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Abstract—The cascaded H-bridge converter (CHB) is a

very suitable solution with inherent modularity for many

applications such as flexible ac transmission systems and

motor drives. In this paper, the discontinuous pulse-width-

modulation (DPWM) by clamping some power cells is used

in the CHB because it permits to reduce the switching

losses in the power devices. However, this provokes a

high harmonic distortion (base-bands and side-bands har-

monics) in the CHB output voltage compared with the

quality obtained avoiding to clamp cells, just applying the

conventional phase-shifted PWM (PS-PWM) technique. This

has been studied for the three-cell CHB topology but the

extension for a N-cell CHB with several clamped cells is

a challenge that is addressed in this work. A generalized

CHB harmonic voltage analysis applying the DPWM method

is presented considering multiple clamped cells. The har-

monic distortion mitigation target can be decoupled into

two objectives. The proposed method cleverly groups the

cells (one clamped + one or two non-clamped cells) to

mitigate the base-bands harmonic distortion. Simultane-

ously, a variable-angle PS-PWM technique is applied to the

CHB in order to mitigate the side-bands harmonics content.

Experimental results demonstrate the good performance of

the proposed method.

I. INTRODUCTION

Multilevel converters can be considered as a mature tech-
nology in the last decades. In fact, there are multiple in-
dustry applications where they are being successfully applied
such as variable frequency drives, power transmission, motor
drives and flexible ac transmission systems just to name a
few [1]. Among the multilevel converters, the cascaded H-
bridge (CHB) topology, that it is shown in Fig. 1 (single-
phase topology), is one of the most popular ones [2]. CHB
is formed by the serial connection of identical H-bridges (also
called power cells) as shown in Fig. 1. Among its advantages,
CHB is able to achieve high output voltages with very high
quality. These facts are achieved by a CHB composed by a
large number of cells [3]. In addition, CHB presents a natural
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fault-tolerant capability due to its inherent modularity which
enables to CHB for sensible applications. This fact makes
the CHB with large number of cells a perfect candidate for
medium- and high-voltage applications such as silicon-based
smart transformers, flexible ac transmissions systems, high-
voltage dc transmission systems and motor drives [4]–[7]. As
commercial examples, the nine-cell Sinamics Perfect Harmony
GH180 and the eight-cell NC HVVF by Nancal can be found
in the market [8], [9].

It is possible to use different methods to operate a CHB.
These methods can be based on the generation of optimal
pulses trends such as the pre-programmed PWM selective
harmonic control methods or multi-carrier based modulation
techniques [10]. Conventionally, the CHB is usually operated
using the conventional phase-shifted pulse-width modulation
(PS-PWM) technique. In this modulation method, each power
cell is operated using the well-known unipolar PWM tech-
nique with carrier frequency fc. The traditional PS-PWM
implementation requires a phase displacement of the carrier
signals between power cells equals to ⇡ divided by number
of available cells in each phase (N ) [11]. This concept
is also illustrated in Fig. 1, where �j represents the phase
displacement angle of the carrier signals of power cell j:

�j = (j � 1)
⇡

N
j = 1, 2, . . . N (1)

The application of the PS-PWM method to the CHB con-
verter has many advantages such as an equal distribution of the
power among the power cells leading to the equalization of the
power losses and therefore, the aging equalization of the power
devices [12]. In addition, the PS-PWM method generates an
inherent multiplicative effect in the output voltage switching
frequency. Applying the PS-PWM method, the CHB output
voltage presents an effective switching frequency equal to
2Nfc [11]. The operation of the CHB applying the PS-PWM
method with fc equal to 1 kHz is shown in Fig. 2 from 0 to
40 ms.

As it is well known, the harmonic spectrum can be split-
off in three different parts, that are the fundamental, the base-
bands and the side-bands components. To illustrate and clarify
these concepts, an example of a typical harmonic spectrum of
the output voltage of a power cell in the CHB applying a
unipolar PWM is shown in Fig. 3. In the harmonic spectrum,
the base-bands components are located at low frequency orders

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TIE.2020.3016245

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



v1

v

a

n

+

-

SN1

SN1
+

SN2

SN2

Vdc
N

v*

v*

v*
-vcrN

vcrN

v*

v*

vcrN

SN 1

SN2

0

1

0

1

+
-

-vcrN
+
-

+ -

v2

+

-

vk

+

-

vN

+

-

N

¼

N

¼(k-1)

N

¼(N-1)

Fig. 1: Generalized multilevel cascaded H-bridge converter
(CHB): Topology and conventional PS-PWM technique
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Fig. 2: CHB output voltage applying the conventional PS-
PWM method with the same voltage reference per cell (0-
40 ms) and forcing one clamping one cell (DPWM method)
(40-80 ms)

and the side-bands components are created by the switching of
the power converter. Keeping this in mind, the corresponding
harmonic spectrum of a three-cell CHB converter is repre-
sented in Fig. 5a. It can be observed that the application of
the PS-PWM method with CHB balanced operation (equal dc
voltages and equal voltage references in the power cells) lead
to the elimination of both the base-bands harmonics and the
side-bands components up to the harmonic group m = N that
corresponds to frequency around 2Nfc.

It has to be noticed that in the current power electronics
area, research and industry is focused on maximizing the
multilevel converters efficiency by reducing the power losses
[13]–[15] and also extending as much as possible the converter
remaining useful lifetime (RUL) [16]–[18]. One option to
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minimize the power losses in the CHB is the application of
a discontinuous PWM (DPWM) method where some power
cells of the converter are clamped [19], [20]. For instance,
the DPWM is a conventional modulation method considered
by some thermal management control strategies (commonly
called active thermal control (ATC) methods) [21], [22].

The DPWM method applied to the CHB is shown in Fig. 2
from 40 to 80 ms. During the clamping period, the clamped
cells do not present switching losses increasing the converter
efficiency. It is important to notice that, as shown in Fig. 2,
the non-clamped cells have to compensate the extra voltage
generated by the clamped cells. In this way, in the proposed
method the cells can be organized in groups where one
clamped cell is compensated by one or several non-clamped
cells.

A detail of the DPWM method for the CHB considering the
clamped and the non-clamped cells is represented in Fig. 4.
The clamping instant of the cells is defined by the clamping
angle �c that is determined accordingly with the switching
losses reduction target. In a specific group of cells, Mi is
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Fig. 5: CHB output voltage harmonic spectrum applying
the conventional PS-PWM method a) with the same voltage
reference per cell (0-40 ms) b) forcing one clamping one cell
(DPWM method)

the modulation index of the non-clamped cell Ci, Mc is the
modulation index of the clamped cell in the group and G is
the number of non-clamped cells in the group (in this work
for the sake of simplicity, G can be equal to 1 or 2).

The resulting CHB output voltage harmonic spectrum ap-
plying the DPWM method and the conventional PS-PWM
technique for the non-clamped cells is represented in Fig.5c.
As a drawback of the application of this modulation method,
it is clear that a high harmonic distortion appears located at
very low frequency, below the carrier frequency fc (base-bands
harmonics), and located above fc (side-bands harmonics).

The harmonic degradation phenomenon of the CHB output
voltage when the reference voltages of the cells are not
identical (also including the possibility of presenting unequal
dc voltages in the power cells) has been deeply studied. In
particular, in [23] it is possible to find a performance com-
parison of different modulation techniques addressing these
harmonic quality degradation issues. As an example of these
techniques, in [24], [25] the use of heuristic algorithms to
carry out the determination of the angle displacements to
be applied to the PS-PWM method was proposed. On the
other hand, a modified version of the PS-PWM method based
on a mathematical description using the Fourier expansion
series was presented in [26], [27]. This technique enables the
possibility to operate the CHB converter with both different dc
voltages and also different cell reference voltages. Improving
the previous methods, in [28], [29] it is proposed the use
of the DPWM method simultaneously working with the PS-
PWM technique with variable phase displacement angles for
a CHB converter taking into account unbalanced operational
conditions (i.e. different modulation indices and dc voltages
in the cells).

It is very important to highlight that the previous modula-
tion methods dealing with the CHB output voltage harmonic
degradation when the converter is operated with unbalanced

conditions [23], [24], [26], [28], [29] are limited to CHB
converters with three-cells per phase. This fact represents a
hard limitation of these techniques. As it will be addressed in
the work, the extension of this kind of methods is not a simple
task.

The objective of this paper is to mitigate the CHB output
voltage harmonic degradation by reducing both base-bands and
side-bands harmonics when a DPWM method is applied for
a N-cell CHB with several clamped cells. In particular, this
work addresses a generalization of the modulation method
presented in [28], [29] allowing to consider CHB converters
with large number of cells (>3), permitting to have more than
one clamped cell. Up to the authors’ knowledge, it is the first
time that this problem is solved. In this way, the proposed
method opens the possibility to apply the DPWM method for
this kind of converters, normally applied to medium- to high-
power applications (where a high number of power cells are
required to achieve such high nominal voltages).

II. PROBLEM STATEMENT

For the sake of simplicity to show how to deal with a
N-cell CHB topology with more than one clamped cell, a
four-cell CHB converter with two clamped cells (T1, T2) and
two non-clamped cells (C1, C2) is considered. In this sense,
two different DPWM operation schemes appear because the
clamped cell Tx can be compensated with non-clamped cell
Cy forming different groups of cells [Tx, Cy] such as [T1, C1]-
[T2, C2] or [T1, C2]-[T2, C1]. As another example, considering
a five-cell CHB converter with two clamped cells (T1, T2) and
three non-clamped cells (C1, C2, C3), the number of possible
scenarios increases. For instance, it is possible to form cell
groups such as [T1, C1]-[T2, C2, C3] or [T1, C2]-[T2, C1, C3]
or other combinations. As it can be observed, the maximum
number of possible combinations to be considered in a DPWM
method for the CHB grows as the number of cells increases.

III. GENERALIZED HARMONIC ANALYSIS OF THE CHB
OUTPUT VOLTAGE CONSIDERING CLAMPED AND

NON-CLAMPED CELLS USING THE PS-PWM METHOD

In order to determine the harmonic content of the CHB out-
put voltage, each power cell output voltage is analyzed using
the double Fourier series. As it is well known, the harmonic
spectrum can be split-off in three different parts, that are the
fundamental, the base-bands and the side-bands components.
To illustrate and clarify these concepts, an example of a typical
harmonic spectrum of the output voltage of a power cell in
the CHB applying a unipolar PWM is shown in Fig. 3. In the
harmonic spectrum, the base-bands components are located
at low frequency orders and the side-bands components are
created by the switching of the power converter and are located
at multiples of 2fc (in Fig. 3 the fundamental component is
f0 = 50 Hz and fc is 1 kHz, therefore R = fc/f0 = 20). The
indices m and n are used to identify the harmonic component
of harmonic order k = 2mR+ (2n� 1).
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A. Clamped Cell Output Voltage Description
Assuming the normalized reference voltage for a clamped

cell shown in Fig. 4a, the different harmonic components can
be calculated. In order to facilitate and simplify the obtained
expressions, the factor Z(x) is defined as

Z(x) =
sin(x�c)

x
. (2)

The fundamental component of a clamped cell Ti applying
a clamping angle �c is determined as

H
c
1 =

V
c
dc

⇡

h
Mc(⇡ � �c � Z(1)) + 2Z(1/2)

i
(3)

where V
c
dc and Mc are respectively the dc voltage and the

modulation index of the clamped cell.
On the other hand, the magnitude of each base-bands

component of harmonic order k = 2mR + (2n � 1) in the
output voltage of a clamped cell is obtained imposing m = 0
and n > 0 as

H
c
bb(n) =

V
c
dc

⇡


2Z(a/2)�Mc

⇣
Z(n) + Z(b)

⌘�
(4)

where a = 2n� 1, b = n� 1.
Finally, the magnitude of each particular harmonic compo-

nent n of the harmonic group m in the side-bands frequencies
can be calculated as:

H
c
sb(m,n) = A1A3(⇡ � �c � Z(a))Ja(A2)

⌫

if⇢=n
if⇢=1�n

�
1X

⇢=1
⇢ 6=n,ifn>0

⇢ 6=1�n,ifn0

⇣
�A1A4

�
Z(d) + Z(e)

�
J2⇢�1(A2)

⌘
(5)

where Jx is the Bessel function of the first kind of order x,
and the auxiliary variables A1, A2, A3 and A4 are defined as

A1 =
2V c

dc

m⇡2
A2 = m⇡Mc

A3 = cos(c⇡) A4 = cos
⇣
(m+ ⇢� 1)⇡

⌘
(6)

where c = m+ n� 1, d = n+ ⇢� 1 and e = n� ⇢.

B. Non-clamped Cell Output Voltage Description
Assuming that the cell Ti has been clamped, the normalized

reference voltage of a non-clamped cell Ci that compensates
it, is represented in Fig. 4b. The fundamental component of a
non-clamped cell Ci that compensates the clamping of Ti can
be obtained as

H
i
1 =

V
i
dc

⇡


Mi⇡ +

Mc

G

⇣
�c + Z(1)

⌘
� 2

G
Z(1/2)

�
(7)

Considering the base-bands components (m = 0, n > 0),
each particular component can be described as:

H
i
bb(n) =

V
i
dc

⇡


Mc

G

⇣
Z(n) + Z(b)

⌘
� 2

G
Z(a/2)

�
(8)

Finally, for the side-bands components it is necessary to
know if the clamped cell is compensated by one or two
power cells (corresponding to G equal to 1 or 2) because the
harmonic description is slightly different for both cases. For
both cases and for each value of the indices m and n, the the
amplitude of the side-bands can be calculated according to the
expressions in Table I.

C. CHB Output Voltage Description
The output voltage of each cell can be described using the

previous expressions as the sum of the fundamental compo-
nent, the base-bands and the side-bands harmonics as

vj(t) = H
j
1 cos (!0t) +

1X

n=2

H
j
bb(n) cos (a!0t)

+
1X

m=1

1X

n=�1
H

j
sb(m,n) cos(2m!ct+ a!0t+ 2m�j)

(9)

where !0 is the pulsation of the modulating signal, !c is the
pulsation of the carrier signal and �j is the phase displace-
ment angle of the carriers of the cell j. From the previous
expression, it can be noticed that the base-bands harmonics
do not depend on �j . The values of the phase displacement
angles of the carrier signals �j only affect to the side-bands
harmonics.

Finally, the CHB output voltage can be calculated as the
sum of each power cell voltage as:

v(t) =
NX

j=1

vj(t) (10)

It is important to highlight that the addressed mathematical
analysis of the harmonic content of the CHB output voltage
is general and valid for any switching frequency fc.

IV. CHB OUTPUT VOLTAGE OPTIMIZATION

The base-bands and side-bands harmonics of the output
voltage of each cell are determined by the operation chosen
by the DPWM method (the cells to be clamped and how the
cell groups are formed) and the specific PS-PWM method
implementation. Once the clamped cells are determined by
the power losses management control method, the CHB output
voltage harmonic spectrum can be improved if the cells are
cleverly organized in groups, each one with one clamped
cell and one or two non-clamped cells. The target of this
grouping is to mitigate the base-bands harmonic content. On
the other hand, the CHB output voltage harmonic performance
can be further improved by applying a variable-angle PS-
PWM technique [26]. In this modulation method, the phase
displacement angles of the carrier signals are not fixed and
vary in order to mitigate the side-bands harmonic distortion
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TABLE I: Mathematical description of the side-bands harmonic components of a non-clamped cell

If the clamped cell is compensated by one cell (G=1) (11)

H
j
sb(m,n) = B1i

"
B3

h
sin
⇣
(4m+ |a|)⇡

2

⌘
+ sin

⇣
|a|⇡

2

⌘i
J|a|(B2i)�B5

h
sin
⇣
(2m+ |a|)⇡

2

⌘i
J|a|(B4i)

�

+
1X

⇢=1
⇢ 6=|a|

�

h
cos((a+ ⇢)⇡) sin

⇣
(4m+ ⇢)

⇡

2

⌘
+ sin

⇣
⇢
⇡

2

⌘i
J⇢(B2i)�

h
sin
⇣
(2m+ ⇢)

⇡

2

⌘
(1 + cos

⇣
(a+ ⇢)⇡

⌘i
J⇢(B4i)

�#

If the clamped cell is compensated by one cell (G=2) (12)

H
j
sb(m,n) = B1i

"
B6

h
cos(a⇡) sin

⇣
3m

⇡

2

⌘
+ sin

⇣
m
⇡

2

⌘i
J0(B2i)

+


B3

h
sin
⇣
(3m+ |a|)⇡

2

⌘
+ sin

⇣
(m+ |a|)⇡

2

⌘i
J|a|(B2i)�B5 sin

⇣
(3m+ |a|)⇡

2

⌘
J|a|(4i)

�

+
1X

⇢=1
⇢ 6=|a|

�

h
cos((a+ ⇢)⇡) sin

⇣
(3m+ ⇢)

⇡

2

⌘
+ sin

⇣
(m+ ⇢)

⇡

2

⌘i
J⇢(B2i)�

h
sin
⇣
(2m+ ⇢)

⇡

2

⌘
(1 + cos

⇣
(a+ ⇢)⇡

⌘i
J⇢(B4i)

�#

B1i =
2V i

dc

m⇡2
B2i = m⇡

 
Mi +

Mc

G

!
B3 =

(Z(a) + �c)

2
B4i = m⇡Mi B5 = Z(a)� ⇡ + �c B6 =

Z(a)

2

� = 0.5
⇣
Z

⇣ (a+ ⇢)

2

⌘
+ Z

⇣ (a� ⇢)

2

⌘⌘
(13)

TABLE II: Example of operational conditions in a five-cell
CHB where two cells are clamped in order to implement a
DPWM method

Parameter Values

Cell number 1 2 3 4 5

V
i
dc [V ] 90 100 90 85 90

Modulation index 0.87 0.70 0.75 0.92 0.85

�c [�] 0 80 60 0 0

Role Name C1 T1 T2 C2 C3

of the CHB output voltage. Therefore, in this work, the
application of both methods (cells grouping and variable-
angle PS-PWM) are simultaneously considered in order to
mitigate both the base-bands and the side-bands harmonic
contents respectively. It is important to notice that, taking into
account the mathematical expressions previously addressed, it
is demonstrated that the targets of both methods are decoupled.

In order to look for an enhanced harmonic spectrum of
the CHB output voltage, any cost function to look for a
specific harmonic shaping can be used. As an example, the cost
function can consider the weighted total harmonic distortion
with respect to the total dc voltage (WTHD0). The cost
function ⌧ includes the WTHD0bb that is considered up to
10th harmonic order and the WTHDsb that considers up to

harmonic order with m = 3 and n = 6):

⌧ = WTHD0bb + WTHD0sb (14)

In order to illustrate the proposed idea, a five-cell CHB
converter is considered with the operational conditions sum-
marized in Table II. It has to be noticed that these conditions
have been chosen in order to show that the proposed method
can be applied with different values of the dc voltages and
modulation indices. Usually, the CHB operates with the same
dc voltages and modulation indices in all the cells but this
can be seen as a particular case of the study presented in this
work. In any case, the values of the dc voltages references,
the modulation index of each cell and the cells to be clamped
to implement the DPWM method will be determined by the
CHB operation imposed by the control method. In the example
shown in Table II, the DPWM method fixes that cells number
2 and 3 have to be clamped in order to reduce their switching
losses saving some of their RUL. The five-cell CHB converter
with two clamped cells has six different options to form groups
in order to implement the DPWM strategy. These options are
summarized in the first column in Table III and Table IV.

First of all, the DPWM method is applied to the five-cell
CHB and the conventional PS-PWM technique is used to
generate the final switching signals of the power cells. The
obtained results are summarized in Table III, where it can be
seen that the best cells combination is formed by the groups
[T1, C1]-[T2, C2, C3] where the cost function ⌧ is minimum
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Fig. 6: Diagram of the EMA to find proper phase displacement
angles in the variable-angle PS-PWM method to minimize the
cost function ⌧

being equal to 0.3774.
In order to improve the results obtained in Table III, the

variable-angle PS-PWM method can be applied to generate
the switching signals of the CHB. In this work, due to the
complexity of the cell voltage waveforms and the high number
of possibilities to form the groups, a mathematical search
algorithm has been used in order to find proper values of the
phase displacement angles. As an example to implement this
mathematical search, an exchange market algorithm (EMA)
has been implemented as shown in Fig. 6 [30]. Anyway, it has
to be highlighted that any other mathematical search algorithm
can be also applied to look for the phase displacement angles
of the variable-angle PS-PWM method [24], [25].

The obtained results applying the EMA to find the proper
phase displacement angles of the variable-angle PS-PWM
method to generate the switching signals when the DPWM
technique is applied are summarized in Table IV. As com-
mented previously, the variable-angle PS-PWM does not
modify the base-bands components and only the side-bands
components are modified. It can be observed that, applying
the variable-angle PS-PWM method, the cells combination that
achieves a minimum value of the cost function is that defined
by [T1, C3]-[T2, C1, C2]. In addition, the final value of the cost
function ⌧ is reduced achieving a final value equal to 0.2107.

In order to highlight the good performance of the proposed
method, the corresponding harmonic spectrum considering
the best cell combinations from Table III and Table IV are
represented in Fig. 7. As expected, the base-bands components
are the same using both approaches. However, the side-bands
components are reduced applying the variable-angle PS-PWM

TABLE III: WTHD0 data and cost function value applying
the DPWM method with the conventional PS-PWM technique

Operation scheme WTHD0bb WTHD0sb ⌧

[T1, C1, C2]-[T2, C3] 0.1117 0.2879 0.3996

[T1, C1, C3]-[T2, C2] 0.1286 0.2760 0.4046

[T1, C1]-[T2, C2, C3] 0.1086 0.2688 0.3774

[T1, C2, C3]-[T2, C1] 0.1117 0.2839 0.3956

[T1, C2]-[T2, C1, C3] 0.1341 0.2712 0.4053

[T1, C3]-[T2, C1, C2] 0.1086 0.2900 0.3986

TABLE IV: WTHD0 data and cost function value applying the
DPWM method with the variable-angle PS-PWM technique
with phase-displacement angles determined by the EMA

Operation scheme WTHD0bb WTHD0sb ⌧

[T1, C1, C2]-[T2, C3] 0.1117 0.1081 0.2198

[T1, C1, C3]-[T2, C2] 0.1286 0.1132 0.2418

[T1, C1]-[T2, C2, C3] 0.1086 0.1027 0.2113

[T1, C2, C3]-[T2, C1] 0.1117 0.1110 0.2227

[T1, C2]-[T2, C1, C3] 0.1341 0.1289 0.2630

[T1, C3]-[T2, C1, C2] 0.1086 0.1021 0.2107

method with the angles obtained by EMA. Considering the
operational point described in Table II, the evolution of the
phase displacement angles determined by the EMA (using
the conventional phase displacement angles of the PS-PWM
method as the initial solution in the mathematical search) as
well as the cost function ⌧ are shown in Fig. 8 up to EMA
iteration number 100.

It is important to notice that adopting the proposed tech-
nique, the harmonic distortion mitigation does not occur during
transients but it is guaranteed in steady state. However, the
fundamental component is always achieved independently of
the cells combination that is initially chosen and the phase
displacement angles applied in the PS-PWM method. It is
worth to mention that during the operation of the CHB in a
particular operational condition, the current best solution (best
cell combination with the proper phase displacement angles in
the PS-PWM method) is applied. This solution is continuously
updated always applying the up-to-date best power cell scheme
and the best phase displacement angles. This can be observed
in Fig. 8, where a transient in the operation point of the CHB
converter is applied in EMA iteration number 100. In the
operation point 2, the data described in Table II are modified
and cells 1 and 4 become the clamped cells with clamping
angles equal to 50� and 60�, respectively. As it is shown
in Fig. 8, starting from the final solution obtained in EMA
iteration number 100, the method is iteratively looking for the
best cell grouping and the best phase displacement angles of
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the PS-PWM method to mitigate both base-bands and side-
bands harmonics. After a few EMA iterations this mitigation
is achieved as can be observed by the reduction of the cost
function ⌧ .

It is clear that the number of cell combinations to be
considered is increasing with the number of power cells in
the CHB. It can be noticed that, in order to determine the
most proper cell combination, only the WTHD0bb has to be
evaluated what reduces the computational cost (avoiding to
initially determine WTHD0sb). The WTHD0bb only needs
to be calculated up to 10th harmonic order and the corre-
sponding computational cost is not excessive. Once the cells
combination with minimum value of WTHD0bb is found,
the EMA can be executed in order to determine the best
phase displacement angles to be implemented in the PS-
PWM method to reduce the WHTD0sb. In this way, the
computational cost of the method with large number of cells
can be considered affordable. The computational capability of

FPGA Control Board

CHB Cell 1

CHB Cell 3CHB Cell 4CHB Cell 5

Output Inductor

CHB Cell 2

Fiber Optic

Fig. 9: Five-cell CHB down scaled laboratory prototype

the controller systems has experienced a huge growth in the
last decades. There are multiple control platforms available in
the manufacturer portfolio such as personal computers, server-
based solutions, multi-core low-cost microcontrollers, FPGA,
System of Chip (SoC) and cloud-based solutions. Currently
they overcome the computational requirements with a very
competitive price.

V. EXPERIMENTAL RESULTS

In order to test the good performance of the proposed
DPWM method with more than one clamped cell, the proto-
type shown in Fig. 9 has been used. This test rig is composed
by five-cell CHB feeding a linear load. Each power cell is
composed by four IXYB82N120C3H1 from IXYS and the
whole power converter is handled by the Xilinx ZYNQ7000
zc706 FPGA [31], [32]. Additionally, the most important
elements and parameters in the prototype are listed in Table V.

It has to be noticed that as the number of cells grows,
the number of possible combinations to be analyzed and
the number of phase-displacement angles to be determined
by the EMA also grow. In this implementation done in the
laboratory setup, the EMA iteration execution time is 1.1
millisecond. This could represent a limitation in the real-time
implementation of the method (doing it offline and storing the
results in look-up tables is always another feasible option).
However, the computation capability of the modern control
platforms is growing exponentially making huge advances in
this area. Therefore, this computational burden limitation is a
challenging barrier but it will be overcome in the near future
by the next generations of control platforms.
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Fig. 10: CHB output voltage harmonic spectrum. a) [T1, C2]-
[T2, C1, C3] cell combination with the traditional PS-PWM
angles (row 5, Table III). b) [T1, C3]-[T2, C1, C2] cell combi-
nation with the traditional PS-PWM angles (row 6, Table III).
c) [T1, C3]-[T2, C1, C2] cell combination with the variable-
angle PS-PWM method using the phase-displacement angles
solution set provided by EMA (row 6, Table IV).

The CHB converter has been operated with the conditions
summarized in Table II. As a first test, in Fig. 10a the CHB
output voltage considering the [T1, C2]-[T2, C1, C3] and the
conventional PS-PWM angle set is shown. As it is expected, a
non-negligible low-order harmonic distortion as well as a large
harmonic distortion at twice the carrier frequency appear. The
THD, WTHD and WTHD0 values considering up to 131st
harmonic order are considered. This harmonic order is the
maximum component included in the cost function ⌧ because
m6, m6 and R=20 and k = 2mR+ (2n� 1).

As mentioned previously, the base-bands components de-

TABLE V: CHB parameters setup and passive elements con-
sidered for the experiment.

Parameter Value

Number of cells in the CHB 5
Cell switching frequency fc (kHz) 1

Cell DC Capacitance (mF ) 2.2

Load Inductance (mH) 0.3
Load Resistance (⌦) 25

0 10 20 30 40

-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6

Time (ms)

Vo
lta

ge
 (k

V
)

-30
-20
-10
0
10
20
30

C
ur

re
nt

 (A
)

a

b

Fig. 11: CHB converter operation under [T1, C3]-[T2, C1, C2]
power cell combination and the best angle solution set pro-
vided by EMA. a) Voltage. b) Current

pend on the cells combination whereas the side-bands compo-
nents depend on the phase-displacement angles set. In this
way, a second experiment has been performed considering
the [T1, C3]-[T2, C1, C2] cells combination applying also the
traditional PS-PWM method. It leads to improve the low-order
harmonic content (base-bands components) which is clearly
shown in Fig. 10b.

Finally, the CHB converter has been operated considering
the previous cell combination ([T1, C3]-[T2, C1, C2]) but ap-
plying the variable-angle PS-PWM method with the angle
solution set provided by EMA. In this case, the phase-
displacement angles are [0, 0.615, 1.918, 2.459, 1.201] radians
for each power cell, respectively. The corresponding CHB
output voltage and current are represented in Fig. 11. In
these waveforms, some spikes are unavoidably created by the
unbalanced operation of the CHB addressed in Table II. From
this data, as it is shown in Fig. 10c, the side-bands components
are reduced. The harmonic content located at 2fc has suffered
a significant reduction while the superior harmonics remain
in acceptable values. Meanwhile, as expected, the base-bands
components are not affected by the new phase-displacement
angles.

VI. CONCLUSIONS

This paper is focused on the operation of CHB converters
with any number of cells where some power cells are clamped.
This is usual for instance in DPWM methods where the power
cells RUL is managed by selecting the cells to be clamped in
order to reduce their switching losses. However, these methods
presents an important drawback in the output voltage harmonic
spectrum because of the provoked undesirable distortion (both
base-bands and side-bands). This paper deals with this phe-
nomenon. The proposed method is based on the selection of
the proper power-cell combination in a N-cell CHB in order
to control the base-bands harmonics. Additionally, to control
the side-bands harmonic components, the phase-displacement
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angles of the carrier signals present in the PS-PWM method
are also modified. Applying the proposed strategy, the DPWM
method can be applied to the CHB with large number of power
cells without reducing the output voltage quality performance.

It is important to highlight that the proposed method does
not affect the converter loss. The power loss are related to
the power cells clamping itself. If a DPWM method is imple-
mented avoiding the use of grouping power cells and using the
traditional PS-PWM method, the power losses compared with
applying the proposed method are not modified. The objective
of the proposed method is not related to reduce the loss but it
is focused on improving the harmonic distortion of the CHB
output voltage keeping the power losses unaffected.
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