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Hybrid Multilevel Converters: Unified Analysis
and Design Considerations

Cassiano Rech, Member, IEEE, and José Renes Pinheiro, Member, IEEE

Abstract—The concept of hybrid multilevel converters has been
generalized for different arrangements of direct-current voltage
levels, modulation strategies, topologies of series-connected cells,
and/or semiconductor technologies to optimize the power process-
ing of the overall system. Therefore, a given number of levels
can be synthesized by several multilevel configurations, signifi-
cantly increasing flexibility and complexity in the design of hybrid
multilevel converters. However, a generalized design methodology
to define the main parameters of these topologies for distinct
design criteria has not yet been presented. To overcome this lack,
this paper presents a comparative analysis among various hybrid
multilevel topologies, and it proposes some design considerations
for distinct applications. Consequently, this paper constitutes a
useful basis for defining an adequate hybrid arrangement for any
application.

Index Terms—High-power applications, multilevel systems.

NOMENCLATURE

f Switching frequency of the lowest power cell.

K, Coefficient defined in (17).

m Number of levels of the phase-to-neutral output
voltage.

Mg Amplitude modulation index.

m; Number of levels synthesized by the jth cell
(j=1,2,...,n).

Mmin Minimum number of levels for nominal amplitude
modulation index.

n Number of series-connected cells.

r;j(t)  Reference signal of the jth cell.

S Number of switching devices per phase.

Vtuna,; Fundamental voltage synthesized by the jth cell.

v (t)  Phase “a”-to-neutral output voltage.

vq,;(t)  Output voltage of the jth cell in phase a.

Vace,j Total dc-bus voltage of the jth cell.

V; Normalized voltage step synthesized by the jth cell.
Maximum normalized voltage step of the jth cell.
Voltage step between two adjacent levels of the
jth cell.
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0 Maximum normalized instantaneous voltage synthe-
sized by j first cells, corresponding to the sum of the
dc bus voltages of the j first cells.

ith comparison level used at the low-frequency
modulation strategy of the nth cell.

I. INTRODUCTION

N RECENT years, asymmetrical multilevel inverters have

received increasing attention because it is possible to syn-
thesize voltage waveforms with reduced harmonic content, even
using a few series-connected cells. This advantage is achieved
by using distinct voltage levels in different cells, which can
create more levels in the output voltage and minimize its total
harmonic distortion (THD) without increasing the number of
switching devices and isolated sources [1]-[17]. As a result, it
is possible to reduce or even to eliminate output filters. On the
other hand, the use of different voltage levels leads to a smaller
modularity in comparison to symmetrical multilevel inverters.

Conventional pulsewidth-modulation (PWM) techniques
could be used to move the harmonics to higher frequencies.
However, conventional PWM strategies are not suitable for
asymmetrical multilevel inverters because the switching de-
vices of the higher voltage cells would have to operate at high
frequency during some time intervals [8], [9]. Consequently, a
hybrid modulation strategy was proposed in [10] and [11], so
that higher power cells operate at low frequency and only the
lowest power cell operates with high-frequency PWM. With
this strategy, it is possible to use slow semiconductor devices in
the higher voltage cells and also to employ fast semiconductor
devices in those cells operating with reduced voltage levels,
drawing from distinct semiconductors technologies. Therefore,
hybrid multilevel inverters can be defined as those systems
composed of several series-connected cells that present differ-
ent dc voltage levels, modulation strategies, topologies, and/or
semiconductor technologies operating in synergism.

Based on these principles, the concept of hybrid multilevel
converters can be generalized for different arrangements of dc
voltage levels and distinct topologies of multilevel cells, in-
creasing significantly the flexibility and the complexity of their
design. Nevertheless, a detailed unified approach for hybrid
multilevel converters, including both a comparative analysis
among several configurations and a generalized design method-
ology to define the main parameters of these topologies, has not
yet been presented.

To fill this gap, this paper presents a comparative analy-
sis among several hybrid multilevel converters, and it pro-
poses some design considerations to minimize the number of
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Fig. 1.
inverter.

Generalized structure of one phase of a voltage-source multilevel

switching devices, to reduce the circulating energy among the
series-connected cells, and to take into account the topology of
the input rectifier stage and the voltage ratings of the switching
devices, so that it is possible to define an adequate topology for
any application.

This paper is organized as follows. Section II describes the
generalized structure of a hybrid multilevel converter, including
some restrictions that should be respected to synthesize low-
THD output voltages. Section III proposes several design con-
siderations for hybrid multilevel converters, and it also presents
an important comparative analysis among distinct topologies.
Section IV includes a design example, and Section V shows
some experimental results to demonstrate the functionality of
hybrid multilevel converters.

II. HYBRID MULTILEVEL CONVERTERS

Fig. 1 shows the generalized structure of one phase of a
voltage-source multilevel inverter with n multilevel dc—ac cells
connected in series. A phase-to-neutral voltage waveform is
obtained by adding up the output voltages of each cell, e.g.,

Va(t) = Vg,1(t) + vVa,2(t) + - - + von(1). (1)

It is considered that the output voltage of the jth cell presents
m; equally spaced levels, where the voltage step between two
adjacent levels is AVq, ;, as shown in Fig. 1. Several topologies
of single-phase dc—ac cells, such as those presented in Fig. 2,
can be connected in series to obtain multilevel waveforms
[6], [7]. Full-bridge cells are usually employed because they
use a smaller dc bus voltage level, and they present a smaller
number of components than half-bridge cells with the same
number of levels, as shown in Fig. 2(b) and (c) for three-level
cells. On the other hand, full-bridge cells cannot synthesize
voltage waveforms with an even number of levels. Although
each configuration has its advantages and disadvantages, the
unified analysis presented hereinafter does not depend on the
arrangement adopted to obtain a given number of levels.
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When all series-connected multilevel cells synthesize wave-
forms with the same voltage step (voltage amplitude between
two adjacent levels), it can be demonstrated that the number of
phase-to-neutral voltage levels m obtained with the multilevel
inverter shown in Fig. 1 is

m=1+> (m;—1). )
j=1

Thus, it would be necessary to add more cells in series
and/or increase the number of levels synthesized by some cells
to obtain output voltage waveforms with a larger number of
levels. On the other hand, the number of levels can be increased,
without increasing the number of devices, when the waveform
generated by at least one cell has a voltage step that differs from
those obtained by other cells. In this case, the inverter shown in
Fig. 1 can be called an asymmetrical multilevel inverter [2]-[6].

For this unified analysis, the series-connected cells are
arranged in increasing order, so that the nth cell presents the
highest voltage step. Then,

A‘/dc,l < AVvdcq,2 <--- < A‘/dv:,nfl < A‘/dc,n- (3)

Moreover, the lowest voltage step AVq,, 1, which also corre-
sponds to the voltage step of the output multilevel waveforms, is
defined as the voltage base value for the per unit (p.u.) notation.
Consequently, the normalized voltage step synthesized by the
jth cell can be expressed as

_ AVacy

= 7 i=1,2,...,n. 4
’ A‘/dc,l J ( )

The normalized voltage steps of all cells must be natural
numbers (i.e., V; € N) and must also satisfy the following
condition to generate output waveforms with equally spaced
voltage levels [4]:

-1
(mk — 1)Vk (5)
1

<.

Vi <1+

x>
I

where my, is the number of levels and Vj is the normalized step
synthesized by the kth cell.
This restriction can be rewritten as

Vj <1+20; 4 (6)

where o;_ is the maximum normalized voltage synthesized by
j — 1 first cells, which is given by

j-1
%
o = Z M (7)

2
k=1

Considering that (5) is satisfied, an asymmetrical multilevel
inverter can generate phase-to-neutral voltage waveforms with
the following normalized voltage levels:

'Ua(t) :{70}” 7(0—7171)3 7(07172); ) (Un72)a (0'”71), Un}~
®)
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Fig. 2. DC-AC cells. (a) Two-level cell. (b) Full-bridge three-level cell (H-bridge). (c) Half-bridge three-level cell. (d) Full-bridge five-level cell.

As this set is composed of elements varying in arithmetic
progression, it can be demonstrated that the number of phase-
voltage levels synthesized by an asymmetrical inverter is

m=1+ 20, )
or using (7),
n
m=1+> (m; —1)V;. (10)
j=1

From (2) and (10), it is possible to verify that asymmetrical
multilevel inverters can generate a larger number of levels with
the same number of series-connected cells. In addition, the
same number of levels can usually be obtained from different
combinations of voltage steps, numbers of series-connected
cells, and/or topologies since o, is the same.

A. Generalized Modulation Strategy

A hybrid modulation strategy for asymmetrical multilevel
inverters was presented in [10] for three-level series-connected
cells, in which only the lowest power cell operates with PWM.
Other cells, which operate with higher voltage levels and could
employ high-voltage semiconductor devices, operate at low
frequency. This strategy can be generalized for multilevel cells,
as shown in the simplified block diagram of Fig. 3(a).

One can see that the reference signal of the hybrid multilevel
inverter is the reference signal of the nth cell. This signal is

compared to a given number of constant levels, which depend
on the number of levels synthesized by this cell, as presented
in Fig. 3(b) and (c). For a cell that generates an odd or even
number of levels, the ith comparison level of the nth cell (¥, ;)
can be given as [16]

\I/n,i =0p_1+ (Z - ].)Vn,

i=1,...,(m, —1)/2 for odd m,, (11)

Va

\Dnﬂ’ = 0p-1 —|— (22 — 1)?,
t1=1,...,(my, —2)/2 for even m,,. (12)

After determining the desired output voltages of the higher
power cells, the reference signal of the jth cell is obtained
by subtracting the output voltage of the j + 1 cell from its
respective reference signal. This reference, which corresponds
to the voltage that higher power cells could not synthesize, is
also compared to several constant levels. Finally, the reference
signal of the lowest power cell is compared to high-frequency
triangle signals with amplitude V; and frequency fi, resulting
in a high-frequency voltage [18].

However, to synthesize voltage waveforms modulated at high
frequency among all adjacent voltage steps, the normalized
voltage steps of all cells must satisfy the following condition
(4], [14]:

13)
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Fig. 3.
modulation for multilevel cells with an even number of levels.

TABLE 1
LIMITING VALUES OF V); TO SYNTHESIZE VOLTAGE WAVEFORMS
MODULATED AT HIGH FREQUENCY

Cells Vi (p-u.)
2-level 1, 1,2,..1x2"2
3-level 1,2,6,...,2x3">
4-level 1,3,12, .., 3x4™?
5-level 1,4, 20, ..., 4x5"2
milevel 1, (m;— 1), im; = m, .., (m; = Dm;"”

By respecting this restriction, the output voltage harmonics
will be concentrated around the frequency multiples of the
switching frequency of the lowest power cell.

Using (7), this restriction can be rewritten in another
form, i.e.,

V}' S 20 j—1- ( 14)

As an example, Table I lists the limiting values of V;, which
are computed from (13), to generate output voltages modulated
at high frequency among all adjacent steps, when all series-
connected cells are able to synthesize the same number of
levels.

B. Example of a Hybrid Multilevel Inverter

To exemplify the generalized operating principles of hybrid
multilevel converters, Fig. 4 presents a hybrid multilevel in-
verter with two-, three- and five-level cells connected in series.

Generalized hybrid modulation strategy. (a) Block diagram. (b) Stepped modulation for multilevel cells with an odd number of levels. (c) Stepped

Fig. 5 presents the reference and output voltage waveforms
of the three cells that compose the hybrid inverter shown in
Fig. 4 for a unitary amplitude modulation index m,. The first
cell synthesizes two levels with 1-p.u. voltage step, the second
cell generates three levels, also with 1-p.u. voltage step, and
the third cell synthesizes five levels with 3-p.u. voltage steps.
The switching devices of the two-level cell operate at high
frequency, while the switches that compose the five-level cell
operate at fundamental frequency. As Vi, Va, and V3 satisfy
(13), the phase-voltage waveform with 16 levels is modulated
at high frequency among any adjacent levels, as illustrated
in Fig. 5(d).

This example demonstrates the wide variety of arrangements
that can be adopted to obtain a given number of levels. Thus,
it is essential to develop a design methodology to define the
main parameters of a hybrid inverter, such as the number of
series-connected cells, dc voltage levels, and topologies used in
each cell.

III. DESIGN CONSIDERATIONS AND
COMPARATIVE ANALYSIS

This section presents a detailed comparative analysis among
distinct hybrid multilevel converters, and it also includes a
design methodology to minimize the number of switching
devices. Other design considerations are proposed to reduce the
circulating energy among the series-connected cells and to take
into account the topologies used to obtain the dc voltage sources
and the voltage ratings of semiconductor devices.
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Fig. 4. Example of a hybrid multilevel converter with distinct series-
connected cells.

A. Minimum Number of Switching Devices

According to (10), it is possible to maximize the number
of levels synthesized by a hybrid multilevel converter without
including other power devices, by using the maximum allow-
able values for V; (13). From Table I, it is possible to notice
that the limiting values of Vj vary according to a geometric
progression with a ratio equal to m; when all cells generate
the same number of levels. For this case, the maximum number
of phase-voltage levels can be given as

m =1+ (m; —)m}~". (15)

Assuming that all power devices used in a given cell are
subjected to the same voltage levels and all cells synthesize the
same number of levels, the number of switching devices per
phase S'is

S =2(m; — 1)n. (16)

Fig. 6 shows the maximum number of levels synthesized by

distinct hybrid multilevel inverters, using only two-, three-, or
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five-level cells, for different numbers of switching devices per
phase. It is possible to observe that a larger number of levels
can be synthesized with a given number of switching devices
by using only two-level cells. Therefore, one can affirm that
this arrangement generates a given number of levels with the
minimum number of switches. Any other configuration, using
equal or distinct multilevel cells, employs a number of switches
that is larger than that used with only two-level cells.

After defining the number of levels that the inverter should
generate, Fig. 6 indicates the minimum number of switching
devices per phase and, therefore, the number of two-level cells
that should be connected in series to obtain this number of
levels. Moreover, the normalized voltage steps synthesized by
each cell can be obtained from Table 1. Due to the fact that the
two first cells synthesize voltage waveforms with 1-p.u. voltage
steps, it is possible to replace these cells by a single three-
level cell. Thus, the number of isolated sources can be reduced
without affecting the number of levels for a given number of
switching devices.

B. Reduction of the Circulating Energy

Depending on the voltage steps synthesized by series-
connected cells, there can be a circulating energy among them-
selves [11], [15]. As this reactive energy increases the losses
of the system, it is necessary to eliminate or to minimize this
circulating energy.

Fig. 7 presents the fundamental voltages generated by four
two-level cells, using V; = Vo =1 p.u, Vs =2 pu,and Vy =
4 p.u., by varying the output voltage amplitude (0 < m, < 1).
With only eight switches per phase, this configuration is able to
obtain a nine-level phase-voltage waveform modulated at high
frequency among all adjacent steps. However, the fourth cell
synthesizes a fundamental component that is larger than the
fundamental output voltage for low m, values, resulting in an
excessive power processing that should be regenerated to the
input source by other cells.

As the nth cell processes the highest power levels, the power
processed by this cell should not be larger than the amount
drawn by load, so that the circulating energy among the cells
is reduced without significantly affecting the output number of
levels for a given number of switches. Thus, it is necessary to
verify the maximum voltage step V;, that the highest power cell
can synthesize while satisfying this condition [15]. From (14),
one can see that

Vn = Knanfh Kn < 2. (17)

Fig. 8 presents the fundamental voltage synthesized by the
highest power cell by using distinct values of K, and, therefore,
of V,, and also different topologies for this cell. Due to the
fact that the output voltage of a two-level cell is equal to V,, /2
when the reference signal is positive and is equal to —V,,/2
when the reference is negative, its fundamental voltage remains
constant for any amplitude modulation index, as presented in
Fig. 8(a). Then, when a two-level cell is used in the highest
power cell, it synthesizes a fundamental voltage that is greater
than the output fundamental voltage for a wide m, range,
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Fig. 5. Hybrid multilevel inverter with three distinct series-connected cells (V43 = Vo2 =1 p.u.,, V3 =3 p.u, mg = 1, and f; = 4860 Hz). (a) Cell 3.

(b) Cell 2. (c) Cell 1. (d) Phase voltage.
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which is independent of the [, value. This conclusion can be
extended for any cell that synthesizes an even number of levels,
as illustrated in Fig. 8(c) for a four-level cell. Consequently,
although the excessive fundamental component is reduced with
a larger number of levels, cells that generate an even number of
levels should not be employed when it is desired to reduce the
circulating energy at every operating point.

On the other hand, Fig. 8(b) and (d) demonstrates that three-
and five-level highest power cells, respectively, synthesize the

Output
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g Cell 4
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)
S |
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2 I /
,g I Cell 3
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3 Cell 2
E o //\ //\_\ 7\
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40 e
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Fig. 7. Fundamental voltages synthesized by four two-level cells using the
maximum voltage steps (Table I).

maximum fundamental voltage, without exceeding the funda-
mental output voltage for any m, value, when K,, = /2 [14].
Therefore, the highest power cell should be able to generate an
odd number of levels, and its normalized voltage step should
satisfy the following condition to reduce the circulating energy
among the series-connected cells [15]:
Vi < Sont. (18)
2

Lower power cells, which should synthesize an odd number
of levels, can use the maximum normalized voltage steps (14)
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because the excessive power levels processed by these cells are
not significant when compared to the power amount processed
by the nth cell.

Considering that all cells can generate an odd number of
levels and the normalized voltage step of the highest power cell
satisfy (18), Fig. 9 presents the number of levels synthesized
by different hybrid multilevel inverters, using only three-, five-,
or seven-level cells, by varying the number of switching de-
vices per phase. This figure demonstrates that a larger number
of levels can be obtained by using only three-level series-
connected cells. Then, Fig. 10 shows the normalized voltage
steps of the three-level cells, which are computed to satisfy the
restrictions mentioned in this section to reduce the circulating
energy among the cells [15].

C. Impact of the Topologies Used for Obtaining the DC
Voltage Sources

Topologies adopted for implementing the isolated dc voltage
sources in active power transfer applications affect the design
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Fundamental voltage synthesized by the highest power cell with different values of V;,. (a) Two-level cell. (b) Three-level cell. (c) Four-level cell.

methodology of a hybrid multilevel converter. For instance,
when all dc sources are implemented with unidirectional rec-
tifiers, it is not possible to regenerate energy from load to input
source [17]. In this situation, series-connected cells cannot
synthesize negative fundamental voltages for every operating
point in motor mode (in the most critical case, for 0 < m, < 1),
ie., Viuna; > 0forj=1,2,...,n.

In order to satisfy this restriction, it is necessary that all cells
synthesize voltage waveforms with fundamental components
that are smaller than the output fundamental voltage. Conse-
quently, all series-connected cells must be able to generate
odd number of levels. Moreover, the voltage steps of all cells
must be adequately determined as follows: As V) is equal to
1 p.u., it is necessary to find the maximum voltage step of
the second cell that ensures that the lowest power cell does
not synthesize a negative fundamental voltage when only these
two cells are operating; next, the maximum value of V5 should
be computed to ensure that the two lower power cells do not
synthesize a negative fundamental voltage when these three
cells are operating. This principle can be extended to the nth



RECH AND PINHEIRO: HYBRID MULTILEVEL CONVERTERS: UNIFIED ANALY SIS AND DESIGN CONSIDERATIONS

70 [ / /
60 |

I / /5-level
50 cells

g 3-level ‘

2 I cells

2 40

3 |

[ |

(=]

3 30

’é i / / /
Z 90 P

T

0 4 8 12 16 20 24
Number of switches per phase (S)

Fig. 9. Reduction of the circulating energy among the cells: number of
switches per phase versus maximum number of levels.

20
Vi=1pu I Vs
16 /

. W4

Normalized DC voltage sources (p.u.)

i

0 10 20 30 40 50 60
Number of levels (m1)

Fig. 10. Normalized voltage steps of series-connected three-level cells to
reduce the circulating energy.

cell, obtaining the maximum number of levels that can be
generated when unidirectional rectifiers are used in the input
rectifier stage.

Table II shows the maximum number of levels that can be
obtained in this case for distinct hybrid multilevel topologies,
using only three-, five-, or seven-level cells connected in series.
This table indicates that a larger number of levels can be
generated by using only three-level cells. However, the same
number of levels can be synthesized with five-level cells when
8 or 16 switches per phase are used. In addition, the two first
cells of all arrangements with three-level cells operate with the
same voltage steps. Thus, it is possible to replace them by a
single five-level cell without decreasing the number of levels
for a given number of switching devices.

As an example, Fig. 11 shows the simulation results of a hy-
brid multilevel inverter composed of a five-level lowest power
cell in series with a three-level cell with 3-p.u. voltage steps.
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With this topology, it is possible to obtain 11 voltage levels
without regenerating energy for any m, value, as shown in
Fig. 12(a). On the other hand, using three-level cells with V; =
Vo =1 p.u. and V53 =3 p.u. to generate the same 11 levels,
Fig. 12(b) illustrates that the lowest power cell must handle with
bidirectional power flow for some m, range. Therefore, even
presenting the same number of power devices and synthesizing
the same number of levels, this configuration with three-level
cells cannot be used when all input dc sources are implemented
with diode rectifiers.

By increasing the number of switches per phase, those
configurations using a five-level lowest power cell in series
with three-level cells synthesize a larger number of levels than
topologies employing only three-level cells. Table III presents
the maximum number of levels obtained from these configura-
tions, which can use unidirectional rectifiers at the input stage.

Therefore, from the desired number of levels and using
Table III, it is possible to define the main parameters of a
hybrid multilevel converter with uncontrolled rectifiers in the
input stage.

D. Voltage Ratings of Semiconductor Devices

There can be applications in which the semiconductors used
in one or more cells have already been defined by other factors,
such as efficiency, cost, and availability off the shelf. Hence,
there can be a limitation on the maximum voltage steps syn-
thesized by some cells. Due to this fact, a generalized design
methodology is proposed here, which also considers the voltage
ratings of the semiconductor devices used in each cell. Such
methodology is composed of eight basic points, as illustrated in
the flowchart of Fig. 13.

I) Determine the minimum number of levels my,;, of the
hybrid multilevel inverter, using, for instance, the desired
THD for the output voltages.

IT) Compute the voltage base value AV 1, using the follow-
ing equation:

26V,

AVae,1(m) = 3mg(m —1)

19)

where Vi is the line rms output voltage, m, is the

nominal amplitude modulation index, and m > Mmuy;y.

Determine the maximum normalized voltage steps of all

cells Vinax,; to ensure that voltage ratings of the switching

devices will not be exceeded.

According to the features of the application, find the con-

figuration that synthesizes the desired number of levels

with the smaller number of switches.

V) Determine the number of series-connected cells and volt-

age steps that synthesize the highest number of levels

with this number of cells.

Verify if the voltage steps obtained at Point V are smaller

than or equal to the maximum normalized voltage steps

computed at Point III. Two situations can occur.

a) The voltage steps obtained at Point V are smaller than
or equal to the steps computed at Point III. Then, it is

1)

V)

VI)
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TABLE 1I
COMPARISON AMONG HYBRID MULTILEVEL TOPOLOGIES THAT CAN USE UNIDIRECTIONAL RECTIFIERS IN ALL SERIES-CONNECTED CELLS
Switches Three-level cells Five-level cells Seven-level cells
per phase m Topology m Topology m Topology
8 5 2 cells (V;=V,=1pu) 5 1 cell (V=1 pu) - -
3 cells _
12 9 V1= V=1 pu, V3=2 pu) - - 7 Lcell (¥;=1pu)
4 cells (V;=V,=1pu, 2 cells
AT N R -
Scells (V;=V,=1pu,
20 35 Vi=2pu, Vy=4pu, Vs=9puy| — - - -
6 cells
3 cells 2 cells
24 73 V1=V,=1pu, V3=2pu, 53 _ e o 31 _ ;o
Vy=4 pu, Vs =9 pu, V5= 19 pu) (V1=1pu, V=3 pu, 3=9 pu) (V1=1pu, V,=4pu)
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Fig. 11. Eleven-level hybrid inverter that is composed of a five-level cell

(Vi =1 pau.) in series with a three-level cell (V2 =3 p.u.). (a) Output

voltages of series-connected cells. (b) Phase-voltage waveform.

possible to use the switches specified for each cell and

to jump to Point VIII to finalize the design.

b) One or more voltage steps obtained at Point V are
greater than the voltage steps computed at Point III. In

Fig. 12. Fundamental voltages. (a) Eleven-level hybrid inverter that is com-
posed of a five-level cell (Vi =1 p.u.) in series with a three-level cell

(Va2 = 3 p.u.). (b) Eleven-level hybrid inverter composed of three three-level

cells connected in series (V3

Vo =1pu, Vs =3pu).

this case, it is necessary to go to the next point since

the configuration obtained from Points IV and V must
be modified.
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TABLE III
HYBRID MULTILEVEL INVERTERS THAT ALLOW TO USE UNIDIRECTIONAL RECTIFIERS IN ALL CELLS,
USING A FIVE-LEVEL LOWEST POWER CELL IN SERIES WITH THREE-LEVEL CELLS

Switches per | Number of Volt " Number of
phase cells oltage steps levels
12 2 Vi=1pu, V=3 pu 11
16 3 Vi=1pu,V,=3pu, V3=6p.u. 23
20 4 Vi=1lpu,V,=3pu,V35=6pu, Vy;=12p.u. 47
24 5 Vi=1lpu,V,=3pu,V3=6pu,Vy;=12p.u,Vs=26p.u 99
1000
I L
l 900 | \
1 800 | \
l 700 +
11| S r
= 600
S F
! O}
500
v L
l 400 |
\4 < 300 |
200 + .

Fig. 13.  Flowchart of the generalized design methodology.

VII) Decrease the voltage steps that are larger than the max-
imum normalized values, until they become equal, and
verify if the resulting number of levels is larger than
or equal to the minimum number of levels. Again, two
situations can occur.

a) The resulting number of levels is larger than or equal
to the minimum number of levels. Therefore, it is
possible to go to the next point.

b) The resulting number of levels is smaller than the min-
imum number of levels. In this case, it is necessary to
add another cell in series, using the same configuration
of the highest power cell, and to return to Point V.

VIII) After defining the number of cells, the voltage steps
that do not exceed the voltage ratings of semiconductor
devices, and the resulting number of levels (larger than
or equal to the minimum number of levels), adequate
switching devices can be defined for each cell.

IV. DESIGN EXAMPLE

This section presents a practical design example of a hybrid
multilevel inverter to be applied as a 4.16-kV adjustable-speed

7 9 11 13 15 17 19 21 23 25 27
Number of levels

(a)

w

I/max,j (pll)

NS
g

7 9 11 13 15 17 19 21 23 25 27
Number of levels (m)

(®)

Fig. 14. Design example. (a) Voltage base value versus number of levels.
(b) Maximum normalized voltage steps versus number of levels.

drive (at m, = 0.95). All dc voltage sources must be imple-
mented with unidirectional rectifiers, and the THD of the output
line voltages, without any low-pass filter, should be smaller
than 10% around the nominal operating point. In addition, it
is specified that the voltage ratings of the switching devices
should be smaller than 1700 V.

According to [15], the inverter should be able to synthesize
phase voltages with nine distinct levels so that the THD of the
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Fig. 15. Experimental results of a nine-level inverter that is composed of three three-level series-connected cells (V3 = V2 =1 p.u. and V3 = 2 p.u.):
(left) output voltages of the series-connected cells and (right) output phase voltage. (a) mq = 0.3. (b) mq = 0.7. (¢c) mq = 0.91 (nominal). (d) Fundamental
voltages.

line voltages is smaller than 10% around the nominal point. The maximum normalized voltage steps of all cells Viax,;
In this example, Vz, = 4.16 kV, and m, = 0.95; then, it is should be determined at Point III to ensure that the voltage
possible to obtain the voltage base value, as shown in Fig. 14(a). ratings of the switching devices are not exceeded. Fig. 14(b)
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Fig. 16. Experimental results: eleven-level inverter that is composed of a five-level cell (V1 = 1 p.u.) in series with a three-level cell (V2 = 3 p.u.). (a) Output

voltages of the series-connected cells. (b) Output phase voltage.

presents the maximum normalized voltage steps, consider-
ing in this example that the voltage ratings of the switches
(1700 V) are, at least, 30% higher than the voltage steps
synthesized by series-connected cells.

Points IV and V consist of determining an adequate configu-
ration, which synthesizes the desired number of levels with the
smallest number of switching devices. From Table II, it is pos-
sible to obtain nine phase-voltage levels by using three three-
level cells with V7 = V5 = 1 p.u. and V3 = 2 p.u. Nevertheless,
11 phase-voltage levels can be generated with 12 switches per
phase, when the lowest power cell is able to synthesize five
levels and the highest power cell synthesizes three levels with
3-p.u. voltage steps, as indicated in Table III.

However, with 11 voltage levels, it is necessary to decrease
V5 until 1 p.u., as represented in Fig. 14(b), so that it is possible
to use 1700-V semiconductor devices. The resulting number of
levels becomes smaller than the minimum number of levels,
and it is necessary to add another three-level cell in series and
to return to Point V of the design methodology. At this point,
there are two three-level cells in series with a lowest power
five-level cell. From Table III, the voltage steps that generate
the maximum number of levels are V; =1 p.u., Vo =3 p.u,,
and V3 = 6 p.u., which result in 23 levels. Again, the voltage
steps synthesized by some cells are larger than the maximum
voltage step (3 p.u.). By decreasing V3, the resulting number
of levels also decreases, modifying Vinax ; to 2 p.u. Then, the
voltage ratings of switching devices are not exceeded when
Vo = V3 = 2 p.u., resulting in 13 distinct voltage levels. Due
to the fact that the three-level cells operate with the same
voltage levels, it is possible to replace them by a single five-
level cell, reducing the number of isolated dc voltage sources.
Since AVyc,1 =~ 600 V, the switching devices of the lowest
power cell could be 1200-V insulated-gate bipolar transistors
(IGBTs), such as BSM200GA120DLC from Eupec, while the
switching devices of the highest power cell could be 1700-V
IGBTs, such as BSM200GA170DLC from Eupec [19].

V. EXPERIMENTAL RESULTS

Initially, a low-power prototype of a hybrid multilevel in-
verter with three series-connected H-bridge cells was built
in our laboratory to demonstrate the operating principles of
hybrid multilevel converters. Fig. 15 shows the output voltage
waveforms of the three H-bridge cells, with voltage steps

Vi=Vo=1 pu. and V3 =2 p.u., for distinct values of the
amplitude modulation index. Fig. 15(c) presents the nine-level
phase-voltage waveform (THD = 16.3%) synthesized by this
multilevel converter at the nominal operating point. With these
voltage steps and using the hybrid modulation strategy illus-
trated in Fig. 3(a), Fig. 15(d) demonstrates that the dc voltage
sources can be implemented with unidirectional rectifiers.

On the other hand, it is possible to employ a five-level cell
for the lowest power cell to synthesize a larger number of
levels without increasing the number of switches, as shown
in Table III. Fig. 16 presents the experimental results of a
hybrid inverter that is able to generate 11 phase-voltage levels
(THD = 12.8%), composed of a five-level high-frequency cell
in series with a three-level cell synthesizing 3-p.u. voltage steps.

Both configurations use the same number of switching de-
vices, and their dc voltage sources can be implemented with
unidirectional rectifiers. However, the second arrangement can
generate a larger number of levels by using a five-level topology
for the lowest power cell.

VI. CONCLUSION

Asymmetrical multilevel converters are an alternative to min-
imizing the harmonic distortion of the output voltages without
increasing the number of power devices. The use of different dc
voltage values naturally leads to hybrid multilevel topologies,
which employ distinct types of semiconductors and modulation
strategies, in an effort to optimize the power processing of
the overall system. On the other hand, these features increase
significantly the flexibility and complexity of hybrid multilevel
converter design.

To reduce this complexity, this paper included a comparative
analysis among several hybrid topologies and proposed several
design considerations for distinct applications to minimize the
number of switching devices, to reduce the circulating energy
among the series-connected cells, and to take into account the
topology of the input rectifier stage and the voltage ratings of
the switching devices. Consequently, by using the proposed
design methodology, the number of series-connected cells, the
dc voltage level and the number of levels of each cell can be
defined to satisfy some design specifications.

Due to the enormous flexibility to design hybrid multilevel
converters, this paper cannot cover all variables involved with
them, but this paper provides an important basis to define an
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adequate hybrid configuration for distinct systems. In the fu-
ture, the results presented in this paper can also be extended to
other hybrid multilevel modulation strategies, considering addi-
tional design specifications, such as weight/volume, efficiency,
and other harmonic distortion factors.

REFERENCES

[1] J. Rodriguez, J. S. Lai, and F. Z. Peng, “Multilevel inverters: A survey
of topologies, controls, and applications,” IEEE Trans. Ind. Electron.,
vol. 49, no. 4, pp. 724-738, Aug. 2002.

[2] A.Damiano, M. Marchesoni, I. Marongiu, and A. Taffone, “Optimization
of harmonic performances in multilevel converter structures,” in Proc.
ISIE Conf., 1997, pp. 341-346.

[3] J. S. Manguelle, S. Mariethoz, M. Veenstra, and A. Rufer, “A generalized
design principle of a uniform step asymmetrical multilevel converter for
high power conversion,” in Proc. EPE, 2001, CD-ROM.

[4] S. Mariethoz and A. Rufer, “Design and control of asymmetrical multi-
level inverters,” in Proc. IECON Conf., 2002, pp. 840-845.

[5] ——, “New configurations for the three-phase asymmetrical multilevel
inverter,” in Proc. IEEE IAS Annu. Meeting, 2004, pp. 828-835.

[6] K. Corzine and Y. Familiant, “A new cascaded multilevel H-bridge drive,”
IEEE Trans. Power Electron., vol. 17, no. 1, pp. 125-131, Jan. 2002.

[7]1 K. Ding, Y.-P. Zou, Z. Wang, Z.-C. Wu, and Y. Zhang, “A novel hybrid
diode-clamp cascade multilevel converter for high power application,” in
Proc. IEEE IAS Annu. Meeting, 2004, pp. 820-827.

[8] R. Lund, M. D. Manjrekar, P. Steimer, and T. A. Lipo, “Control strategies

for a hybrid seven-level inverter,” in Proc. EPE Rec., 1999. [CD-ROM].

Y. Wang, H. Li, X. Shi, and B. Xu, “A novel carrier-based PWM

strategy for hybrid multilevel inverters,” in Proc. IEEE PESC, 2004,

pp- 4233-4237.

[10] T. A. Lipo and M. D. Manjrekar, “Hybrid topology for multilevel power
conversion,” U.S. Patent 6 005 788, Dec. 21, 1999.

[11] M. D. Manjrekar, P. K. Steimer, and T. A. Lipo, “Hybrid multi-
level power conversion system: A competitive solution for high-power
applications,” [EEE Trans. Ind. Appl., vol. 36, no. 3, pp. 834-841,
May/Jun. 2000.

[12] T. Gopalarathnam, M. D. Manjrekar, and P. K. Steimer, “Investigations on
a unified controller for a practical hybrid multilevel power converter,” in
Proc. IEEE APEC, 2002, pp. 1024-1030.

[13] H. Miranda, V. Cardenas, J. Péres, and C. Nuies, “A hybrid multilevel
inverter for shunt active filter using space-vector control,” in Proc. IEEE
PESC, 2004, pp. 3541-3546.

[14] C. Rech, H. A. Griindling, H. L. Hey, H. Pinheiro, and J. R. Pinheiro,
“Analysis and comparison of hybrid multilevel voltage source inverters,”
in Proc. IEEE PESC, 2002, pp. 491-496.

[15] ——, “A generalized design methodology for hybrid multilevel inverters,”
in Proc. IEEE IECON, 2002, pp. 834-839.

[9

—

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 54, NO. 2, APRIL 2007

[16] C. Rech and J. R. Pinheiro, “Impact of hybrid multilevel modulation
strategy on input and output harmonic performances,” in Proc. IEEE
APEC, 2005, pp. 444-450.

[17] ——, “Line current harmonics reduction in multipulse connection of
asymmetrically loaded rectifiers,” IEEE Trans. Ind. Electron., vol. 52,
no. 3, pp. 640-652, Jun. 2005.

[18] V. G. Agelidis and M. Calais, “Application specific harmonic performance
evaluation of multicarrier PWM techniques,” in Proc. IEEE PESC, 1998,
pp- 172-178.

[19] Power Semiconductors Shortform Catalog, Eupec, Lebanon, NJ, 2004.

Cassiano Rech (S’01-M’06) was born in Carazinho,
Brazil, in 1977. He received the B.S., M.S., and
Ph.D. degrees in electrical engineering from the Fed-
eral University of Santa Maria, Santa Maria, Brazil,
in 1999, 2001, and 2005, respectively.

Since 2005, he has been with the Universidade
Regional do Noroeste do Estado do Rio Grande do
Sul (UNIJUf), Ijui, Brazil, where he is currently
a Professor in the Department of Technology. His
research interests include multilevel converters for
high-power applications, digital control techniques
of static converters, and uninterruptible power supplies.

José Renes Pinheiro (S’93-M’95) was born in
Santa Maria, Brazil, in 1958. He received the B.S.
degree from the Federal University of Santa Maria,
Santa Maria, in 1981, and the M.S. and Ph.D. de-
grees from the Federal University of Santa Catarina,
Floriandpolis, Brazil, in 1984 and 1994, respectively,
all in electrical engineering.

Since 1985, he has been a Professor at the Fed-
eral University of Santa Maria, where, in 1987, he
founded the Power Electronics and Control Research
Group (GEPOC). From 2001 to 2002, he was with
the Center for Power Electronics Systems, Virginia Polytechnic Institute and
State University (Virginia Tech), Blacksburg, where he performed his postdoc-
toral research about distributed power systems. He has authored more than 200
technical papers published in conference proceedings and journals. His current
research interests include high-frequency power conversion, system integration
techniques, hybrid systems for static power conversion, power-factor-correction
techniques, and modeling and control of converters.

Dr. Pinheiro is a member of the Brazilian Power Electronics Society, the
Brazilian Automatic Control Society, and the IEEE Power Electronics, IEEE
Industrial Electronics, and IEEE Industry Applications Societies. He was
the Technical Program Chairman of the 1999 Brazilian Power Electronics
Conference (COBEP) and of the 2000 and 2005 Power Electronics and Control
Seminar (SEPOC).



