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DESIGN AND IMPLEMENTATION OF THREE-
LEVEL BOOSTING PFC WITH SENSORLESS

CAPACITOR VOLTAGE BALANCING CONTORL
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The three level boosting PFC converters on comparison with the conventional boosting PFC
converter consists of two cascaded switches and two cascaded capacitor across DC side
voltage. Because of the incompatible equivalent series resistance, incompatible capacitance
and the incompatible conducting time of  switches, the voltages of the two capacitor may vary in
order to balance both the capacitor voltage and hence the controller has to sense the capacitor
voltages. In this proposed system the number of feedback signals is reduced and SCVBC is
used. This SCVBC is digitally implemented using a PIC based system.
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INTRODUCTION
PFC function has to be introduced into several
power electronic devices as to raise the
system stability and to decrease the losses in
power transmission [1]. The expected PFC will
be provided by this boost derived PFC
converters due to the continuous current
properties. The PFC function has to shape the
current waveform in ac side and to regulate
the voltage waveform on DC side [2].

When switch blocks, then that switch has to
withstand the output DC voltage in the
conventional converter. But, in the three level
boosting DC-DC converter, when one switch

ISSN 2319 – 2518 www.ijeetc.com
Special Issue, Vol. 1, No. 1, March 2015

National Level Technical Conference P&E- BiDD-2015
© 2015 IJEETC. All Rights Reserved

Int. J. Elec&Electr.Eng&Telecoms. 2015

1 Valliammai Engineering College, Kattankulathur, Chennai 603203, India.

conduct another switch will block. When the
two capacitor and voltage are balanced, then
the blocking switch has to withstand only half
of the output DC voltage.

When both the voltages of the capacitors
are unbalanced then the switch will be
damaged as the voltage of one of the
capacitor exceeds the breakdown voltage of
the switch. There are three levels of inductor
voltage in the three level boost DC-DC
Converter so that there will be lower inductor
ripple current when compared to conventional
boost converter.
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Thus these converters are used in fuel cell
applications [3] and [4] grid connected
applications [5]-[7] and other high voltage ratio
applications [8] and also they experience low
switching losses and high efficiency [9].

The three level boosting PFC Converter
consist of multi looped control and interleaved
PWM scheme combined to form the multi loop
interleaved control [13]. Multi loop control
comprises of inner current loop, feed forward
loop, and outer voltage loop.

The three phase PFC functionality can be
obtained with redundancy [14] by using the
delta connected three single phase three level
boosting PFC converter.

The three level boosting converter’s voltage
balancing control loop can be found in the
literature [7], [8], [11], [12], [15] and for controls
of half bridge PFC converter [16], [17] and multi
level inverter [18], [19]. The incompatible
capacitances and ESR can cause imbalance
in voltage. Therefore balance between the

voltages of the two capacitor has to be taken
into account. The capacitor voltage has to be
balanced by the three level boosting converter
controls. A method of voltage balance control
by sensing only the inductor current was
proposed in [20].

PFC CONVERTER IN THREE
LEVEL BOOSTING
We assume the input ac voltage, Vs = Va

sin(2ft) as a sinusoidal function which has a
sinusoidal function which has a peak amplitude
Vs. The three-level boosting converter’s input
voltage can be expressed through the diode
rectifier. That is, the rectified voltage |vs|. The
control signals vcont1 and vcont2 are regarded as
two constants for the switching period Ts=1/fs
by the assumption that the value of switching
frequency fs is higher than the value of line
frequency f. An ideal inductor and ideal
capacitor are assumed there by assuming the
value of inductor and capacitor resistance to
be zero.

The interleaving of two triangular signals vtri1

and vtri2 by 180° is seen. The control signal vcont1

and the gate signal GT1 are generated from
the conventional multi loop control and by
comparing the control signal vcont1 and the
triangular signal vtri1 respectively.

By sensing both the capacitor voltages, the
compensation signal vcont is generated by the
conventional CVBC through the detection of
the voltage imbalance. The compensation
signal vcont is added to the control signal vcont1

to obtain the other signal vcont2. The comparison
between the triangular signals vtri2 and the
control signal vcont2 gives the gate signal GT2.

Both switches can conduct at the same time
without concerning about short circuit damage,

Figure 1: Three-Level Boosting PFC
Converter with Multiloop Feedforward

Control and the Conventional Capacitor
Voltage Balancing Control Loop
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The top and bottom switch turns ON and
OFF respectively in the switching state 2.The
final resulting inductor voltage vL is equal to
the subtraction the bottom capacitor voltage
vL = |vS| – vC2 from the rectified input voltage
|vs|. Energy to the load iC1 = (–id) < 0 is supplied
from the capacitor C1 and the energy from the
input voltage is stored in the capacitor C2, iC2

= (iL – id) > 0.

Likewise the resulting inductor voltage is the
subtraction of the top capacitor voltage from the
rectified input voltage vL = |vs| – vC1. The top
capacitor C1 is charged iC1 = (iL – id) > 0 and
then the bottom capacitor C2 is discharged iC2

= (–id) < 0 in the switching state 3.

When both the switches are turned OFF the
final inductor voltage is equal to the subtraction
of the output voltage from the rectified input
voltage vL = |vs| – vd = |vs| – vC1 – vC2. The
simultaneous charging of both capacitors and
supply of load current from rectified input
voltage |vs| takes place iC1 = iC2 = (iL – id) > 0.

The capacitor currents in various switching
states as shown in Table 1.

Two cases are noted in the behaviour of the
three level boosting converter. Within the
switching period Ts, 2 > vcont1 + vcont2 > 1, two
switches may conduct at the same state.
Switching state 1, state2 and state 3 are
present. In the other case, 1 > vcont1 + vcont2 > 0,
state 1 does not exist and the other states are
present.

Considering the case of 2 > vcont1 + vcont2 >
1, the conducting time of switching state 2 is
(1 – vcont2) TS and the conducting time of
switching state 3 is (1 – vcont1) TS. For the
switching state 1 the remaining time is (vcont1 +
vcont2 – 1) TS. Therefore the equations are,

Figure 2: Possible Switching States in the
Three-Level Boosting PFC Converter:
(a) State 1, (b) State 2, (c) State 3,

(d) State 4

(a)

(b)

(c)

(d)

because of the input inductor L and the two
diodes D1 and D2 in the three-level boosting
PFC converter. In the three-level boosting PFC
converter there are four switching states.

In the switching state 1 both switches turn
on. The inductor voltage vL in the three level
boosting PFC converter becomes equal to the
rectified input voltage vL = |vs| and the energy
from both the capacitors is supplied to the load
ic1 = ic2 = (–id) < 0.
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<iC1>Ts = –id + (1 – vcont1)iL ...(1)

<iC2>Ts = –id + (1 – vcont2)iL ...(1)

Considering the other case of 1 > vcont1 +
vcont2 > 0, the conducting time of the switching
state 2 and the conducting time of the switching
state 3 is vcont1 TS and vcont2 TS, respectively.
For the switching state 4 the remaining time is
(1 – vcont1 – vcont2) TS. When calculated the
average c apacitor currents are equal to

<iC1>Ts - <iC2>Ts = ( vcont 2 - vcont 1 )iL = Δvcont iL
...(3)

voltage imbalance can be given as

Δvc(s)= 1s ∆vcontC iL ...(4)

where Δvcont = vcont2 - vcont1.

Closed-loop transfer function of vc(s)

becomesΔvc(s)∆v∗c(s) =
Kpc iLs+Kpc iL ...(5)

Thus balancing the capacitor voltage is
made possible by design of conventional
CVBC with simple P controller.

PROPOSED SYSTEM
Here the input voltage, output voltage, inductor
current are to be sensed. The inductor current
is three times the switching period with an
average value of IL along with Ic1 and Ic2.

In order to obtain the expected PFC and to
yield the control signal, the multi loop control
is fed by the average current IL. From the P
controller, the compensating signal vcont is
obtained as

Δvcont = Kp(IvC2 - IvC1) ...(6)
This control signal vcont1 is added to the

compensating signal vcont thus the other
control signal vcont2 is obtained as

vcont2 = vcont1 + Δvcont = vcont1 + kp(Ivc2 - Ivc1)
...(7)

At Vtri = 1 (triangular signal peak), the
inductor current IL sample to obtain the average
value IL. The Ivc1 is obtained by sampling the
inductor current Vtri1 rises to 2.5 and the Ivc2 is
obtained by sampling the inductor current when
Vtri1 falls to 0.5 from the peak.

After completing the above said actions, at
the controller time, the multi loop control is
executed and the two control signals are
updated and the two cases obtained are

2 > vcont1 + vcont2 > 1 ...(8)

The voltage imbalance waveforms are
drawn in Figure, are the two divisions possible
in the voltage imbalance vc > 0.

At the switching state 3 the inductor current
Il is falling. At the switching state 3 the current
IL is raising. The following equations are
derived

State State 1 State 2 State 3 State 4

2 > Vcont1 + Vcont2 > 1 iC1 –id(<0) –id(<0) iL – id(>0) –

iC2 –id(<0) iL – id(>0) –id(<0) –

1 > Vcont1 + Vcont2 > 0 iC1 – –id(<0) iL – id(>0) iL – id(>0)

iC2 – iL – id(>0) –id(<0) iL – id(>0)

Table 1: Capacitor Currents in each State
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ΔIvC =
TS2L [ ( vC2 - vC1 )( 1 - vcont1 ) - Δvcont vC2 ]

...(9)

ΔIvC =
TS (1−Vcont 1)2L+TsKpvc2 (vc2 − vc1)=k1(vc2 − vc1)

...(10)

1>vcont 1+vcont 2>0 ...(11)

By the waveform symmetry the time t1

present at the instants of sampling the value
Ivc1,the turning off instants of the gate signal
GT1 and the time present in the turning-on
instance of the gate signal GT1, the instance
of sampling the value Ivc2 are equal in nature .
In terms of control signal vcont1 the time t1 can
be expressed as:

t1 =
Vcont 12 − 14 Ts ...(12)

For switching state 2 the conducting time
is (1 – vcont2) Ts and the switching state 3 the
conducting time is (1 – vcont1) Ts. For switching
state 1 the remaining time is (vcont1 + vcont2 –1)
Ts.

In the three level boosting converter the
average inductor voltage (VL)Ts can be written
as:〈vL〉Ts = |v S | - vc1 ( 1 - vcont1 ) - vc2 ( 1 - vcont2 )...(13)
|vs| = ( 1 - vcont1)vc1 + ( 1- vcont2)vc2 ...(14)

The difference of the two sampled values
IvC1 and IvC2,Ivc can be written in terms of time
t1.

ΔIvC = IvC2 - IvC1 = 2
|vS |L t1 +

|vS |−vc1L (1-Vcont1)TS

...(15)

Substituting (12) and (14) into (13) to
obtained

〈vL〉Ts = |v S | - vc1 ( 1 - vcont1 ) - vc2 ( 1 - vcont2 )

...(16)

ΔIvC = IvC2 - IvC1 =-
|vS |−vC2L vcont1TS-2

|vs |−vdL t2

...(17)

ΔIvC =
TS2L [ ( vC2 - vC1 ) vcont1 +Δvcont vC2 ]

...(18)

(18) can be re written as

ΔIvC =
Tsvcont 12L−TsKpvc2 (vc2 − vc1)=k2(vc2 − vc1)

...(19)

The coefficient may be either positive or
negative

2L-TsKpvc2>0 ...(20)

Kp should be in range

0<Kp<
2LTsvc2,max ...(21)

The difference value Ivc is proportional to
the value of voltage imbalance (vc2 – vc1). The
voltage imbalance can be detected using the
difference Ivc without the need to directly
sense the capacitor voltages.

SIMULATION
The simulation is performed in MATLAB
version 2013a. The scopes are present to view
the waveforms corresponding to each
parameters. The final Goto block is used to
view the waveforms as a whole. The input
output values can be know from the waveforms.
From the simulation results it is seen that the
boosting has occurred in the three level PFC
converters. Thus it is seen that the simulation
results match with the expected results.
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SIMULATION WAVEFORMS
The input voltage of 110 V is rectified at a
voltage value of about 110 V which is supplied
to the boost converter and thus an output
voltage of about 330 V is obtained as a result
of three level boosting.

Figure 3: Simulated Block

Figure 4: Input Voltage Waveform

Figure 5: Rectifier Voltage Waveform

Figure 6: Capacitor C1 Voltage Waveform

Figure 7: Capacitor C2 Voltage Waveform

Figure 8: Load Current Waveform

Figure 9: Output Voltage Waveform

SIMULATION RESULTS
Here, the three level boosting converter’s
simulation results are given and the Table 2
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shows us the used parameters values. In the
multi loop control the ratings of the voltage
controller and current controller are kpv = 0.1 ,
kiv = 5 and kpi = 0.02 and kIi = 10 respectively.
We have seen from (), that the range of the
parameter kp should be between the value 0
and 0.1 with the consideration of the
inductance variation kp = 0.05 is selected.

For simulation 2 mismatched capacitances
with values c1 = 2240 and c2 = 1410 are used.
In the practical case the mismatched
conditions do not occur but they are helpful for
the demonstration of the proposed SCVBC.   

Steady State Response
The three level boosting PFC converter’s
simulation results for 300 W and 600 W are
seen. The input current and the input voltage vs
are sinusoidal and in phase. Even though the
capacitances are mismatched the capacitor
voltages have the average values equal to the
half average value of the dc voltage vd.

The obtained value Ivc is approximately
equal to zero in the steady state. Therefore the
conclusive result is that the proposed SCVBC
is able to function like PFC in the three level
boost converter without the need of directly
sensing the capacitor voltage.

Transient Response
The simulation results during load regulation
are plotted to observe the transient response.
Due to the change of the load resistance from
300 to 150 ohm the output power changes from
300 W to 600 W. When operated the sinusoidal
input current is and input voltage vs are always
in phase with each other and the output voltage
vd is regulated to the value 300 V.

Because the capacitance C2 is smaller than
the other capacitance C1 at the bottom
capacitor voltage Vc2 has larger voltage dip
than the top capacitor voltage Vc1. The
difference Ivc which is the significant dip can
be found during the transient operation.

The proposed SCVBC can detect the
voltage imbalance and balance the
capacitor voltages which is confirmed by
knowing the value of the average capacitor
voltages which are finally equal to half voltage
command 150 v.

The difference Ivc becomes positive when
the capacitor voltage vc2 is larger than the other
capacitor voltage vc1 during the transient
operation. When the resistor is removed the
capacitor voltages are both finally imbalanced.

The above results shows us clearly that the
SCVBC works without direct sensing of the
capacitor voltages.

CONCLUSION
This paper proposes the SCVBC method for
three-level boosting PFC converter. The
voltage imbalance is detected by sensing the
inductor current by the sampling and hold
strategy in this proposed method. By the way
the power factor is also simultaneously
enhanced. By using this method we can

Parameters Ratings

Input voltage 110 V(RMS),50 Hz

Output voltage Vd* = 300 V

Inductor 0.5 mH

Carrier frequency 20 KHz

Capacitor C1 = 2240, C2 = 1410
Equivalent Capacitance = 865

Voltage balance
parameter Kp = 0.05

Table 2: Parameters Used in Three Level
Boosting Converter
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eliminate the need for extra sensors and
reduces the control complexity, cost and size.
The main advantage of the PFC converters
are the reduction in cost and size. PIC-based
system is used in the control method and the
results are demonstrated.
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