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Multilevel inverters (MLI) consist of a wide range of power converters. They have many designs and have been
introduced with different circuit topologies such as neutral point clamped, diode clamped, cascaded H-bridges, and
flying capacitors. Some of these MLIs have disadvantages, including design complexity, size, and losses due to the
large number of switching devices required when they produce many output voltage levels. They are also bulky in

size and may require several DC power sources.

inverter multilevel PWM SHE

| 1. Simple Designs

T-Type MLIs (T-MLIs) are considered simplified NPC multilevel inverters (MLI). Per phase, a T-MLI consists of two
conventional switching devices and one bidirectional switching device, as shown in Figure 1b. Figure 2 shows
how a T-MLI single-phase MLI is originated from a traditional two-level full-bridge inverter. This is performed by
substituting the two-level switching device arm with a three-level T-type arm. The T-branch consists of S1, S2, S3,
and S4 IGBTs. Switching is performed at high frequency to perform SPWM modulation, and the two-stage branch
(S5 to S6) switches at the fundamental frequency, which is either 60 or 50 Hz, to change the polarity of the output

voltage. Since the structure is symmetric, only the positive half-wave of the power supply is analyzed &,
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Figure 1. Single-phase three-level (a) NPC MLI (b) T-MLI.

In both NPC and T-MLIs, only a single DC source is used. Increasing the number of levels requires several DC-
linked capacitors that are normally connected in series. All these capacitors are mounted in parallel with the

inverter switching devices [28,29,30].
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Figure 2. A single-phase T-type five-level inverter.

C1 and C2 should be balanced in capacitance and voltage. Thus, usually, they are selected with high values. Each
capacitance is responsible for feeding the full or an equal portion of the supplied DC voltage to the load. S2 and S3
are responsible for the levels, where S2 is ON for the positive part and S3 is ON for the negative part. S1 and S5
are responsible for the levels, where S1 is ON for the positive part and S5 is ON for the negative part. S4 and S6
can be ON or OFF when supplying or where S6 Is ON for the positive part and S4 is ON for the negative part of the
full or half DC voltage. The MLI in Figure 2 is a five-level inverter since the voltage levels are arranged as (, . For
a seven-level type, the number of DC side capacitors is increased to three. Also, there will be two S2 and S3
branches, or (T-branches) where each is connected between two capacitors. The HB side remains the same. Thus,

the number of switching devices is increased by two. The voltage levels for the seven-level T-MLI are (, .

A small modification of the seven-level T-MLI was previously performed, where five levels were proposed by 23],
In this design, blocking diodes D5 to D8 are added to secure unwanted current flow and reduce the output voltage

ripple as well as its harmonics, as shown in Figure 3. The operation modes are illustrated in Figure 4.
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Figure 3. T-type seven-level inverter with blocking diodes.

|
~H

Figure 4. Modes of operation of a seven-level inverter for the modes: (a) , (b) .

For a seven-level T-MLI, another design is shown in Figure 5 &, This design is similar to the five-level inverter in

Figure 1. The difference is that the HB portion is connected to the S3 and S4 branches. In this scheme, only two

capacitors on the DC bus are needed instead of three as compared to 2. Both designs have the same number of

switching devices.
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Figure 5. Another Seven-level inverter topology.

The T-branch of the five-level inverter of Figure 2 can be replaced with a bidirectional switch known as a transistor-
clamped inverter. The switch is constructed from a single switching device bounded by four diodes €I, This type
of inverter was formerly known as a modified HB MLI 8. In this design, the number of switching devices is reduced
by 16.66%. In the case of a seven-level inverter, the number of IGBT switches is decreased by 25% since only six
will be needed instead of eight.

A modified converter similar to the structure of the MLI in Figure 3 was proposed 2. This MLI has two isolated DC
sources or capacitors and uses eight bidirectional conduction switching devices. A bidirectional conduction scheme
is used for switching devices, but due to the presence of an anti-parallel diode, it only blocks voltage in one
direction. The proposed topology allows the use of two separate DC sources, either from PV systems, battery
banks, or rectifier circuits. An improved five-level T-MLI was developed based on the method of hysteresis current
(HC) to control the inverter 29 The hysteresis levels are used to provide switching signals for the transistors in T-
MLIs. This design is similar to those in Figure 2 and Figure 6, but the T-branch contains only one bidirectional
switch consisting of two IGBTs connected at their gates. This inverter has only two balancing capacitors on its DC
link side. The switches in the T-branch of a five-level inverter can be replaced by a short circuit and are not
connected to the HB Bl There are two switching transistors connected in parallel to the HB, and the T-branch is
connected to both switching transistors. Also, there are two transistors connected in series with the DC source at
their ends. In this inverter, the number of switching devices is increased by 33.33% for the MLI in Figure 2 and by
60% for the MLI in Figure 6.
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Figure 6. Five-level inverter with a bidirectional switch.

The topology of the three-level inverter includes an HB inverter and two bidirectional switching devices, as shown
in Figure 7. Its five-level version is included as well 111, The bidirectional switches are linked to the HB to generate
the third stage of the inverter output. Other IGBTs are incorporated into the inverter circuit to increase the number
of levels. The two portions of this MLI operate at high and low frequencies, resulting in a multi-level hybrid
switching frequency T-MLI. Here, the switching devices in the HB work at a 50 Hz switching frequency. The

bidirectional switching devices can work at frequencies up to 10 kHz [22],
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Figure 7. Three-level inverter.

A five-level inverter structure is illustrated in Figure 8. This inverter includes four capacitors (C1-C4), eight power
switches, and two diodes (D1, D2) 18, The mechanism of this topology is according to the switched capacitor
principle. The T-structure of the inverter topology has four switches (S1, S2, S21, and S22). Output voltage polarity
is determined through switches S1 and S2. SU1, SU2, SL1, and SL2 are responsible for increasing the number of
levels of the output voltage from three to five. In comparison with the inverter in Figure 2, the number of switching
elements is increased by 33.33%.
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Figure 8. A five-level inverter with eight switches.

Another modified T-MLI topology is presented in Figure 9 (181, The basic module is illustrated in Figure 9a,
whereas the construction of a five-level inverter is shown in Figure 9b. There are four DC sources, which can be
substituted by balancing capacitors, and the number of switching devices is eight. From this design, the neutral is
located at point N. Point (A) represents the output side, which is connected to the load when the switching devices

, are in the ON state. The performance of this five-level inverter modification is due to the and switches. When are
in the ON state, they must tolerate negative voltages.
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Figure 9. Modified T-MLI, (a) the proposed module, and (b) a five-level version.

| 2. Complex Designs
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Normally, the complex designs of T-MLIs are accompanied with an increase in the number of levels of the MLI
output voltage to more than seven. Generally, most of the simple topologies can be maximized as nine-level
inverters or even more levels 24!, A nine-level inverter is proposed in 22 and shown in Figure 10. It is based on the
cascading modules of a T-type switched capacitor. The switched capacitors are enabled by a step-by-step charging
method to attain voltage gain and high levels of output voltage. Furthermore, the inversion process is achieved
without using an HB portion, which greatly decreases the number of switches. The proposed topology of this nine-
level inverter can be constructed using only ten switches. Voltage gain is increased by two times. The nine levels of

the output voltage are arranged as (.
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Figure 10. A nine-level inverter based on cascading of T-Type modules.

A basic segment is formed by a back-to-back (BTB) connection with a modified T-shaped and half-bridge inverter
(BBTHB), as shown in Figure 11a [28]. The HB portion of an inverter is linked to points A and B, which are shown in
Figure 11b. There are five DC power sources at different voltage levels. The concept of this topology is to fabricate
a new MLI structure with more output voltage levels but utilizing fewer switching devices. The proposed power
circuit of the BBTHB module is shown in Figure 11c. This inverter topology can generate up to 31 voltage levels
with five DC power sources using 12 power switches. It can provide negative levels without involving an HB. Table
1 illustrates the possible ON and OFF states of this T-type inverter. This topology exhibits in both the negative and
positive voltage levels through switches , and . Simply, the voltage drop at the switches is due to a conduction

process. Unidirectional switches , and are activated in the reverse modes to avoid shorting the DC power supply.
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Figure 11. A modified T-MLI, (a) modified T-type converter, (b) modified T-type inverter, and (¢) BBTHB proposed
structure.

Table 1. Output voltage and switch status for a modified 15-level T-MLI.

Level of the Output Voltage S1 S2 S3 T1 T11 T2 T22
1 1 1 1 0 0 0
1 0 1 1 0 0 0
1 1 0 1 0 0 0
1 0 0 1 0 0 0
1 1 1 0 1 0 0
1 0 1 0 1 0 0
1 1 0 0 1 0 0
0 1 0 0 0 1 0 0
0 1 0 0 1 0 1
0 0 1 0 0 0 1
0 1 1 1 1 0 1
1 0 0 0 0 1 0
0 1 0 0 0 1 0
1 0 1 0 0 1 0
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Level of the Output Voltage S1 S2 S3 T1 T1.1 T2 T2.2
[L7] 0 1 1 0 0 1 0 odes and

switching devices and five DC power sources. Eleven voltage levels can be generated by this MLI, which are (one

zero-level, five negative-levels, and five positive-levels) in a symmetric configuration with no HB module.

The concept of this topology utilizes different sides of the DC power sources to create different routes that are
coupled with the other DC sources, as shown in Figure 12. The switch set () is coupled with the (VC3M) DC
source. Nearby switches () work together for different levels of voltage generation. S9 and S10 are bidirectional
switches mounted in both T-type modules at each side to prevent short-circuiting between the four DC sources
(VDCL1L, VDC2L, VDCIR, and VDC2R).
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Figure 12. A single-phase 11-level HT-type multilevel inverter.

In (281 there is an MLI that shows some structural similarity to the proposed topology in 14, but using three
modules. T-type modules are located at each end of the topology, denoted as T and T'. Switching devices, St; and
St where (i = 1...5), are utilized in these modules. Other modules, or switching devices, are positioned between
the T-type configurations using interconnecting structures for scalable topologies. To step up the MLI AC voltage N

times, several DC sources are required, [(N/2) — 1], with a cross module for each module and two capacitors.

The work of 19 presents a new and different module for asymmetric MLI inverters with fewer elements. This
involves a square arrangement of two BTB T-MLIs with other switching devices. A square T-type (ST-type) portion
creates seventeen levels using twelve switching devices and four different DC supplies having two voltage levels
(three VDC and one VDC). The two strategies can also be expanded in a cascading arrangement to achieve even
more levels. ST-type modules can be formed by connecting two T-connectors BTB from points A, B, and C. This
means one bidirectional switch from point B, and two unidirectional switching devices should be added from points

C and A, as shown in Figure 13. The intermediate circuits are assumed to have respective voltages of one VDC
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and three VDC for the first and second T-connections. This design is used for an MLI (with different ratios of

intermediate circuits) to produce various numbers of output voltage levels and fewer switching devices.
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Figure 13. ST-Type module of multilevel inverter.

Table 2 represents a comparison among the different T-Type MLIs that are discussed. A comparison is made
between the number of switching devices for each MLI topology, the number of DC sources, the number of DC-link
capacitors, the availability of switching modules, and blocking diodes. Some of the topologies can be extended for
a higher number of levels (N) as in BIEIMIEILL byt others are intended for the proposed number of levels [L31124115]
(161171191 Also, most of them have to balance the voltage across DC capacitors connected with a single DC source.
In the rest of the topologies, DC capacitors are replaced by several DC sources. Few of them have switching
modules, which are a combination of two opposite switching devices triggered by a single pulse at the same time.
Each switch is an IGBT connected with an anti-parallel diode. Blocking diodes are also employed in most of the
topologies to control the current path for the required instantaneous voltage level. The efficient inverter topology is
that which has a low number of components and provides a possibly high number of levels for its output voltage.

The selection of the efficient inverter topology is tied to that which has a low number of components and provides a

possibly high number of levels for its output voltage.

Table 2. Comparison between different T-Type MLI topologies.

Ref. Number of Switching e Number of DC-Link  Switching Blocking

No. Devices gglljtfcgees Capacitors Modules Diodes
[l 1 No No
2 1 No Yes
(4] 1 No No
(61 1 Yes Yes
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Ref. Number of Switching N:‘,g::): ; eOf Number of DC-Link  Switching Blocking
No. Devices Sources Capacitors Modules Diodes
1] No No No
(L2 8 for five-level 1 2 No Yes
(L3 8 for five-level 4 for five-level No Yes Yes
L5 10 for nine-level 1 4 for nine-level No No
[L6] 12 for fifteen-level 4 forfifteen- No No Yes
level
i 12 for eleven-level 4foreleven- No No No
level
[19] 12 for seventeen-level 4 for seventeen- No Yes Yes
level
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