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Abstract — Conventional single-phase power-factor-correction (PFC) rectifiers with active power decoupling
capability typically require more than three active switches in their circuits. By exploring the concept of power-buffer
cell, a new single-stage PFC rectifier with two active switches, one inductor and one small power-buffering capacitor
is reported in this paper. The proposed converter can achieve high-power factor, wide output voltage range, and
power decoupling function without using electrolytic capacitor. Additionally, an automatic power decoupling control
scheme that is simple and easy to implement is proposed in this paper. The operating principle, control method, and
design considerations of the proposed rectifier are also provided. A 1000-W prototype with ac input voltage of 220
rms and a regulated dc output voltage ranging from 30 to 150 V has been successfully designed and simulated. The
simulation results show that with only a 100 pF power-buffering film capacitor, the proposed converter can achieve
an input power factor of over 0.99, peak efficiency of 95%, and output voltage ripple of less than 5%, and THD 2%
at 1000-W output power.
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1. INTRODUCTION

Single phase power-factor-correction (PFC) rectifiers have been a preferred solution for a broad range of
applications such as power supplies/chargers and lighting because of their circuit simplicity and low system
cost. In offline ac to dc power conversion, ripple power of double-line frequency is injected from the ac source
into the dc output [1]-[4]. Traditionally, large electrolytic capacitors (E-caps) or large inductors are used at the
dc output terminal for buffering the ripple power [4]-[6]. However, an E-cap can take up a significant amount of
the system volume (e.g., up to 80% in [7]) and can severely limit system’s reliability [8]. Incorporation of active
power decoupling control along with a slight modification of the rectifier has been found to be an effective
approach that can significantly reduce the capacitance requirement necessary for power buffering [1], [7], [9]-
[12]. With these solutions, ripple power can be diverted from the dc output into an external capacitor via an
additional power decoupling circuit. Energy (E) stored in a capacitor (C) is E = 0.5 CV2. By allowing a large
voltage (V) across the capacitor, only a small capacitor is required for storing a significant amount of ripple
power [1]. Therefore, nonelectrolytic capacitors (non-E-caps) with long lifetime (e.g., film capacitors, ceramic
capacitors) can be used with the rectifier circuit in lieu of the E-caps.

The use of active power decoupling in rectifiers seems to work against the principle of system volume
reduction. To simplify the circuit structure, several attempts based on circuit integration have been made (e.g.,
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component sharing between a PFC rectifier and a power-decoupling circuit [10], [13]). Yet, a minimum of three
active switches and two inductors are still needed with such solutions [10]. Some new advancement has been
reported in [21], which describes a new two-switch rectifier with active power decoupling capability. The
rectifier is compact, reliable, and cost effective. The basic idea of this work is to introduce a type of series power
buffer cell into the conventional buck PFC rectifier topology such that two extra operating states are created,
i.e., a power charging state and a power discharging state [22], [23]. Power decoupling can therefore be easily
achieved via controlling the duration of the two states. One major limitation of this rectifier, however, is that its
output voltage range is limited to only half of the peak input voltage. Furthermore, the complementary control
scheme used in this rectifier is based on an indirect form of open-loop control involving a complicated power-
decoupling loop. In its control, the input ac current and output voltage are not directly regulated (they are not
control variables). Instead, only the voltage of the power-buffering capacitor is directly controlled. The duty
cycle commands are derived based on complicated open loop calculations using measurements of the power-
buffering capacitor voltage, the inductor current, the input voltage and the referenced (desired) output voltage
information. Even with such complexity, however, the control is unable to provide accurate regulation of the
output voltage and the instantaneous power stored by the power-buffering capacitors.

In this paper, the concept of series power buffer cell is further explored. By rotating the basic circuit cell in [21],
a new type of two-switch buck PFC rectifier is derived. This rectifier can achieve good PFC, output voltage
regulation, and power decoupling capabilities, all in a single stage. As compared to previous work presented in
[21], the proposed rectifier has a new feature of having a wide output voltage range. Furthermore, a novel
closed-loop control scheme that can directly regulate the input current and output voltage is proposed. It should
be emphasized that, different from all existing control schemes employed in a rectifier with an active power
decoupling function, the proposed control scheme achieves automatic power decoupling without a power
decoupling loop. This enables a low cost controller to be used in the design. The feasibility of the newly
modified two switch rectifier together with the automatic decoupling control is verified through both simulation
on a 1kW prototype using a 100 pF long-lifetime non-E capacitor.

2. OPERATING PRINCIPLES

The conventional converter has a low-cost structure because this converter requires only one switching device
and five diodes. However, the buck PFC converter fails to provide a sinusoidal waveform for the input current at
the zero crossings of the input voltage, i.e., during the period when the input voltage is lower than the output
voltage, the total harmonic distortion (THD) of the input current and the output voltage ripple become higher
because of the discontinuous current of the smoothing inductor. Therefore, a large smoothing inductor is
required in order to obtain a low-THD input current and a low-ripple output dc voltage.

Fig. 1 shows the circuit configuration of the proposed converter. The buffer circuit consists of two switching
devices (Swa and Swhb), a diode, and a small capacitor. The power pulsation generated with twice the power
supply frequency is absorbed by the active buffer capacitor Cdc. If film capacitors or laminated ceramic
capacitors can be used, the converter lifetime can be increased, because the lifetimes of these capacitors are
longer than that of the electrolytic capacitor. The passive components of the converter without Cdc are only
required at the input and output filters in order to eliminate the switching frequency. In this paper, a high-speed
switching device MOSFET is selected in order to reduce the filter size.
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Figure 1. Circuit configuration of the proposed converter.

Table. 1 illustrates the switching pattern of the proposed circuit. The current path does not occur from the
rectifier to the active buffer capacitor through the switch Swa because the active buffer capacitor voltage must
be higher than the input voltage. Therefore, assuming that the output inductor current is maintained to be
constant, the current paths of the proposed converter have four modes based on the switching pattern. In mode 1,
the output power is directly supplied by an input single phase source. The buffer power is controlled by modes 2
and 3. In mode 2, the buffer capacitor is discharged. In contrast, in mode 3, the buffer capacitor is charged.
Mode 4 is a pass mode of the output inductor current. Thus, the proposed converter performs the function of a
buck chopper (modes 1 and 4) and the buffering function of the power pulsation (modes 2 and 3).[11-14]

Operating State S Si Cs L
State 1 0 1 Idle Charge
State 2 1 0 Idle Discharge
State 3 0 0 Charge Discharge
State 4 1 | Discharge Charge

Table. 1: Switching pattern of each mode

3. OPERATING STATES

The converter is controlled by four modes, as shown in Table. 1. By employing two active switches and
assuming a continuous-conduction-mode of operation, the rectifier has four operation states. They are depicted
in Fig. 2 as State 1-State 4. During State 1, the inductor L is charged by the input voltage |vg | and during State
2, it is discharged to the load (Co and Ro ). This process is identical to that of a conventional buck boost
converter since the power-buffering capacitor CS is in idle mode. In State 3 and State 4, CS is a part of the
power flow path and can operate actively to store and release energy. More specifically, CS is charged by the
inductor current in State 3, while CS is discharged to the load in State 4. By controlling the duration of State 3
(capacitor charging state) and State 4 (capacitor discharging state), active power decoupling of the ripple power
with CS is viable. Table | summarizes the corresponding charging/discharging states of CS and L with respect to
the four switching states.
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Figure 2. Operating states of the two-switch PFC rectifier in continuous mode of operation.

Assuming that dmodel through dmode4 are the duty ratios of the respective modes. In order to obtain a
sinusoidal input current and dc load current, the duty ratios are constrained as follows:

dmodel + dmoda! + dmodaa + dmodad- =1 (1)
Iine .
G mode1 + Gmodes = T|51H(Mt}| (2)
_ __ YVout
dmoda! - dmodaﬂ - dram*po =— CDS{ZE‘JQ (3)

Yr

demo has two degrees of freedom, which are decided as follows from the viewpoint of the minimum ic. When the
capacitor current ic is positive, i.e., when dem, IS positive, mode 2 is selected in order to discharge the capacitor.
In contrast, when the capacitor current ic is negative, i.e., when de.. iS negative, mode 3 is selected. Note that
Vouris usually used as a command to control the converter. Thus, Vour is replaced by the voltage command V *our.
Finally, these duty ratios are given by (1), (2), and (3) in terms of Vi, o, Ve, and V *our.
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4. PROPOSED CONTROL METHOD

In this section, we discuss our proposed method to modify duties control as follows:

drem_ﬂo = FT:r cos(2et) (4)

Practically speaking, the capacitor voltage does not match the theoretical value due to the voltage error resulting
from the oN-state drop of the power device. Thus, the capacitor voltage can be controlled by the PI regulator to
the theoretical value[11] but in our proposed method we prefer establish modified diempo for controlling .
Therefore, the theoretical value of the capacitor voltage can be obtained as follows:

B‘r‘ = -'\Illl"rcrr.ir!: - s {Siﬂ{zmt] - 1:] (5)

wCd,e

By assuming Av; = 1" — v, we obtain Ad;.y,, and then modified ey, ™

Av

Dwr- Dmﬂr-
= 2 - 2 =
Y F— — cos(2wt) — =-cos(Zwt) = — — CJ— (6)
o TR T T - IV o= F'[air.{!:.u:]—lj
2Cgr
“_ _ Aw
drempo _drempo + ":"drerr.pn =1+ ]drempn )

T F .
o . 2 _Fowup i (o)
ﬁl'mm m'__d:[mu.‘mt 13

Fig. 3 shows a control block diagram of the proposed circuit. Based on (1), (2) and (3), the duty ratio commands
are calculated using the detected single-phase voltage vin, the capacitor voltage vc, the output inductor current ii,
the command of the output voltage V *our, the minimum voltage of the active buffer capacitor V *cmin, and the
capacitance of the active buffer capacitor Cdac. The gate pulses are given as shown in Table 1. Note that the
capacitor voltage is controlled by Adempo as a key note for this proposed method based on (4) , (5) , (6) , (7).
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Figure 3. Control block diagram of the proposed method
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In order to demonstrate the validity of the proposed method, a 1kw class prototype circuit has been simulated
as Fig. 4 with input RMS voltage 220 V , 50 Hz. Fig. 5 and Fig. 6 shows the operation input and output
waveforms of the proposed converter. Based on the results, sinusoidal waveforms without distortion are
obtained at the input current. In addition, as shown in Fig. 5 dc waveforms of the output voltage with 5% ripple
were obtained. The simulation results reveal that the input current THD is 2% and the input P.F. is over 99%. In
addition, a maximum efficiency of over 95% is obtained for a 1kW prototype converter.
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Figure 4. Simulated proposed converter (Vo =120V ,Po=1Kw)
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Figure 8. Calculated and (b) simulated waveforms of duty ratios d1 — d4 and duty cycles da and ds versus the waveforms of ac input voltage
Vg, ac input current ig, and power-buffering capacitor voltage ve ( da=d2+ds , dg=d1+d4)

6. CONCLUSION

In this paper, a new control method for a two switch PFC rectifier based on the concept of series power buffer
cell and the conventional buck converter topology is reported. The rectifier, which comprises only two active
switches, one inductor and one small power buffering capacitor, can achieve a high power factor and good
voltage regulation over a wide range of output power. In addition, an automatic power decoupling control
scheme that is simple to implement and easy to design is proposed for this rectifier. The resulting rectifier is
hence simple, cost effective, and reliable. Simulation results show that a peak efficiency of 95% is achievable,
with a power factor of higher than 0.99 and a THD of less than 2%. Also, a mere of 5% voltage ripple has been
achieved in a 1kW prototype with a 100 uF non-E-cap. We have herein proposed a control method for a single-
phase ac—dc converter with a simplified control method in active buffer, which is used to decouple the power
pulsation between the input and output sides. The proposed method can achieve low THD at the input current
and can also control the low output dc voltage ripple, while our proposed control method has fewer complexity
rather than others revealed in references.
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