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Abstract— The treatment of real industrial wastewater by 
precipitation-neutralization using lime has been investigated. 
Effects of experimental conditions such as lime dose, and the 
final pH have been evaluated. Results of this study indicated that 
precipitation-neutralization processes can be successfully used to 
remove more than 90% of fluoride from wastewater. The 
treatment of this effluent containing different fluoride 
concentrations by precipitation with lime using [Ca2+]/[F- ] 
molar ratio of 0.8 led to fluoride removal higher than 95% with 
a final pH within the range 6.5 to 8.5. Synthetic calcium fluoride 
generated by precipitation-neutralization with lime (SCFL) 
contains 77.9% of CaF2. 

 
 

Keywords—, Fluoride; Precipitation–neutralization; Lime; 
Synthetic calcium fluoride; Industrial wastewater; 
defluoridation. 

I. INTRODUCTION 

Fluoride is a common element in the earth’s crust and 
is highly soluble in water. Intake of fluoride is mainly 
through consuming drinking water containing fluoride. 
Fluoride intake at 0.5-1.5 mg/day will benefit teeth and bone 
development [1]. However, excessive fluoride intake can lead 
to dental and skeletal fluorosis, a chronic endemic disease. 
Fluorosis is a worldwide health problem and is endemic in 
certain areas in Tunisia, Algeria, Senegal, China, India, etc. 
In addition, exposure to excessive fluoride can also cause 
metabolic, structural and functional damages in such organs 
as nervous system [2], endocrine glands [3], reproductive 
system [4], hypertension [5] kidney and liver [6]. 

Fluoride pollution occurs through two different 
sources including natural and artificial sources. In 
groundwater sources, the natural concentration of fluoride 
depends on the geological, chemical and physical 
characteristics of the aquifer. Fluoride ions can also found in 
wastewater from the fluoride chemical industries, such as 
aluminum fluoride-manufacturing, semiconductor, fertilizer 
and glass-manufacturing industries. Some of these 
wastewaters were discharged into natural environment 

without any treatment. In Tunisia during manufacturing of 
aluminum fluoride large quantities of hydrofluoric acid (HF) 
are used. Hence, effluents from this process contain high 
levels of fluoride. Typical fluoride concentrations are from 
100 to 6500 mg/L. The international legal requirement for 
effluent discharge needs an efficient treatment to remove 
fluoride ions contained in this effluent prior its discharge into 
the environment. 
Several research efforts aiming to the development of 
efficient technologies for the reduction of the fluoride anions 
in industrial effluents have been reported in the literature and 
several methods such as coagulation [7], adsorption [8,9 ], 
reverse osmosis (RO) [10,11], nanofiltration [12], 
electrodialysis [13], Donnan dialysis [14], ion-exchange [15] 
and electrolytic methods [16,17] have been employed or 
tested for defluoridation. These studies have shown that 
several methods are successful to remove fluoride contained 
in industrial wastewaters but their feasibility is case specific. 
The disadvantages of most of these methods are high 
operational and maintenance costs and complicated procedure 
involved in the treatment. For example, the coagulation 
methods have generally been found effective in 
defluoridation but they are unsuccessful in bringing fluoride 
to desired concentration levels. Furthermore, membrane 
processes do not require additives but these are relatively 
expensive to install and operate and prone to fouling, scaling, 
or membrane degradation. Also, the electrochemical 
techniques, in general, suffer due to the high cost factor, 
during installation and maintenance [18] treatment [19]. This 
process produces calcium fluoride (CaF2) particles through 
the addition of lime or any other calcium salt, such as, CaCO3, 
CaSO4 and CaCl2 according to equation (1): 

 
Ca(OH)2 (s) + 2 F-(aq)    →   CaF2(s) + 2 OH-       (1) 

The present work aims to (i) evaluate the feasibility of 
precipitation process using Ca(OH)2 to treat high fluoride- 
content wastewater (ii) evaluate the ability of this processes 
to reduce fluoride load and to adjust medium pH, (iii) 
investigate the influence of different experimental parameters 
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such as initial pH, initial fluoride concentration, 
calcium/fluoride molar ratio on the effectiveness of fluoride 
treatment contained in industrial wastewater, (iv) determine 
the optimal conditions allowing the highest removal 
efficiency with these process in order to fulfill the normative 
requirements and (v) compare quantitatively the performance 
of these processes: neutralization-precipitation by lime, to 
decrease fluoride concentration to desirable values in 
accordance with international environmental regulations [20]. 

II. MATERIAL AND METHODS 
 

A. Chemicals and reagents 
 

Chemicals used in the present study were of analytical 
reagent grade. Calcium hydroxide Ca(OH)2 (see 
characteristics in Table 1), procured by a local suppliers’ 
(Interchaux). Double–distilled water was used in all the 
experimental runs. 

 

B. Industrial fluoride effluent 

An industrial wastewater was used in this study. For all 
fluoride-containing solutions, only polypropylene (PP) 
vessels were used for sample preparation and storage. 

 
C. Precipitation process 

The treatment experiments were performed in a batch 
thermostated polypropylene reactor of 0.5 Liter capacity. All 
measurements were made at room temperature (25 ± 1◦C) and 
atmospheric pressure under stirring conditions. A specific 
quantity of reagents lime or limestone) was added at the 
beginning of the treatment to desired volume of fluoride 
solution under vigorous magnetic stirring. The mixed solution 
was stirred for 120 minutes to allow the precipitation reaction. 
Sample was taken at certain time intervals (every 10 minutes), 
followed by immediate analysis to determine pH and fluoride 
concentration. 

D. Analytical methods 

The fluoride concentration was determined using the 
potentiometric standard method with Metrohm 781 pH/Ion 
Meter equipped by an ion-selective electrode (Metrohm 
6.0502.150) and Ag/AgCl reference electrode (Metrohm 
6.0726.100). The conductivity was measured using Metrohm 
856 Conductivity Module at 25 ± 1◦C. The precipitated solids 
were filtered using a membrane filter (0.45 m) and dried at 
110 ± 0.2 ◦C overnight. 
X-Ray Fluorescence spectrometer (XRF) PANalytical model 
AXIOS were used to characterize the obtained precipitates. 
The pH of the wastewater was measured by Metrohm 780 pH 
meter equipped by a HF resistant glass electrode (Metrohm 
6.0421.100). The instrument was calibrated each time the 
analysis was done. All quantitative analyses were run in 
triplicate for reproducibility of data and results in the figures 
and tables were the average ones. 

 
 

III. RESULTS AND DISCUSSIONS 
 

A. Characterisation of industrial effluent 
 

Industrial wastewater was known by important fluctuations 
for the content of the element fluoride. So ten samples witch 
cover the range of variation of contents in this element were 
taken. Table 3 represents compositions of a representative 
industrial effluent. The major anions are fluoride and sulfate; 
their concentrations are 3300 and 345 mg/L, respectively. The 
major cation is aluminium (789 mg/L). The values of pH and 
conductivity make this effluent clearly different from those 
reported in similar published studies [22]. All these 
physicochemical characteristics confirm its toxicity and 
shows that it is mandatory to be treated before it is discharged 
into the environment. 

 
B. Effect of lime dose 

 
Ca(OH)2 dose is an important factor to determine the 
performance of precipitation-neutralization process using 
lime [23]. Fig. 1 shows changes of   fluoride concentration 
with time during the treatment of wastewater containing 167 
mg F/L with different doses of lime. The results of Fig. 1 
show that fluoride removal is largely affected by lime dose in 
the range from 0.25 g/L to 20 g/L. As it can be seen, the 
increase of Ca(OH)2 dose from 0.25 g/L to 1 g/L decreases 
fluoride concentration from 167 mg/L to 105 mg/L and 9 
mg/L, respectively after 30 minutes. However, increasing 
lime dose higher than 1.0 g/L does not enhance fluoride 
removal. 
Furthermore, Fig. 2 presents the changes of pH with time 
during the treatment of AFMW using different doses of lime. 
This figure shows that the pH increased with the increase of 
the Ca(OH)2 dose from initial pH 2.5 ± 0.1 to 3.5 ± 0.1, 5.5 ± 
0.1, 8.0 ± 0.1, 10.5 ± 0.1 and 11.6 ± 0.1 for Ca(OH)2 doses 
of 0.25, 0.33, 0.5, 1.0, 2 and 5 g/L, respectively after 30 
minutes contact time. For higher lime dose than 5.0 g/L, pH 
values higher than 11.6 ± 0.1 were obtained at the end of the 
treatment. For low doses of lime (0.25 g/L) corresponding to 
[Ca2+]/[F-] molar ratio of 0.4, the final pH of treated 
wastewater was acidic (pH  3.5 ± 0.1). However, increasing 
lime dose from 0.25 g/L to 0.33 g/L and 0.5 g/L 
(corresponding to [Ca2+]/[F-] molar ratios of 0.5 and 0.8, 
respectively), pH increased rapidly with time and reached a 
final pH of 5.7 ± 0.1 and 8.0 ± 0.1, respectively. A rapid 
increase of pH from initial pH 2.5 ± 0.1 to pH 10.5 ± 0.1, 

± 0.1 and 11.6 ± 0.1 was observed for lime doses of 1, 2 
and 5 g/L ([Ca2+]/[F-]) molar ratios of 1.5, 3 and 7.5), after 
30 minutes, and then pH remains constant till the end of 
treatment. 

Considering both fluoride removal efficiency and final 
pH of treated wastewater, dose of lime of 0.5 g/L 
corresponding to molar ratio equal to 0.8, is optimal to 
leading to more than 90 % fluoride removal with 
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dischargeable pH conditions (pH ranged from 6.5 to 8.5). 
This result of pH is consistent with those of M. F. Chang and 
J.C. Liu [24], who observed maximum fluoride removal at pH 
6.5-8.5. While, for the parameter ratio of calcium to fluoride, 
[Ca2+]/[F-] obtained in this study (0.8) is higher than the 
ratio of 0.5 find by these authors. These results can be 
interpreted as follows: 
- For low lime doses (< 0.5 g/L), calcium cation Ca2+ are not 
enough to totally precipitate fluoride ions and to attain 
desired environmental pH. 
- Increasing progressively lime dose to 0.5 g/L, increases Ca2+ 
in the medium, and then precipitates further fluoride ions and 
neutralizes pH. 
- For lime doses higher than 0.5 g/L, the solubility of calcium 
fluoride (K=3.46 10-11) is exceeded and fluoride is converted 
from AFMW into solid crystal. Mechanism includes the 
following reactions: 

 
HF →  H+ (aq) + F- (aq) 

(2) 
Ca(OH)2 (s)  → Ca2+(aq) + 2 OH- 
(aq) (3) 
Ca2+(aq) + 2 F-(aq) → CaF2 (s) 

(4) 
 

An excess of hydroxyl anions (OH-) is also generated which 
explain highly alkaline conditions obtained at the end of the 
treatment (pH~8.5 ± 0.1). 

IV. FIGURES AND TABLES 

 
 

Chemical characteristic 
(weight %) 

Physical characteristics 

Ca(OH)2 94.1 Grading undersize 90 µm 
> 92% 

CO2 

residual 
2.1  undersize 200 

µm > 98% 

SiO2 1.9 Apparent 
density 

1.5 

MgO 0.4 - - 

Fe2O3 0.4 - - 

Al2O3 0.3 - - 

TABLE1 Chemical and physical specification of lime. 

 

Parameters Unity Value 

Conductivity at 
25°C 

mS/cm 33.5 

pH - 2.5 

F- mg/L 3300 

Cl- mg/L 295 

Na+ mg/L 141 

K+ mg/L 10.0 

Ca2+ mg/L 5,91 

Al3+ mg/L 789 

Mg2+ mg/L 0.24 

Fe3+ mg/L 1.20 

Si mg/L 4340 

SO 2- 
4 mg/L 345 

PO4 mg/L 7.0 

Suspended solids mg/L 470 

TABLE 2 Composition of a representative sample of the industrial effluent. 
 
 

 Calcium fluoride commercial grades 

Weight 
(%) 

Metallurgical 
grade 

Ceramic 
grade 

Acid 
grade 

CaF2 60 to 85 85 to 97 > 97 

SiO2 - > 3 < 1 

CaCO3 - > 1.5 < 1.5 

Fe2O3 - < 0.14 < 0.5 

P2O5 - < 0.1 < 0.03 

S (sulfur) - Traces Traces 

Zn - Traces Traces 

TABLE 3 Commercial fluorspar grades. 
 

 
Composition CaF2 CaO SiO2 Fe2O3 Al2O3 P2O5 

Weight (%) 77.9 18.1 1,9 0.62 0.35 0.048 

TABLE 4 Chemical analyses of SCFL. 
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FIG. 4 XRD pattern : (a) Calcium fluoride acid grade (CaF2 > 97%); (b) 
synthetic calcium fluoride generated by precipitation-neutralization with lime 
(SCFL); (c) synthetic calcium fluoride generated by lime stone treatment of 

wastewater (SCFLS). 
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FIG. 5 Scheme of HF and AlF3 production with integration of SCFL 

 
 
 
 
 

 
FIG.1 Effect of lime dose on the changes of fluoride concentration with 

time. (initial pH 2.5 ± 0.1, initial fluoride concentration 167 mg/L and 
temperature 25 ± 1°C). 
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FIG. 2 Effect of lime dose on the changes of pH with time (initial pH 2.5 ± 0.1, 
initial fluoride concentration 167 mg/L and temperature 25 ± 1°C). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG.3 Effect of fluoride content on the changes of fluoride removal with time 
(initial pH 2.5 ± 0.1, [Ca2+]/[F-] 0.8 and temperature 25 ± 1°C). 
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V. CONCLUSIONS 

 
 

The results found in this work demonstrate that the 
precipitation-neutralization and process are very efficient to 
reduce the concentration of fluoride anions contained in 
industrial wastewater in order to meet environmental 
regulation for wastewater discharge in terms of residual 
fluoride concentration and medium pH. Chemical 
precipitation-neutralization using Ca(OH)2 has the advantage 
to obtain synthetic calcium fluoride to be reused in the 
hydrofluoric acid manufacture, making the process more 
technically and economically feasible. 
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Abstract— The present study aims to assess the effectiveness of 
the drying time on the yield, chemical composition, antioxidant 
and anti-inflammatory properties of the essential oils (EOs) 
obtained from the Tunisian Cupressus sempervirens leaves. 
Adequate oils extraction conditions were determined. The 
drying time affected significantly the EOs yield of this plant. The 
major compounds found were; α-pinene, β-selinene, δ-3-carene, 
α-cubebene, β-caryophyllene and α-cedrol. Also, oils extracted 
from dried (60 and 90 days) leaves have high antioxidant 
properties due to the high content of (α-pinene and β- 
caryophyllene). Those constituents were known for their 
antioxidant activities. For the anti-inflammatory study, the 
inhibition was higher for the 60 days of drying at 100 μg mL-1. 
Keywords— Cupressus sempervirens; leaf; essential oils; 
Microwave-assisted hydrodistillation; antioxidant activity; anti- 
inflammatory 

I. INTRODUCTION 

In Tunisia, the Cupressus sempervirens L. was involved in 
traditional medicine, its fruit was known for the diabetes 
treatment and as an antiseptic. Essential oils (EO) occupy a 
large place in scientific research due to their antioxidant, 
antibacterial and antifungal activities [1]. The EOs chemical 
composition, as the volatiles compounds have also been 
extensively examined in medicinal plants [2]. The microwave 
assisted extraction (MAHD) is a new technology that has 
been applied to reduce the extraction time, organic solvent 
consumption, improve extraction yield, enhance extract 
quality, prevent pollution and reduce sample preparation costs. 
Up to now there is no report on the MAHD extraction of 
leaves EOs of C. sempervirens. Many studies have been 
conducted on the biological activities of the EO of this specie 
EO [3] but no studies or little were done on the effect of 

drying C. sempervirens leaves on the EO yields. This work 
aimed to study the effect of drying Cupressus leaves on the 
qualitative and quantitative characteristics of EO by applying 
a new method of distillation assisted by microwaves. 

II. MATERIALS AND METHODES 

A. Plant material 

The fresh leaves of C. sempervirens were collected 
from the forest of Rimmel located in the North 
(Latitude: 37° 17’ 48’’ north; longitude: 10° 0′ 2″ 
east) of Tunisia, in January 2018. The specie was 
identified by Naziha Boughanmi, botanist 
Professor. The plant leaves were washed and dried 
in the shade for 30, 60 and 90 days. Fresh leaves 
were used as a control. 

 
B. Determination moisture content 

The moisture content was determined according to the 
method of Twidwell et al. [4]. Fresh plant material was dried 
in an oven at 105°C for 24 hours. It was calculated according 
to the following equation: 

MC = ((mf – md)/md) x 100% 

where MC is the percentage of moisture after 24, mf and md 

were, respectively, the mass of fresh and dried leaves (g). 
 

C. Determination of dry matter 
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Leaf dry matter content were determined according to 
standard NF B 51-004 [5]. A mass of 5 g of vegetable matter 
is introduced into a porcelain crucible then dried in an oven at 
105°C until a constant mass is obtained. After cooling in a 
desiccator, the crucible was weighed. Dry matter content was 
determined according to the following formula: 

DM = (m2/m1) x 100% 
where DM is the percentage of dried matter after 24 hours of 
drying, m1 is the mass of sample and m2 is the mass of the 
crucible removed from the desiccator. 

 
D. Extraction of EOs by Microwave-assisted hydrodistillation 
(MAHD) 

After drying in the shade for (30, 60 and 90 days), crushed 
leaves (200g) were introduced in a reactor of 2L capacity and 
all microwave parameters were adjusted. 

- Influence of Heating Power on EO Yield. In this assay, 
MAHD was performed at 400 rpm for 5 powers (250, 300, 
400, 500 Watt). 

- Influence of the number of turns on the EO Yield. This test 
was carried out for 3 revolutions (250, 300 and 400). 

 
E. Evaluation of antioxidant activity of EOs 

For the assessment of the antioxidant potential of the oils two 
methods were used: 

- The DPPH radical scavenging activity assay 

The antiradical activity was evaluated according to Bicas et al. 
[6], with slight modifications. One mL of a methanolic 
solutions of EOs (25, 50, 75 and 100 μg.mL-1) was mixed 
with 1 mL of a methanolic DPPH solution (0.004% w/v). The 
mixture was incubated for 30 min at room temperature, and 
the absorbance was measured at 517 nm using an Ultraspec 
7000 UV-vis dual beam spectrophotometer (GE Healthcare, 
Chicago, IL, USA). For comparison, the inhibition of the free 
radical DPPH with Trolox was also analysed under the same 
conditions as the samples. Trolox was used as a positive 
control. All tests were performed in triplicate. Percent 
inhibition PI (%) was calculated as described by Hazzit et al. 
[7]: 

with sodium phosphate buffer (1 mL, 0.2 M, pH=6.6) and 1 
mL of potassium ferricyanide (K3Fe (CN)6) solution (1%). 
Then, the mixture was incubated for 20 min at 50°C and to 
stop the reaction, one mL of Trichloroacetic acid (TCA) at 
10% (v/v) was added to the solution. Centrifugation at 3000 g 
was carried out for 10 min at room temperature. Finally, one 
mL of supernatant was recovered and mixed with 1.5 mL of 
distilled water and 150 μl of FeCl3 (0.1%). The absorbance 
was measured at 700 nm. The increase absorbance of the 
reaction mixture (according to the blank) indicated an 
increase in the reducing power. 

F. Evaluation of anti-inflammatory activity 

The in vitro inhibitory effect of the oil of C. sempervirens 
was determined using the protein denaturation method 
described by Rahman et al. [10], with some modifications. 
One mL of human serum albumin solution (5%) was mixed 
with 1 mL of the extracts at different concentrations (25, 50, 
75 and 100 μg.mL-1). The pH of the reaction medium was 
adjusted to 6.6 and incubated at 37°C for 20 min and at 72°C 
for 5 min. The BSA buffer (2.5 ml) was added. The 
absorbance was measured at 660 nm. A blank for each extract 
was prepared under the same conditions, replacing albumin 
with Tris HCl. The control consists of albumin and distilled 
water, Diclofenac was used as a standard and tested under the 
same conditions. 
The percentage of inhibition of albumin denaturation was 
calculated by the following formula [11]: 

PI = ((Ac – At)/Ac) x 100(%) 

where Ac is the absorbance of the reactional media without 
inhibitor essential oils, At is the absorbance of the sample. 

III. RESULTS AND DISCUSSION 

A. Moisture content and dry matter 

The moisture content and the dry matter rate of C. 
sempervirens leaves were shown in the Table 1. Analysis of 
the C. sempervirens samples revealed a high humidity level 
(62%), which means that the majority of the weight of the 
plant is fresh. 

TABLE 1. Moisture content and dry matter of C. sempervirens leaves. 

PI = (Ab - Aa)/Ab) x 100% 

where PI is the percentage of inhibition, Aa is the absorbance 
of the sample and Ab is the absorbance of the reaction 
medium without oil. 
PI (%) was plotted against sample concentrations to obtain 
the IC50 index, which was defined as the concentration of 
antioxidant required to decrease the initial DPPH 
concentration by 50% [8]. 

 
- The FRAP (Ferric Reducing Antioxidant Power) assay 
The reducing power of essential oils and Trolox were 
determined according to the method of Lamia et al. [9]. First, 
one mL of sample (25, 50, 75 and 100 μg.mL-1) was mixed 

 
 
 

A. Optimal conditions for C. sempervirens EOs 
extraction 
Results have shown that the optimal conditions 
obtained were 20 min as time of extraction, 
Heating power at P = 600 W, turns number of 400 
rpm and a water/plant material ratio at 
approximately (200mL/200g). 

Plant matter 
Moisture content 

(%) Dry matter (%) 

C. sempervirens leaves 62 38 
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B. Essential oils yields 
Figure 2 shows the variation of the oil content according to
the drying time. The yield of oil increased when the leaves
were dried for 30 days achieving a maximum of 0,207%,
beyond this period, a decrease in performance was observed.
The yield of EO decreased with the increase of the time of
leaves drying. The variation of the EO content
C. sempervirens leaves before the extraction
according to the duration of drying was studied
time. 

 
 
 

Fig. 1. Evolution of EO content obtained from the
sempervirens after drying. 

Increasing the concentration of EO, expressed
during the 30 days of drying may be 
important physiological activity (enzymatic
the biosynthesis of EO continues accelerating as a response to
drying process due to water stress. A severe
decreased reactions after 30 days and could
of cells. It was already shown that the moisture content in
plant material affect the yield of EO [12]. Water evaporation
caused the oil cell rupture, this allows the
vapor in the cells which pull the oil out of cells [13][14].
According to Périno-Issartier et al. [15], damage affect the
cells and so the oil and their volatile compounds
could be taken easier. The best distillation treatment delays
process for 8 days, it affected the decrease
content and damage to the texture of the distilled
Where the longer the delay process, the 
produced. 

more

C. Chemical composition of Cupressus

Chemical composition of the oil of C. sempervirens
was identified by GC-MS. According to the
total of identified components were: 39 (30

days) and 66 (90 days) and percentages were
1.138), (99.438 ± 1.875%) and (99.403 ± 3.097
respectively, 30, 60 and 90 days of drying 
from the 30 days was predominantly
monoterpene hydrocarbons (42.102 ± 0.327%)
pinene (24.877 ± 0.138%), β-selinene (9.1 7 
cubebene (9.557 ± 0.075%) represented the 
Both oils of 60- and 90-days treatments were
composed of sesquiterpene hydrocarbons 
(39.666 ± 0.365%) and (38.362 ± 0.883%),
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content according to 
the drying time. The yield of oil increased when the leaves 

maximum of 0,207%, 
is period, a decrease in performance was observed. 

The yield of EO decreased with the increase of the time of 
content obtained from 

where α-pinene is the major compound
15.087 ± 0.171%). β-selinene
percentage (9.027 ± 0.048%) in the oil after 60 days, while α
cubebene was the second most
± 0.204%) after 90 days. 

The chemical constituents confirmed that these oils are rich in
principal phytochemical compound

extraction procedure 
studied for the first 

hydrocarbons, oxygenated 
hydrocarbons,  sesquiterpene
diterpenoids and unknown. Also,

 
the leaves of  C. 

amounts of monoterpenes and
decreased with the increasing of the drying time
significant variations were observed in
0.138 - 15.087 ± 0.171%), α-fenchene
± 0.007%), β-caryophyllene (6.487
γ-elemene (2.563 ± 0.094
alloaromadendrene (3.233 ± 0.038
selinene (9.557 ± 0.075 - 7.62 ±
During the drying time,    remarkable modification
in the chemical composition
at the level of two majorities compounds:
and α-Cedrol. Where th 
and went from (4.357 ±

expressed in dry weight 0.076%) while the α-pinene
 explained by an 

important physiological activity (enzymatic reactions). So, 
the biosynthesis of EO continues accelerating as a response to 

severe dehydration 
could causes the death 

of cells. It was already shown that the moisture content in 
affect the yield of EO [12]. Water evaporation 

the entering of the 
vapor in the cells which pull the oil out of cells [13][14]. 

Issartier et al. [15], damage affect the 
compounds content 

could be taken easier. The best distillation treatment delays 
decrease in moisture 

distilled material. 

± 0.138%) to (15.087 ± 0.171
drying (Fig. 2). 

more EO will be  
 

Fig. 2 Variation of α-pinene and α

Cupressus EOs sempervirens according to the drying

Fig. 3 showed variations
sempervirens leaves compounds depending 
the drying time, the 

(30 days), 57 (60 However, eighteen compounds
were (99.741 ± 

3.097%) after, 

Thujene, p-Cymene, Trans
Isopulegol acetate, Linalyl

 leaves. Oil issue β-Elemene, β-Bisabolene,
predominantly composed of 

0.327%) where α- 
 ± 0.061%) and α-
 main compounds. 

treatments were mainly 
 with respectively 

0.883%), 

Caryophyllene oxide, 
cadinol, α-Cadinol, Khusinol, Abienol, Ferruginol
and unknown, were present in the oil issue after 60
and 90 days of drying 
Ocimene, Trans-Pinocarveol,

a 

e

p

compound (16.237 ± 0.163% and 
selinene covered the second highest 

percentage (9.027 ± 0.048%) in the oil after 60 days, while α- 
most important compounds (7.700 

The chemical constituents confirmed that these oils are rich in 
compound including monoterpene 

 monoterpenes, sesquiterpene 
sesquiterpene oxygenated,  diterpenes, 

Also, results showed that the 
and sesquiterpene hydrocarbons 

decreased with the increasing of the drying time. The most 
significant variations were observed in α-pinene (24.877 ± 

fenchene (0.373 ± 0.017 - 0.277 
(6.487 ± 0.05 - 4.923 ± 0.033%), 

0.094 - 2.313 ± 0.078%), 
0.038 - 2.867 ± 0.078%) and β- 
± 0.026%). 

During the drying time,    remarkable modification 
in the chemical composition of EO was registered 
at the level of two majorities compounds: α-Pinene 

 α-Cedrol rate increased 
± 0.052%) to (5.540 ± 

pinene dropped from (24.877 
0.171%), after 90 days of 

α-Cedrol contents in the EOs of C. 
drying time of the plant material. 

variations of the fifteen major 
 on the drying time. 

compounds including α- 
Trans Sabinene hydrate, 

Linalyl acetate, β-Bourbonene, 
Bisabolene, δ-Cadinol, Elemol, 

 10-epi-γ-Eudesmol, ζ- 
Khusinol, Abienol, Ferruginol 

were present in the oil issue after 60 
 lants. In addition, (Z)-β- 

Pinocarveol, Camphor, α- 
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Phellandrene, (E)-β-Ocimene, α-Terpineol, 
Unknown_1, Carvacrol, δ-Elemene, Unknown_3 

corresponding to the concentrations C. sempervirens EO 
obtained after 30, 60 and 90 days of plant drying. 

and Sempervirol, were present in the oil of 90 days 
dried samples. 

Table 2. Percentages of DPPH radical inhibition for the different 
concentrations of C. sempervirens oils dried for 30, 60, 90 days. The 
Trolox used as a positive control. 

The mean percentage of 9 compounds namely α-    
pinene (16.237 ± 0.163 - 15.087 ± 0.171%), β- Concentration 

Time (days) 
Trolox 

 
 
 
 

0.078%), β-Terpinyl acetate (3.233 ± 0.037 – 
0.00%), Dehydrobitan (1.227 ± 0.023 – 1.097 ± 
0.055%), Pulegone (1.073 ± 0.087 – 0.00%) and 
α-Fenchene (0.373 ± 0.017 – 0.277 ± 0.007%) 
significantly (P < 0.05) decreased with drying time. 

 
100 33.33±1.20d* 50.00±2.41c* 54.05±1.56d* 96.86±1.60ans 

LSD 4.4886 7.5697 5.0222 3.8987 

 
*: Levels in the same column not connected by the same letter are 
significantly different (P<0,05). 
ns: Levels in the same column connected by the same letter are not 
significantly different (P≥0,05). 
The present data were compared with that of the Trolox, 
which registered (96,86%) of inhibition of DPPH radical. 
Among oils obtained at the 30-, 60- and 90-days plant drying, 
maximal inhibition was registered by 90 days (54,05%), 
followed by 60 days (50,00%) and the 30 days (33,33%) at 
100 μg mL-1 of oil concentration. 
The main differences between these oil samples were found 

 
 
 
 

 
Fig. 3 Proportional evolution of the content of t e main compounds 
in the leaves of C. sempervirens during drying days. 

The increase in the drying time (60 and 90 days) caused a 
significant (P < 0.05) increase in the percentage of the main 
compounds as; α-Cedrol (4.357 ± 0.052 - 5.540 ± 0.076%), 
Isopimaradiene (2.953 ± 0.033 - 4.583 ± 0.020%), 13 (16) 14 

in the proportions of β-caryophyllene and α-pinène. The IC50 
was determined from the antioxidant capacity of EOs of C. 
sempervirens leaves dried for 30, 60 and 60 days. These 
values were calculated over time from the regression line of 
PI (%) (Calculated from the GraphPad Prism 5) depending on 
the concentration of each tested sample. The IC50 values of 
EOs at different drying times as well as that of Trolox are 
shown in Table 3. 

Table 3. IC50 values for C. sempervirens EOs at different drying 
times and the Trolox positive control.  

C. sempervirens EO 
-Labdien-8-ol (1.583 ± 0.003 - 1.730 ± 0.75 %) and (6E, 6E)- 
α-Farnesene (1.483 ± 0.027- 1.877 ± 0.124%). However, the 
content of α-pinene (24.877 ± 0.138 - 15.0 7 ± 0.171%) was 

Drying 30 60 
(Days) 

IC50 

Trolox* 
90 

significantly (P < 0.05) decreased when t e time of drying (mg.mL- 47,67±3,97 36,12±4,60 36,60±3,32 8.543±0.154 
increased. 

The dominance of α-pinene (37.14%) and δ-3-carene 
(19.64%) were also observed in the oil of T nisian Cupressus 
by [16] and in Egypt with respectively (29.21%) and (18.92%) 
[17]. The differences in such composition have been proved 
to be mainly due to geographic, climatic, harvesting time and 
soil conditions (17). 

  1)  

Oils obtained from 60 dried leaves have the highest 
antioxidant property (IC50: 36,12 ± 4,60 μg.mL-1), which is 
almost similar to that obtained from 90 days of drying leaves 
(IC50: 36,60 ± 3,32 μg.mL-1), followed by 30 days of drying 
(IC50: 47,67 ± 3,97 μg.mL-1) (Table 3). The antioxidant 
activity decreased with the decreasing of the majority of 

D. Antioxidant activity 

The DPPH free radical   scavenging activity    of C. 

compounds. Results also demonstrated that dried 30, 60 and 
90 days oils have high antioxidant proprieties, which could be 
due to the high content in α-pinene [18] and β-caryophyllene 
[19]. Those constituents were known for their antioxidant 

sempervirens EO was evaluated by its inhibitory effect on a 
methanolic solution of DPPH. Table 2 gathers the different 
values of the percentage inhibition of the DPPH radical 

activities. 

E. Reducing power 

selinene (9.557 ± 0.075 - 7.62 ± 0.026%), β- (μg mL-1) 30 60 90  

caryophyllene (6.487 ± 0.05 – 4.923 ± 0.033%), 25 6.25±1.20a 20.83±2.41a 18.42±1.52a 96.86±1.60a 

Alloaromadendrene (3.233 ± 0.038 – 2.867 ± 50 16.67±1.76b 34.78±2.51a 34.21±1.52b 96.34±0.52a 

0.078%), γ-Elemene (2.563 ± 0.094 – 2.313 ± 75 21.74±1.26c 48.55±1.92b 43.24±1.56c 96.20±0.55a 
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The reducing power of C. sempervirens EO originated from 
30, 60 and 90 days after drying were studied by the 
transformation of Fe+3 to Fe+2. High results were shown for 
the 60 days treatment at high level of concentrations. The β- 
caryophyllene is one of those compounds that may interact 
synergistically or antagonistically to create an effective 
system against free radicals [19]. 

 
F. Anti-inflammatory activity 
The anti-inflammatory activity of C. sempervirens EO were 
determined in vitro using the anti-denaturation method of 
bovine albumin serum (BSA). Results showed that the PI (%) 
increased with the increasing of EO concentrations (Fig. 4). 
The EOs denatured the protein at 88 ± 3.079% (60 days of 
drying leaves) and 49.765 ± 1.248 % (90 days of drying 
leaves) at 100 μg.mL-1. Moreover, the percentage of BSA 
protection was dependent on EO concentrations (p-value 
<0.05). 
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IV. CONCLUSION 

In this study, it would be appropriate to extract the EO after one 
month of C. sempervirens dried leaves, for a better industrial use of 
this oil, since their content would be at its maximum. Beyond this 
period, this oil loose its qualitative characteristic. 
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Abstract— The purpose of this new study is to examine potential 
improvements in the performance of flat plate solar air collector. 
An extensive parametric study is performed to optimize the 
collector design. A three dimensional CFD model of a flat plate 
solar air collector is developed and solved in steady-state 
conditions. We propose a suitable approach for assessing and 
optimizing a 1.28 m2 surface collector’s performance. We have 
then compared the performance of the different investigated 
structures. The new design presented in this study, deserves 
further exploitation as it seems to be a promising alternative for 
increasing thermal efficiency with a low cost and weight. It could 
be used in industrial and domestic applications. 

 
Keywords— FPC; Thermal Efficiency; Pump Power; Fins; 
TIM-PS 

I. INTRODUCTION 

The concern for the sustainability of solar energy over time 
has led to persistent attempts to upgrade the capabilities of 
flat-plate solar air collectors. There is commonly one 
limitation associated with all solar air collectors; they exhibit 
a lower thermal efficiency than solar water collectors, which 
is related to the poor thermodynamic properties of air and the 
presence of a viscous sublayer near the hot wall Bopche and 
Tandale. [1]. The concept of boosting the heat transfer 
through artificial roughness was initiated nearly a century 
back Bhushan and Singh [2]. Chabane et al. [3] have 
elaborated experimentally a finned collector fitted with five 
longitudinal semi-cylindrical fins against the absorber. The 
greatest observed thermal efficiency was 51.5% for a finned 
collector with a solar heat flux of 480 W/m2. Kumar et al. [4] 
and Kumara et al. [5] have investigated the several 
arrangements of blocking such as transverse perforated 
blocking, angular perforated blocking, solid V-blockage, V- 
blockage with gap and perforated V-blockage with gap and 
perforated V-blocks. The survey revealed that the perforated 
V-blockage has the best thermal-hydraulic performance than 
with the other blocking types. Fana et al. [6] have suggested a 
novel multi-channel V-block absorber implemented as part of 
a flat ventilation system. The daily average optical and 
thermal efficiency of the new and conventional absorber is 
about 84.9 - 69.4% and 69.1 - 58.6%. The authors showed 
that the V-absorber design could reduce the pressure drop and 
pumping power up to four times compared to the 
conventional absorber. 

A second main obstacle concerns the convection losses from 
the front of the collector. Due to its confinement between 
plates of different temperatures, the air gap between the high 
temperature absorber and the transparent cover is subject to 
very large free convection movements. N. Benz et al [7] 
reported   in their study   that   the   natural convection 
phenomenon does not occur in the collector at a pressure 
below 5 kPa and that the amount of loss is lowered by 30% 
relative to atmospheric pressure. Thus, we can emphasize that 
maintaining the vacuum condition in the air space, confined 
between the transparent cover and the absorber plate, ensures 
the suppression of natural convection in this space. 
Nevertheless, the vacuum state in this space is not easy to 
maintain for a long period of time. There are several ways to 
minimize the convection losses of flat plate solar collectors. 
The internal convection can be reduced by the incorporation 
of convective barriers inside the air gap. Some tests for this 
method can be seen in F. Bava et al. [8], M. Jami et al. [9], 
and R. Garcia et al. [10]. From a practical and economic 
perspective, it is crucial that the device designed can deliver 
the desired hot air on demand and throughout the year, while 
ensuring savings on design and maintenance costs by using a 
100% renewable source and excluding any auxiliary energy 
source. 

Thus, the present work has been undertaken to numerically 
analyze several approaches aimed at optimizing the thermal 
performance of the collector. The impact of the inclusion of 
fins and the adoption of a selective absorber, as well as the 
incorporation of a structure of parallel vertical and inclined 
transparent insulation material (TIM-PS) slats inside the air 
gap have been analyzed simultaneously. To the best of the 
author's knowledge and based on the above literature survey, 
relatively few studies exist regarding the application of TIM 
slats to solar collectors. The innovation of this research lies in 
the comparison of a number of approaches regarding both the 
performance weight and cost in order to identify the most 
cost-effective and simple technique. 

II. METHODOLOGY 

A. SOLUTION DOMAIN 
Our numerical investigation is based on a 3D 

model of a flat plate solar collector. In order to 
validate our numerical model, a first model 
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interprets the geometry of the solar
experimentally studied by N.Moummi
The collector   surface   is   1.6*0.8  
transparent cover in polycarbonate
thickness, an absorber sheet made of cooper; once
it is black-painted α=0.95 and ε =0.9,
a selective coating α=0.95 and ε =0.1

 
 
 
 
 
 
 

 
Fig.1 Structure of the FPC 

B. Solution techniques 

The numerical procedure chosen by the 

 
 
 

ANSYS FLUENT, for solving the Navier-
is based on the ‘finite volume’ method. 
employed, the solver adopted is: three-dimensional ‘Double
Precision’, a ‘serial’ processing option is adopted to solve the
problem. The data results are obtained from pressure
segregation solver. The standard k-ε model was chosen as the
computational procedure to close the system of the mean flow
equation. 

III. RESULTS AND DISCUSSIONS

A. Fins' Effect 

Rectangular fins are as thin as the absorber and are about 0.4
mm thick, and were attached to the lower insulation plate.
Fins’ width is 50 mm; relative heights is e'/e=0.8. Eight fins
are across the width of the collector. The interrupted
mounted in staggered rows. 
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solar collector 
N.Moummi [11]. 

Fig. 2 Collector Efficiency of Smooth 
Flow Rate at Φ=900

1.6*0.8   m²,   with   a 
polycarbonate of 0.01 m 

made of cooper; once 
=0.9, second it has 
=0.1 

 
 
 
 
 
 
 
 

Fig.3 The velocity contours and streamlines

 
 
 
commercial code 

 
 

 
Fig.4 Pump Power

-Stokes equations, The improvement in heat transfer,
 In the software rectangular fins, is obvious.

dimensional ‘Double- 
Precision’, a ‘serial’ processing option is adopted to solve the 
problem. The data results are obtained from pressure-based 

del was chosen as the 
computational procedure to close the system of the mean flow 

DISCUSSIONS 

Rectangular fins are as thin as the absorber and are about 0.4 
mm thick, and were attached to the lower insulation plate. 
Fins’ width is 50 mm; relative heights is e'/e=0.8. Eight fins 

The interrupted fins 

is shown in Fig.2; the results show that the efficiency is
improved as the flow rate increases. The flow 
drawn near the fins in Fig3; we can closely observe the
complex flow pattern caused by the fins. We notice the
formation of vortexes between the surfaces of the fins,
which ensures the rolling action of the flow. The air flow
deflects by 180° and creates a large separation vortex. The
longer the fins, the more
thinner the laminar sub-layer; therefore, the heat transfer
between the absorber and the air is greater. On the other
hand, when the flow crosses a rough surface, it will be
subjected to a frictional force due to
air and the presence of obstacles.
represented by the pressure
in the air duct goes with
increasing the air flow rate induces a
in friction loss. The frictional
proportional to the square of the
increasing pumping power occurs. The pumping work is
shown in Fig.4; which compares the energy consumption
of the pump for both cases.
the pump increases sharply
For the   smooth   duct   manifold,  
consumption is up to 0.08 W, which is extremely low,
while the pump power is up to 16 W for the collector with
fins e'/e=0.8, the highest value.

This configuration containing
ameliorated the thermal performance
more than 80% but on the 

 and Finned Duct Vs. The Air Volume 
Φ=900 W/m². 

streamlines for G = 51.28 m3/hm² 

Power Consumption 

transfer, due to the addition of 
obvious. The efficiency of the collector 

is shown in Fig.2; the results show that the efficiency is 
improved as the flow rate increases. The flow lines are 
drawn near the fins in Fig3; we can closely observe the 
complex flow pattern caused by the fins. We notice the 
formation of vortexes between the surfaces of the fins, 
which ensures the rolling action of the flow. The air flow 

creates a large separation vortex. The 
more turbulent the flow and the 

layer; therefore, the heat transfer 
between the absorber and the air is greater. On the other 
hand, when the flow crosses a rough surface, it will be 

force due to the viscosity of the 
obstacles. This phenomenon is 

pressure drop (ΔP). The pressure drop 
with the air volume flow rate; 

increasing the air flow rate induces a significant increase 
frictional pressure drop is 

square of the velocity. As a result, 
increasing pumping power occurs. The pumping work is 
shown in Fig.4; which compares the energy consumption 

both cases. The energy consumption of 
sharply with increasing volume flow. 

manifold,   the   pump   power 
mption is up to 0.08 W, which is extremely low, 

while the pump power is up to 16 W for the collector with 
value. 

containing 140 rows of fins have 
performance to reach a value 
 other hand, it leads to the 
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highest pump power. It is interesting to evaluate the 
minimizing of fins number. 

 
B. Effect of Selective Absorber with Fins 

 
As the impact of the radiant losses is more strictly linked 
to the absorber’s optical properties, this part aim is to 
show how to boost the performance of the solar collector 
by optimizing the material’s optical properties 
constituting the surface of its absorber. 
For this part, we consider a highly selective absorber 
coating that exhibits optical properties as follows; 
K= 380 W/mK, α=0.95 and  =0.1. 
The collector equipped with a selective absorber 
is more efficient than the one equipped with fins 
as long as the number of rows of fins remains 
lower than 140 rows (l'/L=0.006). To increase 
the efficiency of the collector with a minimum 
number of fins, without increasing the pumping 
power and the weight of the collector, we 
propose to use both a selective absorber and a 
low number of fins. The pumping power of the 
collector with a selective absorber and three 
rows of fins (l'/L=0.45) is insignificant 
compared to the pumping power for the 
collector with a non-selective absorber and 140 
rows of fins (l'/L=0.006), the value does not 
exceed 0.05 W for the first type, but it reaches 
16 w for the second type as shown in Fig.6. 
Lower pumping power can extend the life of the 
pump as well as decrease the maintenance cost. 
The design of the selective absorber with three 
rows of fins has improved the thermal efficiency 
of the collector, and significantly reduces the 
pressure drop, pump power consumption, 
collector cost and collector weight compared to 
a collector with 140 rows of fins. 

 

 
 

Fig.5 Comparison between Effective Efficiency 
 

Fig. 6 Pump Power Consumption 

 
C. Effect of Selective Absorber with TIM-PS 

 
In order to take advantage of both the limitation 

of radiative losses by using a selective coating on 
the absorber plate (α=0.95, ε=0.1) and the 
limitation of convective losses by the use of 
parallel slats made of transparent insulating 
material (TIM-PS), we show a design with a 
selective absorber and TIM slats in the air gap 
attached to the transparent cover (Fig.7). These 
parallel slats are transparent to the solar radiation 
and have a thickness of 1 mm (Table 1), attached to 
the transparent cover and positioned so that they do 
not touch the absorber plate. We tested the model 
of collector with 1, 2, 3, 4 and 5 TIM-PS; the 
collector "without TIM-PS" is used as a reference 
model. 
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Fig. 7 Structure of the FPC with Vertical TIM-PS 

TABLE 1 GEOMETRICAL CHARACTERISTICS OF THE TIM-PS 

friction factor. The use of TIM-PS does not require 
additional pumping power. 
The application of transparent parallel slats not 
only provides good insulation, but also affects the 
convective flow within the confined air space 
between the absorber plate and the transparent 
cover. 

 

 
0.8 

 
 

0.75 
 
 

0.7 
 
 

Fig.8 shows that with the increase of the air flow 
rate, the efficiencies of the collector increase. For 
the same air flow rate of 85.33 m3/hm², the 
collector efficiency is 78, 76.7, 76.4, 75.2, 74.4 and 
71% for the 4, 5, 3, 2, 1 slat and reference collector 
respectively. The efficiency of the collector 
increases with the TIM-PS number up to an 
optimal TIM-PS number of 4; beyond this number, 
the efficiency decreases with the number of TIM- 
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PS. Increasing the number of TIM-PS allows a 
significant reduction of the convective transfer. By 
including the vertical TIM-PS within the air cavity, 
the flow structure was drastically modified, 
especially in the region near the top cold wall. The 
first reflex of the TIM-PS was to block the air flow, 
forcing the horizontal boundary layer flow along 
the top wall to separate from the transparent cover. 
The fluid circulation’s take place in a thin layer in 
proximity to the absorber plate and the slats corners. 
The air circulating in the neighbourhood of the hot 
wall is then less cooled.   Besides that, maintaining 
a gap between the TIM-PS and the selective 
absorber can minimize the coupling between 
conduction and radiation. Parallel transparent slats 
offer the possibility to improve the performance of 
the collector. They can reduce heat loss by 
providing high thermal resistance while 
transmitting solar energy efficiently, and on the 
other hand the addition of slats in the air gap does 
not affect the pressure drop, it does not increase the 

Fig. 8 Thermal Efficiency for Different TIM-PS Number 
 

D. Effect of Slat Tilt Angle 
 

In this part, we propose to study the effect of the 
tilting of the TIM-PS in the air gap (Fig.9). The 
novelty presented in this work lies in the fact that 
inclined slats are attached in the air gap, and that 
such a design of the solar air collector has not been 
studied before. 

 
Fig.10 reveals that both of these +/-45 tilted slats 

provide an increase in collector performance, 
although it is clearly distinguishable that the 
improvement provided by the -45° tilted slats is 
significantly more significant than that achieved by 
the +45° tilted slats. The highest performance of 
the collector is achieved by the collector with 
twelve TIM-PS inclined at a negative angle (-45°). 
Thus TIM-PS inclined by +/-45° significantly 
affects the flow inside the air gap, therefore the 

η 

Parameters Value 

Width 0.8m 
Thickness 1 mm 

Relative Height e"/e 0.8 
Material PMMA 
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temperature fields, and thus the collector’s requirements of low weight, low pumping 
performance. It is also worth noting that, TIM-PS 
inclined by -45° alters the air flow more than other 
positions of slats. In fact, when the TIM-PS is 
tilted by -45°, the unicellular structure of the 
airflow is dissociated thanks to the orientation of 
the -45° TIM-PS of many small cells with tilted 
shapes. The increase in the number of TIM-PS 

consumption, ease of manufacturing, and low cost. 
Optimized flat plate solar air collector modelled 
with a selective absorber and three rows of 
rectangular fins installed beneath the structure 
provides 81% of thermal efficiency. This 
collector's configuration provides a high efficiency 
but it can produce of friction factor then a pump 

inclined by   -45°, consequently increases the power. The innovative  facade collector including 
number of small cells, and thus decreases the rate 
of heat transfer between the hot and cold walls. For 
the optimization of the performance of the solar air 

tilted TIM-PS can achieve a thermal efficiency 
around 80% with keeping the lightweight of the 
collector and the low cost, and without any increase 

collector, it is primordial to select the adequate in the friction factor and the pump power. Hence 
inclination of the collector. considering the factors of; the low pump power 

consumption, the low collector weight, the simplest 
geometry and low cost, the optimal design for solar 
air collector with tilted TIM-PS of e ′ /e= 0.8 
corresponds to the optimal design. This CFD 
survey yielded the highest optimized and most cost- 
effective and simple to manufacture configuration 
for an air collector, its importance has been 
increased by the recent intensification of attempts 
to maximize the profitability of solar energy. This 
optimized configuration could be used in industrial 
and domestic applications. The new design of the 
TIM-PS inclined at an angle of -45◦ integrated 
collector, is the most suitable design, characterized 

Fig.9 Configuration of Inclined Slats Sandwiched Between Absorber 
Plate and Transparent Cover 

by its high performance, 
sector for drying. 

for the usein agriculture 

 

IV. CONCLUSIONS 

One of the great challenges in designing a solar 
air collector is selecting of the suitable parameters 
of the collector components to achieve the best 
performance while keeping the lowest cost possible. 
In this paper, a parametric study of enhancement of 
collector’s performance is illustrated. The new 
design of FPC including tilted TIM-PS is 
recommended to be used in industrial agriculture 
drying, as it seems to be a promising alternative for 
increasing thermal efficiency with a low cost. The 

Fig.10 Effective Efficiency for Different TIM-PS Number and Tilted results obtained in this work demonstrate the 
Angle, G=85.33 m3/hm² 

 
E. Optimum Collector's Design 

 
The most promising collector must achieve the 

best thermal efficiency and fill out high 

success of air heating system mode with TIM-PS. 
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Abstract— Wastewater Treatment Systems become a necessity 
around the world because of their crucial role to protect the 
environment and the human health. In this work, a Model 
Predictive Control (MPC) strategy of an Activated Sludge 
Process (ASP) based on the Takagi-Sugeno (TS) fuzzy modelling 
approach is proposed and successfully applied. A quasi-Linear 
Parameter-Varying (LPV) representation of such a wastewater 
treatment plant is established to build the corresponding TS 
fuzzy model by the use of a convex polytopic transformation. 
Such a global TS fuzzy model structure of the studied ASP is then 
used for the design of nonlinear MPC laws for the ASP’s 
dynamics, i.e. effluent volume, concentrations of heterotrophic 
biomass, biodegradable substrate and dissolved oxygen. 
Demonstrative results and comparisons show the effectiveness 
and superiority of the proposed fuzzy MPC approach 

Keywords—Wastewater treatment systems, activated sludge 
bioreactor, Takagi-Sugeno fuzzy modelling, model predictive 
control, carbon removal. 

I. INTRODUCTION 

In a natural environment, polluted and waste waters have a 
serious impact on both human health and ecosystems [1‒5]. As 
these waters are rich in hazardous components like carbon, 
nitrogen and phosphorus, new treatment technologies are 
proposed to best reduce the content of these hazardous 
substances and therefore protect the environment from their 
adverse effects. Biological treatment through activated sludge 
purification processes currently represents the effective 
technology in the field of wastewater recycling [1,3,4]. In 
activated sludge processes, a suspension of bacterial biomass is 
responsible for the removal of pollutants. 

Recently, many control approaches have been proposed in 
the literature for the activated sludge purification processes. As 
complex and high coupled systems, modeling and control of 
biochemical processes remain a difficult and tedious task 
because of the frequent changes of quality and flow rate of the 
load as well as the presence of complex biological phenomena 
intervening. The regulation of these plants requires advanced 
theories to achieve the desired purification performances 
[6‒20]. In [6], a Parallel Distributed Compensation (PDC) 
technique has been designed for an activated sludge process in 
the case of carbon removal. The concept of Linear Matrices 
Inequalities (LMI) and pole-placement are used. In [7], a PI- 
based control of the dissolved oxygen in wastewater treatment 
plants has been investigated for the nitrogen removal. In [8], 

the same problem, i.e. dissolved oxygen control, is handled 
using a neural network-based adaptive PID algorithm. Authors 
in [9] proposed optimal control strategies using an economic- 
oriented model predictive dynamic. In [10], an intelligent 
control approach based on the multi-objective optimization has 
been proposed to minimize the operating cost of nitrogen. In 
[11], a robust H∞ state-space fuzzy parallel distributed 
compensation approach for a biological wastewater system 
described by a fuzzy Takagi-Sugeno model has been presented 
and applied. In [12], a fuzzy controller is designed to monitor 
the effluent quality and operational cost in a wastewater plant. 
In [13‒15], various model predictive control strategies have 
been applied for the activated sludge processes. Other various 
control techniques and approaches have been studied and 
proposed in the literature for such family of wastewater 
treatment systems [16‒20]. Through all this literature works’ 
citation, one can observe that the use of the classical and most 
common nonlinear control techniques still difficult in terms of 
design and implementation. In many scenarios, these nonlinear 
approaches are non systematic and require prohibitive design 
time and resources. In recent years, intelligent and non 
conventional control techniques, particularly those based on the 
concepts of fuzzy logic control, have been emerged as a 
promising solution both for modeling and control design of 
these biochemical systems. 

Based on these aforementioned observations and ideas, the 
use of Takagi-Sugeno fuzzy formalism presents a promising 
alternative for modeling and control design of such complex 
purification processes [21,22]. Such a logic fuzzy technique of 
modeling, using a given nonlinear model of standard activated 
sludge plants, allows the design of various efficient linear 
control strategies, e.g. proportional-integral-Derivative (PID), 
parallel distributed compensation (PDC), robust H∞ design, 
and particularly model predictive control (MPC). The main 
steps of such an advanced control design methodology are 
essentially based on the rewriting of the nonlinear model in a 
quasi-LPV form and the transformation of such a state-space 
representation within a global linear and time-invariant form 
thanks to the well-known convex polytopic transformation [21]. 
The operation of the nonlinear system is then described in 
different parts of the state-space using local stationary linear 
sub-models. The premise variables are partitioned in order to 
build all weighting functions and constant matrix of the state- 
space representation that is equivalent to the initial nonlinear 
system [21,22]. 
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In this paper, a TS fuzzy model of activated
established from a given standard nonlinear
Activated Sludge Model N°1 (ASM1) [23]. The
procedure is described and the obtained TS fuzzy model is then
used to design advanced nonlinear MPC laws for biological
variables involved in the case of carbon 
effluent volume and the concentrations 
biomass, biodegradable substrate and dissolved
Demonstrative results are carried out and
remainder of this paper is organized as follows. In Section II, a
TS fuzzy model of the studied activated sludge
computed. In Section III, a fuzzy model 
strategy is designed. The effective parameters of such a control
approach are selected and tuned thanks to a trials

abraesecdaritreieradtiovuettetochsnhiqouwe.thIne SeeffceticotinveIVne, snsumaned

proposed TS fuzzy approach. Section V gives
of the paper. 

II. TAKAGI-SUGENO FUZZY MODELLING OF

A. Activated Sludge Process Description 
An activated sludge process for wastewaters

a biochemical system made up of a bioreactor, 

pipe for the sludge recycling process, see Fig.
pre-treatment phase, the input wastewater 
aeration tank in which the bacterial biomass
organic polluting matter, i.e. carbon, nitrogen and others. In
such a chemical reaction, the microorganisms agglomerate in
flocks and produce sludge. The mixed liquor from the effluent
is then sent to the decanter where the separationwthaetesretatnleddthselubdagceterisialrefcloyccklesdistdoontheebayegraratovrityto.
purification capacity. 

Fig. 1. Synoptic and setup scheme of an activated sludge process.

 
In the case of carbon removal, a reduced

be considered to describe the entire nonlinear dynamics of the
activated sludge plant, i.e. effluent’s volume,
heterotrophic biomass, biodegradable substrate and dissolved
oxygen [6,22,23]. In this work, it is assumed that the purified
water does not contain particulate substances
concentrations of the soluble components are the same at the
decanted inlet and outlet. Therefore, the following
are retained [6,22,23]: (qin  (t ) + qR  (t )) XBH  (t ) = (qR  (t ) + qw 

SS,R (t ) = SS (t ) 
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activated sludge plants is where   XBH     and SS are the 
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nonlinear benchmark, i.e. 

The modeling biodegradable substrate concentrations,

procedure is described and the obtained TS fuzzy model is then 
used to design advanced nonlinear MPC laws for biological 

 removal, i.e. the 
 of heterotrophic 

dissolved oxygen. 

and qw are the effluent inlet, recycling and
rates, respectively. 

As additional modeling hypothesis, the effluent’s recycling
and extraction flow rates represent fractions of the total inlet
flow rate and can be defined as follows:

and discussed. The 
remainder of this paper is organized as follows. In Section II, a 

sludge process is 

qR (t ) = fRqin (t ),  

qW (t ) = fW qin (t 
 predictive control 

strategy is designed. The effective parameters of such a control 
approach are selected and tuned thanks to a trials-and-errors- 

edricvaallisdiimtyuloaftiothnes 

Based on the homogeneity property of such a biochemical
process, the output concentrations of heterotrophic biomass,
biodegradable substrate and dissolved oxygen can be written as
follows [6,22,23]: 

gives the conclusions X
BH ,out 

= X
BH 

, S
S ,out 

= 

OF THE PROCESS 

wastewaters purification is 

On the other hand, the concentration of dissolved oxygen is
assumed to be zero at the inlet of the bioreactor, i.e. 
is also assumed that the activated
variable volume of the effluent described by

 a clarifier, and a qout   = (1 +  fR ) qin  

Fig. 1. Following a where 1 R+ denotes the gain of 
 circulates in the 

biomass degrades the 
organic polluting matter, i.e. carbon, nitrogen and others. In 
such a chemical reaction, the microorganisms agglomerate in 
flocks and produce sludge. The mixed liquor from the effluent 

the separation of the purified 

and Vref presents the reference volume.
Based on all the aforementioned

nonlinear model of the activated sludge process is derived in
the case of carbon removal as follows:

V =   Vref  V 
yo.  Amfariancttaiionn iotsf  

1   

q q
 

 X = in X  fW (1
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 H 
 + (1 f )bH XBH 

 
qin 1 YH    

process.  O V   S  Y H K 

In the case of carbon removal, a reduced ASM1 form can 
be considered to describe the entire nonlinear dynamics of the 

volume, concentrations of 

 +  2qa  (SO ,sat   SO ) 
 

 
heterotrophic biomass, biodegradable substrate and dissolved 

. In this work, it is assumed that the purified 
substances and the 

concentrations of the soluble components are the same at the 
following expressions 

B. Takagi-Sugeno Fuzzy Modelling

Based on the above nonlinear model of the studied ASP, an
equivalent quasi-LPV state-space representation is defined as
follows [6,21,22]: 

 (t )) XBH ,R (1)  X (t ) = A( ( X , u )) X (

(2) 
 y (t ) = C ( ( X , u )) X (t

S

 
heterotrophic biomass and 

concentrations, respectively, qin , qR 

inlet, recycling and extraction flow 

As additional modeling hypothesis, the effluent’s recycling 
and extraction flow rates represent fractions of the total inlet 

follows: 
  1  fR   2 
 ),  0< fW  <1 

(3) 

(4) 

Based on the homogeneity property of such a biochemical 
process, the output concentrations of heterotrophic biomass, 
biodegradable substrate and dissolved oxygen can be written as 

 S
S 
, S

O,out   
= S

O (5) 

On the other hand, the concentration of dissolved oxygen is 
assumed to be zero at the inlet of the bioreactor, i.e. SO,in  0 . It 

activated sludge process operates at a 
described by the following law: 

 1 (Vref   V ) (6) 
 a proportional regulation 

volume. 
aforementioned hypotheses, a reduced 

model of the activated sludge process is derived in 
follows: 

1+ fR ) 
 X 

W ) BH 

R+ f 

O 
 

XBH  bH X BH 

SS SO (7) 
 K   + S   K + S     X

BH
 

 S S OH O 

   S S 
 +S S   K O + S X BH 

S S OH O 

Modelling 

Based on the above nonlinear model of the studied ASP, an 
space representation is defined as 

(t ) + B ( ( X , u ))u (t ) (8) 
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where  (X ,u )C1 (R n R m ) is the vector

parameters, X Rn      
and u Rm are the statevectors, A   X ,u and B   X ,u denote
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From equations (9) and (10) that given the non
state-space matrices, three premise variables can be defined as
follows: 

z1 ( ( X , u )) = SS (t ) SO (t
KS + SS (t ) K OH + SO
q (t) 

 
 

z ( ( X , u )) = in 
2 V (t ) 

z3 ( ( X ,u)) = qa (t ) 
By using the convex polytopic transformation
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vector  of variable By making all the possible combinations

state and input denote the parameters- 
variables, the defuzzification leads
fuzzy model for the8activated sludge
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III. M P C D 

ODEL   REDICTIVE   
A. Basic Concepts 

From equations (9) and (10) that given the non-constant 
space matrices, three premise variables can be defined as 

As an advanced control approach,
to compute a sequence of control
element is applied to the process [13
sequence is updated at each sampling
minimize the following quadratic

Np 

t ) (12) J (t ) =eT (t + i | k )Q
O (t ) i=1 
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(13) i=0   
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p c 
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transformation [21], these the weighting matrices of the MPC
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REDICTIVE    ONTROL    ESIGN 

approach, the MPC technique aims 
control laws where only the first 

[13‒15,24‒27]. Such a control 
sampling time, i.e. t = kTs , to 

quadratic cost function: 

Q e(t + i | t ) (20) 

)Ru  (t + i | t ) 

  
the prediction and control 

> 0 and R = RT > 0 denote 

MPC laws, e(t + i | t ) denotes 
reference and system predicted all measurements up to and 

nmeffte.ctive control parameters 

horizons, and weighting coefficients 
trials-errors-based procedures. 

Predictive Control 
 dynamics of the studied ASP 

MPC control strategy is carried 
fuzzy model. The equivalence 
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in Fig. 2. The designed fuzzy 
fuzzy sets with the fuzzy model in 

The defuzzification of the overall MPC laws 

(
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 ( z (t ))u (t )
MPC  i 
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MPC ,i 

where uMPC ,i , i {V , XBH , SS , SO}, is the local fuzzy
designed for the corresponding local sub-models.

 

Fig. 2. Block diagram of the proposed TS fuzzy-based MPC 
 

IV. SIMULATIONS RESULTS AND DISCUSSION

To show the effectiveness of TS fuzzy modeling and MPC
approaches, numerical simulations are carried
MATLB/Simulink environment. The parameters of the studied
wastewater plant are summarized in Table I. Input evolution
profiles are chosen for effluent volume and concentrations of
heterotrophic biomass, biodegradable substrate and dissolved
oxygen dynamics. Modeling results allowing comparing the
behaviors of the wastewater dynamics either while considering
the nonlinear model and the equivalent TS fuzzy

TABLE I 
NUMERICAL VALUES FOR THE ASP’S PARAMETERS

 

   Param. Designation 
K Half-saturation coefficient of substrate

S 

K Oxygen half-saturation coefficient 
OH 

S Oxygen saturation concentration 

 Volume regulation gain 
1 

2 Oxygen regulation gain 

b Heterotrophic biomass mortality rate

 Heterotrophic biomass growth rate 
H 

Y Substrate/heterotrophic conversion 
H 

f Biomass fraction of products 

f Fraction rate of the recycling flow rate
R 

f Fraction rate of the extraction flow 
W 

 

A. TS Fuzzy Model Comparison and Validation

Numerical simulations lead to the time-domain
Fig. 3 to 6. Such responses of the nonlinear
compared with each other by considering the TS fuzzy and
nonlinear models. 
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models. 

 strategy. 

ISCUSSION 

To show the effectiveness of TS fuzzy modeling and MPC 
carried out under 

MATLB/Simulink environment. The parameters of the studied 
wastewater plant are summarized in Table I. Input evolution 
profiles are chosen for effluent volume and concentrations of 
heterotrophic biomass, biodegradable substrate and dissolved 
oxygen dynamics. Modeling results allowing comparing the 

wastewater dynamics either while considering 
fuzzy one. 

PARAMETERS 

 
 
 
 
 
 
 
 
 
 

 
Fig. 3. Transient responses of the effluent 

 

Fig. 4. Transient responses of the heterotrophic

 

  Values 
substrate 20g/m3 

  g/m3 

10 g/m3 

0.01 

2.3m-3 

rate 0.4 
Fig. 5. Transient responses of the biodegradable

 3.733 

 rate 0.6 

0.1 

rate 1.1 

 rate 0.03 
 

Validation 

domain responses of 
nonlinear dynamics are 

compared with each other by considering the TS fuzzy and 

 
 
 
 
 
 
 
 
 

Fig. 6. Transient responses of the dissolved

 volume dynamics. 

heterotrophic biomass concentration . 

biodegradable substrate concentration. 

dissolved oxygen concentration. 
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The time-domain behaviors of the wastewater
dynamics, by separately considering the initial nonlinear model
and the computed TS fuzzy one, are displayed
Looking at these demonstrative modeling 
observe that the effluent input flow rate clearly influences the
three concentrations of the bioreactor in the case of carbon
removal, namely the heterotrophic biomass, the biodegradable
substrate and the dissolved oxygen. Simulation
resemblance between these two kinds of dynamic
i.e. evolutions of the concentrations and effluent volume are
close to each other however with minor differences noted. So,
one can conclude that the computed TS fuzzy model succeeds
in reproducing with satisfied precision the dynamical nonlinear
behavior of the studied biological wastewater
activated sludge plant. To more compare 
resemblance of obtained modeling results, the
wastewater dynamics is evaluated and analyzed
known Variance Accounted For (VAF) metric defined
follows: 

VAF = 
 1 var( yNL  yTS )  

i   var ( y ) 100 
 NL  

where yNL and yTS denote the outputs of the nonlinear and TS

fuzzy models, respectively, var (.) is the mathematical variance

function and i {V , XBH , SS , SO}. 
VAF (%) metrics’ variations are shown in Fig. 7 for all

modeled ASP’s dynamics. The steady-state values for such a
modeling metric further justify the modeling performance. As
shown, VAF indices around 99% for the effluent’s volume,
99.95% for the heterotrophic biomass concentration, 78% and
97% for the concentrations of biodegradable
dissolved, respectively, are obtained and guaranteed with the
proposed TS fuzzy modeling strategy. 

 

Fig. 7. VAF (%) metrics’ variations of the modeled wastewater
 

B. TS Fuzzy MPC Implementation 

A trials-errors-based design procedure 
tune the effective parameters of MPC algorithms,
of control and prediction, and weighting 
closed-loop responses are presented and compared in Fig. 8 to
Fig. 11. Several prototyping trials have been carried out with
different values of the design MPC parameters.
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three concentrations of the bioreactor in the case of carbon 
removal, namely the heterotrophic biomass, the biodegradable 

Simulation results show the 
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i.e. evolutions of the concentrations and effluent volume are 
close to each other however with minor differences noted. So, 
one can conclude that the computed TS fuzzy model succeeds 

satisfied precision the dynamical nonlinear 
wastewater process, i.e. the 

 
 
 
 
 
 
 
 
 
 

Fig. 8. Step-responses of the controlled effluent’s
 and quantify the 
the behavior of the 

analyzed using the well- 
metric defined as 

 % 
(22) 

denote the outputs of the nonlinear and TS 

is the mathematical variance 

VAF (%) metrics’ variations are shown in Fig. 7 for all 
state values for such a 

modeling metric further justify the modeling performance. As 
shown, VAF indices around 99% for the effluent’s volume, 

ophic biomass concentration, 78% and 
biodegradable substrate and 

dissolved, respectively, are obtained and guaranteed with the 

wastewater dynamics. 

 
 
 
 
 
 

Fig. 9. Step-responses of the controlled heterotrophic
 

Fig. 10. Step-responses of the controlled biodegradable

 is investigated to 
algorithms, i.e. horizons 

 coefficients. The 
loop responses are presented and compared in Fig. 8 to 

Fig. 11. Several prototyping trials have been carried out with 
parameters. 

 

 
Fig. 11. Step-responses of the controlled dissolved

effluent’s volume dynamics. 

heterotrophic biomass dynamics. 

biodegradable substrate dynamics. 

dissolved oxygen dynamics. 
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Looking at these demonstrative results, one can conclude 
that the control performances in terms of stabilization around 
the set-point values are satisfied and significantly influenced 
by the choice of the effective MPC’s parameters. Transient 
responses with small steady-state errors and damped behaviors 
are obtained for the dynamics of effluent’s volume and 
biochemical concentrations. Steady-state performances are 
acceptable but still perfectible in terms of precision and 
robustness. The use of more sophisticated tuning techniques of 
MPC design presents a serious challenge. The resemblance 
between the nonlinear and TS fuzzy-based responses can 
validate the proposed fuzzy modeling and control approach of 
wastewater processes. 

V. CONCLUSIONS 

In this work, a Takagi-Sugeno fuzzy-based approach is 
proposed and successfully applied for modeling and control of 
an activated sludge process type of wastewater systems. In a 
carbon removal case, nonlinear dynamics of the process, i.e. 
effluent volume and concentrations of heterotrophic biomass, 
biodegradable substrate and dissolved oxygen, are stabilized in 
closed-loop around the imposed set-point values thanks to a 
proposed TS fuzzy-based MPC strategy. From a reduced 
nonlinear model of the standard ASM1 benchmark, an 
equivalent TS fuzzy state-space representation is computed and 
explored in the MPC design phase. While adopting a classical 
trials-errors-based design procedure, all effective MPC 
parameters for all TS fuzzy local sub-models are selected. 
Numerical simulations are carried out and demonstrative results 
are presented and discussed. These results are satisfactory and 
can be further improved in our future works. The closed-loop 
responses of the controlled process show the equivalence of the 
modeling representations. All results and comparisons prove 
the effectiveness of the proposed TS fuzzy approach for the 
wastewater processes. 
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Abstract— Slug flow occurrence in sewer networks is a key 
factor causing channel blockage, thus the critical longitudinal 
ventilation velocity is a key parameter in sewer networks design. 
Slug occurrence in confined channels with obstacles has rarely 
been studied. Hence, the main aim of this paper is to study the 
effect of obstacles on critical ventilation velocity in 
longitudinally ventilated sewer networks. Numerical 
investigation was applied. Obstacles were located in the upper 
wall of the confined channel in three different axial positions. 
Numerical results show that these blocks have direct effect on 
the dynamic of the air water flow. The critical ventilation 
velocity increases with the increase of the axial distance between 
the channel inlet and the block. Moreover, at first instants, the 
channel with obstacles showed a smooth flow upstream the block 
and the occurrence of slugs downstream the block which 
reduced the flow disturbance near the inlet compared with the 
original case. 

 
 

Keywords— sewer network; sewer blockage; air water slug 

flow; blocks; longitudinal ventilation 

 
 

I. INTRODUCTION 

In this study we consider to evaluate the effect of the 
existence of blocks situated in the upper part of a confined 
sewer systems. In fact, these systems ensure the transport of 
two phase air water treated flow. In some cases, the upper 
wall may contain hydraulic pipes for other requirements. 
Such pipes may affect the dynamic of the transported air 
water flow and obstruct the channel. 

 
Blockage of sewer networks is considered as one of the most 
fatal threat to the environment and human being as it is 
generally of high pressure, contains toxic gases from 
transported treated wastewater and could damage the 
infrastructure of sewer system initiating flooding. In fact, 
sewer networks ensure the transport of treated wastewater and 
are longitudinally ventilated to aerate the channel and to 
ensure that toxic gases does not return to the cities. During 
intense rainy events, the capacity of these networks is 
overloaded which means that the water level increases until it 
blocks the whole channel. This blockage is described by the 
transition from air water stratified flow to slug flow ([1]–[5]). 
For this reason, slug flow control is important in order to 

avoid the channel blockage ([4], [5]). Reference [4] studied 
the effect of air velocity on slugs in a confined channel. 
Results revealed the dependence of the slug flow occurrence 
to air velocity. It defined a numerical correlation linking slug 
occurring time and position to air ventilation velocity. 
However, there are many reasons that trigger the occurrence 
of slug flow besides the lack of ventilation: heavy rains, 
inappropriate pipe sizing and the existence of obstacles in the 
channel...etc. Obstacles can be submerged or even embedded 
in the top wall of the channel, such as gas pipes crossing the 
sewer network. Big attention was given to the case of 
submerged obstacles due to their importance in coastal areas 
and resolving the challenging problems in ocean engineering. 
Reference [6] studied experimentally and numerically the 
effect of two rectangular submerged obstacles at different 
heights on the water’s free surface. Results show that the 
more the height of the submerged obstacles increases, the 
more the wave’s height reduction and energy loss increase. 
Reference [7] numerically investigated the effect of 
submerged obstacles on a solitary wave. It found that the 
width of the obstacles has little influence on the 
characteristics of the wave. Furthermore, it showed that the 
height of the obstacles has direct effect on the height of the 
wave. The higher the obstacle is, the lower the wave height is. 
Few of these studies considered the effect of submerged 
obstacles on the dynamic of the flow when it comes to 
confined channels. Moreover, the embedded obstacle to the 
ceiling of confined channels, to our knowledge, has not been 
investigated in the literature. For this purpose, the matter of 
this study is to investigate the existing of blocks in the top 
wall of the channel. It gives particular interest to the effect of 
these blocks on the critical ventilation velocity that causes the 
transition to slug flow which obstructs the channel. 

 
Thus a 3D numerical model of confined horizontal channel, 
describing actual sewer networks, was developed. The model 
considers the existence of blocks in the upper channel wall at 
different axial positions. The developed model was used to 
visualize the dynamic of the flow with and without these 
blocks. Then, the study presents the effect of the existence of 
these blocks on the critical ventilation velocity. The results of 
the present work will be useful in preventing the transition 
from stratified to slug flow, in the case of sewer networks 
with blocks on their ceilings. 
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II. METHODOLOGY 

 

= (6𝑢i  + 
6𝑢j 

)- 2 𝜇 𝛿  6𝑢
ij 

6𝑥j 6𝑥i 3 ij 6𝑥𝑙 

 
(3) 

This section describes the numerical modeling and the 
simulation methodology. A series of numerical simulations 
were conducted in rectangular confined horizontal channel 
with dimensions of 3m x 0.15m x 0.075m (length x height x 
width). These dimensions are in accordance with the test 
bench of the IUSTI laboratory at the University of Aix 
Marseille where the experiments were carried out to validate 
the developed numerical model ([4]). At one end of the 
simulated channel, the 1/3 of the channel height H (according 
the y axis) is given to the water phase and the 2/3 H are given 
for the air phase. Forced air flow was introduced to generate 
longitudinal ventilation, as shown in Fig. 1. The original case 
is an empty channel (with no blocks) and the studied cases 
are with blocks embedded in the upper wall of the channel in 
three different axial positions. 

Where 𝑢i ,j , 𝑢𝑙 are velocity components along the axis of the 
Cartesian system (𝑥i, 𝑥j , 𝑥𝑙 ) with (i, j, l = 1, 2, 3), 
respectively. Also, t is the time, p is the fluid density, P is the 
pressure, 𝑟ij   is the stress tensor, 𝛿 i s the Kronnecker delta, µ 
is the dynamic viscosity and F is the volumetric force due to 
surface tension. Specific boundary conditions are required to 
ensure the stability and accuracy of the simulation   results. 
The "Velocity inlet" condition is imposed at the air inlet and 
at the water inlet. Turbulence quantities were imposed by 
means of turbulent kinetic energy and turbulent dissipation 
rate. At the outlet, the "Outflow" condition is imposed. No 
slip condition is applied at the walls of the channel and the 
surfaces of the blocks. More boundary condition details are 
giving in Table 1. 

TABLE I 
BOUNDARY CONDITIONS 

      
 

Fig. 1 Schematic representation of the channel with block located at 1 m 
from the channel inlet 

 
All numerical simulations were conducted using the 
commercial code fluent. The Volume of Fluid VOF with an 
“Explicit” scheme was used as the multiphase model. The 
second order upwind scheme was used for momentum, 
turbulent kinetic energy and turbulent dissipation rate. The 

 
 
 

 
Where U, V, W, are 
respectively. 

 
 
 

 
velocities according to x, y, z, 

"PISO" pressure-velocity coupling algorithm was used. 
Simulations were considered as converged when the residuals 
for the equations of continuity and momentum were less than 
10-4. Turbulence was calculated by time-averaging the 
conservation equations governing the flow to produce the 
RANS equations (1, 2). The k- 𝗌 RNG turbulence model was 
used to solve the additional terms generated by the time- 
averaging approach. Equations governing the considered two 
phase flow are solved in each cell of the computational model 
and are presented as follows: 

 
6𝜌 + 6𝜌𝑢i  = 0 (1) 
6𝑡    6𝑥i 

6𝜌𝑢i + 
6𝜌𝑢i𝑢j  = − 6𝑃  + 

6𝑐ij  + 𝜌 𝐹 (2) 

The plots in all simulations are presented in the symmetry 
plan, where the x-axis represents the channel longitudinal 
ventilation and the y-axis represents the height direction. 

III. RESULTS 

In this section, we numerically studied the effect of blocks on 
the critical longitudinal ventilation velocity. First we 
compared the dynamic of the flow in the base case (channel 
with no blocks) with the channel with a block. Then, we 
compared the given critical air velocity for the base case with 
the ones given by the 3 cases of channel with blocks situated 
at different axial positions. Finally, we depicted the effect of 
the existence of blocks on the critical air ventilation. Fig.2 
presents a comparison between the dynamic of air water flow 

6𝑡 6𝑥j 6𝑥i 6𝑥j in confined channel without block (base case) sand with block 
embedded at 1m from the channel inlet for V =13 m/s and 

Vs =0.16 m/s in both cases. 
air 

air 

𝑙

Boundary Conditions Superficial 
Velocity [m/s] 

Turbulence 
parameters 
K [m²/s²] 

𝗌 [m²/ s3] 
Air Inlet Velocity [0.6-13] 0.01 < K < 1.66 

 Inlet   
0.02 < 𝗌 < 59.98 

Water 
Inlet 

Velocity 
Inlet 

0.16 K=0.001;𝗌 
=0.001 

Outlet Outflow ∂𝑈 ∂𝑉 ∂W 

∂𝑥 
= 

∂𝑥 
= 

∂𝑥 

= 0 

∂K ∂𝗌 
= = 0 

∂𝑥 ∂𝑥 

Channel 
Walls 

No Slip U= V=W=0 K=0; 𝗌 =0 

Block 
Walls 

No Slip U= V=W=0 K=0; 𝗌 =0 
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Base case Block case 

Fig.   2 Dynamic of the slug flow for the base case and the case with a 
block at the three first instants 

It can be seen that a large wave is created near the channel 
inlet in the base case. At the same time, a large slug is 
observed near the channel outlet in the case of channel with a 
block. The slug has already been created and ran the whole 
channel. This means that the existence of obstacles in 
confined channels disturbs more the air-water flow and 
increases the threat created by the occurrence of slug flow. To 
further investigate the effect of blocks on the dynamic of the 
flow, a study of the effect of block location was performed 
and compared with the base case. Three block cases with 
different axial positions were conducted as follows: 

 
• Case1: block is located at x = 0.2 m from the 

channel inlet. 
• Case2: block is located at x = 0.5 m from the 

channel inlet. 
• Case3: block is located at x = 1 m from the channel 

inlet. 

Fig.3 shows the evolution of the slug flow for each case with 
its depicted critical air velocity. Unlike the original case, we 
observe that the slug is created downstream the block in all 
channel block cases. The flow was kept smooth upstream the 
block. This means that, for the giving velocities, the existence 
of blocks ensured the stability of the flow near the inlet which 
is beneficial to the channel infrastructure and the transport of 
treated waste water process. Moreover, comparing with the 
original case, it is clear that the existence of blocks has 
reduced the critical air ventilation. 

Fig.4 shows the evolution of the critical air velocity in terms 
of the location of the block in the channel. Numerical results 
reveal that the critical air velocity is dependent to the block 
location. The more the block is close to the channel inlet, the 
less the critical air velocity is. Consequently, a higher 
ventilation velocity is required to trigger the slug flow in the 
channel when the block is far away from the channel inlet. 
Furthermore, it can be seen that the block has less influence 
on the critical air velocity starting from an axial position 
equal to 0.5 m from the channel inlet. In such cases, the 
critical air velocity varies slightly between 11 m/s and 12 m/s. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Evolution of the critical air velocity in terms of the location of the 
block in the channel 

 
 

IV. CONCLUSION 

Numerical simulations were conducted to investigate the 
effect of blockage on critical ventilation velocity in 
longitudinally ventilated channel with blocks. Blocks were 
situated on the upper wall of the channel at different axial 
positions. Results show that the configuration with blocks has 
major effect on the critical air ventilation comparing with the 
original case. Major findings are as follows: 

• The formation of slugs in the block case is much 

Base case Vs
air = 8.4 m/s X = 0.2 m Vs   = 6.6 m/s faster than in the original case. 

• In the early stages, the blocks kept the slug 
formation away from the channel inlet. 

• The further the block is from the channel entrance, 
the higher the critical air velocity. 

 
X = 0.5 m Vs  = 7.4 m/s X = 1 m Vs  = 7.6 m/s 

  
Fig. 3 Dynamic of the slug flow for each case with its depicted critical air 
velocity at the three first instants 
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Abstract—The integration of Cloud computing and IoT enables 
thesharing of computing resources and data between devices in a 
convenient and scalable way. The Cloud provides a platform for 
storing, processing, and analyzing large amounts of data generated 
by IoT devices, while IoT enables the collection and sharing of real- 
time data from various sources. This integration allows for new 
applications and services such as smart homes, connected cars, and 
predictive maintenance. However, implementing this integration 
can also present challenges, such as security and privacy concerns, 
network connectivity, and data management. This article presents 
a general background to address these challenges and explore new 
ways to fully leverage the potential of this integration. 

I. INTRODUCTION 

The security and privacy of cloud and IoT are both a 
challenge and an open issue that is gaining more attention. 
The integration of the two technologies in cloud-based IoT 
creates concerns about privacy, as sensitive data must be 
protected. Ensuring authorized access to sensitive data is 
still a challenge and data integrity must be guaranteed. 
Security remains an issue as the system is vulnerable to 
different threats from hackers, such as malware injection 
and information theft. Public key cryptography may not be 
applicable to all layers due to processing power constraints. 
There are various challenges, including possible attacks and 
vulnerabilities, and the lack of trust in service providers, 
whichrequires attention in order to address the security and 
privacychallenges in cloud-based IoT [1]–[6]. 
However, efforts are being made to address these 
challenges. For example, the use of cryptographic protocols, 
such as SSL and authentication methods, is helping to 
improve the security of IoT systems. Additionally, the use of 
privacy- preserving technologies, such as privelets, is being 
investigated to enhance the privacy of users. There is also a 
focus on improving the reliability of data centers and 
communication channels to reduce the risk of security 
breaches. Other researchers are investigating the 
implementation of IPv6 for IoT to improve the 
interoperability and efficiency of the system. Additionally, 
research is ongoing in areas such as auditing, flexible and 

 
open platforms, and learning and adaptive objects to 
help address the challenges posed by Cloud-based 
IoT [7]–[9]. 
Other security concerns in cloud-based IoT include 
issues with data privacy and data protection, data 
sharing, network security, and software security. To 
mitigate these issues, researchers and practitioners 
are exploring various security technologies and 
approaches, such as privacy-preserving datacollection 
and analysis, data encryption, secure data sharing 
protocols, firewalls and intrusion detection systems, 
and secure software development practices [10]–[12]. 
One of the most promising solutions is to adopt a risk 
management framework that identifies the security 
risks and threats associated with cloud-based IoT and 
provides a systematic approach to address them. This 
approach involves a combination of policy-based 
security measures, technical security controls, and 
organizational processes to ensure the security of the 
system. 
Another important aspect of cloud-based IoT security 
is the need for transparency and accountability. This 
requires that the service providers are transparent 
about their security policies and practices, and that 
they are accountable for ensuring the security of the 
data and systems they manage. 

This article provides a comprehensive overview of 
the current state of research on the security and 
privacy aspects of cloud and IoT integration. It is clear 
that security and privacy are critical challenges in 
cloud-based IoT, and a lot of effort is still required to 
overcome these challenges. The various proposals 
and solutions presented in the literature demonstrate 
the ongoing efforts to address these issues. However, 
it is important to note that these challenges are 
complex and multifaceted, and more research is 
needed to find effective and sustainable solutions. 
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II. INTERNET OF THINGS 

IoT, a term first launched by Kevin Ashton in 1998, is the 
future of Internet and ubiquitous computing [13]. This 
technological revolution reflects the good future of 
connectivity and reachability. In IoT, ‘things’ refer to any 
object on the face of the Earth, whether it is a communicating 
device or a non-communicating dumb object. From a smart 
device to a leaf of a tree or a bottle of beverage, anything can 
be part of Internet. The objects become communicating nodes 
over the Internet, through data communication means, 
primarily through Radio Frequency Identification (RFID) tags. 
IoT include smart objects as well. Smart objects can not only 
physical entities, but also digital ones , and they play some 
tasks for humans and the habitat. Becausec of this culprit, IoT 
is not only hardware and software paradigm, but also include 
interaction and social aspects as well [14]. The architecture of 
IoT provides a 3-layer, with a Perception layer. Namely, the 
Network layer, and the Application layer, but some [13], [15] 
add two more layers: The middle-ware layer and the Business 
layer. This five-layer architecture is shown in fig.1. 

• Perception layer is the lowest layer in the IoT 
architecture. This means that the purpose is to acquire 
the 

 
 

Fig. 1. Internet of Things layers. 
 
 
 

information from environment. All the data collection 
and data sensing part is done on this layer [16]. Sensors, 
bar code labels, RFID tags, GPS, and camera, lie in this 
layer. Identifying object/thing and gathering data is the 
main purpose of this layer. 

• Network layer collects the data perceived by the 
Perception layer. Network layer is like the Network and 
Transport layer of OSI model. It collects the data from the 
lower layer and sends to the Internet. Network layer may 
only include a gateway, having one interface connected 
to the sensor network and another to the Internet. In 

some scenarios, it may include network management 
center or information processing center. 

• Middleware layer receives data from Network layer. Its 
purpose is service management and storage of data. It 
also performs information processing and takes decisions 
automatically based on results. It then passes the output 
to the next layer, the Application layer [15]. 

• Application layer performs the final presentation of data. 
Application layer receives information from the 
Middleware layer and provides global management of 
the application presenting that information, based on the 
information processed by Middleware layer. Depending 
upon the type of devices and their purpose in Perception 
layer and then on the way they have been processed by 
the Middleware layer, according to the needs of user, 
Application layer presents the data in the form of: smart 
city, smart home, smart transportation, vehicle tracking, 
smart farming, smart health and other many kinds of 
applications [15]. 

• Business layer is all about making money from the service 
being provided. Data received at the application layer is 
melded into a meaningful service and then further 
services are created from those existing services. 
Furthermore, information is processed to make it 
knowledge and further efficient means of usage make it 
wisdom, which can earn a good amount of money to the 
service provider. 
IoT works on the basis of Machine-to-Machine (M2M) 
communications, but not limited to it. M2M refers to 
communication between two machines, without human 
intervention. In IoT, even non-connected entities can 
becomepart of IoT, with a data communicating device, 
like a bar-code or an RFID tag, sensed through a device 
(may even be a smart phone sensing it), which 
eventually is connected to the Internet. In IoT, non- 
intelligent objects, known as ‘things’ in IoT terminology, 
become the communicating nodes. 

III. CLOUD COMPUTING 

Nowadays, the term ”cloud computing” has been an 
important term in the world of Information Technology 
(IT). Cloud computing is a kind of computing which is 
highly scalable and use virtualized resources that can be 
shared by the users. Users do not need any background 
knowledge of the services. A user on the internet can 
communicate with many servers at the same time and 
these servers exchange information among themselves 
(Hayes,2008) [17]. Cloud computing is currently one of 
the new technology trends (virtualization, fast 
connection and broadband internet). Cloud computing 
encompasses elements from grid computing, utility 
computing and autonomic computing, into an 
innovative deployment architecture. This rapid 
transition towards the cloud has fuelled concerns on a 
critical issue for the success of information systems, 
communication and 
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information security. The major security challenge with clouds 
is that the owner of the data may not have control of where 
the data is placed. This is because if anyone wants to exploit 
the advantages of using cloud computing, one must also utilize 
the resource allocation and scheduling provided by clouds. 
There are numerous security issues for cloud computing as it 
encompasses many technologies including networks, 
databases, operating systems, resource scheduling, 
virtualization, transaction management, load balancing, 
concurrency control, and memory management. Therefore, 
security issues for many of these systems and technologies are 
applicable to cloud computing. As an example, the network 
that interconnects the systems in a cloud has to be secure [18]. 

IV. CLOUD COMPUTING ARCHITECTURAL FRAMEWORK cloud 
computing has been defined by The National Institute of 
Standards and Technology (NIST) as five essential 
characteristics, three cloud service models, and four cloud 
deployment models. They are summarized in visual form in 
Fig.2 and explained in detail below. 

From the researcher’s point of view, cloud computing is a 
model for enabling ubiquitous, convenient, on-demand 
network access to a shared pool of configurable computing 
resources (e.g, networks, servers, storage, applications, and 
services) that can be rapidly provisioned and released with 
minimal management effort or service provider interaction. 

A. Essential characteristics of cloud computing 
Cloud services have, in fact, five important characteristics 

associated with the cloud services which show their relation 

 
 

Fig. 2. NIST Visual Model of Cloud Computing Definition. 
 
 

to, and their differences from, conventional computing 
approaches: 

• On-Demand Self-Service A consumer can unilaterally 
provision computing abilities such as server time and 
network storage as needed automatically, without 
requiring human communication with a service provider. 

• Broad Network Access If Capabilities are available over 
the network and accessed through standard 
mechanisms, this will promote the usage of 

heterogeneous thin or thick client platforms (e.g., mobile 
phones, laptops, and PDAs) as well as other conventional 
or cloud based software services. 

• Resource Pooling The provider’s computing resources are 
pooled to serve multiple consumers using a multi-tenant 
model, with different physical and virtual resources 
dynamically assigned and reassigned according to 
consumer demand. Examples of resources include 
storage, processing, memory, network bandwidth, and 
virtual machine. 

• Measured Service Cloud systems automatically control 
and optimize resource usage by leveraging a metering 
capability at some level of abstraction appropriate to the 
type of service (e.g., storage, processing, bandwidth, or 
active user accounts). Resource usage can be monitored, 
controlled, and reported-providing transparency for both 
the provider and consumer of the service. 

• Rapid Elasticity Capabilities can be rapidly and elastically 
provisioned-in some cases automatically – to quickly 
scale out; and rapidly released to quickly scale in. To the 
consumer, the Capabilities available for provisioning 
often appear to be unlimited and can be purchased in any 
quantity at any time. 

B. Cloud Services Models 
Cloud service delivery is divided among three 

archetypal models and various derivative combinations. 
The three fundamental classifications are often referred 
to as the ”SPI Model” where ”SPI” refers to Software, 
Platform or Infrastructure (as a Service), respectively – 
defined thus 

• Cloud Software as a Service (SaaS) The capability provided 
to the consumer is to use the provider’s applications 
running on a cloud infrastructure. The applications 
running are accessible from various client devices 
through a thin client interface such as a web browser 
(e.g., webbased email). The consumer does not manage 
or control the underlying cloud infrastructure including 
network, servers, operating systems, storage, or even 
individual application capabilities, with the possible 
exception of limited user-specific application 
configuration setting. • Cloud Platform as a Service (PaaS) 
The capability provided to the consumer is to deploy onto 
the cloud infrastructure consumer-created or acquired 
applications created using programming languages and 
tools supported by the provider. The consumer could not 
manage or control the underlying cloud infrastructure 
including network, servers, operating systems, or 
storage, but has control over the deployed applications 
and possibly application hosting environment 
configurations. • Cloud Infrastructure as a Service (IaaS) 
The capability provided to the consumer is to provision 
processing, storage, network, and other fundamental 
computing resources where the consumer is able to 
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deploy and run arbitrary software, which can include 
operating systems and applications. The consumer does not 
manage or control the underlying cloudinfrastructure but has 
control over operating systems, storage, deployed 
applications, and possibly limited control of select 
networking components (e.g., host firewall). 

 

C. Cloud deployment models 
 

Regarding the service model utilized (SaaS, PaaS, or IaaS) 
there are four important deployment models for cloud 
services, with derivative differences that address specific 
needs. 

• Public cloud 
It is very crucial that the cloud infrastructure could be 
easily reached by the general public or a large company 
group and is owned by an organization selling cloud 
services. 

• Private Cloud 
The cloud infrastructure is controled only for a single 

organization. It may be managed by the organization or a 
third party, and may exist on –premises or off-premises. • 

Community cloud Many organization has shared the cloud 
infrastructure and support a specific community that has 
shared concerns (e.g., mission, security requirements, 
policy, or compliance considerations). It may be managed 
by the organizations or a third party and may exist on- 
premises or off-premises. 
• Hybrid cloud 

The cloud infrastructure consists of two or more clouds 
(private, community, or public) that remain unique 
entities but are bound together by standardized or 
proprietary technology that enables information and 
application portability (e.g., cloud bursting for load– 
balancing between clouds). 

V. CLOUD-BASED INTERNET OF THINGS 
III. It is evident that the IoT and Cloud computing are 

increasingly developing services, and have their own unique 
characteristics. On the one hand, the IoT approach is based on 
smart devices which links in a global network and dynamic 
infrastructure. It enables ubiquitous computing scenarios. The 
IoT is typically characterised by widely-distributed devices 
with limited processing capabilities and storage. These devices 
face issues regarding performance, reliability, privacy, and 
security [20]. On the other hand, Cloud computing has a 
significant network with vast spaces abilities and computation 
power.To add more , it provides a flexible, robust environment 
which allows for dynamic data integration from various data 
sources [21]. Cloud computing has partially resolved most of 
the IoT issues. Indeed, the IoT and Cloud are two differentely 
challenging technologies, and are being joined in order 

revoluitionize the current and future environment of 
internetworking services [22]. 

The Cloud-based Internet of Things is a platform which 
allows for the smart usage of applications, information, and 
infrastructure in a cost-effective way. While the IoT and Cloud 
computing are different from each other, their features are 
almost complementary, as shown in table1. This 
complementarily is the primary reason why many researchers 
have proposed their integration [20]. 

TABLE I 
Comparison of the IoT with cloud computing 

 

Items IoT Cloud Computing 
Characteristics IoT are pervasive 

(things are 
everywhere). 

Cloud is ubiquitous 
(recourses are available 

from everywhere). 
 These are real-world 

objects. 
These are virtual 

resources 

Processing 
capabilities 

Limited computational 
capabilities 

Virtually unlimited 
computational 

capabilities 
Storage 

capabilities 
Limited storage or no 
storage capabilities. 

Unlimited storage 
capabilities 

Connectivity It uses the internet as a 
point of convergence. 

It is uses the internet for 
service delivery. 

Big Data It is a source of big 
data. 

It is a means by which to 
manage big data. 

 
VI. CLOUD- BASED IOT ARCHITECTURE PARADIGM 

Cloud Computing services are implemented in many areas 
related to the IoT, including Genomics Data Processing, 
Teaching, and Studying, Services for Small and Medium 
Businesses, E-Learning Method, Augmented Reality, 
Manufacturing, Emergency Recovery, Smart Cities and others, 
Remote Forensics, Hospitality Business, E-Government and 
Human Resource Administration, Internet of Cars [23], [24]. 
Challenges in cloud computing and the IoT separately and in 
Application environments that are unique [25]. Critical 
difficulties in researching how the IoT and Cloud Computing 
could be integrated yielded inconclusive findings. 

Cloud computing and IoT have spread over the world and 
increased significantly in recent years [26]. The characteristics 
they show can be outstanding when joined. They are each 
really special and important for each other [27]. Researchers 
scheduled a range of applications concerning the Coordination 
of the Cloud and IoT to develop and accumulate data as it gets 
assistance from cloud storage and computational capability. In 
this part, then explain the Cloud-IoT (Cloud and IoT) 
architecture. The layers of knowledge in Fig 3 are explained 
below. The application, network, and sensing layers are 
interconnected. 

Objects capable of reading and collecting data via different 
IoT systems are exhibited through IoT visualization protocols. 
For easier processing, this knowledge may be processed in the 
Cloud [28]. The application layer can sense environment data 
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and send requests to the Cloud simultaneously to process and 
obtain sensor information results [29]. It is also important to 

 
 

Fig. 3. Cloud-IoT Architecture. 
 

 
also repost information to the IoT and other IoT objects, data 
gained from the sensor layer, and data analysis for additional 
processing [30], [31]. 

RESTful with Web servers and Simple Object Access 
Protocol (SOAP) is used for interacting between devices on the 
Internet. SOAP Web Services works with XML sharing, but 
most WSS works with an HTTP protocol essential for 
energylimited resources and computers as shown in Fig.4 [32]. 
The Constrained Application Protocol (CoAP) program 
protocol requires using RESTful facilities by computers with 
minimal resources. For wireless communication between 
devices with limited resource access [33]. CoAP uses the UDP 
protocol instead of TCP, which is widely used in HTTP. 

 
 

Fig. 4. Cloud-IoT Environment. 
 
 

VII. SECURITY ISSUES IN IOT AND CLOUD COMPUTING 
INTEGRATION 

There is a quick and independent evolution considering the 
two words of IoT and Cloud Computing. To start with, the 
virtually unlimited capabilities and resources of Cloud 
Computing in order to compensate its technological 
constrains, such as processing, storage and communication, 
could be a benefit for the Internet of Things technology [34]. 
Also, the IoT technology extends its scope to deal with real 
world things in a more distributed and dynamic manner and 
by delivering new services in a large number of real life 

scenarios, might be beneficial for the use of Cloud Computing 
technology. In many cases, Cloud can give the intermediate 
layer between the things and the applications, hiding all the 
difficulity and functionalities necessary to implement the 
latter. Through the integration of IoT and Cloud Computing 
could be observed that Cloud Computing can fill some gaps of 
IoT such the limited storage and applications over internet. 
Also, IoT can fill some gaps of Cloud Computing such the main 
issue of limited scope. Based in the important issue of security 
in both technologies we can consider some drivers for the 
integration. The security issue of this integration has a serious 
problem. When critical IoT applications move towards the 
Cloud in the service provider or the knowledge about service 
level agreements (SLAs) and knowledge about the physical 
location of data. Consequently, new challenges need specific 
attention as mentioned in survey. Multi-tenancy could also 
compromise security and contribute to sensitive information 
leakage. Furthermore, public key cryptography cannot be 
applied at all layers due to the computing power constraints 
imposed by the things. These are examples of topics that are 
currently under investigation in order to tackle the big 
challenge of security and privacy in Cloud Computing and IoT 
integration. Subsequently, some challenges about the security 
issue in the integration of two technologies are listed [35]. 

• Heterogeneity: A big problem in Cloud Computing and IoT 
integration is related to the wide heterogeneity of 
devices, operating systems, platforms, and services 
available and possibly used for new or improved 
applications. • Performance: Often Cloud Computing and 
IoT integration’s applications introduce specific 
performance and QoS requirements at several levels (i.e. 
for communication, computation, and storage aspects) 
and in some particular scenarios meeting requirements 
may not be easily achievable. 

• Reliability. When Cloud Computing and IoT integration is 
adopted for mission-critical applications, reliability 
concerns typically arise e.g., in the context of smart 
mobility, vehicles are often on the move and the 
vehicular networking and communication is often 
intermittent or unreliable. When applications are 
deployed in resource constrained environments a 
number of challenges related to device failure or not 
always reachable devices exists. 

• Big Data. With an estimated number of 50 billion devices 
that will be networked by 2020, specific attention must 
be paid to transportation, storage, access, and processing 
of the huge amount of information they will produce. The 
ubiquity of mobile devices and sensor pervasiveness, 
indeed call for scalable computing platforms. 

• Monitoring. As largely documented in the literature, 
monitoring is an essential activity in Cloud environments 
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for capacity planning, for managing resources, SLAs, 
performance and security, and for troubleshooting. 

VIII. OPEN ISSUES AND FUTURE DIRECTIONS 

This section will address some of the open issues and future 
research directions related to Cloud-based IoT, and which still 
require more research efforts. These issues include: 

1) Standardization Many studies have highlighted the 
issues of lack of standards, which is considered critical in 
relation to the Cloudbased IoT paradigm [36]. Although 
a number of proposed standardizations have been put 
forth by the scientific society for the deployment of IoT 
and Cloud approaches, it is obvious that architectures, 
standard protocols, and APIs are required to allow for 
interconnection between heterogeneous smart things 
and the generation of new services. 

2) Fog Computing 
Fog computing is a model which extends Cloud 
computing services to the edge of the network. Similar 
to the Cloud, Fog supply communicates application 
services to users. Fog can essentially be considered an 
extension of Cloud Computing which acts as an 
intermediate between the edge of the network and the 
Cloud; indeed, it works with latency-sensitive 
applications that require other nodes to satisfy their 
delay requirements [6]. Although storage, computing, 
and networking are the main resources of both Fog and 
the Cloud, the Fog has certain features, such as location 
awareness and edge location, that provide geographical 
distribution, and low latency; moreover, there are large 
nodes; this is in contrast with the Cloud, which is 
supported for real-time interaction and mobility [37], 
[38]. 

3) Cloud Capabilities As in any networked environment, 
security is considered to be one of the main issues of the 
Cloud-based IoT paradigm. There are more chances of 
attacks on both the IoT and the Cloud side. In the 
IoT context, data integrity, confidentiality and 
authenticity can be guaranteed by encryption. However, 
insider attacks cannot be resolved and it is also hard to 
use the IoT on devices with limited capabilities [37]. 

4) SLA enforcement 
Cloud-based IoT users need created data to be conveyed 
and processed based on application-dependent 
imitations, which can be tough in some cases. Ensuring 
a specific Quality of Service (QoS) level regarding Cloud 
resources by depending on a single provider raises many 
issues. Thus, multiple Cloud providers may be required 
to avoid SLA violations. However, dynamically choosing 
the most appropriate mixture of Cloud providers still 
represents an open issue due to time, costs, and 
heterogeneity of QoS management support [38]. 

5) Big data 
Although a number of contributions have been 
proposed, Big Data is still considered a critical open 
issue, and one in need of more research. The Cloud- 
based IoT approach involves the management and 
processing of huge amounts of data stemming from 
locations and from heterogeneous sources; indeed, in 
the Cloud-based IoT, many applications need 
complicated tasks to be performed in real-time [39]. 

6) Security and privacy security and privacy are both critical 
research issues which have received a great deal of 
attention although they are still open issues which 
require more efforts. Hence,adapting to different 
threats from hackers is still a problem [40]. In addition, 
another problem is providing the appropriate 
authorization rules and policies while ensuring that only 
authorized users have access to sensitive data; this is 
crucial for preserving users’ privacy, specifically when 
data integrity must be guaranteed. 

7) Energy efficiency 
Recent Cloud-based IoT applications include frequent 
data that is transmitted from IoT objects to the Cloud, 
which quickly consumes the node energy.Hence , 
generating efficient energy when it comes to data 
processing and transmission remains a significant open 
issue. Several directions have been suggested to get rid 
of this issue, such as compression technologies, efficient 
data transmission; and data caching techniques for 
reusing collected data with time-insensitive application 
[40]. 

 
IX. CONCLUSION 

This paper surveyed the literature on the integration of 
Cloud Computing and IoT, focusing on the complementary 
aspects and main drivers of their integration. The main focus 
is on identifying the security issues that arise when combining 
these technologies and how they can be addressed. The paper 
highlights the benefits of integrating Cloud Computing and IoT, 
such as increased scalability and flexibility, improved data 
management, and enhanced security. Additionally, the paper 
proposes an algorithm model to address the security 
challenges and examines how encryption algorithms can 
contribute to the integration of IoT and Cloud Computing. The 
paper also suggests that further research is needed in this 
field, as the rapid development of both technologies requires 
a better integration model with reduced security issues. 
Overall, the integration of Cloud Computing and IoT is seen as 
a major step forward for the future Internet. 
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Abstract—The privacy of indivisual information is a very 
significant issue these days. How to process the data and use 
it for analysis without compromising the individual’s identity 
is a critical task and must be done in order to ensure the 
anonymity of this data. To try to unanimously unify this 
anonymity, laws and regulations such as GDPR were created. 
In this paper, GDPR will be described and the concepts of 
anonymization and pseudonymization will be explained. We 
show some of the main anonymization techniques and 
efficient software to support the application of these 
techniques. The main objective is to understand which 
techniques offer a higher level of anonymization, the positive 
and negative of each one and the benefit in its use. 

 
1. INTRODUCTION 

 
Recentally, the exponential growth of digital information has 
improved more than expected with technological 
development. Nowadays, about 53% (ONU News, 2019) of 
the world population has access to Internet and, for this 
reason, their personal data is spread out and accessible. Now, 
a technological area in great expansion, precisely due to the 
large volume of data available, is the area of data analysis. 
What happens in large organizations and which has also been 
growing in smaller ones is that they carry out analyzes on their 
data in order to find patterns, trends and customer profiles. 
This would not be a problem if these data were processed 
internally within the organization. But what is happening is 
that a lot of data is sold to other organizations or made 
available to the public for research purposes as a consultation 
service. These personal data may contain information that 
allows to identify the individual and being made public may 
violate privacy. By doing this, a very debated question has 
been how to keep the privacy of this data without rendering it 
useless for analysis. 

 
To provide a soultion to this question , data protection rules 
and regulations have joined over the world, such asGDPR 
(General Data Protection Regulation , s.d.), and with them the 
concept of data anonymization that allows the removal of 
personal identity from data through anonymization 
techniques. But can these techniques be reversible? Will it be 
possible to identify the individual again after its application? 

What data should or should not be anonymized? Such these 
questions are found in research topics nowdays. 

 
In this article , many ideas about data anonymization will be 
demonstrated, some of the techniques used for this 
anonymization will be studied, which are the risks of re- 
identification related to the analysys of some software tools 
that allows to play these techniques. 
The other sections of this paper will be divided as follows. 
Section 2 iullstrates the concepts of GDPR, anonymization 
and pseudonymization. In Section 3, the main techniques used 
for anonymizing data are presented. Section 4 report the risks 
associated with the re-identification of each technique. Then, 
in Section 5, some software is presented that allows applying 
the techniques described in section 3. Finally, section presents 
the conclusions of the study and future work. 

 
2. DEFINITIONS AND CONCEPTS 
Data anonymization refers to the method of preserving private 
or confidential information by deleting or encoding identifiers 
that link individuals to the stored data. It is done to protect the 
private activity of an individual or a corporation while 
preserving the credibility of the data collected and exchanged 
as shown in figure 1 . 

 

 
Figure 1 - Data anonymization concept 

 
To better understand the framing of this topic, it is necessary 
to clarify some of the concepts. In this section, we give an 
understanding what the GDPR consists of and what it means 
to anonymize data. 

 
GDPR 
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The GDPR – General Data Protection Regulation – is an 
official European regulation that aims to harmonize privacy 
and data protection laws in all member states. It has been 
applied since May 25th, 2018 (General Data Protection 
Regulation , s.d.). Generally , this regulation consists of 
clauses and requirements on how indivisual information and 
data are treated and is avaliable to all companies operating in 
the European Economic Area, regardless of their country of 
origin. The neccessity of stored data have to be anonymized 
or pseudonymised in such a way that they do not permit to 
identify any individual again. 

 
Pseudonymization vs. Anonymization 

 
The GDPR has many requirements about how data is treated 
and differentiates personal data from anonymized and 
seudonymised data. Therefore, according to article 4 of the 
GDPR: 

 Personal data is “any information relating to an 
identified or identifiable natural person (‘data 
subject’); 

 Pseudonymised data is processed personal data that 
can no longer be attributed to a specific holder 
without the use of additional information; 

 Anonymized data is personal data treated in such a 
way that it is impossible to re-identify or deduce 
information about a specific individual. 

 
So, if there is any way to identify the individual data subject, 
the data were not anonymous but pseudonymized. 

 
Anonymization is important because these data can be used 
for analysis by companies and does not offer great risks to the 
data subject because, according to Recital 26, “the principles 
of data protection should therefore not apply to anonymous 
information, namely information which does not relate to an 
identified or identifiable natural person or to personal data 
rendered anonymous in such a manner that the 
data subject is not or no longer identifiable.” That is, when a 
dataset is correctly anonymized, GDPR is no longer 
applicable. 

 
Hence , it is essential to know the data anonymization 
techniques and how they can be applied 

 
I. DATA ANONYMIZATION TECNHIQUES 

 
If we have to choose the anonymization techniques to be 
implemented , we must know what is the purpose of this 
anonymization because the different techniques have different 
characteristics and may be more or less suitable for certain 
purposes. The three most used ways to change data are to 
replace, modify or remove an attribute or a record. 

Note that it is important to be able to maintain the 
usefulness of the data and at the same time respect the 
privacy terms. 

In this section, we describe some of the data 
anonymization techniques and in what situations they 
should be applied. 

 
Data swapping 

known as shuffling and permutation, a technique used to 
rearrange the dataset attribute values so they don’t correspond 
with the original records. Swapping attributes (columns) that 
contain identifiers values such as date of birth, for example, 
may have more impact on anonymization than membership 
type values. 
Before Anonymization: 

 

 
In this example, values for all attributes have been swapped: 

 
 

 
Remove Attributes (Suppression) 

 
In this technique, an attribute is removed from the dataset. 

This should happen whenever an attribute is not relevant or 
necessary for analysis or whenever it is impossible to 
anonymize it in any other way. In the example given in the 
Guide to Basic Data Anonymization Techniques (Personal 
Data Protection Commission Singapore, 2018) for this 
technique, in which it was intended to analyse students’ grades 
in an assessment test, the dataset was composed of three 
attributes: student name, trainer and grade. Table 1 shows an 
example of the original dataset. 

 
Before anonymisation: 

 
Student Trainer Test Score 
Mohmed Fatima 93 

Saied Ali 86 
Akrm Ali 54 
Ameer Fatima 78 

 
Table 1: Suppression – Original dataset. 
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Disease 

 
Age range 

 

In order to anonymize the data, the attribute “student 
name” was removed using the technique of removing 
attributes, according to the table below. 
After suppressing the "student" attribute: 

 
Trainer Test Score 
Fatima 93 

Ali 86 
Ali 54 

Fatima 78 

Table 2: Suppression – Anonymized dataset. 
 

Suppression can also occur for a complete dataset record 
affecting several attributes. 

However, this technique does not always provide 
anonymization of the data and it may be possible to reorganize 
it to its original form. Therefore, it must be used in conjunction 
with other techniques. 

 
Noise Addition 

 
The addition of noise is one of the most used data 
anonymization techniques, being applied by several 
technological “giants” such as Google (Google, s.d.). The 
technique is to slightly modify the attributes of the dataset 
making them less accurate. An application of this technique 
is, for example, to add or subtract days or months to a date. 
Although this technique allows to hide the authentic values, it 
is necessary to understand the level of noise that must be 

The main advantage of this technique is that, when 
permanently deleting an attribute or record, it becomes 
impossible to retrieve the information. 

 
Character Replacement 

 
The substitution of characters consists of covering up 
characters of an attribute or value of the data by replacing 
those characters with a predefined symbol (for example, by X 
or *). This substitution can be partial, partially hiding a text or 
attribute, which may be sufficient to anonymize its content. 

Also, in the Guide to Basic Data Anonymization 
Techniques (Personal Data Protection Commission 
Singapore, 2018), an example can be found in which to make 
an analysis of a dataset where the post code was identified, the 
last 4 digits of the post code were replaced by the character 
‘X’. Table 3 shows the original dataset and the anonymized 
dataset. 
Before anonymisation: 

Postal 
code 

Average No.of 
Orders/month 

100111 2 
200222 8 
300333 1 

 
After suppressing the"student"attribue: 

applied in order to have small impact on data analysis and 
individuals’ privacy. 

 
Generalization 

 
Generalization is another approach used by Google (Google, 
s.d.) and consists of generalizing the attributes in order to 
change the respective scale or order of magnitude. 

An example of this is to change the “date”attribute 
(day/month/year) with the “year” attribute, removing the day 
and month. 

Like the addition of noise, this approach may provoke the 
individual from being identified, but it may not result in 
effective anonymization. 

There are two techniques that can be considered 
generalization: K-Anonymity and L-Diversity, described in 
the following subsections. 

 
K-Anonymity 

This technique consists of grouping the records of K 
individuals into categories making them fall under the same 
combinations. Thus, each record in the dataset “is similar to at 
least K-1 other records” (El Emam, 2008). 

For example, if the identifying attributes are age and disease 
and K=3, the dataset anonymized by this method will have at 
least 3 records for each combination of the identifying 
attributes. Considering the two individuals in the example 
illustrated in table 4, the result of k-anonymity with K=3 
would be the one illustrated in table 5. 

 
 
 
 
 

Shuffling 

Table 3: Example of replacing characters. 

In this technique, the data is randomly mixed or reorganized 
and the values of the original attributes remain in the dataset 
but can be associated with another record. This technique can 
be used when it is intended to analyse only one attribute and 
it is not necessary to relate it to the others. 

For instance , if we want to analyse the amount of sales in 
a given region, it is only necessary to use the attribute ‘region’ 
and the permutation does not influence the results because a 
certain region will occur the same number of times before and 
after the permutation. 

 
 
 

Table 4: K-Anonymity: original dataset. 
 
 

Postal 
code 

Average No.of 
Orders/month 

10xxxx 2 
20xxxx 8 
30xxxx 1 Ali  

Age Disease 
21 Heart Disease 

Omar  

Age Disease 
38 Cancer 
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20-30 Heart Disease 
20-30 Heart Disease 
20-30 Heart Disease 
30-40 Cancer 
30-40 Cancer 
30-40 Cancer 

 

Table 5: K-Anonymity: original dataset. 
 

After the application of K-Anonymity, the probability of 
identifying an individual is equal to or less than 1/K. 
Therefore, the higher the K, the lower the probability of 
identification. 

 
L-Diversity 

Based on Machanavajjhala et al. (2007), L-Diversity is an 
evolution of K-Anonymity in which at least L distinct values 
must exist for each equivalent group and sensitive attribute 
(identifier). That is, it is guaranteed that in each equivalent 
group each attribute has at least L different values. 

The objective of this technique is to limit the occurrence of 
equivalence classes with low variability of the attribute. Thus, 
an intruder who has access to data for specific individual 
always remains with a degree of uncertainty. 

However, this technique is susceptible to attacks of 
probabilistic inference. 

 
2. DATA ANONYMIZATION TOOLS 

 
As mentioned earlier, there is anonymization software that 
allows to systematically apply the techniques described. 

 
Based on the work developed in 2014 by Bergeat et al. 

(Maxime Bergeat, 2014) and in 2017 by Pinho (Pinho, 2017), 
software for these purposes are presented below. 

 
ARX 

 
ARX is an open source framework developed in Java (ARX, 
s.d.). It allows to implement several of the techniques 
described, such as K-Anonymity and LDiversity, and also to 
implement a set of metrics to assess the loss of information. 

This software has a graphical tool with a simple and intuitive 
interface, shown in Figure 2, which supports the import and 
cleaning of data, wizards for creating transformation rules, 
intuitive ways to adapt the anonymized dataset to the 
requirements and visualizations of risks and re-identification. 

 
 
 
 
 
 
 
 
 

Figure 2: ARX Interface. 
 

ARX is also available as a library with an API that provides 
data anonymization capabilities for any Java program. ARX 
is compatible with SQL databases, Microsoft Excel and CSV 
files. 

Succinctly, to perform anonymization, we start by importing 
the dataset, defining the indicators and sensitive variables and 
defining the generalization hierarchies. At the end, the 
transformations are extracted. 

 
μ-Argus 

Argus stands for ‘Anti Re-identification General Utility 
System’ and is a software developed to create safe microdata 
files (MU-Argus, s.d.). It is based on R programming 
language and uses different statistical methods of 
anonymization such as noise addition and suppression. It can 
also be used to generate synthetic data. Its interface can be 
seen in Figure 3. 

 
 

Figure 3: μ-Argus Interface. 
Anonymization steps involve defining sensitive indicators 

and variables, estimating the risk of disclosure and re- 
identification, implementing methods that reduce this risk and 
exporting microdata. 

 
SDCMicro 

 
SDCMicro is a free open source package for researchers and 
public use (International Household Survey Network, s.d.). 
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Can be used to generate anonymous data by creating files that 
can be used by the public and scientific researchers. 

This tool allows to apply various anonymization techniques 
such as suppression, adding noise and shuffling and includes 
functions to measure the risk throughout the process. 

It is provided as a user-friendly GUI in which users 
unfamiliar with R can implement anonymization methods. 
Supports the import and export of microdata in various 
formats such as STATA, SAS, SPSS, CSV and R. 

Figure 4 shows its interface. 
 
 

Figure 4: SDCMicro Interface. 
 

One of the advantages of this tool is that it includes functions 
to measure, visualize and compare risk and utility during the 
anonymization process, helping organizations to prepare 
reports. 
3. Software vs Techniques 
Table 6 shows the software listed above and which is usually 
used for the application of the studied techniques. 

 
Table 6: Software vs Techniques. 

Software/Tool Techniques 
 

ARX 
Generalization 
K-Anonymity 
L-Diversity 
Suppression 

μ-Argus Noise Addition; 
Suppression 

 
SDCMicro 

Noise Addition 
Suppression 

Shuffling 

 
4. CONCLUSIONS AND FUTURE WORK 

 
Privacy is very important to the sensitive data from the 
attacker. To provide privacy to the data anonymization 
methods can be used. In this paper anonymization is done by 
using K-anonymity method in arx tool. The experimental 
results show the difference between the original and the 
anonymized data. On this anonymized datamining 
applications can be applied using the weka tool. 

Anonymization is an important issue that has been 
increasingly demanding the attention of the community. With 
the large volume of personal data available for analysis and 
treatment there is a need to ensure the privacy of individuals. 

Anonymization is an important issue that has been 
increasingly demanding the attention of the community. With 
the large volume of personal data available for analysis and 
treatment there is a need to ensure the privacy of individuals. 

As future work, we intend to test each of these tools with 
real datasets and evaluate the anonymization performance of 

each one. 
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Abstract— Wireless communication technologies are modern 
technology that requires improved speed, reliability, higher data 
rates, and spectral efficiency that achieve better channel capacity 
requirements. Multi input multi output (MIMO) systems with 
multiple antenna elements at both link ends are an efficient 
solution to enhance the system performance under the 
constraints of limited bandwidth and transmit power by using 
orthogonal space-time block code (OSTBC). Modulation schemes 
and coding techniques were evaluated and compared in terms of 
the Bit Error Rate (BER). 

 
In this project it will investigate the evaluation of the BER 
performance of unencoded and Trellis Coded Modulation (TCM) 
encoded OSTBC 2×2 and 3×3 MIMO systems consecutive with 
16-QAM over AWGN and fading channels. 

 
The simulated results indicate that the more Eb/No power is 
required for unencoded 16-QAM to achieve the same BER 
compared to coded 16-QAM Therefore, the application of the 
coding technique improved and enhanced the overall 
performance . Also, in both cases with or without coding 
technique over the AWGN channel, it gives better performance 
compared to the Rician and Rayleigh channels. 

 
Keywords—TCM, OSTBC , bit error rate and QAM 

 

I. INTRODUCTION 

Digital modulation offers many advantages over 
analog modulation and greatly improves the 
performance of the communication systems. Many 
types of digital modulation schemes are possible, 
and the choice of which one to use depends on 
spectral efficiency, power efficiency, and bit error 
rate performance[1]. There are three main types of 
digital modulation schemes such as a Binary 
Amplitude Shift Keying (ASK), , Phase Shift 
Keying (PSK) and Frequency Shift Keying (FSK) 
as well as an M-ary QAM, M-ary FSK and M-ary 
PSK . In this work the 16- QAM modulation [2]. 
with and without Applying TCM coding technique 
over AWGN and fading channels scheme will be 
considered. [1, 2]. 

16 QAM scheme is one of most efficient digital 
data transmission systems as it achieves better 

 
bandwidth efficiency than other modulation 
techniques and gives higher data rate. In an sixteen 
level signaling scheme, one of 1 possible signals 
s1(t),s2(t)…s16(t) can be transmitted, during each 
signaling interval of duration Ts. For almost all 
applications, the number of possible signals: M = 24 
. 

TCM modulation is channel coding (TCM 
modulation was invented by Gottfried Under 
back 1982). TCM employed to improve coding 
gain which allows efficient transmission over 
limited wireless channel bandwidth. The 
functions of convolutional coder and mapper in 
TCM with rate of k/(k+1), where k is integer 
number and M-array mapper with M=2k provides 
large constellation of M=2k+1, Constellation 
diagram. 

An M-ary digital modulation technology plays an 
important role in transmission of signals over 
various of, communication channels in all 
communication systems. M-ary QAM types of 
modulation that can be used to improve the 
performance of the communication system in 
various environment e.g for M=16 , although a price 
is paid by injecting more signal energy to maintain 
an acceptable level of BER . However by applying 
the TCM coding technique over AWGN and fading 
(, Rayleigh and Rician) channels using Multi Input 
Multi Output (MIMO) system hopefully improve 
16-QAM system performance and give an 
acceptable BER performance compared with system 
without applying TCM. [3-5], 

II. WIRELESS COMMUNICATIONS SYSTEM 

Nowadays, the demand for usage and capacity of wireless 
networks has grown effectively due to the rapid development 
and advancement in technology. Wireless communication at 
high transmission speed has become one of the most exciting 
areas of modern engineering. Therefore, to deal with the ever- 
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increasing bandwidth to meet the high demand, multiple 
antennas at the sending and receiving ends can help solve this 
problem by making high data rate possible [1]. Wireless 
network efficiency can be improved by deploying more 
compact wireless access points as well as using more 
spectrum. We can also increase the spectral efficiency 
allowing to improve the number of bits per second that can be 
transmitted per unit of bandwidth. Potential wireless networks 
and technologies could use an increasing density of access 
points, including the use of different spectral information. 
However, the necessity to improve the spectral efficiency in 
each band will always be the main objective. Fig.1 is showing 
the wireless communication system. [3]. 

 

 

Fig. 1. Block-Diagram-of-a-Wireless-Communication-System 

 
III. MIMO - OSBTC SYSTEM 

A channel with multiple antennas at the transmitter and 
multiple antennas at the receiver is called a multiple-in- 
multiple-out (MIMO) channel, whereas the SISO channel has 
a single antenna at the transmitter and a single antenna at the 
receiver. The data rate in MIMO can be improved by using 
special coding schemes such as TCM with quadrature phase- 
shift keying (QPSK) while reliability is further enhanced by 
OSTBC diversity technology on fading wireless 
communication and limited bandwidth channels. OSTBC was 
used in MIMO using MLE technology with TCM technique. 
[5-8]. 

The OSTBC contains two types, a generic and a simple 
layout. MIMO techniques can be defined as antenna 
technologies for wireless communications in which multiple 
antennas are operated at both Transmitter (Tx) and Receiver 
(Rx) sides. That system uses mth antennas at the transmitter 
(mT) and nth antennas at the receiver (nR) i.e. (mT×nR). 
MIMO systems are mainly used to get a higher overall data 
rate for a wireless link. However, different kinds of multi- 
antenna systems can be used namely, Multi Input Single 
Output (MISO), Single Input Multi Output (SIMO), and Single 
Input Single Output (SISO). MIMO techniques provide 
several benefits including minimizing the effects of fading, 
improving the quality of service with enhanced spectral 
efficiency, increasing data rates, and reaching a reduced BER. 
Nevertheless, it suffers from a few disadvantages such as 
increased cost, hardware complexity growth, and higher power 
consumption of hardware while the battery gets depleted 
quickly because of complex computations processing [7, 9]. 
The generalized OSTBC uses more than two antennas and 

along time and space is viewed as a special case of generic 
OSTBC at a certain rate. Figure (2.4) shows the OSTBC 
model. 

 

 
 

 
Fig. 2 OSTBC system model 

 
In this paper, a 2x2 and3 3x3 MIMO systems are clarify in the 

following points: 

A) 2x2 MIMO Model 

The MIMO scheme of two antennas on both sides Tx and Rx, 

i.e., 2×2 is considered as illustrated in Fig.3. 

 

Fig. 3 2x2 MIMO system Model 
 

Referring to the ref [ }, for the 2 for both transmitting and 
receiving antennas, the general equation for received signal 
(R ) at the input of the receiver is given by 

 
Ri=Hmn.Si+Ni (1) 

Where 

i, m and n =1,2,… 

R is the received signal matrix 

‘S is the transmitted signal matrix 

H is the channel matrix, and N is the noise vector 

The following matrix represents the above-mentioned 
equation for 2x2 MIMO. 

the  code  rate  is  less  than  one.  With  a  fixed  number  of R1  = H11 H12  S1        N1 (2) 
receiving antennas and  increasing  the number  of  antennas R   H 21 H  S    + S    

at the transmitter. In Alamouti the symbols are sent in two 
groups. The Tx in Alamouti matrix code which is allocated Where 

 2      22  2     2  

OSTBC 
Decoder 

 
AWGN 
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𝑅1 𝑎𝑛𝑑 𝑅2are the Received signals. 

𝐻nm is 2x2 channel matrix 

𝑆1 𝑎𝑛𝑑 𝑆2 are the transmitted signals and 𝑁1 and 𝑁2 are the 
noise signals 

For n and m=1and 2 

B) 3x3 MIMO Model 

The MIMO scheme of three antennas on both sides Tx and Rx, 

i.e. 3x3 is considered as illustrated in Fig.4. 0 

 
constellation points are arranged in a square grid with 
horizontal and vertical equal distances on a constellation chart 
(other configurations can also be made). Since data is binary 
in digital communications, the number of points in the grid will 
typically be a function of the power of 2, M = 2n. , where n = 
1,2,3,…. Because the modulation of the quadratic amplitude is 
usually square. Fig. 5 illustrated the constellation diagram of 
16-QAM .[10, 11]. 

 
 

 
 

Fig.4 3x3 MIMO system Model 

The following matrix represents the equation (1) for 3x3 
MIMO. 

𝑅1 𝐻11 𝐻12 𝐻13 𝐻14 𝑆1 𝑁1 

] = [𝐻21 𝐻22 𝐻23 𝐻24] [ 𝑆2] + [𝑁 
2] (3) Fig. 5 Constellation diagram of 16-QAM 

𝑅3 

 

Where 

𝐻31 𝐻32 𝐻33 𝐻34 𝑠3 𝑁3 V. TRELLIS CODED MODULATION 

Interferometrycode modulation (TCM) is one of the 
coding techniques used in digital communications. 

𝑅1 , 𝑅2 𝑎𝑛𝑑 𝑅3 are the Received signals. 

𝐻nm is 3x3 channel matrix 

𝑆1,, 𝑆2 𝑎𝑛𝑑 𝑆3 are the transmitted signals and 𝑁1 , 𝑁2and 𝑁3 

are the noise signals 

For n and m=1,2and 3 

IV. QUADRATURE AMPLITUDE MODULATION 

Quadrature Amplitude Modulation, QAM is a signal in which 
two carriers shifted in phase by 90 degrees (i.e., sine and 
cosine) are modulated and combined. As a result of their 90° 
phase difference, they are in quadrature and this gives rise to 
the name. Often one signal is called the In-phase or “I” signal, 
and the other is the quadrature or “Q” signal. The resultant 
overall signal consisting of the combination of both I and Q 
carriers contains of both amplitude and phase variations. In 
view of the fact that both amplitude and phase variations are 
present it may also be considered as a mixture of amplitude 
and phase modulation. The mathematical formula of M-ary 
QAM is given by [4]. 

si (t) = ai cos(2fct) + bi sin(2fct) 

It combines the choice of modulation scheme and 
the choice of convolutional code together for the 
purpose of gaining noise immunity over uncoded 
transmission without extending the signal 
bandwidth or increasing the transmitted power. 

In a power-limited communication system, the 
required system performance must be achieved at 
the smallest possible transmitted power. One 
solution is to use error-correcting codes, which 
increase energy efficiency by adding redundant bits 
to the transmitted sequence. This procedure requires 
the modulator to operate at a higher data rate and 
therefore an extended bandwidth. In a band-limited 
system, an increased frequency utilization 
efficiency can be obtained by choosing higher order 
modulation schemes, but greater signal power will 
be required to maintain the same separation distance 
between signals, and thus the same error probability. 
The TCM solution combines the selection of a 

Where 0  t  T ; i = 1, 2, ... M (4) highly ordered modulation scheme with a 
convolutional code system. It can reap the benefits 

In M-ary QAM modulation, data is transmitted through a 
signal created by adding carrier signal amplitude and phase 
modulations such as a sine wave and a modulated sine wave 
or square wave. Moving more bits per position change can be 
achieved because there are still a lot of shift points. The 

of coding without increasing the bandwidth. Fig. 5 
illustrated the TCM modulation. [12-14]. 
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Fig. 6 Trellis coded Modulation 

 
VI. OSTBC WITH TCM 

OSTBCs are possibly the most popular and
space-time (ST)  codes and are an attractive
MIMO wireless communications. That OSTBC has several
advantages such as It achieves full spatial diversity, optimal
maximum likelihood decoding can be performed symbol
symbol quite easily and extract all array gain at the receiver
side …etc. but it suffers from some draw backs such as the
multiplexing gain for OSTBCs accords with
limited to 1. [11, 12]. 

In a MIMO communication system, OSTBC and
full diversity gain with cipher gain over Rayleigh
communication channels, with a relatively 
complex encoder and decoder designed with 
transmitting higher rate data without the 
increased bandwidth. The OSTBC model 
TCM structure is illustrated in Fig.7 .[7-10]. 

 
Data 

Source 
 
 
 
 
 
 
 
 

 
Data 
Sink 

 

Fig. 7. OSTBC with TCM model 

 
VII. SIMULATING A 2X2 AND 3X3 MIMO SYSTEM COUPLED TO

16- QAM WITHOUT AND WITH TCM OVER 
COMMUNICATION CHANNELS 

The typical 16-QAM without and with TCM
using Simulink as shown in Fig 8, over the AWGN,
and Rician communication channels. Fig. 
simulation model for 16-QAM and 16-QAM
That model includes the following components:

 
 

 

OSTBC
Encoder

OSTBC
Encoder

16-QAM-TCM 

Decoder 

16-QAM-TCM
Encoder 
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and broadly used 

Binary data source to generate random binary numbers
a Bernoulli distribution, 16-QAM modulator to generate the
modulated signal, OSTBC encoder to encode an input symbol
sequence using space-time OSTBC, communication channels
is used to pass the information through it, OSTBC combiner
which combines the input signal
antennas and the channel estimate signal to take out the soft
information of the symbols that
OSTBC, Rectangular QAM Demodulator which demodulates
a signal that was modulated using 16
error rate calculation is used to compute

The 16-QAM -TCM model is similar to the 16
shown in Fig. 8 just replace 16-
by 16-QAM -TCM blocks . Where the Rectangular QAM
TCM Encoder block implements
encoding the binary input signal

attractive technique for 
. That OSTBC has several 

advantages such as It achieves full spatial diversity, optimal 
maximum likelihood decoding can be performed symbol-by- 

array gain at the receiver 
side …etc. but it suffers from some draw backs such as the 

with the code rate is 

16-QAM signal constellation. 
QAM TCM Decoder block uses
decode a trellis-coded modulation
formerly modulated using a QAM signal constellation. These
blocks have largely replaced ones.

After construction and setting 

and TCM aim for 
Rayleigh and Rician 

each box of the   16-QAM   
illustrated in Fig. 8, the obtain simulation
explained in the following section.

 easy-to-use but VIII. SIMULATION
 the advantage of The obtained simulation results 
 
 
 

 

requirement for 
sequential with 

between the Eb/No and BER of the
with TCM model which shown in Fig. 8 for 2x2 and 3x3
MIMO system over AWGN, Rican and Rayleigh channels.
That simulation results are presented in

 
A. AWGN channel 

After constructing and arranging
shown in Fig. 6, the simulation result for BER vs. Eb/No
performance is shown in Fig. 9. 
Referring to the achieved results,
performs 16- QAM when BER=10
in energy savings on average for
respectively. 

SYSTEM COUPLED TO 

 THE DIFFERENT 

TCM are constructed 
the AWGN, Rayleigh, 

 8 represents the 
QAM-TCM systems. 

following components: 

Figure 9 . Eb/No v.s. BER for 16-QAM without and with TCM MIMO
2x2 and 3x3 over AWGN

 

 
AWGN 

OSTBC 
Encoder 

MIMO 
Channel 

OSTBC 
Encoder 

Binary data source to generate random binary numbers using 
QAM modulator to generate the 

modulated signal, OSTBC encoder to encode an input symbol 
time OSTBC, communication channels 

is used to pass the information through it, OSTBC combiner 
signal from all of the receive 

antennas and the channel estimate signal to take out the soft 
that were encoded using an 

OSTBC, Rectangular QAM Demodulator which demodulates 
a signal that was modulated using 16-QAM modulator and 

compute the BER. 

TCM model is similar to the 16-QAM model 
-QAM modulator/demodulator 

TCM blocks . Where the Rectangular QAM- 
implements TCM by convolutionally 

signal and mapping the result to a 
 In contrast, the Rectangular 
uses the Viterbi algorithm to 

modulation (TCM) signal that was 
formerly modulated using a QAM signal constellation. These 

ones. [10, 12]. 

 all simulation parameters for 
 and   16-QAM-TCM   models 
simulation results will be 

section. 

SIMULATION RESULTS 
 demonstrated the relationship 

between the Eb/No and BER of the 16-QAM without and 
with TCM model which shown in Fig. 8 for 2x2 and 3x3 
MIMO system over AWGN, Rican and Rayleigh channels. 

presented in the following points: 

arranging the simulation model settings 
shown in Fig. 6, the simulation result for BER vs. Eb/No 

 
results, 16- QAM-TCM out 

QAM when BER=10-5 by about 3.9 and 5.7 dB 
average for 3x3 and 2x2 MIMO systems, 

QAM without and with TCM MIMO 
AWGN Channel 
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Fig. 8. QAM without and with TCM Model Over AWGN and Fading Channels 
 
 

B. Rican Channel 

In this case using the same producer in point A just replacing 
the AWGN channel by Rician , furthermore the reached result 
is characterized the relation between the Eb/No v.s BER of 

 

C. Rayleigh channel 

This case is similar to the case in points A and B just using the 
Rayleigh channel instead of AWGN and Ricia, moreover the 

16-QAM without and with TCM for 2x2 and 3x3 MIMO 
systems as illustrated in fig.10. 
From the reached simulation results, it noted that-QAM-TCM 
has better BER performance with respect to 16-QAM without 
TCM. 
when BER=10-5 by about 10.5 and 13.5 in energy savings on 
average for 3x3 and 2x2 MIMO systems respectively. 

gotten simulation result is categorized the relation between the 
Eb/No and BER of 16-QAM without and with TCM for 2x2 
and 3x3 MIMO systems as illustrated in fig.11. 
From the achieved results it observes that 16-QAM with TCM 
appeared better BER performance compared with 16-QAM by 
about 18 and 12.5 dB in saving average power for 2x2, and 3x3 
OSTBC MIMO system respectively 

 
 

 
Fig 10 . BER vs. Eb/No for 16-QAM without and with TCM MIMO 2x2 and 

3x3 over Ricain Channel Fig 11. Eb/No v.s. BER of 16-QAM and 16-QAM-TCM MIMO 2x2 and 
3x3 MIMO over Rayleigh Channel 
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VIIX CONCLUSION 

This paper constructed and simulated model of using 16-QAM 
without and with TCM over the three different communication 
channels such as AWGN, Rician, and Rayleigh. 
The simulation results obtained confirmed the BER 
performance when these three different communication 
channels were considered. It was very clear that in order to 
achieve better BER performance, a more signal energy 
(Eb/No) was required. Mainly when it's 16-QAM compared to 
16b-QAM-TCM 
Moreover, the system model performs better in terms of BER 
in both 16-QAM without and with TCM situations when the 
transmitted signal is transmitted over an AWGN channel 
instead of the Rician and Rayleigh channels. 
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Figure 2.Synopticdiagram of a transport network 
 
High-voltage transformers start at the power plant. They must 
be of the step-up type in order to neglect voltage drops and 
losses in the lines [5,6,12]. They can be coupled in parallel or 
individually in order to provide the subscribers with the 
necessary energy. 

Knowledge of the electrical state of the network is 
essential to determining the power balance in view 
of carrying out the load distribution. In order to 
standardize the notations and the representations, we 
consider both the transformer and a line diagram in 
(pi) as shown in figure 3. 
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II. MODELINGOF THE TRANSPORT NETWORK 
I. INTRODUCTION 

 
 
 

 
III. ELECTRICAL STATE OF THE NETWORK 

 

Intelligent Protection of the Electrical Power 
Transmission Network 

Electricity-producing power stations are often far from
majorconsumptioncities. Their location depends either on
geographical conditions, on the supply of fuel, on the supply
of cooling water, or on environmental requirements. 

However, the kilowatt-hours obtained must reach their 
users and must therefore cover long and complex journeys. 

The electricity transmission network provides a permanent 
link between production centers and places of consumption. 
Such a network is mainly made up of HTB/HTB or 
HTB/HTA transformer stations connected by transmission 
lines [1,2]. 

An electrical network must also ensure the dynamic 
management of the entire production, transport and 
distribution by making adjustments aimed at ensuring the 
stability of the system (the frequency, the supply voltage 
must be stable and the concordance of the phases 
(synchronism)). [3,4]. 

Large-scale protection systems for transmission and primary 
distribution circuits suitable for automatic resetting of circuit 
breakers are regularly developed.Figure 1 below provides us 
with a representative sample of an electric power 
transmission diagram [5]. 

An electricity transmission network can be represented 
according to the following architecture, figure 2. 

Key words:transmission line, electrical network, smart 
protection,short circuit, fluctuation. 

 
Figure 1. Diagram of electric power transmission 

Abstract—This article presents an intelligent strategy using the 
technique of remote distance protection, which is perfectly adapted 
to very fast intelligent reclosing applications, for the protection of an 
electricity transmission line. It accredits mathematical modeling of 
the electrical energy transmission network. This approach thus 
makes it possible to identify the most important faults and 
phenomena that can disturb a high-voltage electrical transmission 
network. It also ensures the submission of measurements of frequent 
faults on the network in real time. 
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To find Pki, and Qki, it suffices to permute i and k in the 
expressions (7) and (8).Thus we find the following relations. 

This quantity is calculated, during the losses in active and 
reactive parts of the connection, by the algebraic sum of the 
transited powers as follows: 

ik

k=1 

ik 

ik ik ik 

+ 𝑗𝑠𝑖𝑛 𝛼𝑖 − 𝛼𝑘 ][ 𝐺  − 𝐵  ] 
of a malfunction, whatever their origin. Such as distance 

𝑄 2 m l l l 

 
 
 

 

 
𝐼 ̅ = ∑n 𝑦̄   𝑣   =  ∑n 𝑦   𝑣  𝑒j(α   +θ    )  =  𝐼    + 𝑗𝐼 (11) 

i k=1     ik   k k=1   ik   k 
k       ik 

Ai Ri 
 

𝑆i 
n 
k=1 𝑦ik𝑣k𝑣i𝑒j(αi–αk–θik) = 𝑃i + 𝑗𝑄i (12) 

 
This allows us to write equations 1 and 2 on the new form: 

𝑉̄  = 𝑍̅𝐼̅   ou   𝐼 ̅ = 𝑌̄𝑉 (1) 

In the case of a line,we adopt the following expressions: 

𝑦̄ l   = 𝐺ik  + 𝑗𝐵ik (2) 

Having: = Rik        ;   𝐵    = − Kik        and  𝑦̄m   = 𝑦̄m   = 2𝑗𝑐𝑤 

𝑃i = ∑4 
 
 

𝑄i = ∑4 

𝑦ik𝑣i𝑣k cos(𝛼𝑖 − 𝛼𝑘 − 𝜃ik) = 𝑅(𝑆i) = 𝑅(𝑣i𝐼i) 
 
 

𝑦ik𝑣i𝑣k sin(𝛼𝑖 − 𝛼𝑘 − 𝜃ik) = 𝐼(𝑆i) = 𝐼(𝑣i𝐼i) 

(13) 
 
 

(14) 

ik 
z

2 ik 2 ik ki z 
ik ik 

 

A. Transited power and losses 

 
 
 

S̄ik  = v̄i I̅∗ (3) 

 
 

IV. DEFECTS AND PHENOMENA ON THE 
TRANSMISSION NETWORKS 

During the transmission of electrical energy, several factors 
can affect the proper functioning of the electrical network. 
The causes of failures are: 

▪ External attacks 
 
 

𝑆i̅ k  = 𝑆i̅ k  +  𝑆k̅ i  = 𝑃ik + 𝑗𝑄ik (4) 
𝑆k̅ i = 𝑆k̅ i + 𝑆i̅ k = 𝑃ki + 𝑗𝑄ki (5) 

𝐼i̅ k  =  𝑦̄m𝑣̅i  +  𝑦̄l  (𝑣̅i  − 𝑣k̅  )    ,   𝑆i̅ k  = 𝑣̅i[(𝑦̄m + 𝑦̄l  )𝑣̅∗ − 
ik ik ik ik i 

 
 

let's put :𝑦̄ m   = 𝐺m  + 𝑗𝐵m 

ik ik ik 

𝑦̄ l     = 𝐺l     + 𝑗𝐵l 

 
So, the equation becomes as: 

𝑆i̅ k = 𝑃ik + 𝑗𝑄ik 

𝑦̄l∗𝑣̅∗ ⦌ 
ik   k 

 
 

 

; 𝑣i̅ = 𝑣i∠𝛼𝑖 

(6)  
 
 

V. PROTECTION OF ELECTRICITY 
TRANSMISSION LINES 

 
The objective of the protection is to permanently monitor the 
elements of the transport network and to switch off (by 

= 𝑣2[(𝐺m + 𝐺l ) − 𝑗(𝐵m + 𝐵l )] − 𝑣i𝑣k[cos(𝛼𝑖 − 𝛼𝑘) opening the circuit breakers) the elements that are the source 
i ik ik ( ik )ik   l l 

2 m l l ik ik protection based on the impedance measurement, which 
𝑃ik  = 𝑣i (𝐺ik  + 𝐺ik) − 𝑣i𝑣k[𝐺ik𝑐𝑜𝑠𝛼ik + 𝐵l 𝑠𝑖𝑛𝛼ik] (7) 

ik permanently takes into account the electrical quantities, 

Having: 𝛼     =   — i𝛼k i 
namely the voltage V and the current I of the same phase, to 
evaluate the impedance of the network on this phase (15), 

= −𝑣2(𝐵m + 𝐵l   ) − 𝑣 𝑣 [𝐺l   𝑠𝑖𝑛𝛼 — 𝐵l ] (8) seen from the point where the measurement relay is located. 
𝑐𝑜𝑠𝛼 

ik i ik ik i    k ik ik ik ik This impedance evaluation is generally carried out on the 
three phases, either between phase and neutral or between 
phases. See figure 4 below. 

. 
𝑃ki  = 𝑣2(𝐺m + 𝐺l ) − 𝑣i𝑣k[𝐺l 𝑐𝑜𝑠𝛼ik − 𝐵l 𝑠𝑖𝑛𝛼ik] (9) 

k ki ik ik ik 

ki    =  −𝑣 (𝐵 + 𝐵   ) − 𝑣i𝑣k[−𝐺    𝑠𝑖𝑛𝛼ik  − 𝐵   𝑐𝑜𝑠𝛼ik](10) 
k ki ik ik ik 

𝒁 = 
𝑽

 

𝑰 

(15) 

According to the notations ( ȳij, θik)the injected current is 
written as follows: 

𝑧̅m  = ik 

1 

2𝑗𝑐𝜔 

▪ Weather hazards 
▪ Failures linked to the humanfactor. 

The most important faults and phenomena that can disturb a 
high-voltage electrical network are: 

▪ Short circuits 
▪ Power surges 
▪ Overloads 
▪ The swings 

The power transmitted on the linksi and k is the quantity 
expressed as follows: 

We noticed that the expressions (13) and (14) are recurrent 
relations. 

 
Figure 3.Equivalent diagram of the link between node i and k. 

= ∑ 

k=1 
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The measurement results of the electrica quantities following 
faults on the transport network are represented by figures 6 
and 7. 

Distance protection is virtually easy to use and instantaneous 
in detecting faults throughout the equipment to be protected. 
In addition, it can transmit fundamental and remote backup 
data in the same pattern. Thus, it can be quickly   harmonized 
to realize an intelligent unit protection model when 
implemented with a sign ling sector and a teleaction 
structure. 
This solution is ideal for very fast intelligent reclosing 
applications for the protectio of critical transmission lines. 
Therefore, for the protection to be total, the electrical network 
must be divided into zones demarcated by the circuit 
breakers. All areas should be effectively protected. Thus, the 

 
 
 
 
 

 
 

Figure 4. Schéma de principe de la protection de distance. 
 
 

Distance protection measures attempt to differentiate 
between fault impedance and load impedance. 

 
 
 
 
 

 

Figure 7.Representative of line voltage affected by faults 

 
The measurement of the vol age carried out on a line shows 
that the signal presents four types of faults with different 
frequencies. 

 

VI. CONCLUSION 
 

The distance protection, in its basic structure, is a protection 
device without sections that delivers appreciable economic 
and technical favors. Contrary to the phase and neutral 
overcurrent protection shown in figure , the most important 
advantage of distance protection lies in the fact that the 
monitoring of the equipment is almost independent of the 
fluctuation of the source impedance. 
To find Pki, and Qki, it suffices to permute i and k in the 
expressions (9) and (10). 

Figure 5: Overcurrent protection AC fault in line1 

With,   Z2 = 5Ω ; Z3=12 Ω ; Z4=12 Ω 
 
The fault current ID1: 

ID1 = 
√3 .(5+6) 

= 4 723,774 A 
90.10 

3
 

Relay current setting> 4 723,774 A 

VI. MEASUREMENT OF INFLUENTI   L QUANTITIES 

ne following a short circuit 
 

the peak of the short-circuit 
line for a brief moment. 

The curve above represent 
current manifesting itself in a 

Figure 6. Current in a li 
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Abstract— This paper presents an analysis and modeling of a 
microgrid using the SysML (Systems Modeling Language). All 
over the world, there are a large number of environmental 
problems associated with energy production. However, global 
warming, greenhouse gases, carbon dioxide emissions and 
climate change are the most the significant effects of damages 
resulting from energy generation. solve these environmental 
issues, in the context of improving our resources and to develop 
in a more sustainable way, that would be great challenge. This 
challenge calls for the introduction of renewable energy sources. 
Therefore, smart grid deployment can provide a very interesting 
answer for renewable energy use targets energies. 
In this work, we start with presentation of smart grid. Next, we 
describe the SysML. Subsequently, a graphical description of 
the functionality of a microgrid system based on SysML 
diagrams are shown here. Finally, concludes this paper with 
some prospects. 

Keywords— Microgrid, decentralized production, renewable 
energy, systemic approch, control, SysML. 

I. INTRODUCTION 

Fossil fuels (coal, oil, gas) remain essential for transport, 
electricity production, heating, the operation of factories... 
But they are the main cause of CO2 emissions and their 
reserves, also they’re to blame for more than 80 percent of 
greenhouse gas emissions and 98 percent of CO2 emissions 
alone. That number will rise dramatically if we don’t 
effectively transform the ways in which we produce and 
consume energy to further help prevent the worst 
consequences of environmental damages. Even if they are 
still vast, are not inexhaustible, unlike renewable energies. 

Renewable energies (EnR) are supplied by the sun, the 
wind, the heat of the earth, the waterfalls, the tides... They 
make it possible to produce electricity, heat, cold, gas, fuel, 
fuel. These energy sources, considered inexhaustible on a 
human time scale, generate little or no waste or polluting 
emissions. They differ from fossil fuels, which pollute and 
whose stocks are diminishing. Finally, renewables are more 
resilient, especially in the event of a crisis. 

It is undoubtable that in the future a large proportion of 
energy used by the human will be derived from a diverse 
range of renewable sources not only because they are, from 
an environmental standpoint, inexhaustible, clean and they 
can be used in a decentralized way (they can be used in the 
same place as they are produced), but also because they have 

the additional advantage of being complimentary, the 
integration between them being favorable [1]. 

Rapidly advancing technologies can also achieve the 
energy transition [2]. Indeed, one of the major problems for 
the integration of renewable energies comes from the 
intermittence of these sources; therefore, energy generation 
and demand become two variable factors and adjusting them 
becomes complex. The contribution of the technology 
provided by the smart grid has captivated the interest of 
operators which always seeks to ensure the supply-demand 
balance. 

In this paper we propose a high-level graphical description 
based on SysML diagrams to understand the overall 
architecture of future energy systems. 

II. PRESENTATION OF SMART GRID 

A smart grid is a technology that divides the electricity 
grid into a two-way flow of data and electricity. The 
technology includes energy measures ad operations such as 
smart appliances, smart meters, energy-efficient resources, 
and more. The technology of the smart grid aims to support 
and integrate renewable energy into the conventional energy 
source. Not only does it use alternative energy sources, but 
the smart grid technology also allows consumers to monitor 
energy consumption. 

The essential part of the smart grid is the two-way 
electricity and data flow. This technology allows information 
and data flow to various stakeholders. This data and 
information are essential to optimize the grid, respond faster 
to error, foresee possible issues, and more. In addition, the 
smart grid has several capabilities in which the conventional 
method does not have. The smart grid can repair itself. The 
system also ensures premium-quality and consistent power 
supply with power leak-proof ability. Thus, the electricity can 
be distributed more efficiently. 

Smart grids can be defined according to four 
characteristics in terms of: [3],[4] 

• Flexibility: they make it possible to manage the 
balance between production and consumption more 
finely. 
• Reliability: they improve the efficiency and security 
of networks. 
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• Accessibility: they promote the integration of 
renewable energy sources throughout the network. 
• Economy: they bring, thanks to better management 
of the system, energy savings and lower costs. 

 
The figure 1 below shows how the structure of the smart 
grid. 

 

Fig.1 Smart grid architecture [5] 
 

The smart grid will consist of millions of pieces and parts: 
controls, computers, power lines, and new technologies and 
equipment. Hence, the complexity and size of the existing 
power grid will make the development of smart grids very 
expensive, difficult and it will take some time for all the 
technologies to be perfected, equipment installed, and 
systems tested before it comes fully on line. For this, the idea 
to create micro smart grid interconnected and connected to 
public networks would be an excellent example for the smart 
grid becomes a reality. A cluster of interconnected microgrids 
(Fig.2) gradually replaces the grid. 

 

Fig. 2 Future grid architecture [6] 

III. PRESENTATION OF MICROGRID 

Microgrids is an important area of study when evaluating 
smart grid design and deployment, use and integration 
distributed resources and improved building reliability in the 
grid. 

A. Definition of Microgrid 

Microgrids are small electrical networks designed to 
provide reliable electricity supply to a small number of 
consumers. They aggregate multiple local and diffuse 
production facilities (micro-turbines, fuel cells, small diesel 
generators, photovoltaic panels, mini-wind turbines, small 
hydropower), consumption facilities, storage facilities and 
monitoring and control tools. demand management. They can 
be connected directly to a distribution network or operate 
disconnected from the network (islanding). This concept, 
likely to concern different scales of the territory (building, 

district, industrial or artisanal zone, village, etc.) is in the 
process of being extended to heat and natural gas networks, 
and can thus be thought of in a multi- fluid. 

 

Fig.3 Microgrid architecture [7] 

B. Benefits of Microgrid 

The benefits of deploying microgrids are numerous: [8- 
12] 

• from a technical point of view: microgrids reflect in 
particular an optimized management of the production 
of electricity from renewable sources at the local level. 
They can provide an auxiliary service to the public 
distribution network, helping it to keep the voltage 
stable and “relieving” it when it is cut off from the 
distribution network. 
• from an economic point of view: depending on its 
size, the microgrid can act as a capacity aggregator. 
Microgrids also make it possible to defer network 
investments, the proximity between production and 
consumption making it possible to optimize the routing 
of energy. They also make it possible to reduce the 
volume of technical losses. 
• from a societal point of view: a microgrid provides 
answers to the evolution of the fundamental energy 
needs of a territory, in particular by guaranteeing a safer 
and more reliable network in the event of an incident. 
Because it is a local project, it also facilitates the 
creation of initiatives and new partnerships between 
local actors. The development of micro-grids also 
responds to consumers' appetite for short circuits, 
especially since the Smart grid functions that can be 
attached to them considerably reinforce the role of the 
consumer. 
• from an environmental point of view: micro-grids 
facilitate the integration of energies from renewable 
sources into the networks, which makes it possible to 
avoid the installation of thermal power plants in 
“fragile” areas. 

IV. SYSTEM MODELING LANGUAGE SYSML 

SysML (Systems Modeling Language) is a domain- 
specific modeling language for system engineering. It allows 
specification, analysis, design, verification and validation 
many systems. Originally, SysML was developed as part of a 
specification project open source, and includes an open- 
source license for its distribution and use. 

SysML diagrams can be divided into three types: 
• Diagrams that capture system requirements 
(requirements diagram) and physical constraints 
(parametric diagram). 
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• Diagrams that describe the structure of the system 
(internal block diagram and block definition diagram). 
• Diagrams that describe the behavior of the system 
(use case diagrams, sequence diagram, activity diagram, 
and state machine diagrams). 

V. RESULTATS OF MICROGRID MODELING 

The SysML in this article is used to provide a simple 
objective Powerful description for micro smart grid system 
modeling. In reality, we present a functional modeling with 
use case diagram. Next, a complement to functional modeling 
with requirements diagram. Then, we present a modeling of 
the behavior with sequence diagram and structural modeling 
with BDD and IBD. 

First, we will present our energy system considered as a 
microgrid. This system can be connected to the main network 
or operate in an island mode. The system consists of 
photovoltaic solar panels (PV) and wind turbine (WT) which 
are used to produce the local electricity [13],[14]. Moreover, 
to overcome the intermittency of renewable energy resources 
and optimize the exploitation of this local production, the use 
of an electricity storage system is taken into account by 
means of electric batteries. 

Fig.3 Production algorithm 
 

A. FUNCTIONAL MODELING WITH USE CASE DIAGRAM 

use case diagrams model the behavior of a system and help 
capture system requirements. It’s described the general 
functions and scope of a system. These diagrams also identify 
the interactions between the system and its actors. Use cases 
and actors in use case diagrams describe what the system does 
and how the actors use it, but do not show how the system 
works internally. In other words, a use case diagrams 
illustrate and satisfy the context and requirements of an entire 
system, or essential parts of a system. You can model a 
complex system with a single use case diagram, or create 
many uses case diagrams to model system components. You 
will develop use case diagrams primarily in the early stages 
of a project and refer to them throughout the development 
process. In the aim of avoiding too fine decomposition we 
limit, in the figure below Fig.4, to the essential functions 
provided by smart micro-grid. it allows consumers to become 

electricity producers by integrating renewable energies 
(wind, photovoltaic, etc.), it also gives the possibility of 
storing energy in batteries. this digital technology allows 
micro-grid to perform monitoring functions, analysis, control 
and communication within the supply chain that satisfy the 
need of its actors to adjust supply to demand and optimize 
electrical power. All these functions are represented in an 
ellipse connected to the actor concerned. 

 

Fig.4 Use case diagram 
 

B. Complements to functional modeling with requirements 
diagram 

This diagram models the requirements to be verified by 
the system by linking the solutions implemented on the 
system with the needs defined in the specifications. It 
translates, through functionalities or constraints (conditions 
of performance, reliability, security ...), which must be 
satisfied by the system. The requirements diagram Fig.5. 
classify multiple requirements of microgrid on physical 
requirements, functional requirements and performance 
requirements. 

 

Fig.5 Microgrid requirements diagram 
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C. Modeling the behavior with sequence diagram 

The main operation of the microgrid is based on two 
modes: connected mode and island mode according to on 
electricity production: Overproduction, Underproduction and 
balance. Both generate interactions with the microgrid or 
within the microgrid itself. Thus, a sequence diagram allows 
you to map interactions arranged in chronological order 
among system components or among the actors and the 
system. 

Fig.6 Microgrid sequence diagram 
 

D. Structural modeling with BDD and IBD diagram 

SysML Block Definition Diagram (BDD) defines 
structural elements called blocks, and their composition and 
classification. Fig.7 shows the different components of 
microgrid. 

 

 
Fig.7 Block definition diagram BDD 

 

A SysML internal block diagram (IBD) describes the 
internal structure of a block in terms of parts, ports and 
connectors. The figure below Fig.8 represents the internal 
block diagram of the microgrid which identifies the flow of 
data and energy exchanged inside the microgrid. 

 

 
 

Fig.8 Internal Block diagram 

VI. CONCLUSION 

The aim of this paper is to use the SysML modeling 
language to describe the structure, function and behavior of a 
microgrid system. These descriptions identify the interactions, 
data flows, and control between parts of the system that are 
essential to understanding overall performance and can help 
in optimizing and designing future power grids, as well as in 
gaining a better understanding of how the system itself works 
from the perspective of a multidisciplinary approach. 
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Abstract 
Over the past few decades, we have witnessed a rapid and continuous increase in energy costs worldwide, which has led to economic and 
ecological problems. To mitigate these consequences, energy conservation has been identified as one of the solutions. It can help control and 
optimize the methods of using electrical energy. To achieve this goal, we will proceed in several steps. First, we will use an application 
developed by TCEG (STEG) to estimate the customer's energy consumption and raise awareness about the better use of electrical energy. This 
will allow us to identify the amount of energy consumed by each electrical load, as well as the daily consumption in winter and summer 
modes. Next, we will analyze energy consumption and identify the most energy-intensive household appliances to look for ways to conserve 
energy. Finally, we will demonstrate that we have successfully saved energy by reducing the energy consumption of the lighting load of this 
subscriber by more than 66.94 % by using energy-efficient lamps. This energy-saving action will help subscribers of the Tunisian TCEG 
(STEG) to reduce their total energy bill by over 12 %, which is a national and international challenge that affects the economy of both the 
subscriber and the state. 

Keywords 
Energy conservation; Household load; Lighting; Energy balance; Bi-monthly bill estimation. 

I. INTRODUCTION 
The method of using and managing energy is a challenge of great 
importance for the future [1]. In the face of multiple economic and 
oil crises, science has focused on energy conservation, which is a 
strategic sector and holds a privileged place in research and 
development [2]. Energy conservation can be a crucial axis for 
energy users, as it can help them better manage their annual budget 
and increase the value of their assets while ensuring the future of 
the planet. There are many methods available that can help use 
energy more efficiently without sacrificing comfort. These easy-to- 
adopt tips can help reduce our energy bills and are increasingly 
profitable as energy prices continue to rise [3-4]. 

 
Given the rapid and continuous increase in the global cost of 

energy, the TCEG (STEG) has created an application to estimate 
the bi-monthly energy consumption of its subscribers, in order to 
help them optimize their use of electric energy and identify the 
most energy-intensive household appliances [5]. The application 
includes an interface that prompts users to provide information 
about the number of people in their residence, the size of the 
residence, the number of lamps, refrigerators, televisions, washing 
machines, ovens, etc. After entering the data, the application 
estimates the energy consumption during the winter and summer 
seasons [6-7]. This estimation is based on the historical energy 
consumption data of TCEG (STEG) subscribers and is prepared by 
engineers and experts. This method also allows for the estimation 
of the cost of the bi-monthly electricity and gas bills during the 
winter and summer seasons, taking into account the park of energy 
equipment and its mode of use [8]. 

 
In this study, we created and analyzed an energy balance for a 
domestic load of a TCEG (STEG) subscriber. This balance allowed 
us to determine the daily energy consumption over a period of 24 
hours. Next, we attempted to save energy by replacing non- 
efficient lamps with efficient ones, in order to reduce energy 

consumption and decrease the cost of the electricity bill. Finally, 
we explored other targeted energy-saving methods for the same 
purpose. 
This work is divided into four steps. The first part will present the 
study as a whole. The second part will describe the methodology 
used to determine the load profile of the household load in 
question. The third part will present the energy balance of this load, 
with a detailed analysis of each load in winter and summer modes. 
The last part will be devoted to the presentation of the results 
obtained. Finally, a conclusion will conclude this work. 

II. DESIGNING A DOMESTIC LOAD PROFILE: A 
METHODOLOGY 

The method used for generating the domestic load profile in this 
study is illustrated in  the following figure  [9]: 

 

 

Fig. 1 Diagram of the energy balance sheet creation application interface 
for TCEG (STEG) subscribers 
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The load profile of this subscriber is obtained using an interface of 
an application (shown in the figure above) created by the Tunisian 
TCEG (STEG). All data about the domestic and electrical loads 
used (power of each device, number of light points, energy- 
efficient or non-energy-efficient, type and size, as well as the 
duration of daily use and the area of the house in m2) are provided, 
citing the number of occupants on the site. By filling in this 
information, the bi-monthly energy balance sheet for this 
subscriber is obtained, and the daily energy consumption can be 
determined [10, 12]. 

The energy and household appliances used by this subscriber are 
listed in the following table: 
TABLE 1. ELECTRIC LOAD USED 

Receiver 
Nominal electric 

power (W) 
Number of 
appliances 

Lighting lamp [100-200] 8 

Refrigerator [700-1700] 1 

Air conditioner / Heater [800-1800] 1 

TV [10-450] 1 

Washing machine [50-800] 1 

Iron [70-100] 1 

Kitchen (Oven, 
dishwasher...) 

[50-4500] 1 

Desktop computer / 
Multimedia [5-500] 1 

Other equipment* [50-1000] 1 

Other equipment*: portable chargers, Moulinex, internet box, 
coffee maker, fan, night light, telephone set, printer/scanner, 
intercom, hair clippers, vacuum cleaners, drill. 

III. STUDY AND ANALYSIS OF THE ENERGY BALANCE OF 

THIS SUBSCRIBER IN WINTER AND SUMMER MODES 

Today, the use of new technologies, especially for lighting, such as 
energy-saving lamps, now allows for the same lighting power to be 
provided while significantly reducing energy consumption [10-11, 
13]. This enables us to achieve energy savings. In this study, we 
focus solely on energy-saving actions for the lighting load. 
III. 1. Estimation of energy consumption during winter and 
summer seasons (in the case of incandescent lamps) 

In this section, we present the bimonthly (two-month) energy 
balance sheet estimated by TCEG (STEG) in the form of non- 
modifiable PDF tables that include all the energy data and billing 
costs for the energy consumption of this subscriber using non- 
energy efficient incandescent lamps. The results of this balance 
sheet and the cost of the bill are shown in the following tables: 

TABLE 2. ESTIMATION OF ENERGY CONSUMPTION FOR THE 
WINTER SEASON BY THE SUBSCRIBER USING NON-ENERGY 
EFFICIENT LAMPS 

 

 
TABLE 3. ESTIMATION OF GAS CONSUMPTION FOR THE 

WINTER SEASON OF THE SUBSCRIBER (USING BOTH ENERGY- 
EFFICIENT AND NON-ENERGY-EFFICIENT LIGHTING) 

 

Natural gas use Average usage (m3) % 

Water heating 15,36 29,6 

Cooking 36,6 70,4 

Total 51,96 (m3) 

Amount of 2 12,003 (DT) 

TABLE. 4 ENERGY CONSUMPTION BILL WITH VAT (NON- 
ECONOMIC LAMPS) FOR THE WINTER SEASON IN TD 

 

Invoice details (TD) 

Total= Amount 1+ Amount 2 151,319 

Flat fee 12,8 

ERTT 4,258 

Taxes 22,392 

Total (VAT) 190, 769 

TABLE 5 ESTIMATION OF THE ENERGY CONSUMPTION OF THE 
SUBSCRIBER DURING THE SUMMER SEASON (NON-ENERGY- 

EFFICIENT LAMPS) 
 

Electricity use in 
summer mode 

Average usage 
(kW.h) 

% 

Lighting 118,096 13,9 

Refrigerator 148,4 17,4 

TV 41,48 4,9 

Washing machine 14,4 1 ,7 

Air conditioner 227,676 26,7 

Ironing machine 4,8 0,6 

Cooking 219,6 25,8 

Micro-computer 47,58 5,6 

Other equipments 29,718 3,5 

Total 851,75 (kW.h) 

Amount of 1 204,106 (TD) 

 
TABLE 6 ESTIMATION OF GAS CONSUMPTION DURING THE 

SUMMER SEASON FOR THE SUBSCRIBER (ECONOMIC AND NON- 
ECONOMIC LAMPS 

 

Natural Gas Use Average usage (m3) % 

Water heating 7,68 17,3 

Cooking 36,6 82,7 

Total 44,28 (m3) 

Amount of 2 10,229 (TD) 

TABLE 7 INVOICE FOR SUMMER ENERGY CONSUMPTION WITH 
VAT (NO-ENERGY SAVING BULBS) IN TD 

 

Invoice details (TD) 

Total= Amount 1+ Amount 2 214,334 

Flat fee 12,8 

ERTT 5,007 

Taxes 30,356 

Total (VAT) 262, 497 

139,317 (TD) Amount of 1 

Electricity use in 
winter mode 

Average usage 
(kW.h) 

% 

Lighting 118,096 17,8 

Refrigerator 95,4 14,4 

TV 41,48 6,2 

Washing machine 14,4 2 ,2 

Heating 96,075 14,5 

Ironing machine 4,8 0,7 

Cooking 219,6 33 

Micro-computer 47,58 7,2 

Other equipments 27,068 4,1 

Total 664,499 (kW.h) 
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III. 2. Estimation of energy consumption for the winter and 
summer seasons (using energy-efficient lamps) 

In this paragraph, we present the second energy balance and the bi- 
monthly price invoice estimated by STEG for this subscriber, using 
non-modifiable PDF format tables and economical lamps. The 
results of this balance are shown in the tables below: 

TABLE 8 ESTIMATION OF ENERGY CONSUMPTION FOR THE 
WINTER SEASON OF THE SUBSCRIBER (USING ENERGY- 

EFFICIENT LAMPS) 

 
All tables from 2 to 11 show the different electrical loads of the 
household, as well as their values and volume depending on the 
total load volume for the different seasons and the two 
economic/non-economic modes. From these tables, one can 
calculate the average daily consumption for each case. 
Indeed, Tables 4, 7, 9, and 11 present the different costs of energy 
consumption bills with VAT taxes and prices for each case. 

Using these tables, we can calculate the average daily consumption 
value for this subscriber using equation (3): 

ADC = Total 

60 
 
 
TABLE 12 BIMONTHLY ENERGY BALANCE 

(3) 

 
 
 
 
 
 
 
 
 
 
 
 

TABLE 9 WINTER ENERGY CONSUMPTION BILL INCLUDING 
VAT (ENERGY-EFFICIENT LAMPS) IN TD 

Invoice details (DT) 

Total = Amount 1+ Amount 2 124,875 
Flat fee 12,8 
ERTT 3,926 
Taxes 19,008 
Total (VAT) 160, 609 

TABLE 10 ESTIMATION OF SUBSCRIBER'S ENERGY 
CONSUMPTION DURING THE SUMMER SEASON (WITH ENERGY- 

EFFICIENT LAMPS) 
Electricity use in 

summer mode 
Average usage 

(kW.h) 
% 

Lighting 30,04 5,1 
Refrigerator 148,4 19,3 
TV 41,48 5,4 
Washing machine 14,4 1 ,9 
Air conditioner 227,676 29,6 
Ironing machine 4,8 0,6 
Cooking 219,6 28,6 
Micro-computer 47,58 6,2 
Other equipments 25,765 3,4 
Total 768,741 (kW.h) 
Amount of 1 175,385 (TD) 

Formulation of the calculation for energy saving on lighting using 
the following equation: 
ESL = ELNEL – EEEL (1) 

 Let ESL = 79.056 kW. h 
The cost savings rate in summer is obtained using the formula in 
equation (2): 

 

 
TABLE. 13 COST OF THE ENERGY BILL FOR TWO SEASONS 

 

Domestic charge 
Cost of consumption for 
the bimonthly bill (TD) 

Electric charge for the subscriber during 
the winter season (non-energy-efficient 
bulbs) 

 
190.769 

Electric charge for the subscriber during 
the summer season (non-energy-efficient 
bulbs) 

 
262.497 

Electric charge for the subscriber during 
the winter season (energy-efficient bulbs) 

 
160.609 

Electric charge for the subscriber during 
the  summer season (energy-efficient 
bulbs) 

 
229.764 

WSC (TD) 30.16 
CSS (TD) 32.733 

The equation for calculating the cost saved during winter is 

determined using the following expression: 

WSC = CNEWC − CEWC (4) 
WSC = 30.16 TD 

Likewise, the cost saved during summer is identified by equation 5: 

CSS = SNECC − CNESC (5) 
Indeed, the value of the money saved: CSS = 32.733 TD 

The winter cost savings rate is presented by the following 

expression: 
    WSC  

   ESL 
SECR = 

ELNEL (2) WSCR(%) =  
CNEWC 

(6) 

 Let's assume SECR = 66.94 % 
TABLE 11 SUMMER SEASON ENERGY CONSUMPTION BILL 

INCLUDING VAT (ECONOMIC LAMPS) IN TD 

 WSCR(%) = 15.81 % 

In the same way, we can determine the summer cost savings rate 

just as we did for winter: 
CSS 

SECR(%) = SNECC (7) 

 SECR(%) = 12.46 % 

Electricity use in 
winter mode 

Average usage 
(kW.h) 

% 

Lighting 39,04 6,7 

Refrigerator 95,4 16,4 

TV 41,48 7,1 

Washing machine 14,4 2 ,5 

Heating 96,075 16,5 

Ironing machine 4,8 0,8 

Cooking 219,6 37,8 

Micro-computer 47,58 8,2 

Other equipments 23,115 4 

Total 581,49 (kW.h) 

Amount of 1 112,872 (TD) 

 

 
Domestic Load 

Bimonthly 
energy 

consumption in 
kWh 

Daily average 
consumption in 

kWh 

Electric load of the subscriber 
during the winter season (non- 
energy-saving lamps) 

 

664.499 
 

11.0749 

Electric load of the subscriber 
during the summer season (non- 
energy-saving lamps) 

 

851.750 
 

14.1928 

Electric load of the subscriber 
during    the winter season 
(energy-saving lamps) 

 

581.490 
 

9.6915 

Electric load of the subscriber 
during the summer season 
(energy-saving lamps) 

 

768.741 
 

12.81 

Invoice details (TD) 
Total= Amount 1+ Amount 2 185,613 

Flat fee 12,8 
ERTT 4,675 
Taxes 26,676 

Total (VAT) 229, 764 
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IV. RESULTS AND DISCUSSIONS 

Figures 2 and 3 display the bimonthly energy balance for a TCEG
(STEG) subscriber during the winter and summer seasons, for both
non-energy-efficient and energy-efficient lighting
histograms show the amount of energy consumed by each electrica
device or appliance based on the total load. Notably, the average
daily consumption during summer is higher than 

In detail, Figures 4 and 5  illustrate the energy
lighting loads during the winter season, for 
efficient and energy-efficient bulbs. Figure 6 presents
savings achieved when using energy-efficient lighting.

Analysis of the energy balance of this subscriber
most   energy-intensive    electrical   loads   are    the  
conditioning/heating, refrigerator, and lighting. The use of energy
efficient bulbs can reduce lighting energy consumption
66.94 %. This reduction in consumption not only helps save energy
but also optimizes its use, ultimately allowing the subscriber to
reduce their energy bill by 15.81 % during winter and 12.46 %
overall. This reduction is a national and international challenge 
affects both the subscriber and the state's economy.

 
Fig. 2 winter season energy balance

 

 
Fig. 3 summer season energy balance

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Winter Season Lighting 
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Figures 2 and 3 display the bimonthly energy balance for a TCEG 
(STEG) subscriber during the winter and summer seasons, for both 

lighting modes. These 
histograms show the amount of energy consumed by each electrical 
device or appliance based on the total load. Notably, the average 

 during winter. 

energy consumption of 
 both non-energy- 

presents the cost 
efficient lighting. 

subscriber reveals that the 

 
Fig. 5 Summer

are    the   oven,    air 
conditioning/heating, refrigerator, and lighting. The use of energy- 

consumption by up to 
4 %. This reduction in consumption not only helps save energy 

but also optimizes its use, ultimately allowing the subscriber to 
reduce their energy bill by 15.81 % during winter and 12.46 % 
overall. This reduction is a national and international challenge that 

economy. 

 
 
 
 
 
 
 
 
 

Fig. 6 Cost of

V. CONCLUSION 
This work presents several benefits for TCEG (STEG) subscribers
by allowing them to better understand their energy consumption for
each activity and the amount of energy used in relation to the total
domestic load. Additionally, through
identify the most energy-consuming charges and save energy by
reducing their lighting consumption
allows them to reduce their energy
Other ways to save energy exist,
consuming appliances, more

balance 

 

balance 

buildings containing insulation 
programmable thermostats and natural
Electrical appliances used are
compared to other appliances, consuming more than 80 % of the
energy cost. If they are essential, it is important to rationalize their
use to save energy. 
Finally, to minimize the effects
uncontrolled growth in oil prices, it i
use, even when using various natural/renewable

APPENDIX
Symbol Designation 
TCEG 
(STEG) 

Tunisian Company of 
Electricity and Gas 

 
ATI (TVA) 

All Taxes Included 

kW.h Kilowatt-hour 

ELEL Energy for Lighting 
with Economical
Lamps (kWh) 

ATI All Taxes Included 

ELNEL Energy for Lighting 
with  No-Economical
Lamps (kWh) 

CNEWC Cost of  No
Economical Winter
Consumption 

CSS Cost Saved in Summer

CEWC Cost of Economical 
Winter Consumption 

WSCR Winter Savings Cost 

 

5 Summer season lighting 

Cost of the bill in TD 

This work presents several benefits for TCEG (STEG) subscribers 
by allowing them to better understand their energy consumption for 
each activity and the amount of energy used in relation to the total 

through this study, the client can 
consuming charges and save energy by 

consumption by up to 66.94 %, which 
their energy bill by up to 15.81 %. 

exist, such as using low-energy- 
more energy-efficient technologies, 

 and heat exchangers, as well as 
natural lighting. 
are the most energy-consuming 

compared to other appliances, consuming more than 80 % of the 
energy cost. If they are essential, it is important to rationalize their 

effects of economic crises caused by 
uncontrolled growth in oil prices, it is important to control energy 

natural/renewable energy sources. 
PPENDIX 

Symbol Designation 
Company of TD Tunisian Dinar 

ADC Average Daily 
Consumption (kWh) 

VATR Value Added Tax 
Rate 

Economical 
LSR(%) Lighting Saved Rate 

ESL Energy Saved for 
Lighting 

Economical 
WSC Winter Saved Cost 

No- 
Winter 

SNECC Summer No- 
Economical 
Consumption Cost 

in Summer CNESC Cost of No- 
Economical Summer 
Consumption 

SECR Summer Economy 
Cost Rate 

 ate  



9th International Conference on Green Energy & Environmental Engineering (GEEE-2023) 
Proceedings of Engineering & Technology-PET-Vol 75 

Copyright © 2023 
ISSN: 1737-9334 58 

 

 

 

 

REFERENCES 
[1] Ç. Ahmet. “Energy consumption and energy saving potential in 

clothing industry”. Energy, 159: 74-85 , 2018. 

[2] B. Catherine, “Energy consumption and energy saving measures in 
poultry”. Energy Environ. Eng, , 5.2: 29-36, 2017 

[3] J. Zhu, D. Li,. “Current Situation of Energy Consumption and Energy 
Saving Analysis of Large Public Building” . Procedia Engineering, 
121, 1208–1214. (2015) 

[4] K. Ghaib, and F.Z. Ben-Fares, “A design methodology of stand-alone 
photovoltaic power systems for rural electrification”, Energy 
Conversion and Management, 148, pp. 1127–1141, 2017. 

[5] Tunisian Company of Electricity and Gas (Société Tunisienne de 
l'Electricité et du Gaz). STEG Tunisie. 

[6] A. Soares, A. Gomes, and C. H. Antunes. “Domestic Load 
Characterization for Demand-Responsive Energy Management 
Systems”. IEEE International Symposium on Sustainable Systems and 
Technology (ISSST). 2012 

[7] D. H. Muhsen, H. T.Haider, Y. M. Al Nidawi, & T. Khatib, 
“Domestic load management based on integration of MODE and 
AHP-TOPSIS decision making methods”. Sustainable Cities and 
Society, 50, 101651, 2019. 

 
[8] C. Bucher, G. Andersson. “Generation of Domestic Load Profiles an 

Adaptive Top Down Approach”. Proceedings of PMAPS. Istanbul, 
Turkey, June 10-14, 2012. 

[9] S. Arfa, M. Ben Ammar, M. Al Zidir & Hsan Hadj Abdallah. “Daily 
energy management system for a house powered by renewable 
energy”, Proceedings of Engineering & Technology , 4ème Congrès 
International sur les Energies Renouvelables et le Développement 
Durable, Vol. 69, pp .40-47. 2022. 

[10] A. K.. Aliyu, A. Bukar, , L. Ringim, J. G., & A. Musa. “An approach 
to energy saving and cost of energy reduction using an improved 
efficient technology”. Open Journal of Energy Efficiency, 4(04), 61. 
2015. 

[11] M. W. Akram , M. F. Mohd Zublie, M. Hasanuzzaman, & N. A. 
Rahim. “Global Prospects, Advance Technologies and Policies of 
Energy-Saving    and    Sustainable    Building     Systems”     A 
Review. Sustainability, 14(3), 1316. 2022 

[12] M. F. Zublie, M. Hasanuzzaman, & N. A. Rahim. “Feasibility 
Analysis of Solar Power Generation System for Office Building in 
Academic Institution”. In IOP Conference Series: Materials Science 
and Engineering (Vol. 1127, No. 1, p. 012039). March 2021. 

[13] R. Saidur, M. Hasanuzzaman, & N. A. Rahim. Energy use, energy 
savings and environmental analysis of industrial boilers and 
compressors”. International Journal of Thermal & Environmental 
Engineering, 1(1), 29-36, 2010. 



9th International Conference on Green Energy & Environmental Engineering (GEEE-2023) 
Proceedings of Engineering & Technology-PET-Vol 75 

Copyright © 2023 
ISSN: 1737-9334 59 

 

 

Implementation of the robust MRAC controller based on the 
Lyapunov’s quadratic function:speed control for a DC motor 

and investigation on adaptive gains 

NZANZU Lukogho Luckson 
Electrical Engineering 

Department, LE3PI 
Laboratory 

Polytechnic School of Dakar 
(ESP) Dakar,Senegal 

irnzanzulukogho@gmail.
com 

 
 

GUEYE Samba 
Electrical Engineering Department, 

LE3PI Laboratory 
Polytechnic School of Dakar (ESP) 

Dakar,Senegal 

papesgueye@hotmail.com 

 
 

NDIAYE Mouhamadou 
Falilou Electrical 

Engineering Department, 
LE3PI Laboratory 

Polytechnic School of Dakar (ESP) 
Dakar,Senegal 

mouhamadouf.ndiaye@ucad.
edu.sn 

 

Abstract— This paper proposes a robust model reference 
adaptive controller (MRAC) based on Lyapunov’s quadratic 
function and an investigation on its adaptive gains to control 
the output speed of dc motor with parameter variations by 
following a reference model. In this paper, the parameters 
armature’s resistance Ra, armature’s inductance La and 
moment of inertia J of the machine were varied from 10% to 
100% of their nominal values. To achieve this, the 
methodological approach is as follows. The Lyapunov’s 
quadratic functional is chosen. It allows to guarantee the 
global stability of the system and in which (this function) 
derives the mechanism of adaptation of the motor parameters. 
The implemented parameter adjustment mechanism into the 
Matlab/Simulink environment gives the following results: a 
settling time of 13.6 milliseconds, a system rise time of 10.25 
milliseconds, a final value of 0.165 for a step input. For the 
reference model this final value is 0.166, hence a tracking 
error of 0.001004. The overall relative uncertainty of the 
system is 0.6%; and the measurement uncertainty on the speed 
at the motor output is 0.000234% by applying a variation of 
10% to 100% on its nominal parameters. These simulation 
results also show and prove the effectiveness of this controller 
based on the Lyapunov’s quadratic function, as it ensures the 
global stability of the controlled system and a judicious choice 
of the adaptation gain coefficients of this controller improves 
the output performances of the controlled system by cancelling 
the deviation between the two processes, dc motor and 
reference model, in presence or not of the parametric 
variations. 

 
Keywords— MRAC controller, Lyapunov’s quadratic 

functional, DC motor, adaptive gains 
 
 

I. INTRODUCTION 

The parametric variations of a real process over the time 
due to environmental changes and process aging affect the 
control of the closed loop system with fixed parameter 
controllers [1], [2]. Under these conditions, it is imperative 
to find a solution implementing systems capable of adapting 
to these variations[3], [4]. Gueye et al. show that a dc 
motor can be 

 

 

 
XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE 

considered as a dynamic system whose parameters such as 
the resistance Ra and inductance La of the armature, and 
the moment of inertia J of the machine change over time 
and according to the working environment[5]–[8]. Mouldi 
also in the positioning study of a dc motor driving the axis 
of an industrial robot demonstrates the influence of 
changing friction 
∆f as well as inertia ∆j of the machine on the response of 
the system [1]. Another study conducted by Turki in his 
thesis in 2018 considers an electric motor with a flexible 
transmission subject to load inertia as a linear time-varying 
system, LTV [9]. In this situation, the classical approach of 
control and regulation is limited and inefficient because it 
cannot meet the precise specifications seen that these 
classical controllers are fixed parameters [10]–[12]. In [13] 
the author presents an adaptive gain investigation for a first 
order system based on the MRAC- MIT rule. His 
methodology is based on a mathematical background based 
on the choice of the cost function. The performance 
improvement is demonstrated on a first-order system under 
parameter variations [13], [14]. In [15] the author presents a 
controller based on fuzzy logic to control the speed of a 
steam turbine in an isolated operating condition, especially 
in nuclear power plants. In this study he chooses a simple 
control law and a first order Lyapunov ‘s algebraic 
function[15], [16]. This is not in conformity with the theory 
developed by Landeau in [17] and Nguyen in [18]. It also 
uses the first order’s parameter adjustment mechanism. This 
is not recommended in [17], [18] because the reference 
model and the process to be controlled (steam turbine) are 
modeled by second order transfer functions. This allows us 
to undertake in this paper researches on a robust MRAC 
control for a dc motor speed based on the Lyapunov ‘s 
quadratic functional and to investigate the adaptation gains 
to address this problem. The Lyapunov’s approach consists 
in adapting the on-line controllers to the variations of 
dynamic systems in order to ensure and guarantee a 
constant quality of performance of the system to be 
controlled. The Lyapunov’s technique is based on the 
choice of a quadratic functional in which the adjustment 
mechanism of the dc motor parameters is derived. 
This
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manuscript is organized as follows; section 2 deals with the 
modeling of the dc motor and the presentation of the theory 
based on the Lyapunov’s method. Section 3 presents the 
synthesis of the Lyapunov’s MRAC controller. Simulation 
results and discussion are presented in section 4. The 
manuscript is closed with a conclusion followed by some 
research perspectives in section 5. 

II. MODELING OF THE DC MOTOR AND 
PRESENTATION OF THE LYAPUNOV METHOD 

A. Modeling of the DC motor 

1) Electro kinematic diagram 
The modeling of the dc motor is made from the electro 
kinematic diagram given in figure 1 indicating on the left the 
electrical part, and mechanical on the right. 

 
 

Fig. 1. Schematic and modeling of dc motor 
 

2) DC Motor equations 

The model of the studied dc motor is represented by the 
transfer function (1) [18]–[21]. 

Table I. PROCESS  PARAMETERS SUGJECT TO VARIATIONS 

 
Nominal 
values 

Parameter’s variations 

10 % 30% 50% 100% 

Ra=0.59 0.65 0.77 0.89 1.18 

La=0.00133 0.00146 0.00173 0.00199 0.00266 

J=0.00031 0.00034 0.00040 0.00047 0.00062 

B. Presentation of the Lyapunov’s method 

1) Objective of stability in the Lyapunov sense 
Stability means that if a system is in equilibrium, it stays in that 
state even if time varies. The analysis of Stability in the sense 
of Lyapunov consists in the study of the trajectories of the 
system when the initial state is close to an equilibrium state 
[22]. Based on the properties of the Lyapunov functional of 
energy type and for a given system, by examining its time 
derivative along the trajectories of this system; we can predict 
and have information on the stability of this system around the 
equilibrium point. If the system reaches the equilibrium point 
in infinite time, then it is asymptotically stable; if not, the 
system is stable in finite time. This therefore allows us to say 
that the objective of the study of stability in the Lyapunov sense 
is to draw conclusions as to the behavior of systems without 
explicitly calculating their trajectories [22], [23]. 

 
2) Choice of the reference modele 

In accordance with the theory developed by Landau in [17] and 
Nguyen in [18], a reference model of the same order as the plant 
is chosen. This model is given by (3) and (4) [18]–[21]. 

 
 

 
 

With 𝑏0 = 
 

  𝐾   
 
; 𝑎1 = 

 

𝐽.𝑅𝑎+𝑓.𝐿𝑎 
 
; and 𝑎0 = 

𝑓.𝑅𝑎+𝐾2 

coefficients of 
𝐽.𝐿𝑎 𝐽.𝐿𝑎 𝐽.𝐿𝑎 

the transfer function composed of the electromechanical 
quantities of the motor. W is the output speed of the motor, V 
the voltage at the motor terminals, the motor torque constant K, 
inertia moment of motor J, viscous friction coefficient f, 
resistance of armature Ra and the inductance of armature 

 
Where K represents the static gain, ξ damping coefficient and 
𝜔𝑛 the natural pulsation of the reference modele. A, B and C 
are matrices with appropriate dimensions. 

winding La. Its equivalent in state space model is given by (2). 0 1 0 
𝐴𝑚  = [−𝜔2 −2𝜉 ] ; 𝐵𝑚  = [𝐾𝜔2] ; and 𝐶𝑚  = [1 0] 

3) Choice of the Lyapunov’s quadratic function 

Where A, B and C are matrices of appropriate dimensions. 
 

This choice is justified in [4], [10], [24]. Although there is no 
 

𝐴 = [ 
0 1 

] ; 𝐵 = [ 
−𝑎0 −𝑎1 

0 
] ; and 𝐶 = [1 0] 

𝑏0 

universal formula for constructing a Lyapunov candidate 
function for a stable system; a good first attempt is to test 
Lyapunov’s quadratic functions for linear or linearizable 
systems. We choose the function below: 

As system state variables, we have x1 the speed and x2 
the acceleration of the dc motor. Motor parameters are 
given in table 1 where Ra is resistance in ohm (Ω), the 
armature’s inductance La is given in henry (H) and J the 
inertia moment in kilogram meter square (𝑘𝑔. 𝑚2). 

𝐺(𝑠) = 
𝜔(𝑠) 

= 
𝑏0

 
      
𝑉(𝑠) 𝑠2 + 𝑎1 ∗ 𝑠 + 𝑎0 

(1) 

{
𝑥˙𝑝(𝑡) = 𝐴(𝑡) ∗ 𝑥𝑝(𝑡) + 𝐵(𝑡) ∗ 𝑢(𝑡) 

𝑦 (𝑡) = 𝐶 ∗ 𝑥 (𝑡) 
𝑝 𝑝 

(2) 

𝐾. 𝜔2 
𝐺 (𝑠) = 𝑛 

𝑚 𝑠2 + 2. 𝜉. 𝜔𝑛. 𝑠 + 𝜔2 
𝑛 

(3) 

{𝑥˙𝑚(𝑡) = 𝐴𝑚. 𝑥𝑚(𝑡) + 𝐵𝑚. 𝑟(𝑡) 
𝑦 (𝑡) = 𝐶 . 𝑥 (𝑡) 

𝑚 𝑚     𝑚 
(4) 

𝑉(𝑒, 𝐾𝑥, 𝐾𝑟, Φ(𝑥)) 
= 𝑒𝑇(𝑡)𝑃(𝑡)𝑒(𝑡) 

K2(𝑡) 
+ |𝑏|(𝐾 (𝑡)Γ−1K𝑇(𝑡) + 𝑟 

𝑥 𝑥 𝑥 𝛾𝑟
 

+ Θ𝑇Γ−1Θ) > 0 
Θ 

 

(5) 
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𝑥With Γ𝑥 = Γ𝑇 > 0 a positive definite matrix of adaptation rate 
for K(𝑡); and 𝑃 = 𝑃𝑇 > 0;𝑄 = 𝑄𝑇 > 0 ∈ ℜ2 × ℜ2 ; matrices 
which solve the Lyapunov equation: 

 
𝑃. 𝐴𝑚 + 𝐴𝑇 . 𝑃 = −𝑄 

𝑚 (6) 

Where Q is an identity matrix and P, a symmetric matrix. 

III. SYNTHESIS OF THE LYAPUNOV-MRAC 

Figure 2 shows the general architecture of a MRAC 
adaptive control. 

 

 

Fig. 2. General architecture of a MRAC adaptive control 
 

The synthesis of the MRAC controller based on the Lyapunov’s 
quadratic function approach is given by the adaptation 
mechanism as follows: 

 

𝐾  𝑇  = Γ   × 𝑥 × 𝑒𝑇  × 𝑃̅ × 𝑠𝑔𝑛(𝑏) 
𝑥 𝑥 

(7) 

𝐾̇  𝑇  = γ   × 𝑟 × 𝑒𝑇  × 𝑃̅ × 𝑠𝑔𝑛(𝑏) 
𝑟 𝑟 

(8) 

Θ̇   = −ΓΘ × Φ(𝑥) × 𝑒𝑇  × 𝑃̅ × 𝑠𝑔𝑛(𝑏) (9) 

With the nonlinear state feedback control law defined by (10). 
 

𝑈𝑐𝑜𝑚 = K𝑥(𝑡) × 𝑥 + K𝑟(𝑡) × 𝑟 − Θ𝑇 × Φ(𝑥) (10) 

The tracking error between the output of the reference model 
and that of the dc motor is defined by (11) 

 

𝑒(𝑡) = 𝑦𝑚(𝑡) − 𝑦𝑝(𝑡) (11) 

The symmetric matrix P is determined by solving the Lyapunov 
algebraic equation (6) by the matlab syntax (12). 

 

𝑃 = 𝑙𝑦𝑎𝑝(𝐴𝑚, 𝑄) (12) 

The major steps we followed in the methodology to find the 
stable adaptation laws are: 

 
 Find the structure of the Lyapunov MRAC controller; 
 Determine the dynamic tracking error equation; 
 Find the candidate quadratic Lypunov’s function and 

finally; 
 Implementations in the Matlab / Simulink 

environment. 
 

The mechanism for adjusting the parameters of the dc motor 
subject to variations allows the simulation block diagram shown 
in figure 3 to be constructed. 

 

 

Fig. 3. Simulation block diagram of the Lyapunov-MRAC system 
 

IV. SIMULATION RESULTS AND DISCUSSION 

The implementation of the MRAC controller in the Matlab / 
Simulink environment is done with the following numerical 
applications. The matrices of scalar adaptation coefficients are 
𝛾𝑥1 = 𝛾𝑥2 = 𝛾𝑟 = 0.05 and 𝛾𝜃1 = 𝛾𝜃2 = 20 ; with a natural 
pulsation of the system 𝜔𝑛 = 260 𝑟𝑎𝑑 ∗ 𝑠−1 and a damping 
coefficient ξ = 0.85. 

A. MRAC controller with nominal motor parameters 

With nominal motor parameters; we find: The system 
response is given in figure 4. 

 

Fig. 4. Sortie du système MRAC-Lyapunov 
 

The figure 5 shows the evolution of adaptive gains taking into 
account the nonlinearity of the process. 
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Fig. 5. Adaptive gains with nonlinearity of system 
 

The tracking error output is shown in figure 6. 
 

 
Fig. 6. Tracking error of the system 

 
B. MRAC controller with parameter variations 

With changes of motor parameters from 10% to100%; we find 
the following results: 

 

 

Fig. 7. System output with parametric changes 

C. Investigation on changes in adaptation gains 
 

For a perfect following of the system, four cases are 
illustrated in order to decide on the optimal choice of gain 
coefficients. 

 
 Case 1 : 𝛾𝑥1 = 𝛾𝑥2 = 𝛾𝑟 = 0.05 et 𝛾𝜃1 = 𝛾𝜃2 = 2; 
 Case 2 : 𝛾𝑥1 = 𝛾𝑥2 = 𝛾𝑟 = 0.05 et 𝛾𝜃1 = 𝛾𝜃2 = 20; 
 Case 3 : 𝛾𝑥1 = 𝛾𝑥2 = 𝛾𝑟 = 1 et 𝛾𝜃1 = 𝛾𝜃2 = 2; 
 Case 4 : 𝛾𝑥1 = 𝛾𝑥2 = 𝛾𝑟 = 3 et 𝛾𝜃1 = 𝛾𝜃2 = 2. 

 
Figure 8 shows that perfect tracking is feasible by choosing the 
optimal gain coefficients (case 2) such that 𝛾𝑥1 = 𝛾𝑥2 = 𝛾𝑟 = 
0.05 for feedback state adaptive gains and 𝛾𝜃1 = 𝛾𝜃2 = 20 for 
non-linear adaptive gains. 

 

 
Figure 8 effect of the adaptation gain variation on the system response 

 
D. Commentary and discussion 

 
The simulation results show that the implemented MRAC- 
Lyapunov’s controller is robust and guarantees a good tracking 
of the motor to the reference model with a tracking error of 
0.001 and an overall relative uncertainty of the system of 0.6 % 
for a step input. By applying a variation of 10%; 30%; 50% and 
100% on the nominal parameters of the motor; we see that the 
MRAC-Lyapunov controller always gives desired performance 
to the motor by faithfully following the reference model. These 
simulation results also show and prove the effectiveness of this 
controller . In all cases, it is shown that the output tracking 
performance depends significantly on the choice of gamma 
coefficients. The performance is observed for steady state and 
transient response. The estimated value of adaptation gains in 
all the cases is giving good transient and steady state 
performance. The crucial issue of selection of adaptive gains is 
resolved with complete mathematical analysis and simulation 
study. By examining the different curves obtained in 
simulation, we find the optimal range of values for the 
adaptation gain coefficients. For feedback state adaptive gains, 
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the optimal performance is obtained for gamma between 0.05 
and 3 with zero steady error. And the optimal range for non- 
linear adaptive gains is between 2 and 20. In this cases study, 
the best performance is obtained in the senario (case 2) for the 
feedback state adaptive gains 𝛾𝑥1 = 𝛾𝑥2 = 𝛾𝑟 = 0.05 and for 
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