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ABSTRACT

An inverter is utilized to transform a DC source into an AC source using power electronic
components. It can be achieved using two types of inverters, one is two level inverter and
another is multilevel inverter (MLI). MLI has been implemented in various applications, such
as motor drives, power conditioning devices, renewable energy generation and distribution.
PWM inverters can simultaneously control output voltage, frequency and it can reduce the THD

content in output waveform.

This project aims in the study of different MLI topologies, primarily focused in the study of
Cascaded H bridge (CHB) and Switched Capacitor MLI (SCMLI). Several multilevel topologies
have been developed, but as the output voltage level increases, it also increases the number of
switches, switching stresses, losses and voltage unbalancing across the capacitors, etc. CHBMLI
is more efficient compare to the other topologies of multilevel inverter but not as efficient as
Switched Capacitor MLI. SCMLIs are the most widely used because of self-voltage balancing

and voltage boosting over conventional ones with reduced number of DC sources.

In this project, simulation of single phase CHB and SC MLI: 5 level, 9 level and 17 level is done
and hardware implementation of 3 level and 5 level CHB MLI is done. The simulation involves
utilizing Simulink and Proteus to model and analyze different MLIs. By employing appropriate
control strategies, the performance and THD of each MLI topology is evaluated. The simulation
results provide valuable insights into the feasibility and effectiveness of these MLIs.
Furthermore, a hardware implementation of the 3-level and 5-level CHB MLI is conducted. This
involves designing the necessary circuitry, selecting suitable power devices, and implementing
control algorithms. Standard high voltage components were chosen for MOSFET drivers
Through the hardware setup, we aim to validate the simulation results and assess the practical

aspects of MLIs such as switching losses, thermal behavior, and real-time performance.

Ultimately, this project contributes to the advancement of MLI technology by presenting
comprehensive simulation studies and practical hardware implementations of different MLIs.
The findings can guide future researchers in selecting the most suitable MLI topology for
specific power conversions considering factors like complexity, THD and cost-effectiveness.
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CHAPTER ONE
INTRODUCTION

1.1 Background

MLIs have become highly popular in various power applications, thanks to their capability
of generating output similar to a sinusoidal waveform by utilizing DC sources & switches.
These inverters incorporate capacitors & diodes to enhance their structural flexibility. MLIs
find extensive usage in diverse areas such as photovoltaic systems, high-frequency power
distribution, traction drives, EVs, STATCOM and more. Their deployment in these domains

aims to improve efficiency, power quality & reliability [2].

MLIs are gaining increasing recognition as converters due to their numerous structural
advantages, including easy scalability, lower voltage stress (dv/dt), balanced load sharing &
efficient energy harvesting. These features make MLIs highly appropriate for numerous
renewable energy applications. Switched capacitor MLIs (SCMLIs) are widely adopted
among the different types of MLIs due to their ability to boost voltage compared to
conventional MLIs while utilizing fewer DC sources. Cascaded MLIs aim to generate a
higher number of voltage levels, thus reducing the number of devices required. However,

this approach leads to higher blocking voltages and lacks the voltage boosting feature [4].

Hybrid multilevel inverters (MLIs) offer the advantage of reducing the number of
semiconductor devices while allowing for an increased no. of voltage levels. This can be
achieved by cascading multiple units or incorporating a backend H-bridge. However, a
drawback of hybrid MLIs is the occurrence of high blocking voltage when the number of
semiconductor elements is increased. When subunits of SCMLIs (switched capacitor MLIs)
are cascaded to achieve the required output voltage, using an increased number of capacitors
in parallel results in a larger boosting ratio but also leads to high blocking voltage.
Consequently, this causes increased conduction losses & switching losses. Nonetheless, SC
MLIs are well-suited for high-frequency AC power distribution & photovoltaic applications
as they can balance voltage in the switched capacitors without the use of additional sensors

& provide boosting of input voltage without the need for extra inductors or transformers [6].



1.2 Problem statement

The neutral-point clamped (NMLI), flying-capacitor MLI (FMLI), and cascaded H-bridge
MLI (CMLI) are well-known topologies used in multilevel inverters (MLIs). However, both
NMLI and FMLI encounter challenges associated with voltage balancing and the risk of
module collapse with switches connected in series. In contrast, CMLI eliminates the need for
extra clamping diodes/capacitors. Nonetheless, all these MLIs require a significant number
of semiconductor devices to generate higher output level. In case of CMLI, capacitors are
utilized to lower the no. of DC inputs and produce various voltage output levels. However,
the boosting factor of voltage (the ratio of output voltage to the input voltage) remains at 1,
which poses a limitation. This limitation is particularly critical in photovoltaic (PV) systems,
where matching the voltage with the grid/load requirements is crucial. To achieve voltage
boosting in PV systems, an additional DC-DC booster becomes necessary, introducing

complexity and cost to the overall system.
1.3 Objectives

1.3.1 Main Objectives

% To reduce the THD level acceptable as per the IEEE standards.
1.3.2 Specific Objectives
e To improve the quality of output by reducing the losses.
e To study about different types of MLIs and compare them.
e To reduce the cost of the MLI by using a lesser number of components.
e To operate the circuit under any loading power factor (PF).
1.4 Scope and limitation

The working and output waveform of different types of Multilevel Inverters is observed along
with the calculation of total harmonic distortion. The scope multilevel inverter project
includes research and development, high power applications, improved power quality and

scalable and modular designs.

Multilevel inverter projects can provide opportunities for exploring new concepts,

developing innovative solutions, and contributing to the advancement of power electronics
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and renewable energy systems. These projects can focus on developing and implementing
these systems for various high-power applications, addressing the growing demand for clean
energy and efficient power conversion. Multilevel inverter projects can explore advanced
modulation techniques, control algorithms, and optimization strategies to enhance the power
quality of grid-connected systems, microgrids, and other applications sensitive to harmonic
distortion. Multilevel inverters can be designed with a scalable and modular approach,
allowing for easy expansion and adaptation to different voltage levels, power levels, and

applications.

Limitations includes complexity and costs, system integration challenges, thermal
management and control complexity. Multilevel inverter projects can be complex and costly
due to the multiple power electronic devices, complex control algorithms, and advanced
modulation techniques involved. Integrating multilevel inverters into existing power systems
or applications may pose challenges, such as compatibility issues, system interactions, and
coordination with other power electronic devices. Multilevel inverters can generate
significant heat due to the high voltage levels and switching frequencies involved. Advanced
cooling techniques, thermal modeling, and optimization strategies may be required to address
the thermal challenges. Control of multilevel inverters can be complex due to the increased
number of voltage levels, multiple power electronic devices, and advanced modulation

strategies.
1.5 Project outline

1. This project constitutes five chapters including the current chapter. This chapter
explains about the basic introduction about different types of MLIs. Also, it covers
the statement of the problem, objective of this project, and scopes and limitations.

it.  Chapter two presents a comprehensive literature review, encompassing theoretical
studies, articles or publications from IEEE conferences or transactions, and books
from prominent publishers. The aim is to gather existing information and previous
findings from other researchers in order to establish a solid knowledge base.

iii.  Chapter three includes the proposed system and working of the project and the
methods and tools that were implemented to attain the objectives of the project. Also,

the necessary components and required circuits are described in this chapter.



1v.

Chapter four presents the simulation results and hardware output that have been
obtained during the implementation of this project. Also, the discussion on the
obtained results is performed.

Chapter five gives conclusion and recommendation about this project.



CHAPTER TWO
LITERATURE REVIEW

2.1 Review of paper

The concept of the Multi-Level Inverter (MLI) dates back to the 19th century when it was
introduced to effectively manage low-level voltages by incorporating a higher number of
switches, resulting in minimized output steps. This approach aimed to produce power
waveforms of higher quality while reducing voltage stress on the load and addressing
electromagnetic compatibility concerns. Recent advancements have proposed new
approaches, including topologies utilizing low-switching-frequency high-power devices.
However, despite efforts to reduce output voltage distortion, this method still suffers from
significant low-order current harmonics. Additionally, the adopted pulse width modulation

(PWM) method limits precise control over the output voltage magnitude [9].

Capacitor clamped inverters make use of a flying capacitor to regulate voltage, leveraging its
ability to charge and discharge. This enables effective control of both the input source and
the output. Compared to diode clamped inverters, capacitor clamped inverters offer enhanced
voltage synthesis and greater flexibility. By cascading the two circuits with a minimal
number of components, not only is the component count reduced, but it also explores

methods to improve the output voltage level by increasing the number of steps [10].

Cascaded multilevel inverters (MLIs) are employed to achieve a larger number of voltage
levels while minimizing the required number of devices. However, this approach often leads

to high blocking voltage and lacks the voltage boosting feature [2].

The switching capacitor topology allows for voltage boosting to multiple output levels, with
capacitors playing a crucial role in this process. The use of an H-bridge enables the generation
of stepped output. However, when cascading subunits of the switched capacitor multilevel
inverter (SCMLI) to achieve a desired output voltage with an increased number of capacitors
in parallel connection, a high boosting ratio is achieved. Unfortunately, this configuration
also results in high blocking voltage, leading to increased switching losses and conduction
losses [4]. The ability of switched capacitor multilevel inverters (SC MLIs) to balance the

voltages of switched capacitors (SCs) without the need for auxiliary sensors, and their



capability for voltage boosting without additional inductors or transformers, make them well-

suited for high-frequency AC power distribution & PV applications [6].
2.2 Related theories
2.2.1 Working principle of multilevel inverters

Multilevel inverters are electronic devices used to convert direct current (DC) power into
alternating current (AC) power, providing multiple voltage levels. They are extensively used
in high-power systems such as motor drives, renewable energy setups, and grid-connected
systems. Multilevel inverters operate by combining different levels of DC voltages to
synthesize a stepped waveform, resulting in an AC output waveform with lower harmonic

distortion compared to traditional two-level inverters.

Typically, a multilevel inverter comprises a series of power semiconductor devices like
insulated gate bipolar transistors (IGBTs) or metal-oxide-semiconductor field-effect
transistors (MOSFETs), along with capacitors. These components are interconnected in a
specific configuration to achieve the desired voltage levels. A 3-level neutral point clamped

inverter (NPC)’s output voltage can be expressed mathematically as follows:

For the upper arm (positive side) of the inverter:

Vab = Ve F(2FMa- 1) oo e (2.1)
For the lower arm (negative side) of the inverter:

Vac=-Vac® (2Fmb - 1) oo (2.2)

Here, Vap represents the output voltage between phase a and phase b, Vac represents the
output voltage between phase a and phase ¢, V. is the DC input voltage, and ma and mb are
the modulation indices for phases b and ¢, respectively. The modulation indices vary between

0and 1.

The modulation indices (ma and mb) determine the width of the Pulse Width Modulation
(PWM) pulses applied to the upper and lower arms of the inverter. By controlling the
switching of the power devices, the desired output voltage levels can be achieved. The
modulation indices can be adjusted to vary the output voltage levels and the harmonic content

of the output waveform.



2.2.2 Modulation Techniques for MLI

Carrier based Pulse Width Modulation (PWM) techniques are categorized into two primary
categories: level-shifted modulation & phase shifted modulation. Both techniques necessitate
(m-1) triangular carrier waves for an m-level inverter. It is crucial that all the carrier waves

share the same frequency and peak-to-peak magnitude.
2.2.2.1 Phase shifted PWM

Phase shifted carrier modulation is a commonly employed technique in the industry for multi-
level H-bridge converters. This modulation scheme provides a notable advantage over level
shifted and space vector modulation schemes by evenly distributing losses among the
semiconductor devices. However, the conventional implementation of this scheme

necessitates a capacitor voltage balancing scheme, which can affect the converter’s harmonic

performance
T T T T T —cr1 1
1 —Cr2
‘ —Cr3 /
o 0.5 —Cr4
§ 7 Q\ e
3 0 '\
L) ONOO00
) VANALAY
8 8.002 8.004 8.0106 8.008 8.01 8.012 8.014 8.016

time(s)
Figure 1: Phase Shifted PWM [5]

2.2.2.2 Phase Disposition PWM

The phase disposition modulation technique, also referred to as level-shifted PWM, entails
aligning all triangular carriers in phase and stacking them on top of each other, as depicted
in the figure 2. These stacked triangular carriers are subsequently compared with a reference
waveform to generate pulses for the switches in the multilevel inverter. This technique is

highly regarded for its ability to minimize harmonic distortion in voltage (line to line).
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Figure 2: Carrier wave and reference wave for 5-level CHB MLI with PD-PWM [5]

2.2.3 Gate triggering of Power MOSFETSs

Gate triggering refers to the process of applying a voltage or current signal to the gate
terminal of a power MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) to turn
it on or off. Power MOSFETs are widely used in various applications, including power
electronics, motor drives, switching power supplies, and other high-voltage and high-current

circuits.

There are several methods for gate triggering of power MOSFETs, depending on the specific
circuit requirements and the characteristics of the MOSFET being used. Some common gate

triggering methods for power MOSFETs include:

1. Direct Gate Drive: In this method, a voltage signal is directly applied to the gate terminal
of the MOSFET to turn it on or off. Typically, a gate driver circuit is used to provide a
controlled and sufficient voltage level to the gate of the MOSFET to ensure reliable
switching. The gate driver circuit may include level shifters, voltage regulators, and other

components to protect the MOSFET from excessive voltage or current stresses.

2. Resistive Gate Drive: In this method, a resistor is used to drive the gate of the MOSFET.
The resistor limits the current flowing into the gate terminal, which helps to prevent excessive
current and voltage stresses on the MOSFET during switching. However, resistive gate drive
can be slower compared to other methods due to the RC time constant of the resistor-

capacitor (RC) network formed by the gate capacitance of the MOSFET and the gate resistor.



3. Opto-Isolated Gate Drive: In this method, an opto-isolator, such as an optocoupler, is used
to transfer the gate drive signal to the MOSFET. The opto-isolator provides isolation between
the input and output circuits, similar to the transformer-coupled gate drive method. It requires
an external power supply to drive the opto-isolator and may have limitations in terms of speed

and power capability.

The specific gate triggering method used for power MOSFETSs depends on the requirements
of the application, such as switching speed, voltage level, current level, and isolation
requirements. Proper gate triggering is important to ensure reliable and efficient operation of
power MOSFETSs in various circuit applications. It is recommended to consult the MOSFET
datasheet and application notes for the specific MOSFET being used to determine the
appropriate gate triggering method and associated circuitry. Additionally, proper gate driver
design, including considerations such as gate voltage levels, gate capacitance, gate resistance,
and transient protection, should be taken into account to ensure safe and reliable operation of

power MOSFETs.



CHAPTER THREE
METHODOLOGY

3.1 Operating modes/Working of cascaded 5-level H bridge MLI

Model: +2Vdc: In this mode, switches SW1, SW2, SW5 and SW6 are ON and all the other
switches SW3, SW4, SW7 and SW8 are OFF.

Mode2: +Vdc: In this mode, switches SW1, SW2, SW8 and SW6 are ON and all the other
switches SW3, SW4, SW7 and SW5 are OFF.

Mode3: 0: The lower-leg switches are triggered; thus no flow of current in the power circuit.

SWy SW;

Ve

Voc ==

S\\'.l

Mode 1: +2V

O
Mode 5: -2V

Mode 4: -V

Figure 3: Modes of operation of 5 level CHB MLI

Mode 4: —Vdc: In this mode, switches SW3, SW4, SW8 and SW6 are ON and all the other
switches SW1, SW2, SW7 and SW5 are OFF. The current flow and load current are opposite.
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Mode 5: -2Vdc: In this mode, switches SW3, SW4, SW8 and SW7 are ON and all the other
switches SW1, SW2, SW6 and SW5 are OFF. The flow of current is opposite to the load

current. All these modes are shown in fig 3.
3.2  Working of Proposed 17-level Switched Capacitor MLI

The proposed circuit for a 17-level switched capacitor multilevel inverter (SC MLI) is
depicted in Figure 4. The circuit comprises a single DC input voltage supply (Vin), twelve
switches Si to Si2, 2 diodes Di and D>, & 3 capacitors Ci, C2 & Cs. Each switch is
accompanied by an anti-parallel diode. This circuit is capable of generating the 17level
fourfold boost voltage (0, = 0.5Vin, = 1Vin, ..., + 3.5Vin, £ 4Vin) without requiring an H
bridge for the change of polarity. The pairs S1 & Sz and S11 & Si2 exhibit complementarity
when switched, simplifying complexity of control. Similarly, pairs Ss & Sio operate at the
fundamental frequency, while S3; & S4 are operated at a low frequency, thereby reducing

switching losses. Figure 4 also provides a visualization of every switch voltage stress.

- N / N
@9 $@ S0 | S
AY A" ( 17T |® I@_.?/ o

(

=
~
o)

®
____1] . . v - <& '
@ss [ " AN D¥ o S %
o @ . | Pl e

- ;ipﬁ (X)-» Voltage stress

Figure 4: Topology of seventeen level SC MLI [3]
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Figure 5:Output waveform of the 17 level SCMLI (a), charging & discharging of
capacitors Ci(b), C2(b) and C3(d) [3]

During the +ve half of output, the 17-level switched capacitor multilevel inverter (SCMLI)
operates as follows: Firstly, capacitor Cs is discharged, resulting in a voltage step of +0.5Vin.
The source voltage is then included in current path of load, where Cs is bypassed. D1 conducts
forward & switch S; clamps output across capacitor(Ci) to Vin, resulting in a second voltage
step of +Vin. Additionally, by activating S11, the voltage across Cz adds to Vin, resulting in
+1.5Vin output voltage at the load terminal. C; is discharged to the load with Vi, in series

through S, while C, capacitor is charged with triggering of S4. To prevent undesired

12



discharge of capacitor C,, diode D> is connected. The voltage level +2.5Vin & +3.5 Vin is
achieved by discharging C3 which is described earlier. +3 Vin at the load terminal is produced
by discharging capacitor C> & when C;, C; are discharged in series to input voltage, load

voltage becomes + 4Vin.

During the -ve half of output waveform, voltage levels of - Vin, - 2Vin, -3Vin & -4Vin are
obtained by triggering Sg, Sio and Si2 but not S7, S9 & Si1 respectively. Cs is charged to the
intermediate voltage steps of -0.5Vin, -1.5Vin, -2.5Vin & -3.5Vin. Importantly, there is
always path for flow of current in reverse, ensuring circuit’s operation successfully under

various power factors of the load.

The required switching patterns to generate the 17 level voltages with different power factor
of load are presented in Table 1, while output waveform of the SCMLI with the charging &
discharging of capacitors is depicted in fig. 5(a). C; is charged in parallel with Vin and is
discharged with source in series as shown in fig 5(b). Cz is charged in with Vin plus Vc1 in
parallel and is discharged in series, providing voltage (2 Vin) at load terminal which is
illustrated in fig 5(c). Furthermore, C; is discharged during the entire +ve half &
symmetrically charged during -ve half of output, thereby + 0.5Vi, is maintained across Cs.
Fig 5 (d) provides insight of circuit(equivalent) and path of conduction during different
voltage levels in +ve & +ve cycles which confirms balancing capacity of all the three

capacitors naturally [3].

Table 1: Switching States of 17 level SCMLI [3]

Conducting switches in Voltage Conducting switches in
Positive half-cycle . steps Negative half-cycle
$1- 85— 87— S10-S12 0 $1—83—So—Sn
S1=85—=87—-S10-S1 + V2 S1—85—S6—Sg— S-S
$1—85—86—S7—So— S12 £ Vin $1—S85—86—Sg—S10— Sn2
S1—-85-86— 57— 50— Sn + 3Vi/2 S1—S4—S86—Sz—S1w-Su
S2—83—S6— 57— 80— 512 + 2V $2—83—S6—Sg—S10—-Sn2
S2— 84— S6—S7—-So—S11 + 5Vi/2 $1—-S3— 86— S8g—S10-Sn
S1—=83-55—57—S- 513 3V $1—-83— 56— 8- S10—-Sn2
$1—-83—-85—87—8—8n + 7Vil2 $2—83—-83—S810-5S1
S2 =83 —85— 87— 80— S12 . £ 4V . $2—83—-83—S10-S1n
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3.3 Hardware/Software Requirements
3.3.1 Hardware

e Diodes

e (apacitors

e Resistors

e DC Supply

e Oscilloscope

e Multimeter

e Optocoupler MCT2E

e Arduino Uno

e Power MOSFETs: IRFZ44N, IRF9540N
e PCB/ Matrix Board/ Breadboard

3.3.2 Software

o MATLAB/Simulink
e Proteus

® Arduino IDE
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3.4 Simulation circuit

The simulation circuit comprises a single DC input voltage supply (Vin), twelve switches S
to Si2, 2 diodes D and D3, & 3 capacitors Ci, C2 & Cs. Each switch is accompanied by an
anti-parallel diode. This circuit is capable of generating the 17level fourfold boost voltage
(0, £0.5Vin, = 1Vin, ..., £ 3.5Vin, = 4Vin) without requiring an H bridge for the change of
polarity. The pairs S; & S> and Si1 & Si2 exhibit complementarity when switched,
simplifying complexity of control. Similarly, pairs Ss & Sio operate at the frequency of
frequency, while S3, S4 are operated at a low frequency, thereby reducing switching losses.
Among the switches, only Ss-Sio experience the maximum voltage stress at the load. In

steady state condition, the voltage ratio across C1, C2, C3 (Vc1:Vc2:Ves) 1s maintained 1:2:0.5.
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Figure 6. Simulation circuit of single source 17-level SC MLI

The simulated circuit contains a subsystem named “switching circuit” where the switching
logics for different switches Si- Si2 are implemented. The different switching combinations
of switches ensures the various voltage levels across load of resistance 10 ohm. The values
of capacitors are calculated as Ci= 3300puF, Co= 4700uF, Cs= 2200pF. Twelve MOSFETSs
are used as switches, PWM signals generated from switching circuits are given to the gate of

these MOSFETs which enables their switching in different instants of time. As a result, a
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multilevel AC signal is obtained at the output. The switching circuit and switching sequence

of different switches are shown in figure 7.
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Figure 7: Switching patterns of different switches of 17-level MLI
3.5 Hardware description

After completing simulation of 17 level switched capacitor MLI successfully in MATLAB,
we are now dedicated in designing and implementing Multilevel Inverter in hardware. It will
be difficult to implement 17-level in hardware (it will require much time and money, not
affordable for learning students like us). So, as per suggestion of our supervisor, we will be
designing and fabricating 5-level Cascaded H-bridge Multilevel inverter. For the complete
design, we need various circuits like DC power supply circuit, driver circuit and inverter

circuit.
The components required and circuit diagram for different circuits are explained as follows:
3.5.1 Brief description of components used

1) IRFZ44N

The IRFZ44N is a popular N-channel power MOSFET (Metal-Oxide-Semiconductor Field-
Effect Transistor) that is widely used in a variety of electronic circuits due to its high voltage
and current handling capabilities. It is manufactured by International Rectifier, a leading

semiconductor company that specializes in power management technologies.
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The IRFZ44N is housed in a TO-220 package, which is a commonly used package for
discrete power transistors. It features three terminals: the gate (G), the drain (D), and the
source (S). The drain and source terminals are used to control the flow of current through the
MOSFET, while the gate terminal is used to apply a voltage to control the MOSFET's

conductivity.

D
Vpss = 55V
I‘— RDS(on) =17.5mQ
G
' Ip = 49A
IS
il
o P imicen 3

Ll |

Al

Figure 8: Pinout of IRFZ44N

M

The key specifications of the IRFZ44N are:

1. Voltage Rating: 55 volts
2. Current Handling Capability: 49 amperes
3. Low On-Resistance: 17 milliohms

4. Gate Threshold Voltage: 2 to 4 volts

5. Fast Switching Speed: The IRFZ44N has a fast-switching speed, with a typical turn-on
time (TON) of 14 nanoseconds and a typical turn-off time (TOFF) of 42 nanoseconds,

allowing it to be used in applications that require rapid switching.

Overall, the IRFZ44N is a robust and reliable power MOSFET that is widely used in a wide
range of electronic circuits due to its high voltage rating, high current handling capability,

low on-resistance, low gate threshold voltage, and fast switching speed.
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2) IRF9540N

The IRF9540N is a widely used and popular P-Channel power MOSFET (Metal-Oxide-
Semiconductor Field-Effect Transistor) designed for various electronic applications. It is part
of the IRF series of power MOSFETs manufactured by Infineon Technologies, a leading

semiconductor company.

Pin2 |D
—
DR
G \ I
Pin1
Pin3 [S
> i 4 Sourcs (3)
Gate (1)
Drain (2)

Figure 9: Pinout of IRF9540N
Brief description of the IRF9540N:

1. Power Rating: Vgs of -100 volts and a continuous drain current (Id) of -23 amperes.

2. P-Channel MOSFET: The IRF9540N is a P-Channel MOSFET, which means that it
conducts current when a negative voltage is applied to the gate terminal. It is designed to be
used as a high-side switch, where the load is connected between the drain and the positive
supply voltage.

3. Low On-Resistance: Ras(on) of typically 0.17 ohms

4. Fast Switching Speed: The IRF9540N has a fast-switching speed, allowing for efficient
switching operations and reducing switching losses. This makes it suitable for applications

that require high-frequency switching.

In summary, the IRF9540N is a high-power P-Channel MOSFET with low on-resistance,
fast switching speed, and is commonly used in a wide range of applications where efficient

high-power switching is required.
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3) MCT2E IC: The MCT?2E is an optocoupler IC (integrated circuit) that is used to provide
electrical isolation between two circuits using an optically coupled interface. It consists
of an infrared LED (light-emitting diode) and a phototransistor integrated into a single

package.

A [1] [6]8
C[?}L (5]C

NC [3] [4]E

Figure 10: Pinout of MCT2E optocoupler

The MCT2E is commonly used in applications where there is a need to transfer a signal or
data between two electrically isolated circuits, while maintaining galvanic isolation to
prevent any electrical interference or noise from passing through. This can be useful in
situations where there are potential differences, high voltages, or noisy environments that

could impact the performance or safety of the circuits.

The MCT2E typically comes in a 6-pin dual-in-line package (DIP), with the following pin

configuration:

1. Anode (positive) of the infrared LED, which is used to provide the input signal to be
transmitted optically.

2. Cathode (negative) of the infrared LED, which is connected to the ground or reference
potential.

3. Emitter of the phototransistor, which is connected to the ground or reference potential.

4. Collector of the phototransistor, which provides the output signal after optically coupling
with the input signal.

5. Base of the phototransistor, which is left unconnected or can be used for additional
circuitry.

6. No Connection (NC), which is left unconnected.
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The MCT2E operates by driving the infrared LED with an input current, which emits infrared
light that is then detected by the phototransistor. The phototransistor responds to the intensity
of the received light, and its collector-emitter output provides a proportional electrical signal.
This output signal is then used to drive the subsequent circuitry, providing electrical isolation

between the input and output circuits.
3.5.2 DC power supply

DC power supply is the input signal for the MLI which converts into AC signal. DC power
signal can be given by various methods like using rectifier 220/12V, using SMPS using by
12V battery or by DC signal generator. In this project, for testing purposes, we have used
battery pack containing 4 cells of 3V each. For obtaining the complete output i.e. full
working of inverter, we have used variable DC source from Basic Circuit laboratory of

electrical department to produce 12V DC input source for the ML
3.5.3 Driver circuit

Driver circuit is required for triggering gate terminal of MOSFET switches that are used in
inverter circuit. Optocoupler MCT2E is used in the driver circuit. The pulse width modulation
required are given to each gate of MOSFET switches using Arduino uno by coding from
Arduino IDE and generated pulse from the driver circuit are given as pulse to trigger gate of
MOSFET switches. The inverter circuit for 5 level MLI contains 8 MOSFET switches and

each switch requires a driver circuit generating different pulses.

The different components used in the driver circuit are:

% Opto-coupler MCT2E IC
¢ Arduino Uno
% Resistors 10kohms, 220 ohms, 5000hms
< Power MOSFET IRFZ44N, IRF9540N
% Diode FR107
% Zener diode
% LED
We have connected the components using a breadboard to test the working of driver circuit

which is shown is fig 11.

20



Figure 11: Testing of driver circuit
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3.5.4 Inverter Circuit
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Figure 12: Circuit diagram of single cell H bridge 3 level MLI
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The inverter circuit for 3 level H bridge Multilevel inverter consists of 4 MOSFETs for
producing 3 level of output. 12V DC supply is given to the inverter and optocoupler. The
MOSFETs used are: IRFZ44N, a N-channel MOSFET (for low side switching) and
IRF9540N, a P-channel MOSFET (for high side switching). Gate terminal of each MOSFETs
is triggered by a driver circuit that consists of MCT2E optocoupler. PWM for each gate is
generated by appropriate coding using Arduino IDE and is given to Pin 1,2,3,4 of driver

circuit as shown in the circuit diagram above.

The circuit diagram of 3 level H bridge MLI is shown in fig 15. If two H bridges are cascaded
in series, 5 level cascaded H bridge is formed. The hardware implementation of 5 level CHB

MLI is shown in fig 16.

VUL

R

o0 = >

v

)

I

RY

=
Hi
_..! J +
i
L
=

1k

Figure 14: Circuit diagram of 3 level H bridge MLI in proteus
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Figure 16: Hardware implementation of 5 level CHB MLI
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CHAPTER FOUR
RESULT AND DISCUSSION

4.1 S-level cascaded H-bridge MLI

The simulation circuit of S5-level cascaded MLI is shown in appendix fig 27A.
Output voltage waveform of 5-level cascaded H-bridge MLI Output voltage waveform of 5-
level cascaded H-bridge MLI is shown in fig 17.
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Figure 17: Output voltage waveform of 5-level cascaded H-bridge MLI
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Figure 18:THD of 5-level cascaded H-bridge MLI
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The Total Harmonic Distortion (THD) level of 5-level cascaded H-bridge MLI was obtained
as shown in fig 18. The THD was obtained 27.13% which comes very close to the THD level
according to IEEE standards i.e. 27.2%.

4.2 9-level cascaded H-bridge MLI

I

Voltage

I

Figure 19:Output voltage waveform of 9-level cascaded H-bridge MLI

The output of 9-level cascaded H-bridge MLI was obtained as shown in fig 19. The output

waveform resembles more to sinusoidal waveform as compared to 5-level cascaded H-bridge

MLI. This means as the number of levels of output waveform is increased, the output

becomes more sinusoidal AC which contains less harmonics.
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Figure 20:THD of 9-level cascaded H-bridge MLI
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Similarly, the THD level of 9-level cascaded H-bridge MLI was obtained as shown in fig 20.
The output waveform resembles more to sinusoidal waveform as compared to 5-level
cascaded H-bridge MLI. The THD was obtained 14.27% which comes very close to the THD
level according to IEEE standards i.e.14.18%.

4.3 9-level switched capacitor cascaded H-bridge MLI

Output voktage waveform of 9 level SC MLI =

VATAYAY

|

|

Voltage(V)

Time
Sample based  T=0.001

Figure 21:Output voltage waveform of 9-level switched capacitor CHB MLI

The output of 9-level SC CHB MLI was obtained as shown in fig 21. The output waveform
resembles more to sinusoidal waveform as compared to 5-level cascaded H-bridge MLI. The
number of components used in this topology is less and hence losses are reduced thus
increasing quality of output. Due to charging of capacitor, output voltage is increasing at the

start but it saturates and produces a continuous periodic waveform after some instant of time.
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4.4 17-level Switched capacitor Multilevel Inverter
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Figure 22:Output voltage waveform of single source 17-level SC MLI
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Figure 23:Total Harmonic Distortion (THD) calculation of single source 17-level
SC MLI

The output of a single source 17-level SC MLI was obtained as shown in fig 23. The output
waveform resembles more to sinusoidal waveform as compared to 9-level cascaded H-bridge
MLI. To produce a 17-level output waveform, there will be many switches and components
used due to which there are more switching losses, ripple losses and conduction losses. The

number of components used in this topology is less. Hence, losses are reduced thus increasing
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quality of output. Due to charging of capacitor, the output voltage is increasing at the start
but it saturates and produces a continuous periodic waveform after some instant of time. The
voltage is raised upto 4 times than input voltage (Vin) without using DC-DC converter. The
input voltage was 100V and output voltage was observed 400V. The THD was also calculated
and it was found that THD=7.18% was reduced more significantly in 17-level SC MLI.

60
51.96
50
40
30 27.2
18.24
20 14.18
10
0
3 5—THD (%) 7 9
Figure 24: THD vs Levels of inverter
Table 2: MLI levels and THD
Levels of MLI Cascaded H bridge | Switched capacitor | [EEE THD level
type, THD level (%) | type. THD level (%) | (%)
5 27.13 27.09 27.2
9 14.27 14.21 14.18
17 7.22 7.18 7.11

As seen from fig 24 and table 2, increasing number of levels of MLI decreases THD level
and the output voltage waveform becomes more and more sinusoidal. Similarly, use of
Switched capacitor topology of MLI also decreases THD than that of H bridge type of same

level. Thus, it is more advantageous to use Switched capacitor type multilevel inverter.
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4.5 Output of 3 level MLI in hardware
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Figure 25: Output waveform of 3 level H bridge MLI

The output waveform of single cell H bridge multilevel inverter is shown in fig 25.

The results obtained are:
R/

% Output voltage: 48.7V (peak to peak) which is 2 times than the supply voltage.
< Output frequency: 49.423 Hz which is very close to standard AC frequency S0Hz

Due to absence of THD meter, we were not able to measure the total harmonic distortion of
the output waveform. Also, the waveform wasn’t smooth enough and contains some glitches

due to some losses in the circuit.
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4.6 Output of 5 level CHB MLI in hardware

i G INSTER ]:’;‘,:"LA:'F:"I .||ﬂ||. m r:fl #T
¢ JpEranor
F

Position
@.88 Dw
L.lnit‘."div

458m!

| #

Figure 26: Output waveform of 5 level CHB MLI

The output waveform of 5 level cascaded H bridge MLI in hardware is seen using a digital
oscilloscope in the lab. The 5-level waveform is shown in fig 26. It is not too perfect due to
some losses (heating losses, leakage current) in the circuit. Due to absence of THD meter in
the laboratory, we were not able to measure the total harmonic distortion of the output

waveform.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

After conducting MATLAB simulations of Cascaded Multilevel Inverter and Switched
Capacitor Multilevel Inverter up to 17 level, the hardware implementation of 3 & 5 level
CHB MLI is done. The hardware setup is divided into three sections: the DC power supply,
driver circuit, and inverter circuit. The output voltage waveform of different multilevel
topologies is obtained and analyzed. The THD obtained are: 27.13% for 5 level CHB MLI,
14.27% for 9 level CHB MLI, 14.21% for 9 level SC MLI and 7.18% for 17 level SC MLI.
Multilevel inverters offer several advantages such as high-quality power, reduced harmonic
distortion, suitability for high-power applications, and decreased switching losses. They find
applications in various fields including UPS, high voltage DC transmission, variable
frequency drives, pumps, and conveyors. However, challenges are arisen due to the
complexity of PWM signal generation for MOSFET gate control and the elevated thermal
temperatures resulting from high-speed switching. The research is focused on making the
hardware more efficient, compact, and cost-effective. Throughout the project, valuable
insights of various topics such as power electronic devices, Pulse Width Modulation,

different multilevel inverter topologies, and Total Harmonic Distortion are gained.
5.2 RECOMMENDATIONS

e The future scope of the project can be implemented with higher MLI by connecting
many numbers of H Bridge in series thereby decreasing the THD of output wave.

e We can also use filtering circuitry at the output terminals to remove harmonics and
further reduce THD of the output waveform.

e Switched capacitor topology can be implemented which contains lesser components

and less DC sources.
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APPENDIX

APPENDIX A (Simulation circuits)
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Figure 27A: Simulation circuit of 5-level cascaded H-bridge MLI
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APPENDIX B (Arduino Code)
Arduino code for generating PWM for 3 level inverter

float £=50;

float t=(1/£)*1000000;
float al=45;

float alpl=(al*t)/360;
float d=5;

int pinl1=3;

int pin2=5;

int pin3=6;

int pin4=9;

void setup(){
pinMode(pinl, OUTPUT);
pinMode(pin2, OUTPUT);
pinMode(pin3, OUTPUT);
pinMode(pin4, OUTPUT);

b

void loop(){
digital Write(pin3,HIGH);
delayMicroseconds(alpl);
digitalWrite(pin4, HIGH);
delayMicroseconds(alpl);
digital Write(pin3, LOW);
delayMicroseconds(d);
digitalWrite(pinl, HIGH);
delayMicroseconds(t/2-(2*alp1)-d);
digital Write(pin4, LOW);
delayMicroseconds(d);
digital Write(pin2, HIGH);
delayMicroseconds((2*alp1)-d);
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digital Write(pinl,LOW);
delayMicroseconds(d);

digital Write(pin3,HIGH);
delayMicroseconds(t/2-(2*alp1)-d);

digital Write(pin2, LOW);

delayMicroseconds(d);

digital Write(pin4, HIGH);

delayMicroseconds((2*alp1)-d);
b

Arduino code for generating PWM for 5 level inverter

float £=50;

float t=(1/£)*1000000;
float al=10;

float a2=40;

float alp1=(al*t)/360;
float alp2=(a2*t)/360;
float d=5;

int pinl=1;

int pin2=2;

int pin3=3;

int pind=4;

int pin5=5;

int pin6=>0;

int pin7=7;

int pin8=8;

void setup() {
pinMode(pinl, OUTPUT);
pinMode(pin2, OUTPUT);
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pinMode(pin3, OUTPUT);
pinMode(pin4, OUTPUT);
pinMode(pin5, OUTPUT);
pinMode(pin6, OUTPUT);
pinMode(pin7, OUTPUT);
pinMode(pin8, OUTPUT);

}

void loop() {

digital Write(pinl, HIGH);

digitalWrite(pin2, HIGH);

digital Write(pin5, HIGH);

digital Write(pin6, HIGH);
delayMicroseconds(alp1-d);

digital Write(pin2, LOW);
delayMicroseconds(d);

digital Write(pin4, HIGH);
delayMicroseconds(alp2-alp1-d);

digitalWrite(pin6, LOW);
delayMicroseconds(d);

digital Write(pin8, HIGH);
delayMicroseconds(t/2-(2*alp2)-d);

digital Write(pin5, LOW);
delayMicroseconds(d);

digital Write(pin7, HIGH);
delayMicroseconds(alp2-alp1-d);

digitalWrite(pinl, LOW);
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delayMicroseconds(d);
digital Write(pin3, HIGH);
delayMicroseconds((2*alp1)-d);

digitalWrite(pin4, LOW);
delayMicroseconds(d);

digital Write(pin2, HIGH);
delayMicroseconds(alp2-alp1-d);

digital Write(pin8, LOW);
delayMicroseconds(d);

digital Write(pin6, HIGH);
delayMicroseconds(t/2-(2*alp2)-d);

digital Write(pin7, LOW);
delayMicroseconds(d);
digital Write(pin5, HIGH);
delayMicroseconds(alp2-alp1-d);

digital Write(pin3, LOW);
delayMicroseconds(d);
digital Write(pinl, HIGH);
delayMicroseconds(alpl);
h
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APPENDIX C (Gallery)

Some glimpses of our team working in the project.
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