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Abstract—Cascaded H-bridge multilevel converters are usually
applied for high-power systems with independent dc sources. It
can be used as PV inverter or to operate independent battery
stacks. In these cases, as each dc source can be working
at different operational points, conventional modulators lead
to high distorted output waveforms degrading the converter
performance. In this paper, a modulation method as a modified
version of conventional phase-shifted PWM is presented when the
CHB converter has a large number of power cells. This method
is an extension of a previous technique only suitable for CHB
converters with three power cells per phase. Simulation results
show the good performance of the proposal with higher number
of cells.

I. INTRODUCTION

Multilevel converters have become a mature technology in
the last decades for applications such as fans, pumps, motor
drives, flexible ac transmission systems (FACTS), high-voltage
dc systems or renewable energy sources integration, among
others. They present advantages for medium-voltage appli-
cations using serial connection of power devices to achieve
high nominal power levels with high performance output
waveforms [1]–[8].

One of the most conventional multilevel converter topolo-
gies is the cascaded H-bridge power converter (CHB) which
is formed by the serial connection of power cells (usually full
bridges). It has been successfully applied as motor drive or
FACTS presenting high modularity and fault tolerant capabil-
ity [9], [10]. In Fig. 1, a six-cell CHB converter is represented.

In this paper, the CHB converter is considered where
different dc sources are connected to the dc side (independent
PV arrays or batteries). As addressed in [11], [12], the good
performance of the converter is degraded if the dc sources
are not equal leading to high distortion at twice the carrier
frequency if a conventional phase-shifted PWM (PS-PWM)
modulation is used. In [12], the problem is mitigated for CHB
converters with three cells but no solution is addressed if the
number of cells is higher. The aim of this paper is to present
possible solutions if the number of cells of the CHB is more
than three.
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Fig. 1: Six-cell cascaded H-bridge power converter

II. CONVENTIONAL PHASE-SHIFTED PWM FOR CHB
CONVERTERS

Nowadays many researchers are focused on developing new
efficient modulation strategies for multilevel converters [13]–
[16]. There are a large number of modulation methods but,
as a rule, the multi-level CHB converter is operated using a
traditional PS-PWM. This modulation technique is based on
the generation of the same reference voltage for all power cells
that compose the power converter. Each H-bridge is operated
using an independent unipolar PWM modulation. According
to this fact, the phase displacement between two consecutive
H-bridge is given by 180o/M where M is the total number
of H-bridges of the power converter. As a result, the output
voltage waveform of all the power cells very similar with a
offset in time [4]. As an example, the PS-PWM method is
represented in Fig. 2 for three-cell CHB converter.

A CHB converter operated by PS-PWM technique presents
the following advantages:
• Balanced power distribution in the H-bridges
• Equalization of power losses between the H-bridges
• Multiplicative effect of the total switching frequency.

It is located at M times the frequency of an unipolar
PWM technique (which is two times the triangular carrier
frequency fpwm)
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Fig. 2: Output voltages of power cells in a three-cell CHB power converter and total output voltage using conventional PS-PWM.
The carrier frequency fpwm is set to 1kHz and the modulation index and dc voltage are 0.9 and 150 volts respectively. The
first harmonic distortion is located at 2fpwm (unipolar PWM per H-bridge)

.

III. PROBLEM AND MOTIVATION

To operate a CHB converter the use of independents dc
power supplies for each H-bridge is mandatory. This fact per-
mits to operate the CHB converter in a modular way allowing
to connect each H-bridge to different nature dc sources. In this
way, it is possible to consider the integration of renewable
energy sources and energy storage systems (ESS) such as
batteries or super-capacitors working together into the same
power system. As an example, the photovoltaic application
with independent solar arrays connected to each H-bridge is
addressed in [17]–[24] and the ESS application in [25]–[27].
In all these cases, the different nature or operational points of
dc sources result in an asymmetric power distribution between
the H-bridges of the CHB converter. As an example, in [20] it
is possible to observe this phenomenon where the CHB con-
verter is considered for a PV application with different solar
irradiation levels in each PV array. This fact leads to different
operation points in the MPPT control for each power cell.
Consequently, the dc voltage controller generates a unequal
reference voltage for each power cell and the conventional PS-
PWM benefits are partially lost. The motivation of this work
consists on the reduction of this negative effect eliminating
the low-orders harmonic distortion located at unipolar carrier
frequency multiples.

IV. EXTENDED ADAPTIVE PHASE-SHIFTED PWM

Considering a generic M -CHB converter and taking into
account the previous frequency-domain analysis realized in
[12], the output voltage of a M -cell CHB converter can be
expressed using the Fourier expansion series as:

v(t) =

M∑
m=1

vm(t) '
M∑

m=1

(
Vdc,mDm+

+

∞∑
n=1

[
hmn cos(nωt+ nφm)

])
(1)

In this general expression (1), hmn represents the n-th
harmonic coefficient generated by the m-th cell in the power
converter and it can be calculated using the following expres-
sion:

hmn =
2Vdc,m
nπ

sin(nπDm) (2)

In [12], the modification of the traditional PS-PWM was
presented and validated in order to eliminate the low-order
carrier harmonic in the global output voltage but only for a
three-cell CHB converter. In [12], it is introduced an study in
the frequency-domain of the global output voltage of CHB
converter providing an exact solution to eliminate the first
carrier harmonic content in the output voltage. As a summary
for the three-cell case, the equation system to be solved is:

h11 + h12 cos (φ2) + h13 cos (φ3) = 0

h12 sin (φ2) + h13 sin (φ3) = 0 (3)

And the solution provided in [12] is the following:

φ2 = arccos
(−h211 − h212 + h213

2h11h12

)
φ3 = arccos

(−h211 + h212 − h213
2h11h13

)
. (4)



However, if the number of power cells grows the equation
system to eliminate the first carrier harmonic is more com-
plex. As an example, if a four-cell CHB converter (M=4) is
considered, the equation system (considering φ1 = 0) is given
by:

h11 +

4∑
m=2

h1m cos (φm) = 0

4∑
m=2

h1m sin (φm) = 0 (5)

Even considering φ1 = 0, the number of variables in
expression (5) is greater than the number of equations leading
to a dependent equation system; in others words, for instance
the solution set is infinite because it is possible to find a valid
one for each value of φ4 considered.

On the other hand, if the second carrier harmonic is consid-
ered looking to a valid solution, the equation system described
in (5) is:

h11 +

4∑
m=2

h1m cos (φm) = 0

4∑
m=2

h1m sin (φm) = 0

h21 +

4∑
m=2

h2m cos (2φm) = 0

4∑
m=2

h2m sin (2φm) = 0 (6)

In this case, is not possible to obtain the analytical solution
and finding a numerical expression to solve it could be very
difficult (or even not exist) because expression (6) is a non-
linear equation system. According to this, finding an analytical
solution of (6) in real time is out of the scope of this paper.
This discussion could be extended to M -cells and in the all
cases the complexity will be higher and higher.

The aim of this paper is to present an extended variable-
angle PWM method for the M -cells CHB converter (with
M >3) focusing only on the first-carrier harmonic elimination.
It will consists on reducing the number of control variables in
order to extrapolate the results presented in [12].

A. Four-cell CHB power converter

Taking into account the four-cell CHB converter, it seems
trivial to find a possible solution if one angle is forced to be
equal to 180◦. In this case, if φ3=180◦, the equation system
described in (5) is reduced to:

(h11 − h13) + h12 cos (φ2) + h14 cos (φ4) = 0

h12 sin (φ2) + h14 sin (φ4) = 0 (7)

Defining h′ = h11 − h13, and using (4) it is possible find a
solution as:

φ2 = arccos
(−(h′)2 − h212 + h214

2h′h12

)
φ3 = arccos

(−(h′)2 + h212 − h214
2h′h13

)
. (8)

B. Five-cell CHB power converter

If M is higher than 4, the previous method is not suitable
for solving the problem. In order to solve the five-cell CHB
case, a possibility is to create two different three-cell groups.
The first carrier harmonic content produced by the first cell
can be shared equally between the two groups. In this way,
the equation system can be splitted off two different virtual
three-cell systems as follows:

0.5h11 + h12 cos (φ2) + h14 cos (φ4) = 0

h12 sin (φ2) + h14 sin (φ4) = 0

0.5h11 + h13 cos (φ3) + h15 cos (φ5) = 0

h13 sin (φ3) + h15 sin (φ5) = 0 (9)

Applying again expression (4), it is possible to obtain a valid
set of angles to eliminate the first carrier harmonic content.

C. CHB converter with large number of cells (M >5)

The idea of splitting the CHB converter in several groups
of power cells to simplify the problem is exportable when
the number of cells is higher than 5. For instance, the six-
cell case can be considered and in this case, there can be two
independent three-cell groups. The equation system resulting
for each group are:

h11 + h13 cos (φ3) + h15 cos (φ5) = 0

h13 sin (φ3) + h15 sin (φ5) = 0

h12 + h14 cos (φ4) + h16 cos (φ6) = 0

h14 sin (φ4) + h16 sin (φ6) = 0 (10)

Applying (4) and solving independently each group, it is
possible to obtain a valid set of angles to eliminate the first
carrier harmonic content for each group. However, to maintain
the cascaded six-cell structure it is necessary to apply an offset
angle between both groups. For simplicity, this offset angle
between both groups is 60o being determined by:

φoffset =
360◦

M
(11)

Using this strategy, the first carrier-harmonic will be com-
pletely eliminated. Please, notice that the first harmonic con-
tent will be eliminated and independently of the offset angle
value. This can be extended to CHB converters with M large
and multiple of three.

For M large and non multiple of three, the problem can be
faced on the same way splitting the power cells in different
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Fig. 3: a) Output current b) Harmonic content located at 2fpwm

of the output voltage c) Phase displacement angles applied to
the system under both modulation strategies for a four-cell
CHB converter

groups formed by three, four or five cells and solving each
group independently using previous expressions. The offset
angle between groups can be calculated using (11) as well.

V. SIMULATION RESULTS

In order to demonstrate the good performance of the pro-
posed extended modulation technique, all cases mentioned
above have been simulated using fpwm= 1 kHz. In all cases,
the scenario consists of operating a M -CHB converter under
a hard asymmetric operational point. In order to compare the
obtained results, it is necessary to use both the standard PS-
PWM modulation and the extended variable-angle technique.
In the simulations, firstly is applied PS-PWM and the proposed
method is applied after t = 50ms.

A. Four-cell CHB power converter results

In this case, the modulation indexes of each power cell are
set to 0.80, 0.75, 0.95 and 0.80 with dc voltages equals to
Vdc,1 = 130V , Vdc,2 = 90V , Vdc,3 = 80V and Vdc,4 = 100V ,
respectively. Under this hard asymmetric configuration, the
resulting harmonic spectrum using the conventional PS-PWM
presents a high distortion level located at the first carrier
frequency (2 kHz) as shown in Fig. 4, which is plotted using
red bars. If the proposed variable-angle PS-PWM is applied, as
shown in Fig. 3c the phase displacement angles are modified
when t >50 ms to eliminate the distortion located at 2fpwm as
shown in Fig. 3b. Besides, the output current ripple is reduced
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as shown in Fig. 3c. The resulting spectrum is shown also in
Fig. 4 using solid blue bars and can be observed that the first
carrier harmonic content has been eliminated.

B. Five-cell CHB power converter results

In this case, the modulation indexes of each power cell
are fixed to 0.75, 0.80, 0.85, 0.90 and 0.75. The dc val-
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ues are equals to Vdc,1 = 100V , Vdc,2 = 90V , Vdc,3 = 75V ,
Vdc,4 = 80V and Vdc,5 = 85V respectively. In this situation
and using the traditional PS-PWM modulation, the resulting
voltage spectrum has been plotted using red bars in Fig. 6. This
harmonic spectrum presents a high harmonic content located
at 2 kHz. According with the method described in previous
sections, two virtual three-cell groups are created. The first
group is formed by the cells 1, 2 and 4 and the second group is
composed by the cells 1, 3 and 5. From the instant t = 50ms,
the variable-angle method is applied leading to the elimination
of the first carrier harmonic content using the angles as plotted
in Fig. 5b. The resulting voltage spectrum is represented also
in Fig. 6 using solid blue bars.

C. Six-cell CHB power converter

Finally, the six-cell CHB converter is taken into account.
The modulation indexes used in the simulation scenario are
the following: 0.80, 0.65, 0.85, 0.80, 0.90 and 0.80. The dc
voltages used are Vdc,1 = 90V , Vdc,2 = 75V , Vdc,3 = 85V ,
Vdc,4 = 85V , Vdc,5 = 80V and Vdc,5 = 48V respectively.
Under this situation and using the standard PS-PWM modu-
lation, the resulting voltage spectrum has been represented in
Fig. 8 using red bars. In accordance with the method deployed
in the previous section, it is necessary to make two different
groups of cells and solve them individually. The angle between
groups is set to 60o as it was calculated using 11. The cells
that form the first group are 1, 3 and 5 and the remaining cells
form the second group. Following this structure and applying
the proposed method from t = 50ms, the variable angles are
shown in the Fig. 7c and the first harmonic content has been
eliminated as can be seen in Fig. 7b. The resulting voltage
spectrum has been plotted in Fig. 8.

VI. CONCLUSIONS

The cascaded H-bridge (CHB) converter, usually applied
as motor drive or FACTS, is conventionally operated using
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a PS-PWM modulation method leading to advantages such
as power equalization, equal power losses distribution and
multiplicative effect of the switching frequency of the output
waveforms. These advantages are partially lost if the dc
sources are not working at the same operational point (different
dc voltage value or different power). At a consequence, a high
harmonic distortion is present at twice the carrier frequency



degrading the converter performance. This is the case if the
CHB converter is used for PV or energy storage systems
applications.

In order to reduce this problem, an adaptive PS-PWM
method where the phase displacement angles are not fixed
can be used. However if the number of cells of the CHB
is large, the required calculations to apply the method are
not straightforward. In this paper, the required calculations to
determine the angles are addressed and the results demonstrate
that the harmonic distortion located at 2fpwm is eliminated.
Simulation results demonstrate the good performance of the
proposal under several scenarios.
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