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Abstract:  Inverter circuits are widely used in power electronics applications such as electric motor control,
induction heating or different Alternating Current (AC) loads. The control signal applied to the
switching elements can affect the quality of the sinusoidal signal that occurs at the output of the
inverter circuit by the means of voltage and current values. The inverter circuit topologies are
generally designed as closed loop. However, these cause complexity of the circuit topology,
increase the production costs and give difficulties in designing the control signals. In the present
work, simulations of a single-phase inverter circuit with the Sinusoidal Pulse Width Modulation
(SPWM) control signal are performed. Thus, the effect of the SPWM signals on the output of the
inverter has been observed by changing the Modulation rate (M), the carrier signal frequency (f.)
and the reference signal frequency (f;.). Through the data obtained, the output current of a phase
inverter without a sensor is estimated by Machine Learning Algorithms (MLA) such as Multi-
Layer Perceptron (MLP), Support Vector Machine (SVM) and K-Nearest Neighbors (KNN).
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1. INTRODUCTION

Generally, from direct current (DC) to alternative current (AC) power converter circuits are known as
inverters, and they can be designed in one phase, three phase or multi-phase according to the output to
operate AC loads. Thanks to the inverters, it is possible to adjust the output voltage and frequency,
thereby, inverters, which are frequently used in industrial applications, are widely used in the control of
various motor types and in power systems. While the outputs of ideal inverters are sine waves, this is
not possible due to the various losses we encounter in practice. The output is tried to get closer to the
sinus wave with different gate signals and inverter topologies. The higher the level of inverter topology
used, the more similar to the output sine. However, the gate control of switching elements such as
MOSFET, IGBT, etc., becomes difficult and the cost increases [1, 2].

The basic Pulse Width Modulation (PWM) used to control the gate signals of the switching elements of
the inverters is the most used gate control signal in the industry as it is simple to design and implement.
However, due to its inefficiency, different PWM techniques have been developed in recent years. Low
total harmonic distortion (THD), low current ripple and variable output voltage have made the sinusoidal
PWM method more common than traditional PWM [3, 4]. The signal obtained by comparing a sine
wave and a triangle wave, Sinusoidal Pulse Width Modulation (SPWM), provides distortion factor and
lower harmonic distortion for the inverter circuits. This technique used in inverters is frequently finds
its place in the industrial applications due to its easy design, the output voltage resembling pure
sinusoidal and its reliability [5, 6].

The SPWM technique is preferred in applications producing different voltage levels, for example at
variable wind speeds such as wind energy systems, because of its easy applicability, low cost and low
Total Harmonic Distortion (THD) [7]. For this reason, it is used as the control signal of the circuit
topologies used to stabilize the network voltage [8]. The SPWM is used as a control signal in
Uninterruptible Power Supplies (UPS) to provide emergency power to critical loads in case of main
failure [9]. Solanki et al., [10] performed a performance comparison between PWM and SPWM of a
three-phase induction motor. On the other hand, Maswood [11] investigated the switching loss of IGBT
used as a power switch in a three-phase inverter with the SPWM gate control signal. Various physical
sensors are used to detect the output current of the inverter. However, these external sensors cause
complexity of the circuit. Today, there are machine learning algorithms developed for such closed loop
systems. This is because machine learning algorithms offer much more practical and precise solutions
in mathematical calculations or applications that are difficult to try and measure [12].

In this study, the parametric simulation has been performed for single phase inverter using SPWM
control technique in Ansys - Simplorer software, and the output current of the inverter is estimated by
Machine Learning Algorithms (MLA) without using a sensor. In the second section, information about
simulation study and inverter is given. In the third section, machine learning and prediction results are
given. The contributions of the method proposed in this study are listed as follows:

e The parametric simulation studies using SPWM control for the inverter circuits.

o Estimating the output current of the inverter using machine learning algorithms without using
Sensors.

e Determining the best parameter values for different machine learning algorithms.
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2. PWM AND SPWM INVERTER CIRCUITS

Inverters using PWM switching technique transform the signal from a constant DC source into an AC
signal whose voltage and frequency can be controlled [13]. By adjusting the PWM technique duty cycle,
the voltage and PWM frequency can be changed and the output frequency can be controlled. Fig. 1 is
the gate trigger signal, and Fig. 2 shows the square wave and sinusoidal signal generated at the inverter
output with a PWM signal.
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Figure 1. Switching gate signal in inverter circuit
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Figure 2. The square wave and sinusoidal signal generated at the inverter output with a PWM signal.

In this study, SPWM, is used as a gate control signal in inverters. This signal is obtained by comparing
the carrier triangle signal with the reference sine signal. The signal resulting from the comparison is
used for opening and closing power switches in inverters or power electronics [14]. Output voltage V,
can be calculated as shown in Eq. 1.

Vc 1)
Vo=MVd=—Vd
Vtr
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The ratio of the amplitudes of the carrier signal and the reference signals gives the modulation ratio (M).
The output voltage is adjusted with the modulation ratio. Thus, the SPWM control signal is shown in
Fig. 3.
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(c) Comparison of inverter output voltage and sinusoidal signals
Figure 3. The SPWM switching control signal

The number of pulses (Pr) shown in Eq. 2 causes the ripple rate at the inverter output to change.

Pr = ;—i 2

In Fig. 4, the current ripple of the carrier signal at different frequencies is shown by keeping the reference
signal constant at 100 Hz and the modulation ratio at 0.8.
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Figure 4. Inverter current graph generated by the SPWM trigger signal and ripple values.

3. SIMULATION STUDIES

If circuits modeled with power electronics circuit software can be simulated more realistically, results
very close to experimental studies can be obtained. In this case, one or more of the circuit parameters
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can be changed to develop a realistic model for the parametric simulation studies [12]. Thus, using the
dataset obtained as a result of the parametric analysis, realistic values are obtained with machine learning
algorithms. In this study, single phase inverter circuit is modeled as shown in Fig. 5.
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Figure 5. Parametric analysis circuit with ANSYS-Simplorer.

In the simulation study, the parametric analysis is performed for the single-phase inverter with different
SPWM control signals as shown in Table 1. In this context, the modulation ratio (M), which will affect
the output of the inverter, has been changed between 0.5-1 with 0.1 steps. In order to see the pulse
number change, the carrier signal frequency (fc) is changed in 1.5 kHz steps between 3 kHz-15 kHz, and
the reference signal frequency (fi) is changed in 100 Hz steps between 100 Hz-500 Hz. In total, 486
different results are obtained. Therefore, Fig. 6 shows inverter output current graphs, and, Fig. 7 shows
the inverter output current rms value.

Table 1. Technical characteristics of the parametric simulation.

Parameters Value Number of steps
Vi 12v constant
M 0.5-1 0.1
fe 3-15 kHz 1.5kHz
fr 100-500 Hz 100 Hz
RL 3-9 ohms 1.76 ohms
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Figure 6. Output current rms values of the inverter circuits
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Figure 7. The parametric waveforms of the inverter output current.

4. MACHINE LEARNING ALGORITHMS
4.1. Multilayer Perceptron

Multi-Layer Perceptron (MLP) is a feed forward Artificial Neural Network (ANN) class consisting of
at least one input layer and one output layer [15]. ANN is designed based on statistical learning theory,
inspired by biological neurons to process information. The classification, estimation and pattern
recognition are performed with ANN. Artificial neurons are composed of interconnecting weights, and
as these weights are updated, the output value approaches the target value. The update process is
repeated until the statistically optimal value is obtained. As a result, the ANN model is trained and test
data is used to measure the performance of its network [16-19].

4.2. K-Nearest Neighbor

K-Nearest Neighbor (KNN) algorithm is a basic method that is easy to learn and understand and is
considered the simplest method of machine learning. KNN finds the k closest neighbors of a point in
the feature space and then estimates the point class based on k distances from the nearest neighbors [20-
22].

4.3. Support Vector Machine

Support Vector Machine (SVM) is developed based on statistical learning theory. SVM maps the dataset
from the input space to a higher dimensional feature space, thus the classification problem becomes
easier [23]. In the feature space, a boundary plane (hyperplane) is drawn between the classes. Two
parallel hyperplanes are formed on both sides of the plane separating the data, and the distance between
these planes affects the performance of the classifier. In cases where the data are not linear, a different
high property space is created, and in this way the data can be classified linearly [24, 25].
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5. RESULTS

Machine Learning based MLP, SVM and KNN applications were applied to estimate the output current.
Since these methods contain many different parameters in their structure, MLP, SVM and KNN models
that provide the best estimation have been investigated. For this purpose, different models are developed
using different parameters. The general architecture of the study is shown as block diagram in Fig.v8.
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e

Figure 8. General block diagram of the application.

The best performance parameter values of machine learning algorithms were found by using trial and
error method. The best performance parameter results are shown in Table 2. 486 data are obtained as a
result of the simulation. During the training of machine learning algorithms, 80% of the data set (389
data) are randomly selected. The remaining 20% (97) data were used to evaluate the performance of the
trained model. Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) criteria are used as
performance measurement criteria. Equations for these criteria are given in Equation 3 and Equation 4.
The metric value results, correlation coefficient and learning time calculated for each machine learning
method are given in Table 3.

Table 2. Best parameter values for different machine learning algorithms.

Model Parameters Type / Value
Epochs 500
Learning Rate 0.3
Momentum 0.2
MLP Learning algorithm Levenberg—Marquardt
Activation function Sigmoid
Hidden layer 1
Number of hidden layer neurons 6
KNN Distgnce Function Euclidean Distance
k neighborhood value 2
Kernel function Pearson VII kernel function (PUK)
Complexity constant (C) 1.8
SVM Omega 2.75
Sigma 2.0

N

N

output — target)?

RMSE — Z( p get)
i=1
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Table 3. Error values according to the best parameters.

MLA MAE RMSE Correlation coefficient Learning time (sec)
MLP 0.0567 0.0833 0.9915 0.17
KNN 0.0650 0.1048 0.9848 0.01
SVM 0.0501 0.0812 0.9907 0.12
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When the values in Table 3 are examined, it is seen that all MLT make a very good estimate. However,
the best results are obtained with SVM. The estimated values and actual values obtained with SVM are
shown in Fig. 9. The absolute error values of the test data are shown in Fig. 10.

5. CONCLUSION

In this study, the parametric simulation studies have been done for single-phase inverter circuit. The
data sets obtained from the parametric simulation result were divided into two groups as 80% and 20%.
While 80% of the data set was used for training, the remaining 20% was used to test the model
performance. Machine learning algorithms MLP, KNN and SVM are used for current estimation of
single-phase inverter. In order to obtain the best results, the parameters of the algorithms are determined
by changing them manually. MAE and RMSE metrics were used to evaluate the performance of different
machine learning algorithms. The results show that the output current of the inverter can be predicted
highly accurately by machine learning algorithms. Especially with the SVM method, more successful
results were obtained compared to other methods. In future studies, studies on controlling the current
value of various motors (DC and AC) without using sensors will be carried out.
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