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Natural Balance of Multicell Converters:
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Abstract—The multicell converter topology is said to possess a
natural voltage balancing property. This paper is the first of a two-
part series in which multicell converters are modelled for the gen-
eral case of -cells. This paper focuses on the development of the
natural balancing theory for the two-cell case. An understanding
of the two-cell case is fundamental to understanding the general
balancing theory. The switching functions used in switching these
converters are mathematically analyzed. Equivalent circuits are
derived and presented. The switching and balancing properties
of these converters are mathematically analyzed. The main con-
clusion of the analysis is that the natural balancing of these con-
verters are influenced by three factors namely, the harmonic con-
tent of the reference waveform, the switching frequency and the
load impedance. Mathematical tools are presented that can help
designers to predict if balancing problems would occur for a par-
ticular set of operating conditions. As a result of the detailed un-
derstanding of the balancing mechanism that is gained through
this theory it is shown that by adding a balance booster, the load
impedance can be manipulated to improve the natural balancing
of the converter. Simulation results are included to verify the pre-
sented balance theory and properties.

Index Terms—Insulated gate bipolar transistor (IGBT), -cells.

I. INTRODUCTION

MULTILEVEL converters were developed as a result of a
growing need for higher power converters. In order to

achieve this higher power rating, the voltage and current ca-
pabilities of the devices used in the converter need to be in-
creased. Current insulated gate bipolar transistor (IGBT) tech-
nology extends up to 6.5 kV 900 A per switching device [1].
Converters that make use of a series connection of switches,
allow for the use of switches with reduced voltage ratings. These
lower voltage switches have lower conduction losses and can
switch at a higher frequency [2]. Higher switching frequencies
and a smaller “voltage step” capability results in higher quality
switching waveforms. This paper focuses on the natural bal-
ancing property [3], [4] of the multicell converter topology, also
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Fig. 1. The p-cell multicell inverter with optional balance booster connected.

known as the flying capacitor or capacitor clamped multilevel
converter topology. The theory discussed in this paper is dif-
ferent from existing balancing theories [5] in that it could be
used for any modulation method and provides a detailed un-
derstanding of the mechanisms that lead to capacitor voltage
balance or unbalance. The theory is only applied to interleaved
switching in this paper, but it can be applied to any modula-
tion scheme, even where the reference voltage waveforms are
non-sinusoidal, as long as the switching functions can be calcu-
lated [6].

II. MULTICELL TOPOLOGY

The multicell topology is formed when a number, say
commutation cells are imprecated (overlapped) to form an
inverter leg or chopper circuit capable of switching an input
voltage when the voltage rating of each respective commu-
tation cell is . A general circuit of the multicell topology
is shown in Fig. 1. Depending on the blocking voltage needed,
the number of cells can be extended to cells. The output
voltage waveform can be optimized by interleaving the control
signals of the different cells [7]. The output voltage waveform
is made up of steps of amplitude and a frequency times
the switching frequency of a single cell, which roughly reduces
the output filter inductance by [7]. This topology can be
used for voltage-source inverters (half-bridge, full-bridge,
three-phase, etc.), current-source inverters, choppers (buck-,
boost-, buck-boost, Čuk-, etc.), cyclo-converters, etc. Meynard
[7] listed a number of applications which are as follows: a
1.5-kV, three-cell four-level sinusoidal rectifier; a 4-kV 300-A,
seven-cell eight-level inverter leg switching at 3 kHz, i.e., an
output voltage ripple frequency of 21 kHz; an active current
filter at 20 kV.

An important aspect to remember regarding the multicell
topology is that of a balance booster. Carrere [4] and Meynard
[8] introduced the balance booster circuit, which is essentially
a notch filter connected in parallel to the load. This filter’s
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Fig. 2. Basic two-port switching circuit.

purpose is to provide a low impedance at multiples of the
switching frequency. The most general form of balance booster
is a series – – circuit. An example of a balance booster
circuit is shown in Fig. 1 where the balance booster, denoted as
an impedance , is connected parallel to the load impedance

.
The reason for the name balance booster, follows from

the effect that this circuit has on the cell capacitor voltage
balance. If this circuit is designed to have a low impedance
at the switching frequency, it means that the load impedance

is then smaller at the switching frequency due to the
parallel combination of the load impedance and the
balance booster circuit impedance . The theory developed in
this paper provides a way to quantify the effect of the balance
booster.

III. MATHEMATICAL MODEL

A. Two-Port Switching Circuits

The concept of a two-port switching circuit [9] will be ap-
plied throughout the mathematical analysis of the multicell con-
verter topology. The basic two-port switching circuit is shown in
Fig. 2. This switching circuit is controlled by a switching func-
tion . The arrow is pointed from port 1 to port 2. The rela-
tionship between the voltages and and the currents

and are as follows:

(1)

(2)

The switching function can assume any real value. In the
case of a multicell converter, is the switching state of a cell
and assumes the values 1 and 1.

For the frequency domain, the relationship between the volt-
ages and and the currents and are as
follows:

(3)

(4)

where the “ ”-symbol represents convolution in the frequency
domain.

Fig. 3. Two-cell multicell inverter.

IV. CIRCUIT ANALYSIS

The purpose of this derivation is to obtain an instantaneous
model of a multicell converter, as shown in Fig. 1. It is assumed
that switches and other components are ideal [2], [6].

A. Two-Cell Case

The circuit diagram of a two-cell multicell converter is shown
in Fig. 3.

The switching functions for the two cells can be defined as
follows:

if is closed
if is closed

for (5)

It is easy to verify that the unfiltered output voltage can be
written as follows:

(6)

In order to study the unbalance of a two-cell multicell converter,
it is necessary to define the difference between the required
voltage of the cell capacitor and the actual voltage across the
cell capacitor. If this voltage difference is defined by , then

(7)

In the same way, it is possible to define a “difference” switching
function, as the scaled difference between the switching func-
tion of cell 2 and that of cell 1. The scaling factor depends
on the configuration of the source. In this case, a split-source
with grounded center-point is used. This “difference” switching
function can be defined as

(8)

Last, it is also possible to define a “total” switching function
as the scaled sum of all the switching functions. This “total”
switching function, can be defined as

(9)



WILKINSON et al.: NATURAL BALANCE OF MULTICELL CONVERTERS 1651

Fig. 4. Equivalent circuit in terms of d and t parameters of two-cell multicell
converter.

After defining the above equations, they can be used to rewrite
and in terms of and . The resulting equa-

tions can then be used to write a system of differential equations
in terms of and parameters as [6]

(10)

(11)

(12)

It is now possible to derive an equivalent circuit in terms of
and parameters using the differential equations (10)–(12)

[9]–[12]. This circuit is shown in Fig. 4.

V. HARMONIC ANALYSIS

A. Interleaved Switching

In this paper, two triangular carrier signals phase-shifted by
radians were used to generate interleaved switching patterns

to generate the pulsewidth modulation (PWM) signals. Using
Fourier methods developed by Bennet [13] and Black [14], it is
possible to write Fourier series expansions for and using
(13) and (14) [6], [15]

(13)

(14)

In the above-mentioned expressions for and it is important
to look at the characteristics of the Fourier coefficients. For sinu-
soidal modulation with a modulation index of , these Fourier
coefficients are given by the following equations [6], [9]:

for

(15)

for
if
if

(16)

where denotes the Bessel function of the first kind [16], [17],
and is the modulation index.

The characteristics of the above coefficients can be summa-
rized as follows.

• : this coefficient is the dc-component of the reference
signal which is zero.

• : these coefficients are the Fourier series coef-
ficients of the reference signal.

• : these coefficients are components at the
switching frequency and integer multiples thereof.

• : these coefficients are harmonic side-bands
around integer multiples of the switching frequency.

These characteristics show that the harmonics of the
switching functions occur in groups around integer multiples of
the switching frequency. An example of this is shown in Fig. 5
for the two-cell case with 5 kHz for a 50-Hz sinusoidal
reference with 0.6. It is important to note that the
values of the coefficients are independent of the
switching frequency. As the switching frequency is increased
the “distance” between the different groups of harmonics
increases, but the amplitude and phase remain unchanged.

For the case of a fixed duty-cycle with a value , where
0 1, these groups of harmonics collapse into a single har-
monic and the harmonics occur only at integer multiples of the
switching frequency. This is discussed in more detail in [6].

In the more general case, where the reference signal is
not purely sinusoidal, it is difficult (if not impossible) to derive
closed form solutions for . However, the following
upper bound on the magnitude of the harmonics can be deter-
mined [6, p.40], [9, p.102], [18]:

(17)
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Fig. 5. Harmonics of two-cell switching for m = 0.6; f = 50 Hz, and f = 5 kHz. (a) jS (!)j. (b) jS (!)j. (c) jS (!)j. (d) jS (!)jjS (!)j.

This equation implies that the magnitudes of the harmonics de-
crease to zero as . By making use of this observation on
the decay of the harmonics and the fact that the distance between
the groups of harmonics increases as the switching frequency is
increased, it is concluded that the overlap between the different
groups can be made negligible by choosing a high enough value
of the switching frequency. The rate of decay of the harmonics
as is dependant on . It was veri-
fied through simulation that if the switching frequency is chosen
much higher than the highest frequency component of that
the overlap between the groups of harmonics is negligible [6],
[9].

An example showing overlap of harmonics is shown in Fig. 6
where the switching frequency is 250 Hz and the reference fre-
quency 50 Hz. The groups of harmonics are at multiples of the
switching frequency, but due to the low switching frequency
the side-bands around the multiples of the switching frequency
overlap. This can be seen in Fig. 6(b). It can also be seen in
Fig. 6(d) that the harmonics of and overlap re-
sulting in 0. It will later be shown that this
can result in cell capacitor voltage unbalance.

B. Characteristics of Harmonics

The switching functions and can be obtained from (13)
and (14). From these expressions for and it is clear that
their coefficients are of equal magnitude for all values of ,
while they are of equal phase only around even multiples of the
switching frequency. The phases of and differ by radians
around odd multiples of the switching frequency.

Therefore, the Fourier series components of and can
be separated into two groups made up of different groups of
harmonics. The harmonics of the switching functions can be
classified into classes. Harmonics of class zero of a switching
function are the set of Fourier series components for which
2 . In the same way, harmonics of class one are the set of Fourier
series components for which 2 1. Noting that

0, the following observations can be made about
the Fourier series components and the Fourier transform of
and :

• Harmonics of class zero: these are harmonics of and
which are equal in magnitude and in phase. In terms of
the Fourier transforms of and this means that when

2 , then and .
• Harmonics of class one: these are harmonics of and

where the Fourier series components of lag those of
by radians. In terms of the Fourier transforms of

and this means that when 2 1, then
and .

The above observations and properties can also be used to de-
duce the following properties regarding the switching functions

and .
• The “total” switching function contains only harmonics of

class zero. This means that contains the frequency com-
ponents of the reference signal as well as the harmonic
components of around even multiples of the switching
frequency, whereas the harmonics around odd multiples
of the switching frequency are cancelled out. This can be
seen by comparing for Class 0 and Class 1 in the
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Fig. 6. Overlapping harmonics: m = 0.8; f = 50 Hz and f = 250 Hz. (a) jS (!)j. (b) jS (!)j. (c) jS (!)j. (d) jS (!)jjS (!)j.

above-mentioned properties. Therefore, it can be said that
the remaining harmonics of are equal in magnitude and
phase to the corresponding components of .

• The “difference” switching function contains only har-
monics of class one, which means that it contains only
the harmonic components of around odd multiples of
the switching frequency, while the harmonics around even
multiples cancel out. There is no additional harmonic con-
tent in due to the reference signal, as these components
cancel each other out. Thus, the harmonic content of are
equal in magnitude and phase to that of the corresponding
harmonics of . This can be seen by comparing
for Class 0 and Class 1 in the above-mentioned properties.

• The above two conclusions lead to the following important
conclusion:

(18)

provided that the switching frequency is chosen high
enough. This property will be used extensively in the
following section.

VI. FREQUENCY DOMAIN ANALYSIS

A. Introduction

The frequency domain equivalent circuit of a two-cell multi-
cell converter in terms of and parameters is obtained by trans-
forming the time domain equivalent circuit shown in Fig. 4 to the

frequency domain. This circuit will be used for the steady-state
analysis discussed later in this paper.

For this analysis it is assumed that the input voltage is con-
stant, the cell capacitors are very large and that the cell capac-
itor voltages change much slower compared to the dynamics of
the system so that in comparison it appears as if the rest of the
system is in steady-state.

In the frequency domain, the expression for the inductor cur-
rent can be written as follows:

(19)

where is the unfiltered output voltage and is the
load impedance.

The expression for the cell capacitor current is found
by using convolution [see (4)] and applying the two-port prop-
erties of the equivalent circuit in terms of and parameters, as
shown in Fig. 4

(20)

In the analysis discussed here, represents the complex
conjugate of . As is a real valued function, then from
[19, p. 171] and [20, p. 637] it follows that:

(21)
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TABLE I
SIMULATION PARAMETERS

Fig. 7. Simulation results showing the cell capacitor voltage and the current source load of a two-cell multicell converter: (a) v (t) and (b) i (t).

B. Steady-State Analysis

The expression for in (20) can be solved for steady-
state by setting 0 in order to calculate the dc cell capacitor
currents.

When (20) is solved for the steady-state case of
0, an equation that describes the relative

unbalance of the capacitor voltage for the cell capacitor is
obtained, which is as follows:

(22)

From this equation it is possible to see that the unbalance is
influenced by the following factors.

1) The characteristics of the load impedance .
2) The overlap of the harmonics of and , which

is determined by .
These two factors are of fundamental importance in un-

derstanding the natural balancing of the two-cell multicell
converter. Based on the observations in the previous section it
tells us that steady-state unbalance can be avoided by choosing
the switching frequency high enough so that overlap between
the different groups of harmonics is minimized. It also shows
that the natural balancing mechanism is dependent on the
load impedance. In cases where the load is purely reactive

0 the natural balancing mechanism described
by (22) fails. It will later be shown how the load impedance can
be manipulated to enhance the natural balancing mechanism by
adding a balance booster. If the switching frequency, reference
signal and load impedance are known, (22) can be numerically
evaluated to determine if steady-state unbalance would occur.

Equation (22) can be simplified by making use of the har-
monic properties of the switching functions.

Two cases were found in which 0, causing
unbalance of the cell capacitor voltage. These two cases are as
follows:

• when the switching frequency is higher than the fre-
quency of the reference signal , but not high enough
to avoid overlap of the side-bands of the harmonic multi-
ples thereof;

• when the reference signal contains high frequency compo-
nents, high enough so that there is overlap of the side-bands
of the harmonic multiples thereof.

For a detailed discussion including examples of the above
switching function properties refer to [6].

It should be noted that (22) can be applied to any modulation
strategy as long as the switching functions are known. In fact
(22) can be used to determine if a certain modulation strategy
will lead to natural balancing. It is the study of future research
to evaluate other modulation strategies.

C. Time Constant Analysis

In order to calculate the time constants associated with the
balancing process, the converter is observed in a special steady-
state. For this special steady-state it is assumed that the cell ca-
pacitor voltages change much slower than the rest of the system,
so that in comparison it appears as if the remaining converter
voltages and currents are in steady-state. This means that the
low frequency harmonics are needed to calculate the time con-
stant. These low frequency harmonics can be obtained through
the following.

• The differential equations describing the two-cell converter
can be split into a homogeneous and non-homogeneous
part. The exact details of this can be found in [9]. The
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Fig. 8. The cell voltage unbalance decay of a two-cell multicell converter with f = 50 Hz and f = 5 kHz. (a) m = 0.8: without balance booster. (b) m =

0.8: with balance booster.

dc-bus voltage has no influence on the homogeneous
solution. Since the time constants are determined by the
homogeneous solution, can be set to 0 V for the time
constant analysis.

• Replacing the cell capacitors with pseudo-dc sources and
eliminating all the high frequency components by setting

0 in order to calculate the dc value of .
Equation (20) can be rewritten for this special steady-state

using the definition of convolution and setting 0. This
special steady-state case is indicated with the use of the “hat”-
symbol, e.g., . Using the conjugate properties of the Fourier
transforms of real-valued switching functions of (21) as well as
the additive- and conjugate-properties of integrals, (20) can be
simplified to the following:

(23)

Following from (23), it can be seen that is real. Knowing that
the current can be represented as a first-order differential
equation, (23) can be rewritten into the following form:

(24)

The balancing time constant of a two-cell multicell converter is
given by

(25)

In (25), it is clear that the time constant is affected by the
switching function , the load impedance and the
value of the cell capacitor.

From (25) it follows that the time constant have the following
properties:

• if 0 the time constant
which means that 0 and the cell capacitor

voltage unbalance . This means that the cell
capacitor voltage will not necessarily balance. Conditions

that can lead to 0] are when the load

impedance is purely imaginary, i.e., 0 or
when 0;

• if the time constant
0 which means that and the cell ca-

pacitor voltage unbalance 0. This means that the cell
capacitor voltage will balance.

• if 0 the time constant
) which means that

the cell capacitor voltage unbalance will decay according
to . This implies that the cell capacitor
voltage unbalance will decay to zero in a finite amount of
time.

VII. SIMULATIONS AND THEORETICAL RESULTS

A Multicell inverter, using the topology as shown in Fig. 1
with 2, was simulated using Ansoft Corporation, Simplorer,
www.ansoft.com. The simulations were performed with the pa-
rameter values as listed in Table I. The theory discussed in this
paper was implemented in Matlab. The results obtained in the
simulations are compared with the theoretical results for both
sinusoidal and fixed duty-cycle modulation. The initial voltages
of the cell capacitors were zero for all the cases.

A. Simulation With a Current Source Load

A two-cell multicell inverter is configured using the param-
eters listed in Table I. The load is chosen as a 50-Hz current
source load with an amplitude of 15 A. The converter is switched
using sinusoidal modulation with 0.5 and 50 Hz.
The initial cell capacitor voltage is zero.

The reason for choosing a current source as load is that in
theory a current source has infinite impedance. According to
the theory this will not result in natural balancing of the cell
capacitor voltage. The results are shown in Fig. 7 and confirm
the expected unbalance.

The cell capacitor voltage is shown in Fig. 7(a). This voltage
does not charge to its desired voltage, it oscillates around zero
as it charges and discharges. The current of the current source
load is shown in Fig. 7(b).
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Fig. 9. The cell voltage unbalance decay of a two-cell multicell converter with f = 5 kHz. (a) D = 0.5: without balance booster. (b) D = 0.5: with balance
booster.

B. Two-Cell Simulation and Theoretical Results

This section is devoted to the simulation of the unbalance
decay in a two-cell converter for both sinusoidal modulation and
fixed duty-cycle modulation. The initial cell capacitor voltage is
set to 25 V. Simulation time-steps are set very small in
order to minimize numeric losses.

Each case was simulated in two configurations: one without a
balance booster connected and the other with a balance booster
circuit connected in parallel with the load, as shown in Fig. 1.
The balance booster is designed to resonate at the switching
frequency and its parameters are listed in Table I. The same
balance booster is used whenever mentioned unless otherwise
stated.

1) Sinusoidal modulation: the sinusoidal reference frequency
is 50 Hz. Fig. 8 contains the results obtained for
0.8.
The balance booster circuit connected in parallel with the
load was tuned to 5 kHz. In these results it can be seen
that the cell capacitor voltage balances significantly faster
than for the case without the balance booster circuit con-
nected. It was observed in [6] that the unbalance decays
slower as the modulation index is increased. This is true
with and without a balance booster connected in parallel to
the load. The theoretical results are a good approximation
of the simulated results. The difference between the simu-
lated and theoretical result in Fig. 8(b) can be attributed to
the fact that the assumption that the cell-capacitor voltage
changes slowly in comparison with the dynamics of the rest
of the system is not valid for this particular case.

2) Fixed duty-cycle PWM: the switching frequency is
5 kHz. Fig. 9 shows the unbalance decay for 0.5.
It can be seen in Fig. 9 that the unbalance decays faster
when a balance booster is connected. It was shown in [6]
that the unbalance also decays faster as the duty-cycle is
increased. The theoretical results are still a good approxi-
mation for this case, but can be improved.

Experimental results were also obtained for the simulated cases
and are shown and discussed in detail in [6].

VIII. CONCLUSION

The multicell converter topology was modeled and analyzed
mathematically for the two-cell case. This analysis included that
of the self-balancing property of the cell capacitor voltage and
the conditions under which this property is valid. It was shown
that the natural balancing mechanism of this converter depends
on the overlap of the groups of harmonics of the switching func-
tion as well as on the load impedance. This inherent self-bal-
ancing mechanism would ensure safe operation under most op-
erating conditions. Unbalance may occur in applications with
low switching frequencies or if the reference waveform contains
harmonics that are close to the switching frequency. It is also
shown how the load impedance can be manipulated (by adding
a passive balance booster) to enhance the effect of the natural
balancing mechanism.

The analysis carried out in this paper provides a basic under-
standing of the balancing mechanisms. The balancing equation
provides a useful tool that can be used to evaluate the natural
balancing of a multicell converter under a certain set of oper-
ating conditions. The next paper in this two-part series focuses
on the general case of cells.
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