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Abstract-Increased traffic flow results in high road occupancy.
Traffic road occupancy is often used as a parameter for the
prediction of traffic conditions by traffic engineers. Although
traffic monitoring systems are based on a large number of
technologies, challenges are still present. Most of the methods
work efficiently for free-flow traffic but not in heavy congestion.
Image processing techniques are more effective than other
methods, as they are based on loop sensors and detectors to
monitor road traffic. A huge number of image frames are
processed in image processing hence there is a need for a more
efficient and low-cost image processing technique for accurate
vehicle detection. In this paper, a novel approach is adopted to
calculate road occupancy. The proposed framework has robust
performance under road conjunction and diverse environmental
conditions. A combination of image segmentation threshold
technique and shadow removal technique is used. The study
comprised of segmenting 1056 images extracted from recorded
videos. The obtained results by image segmentation were
compared with traffic road occupancy calculated manually using
Autocad. A final percentage difference of 8.17 was observed.
Keywords-image segmentation; road
removal

I.

occupancy; shadow

INTRODUCTION

Precise and accurate calculation of basic traffic flow
parameters is a major step towards the successful planning and
management of a traffic system. Real time traffic flow can be
used to enhance the capacity of a traffic system. Traffic road
occupancy is often used to determine traffic congestion and
related characteristics. It is the ratio of the area occupied by
vehicles to the total area of the road in a traffic scenario. Road
occupancy has been a subject of interest for traffic management
and planners over time [1, 2]. A consequence of traffic density
is road congestion and the enhanced probability of accidents.
There is an exponential increase in the number of total vehicles
globally during the last decade. Traffic monitoring is a difficult

task due to the high traffic occupancy and issues such as
shadows, occlusion etc. For the advancement of traffic
monitoring systems, different methods and techniques have
been applied. However, obtaining traffic road occupancy for
heterogeneous traffic (e.g. the traffic of the city of Karachi) is a
difficult task due to the variety of traffic modes in the traffic
composition, the ranging in area and size, and little to no lane
discipline. So, a method needs to be developed for obtaining
road occupancy [3]. Image processing has been used in a
number of ways to obtain real time traffic in terms of both
model flow and density. However, the accuracy of the models
generated is highly traffic dependent and occlusion reduces
greatly the accuracy of the models [4]. For heterogeneous
traffic, occlusion affects accuracy and real time traffic
management systems cannot be adopted [3-5].
A spatio-temporal Markov random field algorithm for
traffic images at intersections was developed in [6]. This
algorithm traces each pixel of the image on the x-y plane
versus the time axis. The authors also developed an extended
recognition system based on hidden Markov models. This
system has the ability to learn and keep track of events, thus it
can be used to identify events like illegal u-turns or reckless
driving. A novel framework was developed to explore
multidimensional data of road traffic to examine different
patterns of traffic and anomaly detection in [3]. The framework
was implemented on a collection of road traffic datasets
gathered from different areas of the city. A three step method
was ormulated for vehicle counting in images with multiple
vehicle occlusions in [7]. The first step involves the deduction
of vertices for each vehicle from the camera configuration. In
the second step, a contour description model is used to
determine the vanishing contours with their directions to
determine vehicle counts, and finally, in the last step, a
resolvability index is assigned to each occluded vehicle to find
out the dimensions of the occluded vehicles. Another
methodology was purposed [8] to perform video analysis for
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counting vehicles. The methodology involved the formulation
of a bounding box to detect the vehicles and then the use of a
Kalman filter and adaptive background subtraction to count
vehicles. A study for the number plate recognition of cars
moving on the road in Saudi Arabia was conducted in [9]. In
the proposed mechanism, a camera captures the image of the
car and uses image segmentation algorithms to obtain the
special letters. This mechanism was tested on 610 images taken
under different illumination conditions. Image segmentation
plays an essential role in understanding of image, investigation
of medical images, video surveillance, image compression, etc.
[10-12]. The objective of image segmentation is the clustering
of pixels into image regions. These regions refer to individual
objects, surfaces or parts of objects.
Most research has been done in the field of vehicle
detection, vehicle tracking, vehicle recognition, and vehicle
behavior understanding [4, 13]. Beside these, the estimation of
traffic occupancy is also essential in improving traffic
management systems. In this research, image segmentation is
used for the estimation of traffic occupancy. For complex
traffic scenarios, image processing techniques are playing an
important role in a wide range of applications. Image
segmentation deals with the image processing and refers to the
segregation of an image into various regions based on texture,
color, or intensity. Image segmentation can be performed by
different techniques and algorithms. Among these techniques
we have chosen the color threshold technique to obtain road
occupancy. This technique does not require prior knowledge of
the image, has simple calculations, and fast operating speed.
The videos were recorded during daytime, therefore the
shadows of vehicles cause inaccuracy in the results. This issue
is tackled by adopting a novel combination approach of color
threshold with shadow removal. Threshold segmentation
algorithm Otsu, which is an interclass variance method is used
[14]. The results showed that this approach minimizes the error
due to the shadows of vehicles and leads to a better estimation
of road occupancy.
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intensity level in the image is known as the initial threshold. If
 is the initial threshold, then the set of pixels  has levels
0, 1, … … . . , m  1 and the set of pixels  has levels
m, m  1, … … . . , N  1. The extension of Otsu’s method for
multilevel thresholding is given as:
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The optimal threshold value can be achieved by
+,+-  .
B. Traffic Occupancy Estimation by Otsu’s Thresholding
In order to perform image segmentation, videos were
recorded on the project site, which is the University road of
Karachi near the Federal Urdu University. For an accurate
occupancy calculation the camera needs to be parallel with the
road. The more the camera is titled beyond 1800 angle, more
error will be observed. Due to site limitation and in order to
attain maximum height, the camera was installed on the 5th
floor of a building. The research methodology is shown in
Figure 1. Videos were recorded for different times of the day in
order to have samples from all traffic conditions for analysis.
The videos were cropped to obtain frames having road surface
and vehicles only. After the extraction of image frames, image
segmentation was performed in Matlab. The obtained results
were compared with manual road occupancy results obtained in
Autocad. Finally, the results were displayed by plotting graphs
of image segmented occupancy and original occupancy
obtained from Autocad.

RESEARCH METHODOLOGY

A. Otsu’s Thresholding
Thresholding plays an important role in the segmentation of
an image into various regions and in pattern recognition. Some
grayscale values are selected automatically as threshold and the
image is classified into different regions. Among various
thresholding techniques, we have chosen Otsu’s thresholding
method [14] for this research, which is a globally accepted
threshold method. Through this method, maximum separation
of classes can be obtained and histogram image thresholding
can be performed automatically. It is assumed that in Otsu’s
algorithm, an image consists of two classes, foreground ( )
and background (), and based on probability density function
a normalized histogram is constructed. The probability density
function is:
 

Fig. 1.

,

where n is the total pixels of the image,  is the pixel having
intensity level  , and  is the maximum intensity level of the
image. Center point between the minimum and maximum
www.etasr.com

Proposed framework.

0,1,2, … . . ,   1 (1)
C. Data Collection and Analysis
Using Matlab, frames were extracted from videos at an
interval of 3 frames per minute. The camera recorded the
videos at 30fps (frames per second). Every minute had 1800

Farooq et al.: Estimation of Traffic Occupancy using Image Segmentation

Engineering, Technology & Applied Science Research

Vol. 11, No. 4, 2021, 7291-7295

frames, so the 600 th, 1200th, and 1800th frames of every minute
were analyzed. Matlab offers multiple functions and tools to
perform image segmentation. Original image and threshold
image are shown in Figure 2. A binary filter was applied after
thresholding to convert the image in two parts, background
(black) and foreground (white). The mask created was exported
to Matlab script where operations were defined including
image import and applying the created mask. In order to render
the small pixel areas left within the image, such as the
windscreens of the cars, they were filled using the hole filling
option. Finally, the total number of white and black pixels was
obtained. A ratio of sum of all white pixels and a sum of all
pixels gave the occupancy.

(a)

all the objects to the total area of the image was computed to
calculate the total occupancy.
D. Shadow Removal
In order to minimize the errors due to the formation of
shadows on the road by the passing vehicles, it is necessary to
devise a technique for the shadow removal. Due to the
resemblance of the shadows with the dark color objects in an
image often the detection and removal of shadows turns out to
be a difficult task. In order to remove shadows another mask
was defined in Matlab. L*a*b color space is the tool used to
define the shadow removal mask. Here, L* is for the lightness
and a* and b* for the green–red and blue–yellow color
components. Original and shadow detected images are shown
in Figure 4.

(b)

(c)
Fig. 2.

(a)

(b)

(c)

(d)

(d)
(a), (b) Original and (c), (d) segmented images.
Fig. 4.

Fig. 3.
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III. RESULTS
A total of 1056 image frames were analyzed. Based on the
comparison of the average of the real occupancy calculated
with Autocad vs the occupancy calculated by Matlab, a
percentage difference of 33.18 was observed before the
application of shadow removal mask between the actual and
Matlab occupancy. After the shadow removal mask the
observed difference percentage was found to be 8.17. The
results are given in Table I whereas Figure 5 exhibits the
difference percentage between the calculated and the observed
occupancy. During the research, a large difference percentage
was observed for a few frames. This can be explained by the
small value of occupancy in these frames. Even a small
difference between the two occupancy values can result in a
considerable percentage difference.

Autocad calculating original occupancy values.

In order to calculate the accuracy of the procedure, these
images were imported to Autocad and the object areas were
calculated by drawing a boundary around all vehicles in the
image. Figure 3 is a pictorial presentation of the calculation of
the original occupancy values. A ratio of the sum of the area of
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(a), (b) Original and (c), (d) shadow detected segmented images.

IV. VALIDATION
In order to validate the masking techniques proposed in this
research, multiple frames were extracted. The results for the
difference percentage in occupancy obtained by the masking
techniques showed an average difference of 8.17 with 19.156
maximum and 0.906 minimum difference obtained.
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(a)

(e)
Fig. 5.
TABLE I.
Image
name
600
1200
1800
2400
3000
3600
4200
4800
5400
6000
6600
7200
7800
8400
9000
9600
10200
10800
11400
12000
12600
13200
13800
14400
15000
15600
16200
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(b)

(c)

(d)

(f)

(g)

(h)

Difference between actual and image segmented road occupancy.

RESULT COMPARISON OF TRAFFIC OCCUPANCY OBTAINED FROM IMAGE SEGMENTATION WITH AND WITHOUT SHADOW REMOVAL

Area of
objects by
autocad
0.060
0.057
0.074
0.056
0.036
0.077
0.070
0.070
0.079
0.062
0.045
0.058
0.040
0.071
0.049
0.051
0.068
0.062
0.064
0.057
0.080
0.081
0.075
0.103
0.068
0.072
0.078

Area of
individual
image
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343
0.343

Actual road
occupancy
17.539
16.608
21.785
16.433
10.529
22.484
20.418
20.418
23.240
18.091
13.118
16.986
11.721
20.564
14.252
14.950
19.982
18.179
18.848
16.783
23.356
23.676
22.047
30.046
19.837
20.942
22.833

Occupancy by image
segmentation without
shadow removal
21.706
21.366
27.317
13.913
13.781
17.289
23.861
25.128
21.249
23.017
16.633
17.337
14.305
24.648
16.643
21.641
17.990
21.314
20.038
23.327
21.914
27.571
23.497
32.189
22.631
23.478
25.101

V. CONCLUSION
Based on the observed results, it can be concluded that
image segmentation can be effectively used to calculate the
occupancy of the road segments, while being a cost effective
solution. Results can be obtained at a very quick interval
compared to the convenient methods of finding occupancy.
Moreover, the occlusion will have minimal effect on the

www.etasr.com

Difference
23.761
28.647
25.390
-15.338
30.883
-23.102
16.859
23.062
-8.567
27.227
26.795
2.063
22.037
19.861
16.778
44.752
-9.970
17.247
6.313
38.992
-6.176
16.449
6.573
7.133
14.087
12.107
9.935

Occupancy by image
segmentation after
shadow removal
18.689
16.810
19.670
15.089
12.082
20.635
17.634
18.785
19.861
19.846
15.147
15.938
13.238
18.466
14.641
17.624
20.183
18.215
17.825
20.406
20.654
24.417
19.817
27.933
20.795
21.581
21.300

Difference
6.55
1.21
-9.70
-8.18
14.746
-8.223
-13.638
-7.997
-14.540
9.698
15.473
-6.170
12.934
-10.202
2.7286
17.887
1.006
0.198
-5.426
21.591
-11.570
3.130
-10.115
-7.033
4.831
3.053
-6.713

calculated occupancy. It is worth mentioning that the camera
angle with the road surface plays an important role on the
accuracy. The closer is the angle with the road to 180 0 and the
placed camera in the middle lane, the better the result will be.
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Abstract-The shortage and availability limitation of RT-PCR test
kits and is a major concern regarding the COVID-19 pandemic.
The authorities' intention is to establish steps to control the
propagation of the pandemic. However, COVID-19 is
radiologically diagnosable using x-ray lung images. Deep learning
methods have achieved cutting-edge performance in medical
diagnosis software assistance. In this work, a new diagnostic
method for detecting COVID-19 disease is implemented using
advanced deep learning. Effective features were extracted using
wavelet analysis and Mel Frequency Cepstral Coefficients
(MFCC) method, and they used in the classification process using
the Support Vector Machine (SVM) classifier. A total of 2400 Xray images, 1200 of them classified as Normal (healthy) and 1200
as COVID-19, have been derived from a combination of public
data sets to verify the validity of the proposed model. The
experimental results obtained an overall accuracy of 98.8% by
using five wavelet features, where the classification using MFCC
features, MFCC-delta, and MFCC-delta-delta features reached
accuracy around 97% on average. The results show that the
proposed model has reached the required level of success to be
applicable in COVID 19 diagnosis.
Keywords-chest X-ray images; classification of chest diseases;
covid-19; feature extraction; Support Vector Machine (SVM)

I.

INTRODUCTION

Rarely the danger of disease involved such an extensive
amount of our thought as the COVID-19 pandemic. The
disease's growth, transmission, and increased mortality make
the improvement of prevention important. COVID-19 virus
came to light in December 2019 in Wuhan Province, China,
and the ensuing pandemic influenced most countries with
extensive worldwide health, economic, and personal effects [1].

In order to control the disease, identification and early and
follow-up quarantine, are important. The early COVID-19
diagnosis is significantly crucial. The key tool for the diagnosis
of COVID-19 disease is actually a reverse transcriptasepolymerase chain reaction (RT-PCR) [2]. Currently, the RTPCR test is considered a time consuming and strenuous with
complicated manual procedure. Moreover, there is a shortage
and availability limitation of RT-PCR test kits [3]. Therefore,
an integrated solution system, which is both rapid and reliable,
is urgently needed for COVID-19 diagnosis. Radiological
imaging is an effective and important tool for the detection of
COVID-19 in addition to the RT-PCR method [4]. Medical
imaging method is complicated because the radiologist must
advertently identify the white spots that contain water and pus,
which is time consuming and troublesome. Also, a radiologist
or doctor may often misdiagnose other conditions including
pulmonary tuberculosis as COVID-19. For that reason, recently
developed artificial intelligence-driven automatic diagnostic
systems based on machine and deep learning result in quicker
and more reliable COVID-19 detection and can be considered
as alternatives to manual testing [2-4].
II.

THE STATE OF THE ART AUTOMATED METHODS IN
COVID-19 DETECTION
There are several studies in the published literature which
are based on machine learning applications to detect and
diagnose COVID-19. These state of the art approaches are
based on machine and deep learning approaches by using chest
X-ray images. Machine and deep learning systems are
frequently used to automatically extract specific classification
features for the purpose object. Authors in [4] established a
Convolutional Neural Network (CNN)-based model for
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COVID-19 diagnosis. They used 3 different groups of X-ray
images, i.e. COVID 19, pneumonia, and normal/healthy. The
researchers managed to achieve a classification accuracy of
92.6% with images from all groups, while authors in [5]
reported 87% accuracy in a similar study. Authors in [6]
evaluated the performance of different CNNs (VGG19,
Inception, MobileNetV2, Xception, and InceptionResNetV2) in
COVID-19 detection. They used three different groups of Xray images comprising of COVID 19, pneumonia, and normal
and the highest achieved accuracy was 96.78%. Authors in [7]
built up a Bayesian Convolutional Neural Network (BCNN)
architecture for COVID-19 detection with an accuracy score of
92.9%. Authors in [8] developed a CNN model termed as
CoroDet for automatic COVID-19 detection by using chest Xray images with accuracy of 94.2% for COVID, normal, and
non-COVID viral pneumonia classes [8]. Authors in [9]
proposed a CNN model, and Support Vector Machine (SVM)
with the linear kernel function to classify COVID-19 and
healthy chest X-ray images and reached 94.7% accuracy.
Authors in [10] developed two cascade networks, SEMEResNet50 and SEME-DenseNet169, to assess three classes of
chest X-ray images: normal, bacterial, and COVID-19
pneumonia with 85.6% accuracy score in classification of
pneumonia infection. Authors in [11] proposed a CNN model
and transfer learning for COVID-19 detection for 3 classes,
normal, bacterial, and COVID-19 pneumonia with 95.69%
precision by using ResNet-50 pretrained model. Authors in
[12] developed an integrated deep learning model focused on a
capsule network and used a four-class dataset of chest X-ray
images, achieving 95.17% accuracy. Authors in [13] designed a
decently pretrained ResNet152 architecture using transfer
learning for the identification of COVID-19 and attained a
success rate of 87%. Authors in [14] proposed a deep learningbased approach for the diagnosis of COVID-19 using X-ray
images for infected patients and achieved 95.38% accuracy
using the ResNet50 architecture with SVM classifier.
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assistance is important in helping the medical staff to detect
COVID-19 in X-ray images [4]. Many methods for extracting
features are used in the literature. This study aims to apply
methods for detecting COVID-19 from X-ray images. These
methods are described in detail in the next section.
1) Wavelet Features
In image processing, 2-Dimensional Discrete Wavelet
Transformation (2D DWT) is a powerful image analysis,
denoising, and image segmentation method. When the original
image is transformed by low pass and high pass filters in the x
and y directions, the 2D DWT is computed. The obtained
images are down-sampled to half of the original image
dimensions. With high pass and low pass filters, the resulting
images are convoluted again. The four sub-band acquired
images comprise the approximation coefficient (containing the
maximum image information), horizontal, diagonal and vertical
image information, and the approximation coefficient
(containing the maximum image information) [16, 17]. Three
image details are being employed to determine the energy of
any decomposition level by applying the absolute values for the
wavelet coefficients (the highpass images). Then the total
energy for the three high pass images is computed. Five energy
values corresponding to each of 5 decomposition levels are
extracted.
2) Mel Frequency Cepstral Coefficient (MFCC) Features
MFCC is a very popular and efficient technique for signal
processing where the frequency bands are distributed
depending on the Mel-scale [15, 18].

The current study aims to implement a new model for
COVID-19 disease detection by using advanced deep learning
technique. Effective features were extracted using wavelet
analysis and Mel Frequency Cepstral Coefficients (MFCC)
method, and in the classification process the SVM classifier
was utilized. A total of 2400 X-ray images, 1200 Normal
(healthy) and 1200 COVID-19, were derived from a
combination of public data sets to verify the validity of the
proposed model. With regard to the pandemic outbreak, the
proposed study seeks to close the gap between the small
number of highly qualified radiologists and the increasing need
for chest x-ray interpretation.
III.

METHODOLOGY

A. Feature Extraction
COVID 19 symptoms can be seen in lungs, both in the
peripheral and subpleural areas, particularly in lower lobes and
posterior segments. In X-ray images, the appearance and
consolidation of bilateral nodular and peripheral ground glass
lenses should serve as a warning for radiologists of the
potential for COVID-19 [15]. However, X-ray image diagnosis
and examination of COVID-19 symptom consumes time and
relies on the existence of medical experts. Hence, computer
www.etasr.com

Fig. 1.

MFCC feature extraction.

This research presents a new purpose of working with
MFCC by using it to extract the features of chest X-ray images.
The present technique is based on converting the chest X-ray
images into one dimensional (1-D) signal and then extracting
MFCC, delta-MFCC, and delta-delta MFCC from the
converted 1-D signal. The output after applying MFCC is a
matrix. In this output matrix the rows represent the
corresponding frame numbers and the columns represent the
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corresponding feature vector coefficients. Classification is
performed by using SVM. The steps involved in the MFCC
feature extraction are summarized in Figure 1 [19].
3) Framing and Windowing
The resulting 1-D signal is a non-stationary signal,
therefore analysis should always be performed by blocking the
signal into possibly overlapping frames, so that the signal is
constant [20]. In this step, the continuous 1-D signal is broken
into 60 frames of N=2000 samples, with consecutive frames
separated by L=512 samples. The adjacent frames are
overlapped by N-L samples, which is around 74.4%.
Windowing is done by using a hamming window represented
by w(n) multiplied by the input signal represented with x(n).
The output signal is represented by (1):
    

 ,

Fig. 2.

MFCC features for an infected patient's X-ray chest image.

 0, … ,   1 (1)

where k is the number of frames and n is the number of
samples by which the window is shifted in order to yield the ith frame then taking the DFT of the resulting signal [21].
4) Mel-Spectrum
The resulting spectrum of Fourier transformed signal is
given as input to a Mel-scale filter bank that consists of 24
filters. The coefficients of each Short Time Fourier Transform
(STFT) are multiplied by the corresponding filter gain to know
the approximation of the existing energy at each spot with the
help of a triangular overlapping window. These energies are
also known as the Mel spectrum and can be used for
calculating the first 13 coefficients using DCT. A popular
formula to convert f in hertz into  is given in (2) [20, 21]:


  2595 log1   (2)

5) Discrete Cosine Transform (DCT)
The DCT applied to the transformed Mel frequency
coefficients produced a set of MFCC capestral coefficients
which are usually referred to as stationary features.
6) Dynamic MFCC Features
The cepstral coefficients are usually referred to as static
features, since they only contain information from a given
frame. The extra information about the temporal dynamics of
the signal is obtained by computing the first and second
derivatives of the cepstral coefficients. The first-order
derivative is called delta coefficients (delta-MFCC), and the
second-order derivative is called delta–delta coefficients
(delta–delta-MFCC). In this work, 39 features are extracted
from each method [22]. Figures 2 and 3 show the MFCCs
coefficients for the normal chest and chest infected with
Coronavirus. The x-axis represents the number of MFCCs
extracted from the input signal and the y-axis represents the
feature values for each frame. In this work, the first 13 MFCC
coefficients were used and the rest were discarded. The lower
order coefficients contain most of the information about the
overall spectral shape according to the feature values shown in
Figures 2 and 3. We can observe the difference in MFCCs.
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Fig. 3.

MFCC features for normal patient's X-ray chest image.

B. Classification
The purpose of supervised machine learning is to build a
model that makes predictions based on evidence in the
presence of uncertainty. The machine learns from the results
when adaptive algorithms classify data patterns. The computer
improves its prediction performance when exposed to more
observations. Particularly, a learning algorithm uses a known
array of input data and known data responses (classes) and
trains a model to provide a reliable prediction of how new data
will respond [22, 23]. In this study, the input X-ray image that
has COVID-19 disease was addressed class 1 and the image
without a disease was addressed as class 0. Figure 4 shows a
simple description of the SVM.

Fig. 4.

General description of SVM

The entire set of input data can indeed be termed as a
heterogeneous matrix, since the matrix rows are referred to as
observations or instances and ach comprises of various
measurements for a subject. Matrix columns are defined as
predictors or characteristics, which are calculated by each
subject [24]. Herein, the observations are X-ray images of
human chest and the features of each image are set in columns.
The data matrix includes one row of features extracted from
each image as shown in (3):
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1,1 ⋯
⋮
⋱
 ,1 ⋯

1, 
⋮ $ (3)
 

where n is the number of extracted features and m is the
number of images.
All supervised learning approaches begin with an input data
matrix. The data were arranged in such a way that one
observation was made in each row in the feature matrix and
one variable or indicator in each column. In this step, each Xray image in the data set has been extracted and organized in a
matrix for each image, called a data matrix. Each row has 5
characteristics related to the 5 wavelet features previously
mentioned and another 39 features from each MFCC method.
Cross-validation is a statistical approach for the computation
and comparison of learning algorithms through the division of
data into two segments: the first one for model creation and the
other for model validation. The essential cross-validation
method is a k-fold cross-validation [24, 25]. In this study, a 10fold cross-validation approach was used in which the Matlab
software randomly divides the data into 10 sets of the same
size, and then trains the SVM classification on the 9 sets. The
previous steps are repeated 10 times and the method
incorporates generalization statistics from each fold.
C. Performance Evaluation
In this study, X-ray images were used for the diagnosis of
COVID-19. The total number of chest images used in this work
is 2400, of which 1200 are images with COVID-19 while the
rest are images from normal lungs. The terms used in the
confusion matrix (Table I) can briefly be described as: True
Positive (TP): true event system classified as true, True
Negative (TN): false event classified as false, False Positive
(FP): false event classified as true, and False Negative (FN):
true event classified as false [25, 26].
TABLE I.
Confusion
matrix
Normal
Abnormal

CONFUSION MATRIX

Patient case
Normal
Abnormal
TP
FP
FN
TN

Accuracy (AC) refers to the probability that the system
classification is correct [22, 23]:
%&  '(

'( ) '*

) +( ) '* ) +*

∗ 100 (4)

Sensitivity (True Positive Rate (TPR)) and Specificity (True
Negative Rate (TNR)) are also calculated from the confusion
matrix using (5), and (6) respectively [25, 26]:
-./ 

-4/ 

01)23

01

(5)

03)21

03

(6)

IV. RESULTS
In this section, the results of the classification using wavelet
features and using MFCC features are presented. As mentioned
above, 1200 normal and 1200 coronavirus X-ray images were
considered. The data were collected from different publicly
www.etasr.com
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accessible datasets, online sources, and published papers. They
form the database of COVID-19 X-ray images in [27].
A. Classification using Wavelet Features
The result confusion matrix of using wavelet features in the
classification process is shown in Table II, where the AC is
equal to 98.83%, TNR is 99.75%, and TPR is 97.95%.
TABLE II.

CONFUSION MATRIX USING WAVELET FEATURES

Confusion
matrix
Normal
Abnormal

Patient case
Normal

Abnormal

1197
25

3
1175

B. Classification using MFCC Features
This section includes 3 experiments, the first one is
classification of the X-ray chest images into normal and corona
cases using MFCC features, where the second and the third
experiments are accomplished using MFCC-delta and MFCCdelta-delta features.
1) MFCC Features
The result confusion matrix of using MFCC features in the
classification process is shown in Table III, where AC is
95.46%, TNR is 94.17%, and TPR is 96.82%.
TABLE III.

CONFUSION MATRIX USING MFCC FEATURES

Confusion
matrix
Normal
Abnormal

Patient case
Normal

Abnormal

1128
37

72
1163

2) MFCC Delta Features
The result confusion matrix of using MFCC-delta features
in the classification process is shown in Table IV, where AC is
equal to 97.75%, TNR is 97.43%, and TPR is 98.07%.
TABLE IV.

CONFUSION MATRIX USING MFCC-DELTA FEATURES

Confusion
matrix
Normal
Abnormal

Patient case
Normal

Abnormal

1169
23

31
1177

3) MFCC Delta Delta Features
The result confusion matrix of using MFCC-delta-delta
features in the classification process is shown in Table V,
where the AC is 97.83%, TNR is 97.52%, and TPR is 98.15%.
TABLE V.

CONFUSION MATRIX USING MFCC-DELTA-DELTA
FEATURES

Confusion
matrix
Normal
Abnormal

Patient case
Normal

Abnormal

1170
22

30
1178

C. Comparison
From the presented results, classifying the X-ray images
using wavelet features gave higher accuracy than using the
three types of MFCC features. Also, MFCC-delta-delta
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provided higher accuracy than the other types of MFCC
features.
The number of features used in the classification process is
not necessary to be high, but the type of the method used to
extract these features is most important to get higher accuracy.
From the results, we found that using only 5 effective features
(wavelet features) gave better results than using 39 MFCC
features. The consumed computational time in the feature
extraction process and classification experiment was about 10
minutes. Inspired by the previous research studies, the current
work used advanced deep learning techniques to introduce a
new model for the detection of COVID-19. The extracted
effective features using wavelet analysis and MFCC were used
with the SVM classification technique. A hybrid of public data
sets have been used to validate the value of the proposed model
by a total of 2400 X-ray images categorized as 1200 normal
images and 1200 images of patients infected with COVID-19.
The proposed method aims to help close the gap between the
smaller number of highly trained radiologists and the growing
need for chest X-ray interpretation in relation to the pandemic
outbreak.
V. DISCUSSION
Early diagnosis of the coronavirus condition is significant
in order to minimize the probability of pandemic transmission.
Automated early disease diagnosis can be obtained using
radiological images by using artificial intelligence-based image
processing approaches. Many studies have recently been
carried out based on machine learning models for COVID-19
detection. Mostly, in the present state of the increasing
prevalence of COVID-19 cases, many researches focus on
clinical characteristics. Deep Learning is a combination of
machine learning approaches based primarily on automated
image detection and classification. The classification and
detection of the purposed object are the dual major objectives
in which deep learning is implemented. The progress of
machine learning has significant benefits for patient assessment
and the improvement of computer-aided systems. Table VI
summarizes the methods for automatic detection of coronavirus
cases where the proposed method for detecting COVID-19
using X-ray images is compared with the methods used in
previous studies. The model results demonstrated in the present
research have been shown to be superior than the ones of
earlier researches. In this work, a new diagnostic method for
detecting COVID-19 disease is implemented using advanced
deep learning. Effective features were extracted using wavelet
analysis and MFCC method, and they were used in the
classification process with the SVM classifier. In order to test
the proposed model, publicly available X-ray images used in
previous COVID-19 studies were utilized. In the experimental
testing of the proposed approach, the highest performing
effective properties were selected using the current model.
Testing results show an AC score of 98.8% achieved using
wavelet features and demonstrated that the current proposed
model is more successful than earlier studies carried out for the
detection of COVID-19 using X-ray imaging.
The proposed work has several certain limitations. First of
all, the network design could be improved to increase the
sensitivity or TP rate of COVID-19 detection. In the current
www.etasr.com
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workflow, if the stage1 model misclassifies a viral pneumonia
image as healthy or bacterial pneumonia, the further detection
of COVID-19 or other viruses completely misses. Also, the
limited number of COVID-19 images makes it more difficult to
train the deep learning models from scratch, which is overcome
in the current study by using the deep transfer learning method.
The present work is carried out with images from Kaggle [27].
The work can be extended with a greater number of images of
COVID-19 form other databases.
TABLE VI.
Study / Year
[4] /2020
[5] /2020
[6] /2020
[7] /2020
[8] /2021
[9] /2021
[10] /2021
[11] /2020
[12] /2020
[13] /2020
[14] /2020
Proposed

RESULT COMPARISON OF THE PROPOSED MODEL AND
PREVIOUS STUDIES

Methods and models
CNN /COVID-Net
CNN/ DarkCovid-Net
Deep transfer/ VGG 19
CNN/ResNet50
CNN/ CoroDet
CNN/SVM
Cascade networks SEMEResNet50 and SEMEDenseNet169
CNN/ transfer learning
CNN-based Capsule Networks
CNN/ResNet152
ResNet50 and SVM
Wavelet and MFCC and SVM

No of classes
3
3
3
4
3
2

AC
92.6%
87%
96.8%
88.39%
94.2%

3

85.6%

3
4
2
2
2

95.69%
95.17%
87%
95.38%
97%

VI. CONCLUSION
The experimental results show that the proposed application
of using wavelet for chest X-ray images feature extraction has
very good accuracy, around 98.8%, and hence can be used for
application in combination with other techniques such as the
MFCC to increase the accuracy rate and to make it more
efficient. In future research, a mobile Web-based framework is
expected to be build that will assist health professionals in their
efforts to identify instances of COVID-19 as well as other
illnesses. Furthermore, the studies in this field will be
investigated by other AI models and attention modules.
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Abstract-Foot and Mouth Disease (FMD) is present in many
countries, including Tanzania. Gairo is among the districts that
frequently face FMD. This study found that the current
mechanism for communicating FMD in Gairo district suffers
from a long chain of information flow that causes delay and
insufficient information for FMD control. Therefore, this study
aimed to explore the implementation of an information system
named "Monitoring System for Transboundary Foot and Mouth
Disease," developed purposely to provide a standard platform for
communicating FMD between livestock keepers and other
stakeholders in the district. The system enables timely sharing of
FMD events such as outbreaks, precaution measures, clinical
signs, and negative impacts using Short Message Services (SMS),
Unstructured Supplementary Service Data (USSD), and Voice
Calls (robo-calls) through the mobile phones. Also, livestock
keepers may report FMD outbreaks direct to the system using
feature phones. The Statistical Package for Social Sciences
(SPSS) was used to analyze data and Microsoft Visio was used for
drawing the system architecture and information flow diagram.
Finally, the system was implemented using PHP hypertext
processor, JQuery, HTML, JSON, JavaScript, MySQL, and
Apache webserver.

of the National GDP [1]. However, the annual animal
production growth rate is low, at 2.2% because of low livestock
reproductive rates and the high mortality due to increased
disease prevalence [1]. Regardless of other diseases, FMD has
been given great attention because of its high mortality,
especially in calves, its ability to cause a significant loss in
milk production and draught animal power, and hinders
international trade [2]. FMD is a transboundary disease caused
by a virus from the Picornaviridae family. The disease affects
domestic and wild cloven-hooved animals such as sheep, goats,
pigs and buffaloes [3]. There are currently 7 known serotypes
of the FMD virus and many more subtypes. Type A, O, SAT1,
SAT2 and SAT3 serotypes are present in Tanzania [4]. FMD is
transmitted from one animal to another through direct or
indirect contact, e.g. by contact with contaminated inanimate
objects (often referred to as fomites). The FMD clinical signs
include high fever (up to 42 o) accompanied by severe
depression and inappetence [5]. Other clinical signs are the
appearance of wounds on the feet and tangle of the animal [5].
The FMD is currently present in Asia and Africa and in one
country in South America [4].

Keywords-voice broadcasting; livestock keepers; FMD events;
Short Message Service (SMS); robo-calls; Unstructured
Supplementary Service Data (USSD); zero-grazing (smallholder
dairy); agro-pastoralist; pastoralist

In Tanzania, Gairo is among the districts that frequently
face FMD. Since the disease has no cure, immediate
information sharing during the outbreaks is mandatory for
mitigating the disease [6]. The big challenge in Gairo district is
the long chain of communication for FMD outbreaks. Usually,
the Ward veterinary officers receive FMD outbreaks from
immediate livestock keepers either by routine visits or phone
calls. Sometimes, the veterinary officers leave unreported cases

I.

INTRODUCTION

Tanzania has the third largest livestock population in
Africa, with 25 million cattle approximately contributing 7.4%
Corresponding author: Ahmed Kijazi
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due to the unfriendly terrain that hinders the access to remotely
livestock-keeping communities, especially during rainy
seasons. Normally, the veterinary officer upon receiving the
information, reports the incident to the District Veterinary
Officer (DVO) either by phone or by a visit to the DVO’s
office. The DVO forwards the information to the Directorate of
Veterinary Service (DVS) that has the mandate of uploading
data to the Global Surveillance Systems. Sometimes,
communication breakdown may happen if somebody is
irresponsible along the reporting chain. Similarly, whenever
there is a threat of FMD, the veterinarians use to visit
individual livestock keepers to alert them about the disease and
precautions measures. Therefore, the current reporting
mechanism causes delay and insufficient information provision
for the control of FMD in Gairo district. Also, the process of
visiting livestock keepers for collecting or giving information is
costly and requires the deployment of more veterinarians in
order to be more effective. This study explores the
implementation of an information system named Monitoring
System for Transboundary Foot and Mouth Disease, which
might reduce the communication barriers among livestock
stakeholders in the district taking into account the livestock
keepers' demographic characteristics. The Monitoring System
for Transboundary FMD is not the first system to monitor
animal health. Several electronic devices and software systems
exist for similar purposes [7-12]. An excellent example of such
devices is the Cattle Monitoring System that uses a wireless
network, which monitors cows' body temperature and heartbeat
to determine their general health [8]. Another system is the
Cattle Health and Environment Monitoring System that
monitors the cattle's body temperature and heartbeat along with
the farm's temperature and humidity [12]. The devices are
normally attached to the cattle's body. The challenge of these
devices is that they provide information only when the cattle
have already been affected by the disease. Therefore, they are
inefficient in controlling FMD, which requires more preventive
measures as it has no cure [6]. Some countries use surveillance
systems for communicating animal disease outbreaks, which
replace the paper-based reporting mechanism [9]. However,
these information systems depend on the input data from
veterinarians, laboratories, and other healthcare providers that
act as primary sources of information [4, 10]. The systems
contradict other FMD surveillance studies that emphasize
livestock keepers as the primary source of outbreak information
for early disease detection. On the other hand, a few
surveillance systems enable livestock keepers to report disease
outbreaks directly to the system but failed to consider the
education level and livestock keepers' demographic
characteristics on the devices that are mandatory for accessing
the system. As a result, livestock keepers access to the system
is limited due to the lack of devices and skills. For example,
most surveillance systems are web-based and emphasize on
smartphones and computers to report disease outbreaks. At the
same time, most livestock keepers, especially in developing
countries, own feature phones that cannot browse the internet
[11]. Similarly, the systems communicate the disease
outbreaks, precaution measures, clinical signs, and negative
impacts through websites, while livestock keepers lack skills
and devices for browsing the internet [9,13]. Also, few systems
are integrated with Short Message Service (SMS) alerts for
www.etasr.com

Vol. 11, No. 4, 2021, 7302-7310

7303

disease outbreaks while many livestock keepers, especially in
developing countries, have no formal education and cannot
read SMS though they own mobile phones[13]. The partial
involvement of livestock keepers in FMD control, contributes
to the factors affecting the information flow to the existing
surveillance systems. Therefore, the proposed Monitoring
System for Transboundary FMD is a surveillance system that
accommodates the current system deficiencies. The proposed
system is similar to other web-based surveillance systems but
enhances livestock keepers' interactions through their feature
phones. The system allows the following interactions with
livestock keepers using their feature phones: (1) It enables
them to report FMD events directly to the surveillance system
using USSD code and SMS, (2) the system maintains FMD
awareness to livestock keepers by periodically reminding them
of FMD precaution measures, clinical signs, the negative
impact, and transmission pathways using SMS and voice
messages (robo-calls). Not only that, livestock keepers may
access precaution measures, clinical signs, adverse effects, and
transmission pathways of FMD at any time from the system
through the USSD menu using their feature phones (Figure 4).
II.

MATERIALS AND METHODS

A. Description of the Study Area
Gairo is a district in the Morogoro region, Tanzania. It is
located between the 36'500E-37'200E latitude and 6'400S5'500S longitude. The reason for selecting Gairo district as the
study area was the fact that it combines three cattle farming
systems (smallholder dairy, agropastoral, and pastoral), high
incidences of FMD outbreaks, and accessibility.
B. Sample Size for System Requirement Gathering
Demographic information was collected, including mobile
phone usage and education level and the overall process of
communicating FMD among livestock keepers and other
livestock stakeholders was observed. From the 6 selected
villages (Kilama, Chogoali, Chakwale, Kilimani, Gairo town,
and Ibuti), 180 livestock keepers were interviewed (Table I).
The interviewees were the head of their families, regardless of
gender. The number of households to be interviewed was
selected by using the rule of thumb to determine the sample
size of households which states that a minimum sample size of
25-30 households is appropriate for a village has 100 to 500
families [14]. To capture the farming systems, all 54 villages in
the region were stratified into pastoral, agropastoral and
smallholder dairy farmers. Thereafter, the 3 groups were listed
in the excel sheet, 2 villages were randomly selected from each
group for data collection, and 30 households from each village
were randomly chosen and interviewed [15]. Lastly, a focus
group discussion involving 15 veterinarians of 15 Wards of
Gairo district was conducted, and the results were recorded.
The focus group was purposely to gather information on the
overall process of communicating FMD outbreaks in the
district. After that, the Statistical Package for Social Sciences
(SPSS) was used to analyze the data and draw the frequency
distributions table. Finally, the waterfall model was used for
the development of the system [16]. The results indicate that
there was a long chain of communication for FMD outbreaks in
the district. Also, the results indicate that 91% of livestock
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keepers own feature phones, and 9% own smartphones (Table
I). Most livestock keepers used mobile phones to receive voice
calls and send and receive SMSs (Table I). About 60% of
livestock keepers had primary school education while 33% had
no formal education at all. Therefore, the study suggests that
SMS, USSD code, and automatic broadcasting calls (robocalls) may be the best options for communicating FMD events
among livestock farmers and other stakeholders in Gairo
district. Technically, SMS, USSD, and robo-calls are suitable
for those who have primary school level education and above,
whereas robo-calls alone will benefit those who have no former
knowledge and can't read or write SMS messages. However, all
the mentioned technologies will satisfy most livestock keepers
because the majority owns feature mobile phones.
TABLE I.

LIVESTOCK KEEPERS' DEMOGRAPHIC CHARACTERISTICS

Variables
Frequency
Percentage (%)
Livestock keepers own mobile phones (N=170)
No
27
16
Yes
143
84
Total
170
100
Mobile phone usage (N=143)
Smartphone
13
9
Feature phone
139
91
Total
152
100
Level of education (N=171)
Primary School
103
60
Secondary School
10
6
University
1
1
No Formal Education
57
33
Total
171
100
Mobile phone usage (N=144)
Sending and receiving SMS
114
39
Making and receiving calls
141
48
(including robo-calls)
Surfing the Internet
10
3
Social Networking
11
4
Other
19
6
Total
295
100

III.

SYSTEM ARCHITECTURE AND WORKING PRINCIPLES

The Monitoring System for Transboundary FMD comprises
of several functional blocks that depend on each other to
operate (Figure 1). The blocks include the FMD awareness
maintenance module, FMD incidents/outbreaks reporting
module, Databases (PDB1, TDB, PDB2), and USSD API. The
FMD awareness module is responsible for maintaining FMD
awareness to livestock keepers by periodically (with reference
to operating system time) broadcasting precaution measures,
clinical signs, negative impacts, and FMD transmission
pathways in SMS and audio format (voice calls) from the
permanent database (PDB1). During the SMS or audio
broadcast, the system calls or sends SMS to more than one
mobile numbers at once. If a livestock keeper responds to a
voice call, the system plays the audio file prior uploaded to the
system. The broadcasting time interval for each awareness
SMS or audio file is specified when uploaded to the
surveillance system through the specific menu (Figure 7). Also,
livestock keepers may use the USSD menu (e.g. *150*009#) to
access FMD awareness descriptions using mobile phones
(Figures 1, 2, and 4). The FMD awareness descriptions and the
USSD menu were translated into English for readability in this
www.etasr.com
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paper. However, in the actual system, the information is in the
native (Kiswahili) language (Figures 3, 4, and 7). On the other
hand, the FMD incident/outbreak reporting module enables
livestock keepers to report FMD outbreaks to the system using
SMS or USSD code. The livestock keeper may notify the FMD
outbreaks to the system by sending SMS indicating the number
of FMD suspected cattle to a given mobile phone number. The
alternative way is to use the USSD menu. For example, Figure
3 shows the livestock keepers' procedure of reporting FMD
outbreaks using option number 1 of the USSD menu. Once
received in the system, the suspected number of cattle is stored
in a temporary database (TDB) and labeled as unverified
information.
The system differentiates the suspected herds from the
apparently healthy herds using blue circles, as indicated on the
system's disease spatial distribution map (Figure 8). The
veterinary officers validate the incident by calling and
physically visiting the area. If the outbreak report is valid, the
number of affected cattle is stored in the permanent database
(PDB2) for future use after the veterinarian clicks the "Accept
Cases" button to verify the FMD reported cases page (Figures
1, 2, and 6). After that, the system broadcasts SMS and voice
calls to other livestock keepers, informing the incidents and
suggesting precaution measures (Figures 1-2). Again, the
system differentiates the confirmed FMD herds from the
apparently healthly herds using red and orange circles on the
system's disease spatial distribution map (Figure 8). Note that,
livestock keepers should first be registered to the system to
receive or send information.
The USSD application user interface (USSD API) connects
the FMD incident/outbreak reporting module with the USSD
server (Figure 1). Before implementing the USSD API, one
should purchase the USSD service from the provider and
configure the callback URL after registering and logging in to
the USSD server account [17]. The FMD awareness
maintenance module, FMD incident/outbreak reporting
module, and the USSD API were implemented using PHP,
JQuery, HTML, JSON, JavaScript, and MySQL, in an Apache
webserver. The Monitoring System for Transboundary FMD is
also composed of other third-party software and hardware such
as voice gateway, SMS gateway, voice modems, and SMS
models that support its operations. Voice gateway provides
automatic voice call services to the system through the voice
modem pool (Figure 1) [18, 19]. It acts as a communication
interface between the FMD monitoring system and the voice
modem pool attached to the server's USB port. The SMS
gateway provides SMS services to the system [20]. The SMS
modem pool is connected to the SMS gateway software for
routing SMS to the mobile network (Figure 1). The SMS
gateway act as a communication interface between the FMD
monitoring system and the SMS modem pool attached to the
server's USB port.
IV. S YSTEM SECURITY
Procedures for developing a secure web-based information
system, such as using parameterized queries when
implementing the system login script to avoid SQL injection
attacks, etc. had been followed during the implementation
phase [21]. The livestock keepers should first be registered in
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changed the first time the user logins into the system. Strong
password policy [24] has been followed while developing the
change password section. Only registered stakeholders are
allowed to access different parts of the system based on
privileges assigned by the system administrator during
registration. The server machine was hosted in a room with
biometric access for authorized personnel only.

the system in order to receive or send information to it. Other
stakeholders, including veterinarians, have the privilege to
register livestock keepers in the system. Apart from livestock
keepers, different stakeholders may access the system by using
their username and password on the login page (Figure 8) [22,
23]. The system administrator registers stakeholders by
asigning the username and a temporal password that must be
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V.

Block diagram of the system architecture.

RESULTS

Figures 3 and 4 are the USSD menu shown on the livestock
keeper’s mobile phone after dialling a specific USSD code. The
USSD menu allows livestock keepers to report FMD outbreaks
or access different FMD awareness descriptions such as
transmission pathways, precaution measures, clinical signs, and
negative impacts from the server. Figure 3 shows a livestock
keeper reporting 67 FMD suspected cattle to the system after
choosing option number 1 of the USSD menu. Upon
completing the request, the system stores the 67 cattle to the
system for verification purposes (Figure 6). Veterinarians may
www.etasr.com

use this information to verify the FMD outbreak validity by
calling and physically visiting the livestock keeper. Later on,
veterinarians may either update the number of suspected
animals to reflect the actual number of victims or discard the
information as invalid (Figure 6). Figure 4 shows the SMS
feedback after the livestock keeper requested FMD
transmission pathways from the system by selecting option
number 2 of the USSD menu. The descriptions were uploaded
to the server by other livestock stakeholders, including but not
limited to veterinarians, researchers, and research institutions
(Figure 7).
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Data flow in the system.

Reporting FMD outbreak using USSD menu.
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The system accepts name, gender, mobile phone number,
cattle shed location (latitude and longitude), age, etc. (Figure
5). The system allows access only to registered livestock
keepers. The mobile number enables the livestock keeper to
communicate with the surveillance system using USSD, voice
calls, and SMS. Also, veterinarians may use the number for
management purposes, including calling livestock keepers at
any time or after the report of an FMD outbreak for
verification. Veterinarians may also verify the FMD reported
outbreaks to the system after physically visiting the livestock
keeper and observing the actual number of cattle suffering from
FMD (Figure 6). The login page is also the systems’ home
page with cattle shed and kraal spatial distribution map

Fig. 4.
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generated by the Google maps (Figure 8). The map indicates
the cattle sheds and kraals as circles generated by the system
after registering the livestock keeper’s particulars in the system
for the first time in line with cattle’s shed and kraal (herbs)
location details (latitude and longitude) (Figure 5). Different
colors are used to indicate herds FMD status. For example, the
herd appears green when no FMD case is reported by the
livestock keeper (an apparently healthly herd). It appears blue
when the livestock keeper reports an unverified (unconfirmed)
FMD case, red when the reported FMD case is confirmed, and
orange when unconfirmed and confirmed cases co-exist in the
same herd. Otherwise, the status remains green (Figure 8).

Accessing FMD transmission pathways using the USSD menu.

Fig. 5.
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Fig. 6.

Fig. 7.
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Verifying FMD reported cases.

Uploading FMD awareness description to the system.

VI. DISCUSSION
Apart from the proposed Monitoring System for
Transboundary FMD, there are many other existing web-based,
mobile-based, and integrated (mobile and web-based) systems
developed for similar purposes [7, 9, 11, 25-27]. They offer
limited access to the local communities, who are the main
stakeholders in animal disease reporting since a disease always
starts from their cattle [26]. In the case of existing web-based
surveillance systems, only the top-level stakeholders such as
laboratories, researchers, and international agencies can upload
or access disease information to the system because they have
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the necessary skills and devices [10, 11]. Unfortunately, most
livestock keepers, especially in developing countries, were
excluded from the use of these systems due to the lack of skills
and tools to access them (Table I). There are also existing
mobile-based animal and human health surveillance systems
such as the EMA-I and AfyaData, which collect nearly realtime surveillance data in the local communities’ context [25,
27], but still, they deny livestock keepers the ability to
communicate the surveillance data to the respective authorities
directly. Instead, the organizations utilize veterinarians and
Community Health Reporters (CHRs) in the livestock-keeping
communities to collect the surveillance data for them on behalf
of livestock keepers with the use of smartphones. This
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mechanism of collecting data leaves many unreported cases,
especially in the hard-to-reach livestock-keeping communities
[26] and requires more veterinarians and CHRs in the field in
order to be effective and well facilitated.
The presented Monitoring System for Transboundary FMD
is designed to cover the existing surveillance systems'
deficiencies. The extra integrated USSD and automatic voice
call (robo-calls) features in the Monitoring System for
Transboundary FMD provide two-way communication to the
server to the local communities that lack internet access. As a
result, livestock keepers can access and receive information
directly from the server using any mobile phone (feature or

Fig. 8.
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smartphone). These features differentiate this system from the
rest. The system continuously maintains awareness to livestock
keepers by reminding them disease precaution measures,
clinical signs, negative impacts, and transmission pathways in
SMS and robo-calls. Also, livestock keepers can access this
and any other uploaded information to the server using a USSD
menu instead of web browsers. Different stakeholders may also
access similar information using web-browsers, smartphones,
or PCs with internet access like in the other surveillance
systems [7, 9, 11, 25-27]. Similarly, the system enables
livestock keepers to report disease outbreaks through the USSD
menu.

System login page with cattle’s shed and kraal spatial distribution map.

The current study believes that the total involvement of
livestock keepers in animal disease surveillance will enhance
early disease outbreak detection, reporting, and will provide
real-time quality data for fast response to disease epidemics
allowing more efficient disease control. Also, periodically
receiving various FMD events in SMS or voice calls increases
the FMD awareness of the livestock keepers. Policymakers
may also use the FMD secondary data in the system for
decision-making like in other surveillance systems (Figure 8).
This study found that 91% of livestock keepers in the Gairo
district own feature phones (Table I), which is comparable with
the data from [26]. It was also found that the majority of
livestock keepers use mobile phones for calling (48%) and
sending SMS (39%). The sufficient number of livestock
keepers owning feature mobile phones and their calling and
sending SMS preferences motivated the use of USSD and robocalls services in the proposed Monitoring System for
Transboundary FMD. Lastly, the system generates a spatial
distribution map of FMD suspected and affected cattle sheds or
kraals generated on the home page to determine the disease
distribution behavior for a specific period (Figure 8), unlike
other surveillance systems that generate spatial distribution in
regional and country-wise levels.
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VII. CONCLUSION
The proposed Monitoring System for Transboundary FMD
provides a common platform for communicating FMD data
among livestock keepers and transmit information across the
ladder. Adopting the surveillance system will enable FMD
awareness maintenance to livestock keeper’s communities,
timely sharing of FMD outbreaks, and prompt preparedness
and responding to the district's disease epidemics. The system
can even be adopted in other endemic livestock diseases.
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Abstract-Harmonic penetration can be problematic by the
growing interconnection of Wind Turbines (WTs) in distribution
networks. Since the active power outputs of WTs and loads in the
distribution system have uncertainties, the optimal WT
penetration level problem can be considered to have a stochastic
nature. In this study, this problem is taken into account in the
stochastic optimization method with the consideration of
uncertainties in wind speed and distribution network load profile.
Chance constraint programming is taken into account in the
determination of optimal WT penetration levels by applying the
Genetic Algorithm (GA) along with Monte Carlo Simulation
(MCS). The harmonic power flow analysis based on the
decoupled harmonic load flow approach is employed in the
distorted distribution network. Chance constraints are
considered for the harmonic issues such as the Total Harmonic
Distortion of Voltage (VTHD), Individual Harmonic Distortion of
Voltage (VIHDh), and Root Mean Square of Voltage (VRMS).
Keywords-chance constraint programming; wind turbine;
distribution network; stochastic optimization

I.
INTRODUCTION
Wind Turbines (WTs) are gaining importance with the
increase in power demand in distribution systems [1]. These
DG systems, which are integrated to distribution systems with
power electronics converters, have a wide range of
applications. Although WTs meet the power demand in the
distribution networks, they can also have negative effects. The
fact that the penetration levels of WTs have increased
significantly causes problems in terms of power quality issues
related to harmonic distortion in distribution systems [2–4].
These types of problems result from the power electronics
converter interfaces that provide the interconnection between
the WTs and the distribution network. Currents and voltages
are increasingly diverging from their sinusoidal shapes since
power electronics devices have been widely used in distribution
networks. This situation negatively affects the quality of the
power transmitted to the consumers. As a result of high
installation of WTs in distribution networks with nonlinear
loads, high levels of harmonics cause negative results in terms
of efficiency and reliability of distribution systems. In this

manner, it is useful to optimize the penetration level of WTs in
the network by taking the harmonic parameters into
consideration. Therefore, the examination of the influence of
WTs on the harmonic issues of power systems is a vital
problem [5]. On the other hand, the investigations on the
harmonic impact of WTs on the distribution systems require
information about the harmonic characteristics of their output
currents. In this manner, the increasing penetration of WTs
plays an important role in the evaluation of the harmonic
influences of these systems. Wind speed variations give rise to
changes in the operating points of WTs. This in turn influences
the harmonic distortions caused by the output current of the
wind system. In general, the problem concerning the impacts of
wind speed changes on harmonic power quality of the utility
grid is considered in the planning of optimal placement and
capacity of WTs on distorted distribution networks.
Some studies consider the effects of wind speed on the
behavior of harmonic power quality of the power system [6–
10]. In [6], the harmonic influences of wind system on the grid
power quality have been examined, and it has been shown that
variable speed conditions cause greater Total Harmonic
Distortion (THD) current when compared to constant speed
operation. While installing the WTs at power grids, the
assessment of harmonic power quality of the power network is
a very important issue due to wind speed variations. In [7, 8],
the output current of the Doubly Fed Induction Generator
(DFIG) type of WT has been examined in case of instantaneous
variations in wind speed. It has been determined that the
harmonic frequency currents have stochastic behavior due to
the uncertainty in wind speed conditions. It is important to note
that the dependency of harmonic problems on wind turbine
operation conditions such as wind speed variations is a vital
problem in the literature. In [9], the impact of these conditions
on the harmonic output currents of the WT has been
investigated. It has been concluded that these harmonic
currents can be represented by probability distributions because
of the random characteristics based on the changes in the wind
speed. The harmonic current components of a wind farm have
been analyzed by taking into account the relations between the
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harmonic injection currents and the output powers of the WTs
in [10].
Optimal planning of inverter-based DGs considering
harmonic penetration is generally performed using
deterministic optimization procedures [11]. On the other hand,
the random nature of problems may not be taken into account
in the deterministic approaches, which present conservative
behavior in terms of optimization solutions. However, the
random characteristics of environmental conditions and
distribution system load profile make the optimization
problems to have probabilistic nature. The optimization
outcomes can be represented by the probability distributions
within the determined region by utilizing the probabilistic
approaches. In this manner, Monte Carlo Simulation (MCS) is
a well suited method for handling the probabilistic and
harmonic related problems [12–14]. In [12], an optimization
problem has been investigated by the MCS method with the
consideration of confidence intervals for THD current limits in
distribution system with background harmonics. Chance
constrained programming plays important role in performing
the planning of distorted distribution systems. In [13], MCSbased Genetic Algorithm (GA) optimization has been applied
to determine the optimal planning of passive harmonic filters
considering the confidence intervals for harmonic constraints.
In [14], a method incorporating GA and MCS has been
proposed for optimal planning of passive harmonic filters
taking into account chance constraint for VTHD in a
distribution network, consisting of PV systems and nonlinear
loads.
However, the optimization framework for planning the WT
penetration level by simultaneously considering the chance
constraints for the harmonic power quality indices, which are
VTHD, VIHDh and VRMS has not been taken into account in
these studies. In the present paper, these literature gaps have
been handled in detail. In the current paper, the optimal WT
penetration level problem is taken into account in the stochastic
optimization method with the consideration of wind speed and
load uncertainties in the distribution system. Chance constraint
programming is considered in the determination of optimal WT
penetration levels by performing GA along with MCS. The
harmonic power flow analysis based on decoupled harmonic
load flow method is employed. The chance constraints are
considered for VTHD, VIHDh, and VRMS.
II. HARMONIC POWER FLOW
As the penetration levels of WTs increase in distorted
distribution networks with nonlinear loads, harmonics also
increase. WT harmonics negatively affect devices in
distribution networks with higher background harmonics. As
the interconnection of WTs in the distribution system rises, the
total harmonic distortions in the voltage and current cause the
lifetime of devices to decrease. In this context, the harmonic
issues must be considered when integrating WTs into
distribution networks, which are distorted. Harmonic
distortions in electricity distribution networks increase due to
the inverter interfaces in the structures of WTs resulting from
the installation of these sources into the distribution grids. In
addition, nonlinear loads, which are widely used in distribution
systems, have an important role in these harmonic distortions.
www.etasr.com
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As a result of the constantly increasing energy demands, power
quality is a major issue. The nonlinear loads and the variability
of WT active power capacities, which depend on wind speed,
may affect the power quality in distribution systems. In this
context, harmonic power flow analysis studies play an
important role in terms of analysing and designing distribution
systems considering harmonic distortions. In this manner, THD
becomes higher when the WTs meet all the power demands in
the distribution network, with nonlinear loads also connected.
Therefore, harmonic analysis study is inevitable for the
examination of power quality issues.
In this paper, the harmonic analysis based on decoupled
approach is utilized [15]. The harmonic power flow can be
solved by taking into account the following equation for each
harmonic order of interest:
h
h
h
I Bus
= YBus
V Bus

(1)

h

h

where YBus represents the bus admittance matrix, V Bus shows
h

the bus voltage vector, and I Bus denotes the total harmonic
current injection vector of wind turbines and nonlinear loads.
III. OPTIMIZATION FRAMEWORK
In this article, GA [16] is carried out to maximize the
optimal WT penetration level based on the constraints. This
problem can be considered to have stochastic nature since the
active power outputs of WTs and loads in the distribution
network have uncertainties. Thus, the chance constraints are
taken into account for the VTHD, VIHDh, and VRMS limits.
The determination of the optimal WT penetration levels based
on chance constraint programming is handled by performing
GA along with MCS. The objective function can be presented
as:
Nc

∑ PWT ,k
PL(%) =

k =1

Total MVA

x100

(2)

where Nc is the amount of WT candidate buses, PWT ,k is the
wind turbine capacity at bus k, TotalMVA shows the total system
MVA of the distribution system, and PL(%) denotes the total
penetration level of WTs. The chance constraints for the power
quality indices are given by:
Pr {VTHD k (%) ≤ VTHD k ,max (%)} ≥ αVTHD
Pr {VIHDh k (%) ≤ VIHDh k ,max (%)} ≥ αVIHDh
Pr {VRMS k ,min ≤ VRMS k ≤ VRMS k ,max } ≥ αVRMS

(3)
(4)
(5)

where:
H

VTHD k (%) =

∑V

h,k 2

h

V 1,k

x100

(6)

Barutcu: Examination of the Chance Constrained Optimal WT Penetration Level in Distorted …

Engineering, Technology & Applied Science Research

VIHDh k (%) =

V h,k
V

The lower and upper limits of wind turbine capacities are
presented as in:
H

V 1,k + ∑ V h,k
2

VRMS k =
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X = ( PWT ,1 ,...,PWT ,k ,...,PWT ,Nc ) (13)

(7)

x100

1,k
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2

PWT ,min ≤ PWT ,k ≤ PWT ,max

(8)

(14)

h

V 1,k , V h ,k , VTHDk, VIHDhk, and VRMSk, denote fundamental
frequency voltage, harmonic frequency voltage, total harmonic
distortion of voltage, individual harmonic distortion of voltage,
and root mean square of voltage at bus k, respectively. h and H
are the harmonic order of interest and maximum harmonic
order respectively. αVTHD , αVIHDh , and α VRMS show the
confidence levels (CL) for VTHDk, VIHDhk, and VRMSk
respectively.

The overall objective function has been determined
considering the chance constraint violations in harmonic
parameters with the utilization of penalty function approach
[17]:
Nc

∑P

f overall =

TotalMVA

x100

2. Input the harmonic spectrums of the WT system and
nonlinear loads.
3. Generate 1000 different wind speed and load states from
the corresponding probability distributions.
4. Generate the initial population representing the candidate
solutions randomly.
th

5. Start the MCS for the t state (t = 1, 2, … , 1000),
otherwise, if t is greater than 1000, go to step 10.

7. Implement the decoupled harmonic power flow method for
th
the t state.

TB

k
+ pmVTHD ∑ ϕVTHD
− (1 − αVTHD )
k =1
TB

1. Input the parameters that belong to the distribution system.

6. Determine the active power outputs of WT systems and get
th
the load data corresponding to the t state.

WT ,k

k =1

The main steps of the overall methodology, which is
performed by applying GA in conjunction with MCS, are:

(9)

8. Evaluate the VTHD, VIHDh, and VRMS at each bus of the
th
distribution system for the t state.

H

k
+ pmVIHDh ∑∑ ϕVIHDh
− (1 − αVIHDh )
k =1 h

9. Go to step 5.

TB

k
+ pmVRMS ∑ ϕVRMS
− (1 − αVRMS )

10. Determine the probability density functions of distributions
of VTHD, VIHDh, and VRMS at all buses of the
distribution system by considering all states.

k =1

where:
k
ϕVTHD
= 1 − Pr {VTHD k (%) ≤ VTHD k ,max (%)}

(10)

k
ϕVIHDh
= 1 − Pr {VIHDh k (%) ≤ VIHDh k ,max (%)}
k
ϕVRMS
= 1 − Pr {VRMS k ,min ≤ VRMS k ≤ VRMS k ,max }

(11)
(12)

where pmVTHD , pmVIHDh , and pmVRMS represent the penalty
multipliers in case of the violations in chance constraints
corresponding to VTHD, VIHDh, and VRMS respectively and
k
k
k
, ϕVIHDh
, and ϕVRMS
are the probabilities of limit
ϕVTHD
violations in VTHD, VIHDh, and VRMS respectively. TB is
the total amount of nodes in the distribution network. As
illustrated in (9), the WT penetration level is maximized
provided that the probabilities of violations are within the
corresponding limits. When the probabilities of violations
exceed their limits, the penalty factors are utilized. Therefore,
the optimization algorithm explores a more suitable solution,
when the overall objective function becomes larger due to the
violations in chance constraints. In this paper, GA is utilized to
handle the stochastic optimization problem illustrated in (9).
The solution representing the optimal active output powers of
WTs at each candidate node of distribution network is
presented as follows:

www.etasr.com

11. Calculate the probabilities of limit violations in VTHD,
VIHDh, and VRMS by taking into account the probability
density functions of these parameters. In this step, the
probabilities of violations are determined by integrating the
probability density functions over the intervals of limit
violations for VTHD, VIHDh, and VRMS at every bus of
the distribution system [18]. As an example, this process is
illustrated in Figure 1 for the harmonic power quality
parameters at bus k of the distribution network. The total
and individual harmonic distortions of voltage have been
limited by 5% and 3% respectively [19], according to the
IEEE 519 Standards. The root mean square value of
voltage has the lower and upper bounds of 0.9pu and 1.1pu
respectively. The shaded areas under the probability
density functions represent the probability of limit
violations, except for the shaded areas which illustrate the
confidence level for the harmonic parameters.
12. Check the chance constraints whether they are within their
limits or not. The chance constraints are satisfied when the
areas under the probability density functions of VTHD,
VIHDh, and VRMS over the corresponding intervals of
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limit violations are less than 1 − αVTHD , 1 − αVIHDh , and
1 − αVRMS respectively.
13. Calculate the objective function for each chromosome
considering the chance constraints related to the harmonic
power quality indices.
14. Evaluate the objective function by taking into account the
penalty function method, if the chance constraints are not
met.
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The chance constrained optimization method is utilized for
the probabilistic optimization problems, the constraints of
which have random characteristics. Determination of the
optimal solution means that the stochastic constraints are
within their limits for the defined confidence interval. In this
context, MCS is a well suited method for dealing with the
probabilistic problems. The flowchart of GA optimization
methodology along with MCS is demonstrated in Figure 2. The
flowchart of the approach for testing the optimization results by
taking into account the chance constraints is given in Figure 3.

15. Print the optimal active power outputs of WTs if the
optimization criteria are satisfied, otherwise go to step 4.
16. Test the optimization results considering the chance
constraint violations for harmonic power quality
parameters.

(a)

(b)

(c)

Fig. 1.
The probability density functions of (a) VTHD, (b) VIHDh, (c)
VRMS at Bus k.

www.etasr.com

Fig. 2.

The flowchart of the proposed method.
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reproduction, mutation, crossover, and the new population
generation stages until the optimization criteria were satisfied.
After the optimization process presented in Figure 2 has been
completed, the optimization results have been tested to
determine the probabilities of violations in chance constraints
by using the method illustrated in Figure 3.
IV. MODELING OF UNCERTAINTIES
The uncertainties of load demand and wind speed are
gaining importance in the stochastic power flow analysis of
distribution networks with the growing interconnection of wind
turbines to these power systems. The probabilistic approaches,
in which these uncertainties are taken into account, are
inevitable for the evaluation of the stochastic behavior of
distribution systems, to which the WTs are interfaced. In that
manner, it is very important for stochastic approaches that the
random variables in the problem have some probability
distributions [12]. Since the consumptions and renewable
power productions in distribution systems have probabilistic
framework, these are included in the stochastically modeled
approaches. The outcomes, which are determined by the
probabilistic approach, also show stochastic behavior and
follow a probabilistic distribution. The output random variables
of stochastic process performed on the problem have
uncertainties and probabilistic features as the input ones have
these properties [20]. The distribution functions are generally
utilized to express the uncertainties of load demand and wind
speed in probabilistic methods.
In this paper, the wind speed is considered to have a
Rayleigh Distribution [21]. The probability density function
(pdf) of wind speed is given as in the following:

 2vWT , k
f (vWT ,k ) = 
2
 c
Fig. 3.

The flowchart of the approach for testing the optimization results.

In this paper, the 1000 different wind speed and load states
have been firstly generated from their corresponding
probability distributions. Then, the GA optimization process
has been initiated by randomly generating initial populations
representing the candidate solutions. The MCS approach,
which has been embedded in the optimization algorithm, has
been applied for all wind speed and load states. The decoupled
harmonic power flow method has been implemented to
evaluate VTHD, VIHDh, and VRMS at each bus of the
distribution system by considering the active power outputs of
WT systems and load data for all states in the MCS algorithm.
After the MCS process has been completed, the probability
density functions of VTHD, VIHDh, and VRMS have been
determined. After that, the probabilities of limit violations in
these harmonic parameters have been calculated taking into
account the probability density functions. The objective
function has been evaluated with the consideration of limit
violations in chance constraints. If the chance constraints have
not been met, the objective function has been calculated by
considering the penalty function method. GA optimization
approach has been iteratively carried out by considering
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 v

 exp −  WT , k

  c

 






2






(15)

where c represents scale index and vWT ,k shows the wind
speed on the wind turbine at bus k of the distribution network.
The wind turbine capacity depends on wind speed, and can be
evaluated as [21]:

PWT ,k

0


 vc ,i − vWT ,k  P
 WT ,N

=  vc ,i − vWT ,N 

PWT ,N


0

0 ≤ vWT ,k ≤ vc ,i
vc ,i ≤ vWT ,k ≤ vWT ,N

(16)

vWT ,N ≤ vWT ,k ≤ vc ,o
vc ,o ≤ vWT ,k

where vWT , N represents the nominal speed of WT, vc ,o
shows the cut-out speed of WT, v c ,i illustrates the cut-in speed
of WT, and PWT , N is the nominal active power output of WT.
In this study, the load uncertainty of the distribution
network has been modelled by normal distribution [12]. The
normal distribution pdf is given as follows:
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 (PD ,k − PD, k ,mean )2
 1 
 exp −
f (PD,k ) = 

2σ 2
 2π σ 







(17)

where PD,k illustrates the active power load at bus k of
distribution system, PD,k ,mean is the load profile mean value at
bus k, and σ is the standard deviation.
V. S IMULATION RESULTS
In this study, GA parameters are selected as: 10-6 for the
tolerance of fitness function, 200 for the maximum number of
generation, 30 for population size, and 0.8 for the crossover
fraction. The study simulations have been implemented on a
PC with 2.80GHz CPU. In this study, the optimal penetration
levels of WTs have been determined based on the uncertainties
of load powers on the distribution network and wind speed on
WTs. The chance constraints for harmonic issues have been
considered in the stochastic planning of active output powers of
WTs. The WT penetration levels have been maximized by
ensuring chance constraint limits and considering a
probabilistic framework of load powers and wind speed. The
WTs have the installed capacity of 500kW at each candidate
bus of the distribution system. A 33 bus distribution network
[22] has been used to perform the simulations. This system,
which has the total capacity of 6MVA, is given in Figure 4.
The chosen WT candidate buses are 5, 11, 16, 17, 19, 22, 24,
25, 26, 28, 30 and 32.

Fig. 4.
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requires handling the input random variables, which are
represented by distribution functions, by performing
deterministic approaches for different states. By implementing
the probabilistic method with the inclusion of input random
variables, the output variables, which also follow a distribution
function, can be determined. The wind speed states, which are
generated from the corresponding probability distribution, are
illustrated in Figure 6.

Fig. 5.

The total load states of the distribution system.

33 bus radial test system.

Different states have been generated for the load profile of
the distribution system. The active powers of original load in
the grid are regarded as the mean values. The generated load
cases have 10 % standard deviation with respect to the mean
values. The total distribution system active load profile is given
in Figure 5. The proposed methodology considers the
examination of harmonic power quality indices on WTs
integrated distribution system based on the uncertainties in the
probabilistic optimization framework. Nominal, cut – out, and
cut – in speeds of WTs have been regarded as 16m/s, 25m/s,
and 4m/s respectively [23]. The wind speed states have been
generated based on the Rayleigh Distribution in the proposed
method. The uncertainties in wind speed conditions, which in
turn affect the WT power generation, give rise to the
probabilistic generation in WT systems. As a result of wind
speed uncertainties in WT systems and load uncertainties in
distribution systems, the probabilistic approaches are applied.
By the aid of the probabilistic model, the different cases of
random variables can be considered in the active distribution
network, which is examined. The probabilistic approach
www.etasr.com
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The wind speed states.

The installation nodes and the capacities of nonlinear loads
are presented in Table I. The harmonic current components of
WTs and nonlinear loads are demonstrated in Table II [11, 15].
TABLE I.
Buses
2
6
14
19
23
27
33

NONLINEAR LOAD POWERS IN THE DISTRIBUTION
SYSTEM

Active Power (kW)
45
27
54
40.5
40.5
27
27

Reactive Power (kVar)
27
9
36
18
22.5
11.25
18

The optimal active power outputs of WTs are shown for
different confidence levels in Table III by performing GA with
MCS in chance constraint optimization framework. The
optimal values of WT penetration levels have been determined
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as 44.79%, 40.86%, and 36.28% for 0.7, 0.8, and 0.9
confidence levels respectively. The GA success rates [24]
determined for 0.7, 0.8, and 0.9 confidence levels are depicted
in Figure 7. The GA optimization approach, where MCS is
embedded, has converged to the optimal solutions in 26556.55s
at 89 iterations for 0.7 confidence level, in 25189.85s at 94
iterations for 0.8 confidence level, and in 38654.93s at 143
iterations for 0.9 confidence level respectively.
TABLE II.

HARMONIC CURRENT COMPONENTS

Harmonic Order
1
5
7
11
13
17
19
23
25
29
31
35
37
41
43
47
49
TABLE III.

Buses
5
11
16
17
19
22
24
25
26
28
30
32

Fig. 7.

Magnitudes (%)
Wind Turbine
Nonlinear Load
100
100
4.00
23.52
4.00
6.08
2.00
4.57
2.00
4.20
1.50
1.80
1.50
1.37
0.60
0.75
0.60
0.56
0.60
0.49
0.60
0.54
0.30
0.30
0.30
0.30
0.30
0.30
-

OPTIMAL WT OUTPUT POWERS FOR DIFFERENT
CONFIDENCE LEVELS

For 0.7 CL
379.33
59.53
274.82
128.11
327.05
137.18
382.04
133.48
197.78
308.93
225.41
134.13

, (kW)
For 0.8 CL
396.67
59.88
374.02
4.05
83.26
208.05
243.40
138.96
343.86
288.38
211.59
99.58

For 0.9 CL
78.39
261.31
371.44
83.66
178.25
55.33
217.03
18.91
235.66
250.29
215.29
211.32
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As presented in Table III, the optimal WT penetration
levels decrease with the increase of confidence levels. The
main reason is that the optimization process is more
conservative in higher confidence levels. Since the optimal
penetration levels of WTs in lower confidence levels are less
than those at the higher levels by the chance constraints, the
optimal WT penetration levels are increasing by the decrease of
confidence levels. The upper limits and optimal values of WT
active power outputs for different confidence levels have been
interconnected to the distribution network to test violations in
chance constraints related with harmonic power quality
parameters. The violations in chance constraints for these
parameters are presented in Table IV.
As seen in Table IV, chance constraint violations of VTHD,
VIHD5, VIHD7, and VRMS are observed when the nominal
capacities of WT output powers are connected to the
distribution system. The optimal active power outputs by the
proposed methodology cause considerable minimization in the
violations. These optimal output powers of WTs ensure that the
violations in the chance constraints of harmonic related issues
comply with their corresponding limits for each confidence
level. The chance constraint violations of VIHD7 are not
observed for the optimal solutions of WT output powers for all
confidence levels. The violations in chance constraints for
power quality parameters are satisfied with the corresponding
confidence levels, in which the probabilistic optimization
procedure has been applied. According to [25], meaningful
results can be determined by using 1000 states in the MCS
process. Low accuracy can be increased by increasing the
number of states. This in turn does not require the utilization of
a greater number of states. In this study, the wind speed states
in Figure 6 and the load states in Figure 5, which are
considered in the GA optimization process, are also taken into
account in the testing of the optimization results. The chance
constraints are satisfied by the GA optimization results for
these data sets. It can be concluded that the load and wind
speed data sets, which are taken into account in the
optimization algorithm, illustrate the chance constraint
handling ability of the optimization process when they are used
as test sets.
By the increase of WT integration into the distribution
systems, harmonic distortions cause negative effects in these
networks. The connection of these renewable energy resources
to the grids with nonlinear loads leads the distribution system
planners to research on ensuring harmonic power quality. In
this context, determining the optimal WT penetration levels in
active distribution networks, where high harmonic currents and
voltages are observed, is a major issue. Optimal penetration
levels of WTs obtained based on the harmonic limits specified
in the IEEE 519 standards become important for the continuity
of harmonic power quality in the distribution systems.
Maintaining power quality is inevitable for the efficiency and
reliability of power transferred to the end users in the
distribution network. In this manner, the occurrence of
harmonic problems in the distribution systems requires that
each phase of planning for the optimal penetration levels of
wind turbines should be made correctly.

The iteratively depicted optimal WT penetration levels.
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TABLE IV.
Buses
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

VTHD
0.5073
0.5083
0.5437
0.5469
0.5503
0.5875
0.5890
0.5964
0.6315
0.6368
0.6377
0.6388
0.6736
0.6771
0.6791
0.6814
0.6849
0.6849
0.5086
0.5099
0.5104
0.5115
0.5445
0.5461
0.5166
0.5881
0.5889
0.5906
0.5921
0.5930
0.5943
0.5949
0.5952

For ,ࢇ࢞
VIHD5 VIHD7
0.8984
0.1610
0.9131
0.1617
0.9146
0.1835
0.9155
0.1855
0.9288
0.1877
0.9410
0.1916
0.9408
0.2137
0.9508
0.2193
0.9513
0.2228
0.9595
0.2504
0.9596
0.2511
0.9597
0.2520
0.9667
0.2568
0.9669
0.2593
0.9669
0.2611
0.9668
0.2634
0.9664
0.2672
0.9664
0.2672
0.9132
0.1619
0.9137
0.1629
0.9139
0.1632
0.9002
0.1638
0.9150
0.1840
0.9156
0.1850
0.9158
0.1856
0.9412
0.1921
0.9414
0.2140
0.9421
0.2157
0.9425
0.2169
0.9428
0.2176
0.9430
0.2183
0.9522
0.2186
0.9523
0.2187

7318

VIOLATION PROBABILITIES

Violation probabilities in harmonic power quality parameters
ࡼࢃࢀ, for 0.7 CL
ࡼࢃࢀ, for 0.8 CL
VRMS VTHD VIHD5 VRMS VTHD VIHD5 VRMS
0.0007 0.0748
0.0379
0.0007 0.0750
0.0380
0.0008 0.0859
0.0447
0.0009 0.0978
0.0522
0.0010 0.0984
0.0525
0.0011 0.1277
0.0003 0.0706
0.0012 0.1450
0.0003 0.0812
0.0014 0.1659
0.0008 0.1066
0.0016 0.1886
0.0017 0.1216
0.0019 0.2389
0.0022 0.1383
0.0019 0.2392
0.0022 0.1384
0.0019 0.2396
0.0022 0.1564
0.0026 0.2976
0.0031 0.1990 0.0001
0.0002 0.0026 0.2990
0.0005 0.0034 0.1998 0.0011
0.0004 0.0026 0.2992
0.0013 0.0034 0.1999 0.0026
0.0008 0.0026 0.2994
0.0022 0.0034 0.2000 0.0083
0.0015 0.0026 0.3000
0.0068 0.0034 0.2000 0.0215
0.0015 0.0026 0.3000
0.0093 0.0034 0.2000 0.0288
0.0007 0.0750
0.0380
0.0007 0.0747
0.0376
0.0007 0.0745
0.0375
0.0007 0.0742
0.0371
0.0009 0.0862
0.0448
0.0008 0.0862
0.0448
0.0008 0.0862
0.0446
0.0011 0.1279
0.0003 0.0812
0.0011 0.1282
0.0003 0.0814
0.0013 0.1463
0.0005 0.0819
0.0013 0.1470
0.0005 0.0939
0.0013 0.1473
0.0005 0.0940
0.0014 0.1675
0.0008 0.1075
0.0014 0.1679
0.0008 0.1077
0.0014 0.1898
0.0008 0.1080
-

Harmonic studies carried out in distribution networks, are a
major issue these networks face. Studies which find
applications of WTs in different areas, are increasingly gaining
importance in power quality researches. Optimal connection of
WTs to the distribution networks is important in order to keep
harmonic distortions within the allowable limits. However, the
increase in the installation of these sources in the distribution
networks leads to violations of the harmonic limits specified in
IEEE 519 standards. In this manner, the optimal penetration
levels of WTs should be determined taking into account the
harmonic parameters. In this study, the probabilistic
optimization approach is proposed to achieve optimal WT
penetration levels by considering load uncertainty and wind
speed variability in active distribution systems considering
harmonic distortions. This approach is important for proper
network planning. The cumulative distribution functions for the
power quality parameters at node 18, which is the most
vulnerable bus to harmonic currents, are given in Figure 8 for
different confidence levels. As presented in Figure 8, the
VTHD at bus 18 has been observed above 5% with
probabilities of 0.0026, 0.0034, and 0.0001, while the VIHD5
at bus 18 has been determined beyond the limit of 3% with
probabilities of 0.3, 0.2, and 0.0993 for 0.7, 0.8, and 0.9
confidence levels respectively. Moreover, the VRMS has
www.etasr.com

Vol. 11, No. 4, 2021, 7311-7320

, for 0.9 CL
VTHD VIHD5 VRMS
0.0111
0.0111
0.0145
0.0168
0.0169
0.0235
0.0278
0.0391
0.0543
0.0636
0.0637
0.0639
0.0867
0.0001
0.0001 0.1000
0.0009
0.0001 0.0998
0.0017
0.0001 0.0996
0.0033
0.0001 0.0993
0.0089
0.0001 0.0993
0.0123
0.0126
0.0126
0.0125
0.0125
0.0145
0.0145
0.0145
0.0279
0.0279
0.0280
0.0332
0.0333
0.0394
0.0394
0.0465
-

violated its corresponding limits with 0.0093, 0.0288, and
0.0123 probabilities for the confidence intervals of 0.7, 0.8, and
0.9. Within the scope of this study, probabilistic harmonic
analysis studies considering distorted active distribution
networks to which WTs and nonlinear loads are connected
have been carried out, and optimal penetration levels of these
sources have been evaluated by considering the harmonic
power quality issues with respect to wind speed. In WT
connected distribution networks, changes in wind speed may
cause violations of the harmonic parameters. In this manner,
the probabilistic nature of harmonic parameters based on wind
speed variations should be included in the constrained
optimization problem while determining the optimal WT
penetration levels by considering harmonic distortions in
distribution networks. The probabilistic dependence of
harmonic power quality parameters on changes in wind speed
is an important research subject in the WT-integrated active
distribution networks. In this study, the VTHD, VIHDh, and
VRMS in distribution system vary stochastically depending on
the wind speed due to the changes in operating points.
Therefore, the effects of WTs on the harmonic parameters in
the distribution networks are taken into consideration for
variable wind speed in the harmonic analysis performed in the
study.
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stochastic optimization framework. The dependency of
harmonic power quality problems on wind speed is handled in
the WTs installed grid by the proposed method. By
implementing GA along with MCS, the optimal WT
penetration levels are determined by utilizing chance constraint
programming. Harmonic power quality indices such as VTHD,
VIHDh, and VRMS, which are considered while writing the
chance constraints, are calculated by harmonic power flow
analysis. Based on the results, the optimal capacities of WTs
ensure that the violations in the chance constraints of the
harmonic issues comply with the corresponding limits for each
confidence level. Since the optimization process is more
conservative in higher confidence levels, the optimal WT
penetration levels decrease with the increase of confidence
levels. The load uncertainty of distribution networks and the
variability of wind speed on WTs encourage network operators
to probabilistic planning studies. The main reason is that the
stochastic optimization problem, which needs to be solved, has
a complex structure due to the changes in load profile and wind
speed. The dependence of the harmonic power quality of the
grid on the operating points and wind speed adds a new
dimension to this probabilistic optimization problem. Based on
these points, the stochastic planning of optimal WT penetration
levels in distribution networks brings the work done in the
literature to a new level in terms of maintaining the power
quality by minimizing the harmonic distortions. Therefore, the
probabilistic planning on optimal WT penetration levels within
the scope of this study has an important place in the relevant
literature.
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Abstract-In this paper, the implementation of the General Secure
Cloud Storage Protocol is carried out and instantiated by a
multiplicatively Homomorphic Encryption Scheme (HES). The
protocol provides a system for secure storage of data over the
cloud, thereby allowing the client to carry out the operational
tasks on it efficiently. The work focuses on the execution of five
major modules of the protocol. We also evaluate the performance
of the protocol with respect to the computation cost of these
modules on the basis of different security parameters and
datasets by conducting a series of experiments. The cloud was
built using OpenStack and the data were outsourced from the
client’s system to the cloud to study the security features and
performance metrics when adopting the cloud environment.
Keywords-cloud computing; OpenStack; RSA; homomorphic
encryption; privacy

I.

INTRODUCTION

Cloud computing has become an evolving field in research
and development because it can considerably lower
computation cost. It has become a demanding and tempting
technology that provides various services of storage,
computation, and availability of data from anywhere and at any
time [1]. As cloud computing is used to store a huge amount of
data that reside on servers that are not physically in the reach of
the users and they are transferred to and from the servers,
security has therefore become an issue that obstructs the
deployment of the cloud environment in an affirmative way [23]. The advancements in cloud computing are taking place at a
very fast pace as the majority of the IT firms have either
already developed IT products aligned with the cloud
computing paradigm or are planning to move their
infrastructure over it. This leads to a greater emphasis on
improving security policies and measures. Thus, there has been
a rapid emergence in the security domain of cloud computing.
Storage facilities are provided by the cloud to store the data on
the servers, but users are not able to verify whether their data

are kept secure. Detailed overviews of the core issues
concerning privacy and security in cloud computing can be
seen in [4-7].
To perform operations on the encrypted data stored on the
cloud requires the cloud to send data to the client. The client
then needs to decrypt them and perform the required
operations. Next, the data must then be encrypted again by the
client before they are outsourced to the cloud. Obviously, this
increases the overhead at the client and the cloud side as well
and is neither a feasible nor an efficient system. It implies the
need for such a system that allows the client to directly perform
operations on the outsourced data without decryption. This is
what we call Homomorphic Encryption Schemes (HESs) [8].
Simply encrypting the data using HESs does not cater to the
demands of data security. Besides, maintaining the integrity of
data sent over to the cloud, it must also allow the client to
detect any forgery and recover the original data. In this paper,
the implementation of the General Secure Cloud Storage
Protocol instantiated by RSA-based HES has been carried out
and evaluated. The cloud was built using OpenStack and data
from the client’s system were outsourced to the cloud. Also, the
performance of the protocol was evaluated with respect to the
computation cost of these modules on the basis of different
security parameters and datasets by conducting a series of
experiments. This work also gives an overview to understand
the practicality of the RSA-SCS protocol to overcome the
threats and issues posed to the data stored on the cloud.
Authors in [9], studied the execution of gradient-based
algorithms that belong to a class of distributed projected
algorithms. They proposed HE-based schemes that can attain
accuracy by concurrently maintaining the state and coefficient
of the respective member. Authors in [10], dealt with a privacypreserving distributed big data analytics framework for cloudbased applications that performs analysis tasks on encrypted
data with end-to-end data protection. The framework employs
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BGV as a fully HES. Authors in [11] reviewed HESs and also
presented an implementation of the Paillier PHE using Python
Library for Paillier's PHE. The extension module Gmpy2 was
used for carrying out the arithmetic operations and calculations.
Authors in [12] discussed the enhanced FHE with a focus on
the dynamic structure of Fully HESs that are symmetric in
nature. Regarding secure outsourced calculations using HE, the
authors in [13] discussed the encrypted data processing
protocols by applying HE over addition and proxy
cryptography. Their system aimed to attain the secrecy of the
user data while preserving the intermediary and final results
security under the semi-honest model. To process encrypted
data, non-interactive protocols were designed. Authors in [14]
discussed the security of multiparty computations. Sometimes,
the users of cloud infrastructure have to sustain the
computation overheads although these must be outsourced.
II. RSA BASED SECURE CLOUD STORAGE PROTOCOL
To work out on the performance evaluation of the protocol,
we have used RSA-based HES to instantiate the General Cloud
Storage Protocol discussed in [15]. The G-SCS System Model
RSA-based HES is partially homomorphic over multiplication
[16].
A. The RSA-SCS Protocol
The chief aspects of the RSA-based HES are:
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• In the former, the user spawns another key K2 whose length
of bits is λ, to compute PRF using this key value. Now the
auditing query σ = K2 and it is then sent to the cloud.
• In the case of randomized auditing, the client selects L
values (i1, i2, . . ., iL) from Znm (Znm denotes m numbers
chosen from the set {0,1, …, n-1}) and also generates K2,
whose length of bits is λ to compute PRF  (·). Now,
auditing query σ = [(i1, i2, . . ., iL), K2] and both of these are
sent.
• Prove σ, D′; PK → Г. The proof generated by the cloud is
also of two types depending on the type of audit query sent
by the client. This is the output of the ‘verify’ module.
III. OPENSTACK CLOUD IMPLEMENTATION
OpenStack is one of the most popular open-source cloud
ecosystems. We implemented the Openstack using 3-node
architecture as depicted in Figure 1. The architecture consists
of Compute, Controller, and Network nodes. These nodes are
installed using the Ubuntu server 16.04. The OpenStack cloud
was implemented in order to emulate the performance of the
protocol in cloud environment. The data transfer and
encryption for the instance running in the OpenStack cloud
environment provided a realistic approach for the
implementation of the protocol. Figure 2 presents the
dashboard screen of the installed OpenStack Cloud.

• KeyGen 1  → SK, PK . By considering the value of λ,
this module is required to generate two prime integers p and
q which must be large enough [17].
• The multiplicative homomorphic property of RSA can be
computed using the technique presented in [18].
• RSA can be used to evaluate the General Cloud Storage
Protocol as RSA-SCS which consists of five modules each
corresponding to a module as in the G-SCS but with the
different parameters and Enc( ), Dec( ). [15].
B. RSA-SCS Workflow
It is evident that to validate the integrity of the data stored
on the cloud, the relationship expressed in [15] can be easily
used by the client. The comprehensive approach to describe the
modules and the steps the in RSA-SCS are mentioned below.
• KeyGen 1  → SK, PK . This module is required to
generate two integers p and q, where both of these should
be prime numbers and the number of bits in the product of p
and q must be ≥ λ.
• Outsource D; SK → D . The client needs to split data D to
m data segments such as d , d , … … , d  , where di ∈ Zn*
(and Zn* denotes {0,1, …, n-1}) for each value of i, before
outsourcing its own data,.
• Audit 1  → σ. As G-SCS protocol provides two types of
auditing. The client can perform either deterministic
auditing, which is comparatively simpler, or randomized
auditing.
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Fig. 1.

OpenStack core components.

IV. EXPERIMENTAL SETUP
To perform the experiments on the RSA-SCS, we
implement this protocol in java using Netbeans IDE on a
system with 1.7 Intel(R) Core(TM) i5-8500 CPU running at

Hyder et al.: Performance Evaluation of RSA-based Secure Cloud Storage Protocol using OpenStack

Engineering, Technology & Applied Science Research

3.00GHz and 16GB RAM. The evaluations were carried out
using 3 different values for security parameter λ, i.e. 512, 1024,
and 2048 bits on two data sets that are text files of 10 and
16KB. As the security of the RSA encryption scheme requires
the product of two primes to be sufficiently large [17],
therefore the BigInteger datatype is used to store the values for
computation of the subsequent modules. AES is used as a
pseudo-random function and the keys for the PRF are
generated by the client.
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multiplication and then a comparison of each computed result
with the corresponding value of α. Therefore, the time for this
module is sufficiently large.
TABLE I.

COMPUTATION
BITLENGTHS

Security
parameter
(λ)
512
1024
2048

Security
parameter
(λ)
512
1024
2048

OpenStack dashboard.

Each experiment was carried out 10 times and the average
value was obtained as the result. To outsource the data, the
Ubuntu machine was used and the instances were generated
with the flavor m1.small having 2GB RAM and 20GB hard
disk. The launched instances were accessed through the Putty
software by using the key pair generated.
V. RESULTS AND DISCUSSION
We have implemented the cloud using OpenStack. The
Ubuntu 16.04 system was used to carry out the experiment.
The keystone service was used to establish the connection
using the dashboard. The method involves creating new
instances on the Compute node and then transferring the data
over the cloud. The reason for the data values being larger in
the results is that the experiment is carried out using the GUI of
the instance created in the Openstack. The computation costs in
seconds of the 5 modules of the RSA-SCS with respect to the 3
security parameter values when outsourcing a file of 16KB size
are shown below. The values in Tables I and II signify that
there is a direct correspondence between the outsourced data
and the time cost of all the modules of the protocol. It can be
seen from the results that running the KeyGen algorithm takes
a longer time as the client generates 2 prime numbers initially
and then other 3 integers to compute the pair of keys that are
required for encryption and decryption. Also, the user has to
generate a random number with a bit length of λ as the PRF
key. The outsourcing time of KeyGen is much less than that of
RSA and is linearly dependent on the size of the data, as we
have carried out deterministic auditing. An audit is basically
the time used to generate K2 for the PRF as the audit query is
equal to K2. The computation cost for RSA-SCS is
comparatively higher than that of RSA-SCS, since it has to
parse the outsourced data and generate the values of α and β
using the exponential function. Referring to Table I, the cost of
RSA-SCS is as large as expected. To check whether the cloud
has maintained the integrity of the data that are sent to it, the
client has to carry out exponentiation and modular
www.etasr.com

COST

OF

file1.txt

FOR

VARYING

KeyGen
(s)

Outsource
(s)

Audit
(s)

Prove (s)

Verify (s)

12.326
85.788
404.51

0.209
0.780
8.330

0.103
0.793
25.819

0.698
1.587
28.087

12.248
84.952
404.336

TABLE II.

Fig. 2.
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COMPUTATION COST OF file2.txt FOR VARYING
BITLENGTHS

KeyGen
(s)

Outsource
(s)

Audit (s)

Prove (s)

Verify (s)

15.423
102.88
503.32

0.314
1.764
11.234

0.312
0.993
40.819

0.956
3.485
54.486

16.738
104.512
604.334

Figures 3 to 7 represent the comparative analysis of
different parameters for 2 different file sizes, i.e. 10 and 16KB.
As evident from these graphs, the time required for different
parameters increases linearly with the increase in file size.

Fig. 3.

Comparative analysis of KeyGen parameter for different file sizes.

Fig. 4.
sizes.

Comparative analysis of Outsource parameter for different file
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OpenStack based G-SCS provides security against these types
of risks and threats posed to the cloud data and users.
TABLE III.

Proposed
[9]
[11]
[14]

Fig. 5.

Fig. 6.

Comparative analysis of Audit parameter for different file sizes.

Comparative analysis of Prove parameter for different file sizes.

COMPARISION OF THE PROPOSED IMPLEMENTATION
WITH EXISTING SOLUTIONS

Implementation on
open-source cloud
platform

×
×
×

Third party
auditing

Security model


×
×


Standard
ROM
ROM
Standard

A. Loss of Data Integrity
The OpenStack based Secure Cloud Storage Protocol
implementation offers its clients verification of the integrity of
the data stored on the cloud through the auditing mechanism,
thereby sending the proof against the audit query which can be
verified as mentioned above. The cloud cannot cheat its client
since a minor change in data results in a proof which when
verified by the client, leads to output 0 rather than 1.
B. Malicious Cloud Provider
This is one of the major threats to cloud computing. It can
include a malicious insider/employee or the provider itself [21].
The implemented GSCS-RSA outsource initially requires a
pseudorandom function which must be secure enough so that
the overall protocol becomes secure. As discussed in [15], if
the cloud provider is malicious, it generates more than one
(legitimate) proofs. Even then, the number of unknown
quantities is greater than the total number of equations thus
generated and hence the malicious cloud is unable to discover
the secret key because of the PRF being used.
C. Lack of Data Recovery
The data recovery algorithm provides an efficient way to
reconstruct the data in case of data loss. For this, the client
needs to generate a special audit query for which the cloud
sends the proof. If this proof is verified by the client, he then
computes Encd by calculating β ! Encd  "# mod t .
Finally the outsourced data d , d, … … , d can easily be
recovered from Encd .

Fig. 7.

Comparative analysis of Verify parameter for different file sizes.

Table III shows the comparison of the proposed approach
with the existing solutions. The proposed scheme was
implemented using OpenStack cloud.
VI. G-SCS IMPLEMENTATION: SECURE AGAINST RISKS
The data stored on the cloud face threats such as insider
attacks, data leakage/loss, data alteration, malicious cloud
providers, and lack of data recovery [19, 20]. The implemented
www.etasr.com

VII. CONCLUSION AND FUTURE WORK
In this paper, we have carried out an evaluation on the
performance metrics and studied the security properties of the
General Sloud Storage protocol under various circumstances
that can occur in any HES. We have instantiated this protocol
by a HES that is multiplicatively homomorphic, i.e. RSA, and
thus assessed the computation cost of RSA-SCS using various
parameter values and data sets in a series of experiments. The
carried out analysis left us with the conclusion that although the
evaluated protocol is secure and efficient, its computation costs
can be lowered. As the experiments were conducted on varying
bitlengths of the security parameter, it was found that, the
higher the value of λ, the greater the security achieved, but the
computation cost increases. On the other hand, a 1024 bitlength
can help us attain more or less the same security but with a
greater impact on the computation cost. The computation costs
of the 5 modules with respect to different values of security
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parameters are found by applying this algorithm on two
datasets which led us to the optimization of the RSA-SCS
protocol.
There is always a door towards improvement, therefore we
can further take steps to make this protocol operate more
securely while maintaining its efficiency. Moreover, since RSA
is a partially HES, we can further extend the protocol so that it
is instantiated by an encryption scheme that is fully
homomorphic. Although fully HESs are required in real-life
applications and cloud infrastructure, their cost, whether that of
computation or performance, is high. Therefore, as future work,
we can consider this aspect and make progress in this regard
that can lead us to achieve a secure as well as lightweight
scheme. In the future, we will also implement the proposed
scheme in a federated cloud environment.
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Abstract-The Internet of Things (IoT) and the integration of
medical devices perform hand-to-hand solutions and comfort to
their users. With the inclusion of IoT under medical devices a
hybrid (IoMT) is formulated. This features integrated
computation and processing of data via dedicated servers. The
IoMT is supported with an edge server to assure the mobility of
data and information. The backdrop of IoT is a networking
framework and hence, the security of such devices under IoT and
IoMT is at risk. In this article, a framework and prototype for
secure healthcare application processing via blockchain are
proposed. The proposed technique uses an optimized Crow
search algorithm for intrusion detection and tampering of data
extraction in IoT environment. The technique is processed under
deep convolution neural networks for comparative analysis and
coordination of data security elements. The technique has
successfully extracted the instruction detection from un-peer
source with a source validation of 100 IoT nodes under initial
intervals of 25 nodes based on block access time, block creation,
and IPFS storage layer extraction. The proposed technique has a
recorded performance efficiency of 92.3%, comparable to trivial
intrusion detection techniques under Deep Neural Networks
(DNN) supported algorithms.
Keywords-blockchain;
networking; IoMT; IoT

intrusion

detection;

deep

neural

I.
INTRODUCTION
Modern day medical infrastructure is expanding with the
help of innovative technologies and engineering, such as the
Internet on Things (IoT). IoT supports multiple fronts with
incorporation on various devices and networking
configurations. The IoT enables users to connect and
coordinate applications and services via demand-driven
configurations. With a series of newer expansions, the IoT has
emerged with a new dimension of device configurations under
medical applications, termed as Internet of Medical Things

(IoMT). The IoMT assures the data are secure and have a
defied priority of operation under third party service channels,
since the channel of communication is bound to operate under
the standard operation policies. The IoMT faces due to security
and application concerns on internet-based connectivity.
Intrusion detection and managing plays a vital role in handling
and improving the overall performance of IoMT’s operation.
The IoMT's operation can be enhanced with blockchain
management. The blockchain technologies assure the
dependency of information and priority of operations under
medical devices and applications. The blockchain manages the
instruction of medical devices via a series of stacks and arrays.
These stacks contain the information of nodes and users,
maintaining addresses and operation tasks to assure
connectivity.
IoMT devices under a predefined IoT ecosystem perform
an arbiter role of information management with respect to
communication protocols. These protocols restrict the user
behavior model and hence cause unexpected intrusion
detection. These intrusions can cause system failure and
deadlocks in managing information. The flow of connectivity
and error rate of such nodes needs to be recorded. The agenda
of this research is to provide a reliable solution when
encountering such intrusion attacks. The principle order of
intrusion detection is based on raising intrusion flags or
counters. Thus the IoMT devices can assign a priority in order
to the operating standards. The IoMT based intrusion detection
technique assures the management of remote incoming devices
under error management to provide a systematic behavior and
principle operating models. The model of such intrusion
detection has to be highlighted with the support of blockchain
approaches. The current article also states the operating
principles of IoMT protocol enhancement with respect to the
validating approaches of intrusion detection system’s
automation. The current article presents a standard protocol on
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maintaining and reflecting the IoMT operating standards and its
primary functionalities when encountering intrusion detection
using a blockchain approach.
II. LITERATURE REVIEW
The operating and compatibility standards of IoMT are
defined and processed from IoT based environment (ecosystem
support, remote accessing, monitoring, and mentoring of
information via demand-driven application services). The
agenda of implementing IoT is to support economical
communication and lay standard operating protocols on the
existing ecosystem or infrastructure. Authors in [1] discussed
various challenges and implementation protocols of IoMT with
reference to the convergence of technological impairment and
operating standards under the healthcare sector. Devices and
data are sensitive and hence the coordination under remote
accessing is a major challenge. Since the protocol of IoT
governance has to be improved, a dedicated channel of cross
layer protocol (CLP) is discussed in [2] in the view of
providing a reliable service and connectivity under IoMT
devices. The protocol improves the communication and
bandwidth sharing among the systems governed under IoT.
With these protocols in place, application-driven services such
as in [3] were introduced to support the exclusive claim of
services via IoT infrastructure.
Blockchain based instruction enhancement is proposed in
[4] to support the variation and filtering of information via an
enabled key management based authentication protocol for
IoMT servers. This BAKMP protocol is supposed to store the
data and monitor the reliability coefficient in order to access
IoMT devices and the supporting user information. Detailed

Fig. 1.
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security communication challenges are reported in [5]. Authors
in [6] present a multi-dimensional medical dataset theory for a
telemedicine ecosystem. The model can be enhanced and
simulated for IoMT device communication. The reliable
TelMED protocol for communication under remote accessing
model is discussed in [7]. Security concerns of implementing
IoMT are reported in [8] under an approach of highlighting the
information and communication barriers for implementation.
The study is focused on various malwares or generally
intrusion detection with reference to [9, 10]. The functionality
of streamlining is a concern of various studies and reports [11,
12] on IoMT-based implementations. The conclusion and
observations from this survey lack intrusion detection approach
in IoMT devices via blockchain terminology. The blockchain
aims to provide a reliable solution in IoMT and the current
article discusses the influence of a protocol design on the edge
of IoMT implementation.
III. METHODOLOGY
The proposed methodology intends to be a reliable source
of application and management unit. The detailed description
of the proposed IDS framework (Figure 1) in the edge network
is as follows: An intrusion detection dataset is generated by
injecting several kinds of attacks in the edge network where
IoMT data are processed. In order to handle missing, noisy, and
inconsistent data, preprocessing is performed on the dataset. To
reduce the dimension of the dataset without losing information,
PCA (Principal Component Analysis) feature selection
algorithm is applied. There are several hyper parameters in the
Deep Neural Network (DNN) like the number of layers, the
number of epochs, optimization functions, etc.

Proposed system architecture diagram.
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Choosing the optimal values for these parameters will help
improving the performance of the DNN. In order to accomplish
this, Crow Search algorithm is used for hyper parameter tuning.
70% of the dataset is used for training and the remaining 30%
is used to validate the proposed system. DNN algorithms are
used to train the generated IDS dataset. To prove the
effectiveness of the proposed system, the results from various

Fig. 2.

1) Initial Pre-Processing and Setup Hypothesis
The initial configuration includes the setup and
environment alignment of the IoMT ecosystem and operating
standards. Typically, the IoT environment is stream-lined with
basic networking and supporting devices for operation such as
assigned routers, switches, end-users devices, and the network
bandwidth. The setup of the proposed system must assure the
reliability of the medical devices with the operating standards
of IoT setup. Consider the initial IoT setup ecosystem devices

(

I D = I D1 , I D2 , I D3 ... I Dn

)

where n end-user devices are

connected and assigned for operations. The process of
incorporating medical devices (MT) is represented as IM under
the
given
IoT
ecosystem
I D,
such
that [ I M ⊆ I D | I M ∈ I D / ∀I M 1 ,...Mn ⊂ I D n ] . The operation
framework of IM is reliable for operation. The IM for each

(

)

vector set is represented as I M = I M1 , I M 2 , I M 3 ... I M n for each
order of processing and bandwidth sharing.
2) User Configuration Validation
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IDS scenarios are compared with several state of the art
machine learning algorithms [13]. IoMT sensors are smart
enough to acquire and transmit sensitive data to the edge of the
network, but as these sensors have poor memory and limited
processing units, they are not really smart enough to recognize
how data are reliably transmitted or whether an attacker has
been spotted during real-time analysis.

System modeling design on IDS handling of the IoMT.

IV. MATHEMATICAL PROOF
The proposed model of IoMT-based intrusion detection is
presented in Figure. 2. The block diagram shows an
understanding of managing and troubleshooting of intrusion via
the Crow Optimization algorithm. The process is discussed as
follows:

as
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The overall incoming devices IM are correlated with the
matrix of user evaluation (U) as U = {U1 ,U 2 ,U 3 ......} . The user
Ui is associated with the IoT cloud matrix towards pairing users
to respective cloud of medical devices Im such that, the function
of correlation is [U i ∈ I i U I i = I1 , I 2 , I 3 ...I n | I m ⊆ I i ] . The
coordination elements are processed under independent devices
Im as I m ∈ I i under open-alignment principle. The user
collection of queries are reflected as:
Q=

δ ( t − nf ) λ 
2

n

n −1

∑ ∑
 i = o j =i +1


δ ( I m ) j × δ ( Ii ) 
δt





(1)

The functional queries are based on δ ( I m ) and δ ( I i ) using
user correlation as show in (2):

 n  δ ( Qk ) × δ ( I m ) 

U = lim n →∞  ∑ 
 × ∆λt 
δt
 k =0 



(2)

The user to service correlation functions are mapped with
respect to query or service on user demand. The rational
function values are assured to maintain a difference from
δ ( I m ) to prevent repeating. The query filtering operation
mode Qf is processed with reference to user-bandwidth (λ) and
internet strength (termed as frequency (f) on operation) as
shown in (3)-(5):
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U = lim n →∞
∞

U =∫
0

δ ( t − nf ) λ f 
2

δλ f ( t − nf )
2

n

n −1

∑ ∑
 i = o j = i +1


δ (U n −i ) j 
δt





−2

n
δ (C f
δ ( Im )  

I f =  lim n →∞
 U  lim n →∞
δ t 0 
δt



(4)

Thus, the order of alignment ( C f

 ∞ δ (U n − i ) j − δ ( I m )i 
∫

δt
 0


(5)

where (t-nf) under the order of operations minimizes the
intrusion error or error of connection to frame dependency with
respect to rational value ( ∆R ) . The frequency pattern (f) is an
assurance pattern of ( ∆λ t ) for bandwidth minimization with
each user. (U n −1 ) is a user’s coordination or association with

(6)

3) Configuration of Intrusion Detection
An intrusion of user’s in internet connection is aligned with
reference to connection patterns and configurations of the user
devices. The configuration ( C f ) is processed with respect to
devices

( Im )

and users (U) such for each device we

have D ⇒ ( C f : I m → ( I m ) ⊆ U ) under the operation principles
of networking. The configuration setup is demonstrated in (7):

δ (u → C f
D| = lim n →∞
δt


)  ≅  ∞ n−1 δ ( I m − I ) j 
 ∑∑

δ ti

  i =o j =i


δ (u → C f
D| = lim n →∞
δt


)  − λ 



t

∞ δ I
( m)
∑

 n δt 

(7)

(8)

From (8), the intrusion function can be integrated as a part
of the configuration setting at user prospective as in:
D = ∆C f U D|

(9)

The resultant (D) values are patterned and mapped with
supporting devices' values with a controlled configuration of
monitored parameters (P) as rate of connection, rate of
operation, refreshing rate, and time to reply on a query under
IoMT. These parameters are P = {P1 , P2 , P3 ...Pn } on each
parameter Pi ⇒ ( ⊆ I m | C f ) under the operation of networking
standards.
4) Intrusion Evaluation and Secure Communications
Framework
With the rate of configuration inclusion in the users
connection as shown in (9), the inter-dependency matrix is
www.etasr.com

cf

(10)


0

in configuration is

∞  δ ( I f )
δ (U R ) − δ ( I m )  
1

× ∫ 
× 0.57 ×
λ=

2π∆t x  0  δ t
δt
 0
 

n

λ∞ =

−2

)

) 

managed and streamlined to detect the lightest change with
respect to intrusion detection and report to the administrator.
The intrusion support and vector configuration is limited to the
range of the networking protocol as shown in (11) and thus, is
further expanded into neighboring paradigms of features:

internet ( I m ) devices. The relationship is represented in (6):


 δλ f ( t − nf )
  ∞ δ (U n −i ) j δ ( I m )i
UR = 
U
× ∆R   ∑
× λt 
2
δt
δt

  i =o
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evaluated to reframe and process a secure communication
channel via IoMT services as shown in (10):

(3)

 ∞ δ (U n −i ) j − δ ( I m )i 
× ∆R  ∫

δt
 0


 δλ f ( t − nf )

U =
× ∆R 
2



Vol. 11, No. 4, 2021, 7326-7331

( 0.57 )log
2π∆t x

(11)

∞

x

∆T

 ∞  δ ( I f − I m ) × δ (U R )  

× ∫ 

δt
 0 
 0


(12)

where λ∞ is the representation of feature ranges with respect to
the device and expanded into the higher grounds of information
systems. The bandwidth becomes λ ⇒ λ∞ on the range shift
with ratio of ( 0.57 )log ∆T  for a reference value correction

x

with δ ( I f ) | δ ( I m ) as the internet interpretation matrix value.
This, expanding (10) is recomposed as:
∞


δ (C f )

δ ( Im ) 
I f ∞ = lim n →∞
× λ∞ 
 U  lim n →∞
δ t 0 
δt



0

∞

(13)

With respect to (13), the repeated parameters of
interdepending devices values in Cf and Im are expanded to
infinite range of network tracking, making the process a
reliable approach in shortlisting features set of instruction
detection in the IoMT ecosystem.
V. EXPERIMENTAL SETUP AND RESULTS
The IoMT development has varying node cluster density.
The throughput and accuracy of the evaluation are reported in
Figure 3. The node throughput is gradually improved and a
saturation is achieved with reference to improved IoMT
enabled IoT nodes under the operating standards.

The resultant throughput is provided on evaluation
paradigms of improving IoMT devices and their ratio of
computation. The improvisation helps the process of reliable
factor improvisation with reference to device density. The
accuracy is mapped with reference to the accuracy and
validation factor as shown in Figure 4 and Figure 5
respectively. The approach has achieved an accuracy of 92.3%
on average.
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(a)

Fig. 5.
(b)

Accuracy comparison.
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Abstract-Recycled materials are gradually utilized in concrete.
This paper examines the use of recycled binder in concrete. The
compressive strength tests on concrete incorporating recycled
binder instead of cement were carried out after 7, 14, and 28 days
of curing. Cement was replaced by the recycled binder in ratios
of 10%, 20%, and 30% by weight. The results show that the
compressive strength of concrete is strongly affected by the
percentage of the recycled binder. It has been found that the
compressive strength decreases linearly with the increasing
content of recycled binder. The recycled binder does not affect
the strength development of concrete. In order to apply recycled
waste to concrete as a binder, it is necessary to perform
supplement research with appropriate additives to compensate
for the loss of the compressive strength.

design compressive strength. The ratio of recycled coarse
aggregates replacement had been used up to 100% [11].
Authors in [12] conducted research on the influence of recycled
aggregate types, including unbound stone, crushed concrete,
crushed brick, to the properties of concrete [12]. The results
showed that the performance of concrete containing each type
of recycled aggregates was largely influenced by the aggregate
nature and quality, in addition to the attached mortar content.
The analysis above shows that using recycled aggregates from
demolishing works as coarse and fine aggregates for concrete
has been studied extensively. However, to the best of our
knowledge, there is no research on the application of recycled
aggregates as substitute for the binder, i.e. cement, in concrete.
In this paper, an investigation on the compressive strength of
concrete with partially replacement of cement with recycled
fine aggregates is performed. The results will help
understanding more about recycled concrete and may give
recommendations for further studies.

Keywords-compressive
aggregates

strength;

recycled

concrete;

fine

I.
INTRODUCTION
Recycled aggregates can become a new source of material,
replacing natural aggregates in concrete [1-3]. Authors in [1]
examined the use of crushed concrete produced from waste
concrete as fine aggregates regarding the modulus of elasticity,
pulse velocity, and long-term properties such as drying
shrinkage and creep. They found that the detrimental effects of
crushed concrete can be mitigated by a partial replacement of
crushed concrete fines with pulverized fuel ash. Another study
replaced fine aggregates in concrete with recycled fine
aggregates [2]. The authors found that fine recycled aggregates
can be used to up to 10% ratio for producing C30 concrete and
between 20-50% ratio for producing C25 concrete. Thus, by
using recycled fine concrete aggregates in concrete application,
environmental impact and consumption of the natural resources
can be significantly reduced. The replacement of fine recycled
aggregates in concrete had also been investigated in [4-6]. The
obtained results indicate that the recycled concretes have a
suitable resistant and durable behavior, according to the limits
indicated by different international codes for structural concrete
[5].
The investigation on using recycled coarse aggregates
instead of natural coarse aggregates in concrete has also been
carried out by numerous authors [2, 6-10]. Authors in [11]
investigated the influence of the amount of recycled coarse
aggregates on the properties of concrete, in which 4 different
recycled aggregate concretes were produced with the same

II.

COMPOSITION OF REYCLED CONCRETE

A. Recycled Concrete
The concrete obtained after the demolition of a project was
crushed. The crushed old concrete was then screened with a
0.14mm sieve. The resulting fine-grained mixture is shown in
Figure 1.

Fig. 1.

Recycled fine-grained mixture obtained from crushed old concrete.
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In order to investigate the influence of the replacement rate
of the recycled fine-grained aggregates to the compressive
strength of concrete, a reference mixture was selected. Cement
was then replaced by recycled fine-grained mixture, crushed
and screened from old concrete, at various replacement rates,
namely 10%, 20%, and 30% by weight. After casting, the
samples were stored under normal conditions and were tested
for compressive strength at 7, 14, and 28 days of curing.
B. Sand
The sand used in the experiments has the following
mechanical properties:
• Density 2.65g/cm3.
• Modulus of magnitude 2.50.

Fig. 2.
An in-process experiment (CP20-28 days) and the recorded
destructive force.

• Volumetric mass 1660kg/m3.
C. Cement
Commercial Portland cement in Vietnam, namely PCB40,
with the following mechanical properties was used:
• Actual strength of cement 40MPa.
• Density 3.1g/cm3.

3

• Density 2.61g/cm .
3

• Volumetric mass 1430kg/m .
III. EXPERIMENTAL SET-UP
In this test, the push force was applied on both faces of the
concrete specimens and the maximum compression that
concrete bore without failure was noted (Figure 2). Cylindrical
samples with size D150×H300 were cast and cured in normal
conditions before being compressed to determine their
compressive strength. The loading speed was set to 0.5kN/s.
The replacement rates of cement were 0%, 10%, and 20% of
the standard sample (reference sample) respectively. Mix
components for 1m3 of concrete are presented in Table I.
3

TABLE I.

Aggregate by
volume

MIX COMPONENTS FOR 1 m OF CONCRETE

Cement
(kg)
292.5
Cement
(kg)
292.5

TABLE II.
No.

Notation

1

CP0

2
3
4

CP10
CP20
CP30

Sand (kg)
648.3
Sand (m3)
0.391

Aggregate
(kg)
1216.3
Aggregate
(m 3)
0.851

Water
(kg)
195.0
Water (lt)
195.0

EXPERIMENTAL DETAILS OF CONCRETE SAMPLES

Description
Reference sample: Mixture
composition as describe in Table I
Cement replacement rate is 10%
Cement replacement rate is 20%
Cement replacement rate is 30%

www.etasr.com

RESULTS AND DISCUSSION

The obtained results of the compression tests (sample
destructive force) are shown in Table III. From the value of the
destructive force P (kN) of each sample, the compressive
strength (MPa) is calculated as follows:
Bearing Area: Sample diameter is D = 15cm, so:

D. Coarse aggregates
In this study, 20mm aggregates, the most common size of
used in construction, have been used, with the following
mechanical properties:

Aggregate by
mass

IV.

Quantity
3 samples for 7
days, 3 samples
for 14 days, and
3 samples for
28 days.

S=π.R2= π. 7.52= 176.71cm2 (1)
The compressive strength is then calculated by:
R = α . P / S (2)
where P is the destructive load of the sample, S is the
compressive area (S=176.71cm2), α is the coefficient of
converting the experimental results when compressing the
samples with different sizes from the standard samples
(150×150×150mm). With cylinder sample D150×H300,
α = 1.2.
TABLE III.
No.
1
2
3
4
5
6
7
8
9
10
11
12

RECORDED DESTRUCTIVE FORCES

Replacement rate
0%

10 %

20 %

30 %

Sample destructive force (kN)
7 days
14 days
28 days
171.21
239.11
295.2
176.1
225.99
293.5
173.51
229.39
294.1
167.09
213.19
288.1
163.13
226.09
286.2
154.71
219.41
281.3
152.01
199.19
262.1
153.04
199.73
259.4
151.50
215.29
265.8
153.23
200.96
251.2
151.44
196.87
252.4
145.46
190.60
250.8

The compressive strength of the experimental samples at 7,
14, and 28 days was calculated and is shown in Table IV. It can
be observed that the replacement of recycled binder
significantly affected the compressive strength of concrete. The
decrease is recorded as 3% at replacement rate of 10%, 10% at
replacement rate of 20% and 14% at replacement rate of
30%.The results are presented graphically in Figure 3.
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TABLE IV.

No.
1
2
3
4
5
6
7
8
9
10
11
12
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growth has slowed down to 56% by 10% replacement, 57%
by 20% replacement, and 59% by 30% replacement of the
recycled binder. That indicates that the replacement of
recycled binder does not affect the strength development of
concrete at an early age.

CALCULATED COMPRESSIVE STRENGTH OF RECYCLED
CONCRETE

Replacement
rate
0%

10 %

20 %

30 %

7
days
11.62
11.95
11.78
11.34
11.07
10.50
10.32
10.39
10.28
10.40
10.28
9.87

Compressive strength (MPa)
Mean 14 Mean 28 Mean
value days value days value
16.23
20.04
11.79 15.34 15.72 19.93 19.98
15.57
19.97
14.47
19.56
10.98 15.35 14.91 19.43 19.36
14.89
19.10
13.52
17.79
10.33 13.56 13.90 17.61 17.82
14.62
18.04
13.64
17.05
10.19 13.36 13.32 17.13 17.07
12.94
17.03
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• At 14 days of curing, the experimental concrete achieves
about 78% of its maximum design strength. These rates are
77% by 10%, 78% by 20% and 78% by 30% replacement
of recycled binder. This means that the replacement of
recycled binder does not affect the strength development of
concrete.
The diminution of compressive strength of recycled
concrete with partially replacement of recycled aggregates has
been reported in [2, 3, 7 10, 12]. The present investigation on
the influence of recycled binder on the compressive strength of
concrete indicates that the compressive strength decreases
linearly with the increasing percentage of the recycled binder.
Therefore, in order to apply recycled waste to concrete as a
binder, it is necessary to perform supplement research with
appropriate additives to compensate for the loss of the
compressive strength.

Fig. 3.
Compressive strength of concrete at various replacement rates of
recycled binder.

V. CONCLUSION
The current paper presented the results of a research on the
compressive strength of concrete using recycled binder from
demolition works. The rates of replacement were 0%, 10%,
20%, and 30%. The test samples were compressed to determine
the values of compressive strength at different ages, namely 7
days, 14 days, and 28 days of curing. The results show that the
compressive strength of concrete is strongly affected by the
percentage of recycled binder replacement. It has been found
that the compressive strength decreases linearly with the
increase of the recycled binder content. The presence of
recycled binder does not affect the strength development of
concrete. In order to apply recycled waste to concrete as a
binder, it is necessary to perform supplement research with
appropriate additives to compensate for the loss of the
compressive strength.
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Abstract-In the present study, we will verify the action of
hydroxychloroquine-based derivatives on ACE2 which is
considered to be the main portal of entry of the SARS-CoV-2
virus and constitutes an exciting target given its relative genetic
stability compared to viral proteins. Thus, 81 molecules derived
from hydroxychloroquine by substitutions at 4 different positions
were generated in-silico and then studied for their affinity for
ACE2 by molecular docking. Only 4 molecules were retained
because of their affinity and bioavailability demonstrated by
molecular dynamics and molecular docking calculations using
COSMOtherm and Materials Studio software.
Keywords-hydroxychloroquine; molecular modeling; Covid-19;
ACE2; affinity

coronaviridae [2]. The most common symptoms include fever,
dry cough, muscle fatigue, headache, and diarrhea in some
cases. Discovered in Wuhan in China in December 2019, this
disease quickly spread throughout the world [3]. A few months
after the start of the pandemic, more than 2,500,000 people
have already died, and more than 100 million have been
infected. To date, there is no effective cure against Covid-19
[4] and it is necessary to wait several months before the use of
vaccines reaches a satisfactory level. During this time, the
treatment of the disease relies on drugs to relieve the severe
symptoms of the disease. To this end, more than 200 drugs
have already been the subject of clinical trials, including
hydroxychloroquine [5].

I.
INTRODUCTION
Covid-19 is caused by SARS-CoV-2 [1] which is one of the
emerging respiratory viruses, including MERS (Middle East
Respiratory Syndrome) and SARS-CoV (Severe Acute
Respiratory Syndrome), which all belong to the same family of

By targeting the SARS-CoV2 virus, it has been shown that
chloroquine and several of its derivatives can bind to several
viral proteins [6, 7]. Besides, chloroquine and its derivatives
can also bind to ACE2 [8, 9]. The choice of this target is based
on two main facts: the first is that ACE2 is the main entry point
for the virus and the second is because of its genetic stability

Corresponding author: K. E. Kanouni
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[10, 11]. Chloroquine and hydroxychloroquine have been the
subjects of several studies to explain their effect on the SARSCoV2 virus proteins [12, 13] such as NSP3, main protease,
RNA dependent polymerase, spike glycoprotein, ADP-ribose-1
monophosphatase, and NSP9 replicase protein [6] These
interactions, determined in silico, mean that chloroquine and its
derivatives are potential active molecules against SARS-Cov2
[14, 15]. It appears -in many studies- that hydroxychloroquine
interacts with ACE2 (PBD code: 6M18) [8].
We performed the present work to study, in silico, the
effect of a series of hydroxychloroquine-derived molecules on
ACE2. Thus, 81 molecules were obtained by substitution of
hydroxychloroquine on 4 different positions. The study aims to
estimate the affinity of the selected molecules for ACE2, the
prediction of their bioactivity, molecular docking, and their
electronic properties by COSMO-RS using COSMOtherm
software (version 15.0). The second part of this work is focused
on the selection of the preferred molecules according to their
physicochemical properties calculated by molecular modeling
and molecular docking method using Materials Studio software
(version 17.1).
II. MATERIALS AND METHODS
The chemical properties of hydroxychloroquine were
calculated using SwissADME (Table I). Four positions, 4, 11,
12, and 13, were chosen to undergo modifications by
substituting the original chemical groups with others (Table II).
TABLE I.

HYDROXYCHLOROQUINE PROPERTIES CALCULATED BY
SWISSADME

Properties
Molecular weight
XLogP
Hydrogen acceptors
Hydrogen donors
Rotative bonds
Exact mass
Mono-isotopic mass
TPSA (Topological polar surface area)
Heavy atoms
TABLE II.

Values
335.9g/mol
3.6
4
2
9
335.17644g/mol
335.17644g/mol
48.4A2
23

CHEMICAL GRO UPS SELECTED TO CREATE NEW MOLECULES.

Position

Original

4 – R1
11 – R2
12 – R3
13 – R4

H
CH3
CH2
CH2

www.etasr.com

First
modification
CH3
CH2OH
CH-NH2
-O-

Second
modification
F
CHO (aldehyde)
CH-CH3
CH2OH
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It should be noted that only these 4 positions leave the
interaction between the candidate molecules with the receptor
site relatively stable. These substitutions made it possible to
generate 81 new molecules, which were subjected to the study
of their affinity for ACE2 by examining two essential
parameters: Ligand Efficiency (LE) and Lipophilic Ligand
Efficiency (LLE). Molinspiration Chemoinformatics software
carried out the prediction of the bioactivity of the selected
molecules. This step allows classifying the molecules
according to their capacity to bind to the protein. The study on
the protein ACE2-ligand complexes was investigated using
SeeSAR software. In the last step, we studied the electronic
properties of these molecules by COSMO-RS software.
III.

RESULTS AND DISCUSSION

A. Construction of a Series of Inhibitor Molecules from
Hydroxychloroquine
After having done the modifications mentioned above, we
managed to formulate 81 different molecules from
Hydroxychloroquine with the help of the SeeSAR [16]. The
main objective was to obtain a candidate molecule closer to
Hydroxychloroquine but increase the receptor ACE2 (Table
III).
TABLE III.

RESULTS EXPLAINING THE FIXATION PROBABILITY OF EACH
MOLECULE WITH THE RECEPTOR

Molecule

R1

R2

R3

R4

Molecule_01
Molecule_02
Molecule_03
Molecule_04
Molecule_05
Molecule_06
Molecule_07
Molecule-08
Molecule_09
Molecule_10
Molecule_11
Molecule_12
Molecule_13
Molecule_14
Molecule_15
Molecule_16
Molecule_17
Molecule_18
Molecule_19
Molecule_20
Molecule_21
Molecule_22
Molecule_23
Molecule_24
Molecule_25
Molecule_26
Molecule_27
Molecule_28
Molecule_29
Molecule_30
Molecule_31
Molecule_32
Molecule_33

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
CH3
CH3
CH3
CH3
CH3
CH3

CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CH3
CH3
CH3
CH3
CH3
CH3

CH2
CH2
CH2
CH-NH2
CH-NH2
CH-NH2
CH-CH3
CH-CH3
CH-CH3
CH2
CH2
CH2
CH-NH2
CH-NH2
CH-NH2
CH-CH3
CH-CH3
CH-CH3
CH2
CH2
CH2
CH-NH2
CH-NH2
CH-NH2
CH-CH3
CH-CH3
CH-CH3
CH2
CH2
CH2
CH-NH2
CH-NH2
CH-NH2

CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH

Fixation
probability
to the
receptor site
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
NO
NO
YES
YES
NO
YES
YES
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
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Molecule_34
Molecule_35
Molecule_36
Molecule_37
Molecule_38
Molecule_39
Molecule_40
Molecule_41
Molecule_42
Molecule_43
Molecule_44
Molecule_45
Molecule_46
Molecule_47
Molecule_48
Molecule_49
Molecule_50
Molecule_51
Molecule_52
Molecule_53
Molecule_54
Molecule_55
Molecule_56
Molecule_57
Molecule_58
Molecule_59
Molecule_60
Molecule_61
Molecule_62
Molecule_63
Molecule_64
Molecule_65
Molecule_66
Molecule_67
Molecule_68
Molecule_69
Molecule_70
Molecule_71
Molecule_72
Molecule_73
Molecule_74
Molecule_75
Molecule_76
Molecule_77
Molecule_78
Molecule_79
Molecule_80
Molecule_81

CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

CH3
CH3
CH3
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH3
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CH2-OH
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO
CHO

CH-CH3
CH-CH3
CH-CH3
CH2
CH2
CH2
CH-NH2
CH-NH2
CH-NH2
CH-CH3
CH-CH3
CH-CH3
CH2
CH2
CH2
CH-NH2
CH-NH2
CH-NH2
CH-CH3
CH-CH3
CH-CH3
CH2
CH2
CH2
CH-NH2
CH-NH2
CH-NH2
CH-CH3
CH-CH3
CH-CH3
CH2
CH2
CH2
CH-NH2
CH-NH2
CH-NH2
CH-CH3
CH-CH3
CH-CH3
CH2
CH2
CH2
CH-NH2
CH-NH2
CH-NH2
CH-CH3
CH-CH3
CH-CH3

CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH
CH2
O
CH-OH

NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
YES
NO
NO
NO
NO
YES
NO
NO
NO
YES
NO
NO
NO
NO

B. Affinity Study
Parameters that explain in detail the affinity of each
molecule for the receptor site include:
LE: Refers to each atom's bond energy in a molecule
toward the receptor. In other words, it refers to the ratio
between ∆G (Gibbs energy) and the number of atoms other
than hydrogen in a molecule. If the LE value is greater than
0.3, the molecule in question will have a greater probability of
fixing itself to the receptor [17]. The corresponding
mathematical equation is given by:
LE = (1.37×plC50)/HA (1)
plC50 corresponds to the Ligand concentration occupying 50%
of the receptor, and HA represents the number of atoms other
than hydrogen (heavy atoms).
www.etasr.com
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LLE: Refers to a parameter used in the conception of drugs
that permits evaluating the potential energy of a chemical bond
and its lipophilicity to deduce its drug-likeness [18]. For the
Ligand-receptor interaction to be favorable, the LLE value
should be greater than or equal to 5 [19]. The corresponding
mathematical equation is given by:
LLE = plC50 – Log (P) (2)
Every molecule was docked with the receptor ACE2 model
to show the possibility of forming a stable complex. From 81
molecules, it was found that only 19 were proved to interact
with the specified target favorably. A drug's capacity to interact
with a receptor is directly linked to its affinity for the receptor
[20]. The estimated affinity for the 19 candidate molecules was
calculated, and the results are shown in Table IV. The results
show that only 8 molecules are having a good affinity when
compared with molecule_01 (Hydroxychloroquine).
TABLE IV.

ESTIMATED AFFINITY VALUES FOR THE CANDIDATE MOLECULES

Molecules
Molecule_01
Molecule_02
Molecule_03
Molecule_04
Molecule_05
Molecule_06
Molecule_07
Molecule_08
Molecule_09
Molecule_10

Estimated
affinity (nm)
6202803
10178356
21861750
47841687
61083910
7882945
4408448
4351693
720512
2407812

Molecules
Molecule_13
Molecule_14
Molecule_16
Molecule_17
Molecule_18
Molecule_40
Molecule_68
Molecule_73
Molecule_77

Estimated affinity
(nm)
48012075
238783948
4668615
3998199
645211
454448307
477694848
5716436
1016590889

C. Bioactivity Prediction
The selected 8 molecules were examined in Molinspiration
Chemoinformatics software to know the preferred binding
protein of each molecule [21]. The results of the bioactivity
prediction are summarized in Table V. The symbol "XXXX"
means that the molecule can interact with 4 types of protein,
one of them being an enzyme inhibitor, the symbol "XXXXX"
means that the molecule can interact with 5 types of protein,
one of them being an enzyme inhibitor, and symbol "0" means
that there is no particular interaction with any protein. Only 4
molecules can have the same activity as Hydroxychloroquine.
TABLE V.

BIOACTIVITY PREDICTION OF THE CANDIDATE MOLECULES

Molecules
Molecule _01
Molecule _07
Molecule _08
Molecule _09
Molecule _10
Molecule _16
Molecule _17
Molecule _18
Molecule _73

Predicted bioactivity
0
XXXX
0
XXXXX
0
0
0
XXXXX
XXXXX

D. Study on the Protein-Ligand Complexes
Following the analysis of the candidate molecules by
Molinspiration, bioactivity results and the molecules' properties
proved that only 4 of the 19 molecules had the desired
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properties (had the estimated affinity closer to that of
Hydroxychloroquine). These are Molecule_07, Molecule_09,
Molecule_18, and Molecule_73. Figure 1 shows the candidate
molecules in interaction with the receptor ACE2 and energy
values in kJ/mol calculated from desolvation and interaction
energies. SeeSAR was used to study these complexes. Each
sphere represents atoms in the molecule, and each atom
interacts differently with the atoms of the receptor (Figure 1).
(d)

(a)

(e)

Fig. 1. Interaction of the 4 potential candidate molecules with the protein
ACE2.
(b)

Each sphere represents an atom, and the greater the sphere's
size, the greater the interaction with the receptor site. When the
sphere is colored green, this signifies that the contribution of
this atom is favorable. On the contrary, the sphere colored in
red characterizes the unfavorable atom's interaction
contribution. If the sphere is not colored, the value of ∆G is
null or close to zero. Therefore, the contribution of the
corresponding atom is negligible. Blue color represents polar
regions, while yellow color represents hydrophobic regions
[22]. The following points describe the interpretation of the
results obtained in Figure 1.
• Molecule 01: The Hydroxychloroquine molecule shows a
low affinity with its receptor site. Most of its atoms colored
with green have a low ∆G values, and it has an unfavorable
contribution formed by the N17 (2.7kJ/mol) and C2
(2.3kJ/mol).
• Molecule 07: atoms N17 and N3 are colored in red, with
∆G values of 9.3 and 1.6 kJ/mol, respectively. Therefore,
the interaction with the receptor site is unfavorable.
However, most of the atoms have negative ∆G values C19
(-5.7kJ/mol), O46 (-5.2kJ/mol), C18 (-3.7kJ/mol), C41
(-3.1kJ/mol), C10 (-2.9kJ/mol), and Cl6 (-1.9kJ/mol),
signifying that their interaction with the receptor site is
favorable.

(c)

• Molecule 09: C21 is the only atom colored in red (∆G =
6.4kJ/mol), corresponding to unfavorable interaction.
Atoms C47 (-3.7kJ/mol), C2 (-3.6kJ/mol), C19 (www.etasr.com
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3.4kJ/mol), and O44 (-3.1kJ/mol), have negative ∆G values
corresponding to favorable interactions with the ACE2
protein model.
• Molecule 18: Likewise, O37 has a positive ∆G value
(2.3kJ/mol), so as a result, its interaction with the receptor
site is unfavorable. For the atoms C2 (-4.2kJ/mol), C9
(-2.3kJ/mol), C11 (-2.0kJ/mol), Cl6 (-1.8kJ/mol), C19
(-1.6kJ/mol), and C18 (-1.2kJ/mol) the interaction with the
receptor site is favorable.
• Molecule 73: For this molecule, N3 (7.0kJ/mol) and C14
(5.8kJ/mol) corresponding to unfavorable interaction.
Atoms C35 (-4.1kJ/mol), C19 (-3.3kJ/mol), C16
(-3.2kJ/mol), C2 (-2.5kJ/mol), C1 (-2.3kJ/mol), and N12
(-2.3kJ/mol) have favorable interactions with ACE2.
After this analysis, we can conclude that Molecules 09 and
18 have the most significant probability to form a sufficiently
stable complex with the receptor compared to the other
molecules. However, for the other two molecules, the number
of atoms with a favorable interaction with the receptor is very
high compared to those having a non-favorable contribution,
meaning that they also have sufficient capacity to interact with
the receptor site.
The second step of docking is performed using SeeSAR
software to determine the distances between the atoms of each
candidate molecule with the amino acids of the protein receptor
site (6M18). All the data are resumed in Table VI.
TABLE VI.

DISTANCES BETWEEN ATOMS OF CANDIDATE MOLECULES WITH
AMINO ACIDS OF THE RECEPTOR SITE (6M18)

Molecules
Molecule-01
Molecule-07
Molecule-09

Molecule-18
Molecule-73

Atoms Amino acids Distances (A°)
H48
Glu300
1.84
O47
Trp530
2.01
H47
Ser307
1.93
H45
1.94
Glu300
H53
2.05
O44
Asn527
1.96
O51
Trp530
1.88
O37
Trp530
2.01
H47
Glu300
2.25
H33
Glu300
1.95
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From these results, it can be concluded that Molecule 9 will
have the best interaction with the receptor site.
E. Prediction of Electronic Properties by COSMO-RS
Conductor-like Screening Model for Real Solvents
(COSMO-RS) is a quantum chemistry method based on
thermodynamics, which helps to determine chemical potentials
for solutions [23]. This method can predict sigma charge
densities as well as chemical potentials for each species in the
solution. The calculation is done in two main steps: Firstly,
geometrical optimization on the molecule was done with the
module Dmol3 [24] of the software BIOVIA Material Studio
2017 [25]. Secondly, the obtained cosmo-files were used to
calculate sigma profiles and sigma potentials with the
COSMOtherm software [26]. The sigma profile is divided into
3 distinct regions:
• HBD Region: Hydrogen bond donor region: the sigma
values are less than -0.01eÅ-2. The negative sigma values
mean positive polarities [27].
• Non-Polar Region: σ values are given in the interval
-0.01eÅ-2 to +0.01eÅ-2 [28].
• HBA Region: Hydrogen bond acceptor region: the σ values
are greater than 0.01eÅ-2. Positive sigma values represent
negative polarities [29].
Figure 2 shows that the highest picks for all the selected
molecules are found in the non-polar region. They are showing
the tremendous non-polar character of the molecule surfaces.
That said, the 5 molecules have net peaks in the HBD and HBA
regions, making hydrogen bonds as acceptors and donors with
the ACE2. The selected molecules meet the criteria that a
candidate-molecule must possess to interact with the protein
target: HBA, HBD, and hydrophobic sites [30].

• Molecule 1 (Hydroxychloroquine) forms 2 hydrogen bonds
with the receptor site, the first is between H48 and Glu300
with a short distance and the second is between O47 and
Trp530 with a moderate distance.
• Molecule 7 forms a single hydrogen bond with the receptor
site, between H47 and Ser307 with a moderate distance.
• Molecule 9 forms 2 hydrogen bonds with Glu300, the first
with H45 (short) and the second with H53 (moderate),
ASN-527 forms another hydrogen bond (moderate) with
O44. The littlest interaction was created between O51 and
Trp530.
• Molecule 73 forms a single hydrogen bond with the
receptor site between H33 and Glu300 with a moderate
distance.

www.etasr.com

Fig. 2. Electronic charge densities of the candidate molecules.

Molecule 01 (Hydroxychloroquine) possesses a small HBD
and HBA region. Molecule 07 shows a small HBD region and
also some HBA regions. In Molecule 09, there are 3 regions
capable of accepting hydrogen atoms and a small hydrogen
donor region. Molecule 18 possesses a large enough hydrogen
donor region as well as a hydrogen bond acceptor region. A
tiny region in Molecule 73, almost negligible, can donate a
hydrogen atom (colored in blue) while a more significant part,
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colored in red, represents the hydrogen acceptor region; The
most
prominent
picks
in
the
range
-0.01eÅ-2<σ<+0.01eÅ-2 are due to the non-polar chemical
groups such as CH3, CH2, CH, which are more abundant in the
molecules. Negatively charged atoms such as O- constitute
hydrogen acceptors (region HBA) [31]. The positively charged
atoms or atoms with lone pairs of electrons are responsible for
the picks in the region HBD (NH, NH2, and NH3). Figure 3
proves the results obtained from the sigma profiles and the
energies of desolvation and interaction. All candidate
molecules have strong affinities HBD and HBA well balanced.
This demonstrates that they have sufficient solubility in water
and blood after administration [28].
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Fig. 3. Sigma potentials of the four candidate molecules.
[12]

IV. CONCLUSION
Taking hydroxychloroquine as the primary molecule, we
built 81 new derivative molecules, of which only 4 molecules
had improved affinity for ACE2. The modifications of the
hydroxychloroquine structure at critical positions enhance
properties such as affinity for the receptor site, solubility, and
permeability and allow reconsidering the hydroxychloroquine
derivative molecules for therapeutic use as a ligand for ACE2.
Nevertheless, in-vitro and in-vivo studies will help confirm the
results obtained in this study.
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Abstract-This paper proposes a new scheme to reduce the output
power variation range of a wind turbine group without an energy
storage system. This proposal is based on the active power
compensation principle for each wind turbine. In this research,
the wind turbine operates in the active power control mode. The
reference active power is calculated in such a way that it
compensates for the difference between the average output power
and the actual output power. To verify and evaluate the proposed
method, we simulated a group of two 1.5MW-wind turbines in
the Simulink environment of MATLAB. Simulation results were
compared to the ones of a wind turbine group without any
smoothing scheme and the ones of the same group with the
Exponential Moving Average method. From this comparison, we
can conclude that with the proposed method, the actual output
power of the wind turbine group becomes smoother than that of
the wind turbine group without any smoothing scheme.
Moreover, the performance of the wind turbine group with the
proposed method is better than that of the wind turbine group
with the Exponential Moving Average method.
Keywords-DFIG; fluctuating compensation; power control;
smoothing power; wind turbine

I.
INTRODUCTION
The energy demand has been increased rapidly in many
developing countries whereas conventional energy resources
are gradually exhausted [1]. This has boosted the exploiting of
renewable energy resources such as wind, solar, geothermal,
etc. to gradually replace fossil fuel-based resources like coal,
oil, and natural gas. In many countries, wind energy has been
practically accounted for a substantial rate in electricity
demand [1]. However, the main drawback of wind turbines or
wind farms is that they bring a negative impact on the
connected grid because the output power fluctuates due to the
natural variation of wind speed [2]. Until now, many useful
schemes were proposed to reduce the fluctuation in the output
power of a wind turbine [2-19]. These schemes can be
generally divided into two groups, energy storage system
utilization [2-3, 8-13] and storage energy system misutilization
[2,4-7]. By using an energy storage system as battery, super
capacitor, etc. [8-13], we can adjust the amount of active power
charging/discharging from the energy storage system to smooth
the output power quite easily and hence, wind turbines can

completely operate on their optimal power points to yield
maximum available power. However, to obtain this benefit we
must invest on the storage energy system installation and
expect expensive operation cost. In contrast with the method of
the energy storage system utilization, the controller utilization
is hard to make the wind turbine operate completely on the
maximum-power-point-tracking curve [2, 4]. Moreover, by
using the controller, the output power of the wind turbine is
hardly as smooth as that using the energy storage system. The
main reason is that it cannot store the redundant electrical
power to release it as the output power is inadequate. However,
the misutilization of an energy storage system does not require
huge investments and maintenance cost.
For the controller utilization of the wind turbine, some
methods to smooth the power output of a wind turbine are
inertia control [7], pitch control [14-17], DC link voltage
control [18], etc. Utilizing the inertia of the wind turbine can
cause stress on its mechanical system whereas it is hard to
respond quickly by using the pitch controller and a large
amount of wind energy is wasted. In both pitch control and
inertia methods, an anemometer must be used to provide the
wind speed variation to the controller [2]. The DC voltage
control method works on the principal of utilizing the DC link
of the power converter, which is interfaced to the connected
grid, as a small storage energy system to charge/discharge a
small electrical energy amount during its operation interval,
and hence the voltage on the DC-link is varied and this may
bring a negative impact on the voltage at the point of common
connection. Moreover, this method is only applied in wind
turbines that use a full-scale converter and is hard to implement
in a Doubly Fed Induction Generator (DFIG) wind turbine
because of the converter’s small capacity. Another way to
smooth the output power is the use of the Exponential Moving
Average (EMA) method to determine the average reference
signal for the controller. Depending on the smooth factor, this
method can be either effective or ineffective. It is also noted
that this method was not only used in the controller of a wind
turbine but also in the controller of the energy storage system
[4, 13, 19].
The objective of this research is the proposition of a new
scheme for smoothing the output power of a wind turbine
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group without an energy storage system. The basis of the
proposed scheme is to compensate the active power for the
fluctuation in the output power. To obtain this objective, one
must calculate the reference power, using it as an input signal
of the RSC controller, such that it can compensate the variation
in the actual output power. This scheme is evaluated via
simulations in the Simulink environment of MATLAB
software. The simulation results of a wind turbine group with
the proposed method will be compared to the ones without a
smoothing method and with the EMA method.
It is noted that in order to evaluate the performance of the
methods that smooth the output active power, we will use two
indices, namely the smoothing function ∆ and the
electrical energy output of wind turbine group as (1)-(2) [3]:
∆



 

 (1)

  (2)

It is desired that the smoothing function ∆ should be
smaller in order for the output power to become smoother.
Moreover, the wind turbine group is always expected to
withdraw as much electrical energy as possible and hence, a
preferable method will provide a small value of the smoothing
function and a high value of output electrical energy.
II. RESEARCH CONFIGURATION
In this research, we consider a wind turbine group, as
shown in Figure 1, in which a DFIG with 1.5MW capacity is
employed.
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represented by  , , namely power coefficient [8, 23]. This
coefficient is reliant on both pitch angle  and tip speed ratio 
[8, 24]:




   (3)


where R is the length of the blade,  is the rotational velocity
of the shaft, and  the wind velocity at the wind turbine
location.
According to [8, 23], the coefficient  ,  versus the tip
speed ratio  at different values of  of a typical wind turbine
is shown in Figure 2(a) [8, 26]. It is easy to see that with a
constant pitch angle, the power coefficient   reaches a
maximum value at an optimal tip speed ratio. When we keep
=0,   will reach its maximum value  ! at  [25].
At a wind velocity  and rotational velocity of shaft  , the
mechanical power on the wind turbine shaft is defined by [8,
24]:


"
#

$%#  λ, β( (4)

where $ is the density of air at the wind turbine location.

(a)

(b)

Fig. 2.
(a) Power coefficient versus tip speed ratio at different pitch angles
and (b) mechanical power versus rotor velocity at different wind velocities.
Fig. 1.

Configuration of the wind turbine group.

Generally, a DFIG wind turbine system consists of a 3blade system, a shaft system, and a DFIG [20]. In the DFIG
wind turbine, the stator winding is connected directly to the
grid whereas the rotor winding is interfaced to the grid via a
back-to-back small capacity converter [21, 22]. This converter
consists of a Rotor Side Converter (RSC), a Grid Side
Converter (GSC) and a DC-link. Via the RSC controller, we
can adjust the output active power of the wind turbine.
A. Wind Turbine
The blade system converts wind energy to mechanical
energy on its shaft. The efficiency of the conversion is

www.etasr.com

Obviously, this mechanical power is reliant on the cubic of
the wind velocity  . When the wind velocity is over the rated
value, the wind turbine should be remained at its rated power
by adjusting the pitch angle  . By contrast, when the wind
velocity is below the rated value, the pitch angle should be kept
at a minimum value and the rotor speed should be adjusted so
that the wind turbine operates at its optimal point
( ,  ! . From (3), (4), for   ! and   , we
obtain [24]:


"
#

$%#  ! (

(
) 

(5)

where:
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(6)

(7)

0

When the wind velocity varies, the optimal rotor velocity
 will be varied proportionally (7). Hence, the locus of
optimal operation point which is named Maximum Power Point
Tracking (MPPT) curve is computed as in (8). This locus is
represented in Figure 2(b).
"



$% # ! (

#

) ( (8)

B. Doubly Fed Induction Generator
A DFIG is principally an asynchronous generator and it
consists of 2 windings, namely a stator winding and a rotor
winding. In the 1 axis system, the rotor side voltage of a
DFIG is described as [24]:
2
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∆S varies around zero, it can be either positive or
negative. When ∆S is negative it means that the actual output
power is lower than the average output power, and hence the
reference power should be increased. On the contrary, with a
positive ∆S , the actual output power is over the average value
so the reference power should be reduced. Hence, the power
reference is defined by (18). Equation (18) indicates that the
reference power of each wind turbine compensates the
variation of the actual output power. This is the main idea of
the proposed method.
LT

 > ∆S

(18)

The reference power of the RSC controller is described in
Figure 3(a). Figure 3(b) describes the reference power in the
case of wind turbine using the EMA method [4, 13, 19].

(a)

(b)

K > KL (15)

THE SCHEME TO SMOOTH THE OUTPUT POWER

To mitigate the fluctuation in the output power of the wind
turbine, in this research the wind turbine must be operated in
www.etasr.com

Q

 (16)

(14)

where M is the inertia constant of the wind turbine system and
K the mechanical torque.
III.

" Q

Q R 

C

and the change of the rotational velocity of the rotor shaft in the
DFIG-wind turbine can be represented by [24]:
M

Q

(13)

In the 1 axis system, the electromechanical torque of the
DFIG can be calculated as:
KL

P

where K is the time interval, 
  is the electrical
R 
energy output of each wind turbine in the period T,  is the
actual output power of each wind turbine, and N O the
average active power of each wind turbine in the period T.

(12)

where  is the active power exchanging to grid via the rotor
side and  the active power supplying to the connected grid
via the stator side and in the 1 axis system. It is defined as
[24]:


O

∆S

The active power output of the DFIG in total is calculated
as [24, 25]:
PH 5 PI

N

The fluctuation in the output power can be calculated as:

 is the resistance of rotor winding, 7 , 7  , and 7 
represent the inductance of the rotor winding, the stator
winding, and the magnetizing core respectively, 2 3 and 4 3
are the rotor voltage and rotor current in the 1 axis system, 
is the flux rotational velocity or angular frequency in the stator
winding, ; is the slip factor, and  the voltage magnitude in the
stator winding terminal.

PG

the power control mode. To adjust the output active power of
the wind turbine, we should adjust the 43 component because
by adjusting this component we can accommodate the torque
(14) and hence the rotor velocity will be changed as in (15). As
a result, the output active power will approach the desired
value. In this research, we reuse the structure of RSC and GSC
and utilize the controllers applied to RSC and GSC in [26]. The
role of the RSC controller is to control the active power and the
reactive power output of the wind turbine and the role of the
GSC controller is to maintain a constant voltage on the DC-link
and a zero reactive current output. However, the reference
power of the RSC controller is modified. Principally, it must
compensate the fluctuation in its actual active power. The
average output active power of each wind turbine is calculated
as [8]:

(11)

C

7345

Fig. 3.
Reference power for RSC controller: (a) Proposed method and
(b) EMA method.

IV. RESULTS AND DISCUSSION
The Simulink environment in MATLAB software was used
to simulate a group of two DFIG-wind turbines using the
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proposed scheme in order to verify it. The details of some
models are shown in the Appendix. The wind turbine capacity
is 1.5MW and its power coefficient is described by (19) [23]:
 , 

0.5176 Y

""Z
[\

> 0.4 > 5^ _

`a
b\

N

5 0.0068 (19)
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and it is higher from 215s to 230s. Clearly, the continuous
curve in Figure 5(c) is a little different to the summation of the
broken curve in Figure 5(c) and the curve in Figure 5(b). The
main reason is that the operation point of wind turbines is
changed due to the reference output power.

where:
1
8

1
0.035
>
 5 0.008β  ( 5 1

This wind turbine's characteristics are described in Figure 2.
To simulate the wind turbine system, we assume the wind
speed data presented in Figure 4. We use the DFIG parameters
described in detail in [27].

(a)

(b)

Fig. 4.

Wind velocity data.

Here, we will compare the simulation results of the wind
turbine group using the proposed method with the wind turbine
group without any smoothing scheme (Original) and with the
wind turbine group using the EMA method. The objective of
the comparison to the original case is to verify the applicability
of the proposed method to the wind turbines, whereas the
comparison to the EMA method is to indicate the benefits of
the proposed method.
A. Comparison with the Original Case
The main objective of this section is to verify and evaluate
the efficiency of the proposed method. The simulation results
will be compared to the original case, in which the wind
turbines do not use any smoothing method or the ∆S in
Figure 3 is set at zero. The simulation results are shown in
Figure 5. As can be seen from Figure 5, with the proposed
method, the wind turbine group has a better performance than
the original case. As can be seen from Figure 5(a), the variation
range of the power output is mitigated significantly in
comparison to the original cage. Clearly, from 50s to 150s, in
the original case, the output power varies from around 1.5MW
to 2.1MW whereas with the proposed method, it varies
between 1.6MW and 2MW. At around 245s, the output power
is 1.47MW and 1.55MW corresponding to the proposed
method and the original case. To obtain this power output, the
amount of compensation power of each wind turbine is
calculated as shown in Figure 5(b). With the proposed method,
from 180s to 230s, the actual output power is higher than the
average output power whereas from 230s to 310s, the actual
output power is lower than the average output power. To
compensate this difference, the reference power of each wind
turbine, which is the input of the RSC controller, is shown in
Figure 5(c). We can see that, by comparing to the original case,
the reference power is lower in the period from 180s to 210s
www.etasr.com

(c)

(d)

(e)

Fig. 5.
Simulation results with the proposed method and the original case:
(a) power output, (b) compensation power, (c) reference power, (d) smoothing
function, and (e) electrical energy.

Figure 5(d) indicates the smoothing function of two cases.
Obviously, with the proposed method, the smoothing function
value is almost lower than that of the original case. At the end
of the simulation period with the proposed method the
smoothing function is around 3.58MW whereas with the
original case it is around 5MW. Therefore, the proposed
method can be completely utilized to reduce the fluctuation in
the output power of the wind turbine group. Regarding the
electrical energy output, Figure 5(e) shows that the proposed
method makes the electrical energy output of the wind turbine
group a little lower than that of the original case. However, the
amount of decrease is insignificant. At the end of the
simulation interval, the electrical energy output is 0.2025MWh
and 0.2035MWh for the proposed method and the original case
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respectively. It means only 1kWh is lost due to the application
of the proposed method. In conclusion, by using the proposed
method, the reference power supplying the RSC controller
compensated the variation of the output active power and hence
the output active power of the group wind turbine varies with a
smaller range of that of the original case. It means we can use
the proposed method to mitigate the variation of the output
power of the wind turbine group.
B. Comparison to the EMA Method
The EMA method was used to smooth the output power of
the wind turbine [4, 13, 19]. In this research, the EMA method
is applied to wind turbines operating in the power control mode
to determine the reference power (Figure 3(b)). The reference
power is described as:
LT 

LT  > K 5 e Y  > LT  > K^ (20)

where K is the time period and e is the smoothing factor of
EMA, 0 f e f 1.
In this research, we use e=0.5 and T=20s. The simulation
results are shown in Figure 6.
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proposed method is lower than that with the EMA method. At
the end of the simulation interval, they are around 3.58MW and
3.62MW for the proposed method and the EMA method
respectively. Moreover, the electrical energy of the wind
turbine group with the proposed method is a little higher than
that with the EMA method. From Figure 6(c), the output
electrical energy of the wind turbine group with the proposed
method is 0.2025MWh whereas with the EMA method is
0.2022MWh at the end of the simulation interval. Therefore,
the proposed method has a better performance than the EMA
method.
V. CONCLUSION
This research proposed a new scheme to mitigate the
fluctuation in the output power of a wind turbine group without
an energy storage system. In this research, the active power
control mode is used in wind turbines, and the reference active
power is calculated to compensate the difference between the
average output power and the actual output power. The
proposed method is verified and evaluated by in the Simulink
environment of Matlab. The simulation results of the proposed
method, the EMA method, and the original case were
compared. The comparison indicated that when using the
proposed method, the output power variation of the wind
turbine group was mitigated significantly, and its performance
is better than that of the EMA method.
APPENDIX

(a)

(b)

(c)

General model of the proposed method.

Fig. 6.
Comparison between the proposed method and the EMA method:
(a) power output, (b) smoothing function, and (c) electrical energy.

As can be seen from Figure 6(a), the output power of the
wind turbine group using the proposed method is obviously
smoother than that of the EMA method. Around 250s, with the
EMA method, the output power is deeply reduced in
comparison with that of the proposed method. By contrast, at
the 330s, it becomes higher. Hence, the performance of the
wind turbine group with the EMA method is not better than
that with the proposed method. Figure 6(b) indicates the
smoothing function value of the wind turbine group. As can be
seen from this Figure, the smoothing function value with the
Refference power calculation.
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[13]

[14]

[15]

[16]
Simulation settings.
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Abstract-Braces in straight bridge systems improve the lateraltorsional buckling resistance of the girders by reducing the
unbraced length, while in horizontally curved and skew bridges,
the braces are primary structural elements for controlling
deformations by engaging adjacent girders to act as a system to
resist the potentially large forces and torques caused by the
curved or skewed geometry of the bridge. The cross-frames are
usually designed as torsional braces, which increase the overall
strength and stiffness of the individual girders by creating a
girder system that translates and rotates as a unit along the
bracing lines. However, when they transmit the truck’s live load
forces, they can produce fatigue cracks at their connections to the
girders. This paper investigates the effect of using different
details of cross-frames to girder connections and their impacts on
girder stresses and twists. Field testing data of skewed steel
girders bridge under various load passes of a weighed load
vehicle incorporated with a validated 3D full-scale finite element
model are presented in this study. Two types of connections are
investigated, bent plate and pipe stiffener. The two connection
responses are then compared to determine their impact on
controlling the twist of girder cross-sections adjacent to crossframes and also to mitigate the stresses induced due to live loads.
The results show that the use of a pipe stiffener can reduce the
twist of the girder’s cross-section adjacent to the cross-frames up
to 22% in some locations. In terms of stress ranges, the pipe
stiffener tends to reduce the stress range by 6% and 4% for the
cross-frames located in the abutment and pier skew support
regions respectively.
Keywords-skew bridge; field test; cross-frames; bent plates; pipe
stiffener; fatigue

I.

INTRODUCTION

Skewed supports occur when the supporting abutments for
the girders are not normal to the girder lines but are instead
offset by a skew angle which may be required due to the
characteristics of the intersecting roadways or the geological
terrain. Since skew angles increase the interaction between the
steel girders and the braces (cross-frames or diaphragms), the
behavior of bridges with skewed supports becomes more
complicated than in bridges with normal supports. As the
geometry of the bridge deviates from this basic scheme, the
functions, and effects that cross-frames and diaphragms have in
the structure become more important, up to the point where the

structural integrity of the bridge depends on them. Among
many other characteristics, horizontal curvature, support skews,
large spans and widths, unbalanced construction loads, unequal
girder lengths subject the girders to torsion, increasing the
significance of cross-frames and diaphragms [1]. Bracing
systems force the girders to rotate as a group to accommodate
the differential vertical deflections, the interaction between the
girders and braces often results in large live load forces in the
cross-frames or diaphragms, which can lead to fatigue
problems around the brace locations. The severity of the fatigue
problem depends on the connection details that are used for the
bracing [2].
Historically, AASHTO limited the spacing of cross-frames
to 7.62m (25ft) on straight steel bridges. However, the current
AASHTO LRFD specifications [3] eliminated the spacing limit
and instead allowed a rational analysis to be performed to
determine the cross-frame spacing. A major advantage of this
clause is the potential cost savings obtained from reducing the
number of cross-frame lines in the completed bridge. The use
of fewer cross-frame lines is beneficial in reducing both
fabrication and erection costs and may result in fewer fatiguesensitive details on the bridge. However, as analysis techniques
become more advanced and bridges become increasingly
slender and efficient, it is imperative to fully understand the
behavior of the cross-frame systems used and to verify that the
braces are providing the restraint necessary to obtain safe
structures. AASHTO/NSBA required that the end cross-frame
be placed parallel to the skewed support, and hence at an angle
to the girders [4]. In order to provide access for welding during
fabrication and erection, bent plate connection is often used to
connect the cross-frames to the girder and aligned parallel to
the skew angle. Such a connection provides little if any
warping restraint.
While bent plate connections can simplify fabrication, the
flexibility of the plate due to the connection eccentricity may
compromise the effectiveness of the cross-frame in stabilizing
the girders against lateral torsional buckling. For small skew
angles, the bent plate performs adequately, however, problems
can occur for larger support skews [5]. The results from
laboratory tests and three-dimensional finite element studies
have demonstrated that the eccentricity causes out-of-plane
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bending of the members resulting in a reduction in the stiffness
of the cross-frame [6]. The eccentric connections lead to
member bending that result in uncertain behavior for strength,
stiffness, and especially fatigue.
In recent studies on the fatigue performance of existing
steel and composite bridges, it has been found that the most
common fatigue damage types are caused by secondary effects,
i.e. deformation-induced cracking or distortion-induced fatigue
cracking. This type of fatigue damage is often the result of
secondary restraining forces generated by unintentional or
overlooked interactions between different members in the
bridge. Poor detailing along with abrupt changes in stiffness at
the connections between girders and cross-frames increase the
possibility of prone fatigue cracking in such details [3]. Many
surveys and reports stated that distortion-induced fatigue,
which often occurs in the vicinity of cross-frame to girder
connections is the most frequently observed type of fatigue
observed [7]. Several studies have explored various specific
examples of this phenomenon at cross-frame to girder
connections [8-11]. Design codes and evaluation methods
generally provide very little guidance on how this kind of
fatigue damage should be accounted for or prevented. It is the
responsibility of the bridge designer to ensure through good
detailing that these secondary effects and the kind of fatigue
damage associated with them are avoided.
This study aims to investigate the effectiveness of the crossframe connection details in terms of structural behavior and
responses. This is accomplished using Finite Element Analysis
(FEA), validated by field testing results. Two types of
connections are investigated: bent plate and pipe stiffener
connection. The bent plate connection type is widely adopted in
bridges with skew abutments and pier support regions (see
Figure 1(a) and 1(b) respectively). It is also used in the bridge
of interest of the present study (US13 Bridge). The second and
proposed type is the pipe stiffener (see Figure 1(c)). This type
of connection was first presented in 1977 [12] and was
investigated later numerically and experimentally [5, 13]. The
two connection responses are then compared to determine the
impacts of each one on controlling the twist of girder crosssections adjacent to cross-frames and also to mitigate the
stresses induced due to live loads. This knowledge can then be
applied to assess and optimize the fatigue performance of
typical bridges and connection details.
II.

BRIDGE FIELD TESTING

A. Bridge General Description
The US13 Bridge, is a 65° heavily skewed steel I-girder
bridge in Delaware, USA (Figure 2). Twin spans carry the
north- and southbound lanes. The bridge consists of 2
continuous spans of equal 50m (165ft) lengths. There are 5
girders spaced 2.9m (9.5ft) on center with exterior girders
spaced 0.86m (2.83ft) and 1.16m (3.83ft) away from the outer
edge of the bridge concrete guard wall on the west and east
sides respectively. Therefore, the total width of the bridge is
13.37m (44.67ft), carrying two 3.65m (12ft) lanes, a 3.65m
(12ft) shoulder on the west side, and a 1.82m (6ft) shoulder on
the east side. The concrete guard wall located on each bridge
side has 0.4m (1.34ft) width and 0.86m (2.83ft) height.
www.etasr.com

(a)

(b)

(c)

Fig. 1.
Cross-frames connection details investigated in the present study:
(a) bent plate connection in US13 Bridge abutment skew support, (b) bent
plate connection in US13 Bridge pier skew support, and (c) proposed pipe
stiffener connection.

(a)

(b)

(c)

(d)

Fig. 2.
US13 Bridge in Delaware state, USA, (a) general view, (b)
perpendicular cross-frame configuration, (c) bent plate connection in skew
abutment support, and (d) bent plate connection in skew pier support.
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The bridge contains inline X-shaped cross-frames (between
girders and at pier location) oriented perpendicular to the
girders’ longitudinal axes, as shown in Figure 2(b), which are
connected to the girders using full-depth connection plates.
Also, inline K-shaped cross-frames are used in the vicinity of
the abutment supports and connected to the girder’s web using
bent plate connection (Figure 2(c)), while inline X-shaped
cross-frames used in the pier supports and connected to the
girder’s bearing plates stiffener using bent plate either (Figure
2(d)).
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deflection in Girder #4. Pass#2 was designed to produce a high
level of stress in both Girder #3 and Girder #4, while Pass#3
had the truck travel with the left side wheels aligned with the
centerline of the two lanes, intending to maximize differential
deflections between the instrumented girder and the adjacent
one [15]. Pass#4 is a new one implemented using FEA and had
the loaded truck travel in the center of the left shoulder with
24km/hr. This pass was intended to produce a high level of
twists in the instrumented sections.

B. Instrumentation Layout and Loading Pattern
Bridge Diagnostics, Inc. ST-350 strain gauges (BDI
gauges) [14] and their associated data-acquisition system were
used in the field test. Specifically, 12 strain gauges were
installed on the 3 girder cross-sections labeled G1, G2, and G3
(Figure 4). Each of these girder cross-sections was
instrumented with 4 strain gauges (Figure 3). One pair was
placed 5cm (2in) from the outer edges of the bottom surface of
the bottom flange. These cross-section positions are labeled as
BF-1 and BF-2. The other pair was placed on opposite sides of
the web at approximately mid-height of the web and its
members were labeled as W-1 and W-2 [15] (Figure 3). Four
different truck passes, with 24km/hr (15mph) speed, were
conducted for the load test (Figure 5). Pass#1 had the loaded
truck travel down the center of the left lane. This position was
intended to maximize the stress and induce differential

Fig. 4.

Cross-section locations for field and FEA data.

US13 Bridge framing plan and instrumentation locations.

Fig. 5.

www.etasr.com

Fig. 3.

Truck load passes.
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III.

FINITE ELEMENT ANALYSIS

A. Geometry, Meshing, Elements, Materials, and Boundary
Conditions
The geometry of the bridge was created according to the
structural plans provided by the bridge owner (the Delaware
Department of Transportation). Software packages like
AutoCAD - 3D, FEMAP, NX Nastran, and ABAQUS/CAE
were used to perform the bridge final finite element model [16]
(Figure 6). Over 1 million 4-node reduced-integration shell
elements [17, 18], were used for modeling all girders, crossframes, and stay-in-place profiled metal deck forms. For
modeling the concrete deck, haunch, and concrete guard wall,
4-node reduced-integration shell elements (S4R) were used.
Steel bar reinforcement in the concrete deck slab was defined
by Abaqus’ rebar option using the actual geometry of the
reinforcement and its spacing. In general, the mesh size of both
the concrete deck slab and the metal forms were 30cm×30cm
(1ft×1ft), while 8 or 12 elements were used across the width of
the girder’s top and bottom flanges and 28 were used through
the height of each web. Linear isotropic elastic material
properties were used for the FEA because the applied loads did
not cause the proportional limit of the materials to be exceeded.
Expansion bearings at abutments were modeled with
translation constraints in both vertical and transverse directions
at the center node of the bottom flange cross-section of each
girder, and only vertical direction constraint for the remaining
bottom flange nodes of the abutment cross-sections. Fixed
bearings at the pier were modeled similar to the expansion
bearing constraints except that the center node of the bottom
flange cross-sections was also restrained in the longitudinal
direction.

(a)

(b)
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B. Loading (Vehicle Modeling)
The truck load was simulated with a series of static load
cases which varied in position to represent a truck traveling
across the length of the bridge. Nodal positions of each of these
load cases, which were necessary to apply the loads in the
model, were computed using a Visual Basic for Applications
(VBA) programming routine. To facilitate the use of this
routine, the deck element nodes were numbered in ascending
order.
C. Interaction Mechanisms and Analysis
Tie constraints were used to simulate all connections
between the steel components of the bridge (e.g. between
cross-frame members and vertical connection plates on the
girders). The metal decking and the top flange were connected
via merged nodes with all degrees of freedom constrained.
Timoshenko (shear flexible) beam elements [17] with circular
cross-sections and 6 degrees of freedom (3 translation and 3
rotation) at each node to represent the shear studs and an
isotropic friction model with a coefficient of friction of 0.4 at
the steel-concrete interface were used to model the steelconcrete interaction mechanism. Surface-to-surface tie
constraints were used to model the connection between the
haunch and the slab. The analysis was performed by using an
Expert Subroutine System programmed to extract key
information from the Abaqus output result file [16]. This was
implemented using the Caviness High-Performance Computing
(HPC) cluster at the University of Delaware, USA. The static
analysis was performed using Abaqus standard implicit static
analysis while Abaqus explicit dynamic analysis was used for
the dynamic models.
D. Finite Element Modeling of the Pipe Stiffener
A new FE model for US13 Bridge was implemented using
ABAQUS/CAE but with the use of a pipe stiffener instead of
the bent plate to investigate the effectiveness of using this type
of connection in enhancing the structural behavior of the bridge
through increasing the connection warping restraint, buckling
capacity and reducing the end cross-frame twist. The pipe
stiffener model was used in two locations across the bridge.
The first one in the west and east abutments skew supports as
shown in Figure 7. In this region, the thickness of the pipe
stiffener plate was taken as the same as the thickness of the
web’s bearing stiffener plate (2.25cm (7/8in)), while the
diameter of the pipe was taken equal to the width of the bottom
flange [46cm (18in)]. The second location is at the pier skew
support (Figure 8), the thickness and diameter of the pipe
stiffener plate used in this region are 3.85cm (1½in), and 76cm
(30in) respectively.
IV.

Fig. 6.
US13 Bridge Abaqus finite elements model. (a) FEA modeling of
bent plates in the pier support region and (b) FEA modeling of bent plates in
the abutment support region.

www.etasr.com
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FINITE ELEMENT VALIDATION

Figures 9 and 10 illustrate the maximum tensile and
compressive stresses, recorded from the field test and the FEA
data for the strain gauges located in the Bottom Flange (BF)
and Web (W) respectively. Generally, the FEA reproduces
accurately the general behavior observed in the field testing
and a favorable quantitative comparison is obtained in most
cases, especially for the gauges located in the BFs of the
instrumented sections. The difference between the FEA and
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field test for the experienced tensile and compressive stresses
of the bottom flange attained 7.7 and 10.6%, during Pass#1,
10.5 and 14.8% during Pass#2, and 13.4 and 18.9% during
Pass#3 respectively. Accordingly, a weaker correlation was
expected and achieved when comparing the compressive stress
results due to the fact that the concrete is in tension in this
situation and the concrete deck was modeled as a linear elastic
material with infinite tensile strength for modeling efficiency.
For the webs, the best overall correlation between results was
achieved during Pass#1 at G2.
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(a)

(a)

(b)

Fig. 9.
Field test results vs FEA data for the gauges located in the BF of
the instrumented sections (G1, G2, and G3) due to the three field passes, (a)
maximum tensile stresses and (b) maximum compressive stresses.

(b)

Fig. 7.
Abutment skew support region connection details: (a) FE modeling
of the existing connection (bent plate), and (b) FE modeling of the new
proposed connection (pipe stiffener).
(a)

(a)

(b)

(b)

Fig. 8.
Pier skew support region connection details: (a) FE modeling of
the existing connection (bent plate) and (b) FE modeling of the new proposed
connection (pipe stiffener).

www.etasr.com

Fig. 10. Field test results vs FEA data for the gauges located in the W of
the G1, G2, and G3 sections due to the three field passes: (a) maximum tensile
stresses, and (b) maximum compressive stresses.
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Figures 11-13 show the field results versus FEA data for
the BF gauge positions G1, G2, and G3, in terms of stress
versus truck position as it travels across the bridge. These
figures show that the FEA results match the expected behavior
in stress versus time during the truck passes, including that the
FEA also captures accurately the load locations that cause peak
stress. In these Figures, the x-axis represents the position of the
truck as it travels over the two spans of the bridge. The value
(0) of the x-axis declares that the truck is over the left support
(west abutment support), the value (0.5) indicates that the truck
reaches the intermediate support (pier support), while the value
(1) shows that the truck is over the right support (east abutment
support).

Fig. 11. Field vs FEA stresses influence line for the pair of BF gauges
located in the bottom flange of the instrumented section G1.

Fig. 12. Field vs FEA stresses influence line for the pair of BF gauges
located in the bottom flange of the instrumented section G2.

Fig. 13. Field vs FEA stresses influence line for the pair of BF gauges
located in the bottom flange of the instrumented section G3.

www.etasr.com
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V. STRESS RANGE CONCEPT
The stress range concept was adopted in the present study
to investigate the effect of the use of the different connections
(bent plate vs pipe stiffener), as it is a key metric affecting the
fatigue performance for the detail of interest. The stress range
for each gauge is evaluated by finding the difference between
the maximum and minimum stresses. Figure 14 describes the
stress range concept in which it represents the relation between
the stress (plotted on the y-axis) and the truck position (plotted
on the x-axis). Figures 15 and 16 show the stress range for the
gauges located in the BF and W respectively, of the
instrumented sections G1, G2, and G3, due to the three-field
passes.

Fig. 14.

Illustration of the stress range concept.

Fig. 15. Field vs FE stress range for the gauges located in the BF of the
instrumented sections (G1, G2, and G3) due to the three field passes.

Fig. 16. Field vs FEA stress range for the gauges located in the W of the
instrumented sections (G1, G2, and G3) due to the three field passes.
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VI.

RESULTS

A. Pipe Stiffener vs Bent Plate (Stress Range Comparison)
The preliminary investigation of Field vs FEA stress range
results (Figures 15 and 16), revealed that the gauges located in
the BF of the instrumented sections G1, G2, and G3 due to all
the three-field passes experienced higher stress range than the
ones located in the W. Based on this, the stress range for BF-1
and BF-2 locations (see Figure 3), at the intersection of each
cross-frame along the length of girder#4 will be used to
investigate the effectiveness of using the pipe stiffener instead
of the bent plate in terms of stress range due to Pass#1 and
Pass#4 only. It is worth mentioning that Pass#4 is an FEA pass
that had the loaded truck traveled in the center of the left
shoulder with 24km/hr and was designed to produce a high
level of twists in G1, G2, and G3.
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Pass#1 and Pass#4 respectively. In the pier X-type cross-frame,
the reduction attained 2.5% during Pass#1 vs 4% during
Pass#4. In the other cross-frames located at girder#4, the
decrease of the stress range is almost insignificant, especially
the ones located in the middle region of girder#4 (away from
both the skew abutment and pier regions). In general, the
reduction of the stress range using pipe stiffener due to Pass#4
is higher than Pass#1 since Pass#4 induced more warping and
lateral bending compared to Pass#1.

(a)

(a)

(b)

(b)

Fig. 18. FEA stress range for BF-1 and BF-2 at girder cross-sections
adjacent to cross-frames connected to girder#4, for the case of using pipe
stiffener connection detail due to (a) Pass#1, and (b) Pass#4.

B. Pipe Stiffener vs Bent Plate (Angle of Twist
Comparison)
Fig. 17. FEA stress range for BF-1 and BF-2 locations at girder crosssections adjacent to cross-frames connected to girder#4, for the case of using
bent plate connection detail due to (a) Pass#1, and (b) Pass#4.

Figure 17 illustrates the stress range results for BF-1 and
BF-2 at the intersection of all cross-frames along the length of
girder#4 for the current case of US13 Bridge with the use of
bent plate connection detail and due to Pass#1 and Pass#4,
while Figure 18, shows the stress range results for the same
locations and due to same passes but with the use of pipe
stiffener. The comparison between Figures 17 and 18 show a
slight difference (enhancement) due to the use of the pipe
stiffener in terms of stress range. The stress range in the west
abutment K-Type cross-frame (BRG-W) is reduced due to the
use of pipe stiffeners by 3% and 6% respectively, during
Pass#1 and Pass#4. While in the east abutment K-type crossframe (BRG-E) the overall reduction was 3% and 5% during
www.etasr.com

Typically, girders in non-skewed bridges experience twists
along their longitudinal axis only in one direction (clockwise or
counterclockwise). However, it was found that the girders in
steel skewed bridges show a torsional rotation profile (twist) in
which one part of the girder rotates in one direction and the rest
rotates in the opposite direction. In the present study, a positive
twist means that the cross-section of interest will be twisted in
a clockwise pattern along the longitudinal length of the girder,
while in a negative twist, the situation is vice-versa
(counterclockwise twist pattern). The Right-Hand-Rule (RHR)
is adopted in the present study to determine the sign of the
angle of twist. The pipe stiffener provides a more rigid
connection between the cross-frame and the girder and is
designed to restraint warping, thus it is decreasing the lateral
displacements, cross-frame stresses, and end cross-frame twist
[5, 13]. Figure 19 illustrates the angle of twist data trending for
the girder cross-sections adjacent to cross-frames located at
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girder#4 due to Pass#1 and Pass#4, for the case of bent plate
connection (US13 Bridge status), while Figure 20 shows the
results of using the pipe stiffener for the same locations and
passes.
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(CF18) is reduced by 19% and 22% for Pass#1 and Pass#4,
respectively. Meanwhile, during the same mentioned
passes, the enhancement achieved 12% and 16% for crossframe (CF01), 5 and 8% for cross-frame (CF17), and 3 and
7% for cross-frame (CF02) (see Figure 21).
Angle of Twist Data (Degree)

CF2 (G1)
CF3
CF4
CF5
CF6
CF7
CF8
CF9
PIER
CF10

Fig. 19. FEA angle of twist for the girder cross-sections adjacent to crossframes located at girder#4 due to Pass#1 and Pass#4 for the case of using bent
plate connection (US13 Bridge status).
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Fig. 21. FEA angle of twist data comparison for bent plate verses pipe
stiffener due to Pass#1 and Pass#4.

Note:δ =

φ .  φ

   .

φ .

X 100%, where: φ is the

angle of twist.

Fig. 20. FEA angle of twist for the girder cross-sections adjacent to crossframes located at girder#4 due to Pass#1 and Pass#4 for the case of using pipe
stiffener connection.

The following conclusions can be drawn through a
comparison of the results of Figures 19 and 20:
• In the US13 Bridge abutment region, the bent plate is
connected to the girder web after the support bearing
stiffener (Figure 1(a)). This eccentric connection led to
member bending that results in uncertain behavior for
strength [6], and also increased the twist (sway) of the
girder cross-section, see sections CF (K)-W and CF (K)-E
in Figure 19.

Figure 22 shows the effect of bent plate verse pipe stiffener
on the angle of twist for cross-frame (CF18) due to both Pass#1
and Pass#4 (i.e., twist envelop for the truck whole journey
across the span of the bridge). The use of pipe stiffener
enhances (increases) connection torsional stiffness and reduces
girder cross-section twist. The pipe stiffener serves as both the
bearing stiffener and connection plate, and increases the
warping resistance characteristics, and thus improves the
buckling resistance of the girder.

• The round shape of the pipe stiffener allows a perpendicular
connection between the skewed support cross-frame and the
stiffener for any skew angle and results in minimizing the
connection eccentricity caused by the use of bent plate in
the abutment skew support region (see Figure 20).
• The use of a pipe stiffener reduces the twist of the girder’s
cross-section adjacent to the cross-frames near both the
skew abutment and pier supports regions. The reduction is
relatively proportional to the distance between the pipe
stiffener location and the cross-frame of interest. Figures 19
and 20 indicate that the angle of twist for cross-frame
www.etasr.com

Fig. 22. FEA angle of twist envelop for the girder cross-sections adjacent to
cross-frame 18 (CF18), due to Pass#1, and Pass#4, for the cases of using a
bent plate and pipe stiffener connections.
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VII. CONCLUSIONS
Field testing data of different passes of a weighed load
vehicle incorporated with a validate full-scale 3D FEA model
of a highly skewed steel girder bridge, created with the FEA
software ABAQUS/CAE, were used to investigate the
effectiveness of using two different types of connections: bent
plate and pipe stiffener connection. The results of this study
lead to the following conclusions:
• One of the difficulties in using a cross-frame parallel to the
skew angle (case of US13 Bridge) can be the connection
details that are used between the brace (cross-frame) and
the girders. In many applications, the bent plate may be
used to make the connection between the brace and the
connection plate (web stiffener for the case of pier skew
support region), and/or girder’s web (in the abutment skew
support region). Such detail allows the fabricator to utilize a
connection plate that is perpendicular to the web, however,
the bent plate connection can dramatically reduce the
effectiveness of the brace due to the flexibility introduced
by the eccentric connection. One solution in eliminating the
bent plate is orienting the connection plate parallel to the
skew angle, however, such a detail can be complicated for
larger skew angles, thus a pipe stiffener can be suggested
instead.
• The pipe stiffener was used instead of the bent plate
connection to enhance the structural behavior of this
connection through increasing the connection warping
restraint and buckling capacity, and reducing the end crossframe twist. The pipe stiffener can provide more rigid
connection than the traditional bent plates and also it
controls the girder end rotations. For example: the angle of
twist for CF18 is reduced by 19% and 22% for Pass#1 and
Pass#4, respectively. Meanwhile, the percentage reduction
(enhancement) was 12% and 16% for cross-frame CF01,
due to the same two passes.
• The effectiveness of the pipe stiffener came from its
geometry configuration. The pipe stiffener connection can
adjust and conform to any skew angle. In addition, it can
work as a bearing stiffener plate, and since it is confined to
the region of abutment support it can eliminate the need for
an intermediate cross-frame to control end rotations and
also make the stress distribution more uniformly than using
end bent plates.
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Abstract-In recent years we have observed a clear trend for the
transformation and evolution of teaching practices using
Information and Communication Technologies (ICT) and in
particular educational robotics. As modern society gives great
importance to scientific and technological literacy and new
technologies, the educational process must play a central role in
the development of the respective skills. Thus, the training of
future teachers in corresponding fields is especially important. In
this paper, we present the curriculum design of a course named
"S.T.E.A.M Teaching Scenarios using Educational Robotics"
implemented for undergraduate pre-service teachers at the
Elementary Education Department of the University of Western
Macedonia in Florina, Greece. The objectives of the course
include the development of critical and computational thinking,
familiarity with robots, and the process of their integration in
curricula focusing on interdisciplinary practices facilitated by
embodied learning affordances.
Keywords-educational robotics; STEAM education

I.
INTRODUCTION
STEAM is an approach to learning that uses concepts from
Natural Sciences, Technology, Engineering, Arts, and
Mathematics like springboards for the development of skills of
active inquiry, cooperation, communication, creativity, and
critical thinking. The desired result is students who are
involved in experiential learning, are able to develop problemsolving skills facilitating scenarios, work together and explore
learning environments within the context a creative process [1].
The "A" in acronym STEAM, introduces the dimension of
creation and ingenuity, under one prism and aesthetics but also
moral. In this publication we present a curriculum targeted to
pre-service elementary school teachers, exploiting the
symbiotic relationship between Natural Sciences, Technology,
Engineering, Art and, Mathematics integrated in various
educational robotics based teaching scenarios. Students learn
how to combine and implement innovative scenarios within an
interdisciplinary framework based on inquiry based learning,
project-based learning, and developing computational thinking
in parallel with design based thinking [2, 4]. The ultimate goal
of deploying these STEAM based sequences is for elementary
school students to be familiar with elements of engineering

(simple and complex machines), to algorithmic thinking
(programming), to building robots [5], design and implement
experimental devices, and incorporate elements from the arts
and humanities indirectly (design, aesthetics, creativity,
imagination, innovation, ethical extensions, creative script
writing, etc.) or directly (e.g. a robot that paints, a robot that
dances, etc.). The course is based on collaborative work, within
immersive embodied environments that encourage more than
just basic science skills (critical thinking, computational
thinking, logic and application of science methodology) but
also skills directly related to the arts and humanities such as
creativity, imagination ,and reflection on ethical implications
[6-8]. The course, in addition to educational robotics, integrates
multiple ICT tools that support and enrich teaching scenarios,
such as Scratch games, Makey-Makey and augmented reality
applications [9, 10], an embodied learning teaching framework
[11, 12], and utilizing robots as tools for simulation [13].
II.

COURSE GOALS AND DESCRIPTION

The philosophy of the course employs two distinct
approaches in the teaching of educational robotics in an
elementary school classroom: The first approach uses the robot
as a means to teach computational thinking, algorithms, and
design in and of themselves, i.e. robotics here is the goal. The
second, and more interesting, pedagogical approach utilizes the
robot as a "digital agent", an actor inside a wider scenario that
is used as a tool that facilitates learning of various learning
goals (such as fractions, or materials science, or even chess).
The
course
focuses
on
creative
thinking
and
communication/collaboration alongside design thinking and
pedagogical efficacy. The curriculum didactic sequences utilize
the Lego Mindstorms EV3 set and Scratch 3.0. The course
material is divided into 2 phases.
In the first phase the students, who have already attended an
introductory course in Educational Robotics and have a strong
grasp of EV3 programming, get acquainted with advanced EV3
programming techniques (variables/constants, data logging,
variable operations, advanced precision handling with sensors).
In this phase we introduce the concepts of design-based
thinking and its connection to the arts and creativity alongside
the improvement of computational thinking skills and higher

Corresponding author: Stefanos Xefteris

www.etasr.com

Xefteris: Developing STEAM Educational Scenarios in Pedagogical Studies using Robotics

Engineering, Technology & Applied Science Research

mental skills. In the theoretical part, on one hand we focus on
scaffolding techniques and on the description and evaluation of
teaching models such as SAMR, and at the same time get
acquainted with digital storytelling techniques. Moreover, we
give guidelines for the use of multiple ICT tools used to
enhance the base teaching scenarios with multimedia or
interactive capabilities (such as Web 2.0 Comics tools, ebooks, Google forms for questionnaire creation, etc.). The main
purpose in this phase is to begin combining computational
thinking and science skills with creativity and imagination,
which are grand aspects of arts and humanities. Pre-service
elementary school teachers are introduced to the concept of
scientific method and learn to develop teaching scenarios,
using educational robotics and embodied affordances, divided
in 3 stages that encapsulate the essence of the scientific
method: Explore, Create and Test, Share results and reflect.
Each scenario begins with an active brainstorming session
where the students are prompted to explore and inquire about
the subject empathizing with all its aspects and give initial
input regarding the creation phase, then begin constructing and
testing the robot itself, employing an iterative process of trial
and error in design where they actively see what is working or
not and making the necessary adjustments. Then the robot is
put to work inside the scenario parameters, which induces
another, final, evaluation phase. In the end, the participants
share the results with the lab groups and reflect on similarities
and differences. In this phase we learn that the robot can be
transformed from a "simple" tool to teach programming and
computational thinking to a ubiquitous interface that acts as a
medium between the digital and physical world, facilitating
embodied learning and transforming into a multitude of
aspects: In an astronomy scenario as a simulator of the earth’s
movements, in a music and cryptography scenario as a decoder
of colors into notes, in a fractions scenario (and football) as the
tool that verifies the students’ mental calculations. In this first
phase that lasts 6 weeks, the students get acquainted with the
overall methodology in guided short projects (1 lab session of 3
hours each). During this phase, students apart from the live
sessions, are assigned two homework projects where they are
called to create lesson plans and worksheets for a
multidisciplinary application of a STEAM scenario in a "real
classroom". The lesson plans and worksheets are based on the
"Explore-Create-Share" workflow. During the COVID
pandemic, where lab access was not possible and distance
learning was employed, the students were also familiarized
with online robotics teaching tools such as Microsoft
Makecode.
In the second phase which lasts 7 weeks, the students are
familiarized with tools and applications that enable them to
create bigger, more immersive and demanding teaching
sequences. We introduce students to Mixed Reality
applications and a framework that utilizes Scratch and MakeyMakey to create augmented spaces on which our robots
participate in "missions" visualised by Scratch 3, as seen in
Figure 1. In this phase we focus on digital storytelling via
Scratch scenarios in order to produce gamified contexts on
which our robots enact their missions. This phase is designed to
facilitate creative thinking and storytelling skills to the preservice teachers, while at the same time enables them to
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conceptualize and create multidisciplinary teaching
environments that make use of multiple technological
affordances and create novel learning spaces that will motivate
their future school students and keep their interest high. In this
phase, pre-service teachers are given a multitude of choices
among teaching subjects and focus on translating traditional
teaching goals (for example Crete’s Mythology or Fractions)
into scenarios that make use of a "game-like" interactive
canvas with robots as the story’s main hero as seen in Figure 2.

Fig. 1.
Sketch depicting the "augmented space" concept. A vertically
placed projector augments a canvas with a Scratch game. Black targets mark
the positions of Makey-Makey interface contacts.

Fig. 2.
A scenario combining robotics and english language teaching with
EV3 and a drone, over an augmented space depicting a city.

Fig. 3.
Synergies between ICT tools and Mindstorms in the creation of a
STEAM teaching intervention.
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At the end of the second phase the students are assigned
their final assignments and produce a project-based scenario
that incorporates all aspects of what they have learned during
the semester. In these final projects we facilitate the creation of
complex teaching interventions that make use of multiple ICT
affordances as seen in Figure 3.
III. CURRICULUM BREAKDOWN
The proposed curriculum is broken down in the following
13 weekly 3-hour lab sessions. In the following description we
present some basic project ideas that follow the proposed
framework precepts. It should be noted that in every iteration
of the curriculum, assignments can change and weekly projects
can vary depending on the specific needs of the students
attending the course:
• Week 1: Introduction to STEAM and advanced EV3
programming. Using the model Riley Rover we cover
variable operations, data logging, advanced sensors and
precision.
• Weeks 2 and 3: The "A" in STEAM Design based thinking,
introduction to digital storytelling. The S.A.M.R model.
Bloom and SOLO taxonomies. Web 2.0 digital creation
tools.
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• Week 6: 3 rd guided project – Astronomy: look for precious
metals in alien planets using a specially designed robot
(advanced sensors, color separation, data logging). Second
possible scenario: Materials science, measuring the
insulation properties of various types of liquid containers
(depending on the availability of EV3 temperature sensors
in the laboratory), graphing the rate of temperature gain
after a cold liquid is placed in a specific container.
• Weeks 7-8: Scratch and Makey-Makey. Mixed reality
applications with augmented spaces and robots –
Assignment of final projects for week 13. Here we produce
Scratch scenarios specifically designed to function as
"placeholders" for our applications further on the road. The
main goal here is that students are able to create treasure
hunt-like games where in each stage, the story goes forward
if the correct button is pressed. In Figure 5, we can see such
a placeholder Scratch scenario with the traced trajectories
and the "base stations" to be incorporated in the final
scenario. The story here is another treasure hunt where the
hero travels through his kingdom to find his kidnapped
father.

• Week 4: 1 st guided project – EV3 spirograph: A scenario
that involves geometry, art, the concept of symmetry as
well as engineering aspects and precision handling of the
gyroscopic sensor.
• Week 5: 2nd guided project – Historical weaponry, the
catapult: An interdisciplinary scenario involving
mathematics and physics (projectile motion), history (sieges
using trebuchets) and engineering (creation of improved
catapults and trebuchets, as shown in Figure 4. Begin
incorporating the robotics element in wider scenarios, i.e.
which siege to emulate, what props to use, what would be
an appropriate diorama for the application of the scenario.
Fig. 5.
A Scratch environment where we have traced the possible routes
the robot should take. Each destination marks the end of a mission and
involves a Makey-Makey interface base.

• Weeks 9-10: Mixed reality with Scratch and Makey-Makey
– 1 st unguided project. The first STEAM unguided mixed
reality project here combines the mythical robot Talos that
guarded Crete and the creations of artist Jackson Pollock.
Students design and build a robot guardian that patrols
around Crete and is ready to shoot at invaders. In the
second phase of the scenario the robot transforms to a
Jackson Pollock imitator and instead of shooting projectiles,
shoots (or drips) paint on a canvas, creating abstract
expressionist art. Makey-Makey here is used as an interface
between the augmented space and the Scratch game with
buttons implemented as bases where the robot can touch
and interact with the Scratch scenario or as a touch interface
for answering prompts by the environment as seen in Figure
6.
Fig. 4.

Building a trebuchet for a medieval siege in the lab.
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Fig. 8.
The template for the fractions learning scenario using football. The
measurements are chosen for ease of application, not to be confused with
actual analogies.
Fig. 6.
A Makey-Makey built interface used for creating instructions for
the robot.

• Week 11: 2nd unguided project: Cryptography and music.
Here the scenario is focused on the history of cryptography
and messages and students are prompted to create a
scenario where we encrypt the 7 basic notes of an octave
with the 7 basic colors that EV3 can recognize, and then
move on an color-coded pathway that is an encrypted song
of their choosing, with the EV3 playing (decrypting) the
melody. Alternately, a treasure hunt scenario looking for
"musical colors" can be deployed. In this case the robot as
an ardent music fan, hunts for notes hidden in colors in
various areas and learns about important musicians on the
way, as seen in Figure 7.

• Week 13: Create teaching spaces and robot models for the
final assignments, to be presented in the semester finals. In
Figure 9 we can see the result of a particularly successful
intervention for teaching the day/night cycle, using a
robotic model of the Earth on an augmented canvas floor.
In Figure 10 we see an example from Greek mythology,
where the scenario involves finding out about Minoan art
and navigating through a maze.

Fig. 9.

The robot depicting the Earth as it moves arount its trajectory.

Fig. 7.
The "Musical Treasure Hunt" where the robot touches bases
around Greece, gathers color coded notes and at the end reveals a musical
piece, played by arranging the colors in a line.

• Week 12: 3d unguided project: Robot Football and
Fractions. Here we work on an augmented space depicting
a football field. The teaching goal is fractions and their
properties and students must make use of the diameter of
the basic EV3 wheel (18cm) and combine it with the
dimensions of the field in order to program their robotic
footballers to score a goal as seen in Figure 8, making
mental calculations of fractions and programming the robot
to move precisely.
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Fig. 10. Minotaur’s maze and Theseus on his robotic steed, learning about
Minoan art.

IV. DISCUSSION AND FUTURE GOALS
The act of integrating Educational Robotics and other ICT
affordances to teaching interventions is not always
straightforward or successful. The danger of using technology
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ineffectively and end at distracting the students instead of
achieving the learning goals is always present. When we
integrate technology we must always be aware of our teaching
goals and use it to achieve them point by point instead of just
mixing and matching various ICT tools in an effort to motivate
or engage students. In their present highly technological
routine, students can be truly difficult to engage, but on the
other hand if the content itself, the teaching scenario is weak,
then no matter how exciting or impressive technology we
employ, we will fail. As more affordances are made available,
the present course aims at improving its evaluation capabilities
with the inclusion of affective measures such as the inclusion
of cameras for adult (for students) or children emotion
recognition using available algorithms [14, 15] or adding
Emotiv Epoc sensors for EEG evaluation of the subject’s
affective response during the proposed interventions each time
[16]. Moreover, the inclusion of a wider theme base,
integrating issues such as inclusiveness, humanitarian aid, and
design of scenarios targeted to disabled people and
environmental design, inside the framework of inquiry based
projects, is one of our main future goals. Unfortunately, the
ongoing pandemic has put a total stop to the activities of the
specific course, with distance learning providing a less than
ideal substitute, since the positive effects of embodied learning
-the core precept of the course- are nullified when the students
don't have access to the materials and tools of the robotics
laboratory. On the other hand, the pandemic provided us with
new challenges and urged us to transform the teaching process,
evolve it to adapt to the current needs and find new alternatives
to our regular teaching routine.
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Abstract-Rutting has a significant impact on the pavements'
performance. Rutting depth is often used as a parameter to assess
the quality of pavements. The Asphalt Institute (AI) design
method prescribes a maximum allowable rutting depth of 13mm,
whereas the AASHTO design method stipulates a critical
serviceability index of 2.5 which is equivalent to an average
rutting depth of 15mm. In this research, static and repeated
compression tests were performed to evaluate the permanent
strain based on (1) the relationship between mix properties
(asphalt content and type), and (2) testing temperature. The
results indicated that the accumulated plastic strain was higher
during the repeated load test than that during the static load
tests. Notably, temperature played a major role. The power-law
model was used to describe the relationship between the
accumulated permanent strain and the number of load
repetitions. Furthermore, graphical analysis was performed
using VESYS 5W to predict the rut depth for the asphalt
concrete layer. The α and µ parameters affected the predicted rut
depth significantly. The results show a substantial difference
between the two tests, indicating that the repeated load test is
more adequate, useful, and accurate when compared with the
static load test for the evaluation of the rut depth.
Keywords-asphalt concrete; rut depth; VESYS

I.
INTRODUCTION
Rutting is a distress mechanism in flexible pavements.
Recently, due to the increased truck tire pressures and the lack
of maintenance that result in roadway deterioration [1], rutting
has become the predominant mode of flexible pavement
failures. Rutting is primarily caused by the accumulation of
permanent deformations in the pavement or its layers.
Furthermore, a major portion of rutting in the surface layer of
flexible pavements is subjected to high tire pressures and heavy
axle loads. High tire pressures decrease the contact area
between the tire and the pavement, producing high stress,
which aggravates deformation in flexible pavements. In
addition, environmental conditions affect significantly the
surface layer of the pavements [2].
The permanent deformation of the Asphalt Concrete (AC)
mixture has been studied by several researchers for various
materials using different testing procedures. Furthermore,
various parameters and prediction models have been developed

to measure rutting resistance. In this study, creep and uniaxial
cyclic compression results of AC mixtures were estimated and
compared based on various asphalt contents, asphalt types, and
temperatures. Many studies have been performed to study the
mechanism of rutting, and many methods have been proposed
for predicting the Rut Depth (RD). Some of these methods are
based on limiting the values of subgrade strain to levels that
prevent rutting at the pavement surface. These methods were
based on the assumption that when the maximum vertical
compressive strain at the top of the subgrade is less than a
critical value, rutting will be limited to an acceptable level for a
specified number of load applications. However, this
methodology does not essentially preclude the occurrence of
rutting that might occur in the asphalt layer. Therefore, a layerstrain method was proposed to improve the above process by
including additional analysis to evaluate the amount of rutting
occurring in the asphalt layer [3]. It is reported [4] that
excessive permanent deformation can lead to longitudinal
depressions in wheel paths. This can be followed by
longitudinal cracking. Subsequently, water can penetrate these
cracks and deteriorate the roadway, causing it to lose its loadcarrying capacity. Furthermore, excessive permanent
deformation can reduce the driving comfort and can lead to
icing or hydroplaning because of water getting collected in
wheel paths.
AASHTO classified traffic control and environmental
factors as the major causes of AC rutting. However, highway
authorities have little control over these two factors.
Furthermore, there are some limitations that prevent the
redressing of problems that are within the control of highway
agencies [5]. Several highway engineers focused on
ascertaining the factors that can help address the problem of
rutting to propose better mechanisms to reduce the RD.
Authors in [6] performed several creep tests to study the
permanent deformation of AC and developed a rutting
prediction model based on a statistical method which
considered factors such as stress, temperature, asphalt
viscosity, effective asphalt content, air voids, and load
repetition. To evaluate the parameters that affect the AC mix,
authors in [7] evaluated the influencing factors and suggested
variables such as the asphalt content, binder viscosity, air
voids, and test temperature that affect the AC mix.
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Furthermore, additives were also used to improve the strength
of asphalt materials, e.g. using rubber modified asphalt binder
[8]. Most of the existing permanent deformation models for
asphalt mixes have been empirically determined based on
laboratory test results. As a simple performance test [9], a
uniaxial repeated load test is generally used to characterize the
permanent deformation response of asphalt mixes. Permanent
deformation measured using repeated load tests, as depicted in
Figure 1, is generally composed of three stages [10], primary,
secondary, and tertiary. In the primary stage, the rate of
permanent deformation accumulates quickly and tends to
decrease, reaching a constant value in the secondary stage.
Finally, the rate starts to increase rapidly and accumulates
again in the tertiary stage [11]. The objective of these tests is to
simulate the repeated load conditions that occur on the road.
Authors in [12] compared the responses of 3 mixes consisting
of conventional and modified binders under both creep and
repeated loading. For creep loading at 37°C and confining
pressure of 207KPa, the difference among the mixes was not
discernible. The results of repeated load testing suggest that the
repeated loading test may be more applicable than the creep
test to calculate the permanent deformation characteristics of
asphalt mixes. The results of Strategic Highway Research
Program (SHRP) [13] also suggest that more deformation
occurs in repeated loading than in creep loading for the same
materials and other test conditions. Apart from the two
conventional procedures used for repeated load tests, i.e.
termination of the test at 10,000 loading cycles or 5%
accumulated strain, regression coefficients a (intercept) and b
(slope) were also used to determine the rutting susceptibility of
AC mixtures [14]. Authors in [15] proposed a method based on
repeated axial load tests to determine the flow number of
bituminous mixtures. Static and repeated load tests were used
to evaluate the rutting potential of asphalt mixtures, and the
results indicated that the specimens of mixtures experienced a
tertiary flow state in the repeated load test. However, no
specimen achieved a tertiary flow state in the static load test.
This can be attributed to the static pattern of loading that
induces less strain when compared with that of repeated
loading [16].
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II.

MATERIALS CHARACTERIZATION

A. Asphalt Cement
To characterize the properties of the base bitumen,
conventional tests such as the penetration test, softening point
test, flash point test, and penetration and ductility after the thinfilm oven test were performed. These tests were performed in
conformity with the relevant test parameters listed in Table I.
TABLE I.

Property

ASTM
design
ation

Penetration
at
D-5
25°C, 100gm, 5s
(0.1mm)
Softening
point
D-36
(°C)
Ductility at 25°C,
D-113
5cm/min (cm)
D-92
Flash point (°C)
D-70
Specific gravity
Residue
from
thin-film
oven D-1754
test:
-Retained
D-5
penetration (% of
original)
-Ductility at 25°C,
D-113
5cm/min (cm)

Typical permanent deformation behavior of asphalt mixture.
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PROPERTIES OF ASPHALT CEMENT

Penetration grade
Penetration grade
40–50
60-70
Test
SCRB
Test
SCRB
results specification results
specific
42

40-50

67

60-70

51

……

45

…..

>100

>100

….

>100

289
1.041

Min. 232
……

292
1.028

Min. 232
……

59.5

55+

64.1

52+

80

25+

100+

50+

B. Aggregates
Coarse and fine aggregates were chosen and mixed in
appropriate proportions to meet the wearing course gradation
prescribed by the SCRB specification (SCRB, R/9 2003). The
gradation curve of the aggregates is depicted in Figure 2. To
obtain the properties of the coarse and fine aggregates used in
the mixture, conventional tests, such as the specific gravity test,
Los Angeles abrasion resistance test, sodium sulfate soundness
test, and sand equivalent test were performed. The results,
along with the specification limits set by the SCRB, are listed
in Table II.

Fig. 2.
Fig. 1.

7364

Aggregate gradation curve.

C. Mineral Filler
The filler is a non-plastic material that must pass through
sieve No. 200 (0.075mm). The physical properties of the filler
used in this study are listed in Table III.
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TABLE II.

PHYSICAL PROPERTIES OF AGGREGATES

Property
Coarse aggregates:
1. Bulk specific gravity
2. Apparent specific gravity
3. Water absorption (%)
4. Wear by Los Angeles
abrasion (%)
5. Soundness loss by sodium
sulfate solution (%)
6. Fractured pieces (%)
Fine aggregates:
1. Bulk specific gravity
2. Apparent specific gravity
3. Water absorption (%)
4. Sand equivalent (%)
TABLE III.

ASTM
designation

Test
results

SCRB
specification

C-127

C-131

2.611
2.689
0.443
18.7

…..
…..
…..
30 max.

C-88

3.1

10 max.

96

95 min.

2.663
2.697
0.727
55

45 min.

C-127

2419
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60°C) for 2h. A linear variable differential transformer was
used to monitor the deformation of the specimens under each
load cycle. Compressive loading was applied at 138kPa in the
form of a rectangular wave with a constant loading frequency
of 60cycles/min and loading sequence including 0.1s load
duration and 0.9s rest duration.

PHYSICAL PROPERTIES OF THE MINERAL FILLER
( LIMESTONE DUST)

Property
Specific gravity
Passing sieve No. 200 (0.075mm)

Test results
2.794
94

D. Specimen Preparation
The cylindrical specimens used in this study were 101.6mm
(4in) in diameter and 203.2mm (8in) in height. The fractions of
the aggregates were separated into groups and the aggregates
retained on the pan were discarded and replaced by the mineral
filler (limestone dust). Based on the graduation specifications
depicted in Figure 2, the aggregates were mixed into a batch of
3800g on the mixing bowl and heated to 150°C in a
temperature-controlled oven. Asphalt was also heated in a
container to a temperature in the range of 135–140°C for 2min,
and the contents of the bowel were thoroughly mixed manually
on a hot plate. To ensure a uniform compaction temperature,
the bowel with its contents was transferred to an oven and
stored for 10min at 140°C. A preheated to 100°C compaction
mold was prepared and a 4-in paper disk was inserted to cover
the mold base plate. The interior edge of the mold was
lubricated using a brush to facilitate the specimen extraction.
The specimen was compacted by the double plunger method
with a load of 65000lb (29491kg) applied using a hydraulic
compression machine at the Material Laboratory of the Civil
Engineering Department of the University of Baghdad. The
load was applied to each end of the specimen for 1min. Finally,
36 specimens were carefully transferred to a smooth, flat
surface and allowed to cool overnight at 25ºC and then were
removed from the mold using a hydraulic extractor. The
specimens were then numbered and stored in a bag.
III.
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Fig. 3.

A photograph of the PRLS.

A. Permanent Deformation Characteristic Properties for
Repeated Load Test
The values of the permanent strain were obtained at the
following load repetitions: 1, 2, 10, 100, 500, 1000, 2000,
3000, 4000, 5000, 6000, 7000, 8000, 9000, and 10000.
Permanent strain ( ) was calculated using (1):
 

  

(1)

where  is the axial permanent microstrain,
is the axial
permanent deformation, and h is the specimen's height. The
accumulative axial permanent strain versus the number of
loading repetitions (N) is depicted in Figure 4.

EVALUATION OF PERMANENT DEFORMATION AND
TESTING RESULTS

Permanent strain values were determined using a Pneumatic
Repeated Load System (PRLS) apparatus manufactured under
the auspices of the Civil Engineering Department of the
University of Baghdad [17] as depicted in Figure 3. Axial
repeated and static load tests were performed. The cylindrical
specimens, 101.6mm (4in) in diameter and 203.2mm (8in) in
height, were subjected to conditioning in the PRLS test
chamber at various testing temperatures (20°C, 40°C, and
www.etasr.com

Fig. 4.
Cumulative permanent strain vs loading cycles from the repeated
load test (log-log scale).
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B. Permanent Deformation Characteristic Properties for
Static (Creep) Load Test
Data for the following loadings were recorded at 1, 10, 30,
60, 100, 260, 360, 500, 1000, 2000, and 3000s. The values of
the permanent strain were calculated at these loadings using the
following expression:
 

  

(2)

where  is the axial creep deformation. The cumulative axial
permanent strain versus the number of loading times is
depicted in Figure 5.
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using this model is the prediction of  and  accurately for
each pavement layer within the pavement system. The
permanent deformation parameters could be predicted using
laboratory or field data [21].
The comparative evaluation of the impact of repeated and
creep stresses on permanent deformation parameters is listed in
Table IV. Intercept a represents the deformation of the
specimen after the first load repetition, whereas slope b refers
to the rate of deformation throughout the fatigue life of asphalt
concrete. Furthermore, this comparison also includes the
average values of permanent strain and parameters α and β.
TABLE IV.

εp
a
b
α
µ

Fig. 5.
Cumulative permanent strain vs loading times from the creep load
test (log-log scale).

C. Regression Analysis
Several formulas have been proposed to describe the
relationship between  and N. Authors in [18, 19] suggested a
log-log relationship, as described in the following equation:
   

(3)

where N is the number of load repetitions, and a and b are
positive regression constants, as depicted in Figure 4. The
parameter a is the intercept with the permanent strain axis, and
b is the slope of the linear portion of the logarithmic
relationship. The double-logarithmic-scaled relationship
between  and N can be approximated using a linear function.
IV. VESYS THEORY
Authors in [20] developed the VESYS software using
multilayer visco-elastic theory to predict the RD in flexible
pavement layers. The basic assumption of VESYS rutting
models is that permanent strain is related to resilient strain as
follows:
     

(4)

where   is the vertical permanent strain at the Nth load
repetition, and  and  are material properties that are
functions of the stress state and temperature respectively. The
material parameters are defined as   1   and   ⁄.
These two parameters govern the permanent deformation
behavior of the model. In particular,  is the rate of decrease or
increase in permanent deformation as the number of load
applications increases, and  is the constant of proportionality
between permanent and elastic strains ( 0). Values greater
than 1 indicate premature rutting. The most critical task in
www.etasr.com
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εp
a
b
α
µ

PERMANENT DEFORMATION PARAMETERS

Temperature (°C)
Asphalt content (%)
20
40
60
4
4.6
5.2
Repeated Load Test (RLT)
266
5840 30000 9458 16160 16700
55
150
430
230
210
190
0.184 0.40
0.58 0.348
0.4
0.43
0.816 0.60
0.42 0.652
0.6
0.57
0.105 0.270 0.50 0.340 0.285 0.250
Creep Load Test (CLT)
532
1730 9295 3850 3480
4219
210
555
1430
798
660
730
0.119 0.144 0.264 0.165 0.176 0.187
0.881 0.856 0.736 0.835 0.824 0.813
0.120 0.145 0.260 0.165 0.175 0.189

Asphalt grade
40-50 60-70
11160
160
0.394
0.606
0.23

17040
260
0.398
0.602
0.36

3680
690
0.175
0.825
0.176

4020
770
0.177
0.823
0.178

V. DISCUSSION
The accumulated strain at the flow number increased for the
Repeated Load Test (RLT) and exhibited the opposite behavior
for the Static Load Test (SLT). The significant difference in the
values of  at the failure load for both tests is illustrated in
Figure 6. Table V lists the ANOVA analysis that explains the
impacts of the testing variables on the plastic strain. The Table
lists the degrees of freedom (the number of variables used
minus one), the F-test results, and the p-value (significance) for
each test. The results particularly indicate that temperature
plays a major role affecting plastic deformation (F value >>
Fcrit.). The variables (intercept and slope) used in this model
when plotted on a log scale can be useful indicators of rutting
resistance. The minimal values of each provide a good
indicator of rutting resistance. Furthermore, the slope
coefficient b is also used as a term of creep rate (fc) to an
assessment of the asphalt performance in resistance to
permanent deformation. The intercept values of RLT increased
by 2.7 and 7.8 factors with an increase in temperature from
20°C to 40°C and 60°C respectively, whereas SLT increased
by 2.6 and 6.8 respectively. The content and grade of the
asphalt had only a minor impact. The slope or fc values for
RLT increased by 2.17 and 3.15 with an increase in
temperature from 20°C to 40°C and 60°C respectively, whereas
that of SLT increased by 1.21 and 2.21 respectively. The
content and grade of the asphalt did not affect the slope of the
SLT. The sensitivity analysis of the VESYS 5W rutting model
clearly indicated that α and µ had a considerable effect on the
predicted RD. The values of both parameters were measured
using RLT and SLT. Figures 7–9 illustrate the impact of
temperature and mixture properties (asphalt content and grade)
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on the RD of the AC layer. As mentioned above, temperature is
considered to be the main factor that affects rutting in the AC
layer. The results indicated that RD increased with an increase
in temperature for both tests, as depicted in Figure 7. At 20°C,
the RD increased slightly. However, at 40°C and 60°C, the RD
value was larger for RLT than for SLT by a factor of 6.8 and
4.02 respectively. The asphalt content and grade had no effect
on the RD for the creep test, as depicted in Figures 8 and 9. The
higher value of α and lower value of µ coefficients indicate
pavements with lower rutting. At a lower value of α, rutting
will develop over the entire pavement life and the mainstream
of the rutting will occur at the initial stage and taper off with
the remaining life of the pavement when the AC layer is soft
(higher initial strain) or the climatic region is hot (higher
temperatures).

Vol. 11, No. 4, 2021, 7363-7369
TABLE V.
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IMPACT OF VARIABLES AND TEST METHODS ON PLASTIC
STRAIN ( WO -WAY ANOVA)

Source of Variation
df
F
P-value
Repeated Load Test (RLT)
2.000
38.474
6.03E-06
Temperature (°C)
1.000
2.666
0.128
Asphalt grade
1.381
0.310
Asphalt content (%) 2.000
Static Load Test (SLT)
2.000 291.438 6.74E-11
Temperature (°C)
1.000
1.096
0.316
Asphalt grade
1.149
0.396
Asphalt content (%) 2.000

F crit.
3.885
4.747
3.326
3.885
4.747
3.326

(a)
Fig. 7.
Temperature vs predicted rut depth on AC layer (VESYS 5W
analysis).

(b)

Fig. 8.
Asphalt content vs predicted rut depth on AC layer at 40°C
(VESYS 5W analysis).

(c)

Fig. 6.
strain.

Impact of testing temperature and asphalt mixture on the plastic

www.etasr.com

Fig. 9.
Asphalt grade vs predicted rut depth on AC layer at 40°C (VESYS
5W analysis).
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In general, to evaluate the rutting resistance properly the
parameters from unconfined RLTs in [9,14] can be used.

Fig. 10. Impact of ESAL on the prediction of rut depth in AC layer at 40°C
(VESYS 5W analysis).

To compare the trend of variation in RD with equivalent
single-axle load (ESAL), Figure 10 depicts the application of
various ESALs on the AC layer. The total RD for RLT is
higher than that for SLT by a factor of 8.4. Therefore, it is
significant that the RD at the first million repetitions is
approximately the 44% of the total RD. Moreover, we can
compare the predicted RD for the AC layer evaluated using
RLT with the measured RD estimated using (5):
"    # (5)
where " is the rutting depth (mm),  is the permanent strain
(mm/mm), and # is the total thickness (mm) of the asphalt
concrete layer.  is evaluated based on the model developed in
[17] as follows:
$%&  34.463 + 0.983 log  .1234 .5678 +
1.961 log 9 + 1.812 log ; + 0.656 log =  37.277 log ? 
4.951 log @  1.455 log A  1.93 log B (6)
where $%& is the log of accumulated permanent micro strain at
the Nth load repetition, T is the test temperature (°C), S is the
stress level (psi), D is the applied stress duration (s), B is the
percentage absorbed asphalt (by weight of aggregates), A is the
percentage of air voids, M is the percentage of voids in mineral
aggregates, and F is the voids filled with asphalt. Similarly,
using the trend of variation in RD with ESAL, as depicted in
Figure 11, the values of RD for both the predicted and the
measured data are closed. Therefore, the use of repeated load
tests to predict RD is significantly accurate and reliable.

VI. CONCLUSION
In this study, the power-law model was used to obtain
parameters for simulating the permanent deformation of the
asphalt layer under uniaxial repetitive and static compression
loads. The results indicated that the accumulated plastic strain
for the repeated load test was higher than that of the static load
test for various mixture properties and climatic conditions
(temperature). VESYS 5W was used to predict the rut depth at
the asphalt concrete layer subjected to equivalent single-axle
loads. The α and µ parameters exhibited a considerable impact
on the predicted rut depths. Finally, the results of this study
indicated a high difference between the above two tests. The
predicted rut depth based on repeated load tests was in
reasonable agreement with the actual rut depth.
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Abstract-Semiconductor Laser Diodes (LDs) are known for their
sensitivity to variation in ambient temperature. With the rise in
case temperature the threshold current of the LD increases,
causing the output light power to deteriorate drastically.
Therefore, it is necessary to stabilize the temperature of the
diode. Various approaches could be adopted in this regard. In
this paper, an active cooling approach using the temperature
compensation technique has been followed and presented in the
form of a full design of the circuit according to the various
datasheet parameters of the LD and other components. As a
result of temperature stabilization, a significant improvement in
the output light power stabilization was observed and the results
are presented.
Keywords-electronics; laser power; temperature stability

I.
INTRODUCTION
Laser Diodes (LDs) have been known for their sensitivity
towards changes in the case temperature due to operation over
long durations or to ambient temperature. With the change in
temperature, their operating point keeps shifting, i.e. with the
increase in the temperature it keeps shifting away from the
original operating point which results in reduced levels of
optical power output. A proposed remedy to these problems is
a temperature compensating bias system, which is capable of
keeping track of any changes in the ambient temperature and
hence providing a higher safety to the LD. Many approaches
have been adopted for keeping the operation of LDs stable to
work in continuous wave mode. One traditional method of
achieving the objective is attaching a heat sink to the LD.
Authors in [1] designed a stabilized pump laser system to
achieve square wave modulation. They managed to attain a
spot size radius of 7mm, hence obtaining a uniform laser beam
cove. Authors in [2] proposed an optical scanning system
wherein they suggested changing the intensity distribution from
the center and the edge of the beam using a prism. Authors in
[3] used a double Fabry Perot interferometer acoustic sensor to
get rid of temperature drifting. Authors in [4] tried a number of
alterations using silicone converters which helped increase the
top-limit excitation power ranging from 60 to 180Wcm.
Authors in [5] developed a heat sink having micro channels, for
sinusoidal type channel structures which increased the stability
and life time of the LD. Authors in [6] reported a diamagnetic

spring to act as a radiation pressure meter. Authors in [7]
developed a model using Pspice simulation software and a
comparison between the model and the actual diode was
studied. The same problem of temperature dependence and
stabilization in case of high power laser was encountered and
studied in [8] in the case of high power diode-pumped Tm:
YLF. The authors achieved optical-to-optical efficiency of
36.8%. Authors in [9] reported a self-referenced stabilization of
a diode laser. However, the work was related to a high power
laser of 2.1W. Similarly, authors in [10] reported the
stabilization of optical power in high power laser which
achieved lateral mode stability. This property has been used in
improving the stability of beam quality. Authors in [11]
worked towards power stability of a LD output power by
controlling low and high frequency noises. However the
stability remained short-term. Authors in [12] achieved
enhanced stability using double Q switching hence attaining
mode locked output. The LD under test had a peak power up to
20W with a good repetition rate. Authors in [13] reported an
electronic circuit based upon the principle of feedback. The
circuit was implemented using CMOS technology and gave
promising results for average output power of hetero-structure
laser for stabilized continuous operation.
In order to keep the output optical power constant for a
constant level of input current it is necessary that the bias
voltage fed to the LD must track any changes in the
temperature. Authors in [14] studied the structure of an LD in
order to compare the LD and a conventional light emitting
diode. Authors in [15] discussed a technique using Labview
software to compensate the non-linearity in temperature
measurement using traditional sensors. A comparison between
various modes of laser operation has also been presented.
Authors in [16] presented a review and discussed LD chaos and
suggested various methods and their advantages for harnessing
and application of chaos in various applications. Changes in the
temperature of the LD may cause the operating point voltage of
the LD to exceed the typical rating value and may cause
permanent damage or may give a lower than desired amplitude
of optical power. If the applied voltage exceeds the operating
voltage (as a result of a decrease in the temperature), a
permanent damage to the LD may occur. Additionally, a rise in
temperature will shift the operating point, leading to a drop in
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optical power output. Authors in [17] studied a semiconductor
laser using simulations to determine various parameters in
relation to laser structure hence observing maintenance of
output parameters at certain structural measurements. Authors
in [18] discussed a CO2 stabilized laser in cutting processes and
they carried out a discussion validated by the Analysis Of
Variance (ANOVA). However, nothing was discussed for the
stabilization of power. In previous works the temperature
compensation in a range of applications have been presented by
using passive [19] as well as active methods which are mostly
based upon Peltier coolers [20]. The present work has been
carried out by making use of temperature sensor and reference.
Therefore, this work is considered as an active method but
without the use of a Peltier cooler. The complete design and
calculations are presented with the aim that the users would be
at ease to carry out calculations on the same pattern. However,
the researcher has to use parameters, such as the temperature
coefficient, according to the devices which would be chosen for
the new system under consideration.
II.

SUGGESTED OPTIONS TO MAINTAIN OPTICAL POWER
OUTPUT

The three most common solutions to this problem are:
• Constant current operation.
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scheme, a Zener diode was used as a reference diode mounted
on the same heat sink. The configuration of a differential
amplifier has been used in the circuit for the purpose of bias
control. The second method mentioned above, may cause
condensation on the LD window and hence a poorer delivery of
optical power output and the need to clean the window
frequently. The third method to stabilize an LD is to design a
circuit using temperature sensing components, as shown in
Figure 1. Usually, temperature sensing components produce a
current signal which varies with any change in temperature.
This output current may be converted to voltage with the use of
an operational amplifier, configured as a current to voltage
converter. The output of this op-amp can then be fed to a
summing amplifier in a non-inverting configuration, thereby
summing up the voltage with the negative value from a
conventional high voltage power supply and a reference
voltage. The resultant output is used to control the base current
of the bias control transistor.
III. DESIGN CONSIDERATIONS
A Toshiba LD was used in this study. The temperature
coefficient for this particular LD as given by the data sheet is
1×10-3%/°C. In order to convert this temperature coefficient
into a voltage variation (Volts/°C), noting that:

• Maintenance of the temperature of the LD at a constant
level.
• Bias the LD using a temperature compensated power
supply.
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β=

1× 10−3
100

(1)

where β is the temperature coefficient of the LD in volts/°C
and VB is the bias voltage of the LD. The value of VB for this
case is 3V, so (1) leads to [23]:

β = 30µV O

C

(2)

The practical circuit for a temperature compensated bias
supply for an LD is illustrated in Figure 2.

Fig. 1.

Block scheme for temperature stabilization.

The constant current power supply circuit is the one
suggested in [21]. In this circuit a current stabilizer has been
used to bias the avalanche photodiode, whereas a capacitor Cs
was used in charge banking role. However, the same
arrangement may be used for achieving temperature and hence
output light power stability. This may require a careful redesign
of the circuit according to the specifications of the LD under
consideration. Another method of temperature compensation
can be achieved by ensuring that the voltage of the LD tracks
any temperature change by using another diode to produce a
reference voltage signal. The schematic arrangement for such a
circuit though for photodiode has been presented in [22]. In this

www.etasr.com

Fig. 2.

Schematic of the temperature compensated bias supply for LD.

In order to understand the functioning of this, a gradual
design and analysis of the circuit is presented below.

A. Constant Reference Voltage
A constant voltage reference of −6.8V was obtained using
the precision reference diode package LM329. This constant

Chughtai: A Realization of Stabilizing the Output Light Power from a Laser Diode

Engineering, Technology & Applied Science Research

reference voltage was then supplied to the temperature sensor
1C AD590, which has a temperature coefficient of 1µA/°K.
B. Current to Voltage Converter
Let us consider the combination of the temperature sensor
IC1 and the operational amplifier A1. The total current
generated by 1C1 for a rise of T (oK) in the temperature will be
T×10-6A. Hence, the current I supplied by the temperature
sensor for a rise of T oK will be:
−6
I = T ×10 A O

(3)

K

Therefore, the voltage at the output of the op-amp A1 with
feedback resister R1 can be expressed as:
T × 10−6 = V1

R1
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This gives the value for the temperature coefficient β of the
LD. Substituting this value into (5) gives:
VB = −

Vref × R4
R2

V1 = R1 × T × 10 V

PRACTICAL IMPLEMENTATION
From the data provided with the LD, the bias voltage of the
particular LD under consideration was found to be 3V and,
according to this value, the temperature coefficient as
calculated at the beginning was 30µV/ºK. In order to calculate
the appropriate values of the various resistors to be used in the
circuit, this voltage value must be substituted into (2) using
R1=20KΩ. This produces:

(4)

Kirchhoff's current law states that, at any point in an
electrical circuit, the algebraic sum of the currents meeting at
that point is zero (Figure 3). Therefore, the current equation
according to Kirchhoff’s law at the input of A2 can be written
as:
Vref

V
V
+ B + 1 =0
R2 R4 R3

V ref

+

R2

Thus:

R4 1.5
=
= 1.5 ×10−3
R3 1k

T = 300ºK
β = −300µV/ºK
R1 = 20kΩ
Inserting these values in (9) led to a value for the reversed
breakdown voltage:

3 + 0.09 = −Vref

R1 × R4 × 10−6
R3

Vref=5V

(7)

(8)

R4
R2

but:

−6

R4
= 0.618
R2

Putting up dVb/dT = β , (7) can then be written as:

β =−

R4
− 0.09
R2

Furthermore, it was required to operate the LD at a biasing
voltage value VB = 3 Volts. Therefore:

(6)

Differentiating (6), with respect to T, yields:

(10)

Leading to the value 666×R4=R3. Since it was already
required that the LD should operate at a temperature of 300ºK
(i.e. approximating to a normal room temperature, this implied
that the following values were already fixed):

(5)

VB T × R1 × 10−6
+
=0
R4
R3

dVB
R × R × 10
=− 1 4
dT
R3

20k × R4 × 10−6
R3

VB = −Vref

However, substituting the value of V, from (4), (5) yields:

(9)

IV.

−30 × 10−6 =

C. The Summing Amplifier
The operational amplifier A2 was used in a summing
amplifier configuration so that it added all three voltages
applied at its inputs to produce the output Vo. This output Vo
was supplied at the base of an NPN transistor Q1, through a
resistor. Transistor Q1 was configured so that the smaller the
voltage signal at its base, the lower was the conduction
between the collector and the emitter. When conducting, the
transistor produced a flow of current between its collector and
emitter of Q1. In turn, this caused the +bias voltage point to
float, hence, a variation in the -bias voltage point at the output
could be observed. Mathematically, this section of the circuitry
can be expressed as follows:

+T ×β

Solving (5), (8), and (9) simultaneously, the values for
resistors R2, R3 and R4 may be calculated.

Thus, the voltage change Vl, becomes:
−6
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Assuming that R2=10kΩ, (10) therefore leads to:
R4=10k(0.618)=6.18k ≈ 6kΩ
and:
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R2 =

6.18k
= 4.1MΩ
1.5 ×10 −3

Inserting these design values for R1, R2, R3, and R4 into the
circuit design, satisfactory performance of the temperature
compensated power supply for the LD was obtained. However,
in order to set the value of the temperature coefficient
precisely, it was decided to insert a variable resistor instead of a
fixed value for R2. This could then be adjusted until the
required output value of the bias voltage was obtained. The
designed circuit was assembled on a double sided Printed
Circuit Board (PCB) and is shown in Figure 3.

Fig. 3.
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biasing up the LD lost more than 50% of its rated value before
the output optical power settled down but the level of output
power was at such a low level, which is not good enough for
the purposed application. Figure 5 shows a power drop of over
1mW before it settles down around 10mW of optical power,
which was a sufficient and constant supply of optical power for
the system under consideration. The circuit for temperature
compensation of the LD was implemented and assembled on a
double sided PCB, according to the design values of the
components calculated in the previous section. In order to
measure the variation in the optical power output, the
observations were recorded for power output against time, as
shown in Figure 6. These were then plotted in the form of a
graph for comparison purposes. The output power level was
also recorded without temperature compensation, so that an
easy comparison of both the situations could be made. It can be
observed that the output optical power is well stabilized after
attaching the LD to temperature compensation arrangement.

Fig. 5.
circuit.

Stabilized output optical power after applying modified bias

Fig. 6.
power.

Comparative graph of stabilized and un-stabilized output optical

Assembled circuit as used for testing and confirmation.

V. RESULTS AND DISCUSSION
The performance of the LD was recorded with and without
applying the temperature compensated bias circuit. Figure 4
shows the trend of the LD output power.

VI. CONCLUSIONS
Reliable and reproducible results have been achieved using
the designed parameters. The circuit was first tested as a
prototype and then assembled on a double sided PCB. A
complete set of design calculations along with the choice of
components and any assumptions made has been presented.
The utilization of the designed circuit may be extended to other
temperature sensitive applications.
Fig. 4.

LD output power without temperature stabilization.

The graph shows a drastic reduction in output optical power
during the first 50 minutes of switching on. After 50 minutes of
www.etasr.com
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Abstract-The growing number of chronic diseases have
stretched the healthcare sector. Globally, more than 36
million deaths per year are attributed to chronic disease
complications. This has increased the demand for
telemedicine in managing chronic patients as they must be
on continuous monitoring for a long time. The involvement
of wireless sensor networks and cloud computing
technology in the health sector is increasing due to the
potential it possesses in remote sensing and monitoring
applications. This paper presents a developed system
prototype for monitoring the heartbeat rate and body
temperature of chronic patients using sensors. The
monitored data are sent to a cloud database in real-time via
an internet connection using the ESP8266 wireless module.
The approach involves connecting a heart pulse sensor, an
MLX90614 contactless temperature sensor, and the
ESP8266 module to the Arduino development board. The
goal of this work is to create a system that interfaces
chronic patients and medical personnel in an attempt to
avert the effects of insufficient health facilities, especially in
rural Africa. The patient’s data in the cloud database can
also be retrieved by medical personnel anytime in order to
track the patient’s conditions and to advise the patient
accordingly. The sensed heartbeat and body temperature
readings were processed, sent, and recorded in the cloud
database effectively.
Keywords-Arduino; sensor networks; ESP8266 module;
chronic diseases; pulse oximeter
I.
INTRODUCTION
The management of chronic diseases has become one of the
biggest challenges that health sector faces nowadays. The
healthcare sector is struggling to meet the needs of people with
chronic diseases as they need continuous monitoring for a long
time, commonly outside the health facilities [1]. A chronic
disease is basically any condition that persists for a year or
more requiring continuous medical care which may curtail an
individual’s daily activities [2]. Eighty percent of the world’s

deaths from chronic diseases occur in low and middle-income
countries [3] and although the biggest economic burden falls on
the high-income countries, the burden on the low and middleincome countries is increasing along with population growth
[4]. Globally, over 36 million deaths per year are attributed to
chronic disease complications. Six out of ten adults in the USA
have a chronic disease [3]. The challenges of chronic disease
management have resulted to the increasing use of
telemedicine. Telemedicine is the involvement of information
technology in providing healthcare services to patients who
may be located away from the health facilities [5]. The
integration of wireless communication, cloud computing, and
sensor networks in the field of medicine has facilitated and
promoted telemedicine. In the last decade, there has been a
rapid growth in the use of low cost wireless communication
protocols and sensors in healthcare which has greatly promoted
the use of telemedicine [6]. Sensor networks have also become
a serious focus for research and deployment in the fields of oil
and gas and agriculture [7, 8].
In this paper, some previous related works on remote
patient management and monitoring were studied and analyzed
to appreciate the trends and identify their gaps and a system
that uses multiple sensors for collecting data, virtual instrument
software for data processing, and wireless data transmission is
proposed. A system that deploys wireless technology to detect
any abnormalities in the patient bio signal and sends SMS
alerts to doctors using Global System for Mobile
Communication (GSM) has been proposed in [9]. A GSM
based system that monitors the patient's health condition and
passes messages to the doctor’s mobile phones has been
developed in [10]. However, GSM technology is becoming
obsolete in most countries. A mobile application based on
android for remote patient monitoring system has been
proposed in [11] that focuses in monitoring the body
temperature of patients and displaying the data on a mobile
application. However, this does not cater for users of other
mobile phones that use different operating systems. A system
that involves electrical signals to monitor heart disease has
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been developed in [12]. However, this system comes with a
bulky strap that must be put around one’s chest making it a bit
uncomfortable. A Raspberry Pi based system that automatically
monitors patient’s heart rate, body temperature, respiration rate,
and body movements has been proposed in [13]. However, the
Raspberry pi is an expensive and complex board to program
and use, making it a costly approach.
Medical professionals use body temperature, heart beat rate,
blood pressure, and pulse rate for the tracking of a patient’s
health condition. Body temperature is one of the main
indicators of normal or abnormal body functioning. Chronic
patients require continuous monitoring of their body
parameters, record keeping, and informing the doctors in case
of any abnormality. This is sometimes a manual process and
requires proper record keeping which is still a challenge as the
doctors do not receive the data in real time for immediate
response while sometimes the records are lost by patients.
Taking into consideration the challenges of monitoring, record
keeping, and real time transfer of data, the authors of this paper
found it extremely paramount to develop a system that
monitors and relays chronic patient’s data in real time. Some of
the research carried out in this area of patient’s condition
monitoring involves the use of expensive systems such as
drones to capture data or GSM technology. However, little
attention has been put on utilizing the low cost ESP8266
wireless protocol, MLX90614 contactless temperature sensor
and heart pulse sensors in patient remote monitoring, and the
use of free cloud services for proper record keeping and
virtualization. The present work brings in the element of using
low cost, low power heart pulse sensor, MLX90614 contactless
temperature sensor, ESP8266 wireless module, and free cloud
database. This developed system allows the extraction of a
patient’s data in a spreadsheet document which facilities an
offline analysis. The system allows real time transmission of a
patient’s data to the database using a cheap wireless module
thus allowing quick and easy response from the doctors. The
major contribution of this paper is that the proposed system
interfaces chronic patients and medical personnel that will help
averting the effects of poor health facilities in areas such as the
rural Africa.
II.

MATERIALS AND METHODS

This paper proposes a monitoring system that detects the
body temperature and the heartbeat rate of chronic patients
with the aim of improving timely intervention to patient’s
conditions. The developed system prototype has two sides. On
the patient’s side the readings are displayed on a Liquid Crystal
Display (LCD) screen whereas on the doctor’s side the
readings are stored in the ThingSpeak cloud database. The
developed system uses the Arduino development board, a
heartbeat sensor and a MLX90614 contactless temperature
sensor, the ESP8266 wireless module, and a cloud database.
The sensors collect health indicators from the patient and
transmit them to the ThingSpeak database using the ESP8266
wireless module. The data from the cloud database can be
retrieved any time by the doctors. The heartbeat sensor was
connected to pin A0 of the Arduino Uno whereas the
MLX90614 temperature sensor’s SDA and SCL were
connected to the Arduino’s SDA and SCL pins respectively.
www.etasr.com
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The Arduino communicates with the ThingSpeak database
remotely through an internet connection. The block diagram of
the proposed system prototype is shown in Figure 1. The
system comprises of hardware and software components and
their details are explained below.

Fig. 1.

Block diagram of the developed system.

A. Hardware Requirements
The hardware components of the system are summarized in
Table I. The heartbeat sensor detects the heartbeat rate whereas
the MLX90614 sensor detects the body temperature of the
patient. These sensors are attached to an Arduino board where
the collected readings are processed. The ESP8266 wireless
module is attached to the Arduino board and is used to send the
collected sensor data to the cloud database.
TABLE I.
S/N
1
2
3
4
5
6
7
8
9

HARDWARE REQUIREMENTS SUMMARY

Required component
Arduino Uno
Heartbeat sensor
MLX90614 sensor
ESP8266 module
Breadboard
Battery
Jumper wires
LCD
Potentiometer

Quantity
1
1
1
1
2
2
1 packet
1
1

1) Arduino UNO
Arduino Uno is an embedded development board having
different pins for analog, Pulse Width Modulation (PWM) and
digital signal interfacing. It includes an Integrated
Development Environment (IDE) for programing. The Arduino
development board is used to interface sensors which are used
to collect data from the environment. The Arduino board
contains an ATMEGA32 microprocessor which was
programmed to sense body temperature and heartbeat. The
Arduino Uno was used in this project because of its cost,
simplicity, and availability.
2) Heartbeat Sensor
Pulse Sensor is a heartbeat sensor designed for Arduino. It
can be used to incorporate heartbeat monitoring projects in real
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time. The sensor side with the heart logo is usually placed onto
a fingertip or earlobe to take measurements of the heartbeat.
The sensor has three jumper cables which are plugged into
Arduino pins. The sensor side contains the LED indicator and
an ambient light sensor. The light from the LED strikes the
fingertip, earlobe, or other body part and the reflected light is
then used by the sensor in order to determine the heartbeat rate
[14]. In this project, the sensor signal cable was connected to
pin A0, the ground pin to GND pin of the Arduino, and the
VCC pin was connected to the 3.3V pin of the Arduino.
3) MLX90614 Contactless Temperature Sensor
The MLX90614 contactless temperature sensor measures
ambient and target temperatures. It utilizes infrared (IR) to be
able to detect the ambient and target temperature without
coming into physical contact. It utilizes the inter-integrated
circuit (I2C) serial communication protocol when
communicating with microcontrollers or other devices. It
consists of four pins: SDA, VIN, GND, and SCL. The SDA pin
is used for data transfer, the SCL pin is used for clock transfer
during I2C serial communication, and the VIN pin is for power
supply. This sensor can be used in a number of commercial,
healthcare, and household applications. This sensor measures
target temperature without making physical contact. All human
beings emit IR energy and the MLX90614 sensor can calculate
the temperature of a target from this emitted IR energy since
the temperature is directly proportional to it. For this project,
the SDA pin was connected to the SDA pin of Arduino, the
SCL was connected to the SCL of the Arduino, while the VIN
pin was connected to 5V, and the GND to the GND of the
Arduino.
4) ESP8266 Wireless Module
The ESP8266 module can be used as standalone host
receiving internet connection from a router or as a master
providing internet connection to other devices. When the
ESP8266 module is used to host application, it is booted
directly from an external flash. It has on-chip memory to
enhance the capacity of the developed applications. This
module has a Radio Frequency (RF) antenna, filters, and power
management mechanisms within a small board. ESP8266 also
integrates a 32-bit processor, on-chip Static Random Access
Memory (SRAM) with the ability to communicate with
external devices and sensors using the General Purpose Input
Output (GPIO) pins. For this project the ESP8266 wireless
module was used and the pins were connected as follows: Tx
pin to pin 2 of Arduino, Rx to pin 3 of Arduino, pins VCC and
CH_EN connected to 3.3V and Reset and ground pins to the
GND of Arduino.
5) Liquid Crystal Display
The LCD used for this project, is a 16×2 LCD which
displays only 32 characters. This LCD is a 16 pin device which
can display values when programmed with the help of Liquid
Crystal library. The 16 pins include: VCC pin which is the
power supply for the LCD and is usually connected to the
Arduino’s 5V, while the GND pin goes to Arduino’s ground
pin (0V). The Vo pin controls the contrast of the LCD and is
connected to 5V for maximum brightness or to the signal pin of
potentiometer for brightness adjustments. The Register Select
www.etasr.com
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(RS) pin is used to select between control command signals for
LCD and data. The RS pin is connected to ground (LOW) to
send command signals to the LCD and to 5V (HIGH) to send
data. Read/Write (R/W) pin is used to select read or write
mode. Connecting the pin to HIGH reads data from the LCD
whereas setting it to LOW sends data to the LCD. Enable (EN)
pin is used to enable or disable the LCD using HIGH and LOW
signals respectively. Anode (A) and cathode (K) pins are used
to power the LCD backlight by connecting to VCC and GND
pins of Arduino respectively. The data buses (D0-D7) pins are
used to carry data and commands between the LCD and
Arduino. There are two modes used to send data, namely the 8bit and the 4-bit modes. For the 8-bit mode, a byte is sent at
once in pins D0 to D7 whereas in the slower 4-bit mode, 4 bits
are sent in pins D4 to D7 twice. In this project, a 4-bit mode
connection was used in order to reduce the number of cables
used. Pin 1 was connected to the ground, VCC to 5V, Vo to
signal pin of potentiometer, R/W to the ground, EN to pin 11,
RS to pin 12, D7, D6, D5, D4 to Arduino’s pins 4, 5, 6, 7
respectively, the anode to 5V and the cathode to ground.
6) Potentiometer
The potentiometer is a variable resistor, usually with 3 pins:
GND, VCC, and output. In this project, the brightness of the
LCD was controlled by a 10K potentiometer. The
potentiometer ground pin was connected to Arduino’s GND
pin and the VCC to 5V of Arduino while the output pin was
connected to the Vo of the LCD.
7) Arduino Integrated Development Environment
The Arduino IDE is a software which includes code editor,
compiler, and uploader to upload programs to a board. The text
editor is used for coding and the codes are uploaded to the
Arduino hardware via serial communication.
8) ThingSpeak IOT Cloud Database
ThingSpeak is a web service that allows the collected
sensor data to be stored in the cloud and aids the development
of Internet of Things (IoT) applications [15]. It works with
different development boards like Arduino, Raspberry Pi, and
LPC1768. It uses REST API and HTTP that allows working
with various programming languages. The sensor data from the
Arduino are transferred to the cloud database for storage,
processing, and visualization. ThingSpeak service also allows
performing online analysis on the data. During this project, one
channel called Contactless Sensor was set up in ThingSpeak
having three fields. The first field is for the ambient
temperature, the second field for body temperature, and the
third field for heartbeat values. Each channel has a unique
channel identifier (ID) and Application Programmable
Interface (API) write and read keys and must be included in the
coding. The write API key allows data to be sent to a channel
while the read API allows data from a personal channel to be
viewed by others. For this project the write API
"Y2HQ4ZOYATCB8EE4" was used to allow sensor data get
sent to the ThingSpeak database.
B. Validation
Validation is the procedure of checking key indicators
aimed at verifying whether the specifications for the system
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match the intended purpose. It is meant to check whether the
user specifications and requirements are realized [16]. For the
developed system, different approaches were used for
validation, including unit testing, integration testing, and
system testing. The summary of the testing is shown in Table
II.
TABLE II.
Requirement
Device powering up
LED indicator
Interfacing sensors
with Arduino board
LCD was added to
the setup
Visualization of data

Excel report
Validation of the
accuracy of the
readings

SYSTEM TESTING SUMMARY

Description
Different devices are connected to the
power supply and the power indicator LED
is observed.
After programming, the output of the sensor
measurements was checked on Arduino
serial monitor.
The measured readings from the sensor
were programmed to be shown on the LCD
and this was observed.
A hardware setup was interfaced with the
IoT cloud database. The sensor data were
visualized in graphical form.
After visualization, the sensor data were
extracted in Excel format for further local
analysis.
The system readings were compared to the
readings from other devices at the hospital.

Score
Pass

Pass

Pass

Pass

III.
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RESULTS AND DISCUSSION

The developed system prototype that monitors body
temperature and heartbeat rate for chronic patients can be seen
in Figure 2. A thingSpeak cloud database was utilized to store
and virtualize the patients’ data. The aggregated data can also
be extracted in excel format for offline analysis, allowing the
doctors to track chronic patient’s data in real time and keeping
track of the patient’s health conditions. A 16×2 LCD was used
to display the patient’s body temperature and heartbeat
readings. The patients can see their temperature and heartbeat
readings while at the same time the readings are sent to the
database. ThingSpeak was configured and 3 fields were created
in order to receive ambient temperature, target temperature, and
heartbeat readings from different remote sensors. The data
were analyzed and organized in graphical form in terms of a
line graph in different fields. The fields receive real time data
from the sensor nodes corresponding to patient’s body
readings. Figures 3 and 4 show the body temperature and
heartbeat data stored and visualized on thingSpeak cloud
database.

Pass

Pass

C. Unit Testing
Unit testing is a technique used to verify the functional
correctness of each module of the system [17]. For the
developed system, the following modules were tested:
ESP8266 module, heartbeat sensor, contactless temperature
sensor, LCD, and potentiometer. Each was tested for proper
powering and the interfacing with Arduino was checked for
proper functionality.
D. Integration Testing
This is a testing technique that is used to verify whether the
modules tested in the unit testing stage can be integrated to
work smoothly and properly without problems [18]. Different
functional modules were integrated and tested to confirm
whether they were able to work together properly. For instance,
the two sensors were all connected in addition to ESP8266,
potentiometer and LCD in a bottom up approach and tested for
any possible errors. The integration test was done by
combining modules bit by bit to make sure they were working
properly.
E. System Testing
System testing is a technique of putting the system as a
whole and carrying out tests to proof whether it is working as
planned and that it meets the intended end user’s requirements.
The combined outcome of all the modules was successfully
tested during this testing stage. System testing does not look at
the structural dimension of the program code but rather the
visible functional correctness of the end product. The hardware
was interfaced with ThingSpeak cloud database for data
storage and virtualization. After the interfacing, the system was
tested as a whole and was found to perform according to plan.
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Fig. 2.

Fig. 3.

Developed system prototype.

ThingSpeak capture of body temperature readings.

Seventy people were examined by the system and their
body temperature and heartbeat readings were displayed on the
LCD and at the same time sent to the cloud database. Normal
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body temperature is 37°C and a person is said to have fever
when the temperature is greater than 38.0°C [19] while body
temperature between 35.5°C to 37°C is usually regarded as fine
when assessing a patient’s condition. Therefore, the
temperatures taken by the developed system as shown in
Figures 3 and 5 mostly fall in the normal body temperature
category. Whenever the heart pumps blood, there is an increase
in oxygenated blood whereas a decrease in oxygenated blood
occurs when the heart relaxes. The heartbeat rate measured in
Beats Per Minute (BPM) is basically determined by the amount
of time between the increase and decrease in the oxygenated
blood. The normal BPM for adults is about 72, for children it is
about 90, and for babies about 120 [12]. The BPM values
shown in Figures 4 and 6 were taken from adults and children
only.

Fig. 4.

ThingSpeak capture of heartbeat readings.
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Fig. 6.
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Heartbeats taken by the system prototype.

IV. CONCLUSION
The scarcity of health facilities in rural areas, especially in
Africa, is a serious hindrance to healthcare access. This poses
serious risks and is even more paramount in chronic patients.
The advancement of wireless sensor networks and cloud
computing technology has created an opportunity for adopting
telemedicine. In this paper, a system capable of monitoring
body temperature and heartbeat rate of chronic patients has
been developed. This system is capable of sending patients'
data to a cloud database in real time. This system will bridge
the gap in healthcare access caused by the insufficient
healthcare facilities and will further improve the way of
managing chronic patients as well as dealing with any sudden
changes in the patient’s health condition in order to avert health
complications. The developed system consists of a heart pulse
sensor, an MLX90614 contactless temperature sensor, an
ESP8266 wireless module, an Arduino board, and a cloud
database. The database virtualizes the received data in
graphical and spreadsheet formats. The system has the potential
of adding more health indicators for monitoring. Policy makers,
governments, and different stakeholders such as the internet
service providers should increase the internet coverage to
enable such systems to be used in rural areas where health
facilities are usually distant. Various stakeholders in the health
sector should be able to sensitize the citizens on the use of
telemedicine as an alternative to physical visits to health
facilities. This will save time and enable quality services to
reach even remote areas because telemedicine doctors will be
able to serve patients from any location. In the future, more
research can be done in the area of adopting sensors to improve
remote patient monitoring. This system can be further
improved by incorporating a dashboard pop up mechanism for
immediate alerts.
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Fig. 5.

Temperature taken by the system prototype.
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Integration of GIS and Hierarchical Multi-Criteria
Analysis for Mapping Flood Vulnerability
The Case Study of M'sila, Algeria
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Abstract-This paper proposes the integration of GIS (Geographic
Information System ) and HMA (Hierarchical Multi-criterion
Analysis) offering a low-cost methodology to produce
vulnerability maps. The quintessential role the rivers play in
urban development has long been asserted and accepted.
However, one of the subsequent consequences of these urban
development activities is the increased frequency of floods. The
case in point is the city of M’sila, Algeria. The subject city was
settled along the banks of a river known as Oued El Ksob, which
undoubtedly had a significant influence on its development. In
the last 50 years, M’sila has experienced significant spatial
growth, especially in its north and northwest sides. As such, the
work presented in this article aims to assess the vulnerability of
the city to the risks of flooding. The approach used is based on
the combined use of the HMA method coupled with the GIS. The
process allowed the graphical representation of the resulting
analysis of complex data of the territory, i.e. the mapping of its
vulnerability to flooding. The map has four vulnerability
categories ranging from low to very strong. The proposed system
serves as an essential decision-making tool for local government
officials.
Keywords-flood risk; vulnerability; GIS; hierarchical multicriteria analysis; M'sila city

I.
INTRODUCTION
Floods in urban arrears constitute a severe risk and have
become more frequent and severe along with the rapid urban
development [1]. The urbanization along the river banks has
contributed to the increased risk, severity, and frequency of
floods. This is one of the most common and destructive risks of
natural disasters. The city of M’sila is a good case in point.
M’sila is the capital of the M’sila Province and is located on
the Plains of Hodna, along Oued El Ksob river, between the
saline lake Chott El-Hodna and a range of the Tell Atlas
mountains. Known as a farming and trading center, the city of
M'sila derives its true geographical personality from its relative
wealth of water [2]. The city it has been a site of numerous
catastrophic floods, such as the one of September 23rd, 2007.
Although flooding is a natural phenomenon, the urban
explosion that the city has experienced creates these risks. As
such, our research focused on analyzing and assessing the city
vulnerability to flooding through integrated risk management.
This study also intended to provide a decision-making tool to

Ali Redjem
City, Environment, Society, and Sustainable
Development Laboratory
University of M'sila, Algeria
ali.redjem@univ-msila.dz

minimize the frequency and the impact of flooding on M’sila
and its inhabitants. To address the issue of urban growth impact
on flooding risks requires a multi-criteria approach concerning
several and different elements, conditions, and factors. Such an
approach, when associated with the Geographic Information
System (GIS), has been widely used in different contextual
areas including flood management. It also plays a major role in
developing reference maps for damage prevention and
charting, the integration of any type of information, a better
presentation of ideas and a better understanding of the scope of
possible solutions [3]. The method has also been used
successfully to assess a territory's vulnerability to flood risks
[4-7].
II. S TUDY AREA
M’sila is a city in the North-Central part of Algeria. It is
seated between 35°66’ and 36°75’ North latitude and between
4°47’ and 4°57’ East longitude. The land of the city used to be
primarily agricultural. Under the effect of human pressure, this
situation has changed. This change is marked by the extension
of artificial land and the decrease in agricultural areas as it is
given in Table I and Figures 1-2.
III.

METHODOLOGY

To conduct this study, the Hierarchical Multi-criteria
Analysis (HMA) method [8] was adopted. This approach is
ideal for quantifying and prioritizing complex problems into an
orderly hierarchical structure of criteria and sub-criteria [9].
The approach in our case study is to assess the risk of flooding
in the city of M’sila by applying GIS features that take into
account interpolation and recovery, based on multi-criterion
analysis, in order to develop a vulnerability map. In addition,
GIS coupled with a multi-criterion analysis offers opportunities
to study the risks of flooding incorporating all the relevant
conditions and parameters. It also identifies and prioritizes
impact factors [10]. The method as used herein is based on the
steps described below.
A. Phase 1: Evaluation Criteria Identification
The evaluation criteria were identified in relation to the
factors that have the greatest impact on the vulnerability or
proneness of the city to flooding. Judgments were, therefore,
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exercised between the following four parameters: (1) proximity
to a water stream, (2) population density, (3) land use, and (4)
terrain slope. Each parameter or criterion was consequently
linked to several categories. These categories were established
in relation to the data from the study area. Each evaluation
resulted in a map representing, for all elementary surfaces, their
suitability to the considered criterion [11]. These maps were
obtained from digital aerial images taken based on satellite
images dating as of 2020 from Algeria's National Institute of
Mapping and Remote Sensing.

TABLE I.

EVOLUTION OF LAND USE IN M'SILA

Year
Artificial
Farm
Brush
Naked
Population

1960
19.26%
37.18%
12.09%
31.47%
35,377

Scale
1
3
5
7
9
2, 4, 6, 8

Evolusion of population.

1990
42.75%
29.08%
8.55%
19.62%
113,683

2020
81.09%
9.00%
19.62%
9.85%
238,689

B. Phase 2 : Weighting Criteria
The process of calculating the relative importance of each
criterion is known as the standardization of the criteria [12].
The comparative weight scale as used in this study is given in
Table II.
TABLE II.

Fig. 1.
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COMPARATIVE SCALE

Description
Equal importance of two elements.
One element is a little more important than the other.
One element is more important than the other.
One element is much more important than the other.
One element is much more important than the other.
Intermediate values between two judgments.

C. Consistance Verification
In order to check that the transitivity of our judgment was
respected, the author in [13] proposes the following
mathematical formula:
IC 



(1)



where IC is the consistency index, N is the number of elements
compared, λmax is the average Saaty matrix values of own
vectors that indicates the order of priority or hierarchy of the
studied characteristics.

(a)

The consistency ratio (RC) is calculated by:
RC 




(2)

where IA is defined as the Random Index of a matrix of the
same size presented in Table III.
TABLE III.

(b)
n
IA

1
0

2
0

3
0.58

RANDOM INDEX

4
0.9

5
1.12

6
1.24

7
1.32

D. Phase 4: Aggregation of Criteria
This operation consisted of multiplying each factor layer by
its respective weighting as confirmed in the hierarchical
structure [14]. Then, the AHP method is used, in combination
with the integration of the criteria cards in accordance with
their weight on the GIS software, through a linear combination
method of weighting in order to obtain a summary map.

(c)

IV.

Fig. 2.

Land use in (a) 1960, (b) 1990, (c) 2020.
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RESULTS AND DISCUSSION

The results of the pairwise comparison of the sub-criteria
relatively to the criteria considered for our case study are
summarized in Table IV (the comparison matrix is
standardized so that the sum of all weights is equal to 1).
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Regarding the results, we have RC = 0.095, so the consistency
ratio is less than 0.1 which allows us to state that the judgments
for the assessment of the criteria have been consistent.
TABLE IV.
Criterion

Terrain slope

Proximity to a
water stream

Population
density

Land usage

PAIRWISE COMPARISON RESULTS

Categories
0-3
3-6
6-9
9-12
12 >
0-50
50-200
200-500
500-800
800>
0-60
60-600
600>
Building
Industrial
Bare soil
Vegetation

Rank
7
6
4
2
1
9
7
5
3
1
1
3
7
9
7
1
3

Weight
0.511
0.262
0.118
0.067
0.041
0.518
0.263
0.129
0.063
0.032
0.087
0.444
0.467
0.628
0.254
0.399
0.771

The evaluated criteria are mapped in the Figures 3-6 using
the spatial analysis functionalities of GIS. The layers with a
common, registered map base are joined on the basis of their
occupation of space. These outputs can reflect simple
operations such as laying a road map over a map of local
wetlands to determine averages and co-occurrences [15]. The
result of the sum of the different criteria maps according to
their weight under the Arc GIS software allowed obtaining the
decision-making spatial reference map shown in Figure 7. The
interpretation of the resulting map allowed us to discuss the
relationship between the urban growth and the risk of flooding.
The map shows flood potential areas. The level of risk varies
from one residential area to another. This level of risk is higher
primarily in the northern and northwestern districts of the city,
which have experienced significant urban extensions. These
areas of greater flood concern include the two colonial and
historical quarters, El-Kouch and El Argoub that are considered
as the central nucleus of the city which were built at the edges
of Oued El Ksob.
Large land areas have been used for urbanization purposes
resulting in significant increase in population density. This
accelerated rate of urbanization has generated multiple
challenges and environmental issues. The growth of the city of
M'sila constitutes a form of urbanization that has become
widespread encroaching onto agricultural lands. The diachronic
analysis of land use has shown an increase in built-up areas.
This urbanization is intensifying at the expense of agricultural
land because the areas open to urbanization do not always meet
the increasing needs of the population. Moreover, these
changes in land use, associated with urban development, affect
flooding risk. In urbanized areas, much of the permeable soil is
replaced by impermeable infrastructure such as roads and
buildings, minimizing its capacity to store rainfall and water.
After the construction of any dam, the fluvial regime of the
river is subjected to consequential change and its system or
pattern of erosion may undergo metamorphosis.

www.etasr.com

Fig. 3.

Fig. 4.

Population density mapping.

Terrain slop mapping.

Dam construction alters the amount of sediment production,
retention and transportation of the sediments in the system [16].
As a result, rain, which used to penetrate the ground, now flows
directly into streams, increasing their flow. Furthermore,
buildings on floodplains can interfere with the passage of flood
waters. The entropic risks are driven by the strong demographic
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changes coupled with the creation of new residential areas in
the northern territory of the city.

Fig. 7.

Fig. 5.

Proximity to a water slop mapping.

Overall vulnerability mapping.

V. CONCLUSION
The city of M’sila is built on the banks of the Oued ElKsob between the mountain ranges that make it a natural water
collector. Due to this reason the subject land was initially and
mainly agricultural. The villages used to be established in
elevated areas in order to minimize flood risk. But under the
influence of human pressure, the situation has changed. This
change is marked by the extension of artificialized land to
agricultural spaces, which has aggravated, or even created
hazardous conditions. This growth of building has also resulted
in a dense concentration of populations over restricted spaces,
which mechanically increases risk exposure. The city is
increasingly spreading in areas of flat reliefs and around
several water points where flood overflows can spread out. The
inadequate work on waterways promotes flooding possibility in
urban areas and increases the vulnerability of exposed areas, or,
for the most localized events, a worsening of flows.
The HMA method used in our research allowed us to study
the risk of flooding, integrating all the parameters relating to
the studied area. It also enabled us to determine the extent of
flooded areas at the intra-urban level of the city as well as the
water height at all points of these areas. This technique can
play an important role, not only in terms of specific
applications for urban risk management, but also in timely
disseminating information to public and private stakeholders
involved in the prevention and management of this risk.
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Abstract-In a seismic design of embedded foundations, the
vertical Subgrade Reaction (SR) acting on a foundation bottom
surface and the Rotational Resistance Moment (RRM) generated
by the SR are calculated using an SR Modulus (SRM). The SRM
and RRM depend on both ground rigidity and Foundation Width
(FW). However, the SRM and RRM calculation methods adopted
in design codes might not properly consider their FW
dependency. In this study, SRM and RRM evaluation methods
for embedded foundations subjected to a seismic load were
examined by conducting a two-dimensional finite element
analysis under the condition where ground rigidity and FW were
changed considering the nonlinearity of the ground. The results
show that when the seismic load is large and the nonlinearity of
the ground appears, the SR distribution is different from the
assumption in the design code. The FW dependency of the SRM
was lower than the assumption of the design code. Furthermore,
methods to calculate the SRM and RRM in accordance with the
FW and ground rigidity are proposed.
Keywords-subgrade reaction modulus; rotational resistance
moment; foundation width

I.
INTRODUCTION
A structure’s foundation must ensure stability by
transmitting the applied load to the ground. When the structure
is heavy or the ground is soft, a columnar foundation is
embedded in a sufficiently strong soil layer. In addition to a
vertical load, such as the deadweight of the structure, a seismic
load acts horizontally during an earthquake, rotating the
structure. The vertical Subgrade Reaction (SR) acting on the
foundation bottom supports the vertical load and generates a
Rotational Resistance Moment (RRM) to contribute to the
structure’s rotational resistance. The SR is calculated by
multiplying the foundation’s displacement and a SR Modulus
(SRM). The SRM depends on the ground rigidity and
Foundation Width (FW) and increases with the increase in
ground rigidity and decreases with the increase in FW [1-3].
Therefore, various design codes, such as the Japanese
Specifications for Highway Bridges (JSHB) [4], apply the
SRM calculation equation in accordance with the FW. When
the seismic load is large or when a large lateral spreading
pressure is considered to act during an earthquake [5], the FW

should be widened to enhance seismic resistance. However,
when using the SRM calculation equation adopted in the design
code, the SRM significantly decreases as the FW increases, and
an increase in the SR proportional to the increase in the FW
cannot be expected. Therefore, the FW should be extremely
wide when the seismic load is large. However, the results of the
horizontal loading test of pier models where the FW was
changed revealed that the seismic resistance becomes
extremely high by widening the FW because the vertical SR
becomes large [6]. It has been also highlighted that the FW
dependence of the vertical SRM is lower than that of the
horizontal SRM [7]. Therefore, the horizontal and vertical
SRMs should be evaluated differently, and the appropriate
evaluation of the vertical SRM is critical to perform rational
seismic design. In this study, a two‐dimensional finite element
analysis was conducted considering the nonlinearity of the
ground. From the analysis results, evaluation methods for the
vertical SRM and RRM for embedded foundations subjected to
seismic loads are proposed. Since only vertical SR and SRM
are considered in this paper, they are described as SR and SRM
for simplicity in the following.
II.

METHOD

A. Analytical Model
Two-dimensional finite element analysis was used to
evaluate the characteristics of the SR to embedded foundations
under seismic loading. The analysis code used is FLIP [8],
which is widely used for the evaluation of the seismic stability
of structures [9]. A foundation of 20m height was assumed to
be 10m embedded, and the ground was modeled to a depth of
30m. To evaluate the difference in the SRM because of the
difference in the FW, four cases with FWs (B) of 4, 6, 8, and
10m were set. Figure 1 shows an analytical model and a finite
element mesh diagram, taking the case of B = 4m as an
example. The mesh height and width for structural and
surrounding ground elements were set at 0.5m, which are
smaller than those for other elements. The foundation was
modeled using linear planar elements, assuming a reinforced
concrete
structure,
with
Young’s
modulus
of
E = 2.5×10 7kN/m2, Poisson’s ratio of ν = 0.20, and density of
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ρ = 2.4t/m3. For the ground, density ρ = 1.8t/m3 and Poisson’s
ratio ν = 0.33 were used. Three cases of soft ground (Case A),
intermediate ground (Case B), and hard ground (Case C) were
set using the N-values obtained from the standard penetration
test (Table I).

G
=
G0

1+

7387
1
G0 γ

(4)

τm

where G is the shear rigidity, G0 is the initial shear rigidity, γ is
the shear strain, and τm is the shear strength, which is calculated
using [10]:

τm = σm' sin φ (5)
where σm' is the effective confining pressure and φ is the shear
resistance angle.
By calculating the relative density using (6), the shear
resistance angle is calculated using (7) [10]. The ground shear
resistance angles under the foundation bottoms of Cases A, B,
and C are 39.0°, 40.7°, and 42.5°, respectively.
 100 N131 
Dr = 21

 σ v ' + 70 

0.5

(6)

ϕ = 0.0003Dr 2 + 0.0426 Dr + 36.682

(7)

where Dr is the relative density (%) and σv' is the reference
effective overburden pressure (131kN/m2).
Fig. 1.

Analysis model and finite element mesh diagram.
TABLE I.

Depth(m)
0.0 to -5.0
-5.0 to -10.0
-10.0 to -30.0

GROUND CONDITIONS ( N-VALUES)

Case A
10
10
10

Case B
10
10
30

Case C
10
30
50

The ground shear rigidity in the middle of each stratum is
called the reference shear rigidity and is calculated by [10]:

Gma = 14100 N1310.68

(1)
2

where Gma is the reference shear rigidity (kN/m ) and N131 is
the equivalent N-value for the reference effective overburden
pressure of 131kN/m2. The ground shear rigidity Gm at each
depth is calculated using [11]:
σ ' 
Gm = Gma  m 
 σ ma ' 

0 .5

(2)

Slipping or separation can occur on the contact surface
between the foundation and the ground. To express these
phenomena, joint elements are installed between the structure
and the ground. The joint element transmits a compressive
force corresponding to the initial rigidity perpendicularly to the
element, whereas the tensile force is not transmitted,
reproducing the separation of the ground and the structure. For
the sliding direction, shear force corresponding to the initial
shear rigidity is transmitted until the shear stress reaches shear
strength.
B. Analysis Method
The analysis was conducted in two stages. At first, the
deadweight of the foundation was applied, and afterwards the
horizontal load was applied. The loading position of the
horizontal load was set to be the top of the foundation to
increase the rotational moment. Table II shows the loads
applied for each FW.
TABLE II.

where Gm is the shear rigidity, Gma is the reference shear
rigidity, σm' is the effective confining pressure, and σma' is the
reference effective confining pressure corresponding to the
reference shear rigidity.

FW (m)
4
6
8
10

Horizontal load (kN)
1000
1500
1500
1800

LOADS

Dead weight (kN)
1920
2880
3840
4800

Young’s modulus of the ground is calculated using:
Em = 2( 1 + ν )Gm

(3)

where Em is Young’s modulus, Gm is the shear rigidity and ν is
the Poisson’s ratio.
The ground shows remarkable nonlinearity when the shear
strain exceeds 10−6. In this study, the nonlinearity of the ground
is expressed as in (4) using a hyperbolic model [12]:

www.etasr.com

To stabilize the analysis, the load was made zero for the
first second and was gradually increased. Calculations were
performed with 1000Hz sampling for deadweight loading and
400Hz for horizontal loading. The loading rates were 2000kN/s
and 200kN/s for the deadweight and horizontal loading
respectively and the calculation was continued for 1s after the
maximum load was reached. Figure 2 shows the time history of
the horizontal load. The SRM is calculated using:
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kv =

σ
dy

(8)

where kv is the SRM (kPa/m), σ is the normal stress (kPa) of
the joint element, and dy is the vertical displacement of the
foundation (m).

Fig. 2.

III.

Time history of horizontal loading.

RESULTS AND DISCUSSION

A. Comparison of SR in this Study and in JSHB
Figure 3 shows the time history of the SR and foundation
displacement during horizontal loading, referring to B = 4m
and 10m for Case B respectively. The values in the legend
indicate distances from the foundation edge on the side where
settlement occurs. Downward displacement is defined as
negative.
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the results of [7]. Focusing on the SRs at 1m, after 5s, when
B = 4m, and after 9s, when B = 10m, they show almost
constant values. However, the SR at the foundation edge
continues to increase for 9–10s, where the horizontal load
continues to increase, especially for B = 10m. The
displacement continues to increase after the SR reaches the
maximum value at each position, indicating that the ground
shows strong nonlinearity and yielding occurs. Furthermore, at
2m from the foundation edge with B = 4m, the SR decreases
after 4s, and the foundation displaces upward. Foundation
rotation occurs at a position shorter than half of the FW. The
result for B = 10m is similar. The SR decreases after 8s at 3m
from the foundation edge, and upward displacement occurs at
4m from the foundation edge. This result is compared with the
assumption of the JSHB [4]. The JSHB assumes that the
rotational center is at the foundation’s center, and the SR is
increased to the allowable bearing capacity with increasing
horizontal load, regardless of the position. Figures 4(a)-(b)
show the assumption of the JSHB. Figure 4(a) shows the SR
distribution when the SR at the foundation edge has reached the
allowable bearing capacity (qa). As the horizontal load
increases, the SR in the range up to the center of the foundation
increases until it reaches the allowable bearing capacity (Figure
4(b)). The allowable bearing capacity is calculated using:
1
βγ 1 BN r + γ 2 D f N q
2
1
qa =
( qd − γ 2 D f ) + γ 2 D f
FS
qd =

1 + sin ϕ
Nq =
exp (π tan ϕ )
1 − sin ϕ

(9)

N r = ( N q − 1) tan (1.4ϕ )
where q d is the ultimate bearing capacity of the ground, β is
the shape factor of the foundation bottom, e.g. 0.8 for square, γ1
and γ2 are the unit weights of the ground below and above the
foundation bottom respectively, B is the FW, D f is the
foundation embedded depth, qa is the allowable bearing
capacity of the ground, Fs is the safety factor (2 in the event of
an earthquake), and φ is the shear resistance angle of the
ground. Figure 4(c) shows the SR distribution of this study.
Maximum SR is smaller than the allowable bearing capacity of
the JSHB and the rotational center is not necessarily at the
foundation's center.

(a)

(a)
(b)
Fig. 3.

(b)
Fig. 4.

(c)

SR distribution.

Time history of SR and displacement. (a) B = 4m , (b) B = 10m.

The SR shows a larger value as it moves closer to the
foundation edge. Especially at the foundation edge, the initial
SR value is larger than those at other positions, correlating with
www.etasr.com

Figure 5 compares the allowable bearing capacity from the
JSHB and the maximum SR at the foundation edge obtained in
this study. The horizontal axis is the shear resistance angle of
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the ground at the foundation bottom. The maximum SRs
obtained in this study are smaller than the allowable bearing
capacities of the JSHB. The JSHB sets the allowable bearing
capacity lower than the ultimate bearing capacity by
introducing the safety factor, however, it still overestimates the
maximum SR. Furthermore, in the JSHB, the allowable bearing
capacity increases as the FW increases, but in this analytical
result, the change in the maximum SR with the change in the
FW is slight. The allowable bearing capacity calculation
equation adopted in the JSHB is conventional for the condition
that only a vertical load is applied and is not applicable when
an inclined load is applied. In addition to overestimating the SR
distribution, the JSHB overestimates the RRMs by assuming
that the rotational center is always at the foundation’s center.

Fig. 5.

Comparison of maximum SR.
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stress and shear strain is nonlinear with increasing strain, and
when the shear stress reaches a value close to the shear
strength, the shear strain increases abruptly without an increase
in the shear stress. Therefore, the nonlinear behavior appears
simultaneously regardless of the distance from the foundation
edge. Thus, the SR at positions other than the foundation edge
does not reach the maximum value at the foundation edge, and
the relationship between the SR and settlement shows
nonlinearity.
C. Evaluation Method of SRM
Figure 7 shows the time histories of the SRM, referring to
the conditions B = 4m and 10m of Case B. The legend is the
distance from the foundation edge. At the foundation edge, the
SR is large because of the influence of boundary conditions and
the SRM is larger than those at other positions, correlating with
the result in [7]. In the early stage of loading, the SRM shows a
constant value because the ground does not exhibit nonlinear
behavior. The SRM decreases because of the effect of the
nonlinear properties of the ground after 4s at B = 4m, and after
6s at B = 10m. We excluded the data at the foundation edge
and obtained the average SRM value for the range in which it
shows a constant value. From the results, the calculation
equation (10) of the SRM was obtained. The SRM calculation
equation in the JSHB is shown in (11). The SRM calculation
equation in this study has a weaker FW dependency than that in
the JSHB, correlating with [7].

B. Ground Stress Characteristics under Inclined Loading
When the foundation is subjected to an inclined loading,
both compressive and shear strains are generated in the ground
under the foundation. Figure 6 shows the time histories of the
compressive strain and shear strain in the ground under the
foundation for the condition B = 4m of Case A. The legend is
the distance from the foundation edge. The compressive strain
value is the largest at the foundation edge and decreases toward
the foundation’s center. In contrast, no noticeable difference
occurs in the shear strain because of the difference in the
position from the foundation edge.
(a)
Fig. 7.

E  B
kv = 0.15 m  
Br  Br 

1
 B 
α Em  
kv =
0.3
 0.3 
Fig. 6.

Ground stress characteristics.

The compressive strain differs from location to location
because it depends on the amount of foundation settlement.
However, the shear strain depends on the foundation’s
rotational angle because the foundation is rigid and bending
deformation does not occur. Therefore, no significant
difference occurs in the shear strain according to the distance
from the foundation edge. The relationship between shear
www.etasr.com

(b)

Time history of SRM. (a) B = 4m, (b) B = 10m
−

1
2

(10)
−3

4

(11)

where kv is the SRM, Em is Young’s modulus of the ground
under the foundation bottom, B is the FW, Br is the reference
width of the loading plate used for the plate loading test to
determine the SRM, and Br = 0.3m in this study. α is a
coefficient specified as 2 (for example) when Em is evaluated
using the N-values from the standard penetration tests to obtain
the SRM values during an earthquake.
The variation of the N-value is large in relation to soil
rigidity and no unified equation exists to express their
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relationship. For example, in the JSHB, Em is calculated as
2800N. This study discusses the FW dependency of the SRM
and not the method to calculate the Young’s modulus of the
ground using the N-value. Therefore, in the following, the
SRM results obtained from the JSHB equations are shown as
their changes by changing the FW under conditions where they
are the same as the results of this study when B = 4m. Figure 8
compares the SRMs obtained in this study and the JSHB's. The
SRM decreases by 50% from the JSHB equation if the FW is
widened from 4m to 10m, however in this study, the SRM
decreases by only 33%. Underestimation of the SRM in the
case of foundation widening leads to overdesign. Therefore, the
JSHB equation is not applicable for a wide foundation.
5×10

SRM (kPa/m)

SRM (kPa/m)

4

2×10

4

1.5×10

4

1×10

3

4

4×10

4

3×10

4

4

6

8

10

2×10

FW (m)

SRM (kPa/m)

4

6×10

4

5×10

4

4×10

4

3×10

4

4

6

8

10

FW (m)
(b)

(a)
7×10

radius for the condition B = 6m of Case B. Here, the rotational
radius is shown as a ratio to the FW. Figure 11 shows the
relationship between the rotational angle and the SRM. Here,
the SRM is shown as a ratio to its initial value. In the range
where the rotational angle is minute, the rotational radius is
half the FW, and the foundation rotates around its center. The
rotational radius decreases as the rotational angle increases
because the rear end of the foundation bottom floats. The
higher the ground rigidity is, the more the rotational radius
decreases. The SRM decreases with the increase in the
rotational angle, as with the rotational radius. The decrease in
the rotational radius and SRM when increasing the rotational
angle results in the nonlinearity of the relationship between the
RRM and the rotational angle (M-θ relationship).

4

4

2.5×10

5×10

Fig. 9.

4
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6

8

Distribution of SR.

10

FW (m)
(c)

Fig. 8.

FW dependency of SRM. (a) Case A, (b) Case B, (c) Case C.

D. Evaluation Method of RRM
The RRM is calculated using:
M = k v Iθ

(12)

Fig. 10.

Relationship between the rotational angle and the rotational radius.

where M is the RRM, kv is the SRM, I is the geometrical
moment of inertia of the foundation bottom around the
rotational center axis, and θ is the foundation’s rotational
angle.
Figure 7 shows that the SRM decreases as the load
increases, so the change in the SRM must be considered
according to the change in the rotational angle. The change in
the rotational center position when increasing the load will also
be considered. Figure 9 shows the change in the SR distribution
when increasing the horizontal load for the condition B = 6m of
Case B. The legend in the Figure is the value of the horizontal
load. The SR is shown as an increment from that before
horizontal loading. The position where the SR becomes zero
should be regarded as the rotational center. The distance from
the foundation edge to the rotational center is defined as the
rotational radius, which decreases when the load increases. The
value of the rotational radius was obtained by regression
analysis when excluding the SR at the foundation edge. Figure
10 shows the relationship between the rotational angle and

Relationship between the rotational angle and the SRM.

Figure 12 shows the M-θ relationship for the condition
B = 6m. The M-θ relationship shows a strong nonlinear
characteristic because both the rotational radius and the SRM
decrease with the increase in the rotational angle. The
rotational angle where the RRM reaches the upper limit is
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defined as the critical rotational angle. The higher the ground
rigidity is, the smaller the critical rotational angle becomes.
The critical rotational angles are 0.010rad, 0.005rad, and
0.003rad respectively for Cases A, B, and C. The critical
rotational angles are similar for other FWs and do not depend
on the FW but are strongly affected by the ground rigidity.
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Figures 14 and 15 compare the analytical values of the
RRM under foundation widths of 6m and 8m respectively, with
those values obtained by (13). The red line shows the analytical
value and the blue line denotes the value according to (13). The
proposed equation slightly underestimates the RRM for Case
A. However, Case A’s foundation is embedded in the soft soil
layer of the N-value = 10, which is not frequently realized in
design practice. For Cases B and C, the proposed equation
evaluates well the RRMs.
3

3

3

2×10

3

1×10

0

M-θ relationship.

M = akv Iθ
= akv I θc

(θ ≤ θc )
(θ > θ c )

0.02 0.03 0.04

3

1×10

0

0.05

0.01

0.02 0.03 0.04

0.05

rotational angle (rad)
(b)

3

3×10

RRM (kNm)

3

2×10

3

1×10

0

0.01

0.02 0.03 0.04

0.05

rotational angle (rad)
(c)

M-θ Relationship (B = 6m). (a) Case A, (b) Case B, (c) Case C.

Fig. 14.
3

3

6×10

6×10

RRM (kNm)

The reduction in shear rigidity of the ground significantly
affects the nonlinearity of the SR. Figure 13 shows the
relationship between the shear rigidity and the strain of the
ground at the foundation bottom depth in each case. Here, the
initial value (G0 in (4)) normalizes the shear rigidity. The
rotational angle of the foundation and the shear strain of the
ground are equivalent in the range where the rotational angle is
small. The shear strain corresponding to the critical rotational
angle is evaluated. It corresponds to the shear strain where the
shear rigidity is decreased to 15% of the initial value.
Therefore, in this study, the shear strain when G/G 0 becomes
0.15 is the critical rotational angle. Furthermore, the reduction
rates of the SRM and rotational radius corresponding to the
critical rotational angle are both 0.9 and are independent of
ground rigidity. The RRM is calculated using (13). The M-θ
relationship is proposed as a simple bilinear characteristic
considering the applicability to design practice.

0.01
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2×10

rotational angle (rad)
(a)

RRM (kNm)

Fig. 12.

3×10

RRM (kNm)

RRM (kNm)

3×10

3

4×10

3

2×10

0

(13)
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rotational angle (rad)
(a)
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rotational angle (rad)
(b)

3

where θc is the critical rotational angle and a is a coefficient
that considers the reduction in the SRM and rotational radius
when the rotational angle reaches the critical value. Because
the reduction in the rotational radius has a cubic effect on I, a is
set to 0.94.

RRM (kNm)

6×10

3

4×10

3

2×10

0

0.01

0.02 0.03 0.04

0.05

rotational angle (rad)
(c)

Fig. 15.

M-θ relationship (B = 8m). (a) Case A, (b) Case B, (c) Case C.

IV.

Fig. 13.

Relationship between shear rigidity and shear strain.
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CONCLUSIONS

This study used the results of two‐dimensional finite
element analysis considering the nonlinearity of the ground and
proposed the SRM and RRM calculation methods to be used
for the seismic design of the embedded foundation. The main
obtained conclusions are:
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• Both compressive and shear strains occur in the ground
when an inclined load is applied to the foundation. The
compressive strain differs from position to position,
however the shear strain does not differ significantly
according to the position because it depends on the
foundation’s rotational angle. Therefore, the shear stress of
the ground reaches the shear strength almost simultaneously
when the rotational angle of the foundation becomes large
and the shear strain increases sharply. Therefore, at
positions other than the foundation edge, the SR does not
reach the maximum value at the foundation edge, and the
rotational angle of the foundation increases sharply. The
design code overestimates the maximum SR value not only
at the foundation edge, but also at other positions.
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[9] T. Nagao and P. Lu, "A simplified reliability estimation method for pilesupported wharf on the residual displacement by earthquake," Soil
Dynamics and Earthquake Engineering, vol. 129, p. 105904, Feb. 2020,
https://doi.org/10.1016/j.soildyn.2019.105904.
[10] T. Morita, S. Iai, H. Liu, K. Ichii, and Y. Sato, "Simplified Method to
Determine Parameter of FLIP," PARI, Technical Note 0869, 1997.
[11] I. Suetomi and N. Yoshida, "Nonlinear Behavior of Surface Deposit
during the 1995 Hyogoken-Nambu Earthquake," Soils and Foundations,
vol. 38, pp. 11–22, Sep. 1998, https://doi.org/10.3208/sandf.38.
Special_11.
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Soils: Design Equations and Curves," Journal of the Soil Mechanics and
Foundations Division, vol. 98, no. 7, pp. 667–692, Jul. 1972,
https://doi.org/10.1061/JSFEAQ.0001760.

• A SRM calculation equation related to FW and ground
rigidity was proposed. The SRM dependency on the FW
was smaller than the assumption in the design code.
• When the horizontal load is large and the rotational angle
increases, the SRM decreases under the influence of the
nonlinearity of the ground, and the rotational radius
decreases to half of the FW because the rear end of the
foundation floats. Therefore, the M-θ relationship shows
nonlinearity. This study proposed a calculation equation for
evaluating the M-θ relationship using the reduction rate of
the rotational radius and SRM when the rotational angle
reaches the critical rotational angle, referring to the shear
strain when the shear rigidity of the ground lowers to 0.15
of the initial value. The proposed equation is simple and
bilinear considering its applicability to design practice and
can evaluate RRM with high accuracy.
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Abstract-In this paper, cobalt selenide thin films have been
deposited onto glass slides with the SILAR method under various
bath temperatures. The structure, optical properties, and
morphology of thin films were investigated. The X-ray diffraction
patterns confirmed that the number of peak intensities increased
with increasing bath temperature. From the AFM images, bigger
sizes and thicker films were observed for the films prepared at
80°C. The average grain size was estimated to be 0.2µm, 0.15µm,
and 0.25µm when the bath temperature was 40°C, 50°C, and
80°C respectively. The highest absorbance value was observed for
films prepared at 80°C. The band gap values range from 2eV to
2.4eV.
Keywords-thin films; cobalt selenide; semiconductor; band gap;
solar cells; SILAR technique

I.
INTRODUCTION
Growing fuel prices and the fast depleting of conventional
energy sources lead to the necessity of the investigation on
sustainable and efficient energy sources. Renewable energy has
been suggested as a viable approach. Presently, many research
groups have focused on solar energy as the most promising
renewable energy to cater the future energy demand due to its
abundance and inexhaustibility [1, 2]. Due to the effort of
finding new materials, Transition Metal Chalcogenides (TMCs)
are proposed as the most satisfactory semiconductor materials
for Photo Electro Chemical (PEC) application. TMCs are a
combination of transition metals and chalcogenides (group 16),
MX2 (M: Cd, Mo, Co, Zn, Cu, Ni, Fe, Sn, etc., X: S, Se, and
Te). TMCs possess excellent optical, electrical, and
semiconductor properties, especially in the thin film form [3].
This advancement has motivated many researchers to
investigate TMC materials namely, CdS [4], CdSe [5], ZnS [6],
SnS [7], ZnSe [8], CuInTe2 [9], CuInSe2 [10], ZnTe [11],
Ni3Pb2S2 [12], CuTe [13], and Cu4SnS4 [14]. Chalcogenide thin
films can be fabricated by electrodeposition, spray pyrolysis,
electrochemical deposition [15], and sputtering [16]. One
attractive method for producing cobalt chalcogenide thin films,
due to the possibility of large area deposition at low cost, is the
Successive Ionic Layer Adsorption and Reaction (SILAR)
deposition method. It is a cost-effective method that can be
controlled easily [17, 18]. It is the process of enlarging the thin
film by separating the weakly bound elements in the pure water
from the surface after immersing the substrate material at

certain times and immersing it in cationic and anionic solutions
[19, 20]. The SILAR method consists of four steps [21]:
dipping into cationic solution, rinsing in de-ionized water,
dipping in an ionic solution and rinsing again in de-ionized
water. It is shown that cobalt chalcogenides have higher
electronegativity, so it is proposed to study the synthesis,
growth mechanism, optical and semiconducting properties of
these thin films in a more systematic way. Selenium and
sulphur (X= S, Se), are non-metal while tellurium (Te) is a
metalloid. Hence, the chemical behavior and reaction of
sulphur and selenium are similar to telluride. In the present
research work, focus is given only to cobalt selenide. The aim
of this work is to investigate the influence of bath temperature
on the formation of cobalt selenide thin films. The SILAR
deposition technique was used to synthesize films for the first
time. Characterization of films was carried out by using XRD
(X-Ray Diffraction), AFM (Atomic Force Microscopy), and an
UV-visible spectrophotometer.
Thin films can be used in various fields including solar
cells, optical devices, energy storage devices, environmental
applications, laser devices, and telecommunications devices.
These materials have a great impact on the modern era of
technology. Thin films (binary, ternary, quaternary, and
penternary compounds) can be produced by physical and
chemical deposition techniques [22-24]. The selection of
deposition method depends on the production cost, the specific
application, the properties of films and available resources.
Cobalt sulphide [25-30], cobalt telluride [31-34], and cobalt
selenide [35-40] thin films have been synthesized via various
deposition techniques. In this work, the SILAR method was
selected to produce cobalt selenide films. Staring materials
such as cobalt (II) chloride hexahydrate and sodium selenite
were used to deposit thin films onto glass substrate for the first
time.
II.

EXPERIMENTAL PART

Cobalt (II) chloride hexahydrate (CoCl2.6H2O) and sodium
selenite (Na2O3Se) were used without further purification.
Microscope glass slide was used as substrate during the
deposition process. This substrate was cleaned by acetone and
de-ionized water before use. During the deposition process, the
glass substrate was immersed in a 0.25M cationic solution
(Co2+ ion) with pH=3 for 30s. After rinsing with de-ionized
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water for 10s, it was immersed in 0.25M anionic solution (Se2ions) with pH=3 for 30s. Then, it was rinsed with de-ionized
water for 10s again in order to remove the loose material. The
reaction solutions were put in a beaker into the water bath
under various temperatures (40, 50, and 80°C). After the
deposition process (after 10 cycles), the films were collected,
rinsed by de-ionized water, and finally, put in the oven for 24h.
The structure of the film was investigated by XRD with a
Malvern Panalytical diffractometer (EMPYREAN) equipped
with a Cu Kα (λ=0.15418nm) radiation source. Data were
collected by step scanning from 10° to 80° with a step size of
0.02° (2θ). Surface morphology, thickness, and roughness were
examined by recording the AFM images with Bruker. The
mode was Scanasyst peak force tapping. The cantilever was
scanasyst-air (material: silicon tip on nitride lever) with spring
constants of 0.4N/m and resonance frequencies of 70kHz. The
optical properties of the films were studied with the Perkin
Elmer UV/Vis Lambda 35 Spectrophotometer. The band gap
energy values were calculated based on the absorption data.
III. RESULTS AND DISCUSSION
AFM measurements were carried out in order to investigate
surface roughness and surface topology. The surface roughness
was studied on the Rq value which is defined as the root mean
square average of height deviation taken from the mean image
data plane. Figure 1 shows the AFM images of SILAR
deposited cobalt selenide thin films under different bath
temperatures. These images were measured over 1µm×1µm
scanning range. The films deposited at lower temperatures
(40°C and 50°C) indicated uneven morphology in comparison
with the ones deposited at higher temperature. Uniformly
grained and compact morphological surface was observed at
80°C. These results are consistent with several other studies,
indicating that grain grows more compactness and regularity in
morphology with increase in temperature [41, 42]. The average
grain size (0.2, 0.15, and 0.25µm) and surface roughness
(0.0191, 0.0102, 0.0192µm) were reduced from 40 to 50°C and
increased at 80°C. On the other hand, we found that film
thickness (1.4 to 1.7µm) increased with increasing temperature.
The temperature effect on the film thickness has been reported
by many researchers [43, 44].
Figure 2 indicates the XRD patterns for the cobalt selenide
thin films prepared under various bath temperatures. It can be
seen that the XRD patterns exhibited diffraction peaks at
2θ=13°, which can be indexed as reflection from the (111)
plane of the cubic structure Co9Se8 compound (films prepared
at 40°C and 50°C). Other researchers have reported similar
findings (cubic cobalt selenide structure) [45, 46]. An
additional peak attributed to the (113) plane became more
visible for the films synthesized at 80°C. A sharp diffraction
peak can be observed in Figure 2(c) reflecting the better
crystallinity of the sample. The obtained XRD patterns were
well matched with the standard Joint Committee on Powder
Diffraction Standards (JCPDS) (Reference code: 98-004-4857)
as indicated in Table I. Based on the JCPDS data, the lattice
parameter values are a=b=c=10.431Å. The crystal system,
space group and space group number were cubic, Fm-3m and
225 respectively.
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TABLE I.

COMPARISON OF OBSERVED D -SPACING VALUES WITH
STANDARD D -SPACING VALUES OF COBALT SELENIDE THIN FILMS.

Temperature (°° )
40
50
80

Reflection plane
(hkl)
111
111
111
113

Observed dspacing values
(Å)
6.8
6.8
6.8
3.2

Standard dspacing values
(Å)
6.0
6.0
6.0
3.1

(a)

(b)

(c)

Fig. 1.

AFM images for films prepared at (a) 40°C, (b) 50°C, (c) 80°C.
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reflectivity of incident photon on the film surface [49, 50]. The
band gap was calculated by the Stern equation which is a very
useful and commonly used method [51-57].

(a)

Fig. 3.
Optical absorbance spectra of thin films prepared at (a) 40°C, (b)
50°C, (c) 80°C.






/

(1)

In (1) v is the frequency, h is the Planck’s constant, k is a
constant, while n carries the value of either 1 or 4. The n value
is 1 for a direct gap material and 4 for indirect gap material.
The plot of (Ahν)2 against hν is shown in Figure 4.
Extrapolation of the linear portion of the curve to (Ahν)2=0
produces the band gap energy. The band gap increased from
2.1eV (40°C) to 2.4eV (50°C), and dropped to 2eV (80°C) as
shown in Figure 4. Other research groups have highlighted
similar band gap values (Table II). These cobalt selenide films
have been prepared by using different methods including
chemical bath deposition, electro deposition, magnetron
sputtering method and mechano chemical method. The
obtained thin films could be used in solar cell applications
because of direct band gap between 1 to 2eV [58, 59].

(b)

TABLE II.

BAND GAP ENERGY OF COBALT SELENIDE THIN FILMS
PREPARED UNDER DIFFERENT DEPOSITION TECHNIQUES

(c)

Fig. 2.
80°C.

Remarks

XRD patterns for the films prepared at (a) 40°C, (b) 50°C, (c)

Figure 3 exhibits the absorbance spectra (at wavelengths
from 300 to 1000nm) of cobalt selenide thin films prepared
under different bath temperatures. Generally, we observe that
all the samples showed high absorption in the visible range,
which allows the use of these materials in photo
electrochemical and solar cells. The absorbance decreases with
increasing wavelength. A similar tendency was also observed
in [47, 48]. From Figure 3, we note that the highest absorbance
value can be observed for films prepared at 80°C due to
increased grain size with thickness. Larger size reduces the

www.etasr.com

Thin films were produced onto glass
substrate by using chemical bath
deposition method in the presence of
ammonia, cobalt (Ii) acetate and sodium
selenosulphite.
Thin films were synthesized onto tin
oxide glass substrate via electro
deposition technique in the presence of
H2SeO3 and Co(CH3COO) 2 solutions.
Thin films were prepared onto nonconducting micro glass slide through
chemical bath deposition method, in the
presence of cobalt nitrate, ammonia and
sodium selenosulphate.
Thin films were produced using
magnetron sputtering method
Thin films were synthesized onto tin
oxide coated glass by using
electrodeposition method.
Thin films were grown using the
mechanochemical method.

Band gap value
(eV)

Reference

1.8 to 3.6

[35]

1.53

[36]

1.7

[37]

1.53

[38]

1.53

[39]

1.7

[40]
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[2]

[3]
(a)
[4]

[5]

[6]

(b)

[7]

[8]

[9]

[10]
(c)
[11]

[12]
Fig. 4.
(Ahv)2 curve against (hv) for thin films prepared at (a) 40°C, (b)
50°C, (c) 80°C.

IV.

[13]

CONCLUSIONS

The influence of bath temperature on the formation of
SILAR deposited cobalt selenide thin films was studied in this
paper. The XRD data supported the existence of cubic phase
cobalt selenide films. The XRD patterns confirmed that the
number of peaks increased with increasing bath temperature.
The films prepared at 80°C have higher absorption,
crystallinity, and the most homogeneity. Band gap values were
observed in the range of 2eV to 2.4eV.
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Abstract-The Induction Motor (IM) is popular because of its low
price, higher efficiency, and low maintenance cost. A comparative
analysis of IM speed controllers using Voltage/Frequency (V/F)
control or Scalar Control (SC) is presented in this paper. SC is
commonly used due to its ease of implementation, simplicity, and
low cost. To decrease the difficulty and cost of hardware
implementation, this paper proposes an optimal Fuzzy
Proportional Integral (Fuzzy-PI) controller. Firstly, the speed of
IM using the V/F control technique is discussed. Then, speed
control of IM using a conventional PI controller is performed.
Finally, a simplified-rules Fuzzy-PI controller is developed in
MATLAB/SIMULINK and its performance is compared with
that of open-loop SC and the traditional PI controller. The
performance of the simplified-rules Fuzzy-PI controller is
superior to that of an open-loop constant V/F control and a
conventional PI controller.
Keywords-induction motor; constant V/F control; PI controller;
optimal fuzzy PI controller

I.
INTRODUCTION
Its low cost, simple structure, reliability, and good
robustness have made the Induction Motor (IM) a most
attractive choice [1, 2] for industry applications. To change the
speed of IMs, frequency and voltage can be varied. In
Voltage/Frequency (V/F) control, only their magnitudes are
controlled. V/F control is easy to implement, it requires a small
number of components, and can be employed in several
applications such as variable speed pumps, fans, blowers, etc.
[3]. Normally, a Proportional Integral (PI) controller is
employed for IM speed control for most applications [4, 5].
But, the conventional PI controller has some disadvantages: Its
accuracy depends on the mathematical model, the system
suffers fromnon-linearity, and it is very sensitive to parameter
and temperature variations and to load disturbances [6, 7].
A Fuzzy Logic-based Controller (FLC) can overcome these
disadvantages [8-10]. The FLC does not need the model of the
plant, can handle non-linearity, it is less sensitive to load
disturbances, it produces human logic linguistic rules, and is
robust [11-13]. Authors in [14] suggested a 3-phase IM speed

control technique using constant V/F control. A simplified
fuzzy rule-based FLC can be easily implemented in hardware
and performs better in comparison with the standard 25-rule
FLC [15]. D. Asija proposed a standard 25-rule Fuzzy-PI
controller for IM speed control using SC and concluded that the
Fuzzy-PI controller outperforms the traditional PI controller
[16]. B. N. Kar and K. B. Mohanty presented a standard 49rule FLC for IM speed control by Indirect Vector Control
(IVC) and concluded that compared with the conventional PI
controller, the proposed FLC performs better with regard to
change in load, settling time, and overshoot [17]. Authors in
[18] proposed a standard 49-rule FLC based IM speed control
by IVC and concluded that FLC performs better than the
traditional PI controller with regard to load disturbances and
changing reference speed. Authors in [19] proposed and
implemented a 3-phase IM using V/F control.
II. PROPOSED FRAMEWORK
A simplified-rule Fuzzy-PI controller using the V/F control
technique is presented in this paper. Various researchers
proposed FLC-based IM speed control using standard 49 fuzzy
rules, standard 25 rules, standard 9 rules, and simplified fuzzy
rules [20-25]. In this paper, the standard 9 rules are simplified
into 5 rules for the first time and the simplified-rule Fuzzy-PI
controller is developed and implemented for the speed control
of a 3-phase IM using constant V/F control. The rule base is
selected using the trial and error technique. The proposed
simplified Fuzzy-PI controller reduces complexity and
computational load, it is easily implemented, it is simple, and
has better performance. Figure 1 exhibits the diagram of the
proposed framework. The DC supply voltage is converted into
variable voltage and variable frequency by a Metal Oxide
Semiconductor Field Effect Transistor (MOSFET) inverter.
The optimal Fuzzy-PI controller gets feedback signals from an
IM. The method of speed control used here is the popular
constant V/F control. The SVPWM generator produces firing
pulses to the inverter. The MOSFET converts the DC supply
voltage into variable AC by the SVPWM method.
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With the recent developments in power electronics, variable
voltage variable frequency IMs are increasingly employed in a
variety of industrial applications. The circuit diagram of V/F
control is shown in Figure 2. Speed control of IM is achieved
using a 3-phase inverter. The frequency and applied voltage
must be varied to maintain constant air-gap flux and to evade
saturation of the IM. The stator voltage and frequency are
changed at the same time to keep V/F ratio constant.
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Constant V/F control.

IV. THE FUZZY LOGIC CONTROLLER
The FLC is an intelligent controller that is very similar to
human reasoning. It accepts crisp input, performs calculations,
and then gives an output value [26]. The structural diagram of
the FLC is shown in Figure 3. There are four steps for the
implementation of an FLC: Fuzzification, inference engine,
rule base, and de-fuzzification. The FLC inputs are
characterized by triangular Membership Functions (MFs) and 3
triangular MFs are used for output control. There are 9 rules
out of which 5 are executed by the Fuzzy Inference System
(FIS). The triangular MFs for the FLC system are shown in a
Figure 4. The MFs for two inputs and a single output are:
Positive (P), Zero (Z), and Negative (N).
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Table I shows the simplified rule base for the FLC. For this
application the Mamdani type FIS is chosen. The fuzzy logic
process which is based on if-then rules is represented as
follows: If N and P denote the error and change of error
respectively then the output control will be denoted by Z.

e
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Fig. 4.
The triangular membership functions: (a) error (e), (b) change of
error (∆e), (c) Output control (∆u).
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Simplified Rules
If e is N and ∆e is Z then ∆u is N
If e is Z and ∆e is P then ∆u is P
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If e is Z and ∆e is N then ∆u is N
If e is P and ∆e is N then ∆u is Z

The FLC structural block diagram.
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V. RESULTS AND DISCUSSION
Figure 5 depicts the SIMULINK diagram of the open loop
IM speed control using the SVPWM technique. A 3-phase IM
is fed from an inverter and is connected with a DC voltage
source. A MOSFET inverter is modeled by a universal block
and the IM by an asynchronous machine block. A constant
value of 11.9Nm load torque is applied to the IM shaft. A speed
set point in rpm is applied to the V/Hz block. The initially
reference speed is 1725rpm and the final speed value is
1300rpm. The induction motor reaches a speed of 1275rpm. In
this application, IM does not reach the final speed of 1300rpm
which is the required final value. The simulation results for
open loop scalar control are shown in a Figure 6.
The SIMULINK diagram of the traditional PI controller
based IM closed loop speed control using SVPWM technique
is shown in Figure 7. The Zeigler-Nichols method is used in
this paper for tuning the PI controller. To study the
performance of the 3-phase IM, two performance indices, i.e.
rotor speed and electromagnetic torque are used. In order to
achieve the actual IM speed, feedback is used and it is
compared to the IM reference speed. The error is produced by
the obtained difference of the two and the error is processed in
a conventional PI controller which reduces it. The same
reference step speed and load torque is used for the traditional
PI controller. The SIMULINK diagram of the simplified
Fuzzy-PI controller using SC is given in Figure 9. The error
signal and the change of error are the input of an intelligent
controller. The Fuzzy-PI controller produces the controlled
output signal and provides it to the V/F control.
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Here, the frequency varying device is the SVPWM
generator which uses the SVPWM technique to produce firing
pulses to the inverter and hence the frequency of the supply is
changed w.r.t the voltage of the IM. Using the SVPWM
method, the MOSFET inverter converts the DC supply voltage
into variable AC. From Figure 8, it is clear that the
conventional PI controller reaches the final speed of 1300rpm.
From Figure 10, it is clear that the optimal Fuzzy-PI controller
also achieves the final speed of 1300rpm but with less settling
time and without overshoot compared with a conventional PI
controller and also better electromagnetic torque response is
obtained. When compared with the existing literature, the
proposed simplified Fuzzy-PI controller uses the least number
of fuzzy rules. The proposed intelligent controller employs a
trial and error approach to minimize the fuzzy rules while
achieving better IM speed control performance. Figure 11
depicts the speed response of the IM with step speed reference
with both controllers and constant V/F control. The
performance analysis of both controllers and without any
controller at a constant reference speed is given in Table II.

9

TABLE II.

PERFORMANCE ANALYSIS
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Fig. 8.
The simulation results for conventional PI controller based IM
speed control: (a) rotor speed, (b) electromagnetic torque.
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Fig. 9.

response of the simplified-rule set Fuzzy-PI controller surpass
the ones of the open loop constant V/F control and the
traditional PI controller. The optimal Fuzzy-PI controller fully
eradicates the overshoot of the conventional PI controller and
the settling time is much smaller than that of the traditional PI
controller.
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Fig. 10. The simulation results for the optimal Fuzzy-PI controller based
IM speed control: (a) rotor speed, (b) electromagnetic torque.

VI. CONCLUSION
To reduce the computation load, the need of memory space,
and to enable more easy hardware implementation an optimal
Fuzzy-PI controller using SC is successfully developed and
simulated in this paper. The proposed optimal Fuzzy-PI
controller uses a minimum number of fuzzy rules. The
simulation results show that the performance and speed
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Fig. 11. Speed response of the 3-phase IM with step speed reference with
an initial value of 1725rpm and final speed reference of 1300rpm at 0.1s and
11.9Nm load with optimal Fuzzy-PI controller, conventional PI controller, and
without controller.
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APPENDIX
IM ELECTRICAL PARAMETERS
Power = 3hp , Voltage = 220V, Poles = 4, Frequency = 60Hz
RS = 0.435Ω, Rr = 0.815Ω
LS = 2*2.0mH, Lr = 2.0mH
Lm = 69.31mH
J = 0.089 Kg.m2
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Abstract—The Ultra-High Frequency (UHF) band occupies a
very vital region in the spectrum and is becoming very congested
because many applications use it. The capsule camera (CapCam),
an ultra-low power wireless device, is a Short Range Device
(SRD) application that utilizes the UHF spectrum for medical
endoscopy and it is designed to operate at the 430-440MHz
frequency band range. This study will focus on the interference
between the CapCam and other systems operating in the
frequency of 435MHz and adjacent bands. Other systems that
can operate in this band include non-specific SRD and
radiolocation services such as airborne radar and ground radar
stations. The Minimum Coupling Loss (MCL) method is
implemented in this study. The findings showed that restricted
distances between the CapCam and other services must be
considered when the CapCam is in use. This should be done to
avoid harmful interference from the CapCam especially in the
case of radiolocation services.
Keywords-CapCam;
airborne
interference; MCL method

radar;

ground

radar;

I.
INTRODUCTION
Wireless Medical Capsule Endoscopy (WMCE) is a new
generation of medical Short Range Device (SRD) applications,
which are characterized by operating in ultra-low power and
short distance applications. The capsule camera (CapCam) is a
main component of the ultra-low power WMCE application.
The CapCam endoscopy is a practice recommended by doctors
that uses a miniature wireless camera to take images of a
patient’s digestive tract as it passes through it. The endoscopy
camera is placed within a small capsule (approximately the
same size as a vitamin pill) that the patient swallows. The
camera takes pictures as the capsule passes through the
patient's digestive system and transfers them wirelessly to a
recorder carried by the patient [1]. The CapCam is a medical
diagnostic tool designed to operate in the UHF range including
the frequency band of 430-440MHz [2]. This frequency band is
occupied by several services such as radiolocation services,
amateur radio services, non-specific SRDs (NSRDs), land
mobile services, and earth exploration-satellite services.

Therefore, the possibility of interference occurring between
these systems and the CapCam service is something that needs
to be investigated. As a result of the interference, system
performance deterioration may occur.
Depending on the properties of various WMCE systems
and the method of treatment, many contraindications are set by
manufacturers. Such a contraindication is the electromagnetic
radiation represented by the interference of the CapCam with
other wireless devices (or intersystem interference). Based on
previous studies and the manufacturers’ recommendations,
these contraindications include the effect on the cardiac
pacemakers or other implanted electro-medical devices,
creating strong electromagnetic fields on devices such as
Magnetic Resonance Imaging (MRI), etc. [3, 4]. More broadly,
in this paper, the intersystem interference between the CapCam
service and other systems is controlled in a primary-secondary
operating basis, where the CapCam service is a secondary
service and the other systems are considered the primary
services [5]. Comprehensively, when the SRDs (as a secondary
service) operate in shared bands, they are not permitted to
cause harmful interference to radio services (primary). So, in
general, SRD cannot claim protection from interference caused
by radio communication services as defined by the
International Telecommunication Union Radio Regulations
(ITU-RR) [6]. Further, this means that the CapCam must not
cause interference to the other primary services. Therefore, this
paper will study the effect of the CapCam service on other
services. Both co-channel interference and adjacent channel
interference will be examined in Line of Sight (LOS) and nonLOS (NLOS) environments.
II. INTERSYSTEM INTERFERENCE SCENARIOS
This section provides a summary of the proposed
interference scenario between the CapCam and other systems
that share the same frequency band of 430-440MHz. The
services/systems involved in this study are described in detail.
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A. Interference Scenario
The interference scenario is shown in Figure 1. The
CapCam service is assumed to be operating in the 430440MHz frequency band and shares it with other services
(radiolocation and NSRD) according to the ITU-RR's Article 5
[5] and the European Common Allocations (ECA) [7]. The
frequency allocation for the 430-440MHz band regarding
radiolocations services (airborne and ground radars) and SRD
are shown in Table I. It can be realized that the proposed use of
the CapCam application operating in the frequency band of
430-440MHz would lead to affecting both radiolocation and
NSRD systems. This study will investigate this impact in order
to coordinate the use of the CapCam with radiolocation and
NSRD systems.
TABLE I.

THE ITU-R SPECTRUM ALLOCATION FOR THE CAPCAM,
RADIOLOCATION , AND NSRD SERVICES IN THE 430-440MH z BAND

Frequency band (MHz)
430-433.05
433.05-434.79
434.79-440

Fig. 1.

ITU RR allocation
RADIOLOCATION
RADIOLOCATION, NSRD
RADIOLOCATION

The interference scenario of CapCam with other services.
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conditions without causing bleeding or sedation hazard
involved by traditional endoscopy [2]. The crucial part of the
new application is a disposable tiny optical imaging camera
imbedded in a capsule. The CapCam is given to the patient to
swallow and while it moves through the patient’s digestive
tract it sends images to a receiver (Data Recorder-DR) outside
the patient’s body as shown in Figure 2.
C. Non-specific SRDs
NSRDs are devices for wireless telegraphy including
telemetry, tele-command, alarms, and data transmission.
Telemetry services use radio communication for automatically
indicating or recording measurements at a distance from the
measuring instrument. Tele-command services use radio
communication for the transmission of signals to create,
modify or dismiss functions of equipment at a distance; and the
alarms are devices used for alarm systems, including social,
security, and safety alarms [8].
D. Radiolocation
Radiolocation services are defined as radio-determination
services for the purpose of position determination. Radiodetermination is defined as the determination of the position,
velocity, and/or other characteristics of an object by the
propagation properties of radio waves [9, 10]. The airborne
radar [11], is a radar on a plane used to detect objects moving
at very low speeds whereas ground radar is used for fixed,
mobile, or transportable operations.
III. INTERFERENCE CALCULATION METHODOOLGY
The method proposed to calculate the intersystem
interference from the CapCam and other systems is the
standard Minimum Coupling Loss (MCL) which consists of
attaining the critical minimum propagation losses required to
avoid interference. Once the total losses are obtained, it is
straightforward to determine a matching minimum separation
distance depending on a given propagation model. The
propagation model used for the assessment of the separation
distance is the free space model as well as indoor penetration
losses due to the natural work of the CapCam from the indoor
environment and emitting power into the outdoor environment.
The free space wave propagation model is given by [12]:


Fig. 2.

The scenario of CapCam and DR as a WMCE application.

It is assumed that the CapCam service (the interferer) is
utilized inside a medical building such as a hospital and causes
interference to three discrete outdoor wireless systems
(airborne radar, ground radar, and NSRD), which can be
termed as interfered services (Figure 1). In the following
subsections, a brief description of these systems, as well as the
CapCam service are presented.
B. The CapCam Service
It is a relatively new application of medical SRDs that can
perform medical tests of patients with specific digestive
www.etasr.com
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(1)

where  denotes the received interference power at the
interfered system (radiolocation or NSRD systems),  denotes
the transmit power from the interferer system (the CapCam
service),  and  are the gain of the transmitter and receiver
antenna respectively,   denotes the correction factor of
bandwidth between the CapCam and the interfered system,
and  is the channel propagation loss due to the free space
(outdoor) environment and the indoor penetration loss. The
expression in (1) can be represented using the decibel scale as
follows [13]:
          

(2)

where  is the free space loss due to the free space
environment ( ) and the indoor penetration loss  . The 
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loss mainly depends on the wavelength of the traveling signal,
, either in LOS or NLOS environments, and the distance
between the transmitter and receiver  .  is based on the
material type used to construct the hospital building. Therefore,
the  factor can be defined for the LOS and NLOS as
follows:
     (3)
When the signal travels in a LOS outdoor environment, the
loss  is given by (4) for true urban propagation prediction
[14, 15]:
()  32.45  20 log(&)  

(4)

If the signal travels in an NLOS outdoor environment, the
loss  is given by:
(')  32.45  20 log(&)  35 log()  

(5)

where the frequency & is in MHz and the distance  is in km.
In this study, both interference situations (co-channel and
adjacent channel interferences) will be considered in both
propagation environments.
IV. S YSTEM PARAMETERS
The main parameters for the considered systems for the
CapCam, NSRD, airborne radar, and ground radar are shown in
Tables II and III. It is worth mentioning that the radiations from
the CapCam may not be highly uniform throughout the whole
channel bandwidth except within the co-channel frequency (at
around 10MHz). Also, 10dB is assumed as the body loss which
is applied to distinguish the power levels inside/outside the
body.

A. The CapCam and NSRD Systems
Since the NSRD is set to run in the frequency band 433.05434.79MHz, the operating carrier frequency is assumed as
433.91MHz. The channel propagation will be affected by the
penetration loss of 10dB as well as the loss in the LOS and
NLOS environments. The values of interference levels from the
CapCam service into the NSRD service versus the separation
distances using co-channel frequency are shown in Figure 3.
This Figure illustrates that the minimum distance in the LOS
environment is about 322m whereas it is 27.6m in the NLOS
dense urban areas. At these distances, minimum power will be
detected according to the NSRD receiver sensitivity which is 110dBm/25kHz. Figure 3 shows that as the distance increases
the interference level from the CapCam into the NSRD receiver
decreases due to the propagation effect for both LOS and
NLOS. However, the interference level drastically decreases in
NLOS compared to the LOS environment. To allow for proper
coordination between the CapCam system and the NSRD
system the required margin in the co-channel frequency band is
depicted in Figure 4. It can be seen from Figure 4 that as the
distance increases, the required margin decreases linearly in the
log scale. In Figure 4, we can notice that the required margin is
0dB at the separation distances of 322m and 27.6m for LOS
and NLOS respectively. The reason is that at these distances
the received power is equal to the NSRD receiver sensitivity of
-110dBm. Before reaching the aforementioned distances, the
interference power is high and can cause deterioration in
NSRD receiver performance. Therefore, it is required to keep
that distance in consideration regarding the operation of the
CapCam and NSRDs services.

MAIN PARAMETERS OF THE INTERFERER SYSTEM ( THE
CAPCAM)

Parameters
Frequency of operation
Single channel RF bandwidth
Maximum ERP of the transmitter
Antenna gain
ERP outside patient's body
Maximum ERP density outside patient's body
Single use of activity cycle
Building penetration loss
TABLE III.

MAIN PARAMETERS OF INTERFERED SYSTEMS

Parameters

NSRD

Channel bandwidth, MHz
Rx antenna gain, dB
Rx interference threshold, dBm
Rx protection criteria, dB
Height above ground level, m

0.250
-2.85
-110
C/I8
3

V.

Value
430-440MHz
10MHz
-30dBm
2.15dB
-40dBm
-50dBm/100kHz
8-12h
10dB

Airborne
radar
1
22
-114.9
/)  −6
>9000

Ground
radar
1
38
-115.9
/)  −6
8

RESULTS AND DISCUSSION

This section of the paper analyzes and discusses the results
of the coordination between the CapCam and the considered
systems that share the frequency band of 430-440MHz.

www.etasr.com
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Fig. 3.
The interference from the CapCam into the NSRD in the cochannel frequency band.

On the other hand, by shifting the CapCam carrier
frequency by 10MHz the two systems will operate under the
adjacent channel band scenario. This is illustrated in Figures 5
and 6. In Figure 5, the interference level from the CapCam
service is 102m in LOS areas, while the distance in NLOS
dense urban areas is only 15m and lower than that of LOS
environment. These findings are confirmed in Figure 6, which
shows the power margin in both areas. This shows that the
power margin is 0dB at the above mentioned distances due to
the received power being equivalent to the NSRD receiver
sensitivity. From the findings of the operation of the CapCam
and NSRD services, it can be concluded that the interference
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Margin (dB)

power in NLOS is less than in the LOS environment. This
variation in interference power is due to the environment in the
NLOS blocking the interference power from the CapCam from
reaching the interfered system receiver in its entire strength.
The LOS environment allows the interference signal power to
travel with no obstacles in its path. Moreover, the minimum
distance required to operate the CapCam and NSRD services
simultaneously in the same area with no harmful interference
using the co-channel frequency band is higher compared to the
distance using the adjacent channel. This occurs due to the fact
that the emitted power from the CapCam service in the case of
the adjacent channel frequency band is less than the power
emitted in the case of the co-channel band by 10dB. Thus, the
decrease in the interference emission power is transferred into
decreasing the distance that enough harmful interference signal
can reach the affected receiver of the NSRD. This finding is
consistent with the findings of [16].
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NLOS areas. In addition, the minimum distance in the cochannel band is higher than that in the adjacent channel band.
In the co-channel scenario the distance is 1563m and 67.5m,
while in the adjacent channel scenario it is 494.5m and 36m for
LOS and NLOS respectively. Also, in Figures 9 and 10, the
power margin is depicted for the same scenarios, in which 0dB
is the margin at the abovementioned distance. At greater
distances, the power margin is negative which means it allows
the airborne radar to run with no interference acting on it from
the CapCam.

Margin (dB)

Engineering, Technology & Applied Science Research

Interference (dBm)

Fig. 4.
The required margin for coordination of the CapCam and the
NSRD in the co-channel frequency band.

Interference (dBm)

Fig. 6.
The required margin for the coordination of the CapCam and the
NSRD in the adjacent channel frequency band.

Fig. 5.
The interference from the CapCam to the NSRD in the adjacent
channel frequency band.

B. The CapCam and Airborne Radar Systems
Here, the affected service is the airborne radar while the
interferer is the CapCam service. The airborne radar receiver
has an interference threshold of –114.9dBm. Figures 7 and 8
illustrate the interference power level with the distance
increasing between the two systems in co-channel and adjacent
channel frequency bands respectively. Both Figures show that
the distance required in LOS is higher than that required in
www.etasr.com

Interference (dBm)

Fig. 7.
The interference from the CapCam to the airborne radar in the cochannel frequency band.

Fig. 8.
The interference from the CapCam to the airborne radar in the
adjacent channel frequency band.
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C. The CapCam and Ground Radar Systems
For this scenario, the receiver has an interference threshold
that is lower than that of the airborne radar, which is
–115.9dBm. The findings shown in Figures 11 and 12 present
the interference levels with the distance between the CapCam
and ground radar services. It is found that the minimum
distance at which the two systems can operate together with no
harmful interference is 1754m and 72m for the co-channel
frequency band in the LOS and NLOS environments
respectively. The minimum distance decreases using the
adjacent channel band are 555m and 39m in the LOS and
NLOS environments respectively. Moreover, Figures 13 and 14
show the required power margin between the received
interference from the CapCam service and the maximum
interference threshold. Therefore, at the abovementioned
distances, this margin is 0dB, and before the ground radar
cannot work. For instance, in distances less than 1754m and
555m the ground radar may not operate properly if the
CapCam service operates at the same time.

Vol. 11, No. 4, 2021, 7405-7410
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compared with many other SRD applications, distance should
be taken into account. Another important point in this study is
that it assumes that the patient treated by the CapCam is
separated by only one wall from the considered
devices/services. In practical situations there may be many
walls or partitions, which can contribute to more propagation
loss that may allow the operation of the CapCam with other
services without interferences.

Interference (dBm)

Engineering, Technology & Applied Science Research

Interference (dBm)

Margin (dB)

Fig. 11. The interference from the CapCam to the ground radar in the cochannel frequency band.

Fig. 9.
The required margin for the coordination of the CapCam and the
airborne radar in the co-channel frequency band.

Margin (dB)

Fig. 12. The interference from the CapCam to the ground radar in the
adjacent channel frequency band.

Fig. 10. The required margin for the coordination of the CapCam and the
airborne radar in the adjacent channel frequency band.

Table IV summarizes the results from the presented
scenarios. It shows that the ground radar service is the most
affected among other services due to the maximum interference
threshold and its higher antenna gain. Although, the
exceptionally low deployment density of the CapCam services
and the short time period of single-use of the CapCam devices,
www.etasr.com

Fig. 13. The required margin for the coordination of the CapCam and the
ground radar in the co-channel frequency band.
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Abstract—Shunt reactors are important components for highvoltage and extra high voltage transmission systems with large
line lengths. They are used to absorb excess reactive power
generated by capacitive power on the lines when no-load or
under-load occurs. In addition, they play an important role in
balancing the reactive power on the system, avoiding overvoltage
at the end of the lines, and maintaining voltage stability at the
specified level. In this paper, an analytical method based on the
theory of magnetic circuit model is used to compute the
electromagnetic fields of shunt reactors and then a finite element
method is applied to simulate magnetic field distributions, joule
power losses, and copper losses in the magnetic circuit. In order
to reduce magnetic flux and avoid magnetic circuit saturation, it
is necessary to increase the reluctance of the magnetic circuit by
adding air gaps in the iron core. The air gaps are arranged along
the iron core to decrease the influence of flux fringing around the
air gap on shunt reactors' total loss. Non-magnetic materials are
often used at the air gaps to separate the iron cores. The ANSYS
Electronics Desktop V19.R1 is used as a computation and
simulation tool in this paper.
Keywords-shunt reactors; air gaps; inductance; Joule power losses;
copper losses; finite element method

I.
INTRODUCTION
The shunt reactor is a widely used component that improves
the stability and efficiency in power transmission systems.
High-voltage and extra-high-voltage power transmission
systems usually have relatively large line lengths. Under no or
small load, parasitic capacitance will appear in the line, its
value is quite large especially in long lines, which will increase
the voltage along the line, causing overvoltage at the end of the
line. This phenomenon is known as the Ferranti effect [1-3]. In
order to maintain voltage stability at the specified level, it is
necessary to use shunt reactors to absorb the excess reactive

power generated by the line capacitance, balancing the reactive
power in electrical systems [3-5].
The construction of shunt reactors is correlated with power
transformers such as windings, magnetic circuits, insulation
structures, or shields. The shunt reactor can be considered as a
transformer working with no load. However, the main
difference in the shunt reactor, is that each phase is a winding.
In order to reduce the magnetic flux and avoid the saturation of
the magnetic circuit, the reluctance is increased by creating
horizontal gaps. This leads to increased energy stored in the
gap areas. The volume of gaps depends on the reactive power
and the selected magnetic inductance. However, the gaps are
also reasons to flux fringing along the gaps [6-8] which
increases the power losses in the shunt reactor. The gap needs
to be divided into several smaller gaps to reduce the effect of
the flux fringing, thereby reducing power losses in the shunt
reactor.
Shunt reactors have been extensively used, e.g. for the
compensation reactive power in a power system [3, 4], the
interaction between shunt reactors and the power system in
different transient conditions [8, 9], and the vibration analysis
[9, 10]. In this research, an analytical method based on the
theory of magnetic circuit model and finite element method
(FEM) were used to compute and simulate the electromagnetic
parameters of shunt reactors.
II.

ANALYTIC METHOD

A. Shunt Reactor Modeling
The model of the shunt reactor is presented in Figure 1.
Thanks to this model, when ignoring the leakage flux, it is
possible to divide the magnetic circuit into different parts and is
given in the equivalent magnetic circuit in Figure 2.
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where µ is the permeability of the ferromagnetic material and lg
is the total gap length in the core. Wy, Dc, Hy, and Dy are the
parameters given in Figure 1.

Core blocks

Yoke

Dy
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The diagram in Figure 2, it can be transformed into Figure
3. The equivalent reluctance of the reduced equivalent
magnetic circuits is defined as:
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The reluctance of the gap in the iron core is calculated as:
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Dc

Fig. 1.

Modeling of the shunt reactor.
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(5)

The reluctance Rc in (4) is very small in comparison with
the reluctance of the air gaps. Thus, the Rc can be neglected in
the equivalent magnetic circuit.
B. Parameter Computations
In this part, the single phase shunt reactor of 30.33MVar
(500/√3 and 50Hz) is considered in Figure 1. The idea of this
step is to increase the reluctance by adding air gaps in the iron
core. The volume of the air gaps is defined via equations based
on the magnetic circuit model. It should be noted that the
volume of the air gaps depends on the main parameters of the
shunt reactor, i.e. reactive power, magnetic flux density,
winding inductance, frequency, and energy storage in the
winding space air gaps. The reactive power is expressed by the
electric current and the voltage, i.e.:

Fig. 2.

#  $. % (6)

Equivalent magnetic circuit.

The winding resistance is normally very small in
comparison with the inductance, thus it can be neglected when
defining parameters of the magnetic circuits. The
electromagnetic force and the electric current are defined as:
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where +, , -, , . , 3 ,  and μ8 are respectively the maximum
magnetic flux, maximum flux density, area of the air gap,
length of the air gap, air gap reluctance, and air permeability.
Fig. 3.

Based on (7) and (8), the volume Vg is determined by the
air gap length lg:

Reduced equivalent magnetic circuits.

The electromotive force (EMF) generated by the current I
in the N turns of windings is denoted by F = I.N (A.turn). Due
to the symmetry of the magnetic circuit, the reluctances of the
upper and lower yokes are determined by (1):

       





. .



(1)

The reluctances of two sides and of the middle core can be
defined by (2) and (3):
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where the reactive power, magnetic flux, and frequence are
considered as constants and so the volume of the air gaps is
also a constant. Hence, the . and 3 will be defined based on
this air gap, because they are two important parameters that can
be affected directly to total power losses and the size of shunt
reactors.
If the air gap area is equal to the core area, the dimension of
core is written as:
>  ?
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(10)
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From (10), the yoke area can be defined as:
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where TU is the filled factor of the windings in the magnetic
window and V is the electric current density.

In addition, it is seen that in a region around the air gap
appears flux fringing as presented in Figure 4.

hR

7413
./.

i .j i 

@hR

IYk  Tl . mno . po  n . p q (20)

where Tl is the auxiliary loss factor, no and n are the losses in
the core and yoke, and po and p are the weights of the core
and yoke. The calculated results of the shunt reactor are given
in Table I.
TABLE I.

From (13), the turns of the winding and the magnetic
window are calculated as:
*J

d  e. @fg  e.

(11 a-b)

and the winding inductance is computed by the reactive power
and voltage as:
D
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OBTAINED RESULTS OF THE SHUNT REACTOR BY THE
ANALYTIC METHOD

Parameters
Reactive power
Rated voltage
Rated current
Total inductance
Core dimension
Core height
Total air gap
Turn number
Winding width
Winding height
Copper loss
Iron loss

III.

Notation
Q (MVAr)
U (kV)
I (A)
L (H)
Dc (mm)
Hc (mm)
lg (mm)
N (vòng)
Ww (mm)
Hw (mm)
PCu (kW)
PFe (kW)

Results
30.33
500/√3
105
8.7457
673
1758
363
2166
248
1488
51.9038
20.4260

FINITE ELEMENT METHOD

A. Canonical Magnetodynamic Problem
In this problem, the characteristic size of the studied
domain r with boundary sr = t = t h ∪ t e, is considered
much less than the wave-length v  w/) in each medium.
Hence, the displacement current density is negligible. The
problem is described by Maxwell’s equations [11-16]:
curl |  }so ~, curl    , div~  0 (21a-b-c)

Fig. 4.

Modeling of fringing flux around the air gap.

Thus, the flux fringing is defined as [7]:
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The magnetic conducting can be defined via the MMF and
fringing flux as:
I=  F8 . > . ln G1 

  
.

H (16)

The magnetic conducting taking the flux fringing into
account is expressed as:
I=  I  I=

(17)
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The copper and core losses are defined as:
IcU  % . T= . d
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~  F,   | (22a-b)

where ~ is the magnetic flux density,  is the magnetic field, |
is the electric field, F is the magnetic permeability, is the
electric conductivity,  is the eddy current density belonged to
the conducting part r r ⊂ r, and  is the imposed electric
current density defined in the non-conducting Ωc ,
with r = r ∪ rc .

Equations (21a) and (21b) are to be solved with the
Boundary Conditions (BCs) that the tangential component of
the magnetic field on BC is   | , for n being the unit
normal exterior to r.
B. Magnetic Vector Potential Formulations
Based on the Maxell’s equations along with the constitutive
relations in (22), the weak form of Ampere’ law (22b) is
written [5, 11, 13] as:

The turn number is finally written as:
a

and the behavioral relations of materials:

(19)

W  ∙ curl  XΩ  WΓ    ∙  XΓ  W  ∙


 XΩ , ∀  ∈ 8k curl; Ω (23)
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In order to satisfy strongly the lower part of the Tonti’s
diagram [14], the constitutive laws (23 a-b) have to be
introduced in (12), i.e.:

W ~ ∙ curl  XΩ } σ W | ∙  XΩ  WΓ   
 

 XΓ  W  ∙  XΩ , ∀  ∈ 8k curl; Ω (24)


∙

By substituting b = curl a and |  }so   grad  into
(24), we get:

W
 

curl  ∙ curl  XΩ } σ W so  ∙  XΩ 

σ W grad  ∙  XΩ  WΓ    ∙  XΓ  W  ∙  XΩ



∀  ∈ 8k curl; r

(25)

where 8k curl; r is a curl-conform function space defined on
r containing the basis functions for  as well as for the test
function  (at the discrete level, this space is defined by edge
finite elements). The electric scalar potential  is only defined
in Ω .
The energy and inductance are now defined via the
magnetic flux density and magnetic intensity. This can be done
in post-processing, i.e.:
O,   W ~ ∙  XΩ, C 


IV.

. 1
P

Magnetic flux density and magnetic flux line distribution.

The magnetic flux density and flux line distribution in the
magnetic core are presented in Figure 7. In Figure 7, C1-C2 is
the line at the middle of core blocks, G1-G2 is the line at the
middle of air gap, H1-H2 is the line along the core height and
H3-H4 is the line along the height of windings. The flux
density variation along C1-C2 and H1-H2 are depicted in
Figure 8 and 9 respectively. The flux density obtains maximum
values near the edges and the corners of the air gaps (Figure 8)
and it is distributed equally along the H3-H4 as shown in
Figure 10.

(26)

NUMERICAL TEST

The calculated parameters of the shunt reactor given in
Table I were checked with the FEM developed in Section III,
with the help of the Ansys Maxwell 3D. Ansys Maxwell is a
part of the Ansys Electronics software package created by
Ansys Inc. A 3D model of the single phase shunt reactor with 8
air gaps is depicted in Figure 5. The distribution of the current
density in the windings is pointed out in Figure 6.

Fig. 5.

3D model of the single phase shunt reactor.

Fig. 6.

Distribution of the current in the winding.
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Fig. 7.

Fig. 8.

Flux density variation along the line at the middle of core blocks.

Fig. 9.

Fig. 10.

Flux density variation along the height of the core.

Flux density variation along the height of the windings.
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Copper and core losses are shown in Figures 11 and 12
respectively. The copper losses in the windings determined by
the FEM are 52.2859kW whereas the analytical result in Table
I is 51.9038kW, with the error being lower than 1%. It is seen
that in order to avoid the increase of losses due to the fringing
flux acting on the windings near to the gap area, it is necessary
to divide a bigger gap into several smaller gaps. This reduces
the fringing flux around the air gaps.

Vol. 11, No. 4, 2021, 7411-7416

fringing flux component at the gap areas towards the steel foil
in accordance with the direction of magnetization at different
angles causes eddy currents that increase the losses in the
cores. Table II presents the result comparison between the
FEM and the analytic method. The error on the gap inductance
between the two methods is 1.5% and lower than 1% for total
inductance. However, the inaccuracy on the fringing flux is
very big (63.91%), because the fringing flux cannot be defined
exactly by the analytic method.
V.

Fig. 11.

Energy variation along the line G1-G2 at the middle of the air gap.

7415

CONCLUSION

In this study, the parameters of the shunt reactor were
succesfully computed by the analytic method. Thanks to the
calculated results from the analytic method, a finite element
model has been proposed to survey and compare the
distributions of the magnetic flux density, inductances (total,
leakage, and fringing flux), and energy storage in the gaps,
determining the power loss components in the shunt reactor.
The error of the calculation results of the total inductance
between the two methods is only 0.96%, showing a very good
agreement. This test problem can help researchers and
manufacturers to standardize the type of iron cores of the shunt
reactors in practice.
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Abstract—Multiple Input Multiple Output (MIMO) and massive
MIMO technologies play a significant role in mitigating five
generation (5G) channel propagation impairments. These
impairments increase as frequency increases, and they become
worse at millimeter-waves (mmWaves). They include difficulties
of material penetration, Line-of-Sight (LoS) inflexibility, small
cell coverage, weather circumstances, etc. This paper simulates
the 5G channel at the E-band frequency using the Monte Carlo
approach-based NYUSIM tool. The urban microcell (UMi) is the
communication environment of this simulation. Both MIMO and
massive MIMO use uniformly spaced rectangular antenna arrays
(URA). This study investigates the effects of MIMO and massive
MIMO on LoS and Non-LoS (NLoS) environments. The
simulations considered directional and omnidirectional antennas,
the Power Delay Profile (PDP), Root Mean Square (RMS) delay
spread, and small-scale PDP for both LoS and NLoS
environments. As expected, the wide variety of the results showed
that the massive MIMO antenna outperforms the MIMO
antenna, especially in terms of the signal power received at the
end-user and for longer path lengths.
Keywords-MIMO; massive MIMO; millimeter-waves; channel
propagation; path loss exponent; RMS delay spread; received
power

I.
INTRODUCTION
Massive Multiple Input Multiple Output (MIMO) and
Millimeter-waves (mmWaves) are two key technologies of 5G
wireless systems that deliver high data rates, support multiple
users, and provide very low latency. The use of mmWaves for
the 5G systems is still in the experimental stage. Classically,
the mmWaves belong to the frequency spectrum from 30 to
300GHz [1]. Some frequency bands of the first part of this
frequency spectrum, up to 100GHz (as well as the traditional
wireless mobile generation bands) are dedicated to the 5G
system because they offer a huge amount of unutilized or
under-utilized spectrum frequencies, compared to the lower
bands. The E-band (71-76 and 81-86GHz) [2, 3] can be
represented by 73GHz and it is one of the main frequencies
allocated to 5G systems. It is well recognized that the spectral
bandwidth is directly proportional to the amount of transmitted
data rate. However, using the mmWaves for mobile
communication exposes several propagation challenges, e.g.

signal attenuation, coverage area limitations, and, most notably,
high penetration losses. Due to the higher frequency of
mmWaves, free space loss is much higher especially when an
isotropic antenna is used, and many materials cause very high
absorption loss, while diffraction is less noticeable.
Consequently, mmWave signal goes under high blockage, and
most of the time propagation tends to be Line-of-Sight (LoS) based [4]. To mitigate mmWave disadvantages, several
technologies have been introduced, such as small cell coverage,
beamforming, MIMO and massive MIMO antennas, etc.
Massive MIMO-OFDM has been considered as one of the most
desired technologies for broadband wireless systems and is
worldwide recognized as the 5G wireless communication basis.
It is more flexible and adaptable to stay active, especially if
developed for a high number of antennas or massive MIMO [1,
3].
This paper will discuss the 73GHz channel and signal
propagation using MIMO and massive MIMO technologies in
urban microcell area. In [5], the 73GHz frequency band proved
to be power-efficient and robust against atmospheric variations.
Both omnidirectional and directional channel models were used
due to the fact that they are widely adopted by the industry and
researchers for proper designing of wireless systems and
antenna arrays in supporting massive MIMO systems by
employing spatial diversity and/or beamforming gain
respectively [6, 7]. For this purpose, the Monte Carlo approachbased NYUSIM simulator (NYUSIM v3.0) was utilized to
apply MIMO-Orthogonal Frequency-Division Multiplexing
(OFDM) and massive MIMO technologies and generate
Channel Impulse Responses (CIRs) from both omnidirectional
and directional channel models at 73GHz [8-10]. This
simulator can be also used in the THz band [11].
II. MIMO AND MASSIVE MIMO TECHNOLOGIES
Generally, three methods can be planned to improve the
wireless network efficiency, namely deploying extreme access
points, using wide frequency spectrum, and increasing the
spectral efficiency. The foreseen wireless systems will utilize
small base station coverage and thus will require by default
many access points to cover all considered areas. Also, new
spectral bands will be exploited to support the efficiency of the
wireless network. However, the spectral efficiency always
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needs to be maximized in a given frequency band. The spectral
efficiency equals to the total bits that can be sent per second in
each unit of bandwidth (bits/s/Hz) which ultimately contributes
in improving the throughput (Th) [12]:
     (1)
where  is the bandwidth (Hz) and  is the spectral
efficiency (bits/s/Hz). A recognized technique to raise the
spectral efficiency is to exploit the concept of multiple
antennas at the transceivers. Communication with multiple
antennas leads to send out multiple streams which in turn cause
multiplexing gain that significantly improves the capacity of
communication. Therefore, the use of MIMO antennas as a
diversity method is able to improve the communication
reliability. The useful characteristics of the MIMO technology
allowed its incorporation to the new generation wireless
systems (4G, 5G, and 6G). Figure 1 shows the MIMO
technology concept for point to point link.
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Consequently, a large sum throughput can be attained. When a
BS is enhanced with 100 or more antennas concurrently (MUMIMO system) to serve tens (or more) of users in the same
time-frequency resource, this system is termed as a Massive
MIMO, very large MU-MIMO, hyper-MIMO, or fulldimension MIMO [12]. Precisely, in contrast, MU-MIMO
systems support a large number of wireless broadband
terminals using a large number of BS antennas whereas,
massive MIMO is a type of MU-MIMO system where antennas
(hundreds/thousands) concurrently serve wireless broadband
terminals (tens/hundreds) in the same frequency resource as
shown in Figure 2. Assuming that terminals in MU
MIMO/Massive MIMO have a single antenna as shown in
Figure 2 in which the BS serves K terminals, let  be a matrix
of    matching the frequency response between the BS
array and the  terminals. The sum spectral efficiencies of the
up- and down-link are expressed by:
 log |


 max

$%&'

∑%
),- $) *+

  | (4)

log |

 ./ | (5)

where 0  101, . . . , 5 6 7 ,  is the uplink SNR per each
terminal, and  is the downlink SNR. The calculation of
downlink capacity needs a solution of the convex optimization
problem. The attaining of CSI is essential to (4) and (5). The
BS must identify the channels in the uplink, and each terminal
has to be informed its allowed transmission rate individually,
while in the downlink, the BS and the terminals must have CSI
[17].
Fig. 1.

MIMO technology for point to point link (up- and down-link).

In each channel of the MIMO technology, one vector is
transmitted and another is received. If an additive white
Gaussian noise (AWGN) at the receiver (Rx) exists, Shannon
theory gives the following equations for the spectral efficiency
of the link (in b/s/Hz):

 log      (2)


 log  



  

 log  



  (3)





where  is the number of BS antennas, K is the number of
terminal antennas,  is an    matrix for the channel
frequency response between the Base Station (BS) array and
the terminal array, and  and  are the signal-to-noise ratios
(SNRs) for the uplink and downlink, which are proportional to
the corresponding total radiated powers. The spectral efficiency
values in (2) and (3) involve that the Rx must know , however
the transmitter (Tx) does not require knowing . If the Tx
attains Channel State Information (CSI), the performance will
be enhanced. The spatial multiplexing gain has been exploited
and the MIMO was developed to the multiuser MIMO (MUMIMO), where the number of users is concurrently functioned
by one BS supported by multiple MIMO antennas [13-16]. By
equipping the BS with more antennas, more degrees of
freedom can be provided and therefore, more users can
concurrently connect in the same resource of time-frequency.
www.etasr.com

Fig. 2.

Massive MIMO system (up- and down-link).

III. MODELS OF CHANNEL PROPAGATION
The NYUSIM simulator uses two main integrated models:
the free space Path Loss (PL) model and the Statistical Spatial
Channel Model (SSCM). The Close-In (CI) free space PL
model used in this paper as shown in (6) is based on Friis’ and
Bullington’s research work that set wireless propagation
fundamental principles, where the path loss depends on the
environment with a reference distance and includes an
additional attenuation component [18-19]:
89:; <=, > ?@ A  32.4

20 log+' <=A
HI:; (6)

10F log+'<>?@ A

9G

where = is the operation frequency (GHz), F denotes the Path
Loss Exponent (PLE), >?@ is the three-dimension (3D) distance
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between the Tx and Rx, and >' is the free space reference
distance, ranging between 1m and 5m (1m in this paper),
provided that >?@ ≥ >' . The term HI:; represents the Gaussian
random variable with zero-mean and standard deviation σ in
dB, while 9 G denotes the atmospheric conditions attenuation
factor [1, 8], and > ?@ is defined as in (6). The adopted model of
the channel (closed-in path loss) uses a small number of
parameters compared to that of 3GPP/ITU channel models
while it can estimate a wide range of microwave and mmWave
frequencies, physical separation paths, and scenarios with
better performance, better stability, and fewer parameters. The
PLE is confidentially relevant to the environment where the
communication system works. It has different values for
different PL models which are developed through numerical
schemes combined with empirical approximations of
experimental data obtained in channel sounding measurements.
For instance, for the urban microcell (UMi) scenario and in the
case of LoS free space environment, the PLE is set to be 2 with
a shadow fading standard deviation of 4.0dB, whereas these
two parameters are respectively set to 3.2 and 7.0dB in the
NLoS environment. In the SSCM model, time clusters and
spatial lobes are employed to model the omnidirectional CIR,
and power spectra of both Angle of Departure (AoD) and
Angle of Arrival (AoA). Time clusters contain multipath
components moving closely in time, and the ones which arrive
from different angular directions in a short excess delay time.
Spatial lobes are the main directions of arrival or departure
components that arrive or depart within several hundreds of
nanoseconds. In the SSCM model, multiple paths within a time
cluster can arrive at unique pointing angles that can be detected
by directional antennas with high gain [1, 18]. In fact, the
number of clusters of the mmWave signals should not be large
due to the fact that this can cause an imprecise spectral
efficiency prediction. Thus, the number of time clusters is in
the range 1–6, whereas the spatial lobes are between 2 and 5
[18].
IV.

COMMUNICATION SCENARIOS WITH MIMO AND MASSIVE
MIMO

Several studies on MIMO and massive MIMO have been
conducted in order to develop and improve the technology of
communication [1, 20-22]. The proposed communication
scenario is a communication link in an urban microcell system
at 73GHz using 4×4 MIMO and 64×64 massive MIMO
technologies. It is assumed that both the Tx and Rx are
equipped with 4 MIMO or 64 massive MIMO antenna
elements comprising uniformly spaced rectangular antenna
arrays (URA) with K and L antenna elements in the
elevation domain and azimuth domain, in that order [23]. The
adopted antenna patterns are based on Table 7.3-1 of [24]. For
OFDM technique, each subcarrier has an MIMO channel
coefficient which will be generated through paramount
parameters of each solvable multipath component. The MIMO
channel coefficients M,N, <=A between the O Tx antenna and
the kth Rx antenna for the subcarrier = are expressed through
the following equation [1, 8]:
M,N, <=A = ∑M PN,Q,M R STU,),V × R WSXYZU,),V ×
R WSX[ N \]^_`U,),Va × R WSXb Q \]^_cU,),Va (7)
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where d represents the def resolvable solvable multipath
component, α represents the amplitude of the channel gain, Φ is
the phase of the multipath component, g is the time delay, > 7
and >h denote the antenna element spacing at the Tx and Rx
respectively, whereas i and j represent the azimuth AoD and
AoA correspondingly. It is assumed that the number of carriers
is 1601 (the frequency interval between adjacent subcarriers is
500kHz and the bandwidth is 800MHz, therefore,
(800MHz/500kHz) + 1 = 1601 subcarriers).
V.

THE MAIN PARAMETERS

In Table I, the Tx and Rx antenna types, simulation
conditions, propagation parameters, and system components
are tabulated. The results of applying the assumed values in
Table I will be discussed in the next section.
TABLE I.

KEY PARAMETERS AND SIMULATION CONDITIONS [1, 8, 9,

18, 25, 26]

Parameter
Operation frequency (GHz)
No. of Tx and Rx antenna
elements in Massive
MIMO
System bandwidth (MHz)
No. of Tx and Rx antenna
elements in MIMO
Tx and Rx antenna azimuth
HPBW
Tx power (dBm)

Value
73

Parameter
Tx and Rx antenna gain (dBi)

Value
24.9

64×64

No. of Massive MIMO
antenna elements per row

8

800
4×4
10.9o
30

Barometric pressure (mbar) 1013.25
Humidity
Temperature

50%
20oC

Tx and Rx array type
Tx and Rx antenna elevation
HPBW
No. of MIMO antenna
elements per row
Tx and Rx antenna spacing
OFDM subcarrier spacing
(kHz)
No. of OFDM subcarriers
Polarization

URA
8.6o
2
0.5k
500
1601
Co-Pol

VI. RESULTS AND DISCUSSION
Figures 3(a)-(d) explain the substantial difference in the
omnidirectional and directional path loss at different
environments and number of antenna elements at 300m
separation distance between the Tx and Rx and operation
frequency of 73GHz. These figures are produced using the
NYUSIM tool, where the PL, PLE(n), and directional shadow
fading standard deviation are demonstrated for 4 LoS and
NLoS cases. Each Figure illustrates the PL, n, and directional
standard deviation. It can be seen that the Tx antenna gain and
Rx antenna gain for the urban microcell are assumed to be the
same (24.9dBi). From Figure 3(a), it can be noticed that the
omnidirectional path loss at 300m is roughly 123.5dB using
MIMO in LoS environment, while it increases to 164.4dB with
MIMO in NLoS environment at the same distance (Figure
3(b)). This means that there is a very large difference of 40.9dB
in the PL in the case of LoS compared to NLoS. On the other
hand, the omnidirectional PL massive MIMO is approximately
116.6dB in LoS environment, while it increases to 153.3dB in
NLoS environment at the same distance as displayed in Figures
3(c) and 3(d) respectively. The difference between the two
environments is approximately 36.7dB. Table II shows a
comparison among the 4 cases of the systems used in the
simulations. It can be stated that the PL in the case of MIMO in
NLoS is the largest, while the lowest PL occurs using massive
MIMO in LoS environment. Table II shows the difference in
omnidirectional PL among the system scenarios.
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TABLE II.
Description
Systems
MIMO-LoS
MIMO-NLoS
Massive MIMO-LoS
Massive MIMO-NLoS

(a)
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DIFFERENCE IN OMNIDIRECTIONAL PL AMONG THE
SYSTEM SCENARIOS

Difference in omnidirectional PL (dB)
MIMO- MIMOMassive
Massive
LoS
NLoS
MIMO-LoS MIMO-NLoS
----40.9
6.9
-29.8
40.9
---47.8
11.1
-6.9
-47.8
----36.7
29.8
-11.1
36.7
----

To study the effect of the directional antenna compared to
the omnidirectional antenna, the worst case of MIMO system is
considered to investigate its impact on the RMS delay spread.
This scenario is shown in Figure 4 for the LoS environment in
which the maximum separation distance between the Tx and
the Rx is 0.5km. The directional antenna clearly seams that it
causes less RMS delay spread. Figure 4 shows that the
maximum RMS delay spread is 2.8ns when the Rx is located at
400m whereas the minimum RMS delay spread is about 0.3ns
at a separation distance of 250ns and 450ns from the Tx. In
contrast, the omnidirectional antenna causes grater RMS delay
spread for all cases. The maximum RMS delay spread for the
omnidirectional antenna is 24ns at 100m whereas the minimum
value of the antenna, 9.5ns, is at 500m. These results reveal
that the RMS delay spread resultant from omnidirectional
antenna is always greater than that of the directional antenna.
Moreover, Figure 4 indicates that there is very small fluctuation
in the delay generated by the directional antenna, however, the
omnidirectional antenna generates a high RMS delay
fluctuation. The same scenario is shown in Figure 5 for the
MIMO system to investigate the impact of the NLoS
environment on the RMS delay spread. The RMS delay spread
values in Figure 5 are higher than that in Figure 4. In addition,
the fluctuations of RMS delay spread values in the NLoS
environment are higher than that in the LoS environment which
creates more stable delay. Furthermore, this result is similar for
either omnidirectional or directional antenna type, the general
effect of NLoS does not change. For example, the directional
RMS delay shown in Figure 6 for NLoS is almost higher than
that of LoS except very few cases where the RMS delay is
higher than that of NLoS by a very small value of RMS delay
spread. This is true due to the fact that the nature of NLoS
environment is filled with several reflectors, scatters, diffracted
materials, etc.

(b)

(c)

(d)

Fig. 3.
Omnidirectional and directional path loss Tx-Rx separation
distance for an urban microcell scenario (a) 4×4 MIMO LoS, (b) 4×4 MIMO
NLoS, 64×64 Massive MIMO LoS, (d) 64×64 Massive MIMO NLoS.

www.etasr.com

Fig. 4.
Omnidirectional and directional RMS delay spread for a LoS urban
microcell scenario.
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Fig. 5.
Omnidirectional and directional RMS delay spread for a NLoS
urban microcell scenario.

Fig. 6.
Directional RMS delay spread for MIMO system in LoS and NLoS
urban microcell scenario.

The PLE confidentially describes the environment where
the Tx and Rx are situated. It is an important parameter to
indicate the propagation environment nature. In Figure 7, at
73GHz, the PLE for the MIMO system in omnidirectional LoS
and NLoS urban microcell scenario is shown. Its values in LoS
environment range between 2.6 and 1.8 which manifests a
stronger power profile, while in NLoS environment, its values
are between 3.1 and 4.6, leading to a weaker power profile.
Additionally, Figure 7 shows that the PLE is more stable for
LoS, especially for longer distances between the Tx and Rx,
whereas less stability is shown for the NLoS case even for
higher communication distances. The received power for
MIMO and massive MIMO systems is illustrated in Figure 8.
This Figure indicates that the received power is inversely
proportional to the distance between Tx and Rx. As the
distance increases, the path attenuation loss also increases
which causes the signal power to diminish. On the other hand,
for smaller separation distances between Tx and Rx, both
MIMO and massive MIMO behave in an approximately similar
way for LoS and NLoS. However, for longer distances, the
massive MIMO system outperforms the MIMO system because
the power in the massive MIMO has a very narrower beam
than in the MIMO system, which means more active antenna
means, more focused energy, and thus less attenuation. Figure
8 also shows that the average improvement of the received
power in massive MIMO compared to MIMO is roughly 14%
for long distances between 300 and 500m. Furthermore,
massive MIMO system in LoS provides better performance
than NLoS.
www.etasr.com
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Fig. 7.
PLE for MIMO system in omnidirectional LoS and NLoS urban
microcell scenario.

Fig. 8.
Received power for MIMO and massive MIMO systems in
omnidirectional LoS and NLoS urban microcell scenario.

Fig. 9.
Small scale PDPs at 73GHz in UMi LoS with 300m terrestrial
separation and 4×4 MIMO system.

Figures 9-12 show the small scale Power Delay Profile
(PDP) of the omnidirectional antenna using MIMO-LoS,
MIMO-NLoS, massive MIMO-LoS, and massive MIMONLoS systems respectively. In Figures 9 and 10, it can be seen
that there are 4 groups of omnidirectional components received
at the Rx antenna and separated according to a specific value of
the wavelength λ. The antenna spacing of Tx or Rx is adjusted
to be 0.5λ even in the case of massive MIMO. The 4 groups are
caused by the fact that the Rx uses 4 antenna elements for a
4×4 system. From Figures 9 and 10 it is also observed that the
received power (dBm) decreases as propagation time delay
RMS increases and that there is a noticeable gap between
different multipath components as RMS delay spread increases.
Also, due to the fact that the Rx uses 64 antenna elements for
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the 64×64 system, as illustrated in Figures 11 and 12, it can be
realized that there are 64 component groups at the Rx antenna.

Fig. 10. Small scale PDPs at 73GHz in UMi NLoS with 300m terrestrial
separation and 4×4 MIMO system.
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less number of components in each group will be received at
the Rx as shown in Figures 10 and 12, due to the fact that in the
NLoS environment there are many blockage materials that act
as signal attenuators and add losses to the signal power which
in turn reaches the Rx with very low power, such that it can not
be detected. In Figures 9 and 11, there are a lot of components
in the case of LoS environment because no blockage material
disturbs the signal power when it travels from the Tx to Rx.
This environment does not impact highly the signal power, thus
many components arrive to the Rx with higher magnitude than
the one in the case of NLoS situation.
VII. CONCLUSION
This paper applied the MIMO and massive MIMO
techniques to analyze the 5G propagation channel at 73GHz in
an urban microcell scenario. The two systems, 4×4 MIMO and
64×64 Massive MIMO, have been assumed to examine the
channel characteristics within two environment types, LoS and
NLoS. Extensive simulations have been carried out through the
Monte Carlo approach-based NYUSIM tool. The findings
showed that the received power in the case of massive MIMOLoS has higher magnitude than the other cases. The results also
showed that for longer distances the massive MIMO
outperforms the MIMO system due to the fact that using
massive MIMO leads to more active antenna, which means
more focused energy and thus less attenuation on the signal. In
addition, it is revealed that the RMS delay spread and the PLE
in LoS environment are more stable and suffer less fluctuation
compared to the NLoS environment. In terms of the received
power, the average percentage improvement in massive MIMO
compared to MIMO is roughly 14% for long distances up to
500m.
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Abstract-This paper investigates the identification and modeling
of a greenhouse's climate using real climate data from a
greenhouse installed in the LAPER laboratory in Tunisia. The
objective of this paper is to propose a solution to the problem of
nonlinear time-variant inputs and outputs of greenhouse internal
climate. Combining fuzzy logic technique with Least Mean
Squares (LMS), a robust greenhouse climate model for internal
temperature prediction is proposed. The simulation results
demonstrate the effectiveness of the identification approach and
the power of the implemented Takagi-Sugeno Fuzzy model-based
algorithm.
Keywords-TS fuzzy modeling; climate greenhouse; fuzzy
clustering; identification

I.
INTRODUCTION
Greenhouse cultivation is a way to protect plants from bad
meteorological conditions and to take advantage of the internal
climate to guarantee the high quality and the low cost of
production. Optimal management of the greenhouse climate is
the most appropriate way to meet the needs of industrial
agricultural production. This management is essentially based
on the efficient use of solar energy, air heating, ventilation, and
cooling. For these reasons, greenhouse modeling is very
difficult in terms of the non-linearity that describes the function
between the outputs (internal humidity, internal temperature)
and the inputs (external temperature, external humidity, solar
radiation, wind speed, etc.) [1]. In order to develop a control
technique, a good model of the greenhouse is needed for
simulation and for real time control. Various methods have
been proposed in the past for modeling a greenhouse. In the
literature, there are two main categories of mathematical
modeling techniques for real processes [2]: physical modeling
and system identification. The first is based on the physical
laws involved in the process and the second on the analysis of

the input-output data of the model. In [3-6], the dynamic
temperature model is based on the energy balance. The
physical model of a greenhouse by researching thermal
radiation and ventilation was developed in [7]. The modeling of
the system was described from the process of mass-energy
exchange in [8]. Authors in [9] studied the heat exchange by
internal convection, plant transpiration, and natural ventilation
to establish a greenhouse model. Authors in [10] analyzed the
auto-regressive models with external data based on the
GDGCM model. In [11], the modeling of the internal
temperature of the greenhouse was based on a hybrid system.
Identification based on Takagi-Sugeno (TS) fuzzy model was
used in [12]. In [13], clustering was utilized to acquire the main
modeling greenhouse parameters. In [14], hierarchical strategy
was used to minimize the number of fuzzy rules in the
modeling of the system. Fuzzy modeling based on neural
network learning techniques was developed in [15, 16]. To
obtain the consequence of the rules, we can see the use of least
squares for the modeling in [17, 18]. In [19], calculus of
variations and nonlinear optimization-based algorithm for
optimal control of hybrid systems with controlled switching
were utilized. In this paper, principal focus is given on the
modeling phase. The paper is dedicated to the modeling of a
class of nonlinear dynamic processes by merging local linear
models. These local linear models are the fuzzy models of TS
type [20]. The output of these fuzzy systems is obtained by
simple interpolation of locally approved linear models. This
approach allows a linguistic interpretation of the fuzzy rules.
On the other hand, classical methods of linear control can be
applied to local fuzzy models [21, 22]. The information system
from fuzzy models can be used by a great variety of command
methodologies. Thus, the performance of control depends
heavily on the accuracy of the model used. Therefore, a large
part of the design effort must be dedicated to modeling. So, our
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objective is to have the simulation results of a Fuzzy Inference
System (FIS) that seeks to generate a linguistic model
optimized by back-propagation and the least mean squares
algorithm for predicting the climate of the greenhouse.
II.

EXPERIMENTAL SET-UP

A. Description of the Experimental Greenhouse
The actual greenhouse is located at the Laboratory of
Application for Energy Efficiency and Renewable Energies
(LAPER). The external structure of the greenhouse is oriented
east-west and has the form of a chapel, as illustrated in Figure
1. The geometric characteristics of the greenhouse are: length =
150cm, width = 100cm, height = 115cm.

7425

fuzzy antecedents and mathematical functions in the
consequent part [23]. The antecedents of fuzzy sets divide the
input space into a number of fuzzy regions, while the
consequent functions are used to describe the behavior of the
system in these regions [24]. For an ith rule, a TS fuzzy system
has the following form:
If x ( k ) is M i , then x ( k + 1) = Ai x ( k ) + Bi u ( k )

(1)

where x(k) represents the state vector and Mi represents the
vector of the fuzzy set of the ith rule. The output of the TS
model corresponds to every rule. Therefore, it is necessary to
attribute a weight to describe the similarity ratio of each rule to
the actual behavior of the process:
p

wi ( x ( k ) ) = ∏ M ij ( x j ( k ) )

(2)

j=1

where M ij ( x j ( k ) ) is the membership degree of the jth state
variable of the ith rule. In addition, wi ( x ( k )) is the product of all
the membership degrees of the ith rule, which shows the weight
of this rule in the whole model. Therefore, the output can be
defined by the weighted average of all rules:
n

xi ( k +1) =

∑ w ( x ( k )) ( A x ( k ) + B u ( k ))
i

i

i

i=1

(3)

n

∑ w ( x ( k ))
i

i=1

Fig. 1.

Thus, in the whole TS fuzzy system, the weighting of the
element x(k ) is described in the form :

The experimental greenhouse.

φi ( x ( k ) ) =

B. Description of the Measuring Equipment
The database is obtained using the following equipment:

• The relative humidity is measured by a SY-230 sensor.
These sensors have an accuracy of about 3% in the
measurement range between 0 and 95%.
• A pyranometer type LPYRA03 was used to measure the
global solar radiation level on a horizontal surface. Its
accuracy is about 5%, its measuring range from 0 to
2000W/m2 and its typical sensitivity about 10µV(W/m2).
TAKAGI-SEGUNO FUZZY MODEL

A. Basic Structure
Fuzzy logic can provide an interesting alternative to
mathematical modeling for many physical processes that are
too complicated to be described by precise and simple
mathematical equations or formulas. There are several classes
of fuzzy systems, the most commonly used are the Mamdani
fuzzy systems [12] and the TS fuzzy systems. The particularity
of these systems is that the consequence of each rule does not
correspond to a fuzzy set but to a local model of the system to
be estimated. The TS model is composed of if-then rules with
www.etasr.com

∑ w ( x ( k ))

(4)

i

• The air temperature is measured by an LM35 sensor, with
an accuracy of 0.4°C in the temperature range between
-24°C and 48°C.

III.

wi ( x ( k ) )
n

i=1

So, the output of the TS model is:
n

x ( k +1) = ∑ xi ( k +1) φi ( x ( k ) )

(5)

i=1

B. Fuzzy Clustering
Fuzzy clustering consists on identifying natural groupings
of data from a large data set to produce an accurate
representation of a system's behavior. It is useful to divide a
fuzzy data set into a certain number of groups by mapping
membership probabilities to each object [25]. The membership
of each data item to each group is illustrated by the
membership matrix with size c×l for grouping the data set
X = { x1 ,x2 ,...x l } :

 u11
 M

U = uα 1

 M
 uc1


L u1β
O M
L uαβ
N M
L uc β

L u1l 
N M 
L uα l 

O M 
L ucl 

(6)
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where uαβ corresponds to the membership degree of the βth
(β=1,2,…l) element to the αth clustering. In the present matrix,
there are several limitations:
•
•

 Y ( 2)   x ( 2) 
 X ( 1) 

 



Y=
M
 =  M ; X =  M 
Y ( k +1)   x ( k +1) 
 X ( k ) 

c

αβ

=1

l

0 p ∑ uαβ p l

-1

θi =  X T Qi X  X T Qi Y

β =1

The objective function during the clustering is defined as:
l

c

J (U,V ) = ∑∑ ( uαβ )

m

(d )

2

αβ

(7)

φi ( x ( 1) ) 0

0


O
Q=  0
0

 0
0 φi ( x ( n ) ) 



where V = ( v1 ,...,vc ) represents a vector whose elements
represent the center of each clustering, m is the weight factor
with a usual value of 2. The Euclidean distance between the βth
element and the center of the αth fuzzy clustering is defined by:
αβ

2

= xβ − vα

2

. Thus, the objective function aims are to

calculate the sum of the weighted values. To obtain the
minimum of the objective function, it is necessary to search for
the partial derivatives and make them equal to zero. Finally, the
limit conditions are:
l

∑ (u )

m

xβ

αβ

vα =

β=1

l

∑ (u )

(8)
m

αβ

β=1

x β - vα

uαβ =

∑

2
m-1
-

c

x β - vα

2
m-1

(12)

where θi represents the consequent parameter vector and Qi
represents the weight matrix that contains the weight of all the
data:

β=1 α=1

(d )

(11)

The parameters of an ordinary LMS identification are
determined by the following equation:

α=1

•

where x(k +1) is the output of this rule and x and u are the
system inputs. Thus, the data can be described as follows:

uαβ ∈ [0,1]

∑u

7426

(9)

α=1

IV.

(13)

GREENHOUSE FUZZY MODELING AND SIMULATION
RESULTS

The main objective of fuzzy identification is to improve the
accuracy acquired by a nonlinear physical model. For this
simulation, a database was recorded on October 5, 2020 at the
LAPER laboratory to do the greenhouse fuzzy modeling. The
sampling rate was fixed to 15s. From the obtained data we have
fixed 2 membership functions for the inside temperature, the
outside temperature, the humidity, and the solar radiation. The
data of each input will be classified and indexed using the CMean Fuzzy algorithm and then they will be approximated by
trapezoidal membership functions. The results obtained for
each input are represented by Figures 2-5, designating the
membership functions of the discrete fuzzy model as well as
the groupings established by the C-Mean Fuzzy algorithm. For
each input, we select a small number of clusters to minimize
the number of rules in the TS fuzzy system.

where vα calculates the center of α th clustering while uαβ renews
the membership degree of each element. In the clustering
process, the iteration will be completed when the convergence
condition is satisfied [26] or the iteration time is reached.
C. Parameter Estimation
Generally, it is recommended to start with a linear model
and determine the structure of the system based on the
available tools to use the best model possible as a starting point
for the nonlinear modeling. This is possible with the TS
models' ability to use the local linear models obtained by fuzzy
identification and interpolate them with each other to optimize
the nonlinear structure of the system and obtain optimal results.
The most common way to identify the parameters is the Least
Mean Squares (LMS) method. However, different rules play a
different role in the TS fuzzy model. For this reason, the
ordinary LMS method should be applied [12]. Firstly, the
consequence must be rewritten in the following form:
x ( k + 1 ) = a1 x1 + L + a p x p + b1u1 + L + bq uq

www.etasr.com

(10)

Fig. 2.
Membership of internal temperature (°C) (solid line) and data
clusters (points).

The prediction of the internal climate is given by the
diagram illustrating the fuzzy rule architecture of the FIS in the
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MATLAB environment, when the trapezoidal membership
function is adopted. The architecture consists of 32 fuzzy rules.
In the preliminary experiments, the proposed architecture
proved to be sufficiently capable of extracting the climate
model of the greenhouse from the control actuators and
meteorological data. Figure 6 presents the flow chart of the
internal climate prediction by FIS.

Fig. 3.
Membership of external temperature (°C) (solid line) and data
clusters (points).

Fig. 6.

Diagram of the internal climate prediction of the FIS system.

The consequent output of a rule i of the TS fuzzy model to
be identified has the form:

Ti ( k +1) = a1i + a2iTi ( k ) + a3iTe ( k ) + a4i RH i ( k )
+a5i RH e ( k ) + a6i Rs ( k ) + a7iVi ( k ) + a8i Qch ( k )

(14)

where Ti is the internal temperature, Te is the external
temperature, RHi is the internal humidity, RHe is the external
humidity, Rs is the solar radiation, Vi is the internal air speed,
and Qch is the heat delivered by the thermal system.
Fig. 4.
(points).

Membership of internal humidity (%) (solid line) and data clusters

Subsequently, the practical results show that the fuzzy
identification system generated with the LMS method is more
accurate than the dynamic modeling (Figure 9) because a good
convergence to the real data of the Figure 7 may be observed.
Moreover, in Figure 8, we notice that the error is of the order of
1% proving the efficiency of the proposed system, since the
classical dynamic modeling reaches an error value of 2%-4%
(Figure 10). In order to evaluate the result quantitatively, the
VAF function [27] was adopted, to compare the difference
degree between two signals. This function is given as follows:
 var ( y1 - y2 ) 
VAF = 1,0 ×100%
var ( y1 )



Fig. 5.
(points).

Membership of radiation (W/m2) (solid line) and data clusters

www.etasr.com

(15)

where y1 represents the real data, y2 represents the simulation
result, and var is the variance. The result is more accurate if the
VAF value is closer to 100% and less accurate if it is closer to
0%. After the calculation, the temperature variation value for
the physical model is VAF=89.38% and the temperature
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variation value for the fuzzy model is VAF=97.47%. We can
see that the performance of the proposed modeling method is
successful for any kind of greenhouse. Furthermore, when we
compare the results of this study with the ones from [5] that
used the dynamical modeling method [5], we notice that our
fuzzy system is more accurate. A good agreement has been
obtained between the calculated and the measured data, which
indicates the efficiency of our proposed model in comparison
with other methods.

Fig. 10. Difference between the temperature inside the greenhouse and the
output of the dynamic model.

V.

Fig. 7.
model.

Inside temperature of the greenhouse and the output of the fuzzy

CONCLUSION

This paper proposes a greenhouse model method based on a
TS fuzzy model using the Fuzzy C-means algorithm for
clustering and the LMS method for adjusting the model. This
method has the following advantages: it allows modifying the
hierarchical structures by adding or removing a sub-model or
rules at any time without the need to repeat the whole
identification process and to use all the collected data. These
sub-models have similar correspondences in the physical
modeling, which represent the contributions of the process
mechanisms involved in the global process. The comparison of
the results obtained by the fuzzy model and the experimental
results confirmed the efficiency and the accuracy of the
proposed model in predicting the internal greenhouse climate.
In following work, we intend to integrate the developed
model in an adaptive control system in order to obtain
increased production and quality of horticultural products and
to reduce energy consumption.
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Fig. 8.
Difference between the temperature inside the greenhouse and the
output of the fuzzy model.
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Abstract-Electrical Capacitance Tomography (ECT) is a method
for determining the dielectric permittivity distribution inside an
object from measurements of external capacitance. The
technique differs from conventional tomographic methods in
which high-resolution images are formed from slices of the
material. The measuring electrodes, which are metal plates, must
be large enough to give a measurable change in capacitance. The
main objective of this paper is the implementation and simulation
of 8 external electrode ECT systems in order to increase the
quality of reconstructed permittivity images while preserving the
simplicity of design and to fulfil the demand for real-time process
tomography. A complete sensor model was developed to improve
the accuracy of the forward validation, especially the validation
of measured data from neighbouring electrodes. A prototype
ECT sensor with high sensitivity was designed that can be
applied to all materials which have low electrical conductivity.
The capacitance between different electrode pairs is calculated
for some typical permittivity distributions based on LabVIEW
and MATLAB. The obtained capacitance data can be used to
reconstruct images. The sensitivity distributions for the ECT
sensors with different number of electrodes were analyzed.
Preliminary tests were performed and the developed prototype
showed good performance. The developed concept contributes to
the study and comprehension of the ECT systems that can be
used for the monitoring of oil-gas flow.

economical, non-interrupting, fast responding imaging scheme.
It can generate real-time images, generally with a speed that
reaches 100 frames per second. Different experimental
outcomes demonstrated that the Water-in-Liquid Ratio (WLR)
and Gas Volume Fraction (GVF) in an oil-gas-water flow can
be roughly calculated or measured by the ECT with suitable
algorithms [5]. To get high-speed imaging along with
quantitative measurements of a multi-phase flow system is a
challenging demand in petroleum industry hydraulic
applications. This can also be used in detecting corrosion,
leakage, or to monitor the dynamics of the liquid in the
petroleum/gas underwater/underground pipeline network [6-7].
ECT can be employed to investigate the distribution of spatial
permittivity within a defined region of interest generally in the
interior of a closed pipe. It works on the principle of measuring
the capacitances between electrodes located outside of the
specimen portion in the region of investigation. Generally, it
can be a hollow pipe carrying a liquid or gas. The data
achieved from the electrodes are processed to reconstruct the
internal image of the pipe. The essential components of a
typical ECT system are: a set of multi-electrode sensors, data
retrieving or acquisition system, and an image reconstruction
system [8-9].

Keywords-electrical capacitance
LabView; simulation; electrode

If a sensor uses N electrodes for capacitance measurements,
there will be N( N − 1 ) / 2 unique electrode pairs and thus
N( N − 1 ) / 2 independent capacitance measurements.

tomography;

permitivity;

I.
INTRODUCTION
To monitor and diagnose the internal dynamics of a
gas/liquid flow mechani1sm system in industrial process, one
of the most widely used imaging techniques is the Electrical
Capacitance Tomography (ECT) system [1-4] which is an

M = N( N − 1 ) / 2

(1)

For instance, as illustrated in Figure 1, an 8-electrode
sensor needs 28 independent measurements of electrode pairs
1-2, 1-3, ..., 1-8, 2-3, 2-4, ..., 2-8, ..., up to 7-8.
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considered because they are no longer negligible. The
measured capacitance of one pair of electrodes Cm, can be
modeled as the combination of an internal capacitance Cx, two
pipe wall capacitances Cw1, Cw2, an external capacitance Cex,
and two stray capacitances Cs1, Cs2 as illustrated in Figure 2
[15-16].

Fig. 1.

Cross section of a typical 8-electode sensing system.

Usually the ECT systems use directly the "raw" capacitance
data achieved from the sensor to reconstruct images using
Linear Back-Projection (LBP), iterative, or neural network
algorithms. The LBP algorithm is a commonly used popular
method due to its simplicity and high rate of image
reconstruction. An LBP image is obtained by superimposing
the sensor sensitivity maps (i.e. the sensitivity distributions) for
all electrode pairs after weighting by the corresponding
measured changes in normalized capacitance [10-11]. This
process can be expressed by the mathematical relations given
below:
 

∑ 
 ∑    λ   
∑ 
 ∑    

λ 

  


  



(2)

(3)

where N is the number of electrodes in an ECT sensor, X(p) is
the fraction of high permittivity material in the p th pixel, S is
the sensitivity of electrode pair i-j at the p th pixel,  and 
are the capacitances of the electrode pair i-j when the sensor is
filled with high and low permittivity materials, and  is the
"raw" measured capacitance of electrode pair i-j.
This paper focuses on the simulation and design of a
prototype ECT sensor, which is used for the measurement of
the independent capacitance values. The resolution and
sensitivity of an ECT sensor are defined by the number of
external electrodes. Therefore, an 8-electrode ECT prototype
which is widely used in industrial applications is developed in
this paper. The developed prototype is simulated in LabVIEW
[12-14] with low and high permittivity materials (air and rod)
with permittivity values of 1 and 80 respectively. The
developed sensor is used for image reconstruction from the
permittivity distribution which is obtained from independent
capacitance measurements. A preliminary test is realized with
the prototype for the measurement of the independent
capacitance values.
II.

ELECTRICAL MODELING OF THE ECT SENSOR WITHOUT
RADIAL SCREEN

The ECT sensor considered in this article has 8 external
electrodes without radial screens as illustrated in Figure 1.
These electrodes can be installed with a flexible Printed Circuit
Board (PCB) to a greater precision, both in size and in position,
than the copper sheet electrodes that use the radial screens.
Without radial screens, the external capacitances are to be
www.etasr.com

(a)

(b)

Fig. 2.
Electrical model of the 8-electode sensing system without radial
screen: a) model with all capacitances, b) simplified model.

Considering Figure 2, the equivalent capacitance Cm can be
calculated and measured by the relation:
Cm = Cex +

Cw Cx
Cw + C x

(4)

The unknown capacitances Cex, Cw, and Cx can be found by
filling a material of known relative permittivity εr1 into the
sensor. This step is repeated with another material of known
relative permittivity, say εr2, e.g. air. Thereby, after finding Cex
and Cw, the internal capacitance with any fluid available inside
the region of interest in the PVC pipe can be obtained from the
raw capacitance measured by (4). Hence, it can be rearranged
as [17-18]:
Cx =
III.

Cw ( Cm − Cex )
Cw − Cm − Cx

(5)

SIMULATIONS AND RESULTS OF THE ECT SENSOR
WITHOUT RADIAL SCREEN

To evaluate the ECT sensor without radial screen model, a
cylindrical ECT sensor of 84cm diameter with 8 external
electrodes of l0cm length without radial screens (as shown in
Figure 1) is employed. It is calibrated with two materials of
known permittivity values, air (ε = 1) and a 0.9cm in diameter
rod (ε = 8). The prototype simulation data that are the raw
capacitance measurements for all electrode pairs, first with the
sensor unfilled and then with the rod positioned in the center of
the sensor, are obtained by means of the ECT system
parameters. These two sets of raw capacitance measurement
data with respect to low and high permittivity are shown in
Tables I and II respectively. From these measured data, 28 pipe
wall capacitances and 28 internal capacitances for air were
calculated using (4) and (5). These calculated data show that
similar electrode pairs have similar pipe wall capacitance
values. All pipe wall capacitances for adjacent electrode pairs
are around 400pF, and those of the opposing electrode pairs are
around 20pF. As expected, the pipe wall capacitances of
adjacent electrode pairs are much larger than those of the other
electrode pairs.
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TABLE I.

RAW CAPACITANCE (PF) DATA MEASURED WITH LOW
PERMITTIVITY

Electrode
1
2
3
4
5
6
7
TABLE II.

Electrode
1
2
3
4
5
6
7

IV.

8
362
420
422
427
388
419
397

7
29
29
30
29
30
30

Detection electrode
6
5
4
3
18
11
17
30
18
11
17
31
17
12
18
18
12
17

2
370
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varies inside the sensor and the distribution of the electric field
when one electrode is connected to a potential V and all the
other electrodes are connected to the ground. This shows that
the field is strongest close to the exciting electrode and the
equi-potential lines inside the sensor. The corresponding lines
of the electric field are shown in Figure 4.

RAW CAPACITANCE (PF) DATA MEASURED WITH HIGH
PERMITTIVITY

8
420
435
434
413
422
436
431

7
21
21
22
21
21
21

Detection electrode
6
5
4
22
24
28
22
24
29
23
25
30
22
23
22

3
48
47

2
407

SIMULATION RESULTS AND DISCUSSION

In an ECT system the number of sensitivity maps equals to
the independent capacitance measurements [3]. Each matrix
represents the capacitance value of the electrode when the pipe
is full with high or low permittivity material. The sensitivity
distribution Si,j(k) for the electrode pair i, j can be described as:
, 


⋅
⋅

!

  " "
⋅
⋅

(6)


#
where ⋅
is the inter electrode capacitance, ⋅
is the inter
electrode capacitance measurement when the sensor area is

completely filled with low permittivity material, ⋅
is the inter
electrode capacitance measurement when the sensor is full with
high permittivity material, and $  and $ # are the permittivity
values for the high and low permittivity materials respectively.

The sensitivity map can be calculated by the sensor, by
placing a plastic probe inside the sensing area as shown in
Figure 3.

Fig. 4.
Illustration of the electric field intensity pattern corresponding to
sensitivity.

The change in measured capacitance (sensitivity) between
any two electrodes caused by an object with a given
permittivity varies depending on where the object is placed
(near the walls or the center of the vessel). These data are saved
in the sensitivity map text file which is used to develop images
of the ECT system by reading the sensitivity map and
manipulating the image gray level values accordingly. The
field sensitivity distribution of electrode pair i,j is defined as
[12]:
S = Ei.Ej.dA (7)
where Ei is the electric field within the specimen sensor when
one electrode of the pair i is electrified or powered as a source
electrode and Ej is the electric field when the electrode j is
electrified or powered as a source electrode.
To obtain the sensitivity distributions, rotation
transformations are further employed in the image domain (the
center of the vessel is the center of rotation). Mathematical
models have been built to describe such a typical ECT sensor.
Using this model, the internal capacitances of two materials
with known permittivity (air and rod) and, as appropriate, the
pipe wall and/or external capacitances are calculated from the
system simulation parameters. The models allow "raw"
capacitance measurements to be converted to the internal
capacitances before their use in the image reconstruction
process. Instead of using the raw simulation data, the
equivalent relative permittivity values as defined by:

ε&% 

'.
).

(8)

Equation (8) can be used for image reconstruction. For
example, a variation of the LBP image reconstruction
technique can be used to produce images showing the
quantitative distribution. In this technique, the equivalent
relative permittivity is expressed by:
Fig. 3.

Total sensitivity map of the 8-electrode ECT system.

The sensitivity matrix defines the change in the measured
capacitance between electrodes when the dielectric constant
www.etasr.com
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ε  *+,/.+, (10)
where ε(p) is the relative permittivity value of the pth pixel, and
εij is the equivalent relative permittivity of the material between
the electrode pair i,j.
The permittivity distribution of both materials is obtained
as a series of normalized pixels located on a 32×32 square pixel
grid. As the sensor cross-section is circular, the simulated
contour is projected onto the square grid containing 1024
pixels. Some of the pixels will lie outside the vessel
circumference and the image is therefore formed from those
pixels that lie inside the vessel. Figure 5 shows the simulated
contour for the permittivity distribution of both materials where
the circular image is constructed using the available 1024
pixels. A typical frame of the model for image generation and
display using LabVIEW is illustrated in Figure 6. The image of
the permittivity distribution is represented with an appropriate
color scale to indicate the normalized pixel permittivity. The
lower permittivity material (air) used is shown in blue, while
the higher permittivity material is shown in red.

Fig. 6.

V.

DESIGN AND PRELIMENARY TEST

In this part, we present the preliminary measurements
obtained with the developed prototype (8-electrode ECT
sensor). We conducted tests in the air using a function
generator and a digital storage oscilloscope. Gain
measurements (normalized capacitance values) of each
electrode were carried out and were compared with those found
in simulation.

Diagram of image generation subVI and diagram of image display subVI.

A. Design Requirements
There are some reasons that determine the electrode
location. If the tube wall is made up of dielectric material, the
electrodes can be installed inside or outside it, but if the wall is
conductive there is only one choice to design the electrode
location (external electrode), but because the proposed design
is employing dielectric material, the electrodes are put outside
the pipe, as it is easier to design. The number of electrodes
depends on capacitance value, circuit complexity, and data
acquisition speed. If more electrodes are used, they provide a
better image, but they are difficult to be measured. Mostly, the
number of electrodes used is 12 or 8 (in this paper we chose 8).
A guard electrode is required to improve the measurement
sensitivity, to prevent the electric field from reaching the
ground and the end of the measuring electrode. They must be
used if the length of measuring electrodes is less than
approximately twice the sensor diameter. Finally, it is
important to add a discharge resistor. In order to avoid the
static charge and the damage of a measuring sensor, the resistor
must be connected between each electrode and driven guard
and earth. Typically, the value of the resistance is 1MΩ. If the

www.etasr.com

Fig. 5.
Illustration of the permittivity distribution represented with an
appropriate color scale to indicate the normalized pixel permittivity.

capacitance values of inter-electrodes are around 1pF, an
earthed screen is required around the electrodes to avoid
unwanted or external signal. A photo of the typically developed
prototype is shown in Figure 8.

Fig. 7.
Normalized capacitance values obtained with preliminary tests and
simulations.
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determining the dielectric permittivity distribution inside from
measurements of the external capacitance. Simulations were
performed to get the values of capacitance from high and low
permittivity for 8 electrode ECT systems and the results
illustrate the feasibility of such simulations for generating a 2D
image reconstruction.
TABLE III.

Fig. 8.

Type
Pipe
Electrodes
Driven guards
Earthed screen

The developed prototype.

B. Measurements
A photo of the gain measuring of each electrode is
presented in Figure 9. For this measurement, each electrode’s
gain with respect to its neighboring electrode is performed. An
input of 10V peak to peak signal is applied from an arbitrary
function generator, and the output taken from each and every
electrode is measured on digital storage oscilloscope. Since the
sensor is symmetrical, there are 3 values of capacitances (C1-2,
C1-3, and C1-4) instead of the 28 values whatever the sensor is
either filled with a material or not.

DESIGNED LENGTHS AND MEASUREMENTS

Length (cm)
30
6
8
4

Width or diameter (cm)
15m
45
45
Along the diameter of the pipe

With the existing technology, image data can be captured at
100 frames per second for a 12-electrode sensor and displayed
on-line. For the proposed 8-electrode sensor, this image capture
rate is drastically increased up to roughly 200 to 300 frames per
second as the number of capacitance measurements is reduced.
A typical hardware of the ECT system with 8 outer electrodes
covering a cylindrical tube of 15cm diameter with adjustable
length, proper resolution and reasonable sensitivity was
developed and simulated. This system is being employed with
8 electrodes, so 28 capacitance values were measured,
collected, and analyzed in order to get the required image of the
fluid flowing inside the tube. In the future, the developed
prototype ECT senor can be employed for the monitoring of oil
or gas transportation or supply by means of underground/sea
pipeline system or in a refinery plant.
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Abstract-Heart weakness and restricted blood flow into the
cavities can cause a range of strokes from mild to severe Heart
strokes are primary caused due to the fat deposited on artery
walls. The process reduces the intake of blood and internally
causes a pseudo vacuum of air bubbles leading to a stroke which
can be identified with high-end instrumentations. In this article, a
detailed evaluation is processed with a Hybrid Optimization
Algorithm (HOA). In the proposed technique, data are
preprocessed using a label encoder and the missing values of the
dataset are filled. Whale Optimization Algorithm (WOA) and
Crow Search Algorithm(CSA) extract inter-connected patterns
and learning features using a dedicated Deep Neural Networking
(DNN) support. The proposed Hybrid Optimization Algorithm
extracts features and the resultant values demonstrate a high
accuracy range of 97.34%.
Keywords-cardiac stroke prediction; cardiovascular disease;
whale optimization algorithm; crow search algorithm; hybrid
optimization algorithm

I.

INTRODUCTION

A cardiac stroke occurs when the blood flow to the heart is
blocked. A buildup of fat, saturated fat, and other substances in
the blood vessel that stream the heart, known as plaque, is the
most prevalent cause of obstruction. Plaque can break and
generate clot, blocking blood flow. Some portions of the heart
muscle can get injured or damaged if the blood flow is

disrupted. Some of the common symptoms of a cardiac stroke
are pressure, nausea, heartburn, fatigue, and shortness of
breath. Not all patients have the same symptoms or symptom
intensity. Some people experience modest pain, while others
severe agony [1]. Some persons have no signs or symptoms.
For others, abrupt cardiac arrest may be the first symptom. The
larger the number of symptoms one experiences, the more
likely the patient suffers a heart attack. Although some heart
attacks occur unexpectedly, many patients have warning signs
and symptoms such as recurrent chest pain that is provoked by
exercise and eased by rest.
According to The World Heart Federation, by 2030 there
would be more than 23 million heart disease-related deaths
annually [2]. Heart related diseases are the most common cause
of death in the US according to the American Heart
Association. In the US, over 605,000 new congestive heart
failures and 200,000 frequent congestive heart failures take
place each year [3]. The process of predicting a stroke is
commonly a cardiologist's task. These experts rely on medical
information and practical demographic images such as
Computerized Tomography (CT), Magnetic Resonance
Imaging (MRI), and Positron Emission Tomography (PET),
invalidating the blockages. Still, due to the more significant
extent of the population and the lack of sufficient number of
experts, the validation process is challenging and with a high
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order of false-positive predictions. The cardiac stroke is
validated under higher-computational techniques to resolve an
exact process of prediction by experts. The computational
approach improves a prediction to validation ratio as it deals
with sensitive medical information processing [4, 25]. The
association of Deep Neural Networks (DNNs) provides a
reliable process for data mapping and digitalization-based
learning. The learned datasets are pre-processed and
synchronized timely to form reliable training datasets. These
datasets can be used for primary filtering and for providing
accurate decision support. The inclusion of deep learning
datasets improves the prediction rate and the dependability
ratio.
II. LITERATURE REVIEW
Cardiac stokes are also known as heart attacks, heart
jamming, vascular blockages, etc. Predicting a heart stroke is a
challenging endeavor. Fuzzy Clustering Means (FCM), an
unsupervised classification technique, was used to envisage
early heart attacks on utilizing the patient medical information.
Data mining techniques were used to preprocess the
information in the patient record, and a Fuzzy C means
classifier was used to classify the attributes in [5]. The
effectiveness of the classifier was evaluated using data from
270 patients and had an accuracy of 92%. Medical
professionals can use a cardiac stroke prediction system to
forecast patients' heart disease status based on their clinical
data [6]. Heart disease was classified using an artificial neural
network algorithm, with 80% accuracy [6]. To assess the
chance of increase in heart disease, the algorithm considers 13
factors. Heart disease database tests classification algorithms
such as Decision Trees, Naive Bayes, and Neural Networks
were utilized in [7] with 100%, 99.62%, and 90.74% accuracy
for Neural Networks, Decision Trees, and Naive Bayes
respectively. A Neural Network was merged in a coactive
neuro-fuzzy inference system in [8]. The presence of the
disease was diagnosed with a fuzzy logic qualitative technique
combined with a genetic algorithm. The Coactive Neuro-Fuzzy
Inference System (CANFIS) performance was assessed in
terms of training results with 0.000842 mean square error. The
system for predicting heart disease in [9] used ensemble deep
learning and feature fusion methods. The information gain
methodology reduced the computational burden and improved
system performance by removing inappropriate and
unnecessary components with 98.5% accuracy.
The enhanced deep learning aided convolutional neural
network in [10] increased cardiac stroke prediction. It
combines multi-layer perceptron’s model with learning
techniques and was executed on an Internet of Medical Things
platform. It achieved a precision as high as 99.1%. The Hybrid
Random Forest with a Linear Model (HRFLM) tried to uncover
relevant features using machine learning approaches,
enhancing the accuracy of cardiac stroke estimation with
various combinations of data [11] with an accuracy of 88.7%.
To distinguish between heart disease patients and healthy
people, researchers in [12] employed a deep learning system
based on Multiple Kernel Learning (MLK) with Adaptive
Neuro-Fuzzy Inference System (ANFIS). The ANFIS classifier
uses the MLK approach to categorize heart disease and healthy
www.etasr.com
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subjects. The system offers 98% sensitivity, 99% specificity,
and 0.01% mean square error. For the initialization of neural
network weights, the hybrid system in [13] employs a global
optimization genetic method. The learning is faster, more
consistent, and accurate, with an accuracy of 89% in predicting
the risk of heart disease.
III. METHODOLOGY
The dataset for the proposed system is taken from the open
Cleveland data base repository of 270 patients [14]. This multimodal dataset needed to be pre-processed before it could be
used in the deep learning model. The misplaced values in the
dataset were filled in the pre-processing step. Using the Label
Encoder approach, the data were converted to a numerical
representation. Resampling technique was used to reduce data
imbalances, and the standard scalar methodology was used to
normalize the data to a value ranging from 0 to 1. In the
proposed system, we used 13 attributes for feature extraction:
age, gender, chest pain type, blood pressure, cholesterol, blood
sugar during fasting, rest ECG, thal (3 = normal; 6 = fixed
defect; 7 = reversible defect), exercise-induced angina, old
peak (ST depression induced by exercise relative to rest), slope
of the peak exercise ST segment, maximum heart rate, and
number of major vessels colored by flourosopy. There are
significant and insignificant features in this normalized dataset.
The dataset was subjected to the Whale Optimization
Algorithm (WOA) for feature selection. The structural
threshold extraction is done using the Crow Search Algorithm
(CSA). This bio-inspired meta-heuristic algorithm assisted in
selecting the most important attributes from the dataset to
guarantee that the resulting predictions were as accurate as
possible. The choice of optimum hyper parameters affects the
prediction results given by a Deep Neural Network (DNN)
model. The grid search approach is used to optimize the hyper
parameters. The proposed methodology aims to provide a
reliable and self-significant system for predicting strokes in
early stages. The proposed method is termed as Hybrid
Optimization Algorithm (HOA) with reference to pattern
segmentation based on attributes and WOA. The HOA tends to
apply the schematics of multiple information systems
validating and reconfiguring the incoming datasets. The
architecture of HOA is presented in Figure 1.
A. Whale Optimization Algorithm
WOA has better performance than recent meta-heuristic
methods [15]. In WOA, a population of baleen whales searches
for food in a multi-dimensional search space. The individuals'
locations are denoted as diverse decision variables. The space
among the baleen individual whale and the sustenance relates
to the objective cost value. Three operational processes
measure the time-dependent position of an individual whale:
(1) reduction in encircling prey, (2) bubble-net attacking, and
(3) the exploration for prey.
1) Encircling of the Prey
A baleen whale identifies the place of the prey and
encompasses it. The optimum design position in the search
space is not possible to be known upfront. Hence, the WOA
adopts the paramount solution as the target prey closest to the
optimum position. Once the best agent is identified, the
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remaining agents update their place relatively to the best agent
[16]. This behavior is depicted by:

  
 ⋅ 









1 

 (1)

 ⋅ 

(2)

 are coefficient
where a indicates the current iteration,  and 

vectors,  is the prey position vector, and  represents the
 are computed
position vector of a whale. The vectors  and 
as per the following equation:
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The value of  is linearly reduced from 2 to 0 for the
 and 
repetitions and 
 are random vectors in [0, 1].
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where 
   indicates the best solution, y is a
constant describing the logarithmic spiral shape, and a is a
random value ranging between [-1, 1].
3) The Search Process for the Prey
The vector  is varied to search the prey where random
whales search randomly based on each other’s positions [18].
The mathematical model is:
→
#$%&
  
→
 !  1  #$%&

 (5)
 (6)

→
where #$%&
is the random position vector of the whale.

B. Crow Search Algorithm
The CSA is based on crow behavior and social interaction.
It is a population-based method. Crows are smart birds that live
in clusters and have a large brain compared to their body size.
They can hide food and memorize locations. Even after several
months, they can retrieve the stashed food [19]. The CSA
imitates the crow behavior of hiding and recovering food. A
population-based algorithm is used. N individuals (crows)
make up the flock's size, which is m-dimensional with m being
the problem's dimension. The point Xx,y of the crow a in a
specific iteration y is described as:


,
(,  *(,
,  (,
… …  (,
- (7)

where x=1,2,….N, y=1,2,….N, and N is the number of
maximum iterations. Every crow can recall the location Nx,y
to hide food untill the present iteration.
2

.(,  */(, , /(,
… . /(,1
- (8)

Fig. 1.

Block diagram of the proposed HOA.

2) Bubble-net Attacking Method
Two types of approaches are used to represent the bubbleneck behavior of the baleen whales mathematically [17]. These
approaches are:
a) Shrinking Encircling Mechanism
The value of  is decreased where the variation of  is
decreased by . A is allocated with an arbitrary value within the
interim [-x, x], whereas the value of s is declined from 2 to 0
during repetitions. The new point of the search agent is
assigned amongst the original position and the existing agent
position by providing arbitrary values for S in [-1, 1].
b) Spiral Updating Position
Finds the space between the whale (A,B) and the prey (A*,
B*). The helix-shaped movement is represented using the spiral
equation (4):
www.etasr.com

C. Deep Neural Network
A DNN is a complex neural network with more than two
layers. To process data, these networks employ sophisticated
mathematical models. A neural network mimics the human
brain activity [20]. The network is designed to simulate pattern
recognition techniques, with multiple layers of network
connections simulating input processing. An input layer, an
output layer, and hidden layers in between make up the basic
framework of a DNN. Each layer performs its own sorting and
ranking, resulting in a feature hierarchy [21]. This advanced
neural network aids in processing unstructured and unlabeled
data, where artificial intelligence is utilized to classify and
organize data outside of standard input-output protocols. The
use of DNN in designing health care applications based on
Internet of Things technology is studied in [27]. The system is
aided with supported, trained datasets for mapping and
operation management. These datasets are termed as reliable
sources of information prediction and validation. According to
regional information scheduling, the processing paradigm is
dependent on repeated updating and synchronization of trained
datasets. The DNN framework supports the process of
validation under HOA. The primary layer of DNN is proposed
under the action of input alignment and missing parameter
gapping. The DNN middle layer is supported to build a series
of interconnected information systems to support reliable
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decision support. The overall system is supported under HOA
for improvized performance estimation and processing.
IV. EXPERIMENTAL SETUP AND RESULTS
This section discusses the proposed work's experimental
findings. Google Colab, was used to implement the proposed
task. On the cardiac stroke dataset, Python 3.7 was used to train
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and evaluate the proposed model. Missing values were replaced
with attribute mean in the pre-processed balanced dataset. The
histogram of the dataset is shown in Figure 2 shows the
frequency of occurrence of attributes in a certain range of
values in continuous and predetermined intervals. The x axis
represents the range of values with different scale and the y
axis represents the frequency of the value in each attribute.

(a) Age

(b) Gender

(c) Chest pain type

(d) Blood pressure

(e) Cholesterol

(f) Fasting blood sugar

(g) Rest ECG

(h) Thal

(j) Oldpeak

(k) Slope

(l) Maximum heart rate

(i) Exercise-induced angina

Fig. 2.

Histogram of the cardiac stroke dataset.

The heat map is a two-dimensional data visualization where
colors represent values, and it is used to understand data easily.
Complex datasets can be understood with more sophisticated
heat maps. When we want to see which intersections of two
lines overlap, a heat map can be informative. The data are more
concentrated in categorical values in comparison to others.
Figure 3 uses a heat map to depict the correlation between the
dataset attributes. Both axes represent the attributes of the
dataset and the value in each cell represents the co-relation
strength.
WOA and CSA are used to extract interconnected patterns
and features. Deep learning algorithms are only capable of
working with numerical data. The Label Encoder scheme is
used in this study to turn non-numerical into numerical data.

www.etasr.com

The next stage is to extract features using a hybrid optimization
technique. In order to train a deep learning model, it is critical
to extract the essential features. By selecting the best attributes
that positively impact categorization, feature selection
minimizes training time and improves performance.
In this study, a hybrid optimization strategy was employed
because it has rapid convergence rate and avoids getting stuck
in local minima, which aids in selecting the best features. 70%
of the dataset was used to train the model. The proposed model
was tested and validated with the remaining 30% of the dataset.
The accuracy computation of HOA is significantly higher when
compared to previous approaches and techniques in the area of
predicting heart strokes and failures. The proposed HOA
generated an accuracy of 97.34% surpassing techniques such as
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WOA, Ant-Colony Optimization (ACO) algorithm, and DNNs,
as presented in Figure 4. The method has also computed stoke
prediction rate and validation rate regarding secure computing.
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processed by filling in the missing values and were transformed
with the Label Encoder technique for conversion to numerical
format. The transformed data were resampled, for treating the
imbalances, and normalized using the standard scalar
technique. The proposed HOA is based on the schematics of
WOA, CSA, and DNN combined in an observed ecosystem of
information validation. The proposed HOA exhibited higher
prediction rate in comparison with previous techniques and
approaches. The trained dataset of HOA is iteratively updated
to assure the data threshold is a self-learning framework
towards supporting the neural networking model.
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Abstract—Organic cement is an environmentally friendly
alternative to Portland cement which is acquired by recycled
organic waste and Mediterranean soil. Waste management is a
global problem. The physical characteristic test results of the
organic cement show that the weight test of fresh organic
concrete is 2081kg/m³ and the dry weight of concrete is
2032kg/m³ which are smaller than Portland cement concrete's
which are 2525kg/m³ and 2405 kg/m³ respectively. The fineness of
alternative cement grains that passed the 200 mesh sieve is 56%,
which is more than Portland cement's which is 52%. The solid
weight of alternative cement is 1200kg/m3 whereas the solid
weight of Portland cement is 1250kg/m3.
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I.
INTRODUCTION
This study aims to develop previous experimental research
which can be found in [1]. Organic cement is the latest
alternative to Portland cement and is made through organic
waste recycling and Mediterranean soil substitution of Portland
cement [2]. The necessity of building materials needs to be
addressed by researching the utilization of recycling waste to
obtain alternative building materials [3]. Gradually, high waste
volume has a negative impact on the environment, so handling
of waste is necessary. Urban waste management in Indonesia is
a real problem as population growth has an impact on the
amount of produced waste and the occurrence of degradation
problems that have the potential to cause social conflict to the
communities [4, 5]. The high growth of waste volume
coincides with high population growth rate. Therefore, the
waste management problem can be considered as a global
problem.
In [6], it was shown that handling of organic waste through
the combustion process with the furnace at 700°C will provide
materials such as: 69.7% CaCo3, 12.1% KCl, 3% SiO2, 8.1%
Fe and 3% Al2, while shellfish ash contains 100% CaCo3 [6].
Along with economic growth, per capita garbage production
will continue to increase. It is predicted to reach
1.2kg/person/day for urban areas and 0.55kg/person/day for
rural areas by 2030. In Indonesia, organic waste is a major
component of waste. The proportion of organic waste ranges
between 34 and 70% which is 20-30% higher than most
countries in Europe [7].

Mediterranean soil is a soil formed from weathering of
sedimentary rock and limestone. This type of soil contains a
considerable amount of carbonate and compounds of iron,
water, aluminum, along with some organic materials [8].
Additional mineral components are called reactive
supplemental minerals and contribute to the hydration process.
Other additions include natural pozzolans and microsilica/silica
fume [9]. The highest tensile strength in 14-day-old concrete
with the addition of 5% bagasse ash is 6.221MPa representing
an increase of 2.45% [10]. The increase in cement growth is
still influenced by the high level of private sector development
and the high demand for housing [11]. A cement that contains
mineral elements as a substitute for Portland cement is known
as composite cement, mixed cement or alternative cement. The
additional mineral is reactive and contributes to the hydration
process. The use of saturated fly ash is one way to reduce high
exposure in the process of hydration to the density of cement in
concrete [12, 13]. The use of alternative sources for the
manufacture of cement developed in Japan produced ecocement made from municipal waste ash through incineration as
a substitute for some of the main raw materials containing 50%
of cement raw materials such as mud waste [14]. To create an
Eco-Semen CSA Clinker, the appropriate starting raw material
needs to be burned at a maximum temperature of 1200-1300°C.
Reuse of waste materials in the form of phosphogypsum will
reduce the temperature and duration of the combustion process.
Large-scale eco-cement making can be done in conventional
rotary kilns used for Portland cement and producing chemical
cement mineralization [15].
II.

RESEARCH METHODOLOGY

Characteristic testing was performed on the organic
cement. The tests included bleeding test, air content test,
fineness test, normal consistency test, and unit weight test.
The references to the test method come from the American
Society for Testing and Materials (ASTM) which include:
ASTM C 188-95 for granular fineness/density tests [16],
ASTM C 232-99 for fresh concrete bleeding test [17], and
ASTM C 231-03 for air content of freshly mixed concrete [18].
They are normative references that are considered very
relevant in the process of testing the physical properties of
cement.
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III.

RESULTS AND DISCUSSION

A. Air Content
The obtained results of air content test can be seen in
Table I. In this study, the air content value of fresh concrete
was calculated by using an organic cement test sample and the
results were compared with the ones of fresh concrete of
Portland cement. Figure 1 shows the measuring percentage
process of the air content value of fresh concrete in both
organic cement concrete and Portland cement concrete
samples.
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organic cement cylinder concrete with a Portland cement
cylinder concrete.
TABLE II.

BLEEDING TEST RESULTS

Test specimen weight (kg)
Cylinder volume (m 3)
Test specimen area (cm 2)
Test specimen bleeding V (ml)
V / A (ml/cm²)
Prediction of bleeding in 1m³
concrete (ml/cm3)

Organic
cement
3.33
0.0016
78.53
3
0.04

Portland
cement
3.36
0.0016
78.53
4
0.05

23.88

31.83

(a)
(a)

(b)

(b)
Fig. 1.

Measuring process of air content.

TABLE I.

3

Test concrete volume (m )
Correction factor reading
Reading result
Air content of reading result
Air content for 1 m3 (prediction)

AIR CONTENT RESULTS

Organic cement
concrete
0.0016
1%
3.2%
2.2%
13.75%

Portland cement
concrete
0.0016
1%
2.9%
1.9%
11.88%

B. Bleeding
The amount of water bleeding is shown in Table II. A
organic cement concrete cylinder with a weight of 3.33kg has
a water-bleeding value of 0.04ml/cm², so the prediction of
water-bleeding for 1m3 of organic cement concrete is
23.88ml/cm3. Meanwhile, for concrete that utilizes Portland
cement the weight of the same cylinder was 3.36kg with a
water-bleeding value of 0.05ml/cm² and the prediction for
1m³ was 31.83ml/cm3. Testing of water-bleeding volume of
cylinder concrete is calculated by [17]:
Bleeding = V / A ( ml/cm²) (1)
where V is the water-bleeding volume of the test specimen (ml)
and A is the surface area of the test specimen (cm²).
Figure 2(a) shows the process of taking and measuring
water bleeding. Figure 2(b) shows a graph of the amount of
water bleeding to the cylinder concrete weight between an
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Fig. 2.
graph.

(a) Bleeding measurement process, (b) amount of water bleeding

C. Fineness and Density
The more fine the cement, the wider the surface of the
grains, and the compacting with water will be faster and will
require larger amount of water. The value of material fineness
for organic cement which passes the 200 mesh sieve is 56%
with solid weight of 1200kg/m3, while for Portland cement, it is
52% with solid weight of 1250kg/m3. Fineness and density
tests in this research refer to the formulation in [16]. Figure 3
shows the fineness of the organic cement and Portland cement
concretes whereas Figure 4 shows the process of the fineness
test. The calculation formula of fineness percentage is:



× 100 % =

 


× 100 % (2)

where D is the weight restrained on each sieve, B is the sample
weight. The density test result of organic cement is 3.05gr/ml
while for Portland cement is 3.15gr/ml. This density greatly
affects the proportion of the cement use in the mixture. Figure
5 shows the density test process of organic and Portland
cements.
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(a)
(a)

(b)

Fig. 3.
(a) Organic cement with density of 3.05gr/ml, (b) Portland cement
with density of 3.15 gr/ml.

(b)

Fig. 4.

Fineness test process.

Fig. 6.
Weight and temperature measurement of (a) organic cement
concrete, (b) Portland cement concrete.
TABLE III.

The density calculation formula used in this research is :
Density =

 

 

    

× d (3)

where V1 is the first reading of bottle scale, V2 the second
reading, and d denoted the content weight of distilled water
which is 1gr/cm3.

Fig. 5.

Density test of organic cement.

D. Unit Weight
The unit weight of fresh concrete using organic cement
is 2081kg/m³ with its dry weight being 2032kg/m³, while, for
Portland cement, the unit weight of fresh concrete is
2525kg/m³ with 2405kg/m³ dry weight. The unit weight test
results are shown in Table III. The weight of a concrete
cylinder using organic cement and of the cylinder using
Portland cement are shown in F igure 6(a) whereas in Figure
6B the concrete cylinders' condition at 28 days can be seen.

Cylinder mold weight (kg)
Test specimen weight (kg)
Cylinder volume (m³)
Fresh concrete weight
(kg/m³)
Dry concrete weight at 28
days (kg/m³)

Organic cement
6.20
9.53-6.20 = 3.33
0.0016

Portland cement
6.20
10.24-6.20 = 4.04
0.0016

3.33/0.0016 = 2081

4.04/0.0016 = 2525

3.25/0.0016 = 2031

3.85/0.0016 = 2406

IV. CONCLUSIONS
In this paper, the physical properties of organic cement
were tested in the form of granular fineness/density, unit
weight of dry and fresh concrete, and bleeding and the results
were compared with the ones regarding Portland cement.
Organic cement has been found to indicate similarities in
physical properties with Portland cement, whereas organic
cement has also been able to bind and contain amorphous
pozzolanic materials. To achieve improved binding and better
resilience, further research is required as a process of seeking
the feasibility of organic cement into an alternative of Portland
cement.
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Abstract-This paper presents the application of the sliding mode
controller to simulate the control of a 3 Degree of Freedom (DoF)
robot model that supports lower extremity rehabilitation
exercises for stroke patients. The 3 DoF robot model has an
established dynamic differential equation for each joint. This
paper studied the response of links of the research model with a
sliding mode controller proposed as the control solution. Matlab
software was used in simulations of ankle, knee, and hip joints'
drive for 2 cases, without and with load. Compared with other
studies, the research results show that the sliding controller
results in slight angular errors when applied to the research
model, while the torque of the joints remains low. This result is
the basis for calculating and selecting parameters for the actuator
when manufacturing the actual equipment.
Keywords-sliding
rehabilitation

mode
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INTRODUCTION

According to the World Health Organization (WHO),
worldwide, each year 15 million people suffer a stroke, of
which 5 million die and 5 million become permanently
disabled [1]. Vietnam has a population of more than 90 million
people and the respective number of newly infected people is
225,000 with 540,720 surviving and 117,900 people dying
annually [2]. A cerebrovascular accident will leave severe
consequences to some patients. The survivors of strokes
commonly are not able to perform daily activities such as
dressing, eating, and bathing. In recent years, different
researches have been done to develop robotic devices for
rehabilitation, especially for the neurorehabilitation of poststroke patients [3]. Rehabilitation after stroke exercise for
patients has become an urgent major social issue. Currently, in
hospitals and rehabilitation centers, the demand for automatic
rehabilitation equipment has increased significantly. Robotic
rehabilitation has some benefits over conventional manual
rehabilitation, such as:

• Robots can efficiently perform repetitive therapeutic
exercises.
• Employing different sensors in robotic systems enables
either accurate exertion of torques/forces or precise
quantitative evaluation of the patient's recovery during the
rehabilitation program.
• Rehabilitation strategies using robotic systems provide
simultaneous and coordinated actuation of the patient's
joints.
In this study a controller is designed for an exoskeleton
rehabilitation robot, performing different passive, assistive, and
resistive therapeutic exercises [4]. Research and manufacturing
of equipment to support rehabilitation exercises for stroke
patients have achieved certain achievements [5-6]. To
successfully research and manufacture assistive devices for
stroke patients, calculating and simulating the device's response
is the first thing before manufacturing. Thanks to the
development of computers over the years, simulation has
become an indispensable tool for synthesizing control laws in
mechanical systems, allowing the verification of the behavior
of control laws on a virtual model of an automatic system
called simulation model.
Currently, the PID controller is widely applied [7],
especially in robot control, to support rehabilitation for stroke
patients with the advantages of simple and easy to control
structure [8]. The disadvantage is that it is difficult to find the
Kp, Ki, Kd coefficients when the load changes. In addition,
modern control theory is increasingly widely applied [9]. The
use of a fuzzy controller to control the device has resulted [10].
Authors in [11] used a combination of fuzzy and PID
controllers to control their research equipment. The advantage
of this controller is that it optimizes the search for control
parameters and can automatically adjust the control parameters
of other controllers when combined with a PID controller.
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However, for more accuracy, it needs more fuzzy grades,
which increases the rules, the lower speed, and the long run
time of the system exponentially. In this paper, we introduce
the sliding mode controller for the research model. This
controller has the advantage of being less affected by load
changes. However, it is necessary to overcome the chattering
phenomenon of the controller.
II. DYNAMIC EQUATIONS OF THE RESEARCH MODEL
In this study, a drive model of lower extremity joints was
established with 3 Degrees of Freedom (DoFs) for hip, knee,
and ankle joints flexion/extension exercises. The range of
motion for hip, knee, and ankle joint was 0-900, -1350-0 0, 40 01200 respectively [12]. The mechanism that drives the joints is
a linear actuator with the advantage of large load capacity and
self-braking to protect the patient during the exercise. This
paper introduces a research model to contribute to the creation
of lower limb rehabilitation equipment. The hip, knee, and
ankle joints are reduced to a system with only 3 DoFs, and the
dynamic computational model for the research model is
presented in Figure 1. In the model, link 1 is for the hip joint,
link 2 is for the knee joint, and link 3 is for the ankle joint.
Setting up the dynamic equation for each link is an essential
factor to calculate and simulate the motion of the joints, from
which it is possible to calculate the design of the mechanical
structure and the controller so that it is suitable for research
models.
y

y

Linear actuator
drive knee joint

1

2

x2
x1
θ1

y

3

z2 θ2

x3

Linear actuator
drive ankle joint

z1

θ3
z3

To establish the dynamic equation of the device [13-14], we
conduct a dynamic analysis of the joints. The diagram of the
dynamic analysis of the research model is shown in Figure 2.
The rotation angles of the joints are shown with the rotation
angles of the hip joint is θ1, the knee joint is θ2, and the ankle
joint is θ3. To simplify the establishment of kinematic
equations of joints, we reduce the mass of each link to the
centroid of each link.
The dynamic equation of the model is described as follows:

(

)

Dn (θ n ) q&& + H n θ n ,θ&n + Gn (θ n ) = τ n
θ1 
θ n = θ2 
θ3 

(1)

Equations (2)-(4) are the dynamic equations of each joint.
The dynamic equation of link 1:
 ( m1 L12 + I1 )



 + m2 ( L21 + RC2 2 + 2 L1 RC 2 cosθ 2 )


 &&
τ1 = 
 L12 + L22 + RC2 3 + 2 L1 L2 cosθ 2 +
  θ1
 + m3 
 


 2 L1RC 3 cos (θ2 + θ3 ) + 2 L2 RC 3 cosθ3  


+ I2 + I3

 m2 ( RC2 2 + L1RC 2 cosθ 2 ) + I 2 +



+   L22 + RC2 3 + L1 L2 cosθ 2
 θ&&2

 m3 
+ I3 

  + L1 RC 3 cos (θ 2 + θ3 ) + 2 L2 RC 3 cosθ3 

( m2 L1RC 2 + m3 L1 L2 ) sin θ 2  2
−
 θ&2
 + m2 L1 RC 3 sin (θ 2 + θ3 ) 
−  m3 L1 RC 3 sin (θ 2 + θ3 ) + m3 L2 RC 3 sin θ3  θ&32
( 2m2 L1RC 2 + 2m3 L1 L2 ) sin θ 2 
−
 θ&1θ&2
 +2m3 L1 RC 3 sin (θ 2 + θ3 )

( m2 L1RC 3 + m3 L1 RC 3 ) sin (θ 2 + θ3 )  & &
−
 θ2θ 3
 + m3 L2 RC 3 sin θ 3


Linear actuator
drive hip joint

Fig. 1.
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−  2m3 L1 RC 3 sin (θ 2 + θ3 ) + 2m3 L2 RC 3 sin θ3  θ&1θ&3

The research model.

+ m1 gRC1 cos θ1

(2)

+ m2 g  L1 cosθ1 + RC 2 cos (θ1 + θ 2 ) 
 L1 cosθ1 + L2 cos (θ1 + θ 2 ) 
+ m3 . g 

 + RC 3 cos (θ1 + θ 2 + θ3 ) 

y
θ2

C2
C3
θ3

C1

θ1
x

O

Fig. 2.
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Dynamic mathematical model.

The dynamic equation of link 2:
 m2 ( RC2 2 + L1 RC 2 cosθ 2 ) + I 2 



 L22 + RC2 3 + L1 L2 cos θ2  



τ 2 =  + m3  + L1RC 3 cos (θ 2 + θ3 )   θ&&1

 + L R cosθ

3
 2 C3


+I

 3


(3)
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 L22 + RC2 3

2
m
R
+
I
+
m
 2 C2 2
  &&
3
+
 +2 L2 RC 3 cos θ 3   θ 2
+ I

 3


 D11 D12 D13 
Dn =  D21 D22 D23 
 D31 D32 D33 
 C11 C12 C13 
Cn = C21 C22 C23 
C31 C32 C33 

+  m3 ( RC2 3 + L2 RC 3 cos θ3 ) + I3  θ&&3
− [ m3 L1 RC 3 sin θ 3 ]θ&32

Gn = [ G1 G2

( m2 L1RC 2 + m3 L1 L2 ) sin θ 2 
−
 θ&1θ&2
 + m3 L1RC 3 sin (θ 2 + θ 3 ) 
− [ 2m L R sin θ ]θ& θ&
3

2

C3

3

III.

G3 ]

T

SLIDING MODE CONTROLLER FOR THE RESEARCHED
MODEL

The sliding mode controller is generally utilized in industry
and biomedical robots [15-16]. The controller can be planned
regardless of the boundaries of the exploration model.
Consequently, the sliding mode controller priorities include
robustness, responsiveness, insensitiveness to parameter
changes and noise, a simple physical model, and easy
programming for the software driver. The block diagram that
controls the lower extremity rehabilitation device based on the
sliding mode controller is shown in Figure 3.

2 3

 m3 L1 RC 3 sin (θ 2 + θ3 )  & &
−
 θ1θ3
 +2m3 L2 RC 3 sin θ 3

m2 gRC 2 cos (θ1 + θ 2 )



+
 L2 cos (θ1 + θ 2 ) +


+ m3 .g 

 RC 3 cos (θ1 + θ 2 + θ 3 )  
The dynamic equation of link 3:

Setpoint

Error

+
-

  RC2 3 + L1 RC 3 cos (θ2 + θ 3 ) +  
m 
  &&
τ 3 =  3  L2 RC 3 cosθ3
  θ1
+I

 3


Sliding
surface
function

Sliding
mode
controller

Actuator
Rehabilitation
lower

Feedback

+  m3 ( RC2 3 + L2 RC 3 cosθ3 ) + I 3  θ&&2

Fig. 3.

(4)

+  m3 RC2 3 + I 3  θ&&3

Sliding mode controller block diagram.

Tracking error:
e ( t ) = θ d (t ) − θ ( t )

− [ m3 L1 RC 3 sin θ3 ]θ&32
−  m3 L1 RC 3 sin (θ 2 + θ3 )  θ&1θ&2

(6)

where θd is the setpoint and θ is a reference.

− [ m3 L2 RC 3 sin θ3 ]θ&2θ&3

Velocity and acceleration tracking error:

−  m3 L1 RC 3 sin (θ 2 + θ3 ) + m3 L2 RC 3 sin θ 3  θ&1θ&3
+ {m3 .g .RC 3 .cos (θ 3 + θ 2 + θ1 )}

e& ( t ) = θ&d ( t ) − θ& ( t )
&&
e ( t ) = θ&& ( t ) − θ&&( t )

(7)

d

The general form as (1) is rewritten as follows:

( )

Dn (θ )θ&& + Cn θ ,θ& + Gn (θ ) = τ n

(5)

where L1, L 2, L3 are the lengths, C1, C2, C3 the centers, R1, R2,
R3 the lengths of the centers, Dn the inertial matrix, Hn the
matrix of centrifugal and Coriolis forces, and G n the
gravitational force matrix of the links 1, 2, and 3 respectively.
θ n = [θ1 θ 2 θ3 ]

T

θ&n = θ&1 θ&2 θ&3 

T

T
θ&&n = θ&&1 θ&&2 θ&&3 

τ n = [τ 1 τ 2 τ 3 ]

T

The dynamic equation (5) can be written as:
θ&& = D ( q )

−1

{τ − C (θ ,θ& ) − G (θ )}

(8)

Sliding surface choice function:
s ( t ) = λ e ( t ) + e& ( t )

(9)

where λ is a positive constant.
Derivative sliding surface:
s& ( t ) = λ e& ( t ) + &&
e (t )

(10)

The control signal is the torque at the joints, according to
[14] the control signal consists of two components which are:
u
u =  eq
u N
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We can calculate the control signal from the differential
condition s(t)=0 and from (10) and (8).
s& ( t ) = λ e& ( t ) + &&
e (t ) = 0
s& ( t ) = λ e& ( t ) + θ&& ( t ) − θ&& ( t )
d

{τ − C (θ ,θ& ) − G (θ )}
s& ( t ) = λ e& ( t ) + θ&& ( t ) − D (θ ) {u − C (θ ,θ& ) − G (θ )}
s& ( t ) = λ e& ( t ) + θ&& ( t ) − D (θ ) {u − C (θ ,θ& ) − G (θ )} = 0
s& ( t ) = λ e& ( t ) + θ&&d ( t ) − D (θ )

−1
−1

d

eq

−1

d

eq

−1

( )

−1
ueq = λ e& ( t ) + θ&&d ( t ) + D (θ ) C θ ,θ& + D (θ ) G (θ )

with u N = K sgn( s ). The sliding mode control for each joint
is shown as:

( )

−1
u = u N + ueq = λ e& ( t ) + θ&&d ( t ) + D (θ ) C θ ,θ&
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TABLE I.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
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SIMULATION PARAMETERS OF THE RESEARCH MODEL

Simulator parameters
Description
Value
Mass of link 1
5
Mass of link 2
5
Mass of link 3
1
Length of link 1
0.4
Length of link 2
0.45
Length of link 3
0.2
Length center of link 1
0.2
Length center of link 2
0.225
Length center of link 3
0.1
Moment of inertia of link 1
0.2667
Moment of inertia of link 2
0.3375
Moment of inertia of link 3
0.0133
Cofficient K
40
20
Cofficient λ
Load Torque on link 1
50
Load Torque on link 2
50
Load Torque on link 3
10

Parameter
m1 (kg)
m2 (kg)
m3 (kg)
L1 (m)
L2 (m)
L3 (m)
R c1 (m)
R c2 (m)
R c3 (m)
I1 (kg.m2)
I2 (kg.m2)
I3 (kg.m2)

(N.m)
(N.m)
(N.m)

(11)

−1

+ D (θ ) G (θ ) + Ksgn( s )

We use the Lyapunov method to check the stability of the
sliding mode controller. The Lyapunov function associated
with the research model is:
1 2
s
2
&
V& ( s ) = ss
V& ( s ) = -K sgn( s )
V( s ) =

For the controller to be stable we must choose a positive K
to satisfy the stability condition:

V& ( s ) = − K sgn( s ) < 0
Fig. 4.

Response of link 1without load.

Fig. 5.

Response of link 2 without load.

IV. SIMULATION IN MATLAB
We utilized Matlab to simulate the response of the research
model when using the sliding mode controller. The parameters
of the research model are shown in Table I. Simulations for the
research model were conducted for 2 cases, namely without
and with a torque of load acting on the joints of the research
model. The position of the initial joints of the research model
is:
 θ1 = 00

0
θ 2 = −90

0
 θ3 = 90

The setpoint angle for the joint simulates the range of
motion of the human lower limb joints.
θ1_ setpoint = 450 sin( 2* π * 0,1* t ) + 450

1350
1350

s in( 2* π * 0,1* t ) −
 θ 2 _ setpoint = −
2
2

θ3 _ setpoint = 400 s in( 2* π * 0,1* t ) + 800


The simulation results of the case without load are shown in
Figures 4-6 and with load in Figures 7-9.
www.etasr.com

Figures 4-6 present the response of the research model's
hip, knee, and ankle joints when using the sliding mode
controller without load. The hip joint results are: settling time =
1s, maximum torque = 150Nm, and overshoot = 0. The knee
joint results are: settling time = 0.5s, maximum torque =
30Nm, and overshoot = 0. The ankle joint results are: settling
time = 0.5s, maximum torque = 6Nm, and overshoot = 0.
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Fig. 9.
Fig. 6.

Response of link 3 with load.

Response of link 3 without load.

The sliding mode controller results for the case with load
are shown in Figures 7-9. The hip joint results are: settling time
= 1s, maximum torque = 80Nm, and overshoot = 0. The knee
joint results are: settling time = 0.5s, maximum torque =
31Nm, and overshoot = 0. The results of the ankle joint are: the
settling time = 0.5s, maximum torque = 6Nm, and overshoot =
0.

Fig. 7.

7450

Response of link 1 with load.

V. DISCUSSION
In this study, a sliding controller for a lower extremity
rehabilitation exercise aid was designed and its response was
simulated in Matlab. The simulation results of the device in the
flexion/extension movements of the hip, knee, and ankle joints
are shown in Figures 4-9. The hip joint results are shown in
Figures 4 and 7, which show that this is the joint that bears the
most significant internal load due to the influence of the weight
of the structure and the external force, thus creating the most
torque. For the knee joint, the results are shown in Figures 5
and 8. The joint can only bear the internal load of the
mechanism and the external force, so the maximum torque is
31N.m. Finally, the results of the ankle joint are shown in
Figures 6 and 9. This is the joint that only bears the internal
load of the mechanism and the minor external force, so the
torque is minimal. In addition, in order to assess the adequacy
of the proposed controller, the comparison of the trajectory
tracking of the proposed controller with several controllers
studied in [17-19] was conducted. The trajectory error tracking
of the study compared with the works in [17-19] is similar,
however, the response time in this study was better (1s instead
of 2s). In addition, the above studies have not considered the
influence of external [17] or small [18-19] loads on the
research model and have not analyzed the action moments of
each joint. Therefore, this study demonstrates that the sliding
controller can control the lower extremity rehabilitation device
for patients with fast response time and slight error. The
advantage of this study is that we have created a controller that
is not affected by external forces, which makes the device
response stable, which is essential in the rehabilitation setting
for patients. The main limitation of the current study is that it
only simulates the response, so it is not possible to conclude
that this is the actual response when the controller is applied to
real devices. The development direction of this research is to
check the correctness of the controller when applied on real
devices.
VI. CONCLUSION
A sliding controller that controls a 3 DoF robot model that
supports lower extremity rehabilitation was presented in this
paper. The dynamic model of the research model was studied.
It is proposed to apply the sliding mode controller to study the

Fig. 8.
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Response of link 2 with load.
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dynamic response of the links of the research model. The study
results have been verified in Matlab simulations of the response
of the links of the research model. The proposed sliding mode
controller for the research model has shown a good response
with small error tracking and torque compared to other studies.
This result is the basis for manufacturing an actual device to
support lower extremity rehabilitation for stroke patients using
a linear actuator.
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Abstract-This study presents an investigation about the effect of
fire flame on the punching shear strength of hybrid fiber
reinforced concrete flat plates. The main considered parameters
are the fiber type (steel or glass) and the burning steady-state
temperatures (500 and 600°C). A total of 9 half-scale flat plate
specimens of dimensions 1500mm×1500mm×100mm and 1.5%
fiber volume fraction were cast and divided into 3 groups. Each
group consisted of 3 specimens that were identical to those in the
other groups. The specimens of the second and the third groups
were subjected to fire flame influence for 1 hour and steady-state
temperature of 500 and 600°C respectively. Regarding the
cooling process, water sprinkling was applied directly after the
burning stage to represent the sudden cooling process. Generally,
the obtained results exhibited a significant increase in the
punching shear capacity of the fiber-reinforced slabs as
compared to the corresponding no fiber-reinforced slabs even at
elevated burning temperatures 600°C. The ultimate load was
increased by about 16.6, 19, and 21.5% at temperatures of 25,
500, and 600°C respectively, for steel fiber reinforced slabs and
by about 13.9, 27.2, and 34.6% for slabs containing two mixed
types of fibers (steel and glass), as compared with the reference
specimen at the same temperatures respectively. In addition, the
results indicated that fibers' presence in concrete resulted in
gradually punching failure with more ductile mode, whereas the
failure was sudden with a brittle mode in the slabs that did not
contain fibers.
Keywords-steel fibers; hybrid fibers; punching shear

I. INTRODUCTION
Flat plates are reinforced concrete slabs supported directly
on columns without beams or girder system. Such slabs have a
low capacity to transfer the shear loads to the columns due to
their relatively small depth (thickness). As a result, most
probable failure cases of flat plates are caused by higher shear
stresses in the column connection. These failures are described
as punching shear failures [1]. A punching shear failure takes
place suddenly around the column in a particular collapse
mechanism when a plug of concrete is pushed out from the slab
immediately above the column [2]. Punching failure may occur
due to slab overloading, un-conservative design for the slabcolumn connections, and deterioration in the strength of
concrete and steel reinforcement resulted from the exposure of
the slabs to fire [3]. At elevated temperatures, both steel and

concrete exhibit a significant reduction in their strength,
stiffness, and physical properties [4-7]. Some of these variables
are not recoverable after sudden cooling, therefore, the
punching strength of flat slabs subjected to fire is expected to
be significantly affected [8]. Recently, a new technique using
different types of fibers to improve the performance of concrete
has been proven to give advanced outcomes [9-15]. The main
objective of this study is to investigate experimentally the
effect of fire on the punching shear strength of flat plates and
the effect of adding fibers to the concrete mix as a solution to
increase the resistance and ductility of slabs and to control
cracking during fire exposure.
II. LITERATURE REVIEW
An experimental study about the effect of fire on some
mechanical properties of concrete was carried out in [16]. The
compressive strength of concrete was measured for 150mm
cubes whereas the flexural strength was measured for
100×100×400mm prisms. The specimens were subjected to
fire with temperatures between 25 and 700°C. Three
temperature levels of 400, 500, and 700°C were chosen with 4
different exposure durations (0.5, 1.0, 1.5, and 2.0h). The
specimens were heated and cooled under the same regime and
tested after exposure to fire. The results showed that the
residual compressive strength ranged between 70% and 85% at
400°C, 59% and 78% at 500°C, and 43% and 62% at 700°C.
The flexural strength was found to be more sensitive to flame
exposure than the compressive strength. The residual flexural
strength ranged between 67% and 78% at 400°C, 40% and
67% at 500°C, and 20% and 45% at 700°C. Authors in [17]
studied the behavior and capacity of Steel Fiber Reinforced
Concrete (SFRC) flat slabs under punching shear force. The
results showed that steel fiber improved the punching shear
resistance of the slabs considerably. Using steel fiber (30 to
60kg/m3) increased punching shear resistance of the slabs from
9.0% to 39.8% and this increase was directly proportional to
fiber volume fraction. Steel fiber reduced significantly the
average crack width of the slabs up to approximately 70.8%.
III. EXPERIMENTAL WORK
The experimental work comprised 9 half-scale two-way
specimens of 1500×1500×100mm that were designed
according to the ACI-318M-2019 [18] requirements as a
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simply supported specimen over an effective span of 1400mm.
The specimens were fiber reinforced by 1.5% volume fraction
to investigate the effect of fire on the punching shear strength
of fiber reinforced concrete flat plates. The geometrical layout
and the reinforcement details are shown in Figure 1.

Fig. 2.

IV. MATERIALS AND METHODS
The concrete mix was made from cement (Type I), coarse
aggregates of 12mm maximum size and Zone 2 fine
aggregates. Steel and glass fibers were added to the concrete
mix. The specimens were covered with polythene sheets for
24h to avoid cracks caused by moisture loss, then they were
cured by covering with damp canvases soaked with water
continuously for 28 days to ensure good curing treatment. The
characteristics of the considered fibers are reported in Table II.
All the specimens were reinforced using deformed steel bars of
10mm diameter at 70mm c/c for each direction regarding the
tension zone and at 150mm c/c for each direction in the
compression zone. The steel yield strength was 470MPa. For
each specimen, the compressive strength of concrete was
measured for 3 standard 150×300mm cylinders subjected to the
same burning conditions of the corresponding specimen. Table
III shows the adopted concrete mixes proportions.

(a)

(b)

Fig. 1.

Details of the tested specimens.

The 9 specimens were divided according to the steady state
temperature into 3 groups, where each group consisted of 3
specimens, as can be seen in Table I, where NFC means No
Fiber Content, SF1.5 means Steel Fiber with volume fraction of
1.5%, GF0.5-SF1 means a mix of Glass 0.5% and Steel Fiber
1% and F500 or F600 represented the fire exposure at
temperatures of 500 or 600°C respectively.
TABLE I.
Group No.
Group 1

Group 2

Group 3

DETAILS OF THE SPECIMENS GRO UPS
o

Slab designation

Steady state fire temperature ( C)

NFC-NF

No fire effect

SF1.5-NF
GF0.5-SF1-NF
NFC-F500
SF1.5-F500
GF0.5-SF1-F500
NFC-F600
SF1.5-F600
GF0.5-SF1-F600

No fire effect
No fire effect
500
500
500
600
600
600

The specimens in Groups 2 and 3 were tested in punching
conditions after being exposed to fire for 1h in order to study
the effect of steady state temperature simultaneously with a
uniform equivalent dead load (8kN/m2) that represented 40% of
the service design load (Figure 2). After the burning process,
sudden cooling by water sprinkling took place to reduce the
temperature.
www.etasr.com

Burning setup.

TABLE II.
Fiber type
Steel fiber
Glass fiber

Length
(mm)
30
30

PROPERTIES OF THE STEEL AND GLASS FIBERS.

Diameter
Tensile
(mm)
strength (MPa)
0.375
1700
0.6
1200

TABLE III.
Mix Type
Cement (kg/m3)
Sand (kg/m3)
Gravel (kg/m3)
w/c
Super plasticizer (L/m3)
Steel fiber (% )
Glass fiber (% )

Aspect ratio
(Lf/Df)
80
50

CONCRETE MIXES' PROPORTIONS.

NFC
420
490
1042
0.45
3
-----

MSF (1.5)
420
490
1042
0.45
3
1.5
---

MGS (0.5&1)
420
490
1042
0.45
3
1
0.5

V. TESTED SPECIMENS AND INSTRUMENTATIONS
The specimens of Groups 2 and 3 were burned before the
punching test, in a furnace with inner dimensions of
3500×2000×900mm used for the purpose. The fire source
consisted of 20 methane burner nozzles distributed at the
bottom of the furnace sides and the temperature was monitored
by a digital thermometer reader of ATP DT-612 model, and a
thermocouple sensor wire type K as shown in Figure 3. All the
specimens were tested in punching test conditions as simply
supported and loaded using one concentrated load applied at
the center of the column. The vertical deflection at each
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loading stage was measured using mechanical dial gauges of
0.01mm sensitivity allocated at the center and at the quarter
span in each direction. Figure 4 shows the punching test setup.
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and 27.2% and 96.3% and 34.6% for steady state temperatures
of 500 and 600°C respectively, as compared with the reference
specimen of each group. The disadvantage behavior for the
burned specimens SF1.5-F500 and SF1.5-F600 belongs to the
considerable thermal expansion level of steel material
(10×10-6/°C) compared with those of concrete and glass
materials (10×10-6/°C and 4.9×10-6/°C respectively). The ratio
(1.5%) of steel fibers resulted in a substantial reduction in the
concrete compressive strength in comparison with the ratio
(1%) due to the expansion damage effect of the steel fiber
which was greater in the 1.5% specimen at the adopted burning
temperatures (500 and 600°C). Moreover, hybrid fibers of
different sizes and styles provide different restriction
conditions, and these conditions can be the result of the
mechanical bond strength modification since each type can
delay micro-crack formation and prevent their propagation
[19].
TABLE IV.
Group

1
Fig. 3.

Furnace and burning procedure.
2

3

Fig. 4.

Test setup.

VI. RESULTS AND DISCUSSION
A. Initial Crack Load (Pcr) and Ultimate Punching Load (Pu)
Table IV shows the initial crack (Pcr) and the ultimate
punching (Pu) loads. The results proved that adding fibers to
the concrete mix increases the initial crack load and the
ultimate load for all the tested specimens even at high elevated
temperatures (600°C) since the fibers bridge the tensile cracks
and allows the transferring of the stresses through the opposite
sides of the cracks. This means that slab tension zone is still
able to resist additional stresses. From the results of Group 1
(Table IV) it can be concluded that specimen SF1.5-NF of
1.5% steel fiber volume fraction presented the optimum
improvement in the initial crack load and the ultimate load by
about 40% and 16.6% respectively, as compared with the
reference specimen NFC-NF. The highest improvement in the
initial crack load and the ultimate load for the burned
specimens was recorded in the models GF0.5-SF1-F500 and
GF0.5- SF1-F600 which contained two types of fibers (steel
and glass fiber). The modification percentages reached 63.1%
www.etasr.com
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Specimens
NFC-NF
SF1.5-NF
GF0.5-SF1NF
NFC-F500
SF1.5-F500
GF0.5-SF1F500
NFC–F600
SF1.5-F600
GF0.5-SF1F600

INITIAL CRACK AND ULTIMATE LOAD RESULTS

f 'c
(MPa)
35.52
40.32

Pcr
(kN)
50
70

Increase in
P cr %
--40

Pu
(kN)
180
210

Increase in
Pu %
--16.6

39.2

68

36

205

13.9

21.81
26.37

38
53

--39.5

147
175

--19

28.24

62

63.1

187

27.2

18.36
21.83

27
40

--48.1

130
158

--21.5

25.85

53

96.3

175

34.6

B. Load-Deflection Relationships
Figure 5 shows the load-deflection relationships for the
unburned and burned specimens at 500 and 600°C respectively.
Two zones were recognized in the unburned specimens’
curves. The first refers to the behavior up to the initial crack
load generation where the responses of all the tested specimens
were similar and approximately linear. The second zone
extended beyond the initial crack load generation during which
other cracks were developed and the slope of the loaddeflection curves was decreased rapidly as a result of specimen
stiffness reduction. Different behavior in the burned specimens
at 500°C was detected, i.e. the linear stage limit was reduced.
Moreover, in the case of 600°C, the behavior was completely
nonlinear due to the increasing fire-induced damage. In Figure
5(b)-(c), a strain hardening case can be observed in the
reference specimens resulting from the highly fire damaged
concrete which led to an increase of the steel reinforcement
stresses. This case was prevented in the fiber reinforced
specimens, since the steel fiber bridges the concrete parts and
softens their tensile strength behavior. Moreover, it can be
observed that, at the same level of loading, fiber reinforced
specimens (unburned and burned) had less deflection than that
of the reference specimens (without fiber) since fiber enhances
the stiffness of the specimens due to its bridging role between
the two sides of cracks and this can be noticed more vividly
beyond the cracking stage. For the same level of loading, the
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specimen of 1.5% steel fiber had the minimum deflection of
Group 1 (Figure 5 (a)), whereas the specimens that contained
two types of fibers showed less deflection (Figure 5(b)-(c)).
This usually reflects specimen stiffness modification.
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TABLE V.

Specimen
NFC–NF
NFC-F500
NFC-F600
SF1.5-NF
SF1.5-F500
SF1.5-F600
GF0.5-SF1NF
GF0.5-SF1F500
GF0.5-SF1F600

(a)

VARIATION IN THE ULTIMATE LOAD AND DEFLECTION
AT DIFFERENT BURNING TEMPERATURES

25
500
600
25
500
600

180
147
130
210
175
158

---18.33
27.78
---16.67
24.76

Ultimate
deflection ∆ u
(mm)
15.50
16.76
17.42
17.22
18.86
19.65

25

205

----

16.95

----

500

187

8.78

19.33

14.04

600

175

14.63

20.28

19.65

Temperature Pu
(oC)
(kN)

Reduction
in Pu%

Increase
in ∆ u %
---8.13
12.39
---9.52
14.11

C. Crack Patterns
After the burning stage, there were hair cracks distributed
randomly on the burned surface of the specimens as shown in
Figure 6. These hair cracks were more in number and more
clearly observed in the burned specimens at 600°C. For all the
tested specimens, additional cracks appeared around the
column at the tension face of the tested specimen, during the
loading stage. When the applied load was further increased,
these cracks' were width and number increased and they were
extended diagonally towards the specimens' edges causing
failure in punching mode as shown in Figure 7.

(b)

(a)

(c)
Fig. 6.

Fig. 5.
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Load- deflection curves: (a) Group 1, (b) Group 2, (c) Group 3.

Table V symmetrizes the outcomes of the tested specimens
including the ultimate punching loads and their corresponding
ultimate deflections. The specimens were grouped according to
the fiber’s type (no fiber, steel fiber, and mixed fibers). In
general, there is a significant reduction in the punching shear
resistance with an increase in the peak deflection of the burned
specimens compared with the corresponding unburned
specimens. The maximum drop (27.78%) in the punching load
was detected at 600°C burning temperature by the specimen
NFC-F600. This was improved to 24.76% when steel fiber was
added whereas the optimum modification was presented by the
specimen GF0.5-SF1-F600 in which the reduction percentage
was 14.63%. The main reason for this is that the fire damage
caused a reduction in the stiffness of the burned slabs.
www.etasr.com

(b)

Hair cracks in the burned specimens at (a) 500°C, (b) 600°C.

Actually, fibers decreased the crack width for both
unburned and burned specimens. The average maximum crack
width in Group 1 was 0.65mm for no fiber specimens and
0.50mm for fiber reinforced specimens. In Group 2, it was
0.80mm for specimens without fibers and 0.60mm for fiber
reinforced specimens, whereas in Group 3, it was 0.95 and
0.70mm respectively. It was also noticed that the punching
failure in the reference specimens (without fiber) was sudden
with brittle mode, whereas the fiber reinforced specimens
failed in a gradual way with a more ductile mode since the fiber
presence in the concrete mix improved the specimens' ductility
by increasing the ultimate deflection. The burned reference
specimens NFC-F500 and NFC-F600 exhibited extensive cover
spalling in the tension side of the specimens at failure stage
resulting from the strength deterioration of concrete caused by
burning. In the fiber reinforced specimens, the spalling in the
concrete cover was more controlled. This indicates that fiber
presence in the concrete mix contributes to the connection
between the damaged concrete parts in the tension side of the
specimens.

Dalaf & Mohammed: The Impact of Hybrid Fibers on Punching Shear Strength of Concrete Flat Plates …

Engineering, Technology & Applied Science Research

Vol. 11, No. 4, 2021, 7452-7457
TABLE VI.
Group

1

2
(a)

3

(b)

Specimen
NFC-NF
SF1.5-NF
GF0.5-SF1NF
NFC-F500
SF1.5-F500
GF0.5-SF1F500
NFC–F600
SF1.5-F600
GF0.5-SF1F600
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PERIMETER, AREA AND FAILURE ANGLE

Perimeter
(mm)
3080
2440

Perimeter
decrease (%)
--20.7

Area
(mm2)
592900
372100

Failure
angle (Ø°)
17.9
23.5

2600

15.6

422500

21.8

3640
3160

--13.2

828100
624100

14.7
17.3

2840

22

504100

19.6

4120
3560

--13.6

1060900
792100

12.8
15.2

3240

21.3

656100

16.8

VII. CONCLUSIONS
The following conclusions can be drawn from the
experimental work outcome:
• There is a reduction in the initial load crack and the ultimate
load of the burned slabs compared with the corresponding
unburned slabs. This reduction was improved by adding
fiber to the specimens.

(c)
Fig. 7.

Crack patterns in (a) Group 1,(b) Group 2, (c) Group 3.

D. Area, Perimeter, and Angle of Failure
For all the tested specimens, the punching failure mode had
approximately the shape of a pyramid. Table VI illustrates the
perimeter, the area, and the failure angle of the punching failure
zone for the unburned and burned specimens. The failure angle
was measured considering the dimensions of the crushed zone
at the center line passing through the loaded area. Several
studies indicated that fiber reinforced concrete slabs had failure
angle higher than that in the normal reinforced concrete slabs
where the smaller value of failure angle means wider base for
the failure pyramid zone that’s pushed out [20]. It can be
concluded that, for both unburned and burned specimens, the
failure angle for the fiber reinforced specimens was larger than
that in the reference specimen in each group which means that
the failure punching perimeter was smaller in the fiber
reinforced specimens in comparison with the reference
specimens. This usually belongs to the fiber contribution that
prevents the disintegration in the concrete cover below the
flexural steel reinforcement and helps to integrate the whole
section. The results obtained in Group 1 indicate that the
specimens with 1.5% steel fiber volume fraction had the
highest decrease in the punching failure perimeter by about
20.7% in comparison with the reference specimen (NSC-NF).
On the other hand, specimens containing two mixed types of
fibers (steel and glass) showed the optimum modification in the
perimeter of the failure punching by about 22% and 21.3% for
Groups 2 and 3 respectively.

www.etasr.com

• After burning, random hair cracks were observed on each
slab. These hair cracks were multiplied and more clearly
observed in the specimens burned at 600°C than in the
specimens burned at 500°C.
• Adding fibers to the concrete has a significant effect on the
punching failure perimeter zone, crack width, and concrete
spalling for all the tested slabs (unburned and burned).
• Fiber reinforced slabs failed gradually in a more ductile
mode. While the failure was sudden with brittle mode in
slabs that contained no fibers.
• Steel fiber ratio 1.5% by volume had more effect in
improving the response than the two mixed fibers (steel and
glass) regarding the unburned specimens. For burned
specimens, the two mixed fiber specimens had more
improved response for both considered burning
temperatures.
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Abstract-Fused Deposition Modeling (FDM) is a rapid
prototyping method, widely used in the manufacture of plastic
parts with complex geometric shapes. The quality of the parts
manufactured by this process depends on the plastic material
used and the FDM parameters. In this context, this paper will
present the results of a theoretical and experimental research on
how FDM parameters influence the tensile strength and hardness
of samples made of PLA (Polylactic Acid).
Keywords-3D printing; experimental tests

I.
INTRODUCTION
With the increasing complexity of industrial products and
the requirements related to environmental protection and
resource conservation, new manufacturing technologies are
needed. FDM is the most significant technique in Additive
Manufacturing (AM) that refers to the process in which
successive layers of material are stored in a computercontrolled environment to create a three-dimensional (3D)
object [1]. Since 2009 the demand for FDM has grown steadily
and many experts believe that this technology has the potential
to revolutionize production in many sectors [2]. The main
advantages of FDM are [2]: the manufacturing process is
simple, allowing the making of parts with complex geometries
and cavities, the dimensional accuracy is good, and it is a more
cost-effective method compared to other 3D printing
techniques. Additive technologies represent a field that is
suitable for the needs of today's society through specific
interdisciplinary and application possibilities in various areas
such as: medicine, engineering, aeronautics, automotive,
architecture, etc. However, there are still some limitations and
disadvantages, especially in terms of the lower mechanical
properties of FDM parts compared to products by conventional
methods, such as injection and compression techniques [2, 3].

Since mechanical characteristics are extremely important
for functional parts, it is necessary to investigate the influence
of process parameters on the mechanical performance and
geometrical qualification [3, 4]. Further research is also needed
to determine the printing parameters, such as: deposition
orientation, layer thickness, and deposition speed, mainly
because the relevant information in the literature is diverse in
terms of the values obtained by the mechanical characteristics
of parts made with 3D printers. This applies to PLA material,
which unlike ABS has not been extensively analyzed [5-10].
The novelty of this paper consists in the comparison of
different printing parameters (layer thickness and infill
percentage), which can be used in order to optimize the
mechanical characteristics obtained for different applications.
II.

A COMPARISON OF THE MATERIALS USED FOR 3D
PRINTING IN FDM TECHNOLOGY

FDM has the advantage of using a wide range of materials.
Table I shows a comparison between the physical and
mechanical characteristics of various such materials used. The
data were collected from the manufacturers' data sheets
specifications. These values are indicative and depend heavily
on the printing conditions. The mechanical properties
considered refer to the orientation of the horizontal test
specimen (XY orientation). Under these conditions, this paper
analyzes the influence of technological conditions of deposition
on the mechanical characteristics of the deposited material.
Economic, environmental, and safety challenges have caused
scientists and economic agents to partially replace
petrochemical with biodegradable polymers [11] such as the
PLA.
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TABLE I.

PLA
PP
BVOH
PETG
316 L
ULTEM
ABS

III.

Physical-mechanical characteristics
Tensile
Specific
Density
strength
Deformation
3
(g/cm )
(MPa)
(%)
1.31±0.02
15.5-72
34.5 ± 8.1
0.89
14
>200
1.14
45
9
1.25
31.9 ± 1.1
6.8 ± 0.9
5.6 ±0.2
561
53
1.27
81
3.3
1.10
33.9
4.8

Bed
temperature
(°C)
25-60
80
60
80
105 ± 15
150 ± 10
80

EXPERIMENTAL METHODOLOGY

A. Setting Up Parameters
The mechanical properties of 3D printed parts are important
indicators for evaluating print quality. The experimental
research program includes tests performed to determine how
the technological parameters of the printing influence the
mechanical characteristics of the deposited material. In these
conditions, the working parameters of the printer used must be
taken into account. The initial data targeted in the experimental
determinations were grouped into two categories (Table II).
The first category refers to process parameters considered as
constant quantities: deposition direction, printing speed, filling
pattern, and deposition temperature. The second category is the
process parameters considered as variable parameters: layer
thickness (g), infill percentage (gu), flow rate (Fr). Test
specimens were made and were grouped on sets of samples,
each set of samples consisting of 5 specimens, belonging to a
group of process parameters, highlighted in Table III.
TABLE II.

7459

PHYSICAL -MECHANICAL CHARACTERISTICS OF THE MOST USED FILAMENTS IN FDM TECHNOLOGY [8-10]

Material
Extrusion
temperature
(°C)
210 ± 10
240 ± 10
210 ± 10
240
240 ± 10
350 ± 10
210 ± 10
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Charpy impact
strength
(kj/m 2)
5.7 ± 0.4
10
21
5.1 ± 0.3
1110
6
10.5

Details
Colored filament
Translucent
Soluble in water
Flexible
Stainless steel
Thermoplastic
Very rough

is between 200-220°C, while the temperature of the heated
plate has been set to 60°C. The filament used to obtain the test
specimens was Creality PLA, with a diameter of 1.75mm [12].
The specimens were made on the Creality CR-X printer,
equipped with 2 extruders, with an extrusion nozzle diameter of
0.4mm. Work methodology was applied as in Figure 1. The
shape and main dimensions of the specimen are shown in
Figure 2. The specimens used in this study to assess
dimensional accuracy (Figure 3), repeatability and mechanical
properties are modeled on American Society for Testing and
Materials ASTM D638, Type IV standards for tensile testing of
plastic [13].

CONSTANT AND VARIABLE PRINTING PARAMETERS

Parameters
Process parameters used
(constant quantities)

Variable parameters of
the technological process

Build orientation X-Y
Print speed (Ps) - 80mm/s
Deposition temperature (Dt) - 200°C
Infill model - lines, 45° orientated

Layer thickness (g)
Infill procentage (gu)
Flow rate (Fr)

TABLE III.

PROGRAM OF EXPERIMENTAL DETERMINATIONS

Fig. 1.
Layer thickness (mm) and
infill percentage
0.2 (100%)
0.2 (75%)
0.2 (50%)
0.2 (25%)
0.15 (100%)
0.15 (75%)
0.15 (50%)
0.15 (25%)
0.1 (100%)
0.1 (75%)
0.1 (50%)
0.1 (25%)

Flow rate
(mm3/s)

Temperature
(°C)

Print speed
(mm/s)

6.4
6.4
6.4
6.4
4.8
4.8
4.8
4.8
3.2
3.2
3.2
3.2

200
200
200
200
200
200
200
200
200
200
200
200

80
80
80
80
80
80
80
80
80
80
80
80

B. Experimental Set-Up
The adopted material for making the test specimens was
PLA. The recommended melting temperature for this material
www.etasr.com

Work methodology.

Printing parameters

Fig. 2.

Tensile test specimen's dimesional details [13].

The specimen model was designed using Autodesk
Inventor software [14], transformed into STL format, and the
G-code was made using the 3D printer software Creality Slicer
[15]. In this software the change of parameters was possible.
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on an electro-mechanical machine with a force cell of 2.5kN, at
a speed of 5mm/min (Figure 4). Elongation at break was
measured using an axial extensometer (Figure 4). Hardness was
measured at the points specified in Figure 3. The values of
hardness were determined on 15 specimens, with infill
percentage of 50%, 75%, and 100%, in 6 points per specimen
(Figure 4), with a Shore D durometer (Figure 5).
Fig. 3.
Representation of the test piece from the Creality Slicer software
and the infill method (linear).

Fig. 4.
Electro-mechanical testing machine with a 2.5kN load cell and a
high performance extensometer.

IV. RESULTS AND DISCUSSION
The experimental tests were designed to investigate the
behavior of plastic parts (PLA), under the action of traction
forces, made by 3D printing, taking into account the
manufacturing conditions as input factors of the testing
process.
A. Tensile Properties Obtained from the Experimental Tests
The initial information for the tensile tests consisted of the
shape and dimensions of the test specimen (Figure 2), the type
of plastic used (PLA), 3D printing equipment (electromechanical machine Lloyd LRX Force Tester - Figure 4), as
well as the process parameters considered as constant
quantities: deposition direction (X-Y), printing speed
(80mm/s), filling pattern (lines), and deposition temperature
(200°C). The process parameters considered as variables were:
the thickness of the deposited layer (g = 0.1; 0.15; 0.20mm)
and the infill percentage (gu = 25%; 50%; 75%; 100%). The
experimentally determined quantities were: ultimate tensile
strength (Rm), elongation at break (ε), tensile Young’s modulus
(El), and hardness (HS). The test methodology was performed
in the conditions in which the variation parameters were the
thickness of the deposited material layer g and the infill
percentage gu. Graphs were drawn that express the dependence
of the mechanical characteristics (CM) of the tested specimens
according to the infill procentage CM = f(gu) for different
thicknesses of the deposited layer. Under these conditions, the
following dependencies were drawn:
• Figure 6 shows the dependence Rm = f(gu) for g = 0.1mm
and gu = 25%; 50%; 75%; 100%.
• Figure 7 shows the dependence ε = f(gu) for g = 0.1mm and
gu = 25%; 50%; 75%; 100%.
• Figure 8 shows the dependence El = f(gu) for g = 0.1mm
and gu = 25%; 50%; 75%; 100%.
• Figure 9 shows the dependence Rm = f(gu) for g = 0.15mm
and gu = 25%; 50%; 75%; 100%.
• Figure 10 shows the dependence ε = f(gu) for g = 0.15mm
and gu = 25%; 50%; 75%; 100%.

Fig. 5.

Shore D type durometer.

Each set of samples consisted of 5 specimens, each
belonging to a group of process parameters, highlighted in
Table III. A total of 60 specimens were manufactured by 3D
printing. The specimens were subjected to mechanical tests to
determine the strength characteristics of the material: ultimate
tensile strength (Rm), elongation at break (ε), tensile Young’s
modulus (El), and hardness (HS). Tensile tests were performed
www.etasr.com

• Figure 11 shows the dependence El = f(gu) for g = 0.15mm
and gu = 25%; 50%; 75%; 100%.
• Figure 12 shows the dependence Rm = f(gu) for g = 0.20mm
and gu = 25%; 50%; 75%; 100%.
• Figure 13 shows the dependence ε = f (gu) for g = 0.20mm
and gu = 25%; 50%; 75%; 100%.
• Figure 14 shows the dependence El = f (gu) for g = 0.20mm
and gu = 25%; 50%; 75%; 100%.

Zisopol et al.: A Theoretical and Experimental Research on the Influence of FDM Parameters on …

Engineering, Technology & Applied Science Research

Vol. 11, No. 4, 2021, 7458-7463

Fig. 10.
Fig. 6.
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Dependence ε = f(gu) for g = 0.1mm.

Dependence R m = f(gu) for g = 0.1mm.

Fig. 7.

Dependence ε = f(gu) for g = 0.1mm.

Fig. 11.

Dependence E l = f(gu) for g = 0.15mm.

Fig. 8.

Dependence E l = f(gu) for g = 0.1mm.

Fig. 12.

Dependence R m = f(gu) for g = 0.20mm.

Fig. 9.

Dependence Rm = f(gu) for g = 0.15mm.

www.etasr.com

Fig. 13.

Dependence ε = f(gu) for g = 0.20mm.
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cohesion of the deposited layers, which involves establishing
the influence of the deposition temperature. The flow rate of
the raw material is directly proportional to the thickness of the
layer as can be seen in Table I. Various studies [5, 16-19] have
shown that the ultimate tensile strength increases with the
thickness of the deposited layer. In this study, although the
maximum value was highlighted for the layer thickness of
0.15mm, a higher elongation at break is observed in the
specimens with a layer thickness of 0.1mm. All graphs reveal
better performance with the increase of infill percentage and
less influence of the layer thickness (similar results). It is well
known that despite the fact that results can be less satisfying,
surely other criteria can be accomplished by using 3D printing.
Fig. 14.

Dependence E l = f(gu) for g = 0.20mm.

B. Shore D Hardness
The Shore D Hardness for 50, 75, and 100% gu can be seen
in Figure 15.

In this context, further experiments could be developed to
evaluate the effect of other input factors of the manufacturing
process on the behavior of the parts in the tensile stresses of the
material. Regarding Hardness, there is no correlation between
the infill percentage and the Shore D Hardness, because of the
shell layers (thickness of 0.8mm) and bottom and top thickness
of the layers applied on all infill types of specimens. Further
research and possible modification of the shell structure might
reveal different results in this direction.
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Abstract-This paper brings forward the results of theoretical and
experimental investigations performed to determine the causes
that led to the failure of 20 inches threaded casing connections
during the tubing of the Lupşa Sat No. 1 oil well, Romania. The
failure occurred due to the breakout of the threaded casing
connections assembled in the factory. In order to establish the
main causes of failure, theoretical investigations were taken into
consideration to highlight the influence of the thread element
errors on the correct make-up casing pin–coupling (box)
conditions and to the axial tensile strength of the threaded casing
connection. In addition, experimental investigations were
performed on the failure casing connections, consisted of
measuring the dimensional characteristics of the thread elements
to determine the performance and monitor the technical
condition of the tubular material used in the petroleum industry.
Keywords-threaded casing connections; failure; investigation;
expertise

I.
INTRODUCTION
Well casing is necessary after the drilling of the borehole in
order to consolidate the well, to protect the borehole from
falling, to protect the fresh water aquifers by preventing the
drilling fluids used or oil to seep into the underground water
reservoirs, and to facilitate the execution of work operations
(drilling or exploitation). For this purpose, surface casing is
used, consisting of casings assembled together by threaded
casing connections (Figure 1). The casings used for well casing
are steel pipes with both ends threaded (casing pin). The casing
manufacturer, according to references standards, assembles in
the factory the coupling (box) at one casing threaded end
(threaded casing connections-factory assembled), and during
the well casing, the other threaded end of the casing is
assembled in the operation field (threaded casing connections–

borehole assembled), by makeup to the coupling (box) of
another casing (Figure 2). Deviations of shape and dimensions
of the threaded casing connection can conduct to failure, often
manifested by losing the sealing capacity and, more seriously,
by jump-out or even by fracture of the thread connection [1].
Therefore, the international standards in the petroleum field
predict the dimensions of the threaded casing connections used
for well casing to fit within in a very restrictive tolerance field.
Any deviation from the prescribed limit leads to pulling out the
use of the respective connection. In order to prevent any
incident due to non-compliance with the shape and dimensions,
the international test standards of the casing connections
impose a rigorous inspection of the threaded casing connection
prior to their use. The statistical dates reveal the fact that 86%
of the surface casing failure occurs due to the threaded casing
connections [2].
The present paper brings forward theoretical and
experimental investigations performed to determine the causes
that led to an accident during the construction of the Lupşa Sat
No. 1 oil well, Romania. The accident occurred during the well
casing, at a depth of 262.88m, and consisted of the failure of
casing connections (Figure 1) by breakout of the threaded
factory assembled casing connections. The breakout occurred
during the stationary period at a hook load value of 42 tons.
This load value shows that the weight of surface casing in the
drilling fluid, under the failure area, was inferior to the tensile
strength of the threaded casing connection, properly made-up
by the manufacturer, which does not justify its breakout.
There is no information available regarding the failure of
the surface casing in the operation field, occurring due to the
breakout of the threaded factory assembled casing connection.
In order to establish the main causes that led to the breakout of
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the threaded casing connections, a theoretical study according
to standardized information to reveal the influence of the
threaded elements errors on the makeup conditions of casing
connection was performed along with an experimental study
necessary to establish precisely and rigorously the failure
causes. The failure analysis performed in this work can be
proved useful for specialists in the petroleum field, to prevent
the occurrence of such event by taking into consideration the
influence of the thread elements errors to the correct make-up
threaded casing connection. The current investigation brings
forward and justifies the importance of correct makeup
threaded casing connection in the factory to avoid possible
failures in the operation field.

Fig. 1.

Schematically representation of the surface casing.

Fig. 2.

II.

Threaded casing connections.

THEORETICAL INVESTIGATIONS TO THE THREAD
ELEMENT ERROR INFLUENCES

The main target of the theoretical study was to investigate,
according to reference standards and specialized literature, the
influences of the thread element errors to the correct make-up
casing pin–coupling (box) conditions and to the axial tensile
strength of the threaded connection of the casing connection.
The tensile strength of the threaded casing connection
represents the lowest value of the following: the fracture load
in the section next to the last perfect thread, the force
corresponding to the shearing of the thread, and the jump-out
force in the thread. Because the fracture load (corresponding to
the mechanical characteristics) is much higher than the value at
www.etasr.com
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which the breakout of the thread connection occurred, and the
shearing of the thread does not occur practically at the round
API thread, the only failure form considered possible is the
jump-out of the thread connection. The specialized literature
shows that approximately 91% of the failure casing connection
occurs due to jump-out of the thread connection [3, 4].
The role of the make-up torque is to develop a radial
contact pressure between the threads (pre-tensioning) by
performing a diametral tightening due to the relative axial
displacement between the coupling (box) and the casing pin.
Radial pre-tensioning is achieved by mechanically applying
approximately 4 rotations in addition to manual make-up and it
is intended both to ensure the sealing of the thread connection
and to avoid relative radial displacement of the casing pin and
box threads that allow the jump-out of the thread under the
action of radial component of the tensile force. The thread
parameters contained in the formula for determining the jumpout force of the thread are also decisive for the makeup torque
value [2], and it was found that the experimentally determined
makeup torque (in ft.lb.) to achieve a quality threaded casing
connections represents 1% from the jump-out force value of the
thread (in lb.) [2]. In the specialized literature, this predication
is the base for establishing the recommended values for the
make-up torque [2], and also highlights the close correlation
between the make-up torque and the jump-out force of the
thread connection. Make-up torque lower than the
recommended value can lead to jump-out thread because the
radial pressure between the threads is not achieved to provide
the standardized value of the axial tensile force [5]. The causes
of the reduction for the jump-out strength of the thread are
indicated as improper make-up of the casing connection by the
manufacturer and the ovality of the casing (deviation from the
cylindricity) [6].
In order to make a correlation between the causes of failure
and the results of laboratory investigations on threaded
connections, the influence of errors (deviations) on the average
diameter in the measurement plan for manual makeup was
studied along with the influence of ovality to the correct
makeup casing pin – coupling (box) conditions.
A. Effect of the Thread Pitch Diameter Deviations
In the year that this investigation took place, the pitch
diameter in the plane of hand-tight engagement, E1 (Figure 3),
was not provided with limit deviations in the specific standards.
Under the conditions in which the pitch diameter of the box
connection corresponds to the standardized value, and the pitch
diameter of the pin connection is ∆ mm smaller than the
standardized value, the box connection will move axially with
the value ∆ beside the position that theoretically corresponds
to the manually make-up connection:
∆ 

∆


(1)

in which  is the thread taper.
At 2mm reduction of the pin thread diameter, the axial
displacement of the box connection, given by (1) has the value:
∆ 



 32 mm (2)
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representing an about 10 thread lead.
In fact, due to the ovality of the pin thread, the maximum
diameter of the pin can be taken into account which is only
0.3mm lower than the standardized value. This leads to an axial
displacement of the box connection of:
∆ 

,

 4.8 mm (3)

Therefore, 2 of the 4 recommended revolutions are
consumed at casing connection make-up. This hypothesis is not
realistic because, during the make-up connection, the pin
connection is elastically deformed to the direction of the
maximum diameter.
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EXPERIMENTAL INVESTIGATION TO THE THREADED
CASING CONNECTIONS

The casing connection involved in this accident,
manufactured according with the API Specification 5CT/ISO
11960 and API Specification 5B, is a threaded connection for
casing having an outer diameter of 20in, material grade type
J55, and wall thickness of 11.13mm, fitted with a round thread
type API 8-Round (Figure 3) [7]. The box of the casing
connection has an outer diameter of 21in and a length of
230mm.

On the basis of these considerations, in order to avoid the
improperly make-up connection, the manufacturers have
established their own precision requirements for the pitch
diameter in the plane of hand-tight engagement, E1, and for
ovality, [7-10], such as those specified by the Gagemaker
Company [11], for the ovality tolerances of the pin and box
connection: 0.060in (1.524mm). The study of the literature has
led to the observation that the tolerances practiced globally for
ovality by different companies and norms are very close or
identical.
B. Effect of the Ovality on the Improper Make-up Casing
Connection
The standards do not contain prescriptions regarding the
tolerance of the thread's ovality or casing. Indirectly, the
ovality of the casing is controlled by the tolerance to the outer
and inner diameters. The usual tolerance values of +1% (for the
outside diameter) and of -0.5% (for the inside diameter)
correspond to an ovality of 1.5%. The threads made by cutting
present much lower deviations of ovality. The gauges are used
to control the pitch diameter in the measuring plane.
Determining the standoff can lead to the acceptance of an oval
casing connection, but it can have a value for the pitch diameter
below the specified one [10]. The ovality is reduced by elastic
deformation during the make-up casing connection, but leads to
additional non-uniform stresses on the circumference of the
threaded connection, which overlaps with the stresses induced
by the make-up torque.
At an oval casing connection, the theoretical contact of the
threads for pin and box connection onto the entire
circumference is achieved only by contact realized on two
opposing generating lines, which correspond to the maximum
diameter of the pin cone. This situation is confirmed by the
galling marks on the threads next to these generating lines. In
this situation, the contact of the threads only at one side of the
circumference gives incorrect indications about the make-up
torque and leads to a sensible reduction of the jump-out force
in the thread. In API Specification 5CT/ISO 11960: 2001, it is
noted that the assembly of the box connection to the casing,
realized by the casing manufacturer, although sealed at the time
of make-up connection, does not always maintain its sealing
after transport, handling, or usage.

www.etasr.com

Fig. 3.

Round threads casing connection.

As a result of the visual examinations it was found that
there were no traces of thread deterioration to highlight the fact
that the casing has been jump-out from the box, but there were
only slightly traces of damage by bumping or galling.
Investigation was performed in order to explain the causes of
breakout of the casing connections (factory assembled). All the
submitted documents for casing connections involved in the
event were studied regarding the technical manufacturing
conditions and the accident's occurrence conditions. Also,
experimental research and analysis were performed in the
laboratories of the Petroleum-Gas University of Ploiesti for
determining the mechanical characteristics of the material, its
chemical composition and all the elements of the pin and box
casing connection were measured. In order to establish the
casing material, tests were performed on specimens taken from
the failed casing connection and the obtained results confirmed
the fact that the material used for manufacturing correspond to
grade J55, according to API Specification 5CT [12].
The dimensional characteristics of the thread elements were
determined on the two elements of the casing connection
(Figure 4), made available by the beneficiary. Thread element
measurement was performed according to [7] using the
Gagemaker verification tools and procedures (Figure 5), and
instruments for thread profile verification STARRETT HF600
and ALLEN # 3285 (Figure 6). Thus, the dimensions of the
thread elements for casing connection (pin and box), provided
with tolerances in the API 5B Spec standard (thread profile,
thread height, thread lead, thread taper, pitch diameter and
ovality, total thread length between the end of pipe to vanish
point, andeffective thread length), were measured.
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• The pin and box threads have the appropriate heights,
within the tolerance specified in API Specification 5B.
• The values obtained for thread lead errors per inch, thread
taper, total thread length L4, and effective thread length L2,
determined for both casing connection elements (pin and
box), fall within the limits specified in API Specification
5B.
• Verification of the pitch diameter revealed that the
differences between the standardized value and the average
values of the pitch diameter, determinated in the case of the
box thread, are very small and fall within the range of -0.31
÷ 0.33mm (-0.012 ÷ 0.013in), and in the case of the pin
thread, they have negative values, ranging in the range
-2.31 ÷ -0.31mm (-0.091 ÷ -0.012in), with a maximum
value of -2.7178mm.
Fig. 4.

Analyzed casing connection.

Fig. 5.
Instruments utilized for measuring the geometrical elements of the
thread: a) thread profile gauge type Gagemaker TP-RTC-8R, b) internal and
external thread height gauge type Gagemaker TH-3000R, c) thread lead gauge
type Gagemaker LG-5002, d) external taper gauge type Gagemaker ET-7000,
e) internal thread taper gauge type Gagemaker IT-6001, f), g) pitch diameter
and ovality gauge type Gagemaker MRP-2001.

• The thread ovality values determined after the box
measurements were found to be within the limits
recommended by the API 8 - Short round thread, but the
ovality values obtained for the pin thread exceeds the
recommended limits (2.464mm from the recommended
maximum 1.524mm).
Figure 7 shows photographs taken during the thread
geometry measurements. Taking into consideration all the
theoretical analyses and experimental investigations performed
on the casing connection, we proceeded to interpret the causes
of the failure of the surface casing by breakout the threaded
connections (factory assembled).

Fig. 7.
Fig. 6.
Equipment utilized for examination of the thread profile:
a) portable optical comparator type Allen #3285, b) profile projector type
Starrett HF600.

During the inspection, it was found that:
• The profile of the two threads (pin and box), examined in
the areas where there was no evidence of degradation, does
not present any shape deviations. The thread root, the
thread crest, and the thread flank angle correspond to API 8
– Round standardized thread values.
www.etasr.com

Images during the performed thread geometry measurements.

So, the analysis concerning the specialized literature and
the prescriptions of standards API Bul. 5C2 [13] and API Bul.
5C3 [14], highlights the recommended values for make-up
torque and jump-out strength (tensile strength) of the thread
connection type API 8 - Short Round Thread (8 thread/inch)
shown in Table I, corresponding to casing having outer
diameter of 20in, material grade type J55, and wall thickness of
11.13mm.
By comparing the tensile strength of the threaded
connection (3484kN) with the hook load value at which the
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damage occurred (420kN), it was found that, even though a
casing connection, like the examined one, is correctly made-up,
the jump-out strength is approximately 8 times greater than the
load at which the threaded connection breakout occurred. As
has been shown from the measurements made on the geometric
elements of the threaded connection, all thread dimensions are
within the standard tolerance field, except for the pitch
diameter of the pin thread and ovality. Taking into
consideration the above mentioned facts, it can be concluded
that the mechanized make-up box and pin connection,
respecting the indication as the frontal face to be corresponding
to the base of the casing triangle stamp in the plane of vanish
point, does not lead to the development of the radial contact
pressure between the threads taken into consideration when
establishing the conditions for achieving the correct make-up
connecting.
TABLE I.
Make-up torque
Tensile strength

RECOMMENDED VALUES

Minimum
Optimum
Maximum

7960Nm
10620Nm
13270Nm
3483kN

5870ft.lb.
7830ft.lb.
9790ft.lb.
783000lb.
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Conference and Exhibition, Sep. 1984, https://doi.org/10.2118/13067MS.
IADC Drilling Manual. Technical Toolboxes Inc., 2000.
API SPEC 5B : Threading, Gauging, and Inspection of Casing, Tubing,
and Line Pipe Threads. API, 2010.
"Seal-lock HT Ancillary Specification." Hunting.
M. L. Payne, R. E. Leturno, and C. A. Harder, "Improving operational
procedures can reduce fatigue failure in 8-rd casing," Oil and Gas
Journal; (United States), vol. 92, no. 48, Nov. 1994.
Quality Procedures. Energy Technology Manufacturing & Threading,
LLC.
TDWIN TAPER Thread Disk for Tapered Threads. HOU, USA:
Gagemaker, 2011.
Technical Committee ISO/TC 67/SC 5, ISO 11960:2001: Petroleum and
natural gas industries — Steel pipes for use as casing or tubing for
wells. 2001.
Bulletin on Performance Properties of Casing, Tubing, and Drill Pipe.
API, 1989.
Bulletin on Formulas and Calculations for Casing, Tubing, Drill Pipe
and Line Pipe Properties. API, 1989.
A. Chenarani and E. A. Druzhinin, "A Quantitative Measure For
Evaluating Project Uncertainty Under Variation And Risk Effects,"
Engineering, Technology & Applied Science Research, vol. 7, no. 5, pp.
2083–2088, Oct. 2017, https://doi.org/10.48084/etasr.1530.

As a conclusion, the probable cause of the breakout casing
connection (factory assembled) is represented by make-up
connection with a make-up torque value insufficient to assure
the standard jump-out strength, due to the deviations to pitch
diameter and ovality. Although the breakout casing connection
(factory assembled) did not lead to a serious failure, the event
highlights the need to pay extra attention to the threading
operations and especially to the control of threaded connection
and make-up conditions. Also it is recommended to perform a
risk management evaluation [15].
IV. CONCLUSIONS
In order to explain the causes of failure during the well
casing of the surface casing due to the breakout threaded casing
connections (factory assembled) during the field operation,
theoretical and experimental investigations were performed. It
was established that all thread element errors are important
factors for the assurance of optimum makeup torque of the
casing connections. In the case of the investigated casing
connection, the deviation from the ovality led to the nonachievement of the optimal makeup torque, which allowed the
breakout of the threaded connections (factory assembled) in the
borehole.
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Abstract—Microstrip patch antennas are attractive for
communication applications due to their small size, low cost, and
easy fabrication. Regardless of the diverse usage of these
antennas, their bandwidth and efficiency are still limited and
need to be improved. Therefore, this paper aims to enhance the
bandwidth and efficiency of a microstrip antenna by inserting a
slot into various patch designs. Flame Retardant (FR4) material
is used in the dielectric substrate and the antenna is fed by a
microstrip line. Virtually, the antenna performance is attempted
to be optimized through empirical investigations of feedline
lengths, slot sizes and positions, and ground plane dimensions
and locations. To achieve the results, the High Frequency
Structure Simulator (HFSS) is used, and the paper concludes by
showing that the antenna performance is enhanced by the slot,
and the return loss is significantly reduced when the ground
plane is moved to the front surface of the antenna.

dielectric constant or increasing the substrate thickness results
in the increase of the antenna bandwidth [6]. However, the
substrate thickness cannot exceed 0.05λ because the antenna
will deliver the power into surface waves instead of transverse
waves, and thus it will stop radiating. Another problem will
arise due to the mutual coupling that reduces the efficiency of
the antenna as well [7].

Keywords-antenna; microstrip; patch; slot

I. INTRODUCTION
The use of microstrip patch antennas in wireless
communications is increasing. Typically, a microstrip patch
antenna comprises of a radiating patch on the front surface and
a ground plane on the back side. A dielectric substrate is used
between the patch and ground plane. There are different shapes
that can be used for the patch, e.g. annular, square, rectangular,
circular, semicircular, elliptical, diamond, hexagonal,
triangular, and bowtie [1]. The microstrip antennas possess
attractive features including the ease of fabrication and
integration with RF devices, low profile, low weight, and low
cost [2, 3]. Therefore, they are suitable for various
communication applications such as cellular phones, Radio
Frequency Identification (RFID) tags, satellite, Global
Positioning System (GPS), missiles, and radar [4, 5].
Although the microstrip antennas are widely used, they still
suffer from narrow bandwidth and low efficiency [1]. For
instance, the bandwidth of the traditional microstrip antenna is
calculated around 2-5% and the maximum gain is ~7dB by
single patch [5]. This can be understood as the electromagnetic
fringing occurs from two patch edges only. In practice,
different antenna parameters can be responsible for improving
the fringing, hence radiation. For example, decreasing the

In general, the performance of a microstrip antenna largely
depends on the patch geometry. Due to this, different patch
shapes have been proposed including diamond, triangular,
hexagonal, bowtie, circular, U-shaped, etc. [8-15]. Moreover, it
has also been shown that inserting slots into the metallic parts
of the antenna can enhance the radiation pattern significantly
while simultaneously simplifying the overall design. For
instance, a microstrip antenna was designed for UltraWideband (UWB) applications using different shapes of slot in
the ground plane [16]. Another study proposed a wideband
antenna through the insertion of a slot in the ground plane and
stacked patch for the 2.5-3.19GHz application band [17].
Another design used a slotted ground with star and elliptical
patches to create new frequency bands including the Long
Term Evolution (LTE), Wireless Local Area Network
(WLAN), and WiMAX [18]. More wideband and multiband
designs have been recently presented that use a slotted ground
plane as well [19-21]. Nevertheless, the insertion of (or cutting)
a slot in the patch section itself has proven to be more useful
and practical in enhancing the antenna performance. Such
approach has been demonstrated in several researches for
various frequency bands including WiMAX, WLAN, 3G,
microwave, radar, and other application bands [1, 2, 4, 6, 2231]. All these researches used slots in rectangular or circular
patch shape with a ground plane being located in the back
surface of the antenna. Therefore, there is a great potential in
investigating different slotted-patch shapes, ground plane
locations, slot sizes and positions, and feedline lengths. This
paper aims to conduct such an investigation to improve the
antenna resonance characteristics in the 1-12GHz frequency
range that belongs to the Super High Frequency (SHF) band.
According to the IEEE radio band designations, this frequency
region mainly covers the C-band and X-band applications,
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which involve satellites, Wi-Fi, cordless
surveillance, radar, and weather radar systems.

telephones,

The microstrip patch antenna is likely to be fed by either a
contacting or a non-contacting method. A contacting method
utilizes a connecting element such as a coaxial cable or a
microstrip line to feed the patch with RF power. In contrast, the
non-contacting method involves the coupling of an
electromagnetic field between the patch and a microstrip line
[32]. This paper involves contact feeding because it is
comparatively cheaper and easier to model and fabricate. The
connecting element is a microstrip line since it yields better
bandwidth in comparison to the coaxial cable and it can also be
etched on the same substrate to provide a planar structure [33].
II. METHODOLOGY
The results of this research were obtained with the use of
the HFSS software, which is a well-recognized design
simulation platform for antennas. To start up, the initial
dimensions of the different antenna sections were based on
calculations and measurements obtained in a past study [34].
Then, the feedline and ground lengths varied between 3.7 and
25.7mm, whereas the feedline width was fixed at 2.8mm. The
substrate dimensions are fixed at 1.6mm height (thickness),
50mm length, and 42mm width to maintain a small overall
size. The current study also makes use of an already presented
approach for planar monopole antennas [35] in which the
ground plane was moved to the front side of the antenna and
the designer compared six different patch shapes (rectangular,
circular, elliptical, diamond, hexagonal, and triangular) without
adding a slot. In this project, we aim to improve the
performance by cutting a slot into the same six patch
geometries and dimensions using both ground-back and
ground-front situations. The main issue is that the size and
position of the slot has to be optimized, and there is no specific
algorithm to define such parameters. To solve this issue in the
HFSS, an optimization property is used where a huge number
of slot values are compared over a short period of time. This
feature is used in every experiment demonstrated below such
that the slot dimensions and position along with the other
antenna values (e.g. feedline and ground lengths) are all
empirically optimized. The FR4 material is used in the
dielectric substrate due to its availability and low cost. The
dielectric constant is chosen to be 4.35 during the simulations.
III. DESIGN AND RESULTS
The different patch designs were simulated in the following
order: triangular, diamond, circular, elliptical, hexagonal, and
rectangular. Each design is examined without and with a slot in
the ground-back and ground-front condition respectively.
A. Ground-Back Triangular Patch
In the ground-back triangular patch without slot, the best
empirical base width of the patch is 6mm and the feedline
length is ~6mm, whereas the ground length is 13.7mm. The
ground width is equal to the substrate width in all ground-back
experiments. As a result, the minimum reflection coefficient
(return loss) is −16dB and the frequency bandwidth is
0.7266GHz. After adding a rectangular slot, the return loss is
improved as the minimum reflection is reduced to −36dB, and
www.etasr.com
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the bandwidth becomes 0.637GHz. The best empirical length
and width of the slot are 6 and 4mm respectively, and the slot
center is positioned at (10, 2, 1.503) mm, given that x is the
vertical axis, y is the horizontal axis, and z is the patch
thickness that is fixed throughout the paper. Figures 1 and 2
show the design and S11 results as taken directly from the
HFSS for the ground-back triangular patch without and with
slot respectively. Note that positive x is towards the bottom in
our view, while negative x would be towards the top.

Fig. 1.

Fig. 2.

Ground-back triangular patch without slot. Design and results.

Ground-back triangular patch with slot. Design and results.

B. Ground-Front Triangular Patch
The ground-front triangular antenna has an empirical
feedline length of 13.77mm, whereas the ground length and
width are 10.58 and 18mm respectively. Note that these ground
dimensions belong to one section since the entire front ground
is composed of two symmetrical sections around the feedline.
Without slot, the minimum reflection coefficient is −26dB and
the bandwidth is 0.8847GHz. These values improved after
adding a rectangular slot. The minimum reflection was reduced
to −45.46dB and the bandwidth was increased to 1.2428GHz.
The empirical length and width of the slot are 2 and 8mm
respectively, and the slot position is (8, 4, 1.503) mm. Figures 3
and 4 show the design and results of the ground-front triangular
patch without and with slot respectively.
C. Ground-Back Diamond Patch
The ground-back diamond antenna has an empirical
feedline length of 13.7912mm and a ground length of 13.7mm.
Its minimum reflection without slot is −13dB and its bandwidth
is 3.404GHz. After adding a rectangular slot of 2mm length
and 8mm width, the minimum reflection coefficient becomes
−16.69dB and the bandwidth is increased to 4.9577GHz. The
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optimal slot position is (1, 4, 1.503) mm. Figures 5 and 6 show
the design and results of the ground-back diamond patch
without and with slot respectively.

Fig. 3.
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D. Ground-Front Diamond Patch
The ground-front diamond patch has an optimal feedline
length of 13.78mm, whereas the ground length and width are
13mm and 19mm respectively. The minimum reflection
coefficient obtained by this setting is −16dB, while the
bandwidth is 2.2949dB. After adding a rectangular slot, the
minimum reflection is decreased to −22dB and the bandwidth
becomes 2.996GHz. The empirical slot position is (6, −4.1,
1.503) mm, while its length and width are 2 and 8mm
respectively. The design and results of the ground-front
diamond antenna without and with slot are shown in Figures 7
and 8 respectively.

Ground-front triangular patch without slot. Design and results.

Fig. 7.

Fig. 4.

Fig. 6.

Ground-front diamond patch without slot. Design and results.

Ground-front triangular patch with slot. Design and results.

Fig. 8.

Fig. 5.
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Ground-back diamond patch without slot. Design and results.

Ground-back diamond patch with slot. Design and results.

www.etasr.com

Ground-front diamond patch with slot. Design and results.

E. Ground-Back Circular Patch
The ground-back circular patch has a feedline length and a
ground length of 14.94mm and 13.77mm respectively. The
minimum reflection coefficient achieved is −18dB, while the
bandwidth is 7.2718GHz. After adding a rectangular slot with
2.5mm length and 12mm width, the minimum reflection is
reduced to −25.108dB and the bandwidth is increased to more
than 10.4978GHz. The optimal slot position is (4.6, 6, 1.503)
mm. Figures 9 and 10 show the design and results of the
ground-back circular patch without and with slot respectively.
F. Ground-Front Circular Patch
In the ground-front circular patch without slot, the best
feedline length is 13.7873mm, whereas the ground length and
width are 13 and 19mm respectively. The minimum reflection
reaches −37.8dB, while the bandwidth is 10.4006GHz. After
adding a circular slot, the minimum reflection is reduced to
−43.53dB and the bandwidth becomes 2.4386GHz. The slot is
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positioned at (1, 0, 1.503) mm and its best radius is 9mm.
Figures 11 and 12 show the design and results of the groundfront circular antenna without and with slot.

Fig. 9.
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13.694mm. The major (vertical) patch radius is marked at
8.99mm. The minimum reflection obtained by this setting is
−16dB and the bandwidth is 2.69498GHz. After adding a
circular slot with 1mm radius at (3, 0, 1.503) mm, the
minimum reflection is reduced to −20.1dB and the bandwidth
becomes 2.4321GHz. Figures 13 and 14 show the design and
results of the ground-back elliptical patch without and with slot
respectively.

Ground-back circular patch without slot. Design and results.

Fig. 13.

Fig. 10.

Fig. 12.

Ground-back elliptical patch without slot. Design and results.

Ground-back circular patch with slot. Design and results.

Fig. 14.

Fig. 11.
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Ground-front circular patch without slot. Design and results.

Ground-back elliptical patch with slot. Design and results.

H. Ground-Front Elliptical Patch
The ground-front elliptical patch has a feedline length of
13.691mm, and ground length and width of 11.281 and
18.294mm respectively. Without slot, the minimum reflection
coefficient is −28.3dB and the bandwidth is 4.0545GHz. After
adding a rectangular slot with 15mm length, 2mm width at
(−4, −1, 1.503) mm, the minimum reflection becomes
−26.33dB and the bandwidth 3.3892GHz. The design and
results of the ground-front elliptical antenna without and with
slot are shown in Figures 15 and 16.

Ground-front circular patch with slot. Design and results.

G. Ground-Back Elliptical Patch
In the ground-back elliptical antenna without slot, the best
feedline length is 14.857mm, whereas the ground length is
www.etasr.com

Fig. 15.

Ground-front elliptical patch without slot. Design and results.
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and the bandwidth is slightly increased to 6.7028GHz. The slot
is optimally positioned at (3, 0.5, 1.503) mm, while its length
and width are 3mm and 1mm respectively. The design and
results of the ground-front hexagonal antenna without and with
slot are shown in Figures 19 and 20 respectively.

Fig. 16.

Ground-front elliptical patch with slot. Design and results.

I. Ground-Back Hexagonal Patch
The ground-back hexagonal antenna has a feedline length
of 13.79mm and a ground length of 13.811mm. Initially, the
minimum reflection coefficient is −14dB and the bandwidth is
4.9615GHz. After adding a rectangular slot, the minimum
reflection is significantly reduced to −31.82dB and the
bandwidth increases to 5.9599GHz. The best length and width
of the slot are 3 and 10mm respectively, while the slot is
positioned at (8, −5, 1.503) mm. The design and results of the
ground-back hexagonal patch without and with slot are shown
in Figures 17 and 18 respectively.

Fig. 19.

Fig. 20.

Fig. 17.

Fig. 18.

Ground-back hexagonal patch without slot. Design and results.

Ground-front hexagonal patch without slot. Design and results.

Ground-front hexagonal patch with slot. Design and results.

K. Ground-Back Rectangular Patch
The ground-back rectangular antenna has a patch width of
8mm, a patch length of 7.9mm, a ground length of 12.85mm,
and a feedline length of 13.67mm. The minimum reflection
coefficient is −16dB and the bandwidth is 4.8413GHz. After
adding a rectangular slot, the minimum reflection reaches
−19.26dB, while the bandwidth becomes 4.6181GHz. The slot
is positioned at (3, 3, 1.503) mm and its length and width are 1
and 6mm respectively. The design and results of the groundback rectangular patch without and with slot are shown in
Figures 21 and 22 respectively.

Ground-back hexagonal patch with slot. Design and results.

J. Ground-Front Hexagonal Patch
The ground-front hexagonal patch has a feedline length of
13.7mm, a ground length of 11.42mm, and a ground width of
18.64mm. The minimum reflection in the results is −48dB and
the bandwidth is 6.6282GHz. After adding a rectangular slot,
the minimum reflection coefficient is decreased to −63.82dB
www.etasr.com

Fig. 21.

Ground-back rectangular patch without slot. Design and results.
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Fig. 22.

Ground-back rectangular patch with slot. Design and results.

L. Ground-Front Rectangular Patch
In the ground-front rectangular antenna without slot, the
feedline length is around 13.7mm, whereas the ground length is
10.30mm. Moreover, the patch length, patch width, and ground
width are 8, 8, and 19.02mm respectively. As a result, the
minimum reflection is −27.6dB and the bandwidth is
4.1025GHz. After adding a rectangular slot, the minimum
reflection reaches −40.7dB and the bandwidth is increased to
4.9577GHz if the patch length and width are empirically
increased to 20mm. The best length and width of the slot are 2
and 10mm respectively. Figures 23 and 24 show the design and
results of the ground-front rectangular antenna without and
with slot respectively.

fL
(GHz)

fH
(GHz)

Triangular
Diamond
Circular
Elliptical
Hexagonal
Rectangular

9.8728
1.4391
1.3107
6.6880
7.0385
4.7137

10.5994
4.8431
8.5825
9.6378
> 12
9.555

fL
(GHz)

fH
(GHz)

Triangular
Diamond
Circular
Elliptical
Hexagonal
Rectangular

6.7817
1.9777
1.5022
7.3144
1.8174
4.7728

7.4187
6.9354
> 12
9.7465
7.7773
9.3909

TABLE III.

Fig. 24.

Ground-front rectangular patch without slot. Design and results.

Ground-front rectangular patch with slot. Design and results.

Tables I and II summarize the entire ground-back results
while Tables III and IV summarize the entire ground-front
results, for the different patch shapes without and with slot
respectively.
www.etasr.com

Frequency
bandwidth
(GHz)
0.7266
3.404
7.2718
2.9498
> 4.9615
4.8413

Minimum
reflection coefficient
(dB)
−16
−13
−18
−16
−14
−16

GRO UND -BACK RESULTS WITH SLOT

Patch
shape

Frequency
bandwidth
(GHz)
0.637
4.9577
> 10.4978
2.4321
5.9599
4.6181

Minimum
reflection coefficient
(dB)
−36
−16.69
−25.108
−20.1
−31.82
−19.26

GRO UND -FRONT RESULTS WITHOUT SLOT

Patch
shape

fL
(GHz)

fH
(GHz)

Triangular
Diamond
Circular
Elliptical
Hexagonal
Rectangular

1.3974
1.5769
1.5759
1.5171
1.4872
2.2821

2.2821
3.8718
11.9765
5.5716
8.1154
6.3846

TABLE IV.

Fig. 23.

GROUND -BACK RESULTS WITHOUT SLOT

Patch
shape

TABLE II.

7474

Frequency
bandwidth
(GHz)
0.8847
2.2949
10.4006
4.0545
6.6282
4.1025

Minimum
reflection coefficient
(dB)
−26
−16
−37.8
−28.3
−48
−27.6

GROUND -FRONT RESULTS WITH SLOT

Patch
shape

fL
(GHz)

fH
(GHz)

Triangular
Diamond
Circular
Elliptical
Hexagonal
Rectangular

1.3229
1.7971
1.4909
1.6523
1.3280
1.3229

2.5657
4.7931
3.9295
5.0415
8.0308
6.2806

Frequency
bandwidth
(GHz)
1.2428
2.996
2.4386
3.3892
6.7028
4.9577

Minimum
reflection coefficient
(dB)
−45.46
−22
−43.53
−26.33
−63.82
−40.79

IV. CONCLUSIONS
This paper presented ways to improve the resonance
characteristics of a microstrip patch antenna in the SHF band.
The study involved the addition of a slot into different patch
shapes as well as moving the ground plane to the front side of
the antenna. The HFSS software was used, and the results
showed that the slot insertion and the use of front ground
decreased the minimum power reflection significantly in most
of the considered cases. That occurred due to the enhancement
of electromagnetic fringing. As a result, the best reflection was
achieved by the ground-front slotted hexagonal antenna since
the minimum reflection coefficient reached −63.82dB whereas
it was −48dB without a slot. Other good results were obtained
by the ground-front slotted triangular, circular and rectangular
antennas where the minimum reflection reached −45.46,
−43.53, and −40.79dB respectively. In addition, the insertion of
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a slot resulted in improving the antenna bandwidth in most
cases, including the ground-front triangular, ground-back
diamond, ground-front diamond, ground-back circular, groundback hexagonal, ground-front hexagonal, and ground-front
rectangular antennas. In conclusion, all the slotted designs
presented in the paper are highly recommended for fabrication.
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Abstract-The wavelet domain-centered algorithms for the superresolution research area give better visual quality and have been
explored by different researchers. The visual quality is achieved
with increased complexity and cost as most of the systems embed
different pre- and post-processing techniques. The frequency and
spatial domain-based methods are the usual approaches for
super-resolution with some benefits and limitations. Considering
the benefits of wavelet domain processing, this paper deals with a
new algorithm that depends on wavelet residues. The
methodology opts for wavelet domain filtering and residue
extraction to get super-resolved frames for better visuals without
embedding other techniques. The avoidance of noisy highfrequency components from low-quality videos and the
consideration of edge information in the frames are the main
targets of the super-resolution process. This inverse process is
carried with a proper combination of information present in lowfrequency bands and residual information in the high-frequency
components. The efficient known algorithms always have to
sacrifice simplicity to achieve accuracy, but in the proposed
algorithm efficiency is achieved with simplicity. The robustness of
the algorithm is tested by analyzing different wavelet functions
and at different noise levels. The proposed algorithm performs
well in comparison to other techniques from the same domain.
Keywords-observation model; super-resolution; video quality
parameters; wavelet residuals; wavelet domain processing

I.

INTRODUCTION

Super Resolution (SR) is a leading field of Digital Signal
Processing (DSP) with wide applicability in electronic imaging
such as biomedical, forensics, surveillance, satellite imaging,
etc. Not only for better picturing but for proper data extraction,
there is a need for high-quality images which are not readily
available every time. An expensive High-Resolution (HR)
imaging system has restrictions on the sensor's capacity, the
optics fabricating machinery, memory, and the sensor’s
transmission bandwidth. Physical up-gradation has almost
reached its limits, so the solution is to develop effective ways
to overcome the hardware limitations of the imaging systems.
This leads to the SR concept and related developments. Many
authors [1-5] explored the SR concept, its recent applications,
limitations, and scope for improvements.
The concept aims to produce HR frames from successive
Low-Resolution (LR) images or frames by applying DSP
techniques in a proper sequence. Some of the work related to

SR is summarized below. The main contributions of the current
paper are:
• An introduction of the SR concept with the required basics.
• A selection of a proper wavelet function through analyzing
the simulation results for future work.
• Analysis of the proposed work with different noise levels
and wavelet functions to check the robustness of the
algorithm.
• The establishment that the combination of low-frequency
components and wavelet residuals for high-frequency
details like edges leads to increased efficiency in
comparison with the state-of-the-art techniques.
II.

LITERATURE REVIEW

A. Super-Resolution with the Observation Model
The inverse process to carry out high-quality images or
frames from their low-quality versions using digital image
processing techniques is known as SR. The original HR version
of the scene gets degraded by different factors like warping
(W), blurring (B), aliasing or down-sampling (D), and
additional noise (N) by the environment or by imaging devices.
This degradation process results in the LR version of the
images. The SR issue is an ill-posed problem, i.e. it has no
particular solution and it doesn’t have a particular mathematical
expression. Researchers have tried to convert this ill-posed
problem into a well-posed one in order to get a solution [1, 2].
Even these trials do not represent the exact issue but helped
obtain nearby versions and their solutions.
For representing the SR concept mathematically, let us
assume the following: X is the original HR image, with yk - kth
LR images/frames, where k is the number of observations. D is
the decimation matrix, B is the blurring matrix, Wk the
warping matrix, and Nk the Additional noise. So, the
mathematical expression of the observation model is
represented in (1):
yk = DBWkX+Nk (1)
The generalized observation model is represented in Figure
1. The observation model shows the exposures of the LR frame
from the high-quality frame due to some degradation factors.
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The SR process is to get back the high-quality frames by
restoring the degraded data using DSP techniques. This reverse
process is carried out with different algorithms developed for
different applications. The techniques for SR are mainly
classified by their domain: spatial, frequency, and wavelet [36]. Each domain has its advantages and disadvantages based on
the application field. The next section summarizes some recent
literature regarding SR.

Fig. 1.

General SR observation model.

B. Super-Resolution Process Categorization
The categorization of the SR process is based on the
domains in which the technique is developed. The techniques
in the frequency field deal with the frequency element as an
image trait. The frequency-domain approach is depending on
shifting, aliasing, and band limitation of the signal [3–6]. The
very first approach of SR was in the frequency area [7]. The
routine equations that narrate the HR representation to the
perceived vitiated pictures were framed with approximating the
comparative moves among a series of down-sized, aliased, and
without noise LR images. This process was protracted in [8] by
recommending a biased least squares result upon the theory
that the distortion and noise individualities are identical for all
LR pictures. Authors in [9] presented the DCT centered image
quality improvement algorithm. The DCT has the benefits to
attain a notable improvement in picture quality even for
frequently posed cases. A foremost benefit of the frequency
province-centered SR approaches is that they are habitually
hypothetically straightforward and rational in calculations.
The most elementary way to boost the resolution of a
picture is spatial domain interpolation methods. The set of
pixels estimates new pixels either by considering neighboring
pixels or averaging the pixel values. These methods are known
as nearest neighbor, bilinear, and bicubic interpolation. The
composite interpolation methods are Cubic B-spline
interpolation method [10], New Edge-Directed Interpolation
(NEDI) [11], and Edge-Guided Interpolation (EGI) [12]. For
the spatially grounded SR approaches, uneven interpolation
methods are some of the utmost innate approaches with
moderately minimal computational difficulty. The frequency
and spatial-based domain methods have their advantages and
disadvantages as well. Wavelet Transform (WT) based
methods give frequency components as well as spatial statistics
which produce results more encouraging than the previous
transforms. The same theory was investigated in [13]. The
discrete WT and Gabor wavelet combination also give
promising results in the superresolution construction of satellite
images, explored in [14]. The wavelet domain-centered SR
restoration methodology can examine and manipulate global
www.etasr.com
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and local features at coarse- and fine-scale respectively.
Among the confronts in SR, one needs to uphold or retrieve the
real edges of entities in the interim condensing noise, which is
commonly challenging to be realized instantaneously using
frequency-centered processes due to the parallel reaction of
edges and noise in the frequency range. This leads to
embedding WT and edge-preserving algorithms like EGI [15].
The combination of the Keren algorithm for image registration,
DWT, and NEDI to improve the edges in the frames was
explored in [16]. The appealing assets of WT, for instance,
density, multi-resolution, and locality are valuable for probing
actual-world motions. WT recommends a substitute solution to
examine exact edges and noise individually. A collective
statement of WT- centered techniques is that the LR frame is
the quality truncated frequency subordinate band constructed
by the WT of the picture [17]. The difference in wavelet
decomposed sub-bands with actual low-resolution image,
interpolation is the technique given in [18] for the
reconstruction of images. Authors in [19] recommended the SR
method for the degraded frame with DWT and stationary WT
(SWT). Yet, these accessible ways have partial execution in a
range of noise stages, motion planes, wavelets, and the total of
consumed frames. Still, the researchers are showing interest in
wavelet domain processing for the better performance of the
algorithms.
III. THE PROPOSED WAVELET-DOMAIN VIDEO SR PROCESS
Enhancing video quality in frequency and spatial domains
is the traditional way, but nowadays the wavelet domain
processing has become a trend due to the benefits of both
domains embedded in one. The proposed algorithm is used
basically for the analysis of the effect of the use of wavelets in
the super-resolution process. The proposed technique uses the
benefits of wavelet domain processing such as low frequency
and high-frequency separation with the help of well-known
wavelet families. The flow of work for the proposed
methodology is divided into two parts: (a) Degradation process
and (b) Upgradation process. These processes are presented in
Figures 2 and 3.
A. Degradation Process
Naturally, the quality of images or video frames are
degraded during the acquisition process due to many factors
like noise in the acquisition process or environment, hardware
quality, etc. Many times, due to less storage and transmission
capacity, the images/videos are compressed which leads to
degradation. Dealing with degraded quality data means
inefficient information processing, less effective analysis, and
lower quality visuals. The degradation process of the input
video frames is shown in Figure 2.

Fig. 2.

Degradation of input video frames.
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In the proposed method, the original high-quality video
frames are degraded by some factors like downsampling and
addition of noise and are referred to as LR frames. The process
is shown in Figure 3. The degradation process of the proposed
method can be communicated mathematically by modifying (1)
to:
yk = DX + Nk (2)
The steps followed in the degradation process are given in
the form of a descriptive pseudo code in Figure 3.

Fig. 5.

IV.

Fig. 3.

Frame degradation pseudocode.

These LR frames are used as input in the upgradation
process.
B. Upgradation Process:
The use of the wavelet transform is the frequency domain
filtering of an input image, without any other noise removal
technique. If only wavelet domain filtering is applied then it
affects the output. This effect is analyzed for frame or image
quality enhancement. The SR area has attracted the attention of
researchers, as it enables the use of conventional image
acquisition systems as it is with some post-processing. It
reduces the cost of exchange of traditional systems by new
technology. The simple and general steps involved in the superresolution process are shown in Figure 4.

Frame upgradation pseudocode.

V IDEO QUALITY MEASUREMENT PARAMETERS

A. Peak Signal to Noise Ratio (PSNR)
The PSNR is a measure of the fraction among the highest
signal power and the distortion of the noise that alters the
superiority of its interpretation. Since maximum signals include
a vast range of intensity, the PSNR is typically articulated in
the logarithmic scale, whereas Mean Square Error (MSE) is
offered by:
MSE 






 (3)
∑
 ∑  x i, j  y i, j
#$%&

PSNR  20log "

√#()

* (4)

where x represents the original image or frame, y denotes the
matrix data of the corrupted image or frame, m gives the
number of the pixel lines of the images, and n signifies the
number of columns in the pixel image [1].
B. Structural Similarity (SSIM)
Parameters like luminance, contrast, and structure are
important to check the similarity between the original and
super-resolved frames. Collecting all these terms together we
get the Structural Similarity (SSIM) Index [16, 20]. If the
measurement of similarity is considered between images or
frames x and y with the same size then the equation for SSIM
will be:
,-& -. /01 2,3&. /04 2

SSIM  ,-4 /-4 /0
&

.

4
4
1 2,3& /3. /04 2

(5)

where, μ6 and μ7 are the averages of x and y, σ6 and σ7 are
variances of x and y, and σ67 is the covariance of x and y. c
and c are constants [1].
V.
Fig. 4.

SR of input LR video frames.

The steps involved in the upgradation process are shown in
the pseudocode of Figure 5.
www.etasr.com
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The projected SR method based on the wavelet domain is
verified on renowned noncopyrighted videos. The reason
behind considering these videos is that they represent an easy
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way to assess the functioning of our technique with other state
of the art algorithms which have already taken these videos as
input. The results disclosed here are on the "Foreman" video.
The video collections were extracted from an open database
from Xiph.org [23] which contains non-copyrighted and
copyrighted type videos (to avoid copyright issues, the authors
of the current paper considered only non-copyrighted videos).
The frames were separated for further processing. The original
high-resolution video was resized to 512×512 pixels. Grounded
on the observation prototype, the entered LR frames had
dimensions of 128×128 pixels after down-sampling and were
more degraded by the addition of different noise levels. The
noise used to degrade frames was Gaussian noise with specific
SNR. The aimed algorithm was executed in MATLAB
(R2018b). The results and analysis are divided into three parts
are explained below:
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of 5dB. The sampled noisy frames of the "Foreman" video are
shown in Figure 8. The frames were already down-sampled by
a scale of 1/4th to the original. The db1 wavelet function was
used.

• Comparison of the proposed algorithm with existing
techniques.
• Analysis of the planned algorithm with diverse noise levels.

Fig. 6.
Comparative analysis of the proposed algorithm with other SR
methods.

• Analysis of the projected algorithm with different wavelet
functions.
A. Comparison of the Proposed Algorithm with Existing
Techniques
The evaluation of the average values of PSNR and SSIM
results for the proposed method and other techniques is shown
in Table I. The values from the Table itself declare the
prominence of the proposed algorithm. The most important
characteristic is the simplicity, when concidering its efficiency.
The algorithms used for comparison have many pre-processing
and hybrid approaches which makes them more complex than
the proposed algorithm. The reason behind this elevated
performance is that the DWT-centered SR algorithms are
further useful to regain the high-level frequency particulars of
the specific degraded frames. The real borders are
appropriately maintained and noise is eliminated by filtering
purposes. For the "Foreman" frames, even though the PSNR
and SSIM results attained by the proposed method are greater
than the other methods', the performance gain can be boosted
by adding other edge preservation and direct mapping
techniques. Figure 6 shows the behavior of SR methods
concerning the average PSNR and SSIM values. The most
important quality metrics, i.e. SSIM, have shown a substantial
increase by the proposed algorithm.
TABLE I.

COMPARATIVE ANALYSIS OF THE PROPOSED
ALGORITHM WITH EXISTING METHODS

Method
Quality
metrics
Avg. PSNR
Avg. SSIM

Nearest Bicubic

NEDI
[11]

DWT- DWTSRDWT Proposed
diff
SWT
[16]
[18]
[19]

20.89

22.02

21.19

18.97

19.83

23.88

24.9

0.61

0.7

0.7

0.47

0.50

0.84

0.897

B. Analysis of the Proposed Algorithm with Diverse Noise
Levels
The robustness of the proposed algorithm is validated with
different noise levels, varying from 50dB to 25dB with a step
www.etasr.com

TABLE II.
Noise in dB
Avg. PSNR
Avg. SSIM

50
25.01
0.9067

RESULTS FOR DIFFERENT NOISE LEVELS

45
25.01
0.9064

40
25
0.9057

35
24.98
0.9036

30
24.9
0.8970

25
24.68
0.8774

The average PSNR and average SSIM values after
upgrading the quality are shown in Table II. Figure 7 shows the
graph for quality metrics with different noise levels. It can be
seen that the proposed algorithm gives better results in a variety
of noise levels. The PSNR values are not affected much but the
SSIM values have significantly decreased. This can be
concluded as the addition of noise significantly affect structural
similarities.

Fig. 7.

Effect of different noise levels on super-resolution process.

C. Analysis of the Proposed Algorithm with Different Wavelet
Functions
The literature provides different wavelet functions which
have been tried with varying results. To check and analyze the
variation in the efficiency of the proposed algorithm according
to the wavelet function, all the parameters were kept stable and
the noise level at 30dB. In the literature, the Daubechies family
is explored in the super-resolution process, but not all functions
are used except db2, db7/9 which are having wide applicability.
This paper utilized db1, db2, db7, and db9 wavelet functions
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for the proposed algorithm. The results are tabulated in Table
III. Figure 8 shows the graph for the proposed algorithm using
different wavelet functions.
TABLE III.

Vol. 11, No. 4, 2021, 7477-7482
[3]

[4]

ANALYSIS OF THE PROPOSED ALGORITHM WITH
DIFFERENT WAVELET FUNCTIONS

Wavelet function
Avg. PSNR
Avg. SSIM

db1
24.9
0.897

db2
21.79
0.8582

db7
14.18
0.6774

db9
13.58
0.6455

The db1/Haar function gives the most promising results due
to its component reconstruction capability. Many researchers
prefer db2 for decomposition and reconstruction purposes, but
in this case, db1 provides more efficacy in reconstruction while
being simpler than the db2.

[5]

[6]

[7]

[8]

[9]

[10]

[11]
Fig. 8.

Effect of different wavelet functions on the SR process.

The surveyed recent papers show that there is still a scope
for efficiency improvement in object detection areas like face
[21] and logo [22] recognition. The decision of recognition is
based on the processes applied to the input data. But input
pictures with low quality increase the complications in the final
decision making. To avoid such circumstances, quality details
in the input data are needed. This mends the interest in the SR
area.
VI. CONCLUSION
The current paper explored a simpe algorithm for the
analysis of the effect of wavelet domain filtering in visual
quality upgradation of low or degraded videos. This technique
is based on wavelet residual mapping and interpolation. The
robustness of the wavelet filtering approach is investigated for
different noise levels and different wavelet functions and it can
be said that the proposed algorithm surpasses the other popular
methods from the same domain. Simplicity and efficiency are
the two main advantages of the proposed algorithm. The
purpose behind developing this algorithm is to reduce the
complexity. As the mapping of low-frequency information with
wavelet residues gives promising results, the embedding of the
wavelet domain with neural networks for learning this SR
mapping will hopefully succeed.
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Abstract-Static IP addresses make the network vulnerable to
different attacks and once the machines are compromised, any
sensitive information within the network can be spoofed. Moving
Target Defense (MTD) provides an efficient mechanism for
proactive security by constantly changing different system
attributes. Software Defined Networks (SDNs) provide greater
flexibility in designing security solutions due to their centralized
management and programming capabilities. In this paper, a
mechanism for the protection of endpoint security is developed
using IP address host shuffling. In the proposed approach, the
real IP address of the host is masked and a virtual IP address is
assigned. The virtual IPs are mined from the pool of unassigned
IP addresses. The address pool is created using a pseudo-random
number generator to guarantee high randomness. This approach
helps in invalidating the intelligence gathered by the adversaries
through the changes in the network configuration that will
disturb attack execution, eventually leading to attack failure.
Transparency is attained via preserving the actual IP intact and
mapping a virtual IP to it. The proposed solution is implemented
using the RYU Controller and Mininet. The efficient results
obtained from the experiments substantiate the effectiveness of
the MTD approach for enhancing endpoint security.
Keywords-IP shuffling; endpoint security; moving target
defense; software defined networking; virtual IP

I.
INTRODUCTION
Static networks are an easy target for attackers, even from a
remote network. The attackers send probes using various
scanning tools to random hosts in the network to identify the
victims and attack them. However, dynamic allocation can be
carried out using protocols like DHCP or NAT. Even though
NAT and DHCP provide dynamic IP address assignment
schemes for hosts, they cannot provide adequate security and
can also be tracked. The Moving Target Defense (MTD)
technique has been adopted to different domains including
network security, cyber-physical systems security, Software
Defined Network (SDN) security, etc. [1, 2]. However, to the
best of our knowledge, MTD for endpoint security has not been
covered in depth so far. Endpoint security is gaining
importance, especially with the advent of technologies like the
Internet of Things (IoT) [3].
In this paper, we exploited the RYU SDN controller [4] to
design an MTD framework that can be used to provide
dynamic IP assignments to end hosts periodically. Moreover,
the solution ensures that all the communication inside the
network is based upon virtual IP addresses assigned to different
hosts. This provides a way to counter different threats
generated against the endpoints. The solutions are scalable and
programable due to the SDN architecture [5]. This approach of
hiding the actual IPs of the endpoint/hosts substantially
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enhances their security as the attackers are unable to get their
correct information.
The purpose of MTD is to increase confusion and
uncertainty for the attacker who is attempting to breach a
system by exploiting vulnerabilities [6]. MTD changes the
system/network configurations thus the information gathered
by the attacker becomes invalid as the target attack surface is
changing continuously. MTD techniques are categorized in
terms of redundancy, shuffling, and diversity [7]. Shufflingbased MTD changes the system's configuration such as IP
shuffling or service reconfiguration. MTD is mostly combined
with SDN by using SDN controllers as a central controlling
point for network topology shuffling-based MTD, or random
host mutation using OpenFlow and port hopping. Diversitybased MTD gives the ability to implement various executions
of same services of functionalities. This provides diversity in
programming language to avoid code injection attacks and
software stack diversity to enhance service provisions and
network resilience. Redundancy-based MTD enhances the
reliability of the system by generating many images of network
components. The authors in [8, 9] used MTD for network
security, especially in SDN networks. MTD has also been
adopted for cloud security [10, 11]. The authors in [12]
exploited MTD for the security of cyber-physical systems.
There is a recent trend of the adaptation of MTD for wireless
ad hoc networks as well [13, 14].
The main contributions of this paper are:

Fig. 1.

Traffic flow sequence.

• The development of shuffle-based MTD mechanism in a
distributed SDN environment.

8. The RYU controller will now check for the attachments of
the hosts in the IP pool if the switch two is associated
directly to the destination address of the host.

• The MTD mechanism for the enhancement of endpoint
security in the SDN environment.

9. The RYU controller will receive a negative response in a
message.

II. THE PROPOSED SCHEME
This section will cover the way we have implemented and
deployed the SDN based shuffling MTD. We have set up a
MTD mechanism using RYU as a Python controller for the
SDN which consists of 3 switches interconnected with 8 user
hosts. Communication between Host one and Host two is being
shown in Figure 1. The local networking of the system is:
1. In the first step, the packet will be coming into switch one
with the real source address and a virtual destination
address.
2. A packet will then go to the RYU controller.
3. The RYU controller will check for the attachments of the
hosts in the IP pool if the switch one is directly connected
to the destination address of the host.

10. A packet going out of the switch will now message to
forward it to next available hopping.
11. The packet will come to switch three with the virtual source
address and virtual destination address.
12. The packet will then go to the RYU controller.
13. The RYU controller will check for the attachments of the
hosts in the IP pool if switch three is directly connected to
the destination address of the host.
14. The RYU controller will receive a positive response in a
message.
15. The packet going out of switch will now change to the real
destination address.
16. The packet goes out to the destination host, i.e. host two.

4. The RYU controller will receive a negative response in a
message.

17. Host two will now respond with the real source address and
the virtual destination address.

5. The packet will go out of the RYU controller and will ask
for a virtual IP address since it was detected with a real IP
address.

18. The packet will go to the RYU controller.

6. The packet now will come to switch two with the virtual
source address and virtual destination address.
7. The packet will then go to the RYU controller.
www.etasr.com

19. The RYU controller will now check for the attachments of
the hosts in the IP Pool if switch three is attached directly to
the destination address of the host.
20. The RYU controller will receive a negative response in a
message.
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21. The packet going out of switch will now receive message to
change into virtual source address.
22. The packet will come to switch two with the virtual source
address and virtual destination address.
23. The packet will then go to the RYU controller.
24. The RYU controller will now check for the attachments of
the hosts in the IP pool if switch two is directly connected
to the destination address of the host.
25. The RYU controller will receive a negative response in a
message.
26. A packet going out of the switch will now message to
forward it to next available hopping.
27. The packet will come to switch one with the virtual source
address and the virtual destination address.
28. The packet will then go to the RYU controller.

Fig. 2.

Virtual-real IP address life cycle.

29. The RYU controller will now check for the attachments of
the hosts in IP pool if switch one is attached directly to the
destination address of the host.
30. The RYU controller will receive a positive response in a
message.
31. A packet going out of switch will now message to change
into the real destination address.
32. The packet mentioned in the first step has now reached host
one, i.e. its destination.
In Figure 1, we have shown the working flow of the IP
shuffling from real to virtual IP address. This workflow shows
the architecture of the way our SDN environment containing
MTD is implementing random host mutation using a timeout
event. The timeout event is triggered every 30 seconds and then
shuffles the IP address for every host. Figure 2 represents the
real-virtual IP address life cycle. Virtual addresses are being
shuffled in a random manner and are updated in every host.
This system in general transforms real addresses to virtual
addresses and vice versa. The real address is allocated the same
way as before and nothing is changed on it, but all the
communication is being done through virtual addresses inside
the SDN network. At every timeout event triggering, the old
flows are also deleted to be seemingly synchronized with
packets and flow mappings.
III.

EXPERIMENTAL SETUP

A. SDN Controller
We have used RYU as our SDN controller which is a
Python-based controller and it will be responsible for
controlling real and virtual IPs between switches and hosts
using the random host mutation technique. It will also be
controlling the communication between each host via virtual
IPs and MAC addresses. It is a controller through which we
execute and control both network configuration and real-time
control of the network. Figure 3 indicates the experimental
topology.

www.etasr.com

Fig. 3.

Experimental topology.

B. Network Simulation
We have used Mininet [15] as our network simulation tool to
deploy our network topology containing 3 switches and 8 hosts
containing class A IP addresses. It is a network simulator that
can generate virtual switches, hosts and attach these to the SDN
controllers, in our case with the RYU controller. We emulated
this via Python-based programming scripts where
modifications are required at a certain level to grip the project
with the required topology that we created.
C. Network Monitoring
We have used sFlow [16] as our network monitoring tool
which is used to monitor our network devices which include
switches and hosts. It will also be used for monitoring any kind
of traffic and attacks on the network. We will also use sFlow
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for generating attack graphs. It is a monitoring tool through
which we see the graphical interface of a topology and different
shuffling of IPs and hosts in our environment. Also, we can
identify the main and virtual IPs from its interface. Shuffling of
IP addresses and MAC addresses and blocked source IPs can
be identified.
IV. RESULTS AND DISCUSSION
First, the sflow-rt is started as shown in Figure 4.
Afterwards, the RYU controller starts along with our proposed
algorithm and GUI topology as depicted in Figure 5. The
network is created as presented in Figure 6. Now, the hosts try
to ping each other through their real IP. Since our algorithm is
activated, the packets drop on the real IP addresses as indicated
in Figure 7. The controller is blocking this communication as
presented in Figure 8. After finding the virtual IP address of the
remote machine, host 2 is able to ping the host 8 successfully
as indicated in Figure 9. The controller’s log confirms this
connectivity as depicted in Figure 10.

Fig. 4.

Fig. 8.
The controller is blocking the communication after identifying a
real IP address.

Fig. 9.
Now we have first ping host 2 to host 8 through its virtual IP and
MAC addresses.

Initiation of the sFlow network monitoring tool.

Fig. 10. The controller is allowing the communication after identifying a
virtual IP address.

Fig. 5.
Initiation of RYU controller with GUI topology and our MTD
algorithm.

Figure 11 represents the hping based UDP flood from host 1
to host 3. Since it is based upon the real IP address, no traffic
will be generated if the attacker is able to somehow find the
virtual IP address of the host. Then the attack will be generated
against the virtual IP as shown in Figure 12. However, since
our algorithm is periodically generating random IPs after 30
seconds, the attack can be generated for a maximum duration
of 30 seconds. Figure 13 indicates the flooding traffic passing
through different switches.

Fig. 11.

Fig. 6.

Custom topology network creation.

Fig. 12.

hping flood from real host IP to another real host.

hping flood from real host IP to the virtual IP of the host.

Fig. 7.
Host 1 to host 2 ICMP communication through their real IP
addresses.

In order to evaluate the effectiveness of our proposed
scheme, we launch an attack on the end-hosts on their real and
virtual IP address using hping [17].
Fig. 13.

www.etasr.com

Attack traffic generation across each switch.
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Figure 14 shows that the attack traffic on virtual IP is
reduced after 30 seconds as the virtual IP is changed. This
approach ensures that DDoS attacks cannot proceed beyond the
limit of the IP shuffling period. The solution is adaptable to
change in the frequency of IP shuffling. It means that DDoS
period can further be reduced with higher frequency of
movement.
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implementation of authorized user functionality is as follows:
An authorized user will be able to ping the destination host
using a real IP address. The real IP detection within the
network can be automated.
In the future, the proposed scheme can be used for the
protection of critical services, especially those that are running
on LANs including DNS, DHCP, etc. The proposed scheme
can be used to divert the DNS and DHCP through real to
virtual IP mapping along with port randomization for these
services. This approach not only enhances security but can also
be used for digital privacy enhancement.
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Abstract-Gelatin cross-linking has recently been discovered to be
a very appealing production method. The current research looks
at various commercial gelatin (type B) films to improve their
physical qualities. Bunium alpinum and bunium incrassatum
Essential Oils (EOs) in two quantities (5% and 25%) were added
to the films, which showed substantial biological activity
(antibacterial,
antioxidant,
antihemolytic,
and
antiinflammatory). According to electronic scanning microscopy
results, the basic gelatin matrix had changed and there were
multiple dense spots on the cross-linked films. The particles
appear to be more bonded in an isotropic form. Infrared
spectroscopy cannot provide substantial accuracy on the new
characteristics and chemical interactions formed due to the
complex system of gelatin and EOs. According to the UV
transmission test results, adding EOs to gelatin films improves
the barrier properties against UV rays and prevents UV light
transmission. Finally, the swelling water test revealed that
included EOs in the film composition reduce the film's swelling.
Keywords-gelatin; bunium alpinum; bunium incrassatum;
crosslinking; barrier property against UV; food packaging

I.

INTRODUCTION

Polymeric materials are required in a variety of routine
applications, from food packaging to cosmetics and other
specialized sectors, e.g. the biopharmaceutical and
pharmaceutical sectors [1]. For more than 20 years researchers
try to improve conventional polymers by adding particles into
the polymer matrix, thus changing its properties [2]. The
agriculture and food sectors are increasingly concerned about
the preservation of commonly consumed items against
deterioration caused by environmental (heat, sunlight) or
biological (bacterial and fungal) factors [3]. Bio-packaging is
currently being researched as a healthy and environmentally
friendly option [4]. Traditional polymers used in the product
packaging are being replaced with healthier, less toxic and
biodegradable alternatives in the agri-food, pharmaceutical, and
cosmetic industries through technological procedures. As a
result, biopolymers like gelatin are gaining popularity in this
sector. Film-making gelatin is a form of gelatin. It becomes

more stable and manageable when mixed with other substances
[5]. In innovative packaging applications, biopolymers are
coupled with natural products such as medical plant extracts
(essential oils and plant powders) and pure or semi-purified
natural components (polyphenols, flavonoids, pigments, etc.)
[6]. This link bestows all of the qualities and benefits
associated with natural items on the designed bundle. The use
of essential oils in packaging systems, imparts the flavors of
the essential oils used and the antibacterial and antifungal
properties that characterize them [3, 7]. Phenolic compounds
protect packaged commodities from degradation caused by
external conditions and bacteria by acting as antioxidants [8].
This study aims to develop a novel type of gelatin
packaging that is cross-linked with glycerol. This polymer
contains antibacterial, antifungal, and antioxidant Essential Oils
(EOs) from bunium incrassatum and bunium alpinum [9].
II.

MATHERIALS AND METHODS

A. Chemicals
Hydro-distillation in a Clevenger-style device was used to
extract the volatile EOs, and each separated oil was kept at 4°C
in a refrigerator. The EOs were analyzed using Gas
Chromatography-Mass Spectrometry (GC-MS). The contents
of the EOs were determined by comparing the mass spectral
pattern and Retention Indices (RIs) of the EOs to those of pure
compounds available in the literature as well as a laboratorybuilt database of authentic chemicals [10]. Fluka and
Biochemika synthetized gelatin powder from porcine skin
(with a medium gel strength 180 blooms) was utilized.
B. Preparation of Biofilms
The methodology defined in [11] is employed in this work
with minor modifications. To make the film-forming solution,
3.5g gelatin powder (180 bloom porcine skin gelatin) was
mixed with 100ml distilled water for 30min, then 2ml glycerol
(plasticizer) were added. This mixture was heated at 70°C for
30min and was constantly stirred. At the same time, a 3:1 (v/v)
mixture of EOs and Tween-20 (emulsifier) was prepared. The
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combination was added to the initial solution in percentages of
5% and 25%. A vortex mixer (3500rpm) was used to
homogenize the generated solution for 3min. The dissolved air
in the films was then extracted with a vacuum pump. Finally,
13ml of liquid were placed in plastic Petri dishes and were
allowed to air dry for 4 days at room temperature. The films
were then carefully peeled and assessed. Control films were
made using the same procedure as the test films but without the
EOs.
C. Characterization
• Thickness
In compliance with the French standard NF Q 03-016, the
film thickness (e) was measured with a foot electronic slidetype Mitutoyo DIGIMATIC 500-123U. Three discs were cut
from each formulation (each measuring 4.5cm). Each disc was
measured for thickness in 5 different spots at random [12].
• Areal density
The film's mass determines the areal density in g/m2 based
on a unit area. The French standard NF Q 03-019 was used to
determine it. Each formulation was sliced into 3 discs (each
measuring 4.5cm) and was weighed precisely. The film density
(D) was calculated using the equation D=AD/e from the
thickness and basis weight [13].
• Scanning Electronic Microscopy (SEM)
SEM was used to evaluate sample films' morphology or
surface topography (a JEOL JSM 6360LV scanning electron
microscope was utilized). To make them conductive a 25 to
30nm thickness layer was placed to the surface and the samples
were first metalized with gold in a Cressington Sputter Coater
metallizer. Electron acceleration voltages ranging from 3 to
10kV were used to obtain the photos [12].
• Fourier Transform-Infrared (FT-IR)
Infrared spectroscopy was used to determine the physical
states of organic and inorganic molecules based on their
vibrational properties. Chemical bonds do vibrate in specific
modes as a result of infrared light (deformation, stretching). As
a result, comparing the sample's incidence and transmission is
sufficient to disclose the sample's fundamental chemical
functions [14]. The FTIR-8400S device was used (Fourier
Transform Infra-Red Spectrophotometer, SHIMADZU). The
data were read using IR-SOLUTION software.

The film's light transmission in ultraviolet and visible light
was measured using a UV-visible spectrophotometer
(UNICAM UV 300 type 200-800nm). VISION32 Software
V1.10 was used to read the data. The film's Transparency
Value (TV) is calculated by [14]:
)/

(1)

where  : 600nm transmission fraction, : the thickness of
the film (mm).
A high  value is indicative of low film transparency.
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• Swelling test
The film samples (40mm/30mm) were dried for 24h at
104°C in an air-circulating oven until they were consistent in
weight. The initial weight (  ) was measured. The film
samples were immersed in a 100ml Erlenmeyer flask with
50mL distilled water for 24h at room temperature. After
removing from the flask and rubbing it between filter papers to
remove any residual surface water, each sample was weighed
and the ultimate weight ( ) was calculated. Equation (2) [15]
was used to compute the weight gain or swelling percentage
(S %):
 (%) = ( − /  ) 100 (2)
At least three measurements were taken in each test.
III.

RESULTS AND DISCUSSION

This is a new line of research which aims to synthesize
biodegradable matrices, based on gelatin or another
biopolymer, with new formulations by adding safe to use and
low cost natural metabolites such as EOs, known for their
broad antimicrobial spectrum with the aim of using them in
packaging, as patches for the release of drugs, or in the case of
the encapsulation of active ingredients. Table I shows the
thickness, areal density, and density of the several gelatin films
supplemented with varying concentrations of EOs, as well as
the control film.
• Training films
The chains of gelatin unfold during the solubilization of
gelatin in water, generating the polymer network. The viscosity
of the film-forming fluids increases substantially as the gelatin
molecules flocculate and transform into a gel at temperatures
above the gelling temperature (60°C). Reduced hydration
layers around polymer chains increase hydrophobic
interactions, resulting in increased hydrophobic interactions
[16]. Gelatin's methyl groups interact with the molecules
around them, forming intermolecular connections. The
hydrogen-type intermolecular bonds are formed by isolating
the hydration solvent (water) from the polymer chains.
Glycerol is a low-molecular-weight (92g/mol) hydrophilic
molecule that can readily be placed between gelatin segments.
Hydrogen bonds arise between the hydroxyl groups of the
glycerol and gelatin during the gelling or evaporation of the
solvent.
• Look and Flexibility

• Transparency and light transmission

 =  (
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Control films and films with EOs and have a smooth,
continuous appearance with no surface imperfections. It is
worth noting that the flexibility of the films is proportional to
the amount of EO used [16, 12]. The film that contained the
most bunium incrassatum EO (25%) was the most flexible and
yellow-tinted (since this EO is darker than the other). Based on
this finding, the films developed a stable emulsion system.
There is no emulsion breakdown or change during the
dehydration process, and no bubbles or cracks appear.
• Thickness
The EO-enhanced films were all thicker in consistency than
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the control film (0.22mm). Droplets of EOs can be
incorporated into the film network, obstructing the link
between gelatin chains, lowering network compactness, and
obstructing orderly alignment. The formation of gelatin chains
might increase density. This can be controlled by surface
tension and/or changes in the size of the oil droplets.
Furthermore, EOs are available in various formulations, each of
which interacts with the gelatin chain in the film matrix in a
distinct way [10]. As a result, the gelatin molecules'
arrangement in the film matrix can shift, resulting in changes in
film thickness [17]. As a consequence, adding glycerol to the
control film enhanced dramatically the surface density.
Combining glycerol and EOs increases the film thickness, but
has a significant impact on the density. This is because glycerol
has a density of only 1257kg m-3.
TABLE I.

7491

Film without EO

THICKNESS, AREAL DENSITY, AND VOLUME MASS OF
THE FILMS

Sample
Control
Film with 25% of
bunium incrassatum
Film with 25% of
bunium alpinum
Film with 5% of
bunium incrassatum
Film with 5% of
bunium alpinum

0.22 ± 0.004

Areal
density
(g m-2)
72.705

Volume
mass
(kg m-3)
3304.802

0.36 ± 0.005

70.651

1962.547

0.32 ± 0.008

64.846

2026.441

0.34 ± 0.005

69.268

2037.306

0.24 ± 0.008

63.861

2660.878

Thickness
(mm)

Film enriched with 5% of bunium
incrassatum

Film enriched with 25% of bunium
incrassatuum

Film enriched with 5% of bunium
alpinuum

Film enriched with 25% of bunium
alpinuum

• SEM and determination of the morphology
According to SEM, the control film has a smooth,
continuous, compact, and completely transparent surface
(Figure 1). For films having varying concentrations of EOs,
several dense zones develop on the same sample, where the
particles appear more bound with anisotropic structure, without
pores, and without micro-fractures (Figure 1). The most
densely built-up areas are those with the highest percentage of
EOs, meaning that EOs' droplets modify the transverse
distribution of protein-protein inside the film matrix
(improving roughness), most likely within the film network.
Because of the EO droplets, water molecules will not travel
through the film network [18]. Terpene compounds make up
many EO compositions [29, 20]. These molecules can combine
with different proteins or amino acids in gelatin to form
"Protein Cross-links," which change the gelatin's underlying
matrix and give rise to various morphologies [21].

Fig. 1.

SEM micrographs of the gelatin and gelatin/EO films.

• FT-IR
The FTIR spectra of gelatin and gelatin / EO films are
shown in Figures 2 and 3. The purpose of this classification
was to determine how various functional groups interacted with
each another. Because each film has a large number of
functional groups, the FTIR spectra generated from each film
include a large number of overlapping absorption bands,
offering more information than all of the chemical components
analyzed independently. The distinction was made using
proteins and polypeptides, which are the essential components
that determine function in food systems. The infrared spectra of
nearby peptide groups are affected by vibrational coupling.
www.etasr.com

Fig. 2.
FT-IR spectra of gelatin films with bunium alpinum and bunium
incrassatum EOs at various concentrations (4000-500cm-1)

The vibratory features of FT-IR can be used to show the
presence of species adsorbed and/or grafted to the surface of
the film. FT-IR does not provide considerable precision on the
features and newly developed connections due to the various
activities of gelatin and EO, and glycerol in all films [12]. The
same prominent peaks with various amplitudes appeared in all
FT-IR spectra (Figure 2).
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of the rich amino acid content that produces the amino acids'
gelatin and interactions with the EO's diverse components [22,
16]. The control film transmission ranged from 52, 61 to 86,
and 51% for visible light (300-800nm). The lowest values were
seen in the films enriched with EOs (independent of EO type
but proportionate to their concentration) (Table II).

Fig. 3.
FT-IR spectra of control and modified films with EOs (1500500cm-1)

The notable peaks in both films with and without EOs were
nearly identical: both film samples contained a band with a
wavenumber of 1165.32cm-1. It refers to an amine having a
short C-N chain that can be used as a primary, secondary, or
tertiary amine [12]. Several bands in the 1940–1847cm-1 range
are also found in gelatin and EOs and are linked to NH2
bending vibrations and C=O, C=C, and C=N stretching
vibrations. At 3826 cm-1, an amide-A band and an amide-B
band with NH-stretching combined with hydrogen-bonding and
CH stretching were identified.
• Transparency and light transmission
The spectrum in Figure 4 depicts the transmittance of UV
rays and visible light in the wavelength range of 200-800nm of
gelatin films enhanced with various EOs. There was no UV
transmission in any of the films at 200nm, including control.
They had all started transmitting light at wavelengths less than
300nm. The use of EOs in gelatin films has been suggested as a
means to improve UV barrier properties. These coatings
effectively reduce UV light transmission. It can generally bind
excellent UV barrier qualities and absorb UV radiation because
TABLE II.
Glycerol (%)

20%

Transmittance of films at 200-800nm wavelengths.

These data suggest that adding EOs to the films lowered
light transmission considerably. The EO droplets in the matrix
may be able to block UV and visible light from going through.
In the visible range, the film containing 25% EO of B.
incrassatum had the lowest light transmission (from 10.65 to
78.64%), followed by the film containing the same proportion
of EO of bunium alpinum. The film with 5% of the EO of
bunium incrassatum comes third, whereas the film with 5% of
bunium alpinum comes fourth. The presence of EOs in the
films might cause light scattering in variable degrees. For light
transmission through the films, the arrangement or alignment
of the polymer chains in the film network is crucial. When
considering the maximum transparency, the lowest
transmittance value is employed [23]. Authors in [24]
demonstrated their hypothesis by using lemon EO to lower the
opacity of chitosan films. They discovered that the size and
placement of EO droplets in the film network can influence the
occurrence of this event. The findings in [25] are consistent
with this discovery.

TRANSPARENCY VALUES OF THE FILMS

EO

Light transmission (%) at different wavelengths
Transparency value
350
400
500
600
700
800
200 300
Control
0 52.617 71.836 78.456 82.189 83.635 85.26 86.513
3.579
Bunium incrassatum 25% 0 10.651 36.241 52.243 65.958 71.917 76.027 78.645
3.300
Bunium incrassatum 5%
0 33.435 59.623 70.344 78.329 81.302 83.582 85.003
3.378
Bunium alpinum 25%
0 29.315 55.122 69.077 78.231 81.163 83.052 84.304
3.404
Bunium alpinum 5%
0 43.050 65.850 74.586 80.858 82.887 84.718 85.911
3.538

• Swelling test
When EOs were introduced, the swelling of gelatin films
was considerably reduced (Table III). Gelatin is a hydrophilic
substance, which means it soaks up water molecules. Porous
gelatin films have a higher swelling capacity due to their
network architecture, allowing more water to pass. Because
EOs are hydrophobic, it is possible that adding them to gelatin
films reduces their swelling potential. Hydrophobic contact
between gelatin's hydrophobic domains and EOs improves the
interfacial interaction between matrix (gelatin) and filler (EOs)
[26]. This causes the EOs to saturate the gelatin network,

www.etasr.com

Fig. 4.

preventing water molecules from migrating into the gelatin and
reducing swelling [27]. These findings show that gelatin sheets
containing EOs could be promising liquid-absorbing packaging
materials.
TABLE III.

SWELLING VALUES

Sample
Control
Film with 5% of bunium alpinum
Film with 5% of bunium incrassatum
Film with 25% of bunium alpinum
Film with 25% of bunium incrassatum

Swelling (%)
542 ± 7
530± 3
547±3
527±12
512±4
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IV.

CONCLUSION

Plastic packaging has many drawbacks, one of which being
its negative influence on the environment. Biodegradable films
and coatings made from natural bio-based polymers can be
promoted as a viable plastic substitute. In the current study, the
EOs of bunium alpinum and bunium incrassatum were shown
to be very compatible with gelatin, resulting in flexible and
easy-to-handle films in the studied concentration range.
Including EOs in the gelatin films resulted in a significant
reduction in edema, depending on the dose. According to the
SEM results, the EOs were well dispersed in the film matrix,
and good adhesion was attained. The addition of EOs to gelatin
films on a dose-by-dose basis has improved the UV barrier
qualities of gelatin/EO films. These findings suggest that the
selected EOs could be helpful as cross-linking agents in several
applications, such as food packaging and pharmaceuticals.
More research and applications are required to complete the
assessment of possible applications.
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Abstract-Malware detection in Internet of Things (IoT) devices is
a great challenge, as these devices lack certain characteristics
such as homogeneity and security. Malware is malicious software
that affects a system as it can steal sensitive information, slow its
speed, cause frequent hangs, and disrupt operations. The most
common malware types are adware, computer viruses, spyware,
trojans, worms, rootkits, key loggers, botnets, and ransomware.
Malware detection is critical for a system's security. Many
security researchers have studied the IoT malware detection
domain. Many studies proposed the static or dynamic analysis on
IoT malware detection. This paper presents a survey of IoT
malware evasion techniques, reviewing and discussing various
researches. Malware uses a few common evasion techniques such
as user interaction, environmental awareness, stegosploit, domain
and IP identification, code obfuscation, code encryption, timing,
and code compression. A comparative analysis was conducted
pointing various advantages and disadvantages. This study
provides guidelines on IoT malware evasion techniques.
Keywords-IoT; malware; evasion techniques; challenges;
security

I.
INTRODUCTION
Internet of Things (IoT) is a system where various
interconnected objects transfer data over a wireless network
without requiring any human intervention [1, 2]. Various
sensors, technologies, and software are embedded into these
devices to connect and transfer data within the network [3]. IoT
has evolved by utilizing various technologies such as
embedded systems, machine learning, real-time analytics, and
commodity sensors [4-6]. Many IoT applications are
considered consumer applications, e.g. home security and
wearable technologies [7]. Industrial applications of IoT
usually monitor industrial systems such as smart logistics
management and smart robotics [8]. In commercial
applications, IoT devices work with each other to provide
benefits such as smart offices and buildings, connected
lighting, and so on [9]. Moreover, IoT is used in infrastructure
to monitor and regulate areas, cities, or countries such as smart
parking management and connected charging stations [10].
Moreover, IoT devices are connected to the internet and
transfer large amounts of data [11]. As IoT continues to grow, a
critical issue is emerging regarding the privacy and the security

of data transferred over the network. One such issue that affects
data security in IoT is malware [12].
IoT devices lack security features and are more vulnerable
to malware attacks as they are always connected to the internet.
Malware is software designed to gain unauthorized access to
systems causing security threats [13]. The most common types
of malware are worms ,viruses, spyware, adware, ransomware,
and trojan horses [14]. Worms duplicate themselves and spread
from one system to another without requiring any human
intervention [15]. Viruses also duplicate themselves but differ
from worms as they insert code in other programs [16].
Spyware steals sensitive information without the user's
knowledge [17], while adware is a type of software that
displays unnecessary advertisements [18]. Ransomware aims to
lock a system and demand money to unlock it [19]. Trojan
horses aim to give unauthorized access to a system without the
user’s knowledge [20]. Various attacks can affect IoT devices
causing privacy and security issues. Some attacks that infect
IoT devices are botnets, Mirai, and Prowli malware [21]. A
botnet is a robot network controlled by a hacker who uses
malware to hijack its devices [22]. Mirai is a malware that is
capable of propagating itself and infects unsecured devices
including IoT [23], while Prowli is used to redirect users to
fake websites. Based on the type of strategy, approaches to
detect malware can be categorized into two main domains:
static and dynamic analysis [24]. Malware detection can be
performed on three bases: Behavior-based, specification-based,
and signature-based (Figure 1). In behavior-based malware
detection, the object is evaluated based on its actions [26]
before executing actions to analyze suspicious activities and get
rid of threats. This technique is further classified as static,
dynamic, and hybrid. In specification-based malware detection,
a policy or specification mediates events from any program
[27], and this is also classified as static, dynamic, and hybrid.
Signature-based malware detection is working with known
threats and detects them easily by establishing unique
identifiers. It is also classified as static, dynamic, and hybrid
[28]. This study aims to analyze the malware detection
techniques in IoT applications, compare the existing studies on
IoT malware evasion techniques highlighting their advantages
and limitations, and identify the various malware evasion
techniques.
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techniques. As such malware can bypass a firewall with ease, a
security system has to be effective to identify and avert such
cyber-attacks in the future.
III.

Fig. 1.

II.

Malware detection techniques [25].

SECURITY ISSUES IN IOT APPLICATIONS

Securing network communications more effectively and
efficiently is considered a very critical issue. Mobile ad hoc
networks are exposed to many packet-drop attacks because of
their fundamental characteristics, such as vulnerabilities of the
underlying typical routing protocols. The packet drop attacks
include black-hole and grey-hole attacks. Various types of
black-hole attacks and their defects were examined in [29].
Various schemes have been discovered for detecting black hole
attacks, including learning, co-operative, and other schemes.
Several techniques, including their core functionality and
performance, were examined. The trust-based is a learning
scheme, better than other schemes, as it had higher prevention
nature against the attacks. On the other hand, most trust-based
schemes failed to balance past and existing trust values.
Moreover, as openness and flexibility made Android a popular
mobile platform, it is targeted by massive mobile malware
highlighting the need for better detection and prevention [30].
This study utilized a lightweight framework to identify
malware in Android devices. Data analysis and malware
detection were carried out on the server-side, reducing the use
of mobile devices' resources and not affecting user's
experience. In this method, machine learning was combined
with network traffic analysis resulting in more accurate
detection rates. Meanwhile, as this method is limited to existing
malicious samples, more samples have to be collected and
analyzed to improve it continuously.
IoT devices lack security and are highly heterogenous [31],
so many challenges arise on the cross-architecture detection of
IoT malware. Various studies utilize dynamic or static analysis.
Static analysis is more suitable for detecting malware in IoT
devices, as it is more effective on multi-architecture devices. In
[31], non-graph and graph-based malware detection methods
were used. Graph-based methods were found to detect more
accurately unseen and complicated malicious codes. The
advantages and limitations were summarized based on
processing time, detection analysis, and mechanism, while
efficiency is required to be further enhanced. A graph-based
lightweight detection method to deal with various malicious
executable files in IoT devices is yet to be designed and
developed. A modern malware type that can evade system
security is Advanced Persistent Threats (APTs), while its
identification is a great challenge [32]. Antimalware and
antivirus systems are conventional security systems that fail in
APTs identification. This study used Advanced Evasive
Techniques and examined the evasion and sophisticated attack
www.etasr.com

CHALLENGES AND ASSOCIATED TECHNIQUES TO
ENHANCE THE SECURITY AGAINST MALWARE

IoT devices have various security issues as malware
increases. Security researchers use machine learning techniques
to deal with these security issues and enhance IoT devices'
efficiency. A malware detection framework, called MalInsight,
was proposed in [33]. In MalInsight, malware is described from
three aspects: basic structure, high-, and low-level behavior.
Malware was detected more effectively and accurately based
on findings from file operations, structural features, network,
and registry reflected from these three aspects. This framework
can detect easily unseen malware. Various features are yet to
be added, including work on privileged management schemes,
authentication to restrict malware execution and reduce
potential harm. Beaconing, another malware type difficult to
detect, was studied in [34]. The collection and review of
enough data to detect a Beaconing malware's behavior is a
challenging task. Beaconing is one of the encryption-based
attacks where hackers use encryption to hide their activities.
Two unsupervised learning agents were used to detect
malicious beaconing, a real-time and a periodic agent. The
proposed algorithm can detect three different malicious
beaconing behaviors: distortion, skipped exchanges, and
combined distortion and skipped exchanges. Unsupervised
machine learning algorithms can be used along with AI to
check the accurate beaconing behaviors. Botnet activities
detection is critical for the availability, security, and reliability
of internet services. Existing systems find it difficult to detect
novel botnets with high accuracy due to various reasons such as
new botnets created to bypass current detection approaches, the
similarity between normal and botnet traffic, and the high
computational requirements of large amounts of data
processing. A scalable and decentralized framework was
utilized to address this problem in [35]. This framework
discovered previously unseen botnet traffic, characterized the
behavior of legitimate hosts, can detect novel botnets without
any assumptions, and can be used in real-world scenarios.
Despite the advantages of adaptive training and low numbers of
false alarms, it has some drawbacks as network traffic increases
and attackers change their methods constantly to avoid
detection.
IV. V ARIOUS MALWARE ATTACKS IN IOT
In [36], malware targeting mobile devices was explored as
a considered serious threat. Fraudulent mobile apps and
injected malicious apps are two types of mobile malware
attacks. Three main phases were included in the analysis: preprocessing, extraction, and grouping. Grouping strategy was
used to choose valuable APIs to identify android malware apps
and it included the upcoming three strategies. An effective
classification model was proposed that combined API calls and
permission requests. Three different strategies were proposed
to choose the valuable API calls. Empirical analysis showed
that the proposed system was effective in detecting mobile
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malware and helped the process of mobile application analysis
and malware forensic investigation. Cyber data breaches
increase while investigating cyber-attacks manually is timeconsuming and error-prone. A novel machine-learning-based
framework was proposed in [37] that identified cyber threats
and investigated cyber security issues with incomplete or
partial information. Mitigations for the identified threat
incidents are yet to be integrated and automated. Reviews about
malware Android platform were examined in [38], including
mobile malware attacks, detection techniques, vulnerabilities,
and security solutions over a certain period. Ransomware
hijacks in files and resources were studied in [39], presenting a
ransomware taxonomy, various factors and counteraction
types, and threat success factors and techniques. Existing and
upcoming security threats in IoT-enabled smart grids were
studied in [40], discussing various data privacy concerns, attack
motives, and data transfer techniques. Threat vectors in smart
grids were classified into attacks against privacy, integrity,
availability, and authentication. This paper also discussed the
cyber kill chain which is a seven-step attack procedure. Time
Sensitive Networking (TSN) was adopted for IoT and smart
grids to allow real-time communication, while six open
directions were proposed for smart grid connectivity. The
challenges to secure a smart manufacturing system were
explored in [41]. Smart manufacturing is an important
component for industry and connects physical and digital
environments through IoT technologies. Data analytics,
machine learning, and cloud with industrial systems integration
lead to potential benefits and new challenges. Various factors
were discussed which include existing vulnerabilities,
weaknesses, security of existing manufacturing industrial
systems, and preparing for future security challenges.
V. VARIOUS MALWARE EVASION TECHNIQUES IN IOT
In [42], four methods were proposed to detect malware
using hamming distance. This approach helps discover
similarities between various samples, and it included All
Nearest Neighbours (ANN), Weighted All Nearest Neighbours
(WANN), First Nearest Neighbours (FNN), and K-Medoid
based Nearest Neighbours (KMNN). These machine learning
methods were used to detect malicious software having high
precision and recall rates. A software-defined visual analytic
system was proposed in [43], which was preferred for large
analysis. Various classifications were performed by extracting
image features using machine learning algorithms. The utilized
classifiers were decision tree, SVM, random forest, and logistic
regression. Decision tree and random-based classifiers were
found to be the most accurate. In [44], machine learning
techniques to detect malware were studied by examining
unsolved issues, challenges, limitations, recent trends, and new
research directions.
The wide adoption of IoT by industrial systems led to an
increase in malware. A malware analysis system was proposed
in [45], where malware evasive behavior was detected by
measuring the deviation from a program's normal behavior.
The Analysis Evasion Malware Sandbox (AEMS) was very
effective in malware detection. This system automatically
detected the evasion in malware samples and provided
www.etasr.com
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reasonable accuracy. The Big Data Cybersecurity Analytics
(BDCA) system, studied in [46], protects the organizational
networks and data from cyber-attacks by analyzing data
security. After conducting a systematic literature review,
seventeen architectural tactics were identified to support twelve
quality attributes such as scalability, performance, accuracy,
security, and usability. Various factors are yet to be included
such as analysis among tactics, trade-offs, and big data
processing frameworks. As hacking attacks on industrial
control systems increase and many security vulnerabilities are
detected on industrial IoT, technical and regulatory
perspectives were examined in [47] to solve the upcoming
security threats. Resource exploration and energy consumption
were significant challenges in the context of smart energy
infrastructure. Two challenges arose from the legal perspective:
balancing the obligations of Network and Information Security
(NIS) with the desire for industrial IoT, and the need for
guidance from authorities on IoT and Computer Emergency
Response Teams (CERTS). Handling temporal dimensions of
security, the shift of infrastructure from offline to online, the
way to engage critical systems and their infrastructural
complexity, the best way to address implementation gaps are
areas yet to be focussed in detail. In [48], a malware analysis
system was examined to characterize the malware behavior and
improve the defense mechanism. This system considered the
entire analysis environment which included the sandbox and a
few other components. A fully automated system was
developed as a solution to improve the dynamic malware
analysis process. Integrating the malware analysis process with
environment configuration made easy the deployment of a
complex analysis environment. Malware Analysis Architecture
based on SDN (MARS) provided useful analysis capabilities.
Dynamic configuration is yet to be enhanced and an extensive
analysis of the malware ecosystem is needed. Ensembles that
comprise a set of classifiers were proposed as an effective
approach to detect malware, but due to the high cost of data
transfer, memory, and processing requirements, this approach
failed to secure big data in the cloud. The Hybrid Consensus
Pruning (HCP) method was proposed in [49] to address this
problem, by combining several classifier classes into one
scheme. HCP was found to be more effective than ensemble
pruning through Directed Hill Climbing Ensemble Pruning
(DHCEP), k-means pruning, and Ensemble Pruning via
Individual Contribution (EPIC) ordering. This HCP method
provided better ensemble classifiers to detect malware than the
other methods, as shown in Table I.
A classification of malware dynamic analysis evasion
strategies was presented in [50]. Conventionally, a sandbox
was introduced to suffer unplanned impacts from unknown
software [51]. Thus, the term sandbox represents a segregated
or highly managed environment for testing unverified
programs. Due to equivalence in nature, Virtual Machines
(VMs) and emulated environments are frequently viewed as
sandboxes. However, in this study, the term sandbox is used to
denote the isolated and contained environments that
automatically examine the specific program without any human
intervention. The isolating link, in this study, is the system’s
autonomous nature. Evasion comprises a sequence of methods
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applied by malware to maintain stealth, hinder efforts or avoid
detection. For example, a major evasion strategy is
fingerprinting [52]. The malware attempts to identify its
environment by using fingerprinting and confirm if it is an
analysis or production system. On the other hand, the counter
evasion mechanisms try to hide the clues and cues which may
reveal the analysis system. When a system exposes minimum
clues to malware, then this system is highly transparent.
Automated and manual analysis are the main terms that form
the proposed classification. When an expert performs an
analysis with the support of a debugger, then this is called
manual analysis. On the other hand, if an expert utilizes the
conventional sandboxing technology to execute a transparent
debugger, it is considered as a Manual Dynamic Analysis
(MDA). In contrast, automated analysis is performed by
software or machine automatically. Detection is simply a
TABLE I.
Paper
[29]

[30]

[31]

[32]

Techniques used
Learning,
cooperative, and other
schemes.
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perceptive process that checks whether a specific file is
malicious. In addition, analysis is an understanding process that
defines how malware functions. However, this segregating line
is unclear at present as the functions of automated analysis
implemented like sandboxes are expanding. Additionally, to
report the behavior of malware, sandboxes are performing their
functions as the primary automated detection techniques [53].
This study considers similar concepts, as the understanding of
malware's behavior is regarded as manual and malware
detection is regarded as automated. Although the MDA is
efficient, it has serious drawbacks, e.g. it is time consuming.
Examining a huge count of malware samples requests an
effective agile method. Such requests led to an innovative
pattern of analysis known as Automated Dynamic Analysis
(ADA).

COMPARATIVE ANALYSIS OF IOT MALWARE DETECTION USING VARIOUS EVASION TECHNIQUES

Description

Outcome

Fifteen techniques were involved and core
functionalities were discussed. The performance of
techniques to mitigate and detect a black hole attack
was defined.
Machine learning algorithm was combined with
network traffic analysis. This helped the detection of
android malware.

Trust-based scheme was
better when compared with
other schemes.

Lightweight network
Android
malware
was
traffic analysis and
detected.
machine learning.
Non-graph
and
Graph-based
methods
graph-based
Two groups of malware detection methods were detected more accurately
malware detection used: non-graph and graph-based methods.
unseen and complicated
methods.
malicious codes.

Advantages / disadvantages
The trust-based scheme had high prevention
nature. Nearly all trust-based methods failed
to weigh balance accurately between past
and existing trust values.
The detection rate was found to have high
accuracy but was limited to existing
malicious samples.
This method can be used to improve
efficiency in the future. A graph-based
lightweight detection method is yet to be
designed and developed.

Advanced evasive techniques can bypass a
Advanced evasive This study explored evasion techniques and Various malware analysis firewall easily. An efficient security system
is required to identify and avert cybertechniques.
sophisticated attacks utilized by present-day malware. techniques were discussed.
attacks in the future.
Malware was summarized from three aspects: basic
structure, low, and high-level behavior. Malware was
detected more effectively based on findings from
operations on files, structural features, network, and
registry which are reflected from the three aspects.

The framework could easily
detect unseen malware and
help
future
researchers
discover malware easily.

Work on privileged management schemes
and authentication to restrict the malware
execution and reduce the potential harm is
yet to be done.

[33]

MalInsight.

[34]

Three different malicious
Unsupervised
Two unsupervised learning agents, a real-time and a
Unsupervised machine learning could be
beaconing behaviors were
machine
learning periodic one, were used to detect malicious
used along with AI to check beaconing
detected: distortion, skipped
algorithms.
beaconing.
behaviors.
exchanges, and combined.

[35]

Scalable
decentralized
framework.

[37]

Based on observed attack
Novel
machine Investigating cyber-attacks through manual processes
patterns,
the
proposed Proposed a method for investigating
learning
based is time-consuming and error-prone. A novel machine
method identifies cyber cybersecurity issues with partial information.
framework.
learning based framework was proposed.
threats.

[42]

High precision and recall rates were
Four methods were proposed to detect malware using Machine learning methods
ANN,
WANN,
obtained. Other similarity measures with
hamming distance, helping to discover similarities were
used
to
detect
FNN, KMNN.
different features between two programs are
between various samples.
malicious software.
yet to be defined.

[49]

Several analyses were made
Hybrid Consensus An advanced ensemble pruning method combined by comparing HCP with
Pruning (HCP).
several classifier classes into one scheme.
several pruning methods.
HCP was the most effective.

and
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Scalable and decentralized frameworks were used.

Although the merits of adaptive training and
Previously unseen botnet
the low number of false alarms, attackers
traffic was discovered and
changed their method constantly to avoid
the behaviors of legitimate
detection. The constant evolving of network
hosts were characterized.
traffic was also a drawback.

HCP provided better ensemble classifiers to
detect malware. This work should be
extended to internet traffic for security and
mobile cloud computing.
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VI. CONCLUSION
This paper reviewed IoT malware detection and evasionbased techniques. The advantages and disadvantages of
existing evasion-based IoT malware detection techniques were
discussed. Trust-based schemes, HCP, and graph-based
methods are the most effective malware detection techniques.
Malware evolves with high efficiency as attackers use
advanced technologies to design malware that bypasses
detection systems. As malware evolves, modern solutions are
needed to detect and handle it. Malware evasion methods were
analyzed, while classifications for automated and manual
analysis were presented. The summarized advantages and
limitations can be used by researchers to improve the efficiency
of IoT malware detection systems [54-57]. The evasion
attempts can be categorized as detection independent and
detection dependent. Effective generic schemes, namely path
exploration techniques, are still needed for detection
independent strategy.
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Abstract- A new photovoltaic cell modeling based on an
electronically tunable edge filter is presented in this paper. The
new model is subjected to temperature, illumination, and
resistance variations. In addition, an MPPT (Maximum Power
Point Tracker) command was exposed with a calculation
algorithm based on a microcontroller card that used the behavior
of an electronically tunable edge filter. The results confirm those
published in the literature, showing the influence of the position
of the leakage variation in our model, which can give more
power. The simulation results show that the proposed command
is efficient to determine the MPP point.
Keywords-photovoltaic cell; illumination; MPPT; calculation
algorithm; electronic tunable efge filter

I.
INTRODUCTION
Today, renewable energies, such as photovoltaic, wind, or
hydraulic energy appear to be inexhaustible and easily
exploitable. If we take the example of solar energy, an area of
145000km2 (4% of the arid deserts surface) of photovoltaic
(PV) panels would be sufficient to cover the global energy
needs [1]. Moreover, the enhancement of the efficiency of the
PVs and the design and the implementation of PV systems pose
challenges to builders, scientists, and researchers [2]. For a PV
installation, the variations of illumination, temperature, and in
load charge cause a degradation of the power supplied by the
PV generator. In addition, the design of a PV cell may also
have a negative effect on the performance and the results
delivered to the load charge [3], that’s why a new model of PV
cell is proposed in this paper where a leakage resistance is
inserted in series with the diode of the cell. The purpose is to
demonstrate that when we minimize the leakage effect in
construction we can improve the current delivered to the
charge. A solar cell presents nonlinear characteristics [4]. In
order to extract the maximum power at each instant from the
solar cell terminals and transfer it to the load, an adaptation
stage is used between the solar cell and the load [5]. However,
in order to find the Maximum Power Point (MPP) point we use
algorithms and commands. Several MPP tracking techniques
have been developed. These approaches can be divided into
smart and classical schemes. In the first scheme category, we
find ripple-based extremum seeking control [6], Neural
Networks [7], dissimilation particle swarm optimization [8],
and the Takagi-Sugeno fuzzy model [9]. In the second
category, we have the Perturb & Observe (P&O) [10], the

effect of the DC/DC circuit voltage converter [12], and the
Incremental Conductance Perturbation [13] methods.
The method of Ripple-Based Extremum seeking is fast, but
the current control is less stable than the voltage control [6].
The approach of Neural Networks has proved to be very
efficient and accurate, but complex [7]. The method of particle
swarm optimization gives good results, however it is complex
because it is based on neural networks. The fuzzy method can
directly drive the system to the MPP without searching the
MPP and measuring illumination [9], but it is more
complicated and uses feedback in the calculations. For the
approaches of P&O and the incremental conductance
perturbation, the reasoning is the same and it is simple, also the
results are the same with a difference of 0.13% in dynamic
conditions and as low as 0.02% in static conditions [10]. Also
the methods that use the P&O suffer from oscillations which
we always want to minimize. The method of effect of the
DC/DC circuit voltage converter is practical [11], and may be
unstable [12, 14].
All the presented approaches and methods aim to advance
the PV system efficiency. However, they suffer from certain
stability problems, especially in rapid climate changes. In this
paper, we researched a PV generator cell that works longer
under the optimum conditions. Furthermore, the
implementation of the calculation algorithm that finds the
MPPT is presented and investigated. This method is based on
an electronic card, and to the best of our knowledge, has not
been presented before. The digital controller in the card is
realized by a microcontroller-based system where the PV cell
and the card are simulated in MATLAB Simulink and Proteus
ISIS. The obtained results are clearly shown and discussed.
II. SOLAR CELL MODELING
PV solar energy comes from the direct transformation of a
part of solar radiation to electrical energy. The responsible
element of this transformation is the PV cell which gives a DC
current. The generated voltage can vary between 0.3V and
0.7V depending on the material used and its arrangement as
well as the temperature of the cell and its age [15].
Furthermore, the energy efficiency performance achieved
industrially is 13 to 14% for cells based on monocrystalline
silicon, 11 to 12% for polycrystalline silicon, and 7 to 8% for
amorphous silicon in thin films [16]. The general model of a

Corresponding author: Said Saad

www.etasr.com

Saad: Enhancement of Solar Cell Modeling with MPPT Command Practice with an Electronic Edge Filter

Engineering, Technology & Applied Science Research

PV cell behaves equivalently to a current source shunted by a
diode. The model is completed by a series resistor Rs due to the
contribution of the base resistors and the junction front and
back with front contacts and a shunt parallel resistor, Rp, which
comes from the metal contacts and the leakage resistors on the
periphery of the PV cell [17]. Figure 1 shows this behavior and
Table I gives the parameters of our resistance components.

Fig. 1.
TABLE I.
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Our proposed model is based on various electric
characterizations of each element that are presented in Figure 1.
Figure 2 illustrates the proposed model. The leakage current,
presented by the resistance R  , is in series with the diode of
connection. It is clear that the current delivered by the cell is
augmented by the Ip term that represents the leakage current.
The leakage R  can be carefully varied in the phase of
construction. Thus, if his value is augmented, the current
delivered to the charge is augmented and so the power.

Model of the PV cell.

RESISTANCE COMPONENT VALUES OF THE PV CELL
MODEL

Component
Rs
Rp

Value
0.01Ω
10Ω

Fig. 2.

The proposed model.

The current delivered by the proposed cell is:
The mathematical model for the
characteristic of a PV cell is given by [17]:
I  I  I e
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where I represents the current supplied by the cell when it
operates as a generator, I represents the photocurrent of the
cell depending on illumination and temperature, I represents
the saturation current, V represents the voltage across the cell,
.
and V   represents the thermodynamic potential with


K being the Boltzmann’s constant, T# the effective temperature
of the cells in Kelvin, q is the electron charge, n represents the
ideality factor of the junction, R  represents the shunt
resistance that characterizes the leakage currents, and R 
represents the serial resistance of various contact and
connection resistances
On the other hand, we can characterize the PV cell by a
current I## that represents the highest current that a cell can
deliver. It is a function of temperature, illumination
wavelength, the area of active zone of the PV cell, and the
mobility of the electrons. Also, we can characterize the cell by
the voltage between the cell electrodes in the case of no charge
in the output of the cell, V#' . It is a function of cell type,
illumination wavelength, the material of active zone of the cell,
and the type of contact between the active layer and the
electrodes. In addition, the efficiency ratio of power, (, can also
characterize the PV cell. It is defined by [18,19]:
(

)*+,
)-

(2)

where P/01 represents the maximum power delivered by the
cell and P23 represents the incident power to the area of the cell.
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The photonic current of the PV cell depends directly on the
solar illumination and on the variation of the temperature. The
following expression gives the photonic current [18]:
5

I  5

678

9I678  k 2;T#  T#678 <= (4)

where I_?@A is the photonic current under reference condition,
k 2 is the current sensitivity coefficient for the temperature, G is
the real illumination, G?@A is the illumination under the
reference condition, T# is the real cell temperature, and T#_?@A is
the cell temperature under the reference condition.

Fig. 3.

Current- Output Voltage characteristic of the proposed model.

Figure 3 represents the Current-Output Voltage
characteristic and Figure 4 represents the Power-Output
Voltage characteristic of the proposed model under standard
conditions: 1000W/m2 illumination and 20°C temperature. The
presented curves are similar with the results published

Saad: Enhancement of Solar Cell Modeling with MPPT Command Practice with an Electronic Edge Filter

Engineering, Technology & Applied Science Research

Vol. 11, No. 4, 2021, 7501-7507

7503

previously in this field [5, 8, 10]. The characteristics of our
model are summarized in Table II. The obtained results are
similar with the results in [10, 13, 16].

Fig. 6.
Influence of the temperature on the Power – Output Voltage
characteristics.

Fig. 4.

Power – Output Voltage characteristic of the proposed model.
TABLE II.

CHARACTERISTICS OF THE PROPOSED

Characteristic
Open circuit voltage (V)
Short circuit current (A)
Voltage at maximum power (V)
Current at maximum power (A)
Cells

III.

MODEL

Value
0.575
3.8
0.5
3.6
1

Figures 7 and 8 present the influence of the illumination in
the Current - Output Voltage and Power - Output Voltage
characteristics under a fixed temperature of 25°C. From the
curves, when the illumination varies for a given temperature,
the current of the circuit varies in proportion to the
illumination, and at the same time, the voltage varies very little.
In addition, power increases when the illumination increases
due to the rise in the current. Thus the results show that the
MPP varies clearly with illumination.

CHARACTERISTICS OF THE PV CELL UNDER VARIATIONS
OF TEMPERATURE AND ILLUMINATION

Temperature is a very important characteristic in the PV
cell behavior. Figures 5 and 6 present the influence of the
temperature in the Current - Output Voltage and Power Output Voltage characteristics under fixed illumination of
1000W/m2. The curves show that the temperature negatively
influences the open circuit voltage where the more the
temperature increases the more the open circuit voltage
decreases while the circuit current increases slightly. Thus, the
maximum power of the PV cell undergoes a decrease when the
temperature increases, which is confirmed in the curves of
Figure 6.

Fig. 7.
Influence of the illumination on the Current – Output Voltage
characteristics.

Fig. 8.
Influence of the illumination on the Power – Output Voltage
characteristics of the proposed model.

IV.
Fig. 5.
Influence of the temperature on the Current – Output Voltage
characteristics.
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CHARACTERISTICS OF THE PHOTOVOLTAIC CELL UNDER
VARIATIONS OF MODEL RESISTANCES

Figures 9 and 10 present the influence of the serial
resistance Rs in the Current - Output Voltage and Power –
Output Voltage characteristics. This resistance acts on the slope

Saad: Enhancement of Solar Cell Modeling with MPPT Command Practice with an Electronic Edge Filter

Engineering, Technology & Applied Science Research

of the Current – Output Voltage characteristic but does not
modify the output open circuit voltage and slightly decreases
the circuit current value. However, the increase in the
resistance value results in a decrease in the slope of the power
curve and the values of the MPP.
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Voltage and Power – Output Voltage. In the normal case, the
influence of the parallel resistance on the Current – Output
Voltage characteristic results in a slight decrease in the open
circuit voltage and a decrease in the slope. In addition, the
power supplied by the solar cell varies with this parallel
resistance, the more this high resistance, the more important the
supplied power. For our model, the simulation results confirm
those mentioned above for a normal model. However, it is very
clear from Figure 12 that we have increased the MPP, which is
very important for a solar cell generator and is a clear
advantage of the proposed model.

Fig. 9.
Influence of the serial resistance Rs on the Current – Output
Voltage characteristics of the proposed model.

Fig. 12. Influence of the current leakage resistance Rp on the Power –
Output Voltage characteristics of the proposed model.

V.

Fig. 10. Influence of the serial resistance Rs on the Power – Output Voltage
characteristics of the proposed model.

The resistance Rp takes into account the inevitable leaks of
the current which occur between the terminals of the solar cell.
This resistance has a high value, andits effect is mainly in the
current generation part. It is for this reason that we put this
resistance in series with the diode instead of putting it in
parallel in our proposed model.

THE MPPT ALGORITHM

This part demonstrates the algorithm that provides in each
instance the maximum power delivered from the PV cell.
Maximum power means finding the MPP of the proposed
model. This method is named MPPT (Maximum Power Point
Tracking). In this part, a command that can find this MPP is
demonstrated. Figure 13 represents the MPP position delivered
by the PV cell under variations of illumination and fixed
temperature of 25°C. In addition, in order to assure that the
solar cell operates at its MPP, controllers are utilized to
minimize the error between the operating power and the
maximum variable reference power based on optimal methods
and depending on climatic conditions. Figure 14 presents the
principal of our MPPT command. The used circuit is that of a
tunable edge filter based on a microcontroller system. The
purpose is to give maximum power without fluctuations. The
organigram algorithm of the command MPP is given in Figure
15.

Fig. 11. Influence of the current leakage resistance Rp on the Current Output Voltage characteristics of the proposed model.

Figures 11 and 12 present the influence of the leakage
current resistance Rp in the characteristics Current – Output
www.etasr.com

Fig. 13. MPP position in the characteristics of the PV cell under
illumination variation and 25°C.
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Fig. 14.
charge.

Command MPP, tunable Edge filter, in the PV generator: cell and
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command and the adaptation stage for different values of
illumination under a constant temperature of 25°C is given in
Figure 16. This Figure shows that the power is stable for a
determined period for a constant value of illumination. Table
III resumes the characteristic of our MPPT and shows the
comparison with other methods that are presented in [20].
From the result, we can say that our proposed MPPT is
practical and efficient in acquiring the MPP and controlling the
DC/DC converter to the load. As an example of the usefulness
of the proposed scheme and its encouraging results, it may be
used to improve the use of the PV technology in hybrid
vehicles [21].

Fig. 16. Illustration of the power delivered to the charge after the
determination of the MPP with the tunable edge filter.
TABLE III.
Fig. 15.
filter.

Organigram algorithm of the MPP command using a tunable Edge

For our MPP command and tunable Edge filter, the
evolution of the power is analyzed after each voltage or current
fluctuation. Thus, we measure the voltage and we calculate the
current. After that, we calculate the power delivered by the
solar cell at each tunable time interval according to the
variation of lighting and the temperature. The basis of our
electronic tunable edge filter is a PIC16F877A microcontroller,
an optocoupler, a NAND logic component, a high and low side
driver for external N-Channel MOSFET, and an N-channel
MOSFET. The last component is used to control the adaptation
stage in order to reach the MPP, see Figure 17.
The reasoning is that we have a power value and we
measure the new value. The difference between the two values
must lie between the maximum edge and the minimum edge of
the tunable filter represented by Pref(i) and Vref(i). This edge is
defined in the microcontroller program each time. Once the
value is determined and meets the criteria of the tunable filter,
the MOSFET becomes busy in the adaptation stage and thus
we have a maximum of power which is delivered to the load
according to the duty cycle D. The simulation of our MPP
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COMPARISON OF MPPT TECHNIQ UES

MPPT
Technique

Tunable
Edge
Filter

P&O

Incremental
Conductance
Perturbation

Neural
Network

Type of sensor
used

Voltage

Voltage
and
current

Voltage and current

Voltage
and current

No

No

No

Yes

Low
96%

Low
95%

Average
98%

High
99%

Identification of
PV panel
parameters
Complexity
Precision

VI. CONCLUSION
A new PV cell model was presented in this paper. The
obtained results confirm the results of published previous
works. The new model was subjected to temperature,
illumination, and serial and leakage resistance variations. The
influence of the position of the leakage variation in our model
shows that our model can give more power. In addition, a
MPPT command was presented. The command is an electronic
tunable filter using a microcontroller system. The simulation
results show that the proposed command is efficient in
determining the MPP.
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Abstract—Generating energy from renewable sources,
particularly solar energy, offers significant benefits and achieves
a more clean and sustainable development. In the present paper,
the potential of developing a 4.2kW grid-connected rooftop twoaxis tracking PV system in 25 selected coastal Mediterranean
cities located in different Arabic countries is evaluated using
RETScreen software. The proposed system is serving the basic
household energy needs according to the load profile from
monthly electrical bills. It is found that the proposed system
produces about 8824kW annually, which helps to reduce CO2
emissions. Also, the average energy production cost is assumed to
range from 0.0337 to 00.0475$/kWh. It is concluded that the
proposed system can provide an effective solution for energy
poverty in developing regions with a very positive socio-economic
and environmental impact. The small-scale grid-connected PV
system will provide the domestic energy needs at a lower energy
production cost than the electricity price grid-connected
consumers pay. This study demonstrated that generating
electricity from solar energy will help reduce the electricity tariff
rates and the dependence on fossil fuels.
Keywords-coastal Mediterranean cities; two-axis sun tracking
system; solar energy potential; grid-connected; small scale PV
system; RETScreen

I.

INTRODUCTION

The energy sector is the most prominent of the economic
crisis and the environmental disaster in Arabic countries such
as Lebanon, Syria, Palestine, and Libya [1]. This sector is the
biggest waste producer and the primary cause of budget deficits
and debt ballooning, in addition to being the primary cause of
air pollution and related deaths. Moreover, the electricity crisis
has been increased in many Arabic countries due to the

population growth, the rising living standards, and the growing
industry sectors, which have led to an increase of the energy
demand, and the increased electricity cost associated with fossil
fuel-based electrical energy production [2]. Generally, most
Arabic countries do not suffer from poverty in electrical energy
sources, such as oil, gas, sunlight, and wind. For instance,
Libya is a rich country in natural resources, however, it has
faced power outages for several years due to the poor
maintenance and civil war. The electricity crisis is not new in
most developing countries and the electricity sector has
suffered from decades of mismanagement, weak policies, and
the absence of proper planning. This problem has been
increased due to the dilapidation of old power stations,
accompanied by sabotage operations. As a result, the hours of
power cuts increased, ranging from 8 to 20 hours per day. For
this reason, citizens are dependent on domestic power
generators or small home generators, both of them adding
financial burdens to the residents.
Nowadays, all countries are looking to utilize renewable
energy resources instead of fossil fuels to mitigate climate
change [3]. Additionally, the utilization of renewable energies,
such as solar, as power sources, can be an alternative solution
for solving the electricity crisis in most countries and reducing
the consumption of fossil fuels [4, 5]. Globally, solar energy is
one of the most popular alternative energy resources for
electricity production. Photovoltaic (PV) panels are used to
convert sunlight into electricity. In the literature, utilizing the
PV systems helps to meet the basic domestic needs globally,
especially in the developing countries [6]. PV systems can be
categorized as stand-alone systems or grid-tied systems for
domestic and commercial settings. The grid-tied PV systems
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are generally installed with no mandatory requirement for
storage in the regions/countries with stable grids [7]. The
benefits of these systems are that they are simple to design,
easily manageable, require less maintenance, and are costeffective. The disadvantage of a grid-tilt system is that its
energy production is lower than the power produced by
tracking PV systems. To maximize the amount of output power
of the PV system, it must be adjusted to the changing position
of the sun throughout the day [6]. Solar tracking systems are
utilized to maximize energy production by the PV systems [8].
Solar tracking systems are classified based on movement
capability (single-axis and two-axis) and control system
(astronomically controlled systems and sensor-controlled
systems) [9]. According to [10-12] the tracking systems
(single-axis and two-axis) increased the energy production
from 20 to 40%. The performance of grid-connected PV
systems with various sun-tracking systems has been
investigated by several scientific studies [13-15]. For instance,
authors in [13] investigated the feasibility of a 5kW gridconnected PV system under different tracking systems and PV
technologies in Nahr El-Bared, Lebanon. The results
demonstrated that the two-axis tracking solar system was an
economical option for electricity production compared to other
systems. Authors in [14] evaluated the performance of the gridconnected solar system under different tracking systems in Gulf
Cooperation Council countries. The results showed that the
vertical-axis and two-axis tracker system could produce 20%
and 34% more power than the fixed-tilt systems.
The benefit of grid-connected systems is that the excess
electricity produced by these systems can be given back to the
grid, which can help to reduce the electricity bills and solve the
electricity crisis. The main scope of the current study is to
present a techno-economic feasibility evaluation for 4.2kW
grid-connected PV systems on the rooftops of
household/residential buildings in coastal Mediterranean cities
in some Arabic countries. The performance of the two-axis –
tracking system for a grid-connected PV system has been
analyzed using the RETScreen software to show the benefits of
solar energy utilization as a power source for solving the
electricity crisis in developing countries.
II.

MATERIALS AND METHODS

The solar energy potential in 25 coastal locations under
Mediterranean climate conditions is discussed based on a
National Aeronautics and Space Administration (NASA)
database, which includes Solar Radiation (SR) and air
temperature data. Besides, the performance of the two-axis
tracking system for grid-connected rooftop PV systems as a
solution for the electricity crisis and reducing the electricity
bills is investigated with the help of the RETScreen software.
A. Location Details and Collected Data
In this work, 25 coastal Mediterranean cities located in
Libya, Lebanon, Syria, Palestine, Tunisia, and Algeria have
been taken into consideration. The geographical coordinates of
the selected cities are listed in Table I. In the literature, the
solar potential of different regions is usually evaluated using
the NASA database. For example, authors in [16] assessed the
potential of solar energy in various locations in Nigeria using
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the NASA database. Authors in [17] found that the NASA
database showed good agreement with the measurement data of
global solar irradiation. Therefore, the solar potential of 25
coastal locations is assessed using the monthly NASA
database.
TABLE I.
Country

Libya

Lebanon
Syria
Palestine
Egypt

Tunisia

Algeria

COORDINATES OF THE SELECTED CITIES

City
Az Zawiyah
Tripoli
Al khums
Misratah
Surt
Benghazi
Turbruq
Tripoli
Beirut
Tartus
Al Ladhiqiyah
Gaza Strip
Port Said
Alexandria
Marsa Matrch
Djerba Modoun
Gabes
Sfax
Sousse
Tunis
Annaba
Skikda
Bejaia
Algiers
Oran

Latitude [°]
32.76
32.89
32.65
32.33
31.19
32.12
32.07
34.43
33.89
34.90
35.61
31.35
31.27
31.20
31.36
33.81
33.89
34.74
35.82
36.81
36.91
36.87
36.75
36.70
35.70

Longitude [°]
12.74
13.19
14.27
15.10
16.57
20.09
23.94
35.84
35.50
35.89
36.00
34.31
32.30
29.92
27.22
10.85
10.10
10.76
10.63
10.18
7.74
6.91
5.06
3.06
-0.63

B. Two-Axis Tracking PV Arrays
In general, solar tracking systems are utilized to maximize
energy production by the PV system due to the maximization
of the incident beam radiation [18]. The rotation of these
systems can be about a single axis or about two axes.
Maximum energy can be achieved using a two-axis solar
system due to its total freedom of movement. In two-axis PV
systems, the solar panels are mounted on the structure, which
can move the modules in two axes [19] as shown in Figure 1.
For a two-axis PV system, two motors are required for the
rotation of the axes [19]. Thus, the panel’s orientation with the
two-axis tracker system is dependent on the solar position.
Generally, this system is required a control module to direct it.
The solar tracker PV systems utilize a SR sensor to control the
system orientation [20]. Moreover, the performance of the PV
system depends on the parameters of the system components
and weather. Additionally, existing power producers are trying
to increase the output power of the PV system by improving
Operation and Maintenance (O&M) activities [20]. The O&M
is considered one of the important aspects of a PV solar system.
Improving the O&M can help reduce the energy production
cost and improve the impact returns on investment.
Furthermore, there are several issues that the PV system faces
during its lifecycle, such as natural degradation, component
failures, weather conditions, etc. [21]. Therefore, a holistic
approach can address these issues under the O&M aspect,
which is divided into three categories (preventative
maintenance, corrective maintenance, and condition-based
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maintenance). In fact, the tracking PV systems increase the
O&M) due to the requirement of periodic checking to ensure
the optimal performance of the system.

Fig. 1.
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selected locations. It is found that the average horizontal
monthly daily SR varied from 2.01kWh/m2/day to
8.50kWh/m2/day. The maximum and minimum values of SR
are recorded in Port Said (in June) and Skikda (in December)
respectively. The highest and lowest annual SR are
5.87kWh/m2/day and 4.51kWh/m2/day for Alexandria and
Skikda, respectively as shown in Figure 2. The highest value of
Average Temperature (AT) was recorded in Port Said
(21.23Ԩ) and the next highest in Alexandria (20.79Ԩ). Based
on the value of SR at the selected locations, it is found that the
solar resource of the selected locations is categorized as
excellent (class 5) according to [16]. Therefore, these locations
are suitable for installing a PV system in the future due to their
high value of SR.

Characteristics of two-axis tracker movements.

C. Design of the PV Power System
To build the 4.2kW PV system, a mono-Si-CS6X-300M
PV module was selected. It is made of mono-crystalline-silicon
cells with a maximum power of 300Wp. A total number of 14
modules are required with an area of about 28m2. A FRONIUS
SYMO 4.5-3-M LIGHT 4.5 KW SOLAR INVERTER with a
capacity of 4.5kW and 98.6% efficiency was chosen in this
study. The specifications of the selected PV panel and inverter
are available at [22, 23].
D. Simulation Tool
There are many simulation tools such as HOMER energy,
RETScreen, etc. that may be utilized to evaluate the energy
production and Levelized Cost Of Energy (LCOE). The
comparison between these simulation tools is available at [24].
In this study, HOMER is utilized to evaluate the economical
feasibility of the proposed systems. RETScreen is developed by
Natural Resources Canada (NRC). It utilizes the long-term
monthly average meteorological data from the NASA database
as a source of meteorological information for a specific
location [3, 16]. In the present study, the most important
economic indicators of financial analysis including Net Present
Cost (NPC), Cost Of Energy (COE), Simple Payback (SP), and
Equity Payback (EP) are estimated with the RETScreen
software. Also, the Greenhouse Gas (GHG) emission
reduction, energy production, and Capacity Factor (CF) for the
proposed system are determined.
III.

RESULTS AND DISCUSSION

A. Characteristics of Solar Energy in the Selected Locations
Generally, regarding PV panels and inverters, the
characteristics of the installation, and the meteorological
conditions (relative humidity, air temperature, solar radiation,
etc.) are the major factors that influence the performance of the
PV system. The meteorological conditions affecting the
generating power by the PV system are mainly solar irradiance
[25-27]. Therefore, global SR data were analyzed to estimate
the potential of solar energy in the selected cities. Table II
summarizes the average horizontal monthly daily SR for the
www.etasr.com

Fig. 2.

Average SR and air temperature as a function of location.

B. Electricity Generation and Capacity Factor
SR and the number of clear sunny days are essential factors
that influence the performance of the PV system including
output power and CF [28, 29]. The monthly Electricity
Generation (EG) from the proposed system is shown in Table
III. It is found that the monthly EG is within the range of
390kWh-1125kWh. The maximum average EG occurs at
Alexandria during July with a value of 1125kWh, while the
minimum value of 390kWh was recorded at January in Beirut.
Furthermore, Figure 3 shows the annual EG and CF from the
proposed systems. It is found that the value of EG is within the
range of 7628-10333kWh for PV systems with two-axis
tracking systems. The maximum value of EG is recorded in
Alexandria while the minimum value is obtained in Algiers.
Besides, it is found that the CF values vary from 20.73% to
28.08%. These observations can be supported by other
scientific researches who analyzed the feasibility of a gridconnected PV system. For instance, authors in [30] found that
the CF of their proposed PV system in Oman was within the
range of 16-23%. Also, authors in [31] found that the CF of
grid-connected PV systems with various technologies varied
from 15.37% to 15.75%. Authors in [32] found that the value
of CF of grid-connected PV systems with different suntracking modes was within the range of 17.54 to 27.42%.
Moreover, the use of the two-axis instead of the fixed-tilt
option significantly increases the generated electricity [32, 33].
Therefore, it can be concluded that the value gotten from the
present study for each location is compatible with the generally
acceptable values. Consequently, it is technically sustainable to
build a grid-connected rooftop PV system in these locations.
The results indicate that the variation of the EG and CF is a
function of location.
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TABLE II.
Location
Az Zawiyah
Tripoli-Libya
Al khums
Misratah
Surt
Benghazi
Turbruq
Tripoli-Lebanon
Beirut
Tartus
Al Ladhiqiyah
Gaza Strip
Port Said
Alexandria
Marsa Matrch
Djerba Modoun
Gabes
Sfax
Sousse
Tunis
Annaba
Skikda
Bejaia
Algiers
Oran

Jan
2.69
2.67
2.79
3.07
3.41
2.87
2.69
2.76
2.67
2.76
2.65
3.08
3.24
3.21
2.74
2.62
2.62
2.58
2.37
2.30
2.28
2.27
2.38
2.48
2.72

Feb
3.86
3.66
3.67
4.09
4.25
3.87
3.65
3.68
3.51
3.68
3.63
3.90
4.08
4.14
3.66
3.64
3.64
3.53
3.29
3.20
3.15
3.15
3.31
3.38
3.64

Mar
5.14
4.79
4.75
5.36
5.23
5.18
4.90
5.03
4.80
5.03
4.96
5.29
5.46
5.56
4.98
4.90
4.90
4.57
4.33
4.22
4.25
4.26
4.44
4.59
4.74

Jan
558
561
520
592
656
536
483
554
390
474
546
581
613
606
532
499
581
508
466
498
463
457
491
434
598

Feb
593
595
522
602
606
558
511
571
438
480
574
557
583
597
540
550
564
542
505
479
493
490
525
456
594

Mar
754
755
701
821
735
785
725
786
630
655
779
751
827
849
794
744
745
690
651
680
649
649
688
616
772

Apr
6.41
6.15
5.83
6.57
6.18
6.56
6.18
6.37
6.18
6.37
6.28
6.58
6.79
6.92
6.24
6.27
6.27
5.87
5.67
5.22
5.21
5.22
5.46
5.69
5.94

Apr
771
772
745
865
703
859
799
849
672
731
835
805
891
913
854
822
763
766
739
754
675
675
715
623
830

May
7.15
6.98
6.52
7.24
6.54
7.26
6.89
7.62
7.45
7.62
7.45
7.50
7.77
7.79
7.05
7.02
7.02
6.85
6.72
6.34
6.25
6.20
6.41
6.49
6.55

Jun
7.90
7.67
7.14
7.90
7.42
7.92
7.52
8.31
8.08
8.31
8.22
8.07
8.44
8.50
7.89
7.67
7.67
7.38
7.38
6.94
6.98
6.91
7.12
7.20
7.08

Jul
8.10
7.79
7.34
8.07
7.26
7.94
7.63
8.08
7.83
8.08
7.99
7.90
8.10
8.35
7.82
7.82
7.82
7.44
7.60
7.31
7.14
7.08
7.23
7.13
6.92

Aug
7.26
7.05
6.50
7.37
6.86
7.26
6.96
7.37
7.16
7.37
7.29
7.23
7.54
7.72
7.16
7.07
7.07
6.63
6.53
6.29
6.08
6.12
6.38
6.44
6.26

Sep
5.74
5.52
5.17
5.96
5.77
5.96
5.86
6.32
6.07
6.32
6.20
6.22
6.53
6.56
5.94
5.51
5.51
5.06
4.97
4.69
5.00
4.94
5.08
5.28
5.25

Oct
4.18
3.96
3.97
4.60
4.67
4.55
4.38
4.65
4.53
4.65
4.56
4.67
5.02
5.04
4.35
3.87
3.87
3.47
3.34
3.37
3.57
3.53
3.66
3.82
3.94

Nov
2.99
2.75
2.89
3.31
3.49
3.26
3.05
3.24
3.15
3.24
3.06
3.50
3.68
3.64
3.12
2.82
2.82
2.68
2.48
2.47
2.45
2.42
2.51
2.63
2.80

Dec
2.38
2.35
2.45
2.77
3.06
2.63
2.47
2.49
2.41
2.49
2.38
2.87
2.96
2.97
2.50
2.32
2.32
2.36
2.16
2.09
2.02
2.01
2.06
2.15
2.40

Oct
625
627
616
753
625
742
702
810
660
678
806
792
831
840
754
609
686
535
518
695
591
579
611
526
679

Nov
541
543
483
581
535
568
513
610
508
507
585
602
647
641
572
487
586
471
436
572
449
438
463
513
551

Dec
430
432
465
553
592
510
460
520
419
444
511
582
580
585
519
453
572
488
446
518
426
420
436
414
525

AVERAGE MONTHLY EG [kWh]

May
847
847
855
979
804
975
918
1055
845
930
1021
919
1065
1070
979
941
905
917
899
869
830
821
857
789
936

C. Performance of the Proposed System
The environmental impact and economic performance of
the proposed system were evaluated. In this study, the financial
parameters (Table IV) are assumed based on other previous
scientific studies in different countries. In the present study, the
system cost is around $5000, with the estimation being based
on recent market data. The estimation is consistent with cost
prices available in the literature.

www.etasr.com
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AVERAGE DAILY SOLAR RADIATION [kWh/m2/day]

TABLE III.
Location
Az Zawiyah
Tripoli-Libya
Al khums
Misratah
Surt
Benghazi
Turbruq
Tripoli-Lebanon
Beirut
Tartus
Al Ladhiqiyah
Gaza Strip
Port Said
Alexandria
Marsa Matrch
Djerba Modoun
Gabes
Sfax
Sousse
Tunis
Annaba
Skikda
Bejaia
Algiers
Oran

Vol. 11, No. 4, 2021, 7508-7514

Jun
860
860
888
1011
855
1007
950
1083
901
979
1061
989
1094
1107
1007
969
897
926
928
921
874
864
897
757
939

Jul
910
910
955
1078
886
1056
1006
1085
887
978
1066
988
1079
1125
1031
1030
945
970
999
971
933
924
949
914
991

Aug
868
868
872
1028
834
1008
954
1043
849
930
1029
967
1053
1089
993
973
873
902
888
911
823
829
876
881
946

Sep
732
733
677
811
739
811
794
905
720
781
890
827
903
911
837
743
724
675
668
739
688
676
701
706
788

TABLE IV.

FINANCIAL PARAMETERS

Factor
Inflation rate
Discount rate
Reinvestment rate
Project life
Debt ratio
Debt interest rate
Debt term
Electricity export escalation rate

Unit
%
%
%
year
%
%
year
%

Value
2.5
3
9
25
50
7
20
5
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in Alexandria with a value of 0.0334$/kWh followed by
Tripoli-Lebanon with a value of 0.0336$/kWh. It is found that
Tripoli-Libya and Algiers have the highest value of LCOE
compared to other selected regions with a value of 0.0475
$/kWh and 0.0453 $/kWh respectively.

Fig. 3.

Annual EG and CF as a function of location.

Table V lists the results of the economic performances of
the proposed system. The obtained results showed that the
value of NPV is positive, which makes the project to be
financially and economically feasible. Moreover, it is observed
that the developed PV system in Algiers has the longest value
of EP of 4.0 years, while Alexandria and Port Said have the
lowest EP value (2.8 years). Besides, the maximum and
minimum values of SP are recorded in Algiers and Alexandria.
These results indicate that the PV projects in all locations make
financial sense. Additionally, the lowest value of EPC is found
TABLE V.
Location
Az Zawiyah
Tripoli-Libya
Al khums
Misratah
Surt
Benghazi
Turbruq
Tripoli-Libya
Beirut
Tartus
Al Ladhiqiyah
Gaza Strip
Port Said
Alexandria
Marsa Matrch
Djerba Modoun
Gabes
Sfax
Sousse
Tunis
Annaba
Skikda
Bejaia
Algiers
Oran

ECONOMIC PERFORMANCE OF THE PROPOSED PV SYSTEM FOR ALL SELECTED LOCATIONS

NPV [$]
21505.8
14927.7
20883.3
25344.5
21762.4
24505.5
22554.1
26215.9
19655.3
21747.5
25442.0
24324.8
26941.3
27477.5
24493.0
22569.0
22640.7
21175.8
20382.1
21883.5
19575.6
19340.5
20601.0
18710.7
23642.9

SP [Year]
5.9
5.9
6.0
5.2
5.8
5.3
5.7
5.1
6.3
5.8
5.2
5.3
4.9
4.8
5.3
5.7
5.7
6.0
6.1
5.8
6.3
6.4
6.1
6.6
5.5

EP [Year]
3.5
3.5
3.6
3.0
3.5
3.1
3.3
3.1
3.8
3.5
3.0
3.1
2.8
2.8
3.1
3.3
3.3
3.6
3.7
3.4
3.8
3.9
3.6
4.0
3.2

The results demonstrated that the proposed system can help
in solving the electricity crisis while simultaneously reducing
GHG emissions. Consequently, it can be concluded that the
developed system provides a very good insight into the
economic viability of the project for all regions. Additionally,
the obtained results demonstrated that the development of the
proposed 4.2kW PV power system is economically acceptable
due to the obtained favorable economic results.

www.etasr.com

In general, the electricity price depends on the amount of
energy consumption. For instance, the energy cost calculation
in Lebanon starts from 0.0255$/kWh for 0-100kWh energy
consumption, 0.04$/kWh for 100-300kWh, 0.0584$/kWh for
300-400kWh, 0.0875$/kWh for 400-500kWh, and 0.146$/kWh
for energy consumption over 500kWh. In Syria, it starts from
0.005$/kWh for 1-100kWh energy consumption, 0.007$/kWh
for 101-200kWh, 0.01$/kWh for 200-400kWh, 0.015$/kWh for
401-600kWh, 0.015$/kWh for 601-800kWh, 0.061$/kWh for
801-1000kWh, 0.071$/kWh for 1001-2000kWh, and
0.081$/kWh for energy consumption over 2000kWh. In
Palestine, it ranges from 0.15$/kWh to 0.17$/kWh for energy
consumption over 200kWh. The households are charged a flat
rate at 0.045, 0.04, and 0.077$/kWh respectively in Egypt,
Algeria, and Tunisia. Hence, the energy production cost of the
proposed systems is competitive with the electricity company
tariff in the selected countries except for Libya.

ALCS [$/year]
1235.0
1003.4
1199.3
1455.5
1249.8
1407.3
1295.2
1505.5
1128.8
1248.9
1461.1
1396.9
1547.2
1578.0
1406.6
1296.1
1300.2
1216.1
1170.5
1256.7
1124.2
1110.7
1183.1
1074.5
1357.8

COE[$/kWh]
0.0407
0.0475
0.0416
0.0357
0.0403
0.0367
0.0392
0.0336
0.0436
0.0403
0.0356
0.0369
0.034
0.0334
0.0367
0.0391
0.039
0.0412
0.0424
0.0401
0.0437
0.0441
0.042
0.0453
0.0377

IV.

GA-GHG [tCO 2]
5.40
5.40
5.27
6.15
5.45
5.98
5.60
6.98
5.60
5.15
5.84
4.28
4.65
4.73
4.30
4.02
4.03
3.82
3.71
3.92
4.39
4.35
4.56
4.24
5.09

LIMITATIONS AND CONCLUSIONS

Installing PV systems has become increasingly attractive
for residential consumers due to increasing electricity tariff
rates while it reduces a country’s dependence on fossil fuels.
The objective of the current study was to investigate the
feasibility of a two-axis tracking PV system in coastal
Mediterranean cities located in different countries using the
RETScreen software. Before starting the main conclusions in
the present study, it is essential to acknowledge the limitations
of this work. First, the assumed financial parameters were
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based on historical values in the literature. Second, the
influence of various parameters such as dust, irradiation
intensity, air temperature, and relative humidity was neglected
due to the limitations of the software. Third, the cost of the
proposed projects was estimated based on the existing cost in
the literature.
The findings from the present study showed the annual
value of SR for the selected regions is within the range of
1645.85 to 2141.33kWh/m2. Based on these data, the analysis
indicates that the selected regions selected cities have the
potential for the distribution of PV power systems in
household/residential applications. Moreover, the average
annual energy output showed that the 4.2kW grid-connected
PV system could produce 8824kWh, indicating that it can
cover the required electricity needs for one house located in
each selected city. These results are supported by the findings
in [13].
Based on the financial assumptions used in this study, the
average energy production cost ranges from 0.0334 to
0.0475$/kWh for the developed system. Thus, the energy
production cost of the proposed system is competitive with the
electricity company tariff in the selected countries, except for
Libya. The results of this paper demonstrate that a small-scale
grid-connected rooftop PV system has the potential to solve the
electricity crisis, reduce the consumption of fossil fuel, and
reduce the environmental pollution by minimizing the
emissions of CO2. The conducted analysis showed that the
small-scale grid-connected rooftop PV systems are found to be
technically, economically, and environmentally feasible
solutions for generating electricity and reducing the
dependency on fossil fuels.
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Abstract-This paper describes the development of a centralized
controller to charge or discharge the battery storages that are
connected to renewable energy sources. The centralized
controller is able to assist, control, and manage the battery
storage charging when excessive power is available from
renewable energy sources. At the same time, the centralized
controller also performs battery storage discharging when the
connected load requires a power source, especially when the
renewable energy sources are unavailable. Background studies
regarding battery storage charging-discharging are presented in
the introduction section. Also, generally developed chargingdischarging methods or techniques were applied at the system
level and not specifically to the battery storage system level. Due
to the limited study on battery storage system chargingdischarging, this paper reviews some of the similar studies in
order to understand the battery storage charging–discharging
characteristics as well as to propose a new conceptual
methodology for the proposed centralized controller. The battery
storage State-of-Charge (SoC) is used as the criterion to develop
the conceptual centralized controller, which is also used as a
switching characteristic between charging or discharging when
only the battery energy storages are supplying the output power
to the connected load. Therefore, this paper mainly focuses on the
conceptual methodology as well as explaining the functionality
and operationality of the proposed centralized controller. A
summarized comparison based on the studied charging–
discharging systems with the proposed centralized controller is
presented to indicate the validity of the proposed centralized
controller.
Keywords-management controller; centralized controller;
battery charging/discharging; dynamic charging/discharging
controller

I.
INTRODUCTION
A battery is an energy storage device, which is considered
not usable if it is unable to perform the energy storage
functionality and to discharge the stored energy source.
Batteries are used in electronic devices, electric cars, renewable
energy systems, etc. As batteries are used into various
applications, energy management when the battery is
performing charging – discharging is gaining attention.
Renewable energy systems are known as highly dependent
systems to battery storages, which allows them to store the
produced energy into the connected batteries [1-3] and
optimize the battery charging-discharging operation [4, 5].
Looking at the gaining popularity of the renewable energy
systems, especially the microgrid renewable energy systems,
battery storage charging and discharging [1, 6-11] are equally
crucial for the renewable energy system in both islanded and
non-islanded modes. Both modes need to ensure the reliability
of the output energy with little to no disruption to the
connected load during the operation hours [12]. Furthermore,
the modes also need to ensure the battery storages can perform
better and improve the utilization of renewable energy systems
[9, 13-15]. Looking at the importance of battery storage
charging – discharging, methods or mechanisms such as the
Adaptive Neuro-Fuzzy Inference System (ANFIS) [6, 16, 17],
backtracking search algorithm [10, 18, 19], non-simultaneous
charging and discharging [20], genetic algorithm [4, 21],
particle swarm optimized fuzzy controller [22-27], model
predictive control [28-32], dynamic optimal power flow [3336], and grey model and genetic algorithms [37] are commonly
used to perform the battery storage charging and discharging.
The used methods or mechanisms also conduct system
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optimization to reduce the stress on the battery storages as well
as protect the batteries from being damaged. Optimal
scheduling was introduced in [38] to reduce the battery aging
effects on batteries that are frequently charged. Similarly,
authors in [39] proposed an optimization model for charging
and discharging which again resulted in the improvement of the
battery aging effects.
In [40-45], the Maximum Power Point Tracking (MPPT)
method is applied with different schemes, based on the Perturb
and Observe (P&O) algorithm [40, 41], Incremental
Conductance (InC) algorithm [42, 43], Fractional Open Circuit
Voltage (FOCV), or Fractional short Circuit Current algorithm
(FCC) [44, 45]. All these schemes allow the MPPT method to
maximize the harvesting process as well as analyze the
behavior of the variantion during the harvesting which results
to output power reduction. Indirectly, all these schemes are
actually contributing to the battery charging process if the
power system is connected to the battery storages. On the
contrary, it is also important to have battery storage charging –
discharging when these schemes are operating at the maximum
capacity. Even though the mentioned algorithms, methods, or
mechanisms perform the battery storage charging – discharging
decisions such as to charge or to stop battery storages charging,
a systematic or spontenously decision such as to assist,
manage, or control the battery storages charging – discharging
is not effectively implemented and also has the probability to
damage the battery storages. In [46], a mathematical modelling
to study the lithium-ion battery charging – discharging
behavior is proposed. The developed mathematical model
focuses on the lithium-ion battery charging – discharging
voltage as well as on the temperature of the lithium-ion battery.
This mathematical model can be used to conduct battery
optimization process but yet unable to intelligently control or
manage the charging – discharging process. Similar to the
mathematical model, the Electrochemical Model (EM) [47]
were proposed in [48] to study the lithium-ion battery State-ofCharge (SoC) estimation. The single particle model and Nernst
equation were employed in this research and the charging –
discharging of the battery were correctly measured to achieve
an accurate SoC. The results of this study show that the EM for
SoC estimation can be used to estimate the lithium-ion
battery’s SoC as well as its State of Health (SoH), but the EM
method is not able to assist, manage, and control in terms of
effective battery storage charging – discharging.
Various methods, meachnisms, or techniques have been
used in renewable energy systems, but not specifically to assist,
manage and control the battery storages charging –
discharging. Mostly these methods, mechanisms, or techniques
were applied to smooth the performance, especially in
diversifying and stabilizing the overall system. Limited study
also has been conducted to specifically study an apprioprite
method, mechanism, or technique that can effectively assist,
manage and control the battery storage charging – discharging.
Also, looking into the critical situation, when one resource is
not available, the decision making for the system to assist,
manage, and control the battery storages in terms of charging –
discharging has not specifically been implemented. Therefore,
it is necessary to have a system that can assist, manage, and
control the battery storage charging-discharging. Hence,
www.etasr.com
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selected papers such as [1, 6, 9] were extensively studied to
understand the battery storage charging-discharging
management systems. The studied papers were used to develop
the conceptual methodology battery storage chargingdischarging strategy proposed in this review paper. The main
contributions of this paper are: (1) A study of the available
battery storage charging-discharging controller management
methodologies, (2) the summarization and proposal of a
conceptual methodology for a centralized controller for battery
storage charging - discharging that can be integrated into
renewable energy systems while simultaneously assisting,
managing, and controlling the effectiveness of battery storage
charging – discharging based on battery SoC.
II. A STUDY OF SELECTED BATTERY
CHARGING/DISCHARGING MANAGEMENT METHODOLOGIES
A microcontroller was used in [1] to control the hybrid
energy system and the charge - discharge of the battery
storages. Figure 1 shows the architecture of the developed
system and explains the system operation. First, the system
reads the V DC and IDC of the connected Direct Current (DC)
sources. Then, if the DC sources are equal to or greater than
80% of the VDC, IDC, all the switches connecting to the
connected LOAD are switched OFF. The DC sources are used
to charge the battery storages if their capacity is less than 80%,
otherwise, the battery storage will be connected to the LOAD
for discharging. The system RETURNS to the start process and
continuously checks on the available V DC, IDC from the DC
sources.

Fig. 1.

Microcontroller embeded algorithm-battery charging-discharging.

In a similar research [6], an intelligent algorithm based on
ANFIS was developed to simultaneously perform two different
tasks: to protect the connected battery against overcharging and
deep discharging. The ANFIS algorithm that has been
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developed in this research measures the Vpv, Ipv, SoC of the
battery storage and Volt Direct Current (Vdc). This
measurement is vital to find the Maximum Power Point (MPP)
from the resources and control the battery storage charging discharging. Figure 2 presents the algorithm process that
controls the battery storage charging - discharging based on the
power condition (Pc), battery SoC minimum (SoCmin) and
battery SoC maximum (SoCmax). When the measured Vpv and
Ipv input from the photovoltaic panel is equal to the maximum,
the photovoltaic power is compared with the initial P c before
starting the charging process. Based on the calculation, when
the photovoltaic panel power (Ppv ) is equal to maximum
photovoltaic power (Pmax), then the Ppv is equal to P c.
Otherwise, the ANFIS algorithm keeps searching for Pmax.

Vol. 11, No. 4, 2021, 7515-7521

fed to the connected load. During this operation mode, the
photovoltaic generator is unavailable to produce power, Ppv <0.
During Mode 4, the logic state for the R2 relay switch is equal
to 1. The photovoltaic generator, Ppv = P c and the batteries are
fully charged. Therefore, in this mode it is required to
disconnect the batteries from being overcharged. During Mode
5, none of the relay switches is equal to 1. This condition
shows that the photovoltaic generator Ppv is equal to zero, and
the batteries' SoC is equal to SoCmin. Therefore, both the
available recourses are disconnected from the connected load.
TABLE I.

MODES OF OPERATION BASED ON RELAY LOGIC STATE

Relay switches
R1
R2
R3

START

7517

Operation
Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

1
1
0

0
1
1

0
0
1

0
1
0

0
0
0

START

PC, SoCmin , SoCmax
Battery Management System (BMS)

Vpv
Ipv
SoC
Vdc

ANFIS Learning
Photovoltaic MPPT & Battery
Voltage + Current Parameters

Ppv = Pmax
Photovoltaic Power &
Battery SoC Estimation

Yes

Yes

SoC < SoC max

Ppv = Pc

Check Photovoltaic Supply (P), Load
Demand (D) & Battery SoC

No

No
P−D=0

Mode 1
Yes

SoC = SoC max

Battery islanding

No
No

Mode 4

END

Mode 1
Yes

P−D>0

Check battery status

Yes

SoCmin < SoC

No
Check battery status

No

Mode 5
Yes
Mode 3

Ppv = Pc

No

SoC > 80%

Charging

Discharging

Mode 2
Battery islanding

Fig. 2.

SoC < 40%

Battery islanding

ANFIS algorithm – battery charging-discharging based on SoC.

Figure 2 shows the battery storage charging - discharging
process according to the battery SoC conditions. Based on the
process, three different operation modes are controlled by three
relays that act as switches, as presented in Table I. During
Mode 1, the logic state for R1 and R2 relay switches equals to 1.
The power generated from the photovoltaic generator (Ppv) is
greater than zero, sufficient to source the connected load and
batteries. During Mode 2, the logic state for R2 and R3 relay
switches equals to 1. During this mode, the power generated by
the photovoltaic generator is insufficient (0 < Ppv < Pc). In this
case, the battery power is utilized to satisfy the additional
required power demand, this mode is also known as battery
compensation mode. During Mode 3, the logic state for the R3
relay switch is equal to 1. The energy stored in the batteries is
www.etasr.com

END

Fig. 3.

Entire system and battery charging-discharging operation.

In another similar recent research [9], the intelligent power
control shown in Figure 3 was developed to improve battery
reliability and operational life. The power control operates in
two control modes: 1) MPPT mode and 2) Battery
Management System (BMS) mode. The SoC estimation
technique incorporates the Back-Propagation Neural Network
(BPNN) algorithm, which manages the battery’s charging discharging and islanding approaches, which helps prolong the
battery's lifespan. The developed system is divided into stages
of operation. Firstly, the available photovoltaic power, battery’s
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voltage, and current information are collected. In the second
stage, the photovoltaic power supply is compared with the load
demand. If the photovoltaic power supply and load demand are
zero, then the battery is connected to islanding mode. If the
photovoltaic power supply is higher than the load demand, the
battery SoC status is checked. If the battery SoC is more than
80%, then the battery is connected to the islanding mode.
Otherwise, if the battery SoC is between 40% to 80%, then the
battery is connected for charging. If the battery SoC is less than
40%, battery discharging is not allowed, and the battery is
connected to islanding mode.
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In the following, a hierarchical SoC based battery storage
charging - discharging system is proposed. The conceptual
system fundamentally explains the methodology applied for
battery storage charging - discharging and the proposed idea
has the ability to extend the battery lifespan. Figures 4-6 show
the conceptual hierarchical SoC battery storage charging discharging methodology process that is divided into three
parts as depicted in Table II.
TABLE II.

BATTERY CHARGIN G-DISCHARGING CONDITIONS

Relay Switches
A
B
C

III. S UMMARY OF THE REVIEWED AND PROPOSED
CHARGING/DISCHARGING MANAGEMENT CONTROLLERS

Operation
Batteries' SoC = 100%
Batteries' SoC = 60% to 80%
Batteries' SoC = 40%

Figure 4 (Part A) shows the hierarchical SoC battery
storage charging - discharging when the proposed methodology
measures the SoC of two batteries. If both batteries' SoC is
equal to 100%, battery B will be connected for discharging and
will be discharged at 20% of its SoC. When the SoC of battery
A is more or equal to battery B, the discharging is switched to
battery A. At the same time, battery B is connected for
charging only if the charging source is available. If battery B is
connected to the charging process, the battery B's SoC is
measured and compared with battery A's SoC. If the SoC of
charging battery B is more or equal than discharging battery
A's SoC (20%), battery B is switched to the discharging
process. The part A methodology process only happens when
both batteries' SoC are between 80% to 100%.

START

Initialization battery
system and capacity of
Battery A and Battery B

Battery A = Battery B = 100%

Discharged Battery B

No
Battery A ≥ Battery B (20%)

Yes

State of Charge
(SoC) → 100%

This section summarizes the most recent battery storage
charging - discharging methods, mechanisms, or techniques.
The battery storage charging - discharging process shown in
Figure 1 starts to operate when the connected DC source is
equal to or greater than 80% of the generated DC input.
Otherwise, the proposed process is deactivated from all the
connected loads. Therefore, if the DC is equal to or more than
80%, the proposed system checks on the battery SoC. If the
battery SoC is above 80% and the DC source is equal to or
more than 80%, only the battery source is connected to the
discharging and connected load. Therefore, the developed
system functionality is restricted and dependent on the DC
source supply. If the battery source is sufficient, the system
should be connected to the load. The battery storage charging discharging shown in Figure 2 shows the overall proposed
process simultaneously sensing and measuring the voltage,
current, battery SoC, and direct current battery voltage. This
information is used to calculate either the solar photovoltaic
system power output or to analyze the total power condition.
The proposed process operates fully only when the solar
photovoltaic system power output is equal to the maximum
power required and the power condition. The proposed system
operates entirely when these conditions are satisfied.
Otherwise, the system strictly follows the five mode conditions
that have been explained in Section II. Furthermore, the
proposed system can only operate unidirectionally, and the
initial conditions need to be met for the battery energy storages
to operate. The presented battery storage charging –
discharging shown in Figure 3, operates when the photovoltaic
power supply and load demand are equal to zero and the
battery is connected into islanding condition. When the
photovoltaic power supply is more than the load demand, only
the battery status is checked for either charging - discharging or
islanding. The proposed process shows that the battery can only
operate when the battery’s SoC is consistently above 80%,
which also explains that the system needs to be installed at a
location where solar irradiance is always available. The
proposed system also shows that the functional period of the
battery is only limited to 20%, which explains why the system
needs to be installed at a location where continuous solar
irradiance is available.

B

Discharged Battery A

Charged Battery B
No
Battery B ≥ Battery A (20%)

A
Yes

The study of three different processes of battery storage
charging - discharging shows that each proposed process has its
own methodology, operationality, and functionality.

Charge Battery A

Fig. 4.
Hierarchical
SoC = 100% (Part A).
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SoC

battery

charging-discharging:

Battery
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Figure 5 (Part B) shows that the hierarchical SoC battery
starts to charge/discharge when the battery' SoCs are between
60% and 80%. When battery A is being discharged, as shown
in Figure 4, when the measured SoC is less or equal to battery
B (20%), then discharging is switched to battery B, otherwise,
it remains. Suppose the measured battery A SoC is less or
equal to battery B (20%). In that case, battery B will be
connected to the discharging process while battery A to the
charging process, only if the charging source is available. The
charging of battery A will continue until the battery A's SoC is
more or equal than the 20% of discharging battery B's SoC.
Additionally, if the measured battery A SoC is more than or
equal to 20% of battery B at 60% SoC condition, the
discharging of battery B will be switched to battery A. Battery
B will be connected for the charging process when a charging
source is available. During the battery B charging, the SoC of
battery B will be continuously measured and compared with
the SoC of battery A. If the SoC of battery B more or equal to
the SoC of battery A (20%), discharging will be switched to
battery B, otherwise, it remains. Figure 6 (Part C) occurs when
both batteries' SoC is equal to 40%. The halt condition is
required to prevent the battery from fully discharge, which will
cause damage to the batteries. Therefore, the discharging
process of the batteries is halted when both SoCs are equal to
40%. At the same time, battery A will also be connected to any
available charging source to start charging until the SoC of
both batteries is at least 60%. When both batteries' SoC is at
60%, then the hierarchical SoC battery charging/discharging
methodology process is activated.
A

State of Charge
(SoC) → 80%

B

No

Battery B ≥ Battery A (20%)
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Battery A = Battery B (40%)

HALT

Fig. 6.
Hierarchical SoC battery charging-discharging: SoC battery equal
to 40% (Part C).

IV.

CONCLUSION

The reviewed and presented battery storage charging discharging methodology processes have limitations in
continuous provision of power source supply to the connected
load when the battery capacity is at SoC equal to 80%. Hence,
the proposed hierarchical SoC battery storage charging discharging presents the ability of the batteries to perform
continuous power source supply to the connected load until
their remaining SoC is equal to 40%. Also, the hierarchical
SoC battery storage charging - discharging shows its ability to
perform continuous battery charging when the source is
available. With this ability, the hierarchical SoC battery storage
charging - discharging functionality to supply power to the
connected load continuously can be extended as well as
maintained longer.
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Abstract—This study focuses on designing an effective intelligent
control method to stabilize the net frequency against load
variations in multi-control-area interconnected power systems.
Conventional controllers (e.g. Integral, PI, and PID) achieve only
poor control performance with high overshoots and long settling
times. They could be replaced with intelligent regulators that can
update controller parameters for better control quality. The
control strategy is based on fuzzy logic, which is one of the most
effective intelligent strategies and can be a perfect substitute for
such conventional controllers when dealing with network
frequency stability problems. This paper proposes a kind of fuzzy
logic controller based on the PID principle with a 49-rule set
suitable to completely solve the problem of load frequency
control in a two-area thermal power system. Such a novel PIDlike fuzzy logic controller with modified scaling factors can be
applied in various practical scenarios of an interconnected power
system, namely varying load change conditions, changing system
parameters in the range of ±50%, and considering Governor
Dead-Band (GDB) along with Generation Rate Constraint (GRC)
nonlinearities and time delay. Through the simulation results
implemented in Matlab/Simulink software, this study
demonstrates the effectiveness and feasibility of the proposed
fuzzy logic controller over several counterparts in dealing with
the load-frequency control of a practical interconnected power
system considering the aforesaid conditions.
Keywords-Load Frequency Control (LFC); Fuzzy-PID
controller; PID controller; uncertainties; nonlinearities

I.

INTRODUCTION

Due to the random change of load in a power system,
electrical energy varies continuously. This affects the system's
operating frequency, leading to a deviation of the network
frequency from the nominal value. A modern power system
network has several control areas. For the stable operation of
power subsystems, the total generation of each control area
must match with the total load demand plus associated system

losses, regulate system frequency, and exchange tie-line power
accordingly. This is defined as the Load Frequency Control
(LFC) or Automatic Generation Control (AGC), which plays
an important role in power system operation and control. The
LFC strategy aims to continuously monitor the system
frequency and the tie-line power. It also calculates net changes
of these two parameters from their nominal values, which is
known as Area Control Error (ACE), in order to control the
valve settings of prime movers with a goal of forcing ACE
signals to acceptable values. Considered to be a crucial part of
AGC, the LFC strategy drives ACE signals to desirable values,
meaning both frequency and tie-line power deviations should
be treated to be near zero with allowable tolerance.
There are several reports regarding the LFC problem. In
[1], the authors designed a fuzzy-PI controller to control the
load frequency for a six-area power system with non-reheat
turbines. Authors in [2] proposed a PID hierarchical frequency
controller for four-area interconnection power systems. The
control structure used PID controller to prevent GRC from
generating. The author in [3] proposed the optimal sliding
control method H∞ load frequency (SMLFC) for power system
with time delay. In [4], a fuzzy controller was proposed to find
the optimal parameters for the PID frequency controller of a
three-area power system. In [5], a neural controller was
proposed, designed to automatically and continuously adjust
the parameters of the PID controller according to the change of
the control error area. In [6], the control plant under
consideration was a three-area electric power system composed
of wind, heat, and hydraulic turbines. The authors gave control
methods that were considered to be advanced, such as PID,
FOPID, FPID, and FFOPID, which were designed based on
ITAE objective function. In [7], the method used was a hybrid
controller hPSO-PS for two-area power systems without heat
recovery, each with two generators. In [8], a Model Predictive
Controller (MPC) was used to control a multi-connected power
system with four areas and eight generators. In [9], the
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QOGWO algorithm was used to optimize the parameters of the
PID controller based on the ITAE objective function. In [10],
the COA algorithm was used to optimize the parameters of the
PIaDF controller. The controller was used to control the load
frequency for a multi-connection system with two nonrecovery areas, two multi-generator areas, and three multigenerator hydrogen turbine areas. In [11], the authors proposed
the T-SMC sliding controller for a two-area power system with
wind turbines. In [12], the authors studied a virtual inertial
controller to stabilize the frequency in a two-area power system
with wind and solar renewable energy supplies. In [13],
Fractional Order Proportional-Integral-Derivative (FOPID) and
Tilted-Integral-Derivative (TID) controllers were applied in the
design of LFC for a two-area diverse-unit power system.
Tuneable parameters were adjusted via an improved particle
swarm optimization algorithm which was powered by chaotic
parameters and a crossover operator to find a globally optimal
solution. In [14], a novel evolution (MDE) algorithm optimized
fuzzy PID controller was proposed for the LFC of a two-area
power system.
In order to stabilize the frequency in an interconnected
power system, many problems arising in the system affect its
control quality. These include devices with nonlinear system
components such as: GDB (Governor Dead Band), GRC
(Generation Rate Constraint), time delay in the system, changes
of parameters of electrical equipment, and varying operating
loading conditions. All the above factors make the system
unstable, leading to fluctuations of the operating frequency.
The frequency change affects greatly the devices in the system:
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error signal and its time derivative. The response results of the
system are compared with the Genetic Algorithm tuned PI
(GA-PI) [16], Bacterial Foraging Optimization Algorithm
tuned PI (BFOA PI) [16], BFOA-PSO optimized PI controller
[17], fuzzy PI controller [18], and Fractional PID (FPID) [19].
II.

INTERCONNECTED POWER SYSTEM MODELING

Each interconnected power system consists of several
subsystems called control areas. A control area should be
considered as a power station including several elements,
namely governor, turbine, load, and generator. These elements
are connected to be the core of a power plant. Their
mathematical models are described below.
A. Speed Governor Model
A typical model of governors is depicted in Figure 1 [1].
This model can be mathematically expressed as:
∆ Pg ( s ) =

1
1 + sTg

• The change in frequency can cause maloperation of power
converters by producing harmonics.
• For power stations running in parallel it is necessary that
the frequency of the network must remain constant for the
synchronization of generators.
• Many devices connected to the grid will only work properly
when the input frequency is within a certain range.
• The inductances of the inductive elements (e.g.
transformers) are chosen based on the switching frequency.
Changes in the frequency will cause disturbances in the
output and may even cause the supply’s control system to
become unstable
The traditional PID controller, controller parameters are not
updated when the system encounters the above problems.
Therefore, the fuzzy - PID controller [15] is studied in this
paper to solve the load frequency control problem. Although
they do not have an apparent structure of PID controllers, fuzzy
logic controllers are considered to be nonlinear PID controllers
with parameters that can be determined on-line based on the
www.etasr.com

( ∆ Pc ( s ) −

1

f ( s ))

(1)

R

where R is the speed regulation of the governor, Tg is the time
constant of the speed the governor.

∆Pc ( s )

∆Pg (s)

1
1 + sTG

+
1
R

• Most AC motors run at speeds that are directly related to
frequency. The speed and induced Electro Motive Force
(EMF) may vary because of the change of frequency of the
power circuit.
• When operating at frequencies below 49.5Hz some types of
steam turbine certain rotor states undergo excessive
vibration.

7523

∆f ( s )
Fig. 1.

Speed governor model.

B. Thermal Turbine Models
Thermal turbines are widely used in power plants.
Technically, they are classified into two types: non-reheat and
reheat turbines. The non-reheat model is shown in Figure 2.
The following expression is obtained:
G t ( s) =

Pt ( s )
Pg ( s )

=

1
1+ sTch

(2)

where Tch is the non –reheat time constant.

∆Pg (s)
Fig. 2.

1
1 + sTch

∆Pt (s)

Non – reheat turbine model.

The reheat turbine model is presented in Figure 3 and the
mathematical model in (3).
G t (s ) =

Pt ( s )
Pg ( s )

=

FhpTrh s +1
TchTrh s 2 + ( Tch + Trh ) s +1

(3)
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where Trh and Fhp are the low pressure reheat time constant and
the high pressure stage respectively.

∆Pg (s)

FhpTrh s + 1
2
TchTrh s + (Tch + Trh ) s + 1
Fig. 3.

∆Pt ( s )

K p'

= ( K p − K p min ) / ( K p max − K p min )

(5)

Kd '

= (K

(6)

∆Pd (s)
1

d min

) / (K

d max

−K

d min

K p max = 0.6 Ku

Kd min = 0.08 Ku Tu
Kd max = 0.15K u Tu

(4)

)

(7)

K p min = 0.32 Ku

where M is the inertia constant of the generator and D is the
load damping constant.

∆Pt (s)

−K

Ki = K p / α Td = K p 2 / (α Td )

C. Generator - Load Model
Equation (4) is obtained from the block diagram in Figure
4:

-

d

Ti = α Td

Reheat turbine model.

1
∆ F( s ) =
( ∆ Pt ( s ) − ∆ Pd ( s ))
Ms + D
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(8)

(9)

(10)

where Ku and Tu are, respectively, the gain and the period of
the oscillation at the stability limit under P-control.

∆F(s)

Ms + D
Fig. 4.

Generator – load model.

Figure 5 shows the block diagram of a two-area
interconnected power system with GDB and GRC. The system
is represented by the state space shown in Appendix A.

Fig. 6.

The structure of the control area #i using different controllers.
ACE ∆ACE

PID Controller

Caculate
Kp

Kp

'

Caculate
Kd

Kd '

System

Caculate
Ki

α

Fuzzy

Fig. 5.
Block diagram of a two-area interconnected non-reheat thermal–
reheat thermal power system with GRC and GRC.

The control objectives of the LFC in a multi-area
interconnected power system are mainly to control the
frequency variation, ACE, and tie-line power deviation in the
areas towards zero while the system has many nonlinear,
uncertain components and varying operating load conditions.
III. DESIGN OF THE FUZZY-PID CONTROLLER
The fuzzy - PID controller studied in this paper is compared
in terms of control quality with other controllers to prove its
superiority. The PID controller [15] is characterized by 3
parameters: Kp, Kd, and Ki. Assuming that Kp and Kd are always
in the range [Kpmin, Kpmax] and [Kdmin, Kdmax], it is reasonable to
define the following equations:
www.etasr.com

Fig. 7.

The structure of the fuzzy – PID controller.

The fuzzy controller designed with ACE and ∆ACE inputs
has the membership functions presented in Figures 8-10 and
Tables I-III. The outputs of the fuzzy set are K p ' , K d ' and α.

Fig. 8.

Membership function of ACE and ∆ACE
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K d = ( K d max − K d min ) K ' d + K d min
K i = K p 2 / (α Td )

(12)

(13)

The above factors will be applied when running the PID –
like fuzzy logic controller in dealing with the load frequency
control of an interconnected power system.

CASE STUDIES
This section presents numerical simulations implemented in
MATLAB/Simulink considering numerous perspectives to
demonstrate the proposed control strategy. The simulation
scenarios describe a system encountered with nonlinearities,
variation of different load types, uncertainties, and time delay.
The system parameters used in the simulations are described in
the Appendix (Table VI). The proposed controller is compared
with GA PI [16], BFOA PI [16], BFOA-PSO optimized PI
[17], fuzzy PI [18], and FPID [19] controllers to verify its
control quality.
IV.

Fig. 9.

Membership function of Kp', Kd'.

Fig. 10.

Membership function of α.
FUZZY RULE FOR Kp'

TABLE I.

ACE

NB
NM
NS
ZO
PS
PM
PB

NB
S
B
B
B
B
B
S

NM
S
B
B
B
B
B
S

∆ACE
NS
S
S
B
B
B
S
S

TABLE II.

ACE

NB
NM
NS
ZO
PS
PM
PB

NB
B
S
S
S
S
S
B

NM
B
B
S
S
S
B
B

ACE

NB
NM
NS
ZO
PS
PM
PB

NM
2
3
3
4
3
3
2

PS
S
S
B
B
B
S
S

PM
S
B
B
B
B
B
S

PB
S
B
B
B
B
B
S

∆ACE
NS
B
B
B
S
B
B
B

• Step load disturbance : ∆P = ∆P
d1

d2

• Pulse load disturbance: ∆P = ∆P

FUZZY RULE FOR Kd'

TABLE III.
NB
2
3
4
5
4
3
2

ZO
S
S
S
B
S
S
S

A. Performance Comparison under Step Load, Pulse Load,
Random Load, and Sinusoidal Load Disturbances.
In a power system, the electrical energy at the power supply
is taken from generators and imported energy sources. The
electrical energy is supplied to consumers, production plants,
energy for export, or is lost on the transmission line. When the
supplied electrical energy is greater than the consumed energy,
the system frequency will increase, otherwise, it will decrease.
In fact, due to the large changes of the load, the frequency of
the system changes continuously affecting the equipment in the
system such as: AC motors, tranformers, steam turbines, etc.
The types of load disturbance are shown in Figure 11.

d1

= 0.03 (pu) .

d2

= 0.03(pu) ,

period: 40s,

and pulse width: 10%.
ZO
B
B
B
B
B
B
B

PS
B
B
B
S
B
B
B

PM
B
B
S
S
S
B
B

PB
B
S
S
S
S
S
B

PM
2
3
3
4
3
3
2

PB
2
3
4
5
4
3
2

• Random load disturbance: ∆P = ∆P
d1

d2

= 0.03 (pu)

, sample

time: 40s.
• Sinusoidal load disturbance: ∆P = ∆P
d1

d2

= 0.03 sin(0.0628t )

FUZZY RULE FOR a

∆ACE
NS
2
2
3
3
3
2
2

ZO
2
2
2
3
2
2
2

PS
2
2
3
3
3
2
2

From (5), (6) and (8) the following equations can be
deduced:
K p = ( K p max − K p min ) K ' p + K p min
www.etasr.com
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Fig. 11.

Load disturbance types.
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tsim
ITAE = ∫ ∆F1 + ∆F2 + ∆Ptie .t.dt
0

The proposed fuzzy PID controller was compared with GA
PI [16], BFOA PI [16], BFOA-PSO optimized PI controller
[17], fuzzy PI [18], and FPID [19] controllers and the results
are shown in Table IV. We see that minimum ITAE value and
minimum settling time in frequency deviations are obtained
with the fuzzy PID controller.

(

)

(14)

(a)

(a)

(b)

(b)

Fig. 13. Dynamic responses to the pulse load disturbance in two areas:
(a) ∆F1, (b) ∆F 2.

Fig. 12. Dynamic responses to the step load disturbance in two areas:
(a) ∆F1, (b) ∆F 2.

The step load disturbance in two areas and the system
dynamic response are shown in Figure 12 along with the
simulation results of the tested controllers on the same power
system. Critical analysis of the dynamic responses clearly
reveals that significant improvement is observed with the
proposed fuzzy PID controller.
TABLE IV.

COMPARATIVE PERFORMANCE OF ERROR AND SETTLING
TIME UNDER STEP LOAD DISTURBANCES

Techniques/parameters

ITAE

FPID [19]
GA PI [16]
BFOA PI [16]
BFOA PSO PI [17]
Fuzzy PI [18]
Fuzzy PID

12.07
7.16
7.01
5.08
3.44
0.84

Settling Ts (s)
∆F1
40.01
17.89
19.14
12.80
13.11
6.02

The expression for the ITAE objective function is:

www.etasr.com

∆F2
40.67
19.01
24.26
16.98
11.07
5.83

The simulation results shown in Figures 12-15 show that
the output response of the frequency difference of the two areas
has a settling time of about 7 to 10s, the overshoot is very low
and the frequency oscillation does not exist when using the
proposed fuzzy – PID controller. These results prove the
optimality of the proposed controller. In this section, when the
system faces different types of load disturbances, the
undesirable effects will be minimized under the active
capability of the suggested controller.
B. System Simulations Considering Nonlinear System
Components and Uncertainty Parameters
It is a fact that nonlinear components such as GDB and
GRC along with the uncertainties of parameters are highly
suitable for practical control systems. A real interconnected
power system must naturally include such components.
Nonlinearities, GDB and GRC, may concern directly the
operation of the power system. In the meantime, the
uncertainties regarding the variation of system parameters as
illustrated in Table V obviously affect the stability of the power
system. In this subsection, these undesired effects will be
minimized under the positive influence of the proposed PIDlike fuzzy logic controller.
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Simulation results when embedding nonlinearities and
uncertainties are exhibited in Table V and Figure 16. As can be
seen, the negative influences of these variations are
successfully limited. Both the frequency and tie-line power
deviations are still rejected with good control performance, i.e.
low overshoots and short settling times. These results
demonstrate the robustness of the proposed fuzzy logic-based
load-frequency controller.

(a)

TABLE V.
Tg1
Tg2
M1
D1
M2
D2
GRC
GDB

PARAMETER VARIATIONS

0.1 ± 0.1*50%
0.2 ± 0.1*50%
10 ± 0.1*50%
1 ± 1*50%
10 ± 0.1*50%
1 ± 1*50%
5%
5%

(b)

(a)

Fig. 14. Dynamic responses to the random load disturbance in two areas:
(a) ∆F1, (b) ∆F 2.

(a)

(b)

Fig. 16. Dynamic responses to the step load disturbance in two areas (with
uncertainty parameters): (a) ∆F 1, (b) ∆F 2.

C. Performance Comparison with Time – Delay = 0.2s and
∆P = ∆P = 0.03 (Step Load)

(b)

d1

Fig. 15. Dynamic responses to the sinusoidal load disturbance in two areas:
(a) ∆F1, (b) ∆F 2.

www.etasr.com

d2

Time delay is another crucial parameter affecting the
operation of a power system. Long time delay may be
detrimental to system stability and may degrade system
performance. From Figure 17, it is obvious that the damping
characteristics obtained by the proposed fuzzy – PID controller
are the best among the results.
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thermal unit power system in which the physical constraints of
the GRC, GDB, and uncertainty have been taken into
consideration. A rule-based scheme for gain scheduling of the
PID controller is proposed for process control. The new
scheme utilizes fuzzy rules and reasoning to determine the
controller parameters and the PID controller generates the
control signal. Comparative dynamic performance evaluations
have been carried out under step, pulse, sinusoidal, and random
load perturbation patterns. The results demonstrate that the
fuzzy – PID controller achieves much better dynamic
performance (largest minimum damping ratio, smallest IATE
value, smallest overshoots, and smallest settling times of the
area frequency oscillations). It is confirmed that the proposed
fuzzy – PID controller outperforms many existing counterparts
such as the FPID, GA PI, BFOA PI, BFOA PSO PI, and fuzzyPI controller in stabilizing the system. Future work will focus
on finding a new method to determine significant factors,
namely Kpmin, Kpmax, Kdmin and Kdmax. In this context, an
effective optimization method should be taken into account.

(a)

APPENDIX
Description of a Two-Area Interconnected Power System in a
State-Space Form
State Variables:

(b)

Fig. 17. Dynamic responses to the step load disturbance in two areas (with
time delay): (a) ∆F1, (b) ∆F2.

V. CONCLUSION AND FURTHER WORK
In this paper, a comparative evaluation has been performed
to examine the effectiveness of the proposed fuzzy –PID
controller. In order to provide realistic results, the proposed and
five known controllers, namely the FPID, GA PI, BFOA PI,
and the fuzzy PI controllers were validated on a two-area

Fig. 18.

x = ∆f
1
1
x = ∆f
4
2
x7 = ∆P
g2

x = ∆P
2
t1
x = ∆P
5
t2
x = ∆P
8
tie (1,2)
x = ∫ ACE dt
10
2
Control inputs: u , u
1 2

x = ∆P
3
g1
x = ∆P
6
r2
x = ∫ ACE dt
9
1

Disturbance inputs: d = ∆P ,
1
L1

d 2 = ∆ PL 2

The state vector ‘x’ (10×1), control vector ‘u’ (2×1), and
the disturbance vector ‘d’ (2×1) are:

Block diagram of a two-area interconnected non-reheat thermal– reheat thermal power system used to find the state – space of the system.
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Parameters of a Two-Area Interconnected Power System
TABLE VI.
Area with nonreheat turbine
M1 (p.u.s)

THE PARAMETERS OF THE TWO AREAS [19]

10

Area with
reheat turbine
M 2 (p.u.s)

D1 (p.u./Hz)

1

D2 (p.u./Hz)

1

Tch1 (s)

0.3

Tch2 (s)

0.3

Value

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Value
10

Tg1 (s)

0.1

Tg2 (s)

0.2

R1 (Hz/p.u.)

0.05

R2 (Hz/p.u.)

0.05

B1 (p.u./Hz)

21

B2 (p.u./Hz)

21

T1 (p.u./rad.)

22.6

T2 (p.u./rad.)

22.6

Fhp

0.3

Trh (s)

7
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0



0


0


0


0

0
0

0

0

Tg1
0

7529

REFERENCES

x 
10 

x
9

M1
-1

Vol. 11, No. 4, 2021, 7522-7530

[13]

[14]

N. Nguyen, Q. Huang, and T.-M.-P. Dao, "Modeling and control of a 6control-area interconnected power system to protect the network
frequency applying diﬀerent controllers," Turkish Joural Of Electrical
Engineering And Computer Sciences, vol. 24, pp. 2205–2219, 2016,
https://doi.org/10.3906/elk-1403-78.
W. Tan, H. Zhang, and M. Yu, "Decentralized load frequency control in
deregulated environments," International Journal of Electrical Power &
Energy Systems, vol. 41, no. 1, pp. 16–26, Oct. 2012, https://doi.org/
10.1016/j.ijepes.2012.02.013.
Y. Sun, Y. Wang, Z. Wei, G. Sun, and X. Wu, "Robust H∞ load
frequency control of multi-area power system with time delay: a sliding
mode control approach," IEEE/CAA Journal of Automatica Sinica, vol.
5, no. 2, pp. 610–617, Mar. 2018, https://doi.org/10.1109/
JAS.2017.7510649.
N. E. L. Yakine Kouba, M. Menaa, M. Hasni, and M. Boudour, "Load
Frequency Control in multi-area power system based on Fuzzy LogicPID Controller," in 2015 IEEE International Conference on Smart
Energy Grid Engineering (SEGE), Oshawa, Canada, Aug. 2015, pp. 1–6,
https://doi.org/10.1109/SEGE.2015.7324614.
V. S. Sundaram and T. Jayabarathi, "An artificial neural network
approach of load frequency control in a multi area interconnected power
system," Elixir Electrical Engineering, vol. 38, pp. 4394–4397, 2011.
H. K. Shaker, H. E. Zoghby, M. E. Bahgat, and A. M. Abdel-Ghany,
"Advanced Control Techniques for an Interconnected Multi Area Power
System for Load Frequency Control," in 2019 21st International Middle
East Power Systems Conference (MEPCON), Cairo, Egypt, Dec. 2019,
pp. 710–715, https://doi.org/10.1109/MEPCON47431.2019.9008158.
R. K. Sahu, S. Panda, and G. T. Chandra Sekhar, "A novel hybrid PSOPS optimized fuzzy PI controller for AGC in multi area interconnected
power systems," International Journal of Electrical Power & Energy
Systems, vol. 64, pp. 880–893, Jan. 2015, https://doi.org/10.1016/
j.ijepes.2014.08.021.
T. Kerdphol, F. S. Rahman, and Y. Mitani, "Virtual Inertia Control
Application to Enhance Frequency Stability of Interconnected Power
Systems with High Renewable Energy Penetration," Energies, vol. 11,
no. 4, Apr. 2018, Art. no. 981, https://doi.org/10.3390/en11040981.
D. Guha, P. K. Roy, and S. Banerjee, "Load frequency control of large
scale power system using quasi-oppositional grey wolf optimization
algorithm," Engineering Science and Technology, an International
Journal, vol. 19, no. 4, pp. 1693–1713, Dec. 2016, https://doi.org/
10.1016/j.jestch.2016.07.004.
M. Gheisarnejad and M. H. Khooban, "Design an optimal fuzzy
fractional proportional integral derivative controller with derivative filter
for load frequency control in power systems," Transactions of the
Institute of Measurement and Control, vol. 41, no. 9, pp. 2563–2581,
Jun. 2019, https://doi.org/10.1177/0142331218804309.
D. Qian and G. Fan, "Neural-Network-Based Terminal Sliding Mode
Control for Frequency Stabilization of Renewable Power Systems,"
IEEE/CAA Journal of Automatica Sinica, vol. 5, no. 3, pp. 706–717,
May 2018, https://doi.org/10.1109/JAS.2018.7511078.
A. B. Kunya, M. Argin, and S. Kucuksari, "Optimal Load Frequency
Control of Multi-Area Power System Considering Incremental Control
Action," in 2019 IEEE Texas Power and Energy Conference (TPEC),
College Station, TX, USA, Feb. 2019, pp. 1–6, https://doi.org/
10.1109/TPEC.2019.8662140.
J. Morsali, K. Zare, and M. Tarafdar Hagh, "Comparative performance
evaluation of fractional order controllers in LFC of two-area diverse-unit
power system with considering GDB and GRC effects," Journal of
Electrical Systems and Information Technology, vol. 5, no. 3, pp. 708–
722, Dec. 2018, https://doi.org/10.1016/j.jesit.2017.05.002.
D. K. Sahoo, R. K. Sahu, G. T. C. Sekhar, and S. Panda, "A novel
modified differential evolution algorithm optimized fuzzy proportional
integral derivative controller for load frequency control with thyristor
controlled series compensator," Journal of Electrical Systems and
Information Technology, vol. 5, no. 3, pp. 944–963, Dec. 2018,
https://doi.org/10.1016/j.jesit.2016.12.003.

Doan et al.: A Novel Fuzzy Logic Based Load Frequency Control for Multi-Area Interconnected Power …

Engineering, Technology & Applied Science Research

Vol. 11, No. 4, 2021, 7522-7530

7530

[15] Z.-Y. Zhao, M. Tomizuka, and S. Isaka, "Fuzzy gain scheduling of PID
controllers," IEEE Transactions on Systems, Man, and Cybernetics, vol.
23, no. 5, pp. 1392–1398, Sep. 1993, https://doi.org/10.1109/21.260670.
[16] E. S. Ali and S. M. Abd-Elazim, "Bacteria foraging optimization
algorithm based load frequency controller for interconnected power
system," International Journal of Electrical Power & Energy Systems,
vol. 33, no. 3, pp. 633–638, Mar. 2011, https://doi.org/10.1016/j.ijepes.
2010.12.022.
[17] S. Panda, B. Mohanty, and P. K. Hota, "Hybrid BFOA–PSO algorithm
for automatic generation control of linear and nonlinear interconnected
power systems," Applied Soft Computing, vol. 13, no. 12, pp. 4718–
4730, Dec. 2013, https://doi.org/10.1016/j.asoc.2013.07.021.
[18] A. Kandhavel, "Load frequency control," Mathworks, 2011.
https://www.mathworks.com/matlabcentral/fileexchange/31514-loadfrequency-control (accessed Aug. 12, 2021).
[19] S. A. Taher, M. Hajiakbari Fini, and S. Falahati Aliabadi, "Fractional
order PID controller design for LFC in electric power systems using
imperialist competitive algorithm," Ain Shams Engineering Journal, vol.
5, no. 1, pp. 121–135, Mar. 2014, https://doi.org/10.1016/j.asej.2013.
07.006.

www.etasr.com

Doan et al.: A Novel Fuzzy Logic Based Load Frequency Control for Multi-Area Interconnected Power …

