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ABSTRACT

In this study, the Cascaded H-Bridge Multilevel Inverter (CMLI) is described for use with infrared dryer loads. Because of the low
harmonic distortion content and reduced voltage stress in the switching devices, CMLI is one of particular interest. The CMLI topology
and the Selective Harmonic Elimination Pulsed Width Modulation (SHEPWM) technology were studied and evaluated. To evaluate
the inverter, SHEPWM modulation was studied and applied. The system also includes a DC-DC converter. The converter was designed
to be used in infrared drying system powered by direct current (DC) power where an increased output voltage is required. This study
also presented an evaluation of performance using infrared load of the CMLI based on power used at 100 W. As a result, a comparison
of input power was made, and an assessment into the converter's power quality in terms of harmonic content and overall efficiency
was conducted. The implementation of the system by hardware had been able to reduce the harmonic to 15.5%.
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1. Introduction

Single-stage inverters and two-stage inverters are the two types of grid-connected PV
inverters. Each PV module connected in series to the inverter was connected to the inverter through
a string in this single-stage string inverter configuration [1]. These inverters harvested more energy
than centralized inverters and were also easier to configure [1,2]. However, to achieve a higher
output voltage in regular operation, many PV modules had to be connected in series [1]. This
increased the overall cost of the configuration.

A DC/DC converter integrates the PV panel with the DC/AC inverter. Usually, this
configuration is applied in two-stage inverters design. Subsequently, a DC/DC boost converter must
be linked together with a low output voltage PV panel. Then the enhanced output voltage is
transformed into AC voltage source [3]. Line-frequency transformers have been used largely to link
solar systems to the grid in order to establish galvanic isolation in grid-connected photovoltaic
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inverters. The installation of these transformers was challenging due to their size and weight. They
were also inefficient and added to system complexity due to multiple power levels [4].

Transformerless inverters were developed to address inverter efficiency, cost, and size issues.
When the transformer is removed, the photovoltaic system and the power grid form a galvanic
connection. As a result, the parasitic capacitors allow common-mode leakage current to flow
between the photovoltaic system and the ground [5].

In addition to increasing system losses and grid current harmonics, this leakage current also
pricipitate a major safety danger [6]. Therefore, the common-mode leakage current must be taken
into account while developing a transformerless PV inverters.

The amount of solar emission and the surrounding temperature have a direct correlation with
a PV system's performance. When it comes to power applications, a PV system's efficiency must be
high if it is to feed power into the grid. As a result, monitoring the maximum power output under
various environmental conditions is necessary. The first stage of a two-stage inverter that is known
as DC/DC boost converter, controls the DC-link voltage and supplies the second stage with the most
power possible in order to increase the effiency [7,8]. The maximum power generated in the first
stage is being mapped using a variety of controllers, including P&O, fuzzy, neural network, sliding
mode controller, and others [9]. The control system assures power quality and balance are
maintained in the second stage. Since the conversion process depends on the control algorithms,
proper inverter controllers are required in PV applications to increase inverter effectiveness [10].

Predominantly in PV and other electronic control systems, it can be state that output voltage
can be modified by utilizing the DC/DC power converters. In addition, to monitor the amount of
power produced from the PV panel, a DC/DC converter is often equipped between the load and the
panel. This is helpful for a PV system with irregular and intermittent output. If the PV system includes
the combination of AC and DC converters, a DC-link capacitor can enhance the constancy of the DC
output voltage and minimise the impact of variations on the AC output [10]. CUK converters and step-
boost converters are examples of DC-converters that can boost (step-up converters), buck (step-
down converters), or combine the two. The converter type can be selected depending on the
required output voltage capacity or magnitude in order to supply the correct voltage source to the
inverter with dc rectification and control potentialities [11]. This is advantageous for stand-alone,
grid-connected, and hybrid power systems respectively. These solutions enable the PV system to
produce more power since the DC/DC converter has an optimum power operating algorithm. An
inverter's power output tends to differs with subject to the application complied.

A power electronic converter that converts DC to AC is known as an inverter to produce a
sinusoidal alternating current (AC) with adjustable frequency and magnitude [12,13]. A constant
voltage is fed to a voltage source inverter (VSI), while a constant current is fed to a current source
inverter (CSI). In most cases, VSls are used in applications that require powerful AC motor drives.

The power stage of the single-phase inverter consists of two branches, a DC-input voltage
source and a DC-link capacitor (VDC). A stabilized voltage source that may be utilized with the DC -
Link capacitor is the DC -input voltage source. The inverter's parameters will manipulate the
magnitude of the DC input voltage. Moreover, a single-phase inverter's should obtain the higher
amplitude of input DC voltage than the inverter's maximum AC output voltage in a power system.
Referring to PV panel case, concerning that the DC-link voltage is steady while switching between
power devices, the capacitor's properties are significant when the input power DC varies [14]. To
generate the optimized output power, the DC -link capacitance must be adequate to decrease the
DC -link voltage fluctuation [15]. The DC/AC conversion procedure involves switching devices as a key
factor. To prevent the branches from ever running at the same time, two insulated gate bipolar
transistors (IGBTs) with antiparallel diodes are employed in each branch [16]. The switching device
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chosen is determined by the system's specific design, such as switching speed and power
capacitance. MOSFETs are typically used to provide low power capacitance with fast switching
speeds, whereas IGBTs are typically used to provide higher power capacitance with medium
switching speeds [2]. A multilevel inverter system that operates efficiently in boost mode is
discussed. The multilevel inverter's mode is defined by the boost converter's output voltage, which
is controlled by a control algorithm.

This study proposes a transformerless multilevel inverter to simulate and develop for infrared
dryer application. The multilevel inverter is designed based on a microcontroller seven-level single-
phase inverter. The seven-level inverter is controlled with Selective Harmonic Elimination Pulse
Width Modulation (SHEPWM). This approach eliminates selected low order harmonics, which third,
fifth and seventh order harmonic elimination as a comparison. The output power of the multilevel
inverter is also designed to produce low AC power below 1000 watts. In conclusion, the inverter
configurations consisted of two-stage inverters: integration DC boost converter and multilevel
inverter. The system's two-stage inverter contains a boost converter connected in series with each
DC input power. It is used for DC-DC conversion and produces a regulated output voltage, which is
then handled by the DC -AC inverter in the circuit. A Cascaded H-Bridge Multilevel Inverter (CMLI) is
used, which is switched at the frequency of infrared light. This CMLI was used as the multilevel
inverter.

2. Methodology
The stepped voltage for a 7-level inverter is commonly calculated using the SHE technique.
There are three positive steps (Vac, 2V, 3Vic) during the positive half-cycle of the inverter output

waveform. For a seven-level inverter, the Fourier expression of the inverter output voltage for SHE
modulation is:

Vinw ((‘)t) =

ch Yn=135lc08(n6;) + cos(nb,) + cos(nb3)]sin(nwt) (1)

n

where ¥; ~ 03 are the switching angles in the first quarter waveform at each level, and they must
satisfy the following condition: §;:<9.<¥3<m/2. The following equations can be used to calculate the
switching angles:

V;
cos(6,) + cos(0,) + cos(65) = a5V
cos(301) + cos(36,) + cos(305) =0 (2)

cos(560,) + cos(56,) + cos(565) =0

The relationship of the fundamental voltage V; with modulation index M can be formulated
by:

71'Vf
T asvge

0o<M<1 (3)

In a quarter waveform, s represented the number of positive steps. This results in the required
fundamental voltage, allowing the most significant low-order harmonic components to be eliminate.
Figure 1 illustrates a 7-level symmetrical CMLI inverter arrangement constitutes of three H-bridge
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cells. Each of H-bridge cell constituted of four power switches and a single dc voltage source that was
connected to the cell through a dc link capacitor.

The switching instants on the time axis are obtained by solving nonlinear transcendental
algebraiciterative numerical equations such as the Newton Raphson process. By iteration in MATLAB,
the switches angle for the seven-level H-Bridge Cascade multilevel inverter was calculated.
Meanwhile, the switching sequence for the multilevel inverter is configured by using microcontroller.

v,

inv

Fig. 1. Configuration of 7-level inverter system

An experimental study will be conducted to validate simulation data with real-time
performance. This experiment uses the same method and the same parameters as the simulation
except for output voltage. As shown in Figure 2, this multilevel inverter system consists of integration
with 1-unit PIC microcontroller, 3 units DC converter, 12-units gate driver, 3-units full H-bridge and
1-unit infrared load.

e

Full H-bridge
inverter

Meanwhile, details on the design and configuration of the boost converter are described as shown
in Table 1.
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Table 1
Parameter of developed DC-DC boost converter
Name Symbol Value
Diode D, D1, D2 0.001Q
Resistance R3 0.30Q
Inductance L 100 pH
Intermediate capacitor cCc 100, 470 pF
Output capacitor C3,C4,C5, Ce 0.002, 0.1, 330, 330, 330 uF
Load resistance R2 200 Q

The Figure 3 and 4 show DC-DC boost converter system that used in this experiment. The
converter is controlled by Arduino Uno to maintain 110 V.
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Fig. 4. DC-DC boost converter system schematic
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The converter is programed using Simulink to read the voltage divider and control the PWM
duty cycle of the MOSFET based on proportional controller as shown in Figure 5. The proportional
controller is tuned up based on trial-error method, where is the K, is set up as 10.

ARDUINO

A 4
5]
o
A 4

110 —»@—v PID(s)

‘ Pin: 9

ARDUINO

AN

Pin: 14
Input Voltage

Yy

0

A 4

‘V

155600 5600 —

A4

A4

Pin: 15

A4

Output Voltage

Fig. 5. Simulink programming for Arduino controller

The full H-bridge serves to connect the DC boost converter and Vout respectively as shown in
Figure 6. Each full H-bridge circuit configures 4 MOSFETs at S1~S4 to determine the polarity of the
output voltage. The gate drivers J1~J4 are applied to produce the appropriate high current gate drive
for aninput gate of MOSFET. The dc-dc boost converter was linked to the full H-bridge input to ensure
that the voltage injected into the full H-bridge was sufficient to provide the needed inverter output.

Fig. 6. Single phase full H-Bridge inverter configuration

The experiment was set up as shown in Figure 2, with PIC as the controller, to validate the
simulation findings of 7-level inverter structures and control algorithm. The power switching devices
of the single-phase CMLI prototype were 12 units IRF840 Mosfets with built-in quick recovery diodes.
The inverter was loaded with 150 watts of infrared light. Using a Tektronix DP04054 Digital Phosphor
Oscilloscope, the inverter output voltage waveform, each bridge output waveform, and output THD
are measured and obtained. Meanwhile, input current of the Converter and output current of the
inverter were measured using Teledyne LeCroy Oscilloscopes model Wavesurfer 3024.
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Two voltage signals, Vier and Ve, were injected to a comparator in a closed-loop boost
converter system. The invalid frequency was injected to R-S flip flops, which generate the switch's
pulse, together with the exact frequency. Our proposed system was supposed to maintain an output
of 110V when the input range is 18 V~24 V, making it convenient to be deployed for various industrial
purposes.

The DC-DC converter had experimented with a variation of the input voltage. The output
voltage was detected by voltage divider; it is then compared to a reference voltage. The PWM was
adjusted to maintain the required output voltage by the defect elimination by a proportional
controller, which is the proportional controller's output.

The experiment setup is conducted to measure the boost converter performance. This
experiment is to analyse whether the converter is compatible with the input voltage for the inverter.
In the interest of performance demonstration for this converter, a few current input and voltage
output responses need to be observed.

As mentioned before, the simulation uses 220 V input to integrate with the infrared light as a
load. Therefore, each converter circuit will produce around 110 Vg for each multilevel input power
source to generate 220 V,ms. Meanwhile, this practical experiment will apply the same method to
eliminate the harmonic order in the output voltage, as demonstrated in the previous section.

This two-stage inverter module circuit is intended for DC-DC conversion and combined with
a CMLI for DC-AC conversion. The input voltage for the entire framework is set at 18, and 24 V, which
is the maximum power point voltage of a standard solar panel. The input power for a standalone PV
configuration is approximately 100 W, which corresponds to the power rating of the solar panel. In
this experiment, a regulated DC power supply is used, maintaining a constant output voltage
regardless of the change in the AC output signal.

To assess the existence of undesirable components in a signal, certain metrics were used. THD
(Total Harmonic Distortion) is one such statistic, which was consisted of the RMS values of the
undesired and fundamental parts. A waveform's THD indicates how many undesired components are
present in the signal. The larger the THD of a waveform, the more unundesired components were
present in the signal.

THD = 100 X /Z”%()’;")Z (4)

Based on the magnitude of the load and the size of the power system to which it is linked, the
standard provided various distortion limitations. To calculate a system's THD, apply Equation 4 to the
voltage waveform.

3. Results

The proposed inverter module has been tested for multi input configurations by using the
multilevel inverter concept, thus, called modular multilevel inverter. The inverter module has been
tested as a standalone system by connecting it to the load.

The modular multilevel inverter structure was tested for the PV inverter system as a
standalone system for AC infrared load applications. In this scheme, for less wattage configuration,
generally less than 1000W, the system is sufficient enough to run the AC infrared loads. In order to
extract most of the power from the connected components, CMLI were designed taking into
consideration all the design and energy harvesting parameters.
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3.1 7-Level Symmetrical CMLI with 18V Input Voltage

The output of this system is shown in the Figure 7. This framework is then connected in series
with other power inputs to evaluate the multilayer inverters' functionality. The values of power input
have been varied to get the necessary output voltage levels. For a 7 level output voltage multilevel
inverter, three power inputs are connected in series (n =3). The experimental findings of a 7-level
CHB inverter linked to three H-bridge cells when tested with infrared light load. A 110 Vg voltage is
applied to each H-bridge cell, which is the supply was boosted up by converter form 18 V4. power
supply. The output voltage waveform of a 7-level CMLI was shown in Figure 7(a), and the output

voltage THD was 15%. The 5" and 7™ harmonics were eliminated, as seen in Figure 7(b).

Figure 7(a) shows that the total output voltage of multilevel inverter is the sum of the
individual voltages found across each of the output bridge as shown in Figure 8(a), (b), (c). The Figure
7(c) of this plot shows the current values for this configuration and the RMS current is 0.77 Arms.
Therefore, the total power provide to the infrared load by CMLI system is 171 W.

Tek I @ Stop M Pos: 2.800ms MEASURE Tek JL @ Stop M Pos: 2.800ms
¥ CH3 CH3 THO-F 15.2%
Pk-Pk VRMS  222.3Y THD-R 15.0%
J B_qa}f Harmonic
! |"--I:HP5r--1Q Freq 47.7Hz ®Fund 100.0%
] | gt hRMS 2204V 0.00°
( H .1: CH3
i Mone
J ‘-‘ I:_HE: BN e e e e = | ——
None §E 2 3 4 5 6 7 & 9 10 11 12 13
M 10.0ms M 10.0ms
CH3 100Y CH3 100v
(a) (b)
PR e
1 1 A O A R A
BN N P L' L L L
T 1 [ O
D 1 O Y e
I I ettt s
11—t
o L) T =)
status
C3 [oc]

500 mA/div|
0 mA offset}

(c)

Harmonics

Source

Setup
Manual

Save
Harrnonics
HMOO000.CSY

Fig. 7. The 7-level symmetrical CMLI of (a) the output voltage waveform, (b) the output voltage THD, (c) the
output current, when 18 V input voltage of converter is injected
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The output voltage of the complete configuration is found to be reached the desired output
voltage as shown in Figure 4.10 (a), (b), (c). This will increase the voltage and the power rating of each
of the input configurations.
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Fig. 8. Individual bridge voltage for 7 level CMLI when the input voltage converter is 18 V

The output voltage of the complete configuration is found to be reached the desired output
voltage as shown in Figure 8(a), (b), (c). This will increase the voltage and the power rating of each of
the input configurations.

As long as the reference voltage remains less than the input voltage, the complete system
works in the boost mode. Here, we are considering the input voltage to be 18V. The boost converter's
output voltage serves as the reference voltage. As a result, the system operates in boost mode
anytime the voltage level was less than 110V.

The input voltage is supplied via the power supply unit. It is specified to 18 V, considering that
the standard DC sources only supply the voltage to that specific level. The output converter is
connected to the CMLI circuit to observe the current input consumption. The Figure 9 shows that all
three converter consumed about 7~10 A to step up voltage from 18 Vto 110 V.
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Fig. 9. Input current consumed of all three converters when step up voltage
from 18 Vto 110 V

50



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 28, Issue 2 (2022) 41-55

3.2 7-Level Symmetrical CMLI with 24V Input Voltage

The input and output parameters characteristics are observed through the oscilloscope, as
shown in the figures below. The configuration setup for this measured value is not the same as each
other as the output voltage, output current and input current are set to different values per division.
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Fig. 10. The 7-level symmetrical CMLI of (a) the output voltage waveform, (b)
the output voltage THD, (c) the output current, when 24 V input voltage of
converter is injected
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Similarly, when three input voltage of 24 V setup up to 110 V by converter are connected in
series (n = 3), the results as shown in Figure 10. Three H-bridge cells were used in the experiment for
7-level CMLI. Each H-bridge was attached to equal 110V dc voltage sources. Figure 10 summarizes
the project's findings. Figure 10(a) shows the inverter output voltage waveform. With the 5" and 7t
harmonic orders removed, the inverter output voltage THD created from the 7-level CMLI sample
was 14.9%, as shown in Figure 10(b). It shows that The harmonic order elimination is better than
when input voltage of converter at 18V. The Figure 10(c) of this plot shows the current values for this
configuration and the RMS current is 0.82 Arms. Therefore, the total power provide to the infrared
load by CMLI system is 187 W.

Figure 10 (a) show the total output voltage levels for a 7 level CMLI and Figure 11 (a), (b), (c)
shows the individual output voltages across each of the bridge. As shown in Figures 10(a) the total
output voltage of a multilevel inverter is the summation voltages found across all the output bridges
in Figure 11 (a), (b), (c).
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Fig. 11. Individual bridge voltage for 7 level CMLI when the input voltage of converter is 24 V

As illustrated in Figure 11, the values measured is the input current injected to the boost
converter. Then, the converters step up 24 V to 110 V output voltage are connected to each H-bridge
of CMLI. The voltage level of each bridge linked to the converter was shown in Figure 12. It can be
seen that all three converters required around 5~8 A to achieve a 110 V step up.
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Fig. 12. Input current consumed of all three converters when step up voltage
from 24V to 110V
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4.Conclusions

The complete two stage inverter is now accomplish tested at prototype level. In this
CMLI scheme each of the boost converter and the inverter module communicate with each
other via the network signals and the microcontrollers. It is observed that the output voltage
across each of the individual bridge equals the total system output voltage. These THD
produced is not the lowest that is produced in an inverter system. Based on another sources
of research have stated that there is a method to successfully reduce 17.71% of THD by
compensating the dead time (DT). To fix the distortion caused by the DTs, a number of
corrective techniques have been put forth. In order to maintain the optimum area, the
suggested DT compensator adds a compensatory pulse at the end of each pulse in order to
compensate for its area without changing the original pulse width [17].

The simulation results shown the differences between 18V and 24V of voltage supply
in term duty cycle of PWM, current consumption, and output voltage from the circuit. The
circuit is tested, and the output findings are compared to the concept, indicating that it fits
the design specifications and current circumstances. Based on the results obtained, it can be
assumed that when the disparity between the voltage levels (input vs output) of the boost
converter was smaller, the control effort required by this controller becomes considerably

more significant.
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