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Abstract - Compared with the conventional boosting PFC converter, the three-level boosting PFC converter has two cascaded switches
and two cascaded capacitors across the dc-side voltage. Two capacitor voltages may be different due to their mismatched equivalent
series resistance, their mismatched capacitance, and the mismatched conducting time of the corresponding switches. It follows that the
controller needs to sense the capacitor voltages to balance both capacitor voltages. In this paper, the sensorless capacitor voltage
balancing control (SCVBC) without sensing the capacitor voltages is proposed, and the total number of the feedback signals is saved.
The proposed SCVBC is digitally implemented in an FPGA-based system. The provided simulated and experimental results also

demonstrate the proposed SCVBC.

|. Introduction

To reduce the power transmission loss and increase the
system stability, more and more power-electronics
products are forced to include the power factor correction
(PFC) function. Generally speaking, the PFC function
includes shaping the ac-side current waveform and
regulating the dc-side voltage. Due to the characteristics
of the continuous current, the boost-derived PFC
converters have been widely used to achieve the desired
PFC function. For the conventional boost dc/dc converter,
the single switch needs to withstand the dc output voltage
when the single switch blocks. Two cascaded switches
and two cascaded capacitors are connected together in the
three-level boosting dc/dc converter. When one of the
switches conducts and the other blocks, the blocking
switch needs to withstand only half dc output voltage if
both capacitor voltages are balanced. If not balanced, one
of the capacitor voltages may be larger than the
breakdown voltage of the switch, which would contribute
to make damage to the switch. It is noted that the inductor
voltage in the three-level boost dc/dc converter has three
levels, which makes the three-level boosting dc/dc
converter to have smaller inductor current ripple
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Fig. 1. Three-level boosting PFC converter with multiloop
feedforward control and the conventional capacitor
voltage balancing control loop

than the boost converter under the same switching
frequency. Therefore, the three-level boost converters are

often used in the high-voltage-ratio applications, such as
the fuel cell applications and the grid-connected
applications. In addition, the high-withstanding-voltage
semiconductor switches often have higher cost and the
larger drain-source resistances than the low-withstanding-
voltage ones. Thus, the three-level boost converter has the
additional advantages of the low switching loss and the
high efficiency. The three-level boosting PFC converter
was first proposed in by connecting the diode rectifier to
the three-level boosting dc/dc converter. In the multiloop
interleaved control combining the multiloop control and
the interleaved PWM scheme was first proposed to control
the three-level boosting PFC converter. the multiloop
control includes the feed forward loop, the inner current
loop, and the outer voltage loop. The three single-phase
three-level boosting PFC converter in Delta connection is
used to achieve the three-phase PFC function with the
ability of redundancy. However, the balance between two
capacitor voltages should be noted. In practice, the
mismatched capacitances and the mismatched equivalent
series resistance (ESR) would result in the voltage
imbalance. Therefore, the control of the three-level
boosting converter needs to balance both capacitor
voltages. In the literature, the voltage balancing control
loop for three-level boosting converters can be found. In
fact, the other voltage balancing control can be found in
the controls of the half-bridge PFC converter and the
multilevel inverter. All the methods need to sense
capacitor voltages to detect the voltage imbalance and
yield the desired voltage balancing function. The
multiloop interleaved control with conventional capacitor
voltage balancing control (CVBC). One control signa is
generated by the multiloop control, and the other control
signal is yielded by CVBC with sensing the capacitor
voltages. For the three-level boosting dc/dc converter, a
voltage balancing control method with sensing only
inductor current was first proposed in. In this paper, the
concept in is extended to the three-level boosting PFC
application and the proposed controller is named the
sensorless capacitor voltage balancing control (SCVBC).
The voltage imbalance between two capacitor voltages is
skillfully detected by sensing the inductor current. The
detailed analysis and the design rule of the proportion-
type voltage balance controller are also provided. It
follows that sensing individual capacitor voltage is not
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required, and at least one voltage sensor is saved. The
provided simulation and experimental results show the
effectiveness of the proposed SCVBC.

Il. LITERATURE SURVEY

The input ac voltage vs = Vs sin(2rft) is assumed to be a
sinusoidal function with a peak amplitude V"s . Through
the diode rectifier, the input voltage of the three-level
boosting converter can be expressed with the rectified
voltage |vs |. By assuming that the switching frequency fs
is much larger than the line frequency f, the control
signals vcontl and vcont2 can be regarded as two
constants within the switching period Ts = 1/fs . In
addition, the ideal inductor and the ideal capacitors are
assumed. That is, the inductor resistance and the capacitor
resistances are assumed to be zero. In Fig. 1, two
triangular signals vtril and vtri2 are interleaved by 180- .
The conventional multiloop control generates the control
signal veontl , and then, the gate signal GT1 is generated
from the comparison of the control signa vcontl and the
triangular signal vtril . After sensing both capacitor
voltages, the voltage imbalance is detected and the
conventional CVBC generates the compensation signal
Avcont. Then, the other control signal vcont2 is obtained
by adding the compensation signal Avcont to the control
signal vcontl . The gate signal GT2 is obtained from the
comparison of the control signal vcont2 and the triangular
signals vtri2 . Due to the input inductor L and two diodes
D1 and D2 in the three-level boosting PFC converter, both
switches can be conducting at the same time without the
concern of the shortcircuit damage. As plotted in Fig. 2,
there are four switching states in the three-level boosting
PFC converter. As shown in Fig. 2(a), both switches turn
ON in the switching state 1. Thus, the inductor voltage vL
in the three-level.

Fig. 2. Possible switching states in the three-level boosting
PFC converter: (a) state 1, (b) state 2, (c) state 3, and (d)
state 4

Table | capacitor currentsin each state
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boosting PFC converter equals the rectified input voltage
vL = |vs | and both capacitors supply energy to theload iC
1=iC2=(-id) < 0. In the switching state 2 in Fig. 2(b),
the top switch turns ON and the bottom switch turns OFF.
The resulting inductor voltage vL equals the rectified
input voltage |vs | minus the bottom capacitor voltage vL
= |vs | - vC 2 . Additionally, the capacitor C1 supplies
energy to theload iC 1 = (-id ) < 0, but the capacitor C2
stores the energy from the input voltageiC 2= (iL —id) >
0. Similarly, the resulting inductor voltage in Fig. 2(c)
equals the rectified input voltage minus the top capacitor
voltage vL = |vs | — vC 1. In the switching state 3, the top
capacitor C1 is charged iC 1 = (iL - id ) > 0, but the
bottom capacitor C2 is discharged iC 2 = (-id ) < 0. When
both switches turn OFF in Fig. 2(d), the resulting inductor
voltage equals the rectified input voltage minus the output
voltagevL = |vs|—vd =|vs |- vC 1 - vC 2. The rectified
input voltage |vs |supplies the load current and charges
both capacitors smultaneously iC1=iC2 =(iL -id) >
0. All the capacitor currents in various switching states are
tabulated in Table |. The behavior of the three-level
boosting converter can be divided into two cases as shown
in Fig. 3. In the case of 2 > vcontl + vcont2 > 1, two
switches may conduct at the same time within the
switching period Ts and there are switching state 1, state
2, and state 3. In the other case of 1 > vcontl + vcont2 >
0, only switching state 2, state 3, and state 4 exist.

[1l. PROPOSED METHOD AND RESULTS
The multiloop interleaved control and the proposed
SCVBC with the proposed sampling/hold strategy are
where only the input voltage vs , the output voltage vd ,
and the inductor current iL are sensed. It is noted that the
proposed sampling/hold strategy samples the inductor
current iL thrice per switching period Ts, and obtains the
average value IL and the other two values IvC 1 and IvC 2
. The average value current IL is input to the multiloop
control to yield the desired PFC function and obtain the
control signal vcontl . The difference AlvC between two
valuesvC 1 and IvC 2 is calculated and the compensating
signal Avcont is obtained by the used P controller

i""J':-:lu'. — Mp“r['? e -!rrf'] ). lﬁ']

Then, the other control signal vcont2 is generated by
adding the compensating signal Avcont to the control
signal vcontl
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the proposed sampling/hold strategy with sensing the
inductor current iL . The average value IL is obtained by
sampling the inductor current iL at the peak of the
triangular signal vtril = 1. When the triangular signal vtril
rises to 0.5 from the valley, the inductor current is
sampled and the obtained
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Fig. 7. lllustrated waveforms(2 > vcontl + vcont2 > 1). (a)
vC1l>vC2>|vs|and(b)vC1>|vs|>VvC?2.
value is defined as IvC 1 . The value IvC 2 is sampled
when the triangular signal vtril falls to 0.5 from the peak.
After finishing all the sampling actions, the multiloop
control is performed at the controller time, and updates the
two control signals at the valley of the triangular signal
vtril . In the following paragraphs, the analysisis divided
into two cases - 2 > veontl + veont2 > 1 and 1 > veontl +
vcont2 >0

2 >vcontl + vcont2 > 1.
The illustrated waveforms for the voltage imbalance AvC
>0 (i.e, vC 1> vC 2) are plotted in. Since the input ac
voltage vsistime-varying, the voltage imbalance AvC > 0
may be divided into two conditions—either vC 1 > vC 2 >
[vs | or v€C 1 > |vs | > vC 2 . The waveforms in the
condition vC 1 > vC 2 > |vs | are plotted in, and the
inductor current iL is falling at the switching state 2. But
the inductor current iL isrising at the switching state 2 in
the other condition vC 1 > jvs | > vC 2 as plotted in. The
illustrated waveforms for the voltage imbalance vC 2 >
vC 1l>|vs|and vC 2 > |vs | > vC 1 are plotted in
respectively. It is noted that in, the inductor current iL is
falling at the switching state 3, but the current iL is rising
at the switching state 3 in. Due to the waveform symmetry
in, the time t1 between the instants of sampling the value
IvC 1 and the turning-off instants of the gate signal GT1is
equal to the time between the turning-on instants of the
gate signal GT1 and the instants of sampling the value IvC
2 . Therefore, the time t1 can be expressed in terms of the
control signal vcontl
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Fig. 8. lllustrated waveforms(2 > vcontl + vcont2 > 1). (@)
vC2>vC1l>|s|and (b)vC2>|vs|>VvC 1.

the conducting time for the switching state 2 and the
switching state 3 are (1 — vcont2 )Ts and (1 - vecontl )Ts,
respectively. The remaining time for switching state 1
is(vcontl + vcont2 — 1)Ts . Then, the average inductor
voltage vL T sin the three-level boosting converter can be
expressed as equation (9) at the bottom of the page.
Because of zero average inductor voltage in the steady-
state condition, the rectified input voltage |vs | must be
equal to

IJ'.'r = '{l - "':'n:l.ll.}'!'{'] T |.l = E'r-mr!]'!'{'f‘- ”m

the difference AlvC between two sampled values IvC 1
and IvC 2 can be expressed in terms of thetime t1

g Ug)| — >
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Substituting (8) and (10) into (11) obtains
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By substituting (6) into (12), the expression AlvC in (12)
can be rewritten as

.I'_._ |: | S Vennt1 .I

Alyp = e
: 2L+ I_..-.Ir"k,l-'i“{'g

(o2 — vy ) = ki {ves — ver ).

(13
Because the coefficient k1 is always positive, the
difference AlvC is proportional to the voltage imbalance
(vC 2 -vC 1). It follows that the difference AlvC can be
used to detect the voltage imbalance (vC 2 - vC 1)
without directly sensing the capacitor voltages. 1 > vcontl
+vecont2 >0
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[ (Peamts + eamnz = DT+ (o] = w01 ) (1 = w0 ) T, + (|l strated waveforms, for the voltage imbalance vC 1 >
(ve)rs = T VC 2> Vs and vC 1 > vC 2 > |vs | are plotted
“ respectively. In the inductor current iL is rising at the
= |v.] = ver(l = Veourr) = vea(l = Veon2) switching state 3, but the inductor”éurrent iL is falling at
the switching state 3. The illustrated waveforms for the
voltage imbalance vs|>vC 2>vC 1land vC 2 > [vs | >
vC 1 are plotted respectively. It is noted that in the
inductor current iL isrising at the switching state 2 due to
[vs|> vC 2, but the current iL is falling at the switching
state 2 in due to vC 2 > |vs |. Due to the symmetry, the
time t2 between the instants of sampling the value IvC 1
and the turning-off instants of the gate signal GT1 can be
expressed in terms of the control signal vcontl

l Veonel
f2=(I—T)T<. (14)

the conducting times for switching state 2 and switching
state 3 are (vcontlTs ) and (vcont2Ts ), respectively. The
remaining times in a switching period Ts for switching
state 4 is(1 — veontl — vcont2 )Ts. The average inductor
|- voltage vL T sin the three-level convertersis the same as

* (9), equation (15), the difference AlvC between two
sampled values IvC 1 and IvC 2 can expressed in terms of

the time
—"'hruf' = Irt"! — dpfrl = — = ; EI{-“-:‘rrcrulll.-s _2ufg-
) (16)
(al (b) Substituting (10} and (14) into (16) obtains
Fig. 9. lllustrated waveforms (1 > vcontl + vcont2 > 0). Al .y = L [(vea — ve1 ) eontt + Aout V] - (17)
(@ |vs|>vC1>vC2and (b)vC1>|vs|>VvC2. 2L
By substituting (6) into (17). (17) can be rewritten as
T's Ucomtl )
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| 1 4 The coefficient k2 may be either positive one or negative
05 bl one. In order to force the coefficient k2 positive, the
denominator should be positive
2L — T, Kpvpa = (. (19)
It implies that the controller parameter KP should be
located at the range
2L
! 0< Kp < ——— (200

]—:'i V2. max

Where vC 2, max is the maximum bottom capacitor
e voltage. Then, the difference AlvC would be proportional
to the voltage imbalance (vC 2 - vC 1). From (13) and
(18) in both cases, the difference AlvC in both cases are
proportional to the voltage imbalance (vC 2 - vC 1) via
properly selecting the controller parameter KP , which
implies that the difference AIvC obtained from the
proposed SCVBC can be used to detect the voltage
imbalance (vC 2 — vC 1 ) without directly sensing the
capacitor voltages.

(a)
[lustrated waveforms (1 > vecontl + vcont2 > 0). () |vs |
>vC2>vC1land(b) vC2>|vs|>VvC 1. Inthiscase the
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Fig. 16. Block diagram of the implemented three-level
boosting PFC converter

CONCLUSION

In this paper, the SCVBC method for the three-level
boosting PFC converter has been proposed. The proposed
method shows that the voltage imbalance can be detected
from sensing the inductor current by the proposed
sampling/hold strategy. That is, it eliminates the need for
extra sensors, reduces control complexity, and reduces the
cost and size. The reduction of cost and size are the
important contributions for PFC converters. The control
method is implemented in an FPGA-based system, and all
the provided results demonstrate the proposed method.
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