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Abstract: Flying capacitor converters have been 
initially introduced to allow series connection of devices 
and address all types of conversion; DC/DC choppers, 
DC/AC Voltage Source Inverters, DC/AC Current 
Source Inverters and even AC/AC cycloconverters. 
Although the access to this technology was limited by the 
existence of patents, applications of the first two types 
have emerged mainly in the field of multi-MW Medium 
Voltage Drives, a field in which series connection is a 
decisive advantage. Today, this topology is in the public 
domain, and a wider field of application is open. 
Recently, it has been shown that FC converters can also 
be a challenging option in the field of very low voltage 
and power applications (a few Volts, a few Watts)  
 
Key Words: Power conversion, chopper, inverter, 
topology, series connection, multilevel conversion, 
multicell converter, flying capacitor, medium voltage 
drive, voltage regulator module, computer, tablets, 
mobile phone.  

1. INTRODUCTION 
Series multilevel conversion has first been identified 

as a means to reach higher voltage ratings with existing 
semiconductors. Then the degrees of freedom offered by 
these converters or some of these converters has been 
presented as the main advantage to improve the quality 
of the voltage delivered by the converter and to reduce 
the size of the filter. This seemed to be especially 
interesting when using high voltage semiconductors 
(3kV, 4.5kV,...) only capable of switching at a relatively 
low frequency (typ. around 1kHz), hence a main field of 
application: Medium Voltage drives.  

Then it became clearer that series connection was 
also an option to improve efficiency; for example 
replacing 1200V IGBTs with series-connected 600V 
devices proved to be the right options in many 
applications focusing on high efficiency: Uninterruptible 
Power Supplies, solar, etc...  

And now, since a few years, it seems that the next 
step could be to take advantage of the reduction of the 

size of magnetic components in applications where the 
smoothing inductor can be more than 50% of the size of 
the complete converter. This is typically the case in very 
low power applications (<10W), because the magnetic 
component is the only component that cannot benefit 
from integration technologies so that the height of the 
inductor dictates the height of the full converter.  

The aim of this paper is to give an overall view of the 
main steps of this evolution and to look at short term 
perspectives of applications for these converters.  

2. ORIGIN OF THE CONCEPT 
In 1989, Professor Foch visited me while I was 

Invited Researcher at the Université du Québec à Trois 
Rivières, P.Q., CANADA. He told me about the Neutral 
Point Clamped topology [1] (Fig. 1.a) he had just seen 
presented at a conference and he described it as 
‘switching devices connected in series with capacitors 
charged at half the voltage to guarantee balanced 
voltages across the switching devices’. We were sitting 
in a restaurant with nothing to write on, so he did not 
show me the circuit and from this description the image I 
built in my mind was the Flying Cap topology (Fig. 1.b), 
not the NPC. But it is only one year later that I 
discovered that what I had in mind was different from 
the NPC and new. We quickly realized that, unlike the 
NPC topology, the FC topology had the advantage of 
being compatible with chopper applications, of being 
easily generalized to more than two devices in series and 
that the losses are evenly distributed; based on these 
statements, this topology certainly deserved to be further 
investigated....  

3. FLYING CAPACITOR CONVERTERS : 
BASIC CHECKS, PROTOTYPES AND 

TRANSFER TO INDUSTRY 
Obtaining balanced voltages across the switches of 

the different cells is a crucial issue in Flying Capacitor 
converters (FC) and since cell voltages are the 
differences of adjoining FC voltages, this is obtained 
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when the FC voltages are linearly distributed: 
vC1=V/nCell; vC2=2V/nCell; ...; vCnCell=V.  

 

   
a) Neutral Point Clamped Topology 

b)   Flying Capacitor Topology. 
Fig. 1. Multilevel Commutation Cells. 

From the beginning it was quite clear that the average 
currents in the Flying Capacitors (FC) could be cancelled 
under strong and quite unrealistic assumptions: steady-
state operation of a very ideal chopper which means pure 
DC current, absolutely constant and equal duty cycles on 
all cells. Under such conditions, the basic average model 
allows concluding that the average FC voltages will not 
vary, and provided the initial conditions are correct, 
balance will be maintained. However FCs behave as pure 
integrators, and if the slightest DC current exists, cell 
voltages will drift from balance and the converter will be 
in danger. In practice the assumptions stated above will 
never be exactly met, and it is therefore important to 
understand what happens when different conditions are 
met:  

1. Non ideal current source, which means presence of 
a current ripple. The FC currents take three different 
values over a switching period (+I, 0, –I) but for each 
capacitor the time interval corresponding to these values 
are different, so it is not straightforward to understand 
how the system evolves.  

2. Non equal duty cycles. In open-loop, it is 
impossible to guarantee the quality of duty cycles (errors 
in the generation itself, dispersion of transmission times, 
differences in switching times or switching shapes of the 
power transistors, etc...).  

3. Non constant duty cycles. Even in chopper 
applications the duty cycle must vary, and since the 
control signals are not in phase they cannot vary 
altogether and “maintaining equal duty cycles” is 
meaningless when duty cycles can only vary at different 
times...  

Strangely enough, this problem was very new and did 

not seem to have an equivalent in the field of power 
conversion. At first we thought it was not more 
complicated than operating commutation cells in parallel, 
which also requires equal duty cycles. However, in the 
case of cells in parallel, the main imperfections of the 
system are the series resistors of the switches that greatly 
help! In presence of a slight difference of duty cycles, the 
difference of voltages generated by the different cells 
will generate a current circulating from one cell to the 
other that is limited by this resistance. This does not 
transpose to the FCs because the corresponding 
parameter would be the equivalent parallel resistance of 
the capacitors and in practice this parameter is very high; 
inductors are quite different from pure integrators, but 
capacitors are excellent integrators and that makes the 
problem much more difficult to solve.  

For all these reasons, it first seemed that these 
converters would require sensing the FC voltages and 
closing the loop; this would be a very serious drawback 
and would have probably killed the concept. In fact, this 
question is so important that we decided to go for a more 
thorough analysis and we first started by simulations. At 
this stage it must be emphasized that wrong conclusion 
can easily be obtained when the simulation parameters 
are not carefully chosen. For example in fixed step 
simulations the delay between two cells, 1/nCell/fsw, 
should be an integer multiple of the simulation step to 
avoid creating unwanted duty cycle or phase-shift errors. 
Simulation times must also be chosen big enough to get 
the full picture ((typically 100 switching periods, 
sometimes much more...). When properly processed, 
such a study reveals that this converter presents a natural 
balancing mechanism that will allow the system to 
recover from small perturbations (wrong initial 
conditions e.g.) or to be less sensitive to small 
imperfections (small duty cycle differences e.g.). This 
natural balancing is not extremely strong, but it is 
enough to allow operating in open loop and to confirm 
that this topology was worth a patent [2].  

Then several laboratory prototypes were built, 
starting with a 2-cell MOSFET chopper [xx], shortly 
followed by a 3-cell VSI used as a sine wave rectifier 
(220VRMS=>1.8kVDC) [xx]. Based on these results 
semi industrial prototypes have been elaborated, one in 
collaboration with Alcatel Alsthom Recherche (7 cells, 
1.2kV IGBTs, up to 4.5kVDC) [4] and a second one with 
EDF (a hybrid active filter for 20kV lines using a 4-cell 
3- phase VSI and a passive network) [5].  

Based on these prototypes and the resulting 
confidence in this new topology, several industrial 
products have been developed. The first products were a 
range of liquid-cooled drives for 3.3kV motors (Fig. 
2.a)[6] and a 3kV/1.5kV DC chopper for the T13 and 
T30 locomotives (Fig. 2.b)[7], later followed by a range 
of air-cooled drives for 4.15kVRMS motors (Fig. 2.c)[8].  

4. STACKED MULTICELL INVERTERS 
An evolution of the FC converters introduced as the 

‘Stacked MultiCell converter’ was later introduced (Fig. 
3)[10]. It mainly consists of nS FC converters with nFC 
cells each, each FC converter being activated to generate 
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multilevel waveforms in different bands, e.g. the bottom 
FC converter in Fig. 3 being used to generate a 4-level 
waveform in [0; V/2].  

 
a) 4.7kV DC bus: 3phase liquid-cooled VSI for Medium 
Voltage drive application; 3 cells per phase with 3.3kV 

IGBTs. 

 
b) DC bus: 3kV typ.,4.5kVDC max; 4 chopper modules 

of 1.5MW each per locomotive; 2-cell topology with 
4.5kV GTOs.  

 
c) 6kV DC bus, 3phase VSI for Medium Voltage drive 

application, 3-cell modules with 4.5kV IGBT switching at 
900Hz 

Fig. 2. High Power Commercial Flying Capacitor  

Because the DC bus itself is split in several stages 
with capacitor voltages that need to have stable voltages, 
this topology is mainly intended for inverter operation.  

 

Fig. 3. Topology of Stacked Multicell Converter with nS 
=2; nFC=3. 

It may not be obvious, but the main advantage of this 
topology is to reduce the volume of FCs. This can be 
justified as follows. Comparing a SMC with nS=2 to its 
equivalent FC converter (central line of semiconductors 
removed):  

• the switches switch only half of the time, so the 
switching frequency can be doubled and the capacitances 
can be halved while maintaining the same junction 
temperature and voltage ripple,  

• the number of capacitors is doubled but their 
voltage rating is halved and their energy divided by four 
which means a total energy halved,  

• hese two factors result in a reduction of total 
energy by a factor four.  

On the other hand, the price to pay is an obvious 
increase of the number of semiconductors and drivers 
(the central line of semiconductors). This apparent 
drawback is not as bad as it seems because each time the 
central switches are conducting the outer switches are 
blocking, so the presence of the central line reduces the 
average and RMS current in the external lines; at full 
modulation depth, the losses are generally quite well 
distributed over the three lines and from this point of 
view the central line acts more like a parallel connection 
(higher currents can be handled for the same junction 
temperature).  

Several laboratory setups and semi-industrial 
prototypes have been constructed, and this topology is 
now an industrial product (ref Zhang Gaeta xx) [9].  

5. FC COMMUTATION CELLS AS 
BUILDING BLOCKS FOR META-

CONVERTERS 
In FC converters all FC need to have the same 

capacitance but their voltage ratings rise linearly with the 
index of the cell, which means that their energy and 
volume basically increase as the square of the index of 
the cell. As a consequence, the main drawback of FC 
converters is the size of the capacitors themselves; this 
mainly applies to the high-index capacitors and generally 
limits the practical interest of this this topology to low 
numbers of cells (typically 3 or 4).  

However, as explained in [12], the high index 
capacitors can be replaced with partial FC converters and 
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Fig. 4. 10kV DC bus, 3phase VSI for Medium Voltage 
drive application, 2x2-cell modules in each phase 

 

Fig. 5. 5-level ANPC 

many variants of this family can be generated according 
to this principle 

One of these variants has been introduced under the 
name of ‘5-level ANPC’ and has become an industrial 
product (ref doc ABB). It can basically be seen as a 3-
cell commutation cell that is connected to one half-bus 
for one alternation and to the other half-bus for the other 
alternation. In this case it allows generating 5 levels per 
phase with a single FC. This configuration is used in a 
10kV industrial product.  

Another family of variants is also described in [12]; 
the idea is basically to use several FC converters 
connected to different intermediate points of the DC bus 
and to connect the load to the output of one of these 
converters for one alternation and to the output of the 
other converter for the other alternation via an extra low 
frequency commutation cell (Fig. 7). There is a strong 
similarity between the topologies in Fig. 6 and Fig. 7. In 
the first one, the switches on the left are switching at a 
very low frequency (typ. 50/60Hz) and the switches on 
the right are switching at a higher frequency that imposes 
the frequency of the current ripple; the operation of the 
second is similar except that the functions of the left and 
right blocks are permutated. At first sight the first 
configuration seems much better because it has fewer 
semiconductors and fewer capacitors. However, in both 
configurations the voltage rating of the low frequency 

switches is twice the voltage rating of the high frequency 
switches, so in the end there is no difference in terms of 
number of semiconductors. The voltage rating of the 
capacitors is the same in the two configurations so this 
apparently gives an advantage to the first configuration.  

 
Fig. 6. 10kV DC bus, 3phase VSI for Medium Voltage 

drive application, 5-level ANPC in each phase 

 
Fig. 7. 5-level ANPC 

This intermediate conclusion must however be 
reconsidered in the case of three-phase converter as was 
shown in [13]. The idea proposed by the authors is in this 
case to mutualize the first top cell, bottom cell and 
corresponding capacitors so they can be shared by the 
three phases (Fig. 8). This configuration uses only two 
FC with a voltage rating of V/4 for a three-phase 
converter, which makes it very competitive.  

Some cells being mutualized, the output levels of the 
three phases cannot be chosen independently, but the 
good news, is that because of the various redundant 
states provided by FC converters, the number of points 
used in the (a,b) plane is very close to those delivered by 
a conventional ‘5-level-per-phase three-phase inverter’ 
(55 points available instead of 61, see Fig. 9)[13]. 

6. AC/AC/ CONVERTERS 
FC converters allow connecting commutation cells in 

series, but the commutation cells can also be connected 
in anti-series to allow handling a bidirectional voltage 
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[16], [17], [18]. In this case the FC voltages must be able 
to vary at a speed that is compatible with the speed of 
variation of the voltage of the commutation cell which 
can be quite easily obtained by natural balancing when 
the switching frequency is much higher than the 
frequency of the AC voltage applied to the commutation 
cell. This problem of variation of the FC voltage is even 
easier to handle when only one cell for each polarity is 
used by ‘freezing’ alternatively one commutation cell 
and the other (turning on both switches of the 
commutation cell when the voltage reaches zero) as 
described in [17]. 

 
Fig. 8. Five-level converter with common flying 

capacitors 

 
Fig. 9. Points available in the (a,b) plane for FC and 

common FC 3-phase VSIs 

 
Fig. 10. ‘Quasi-5-level-per-phase’ common FC drive  

This principle is used in two industrial products 
allowing the regulation of a 50/60Hz 240V single phase 
AC line. One of these products is a general purpose 
converter that can be adapted for any specific application 
[19] and the second is dedicated for the regulation of 

public lighting [20].  

 

Fig. 11. AC/AC FC converter 

a) 240V/3kW single-phase AC regulator for general 
purpose applications. 

 
b) 240V 6kW single-phase AC regulator for public 
lighting.  

Fig. 12. Commercial AC regulator using 2-cell FC 
choppers 

7. MORE RECENT PRODUCTS: LINE 
VOLTAGE APPLICATIONS 

FC converters can also be a way to take advantage of 
benefits of some advantages of low voltage devices. For 
example, for power MOSFETs it is well known that the 
surface resistivity (product of the series resistance and 
the die surface) increases with the voltage rating of the 
device. Assuming that the die surface is an indication of 
cost, different designs with the same total surface can be 
compared; for example a single device with a voltage 
rating V, a surface S and a surface resistivity r(V) can be 
replaced with the series connection of two devices with 
half the voltage rating and half the surface each. The 
series resistances obtained in these two cases are :  

𝑅!"#$! =ρ(V) /S    (1) 

𝑅!"#$! = 2ρ(V/2) / (S/2)   (2) 
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So it can be seen that when the surface resistivity 
increases faster than the square of the voltage rating, 
series connection of devices allows reducing the 
conduction losses. This means that when very high 
efficiency is needed, series connection of many low 
voltage devices switching at low switching frequency 
becomes an option. This principle has been pushed quite 
far by the company CIRTEM that developed 12-cell FC 
legs that can be used for high efficiency choppers and 
inverters [21]. The use of twelve 100V Mosfets in series 
switching at 10kHz allows creating a 120kHz voltage 
waveform and using a very small smoothing inductor. 
The low losses allow natural convection. A specific 
know-how is required to minimize the cost and FIT-rate 
introduced by each driver and to obtain a good overall 
reliability.  

 
Fig. 13. High Efficiency Commercial Flying Capacitor 
converter: ���efficiency better than 99.3%, DC bus: 650V; 
12-cell topology with 100V MOSFETs; exists in both 

chopper and inverter configurations 

8. NEW DEVELOPMENTS FOR LOW 
VOLTAGE & POWER WPPLICATIONS 

Another motivation for using FC converters is to 
improve power densities by reducing the size of 
magnetics, simplifying thermal issues by distributing the 
losses over several switches and avoid hot spots.  

This has been explored in the range of 100W-1kW as 
described in [22]-[25]. As shown in these papers, the 
merits of flying capacitor topology in realization of these 
low voltage high power density inverters are :  

•  the size of flying capacitor can be reduced 
dramatically by increasing the switching frequency,  

• lower voltage stress on power devices enables 
the use of low voltage MOSFETs with lower on-state 
resistance and excellent switching characteristics; these 
are desirable features to minimize the losses,  

• the reduction of losses in the power devices can 
reduce the size of the heat sinks; in addition, the loss is 
distributed to all the MOSFETs equally resulting in the 
lower loss generation density and in the following two 
prototypes, no heat sinks are required in the continuous 
operation at the rated load.  

Fig. 14 is a first prototype using 6 cells with 200V 
Mosfets. When switching at 5kHz on a DC bus of 300V 
the efficiency is 97.8% and the power density is around 
2kW/l.  
 

 
Fig. 14. A 500W 3-phase 7-level FC inverter 

 
Fig. 15. A 600W H-bridge 13-level FC inverter 

Fig. 15 is a second prototype showing how the FC 
converter can be made modular by connecting 6 units of 
5- level FC Multi-Level inverter Building Module.  

9. FUTURE DEVELOPMENTS: LOW AND 
VERY-LOW VOLTAGE &POWER 

APPLICATIONS 
In low power dc-dc converters, used in mobile 

devices, consumer electronics, computers, and other 
applications consuming power from a fraction of watt to 
several hundreds of watts, the use of conventional buck, 
boost and flyback based topologies is still dominant. In 
an increasing number of recent research publications []-[] 
the possibility of utilizing FC based multi-level 
converters has been investigated. The highly attractive 
features of improving the efficiency while reducing the 
size of inductors, which in the low-power space-
constrained applications are among the largest 
contributors to the overall size of the devices [], have 
been noticed and the use of the FC multi-level converter 
topologies as alternatives to the conventional solutions 
have been proposed [22]-[31].  

In [22] and [27] a comparison of the conventional 
buck converters with on-chip integrated power 
transistors and gate drivers is given and the advantages 
of a drastic reduction of the inductance value combined 
with lower switching losses, compared to the 
conventional buck structures, are partially quantified. An 
on-chip implementation of a 3-level buck power stage is 
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presented in [22]. The 4-switch 2-phase FC “double-
buck” converter of Fig. 16, was proposed by Nishijima 
[28], and its on-chip implemented presented in [29]. In 
this topology a single flying capacitor and only 4 
transistors are utilized to achieve inductance reduction. 
The simplicity of this topology comes at the price of 
reduced conversion ratio, which is limited to 0.5 and a 
requirement for the full voltage rating, rather than a half 
of Vg, for switches Q1 and Q4.  

 
Fig. 16. 2-Phase double-buck FC converter 

In [30] the use of a conventional 3-level FC buck has 
been proposed for envelop tracking applications. There, 
the supply voltage of a high-frequency linear amplifier is 
modulated by a low frequency signal produced by a 3-
level buck, to produce a high frequency amplitude-
modulated signal. In this way that power processing 
efficiency at the system level is drastically improved, 
since the linear amplifier is always operated close to its 
full range where its efficiency is high and the operation 
in lossy low range amplifier range is eliminated. In [31], 
a 3-level FC buck converter for improving heavy-to-light 
transient response characteristics of high step down 
converters has been proposed. There, by increasing the 
negative voltage across the inductor during transients and 
effectively introducing an effect of “negative duty ratio”.  

Even though the advantages of multi-level FC 
topologies over conventional solutions have been 
recognized in low- power applications, which are 
extremely cost-sensitive, the conventional topologies are 
still predominantly used. This is mostly due to lack of 
understanding of control-related issues specific for low 
power applications and the absence of hardware-efficient 
control solutions for the low power applications. In [32] 
one of the issues, related to voltage spikes at zero current 
ripple points in buck converter has been addressed and a 
simple controller for the mitigation of the problem has 
been proposed. It is reasonable to expect that, in a near 
future, hardware-efficient solutions for other application-
specific control issues will be solved and that the 
presence of FC based multi-level converters in low- 
power applications will increase.  

10. CONCLUSION 
In the past decades, multilevel converters have been 

introduced in the field of high and very high power 
conversion; Medium Voltage drives (1-10kV, 1-10MW), 
FACTS (some 100MW, some 100kV...). The topologies 
used in these fields share the advantages resulting of 
series connection of devices (access to higher voltages 
with existing semiconductors) and interleaved control 
(creation of a higher “apparent switching frequency” 
allowing a reduction of the size of the filters). However, 

most of the topologies used in these fields cannot be used 
for all types of conversions. For example Neutral Point 
converters cannot be used for DC/DC converters, and 
generalization to higher numbers of levels is not so easy, 
and Modular  

Multilevel Converters are almost limited to fixed 
frequency applications. Only the FC converters can 
inherently address DC/DC conversion.  

In recent years, it has been seen that multilevel 
conversion can offer interesting advantages (higher 
efficiency, smaller inductors,...) in the intermediate 
voltage range (300-750V) or even in the low voltage 
range (down to 3V); however in these lower voltage 
range, inverters are not the only application and it is 
therefore important to develop a certain know-how in 
using FC topology since it is the only topology that can 
handle any type of conversion from DC/DC to 3-phase 
DC/AC.  
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