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Abstract: The flying-capacitor (FC) topology is one of the more well-established ideas of multilevel
conversion, typically applied as an inverter. One of the biggest advantages of the FC converter is the
ability to naturally balance capacitor voltage. When natural balancing occurs neither measurements, nor
additional control is needed to maintain required capacitors voltage sharing. However, in order to
achieve natural voltage balancing suitable conditions must be achieved such as the topology, number of
levels, modulation strategy as well as impedance of the output circuitry. Nevertheless this method is effectively applied in various classes of the converter such as inverters, multicell DC-DC, switch-mode
DC-DC, AC-AC, as well as rectifiers. The next important issue related to the natural balancing process
is its dynamics. Furthermore, in order to reinforce the balancing mechanism an auxiliary resonant balancing circuit is utilized in the converter which can also be critical in the AC-AC converters or switch
mode DC-DC converters. This paper also presents an issue of choosing modulation strategy for the FC
converter due to the fact that the natural balancing process is well-established for phase shifted PWM
whilst other types of modulation can be more favorable for the power quality.
Keywords: flying-capacitor converter, natural capacitor voltage balance, multilevel converter, inverter,
DC-DC converter

1. INTRODUCTION
Multilevel converters have become a very important solution for power electronic
applications in recent years. Using the multilevel converter, several advantages can be
achieved by the decrease of voltage stresses on the switches and improvement of
power quality.
The flying-capacitor (FC) converter has attracted the interest of researchers for
many years. In the majority of applications the FC topology is applied to FC
inverters and DC-DC step down converters termed multicell converters [1]–[3].
Many other ideas of multilevel conversion, such as stacked multicell converters,
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rectifiers, AC-AC or switched-mode DC-DC also utilize FC topologies and are
presented in this paper.
The FC converter uses many auxiliary capacitors, and thus the voltage balancing of
the converter is especially important in this topology. The flying capacitors determine
the potential level necessary for the reduction of voltage stress on the switches and for
modulation. The flying-capacitor voltages should be maintained in suitable proportion
to the voltage on the terminals (output or input, depending on topology). A voltage
imbalance may cause an increase of voltage stress on switches and can lead to damage
of a converter. To avoid this, a method of reducing the imbalance is needed (in a converter). Under normal operation, the average power of the flying capacitor should be
zero. Thus the large capacitance is typically unnecessary which makes the converter
sensitive to factors that can cause an imbalance.
From the many methods of voltage imbalance reduction in multilevel converters,
natural balancing methods are very attractive for the FC converters. The FC converter with adequate modulation achieves a natural balancing ability [1]. Under adequate modulation, the unbalanced FC converter introduces unique current components to the output circuitry which further affect the average voltages of the flying
capacitors. This phenomenon occurs with the assistance of the load, but the efficacy
is dependent on the output impedance. In order to achieve the required dynamics of
the natural balancing process, an auxiliary circuit can be introduced to the converter
which triggers the adequate current under the unbalancing conditions. Such a balancing circuit can be composed of a series RLC branch to achieve the required sensitivity for unbalancing conditions. Another very important issue concerns the
modulation of the FC converter.

Fig. 1. A three-level three-phase FC inverter

Natural balancing exists in FC topologies with Phase Shifted PWM (PS PWM).
Application of other PWM strategies in order to improve the output voltage spectrum
is possible, and for natural balancing, redistributions of the switching signals can be
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introduced. The modulation can also be modified to improve the dynamics of the balancing process.
Section 2 presents one of the approaches for an analytical proof of the natural balancing of the FC converter. Further analytical achievements and approaches addressed
in references are also described in this section. In Section 3, the research achievements
in the field of natural balancing of FC converter are gathered, presenting cases for
inverters, DC-DC converters, rectifiers and AC-AC converters. This paper also addresses the issue of initial charging of the capacitors in FC converters and start-up
control.
2. NATURAL VOLTAGE BALANCE
IN A FLYING CAPACITOR TOPOLOGY
2.1. BASICS OF THE NATURAL VOLTAGE BALANCING
IN AN FC CONVERTER

In-depth analytical solutions for the natural balancing process are addressed in
many research works [1]–[30].

Fig. 2. A branch of the five-level FC inverter as a three-cell converter.
Idealized waveforms of the control signals of the SPn switches,
output voltage and voltages on switches under the phase-shifted modulation

A single branch of the five-level inverter can be represented as a multicell topology, which is suitable for the natural balance analysis (Fig. 2). Analyzing the 3-cell
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converter (Fig. 2) when the converter is modulated with the phase-shifted carriers (PS)
the control signals of the SPn switches are also 120 deg phase shifted. Control of SNn
is inverted in relation to the corresponding signals for SPn switches to avoid short
circuits in the cells. The converter operates under the balanced state when the average
value of voltages on the flying capacitors remains in the suitable proportion to the input
voltage
uC2 = (2/3)uin,

uC1 = (1/3)uin

(1)

From (1) and Fig. 2 it is clear that when the converter operates under balanced
conditions the voltage stresses across the switches are limited to the values
uSP1max = uC1 = (1/3)uin, uSP2max = uC2 – uC1 = (1/3)uin, uSP3max = uin – uC2 = (1/3)uin, (2)
uSpnmax = (1/3)uin.

(3)

However, under unbalanced conditions, when (1) is not met, the voltage stresses
across switches exceed the rated voltage (1/3)uin. Thus the unbalanced state can lead
to failure conditions and should be avoided.
Natural balancing is a mechanism that leads the converter to the balanced state by
the current flow which is triggered under the unbalanced state. In the case of the multicell converter (Fig. 1, Fig. 2) the output voltage and the output current play a significant role in this process.
The output voltage is the sum of the input voltage and voltages on switches SPn
uout = uin – (uSP1 + uSP2 + uSP3).

(4)

The switches are modulated with the switching frequency (fC) but at the output
voltage a switching component at the three times the switching frequency should appear (3fC). However, the unbalanced state will differ from these conditions which will
be the basis for the natural balancing proof. Using the analysis in the switching frequency (fC) domain thee can be found the difference in the output voltage spectrum
under the balanced and the unbalanced state. These cases are presented in Fig. 3,
with the use of complex amplitude diagrams [84]. From the diagrams presented in Fig. 3,
it follows that under the unbalanced state the component with the fC frequency appears
in the output voltage. This component triggers the output current which should affect
the voltages of flying capacitors. The direction of current through the capacitors is
dependent on state of the neighboring switches, which can be described in the following way [25]:
iC1 = iout(SP2 – SP1),

(5)

iC2 = iout(SP3 – SP2).

(6)
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(b)

Fig. 3. A complex representation of the output voltage (uout) components
in the switching frequency domain ( fC) of the 3-cell DC-DC converter
under the balanced (a) and unbalanced state (b)

In the switching frequency domain ( fC) the switching functions (SP2–SP1) and
(SP3–SP2) are 120 degrees phase shifted (or 240 degrees) sinusoidal functions
(SP2–SP1)fc = Bsin(2fC 2) – Asin(2fC),

(7)

(SP3–SP2)fc = Csin(2fC ) – Bsin(2fC ),

(8)

where A, B, C are the amplitudes of the components, and are proportional to voltages
on capacitors.
From (7) and (8) it follows that:
 The component of fC frequency of the output current affects the average value of
the flying capacitors.
 If the fC frequency output current exists it can affect the average voltages of one
or two flying capacitors. The case where any of the capacitors average voltage varies
does not exist when the fC frequency of the output current flows.
 Because the switching functions do not include the constant components or
the 3fC frequency these components of the output current do not affect the flying capacitors average voltages. This is important due to the fact that these components as
well as the low frequency component dominate the output current. From the instance
of an unbalanced state, presented in Fig. 3b, it is seen that the balancing voltage is
created by an error in the voltage component which uses the voltage uC1. In this case,
the balancing voltage triggers the balancing current to become out of phase to the uSP1
voltage (in relationship (1)), which means that capacitor C1 is charged by the balancing current when SP1 is in the off state and the system is led to the balanced conditions. Figure 4 presents simulation results which show the components of the output
voltage under the balanced as well as unbalanced state. The voltage u_bal is extracted in
Fig. 4 as the difference between the output voltage under the balanced and unbalanced
conditions for the same setup and this is the voltage uout(fC). It is clearly seen in Fig. 4
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that uout(fC) has three times lower frequency than the output voltage switching component under the balanced conditions.
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Fig. 4. The output voltage waveform in the three-cell FC converter under the balanced state (Plot 1),
and the unbalanced state (Plot 2). The difference between the voltage under the balanced
and unbalanced state (Plot 3) and spectrum of all the waveforms. Uin = 400 V. Under the balanced state:
uC1 = 266.6 V, uC2 = 133.3 V. Under the unbalanced state: uC1 = 250 V, uC2 = 133.3 V

Presented in this section is the proof of the balancing process, which demonstrates
a mechanism of triggering the output current with a unique frequency under the unbal-
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anced conditions and an impact of this current on average voltage on the flying capacitors.
These approaches are addressed in the literature [25] but for the complete model
of the natural balancing, the following issues should also be proven:
 An influence of the various components of the output current (e.g., low frequency 50 Hz) on the flying capacitors voltages.
 Stability of the balancing process, i.e., whether the triggered balancing circuit leads
the flying capacitor voltages to the balanced state or causes a dipper imbalance.
 The dynamics of the balancing process.
The in-depth analysis of the natural balancing process including the influence of
the harmonic of the output current on the natural voltage balance dynamics can be
found in [1]–[27]. In [9]–[12], the dynamics of the natural balancing process is
described by the lineralized circuit model where the flying capacitor voltage is the
following

VC (t )  AVC (t )  BVin (t ) .

(9)

The circuit model (9) is determined by the use of a Double Fourier solution of
the PWM switching signals.
The state-space analysis of the natural balancing process of the FC converters is
presented in [13].
The time-domain solution and analysis of the flying-capacitor voltage natural balancing dynamics is demonstrated in detail in [15]–[25], [33]. The time domain approach presented in [15], [23] utilizes analytical solutions in switching intervals with
appropriate initial conditions, which makes it possible to obtain a time-averaged
model of the voltage balancing of the flying capacitors. The application of the time
averaging analysis of the FC converter voltage balancing is also demonstrated [17]–[20],
[24], [25] for various number of level converters.
In general, from the solutions presented in the literature it follows that the dynamics of the natural balancing depends on the imbalance ratio, flying capacitances and
load. The balancing booster (described in Section 2.3) creates specific conditions of
balancing and has a substantial impact on the dynamics of the process. For the
switching frequency ( fC), the impedance is approximately equal to the resistance of
the booster, which can be as low as the parasitic value of the balancing circuit.
2.2. MODULATION STRATEGY AND SUITABLE NUMBER OF LEVELS
FOR THE NATURAL BALANCING CAPABILITY

In the general case for the natural balancing ability it is necessary to modulate the
cells by the set of the interleaved signals [1]–[7]. The signals can be generated using
various methods but the most intuitive is Phase Shifted PWM (PS PWM) strategy.
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In [1]–[31], the natural balancing is achieved by the use of PS PWM strategy (Fig. 5).
The PS PWM is a subject of investigation and modification [32]–[38] to improve the
output voltage or the flying-capacitor voltage balance. In a method proposed in [32],
[35], an additional balancing control algorithm is used with the PS PWM strategy.

Fig. 5. PS PWM strategy suitable for the natural balancing conditions.
Control signals and the output voltage of 3-cell DC-DC converter (Fig. 2)

The algorithms adjust the duration of switching cells necessary for the voltage balance, utilizing a redundancy of switching states. The method proposed in [38] utilizes
two sets of phase shifted carriers, and the use of a given carrier depends on the value
of the reference signal. As a result, the quality of the line-to-line voltage is improved
and the converter maintains the natural voltage balancing ability. In [33], the voltage
balance dynamics is improved by the use of modified PS-PWM. The method proposed
in [33] is based on a switch-state sequences modification and can be achieved using
carriers.
Aside from the PS PWM technique, other PWM strategies can be attractive from
the standpoint of output voltage harmonic content or hardware implementation. In
[39]–[44], an in-depth study of Phase Disposition (PD) PWM strategy is presented.
In [42], [43], it is demonstrated that the application of additional state machine-based
processing for suitable distribution of the switching signals makes it possible to
achieve the natural balancing ability using PD and CSPWM methods. PD PWM applications for FC converters are also an issue addressed in [44], where natural balancing
is also achieved by the reconfiguration of the basic carriers of the PD technique.
In [45], the PD PWM application in FC converters is proposed, where a single triangular carrier is used. In [46], the natural balancing dynamics is compared for the PS
PWM, and modified level-shifted PWM in H-bridge FC converter. An in-depth ana-
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lytical solution for the voltage balancing dynamics and very good performance of
the modified LS PWM method is demonstrated in [46]. From other solutions in [47],
a modified Carrier-Redistribution PWM method using symmetric carrier technique is
proposed for the voltage balance of the flying-capacitor multilevel inverter. In [48],
the voltage balancing in FC converter with the hysteresis current control is presented
and in [49], [50] the FC system uses hybrid PWM methods where PD PWM, as well
as selective harmonic elimination (SHE PWM) are applied. The hysteresis current control with further state machine-based voltage balancing is presented in [51]. In [52],
a precalculated switching pattern is used for a low switching frequency IGBT-based FC
converter. In [53], a comparison of three carrier-based PWM methods, namely Modified Carrier-Redistribution (MCR) PWM, the Saw-Tooth-Rotation (STR) PWM, and
the typical Phase-Shifted (PS) PWM with an analysis of output voltage harmonic and
the voltage balance problem is presented.
Proper flying capacitor voltages

Improper flying capacitor voltages

4-cell
converter

9-cell
converter

Fig. 6. A complex representation of the output voltage components of the 4-cell and 9-cell converters.
Cases of proper flying capacitor voltages and possible improper flying capacitor voltages,
where the unbalanced component in the output voltage is not present

The PS PWM strategy makes it possible to achieve the natural balancing in the FC
converter, however, the effectiveness of the method can be reduced in for some con-
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verters, such as the typical multicell branch with unsuitable number of cells and, duty
ratio. This issue is addressed in detail in [54].
Figure 6 presents diagrams of the vectors that create the output voltage in the domain
of switching frequency of a single cell (fC) in a four-cell DC-DC converter (Fig. 7).
In both cases, the balanced as well as unbalanced one, the sum of the vectors equals
zero, meaning that the fC component will not appear in the output voltage in such specific unbalanced conditions, and the balancing current is not triggered. Similar conditions can occur for other specific number of cells such as the nine-cell, presented in
Fig. 6. To overcome the problem of ineffectiveness of the natural balancing in the FC
converter with PS PWM strategy, it can be modified to change the order of redundant
states. In the output voltage, the level varies according to a defined order. In a single
switching period (TC – Fig. 2), a given level can be realized in a redundant way from
the voltage of different capacitors. When PS PWM is utilized, the redundant states in
the output voltage appear in a fixed order (Table 1). Thus the conditions presented in
Fig. 6 can occur when the unbalanced voltage is canceled for a unique phase shift of
the voltage components of the output voltage. Because the imbalance voltage is cancelled for a particular order of the switching states in a switching period the unbalanced voltage will appear when the order is changed using redundant level realization
(Table 2).

Fig. 7. A four-cell FC inverter
Table 1. Realization and order of switching states in 4-cell converter
for PS PWM on the 1st level
Switching state
Turned-on switches
Output voltage
components

S1a
SP1
SN2
SN3
SN4

0
SN1
SN2
SN3
SN4

S1b
SP2
SN1
SN3
SN4

0
SN1
SN2
SN3
SN4

S1c
SP3
SN1
SN2
SN4

0
SN1
SN2
SN3
SN4

S1d
SP4
SN1
SN2
SN3

0
SN1
SN2
SN3
SN4

uC1

0

uC2–uC1

0

uC3–uC2

0

uin–uC3

0
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Table 2. PS PWM and an example of modified switching order in 4-cell converter
on the 1st level
Fixed sequence
Variation of sequences

State S1a 0 S1b 0 S1c 0 S1d 0 S1a 0 S1b 0 S1c 0 S1d 0 …
State S1a 0 S1b 0 S1c 0 S1d 0 S1a 0 S1c 0 S1b 0 S1d 0 …

2.3. AUXILIARY CIRCUITRY FOR THE NATURAL BALANCE BOOSTING

In many research works presented in the literature, an additional balancing booster is
proposed to improve the conditions for the natural balancing process [1]–[3], [5]–[8],
[26]–[31], [54], [76], [77], (Fig. 8).

Fig. 8. The balancing circuit (RbLbCb) application in the multicell converter

The balancing booster, in a simple way, can be designed as an RLC series branch
with the resonant frequency equal to the switching frequency of a single cell (fC).
Thus, under the unbalanced state the balancing circuit creates low impedance for the
current flow, triggered by the balancing component (frequency fC). In the balanced
state the balancing circuit represents substantial impedance which limits its unnecessary current flow.
Utilization of the balancing current can increase the cost of the converter. However, it brings some important advantages:
 The dynamics of reduction of the imbalance state can be predicted;
 The level of the imbalance can also be predicted;
 The imbalance state is reduced independently of the load of the converter.
The effectiveness of the balancing circuit and the voltage balancing process is
demonstrated in Fig. 9, for the test where the flying capacitor C2 is discharged by
the parallel capacitor. Despite the 300 W discharging, the average voltages on the
flying capacitors remain constant. The ripples in the voltages of the capacitors show
that the balancing effectiveness depends on the duty cycle. A selection of parameters of the balancing booster is not trivial, and in the literature, much attention is
devoted to selection of parameters of the balancing circuit [26]–[31]. It is a critical
issue for nominal operation in the case of AC-AC converters (Fig. 23) [3], [27],
[28], [76].
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Fig. 9. Waveforms of the three-cell FC converter under the discharge of the flying capacitor C2
by parallel auxiliary resistor (Raux): (1) the output voltage, (2) the voltage on capacitor C1,
(3) the current of capacitor C1, (4) the voltage on capacitor C2, (5) the current of capacitor C2,
(6) the balancing current, (7) power of auxiliary resistor Raux C1 = C2 = 20 F, Uin = 400 V

3. UTILIZATION OF THE NATURAL BALANCING
IN FC CONVERTERS
3.1. FLYING-CAPACITOR INVERTERS AND MULTICELL CONVERTERS

The natural balancing of single-phase inverters, as well as multicell converters is
well established for multicell converters as well as inverters. However, the problem
is still in the current track of research and various types of modulation, as well as
the topologies of converters, are investigated.

Natural capacitor voltage balance in multilevel flying capacitor converters.

17

3.1.1. DOUBLE FLYING CAPACITOR MULTICELL CONVERTER

In [55], the concept of the double flying-capacitor multicell converter (Fig. 10) as
well as the modulation strategy are presented. The proposed converter utilizes two additional low frequency switches with the multicell converter which assures an increase in
the number of levels and makes it possible to improve its operational features.

Fig. 10. The double flying-capacitor multicell converter

The modulation based on the PS PWM makes the natural balancing possible in the
converter. The results of double flying-capacitor multicell converters are also presented in [56]–[58]. Natural balancing is achieved by the application of PS PWM in
the modified flying-capacitor multicell converters (Fig. 11) presented in [59]–[61].

Fig. 11. The concept of the flying-capacitor multicell converters (FCMC)
3.1.2. HIGHER LEVEL INVERTERS AND H-BRIDGE CONVERTER

The FC topology is suitable for applications with a higher number of levels and in
many references the multicell converters, stacked converters and inverters are analyzed for levels higher than three. If the number of levels is suitable, it does not affect
the natural balancing capability of the converter [54]. An analysis of the voltage balancing dynamics for four-level to seven level single leg FC converters is clearly demonstrated in the series of publications [16], [19], [24], [25].
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In single-phase systems, the number of levels can be additionally increased by the use
of the H-bridge topology. An in-depth study of the H-bridge FC inverter is presented
in [36] and [62] (Fig. 12). In [36], the natural balancing conditions are analyzed for
improved carrier-based PWM strategies in 4-level H-bridge FCC. An application of
the proposed improved PWM improves the natural balancing dynamics when a small
output voltage is realized. The proposed modulation strategy introduces improved
switching states redundancy.

Fig. 12. H-bridge flying-capacitor inverters [36], [62]

The advantages of the proposed PWM strategy were demonstrated and the need for
further investigations was suggested in the conclusions due to the new findings during
operation under the large modulation indices [36]. The authors in [62] demonstrate
a comparison of the H-bridge balancing ability and dynamics for 3-level FC and NPC
converter. In [17], [18], [21], [22], four level and five-level FC H-bridge converters are
analyzed.
3.1.3. STACKED FLYING-CAPACITOR CONVERTERS

The stacked multicell converter (SMC), [63], presented as an example in Fig. 13, is
a composition of two multicell converters which enable an increase in the number of
the output voltage levels in comparison to a single multicell converter.

Fig. 13. The flying-capacitor 3-level stacked multicell converter with a balancing circuit
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The SMC allows higher input voltages to be utilized and the volume of the capacitors to be reduced. The natural balancing of the SMC is also a subject of investigation. Figure 14 presents examples of waveforms of a 3-level stacked multicell
inverter with balancing circuit.
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Fig. 14. An operation of the flying-capacitor 3-level stacked multicell inverter.
Exemplary waveforms of the output voltage, the output current, the balancing current
and voltages of the upper part (uin1, uC1up, uC2up). ICAP/4 simulation results

An in-depth analysis of the natural balancing in the SMC can be found in [64]–[66].
In [65], the study of the voltage balancing dynamics under the phase disposition phase
shifted carrier pulse width modulation (PD-PSC-PWM) technique is demonstrated
with the use of an analytical model. In [42], [43], the analysis of the natural balancing
in SMC is achieved and an in-depth analysis of the modulation strategy related to
the balancing in multicell converter, as well as SMC, is demonstrated. The proposed
strategy is a modification of conventional PD and CSV PWM with finite state machine
algorithms responsible for suitable transitions in the converter branches. An algorithm
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of a correction of a state machine decoder for MC and SMC converter for optimal
distribution of switching transitions among cells is presented in [50]. In [66], selected
topologies with resistive and RL loads using time domain averaging methods are analyzed. The basics of the natural voltage balance in the SMC are similar to the multicell
converter case [1]–[31].

Fig. 15. The flying-capacitor multi-level SMC [67]

In [67], the concept of a higher level SMC converter is presented (Fig. 15) with
a reduction in the number of switches as well as the energy stored in flying capacitors.
The converter maintains the natural balancing ability by the use of modified PS PWM,
proposed in [67]. Examples of operation in cases of 9-level and 13-level converters are
presented. In [68], an application of SMC in STATCOM is demonstrated. For selfbalancing, the PS PWM is used in the system [68].
In [69], [70], the STC is reconfigured and utilized as a rectifier with sinusoidal input current (Fig. 16).

Fig. 16. A flying-capacitor rectifier with sinusoidal input current [69], [70]

Natural capacitor voltage balance in multilevel flying capacitor converters.

21

3.2. HYBRID-CLAMPED CONVERTER

The four-level hybrid-clamped converter (Fig. 17) proposed in [71] utilizes a flying capacitor as well as dc-link capacitors. Thus the natural balancing of the capacitors
is especially attractive in such converter. In [71], the natural balancing of voltages
across the flying capacitor and the dc-link capacitors can be achieved in this converter
under the fair modulation.

Fig. 17. The four-level hybrid-clamped converter [71]
3.3. SWITCH-MODE DC-DC FLYING CAPACITOR CONVERTER

Aside from the inverters and inductiveless multicell step-down converters (Fig. 2),
the flying-capacitor topologies can be introduced to the switch-mode DC-DC converters. In [72]–[75], various topologies are demonstrated and in [75] the natural voltage
balance is analyzed in detail for boost and buck-boost FC converter. The advantages
of the flying-capacitor topologies versus typical switch-mode DC-DC are as follows:
 A decrease of the stresses on switches,
 An increase of the frequency of the current and voltage of an inductor.
Figure 18 presents the flying-capacitor boost DC-DC converter supported by two
flying capacitor cells [75]. This balanced state can be maintained when the natural
balancing of the converter occurs. In both the converter voltages on the switches are
then reduced (Fig. 19), which is proven in [75]. In [75], many analytical, simulation
and experimental results are also presented for the natural balancing ability of the
converter, demonstrating very good performance of this method. Figures 20–22 present experimental results of the operation of the flying-capacitor boost converter with
two auxiliary capacitor cells. From the waveforms presented in Fig. 20 it is seen that
the frequency of the voltage and current of the choke is three times higher than the
switching frequency of a single cell. It is the biggest advantage of the FC boost converter aside the voltage limitation on switches.
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Fig. 18. The flying-capacitor DC-DC boost and buck-boost converter [75].
Application of a balancing circuit and theoretical waveforms in the FC boost converter
Boost converter with 2 FC cells
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Fig. 19. Examples of simulation results (ICAP/4 software) of input and output voltages, voltages on the
capacitors and voltage stress on a switch and a diode [75]. The values related to the output voltage Uout

Fig. 20. Experimental results of the flying-capacitor boost converter with two auxiliary capacitor cells
(Fig. 18). Waveforms of a control signal of a switch, voltage on a branch of switches
(voltage on a balancing circuit), and inductor current (iL). Uin = 200 V, Pout = 1 kW
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Fig. 21. Experimental results of the flying-capacitor boost converter with two auxiliary capacitor cells
and the balancing circuit (Fig. 18). Waveforms of the voltage on the balancing circuit, output voltage
and voltages on the flying capacitors uC2, uC1. Uin = 200 V, Pout = 1 kW, D = 0.5.
(a) Balanced state, (b) exemplary unbalanced state (capacitor C2 discharged by parallel 120  resistor)

Fig. 22. Experimental results of the flying-capacitor boost converter with two auxiliary capacitor cells
and the balancing circuit (Fig. 18) under the variation of the input voltage from Uin = 500 V to
Uin = 100 V. Waveforms of the input voltage, output voltage and voltages on the flying capacitors uC2, uC1

Figure 21 demonstrates that the voltage on the balancing circuit will be destroyed
by lower frequency harmonics when the voltage sharing on the flying capacitors is improper. The efficacy of the balancing process of the FC boost converter with the balancing circuit is demonstrated in Fig. 22. It is evident that the waveforms of the output
voltage and the voltage on capacitors remain in constant proportion in this test.
3.4. AC-AC MULTICELL CONVERTER

The multicell AC-AC converter [2], [6], [27], [28], [84] is a constant frequency
step-down voltage regulator with the following features:
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Regulation of rms value of the output voltage,
Reduction of voltage stress on the switches,
Reduction of the value of the switching component in the output voltage,
Increase of frequency in the switching component in the output voltage.

Fig. 23. The multicell AC-AC converter and the concept of operation

The converter can be suitable for power supplies with AC voltage regulation as
well as for voltage stabilization in a power transmission line.
Figure 23 presents the topology and the concept of operation of the multicell AC-AC
converter. The operation is proceeding under the variation of the input voltage. Positive
and negative input voltages are managed by the shorting and switching of the suitable
section of switches. The critical aspect for the nominal operation of the AC-AC converter is the suitable variation of voltages on the flying capacitors to stay in a constant
proportion to the input voltage, which for the 3-cell case, should be the following
uC1 = (1/3)uin,

uC2 = (2/3)uin.

(10)

The conditions of (10) can be met via proper application of the balancing circuit.
Reference [27] is devoted to this issue, where the selection of the characteristic impedance of the balancing circuit for the multicell AC-AC converter is presented, and
problems of the quality of operation, stresses of the balancing circuit and converter
components, as well as the possible impact on the efficiency is analyzed. Figure 24
presents the case of a proper and improper balanced converter as a consequence of
selection of the balancing circuit parameters [27]. Figure 25 presents experimental
results which confirm the feasibility of the converter.
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Fig. 24. Instances of properly and improperly balanced converter depending on the parameters
of the balancing circuit. ICAP/4 simulation results. (a) Lb = 0.09375 mH, Cb = 4.4 uF, Rb = 0.1 ,
(b) Lb = 0.375 mH, Cb = 1.1 F, Rb = 0.1 . fC = 6.8 kHz

Fig. 25. An operation of the three-cell AC-AC converter. Experimental results
for D = 0.82, fC = f0 = 7052 Hz, = 58.38 [78]
3.5. INITIAL CHARGE OF THE FLYING CAPACITORS

Initial charging of the flying capacitors assures that the voltage stresses on the
switches are limited at the beginning of operation.
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Fig. 26. Charging procedure of the flying capacitors with the use of auxiliary resistor
with bypassing switch. ICAP/4 simulation results. The test achieved on the basis of [79]

The capacitors charging can be achieved with the use of auxiliary resistors after
connecting the converter to the input source [79]–[85]. Figure 26 presents the results
of charging procedure of the flying capacitors with the use of an auxiliary resistor with
bypassing switch presented in [79]. Operation of the auxiliary switch S2 and the
switches in cells makes it possible to charge the capacitors to adequate values. Aside
the input resistor, the natural balancing mechanism can also be used for improvement
of the charging of the flying capacitors during the start up [33], [80], [81] or suitable
switching [82]–[84]. In [85], charging resistances are also used for the capacitors voltage balancing. However, contrary to other solutions, in [85], the resistors are connected in parallel to switches.
4. CONCLUSIONS
The flying-capacitor topology is a well established concept of the multilevel conversion [86], [87]. However, the basic concept of the FC topology is adopted into many new
multilevel topologies of converters proposed in recent years. One of the significant
qualities of FC converters is the ability for natural capacitor balancing, but the method
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can only be used under the suitable conditions. Existing achievements in the field of
natural voltage balance process in the FC converters focus of the following aspects:
 Mathematical modeling of the voltage balance and analysis of the process existence
in a particular topology. The model can differ in a multicell converter and, e.g.,
a FC switch-mode DC-DC converter. The number of levels may also be important.
 Modeling of the dynamics of the balancing process and the impact of parameters of the converter. The response of the circuit to the conditions which can affect the voltage sharing on the capacitor should be sufficient to maintain safe
voltage stresses on switches.
 Development of new FC topologies. This paper presents several types of FC
converters where natural balancing exists (Table 3).
 Development of modulation methods which produce suitable output parameters,
maintaining natural balancing abilities of the converter. Thus, the FC converter
may operate with modulation other than PS PWM, which assures the natural
balancing.
 Utilization of auxiliary balancing booster to improve the balancing ability of the
converter. For instance, in a multicell AC-AC, the balancing booster with nominal
parameters is critical for proper operation. Points of connection of the balancing
circuit can also be very important, such as in the switch-mode DC-DC converters.
 Initial charging of the capacitors in FC converters to avoid overvoltage on
switches during start-up of the FC converters.
Table 3. A summary of FC topologies and the natural balancing conditions
A case
Multicell DC-DC
converter

Natural balancing conditions
 good balancing conditions with carrier-based PS modulation,
 in some number of level topologies, the natural balancing can fail with
the use PS PWM,
 fully functional balancing conditions when special control with suitable
order of states is introduced.

FC inverter, stacked
multicell converters,
 the same balancing conditions as in multicell converters
and double flying-capacitor
multicell converter
 good balancing conditions with carrier-based PS modulation,
Multicell AC-AC
 the balancing process is necessary for proper operation,
converter
 fair selection of parameters of the balancing circuit is critical for voltage
stresses limitation and output voltage quality.
Switch-mode DC-DC
 good balancing conditions in proven cases,
flying-capacitor
 application of balancing circuit is possible and can importantly improve
converter
the balancing process.
Other FC topologies
 balancing conditions proven for particular cases.
Multicell topology
 possible balancing conditions but fully functional can be when special
with PD PWM
control with redistribution of active switches is introduced.
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All these issues are addressed in the literature, but are still developed which is very
important taking into consideration an industrial importance of the flying-capacitor
topology.
It is worth pointing out that attempts are made to introduce the idea of natural capacitor voltage balancing to other types of multilevel converters.
REFERENCES
[1] MEYNARD T., FADEL M., AOUDA N., Modelling of multilevel converters, IEEE Trans. Ind. Elec.,
1997, 44, 3, 356–364.
[2] MEYNARD T.A., FOCH H., THOMAS P., COURAULT J., JAKOB R., NAHRSTAEDT M., Multicell converters:
Basics concepts and industry applications, IEEE Trans. Ind. Electron., 2002, 49, 5, 955–964.
[3] MEYNARD T.A., FOCH H., FOREST F., TURPIN C., RICHARDEAU F., DELMAS L., GATEAU G.,
LEFEUVRE T.A., Multicell converters: Derived topologies, IEEE Trans. Ind. Electron., 2002, 49, 5,
978–987.
[4] YUANG X., STEMMLER H., BARBI I., Self-balancing of the clamping capacitor-Voltages in the multilevel capacitor-clamping-inverter undersub-harmonic PWM modulation, IEEE Trans. Power
Electron., 2001, 16, 2, 256–263.
[5] WILKINSON R.H., MOUTON H.T. Du, MEYNARD T.A., Natural balance of multicell converters, IEEE
34th Annual Power Electronics Specialist Conference, 2003. PESC ’03. 2003, 3, 1307–1312.
[6] PIRÓG S., Przekształtniki wielokomórkowe, Przegląd Elektrotechniczny, 2003, 9, 537–544.
[7] WILKINSON R., MOUTON H. du, MEYNARD T., Natural Balance of Multicell Converters: The General Case, IEEE Trans. Power Electron., November 2006, 21, 6, 1658–1666.
[8] WILKINSON R.H., MEYNARD T.A., MOUTON H. Du TOIT, Natural balance of multicell converters:
The two-cell case, IEEE Trans. Power Electron., 2006, 21, 6, 1649–1657.
[9] MCGRATH B.P., HOLMES D.G., Analytical Modelling of Voltage Balance Dynamics for a Flying
Capacitor Multilevel Converter, IEEE Power Electronics Specialists Conference, Orlando, FL,
2007, 1810–1816.
[10] MCGRATH B.P., HOLMES D.G., Analytical modeling of Voltage balance dynamics for a flying
capacitor multilevel converter, IEEE Trans. Power Electron., 2008, 23, 2, 543–550.
[11] MCGRATH B.P., HOLMES D.G., Analytical Determination of the Capacitor Voltage Balancing Dynamics for Three-Phase Flying Capacitor Converters, IEEE Transactions on Industry Applications,
2009, 45, 4, 1425–1433.
[12] MCGRATH B.P., HOLMES D.G., Natural Capacitor Voltage Balancing for a Flying Capacitor Converter
Induction Motor Drive, IEEE Transactions on Power Electronics, 2009, 24, 6, 1554–1561.
[13] DARGAHI V., SHOULAIE A., Capacitors natural voltage balancing mechanism investigation in flying
capacitor multicell converters, 19th Iranian Conference on Electrical Engineering, Tehran, Iran,
2011, 1–5.
[14] GATEAU G., FADEL M., MAUSSION P., BENSAID R., MEYNARD T.A., Multicell converters: active
control and observation of flying-capacitor voltages, IEEE Transactions on Industrial Electronics,
2002, 49, 5, 998–1008.
[15] RUDERMAN A., REZNIKOV B., MARGALIOT M., Simple analysis of a flying capacitor converter voltage balance dynamics for DC modulation, 13th Power Electronics and Motion Control Conference,
EPE-PEMC 2008, Poznań, 2008, 260–267.
[16] RUDERMAN A., REZNIKOV B., Five-level single-leg flying capacitor converter voltage balance dynamics analysis, Industrial Electronics, IECON ’09, 35th Annual Conference of IEEE, Porto, 2009,
486–491.

Natural capacitor voltage balance in multilevel flying capacitor converters.

29

[17] RUDERMAN A., REZNIKOV B., Three-level H-bridge flying capacitor converter voltage balance
dynamics analysis, 13th European Conference on Power Electronics and Applications, EPE ’09,
Barcelona, 2009, 1–10.
[18] THIELEMANS S., RUDERMAN A., REZNIKOV B., MELKEBEEK J.A.A., Five-level H-bridge flying capacitor converter voltage balance dynamics analysis, IEEE International Symposium on Industrial
Electronics, Bari, 2010, 826–831.
[19] REZNIKOV B., RUDERMAN A., Four-level single-leg flying capacitor converter voltage balance
dynamics analysis, 13th European Conference on Power Electronics and Applications, EPE ’09,
Barcelona, 2009, 1–10.
[20] RUDERMAN A., REZNIKOV B., THIELEMANS S., Tutorial time averaging methods in PWM multilevel
power converters analysis: Application to voltage quality evaluation and flying capacitors average
voltage balancing dynamics, IEEE International Symposium on Industrial Electronics, Bari, 2010,
4468–4531.
[21] THIELEMANS S., RUDERMAN A., REZNIKOV B., MELKEBEEK J., Simple time domain analysis of
a 4-level H-bridge flying capacitor converter voltage balancing, IEEE International Conference on
Industrial Technology (ICIT), Vi a del Mar, 2010, 818–823.
[22] THIELEMANS S., RUDERMAN A., REZNIKOV B., MELKEBEEK J., Simple time domain analysis of
a five-level H-bridge Flying Capacitor converter voltage balancing, 14th International Power
Electronics and Motion Control Conference (EPE/PEMC), Ohrid, 2010, T2–139–T2–146.
[23] RUDERMAN A., REZNIKOV B., THIELEMANS S., Single-leg flying capacitor converter voltage balancing dynamics analysis accounting for PWM iron loss, IEEE 8th International Conference on
Power Electronics and ECCE Asia (ICPE & ECCE), Jeju, 2011, 977–982.
[24] REZNIKOV B., RUDERMAN A., Six-level single-leg flying capacitor converter voltage balancing
dynamics analysis, 14th International Power Electronics and Motion Control Conference
(EPE/PEMC), Ohrid, 2010, T2–7–T2–14.
[25] REZNIKOV B., RUDERMAN A., Seven-level single-leg flying capacitor converter voltage balancing
dynamics analysis, Proceedings of the 2011 – 14th European Conference on Power Electronics and
Applications (EPE 2011), Birmingham 2011, 1–10.
[26] STALA R., PIRÓG S., BASZYŃSKI M., MONDZIK A., PENCZEK A., CZEKOŃSKI J., GĄSIOREK S., Results
of investigation of multicell converters with balancing circuit – Part I, IEEE Trans. Ind. Electron.,
2009, 56, 7, 2610–2619.
[27] STALA R., PIRÓG S., MONDZIK A., BASZYŃSKI M., PENCZEK A., CZEKOŃSKI J., GĄSIOREK S., Results
of investigation of multicell converters with balancing circuit – Part II, IEEE Trans. Ind. Electron.,
2009, 56, 7, 2620–2628.
[28] PIROG S., STALA R., Selection of parameters for a balancing circuit of DC-DC and AC-AC multicell
converters, Proc. 11th EPE, Dresden, Germany, Sep. 11–14, 2005, 910.
[29] VAN DER MERWE J.W., MOUTON H. d. T., The effect of the filter inductor ESR on the natural balancing time constant of the flying capacitor converter, 2010 IEEE International Symposium on Industrial Electronics, Bari, 2010, 1119–1124.
[30] DARGAHI V., SHOULAIE A., Capacitors voltage balancing modeling in three phase flying capacitor
converters with booster, Power Electronics and Drive Systems Technology (PEDSTC), 2012 3rd,
Tehran, 2012, 103–108.
[31] SARMUKHANOV R., FAMILIANT Y.L., RUDERMAN A., Practical engineering approach to natural
voltage balancing analysis in multilevel converters with balance booster, IEEE 5th International
Conference on Power Engineering, Energy and Electrical Drives (POWERENG), Riga, 2015,
188–192.
[32] FENG C., LIANG J., AGELIDIS V.G., Modified phase-shifted PWM control for flying capacitor multilevel converters, IEEE Trans. Power Electron., 2007, 22, 1, 178–185.

30

R. STALA

[33] THIELEMANS S., RUDERMAN A., REZNIKOV B., MELKEBEEK J., Improved Natural Balancing With
Modified Phase-Shifted PWM for Single-Leg Five-Level Flying-Capacitor Converters, IEEE Transactions on Power Electronics, 2012, 27, 4, 1658–1667.
[34] GHIAS A.M.Y.M., POU J., CIOBOTARU M., AGELIDIS V.G., Voltage balancing method for the multilevel flying capacitor converter using phase-shifted PWM, Power and Energy (PECon), 2012 IEEE
International Conference on, Kota Kinabalu, 2012, 274–279.
[35] GHIAS A.M.Y.M., POU J., CIOBOTARU M., AGELIDIS V.G., Voltage-Balancing Method Using PhaseShifted PWM for the Flying Capacitor Multilevel Converter, IEEE Transactions on Power Electronics, 2014, 29, 9, 4521–4531.
[36] IBRAYEVA A., TEN V., FAMILIANT Y.L., RUDERMAN A., PWM Strategy for improved natural balancing of a four-level H-bridge Flying Capacitor Converter, Int. Aegean Conference on Electrical
Machines & Power Electronics (ACEMP), 2015 Int. Conference on Optimization of Electrical
& Electronic Equipment (OPTIM) & 2015 Int. Symposium on Advanced Electromechanical Motion
Systems (ELECTROMOTION), Side, 2015, 311–316.
[37] VAN DER MERWE W., HOKAYEM P., STEPANOVA L., Optimal voltage balancing control based on
phase shift variation, IEEE Energy Conversion Congress and Exposition (ECCE), Montreal, QC,
2015, 1707–1714.
[38] GHIAS A.M.Y.M., POU J., CAPELLA G.J., ACUNA P., AGELIDIS V.G., On Improving Phase-Shifted
PWM for Flying Capacitor Multilevel Converters, IEEE Transactions on Power Electronics, 2016,
31, 8, 5384–5388.
[39] MCGRATH B.P., HOLMES D.G., Enhanced voltage balancing of a flying capacitor multilevel converter using Phase Disposition (PD) modulation, IEEE Energy Conversion Congress and Exposition, San Jose, CA, 2009, 3108–3115.
[40] SHUKLA A., GHOSH A., JOSHI A., Natural Balancing of Flying Capacitor Voltages in Multicell
Inverter Under PD Carrier-Based PWM, IEEE Transactions on Power Electronics, 2011, 26, 6,
1682–1693.
[41] MCGRATH B.P., HOLMES D.G., Enhanced Voltage Balancing of a Flying Capacitor Multilevel Converter Using Phase Disposition (PD) Modulation, IEEE Transactions on Power Electronics, 2011,
26, 7, 1933–1942.
[42] MCGRATH B.P., GATEAU G., MEYNARD T., HOLMES D.G., Optimal Modulation of Flying Capacitor
and Stacked Multicell Converters using a State Machine Decoder, IEEE 36th Power Electronics
Specialists Conference, Recife, 2005, 1671–1677.
[43] MCGRATH B.P., MEYNARD T., GATEAU G., HOLMES D.G., Optimal modulation of flying capacitor
and stacked multicell converters using a state machine decoder, IEEE Trans. Power Electron., 2007,
22, 2, 508–516.
[44] KANG D.W., LEE W.K., HYUN D.S., Carrier rotation strategy for voltage balancing in flying capacitor
multilevel inverter, Proc. IEE Electr. Power Appl., 2011, 151, 2, 2004, 239–248.
[45] GHIAS A.M.Y.M., POU J., CAPELLA G.J., AGELIDIS V.G., AGUILERA R.P., MEYNARD T., SingleCarrier Phase-Disposition PWM Implementation for Multilevel Flying Capacitor Converters, IEEE
Transactions on Power Electronics, 2015, 30, 10, 5376–5380.
[46] RUDERMAN A., REZNIKOV B., Simple comparison of different PWM strategies for a three-level
H-bridge flying capacitor converter, [in:] Optimization of Electrical and Electronic Equipment
(OPTIM), 12th International Conference on, Basov, 2010, 544–550.
[47] KANG D.W., LEE B.K., JEON J.H., KIM T.J., HYUN D.S., A symmetric carrier technique of CRPWM
for voltage balance method of flying-capacitor multilevel inverter, IEEE Trans. Ind. Electron., 2005,
52, 3, 879–888.
[48] SHUKLA A., GHOSH A., JOSHI A., Improved multilevel hysteresis current regulation and capacitor
voltage balancing schemes for flying capacitor multilevel inverter, IEEE Trans. Power Electron., 2008,
23, 2, 518–529.

Natural capacitor voltage balance in multilevel flying capacitor converters.

31

[49] XU L., AGELIDIS V.G., VSC Transmission System Using Flying Capacitor Multilevel Converters and
Hybrid PWM Control, IEEE Transactions on Power Delivery, 2007, 22, 1, 693–702.
[50] NADERI R., RAHMATI A., A correction to the state-machine-decoder for Stacked Multicell converters, 2014 IEEE Applied Power Electronics Conference and Exposition – APEC.
[51] DAVOODNEZHAD R., HOLMES D.G., MCGRATH B.P., Hysteresis current regulation of three phase
flying capacitor inverter with balanced capacitor voltages, Power Electronics and Motion Control
Conference (IPEMC), 7th International, Harbin, China, 2012, 47–52.
[52] DELMAS L., MEYNARD T.A., GATEAU G., Computed PWM for flying capacitor multicell converters,
IEEE International Symposium on Industrial Electronics, 2004, 2, 953–956.
[53] LEE WON-KYO, KIM SOO-YEOL, YOON JONG-SU, BAEK DOO-HYUN, A comparison of the carrierbased PWM techniques for voltage balance of flying capacitor in the flying capacitor multilevel
inverter, Twenty-First Annual IEEE Applied Power Electronics Conference and Exposition, 2006.
APEC ’06., Dallas, TX, 6-.
[54] GRAD M., Ograniczenia dotyczące algorytmu sterowania oraz struktury przekształtników wielokomórkowych, Przegląd Elektrotechniczny, 2011, 8, 70.
[55] SADIGH A.K., HOSSEINI S.H., SABAHI M., GHAREHPETIAN G.B., Double flying capacitor multicell
converter based on modified phase-shifted pulse width modulation, IEEE Trans. Power Electron.,
2010, 25, 6, 1517–1526.
[56] DARGAHI V., KHOSHKBAR SADIGH A., ABARZADEH M., PAHLAVANI M.R.A., SHOULAIE A., Flying
Capacitors Reduction in an Improved Double Flying Capacitor Multicell Converter Controlled
by a Modified Modulation Method, IEEE Transactions on Power Electronics, 2012, 27, 9, 3875–
3887.
[57] DARGAHI V., SADIGH A.K., VENAYAGAMOORTHY G.K., CORZINE K., Hybrid double flying capacitor
multicell converter and its application in grid-tied renewable energy resources, IET Generation,
Transmission & Distribution, 2015, 9, 10, 947–956.
[58] SADIGH A.K., DARGAHI V., CORZINE K.A., New Multilevel Converter Based on Cascade Connection
of Double Flying Capacitor Multicell Converters and Its Improved Modulation Technique, IEEE
Transactions on Power Electronics, 2015, 30, 12, 6568–6580.
[59] SADIGH A.K., DARGAHI V., ABARZADEH M., DARGAHI S., Reduced DC voltage source flying
capacitor multicell multilevel inverter: analysis and implementation, IET Power Electronics, 2014,
7, 2, 439–450.
[60] DARGAHI V., SADIGH A.K., ABARZADEH M., ESKANDARI S., CORZINE K.A., A New Family of
Modular Multilevel Converter Based on Modified Flying-Capacitor Multicell Converters, IEEE
Transactions on Power Electronics, 2015, 30, 1, 138–147.
[61] SHEIKH M.K., MESHRAM P.M., Performance analysis of modular multilevel converter based on
modified flying-capacitor multicell converter using SPWM, International Conference on Industrial
Instrumentation and Control (ICIC), Pune, 2015, 1555–1560.
[62] RUDERMAN A., REZNIKOV B., Comparison of natural voltage balancing in three-level H-bridge
capacitor- and diode-clamped converters, Energy Conference and Exhibition (ENERGYCON),
IEEE International, Florence, 2012, 76–81.
[63] GATEAU G., MEYNARD T.A., FOCH H., Stacked multicell converter (SMC): Properties and design,
Proc. 32nd Annu. IEEE PESC, Jun. 17–21, 2001, 3, 1583–1588.
[64] DELMAS L., GATEAU G., MEYNARD T.A., FOCH H., Stacked multicell converter (SMC): control
and natural balancing, IEEE 33rd Annual Power Electronics Specialists Conference, PESC,
2002, 2, 689–694.
[65] DARGAHI S., BABAEI E., ESKANDARI S., DARGAHI V., SABAHI M., Flying-capacitor stacked multicell
multilevel voltage source inverters: analysis and modelling, IET Power Electronics, 2014, 7, 12,
2969–2987.

32

R. STALA

[66] ORNOV N., RUDERMAN A., Simple time domain analysis of natural balancing in flying capacitor
stacked multiceli converters, 40th Annual Conference of the IEEE Industrial Electronics Society
IECON 2014, Dallas, TX, 2014, 1779–1785.
[67] HOSSEINI S.H., SADEGHI M., Reduced Stacked Multicell converter with minimized stored energy of
flying capacitors, 2nd IEEE PES International Conference and Exhibition on Innovative Smart Grid
Technologies (ISGT Europe), Manchester, 2011, 1–5.
[68] SADEGHI M., NAZARLOO A., HOSSEINI S.H., BABAEI E., A new DSTATCOM topology based on
Stacked Multicell converter, 2nd Power Electronics, Drive Systems and Technologies Conference
(PEDSTC), Tehran, 2011, 205–210.
[69] PIRÓG S., BASZYŃSKI M., Jednofazowy, trójkomórkowy przekształtnik AC/DC z sinusoidalnym prądem linii zasilającej (część 1), Przegląd Elektrotechniczny, 2009, 3, 42–47.
[70] PIRÓG S., BASZYŃSKI M., Jednofazowy, trójkomórkowy przekształtnik AC/DC z sinusoidalnym prądem linii zasilającej (część 2), Przegląd Elektrotechniczny, 2009, 4, 116–121.
[71] WANG K., ZHENG Z., XU L., LI Y., A Four-level Hybrid-Clamped Converter With Natural Capacitor Voltage Balancing Ability, IEEE Transactions on Power Electronics, 2014, 29, 3, 1152–
1162.
[72] JIN K., RUAN X., Zero-voltage-switching multiresonant three-level converters, IEEE Trans. Ind.
Electron., 2007, 54, 3, 1705–1715.
[73] RUAN X., LI B., CHEN Q., Three-level converters – A new approach in high voltage dc-to-dc conversion, Proc. IEEE PESC 2002, 663–668.
[74] FOREST F., MEYNARD T.A., FAUCHER S., RICHARDEAU F., HUSELSTEIN J.-J., JOUBERT C., Using the
multilevel imbricated cells topologies in the design of low-power power-factor-corrector converters,
IEEE Trans. Ind. Electron., 2005, 52, 1, 151–161.
[75] STALA R., The Switch-Mode Flying-Capacitor DC–DC Converters With Improved Natural Balancing, IEEE Transactions on Industrial Electronics, April 2010, 57, 4, 1369–1382.
[76] GRAD M., Zastosowanie wielokomórkowego regulatora AC/AC do kompensacji mocy biernej, Przegląd Elektrotechniczny, 2011, 8, 76.
[77] BASZYŃSKI M., MONDZIK A., Wielokomórkowy falownik napięcia oparty o strukturę przekształtnika
DC/DC, Przegląd Elektrotechniczny, 2007, 6, 74–77.
[78] STALA R., MONDZIK A., Naturalny balans w przekształtniku wielokomórkowym AC-AC. Realizacja
praktyczna, VIII Krajowa Konferencja Naukowa Sterowanie w Energoelektronice i Napędzie Elektrycznym SENE, 2007, 21–23 listopada 2007, Łódź, Poland.
[79] PIROG S., BASZYŃSKI M., CZEKOŃSKI J., GĄSIOREK S., MONDZIK A., PENCZEK A., STALA R., Multicell
DC/DC Converter with DSP/CPLD Control. Practical Results, 12th International Power Electronics
and Motion Control Conference EPE-PEMC 2006, Portoroz, 2006, 677–682.
[80] THIELEMANS S., RUDERMAN A., MELKEBEEK J., Self-precharge in single-leg flying capacitor
converters, 35th Annual Conference of IEEE Industrial Electronics Society, IECON ’09, Porto,
2009, 812–817.
[81] THIELEMANS S., RUDERMAN A., REZNIKOV B., MELKEBEEK A.A., Selfprecharge for single-leg odd–
level multilevel converter, Proc. IET Int. Conf. Power Electron. Mach. Drives, 2010, 1–6.
[82] SEPAHVAND H., KHAZRAEI M., CORZINE K.A., FERDOWSI M., Start-up Procedure and Switching
Loss Reduction for a Single-Phase Flying Capacitor Active Rectifier, IEEE Transactions on Industrial Electronics, 2013, 60, 9, 3699–3710.
[83] SEPAHVAND H., KHAZRAEI M., FERDOWSI M., CORZINE K.A., Capacitor voltage regulation and precharge routine for a flying capacitor active rectifier, IEEE Energy Conversion Congress and Exposition (ECCE), Raleigh, NC, 2012, 4107–4112.
[84] JANIK D., KOSAN T., KAMENICKY P., PEROUTKA Z., Universal precharging method for dc-link and
flying capacitors of four-level Flying Capacitor Converter, 39th Annual Conference of the IEEE
Industrial Electronics Society, IECON 2013, Vienna, 2013, 6322–6327.

Natural capacitor voltage balance in multilevel flying capacitor converters.

33

[85] OBARA H., SATO Y., Development of high power density flying capacitor multi-level converters with
balanced capacitor voltage, IEEE Energy Conversion Congress and Exposition (ECCE), Raleigh,
NC, 2012, 330–336.
[86] PIRÓG S., Energoelektronika. Układy o komutacji sieciowej i o komutacji twardej, Kraków, Akademia
Górniczo-Hutnicza, Uczelniane Wydawnictwa Naukowo-Dydaktyczne, 2006, ISBN: 83-7464-034-0.
[87] HARTMAN M.T., Wielopoziomowe falowniki napięcia, Gdynia, Wydawnictwo Fundacji Rozwoju
Akademii Morskiej w Gdyni, Gdynia, 2006.

