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ABSTRACT

This paper proposes a single-source cascaded semi-bridge topology so called SSCSB employing
one DC input power source and low-frequency single-phase transformers. SSCSB has a two-stage
design that includes an input stage and an output stage. The input stage consists of H-bridge voltage
source converter. In the output stage, there is a converter, which converts the AC voltage from the
input stage to AC sinusoidal voltage. This stage consists of series connected semi-bridge inverters
units that use single-phase transformers for isolation and voltage transformation. The proposed
circuit configuration can reduce a number of switches and DC source compared with traditional
cascaded H-bridge multilevel inverters using separate DC source. Furthermore, it is suitable for
applications in the area of distributed generation systems, e. g., solar-cell or fuel-cell in
combination with battery energy storage. In this paper, two algorithms for determination of turn’s
ratio of transformers and switching have been presented, too. To verify the performance of the
proposed approach, computer-aided simulations have been provided using MATLAB/ SIMULINK.

Key words: cascaded semi-bridge, Low frequency transformer, Single DC Source, Distributed
Generation.
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1. INTRODUCTION

Multilevel inverters are increasingly gaining importance for
industrial and utility applications due to their numerous
inherent beneficial features [1, 2]. Multilevel converters are
able to generate output voltage waveforms consisting in a
large number of steps. In this way, high voltages can be
synthesized using voltage sources with lower levels, with the
additional benefit of a reduced harmonic distortion and lower
dv/dtin the output voltages. These features have made
multilevel converters suitable either for medium-voltage
high-power motor drives or for low-voltage high-efficiency
conversion systems. Multilevel converter is one of the power
electronic converters that have been used in distributed
generation (DG).

DG powered by micro sources such as fuel cells, photovoltaic
panels and micro turbines, have been gaining popularity
among the industry and utilities due to their higher operating
efficiencies, improved reliabilities, and lower emission levels.
Integrating these generating sources into the existing power
system grid, known as distributed energy resources, can
provide a more reliable and better quality power to
consumers [3-5]. The energy sources used in DG systems
usually have different output characteristics and the
electricity obtained from these energy sources is normally
unregulated and is not in a suitable form to be directly
connected to the grids or to the loads for this reason power
electronic converters are usually employed to connect these
energy sources to the grid or to the loads [6, 7].

Several multilevel inverter topologies have been introduced
in the last years, the most important of them being the diode-
clamped(DCMI) [8-10], the flying-capacitor(FCMI) [11], and
the cascaded H-bridge converter (CMI) [12-14]. The DCMI
uses capacitors in series to divide up the DC bus voltage into
a set of voltage levels. A FCMI uses a ladder structure of DC
capacitors; as a result the voltage on each capacitor differs
from the next capacitor. In the FCMI topology, an
unacceptable amount of capacitance is required for high
voltage levels. The CMI synthesizes a desired voltage from
several independent sources of DC voltages. The full-bridge
topology with four switches is used to synthesize a three-
level voltage. The CMI requires the least number of total
main components even though the CMI needs more DC-link
capacitors as compared to those needed in the DCMIL
Packaged circuit layout is possible in CMI topology, because
each level has the same structure, and there aren’t extra
clamping diodes or voltage-balancing capacitors in CMI
circuit, which are required in the DCMI and the FCMI. The
number of output voltage levels can then be easily adjusted
by changing the number of full bridge inverters.

The main disadvantages of the multilevel inverter are the use
of a larger number of semiconductors and a complex control
circuitry and needing equilibrate of the voltage at the
boundaries of capacitors. One particular disadvantage is the
great number of power semiconductor switches needed.
Although low voltage rate switches can be utilized in a
multilevel inverter, each switch requires a related gate driver
circuits. This may cause the overall system to be more
expensive and complex. So, in practical implementation,
reducing the number of switches and gate driver circuits is
very important.Voltage and current ratings of the switches
play important roles on the cost and realization of the

multilevel inverter. Peak inverse voltage(PIV) of switch is
main parameter that affects on cost of switch.

CMI can operate as symmetric or asymmetric converter [ 14].
To provide a large number of output steps without increasing
the number of DC voltage sources and semiconductor
switches, asymmetric multilevel converters (AMC) can be
used but PIV of switches in AMC is higher than switches in
symmetric multilevel converters. Recently, several multilevel
inverter topologies have been developed. Novel topologies of
cascaded multilevel inverters using a reduced number of
switches, insulated gate driver circuits and voltage standing
on switches are proposed in [15-20]. In [15, 16] novel
configuration of cascaded multilevel inverters have been
proposed. The suggested topologies need fewer switches and
gate driver circuits but they require multiple DC sources and
some switches of suggested topologies have high PIV. In
order to increase the steps in the output voltage, a new
topology is recommended in [17], which benefits from a
series connection of sub-multilevel converters that uses of bi-
directional switches and in [18], the optimal structures for
this topology are investigated various objectives such as
minimum number of switches and DC voltage sources and
minimum standing voltage on the switches for producing the
maximum output voltage levels. These topologies require
multiple DC sources and some switches of suggested
topologies have high PIV. To reduce the number of
independent DC sources, methods namely cascaded-
transformer-based multilevel inverters were introduced in
[19, 20].

Operation of multilevel inverters depends on modulation
methods. There are several modulation strategies for
multilevel converters. The modulation methods used in
multilevel inverters can be classified according to switching
frequency. According to its switching frequency they can be
classified as: fundamental switching frequency and high
switching frequency [21, 22]. A very popular method is the
classic carrier based sinusoidal pulse width modulation
(SPWM) that uses the phase shifting technique to reduce the
harmonics in the load voltage. Multilevel carrier based
SPWM uses several triangular (or direct lines) carrier signals,
which can be modified in phase (phase shifted SPWM) and
or vertical position (level shifted SPWM) in order to reduce
the output voltage harmonic content [23-25].

In this paper, an isolated cascaded multilevel inverter is
proposed which employs one single DC input power source,
isolated single-phase low-frequency transformers and bi-
directional switches. The proposed topology is called Single-
Source Cascaded Semi-Bridge i.e. SSCSB because uses of
single DC source and semi of H-bridge. By the proposed
circuit configuration, a number of switches and DC sources
can be reduced, compared with traditional cascaded H-bridge
multilevel inverters. PIV of switches in proposed structure is
low. Existence of transformers gives more flexibility to
inverter. Transformers provide isolation between power
source and load and voltage transformation. Capacitors,
batteries, and other DC voltage sources can be used as the
voltage sources of the proposed inverter. Therefore, the
SSCSB can be applied to grid connected photovoltaic, fuel
cell and etc systems. SSCSB can operate as symmetric or
asymmetric converter. In some systems such as power
delivery of renewable energy sources, dynamic voltage
restorer (DVR), active power filters and etc proposed inverter
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may be available. SSCSB is a suitable power electronic
interface between renewable energy sources and load or grid,
with the capabilities of voltage regulation and galvanic
isolation between renewable energy sources and load or grid.
This object is studied in this paper as case study. Switching
algorithm is like SPWM but reference wave forms are sin
wave and absolute of sin wave. At each instant, absolute sin
wave and sin wave are compared with carriers signal (direct
lines).To verify the performance of SSCSB, computer-aided
simulations carried out using MATLAB/ SIMULINK.

2. PRESENTED TOPOLOGY

Figure 1 shows a typical circuit diagram of SSCSB with
single power source, which is the object of this paper.

As can be seen from Figure 1, this is a two-stage design that
includes an input stage and an output stage. The bi-
directional switches with capability of blocking voltage and
conducting current in both directions are needed in SSCSB.
There are several arrangement can be used to create such a
bi-directional switch.

de =7 Vi

S
1 S
Sy Sy

¢
¢

Input stage

S
2n-1
" S2n

Output stage

Figure 1. Circuit diagram of proposed DC/AC converter (SSCSB).

The common emitter anti-parallel IGBT with diode pair
arrangement and one type gate driver circuit have been
shown in Figure 2. In the input stage, there is a single-phase
low frequency converter, which converts the input DC
voltages to AC voltage with fundamental frequency. The
input stage consists of H-bridge voltage source converter.
The DC voltage from the input power source is fed to the H-
bridge- converter and is modulated to a fundamental
frequency square voltage. The H-bridge topology with four
switches is used to synthesize a three-level square-wave
output voltage waveform. Table 1 indicates the values of H-
bridge for states of switches H;-Hy. Then the square voltage
is provided to the output stage. From positive part of output
voltage of H-bridge converter is used as DC sources in half
period and from negative part of output voltage is used as DC
sources in second half period. Zero level can be used in some
structures that would be explained in the following

Gete Driver

Input Signal %5" {—’ J]_

L ! H] Buffer

Figure 2. Bi-directional switch and one type gate drive

In the output stage, there is a converter, which converts the
AC voltage from the input stage to AC sinusoidal voltage.
This AC/AC converter has two part, bi-directional switches
and single phase transformers. The AC/AC converter made
up from some basic units. Figure 3 shows the suggested basic
unit for a sub-multilevel AC/AC converter. The basic unit
consists of an AC voltage source, two switches S; and S, and
single phase transformer. Table 1 indicates the values of Vo,
for states of switches S; and S,. The basic unit shown in
Figure 3 can be cascaded as shown in Figure 1.The output
voltages of basic units are cascaded through the secondary of
the transformers.
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Table 1. Values of Vg, for states of switches S| and S,
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Figure 3. sub-multilevel

inverter.

Suggested basic unit for a

The H-bridge cell produces voltage with two polarities in two
half period and output voltage of H-bridge cell or zero
voltage is given to transformers by bi-directional switches.
Careful to Table 1, symmetry voltage levels are produced by
same switches. Zero level could be produced with H-bridge
cell or bi-directional switches.

Output phase voltage of proposed inverter is achieved by
summing the output voltages of basic units. Output phase
voltage of is obtained by:

— 1
V=V +Vy, +..tV,, M
The maximum of output phase voltage is:

"N @
VOmax = ZﬁVdc

i=1 il

The amplitude of the output voltage is determined by the
input DC voltage source and turn ratio of the transformers.
This topology requires one DC source and it may be available
in some systems such as STATCOM, active power filter and
etc that use DC-link capacitor. For example, one active
power filter has been designed based on cascaded multilevel

state Values of V; Switches state Voi
S S,
1 Ve on off Nll v
— Vde
Ny,
2 Ve off on 0
3 Ve on off ]\]11 v
- Ve
Ny,
4 - Ve off on 0
_._E‘\j:I::/? converter in [26]. The cascaded topology requires a separate
N :N DC-link capacitor for each cell, requiring a complex control
iy 2 strategy to regulate the voltage across each capacitor but

SSCSB has one DC-link capacitor and control of one DC-
link capacitor is simple in application as active power filter.
This topology has much significance for higher rated
converters used for high or medium voltage distribution
system, as they require transformers to increase the inverter
output voltage at the desired level. In some systems such as
power delivery of renewable energy sources, DVR and etc,
SSCSB may be available.

In SSCSB, the number of switches is reduced and each
switch requires one gate driver. Reduction of gate driver is
obtained with reduction of switches number. One type of gate
driver circuit has been shown in Figure 2.

Voltage and current ratings of the switches in a multilevel
inverter affect on the cost and realization of the multilevel
inverter. In the cascaded H-bridge multilevel inverters, the
voltage standing on switches or PIV for switches is given by
the following equation:

PIV =V, ®)

PI sz,i is switch PIV that put on in ith H-bridge cell and Vl

is voltage sources of ith H-bridge cell. In asymmetric state,
DC voltage sources of all H-bridge cells are not the same so
switches PIV in different H-bridge cells are not the same and
PIVs are affected by DC sources selection algorithms. In
SSCSB, switches PIV in asymmetric state are the same as
symmetric state and are given by:

PIV,, =V, @

SSCSB can operate in symmetric or asymmetric state to
obtain uniform step voltage. In SSCSB to obtain asymmetric
multilevel converters turn ratio of transformers are selected in
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different value. Several strategies can be used for
determination of transformers turn ratio in SSCSB. In the
following, we propose two different methods for
determination of turn ratio of transformer which are used in
the proposed multilevel inverter. In the first method all turn
ratio of transformers in Figure 1 are the same and in the
second method to obtain uniform step AMC, the turn ratio of
the transformers are proposed to be chosen according to a
geometric progression with a factor of two.

If all turn ratios of transformers are the same, the inverter is
known as symmetric multilevel inverter. The maximum
number of phase voltage levels is given by:

m=2n+1 Q)

n, m are the number of transformer and the maximum
number of levels of phase voltage, respectively.The
maximum output voltage is:

Ve ae =1V (©)

max

If all turn ratios of transformers are the same the structure of
SSCSB that is shown in Figure 1 can be changed as Figure4.
In the structure that has been shown in Figure 4 number of
switches has reduced. The number of switches is given by (7)
and (8):

SW =2n+2 M
SW =m+1 ®)

‘-(lc -

Figure 4. Structure of SSCSB in symmetric state.

The second method for determination of the turn ratio of the
transformers is in progression with a factor of two (Binary).

Nil =p le =q i:1,2,...,n ©)

N,=2""¢i=23,..n (10)

Maximum number of output voltage levels and maximum
output voltage are:

m:2n+1_1 (11)

VOmax = (2” - 1)\/dc (12)

In the asymmetric SSCSB the number of switches is given
by:

SW =2n+4 (13)

+ (14
Ln(m+1) I
Ln2

SW=2

In asymmetric state the input stage of SSCSB can be changed
as Figure5. By this structure the number of switches has
reduced. The number of switches is given by (15) and (16):

SW =2n+2 (15)
(16)
SW =2 Ln(m+1)
Ln2

In recent years, multilevel inverter and its modified control
schemes using cascaded transformers have been presented to
obtain high quality output voltage with minimized number of
DC sources and switching devices [19, 20]. These multilevel
inverters can be used in symmetric or asymmetric states.
Asymmetric multilevel inverters increase the number of
output voltage levels based on the different turn ratio of the
cascaded transformers.
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Figure 5. Second structure of input stage in asymmetric state.

However, the different turn ratio of cascaded transformers
means the unbalance of power distribution, different

Table 2: Comparison of switches number.

saturation conditions of the transformers and difference of
power ratings of switching devices [20].

In asymmetric multilevel inverters geometric progression
with a factor of two or three are two famous methods that the
DC voltages sources or turn ratio of cascaded transformers
are proposed to be chosen according to their [15, 17-20].

Table 2 shows a comparison of the number of switches
between cascaded transformer-based multilevel inverters
topology [19, 20] and SSCSB in the symmetric and

asymmetric states when inverters produce 7 levels voltage.
Table 2 shows that the suggested topology needs fewer
switches in order to generate the same levels of output
voltages. Figure 6 shows a comparison of the number of
switches between the cascaded-transformer-based multilevel
inverters and suggested SSCSB according to Table 2.

cascaded transformers SSCSB
Symmetric Binary Trinary Symmetric Binary
SW 2(m -1) Ln(m+1) Ln(m) m+1 Ln(m+1)
4———"""_4 — 2——— 242
Ln2 Ln3 Ln2
260 ‘ - - - ‘ - - —s
240""Symmetriccascade****‘“****:****T****T****‘“**’
200- L2 SymmetriesssB_ | | | 4 L, |
160 - — — - :————4————+————F————:————4————+————F———
B a0l el .
o I O S N D O N S
dol e e
o e = | | | | | |
| 1 | 1 | 1 1 1
G0 15 30 45 60 75 90 105 120 130
m
(a)
30 ¥ Cascade(Binary) ,J,,,,J,,,,i,,,,i,,,,i,,,,i,,,
27) o sSSB(Binary) [ [ [ [ [ ‘
24 0Cascade(Trinary)77:77774‘77774‘7777J"7777J‘“7777:’7"
21 77777 | | \777777'7777777777777T77777777
18 77777 | I | I - - - - 4 - - -4 - - _1_- - - _1____L__1
T N IS P S
127777*77+\|7777\7777J777747777l7777L7777L77,
™ | | | | | | |
9’7“7\ 77777 [ [ e e
6 ,,,,, - — — — _ | — [ € L L _
| | | | | | | |
3 77777 - - = = - - 77 | T T L
1 1 L L 1 1 1 1
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(b)

Figure 6. Comparison of switches number, (a) symmetric state and (b) asymmetric state.
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Figure 7. Power delivery in FC system.

3. SSCSB and DISTRIBUTED GENERATION

Distributed Generation powered by micro sources have been
gaining popularity among the industry and utilities due to
increased energy utilization, global pollution awareness and
improved reliabilities. Among the micro source, fuel cells
and photovoltaic panels are attractive due to their modular,
efficient, and environmentally friendly performance [15].
Since the fuel cells and photovoltaic panels deliver DC
power, it must be inverted and stepped-up to be able to use
for applications. A suitable power electronic interface is
required between fuel cells and photovoltaic panels with load
or grid, with the capabilities of voltage regulation and
galvanic isolation between fuel cells and photovoltaic panels
and load or grid. In this paper, voltage of fuel cells and
photovoltaic panels has been supposed constant DC
voltage.The SSCSB can be used in energy conversion
according to this strategy. Step-up voltage and galvanic
isolation between DC source and load or grid are given by
transformers that have been used in SSCSB structure and
voltage regulation achieve by proper switching and
regulation turns ratio of transformers. SSCSB can be replaced
instance of inverter, filter and transformer in Figure 7. If
number of voltage levels increased, filter can be eliminated in
system.

4.SIMULATION RESULTS

Two types of SSCSB have been simulated with
MATLAB/SIMULINK. To examine the performance of the

Table 3. Look-up table of a 7-level inverter.

proposed multilevel inverters in the generation of a desired
output voltage, prototypes are simulated that results are
shown in two parts. The detailed system as shown in Figure 1
and Figure 4 has been modeled to study the operation of
SSCSB. In this section, the modulation method of the
proposed inverter is explained on the 7 and 15-level inverter,
too. According to algorithms of determination turn ratio of
transformers, simulations have two part, symmetric state and
asymmetric state. The multilevel inverters feeds R-L load.
The load is a series R-L with magnitudes 24.16Q and 60mH,
respectively. The voltage of DC power source is 50 V.

4.1. Symmetric State

“l c

Figure 8. SSCSB with three single-phase transformers
in symmetric state.

State High Switching pulse Level ON switches
1 P; +3 Ve H,, Hy, S1, S3
2 P, +2 Ve Hy, Hs, Sy, Sy
3 P, + Ve Hy, Hy, Sy, Sy
4 Z 0 H, H,, S,, S,
5 P, - Ve Hy, H;, S5, S4
6 P, -2V H,, Hs3, S, S,
7 P; -3 Ve Hy, H;, Sy, S;
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Figure8 shows SSCSB with three single phase transformers.
The turn’s ratios of transformers are the same and converter
is symmetric.

Operation of 7-level inverter is shown in Figure 9.
Modulation waveforms to switching for the proposed
topology are shown in Figure 9(a) and 9(b). The principle of
the modulation is based on a comparison of a sinusoidal
reference and its absolute waveforms, with vertically shifted
carrier waveforms. The carriers are direct lines that are
shifted vertically. The frequency of sine reference defines
output voltage frequency. The frequency of sine reference is
50 Hz. The principle of switching H-bridge is described in
Figure 9(b) with under conditions:

Condition 1: sin wave > 1, then H; and H, are turned on.
Condition 2: sin wave < -1, then H, and H; are turned on.

Condition 3: -1< sin wave < 1, then H; and H, are turned on
and zero level can be produced.
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1 // \\ /I ~\
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ime(s
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Figure 9. Operation of 7-level SSCSB (a) modulation signal
of bi-directional switches (b) modulation signal of H-bridge
cell (c) Switching pulses (d) gates signals (e) output phase
voltage.
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Figure 10. FFT analysis of output voltage.

Switching pulses are produced from comparison among
absolute of sine wave and carriers as shown in Figure 9(a).
For example:

If 2< absolute of sin wave < 3, then P, is produced.

Switching pulses are shown in Figure 9(c). Gate signals of H-
bridge cell and bi-directional switches are shown in Figure
9(d). These gate signals are generated with notice to lookup
Table. 2 that shows ON state switches. Output voltage is
shown in Figure 9(e). FFT analysis of output voltage is
shown in Figure 10. Total harmonic distortion (THD) has
been calculated 15.95% by MATLAB/SIMULINK.

4.2.  Asymmetric State

Figure 11 shows SSCSB with three single-phase transformers
that using transformers with turn ratio of binary algorithm

(ﬂ:l,&zz and&=4 ), 15-level inverter
Ny, Ny Ny

can be obtained. By controlling the switching of the SSCSB,
15 discrete voltage levels (from — 7Vdc to 7Vdc) can be

generated. Operation of 15-level inverter is shown in Figure
12.
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Vac

4
:

Figure 11. SSCSB with three single-phase transformers in asymmetric state.

Table 4. Look-up table of 15-level inverter.

State High Switching pulse Level ON switches
1 P, +7 Ve H,, Hy, S1, S3, S5
2 P¢ +6 Ve H,, Hy, S», S3, S5
3 Ps +5 Ve H,, Hy, Sy, S4, Ss
4 P, +4 Vg4, H,, Hy, Sy, Sy, Ss
5 P; +3 Ve H;, Hy, S1, S5, S
6 P, 2V Hy, Hy, S5, S5, S
7 P, Ve H,, Hy, Sy, S4, S¢
8 Z 0 H;, Hy,Sy, S4, Se
9 P - Vi Hy, H3, Sy, Sy, Se
10 P, -2 Ve H,, Hs, S,, S3, S
11 P; -3 Ve H,, Hs, S1, S5, S
12 P, -4V, Hy, H3, S5, S4, S5
13 Ps -5 Ve H,, H3, Sy, Sy, Ss
14 Ps -6 Ve Hy, Hj, S5, S5, Ss
15 P, -7 Ve H,, H3, S4, S3, S5

19
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Figure 12. Operation of 15-level SSCSB (a) modulation signal
of bi-directional switches(a) modulation signal of H-bridge
cell (e) Switching pulses (d) gates signals (e¢) output phase

voltage.
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Figure 13. FFT analysis of output voltage.

The principle of switching H-bridge is described with under

conditions:

Condition 1: sin wave > 0, then H; and H, are turned on.

Condition 2: sin wave < 0, then H, and Hj are turned o
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Zero level isn’t produced by H-bridge cell and it’s
created by bi-directional switch.

Switching pulses are produced from comparison among
absolute of sine wave and carriers as the same
symmetric state. Table 4 shows the ON switches lookup
table of 15-level inverter. FFT analysis of output
voltage is shown in Figure 13. It is considered that THD
is 5.38%. The multilevel converter generates staircase
(near-sinusoidal) output voltage and as a result, very
low harmonic distortion.

CONCLUSION

This paper proposed a cascaded multilevel inverter
employing low-frequency single-phase transformers, bi-
directional switches and a single DC input power
source. The proposed circuit configuration can reduce a
number of DC sources. The suggested topology needs
less switches and gate driver circuits. Based on
presented switching algorithm, the SSCSB inverter
generates staircase output voltage and as a result, very
low total harmonic distortion is obtained. The proposed
structure may be available in some system same as
power delivery in renewable energy sources. Simulation
results show that the proposed inverter can produce the
desired output voltage.
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