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Abstract—A single-phase three-port Boost-rectifier-based 
PFC converter with DC-Port stacked/sigma configuration for 
higher voltage step-up applications is evaluated in this paper. To 
reduce the voltage stresses and switching losses of the Boost PFC 
converter, dual DC voltage ports are built using a Boost PFC 
converter, and a high-efficiency unregulated DC-DC 
transformer, DCX, is adopted to connect the two DC ports in 
series. Therefore, higher DC output voltage is achieved with the 
stacked configuration. Control strategy based on the volt-second 
balance of the inductor is adopted so that transition between 
different working modes is realized smoothly. The presented AC-
DC converter has the merits of lower voltage stresses and lower 
switching losses because of the three voltage-levels characteristics 
of the TPR. Experimental results based on a 2-kW 100-kHz 
prototype are provided to evaluate the effectiveness and 
advantage of the analyzed method. 

Keywords—AC-DC converter; dual DC voltage ports; stacked 
configuration; three voltage-levels 

I.  INTRODUCTION 

The DC output voltage of a single-phase Boost PFC 
converter is usually designed to be slightly higher than the peak 
amplitude of AC line voltage to ensure high efficiency and 
high power factor. For example, the DC output voltage of a 
220VAC/50Hz PFC converter is usually in the range of 380V-
420VDC [1][2][3]. A higher DC voltage is required for some 
applications such as single phase to three phase PWM inverter 
fed motor drive [4] and electric vehicles power systems [5][6]. 
However, the efficiency of a Boost PFC converter decreases 
dramatically with the increase of DC output voltage due to the 
high conduction and switching losses [7][8]. There have been 
many coupled-inductor-based high step-up Boost converters 
proposed for DC voltage conversion applications [9][10]. 
However, these converters are rarely used in single phase PFC 
applications, because the performance of these converters is 
affected a lot by the periodically changing AC input voltage. In 
addition, additional auxiliary circuit is needed to suppress the 
high voltage spike induced by coupled inductors. In 
[11][12][13], voltage-doubler technique is introduced to the 

Boost PFC converter to realize higher voltage step-up. 
However, the minimum voltage gain of a voltage-doubler 
Boost converter must be N (N is the number of voltage-doubler 
in the Boost converter) times of a traditional Boost converter, 
which makes the DC output voltage cannot be regulated 
flexibly. 

In this paper, a single-phase three-port Boost-rectifier-
based PFC converter with two DC output ports and DC-port 
stacked/sigma configuration is analyzed for higher voltage 
step-up application. Two DC outputs are generated without 
increasing the voltage step-up ratio of a traditional Boost PFC 
converter, and the two DC output are connected in series with 
the help of a DC transformer, DCX, to realize higher DC 
output voltage. The analysis indicates that high efficiency and 
low voltage stresses can be achieved with the presented 
solutions. 

II. TOPOLOGY AND OPERATION PRINCIPLE 

A. Topology and analysis 

The analyzed sigma PFC converter is shown in Fig. 1. It is 
constructed with a TPR and an isolated DCX. The TPR, which 
is realized with a Boost type topology, can provide an AC 
voltage input, vac, and dual DC voltage outputs, i.e. VL and VH, 
simultaneously. As shown in Fig. 1, the low voltage VL is used 
as the input of the DCX because the voltage stress, power 
rating and power loss of the DCX are less with this kind of 
connection method. The output voltage of the DCX VLo which 
equals to VL is in series with the voltage VH. Therefore, a higher 
output voltage Vo which equals to the sum of VLo and VH can be 
obtained. Two outer voltage loops are employed to regulate the 
voltage VLo and VH, respectively. Another inner current loop is 
employed to regulate the inductor current whose magnitude is 
determined by the sum of vmL and vmH. vmL and vmH are the 
outputs of the low and high voltage control loop, respectively. 
Furthermore, a mode switching controller is used to determine 
the power distribution between the VL and VH voltage port. 
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In this paper, a novel control method is applied to the TPR 
to regulate the voltage VL and VH simultaneously. With the 
analyzed control method, only one power switch is modulated 
at high frequency to shape the input current while the other one 
is kept ON or OFF at the frequency of the line voltage to 
distribute energy between the VL and VH voltage ports. For the 
convenience of analysis, the switching voltage vswit which is 
smaller than the peak voltage of the input ac voltage vACpeak, is 
defined. vswit  is definitely smaller than VH but can be either 
smaller or higher than VL. According to the relationship 
between the voltage vswit and VL, There are two operation 
conditions for the analyzed converter. 

B. Operational Principle when vswit≤VL 

The key waveforms of the TPR when vswit≤VL are shown in 
Fig. 2. In order to realize smooth mode transition, dual-carrier-
based PWM modulation strategy is adopted for the stacked 
AC-DC converter. As shown in Fig. 2, vctrl is the modulation 
waveform i.e. the output signal of the current regulator, and 
vc1/vc2 are the carriers. vc1 is biased by the peak amplitude of vc2. 
The TPR has two operation modes according to the 
relationship between the rectified input voltage vin and the 
switching voltage vswit. When vin<vswit, the modulation wave vctrl 
will be greater than vc2, and the converter works in Mode 1, in 
which vctrl only intersects the upper carrier vc1, the switch S2 
keeps in ON-state and the diode D1 keeps in OFF-state. The 
equivalent circuit of the Mode 1 is shown in Fig. 3, where a 
Boost PFC is built by the inductor L, the switch S1 and the 
diode D2. It is obvious that, in the mode 1, all the input power 
is supplied to the low voltage port VL. 

When vin>vswit, the converter works in Mode 2 and the 
switch S2 is forced to turn off. The modulation wave will have 
a step-up change and inserter the carrier vC1 again. Therefore, 
step-up change is happened to D1 at the boundary of mode 
switching in order to control the input current tightly. The 
equivalent circuit of Mode 2 is shown in Fig. 4, where a Boost 
PFC is built by the inductor L, the switch S1 and diode D1. 
Compared with Mode 1, it can be seen that all the input power 
is supplied to the high voltage port when the convert works in 
Mode 2. 

According to the working principle of the TPR, it can be 
seen that the input power is divided into two parts in the scale 
of half period of the line voltage. When the converter works in 
Mode 1, i.e. vin<vswit, all the input power is supplied to the low 
voltage port. On the contrary, all the input power is supplied to 
the high voltage port when vin>vswit. As a result, it can be 
indicated that the voltage vswit can be used as a control variable 
to regulate the output voltage VL and VH, simultaneously. 

C. Operational Principle when vswit>VL 

It should be noted that when vswit>VL, the converter will 
enter into another working mode when vin<vswit. The key 
waveforms of the TPR when vswit>VL are shown in Fig. 5. It can 
be seen that when VL<vin<vswit, the modulation waveform vctrl 
will be lower than vc1 and the converter operates in Mode 3, in 
which vctrl only intersects with the lower carrier vC2 and the 
switch S1 is in OFF-state. The equivalent circuit of Mode 3 is 
shown in Fig. 6(a). The switch S2 is modulated at high 
frequency to shape the input current. As shown in Fig. 6(b), 
when S2 is ON, the inductor is charged by the voltage 
difference vin-VL and the input power is supplied to the low 
voltage port VL. As shown in Fig. 6(c), when S2 is OFF, the 
inductor is discharged and the input power is supplied to the 
high voltage port VH. Different from Mode 1 and Mode 2, the 
input energy is supplied to the VL and VH port alternatively in 
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Fig.1. Topology and control block of the evaluated converter 
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Fig. 2. Key waveforms of the analyzed converter when vswit≤VL 
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the switching period with the switch S2 ON and OFF when the 
converter works in Mode 3. 

D. Characterization 

1) Power ratio versus normalized switching voltage 
vswit/vACpeak 

According to the working principals of the converter, the 
switching voltage vswit and the operation mode determine the 
power supplied to the VL port essentially. Supposing the power 
converter is lossless and harmonic free, the instantaneous ac 
input power can be calculated as 

 ( ) ( ) ( ) (1 cos 2 )
2

ACpeak ACpeak
in in in

V I
p t v t i t tω= = −   (1) 

where VACpeak and IACpeak are the peak values of the input 
voltage and current, respectively. As shown in Fig. 3, when 

the TPR works in Mode 1, all the input power is supplied to 
the VL port and it can be found as 

 _Mode1 (1 cos 2 )
2

ACpeak ACpeak
L in

V I
p p tω= = −   (2) 

On the contrary, all the input power is consumed by the VH 
port and thus  

 _Mode 2 0Lp =   (3) 

However, when the TPR works in Mode 3, the input power 
will be supplied to the VL and VH port alternatively in the 
switching period. As shown in Fig. 6(b), the input power is 
transformed to the VL port when S2 is ON. Therefore, the 
instantaneous power transformed to the VL port in Mode 3 can 
be obtained as 

 _Mode3 2sinL m Lp I t d Vω= ⋅ ⋅   (4) 

When vswit≤VL, the TPR works between Mode 1 and Mode 2. 
Therefore, the average power consumed by the VL port can be 
calculated as 

 
arcsin( )
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2 swit mv V

L LP p d tω
π

=    (5) 

Then the power ratio of the VL and VH port can be expressed as 
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By defining the normalized switching voltage k=vswit/vACpeak, 
the equation (6) can be further simplified as 

2arcsin( ) sin(2arcsin( ))
0

2arcsin( ) sin(2arcsin( ))
L L

H ACpeak

k kP VkP vk kπ
−= ≤ ≤

− +
 (7) 

It can be seen that when vswit≤VL, power ratio PL/PH is only 
determined by the normalized voltage k.  

When vswit>VL, the TPR will work into Mode 3 on the 
condition that VL<vin<vswit. Therefore, the average power 
consumed by the VL port can be calculated as 

arcsin( ) arcsin( )

_Mode1 _Mode30 arcsin( )

2 2L m swit m

L m

V V v V

L L LV V
P p d t p d tω ω

π π
= +    (8) 

Then the power ratio PL/PH when vswit>VL can be calculated as 
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where β can be expressed as 
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Fig. 5. Key waveforms of the analyzed converter when vswit>VL 
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It can be seen that the power ratio PL/PH is concerned with the 
voltage vACpeak, VL and VH. Fig. 7 shows the curve of PL/PH with 
respect to vswit/vACpeak, at different peak ac voltage vACpeak when 
VL=250V and VH=400V. Since the two DC output ports of the 
TPR are in series connection, PL/PH equals to VL/VH. Therefore, 
a theoretical value of vswit can also be found from the curves 
shown in Fig. 7. 

2) Duty ratio analysis 

Based on the volt-second balance of the inductor L and the 
control logic of the mode switching controller, the duty ratio of 
S1 and S2, i.e. d1 and d2 can be expressed as follows: 

 1

1 Mode 1

( ) 1 Mode 2

0 Mode 3

in

L

in

H

v

V

v
d t

V

 −



= −





  (11) 

 2

1 Mode 1
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1 Mode 3in L

H L

d

v V

V V



= 
 − −

−

  (12) 

Fig. 8 shows the curves of d1 and d2 when vac=220VAC, 
VH=400V and VL=300V/180V. As shown in Fig. 8(a), when 
VL=300V, the converter works in Mode 1 and Mode 2. The 
duty ratio d2 equals to be 1 in Mode 1 while equals to 0 in 
Mode 2. It can be seen that S2 works as a low-frequency switch 
to determine which voltage port is charged by the input power. 
As shown in Fig. 8(a), the switch S1 works at high-frequency to 
shape the inductor current and a step change occurs at the 
boundary of Mode 1 and Mode 2. Based on the volt-second 
balance of the inductor L, the initial value of d1, i.e. d1_Mode2 
when the TPR enters into Mode 2 and the last value of d1, i.e. 
d1_Mode1 when the TPR works in Mode 1 should satisfy 

 1_Mode 2 1_Mode1
H L L

H H

V V V
d d

V V

−
= +   (13) 

According to (13), a predicted initial value can be 
calculated and added to the modulation wave when the TPR 
enters into Mode 2. Similarly, a step-down initial value can 
also be pre-added to the modulation wave when the TPR 
switches back to Mode 1 from Mode 2. Therefore, a smooth 
transition between Mode 1 and Mode 2 can also be realized. 

As shown in Fig. 8(b), when VL=180V, the TPR will enter 
into Mode 3 in which d1 reaches to zero and d2 is modulated to 
regulate the inductor current. It can be seen that the transition 
between Mode 1 and Mode 3 is naturally smooth. Similarly to 
the curves shown in Fig. 8(a), step changes occur at the 
boundary of Mode 2 and Mode 3 and the duty ratio d2_Mode3 and 
d1_Mode2 should satisfy 

 1_Mode 2 2 _Mode3
H L

H

V V
d d

V

−
=   (14) 

Based on (14), a predicted value can be calculated and 
added to the modulation waveform to realize the smooth 
transition between Mode 2 and Mode 3. 

III. SIMULATION AND EXPERIMENTAL VERIFICATION 

In order to evaluate the operation of the analyzed sigma 
AC-DC converter, simulation is carried out using Power 
Simulation (PSIM) software. The topology is shown in Fig. 1. 
The input voltage of the TPR converter is 220VAC±20%AC, 
the low voltage port VL is 250V, the high voltage port is 400V, 
the output voltage is 650V, and the rated power of the AC-DC 
converter is 2kW. 
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Fig. 7. Power Ratio versus normalized switching voltage 
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Fig. 9 shows the simulation steady-state waveforms of the 
TPR at full load with vac=264VAC. It can be seen that the TPR 
works among Mode 1, Mode 2 and Mode 3 in half period of 
the input voltage. Therefore, as shown in Fig. 9(b), the pole 
voltage vAB changes among three voltage levels, i.e. 0, VL and 
VH. vLb is the voltage across the inductor L. It should be noted 
that the switching losses of the analyzed converter can be 
reduced significantly because only one switch is operated at 
high frequency and three voltage-levels characteristic can be 
obtained by the TPR. 

The simulation steady-state waveforms of VL, VH, line 
voltage vac and line current iac are shown in Fig. 10. It is seen 
that the line current is in phase with the line voltage. The lower 
voltage port VL is lower than the peak amplitude of the line 
voltage vac, while the high voltage port VH, which is equivalent 
to the output voltage of the front-end PFC converter in two-
stage AC/DC converter, is higher than the peak line voltage. 

To verify the analysis, a 2kW 100-kHz prototype is 
established. The input AC voltage vAC=220V±20%AC/50Hz 
and the output load voltage Vo=650V. The DCX is 
implemented using the open-loop operated soft-switching LLC 

resonant converter with unit gain. The LLC converter is always 
operated at its resonant frequency fr=100kHz. The high voltage 
VH and low voltage VL of the TPR are designed to be 400V and 
250V, respectively. The parameters of the TPR are as follows. 
S1/S2: IPW60R070C6, D1/D2: HFA30PA60CPbF, L: 300uH, CL: 
1470uF, CH: 940uF. 

Fig. 11(a) shows the steady-state waveforms of the TPR at 
full load with vac=180VAC. vGS1 and vGS2 are the driving 
voltage of switches S1 and S2. The converter works between 
Mode 1 and Mode 2. It can be seen that the inductor current iL 
is well regulated in the two operation modes. As shown in Fig. 
11(b) and Fig. 11(c), the duty ratio of S1 has a step-up and step-
down change at the boundary of the mode switching. The 
inductor current is controlled tightly and the mode switching is 
smooth.  

Fig. 12 shows the dynamic waveforms of the analyzed 
sigma AC-DC converter with the load stepping up from 50% of 
full load to full load. It can be seen that the voltage VL, VH, Vo 
and the input ac current iac are well regulated when the load 
steps up. The overall efficiency of the analyzed converter is 
shown in Fig. 13. It can be seen that higher efficiency is 
obtained with the analyzed TPR PFC converter based on the 
DC-port stacked configuration due to the reduced voltage 
stresses and switching losses. Fig. 14 shows the losses of the 
front-end TPR and the LLC-DCX, respectively. It can be seen 
that losses of the DCX is much lower than that of TPR because 
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only partial input power is processed by the high-efficiency 
DCX converter. 

IV. CONCLUSIONS 

A three-port Boost-rectifier-based single-phase PFC 
converter for high-efficiency and higher voltage application is 
analyzed which is composed of a three-port rectifier and an 
isolated DCX. The output of the DCX and the higher voltage 

port of the TPR are in series connection which can reduce the 
voltage stresses of the power devices. With the analyzed 
control scheme, the TPR can control the line current, the low 
voltage and the high voltage, simultaneously. Switching losses 
are reduced significantly since three voltage-levels can be 
generated by the TPR and only a power switch works at high 
frequency. Control technique based on the volt-second balance 
of the inductor is applied to the TPR and the transition of 
different working modes can be realized smoothly. 
Experimental results of a 2-kW prototype verify the 
effectiveness of the analyzed converter. 
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