 𝐶ை், main-
taining output voltage regulation. 

Both current sources are controlled by the output voltage of the multiplier Mult1 by 
a transconductance gain equal to 1 𝑅ௌ⁄ . In detail, the output voltage of Mult1 is obtained 
by multiplying the signals from the compensated error amplifier with those from the in-
put voltage sense and feedforward block. It is worth noticing that the input voltage feed-
forward compensation is proportional to 1 𝑉ଶ⁄ . 

The purpose of multiplier Mult2 is to model hiccup mode behavior. When hiccup 
mode is not activated, the HICCUP_EN signal is set high, and the PFC operates in normal 
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mode. Conversely, during hiccup mode, the HICCUP_EN signal is toggled between high 
and low to determine whether the PFC should operate or be in an idle state. 

 

Figure 7. PSIM average model of the PFC boost converter. 

Figure 8 shows the simulation model of the AC synchronization block of Figure 5, 
which synchronizes the PFC activation with the AC line during the hiccup mode. Diodes 𝐷ଵ and 𝐷ଶ are directly connected to the AC line, and resistors 𝑅ଵ and 𝑅ଶ, and capacitor 𝐶ଵ, are used to reduce its dynamic. The resulting voltage, 𝑉ௌே, is then compared with a 
signal that is the 70% of its peak value: a peak detector made by 𝐷 and 𝐶, and a volt-
age divider made by 𝑅ଷ and 𝑅ସ, are used for this purpose. 

Finally, the output of the comparator, SYNC_EN , is set high to enable the PFC to 
switch within the input voltage window ranging between 𝑣ூேሺ𝜋 4⁄ ሻ and 𝑣ூேሺ3𝜋 4⁄ ሻ. This 
time activation, 𝑇ௌே, is not constant but depends on the main input frequency: the cir-
cuitry of Figure 8 automatically adjusts this time duration over different frequencies of 𝑣ூே. 

 

Figure 8. PSIM model of the AC synchronization circuit of Figure 5. 
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Figure 9 shows the model of the hiccup control block of Figure 5. Comparator “B” 
compares the signal representative of the output power, 𝑉𝑃ை், with the power threshold 𝑃ை்ି்ு to enter hiccup mode. When the output power is 𝑃ை்  𝑃ை்ି்ு, the compara-
tor’s output is set to low, disabling normal mode, and forcing hiccup mode activation. 
This comparator is also provided with hysteresis that allows the converter to exit hiccup 
mode with an output power 𝑃ை்ି்ுሺ௫௧ሻ, which is 10% higher than 𝑃ை்ି்ு. 

Comparator “A” is used, during hiccup mode, to set the PFC to operate with an out-
put voltage ranging between 𝑉ிି and 𝑉ிିୌ. The signal SYNC_EN, from the circuit of 
Figure 8, is used to synchronize the PFC to switch only within the time window 𝑇ௌே. 

 

Figure 9. PSIM model of the hiccup mode management circuit. 

The main electrical characteristics of the PFC and the main simulation parameters of 
the related hiccup control circuitry are given in Table 1. 

The simulation in Figure 10 shows the output power transition of the PFC from 100 
W to 40 W. Since the threshold 𝑃ை்ି்ு is set to 50 W, as soon as 𝑃ை் crosses this limit, 
the PFC enters hiccup mode: the PFC output voltage 𝑉ி is discharged from the steady 
state value of 400 V down to 𝑉ிି, then it restarts up to 𝑉ிିு, thus operating intermit-
tently between these limits until the output power 𝑃ை்  is increased again above the 𝑃ை்ି்ு threshold. 

Table 1. Main electrical characteristics and parameters of the 100 W PFC converter and related con-
troller circuitry used in the simulations. 

Parameter Symbol Value Unit 
Voltage range 𝑉ூே 90–264 Vac 

PFC output voltage 𝑉ி 400 V 
Maximum output power 𝑃ை் 100 W 

PFC output capacitor 𝐶ை்ିி 100 µF 𝑉ி low limit in hiccup mode 𝑉ிି 200 V 𝑉ி high limit in hiccup mode 𝑉ிିு 250 V 𝑃ை் threshold to enter hiccup mode 𝑃ை்ି்ு 50 W 𝑃ை் threshold to exit hiccup mode 𝑃ை்ି்ுሺ௫௧ሻ 55 W 
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Figure 10. Transition from 100 W to 40 W. 

The simulation in Figure 11 shows the magnification of the simulation of Figure 10, 
during hiccup mode. When the PFC output voltage 𝑉ி crosses the threshold 𝑉ிି, the 
output of the comparator “A” from Figure 9, named 𝐻𝐼𝐶𝐶𝑈𝑃, is set to high; thus, the PFC 
is enabled to restart. It will restart only when the SYNC_EN signal is also set to high, indi-
cating that synchronization circuit from Figure 8 has detected an input voltage ranging 
between 𝑣ூேሺ𝜋 4⁄ ሻ  and 𝑣ூேሺ3𝜋 4⁄ ሻ . As a result, the PFC will be turned on when 𝐻𝐼𝐶𝐶𝑈𝑃_𝐸𝑁 is high, within the time interval 𝑇ிିைே shown in Figure 11. It is worth no-
ticing that if 𝑉ி does not reach the value 𝑉ிିு within the time interval 𝑇ிିைே, the 
PFC will be turned off regardless, and will eventually be turned on at the next activation 
of the synchronization window to complete the charge phase of 𝑉ி. 

A 100 W QR Flyback converter with the electrical characteristics given in Table 2 has 
been simulated. Figure 12 shows the simulation model of the main QR Flyback, whereas 
Figure 13 shows the simulation model of the hiccup mode control from Figure 5. In this 
model, the evaluation of the output power is performed with multiplication, in the multi-
plier block 𝐾ெ, using the output voltage 𝑉ை் and the voltage 𝑉ூை், which is propor-
tional to the output current 𝐼ை். The resulting voltage is compared in a comparator with 
hysteresis, with a reference 𝑉ை், proportional to the threshold 𝑃ை்ି்ு, and with a ref-
erence equal to 1.1 ∙ 𝑉ை், proportional to the threshold 𝑃ை்ି்ு(௫௧). 

In the same model, the switch 𝑆𝑊 of Figure 5 is also included (including its parasitic 
resistance of 33 Ω), that drives the PFC to operate in hiccup mode. The consumption of 
the flyback and the PFC has also been modeled. 
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Figure 11. Magnification of the simulation of Figure 10 during hiccup mode. 

Table 2. Main electrical characteristics of the 100 W flyback converter used in the simulation. 

Parameter Symbol Value Unit 
Input voltage 𝑉ூே 400 V 

Flyback-regulated output voltage 𝑉ை் 20 V 
Maximum output power 𝑃ை் 100 W 

Transformer’s magnetizing inductance  𝐿ெ 100 µF 
Transformer’s leakage inductance  𝐿 400 µH 
Primary-to-secondary turns ratio  𝑛 4.857  

Auxiliary-to-secondary turns ratio  𝑚 1  
Output capacitor  𝐶ை் 1200 µF 

ESR output capacitor  𝐸𝑆𝑅 5 mΩ 
Sense resistor  𝑅ௌ 60 mΩ 

PFC internal current at which the PFC is 
disabled 

𝐼ூௌ 200 µA 
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Figure 12. PSIM simulation model for the converter specified in Table 2: main QR Flyback. 

 

Figure 13. PSIM simulation model for the converter specified in Table 2: output voltage estimation, 
multiplier, hiccup mode threshold setting and PFC VCC pin driving. 

In Figure 14, a load transition from 40 W to 100 W is simulated, with the input voltage 
set to 90 VAC and the PFC completely disable. During the interval that the PFC requires to 
recover normal operations, the flyback is supplied with a low input voltage while 
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providing full load to the output. Therefore, it temporarily enters an OCL condition, re-
sulting in a temporary loss of regulation with a consequent large undershoot in the output 
voltage that, in the considered simulation, falls below 17 V. 

In Figure 15, the same test conditions used in Figure 14 are simulated, but when PFC 
operates in hiccup mode, its output voltage is always maintained between the values 𝑉ிି and 𝑉ிିு. Therefore, following the same load transition from 40 W to 100 W, the 
flyback operates with a primary current 𝐼መ, that is, as a direct consequence of Equation 
(5), lower than before. The result is that the flyback will not enter the OCL, even tempo-
rarily, and the output voltage undershoot will be solely dependent on the step response 
characteristics of its control loop. 

 

Figure 14. Flyback transition from 40 W to 100 W with VIN = 90 VAC and the PFC totally disabled 
below 𝑃ை்ି்ு. 

Figure 16 reports, for various load levels (Pout), the improvement achieved by the 
proposed hiccup control in comparison with the standard PFC control that does not ena-
ble PFC turn-off. The figure reports the reduction in power losses expressed as a percent-
age of standard PFC. At low load, the proposed method presents great advantages, since 
the power losses are almost halved compared to standard PFC control. As the IEC61000-
3-2 power limits, where the PFC cannot be turned off (75 W), are approaching, the ad-
vantages of the proposed control technique vanish since it tends to operate as a standard 
control. It is worth noting that the regulation specifies that (except for lighting final appli-
cations) there is no harmonic limit for equipment when working below 75 W. In the case 
considered in this section, although the power supply is designed for a maximum power 
of 100 W, there is no harmonic current limit when it operates below 75 W. 
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Figure 15. Flyback transition from 40 W to 100 W, with VIN = 90 VAC and the PFC operating in hiccup 
mode below 𝑃ை்ି்ு. 

 

Figure 16. Power losses reduction achievable thanks to the proposed method in comparison with 
standard PFC control. 

5. Conclusions and Future Work 
An innovative technique to control a PFC in a two-stage converter has been proposed 

and the main benefits, compared with many available solutions, have been theoretically 
analyzed. Also, a complete set of simulations to validate the methodology has been 
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included. The main advantages are good efficiency and impeding loss of regulation with 
a consequent large undershoot in the output voltage. Considering these good results, fu-
ture work will involve the development of appropriate hardware to implement the control 
method in a 100 W converter based on GaN technology. 

Author Contributions: Conceptualization, F.C.; methodology, F.C. and S.T.; software, S.T. and 
S.A.R.; validation, F.C. and S.T.; formal analysis, F.C. and S.T.; resources, F.C. and S.A.R.; data cu-
ration, S.T. and G.A.; writing—original draft preparation, F.C., S.T., G.A. and S.A.R.; writing—re-
view and editing, F.C., S.T., G.A. and S.A.R.; supervision, F.C. and S.A.R. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Data Availability Statement: The data are available and explained in this article, and the readers 
can access the data supporting the conclusions of this study. 

Conflicts of Interest: Fabio Cacciotto and Salvatore Torrisi were employed by the company ST Mi-
croelectronics Co., Ltd. Giovanni Aiello and Santi Agatino Rizzo declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be construed as po-
tential conflicts of interest. 

References 
1. Tausif, A.; Bakan, A.F.; Dusmez, S. A High Power Density Zero-Voltage-Switching Totem-Pole Power Factor Correction Con-

verter. IEEE Trans. Power Electron. 2024, 39, 837–849. 
2. Rizzo, S.A.; Salerno, N. Actual Reasons Involving Turn-off Losses Improvement with Increasing Load and Gate Resistance in 

MOSFETs Enhanced with Kelvin Source. IEEE Trans. Ind. Electron. 2024, 71, 369–379. 
3. Okilly, A.H.; Baek, J. Design and Fabrication of an Isolated Two-Stage AC–DC Power Supply with a 99.50% PF and ZVS for 

High-Power Density Industrial Applications. Electronics 2022, 11, 1898. 
4. Yao, Y.; Kulothungan, G.S.; Krishnamoorthy, H.S.; Das, A.; Soni, H. GaN-Based Two-Stage Converter with High Power Density 

and Fast Response for Pulsed Load Applications. IEEE Trans. Ind. Electron. 2022, 69, 10035–10044. 
5. Bottaro, E.A.; Rizzo, S.A. An Overview of Strengths and Weaknesses in Using MOSFET Experience for Modeling GaN HEMT. 

Energies 2023, 16, 6574. 
6. Hassan, A.; Noël, J.-P.; Savaria, Y.; Sawan, M. Circuit Techniques in GaN Technology for High-Temperature Environments. 

Electronics 2022, 11, 42. 
7. Chen, C.; Chen, Y.; Tan, Y.; Fang, J.; Luo, F.; Kang, Y. On the Practical Design of a High Power Density SiC Single-Phase Unin-

terrupted Power Supply System. IEEE Trans. Ind. Inform. 2017, 13, 2704–2716. 
8. Jiao, S.; Li, S.; Wu, J.; Wang, L.; Li, J. Maximizing Energy Efficiency for Wireless Power Transfer Systems Through an Optimal 

Frequency Control Strategy. In Proceedings of the 2024 IEEE Wireless Power Technology Conference and Expo (WPTCE), 
Kyoto, Japan, 8–11 May 2024, pp. 765–769. 

9. Gu, L.; Liang, W.; Praglin, M.; Chakraborty, S.; Rivas-Davila, J. A Wide-Input-Range High-Efficiency Step-Down Power Factor 
Correction Converter Using a Variable Frequency Multiplier Technique. IEEE Trans. Power Electron. 2018, 33, 9399–9411. 

10. Seok, K.-W.; Kwon, B.-H. A novel single-stage half-bridge AC-DC converter with high power factor. Proc. IEEE Trans. Ind. 
Electron. 2001; 48, 1219–1225. 

11. IEC 61000-3-2:2018–Electromagnetic compatibility (EMC)-Part 3-2: Limits-Limits for harmonic current emissions (equipment 
input current ≤ 16 A per phase). Available online: https://webstore.iec.ch/en/publication/28164 (accessed on 24 January 2025). 

12. Jovanovic, M.M.; Jang, Y. State-of-the-art, single-phase, active power-factor-correction techniques for high-power applica-
tions—An overview. Proc. IEEE Trans. Ind. Electron. 2005; 52, 701–708. 

13. Lamo, P.; Azcondo, F.J.; Pigazo, A. Academic Use of Rapid Prototyping in Digitally Controlled Power Factor Correctors. Elec-
tronics 2022, 11, 3600. 

14. Yoo, J.S.; Ahn, T.; Yu, G.; Lee, J.; Lee, J. A study on novel active clamp snubber applied DC-DC quasi resonant flyback converter 
to effectively reduce switch voltage surge. In Proceedings of the 2017 20th International Conference on Electrical Machines and 
Systems (ICEMS), Sydney, Australia, 11–14 August 2017; pp. 1–5. 



Electronics 2025, 14, 538 17 of 17 
 

 

15. Liu, X.; Hu, C.; Yue, H.; Lin, P.; Xu, D.; Pan, H. High efficiency PFC with enabling window control and active input bridge. In 
Proceedings of the 2011 Twenty Sixth Annual IEEE Applied Power Electronics Conference and Exposition (APEC), Fort Worth, 
TX, USA, 6–11 March 2011; pp. 119–124. 

16. Jang, Y.; Jovanovic, M.M. Light-load efficiency optimization method. IEEE Trans. Power Electron. 2009, 25, 67–74. 
17. Castelli, C.; Adragna, C. Method of Controlling a Power Factor Correction Converter and Related Closed-Loop Control System. 

U.S. Patent 9,413,225, 9 August 2016. 
18. “19 V-75 W Adapter with Pre-Regulator PFC Using the L6563 and the L6566A” Application Note AN2690, STMicroelectronics. 

Available online: https://www.st.com/resource/en/application_note/an2690-19-v--75-w-adapter-with-preregulator-pfc-using-
the-l6563-and-the-l6566a-stmicroelectronics.pdf (accessed on 24 January 2025). 

19. “19 V-75 W SMPS compliant with latest ENERGY STAR® criteria using the L6563S and the L6566A” Application Note AN2941, 
STMicroelectronics. Available online: https://www.st.com/resource/en/application_note/an2941-19-v--75-w-smps-compliant-
with-latest-energy-star-criteria-using-the-l6563s-and-the-l6566a-stmicroelectronics.pdf (accessed on 24 January 2025) 

20. “EVL6591-90WADP: 90 W AC-DC Asymmetrical Half-Bridge Adapter Using L6591 and L6563”, Application Note AN2852, 
STMicroelectronics. Available online: https://www.st.com/resource/en/application_note/an2852-evl659190wadp-90-w-acdc-
asymmetrical-halfbridge-adapter-using-l6591-and-l6563-stmicroelectronics.pdf (accessed on 24 January 2025) 

21. Ridley, R.B. A new, continuous-time model for current-mode control (power converters). IEEE Trans. Power Electron. 1991, 6, 
271–280. 

22. UNITRODE, U-97 Modeling, Analysis and Compensation of the Current-Mode Converter, SLUA101, September 1999. Available 
online: https://www.ti.com/lit/an/slua101/slua101.pdf?ts=1737729908655&ref_url=https%253A%252F%252Fwww.google.com%252F 
(accessed on 24 January 2025). 

23. Cacciotto, F.; Cannone, A. Exploit GaN FET technologies in high efficiency flyback topologies: Pros and cons of different architec-
tures. In Proceedings of the 2020 AEIT International Annual Conference (AEIT), Catania, Italy, 23–25 September 2020; pp. 1–6. 

24. Adragna, C. L6565, Quasi-Resonant Controller. Application Note AN1326, STMicroelectronics. Available online: 
https://www.st.com/resource/en/application_note/an1326-l6565-quasiresonant-controller-stmicroelectronics.pdf (accessed on 
24 January 2025). 

25. Cacciotto, F.; Adragna, C. Feasibility Study on a Novel Robust Current-mode Method. In Proceedings of the 2023 IEEE Applied 
Power Electronics Conference and Exposition (APEC), Orlando, FL, USA, 19–23 March 2023; pp. 2831–2838. 

26. Dixon, L.H. High Power Factor Preregulators for Off-Line Power Supplies. Unitrode Seminar SEM600, 1988 (Reprinted as Topic 
12 in SEM8OO, SEM900). Available online: https://e2e.ti.com/cfs-file/__key/communityserver-discussions-components-
files/171/Dixon_5F00_HighPF_5F00_slup087.pdf (accessed on 24 January 2025). 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


