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ABSTRACT The concept of smart grids has enabled the addition of renewable energy resources in the utility
grids. This integration is possible after energy conversion and energy conversion causes the degradation in the
quality of electric power. The power quality can be enhanced by reducing the total harmonic distortion (THD)
in energy conversion. In this paper, we have presented an improved artificial neural network (ANN) based
approach that can be useful to reduce the THD levels in a cascadedH-bridge (CHB)multilevel inverter (MLI).
The proposed ANN architecture consists of only one hidden layer with ten neurons and can generate accurate
results in both overfitting and underfitting conditions. Due to a smaller number of neurons, the proposed
architecture is less complex and can produce results relatively faster as compared to other ANN architectures
available in the literature. The proposed ANN architecture is tested on an asymmetrical CHB MLI, and the
results are compared with the recent state-of-the-art (SOTA) techniques. The CHBMLI under test had three
DC voltage sources with 1:2:4 and inductive loads. The simulations are performed inMATLAB and Simulink
environment and the switching angles are optimized by using the ANN architecture. The results have shown
a 71.95% improvement in current THDs and a 13.91% improvement in voltage THDs as compared to the
SOTA technique. The proposed configuration is 89.6% efficient on inductive load and uses a smaller number
of switches. Finally, an experimental setup is created, and the simulation results are validated through various
experiments.

INDEX TERMS Artificial neural networks, cascaded H-bridge, multi-level inverter, solar PV system,
switching angles, total harmonic distortion (THD).

I. INTRODUCTION
The massive expansion in the global population has exac-
erbated the use of hydrocarbon-based fuels, which not only
contribute to global warming and CO2 emissions, and put a
negative impact on the environment but it is also proved to
be one of the most susceptible nodes in the economic growth
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and industrial revolution [1]. Subsequently, a sufficient and
continuously available electrical energy supply is the main
block of a long-term civilization and its financial matters [2].

Due to a growth in the number of users and the emer-
gence of high-power sectors, electrical energy demands have
increased drastically over the past few decades. Subsequently,
this traditional energy generation has resulted in a consider-
able increase in environmental pollution [3], [4]. As a result,
there has been a tremendous rise in deploying small-scale and
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FIGURE 1. A generic RES-based microgrid system.

large-scale green energy resources into the electricity system.
Resultantly, the world witnessed the transition of the Powers
system from conventional energy resources (furnace oil, coal,
etc.) to renewable energy resources (RES), which are also
called non-conventional energy resources, in the last couple
of decades [5]. A generic RES-based microgrid system is
shown in Fig. 1.
Due to the sudden increment of RES and shift of the indus-

trial sector toward non-conventional resources like solar,
wind, micro-hydro biogas, and other renewable resources [6],
[7], subsequently, the research deviates toward improving
power electronic converters. Through this, the network oper-
ators should maintain the reliability and stability of the power
system under predefined constraints [8], [9], [10].

Multi-level inverters (MLIs) have been around for over
three decades and continue to get the most interest from
researchers in business and academia since they are proven to
be more favorable than their two-level inverter predecessors
[11]. Minimum switching losses, reduced harmonic con-
tent, little electromagnetic interference, lower-rated switches,
reduced voltage stress on switches, high-quality output wave-
form, and improved efficiency are some of their advantages
[12]. Renewable energy systems, electric drives, hybrid elec-
tric cars, flexible alternating current transmission systems
(FACTS), reactive power compensation, and high voltage
direct current (HVDC) all are applications getting benefits
from multi-level inverters [13], [14].
A vast research effort has been made over the last couple

of decades to produce multi-level inverters with a lesser
number of switches and a minimal number of dc sources
[15], [16]. For example, the authors of [17] presented the
three-phase three-level neutral point clamped inverter along
with the MPPT algorithm to extract maximum power from
the photovoltaic system. The system relates to a common
DC-link so that there is no need for a DC-DC converter, while
a synchronous reference frame (d-q) control strategy was
applied to control current and dc-link voltage. However, this
research could not explain the efficiency of THD in output
voltage and current.

The authors in [18] presented the comprehensive analysis
of 3 types of multi-level inverters named 5, 7, and 9 levels

using phase disposition pulse width modulation technique
and compared with simple pulse width modulation technique.
These researchers concluded that with the SDPWM tech-
nique, the THD content in output voltage and the current
reduced considerably. However, this technique required more
switches, which may increase both conduction and switching
losses and affect the THD content in both voltage and current
profiles.

Another research effort [19] was carried out in the con-
text of the analysis and design of 13 level hybrid cascaded
multi-level inverter utilizing the combined sinusoidal pulse
width modulation (SPWM) and selective harmonic elimina-
tion (SHE) technique to minimize the percentage of total
harmonic distortion and improve the voltage and current pro-
file. The ratio of 1:2:4 of dc voltage sources was utilized, and
the THD of 9.29% without the SHE technique while 6.19%
with SHE was recorded. However, this research was unable
to address the loading effect on the inverter’s output voltage
profile and did not include the inductive loading effect. The
suggested work in [20], [21], and [22] design an inverter
topology using five, seven, and eleven levels respectively.
Due to a smaller number of levels, the maximum THDs
reduction achieved in these research works is up to 7 percent
on resistive loads, on inductive loads the THDs and losses
are increased further. In [20], the 5-level inverter is designed
by using 8 switches and due to large number of switches,
the inverter efficiency may reduce. No comments were made
about the inverter efficiency and ANN architecture and its
complexity. In [21], the algebraic method was utilized along
with ANN to reduce the THDs. The main drawback of this
approach is to large number of neurons (280) in the hidden
layer and more than one outputs were also reported on the
same modulation index values. In [22] the main focus was on
the accuracy improvement of the ANN which was achieved
by using quasi-newton method along with ANN. But the
space complexity of quasi-newton methods is O(n2) and they
involve dense matrices hence their time complexity is also
O(n2) [23] for each iteration. Moreover, the proposed MLI
topology, number of switches, losses, and efficiency is not
discussed in the paper.

The authors in [24] presented the comparative analysis
of different control techniques for a three-phase 17-level
inverter with two cascaded square bridges. This research
work proposed a square bridge topology to produce said lev-
els utilizing various techniques like phase disposition (PD),
phase opposition disposition (POD), and alternative phase
opposition disposition (APOD) with different modulation
indexes (Ma) under different loading conditions (Resistive
only, resistive-inductive only, RLC, etc.) to see the effect on
the harmonic content of output voltage and current profile.
However, the switching losses and conduction losses should
be appropriately analyzed in efficiency at high switching fre-
quencies. In [25], the authors have proposed an eleven-level
CHB-MLI which is also using PD and APOD techniques
along with a PI controller. The proposed MLI was compared
with conventional MLIs and found to be better in terms of
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THD levels, however, efficiency is not calculated at different
types of loads. The authors in [26] presented the 23-level
multi-level inverter with a new control technique named the
sinusoidal tracking technique. Analysis was done only for
resistive load with different switching angles to produce opti-
mum angles with minimized THD content.

The [27] presented the fuzzy logic-based PWM control
technique for 27 levels asymmetric multi-level inverter for
lower power applications. The proposedmodel utilized differ-
ent dc voltage sources, and at the same time, both positive and
negative voltage sources accommodate to produce desired
levels. This technique may work well for resistive loads.
However, for inductive loads, it may not be able to deliver
desired output as inductive load generates a back-EMF volt-
age now when the switches are turned on or off. Due to
this, the peak voltage is much greater than the voltage that
the load AC power supply can withstand, which can easily
cause the inverter in overload condition to shorten inverter
life. Another fuzzy logic-based MLI is proposed in [28]. The
proposed topology is designed to produce 11 levels and with
a low number of levels, this study has reported relatively
higher THDs. Moreover, the fuzzy logic approach may also
accept the wrong/less accurate input, which is why the output
waveform is sometimes less accurate/unreliable.

The topology and algorithm proposed in [29] is the
reference for this research work. In [29], the authors have pre-
sented the novel 27-level multi-level inverter with the Phase
Shifted-Modified Synchronous Optimal Pulse Width Mod-
ulation technique. The proposed topology incorporated the
built-in induction motor model in their simulation. However,
the H-bridges were included in both positive and negative
cycles at a similar time which may not work correctly in
high inductive loading. The reason for this is well explained
in the above paragraph. Also, the THD percentage seems to
be high compared to the proposed levels. Another switched
capacitor-based topology for CHB MLI is presented in [30]
which uses only one DC source, but the main drawback
of this technique is the capacitor inrush current. A Genetic
Algorithm (GA) based MLI is presented in [31] which can
be used in two modes. The first mode is battery charging
and the second is the inverter. In the proposed topology, the
GA is used to find the optimum switching angles to reduce
the switching losses. However, the inverter is having only
7 levels.

It is evident from the literature that most of the CHBMLIs
either have a smaller number of levels or use a greater number
of switches to achieve a higher number of levels. In order
to reduce the THD levels the switching angles are adjusted.
Most common switching angle calculation methods are equal
phase (EP), half equal phase (EHP), half height (HH), and
feed forward (FF) [32]. None of these methods guarantees
the lowest THD levels hence we need the optimization tech-
niques. Some AI-based approaches are using fuzzy logic
or GA to calculate the switching angles. The fuzzy-based
systems may accept inaccurate data at the input, hence may
result in a wrong output for GA the time complexity of the

algorithm depends on the fitness function [33] and for a
nonlinear equation of order 5, the complexity becomes O(n5)
which makes the response time very high. Hence a more
efficient approach is necessary to design the CHB-MLI with
a greater number of levels and a smaller number of switches.

The current research effort has some unique points, which
are as follows:
• Utilization of an improved ANN architecture for THD
reduction.

• The proposedANNhas better performance in overfitting
and underfitting situations.

• Obtaining 15 levels without incorporating opposite
polarities of DC voltage sources.

• Getting better THD performance as compared to [29] by
using less number of switches.

• The proposed model comprises PV integration with the
proposed MLI inverter.

Our contribution to this paper is the utilization of the ANN
technique to find the optimum switching angles for the pro-
posed MLI that ensures the minimum possible THD levels.
The use of ANN will result in the reduced response time of
the MLI as the model will be trained only once, and then the
optimum switching angles can be calculated in every case.
We are using only hidden layers and the output layer in our
ANN, hence the complexity of the proposed technique will
be O(n2) [34] which is better than the existing approaches.
Furthermore, the THD levels at current are reduced to 2.9%
as compared to 10.94% in the [29]. Similarly, the THD levels
in voltage are also reduced to 5.94% as compared to 6.9%
previously reported in [29]. These improvements are made by
using the same number of switches and more feasible ratios
of DC sources. The efficiency of the proposed model is also
computed to be 89.6% and the simulation results are verified.

In this research work, our proposed methodology can
be applied to multiple renewable energy resources, as this
research work is based on designing an optimal multi-level
inverter using an ANN network architecture, which can
be integrated with multiple renewable energy resources,
as depicted in Fig. 1. Any scientific researcher in the future
can easily extend this model in case of utilizing any renew-
able energy resource that can be easily integrated with the
multi-level inverter designed in this research work [35].

The structure of this document is as follows. The research
methodology for the proposed fifteen-level MLI is presented
in Section II. Switching and power losses are computed in
section III. Meanwhile, all the results are presented in section
IV, where the suggested MLI model is also compared to
the classical model and the reference paper. Followed by a
conclusion in section V.

II. METHODOLOGY
An asymmetric CHB configuration of a 15-level cas-
caded H-bridge multi-level inverter is developed in MAT-
LAB/Simulink, where it is powered by three isolated solar
PV arrays. Furthermore, three different cascaded H-bridges
are also developed in this proposed model. Moreover, ANN
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FIGURE 2. Flow diagram of the proposed MLI system.

FIGURE 3. Block diagram of the proposed MLI system.

is used as a control algorithm to find the optimum switching
angles of the proposed MLI. A flow diagram is shown below
in Fig. 2 to explain the working of the suggested system,
which is divided into three major groups, i.e., solar PV
arrays, proposed fifteen-level cascaded H-bridge MLI, and
three-phase AC loads.

The block diagram of the proposed system is shown
below in Fig. 3, consisting of the temperature and irradiance
blocks, and inverter blocks connected in cascaded connec-
tions. We have tested our proposed topology on an inductive
load; hence an induction motor is used as a load in fig. 3.

A. PROPOSED 15-LEVEL CASCADED H-BRIDGE MLI
The proposed model is designed to produce fifteen-level
output, i.e., seven positive, seven negative, and one zero

TABLE 1. Technical specifications of ‘‘trine solar TSM-250PA05.08’’.

level, using only three H-bridges, which means only twelve
IGBT modules are used. Therefore, it is considered the
primary motivation of this proposed model. Trina solar TSM-
250PA05.08 panel is used to develop the three isolated PV
arrays of peak ratings of 250W, 500W, and 1000W, which
have been integrated with the proposed MLI system to power
all the H-bridges with a specific output voltage ratio of 1:2:4.
Meanwhile, all these PV panels are operated at standard
irradiance and temperature conditions, i.e., 1000w/m2 and
25oC, respectively. The technical specifications of the panel
used in this modeling are given below in Table 1.

Moreover, the reference model in [29] has also used three
H-bridges that are operated in both positive and negative
cycles simultaneously to produce maximum output levels
(i.e., 27 levels). For example, to produce the 2nd output level,
the 1st H-bridge is operated in a positive and the 3rd H-bridge
in a negative (i.e. (1) + (−3) = 2), which doesn’t work well
at inductive loads. However, the proposed model is designed
in such a streamlined way that there is no need to operate
H-bridges in negative to produce positive output levels, which
is equally efficient to be usedwith both resistive and inductive
loads. Overall, the ratio of the isolated solar PV arrays is
shown below:

Vpv1 :Vpv2 :Vpv3 = 1 : 2 : 4 (1)

Subsequently, the first H-bridge can produce three out-
put levels: +1∗Vpv, 0∗Vpv, and −1∗Vpv. While a second
bridge can produce +2∗Vpv, 0∗Vpv, and −2∗Vpv and the
third bridge can produce +4∗Vpv, 0∗Vpv, and −4∗Vpv. The
mathematical representation is given below:

Vpv1 =


+1 ∗ Vpv
0 ∗ Vpv
−1∗Vpv

(2)

Vpv2 =


+2 ∗ Vpv
0 ∗ Vpv
−2 ∗ Vpv

(3)

Vpv3 =


+4∗Vpv
0 ∗ Vpv
−4∗Vpv

(4)
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TABLE 2. Switching control of the proposed fifteen-level cascaded
H-bridge MLI.

The switching control of the proposed fifteen-level cas-
caded h-bridge is shown in Table 2.

B. ARTIFICIAL NEURAL NETWORKS (ANN) BASED
INVERTER CONTROL
Artificial neural networks (ANN) is an artificial intelligence-
based technique used as an intelligent controller [36] to
find the ON/OFF control value for the optimal switching
of the IGBT switches used to develop the proposed MLI
in Simulink. The leading cause behind using ANNs is their
nature, like a biologically-inspired computer program [37].
This model is designed to simulate a manner similar to what
the human brain does to process information. By detecting
the patterns and relationships in data, ANNs collect their
knowledge and then learn (or are trained) through detected
patterns, not programming [38]. Subsequently, this intelligent
model is developed using a single time series input, ten hidden
layers (i.e. each hidden layer consists of ten neurons), and
one output layer (i.e., twelve output control signals to switch
the IGBT modules). Connecting neurons in a network gives
power to neural computations. Each neuron carries weighted
inputs, one output, and a transfer function. The behavior of
a neural network is decided through the transfer functions
of its neurons, by the learning rule, and by the architecture
itself [39]. A parameterized system is one whose weights
can be adjusted [40]. Since we can adjust the weights of
ANN, it is considered a parameterized system. The weighted
sum of the inputs causes the activation of the neurons. The
activation signal is later gone through the transfer function
[41], resulting in a single output of the neuron. These transfer
functions usually introduce non-linearity to the network. The
method of describing input-output relation in a non-linear
method is a task of activation function [42]. This gives the
model ability to describe an association between its inputs
and outputs. The purpose of the activation function is to map
the output of every weight input multiplication in a range
that helps in firing or not firing a particular neuron. If the
value given by the activation function is below some threshold
value, the neuron will not fire, and a zero is passed to the next
layer. In the other case, the neuron fires, and the output of
this layer is multiplied by the weight of the next layer and the
process continues in the forward loop until we reached the

FIGURE 4. A detailed structure of the Proposed ANN model.

output layer and calculated some error. Commonly reported
activation functions are Sigmoid [43], ReLU [44]., Tanh,
and Softmax [45]. We used ReLU as an activation function
in our system. The reason for using ReLU is its ability to
activate neurons without being computationally expensive to
the system.

Moreover, in our design, we used seventy percent data
for training. During training, the inter-unit connections are
optimized until our network reaches the required accuracy
level and the prediction error is minimized. In case of an error,
weights get updated. Error in the sense of wrong classification
or misclassified things. The weight updating equation used in
the model is:

weight = weight + learningrate
∗ (expected − predicted) ∗ input

A score or prediction for each input provided to the system
is the network’s output. The loss function is there to measure
the performance of the predictor. A loss will be high if the
predicted class does not match the actual result. It will be low
the other way around. Overfitting and underfitting problems
might occur at the time of training. In the case of overfitting or
underfitting, our model performs relatively better on training
data but gives a poor performance on testing data. During
network training, we need a loss function or optimizer or
some dropout layers. This will find a value of the weight that
minimizes the loss.

Of the rest of the thirty percent of data, fifteen percent
of data is used for validation and fifteen percent for testing.
The overall structure of the proposed ANN model, which is
developed in MATLAB/Simulink, is given below in Fig. 4.
Pseudocode of how the learning weight value is updated in
the implantation is explained below:

C. CALCULATION OF SWITCHING ANGLES
Various switching angle modulation techniques are used
to control the voltage waveform output of the multilevel
inverter. Thesemodulation techniques can be divided into two
groups based on the switching frequency of power semicon-
ductor devices: a) low switching (fundamental) frequency and
b) high switching frequency. Space Vector Control (SVC) and
Selective Harmonic Elimination (SHE) are low-frequency
techniques [46]. In the CHB-MLI, the output voltage wave-
form is given by the sum of the output voltages generated
by each H-Bridge module connected in series [47]. The
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Initialization of w: w ← 0.27; // variable w for weight value. Its
initialization is random to start the learning.
for i← 1 to predefined iteration number

1wi ← 0; // change of weight initialize to zero before the
start of every loop iteration

while (there is training data available) do:
te← to find and store the current training example;
row ← to find and store the row number from the

matrix (te);
col← to find and store the column number from the

matrix (te);
out← to find and store the network output (te);
maxSimRow← to find and store the maximum sim-

ilarity in a row (row);
maxSimCol← to find and store the maximum simi-

larity in column (col);
1wi will be updated using the below equation:

1wi = 1wi + η [(maxSimRow− out)+ (maxSimCol − out)] ;

remove current training data();
end
1wi← wi +1wi;
restore training example from the temporary variable te();

end;

Fourier series expansion technique is used to analyze the
inverter’s output voltage waveform. In general, the Fourier
series expansion can be expressed as [48]:

vout =
∞∑
n=1

4Vdc
nπ

[
s∑

k=1

cos (nαk)

]
sin (nωt) (5)

In the above equation:
n = odd harmonic order (1, 3, 5, 7, . . . )
s = number of stages in the MLI
k = a positive integer
αk = switching angle for kth switch
Here the switching angles must satisfy the following

relation:

α1 < α2 < α3 . . . < αs < π/2 (6)

From equation (5) The amplitude of the odd harmonics,
including the fundamental component, can be expressed as
follows:

an =
4Vdc
nπ

s∑
k=1

cos (nαk) (7)

By expanding the above equation, we get:

an =
4Vdc
nπ

[cos (nα1)+ cos (nα2)+ . . .+ cos (nαs)] (8)

The goal of calculating the optimal switching angles is to
minimize the output voltage’s total harmonic distortion. The
neural network problem can be expressed as:

Decision variables are: α1, α2, . . . , αn with the restrictions
given in (6).

The objective function can be expressed as:

THD (%) =

[(
1

a21

)
∞∑
n=3

a2n

]1/2
× 100(9) (9)

where:
a1 is the fundamental amplitude
an is the amplitude of the nth harmonic
Our goal is to minimize the objective function given in (9).
The flowchart of the proposed algorithm is shown in fig. 6

below.

III. ESTIMATION OF POWER LOSSES
In a Multilevel Inverter, calculating power losses is critical
for cost assessment and construction cooling systems. Con-
duction losses and switching losses are two different forms
of power losses. Conduction losses are prominent at low
switching frequencies, but switching losses are significant
at high switching frequencies. Any number of levels can be
added to the MLI idea. Because the number of switches is
proportional to the number of levels.

The power loss will rise as the number of switches
increases. In this study, we have produced more levels by
using a smaller number of switches which proves that the
proposed design will be having fewer power losses as com-
pared to traditional MLI configuration. Loss calculations are
also required to demonstrate the efficacy of the proposed
design. The two basic forms of losses associated with power
electronic switches are conduction loss (Pcl) and switching
loss (Psl). The total switching losses (Pl) may be determined
by summing the conduction and switching losses of each
switch, as shown in equation (10) below:

Pl = Pcl + Psl (10)

A. SWITCHING LOSSES
The switching losses are calculated for a single switch and
then extended to other switches as shown in [49] and by
using the linear approximation given in [50] and [51] the
energy loss during the turn-off and turn-on period can be
calculated. Switching lossesmay be computed bymultiplying
the frequency by the sum of energy losses in each switch,
as shown in the equation below:

Psl,k = f
N∑
k=1

[(
Eoff ,k + Eon,k

)]
(11)

Here Psl,k is the switching loss in the kth switch, f is the
frequency, Eoff,k is the energy during the turn-on period and
Eon,k is the energy during the turn-off period for the kth

switch. The expressions of energies during the turn-off and
turn-on period can be given as:

Eoff ,k =

toff∫
0

v (t) i (t) dt =
1
6

(
vSW ,k × I × toff

)
(12)

Eon,k =

ton∫
0

v (t) i (t) dt =
1
6

(
vSW ,k × I ′ × ton

)
(13)

In the above equations, toff and ton are the turn-off and turn-
on times for the switch k respectively. Off-state voltage is
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FIGURE 5. Structure of the one hidden layer of the proposed ANN model.

FIGURE 6. Flowchart of algorithm for calculating switching angles.

shown by vSW,k, I′ is the current in the switch after turning
on and I is the current through the switch before turning off.

B. CONDUCTION LOSSES
As stated in [50], the conduction losses are caused by the
on-state voltage drop of the switch and equivalent resistance.
An example switch is used to evaluate conduction losses,
which is then applied to other switches in the proposed MLI.
As there is an anti-parallel diode, so the conduction losseswill
exist in both switch and the anti-parallel diode. And the total
conduction loss is the sum of both these losses for a given
switch k. The expression of conduction loss can be given as:

Pcl,k =
N∑
k=1

(
Pcl,t,k + Pcl,d,k

)
(14)

Here Pcl,t,k is the conduction loss at switch k, and Pcl,d,k
is the conduction loss at the anti-parallel diode k and these
losses can be computed by using the equations (15) and (16)
respectively.

Pcl,t,k =
[(
Vt × It,avg

)
+

(
rt × I2t,rms

)]
(15)

And the anti-parallel diode losses can be computed as:

Pcl,d,k =

[(
Vd × Id,avg

)
+

(
rd × I2d,rms

)]
(16)

In the above equations, Vt is the on-state voltage drop across
the switch, and Vd is the on-state voltage drop across the anti-
parallel diode. rt is the collector-emitter on-state resistance of
the switch and rd is the on-state resistance of the diode. I is
indicating the current in the diode and switch during the on-
state. Here we are considering both the average current and
the RMS current as indicated by the subscripts. And finally,
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FIGURE 7. Complete simulink model of the proposed fifteen-level cascaded H-bridge MLI.

TABLE 3. Losses and efficiency at inductive load.

FIGURE 8. Overall ANN subsystem block in simulink model.

the efficiency can be calculated as:

η =
Pout

Pout + Pl
× 100 (17)

FIGURE 9. Error plot of the proposed ANN model.

All these losses were calculated by using equations (10)
through (16). The following values were estimated for the
calculations.

Vt = 2.5V,Vd = 1.5V, rt = 0.15�,

rd = 0.12�, ton = toff = 80µs

The simulation was carried out by using an inductive load
and all the calculated losses and the efficiency is given in
Table 3 below.

IV. RESULTS AND DISCUSSIONS
To obtain the desired configuration of a fifteen-level cas-
caded H-bridge multi-level inverter, the proposed model is
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FIGURE 10. Error histogram of the proposed ANN model.

FIGURE 11. Regression curves of the proposed ANN model.

employed in Simulink in four different parts (i.e., Solar PV
arrays, cascaded H-bridges, ANN-based control unit, Induc-
tion motor as a load). Meanwhile, three cascaded H-bridges
are used to complete the design model, with each bridge
including four distinct IGBT switches. These H-bridges are
powered by the three isolated solar PV arrays in a specific
voltage ratio of 1:2:4 to achieve the required fifteen-level
output. This model presently employs eight independent PV
arrays, although any of these arrays can be replaced. As spec-
ified in the design, continuous DC voltage sources should be
used instead. Moreover, artificial neural networks are used
to predict the optimal switching of the angles of the IGBT
switches used in the configuration of this MLI. The structure

FIGURE 12. Output voltages of the fifteen-level cascaded H-bridge MLI.

FIGURE 13. An output current of the fifteen-level cascaded H-bridge ML.

of the one hidden layer of the proposed ANNmodel is shown
in Fig. 5 above, whereas the overall Simulink model is shown
in Fig. 7 below.

The first part of the Simulink model shown above is the
ANN-based control unit. Meanwhile, this control unit is
developed using theMATLAB app of a series neural network.
Moreover, this model is trained using the one hundred and
fifty-six different switching states at different time steps.
The complete structure of this model is shown above in the
methodology section. However, the overall subsystem block

127356 VOLUME 11, 2023



Y. Y. Ghadi et al.: Improved ANN-Based Approach for THD Reduction in CHB Multilevel Inverters

FIGURE 14. THD analysis of the output voltages of the fifteen-level cascaded H-bridge MLI.

FIGURE 15. THD analysis of the output current of the fifteen-level cascaded H-bridge MLI.

is shown below in Fig. 8. Its input is the time clock, and the
output is separated into twelve using the demux block.

A. PERFORMANCE OF THE ANN MODEL
The ANN model’s performance assessment is evaluated by
plotting the error graph. This model is set to run through
a momentum algorithm, in which it doesn’t stop passing

through the next epoch until the best error values are
achieved. Subsequently, this proposedmodel achieved its best
performance with the slightest error after passing through
one hundred and eighty-five epochs. The error plot is shown
below in Fig. 9. The blue line represents the training data
error, the green line represents the validation data error, and
the red line represents the testing data error. Moreover, it can
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FIGURE 16. Comparison of voltage signal THD levels (a) with ANN (b) without ANN.

FIGURE 17. Comparison of current signal THD levels (a) with ANN (b) without ANN.

also be seen that all three types of error overlap at the best
values shown in Fig. 9, representing the best fitting of the
proposed model.

The system’s error histogram is also shown below in
Fig. 10. The training, validation, and testing errors are
represented in blue, green, and red, respectively. As the num-
ber of cases arises, the error for the testing set became higher.

The used ANN model’s regression curves are shown in
Fig. 11, which shows the training, validation, and target
data regression curves in one figure. Meanwhile, the circles
show the data values, and the solid line shows the fit line.
If the data values lie on the fit line, then the data is trained
precisely; if they are below or below the fit line, the data
has some error. Conclusively, Fig. 11 represents that all the
data values are on the fit line, resulting in the best model
performance.

B. PERFORMANCE OF THE PROPOSED FIFTEEN-LEVEL
CASCADED H-BRIDGE MULTILEVEL INVERTER
The proposed configuration of a fifteen-level cascaded
H-bridge multi-level inverter converts the DC output of the

solar PV arrays into AC output at fifteen levels by using the
ANN-based ON/OFF control of the IGBT switches. More-
over, this proposed system has achieved the fifteen-level
voltage output by using only twelve switches, which helped it
reduce the cost and switching losses. As a result, the system
has reached a lesser THD value equal to 5.95 percent, as sug-
gested in the above sections. The output voltages and current
of the fifteen-level cascaded H-bridge MLI are shown below
in Figs. 12 and 13, respectively.

The THD curves of the proposed system’s voltage and
current are shown below in Figs. 14 and 15, respectively.
A comparison of THDs with and without using the ANN
is also given in Figures 16 and 17 respectively. Figure 16
represents the THD levels in the voltage signal, and figure 17
represents the THD levels in the current signal with and
without ANN.

It can be noticed from figure 16 (b) that, the voltage signal
THDs are at 8.35% by using the HEP method. But after
optimizing the switching angles with the help of ANN, the
THDs reduced to 5.94% as shown in figure 16 (a) indicat-
ing a 28.86% improvement in the voltage THDs. Similarly,
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TABLE 4. Comparison with the previous proposed work.

figure 17(b) is showing 8.63% THDs in the current signal
when ANN was not used, but with the use of the ANN
technique, the THDs in the current signal is reduced to
2.96% as depicted in figure 17(a). Hence ANN caused a
65.70% improvement in the THDs of the current signal for
the proposed MLI.

C. COMPARISON WITH THE REFERENCE MODEL [29]
The reference model in [29] is also a similar configuration
of the cascaded H-bridge multi-level inverter powered by
the solar array with a specific ratio of 1:3:9. Moreover, this
reference model also contains a PWM technique to optimize
the switching control resulting in the THD level of volt-
age and current signal up to 6.9 percent and 10.34 percent
respectively at inductive loads. Meanwhile, the proposed
ANN-based MLI configuration proposed in this paper is
designed with a specific input DC voltage ratio of 1:2:4 and
it achieved the THD values of 5.94 percent and 2.9 percent
for voltage and current signals, respectively, considering an
exact number of switches, thus provide a more valuable
solution as compared to [28] and [29]. The results have
shown a 71.95% improvement in current THDs and a 13.91%
improvement in voltage THDs as compared to the tech-
nique presented in [29]. The overall comparison is shown
in Table. 4.
We can note from table 4, that the proposed ANN based

technique is using more feasible input DC voltage ratios
as compared to [29] and is using less number of switching
devices as compared to [28] for the production of same
number of levels and better THD ratios. It is also worth
mentioning that reference model [29] was unable to get better
THD ratios in current and voltage ratios even with 27 levels
whereas we have achieved the better THD ratios at 15 lev-
els. Hence we can conclude that, the proposed technique is
better in terms of performance, losses, efficiency, and overall
cost.

D. HARDWARE IMPLEMENTATION
To validate the simulation results, a prototype of the proposed
MLI was designed. The solar panels were replaced with 12V

FIGURE 18. Hardware implementation of proposed MLI.

FIGURE 19. 7 voltage levels at 1:2 DC sources.

FIGURE 20. 9 voltage levels at 1:3 DC sources.

DC batteries. And IRF640N MOSFETs were used as power
switches, all the diodes were 1N4007 Si diodes. A single-
layer PCB was designed with a trace width of 2mm to allow
large currents. Arduino UNO was used to provide the PWM.
The programming of the UNO was done in C language and
the stable Arduino compiler was used to generate and burn the
HEX file in the microcontroller. The output waveforms were
measured by using a SIGLENT SDS 1052DL+ digital oscil-
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FIGURE 21. Performance of proposed MLI at resistive load.

FIGURE 22. Performance of proposed MLI at inductive load.

loscope. The complete hardware setup is shown in figure 18
below.

Due to budget constraints, the experiment was performed
by using only 4 batteries, so the circuit was first tested with
a DC ratio of 1:2, and the output levels were recorded the
obtained 7 levels are shown in Figure 19 below.

Then the circuit was tested with a DC ratio of 1:3 and the
output voltage levels were measured the obtained 9 levels are
shown in Figure 20.
By using 1:2, the number of levels obtained was 7, and by

using 1:3 the number of obtained levels was 9, if we exclude
the 0 levels (as it is appearing in both cases), we can conclude
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that by using the 1:2:3 ratio we can obtain 15 levels with the
proposed configuration.

The designed inverter was then tested on resistive and
inductive loads and the output waveform and power factor
were recorded by using the state-of-the-art apparatus of a
power electronics trainer. The standard resistive and inductive
load boxes were used to act as heavy loads. At the resistive
load, the power factor of the inverter was measured to be
0.99 and no distortion at the output waveform was observed.
The experimental setup and output results are shown in
Figure 21.

Similarly, the inverter was tested on inductive load as well.
The experimental setup and results are shown in Figure 22.
At inductive load, the output waveform remains stable, and
very less ripples were observed, but the power factor dropped
to 0.870. At a very high inductive load, a power factor of
0.870 is quite good and an indicator of good inverter perfor-
mance and efficiency.

V. CONCLUSION
In the present era of time, renewable energies are proven to
be the savior of humanity. However, their increasing pene-
tration in the utility grid is a highlighted issue and needs to
be addressed. Therefore, this paper proposed an asymmet-
ric configuration of the solar-powered fifteen-level cascaded
H-bridge MLI with a specific input voltage ratio of 1:2:4.
Moreover, this paper used the ANN technique to find the
optimal switching states, and then this model is analyzed for
the industrial loads. Conclusively, this configuration achieved
better efficiency than the reference work and resulted in the
THD values of 5.94 percent and 2.9 percent for voltage and
current signals, respectively, and an efficiency of 89.6% on
an inductive load with the same number of switches, which is
a significant improvement in the existing literature.

Currently, due to budget constraints, we could not include
the waveform of THDs and the effect of switching angles on
the THDs. Hence the future work for this research consists
of experimentally validating the simulated THDs at various
switching angles and also designing the inverter with a single
DC source and deploying this solution into a physical on-grid
system.
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