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ABSTRACT: This paper provides an overview of the three basic types of multilevel inverters: diode-clamped, flying-
capacitor, and cascaded H-bridge multilevel inverters, as well as their variations in photovoltaic power systems. The
electricity provided by a photovoltaic power system is in the DC format. As a result, it must be regulated and
transformed into a usable form. An inverter is a device that converts electrical energy into electrical energy. Multilevel
inverters have become a popular topic in the field of electric power systems because they can generate a staircase AC
output voltage waveform without the use of a large passive filter. This paper presents the state of the art in multilevel
inverter technology for photovoltaic power systems, which will be very useful to researchers in tracing the
disadvantages in this field of research and, as a result, providing knowledge to address current issues in the near future.

KEYWORDS: photovoltaic power system, multilevel inverter, flying-capacitor, diode-clamped, cascaded H-bridge.

I. INTRODUCTION

The demand for clean energy is growing, resulting in a wide distribution of energy generated by renewable
energy sources such as solar, wind, hydro, and other renewable energy sources [1]. The sun is the most significant
renewable energy source available on the planet. PV panels transform sunlight into electricity in photovoltaic (PV)
power systems. Solar panels produce DC power, which must be managed and transformed into usable forms [2-4].
Researchers have suggested various forms of power inverters. Pulse-width modulated (PWM) multilevel inverters are
becoming increasingly common due to their wide range of applications [5]. Their stairwell output voltage has a low
total harmonic content.

The three basic types of multilevel inverters are diode-clamped, flying-capacitor, and cascaded H-bridge
multilevel inverters [9]. The following sections go over the process, benefits, and drawbacks of diode-clamped,
flying-capacitor, and cascaded H-bridge multilevel inverters.

Nowadays, integrating solar energy into the power grid is a difficult task. There have already been several
topologies and control methods proposed. The power electronics system that converts DC power to AC power at the
desired voltage and frequency is known as an inverter. Inverter demand has risen in recent years for renewable energy
applications. Different types of drives are available in the energy sector, and they require low, medium, and
megawatt-level capacity. In a renewable energy system, such a requirement is difficult to meet with a traditional
inverter topology. A multilevel inverter has been introduced to satisfy the industrial demand. THD reduction and
reactive power compensation are also achieved using a multilevel inverter.

Multilevel inverters begin with a three-level inverter. The use of a traditional two-level pulse width
modulation (PWM) inverter results in less skewed voltage and current, but switching losses are higher due to the high
switching frequency. Due to the lower voltage swing of each switching cycle and the low rate of change of voltage
dv/dt of switches, multilevel inverters are becoming more common in practical life as a high power, medium voltage
application.

II. DIODE-CLAMPEDMULTILEVEL INVERTER AND MODIFICATIONS

This section consists of two subsections as follows: a brief description of diode-clamped multilevel inverter
and modified diode-clamped multilevel inverter.

Diode-clamped multilevel inverter

In 1981, the diode-clamped multilevel inverter was introduced by Nabae. First proposed diode-clamped
inverter essentially consists of three levels [10]. In the 1990s, researchers published many articles on the
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experimental results of four, five, and six-level diode- clamped converter for several uses such as, variable speed
motor drive, PV power system and high voltage system interconnections [11-12]. Fig. 1 shows the circuit diagram of
a 5-level diode clamped multilevel inverter. It consists of eight power MOSFETs, twelve clamping-diodes, one DC
voltage source and four capacitors.
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Figure-1. 5-level diode-clamped multilevel inverter.

The DC bus consists of four capacitors C1, C2, C3 and C4 as can be seen in Figure-1. For DC bus, each
capacitor has VDC/4 voltage and the stress on each power MOSFET will be limited to the voltage level of one
capacitor through clamping diode. The operation of 5- level diode-clamped multilevel inverter depends on switching
states of inverter. Table-1 shows the switching states of 5-level diode-clamped inverter [10, 13].
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Table-1. Switching states of 5-level diode-clamped multilevel inverter.
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(Zero indicate the switch is off and 1 indicate the switch is on)

From Table-1, there are five switching combinations for producing the five voltage levels across ‘a’ and
neutral point (‘n’).

a) When S1, S2, S3 and S4 are turned on the voltage level “Van” is VDC/2.
b) When S2, S3, S4 and S5 are turned on the voltage level “Van” is VDC/4
¢) When S3, S4, S5 and S6 are turned on the voltage level “Van” is 0.

d) When S4, S5, S6 and S7 are turned on the voltage level “Van” is ~-VDC/4.
e) When S5, S6, S7 and S8 are turned on the voltage level “Van” is —~VDC/2.

The number of power MOSFETSs or active switches, S of diode-clamped multilevel inverter is given by the
following equation [14]:

Number of power MOSFET (S) = 2*(m —1). (1)

The number of capacitors, C of diode clamped multilevel inverter is given by Eq. (2):
Number of Capacitors (C) =m —1. )

The number of clamping diodes, CD of diode clamped multilevel inverter is as follows:

Number of Clamping Diodes (CD) = (m —1)*(m - 2) . (3)

Hence, m is number of inverter levels. The advantages and disadvantages of diode-clamped multilevel
inverter are given in Table 2 [15-17].

Table-2. Advantages and disadvantages of diode-clamped multilevel inverter.

Advantages Disadvantages
. Efficiency is high for fundamental o Real power flow is difficult for a single
frequency switching. inverter because the intermediate DC levels will
. The capacitors can be pre-charged as a tend to overcharge or discharge without precise
group. monitoring and control.
. All of the phases share a common DC = The excessive clamping diode requires if the
bus, number of level increased therefore the use of this
which minimizes the  capacitance finverter is limited to 3-levels.
requirements of the converter.

Modified diode-clamped multilevel inverter
Hybrid-diode-clamped three-level transformer- less inverter is another inverter topology for photovoltaic system [18].
It has several benefits such that the PV system has fewer harmonics and the filtering equipment will be reduced at the
same time. Moreover, it reduced the losses, costs of the PV system and resolved the leakage current problem. With N
inverter modules, the main disadvantage of clamped capacitor topology is imbalance of capacitor voltage in the DC
side. In this topology, the capacitor CX is used to solve this problem as can be seen from Figure-2.

IJAREEIE © 2021 | AnISO 9001:2008 Certified Journal | 1550


http://www.ijareeie.com/

International Journal of Advanced Research in Electrical, Electronics and Instrumentation Engineering (IJAREEIE)

| e-ISSN: 2278 — 8875, p-ISSN: 2320 — 3765| www.ijareeie.com | Impact Factor: 7.122|
||Volume 10, Issue 5, May 2021||
DOI:10.15662/1JAREEIE.2021.1005030

Figure-2. The hybrid clamped three-level inverter.
III. FLYING-CAPACITORMULTILEVEL INVERTER AND MODIFICATIONS

In this section, the operation, advantages, disadvantages and modifications of flying-capacitor multilevel inverter are
discussed.

Flying-capacitor multilevel inverter

In 1992, the flying-capacitor multilevel inverter was proposed by Meynard and Foch. The flying-capacitor gave large
attention for high power application such as PV power system,large motor drives and static power conditioners [19].
Figure-3 shows the circuit topology of 5-level single phase flying-capacitor multilevel inverter. The five-level flying-
capacitor has eight MOSFETs, four DC-link capacitors, six balancing capacitors and one DC voltage source.

The operation of five-level flying-capacitor multilevel inverter depends on switching states of inverter. There
are many ways to produce the same level of voltage by changing the switching states. It causes redundancy in the
switching states of the topology. The sum of a certain output voltage is generated by the DC bus voltage +VDC/2
and one or more of the clamping capacitor voltages are added together. Since every capacitor is rated for the voltage
VDC/4, DC-capacitor and clamping capacitor are identical for the output voltage. For this example, VDC/4 is
generated by the DC-bus positive top value VDC/2 and the reverse voltage of clamping capacitor C1. The switching
states of 5-level flying- capacitor inverter are presented in Table-3.

Table-3. Switching states of 5-level flying-capacitor multilevel inverter.

Van S S S S S S S S

1 2 3 4 5 6 7 8

VDC/2 1 1 1 1 0 0 0 0
VDC/4 1 1 1 0 1 0 0 0
0 1 1 0 0 1 1 0 0
-VDC/4 1 0 0 0 1 1 1 0
-VDC/2 0 0 0 0 1 1 1 1

(Zero indicate the switch is off and 1 indicate the switch is on)

From Table 3, there are five switching combinations for producing the 5-level voltages across ‘a’ and ‘n’.
a) When S1, S2, S3 and S4 are turned on the voltage level “Van” is VDC/2.
b) When S1, S2, S4 and S5 are turned on the voltage level “Van” is VDC/4.
¢) When S1, S2, S5 and S6 are turned on the voltage level “Van” is 0.
d) When S1, S5, S6 and S7 are turned on the voltage level “Van” is -VDC/4.
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e) When S5, S6, S7 and S§ are turned on the voltage level “Van” is —VDC/2.

The number of MOSFETs or active switches, S of diode clamped multilevel inverter is given by:
Number of MOSFET (S) = 2*(m—1). 4)
The number of DC-link capacitors, C of diode clamped multilevel inverter is given by:
Number of DC-link Capacitors (C) =m—1. (&)
The number of balancing capacitors, BC of flying capacitor multilevel inverter is given by:

Number of Balancing Capacitors (BC) = (m—1)*(m—2) (6)
2

Hence, m is number of levels. The advantages and disadvantages of flying-capacitor multilevel inverter are
given in Table 4 [20-22].
G

Cs

i

Clo
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Figure-3. 5-level flying-capacitor multilevel inverter.
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Table-4. Advantages and disadvantages of flying-capacitor multilevel inverter.

Advantages Disadvantages
. Real and reactive power flow can ben Control is complicated to track the voltage
controlled compared to diode-clamped multilevellevels for all of the capacitors.
inverter. . Pre-charging of all the capacitors to the same
. For m number of levels, the harmonics|voltage level and startup are complex.
content is low compared to diode-clamped® Efficiency and switching utilization is poor

multilevel inverter. for real power transmission.
. The capability of storage power is high due Packaging is more difficult for a high
to large number of capacitors. number of levels due to the requirement of large

. The large number of capacitors enables thejnumber of components as compared to cascaded
inverter to ridethrough short duration outages andH-bridge inverter.
deep voltage sags. . The flying-capacitor inverter is often
*  For balancing, the voltage levels of thelexpensive and bulky compared to the cascaded H-
capacitors several phase redundancies arebridge inverter.
available.

Modified flying-capacitor multilevel inverter
To cope the drawbacks of classical flying- capacitor multilevel inverter, the researchers proposed several modified flying-

capacitor multilevel inverters based on bridge modular switched-capacitor [23-26]. These topologies require lower number of
components as compared to classical flying-capacitor topology. In addition, these topologies have features of voltage
balancing property, purge the more dc source, boost-up the output voltage levels, and provide better the output frequency
range.

IV. CASCADED H-BRIDGEMULTILEVEL INVERTER AND MODIFICATIONS

In this section, the operation, advantages, disadvantages and several modifications of cascaded H- bridge multilevel inverters
(i.e., Quasi-Z source, switched- capacitor, and switched-battery boost multilevel inverter) are discussed.

Cascaded H-bridge multilevel inverter
A cascaded H-bridge multilevel inverter is different from diode clamped multilevel inverter and flying capacitor
multilevel inverter in structure. The number of output voltage levels can be easily adjusted by adding or removing the H-
bridge. H-bridge was introduced in 1975 [7]. It was the first multilevel inverter. In 1996, the cascaded H-bridge multilevel

inverter was proposed by Jih-Sheng [27].

g

VvDC1

.

ssj

vDC2

.

Figure-4. 5-level cascaded H-bridge multilevel inverter.

AT I
A

Cascaded H-bridge multilevel inverter is among the most popular inverter topology in stand-alone PV
systems. Figure-4 shows 5-level cascaded H-bridge multilevel inverter. H-bridge inverters are connected in series
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with their output voltages are summed up. Hence, it has voltage boosting capability and highly reliable with lowest
voltage unbalance problem. With N number of H- bridge inverters, the output staircase AC voltage produced
consists of 2N+1 levels [28]. This inverter topology requires separate DC source for each H-bridge inverter as can be
seen from Figure-4.The operation of 5-level cascaded H-bridge multilevel inverter is dependent on switching states
of inverter. Table-5 shows the switching states of 5-level cascaded H-bridge multilevel inverter.

Table-5. Switching states of 5-level cascaded H-bridge multilevel inverter.

Vo S S S S S S S S

1 2 3 4 5 6 7 8

2VDC 1 0 0 1 1 0 0 1
VDC 1 0 0 1 0 0 1 1
0 1 1 0 0 1 1 0 0
-VDC 0 1 1 0 1 1 0 0
-2VDC 0 1 1 0 0 1 1 0

(Zero indicate the switch is off and 1 indicate the switch is on)

From Table-5, there are five switching combinations to produce five voltage levels are discussed as follows:

a) When S1, S4, S5 and S8 are turned on the voltage level “Vo” is 2VDC.

b) When S1, S4, S7 and S§ are turned on the voltage level “Vo” is VDC.

¢) When S1, S2, S5 and Sé6 are turned on the voltage level “Vo” is O or when S3, S4, S7 and S8 are turned on the
voltage level “Vo” is 0.

d) When S2, S3, S5 and S6 are turn on the voltage level “Vo” is -VDC.

e) When S2, S3, S6 and S7 are turn on the voltage level “Vo” is -2VDC.

The number of levels, m of cascaded H-bridge multilevel inverter is calculated by following equation:

Number of level (m)=2N+1. (7)

Hence, m is the number of inverters and N is the number of H-bridge inverter. The total number of power
MOSFETs can be calculated through Eq. (8). The main advantages and disadvantages of cascaded H-bridge
multilevel are discussed in Table 6 [29-31].

Number of MOSFET = 2*(m-1). ®)

Table-6. Advantages and disadvantages of cascaded H-bridge multilevel inverter.

Advantages Disadvantages
. Less number of components is required tof Separate DC source are required for each H-
get equal voltage level as compared to diode-bridge.
clamped and flying-capacitor multilevel inverters. |= The synchronization of reference and the
. Extra capacitor and diode are notnecessary. (carrier waveforms is required to communicate
. The series of H-bridges makes packaging  |between the H-bridges.
easier with modularized layout.
. Due to structural flexibility of cascaded H-
bridge, the manufacturing process is cheap and
fast.
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V. COMPARISON OFBASIC TYPES OF MULTILEVEL INVERTERS

In this section, the comparison between diode- clamped, flying-capacitor, and cascaded H-bridge multilevel
inverter is presented. The comparison indicate that the cascaded H-bridge multilevel inverter has gained higher
popularity due to several features such as: it does not require an excessively large number of clamping-diode and
flying-capacitor. The output voltage levels easily can be controlled by adding or removing the H-bridge. By
increasing the number of levels, it produces a multistep staircase voltage waveform which is nearly sinusoidal.
The cascaded H-bridge multilevel inverter structure consists of a cascaded connection of H-bridge units and each
bridge is fed with separate DC source, therefore it does not require voltage balance circuit. The required number of
components for diode-clamped, flying- capacitor and cascaded H-bridge multilevel inverter are shown in Figure-5(a)
to 5(c).

Number of Diode vs. Levels
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Figure-5(a). Required number of diode for different tvpes of multilevel inverter.
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Figure-5(b). Bequired number of capacitor for different tvpes of multilevel inverter.
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Number of Total Component vs Levels

700
600
500

400
=m= DCMLI

st FCMLI
CHBMLI

300
200
100

Number of Total Component

13 5 7 9 111315171921 23 25

Number of Levels

Figure-5(c). Required number of total components for different tvpes of multilevel inverter

Figure-5(a) shows that the clamping diode is required only for diode-clamped multilevel inverter and Figure-
5(b) shows that the balancing capacitor is required for diode-clamped and flying-capacitor multilevel inverter. The
lower number of components is required for cascaded H-bridge multilevel inverter which can be seen from Figure-
5(c). Due to lower number of component cascaded H-bridge multilevel inverter has recently become most popular
topology in high AC power supplies and PV system. In addition, the probability of system failure is decreases and
control of the switches is not complicated.

VL. CONCLUSIONS

The paper presents a thorough review of simple multilevel inverter topologies and their variations. Furthermore, the
fundamental forms of Different aspects of multilevel inverters are contrasted. The advantages and drawbacks of each
technique have been addressed for traditional multilevel inverter structures. The key benefit of a multilevel inverter is
that it solves the issues of THD and dv/dt tension on the switch. Based on the preceding discussion, it can be concluded
that, in comparison to other forms of multilevel inverters, cascaded multilevel inverters require the least number of
components. As a result, it generates a higher stepped performance with fewer switches.
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