
1. Introduction

According to Klaus Schwab, the Founder and Chairman of 

the World Economic Forum, his article "Grappling with 

Globalization 4.0" claims that the Fourth Industrial Revolution 

(FIRe or 4IR) has introduced a new financial setup and a new 

approach to globalization that requires creative forms of 

governance to protect the public interest 1). He said the human 

conditions will rely on the company, government, civil society 

and academia in the hands of various leaders. Also, their future 

well-being is based on their timely adjustment to these changes 

2). Table 1 shows a brief overview from 1760 to the present of the 

industrial revolutions 3, 4).

The scope of 4IR covers the convergences of multiple digitals 

fields which includes robotics, Artificial intelligence (A. I.) and 

machine learning, Internet of Things (IoT)5), Big data and cloud 

technology6), Blockchain technology7), nanotechnology and 

biotechnology8-10). These technologies influence to grow new 

markets and change the scope of engineering fields. Though A. 

I. is emerging, this technology developed as a computer science 

discipline in the mid-1950s. Since then, it has provided many 

powerful tools that are useful in the engineering fields 11). These 

days, A. I. is constantly moving at a fast pace setup. Even though 

of issues in the threat to humanity, there is a large number of 

people thinks positively that this technology will bring ease to 

our daily life. There are some impacts of A. I. can be seen in 

homes, businesses and industrial processes. The applications 

are now visible in the form of robots, advanced driver-assistance 
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Table 1. Development of Industrial Revolutions3, 4).

Period
Transition

Period
Energy Resource

Main Technical 

Achievement

Main Developed 

Industries
Transport means

1st 1760-1900 1860-1900 Coal Steam Engine Textile, Steel Train

2nd 1900-1960 1940-1960 Oil, Electricity Internal Combustion Engine
Metallurgy, Auto, 

Machine Building
Train, Car

3rd 1960-2000 1980-2000
Nuclear Energy,

Natural Gas
Computers, Robots Auto, Chemistry Car, Plane

4th 2000-present 2000-2010 Green Energies
Internet, 3D printing,

Genetic Engineering
High Tech Industries

Electric Car, 

Ultra-Fast Train
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systems (ADAS)12, 13), supply chain automation, and health care 

application which provides care for young and elders14-16). The 

term Artificial Intelligence comprises two words “Artificial” 

and “Intelligence”. Artificial implies something which is made 

by human or non-natural things, whereas Intelligence relates to 

the ability to understand or comprehend. Also, A. I. is not a 

system, but it is implemented in the system. A. I. will play a 

significant part in shaping the growth of the different sectors 

worldwide which gives a boost for faster digitization. A. I. has 

been used in different fields of applications in the control 

system, robotics, image and pattern recognition, result forecas-

ting, and optimizations. Today, businesses around the globe 

take advantage of the efficiency of artificial intelligence to 

optimize their process and achieve greater sales and profits. In 

addition, A. I. techniques play a major role in the assessment, 

modeling and prediction of renewable energy operations perfor-

mance and control. This study aims to evaluate the progress of 

A. I. technology in the growth of solar technology and describe 

the path of innovation that has developed for the domain of solar 

power and its applications. 

The following section presents and discusses the difference 

between AI, Machine Learning (ML) and Deep Learning, its 

theories, and some significant applications and some common 

usage of these three algorithms in solar energy and photovoltaic 

applications. Also, the significance of features/characteristics is 

provided in this section, and examples of classification and 

clustering theories are included. Section 3 shows a sample of A. 

I. algorithm including the experimental testing and results 

presentation. Lastly, Section 4 concludes this paper.

2. The Comparison Between Artificial In-

telligence, Machine Learning, and Deep 

Learning

There are multiple misunderstandings between machine 

learning (M.L.), deep learning (D.L.) and artificial intelligence 

(A. I.), most people think that all these things are the same 17, 18). 

However, they differ in terms of characteristics and function-

ality. Fig. 119) shows the brief definitions of these terms.

2.1. Machine Learning (M. L.).

Data mining is an important concept before dealing with 

machine learning. Data mining is a scheme that analyzes a large 

number of pre-existing databases (e.g. images or videos) and 

extracts new information or data from this database. Machine 

learning is a type of data mining and executes the same concept 

20-24). Machine learning requires an objective specification, a 

generic model to be trained, and an optimization method. The 

machine learning allows computers to learn on their own. Fig. 2 

25) shows the machine learning methodology. 

In the context of renewable energy sources, the forecasting of 

solar energy is becoming a significant issue and machine 

Fig. 1. Basic definitions of A. I., M. L., and D. L.
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learning algorithms play an important role in this field. If 

historical data is utilized properly, solar energy prediction can 

be addressed as a predictive issue in the context of time series. 

Solar energy forecasts can also be obtained from numerical 

weather prediction (NWP) models. Research 26), focuses on the 

problem of predicting solar energy from the computed NWP of 

the Global Ensemble Forecast System (GEFS) which predicts 

the meteorological variables for points in a grid. The machine 

learning was used to improve the prediction accuracy.

Typically, machine learning tasks are categorized into three 

broad classifications based on the nature of the learning 

information or “feedback signal available.” Fig. 3 shows 

the classifications and applications of machine learning27). 

Moreover, the descriptive summary of these three classifi-

cations is presented below.

2.1.1 Supervised Learning

All data are labeled in supervised learning and the algorithms 

learn to predict the output from the given input. Supervised 

learning is used by most practical machine learning. Equation 

(1) shows the basic algorithm of supervised learning.

Y = f(X) (1)

where X is the input variables or set of training examples and 

Y is the output variables. This equation aims to predict the 

output variable (Y) based on what particular new input data (X) 

is. Furthermore, the algorithm iteratively predicts the training 

Fig. 3. Types of machine learning algorithms.

Fig. 2. The Machine Learning (M. L.) methodology.
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data sets and learning stops when the algorithm reaches an 

acceptable level of value or execution 28).

The supervised learning algorithm can be divided into 

regression and classification. The classification category arranges 

or the group for each class. While the regression provides a real 

output value like weight or height. Linear regression29) and 

random forest for classification are some common examples of 

supervised machine learning algorithms.

2.1.2 Unsupervised Learning

The unsupervised learning uses the information that is neither 

categorized nor labeled and allows the algorithm to behave 

without instruction or oversight on that data. In other words, this 

algorithm has only input data (X) and no corresponding output 

variables. This model allows us to find features that can be useful 

for categorization 30). Unsupervised machine learnings can be 

further grouped into clustering and association schemes. The 

clustering algorithm deals with finding a structure or pattern in a 

collection of uncategorized data. The association learning 

method is a rule-based algorithm that finds important relations 

between variables or features in a data set. Examples of 

unsupervised learning algorithms are k-means for clustering 

problems and (k-nearest neighbor) kNN 31).

2.1.3 Reinforcement Learning

The reinforcement learning algorithm enables machines and 

software agents to automatically determine the optimal behavior 

within a specific context or based on feedback from the 

environment to maximize their efficiency32-34). The fundamental 

concept of reinforcement machine learning is shown in Fig. 

435-37). The reinforcement machine learning algorithm can be 

used for high-dimensional control systems like in the robotics 

applications. Also, this technique is useful in text mining and 

trade execution fields38).

2.2 Deep Learning (D. L.)

As shown in Fig. 1, deep learning (D. L.) is a subset of 

machine learning and it works the same as machine learning, 

however, it has different capabilities. The main difference 

between deep and machine learning is, machine learning models 

become better progressively but the model still needs some 

guidance. If a machine learning model returns an inaccurate 

forecast then the programmer needs to fix that problem but in the 

case of deep learning, the model does it by himself. Deep 

learning techniques are a group of machine learning methods 

that can learn features hierarchically from a lower level to a 

higher level by building a deep architecture. Deep learning can 

automatically learn features at multiple levels, allowing the 

system to learn complex mapping functions like the function �:�

→� directly from data, without any human interventions39). 

The advanced driver-assistance systems (ADAS) is a good 

example of deep learning40).

A deep learning algorithm for solar prediction was provided 

in reference41) using both autoencoder and long-term memory 

(LSTM) neural networks. Compared to artificial neural 

networks (ANN), it highlighted the supremacy of deep learning 

algorithms’ performance. Reference42) presents an application 

of deep learning for solar cell defects classifications using the 

electroluminescence (IL) imaging, the sample of extracted gray 

cell images is shown in Fig. 5.

2.3 Artificial Intelligence (A. I.)

Artificial Intelligence enables a computer, robot, or product 

to imitate the way people’s cognitive behavior. A. I.'s primary 

goal is to enhance computer functionality linked to human 

understanding such as reasoning, learning, and problem-solving. 

To digitize cognitive abilities, artificial intelligence is very 

helpful; a common application of A. I. is facial recognition.

Currently, studies have been involved in the application of 

artificial intelligence methods to power and renewable energy 

systems. The most used and successful of these methods were 

artificial neural networks, fuzzy logic, knowledge-based systems11). 

The A. I. techniques can make predictions better, faster and 

more practical than any of the traditional methods. On the other 

Fig. 4. The theory of reinforcement learning.

Fig. 5. Solar cell images were taken by EL camera with (a) no 

defect, (b) micro-crack defect, (c) large-scale defect, (d) 

defect and low-resolution patterns42).
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side, inherently noisy data from renewable energy procedures 

are a great candidate for handling with A. I. systems. A brief 

introduction of some common A. I. methods, as well as their 

benefits and disadvantages, are provided in the following 

subsections.

2.3.1 Artificial Neural Networks

Artificial Neural Networks (ANNs) are systems of 

information processing inspired by models developed from 

brain functioning. An ANN comprises of neuron layers or 

processing components that are interconnected. Information is 

carried through the interconnections between these units43). 

Data is carried from layer to layer through the network through 

synapses or connections, each distinguished by its own weight/ 

strength. Furthermore, an activation function is connected to 

restrict the amplitude of a neuron's output and is shown in Fig. 

411, 44). To achieve the desired relationship between a network's 

input and output, values for the connection weights and 

activation functions must be derived. This derivation method is 

referred to as supervised training.

As shown in Fig. 6, an incoming link has two values related 

to an input and a weight. The unit output is a summed value 

function (2). Weight connections (synapses) interconnect the 

processing units in an ANN.

  
  






 (2)

where neuron x has n inputs, and w0…, wn are input weights 

and f is the non-linear activation function, generally a step or a 

sigmoid function. The step function output is y = 1 if x ≥ 0, and 

0 otherwise.

ANNs are not programmed to conduct particular tasks while 

they are implemented on computers. Instead, they are trained in 

information sets until patterns used as inputs are learned. Once 

trained, new patterns for forecast or classification may be 

provided. ANNs can learn to acknowledge trends in information 

from actual or physical models, computer programs, or other 

sources automatically. Many inputs can be handled and produce 

responses in a form appropriate for developers or further 

processing.

2.3.2 Multi-layer Perceptron

Using the back-propagation training algorithm, Multilayer 

Perceptron (MLP) is the most used model in neural network 

applications. A number of neurons are linked in layers to 

construct a multilayer perceptron to solve nonlinearly separable 

problems. To recognize small linearly separable sections of the 

inputs, each perceptron is used. To produce the final output, the 

perceptron outputs are combined into another perceptron45-47). 

Fig. 7 shows the MLP algorithm. The perceptron multilayer has 

broad applications for classification and regression in areas such 

as pattern and voice recognition.

Fig. 6. Processing Element of ANN.

Fig. 7. The Multilayer Perceptron (MLP) algorithm. Fig. 8. Typical RBF network topology.
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2.3.3 Radial Basis Function 

The radial basis function (RBF) is a type of network which is 

very useful for the classification of patterns48-49). The concept of 

RBF derives from the theory of the approximation of functions 

and its topology is shown in Fig. 8.

The input layer neurons receive the input patterns (x1 to xn). 

The hidden layer neurons provide a set of activation functions 

that provide an arbitrary “basis” for input patterns in the input 

space to be expanded through nonlinear transformation into the 

hidden space50-51). At the input of each hidden neuron, the 

distance between the center of each activation or basis function 

and the input vector is calculated52). The application of the basic 

feature to this distance generates the hidden neuron output. The 

RBF network outputs y1 to ym are formed by the output layer 

neurons as weighted sums of the hidden layer neuron 

activations11, 52, 53). Generally, the basis function is selected as a 

standard function that is positive at its center x= 0, and then 

decreases to zero on either side evenly. The Gaussian distribution 

function is a common choice.

Recent studies show that the radial basis function (RBF) 

neural network is used to diagnose a gearbox’s mechanical 

fault54). The RBF network has also been used to address issues 

linked to different areas of communications systems such as 

antenna array signal processing and channel equalization55).

2.3.4 Fuzzy Logic

Fuzzy logic provides the basis for the development of new 

tools for dealing with natural languages and knowledge 

representation and it tries to represent the human way of 

thinking56). And, fuzzy logic is a type of multi-valued logic 

which deals with appropriate reasoning. Fuzzy logic variables 

can have a true value which ranges from 0 to 1. Fig. 9 shows the 

main components of fuzzy logic.

The fuzzifier is an input interface where the numeric input is 

mapped to a fuzzy set, and it verifies the premises of the fuzzy 

rules from the rule base. Using the membership function, the 

fuzzy inference engine applies the inference mechanism to the 

rules set. Finally, the deffuzifier determines the crisp value.

Fuzzy logic is extremely useful for many people like expert 

systems, fuzzy controllers, pattern recognition, databases, data 

retrieval, and decision-making are some of its well-known 

applications57). Also, fuzzy logic offers decision support system 

instrument for managers in their multiple workplaces or 

offices58). Reference59) utilized a fuzzy logic-based control and 

estimation methodology for solar-based power system.

2.4 Importance of Object/Image Features, and its 

Classification and Clustering

2.4.1 Feature extraction

A feature or texture of an image or object is characterized by 

the repetition of a basic element called texton60). The feature has 

two parameters namely, keypoints and descriptors. The 

keypoints are the “stand out” points or characteristics in images, 

even if the image is rotated, shrink, or expand, its keypoints will 

not change. On the other hand, the descriptor is the description 

of the keypoint. These two parameters are significant in cons-

tructing vocabularies or terms and representations of each 

image a frequency histogram of features that are in the images. 

As an example, a solar panel image and its textons are shown in 

Fig. 10. Also, Fig. 11 shows its equivalent histogram. Fig. 12 

shows the variant of images and what particular features can be 

selected to classify it.

Fig. 9. The main components of a Fuzzy logic system.

Fig. 10. Solar panel image and its essential feature.

Fig. 11. Solar panel image with the equivalent histogram of its 

texton.
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2.4.2 Clustering

Methods like scale-invariant feature transform (SIFT) and 

histogram of oriented gradients (HOG) can be used to detect and 

describe local features in images and transform these 

descriptors into a vector of matrices. The quantization process is 

based on finding the cluster and distributed frequencies of 

features on each sample images as shown in Fig. 13. Clustering 

can be set in different iterations to provide the boundary on each 

class, Fig. 14 shows an example of 3-iteration clustering.

2.4.3 Training

A decision rule or a classifier assigning to features that 

represent images to different classes. A training data is 

necessary to learn like separating the positive example (image) 

to the negative ones. Also, these sets of data are important for 

finding an optimal model for classification and they are split 

between training and validation set of data61). The training set is 

a set of learning examples used to fit the classifier parameters. 

While the validation set is used as examples to adjust a 

classifier’s parameters, for example, to choose the number of 

Fig. 12. Representation of how a set of different images can be classified using its features.
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hidden units in a neural network62). The overview of the training 

procedures is provided below.

1. Compile a data set (like a collection of solar panel thermal 

images or a set of numerical data).

2. Divide the set of data into a training set, and a validation 

set (normally, 80% for the training and 20% for the 

validation).

3. Use a scale-invariant feature transform (SIFT) to find 

keypoints in each image.

4. Take a patch around each keypoint, and calculate its 

histogram of oriented gradients (HOG). Saved all these 

features.

5. Using k-means clustering, provide or develop a visual 

vocabulary by finding a representation of the gathered 

features (quantization).

6. Using a histogram allocated for each vocabulary word, 

determine the vocabulary distribution in each image in the 

training set. 

7. Train by support vector machine (SVM) on the resulting 

histograms (each histogram is a feature vector, with a 

label).

8. Test the classifier on the cross-validation set.

9. If results are not satisfactory, provide another iteration for 

a different vocabulary size and different parameters. 

Fig. 13. Quantization based on clustering.

Fig. 14. Different iterations of clustering.
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3. Methodological Approach of A. I. in Solar 

Modules Application

The objectives of A. I. algorithms include reasoning, data 

representation, learning, natural language processing, 

realization, and ability to move and manipulate objects. For an 

example presentation, a proposed A. I. algorithm is shown in 

Fig. 15. Data input can be audio information or raw images. The 

preprocessing method is a sequence of input refinements such as 

data compression, image enhancement and variants of color 

transformations for an image, etc. Data mining is a powerful 

technique to extract features of different input information from 

large databases. These features are helpful for post-processing 

like pattern selections. The testing and validation are depending 

on the processed and trained data, useful algorithms like support 

vector machine classifier which can help to validate the 

effectiveness of any proposed system. The expected output is a 

classified image.

As a representation, let us denote the data input as raw 

electroluminescence images of the sample solar panel. Fig. 16 

shows the equivalent output images based on the proposed 

algorithm Fig. 15.

Fig. 15. Proposed A. I. algorithm.

Fig. 16. Corresponding output of the Proposed Algorithm.



 R. O. Serfa Juan and J. Kim / Current Photovoltaic Research 7(4) 85-96 (2019)94

The presentation results can be in many ways depending on 

the used methods and applications like for fault diagnostic 

detections or solar power production forecasts.

4. Conclusion

A. I. techniques have been used in solar energy and 

photovoltaic applications which provide solar panel analysis, 

modeling for fault detection analysis, and estimation of solar 

power production. A number of A. I. methods that are 

appropriate for solar energy applications have been presented in 

this article. The presented example algorithm can be a suitable 

method for extracting important features from the collected 

thermal solar panel images which can provide more convenient, 

and feasible capabilities for solar panel inspection and 

monitoring systems. And, this paper can help to the 

development in different thermal images applications such as 

visual recognition which is non-physical and can be considered 

for predicting solar power generation.

Using A. I. can provide us highly accurate predictions like 

expected energy generated in solar panels. Tools such as this 

will show the potential of A. I. as a design tool to optimize the 

PV systems. 
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