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 Waste in Indonesia reaches 65.2 million tons per year, dominated by 

organic and inorganic waste. Approximately 36% of the total waste is 

poorly managed, including 4K1P waste (paper, wood, fabric, rubber, and 

plastic), which can be quickly burned and turned into RDF briquettes 

through pyrolysis and paraffin adhesive. These briquettes will use three 

variations of raw materials: organic, inorganic, and mixed waste. The 

quality of these briquettes is compared based on calorific value, ash 

content, moisture content, and the fuel requirement for a 7.5 MW capacity 

power plant if used as fuel. The initial weight of the raw materials for each 

briquette is 2 kg, resulting in 10 pieces each of organic, inorganic, and 

mixed briquettes. Test results indicate that inorganic briquettes have the 

best quality with a calorific value of 8,075.92 cal/g, moisture content of 

1.75%, and ash content of 10.84%, meeting the SNI-01-6235-2000 

standard. The minimum fuel requirement for the power plant using RDF 

briquettes is inorganic briquettes, at 3.05 tons/hour or 26,205.6 tons/year. 

Inorganic briquettes are of the best quality and require the least fuel for use 

in power plants.  

Keywords:   

Ash Content; Briquette; Calorific 

Value; Refuse Derived Fuel; 

Moisture Content. 
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1. INTRODUCTION  

Waste can be defined as residue or waste from an industrial, public, institutional, or human 

processing process [1]. All activities related to the processing of raw materials, both food and non-food, 

inevitably produce useless residue which creates piles of waste [2]. Based on data from the Central 

Statistics Agency in 2016 alone, Indonesian people produced at least 65.2 million tons of waste/year. 

Waste production is increasing every year. The Ministry of Environment and Forestry released data that 

in 2020 there was an increase in waste production of 72 million tons of waste, with details of 9 million 

tons of waste or the equivalent of 36% of the total waste that had not been managed properly, including 

4K1P waste (paper, wood, cloth, rubber, and plastic). This waste comes from various sectors including 

households, industry, agencies, and the general public [3]. 

Waste is divided into two groups, namely organic and inorganic. Organic waste comes from living 

creatures and can decompose naturally, while inorganic waste comes from synthetic materials that are 

difficult to decompose. In Indonesia, 69% of waste is organic, consisting of 60% food waste and 9% 

paper. Inorganic waste is around 23%, with plastic dominating 14%, cloth 3.5%, and rubber 5.5% [4]. 

Waste processing is carried out through various methods, namely waste banks, compost processing, 3R 

TPST (Reuse, Reduce, Recycle Integrated Waste Processing Site), and PDU (Recycling Center) which 

focuses on recycling. In addition, TPST (Integrated Waste Processing Site) integrates various waste 

management methods, and ITF (Intermediate Treatment Facility) produces energy from waste. TPA 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
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(Final Disposal Site) is used for final disposal of waste that cannot be processed, in order to isolate its 

negative impacts on the environment and health [5]. 

Several studies have studied the 4K1P waste problem. In research by [6], processing organic waste 

into RDF briquettes using the chopping method resulted in a calorific value of 4,228 kcal/kg, a water 

content of 6.57%, an ash content of 2.25%. The research of [7] used carbonization on PET plastic waste, 

coconut shells, and sawdust, producing briquettes with a calorific value of 5,608 kcal/kg, water content 

of 5.18% and ash content of 3.55%. In research by [8] using carbonization on mixed waste, it produced 

a calorific value of 5,218 kcal/kg, a water content of 1.04%, and an ash content of 17.34%. In research, 

[9] examined a mixture of organic and inorganic waste, resulting in a calorific value of 4,819,220 

kcal/kg, water content of 5.56%, and ash content of 11.64%. In research by [10], pyrolysis was used, 

producing a calorific value of 8,996 kcal/kg, water content of 5.5%, ash content of 4.9%, and steam 

content of 15.9%. The results show that 4K1P waste can be converted into type-5 RDF, namely RDF 

from the combustible fraction, which is compacted into pellets, slag, briquettes, and so on, with high 

potential for use as an alternative fuel [9, 10, 11]. 

The methods commonly used in processing RDF briquettes are carbonization and pyrolysis. Several 

studies have examined the processing of RDF into RDF briquettes using the carbonization method, 

namely the research of [7] used carbonization on PET plastic bottles, shell charcoal, and wood charcoal 

with starch adhesive, producing a calorific value of 5,608 cal/g, water content of 5.18%, ash content of 

3.55%, and carbon content of 32.49%. Research [8] also uses carbonization on organic and inorganic 

waste, producing a calorific value of 5,218 cal/g, water content of 1.04%, and ash content of 17.34%, 

according to the bio briquette standard SNI 01-6235-2000. The pyrolysis method is also used to process 

RDF into energy, namely in research [10] on organic waste such as dry bamboo leaves and sawdust, 

resulting in a calorific value of 8,996 cal/g, water content of 5.5%, ash content of 4.9%, and vapor 

content 15.9%. As well as research [12] using pyrolysis on organic waste, producing a calorific value 

of 16,201 J/g, an ash content of 6.45%, and a water content of 0.92%. A comparison of the two methods 

shows that carbonization produces a calorific value of 5,218 -5,608 cal/g, water content of 1.04%-5.18%, 

and ash content of 3.55%-17.34%. Pyrolysis produces a higher heating value of up to 8,996 cal/g, water 

content 0.92%-5.5%, and ash content 4.9%-6.45. %. Thus, pyrolysis is more optimal for processing RDF 

into energy briquettes than carbonization. 

Several studies have determined the optimal adhesive for making RDF briquettes, including 

research [8] comparing molasses, paraffin, and starch. The best results were obtained with paraffin, 

producing a calorific value of 5,218 cal/g. Meanwhile, research by [6] using tapioca flour in 4K1P waste 

produces a calorific value of 3,645 cal/g. In conclusion, paraffin adhesive produces the best quality 

briquettes because the calorific value is 5,218 cal/g. 

RDF is considered the newest solution in waste management in Indonesia because it can be 

processed into various energy sources. RDF can fuel the steam power cycle in PLTUs, producing a 

potential electrical power of 154 MW (thermochemical) and 1.4 MW (biochemical). If applied with a 

biochemical cycle in a biodigester, RDF can produce 2.1 MW of power. RDF can also be used for 

PLTSa, and with the gasification method, it has the potential to generate 1 MW of power [13, 14]. So, 

from several studies that have been carried out, RDF has become a fuel for the power cycle. Steam in 

PLTU has more significant potential than various other energy sources. 

Based on data from the Ministry of Environment and Forestry, around 36% of Indonesia's 4K1P 

waste, needs to be appropriately managed. This research aims to analyze the potential for flammable 

4K1P waste to become type 5 RDF, namely RDF from combustible waste fractions that are compacted 

into briquettes [9, 10, 11]. Several studies that examine the use of 4K1P waste in RDF briquettes still 

focus on mixing the composition of raw materials for briquettes from 4K1P waste so that this research 

will compare the quality of RDF briquettes with a variety of pure organic, pure inorganic raw materials 

and a mixture of the two. The pyrolysis method was chosen because it produces the highest heating 

value and is better than other adhesives [8, 13].The quality of the briquettes will be tested using a bomb 

calorimeter to produce heating value, a minimum free space oven for ash content, and an ash content 

test oven for water content. The research will also analyze fuel requirements for a 7.5 MW PLTU, 

including calculating the heating value of the boiler and estimating fuel per hour and year [15]. 

 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
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2. RESEARCH METHOD  

This research uses a quantitative approach to analyze the manufacture of RDF briquettes from 

organic and inorganic waste in Indonesia, which reaches 65.2 million tons/year, with 36% still being 

managed, including 4K1P waste. This waste will be processed into RDF briquettes, namely organic 

briquettes (wood and paper), inorganic briquettes (cloth, rubber, plastic), and mixed briquettes. The 

quality of RDF briquettes will be tested based on calorific value, water content, and ash content 

according to SNI 01-6235-2000 [8]. If the briquettes are used as fuel, then the RDF briquettes will be 

implemented in a PLTU with a capacity of 7.5 MW. Primary data was obtained from direct observation 

and secondary data from related journals. Research steps include literature study, preparation of tools 

and materials, burning, molding RDF briquettes (100 gr/piece), drying, and quality testing (heat test, 

water content, ash content). Data analysis will determine whether the briquettes meet applicable 

standards and calculate the PLTU's fuel requirements [15]. 

2.1. Raw Material 

The raw materials used in this research came from 4K1P waste, namely organic and inorganic raw 

materials. 4K1P waste is flammable, so it has the potential to be used as RDF briquettes. So, in making 

RDF briquettes, the raw materials chosen are paper, wood, cloth, rubber, and plastic, with the weight of 

each raw material being 2 kg. The raw materials come from leftovers and waste dumped in the 

surrounding environment. 

2.2. Carbon Charcoal Production 

Refuse Derived Fuel is the fuel that comes from the process of separating solid waste between 

flammable waste and hard-to-combust waste. The waste used is flammable when making RDF 

briquettes. For briquettes, the RDF waste used is small, so cutting the waste into smaller pieces is 

required [14, 16]. In processing 4K1P waste into briquettes using the pyrolysis combustion method. The 

main product of the pyrolysis process is carbon charcoal [17]. The following is the process of processing 

4K1P waste into carbon charcoal: 

1. Collection of tools and materials 

In this research, the materials used were 4K1P waste (paper, wood, cloth, rubber/leather, and plastic) 

with respective weights as in Table 1 and paraffin adhesive. The equipment used was a 60 mesh 

sieve, digital scales, containers, and iron drums that have been modified by adding iron pipes as 

chimneys, mortars, stoves, spoons, pans, briquette molds, scissors, knives, and manual paper 

grinders. 

2. Waste cutting 

The 4K1P waste collected has a variety of different sizes. To facilitate the process of making RDF 

briquettes and ensure the results meet the quality standards of raw materials with a high calorific 

value, cutting is carried out manually using scissors, knives, and a paper grinder. The pieces of waste 

are cut to a size of approximately ± 5 cm, except for wood, which is already in the form of sawdust. 

3. Waste drying 

To maximize the combustion process, the water content in the raw material must be removed through 

an evaporation process until it is dry [18]. This means drying it under direct sunlight for 24 hours or 

until it is completely dry. 

4. Burning 

Waste that has been dried will be burned using the pyrolysis combustion method. Pyrolysis is a 

method of decomposing material at high temperatures without air or with limited oxygen. The main 

products of the pyrolysis process are carbon charcoal, oil, and gas [17]. Here are the steps: 

a. A chimney is used as a combustion site to make a pyrolysis site. This chimney is designed to 

remove pyrolysis gases and steam produced during the burning process of raw materials. This 

removes gases containing hydrocarbons or other compounds from the pyrolysis system. 

b. The raw material is 4K1P waste, each of which weighs 2 kg and will be put into the pyrolysis site. 

Then, the pyrolysis vat is closed tightly to burn with no or little oxygen in the combustion. In 

addition, every gap in the pyrolysis container must be considered so that no smoke comes out 

during combustion. 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
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c. Burning of raw materials begins with ignition from the bottom of the pyrolysis chamber, and the 

combustion process continues until smoke appears from the chimney, indicating that the raw 

materials are starting to burn. This burning process lasts 3 hours when the raw material becomes 

carbon charcoal. 

d. After the combustion process is complete, the resulting carbon charcoal is left for 4 hours and its 

weight is measured. 

2.3.  RDF Briquette Production 

In the production of RDF briquettes, 4K1P waste has gone through a combustion process using the 

pyrolysis method which produces carbon charcoal. The carbon charcoal will be processed into RDF 

briquettes, the following are the stages in producing RDF briquettes. 

1. Carbon charcoal sieving 

The carbon charcoal will be sifted using a 60-mesh sieve to separate the coarse particles still present 

into fine particles of the same size. 

2. Mixing carbon charcoal 

Adding adhesive to the manufacture of RDF briquettes greatly influences pressure resistance, 

heating value, ash content, and water content. The adhesive must have high binding power so that 

the briquettes do not decompose quickly [18]. Carbon charcoal will be mixed with 20% paraffin 

adhesive. The following is a design for experimental variations of RDF briquettes with a weight of 

100 grams each 

a. Briquettes 1 Organic (100 gr) = 80% organic carbon charcoal (40 gr paper carbon charcoal, 40 

gr wood carbon charcoal) and 20% (20 gr) paraffin adhesive. 

b. Briquette 2 Inorganic (100 gr) = 80% inorganic carbon charcoal (26.7 gr plastic carbon charcoal, 

26.7 gr cloth carbon charcoal, 26.7 gr rubber carbon charcoal) and 20% (20 grams) paraffin 

adhesive. 

c. Briquette 3 Mixture (100 gr) = 40% organic mixed carbon charcoal (20 gr paper carbon charcoal 

and 20 gr wood carbon charcoal) and 40% inorganic (13.33 gr plastic carbon charcoal, 13.33 gr 

cloth carbon charcoal and 13, 33 gr rubber carbon charcoal) 1:1 (50% organic carbon charcoal, 

50% inorganic carbon charcoal) with 20% (20 gr) paraffin adhesive. 

3. RDF briquette printing 

RDF briquettes will be molded using molding iron, with a diameter of 7 cm and a weight of 100 

gr. Then, the carbon charcoal is compacted using a press to apply pressure to the briquettes so that 

they become solid. 

4. Drying of RDF briquettes 

After the RDF briquettes are printed, the briquettes will be dried using the RDF briquette drying 

process for 48 hours under sunlight so that the resulting briquettes can dry thoroughly and to reduce 

the water content contained in the RDF briquettes. The surface of the briquettes should feel dry and 

not damp to the touch. 

2.4.  Test the Quality of RDF Briquettes  

The briquettes that have been produced need to be tested to determine the quality of the briquettes 

according to applicable standards. Good briquette testing results will be by SNI 01-6235-2000 

standards as in Table 1. 
Table 1. Standard Briquette Parameters 

Characteristics Unit Quality 

Calorific Value Kal/g ≥ 5000 

Water Content % ≤ 8 

Ash Content % ≤ 8 

There are parameters used in processing waste into RDF, including calorific value, water content, 

and ash content. Briquette testing includes: 

1. Calorific Value 

Calorific value is a quantity that describes the energy value of a material. The greater the calorific 

value of a material, the more easily it will burn [8]. A bomb calorimeter is used to test the energy 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
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value contained in a briquette. The standard value is a minimum of 5,000 cal/g based on SNI 01-

6235-2000. 

2. Water Content 

It is hoped that the water content in RDF briquettes will be low so that lighting them does not 

require a large amount of energy, which can reduce the smoke that appears when burning them. 

The water content test in a briquette will be measured using a Minimum Free Space oven or MFS 

oven. The standard value is a minimum of 8% based on SNI 01-6235-2000. 

3. Ash Content 

Ash content is the residue from the combustion process, consisting of the composition of unburned 

briquettes. After combustion, the remaining organic mineral content determines the ash content 

value of the briquettes. Ash content is measured using the Ash Content Test Oven, with a minimum 

standard of 8% according to SNI 01-6235-2000. 

2.5.  Fuel Requirements at PLTU 

In the process of converting water into high pressure steam (steam), the boiler requires heat from 

burning fuel. In calculating fuel requirements for a PLTU with a capacity of 7.5 MW, initial data was 

obtained from previous research [15]. 

Table 2. Data on PLTU Boilers 

Steam Pressure Steam 

Temperature 

Efficiency (η) 

Boilers 

Temp. 

Feed Water 

Boiler 

Capacity 

3, 2 MPa 420 °c 90 % 90 °c 32 tons/hour 

 

The heat requirement for the boiler can be calculated by: 

 

𝑄𝑏𝑜𝑖𝑙𝑒𝑟 =
𝑚 .(ℎ𝑜−ℎ𝑖)

η
            (1) 

 

In the equation above, the enthalpy value of the superheated steam and the enthalpy value of the 

feed water entering the boiler will be known from the thermodynamic periodic table of water vapor 

temperature and the superheated steam table. To calculate fuel requirements for a boiler, use the 

equation: 

 

𝑄𝑓𝑢𝑒𝑙 =  
𝑄𝑏𝑜𝑖𝑙𝑒𝑟

𝑐𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑓𝑢𝑒𝑙
      (2) 

 

The calorific value contained in different fuel types significantly affects the calculation results [15]. 

Then, annual fuel requirements are calculated based on usage capacity using the equation: 

𝑄𝑓𝑢𝑒𝑙 x 24 hr x 358 days    (3) 

 

In 1 year the PLTU is not fully operational, it only lasts 356 days, but there are 7 days for 

maintenance and repairs so the effective time for a PLTU to operate is 358 days. 

 
3. RESULTS AND DISCUSSION  

In this research, RDF briquette products were produced with 3 samples that compared the calorific 

value, water content, and ash content, where each RDF briquette was composed of different raw 

materials. The process of processing RDF briquette raw materials into carbon charcoal can be seen in 

Table 3 where the raw materials can produce carbon charcoal as follows. 

Table 3. Carbon Charcoal 

Type of Raw 

Material 
Raw Material 

Initial Raw Material 

Weight (Kg) 

Weight of Carbon 

Charcoal Yield  

(Grams ) 
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Table 3 shows that carbon charcoal consists of organic and inorganic raw materials and 4K1P waste 

raw materials. The result of burning waste in the form of carbon charcoal is that the combustion process 

can reduce these raw materials with a reduction percentage of paper of 57%, wood at 68%, plastic at 

46%, cloth at 58%, and rubber at 42% of the total raw materials reduced. 

 

 
Figure 3. RDF Briquettes 

 

Figure 3 shows the shape of the three briquette samples that have been made. The three briquette 

samples consist of organic briquettes, inorganic briquettes, and mixed briquettes with a weight of 100 

grams each. From the carbon charcoal results for each raw material in Table 3, more than 1 RDF 

briquette can be produced. The following is the number of briquettes that can be produced. 

Table 4. Number of Briquettes 

Types of Briquettes Number of Briquette Pieces (100 grams/piece) 

Organic 10 

Inorganic 10 

Mixture 10 

 

Table 4 Number of briquettes made from raw materials that have gone through the combustion 

process to become carbon charcoal. Each briquette weighs 100 gr/keeping using paraffin adhesive of 

20% of the total briquette weight and 80% carbon charcoal from the raw material. 

3.1. Calorific Value Analysis 

Calorific value analysis is carried out to determine the amount of energy contained in a briquette, 

which will affect the ignition of the fire [10]. The following are the results of the calorific value test: 

 

 

 

 

Table 5. Results of Calorific Value of RDF Briquettes 

Sample Type 
Calorific 

Value (Cal/g) 

Standard 

Value (Cal/g) 
Reference Information 

Organic 
Paper 2 875 

Wood 2 648 

Inorganic Plastic 2 1.090 

 Cloth 2 856 

 Rubber 2 1.160 
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Organic 6448,65 

≥ 5000 
SNI 01-6235-

2000 

Standard  

Inorganic 8075,92 Standard  

Mixture 6994,51 Standard  

 

Table 5 shows the results of the heating value of briquettes using a bomb calorimeter. The greater 

the calorific value of a material, the easier it is to burn [8]. The test results showed that the highest 

calorific value was in inorganic briquettes at 8075.92 cal/g, then mixed briquettes at 6994.51 cal/g, and 

organic briquettes at 6448.65 cal/g, which produced the lowest water content value. From the laboratory 

test results, the calorific value of the three types of RDF briquettes is by SNI, where the value has 

exceeded 5,000 cal/kg. This is due to the influence of different kinds of raw briquette materials and the 

composition ratios of the raw materials. With this calorific value, the results can be obtained that 

inorganic briquettes can generate more incredible energy than organic and mixed briquettes because the 

calorific value produced will affect the energy that can be formed from the briquettes. 

This research shows that briquettes' calorific value is higher than previous research [8] due to 

differences in combustion methods, burning duration, and raw material composition. This research used 

the pyrolysis method with a burning duration of 3 hours, while previous research used the carbonization 

method without specifying the burning duration. In addition, the waste composition used in this research 

consisted of organic, inorganic, and mixed raw materials with 4K1P raw materials, whereas previous 

research used different raw materials. 

3.2. Water Content Analysis 

Water content values are analyzed to determine the water content in the RDF briquettes produced 

to measure the extent to which the briquettes can provide efficient heat during combustion [8]. The 

following are the results of testing the water content values: 

Table 6. Results of RDF briquette water content 

Sample Type 
Water content 

(%) 

Standard 

Value 

(%) 

Reference Information 

Organic 1,88 

≤ 8 SNI 01-6235-2000 

Standard  

Inorganic 1,75 Standard  

Mixture 1,82 Standard  

 

Based on the results of testing the water content of RDF briquettes in Table 6, organic briquettes 

have the highest water content value of 1.88%, followed by mixed briquettes at 1.82% and inorganic 

briquettes with the lowest value of 1.75%. All water content values are by SNI standards, which do not 

exceed 8%. The difference in moisture content values is caused by variations in briquette raw materials, 

where organic waste tends to have higher moisture than inorganic waste. Pre-treatment processes such 

as drying raw materials also affect the water content value by reducing the mass of water that evaporates. 

In addition, the finer particle size in briquettes can produce a larger surface area and denser briquettes, 

reducing the water content. 

The water content value in this study is higher than in previous research [8] with a difference of 

0.71% – 0.84%. This difference could be caused by the drying process in this study, namely for 48 hours 

under sunlight. In contrast, in research [8], the drying process was for 24 hours under sunlight with an 

additional 4 hours of drying using an oven at a temperature of 105°C. Apart from that, the composition 

of the waste used is also different, where this research uses a mixture of organic and inorganic raw 
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materials and 4K1P waste. In contrast, previous research only used a mixture of organic and inorganic 

waste in specific proportions. 

3.3. Ash Content Analysis 

Ash content analysis was carried out to determine the residue results from the combustion process 

of an RDF briquette. Briquettes that do not burn completely will produce combustion residue called ash. 

The following are the results of testing the ash content values : 

Table 7. Results of Ash Content of RDF Briquettes 

Sample Type 
Ash Content 

(%) 

Standard 

Value (%) 
Reference Information 

Organic 23,17 

≤ 8 
SNI 01-6235-

2000 

Non 

Standard 

Inorganic 10,84 
Non 

Standard 

Mixture 18,32 
Non 

Standard 

 

Based on the ash content test results in Table 7, organic briquettes have the highest ash content 

(23.17%), followed by mixed briquettes (18.32%) and inorganic briquettes (10.84%) which have the 

lowest ash content. The ash content values of the three types of briquettes exceed the specified SNI 

standards (8%). Organic briquettes tend to have a higher ash content because the characteristics of the 

raw material have not been adequately carbonized, causing the presence of compounds that increase the 

ash content value, resulting in more significant residue in the briquettes. In addition, the ash content 

value is inversely proportional to the heating value, which means that the greater the ash content, the 

lower the heating value [19]. 

This research shows higher ash content than previous research [8] due to differences in waste 

composition, burning method, and burning duration. This research uses organic, inorganic, and mixed 

waste compositions with 4K1P waste as raw materials, while previous research only used a mixture of 

organic and inorganic waste. In addition, this study used a pyrolysis method with a burning duration of 

3 hours, whereas previous research used a carbonization method without a specified burning duration. 

Different burning methods can affect the mineral content that does not burn completely. 

3.4.  Fuel Requirements at PLTU 

In the process of calculating the fuel requirements for a PLTU with a capacity of 7.5 MW, use 

equation 1 using the initial data in Table 2, where this equation produces the heat requirements for the 

PLTU boiler so that you can find out the fuel requirements for the boiler which are calculated using 

equation 2 uses 3 variations of RDF briquettes, namely organic briquettes, inorganic briquettes, and 

mixed briquettes. The following are the results of the heat requirements for the boiler and the fuel 

consumption required for the PLTU. 

 

 

 

 

Table 8. PLTU Fuel Consumption 

Heat in 

PLTU 

Boiler 

(kCal/hour) 

Sample 

Type 

Fuel 

Requirements 

(tons/hour) 

Number of 

Briquette 

Pieces 

(pieces/hour) 

Briquette 

Raw 

Materials 

Amount of 

Carbon 

Charcoal 

(gr/hour) 

Amount of 

Raw 

Materials 

(gr/hour) 

24.679.424 Organic 3,8 38.000 
Paper 1.520.000 3.474.286 

Wood 1.520.000 4.691.358 
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Inorganic 3 30.000 

Plastic 799.800 1.467.523 

Cloth 799.800 1.868.692 

Rubber 799.800 1.378.966 

Mixture 3,5 35.000 

Paper 700.000 1.600.000 

Wood 700.000 2.160.494 

Plastic 466.550 856.055 

Cloth 466.550 1.090.070 

Rubber 466.550 804.397 

 

Based on Table 8, the fuel requirement for a PLTU with inorganic briquettes is 3 tons/hour, with a 

briquette requirement of 30,000 pieces/hour. This requires 799,800 g/hour of plastic carbon charcoal, 

cloth, and rubber, with plastic raw materials 1,378,276 gr/hour, 1,868,692 gr/hour of cloth, and 

1,379,310 gr/hour of rubber. This is because the calorific value of inorganic briquettes is higher than 

that of organic and mixed briquettes. The boiler fuel requirement for this research is better than previous 

research, which used palm oil waste (shells) with a requirement of 5.1 tons/hour because the calorific 

value is higher, namely 6,448.65 to 8,075.92 cal/kg. Different types of fuel greatly influence the 

calculation of PLTU fuel requirements. By knowing the fuel requirement per hour, you can calculate 

the fuel requirement per year. 

Table 9. PLTUs Fuel Consumption Per Year 

Sample 

Type 

Fuel 

Requirements 

(ton/year) 

Number of 

Briquette Pieces 

(pieces/year) 

Briquette 

Raw 

Materials 

Amount of 

Carbon 

Charcoal 

(gr/year) 

Amount of 

Raw 

Materials 

(gr/year) 

Organic 32.649,60 326.496.000 
Paper 13.060 29.851 

Wood 13.060 40.308 

Inorganic 25.776 257.760.000 

Plastic 6.872 12.609 

Cloth 6.872 16.056 

Rubber 6.872 11.848 

Mixture 30.072 300.720.000 

Paper 6.014 13.747 

Wood 6.014 18.563 

Plastic 4.009 7.355 

Cloth 4.009 9.366 

Rubber 4.009 6.911 

 
Based on Table 9, the annual fuel consumption of PLTUs using inorganic briquettes is 25,776 tons, 

lower than other briquettes because the calorific value is higher. This requires 6,872 tons/year of carbon 

from plastic, cloth, and rubber, with raw materials of 12,609 tons of plastic, 16,056 tons of cloth, and 

11,848 tons of rubber. This fuel requirement is more efficient than research [15], which shows a need 

for 43,819.2 tonnes/year from palm oil waste, with a difference of 40.19% greater. 
 

4. CONCLUSION  

From the lab test results that have been obtained, it can be seen that the best briquettes are inorganic 

RDF briquettes because they have the highest heating value of 8075.92 cal/kg and the lowest water 

content value of 1.75% which meets the SNI 01-6235-2000 standard. The best results in calculating fuel 

requirements for PLTUs are inorganic RDF briquettes, namely 3.05 tonnes/hour with an annual 

requirement of 26,205.6 tonnes/year. 
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 This paper presents an estimation method for the level in a Continuous 

Stirred Tank Reactor (CSTR) system. Given the inherent non-linearity of 

the CSTR model, our research focuses on developing observers capable of 

effectively handling the non-linearity. The utilization of a High Gain 

Observer (HGO) for accurate and robust level estimation is proposed. The 

desired characteristics for the estimation approach include achieving 

minimal error, ensuring fast convergence time, and maintaining robustness 

in the face of noisy measurements. To comprehensively evaluate the 

effectiveness and robustness of the proposed observers, simulations are 

conducted. The results demonstrate that the HGO effectively estimates the 

level, closely following the trajectories of the true states within the CSTR 

system. Importantly, the estimation accuracy persists across various input 

conditions. The fast convergence of the estimation process is validated, 

achieving convergence within 0.1 seconds. Furthermore, robustness is 

confirmed as the estimation continues to closely follow true state 

trajectories even in the presence of noisy measurements.  
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1. INTRODUCTION  

CSTR are widely used in industries that require fluid mixing in their processes. However, their 

operation poses challenges due to their complex non-linear behavior and the associated costs involved 

in industrial setups [1, 2]. A common hurdle in CSTR operation is maintaining level control, especially 

amidst unstable flow rates, which can significantly delay achieving desired levels, especially when 

setpoints change. These unstable flow rates stem from variations in inflow, outflow, or system 

disturbances. Traditional approaches to level estimation often rely on sensors, which, over time, can 

become prone to inaccuracies, drift, or even failure. To maintain the desired level, feedback control 

systems employing level sensors and actuators are often implemented. However, this approach is 

hindered by the sensor's high cost, susceptibility to noise, incipient faults, and limited responsiveness 

due to the harsh operational environment [3, 4]. Moreover, sometimes the sensor's measurements do not 

contain enough information, and some signals are impossible to measure because the sensor is placed 

in a hard-to-reach area.  

To address these challenges, advanced estimation techniques such as observer have gained 

prominence. The observer is the most effective-cost approach as it can reduce the reliance on a high-

cost sensor. Additionally, observers can augment or even replace sensors [5]. There are several types of 

observers such as Luenberger Observer (LO), Extended Kalman Filter (EKF), High Gain Observer 
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(HGO), and others. LO is design for linear system, providing local convergence [6]. The EKF require 

the modelling error to be Gaussian white noise [7]. Graton et al. have outlined criteria for choosing an 

observer [8]. The criteria are sensitive to noises and robust against the noise and error model. According 

to [9, 10], the HGO is perform well when dealing with the non-linearity with proper gain settings. 

Furthermore, the HGO has higher estimation accuracy and better traceability compared with the EKF 

as presented by [11]. The robustness of HGO has been validated in many implementation [12-14] 

Given that the mathematical model of the CSTR system is non-linear, as will be presented shortly, 

the observers we employ are capable of accommodating this nonlinearity in the system model. 

Therefore, we choose to work with HGO due to its promising ability to provide accurate estimates of 

system states with fast convergence [7, 15, 16]. Our focus is on evaluating the performance of HGO for 

level estimation in CSTR and to assess the effectiveness of HGO in accurately estimating the level under 

varying operating conditions, different initial condition, and disturbances. The performance analysis 

includes two criteria: sensitivity and robustness with respect to noisy measurements, examined through 

simulations. The results using Luenberger Observer (LO) will be presented as comparison.  

 

2. RESEARCH METHOD 

2.1. CSTR System Mathematical Model  

CSTR incorporates two inputs, flow rate (F1) and flow rate (F2). The output flow (Fo), affects the 

level in the tank, assuming a perfect fluid in a tank stirred (see Figure 1(a)). The mathematical modeling 

of this system is derived from the law of tank equivalence, assuming the absence of material exiting in 

vapor form. This model is grounded in the principle that the volume entering the tank must equal the 

volume leaving it, accounting for any changes in volume within the tank.  

The mathematical representation of the level in the CSTR is formulated as follows [17]:   

 ( )1 2

1 cKdh
F F h

dt A A
= + −  (1) 

where ( )h t  is the level of the tank, A is the cross-section area, 
in 1 2F = F + F  is the input flowrates. Kc is 

the a mixer constant. We can see the CSTR system in Figure 1(a) with the parameter of the CSTR 

presented in Table 1.  

 
(a) 

 

 

 

 

 

 

 

(b) 

Figure 1. (a) CSTR System and decoupler (b) Decoupler design  

Table 1. Parameter of CSTR System 

Parameters Units 

Flow rate 1 F1 = 0.6m3/sec 

Flow rate 1 F2 = 0.15m3/sec 

Volume V = 1m3 

Cross section A = 1m2 

Mixer constant Kc = 0.2 SI 

The level in a CSTR is characterized by a coupled system, where disturbances introduced to one 

input directly influence the other output and vice versa. In such a system, changes in the first input can 

affect the second output, and vice versa. To mitigate this coupled effect and enable the independent 

New 

Syste

m 

CSTR 

Fin 
F1 

F2 

h 
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design of observer, a decoupler is employed. The design of a decoupler ensures that disturbances in one 

input do not propagate to the other as shown in Figure 1(b).  

 

The design of the decoupler facilitates the transformation of equation (1) into the following form:  

 
( )

( ) ( )
1

in c

dh t
F t K h t

dt A
= −  (2) 

where  

 ( ) ( ) ( )1 2inF t F t F t= +  (3) 

with this mathematical model, we proceed to design a High Gain Observer (HGO) for estimating the 

level in the CSTR system.  

 

2.2. The Design of High Gain Observer (HGO) 

The HGO is used for non-linear systems and is closely related to the extended Luenberger observer 

[18, 19]. To enhance comprehension of HGO, let us start by creating a model of CSTR system, 

represented by equation (4) 

 
( ) ( )
( ) ( )

x t f x,u,t

y t Cx t

=

=

&
 (4) 

where 1xR  is the state system, 1uR  is the input signal, and 1yR  is the output of the system. The 

non-linear function ( )f g  related to state x , input signal u , and time t, are described below: 

 ( )1

1
( , , ) cf x u t u K x

A

 
= − 
 

 (5) 

and the matrix C is presented as follows:  

 [1]C =  (6) 

The HGO algorithm is presented as follows: 

 ( ) ( ) ( ) ( ) ( ) ( )( )ˆ ˆ ˆHx t A t x t K t y t Cx t= + −&  (7) 

with matrices ( )A t is given by: 

 ( )
( )

ˆ 1

,

2

,

x

c

x

f x u t
A t

x

K

x
=

 
=  
  


=  (8) 

The pair of matrices (A, C) is observable, and observer gain is chosen as: 
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θ θ θ
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L
θ θ θ

 
 
 
 =
 
 
 
  

 (9) 

where 1,1 n,pk , ,kL  and θ are constant with θ 1= [14]. The matrix must be chosen such that 

( ) ( )( )HA t - K t C  is stable. The dynamics of the error ( ) ( ) ( )ˆe t = x t - x t , can be described as 

( ) ( ) ( )( ) ( )He t = A t - K t C e t& . The choice of observer gain plays a crucial role in achieving accurate and 

fast error reduction during the estimation process. In the next section, we presented the simulation result 

following with the analysis.  

 

3. RESULTS AND DISCUSSION 

3.1. System behavior 

The simulation was conducted using a sampling time 0 1sT .= s and a simulation duration of 25s. 

The input signal was set to a constant value 
30 75inF . m / s= . The simulation result is shown in Figure 2.  

 
Figure 2. Output Level of CSTR System 

The behaviour of the CSTR system is depicted in Figure 2. The input signal, denote as Fin, is determined 

by adding inputs F1 and F2 that has been presented in (3). It seen that when the input 
30 75inF . m / s=  is 

applied, the system output i.e., level stabilizes at 30 39h . m / s= . The estimation results obtained using 

HGO will be presented in the next subsection.  
 

3.2. States estimation performance of level in CSTR system.  

Based on the design in (6), the state estimation with HGO is conducted using same sampling and 

simulation time. The observer gain chosen for this scenario, as presented in (8) is: 

 
39.9996 10HGOK =   (10) 

The simulation result is shown in Figure 3 
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(a) 

 
(b) 

Figure 3. (a) HGO State estimation of level (b) Error estimation 

Based on Figure 3(a), the estimation of level given by HGO accurately reflects the true state i.e., 

level of the CSTR system. This alignment between the estimated and actual levels signifies the accuracy 

of the estimation process. Additionally, Figure 3(b) illustrates the error estimation, where it is evident 

that the error of estimation remains consistently at zero. This further validates the precision and 

reliability of the HGO in accurately estimating the system's state.  

To conduct sensitivity analysis for the HGO, our next step involves modifying input signal to 

different operating points and adjusting the initial conditions for the HGO. This approach aims to 

evaluate the observer's sensitivity under varying operating conditions. By systematically testing the 

observer's performance against different setpoints, we aim to further validate its sensitivity of the 

observer in maintaining accurate estimations under different conditions. This analysis will help 

demonstrate the HGO's potential for real-time applications 

 

3.3. Sensitivity Analysis 

1. State estimation performance of level with different input signal  

To evaluate the HGO's performance under different operating points, we create an input with 

different operating points, transitioning from 0s to 10s and 10s to 25s, with a step shape, as illustrated 

in Figure 4(a). The input signal undergoes a change, transitioning from 0 to 0.75 m³/sec at 10 seconds. 

In the real world, we know that the flow entering the tank can vary over time and affect the level in the 

tank. This simulation represents real-world implementation conditions. Therefore, the simulation aims 

to assess the HGO's response and adaptability to different operating points in the CSTR.  

  
(a) (b) 

Figure 4. (a) Input signal with two different operating points  

(b) HGO state estimation of level in CSTR system with different operating point in input signal 
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In Figure 4(b), it is evident that the HGO maintains its ability to accurately estimate the true state 

and track changes in the input signal with different operating point. Notably, as depicted in Figure 4(a), 

the input is altered at 10 seconds in accordance with the scenario provided in the input signal. This 

proves that even with different operating points, the HGO is still capable of providing accurate 

estimations. The sensitivity of HGO in handling different operation point is validated. Remarkably, these 

results are achieved while maintaining the same initial conditions for both the system and the HGO, 

which are zero. With the same initial condition of both the system and observer, we next aim to 

understand how sensitive the HGO is when handling different initial conditions. According to [20], the 

initialization of observer is an important step because it sets the starting point for the estimation process. 

Errors in the initial conditions can propagate through the estimation process. If the initial state estimate 

is far from the actual state, the observer may take a long time to converge to the correct state, leading to 

significant estimation errors during the transient period. In some cases, an incorrect initial condition can 

lead to instability in the observer. This is particularly problematic in non-linear systems. The rate at 

which the observer converges to the true state depends on the initial condition.  

In practical applications, the true initial state may not be precisely known, necessitating 

assumptions or approximations. This discrepancy can cause practical issues in the performance of the 

observer. The initial condition can be start from zero and also can be start with non-zero value. 

Understanding the impact of initial condition variations on the observer's performance is crucial for 

assessing its robustness. Therefore, in this simulation, we analyse the performance of HGO to handle 

the different initial condition when estimating the level in CSTR system. The initial conditions are 

design with two different values: the initial condition for system is at 0.6m, and the initial condition for 

the HGO is set at 0m. This approach seeks to assess the HGO's adaptability and performance under 

diverse starting conditions. The state estimation results are presented in Figure 5. 

 
Figure 5. HGO state estimation of level in CSTR system with initial condition change 

In Figure 5, it seen the initial condition of the system starting from 0.6m and the initial condition of 

HGO is from 0m. The fast convergence is validated, as shown by convergence within 0.1s. This result 

show that HGO is having no issues related to initial conditions, when estimating the level in the CSTR 

system. The estimation consistently yields favorable results, as the estimation follow trajectories the 

true states. To further assess the robustness of our proposed HGO, the next phase of simulation focuses 

on evaluating its performance with respect to measurement noise.  

 

3.3.  Robustness analysis with respect to measurement noise  

 In this subsection, we evaluate the performance of the HGO in handling measurement noise. The 

first step involves generating noise and adding it to the system. Noise is introduced into the 

measurements with a vector v as zero mean and variance unit. We describe the noise as ( )0,v R: N , 

where R is presented as follows: 
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-59.5367 10R=   (11) 

The simulation result of state estimation with noisy measurement is shown in Figure 6Figure .  

 
Figure 6. The HGO estimation with noisy measurements 

Figure 6 show that the real system is noisy. However, the estimation still can follow the trajectory of 

the true state even under the presence of noise. These results indicate that the estimation performs well 

under these conditions. While noisy measurements introduce challenges, HGO does not encounter 

difficulties in estimation. For comparison, we present the estimation from the Luenberger Observer 

(LO), which shows that the estimation with LO is not robust with respect to measurement noise. 
 

4. CONCLUSION 

This study evaluates the performance of the HGO for accurate level estimation in a CSTR. The 

proposed HGO demonstrates good performance in estimating the tank level, as evidenced by Figure 

3(a), which shows that the HGO accurately tracks the true state with zero estimation error. Sensitivity 

analysis, illustrated in Figure 4(b), confirms that the HGO performs effectively across different 

operating points, indicating its robustness in handling variations in input signals. Furthermore, as 

depicted in Figure 5, the HGO exhibits notable adaptability to different initial conditions, mitigating 

concerns about the system's starting conditions. The fast convergence is achieved at 0.1s. The observer 

also maintains robust performance in the presence of measurement noise, highlighting its effectiveness 

in real-world scenarios where noise is a factor as shown in Figure 6. These results collectively affirm 

that the HGO is a reliable tool for accurate level estimation in CSTR systems, validating its potential for 

practical application.   

Future works will focus on expanding the capabilities of the HGO to include fault diagnosis in the 

CSTR system. This extension aims to enhance the observer's functionality by enabling it to identify and 

respond to potential faults or anomalies within the system, contributing to a more comprehensive and 

versatile control framework. 
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 The integration of Operational Technology (OT) and Information 

Technology (IT) is crucial for enterprise-level decision-making regarding 

company effectiveness and productivity. This integration is achieved by 

developing an API service that facilitates the connection between 

Programmable Logic Controllers (PLCs) and Odoo Enterprise Resource 

Planning (ERP). This allows IT systems to synergize with OT systems, 

processing data obtained from industrial machine performance. The 

Overall Equipment Effectiveness (OEE) method was employed to monitor 

production outcomes. A prototype sorting system with PLC control was 

created as an OEE implementation. The API service acquires data from the 

plant and performs preliminary analysis in Odoo ERP. This analysis is 

conducted through the development of a manufacturing module in Odoo 

ERP, applying OEE method calculations to monitor effectiveness and 

efficiency of production process. Calculated results are monitored in real-

time on Grafana. This research provided insights into the design and 

implementation of an integration system for the bottle sorting process, 

ensuring real-time monitoring through Odoo ERP and Grafana. The OEE 

analysis was validated against manual calculations, showing a 0% 

discrepancy, thereby ensuring its accuracy. Overall Equipment 

Effectiveness of bottle sorting machine reached 85.7%, with the three main 

indicators being: Availability at 96.67%, Performance at 92.53%, and 

Quality at 95.7%, indicating a world-class category. This research enables 

the production process to be optimized and provides significant benefits to 

the company. The findings serve as an evaluation tool at the enterprise level 

regarding the effectiveness and efficiency of machinery, highlighting areas 

for improvement and ensuring optimal production performance. 
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1. INTRODUCTION 

The industrial automation system has rapidly evolved since the early 20th century, which required 

companies to enhance their production effectiveness and efficiency to keep pace with the development 

of the industrial era 4.0. Digital transformation has become crucial in the industry, allowing the 

integration of digital technologies into all of company operations in order to generate accurate and 

punctual data reports[1]. Nevertheless, the continued practice of manually reporting data of production 

results carries the potential for human error and data inconsistency between departments[2]. A decrease 

machine performance over time can lead to reduction in productivity and product quality. Hence, a 

monitoring system based on the Overall Equipment Effectiveness (OEE) method is required to monitor 
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machine performance in industrial automation systems[3]. To overcome these challenges, a novel 

integration approach is proposed that combines between Operational Technology (OT) and Information 

Technology (IT). OT is responsible for managing production devices such as SCADA, PLC, sensors, 

and induction motors, while IT oversees systems like ERP, Grafana, and other supporting applications. 

This integration allows direct data integration from OT to IT, eliminating the necessity for manual input 

thereby enhancing efficiency and productivity[4]. The implementation of OT and IT integration is 

facilitated through an API service that connects data from the PLC to Odoo ERP[5]. To validate the 

systems, a prototype was designed for bottle sorting system to monitor the volume of bottle liquid and 

analyze machine operation time[6]. Data from the prototype is transmitted to Odoo ERP for examination 

using the OEE method and subsequently monitored on Grafana, enabling companies to make more 

effective and efficient decisions to improve both the quality and quantity of its production[7]. The 

integration of OT and IT represents an effective solution for enhancing production monitoring, which 

has previously been conducted manually. By this integration, companies can ensure optimal production 

quality and quantity in the industrial era 4.0. 

 

2. RESEARCH METHOD  

In this research, the Overall Equipment Effectiveness (OEE) method is implemented on a bottle 

sorting plant that has been established. Subsequently, the data results from the bottle sorting plant will 

be transmitted through an API service by integrating data from the Programmable Logic Controller 

(PLC) with the Odoo Enterprise Resource Planning (ERP) system. Once the OEE calculation indicators 

is obtained, users can automatically determine the category of machine effectiveness and efficiency 

based on the OEE assessment standards[8]. 

2.1. The Overall System Design 

In general, this research consists of four components: hardware, API Service, Odoo ERP, and 

Grafana. The hardware includes a bottle sorting plant and a control panel containing PLC and Arduino. 

Figure 1 illustrates the data input and output originating from sensors and actuators integrated into a 

bottle sorting plant, which is controlled by a Siemens PLC. Subsequently, data from the plant is acquired 

by the API Service and transmitted to the ERP Odoo. After the data has been processed, the results are 

displayed on Grafana. 

 
Figure 1. Block Diagram System 
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2.2. Overall Equipment Effectiveness 

Overall Equipment Effectiveness (OEE) is a method used to assess the extent to which equipment 

or machines are effectively utilized. OEE is calculated based on three elements Availability, 

Performance, and Quality Rate[9]. The systematic formula for OEE can be expressed as follows:  

Availability (%)  = 
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑇𝑖𝑚𝑒
 x 100%      (1) 

Performance (%) = 
𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒 𝑥 𝐴𝑐𝑡𝑢𝑎𝑙 𝑂𝑢𝑡𝑝𝑢𝑡

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒
  x 100%    (2) 

Quality (%) = 
𝐺𝑜𝑜𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝐴𝑐𝑡𝑢𝑎𝑙 𝑂𝑢𝑡𝑝𝑢𝑡
  x 100%       (3) 

From the calculation of these three elements, a formula for overall equipment effectiveness is 

obtained: 

(Overall Equipment Effectiveness (OEE) = Availability x Performance x Quality x 100%) 

Overall Equipment Effectiveness (OEE) indicators in a company can be categorized into 

several assessment standards which can be seen in the table[10]. 

Table 1. Overall Equipment Effectiveness Category 

Value OEE Category 

40% - 59% Low 

60% - 84% Currently 

85% - 99% World Class 

100% Perfect 

 

2.3. Hardware Design 

The hardware in this study consists of a bottle sorting plant and a controller panel as depicted in 

Figures 2 and 3. The bottle sorting plant is comprised of two controllers: a PLC and an Arduino. On the 

PLC side, a photoelectric sensor is responsible to trigger the conveyor stop, calculate the time cycle, and 

determine the total number of products. Meanwhile, on the Arduino side, a load cell sensor is used to 

distinguish the weight of good and bad products, along with an MG995 servo actuator to reject bad 

products. Data transmission for good and bad products data, a relay is used, which is connected to the 

PLC's digital input pins. The plant is also equipped with an HMI to control the conveyor's operation and 

monitor the value read by the sensors. Bottles with a volume of 150ml are indicated as good products, 

while bottles with a volume less than 100ml are classified as bad products[11]. The workflow of the 

bottle sorting plant is depicted in Figure 3. 

 
 

Figure 2. Bottle Sorting Plant and Control Panel 
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Figure 3. Workflow of the bottle sorting plant 

2.4. Software Design 

In this research, there are three main components of the software: API Service, ERP Odoo, 

and Grafana. The API service was developed using the VS Code as debugger and the Node.js 

programming language to acquire values from the Siemens PLC using the Profinet protocol. 

The acquired values are then sent to PostgreSQL as the database for ERP Odoo. In ERP Odoo, 

an analysis of the bottle production results is performed using the OEE method[12]. To enable 

monitoring, data from PostgreSQL is sent to Grafana for visualization using graphs, bar charts, 

and pie charts, displaying the three main OEE assessment indicators: Availability Ratio, 

Performance Rate, and Rate of Quality[13]. 
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Figure 4. Use Case Software Process 

3. RESULTS AND DISCUSSION 

This chapter will discuss the results of the research and testing that has been conducted. The testing 

includes hardware, API Service, ERP Odoo and Grafana. 

3.1. Hardware Testing 

The hardware testing was carried out to assess the success of integrating the PLC, Arduino, and the 

bottle sorting plant. The Arduino was programmed to process reading the data from photoelectric and 

load cell sensors to detect incoming products and activate an actuators to dispose any defect items. The 

sensor data readings by Arduino was transmitted using relays through the digital inputs available on the 

PLC. The success of this integration was confirmed by the bottle status readings displayed on the HMI, 

as shown in Figure 5. 

  

Figure 5. Integration of PLC, Arduino, and bottle sorting plant 

In the bottle sorting plant, there are several sensors to support the acquisition of values needed for 

OEE analysis. The following table shows the relationship between components with their functions and 

purposes: 
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Table 2. Relationship between components and their functions 

No. Sensor Pembacaan 

1. Photoelectric Sensor  Cycle time dan total produksi 

2. Loadcell Sensor  Bad product atau good product 

3. Button on HMI Downtime 

Once the contributions of each sensor has been established, the PLC address that will be used can 

be determined. A list of PLC addresses to will be used can be found in the following table: 

Table 3. I/O List PLC Siemens 

No. PLC Hardware Address 

1 DI 0 Sensor Photoelectric belakang %I0.0 

2 DI 1 Sensor Photoelectric depan %I0.1 

3 DI 2 Relay Good Product %I0.2 

4 DI 3 Relay Bad Product %I0.3 

5 DO 0 Motor Conveyor %Q0.0 

6 DO 1 Lampu ON %Q0.1 

7 DO 3 Lampu OFF %Q0.3 

Table 4. Memory List PLC Siemens 

No. Memory Address Explanation 

1. %M0.5 Clock 1 Hz 

2. %M1.4 Stop 

3. %M1.7 Start 

Table 5. Data Block Memory PLC Siemens 

No. Address Explanation 

1. %DB1 Count Total Product 

2. %DB3 Count Bad Product 

3. %DB4 Count Good Product 

4. %DB12 Timer Get Quality 

5. %DB9 Timer Motor Conveyor Stop 

6. %DB5 Time Cycle Second 

7. %DB7 Time Cycle Minute 

 

3.2. API Service Testing 

The testing of the API Service software involves embedding the node.js logic into an executable 

(.exe) file. During the acquisition process, configuration of the PLC's IP Address, port, rack and slot 

used in the Profinet protocol is required. The .exe file will execute its logic by retrieving values from 

the PLC. Parameters that are read on the PLC including the actual output, good product, bad product, 

planned time, and downtime are used for OEE analysis. The acquired values will then be stored in a 

PostgreSQL database and processed through ERP Odoo. The following is display of the PLC data 

acquisition. In addition, it is necessary to configure the data transmission trigger, which can be based on 

time intervals or sent when only there is incoming data[14].  
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Figure 6. Value of Data Acquisition API Service using node.js 

3.3 ERP Odoo Testing 

The ERP Odoo, OEE analysis will be performed on the bottle sorting plant. The testing process is 

conducted by accessing the database utilized by Odoo itself, namely PostgreSQL. The data sent from 

the Siemens PLC will be obtained by the API Service. After that, the data will be stored in the database. 

Furthermore, it will be processed in the Odoo backend using the OEE calculation formula. This backend 

data will then be displayed in Grafana in the form of tables and charts. 

 
Figure 7. results of OEE analysis calculations 

The image above shows the Odoo interface displaying real-time production data, including planned 

time, downtime, actual output, good product, and cycle time. Moreover, the results of the OEE analysis 

will be displayed, based on the data that has been received. These OEE data include Availability, 

Performance, Quality, and the total OEE. 

3.4 Grafana Testing 

In order to facilitate the process of monitoring the OEE analysis results, a dashboard is created as 

shown in the image. The dashboard displayed a gauge chart and a bar chart of the OEE calculation 

results, making it easier to monitor OEE based on real-time data and shift data. 
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Figure 8. OEE dashboard results on Grafana 

3.5 Result of OEE analysis 

Data collection from the bottle sorting plant is carried out every 1 hour, which represents data 

collection in the industry periodically every shift. The collected data from the plant includes the number 

of good products produced, the number of bad products, the downtime duration, the loading time, and 

the cycle time. Production results can be seen in the table 5[15]. 

Table 6. Production Outcome Data for OEE Calculation 

No. 
Data 

Loading 

Time(Menit) 
Cycle 

Time(Menit) 
Downtime(Menit) 

Good 

Product 
Actual Output 

1 60 0,116666667 2 440 460 

Here are the manual calculation results of the production outcomes presented in Table 6  

Availability (%)  = 
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑤

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑇𝑖𝑚𝑒
 x 100 % 

     = 
60−2

60 
 x 100 %    

= 96,67% 

Performance (%)  =  
Cycle Time x Actual Output

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒
  x 100 % 

             =  
0,116666667 x 460

60−2
 x 100 %    

          =  92,53 % 

Quality (%)  =  
Good Product

𝐴𝑐𝑡𝑢𝑎𝑙 𝑂𝑢𝑡𝑝𝑢𝑡
 x 100 %   

    =  
440

460
 x 100 %   

                      = 95,65 %  
Once the final results for the three OEE variables, Availability, Performance, and Quality, are 

known, the OEE value based on this data is: 
OEE (%)   = Availability x Performance x Quality 
   = 0,9667 x 0,9253 x 0,9565 
   = 0,8556 
   = 85,56 % 

 

3.6 Comparison of Manual OEE Analysis dan and ERP Odoo 

In order to demonstrate the successful integration of the system, a comparison is made between the 

OEE analysis results in the Odoo ERP, as shown in Figure 7 and the manual calculations performed. 

The results of this comparison are presented in Table 7. 

 

 

 

 
Table 7. Comparison Results of Manual OEE with ERP Odoo 
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No OEE (Manual) (%) OEE (ERP Odoo) (%) Error (%) 

1 85,56 % 85,56% 0% 

The results of the comparison in Table 6 demonstrate that the overall OEE calculations in the Odoo 

ERP are accurate and function well. This is evidenced by the fact that the percentage error obtained from 

the overall OEE calculation comparison between the manual calculation and the system calculation is 

only 0%. 

4. CONCLUSION 

Based on the results of the testing conducted, it can be concluded that: 

1. The integration system between IT (Information Technology) and OT (Operational 

Technology) is achieved through the development of a bottle sorting prototype controlled by a 

Siemens PLC using the Profinet protocol. The production results from this prototype are 

acquired by the API Service, sent to the ERP Odoo for OEE analysis, and displayed on the 

Grafana dashboard. Furthermore, the results of OEE can be displayed in the form of graphs and 

dashboards. The real-time data transmission from the PLC to ERP Odoo will facilitate 

improvements in efficiency and productivity, ensuring that production runs smoothly and 

product quality is maintained. To ascertain the efficacy of the API Service in acquiring data 

from the Siemens PLC and performing OEE analysis, a comparison was conducted with manual 

calculations. The absence of any discrepancy between the manual calculations and those 

performed by ERP Odoo, with a 0% error rate, indicates that the integration system between IT 

and OT has been successfully implemented.  

2. Data acquisition from the PLC to the API Service is done by inputting the IP address and Port 

configuration of the PLC. Subsequently, it is necessary to configure the addresses from which 

data will be acquired and the PostgreSQL database configuration to which the data will be sent. 

In this study, the API Service successfully acquired data from the Siemens PLC using the 

Profinet protocol. 
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 Smoking remains a significant public health challenge globally, 

contributing to a wide range of detrimental health outcomes, including 

cardiovascular diseases, cancer, and respiratory disorders. Despite 

concerted efforts to curb smoking rates through policy interventions, 

effective monitoring and enforcement remain complex and resource-

intensive tasks for health authorities and organizations. Innovative 

approaches leveraging advanced technologies, such as visual detection 

systems powered by deep learning, offer promising solutions to enhance 

smoking behavior detection and monitoring. Integrating the Google Cloud 

Vision API enables real-time identification of smoking indicators and 

discrimination from complex visual backgrounds. This capability supports 

proactive health monitoring and strengthens the enforcement of public 

health policies aimed at reducing smoking prevalence. The research 

methodology utilizes a dataset of 600 images sourced from the Kaggle 

platform, encompassing diverse scenarios to optimize model training. 

Techniques such as image segmentation, feature extraction, and machine 

learning-based classification are employed to achieve high levels of 

precision and recall in identifying smokers and cigarette smoke. The model 

achieved a precision of 96% and a recall of 96%, indicating its high 

accuracy in identifying smokers. However, the study acknowledges 

challenges such as bandwidth constraints and security risks associated with 

handling sensitive health data. Nevertheless, technological innovations in 

visual detection systems and cloud services are pivotal in mitigating the 

health impacts of smoking and advancing public health initiatives.  
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1. INTRODUCTION 

The presence of cigarettes has become a complex and controversial topic with significant impacts 

on public well-being. While smoking is legal, its effects extend beyond individual smokers. Cigarette 

smoke, whether in open spaces or enclosed environments like workplaces, restaurants, or public 

transportation, poses discomfort and health risks to those exposed. Long-term effects include increased 

risks of serious illnesses such as lung cancer, heart disease, and respiratory disorders. 

Previous research has shown that technology offers promising solutions to address these health 

impacts. For example, a study by Kahendra explored factors affecting the implementation of smoke-free 

area policies and highlighted the need for effective monitoring systems to support these policies[1]. 

Another study by Gojali and Tjiong developed an application using the YOLOv3 algorithm to detect 
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smoking activities, demonstrating the potential of visual detection systems in identifying smokers and 

cigarette smoke in various settings[2]. 

In line with these findings, visual detection systems using cameras and image processing algorithms 

can swiftly and accurately identify smokers and cigarette smoke. These algorithms, powered by deep 

learning, enable cameras to recognize smoking behaviors and distinguish cigarette smoke from the 

visual background. Integrated with health monitoring systems or public alert mechanisms, such 

technology provides real-time, precise information on cigarette presence in public spaces, aiding in 

enforcing health policies related to smoking and mitigating associated health risks effectively. 

For instance, Google Cloud leverages image processing technology for smoker detection. The Google 

Cloud Vision API detects text in images, which can be adapted to recognize smoker indicators. This 

enhances health monitoring by ensuring more accurate and efficient data management using Cloud 

Storage for data storage and Cloud Functions for automated monitoring processes. Google Cloud thus 

facilitates effective health monitoring through these integrated services[3]. 

In conclusion, technological innovations like visual detection systems and cloud services play a 

crucial role in combating the public health impacts of smoking. They provide advanced tools for 

monitoring and enforcing health regulations, ultimately contributing to a healthier environment for all.  

 

2. RESEARCH METHOD 

 

Figure 1. Thinking Framework Picture 

Smoker detection using Google Cloud services and infrastructure involves a segmentation process 

to identify relevant areas of images, followed by feature extraction to distinguish the presence of 

smoking behavior. Classification algorithms use machine learning models to predict image classes as 

smoker or non-smoker. Services like AutoML Vision or Cloud Vision API accelerate this process by 

providing pre-trained classification algorithms or enabling custom model training. Integrating image 

processing methods with Google Cloud allows rapid and efficient processing of large-scale image data, 

supporting public health monitoring and innovative technological solutions for complex health 

issues[4]. 

2.1. Dataset 

The dataset used consists of images downloaded from the Kaggle platform, specifically curated for 

image analysis and detection. It comprises a total of 600 images, with 250 training images depicting 

smokers and 250 non-smokers, along with 100 test images—50 each of smokers and non-smokers. The 

dataset includes diverse images of smokers, coughing individuals, people using inhalers, talking on the 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&


 

  

Volume 10, Issue 2, October 2024, pp. 135-143 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v11i2.4499 

137 

 

 

 

Testing Smoker Detection… (1st Muhammad Mustajib, et al)  

phone, and drinking. Researchers aimed to ensure diversity in both classes to enhance model training 

by inducing a certain level of class confusion. Varied conditions and positions in the images can bolster 

the analytical capabilities on Google Cloud. 

According to Zha [5], the primary goal of this dataset is to develop and test a smoker detection 

model. The training data is utilized to train machine learning or artificial intelligence models, while the 

test data is used to evaluate the model's performance post-training. The dataset is split into 80% for 

training and 20% for testing. This dataset serves the purpose of developing and evaluating smoker 

detection models effectively. The following is an example of an image of a person smoking from Kaggle. 

 

Figure 2. Smoker Images from Kaggle 

2.2. Image Segmentation 

The image segmentation process employs the K-means clustering algorithm, which divides an 

image into several segments based on color and texture similarities. This algorithm clusters pixels that 

share similar characteristics, forming homogeneous segments. To evaluate the quality of the 

segmentation, we use the Intersection over Union (IoU) metric, which measures the overlap between 

the predicted segmentation and the ground truth. Additionally, the Dice coefficient is used to assess the 

similarity between two samples, effectively evaluating the true positive rate of the segmentation. 

2.3. Feature Extraction 

During the feature extraction stage, techniques such as Scale-Invariant Feature Transform (SIFT) 

and Histogram of Oriented Gradients (HOG) are used to extract significant features from the segmented 

images. SIFT is employed to detect and describe local features in the images, while HOG identifies the 

orientation of gradients or edges within the images. This process also includes edge detection using the 

Canny method to identify significant edges, as well as texture analysis to evaluate texture patterns in the 

images. These techniques aim to identify unique characteristics that can distinguish between smokers 

and non-smokers. 

2.4. Classification 

Once the features are extracted, the next step involves classification using Support Vector Machine 

(SVM) and Neural Networks. SVM is utilized to find the optimal hyperplane that separates the smoker 

and non-smoker classes in the feature space, while neural networks provide a more complex and deep 

approach to data classification. The performance of the classification models is evaluated using various 

metrics, including accuracy, which measures the proportion of correctly classified instances out of the 

total instances. Precision evaluates the ratio of true positive predictions to the total positive predictions, 

recall measures the ratio of true positive predictions to the actual positive instances, and the F1 score, 

which is the harmonic mean of precision and recall, provides a single metric to evaluate the overall 

performance of the model.  

2.5. Image Processing on Google Cloud 

Image processing on Google Cloud involves uploading images to Google Cloud Storage, where 

they can be preprocessed for quality and format. The Cloud Vision API then analyzes these images, 

performing tasks like object detection, text extraction, and facial recognition. Advanced users can utilize 

machine learning tools such as AutoML Vision or custom TensorFlow models for specialized image 
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classification and analysis. Results can be integrated with other Google Cloud services for scalable and 

efficient data processing, making it a versatile platform for a wide range of image-related tasks from 

basic analysis to sophisticated machine learning applications[6][7]. 

2.6. Image Data Analysis Testing 

 

Figure 3. Workflow of the Smoker Detection 

The technical explanation for using Google Cloud for image analysis to detect smokers begins with 

the initial step of open a web browser and navigate to the Google Cloud console at 

console.cloud.google.com then click on the search menu and type and select "Vertex AI".Creating a 

dataset begins by selecting the "Create a dataset" option at the bottom. Choose "Image" as the dataset 

type since the researcher is working with images. Next, provide a relevant name for the dataset. For 

image classification, select single label because the object being studied has only one label, which is 

smoking or non-smoking. After successfully creating the dataset, the next step is to access it by clicking 

on the name of the newly created dataset. Training data can then be added by clicking the "Select File" 

button. Researchers can upload relevant training images for the analysis project. Ensure to provide 

appropriate labels for each image so that the model can learn the correct class or category of each image. 

This process ensures that your dataset is ready for training an image classification model. After finishing 

adding training data to the dataset, the next step is to train the model. Click the "Start Training" button 

to initiate this process. Researchers will be given the option to either create a new model from scratch 

or use an existing one. Next, select the training configuration that suits your project needs, such as the 

algorithm to be used, hyperparameters, and allocation of computing resources. This process will train 

the model based on the prepared data, enabling researchers to produce a model ready for image 

classification. After the model training process is complete, the next step is to return to the model 

dashboard. Select the trained model by clicking on it, then click the "Deploy Model" option. Researchers 

will be directed to the configuration page to deploy the model. At this stage, researchers can specify 

endpoint configurations, including location, endpoint name, and the resources to be used. Once the 

configuration is set up, click the "Deploy" button to initiate the model deployment process. By following 

these steps, researchers will successfully deploy the model, making it accessible through the created 
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endpoint. Final steps click "Upload Image" and upload the test image data to evaluate the model's 

accuracy. After that, the results will appear. 

3. RESULTS AND DISCUSSION 

This chapter will discuss the results of the research and testing that has been conducted. The Testing 

involves conducting Smoker Detection using Google Cloud Services and Infrastructure. 

3.1. Impact of Cloud Computing on Image Processing 

Cloud computing offers significant advantages for image processing tasks. Scalability allows users 

to adjust computing resources as needed, enhancing efficiency for intensive analyses. Cloud services 

provide robust infrastructure, significantly boosting image processing speeds. High availability ensures 

uninterrupted access, crucial for continuous or real-time image processing applications. Cloud 

computing facilitates seamless team collaboration and provides monitoring tools for efficient image 

processing workflows[8]. 

While cloud computing has revolutionized image processing, challenges exist. Bandwidth 

limitations can slow down data transfer between users and the cloud, potentially delaying overall 

processing. Security risks include data leakage or theft during image data transfer or storage in the cloud, 

despite providers offering multiple security layers[9]. Issues with cloud computing resource availability 

may disrupt image processing, impacting real-time applications [10]. 

3.2. Detailed Evaluation  

 
Figure 4. Detail Evaluation 

Figure 4 shows a precision result of 96%, indicating that the majority of cases predicted as positive 

by the model are indeed positive. In the context of smoker detection, this high precision demonstrates 

the model's ability to accurately identify images containing smokers[11]. A recall of 96% indicates the 

model's capability to retrieve most of the actual smoker cases present in the dataset. The model tends to 

miss very few actual smoker cases. According to Lestari[12], high precision and recall rates suggest that 

the model performs well with minimal false positives and a low number of missed smoker cases. 
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3.3 Precision-recall Threshold 

Figure 5. Precision-Recall and Threshold 

Figure 5 displays the Precision-Recall (PR) curve, a useful visualization tool for evaluating 

classification model performance, particularly in scenarios where minority classes or positive cases are 

rare. The PR curve illustrates the relationship between precision and recall at various threshold values 

used by the model to classify instances. Precision measures the proportion of correctly predicted 

positives out of all predicted positives, while recall measures the proportion of correctly predicted 

positives out of all actual positive instances [13].A Precision-Recall Curve at 100% and a Precision-

Recall Threshold also at 100% can refer to two distinct situations. A Precision-Recall Curve at 100% 

may indicate that the model achieves 100% precision across all observed recall ranges on the PR curve. 

This signifies that the model provides completely accurate positive predictions for all detected positive 

cases, without any false positive results. A Precision-Recall Threshold at 100% indicates that the 

threshold used by the model to classify instances as positive or negative has been set to 100%. The 

model will only make positive predictions if it is completely confident that the instance is truly positive. 

While this can result in high precision, it may also reduce recall as some actual positive cases might be 

missed[14]. Both a Precision-Recall Curve at 100% and a Precision-Recall Threshold at 100% indicate 

excellent model performance in classifying positive cases, with perfect precision. 

3.4 Confusion matrix of label predictions 

 
Figure 6. Confusion matrix of label predictions 

Figure 6 illustrates a confusion matrix. In the first scenario, the model accurately predicts the 

"notsmoking" label with 100% precision. This means all predictions made by the model for 

"notsmoking" are correct. However, despite the high precision of 100% for "notsmoking" predictions, 

there is a small portion (8%) of cases that should have been "notsmoking" but were incorrectly predicted 

as "smoking”. In the second scenario, the model does not make any predictions for the "smoking" label 

in cases that should be "notsmoking". This results in a 0% precision for "smoking" predictions in 

"notsmoking" cases. However, when the model predicts the "smoking" label in cases that are actually 

"smoking", it achieves a precision of 92%. This indicates that 92% of all "smoking" predictions are 

correct.Overall, these results show that the model performs well in identifying the "notsmoking" class 

with high precision but makes some errors in predicting "smoking" in cases that should be "notsmoking". 

On the other hand, the model has high precision in predicting "smoking" when the class occurs, while 

not making "smoking" predictions for cases that should be "notsmoking". 
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3.5 Confusion matrix calculates label predictions. 

 
Figure 7. Confusion matrix calculates label predictions. 

Figure 7 depicts the model predicting the "notsmoking" label, with 25 correct predictions. This 

means that most of the cases that should be "notsmoking" were correctly predicted as "notsmoking". 

However, despite the high precision of 100% for "notsmoking" predictions, there are 2 cases that were 

incorrectly predicted as "smoking" out of the total number of "notsmoking" predictions. In the second 

situation, the model does not make any "smoking" predictions for cases that should be "notsmoking", 

resulting in all "smoking" predictions in "notsmoking" cases being correct negatives. However, when 

the model predicts the "smoking" label, it correctly predicts 23 cases. Overall, the model demonstrates 

a high level of precision in predicting the "notsmoking" label, with 100% correct predictions. However, 

there are some errors in predicting "smoking" in cases that should be "notsmoking". On the other hand, 

the model does not make "smoking" predictions at all for cases that should be "notsmoking" and shows 

good precision in predicting "smoking" in cases that should be "smoking". 

3.6 Accurate predictions of non-smokers and smokers in the test images 

 
Figure 8. Correct Prediction of Non-Smokers 

This figure demonstrates the machine learning model's capability to accurately identify non-

smokers. The individuals shown are coughing, and the model successfully distinguishes this as a non-

smoking activity. This accurate prediction showcases the model's effectiveness in differentiating 

between smoking and non-smoking actions based on subtle cues. 
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Figure 9.  Correct Prediction of Smokers 

Figure 9 illustrates the model's precision in identifying smokers. The individuals using cigarettes 

are correctly labeled as smokers. This accuracy highlights the model's ability to detect smoking 

activities, leveraging visual cues associated with cigarette usage to make correct predictions. 

 

Figure 10. Incorrect Prediction Due to Mistaken Cues 

Figure 10 presents an example of a misprediction by the model. The image contains mist that 

resembles cigarette smoke due to cold air, or a woman's hair that might be detected as cigarette smoke. 

These elements cause the model to incorrectly identify the situation as smoking, emphasizing the 

challenges in distinguishing between similar visual patterns. 

 

Figure 11. Incorrect Prediction Due to Unclear Cigarette Image 

Figure 11 shows another instance of misprediction. The image contains an unclear object that 

resembles a cigarette, such as a pen, and lacks smoke. This ambiguity leads the model to fail in detecting 

the cigarette image accurately. This example highlights the limitations of the model when dealing with 

unclear or ambiguous visual inputs. 
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4. CONCLUSION 

Cloud computing offers significant advantages for image processing tasks. Scalability allows users 

to adjust computing resources as needed, enhancing efficiency for intensive analyses. Cloud services 

provide robust infrastructure, significantly boosting image processing speeds. High availability ensures 

uninterrupted access, crucial for continuous or real-time image processing applications. Cloud 

computing facilitates seamless team collaboration and provides monitoring tools for efficient image 

processing workflows[15]. 

While cloud computing has revolutionized image processing, challenges exist. Bandwidth 

limitations can slow down data transfer between users and the cloud, potentially delaying overall 

processing. Security risks include data leakage or theft during image data transfer or storage in the cloud, 

despite providers offering multiple security layers. Issues with cloud computing resource availability 

may disrupt image processing, impacting real-time applications. 
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The use of liquefied petroleum gas (LPG) as household fuel in Indonesia 

has increased because it has greater heating power and equipment 

efficiency than other fuels. LPG is flammable and can explode if a 

leakage occurs and is exposed to a fire source. Therefore, explosions can 

be anticipated by installing a gas leakage detector equipped with a 

danger warning feature called Tor-G (LPG Detector) based on the 

NodeMCU ESP8266 microcontroller using an MQ-2 sensor with a 

buzzer and LED as a danger warning feature. Tor-G can detect when a 

gas leakage occurs and provides a danger signal in the form of a sound 

from a buzzer which can be heard several meters away by the 

homeowner so that an explosion can be anticipated quickly.  This 

research carried out four tests: the sensor accuracy test, the sensor 

responsiveness test, the distance between the sensor and the leakage 

source test, and the responsiveness of the buzzer and LED test. The 

results of the tests show that the sensor only detects the LPG. The sensor 

readings are accurate since the value of Rs/Ro on the Tor-G is not much 

different from that of Rs/Ro on the datasheet, thus producing an error 

value in the 0% -0.08% range. The ideal installation position of the Tor-

G is 75 cm from the gas cylinder and the danger warning system from 

the buzzer and red LED lights up within 18.88 seconds.  
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1. INTRODUCTION 

In this progressive era, there is a shift from the use of conventional fuels to environmentally friendly 

fuels, one such environmentally friendly fuel is LPG (Liquefied Petroleum Gas) [1] [2]. LPG is a 

hydrocarbon gas consisting of propane and butane liquefied under pressure for easy storage [3]. Apart 

from being composed of these two main components, LPG gas also consists of small amounts of 

propylene and butylene, as well as the addition of a small amount of a pungent gas mixture such as 

Ethanethiol which serves to make it easier for the gas to be smelled when a gas leak occurs [4]. Several 

sizes of LPG circulating on the market, namely 3 kg, 5 kg and 12 kg, but 3 kg LPG is generally used in 

households. Based on data from the Ministry of Energy and Mineral Resources, the use of LPG as 

household fuel in Indonesia will reach 8.2 million tons in 2022 [5]. This is in line with the presentation 

by the Central Statistics Agency (BPS) regarding the comparison of household fuel use in 2021, which 

consists of LPG at around 82%, firewood at 11%, kerosene 2%, electric stove 0.7%, gas network/ biogas 

0.5% and briquettes/charcoal 0.08% [6]. The increase in the use of LPG as a household fuel is due to 

greater heating power and equipment efficiency than other fuels. Using LPG as household fuel can also 

support the government program switching kerosene fuel to LPG. 
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While LPG has many advantages as a household fuel, it has disadvantages, including being 

flammable and having the potential to explode if leakage occurs and exposure to a fire source [7]. 

Explosions due to LPG leakages can happen when the gas level is between the Lower Explosion 

Threshold (ALB) and the Upper Explosion Threshold (ALA). This is because, in this situation, the levels 

of LPG and oxygen in the air are of balanced composition (between 1.95% and 8.95% in the air), which 

causes an explosion. If the leakage ed gas level is below the Lower Explosion Threshold (ALB), it is 

still safe and will not cause an explosion because, in this condition, the oxygen level is higher than the 

leakage ed gas level [8]. This also happens in ALA conditions because the leaked gas levels are higher 

than the oxygen levels in the air, so it does not cause an explosion but can cause health problems for 

users exposed to the leakage. Reporting from kompas.com, in the 2018-2022 period, there were 3,208 

cases of fires in Indonesia involving household fires and 859 cases caused by LPG leakages. Data from 

the Bandar Lampung Regional Disaster Management Agency (BPBD) as of 2022 recorded 60 cases of 

fires due to LPG leakages [9]. The cause of LPG leakages in households are caused by several problems 

with the main components, such as hoses, regulators, stoves and gas cylinders, that do not meet the 

specified safety standards [10]. Apart from that, can identify other factors that could cause an explosion, 

namely negligence and the presence of inappropriate gas cylinders [11]. 

One effort that can be made to prevent and overcome gas leakage fires is by installing an LPG 

leakage detection device equipped with a danger warning when a gas leakage occurs [12] [13]. 

Therefore, the author developed and designed an LPG leakage detection tool based on the NodeMCU 

ESP8266 microcontroller using an MQ-2 sensor as a gas leakage level detector, a buzzer and an LED 

as a danger warning feature when the owner is at home. 
 

2. COMPONENTS AND METHODS 

The components used in the LPG leakage detection device are as follows: 

a. MQ-2 Sensor 

The MQ-2 sensor is used to detect gases such as LPG, carbon monoxide, and hydrogen in the air. 

This sensor can detect within a temperature range of -20°C to 50°C and can use a current of no 

more than 150 mA at 5 V [14]. The specifications of the MQ-2 sensor include pins for 5 V VCC, 

ground, digital output, and analogue output. The output from the MQ-2 sensor is a resistance value 

that must be converted into parts per million (ppm) units to be used as input for the microcontroller 

[15]. The MQ-2 sensor can detect not only LPG but also other gases and smoke. To accurately 

detect LPG without interference from other gases, the sensor needs to be calibrated.  

b. NodeMCU ESP8266 

The NodeMCU ESP8266 is an IoT-based component that is open source. This device uses the 

ESP8266 system on a chip, which can perform microcontroller functions and provide internet 

connectivity. NodeMCU refers to the firmware that can be used on the development kit. The 

advancement of NodeMCU technology allows for features like microcontroller access with Wi-Fi 

and a Universal Serial Bus (USB) to serial communication chip, simplifying the user experience 

without needing wiring techniques or USB to serial modules to download a program. This feature 

makes it possible to program the NodeMCU ESP8266 using a USB data cable, similar to a 

smartphone data or charging cable.  

c. Adaptor 

An adapter or power supply is an important component used in electronic devices that provides DC 

voltage for powering the device. The main function of the adapter is to control the voltage to 

prevent overheating and to convert Alternating Current (AC) electricity into Direct Current (DC). 

 

d. Buzzer 
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A buzzer is an electronic component that produces sound from electrical vibration changes. Its 

operating principle is that when a current flows, the coil acts as an electromagnet, attracting and 

repelling the diaphragm, causing air to vibrate and produce sound. Buzzers are often used as 

warning indicators when a device encounters an error.  

e. LED 

A light-emitting diode or LED is an electronic component that indicates the state of an electronic 

device through coloured light. LEDs have different characteristics based on the colour used. When 

a high current flows, the indicator light will shine very brightly. The current used in LEDs is around 

10 mA-20 mA, and if the current exceeds this standard, the light may burn out. To prevent such 

issues, resistors are used to limit the current. 

f. LCD 

A liquid crystal display or LCD is an electronic component used to provide information or an 

indicator derived from a microcontroller. 

The diagram block of the LPG leakage detection device using the MQ-2 sensor is shown in Figure 

1. The MQ-2 sensor is used because it can detect LPG within a concentration range of 200 parts per 

million (ppm) to 10,000 ppm. Additionally, the microcontroller is utilized as an open-source program 

storage device. LPG leakage monitoring is performed by connecting the microcontroller to a Direct 

Current (DC) adapter powered by electricity. The data is then presented via a liquid crystal display 

(LCD), Light Emitting Diode (LED), and buzzer for close-range notification. 

 

 
Figure 1. Diagram block of the LPG leakage detection device  

 

The methodology for developing the LPG leakage detection device begins with the design of the 

electrical circuit and product layout. This initial stage involves creating a schematic diagram that 

includes all necessary components such as the MQ-2 sensor, NodeMCU ESP8266, buzzer, LED, LCD, 

and power supply. Additionally, a physical layout is planned to ensure efficient and functional placement 

of these components within the device. 

Following the layout design, the focus shifts to software development. Using the Arduino IDE, the 

required software is coded to meet the system's functional requirements. This code enables the system 

to interface with the MQ-2 sensor for gas detection, process the data received, and appropriately trigger 

alarms or indicators through the buzzer, LED, and LCD. The software also facilitates communication 

with the NodeMCU ESP8266, allowing for data transmission and remote monitoring capabilities. 

The final stage is the product assembly, where the designed circuit is physically assembled on a 

Printed Circuit Board (PCB). This involves soldering the components securely to ensure proper 

electrical connections and structural stability. After assembling the hardware, the developed software is 
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uploaded to the NodeMCU ESP8266, completing the process and ensuring that the device operates 

according to the intended design specifications.  
 

3. RESULTS AND DISCUSSION  

In its implementation, all components, including the MQ-2 sensor, buzzer, and LED, are connected 

to the microcontroller. The MQ-2 sensor is the component that interacts directly with the gas and serves 

as the input for the ESP8266. The input data is processed and then sent to the buzzer and LED, which 

act as the final outputs in this subsystem according to the conditions set on the ESP8266. The pin 

configuration for each component with the NodeMCU ESP8266 is provided in Table 1, and the 

implementation of these components is shown in Figure 2. 
Table 1. Configuration of components pin with NodeMCU ESP8266 pin 

Component Pin on component Pin on NodeMCU ESP8266 Implementation 

MQ-2 Sensor 

VCC Pin  15 (VCC) Pin  

 

GND Pin  14 (GND) Pin  

AO Pin  1 (A0) Pin  

Buzzer 

VCC Pin 22 (D6) Pin  

 

GND Pin 2 (GND) Pin  

Red LED 
VCC Pin 21 (D7) Pin  

 

GND Pin 14 (GND) Pin  

Green LED 

VCC Pin 20 (D8) Pin  

 

GND Pin 14 (GND) Pin  
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Figure 2. Implementation of components in the LPG leakage detection device 

 

There are 4 tests in this project, namely sensor accuracy testing, testing the sensor's responsiveness, 

testing the sensor's distance to the source of the LPG leakage and testing the responsiveness of the buzzer 

and LED. Testing is carried out on the sensor to determine that the sensor, buzzer and LED are working 

according to the expected device design. Each test on the Tor-G sensing subsystem is explained in detail 

in the following sub-section. 

 

3.1. Sensor Accuracy Testing 

Sensor accuracy testing is carried out to determine the accuracy of sensor readings. To obtain 

accurate data from sensor readings regarding LPG levels, data on the ratio of the resistance of LPG 

levels to the reference resistance in the form of air (Rs/Ro) from the value on the sensor datasheet with 

sensor test data is carried out. This test was carried out in a room measuring 4 m × 4.5 m at room 

temperature. A comparison graph of the datasheet ratio with the test ratio can be seen in Figure 3. 

 
Figure 3. Graph Of Sensor Accuracy Testing Results 

From testing the accuracy of the MQ-2 sensor which was carried out by comparing the ratio values 

from the tool readings with the ratio values on the sensor datasheet, data was obtained in the form of 

datasheet ratio values, test ratios and error values. The error value aims to see that the data read is 

accurate. The ratio value comparison is taken from 200 ppm to 10,000 ppm according to the detection 

range of the MQ-2 sensor for LPG. From the data that has been presented, it can be seen that the ratio 

value from the tool reading results is not much different from the ratio value on the sensor datasheet, 

resulting in an error value in the range of 0% -0.08%. The resulting error value shows that the tool 
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reading for LPG is accurate because the resulting error value does not exceed the error tolerance value 

of 10%. 
 

3.2 Sensor Responsiveness Testing 

Sensor responsiveness testing is carried out to determine the relationship between the level of leakage 

gas and the sensor readings. Apart from that, this test also determines how quickly the sensor responds 

in detecting LPG leakages. The test was carried out using LPG installed with a high-pressure regulator 

as a source of gas leakages. There are 3 variations of lever rotation data as the leakage level used in this 

test, namely at rotation positions 1, 2 and 4. The distance between the leakage source and the tool is 30 

cm, and it is carried out in a room measuring 4 m × 4.5 m at room temperature. This test was carried out 

5 times each at each rotation point. The following data from the MQ-2 sensor responsiveness testing 

results can be seen in Figure 3. 

 
Figure 4. Graph Of Sensor Responsiveness Testing Results 

 

From the graphic analysis, it can be concluded that the amount of gas detected by the sensor is 

directly proportional to the amount of rotation of the head on the regulator. This can happen because the 

more significant the rotation of the regulator on the gas cylinder, the greater the pressure received by 

the gas cylinder so the greater the level of gas that comes out. The greater the level of gas that comes 

out, the faster the sensor can detect a leakage. This can be seen in Figure 3, there is a relationship between 

the rotation of the regulator head and the detected gas level and the time measured is directly 

proportional. Apart from that, in this test, it can be seen that the test result data for gas levels is linear 

for each rotation of the regulator head. 

 

3.3 Testing Sensor Distance from LPG Leakage Source 

Testing the distance of the sensor from the source of the LPG leakage is a test carried out to determine 

the proportional position of the device. Apart from that, this test also determines how far the sensor can 

detect LPG leakages. The test was carried out using LPG installed with a high-pressure regulator as a 

source of gas leakages. There are 4 distances used in this test, namely at 25 cm, 50 cm, 75 cm and 100 

cm. This test was carried out and carried out in a room measuring 4 meters by 4.5 meters at room 

temperature. This test was carried out 5 times each at each distance variation. The following graph shows 

the relationship between changes in the rotation of the regulator lever with rate and time, which can be 

seen in Figure 4. 
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Figure 5. Graph Of Sensor Distance from LPG Leakage Source Testing Result 

Test data on the distance between the sensor and the source of the LPG leakage can be seen in 

Figure 4. The test was carried out at four different distances (25 cm, 50 cm, 75 cm and 100 cm), each 

with five tests. The graph shows that the relationship between sensor distance and gas levels and 

response time decreases the detected gas levels as the distance increases. In addition, the sensor response 

time also increases with distance. This shows that distance dramatically influences the performance of 

the MQ-2 sensor in detecting gas levels, where the sensor is more responsive at closer distances. 

Distance has a significant influence on the performance of the MQ-2 sensor. The sensor detects higher 

gas levels at closer distances and responds more quickly. Conversely, the detected gas levels are lower 

at longer distances, and the response time is longer. This must be considered when setting the sensor 

distance, which requires accurate and fast gas detection. 

3.4 Buzzer and LED Responsiveness Testing 

Testing the responsiveness of the buzzer and LED is carried out by bringing the gas cylinder with 

the high-pressure regulator installed close to the rotation position at point 1 at a distance of 75 cm. 

Distance selection in this test is done by finding the median value of the time data obtained in the 

previous distance test. This is done after knowing the proportional distance from the installation of the 

tool to the source of the leakage. The following data from the buzzer and LED responsiveness testing 

results can be seen in Table 1. 
 

Table 2. Data From Buzzer and LED Responsiveness Testing Results 

Testing To- 
Distance 

(cm) 

Rate 

(ppm) 
LED response 

Buzzer 

Response 

Time 

(seconds) 

1 

75 

593,10 The red LED is on On 18,47 

2 555,40 The red LED is on On 19,50 

3 585,30 The red LED is on On 18,52 

4 548,00 The red LED is on On 18,67 

5 570,10 The red LED is on On 18,98 

Average 570,38 The red LED is on On 18,88 

 

Testing the responsiveness of the buzzer and LED is carried out by providing a gas leakage with a 

high-pressure regulator installed in the rotation position at point 1 at a distance of 75 cm. The selection 

of this distance is based on the value of the time data obtained in the previous distance test, which aims 

to determine the proportional distance from the installation of the device to the source of the gas leakage. 

An average gas content value of 570.38 ppm indicates that the MQ-2 sensor is quite sensitive in detecting 

gas levels at this distance. The red LED and buzzer that light up on each trial suggest that the sensor can 
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detect gas levels in the alert condition to trigger an alarm, and consistency in this response indicates that 

the warning system is working correctly. The average response time of 18.88 seconds means the sensor 

takes approximately 19 seconds to detect gas levels and activate the warning device. From the results of 

the data analysis in Table 4.1, it can be concluded that the MQ-2 sensor at a distance of 75 cm has good 

capabilities in detecting gas levels and providing a warning response via a red LED and buzzer. The 

detected gas levels were pretty consistent, and the warning device functioned well whenever the alert 

condition was reached. 

4. CONCLUSION  

LPG leakage detection device using the MQ-2 sensor equipped with a danger warning system or 

Tor-G can detect LPG leakages in 3 levels of conditions, namely safe conditions for leakage levels of 

200 ppm-500 ppm, alert conditions at levels above 500 ppm - 1000 ppm and dangerous conditions for 

levels above 1000 ppm. From the tests related to sensor accuracy that have been carried out, data for 

safe conditions was obtained, and the error value from the comparison of the ratio values on the datasheet 

with the test data was 0.26%. In alert conditions, the error value is 0.21%; in dangerous conditions, the 

error value is 0.02%. From the three errors data, it can be concluded that the sensor readings in detecting 

LPG are accurate because the error value does not exceed the error tolerance limit. These three 

conditions have preventive measures to prevent explosions due to LPG leakages. Tor-G is equipped 

with an early warning system in the form of a sound from a buzzer and a red LED, which will be active 

when the system detects leakageing gas levels above 500 ppm-1000 ppm or in standby condition. From 

tests carried out on the buzzer and LED responses, which were carried out 5 times, it was found that 

both warning systems succeeded in providing information in the form of sound and visual signals within 

18.88 seconds so that users at home could take preventive action in the form of opening windows as air 

ventilation. Even though an LPG leakage detection device using the MQ-2 sensor shows accurate results, 

ensuring reliable detection at lower concentrations of LPG could involve integrating additional sensors 

or developing advanced algorithms for data processing. Additionally, investigating the use of alternative 

power sources, such as solar power, could enhance the device's sustainability and make it more versatile 

and valuable for broader applications in residential, industrial, or commercial settings. 
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Liquefied Petroleum (LPG) is very common in daily cooking activities. 

Therefore, preventive measures must be taken to reduce the risk of fire 

and explosion due to LPG leakages. One action that can be taken is to 

install a regulator lever that can open automatically when a leakage is 

detected. In this research, Pulse Width Modulation (PWM) is used to 

control the rotational speed of the servo motor on the regulator lever, 

which aims to implement an automatic control system that is responsive 

when an LPG leakage is detected. Using servo motor control to 

automatically open the regulator lever can reduce the impact of accidents 

or losses due to LPG leakages. The test results show that the regulator 

lever can be opened effectively with a pulse value of 0.55 ms at a rotation 

angle of 0° in 0 seconds, while it can be closed with a pulse value of 2.45 

ms at an angle rotation of 180° in 1.66 seconds. This shows that the 

regulator responds appropriately to the level of danger detected and is 

precise in adjusting position. The use of PWM on servo motors in the 

regulator control system has proven effective in increasing 

responsiveness to LPG leakages, as seen from the fast response (0 to 

1.66 seconds) and accuracy (100% success percentage for 15 trials). This 

shows that using PWM can respond to emergencies quickly and 

precisely.  
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1. INTRODUCTION  

With the continued development of technology, information and industry, Indonesia's energy needs 

are increasingly becoming important in people's daily lives. The role of natural resources, especially 

fossil energy such as petroleum, in people's livelihoods shows that availability is increasingly limited 

[1]. Therefore, reducing dependence on fossil energy is necessary by switching to more sustainable 

natural resources such as natural gas [2]. Since 2007, the Indonesian government has implemented a 

kerosene to Liquefied Petroleum Gas (LPG) conversion program to convert subsidised kerosene users, 

especially those from economically disadvantaged groups, into LPG users as part of energy 

transformation efforts [3]. 

LPG is a hydrocarbon gas produced from oil refineries and gas refineries [4]. The main components 

are Propane and Butane gas, packaged in tubes [5]. LPG has a variety of applications, with its primary 

use as a cooking fuel[6]. Apart from that, LPG is also used as fuel in the food, glass, and ceramics 

industries and as fuel for forklifts [7]. LPG is flammable and can explode when a leakage occurs and is 

exposed to a fire source [8]. In the initial phase of converting to LPG, new users must adapt to cooking 
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devices such as stoves, hoses and regulators [9]. Data from the National Consumer Protection Agency 

recorded incidents of LPG explosion accidents in 2007, 2008 and 2009 as 5, 27 and 30. Until 2017, 

reports of LPG-related accidents still occur frequently, highlighting the urgency of attention to the safety 

of LPG use [10]. 

To reduce the risk of accidents that LPG leakages can cause, the increasing use of LPG as an energy 

source in households creates a need to improve security and leakage detection systems [11]. The safety 

aspect of LPG is essential, considering the potential risks that could arise from gas leakages [12]. 

Therefore, the existence of an LPG Detector (Tor-G) is a very relevant and essential step in efforts to 

design and implement an LPG leakage detection system with the Internet of Things (IoT)-based 

regulator lever automation on a household scale [13]. 

 

2. RESEARCH METHOD  

This research was conducted to evaluate the performance of servo motors in opening and closing 

the regulator lever with a focus on operational reliability. Meanwhile, assessing the speed of servo motor 

response to LPG leakage detection is designed to measure the system's effectiveness in responding to 

emergencies [14]. This research focuses on the Regulator Automation subsystem. The methodological 

flow diagram of this research can be seen in Figure 1. 

 

Figure 1. Flowchart of Research Methodology 

This research began by formulating problems related to the regulator automation subsystem. After 

developing the problem, the author conducted a literature study to gain an in-depth understanding of the 

problem to be solved. Determining the literature study involves several stages until finalisation, 

including specification of tool requirements, design, implementation and testing. 

The determination of tool specifications is based on the results of literature studies and is the focus 

of the Final Project research on the regulator automation subsystem. After obtaining the specifications 

for tool requirements, the author carried out a design, which was then implemented and tested. If the 

test is inappropriate, the author returns to the design stage. On the other hand, if the tools are suitable, 

the author continues his research. 
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2.1. Regulator Automation Testing Methods 

Next are the steps taken in regulator automation testing: 

1.  Make sure the NodeMCU ESP8266 is connected to the internet according to the initialisation in the 

source code and verify the success of sending gas sensor data. Ensure the gas sensor data is 

successfully detected and the servo motor automatically opens and closes the regulator lever 

according to the desired command. 

2.  Prepare a program on the Arduino IDE to set the servo motor angle and a protractor to compare the 

set angle with the measured angle. 

3.  Make sure the program on the NodeMCU ESP8266 can send PWM signals with a duty cycle and 

carry out tests by varying the duty cycle. 

 

3. RESULTS AND DISCUSSION 

The following are the results of tests carried out for regulator automation. Table 1 shows the 

regulator's response to LPG levels detected by the MQ-2 sensor. This table includes various gas 

concentrations in units (ppm), conditions and regulator responses, with each condition being taken 5 

times [15]. 

Table 1. Regulatory response 

Gas concentration 

(ppm) 
Condition 

Regulator 

response 

6,61 Safe Closed 

12,94 Safe Closed 

74,71 Safe Closed 

88,89 Safe Closed 

93,97 Safe Closed 

678,70  Standby Closed 

688,10 Standby Closed 

697,60  Standby Closed 

748,00 Standby Closed 

758,70 Standby Closed 

1019,00 Danger Open 

1119,00 Danger Open 

1155,00 Danger Open 

1232,00 Danger Open 

2314,00 Danger Open 

Angular responsiveness testing is carried out to assess the servo motor's ability to rotate according 

to the desired angle. This test involves comparing the angle set on the servo motor and the angle 

measured using a protractor. This test was performed 9 times at various angles, as in Table 2. 

Table 2. Angular responsiveness results 

Set the Angle on the servo 

motor  

(°) 

The angle on a 

protractor (°) 

0 0 

30 30 

45 45 

60 60 

90 90 

120 120 

135 135 
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Set the Angle on the servo 

motor  

(°) 

The angle on a 

protractor (°) 

150 150 

180 180 

The data results above showed that each experimental angle matched the angle set on the servo 

motor and the angle measured using a protractor. This data will then be processed using Microsoft Excel 

to produce a graph showing the relationship between the servo motor angle and the protractor angle, as 

shown in Figure 2. 

 
Figure 2. Servo angle responsiveness graph 

This test is carried out by varying the pulse value from 0.55 milliseconds to 2.45 milliseconds to 

determine the shape of the pulse and the speed at which the servo motor moves according to the desired 

angle. 
Table 3. Time responsiveness results 

Pulse 

(ms) 

Pulse Form  

(%) 

The angle on the servo 

motor  

(°) 

Time  

(s) 

0,55 
 

0 0,00 
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30 1,23 

1,05 
 

45 1,26 

1,25 
 

60 1,27 

1,50 
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Pulse 

(ms) 

Pulse Form  

(%) 

The angle on the servo 

motor  

(°) 

Time  

(s) 

1,95 
 

135 1,39 

2,20 
 

150 1,49 

2,45 
 

180 1,66 

 

Based on the data obtained, it is known that each pulse value produces a different pulse shape and 

time. This data is then processed using Microsoft Excel to create a graph showing the relationship 

between the pulse and the angle of the servo motor and the time required as shown in Figure 3. 

 
Figure 3. Time responsiveness graph 

4. CONCLUSION  

The servo motor shows excellent and optimal performance in opening and closing the regulator 

lever. In 5 experiments carried out in each condition, the results showed that when in a safe and alert 

condition, the regulator lever remained closed. However, when in a dangerous condition, the regulator 

lever will open. The servo motor has proven to be effective in responding to LPG leakage detection 

which is read on the MQ-2 sensor. With high speed and consistency in emergency situations, servo 

motors demonstrate reliable adaptability and effective response in the face of dangerous conditions. To 

open the regulator lever automatically, the effective angle is 0° with a pulse value of 0.55 ms and the 

response time is 0 seconds. Meanwhile, to close the regulator lever, the effective angle is 180° with a 

pulse value of 2.45 ms with a response time of 1.66 seconds. 
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 Bullying in high school is frequent and negatively affects students' 

psychological well-being. The lack of effective reporting mechanisms 

makes students hesitant to report bullying cases for fear of their identity 

being exposed, which can lead to stigma or retaliation. The lack of data on 

bullying incidents also hampers prevention and intervention measures. The 

study designed and implemented a mobile application that uses natural 

language processing (NLP) for speech-to-text conversion, enabling 

anonymous and convenient reporting of bullying cases. The app ensures 

the anonymity of whistleblowers and facilitates the collection of accurate 

data on bullying incidents, helping schools respond with appropriate 

preventive measures. Software engineering methodologies are used with a 

focus on requirements analysis, system design, implementation, and 

application testing. NLP technology is used to interpret verbal instructions 

into text, with the Support Vector Machine (SVM) method for text 

classification, ensuring high accuracy in detecting bullying incidents. The 

trial application in several high schools showed the relevance and 

effectiveness of the application. Ethical and security considerations are top 

priorities, with an emphasis on whistleblower identity protection and data 

security. The test results showed that the application achieved 92% 

accuracy, 90% precision, and 88% recall, demonstrating its effectiveness 

in collecting bullying reports anonymously and accurately. 
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1. INTRODUCTION  

One form of adolescent violence that often appears is bullying behavior [1]. Many in high school, 

bullying has become a persistent problem that negatively impacts students' psychological well-being. 

Deviant treatment that can have a bad effect on others. The high incidence of bullying in schools shows 

that this educational institution has become a common location for this behavior. Of the number of 

students recorded, 18.5% had been victims of bullying, 29.4% had faced acts of physical violence, and 

3.1% had experienced sexual harassment. This phenomenon interferes with the learning process and can 

lead to long-term consequences for the victim. Although its existence has long been recognized, efforts 

to address bullying are often hampered by the lack of effective and reliable reporting mechanisms. 

Concerns about identity disclosure have discouraged many students from reporting bullying cases, 

which in turn perpetuates a cycle of violence and insecurity [2, 3]. 
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Advances in information system-based technology [4] and integrated with AI, can be combined in 

the field of Natural Language Processing (NLP) [5] and a voice-to-text conversion system [6, 7], the 

ability of NLP to convert speech to text and text to speech [8] offers the opportunity to develop 

innovative solutions that can facilitate anonymous reporting of bullying. Mobile applications that utilize 

this technology can be an important tool to collect accurate data about bullying incidents, schools can 

respond with appropriate prevention and intervention measures. By ensuring the anonymity of the 

reporter, the app can reduce students' fear of the negative impact of reporting a bullying case, such as 

stigma or retaliation. 

This research is important to overcome bullying that has an impact on student welfare. The app, 

developed using NLP and speech-to-text conversion, aims to facilitate anonymous reporting of bullying, 

increase the number of reports and enable more appropriate school actions. The study will also examine 

the effectiveness of technology in changing reporting mechanisms, contributing to a safer learning 

environment. 

To address the problem of bullying in high school, this study will adopt several strategies. The 

approach to solving problem formulation involves the integration of advanced technology by applying 

Natural Language Processing (NLP) to support verbal reports into text. It provides an intuitive method 

and is similar to speaking directly, but with maintained privacy. Data analytics will be used for proactive 

response, where data from the app will be analyzed for bullying patterns, assisting schools in planning 

prevention and data-driven interventions. In addition, the development of private and secure applications 

is a priority, with a focus on anonymity and data security, as well as reducing psychological barriers 

through user-friendly design. 

A problem-solving strategy includes several steps. First, the development of an application with 

advanced NLP algorithms will be carried out, simplifying the reporting process through speech-to-text 

conversion. Second, data optimization for schools will be carried out by utilizing data to facilitate 

prevention and intervention measures, as well as improving the accuracy and availability of data through 

efficient reporting features. Finally, the design of the app will focus on users with the implementation 

of features that support the anonymity of the complainant, as well as training and education for the safe 

use of the app. This strategy is expected to facilitate bullying reporting, increase the number of reports 

received, and allow for more appropriate preventive measures and interventions from the school, thereby 

creating a safer school environment. 

This study will improve previous research by focusing on bullying complaint applications using 

NLP technology and speech-to-text conversion. Previous research, such as voice sentiment analysis [9], 

a voice-to-text app for police [10], increasing the resilience of NLP systems to ASR errors [11], the 

development of virtual bots with human-like conversations [12], and a voice-to-text conversion system 

in Ukrainian [13], despite making a significant contribution, did not specifically handle bullying 

complaints. The study offers a more precise solution by integrating the latest technology for accurate 

and efficient speech-to-text conversion, specifically designed to help individuals report bullying cases 

in real-time, thereby improving the response and handling of bullying cases. 

 

2. RESEARCH METHOD  

In facing the challenges of bullying in high school, this research is directed to develop innovative 

technology-based solutions. This flowchart presents a comprehensive view of the planned research 

methodology, from pre-research to final output. The focus is on creating mobile applications that 

leverage advances in Natural Language Processing (NLP) to simplify and improve the bullying reporting 

process. 
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Figure 1. Research Methodology 

Based on the flow chart shown in Figure 1, the research methodology can be explained by the 

following steps: 

 

2.1 Pre-Research 

At this stage the researcher conducts a series of initial activities before application development. 

1. Field Observation: The researcher will conduct observations in the high school environment 

to understand the context and dynamics of bullying that occurs. This helps in identifying the 

specifications needed for the application.  

2. Problem Formulation: Based on field observations, researchers formulate specific problems 

that the application will address, such as the lack of efficient and safe reporting mechanisms 

for students.  

3. Literature Review: Before starting development, researchers will conduct a literature study to 

understand existing research on bullying, reporting applications, and NLP technology. This 

study will provide a theoretical and practical foundation for application development.  

 

2.2 The core phase of the research includes the development of NLP-based applications. 

1. Bullying and NLP Reporting Application Design and Design: Designing the application 

architecture and interface. The researcher will determine the main features based on the results 

of observations and literature reviews.  

2. Interview Data Collection: Conduct interviews with stakeholders (students, teachers, and 

school administration) to collect data to be used in the creation of NLP models and to ensure 

the application meets the needs of users.  

3. NLP Model Creation: Develop an NLP model that will be used to analyze and interpret spoken 

bullying reports. This model will be tested and adjusted for accuracy in recognizing bullying 

terminology and context. Shown food Figure 2. 

 
Figure 2. NLP Process 

From Figure 2. The following is an explanation of the stages of the NLP process in this study 

based on figure 2 given: 
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a. Voice Input from Users: Users, in this case victims or witnesses of bullying, use 

mobile devices to record their complaints in the form of voice. 

b. Voice to Text Conversion: Voices recorded by users are sent to the Google Cloud 

Speech API to be converted into text. The Google Cloud Speech API uses speech 

recognition technology to convert speech to text with high accuracy. 

c. Text Information Collection: is the stage where the text of the voice conversion is 

collected and stored in a structured format for further analysis [14]. At this stage, the 

text is given additional labels such as bullying categories, locations, and other 

relevant information to organize the data properly. This stage ensures that the data is 

ready for the cleaning process and subsequent analysis. 

d. Labeling: Each generated text is labeled accordingly [15], such as the bullying 

category (0 = not bullying, 1 = verbal, 2 = physical, 3 = social, 4 = emotional, 5 = 

online). 

e. Data Cleanup: 

i. Case Folding: Lowercase all letters in text for consistency [16]. 

ii. Stop Word Removal: Removes common words that do not have significant 

meaning in the analysis (such as "and", "or", "which") [17]. 

iii. Tokenization: Breaking down text into small units called tokens (usually 

individual words) [18]. 

iv. Stemming: Reducing words to their basic form (e.g., "hit" to "hit") to unify 

variants of the same word [19]. 

f. TF-IDF: After preprocessing the text, including case folding, stopword removal, 

tokenization, and stemming, we implement TF-IDF (Term Frequency-Inverse 

Document Frequency) to convert the text into numerical features [20].  

g. Machine Learning Algorithm Application: The cleaned and processed data is used 

to train a machine learning algorithm that will help in detecting bullying patterns 

from the generated text. These algorithms can be either classification or clustering 

models depending on the needs of the analysis. 

h. Interpretation of Results: The results of machine learning algorithms are interpreted 

to gain insights and information regarding the incidence of bullying. This includes 

identifying the types of bullying that often occur, locations prone to bullying, and 

profiles of perpetrators and victims. 

4. Field Testing and Data Analysis: Once the app is developed, field testing will be conducted to 

see how well the app performs in a real environment. Data from these tests will be analyzed 

to see how effective the app is.  

5. Documentation and Reporting: Create complete documentation of the application 

development process and test results. This will include reporting on the effectiveness of the 

app, usage in the field, and feedback from users. 

 

2.3 Output 

The final results of this study include two main aspects. 

1. Publications: Researchers will write and publish research results in accredited journals or 

conferences to share knowledge and findings with the wider community. 

2. NLP-based Bullying Reporting Application: The end product is a fully functional application 

that allows anonymous and secure reporting of bullying, ready for adoption by schools 

participating in the study. 

This methodology emphasizes a systematic and iterative approach, which ensures that the 

developed application is tailored to the needs of the user and has a strong foundation in best practices 

from the existing literature as well as input from the user. 

3. RESULTS AND DISCUSSION  

3.1 Input Voice Data from User 
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In this study, the recorded data of bullying complaints received will be presented in Table 1. 

The data contains reports in Indonesian made by victims or witnesses of bullying. Once the data is 

recorded, the next step is to translate it into english. The results of the voice data input are shown in 

Table 1. 
Table 1. Voice Input 

No Name Sound Visualization 

1 File14.wav 
 

2 file13.mp3 
 

3 file10.mp3 
 

… … … 

1000 File1000.mp3  

 

3.2 Google Cloud Speech API 

Voice recordings are converted to text using the Google Cloud Speech API. This technology 

converts voice into text information that can be further processed. The number of data displayed is only 

5 data out of 1000 data obtained, shown in Table 2. 

Table 2. Conversion Results 

No Teks 

1 They spread lies about me, saying I did things I didn't do. Now everyone believes them and avoids 

me. It's destroying my social life. 

2 Every time there is a music lesson, I am always laughed at by my classmates. They call me names 

and say I'm useless. It's really affecting my self-esteem. I feel so worthless. 

3 Every time I make a mistake, they point it out and laugh. They say I'm a failure and that I'll never 

succeed. It's crushing my confidence. I feel so hopeless. 

4 I used to have a group of friends, but now they ignore me. They act like I'm not there and talk 

behind my back. It's so painful. 

5 I get shoved into lockers almost every day. They say it's just a joke, but it hurts. I have bruises from 

it. I want it to stop but I'm afraid to say anything. 

 

3.3 Text Information 

From the data in Table 2 is the stage where the text of the voice conversion is collected and stored 

in a structured format for further analysis. At this stage, the text is given additional labels such as 

bullying categories and other relevant information to organize the data well. This stage ensures that the 

data is ready for the cleaning process and subsequent analysis. 

 

Figure 3. Results of Ketogori Administration 

Figure 3 shows how bullying data is loaded using Python from an Excel file named 'latif.xlsx'. The 

pd.read_excel command is used to read data from a sheet named 'DATA', and df.head() displays the first 

five rows of the loaded DataFrame. The data consists of the 'No' column which contains the serial 

number of each entry, 'Filename' which contains the name of the audio file of the bullying complaint 

recording, 'Bullying text' which contains the text of the transcription from the voice recording, and 

'Category' which contains bullying categories such as 'Social Bullying', 'Verbal Bullying', 'Emotional 

Bullying', and 'Physical Bullying'. By loading and displaying this data, we can understand the structure 
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and content of bullying reports, which is an important first step before conducting further text analysis 

or applying machine learning techniques. 

 

3.4 Labeling 

Labeling bullying data is an important process for classifying the types of bullying detected in the 

text of the voice conversion. Each bullying text that has been collected is numerically labeled based on 

its category. This label aids in further analysis, especially in the application of machine learning 

algorithms to detect bullying patterns. 

 

Figure 4. Labeling Results 

Figure 5 shows bullying data that has been given numerical labels for each bullying category, 

consisting of 'No', 'Filename', 'Bullying text', 'Category', and 'Label' columns. The folder function of 

Pandas is used to change the bullying category to numeric labels, such as 'Social Bullying' to 3, 'Verbal 

Bullying' to 1, and so on. This process is essential for converting qualitative data into quantitative, 

facilitating further analysis and application of machine learning algorithms. With numerical labeling, 

bullying data becomes more structured and ready to be used in machine learning models to detect text-

based bullying patterns. 

 

Figure 5. Results of Count Against Category 

Figure 5 shows a bar chart created using Seaborn to visualize the distribution of bullying categories 

in a dataset. The 'sns.countplot' function is used to generate this graph, with the parameter 'y='Category'' 

indicating that the bullying category is displayed on the y-axis, and the parameter 'data=df' indicating 

that the data is retrieved from a DataFrame named 'df'. Analysis of this graph shows that 'Verbal 

Bullying' has the highest number of incidences among other bullying categories, followed by 'Social 

Bullying' and 'Emotional Bullying'. The 'Online Bullying' category has the fewest number of incidences. 

This distribution provides an overview of the prevalence of each type of bullying in the dataset, which 

can help in determining the focus of interventions and more effective prevention strategies. 

 

3.5 Data Cleaning 

Data cleansing involves several steps to ensure that the data used is clean and ready for further 

analysis. The process is shown in figure 6. 

   
(a) (b) (c) 

Figure 6. Case Folding Results (a), Stop Word Results (b), Tokenization Results (c) 
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Figure 6 (a) shows bullying data that has undergone a case folding process, which is displayed 

using the data.head() function. The casefolding  function is used to convert text to lowercase, which 

ensures consistency in the text and helps to reduce variations caused by differences in case and 

lowercase. The implementation of this function uses the .lower() method  on the text identified as a 

string. In the DataFrame data, the 'Text Bullying' column is casefolded for  each text entry. This case 

folding process is important in text preprocessing because it allows machine learning algorithms to 

perceive words like "Bullying" and "bullying" as the same entity, improving the accuracy and efficiency 

of subsequent text analysis. These results ensure that all bullying texts in the dataset are lowercase, ready 

for the next step of data cleaning and analysis. 

Figure 6 (b) shows the results of bullying text after going through the stop word cleaning stage 

using the clean function. This function cleans up the text by removing various irrelevant elements such 

as @mentions, hashtags, URLs, numbers, single characters, punctuation, emojis, HTML entities, and 

non-ASCII characters. In addition, this function also lowercase all letters, remove certain phrases such 

as "translated by Google", and combine some spaces into one. This cleanup process results in cleaner 

and more consistent text, making it easier for further analysis or use in machine learning models. The 

end result is a more structured bullying text that is free of bullying elements, thus improving the accuracy 

of text analysis. 

Figure 6 (c) shows the results of bullying text after going through the tokenization stage using the 

tokenize function. This function converts the text into a list of tokens (individual words) using 

word_tokenize from the NLTK library. Each bullying text in the 'Bullying Text' column is tokenized 

function, which generates a list of words from each text. Tokenization breaks down each sentence or 

phrase into individual words, making it easier to further analyze such as word frequency, n-grams, and 

the application of machine learning algorithms. For example, the text "They spread lies about me saying 

I did things I didn't do. Now everyone believes them and avoids me." is changed to [spread, lies, saying, 

things, didn't, everyone]. This process ensures that the text is more structured and ready for subsequent 

preprocessing steps or more in-depth analysis. 

 

Figure 8. Stemming Results 

Figure 8 shows the results of the bullying text after going through the stemming stage using the 

stemming function, which uses the Porter Stemmer of the NLTK library to convert each word into its 

basic form. This function checks if the input is a string, then breaks the text into tokens and applies 

stemming to each token. The result is more consistent and simple text, with words like "running" 

becoming "run" and "saying" becoming "say". This word normalization helps to reduce word variation, 

improve the accuracy of text analysis, and reduce the number of unique features in the text, making it 

easier to further analyze and apply machine learning models for bullying detection and classification. 

 

3.6   TF-IDF 

The TF-IDF (Term Frequency-Inverse Document Frequency) process will be applied to convert 

bullying text into a numerical feature that reflects the importance of the words in the document relative 

to all other documents. The steps to be taken include: initialization of TF-IDF Vectorizer, transformation 

of bullying text into TF-IDF features, and conversion of TF-IDF matrices into DataFrames for further 

analysis shown in Figure 10. 
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Figure 10. TF-IDF Results 

Figure 10 shows the TF-IDF matrix of the processed bullying text. Each row in this matrix 

represents a single document or text entry of bullying, while each column represents a unique word 

contained in the entire document set. The values in the matrix show the TF-IDF score for each word in 

each document. This score reflects the importance of the word in a particular document, taking into 

account how often it appears and how common the word is throughout the document. For example, the 

word "affecting" in the second line has a high TF-IDF score, indicating that the word is significant in 

the document. Next, the results of WordCloud are displayed in Figure 11. 

 

Figure 11. Word Cloud 

Figure 11 shows a visualization of the words that most often appear in the processed bullying text, 

with the word size reflecting their relative TF-IDF score. Words such as "say", "i'm", "feel", "names", 

"group", "always", "want", "every", and "make" appear larger, indicating that they appear frequently 

and have a high TF-IDF score, so they are considered important in bullying texts. These words reflect 

different aspects and contexts of bullying, such as ridicule or name-calling ("names", "called"), feelings 

of the victim ("feel", "hurt", "isolated"), and the social context in which bullying occurs ("group", 

"always", "everyone"). This Word Cloud helps in identifying common keywords and themes in bullying 

texts, provides a quick and easy-to-understand visual overview of the most significant words, and 

facilitates initial data exploration and further analysis. 

3.7 Machine Learning Algorithm Applications: 

Support Vector Machine (SVM) is a highly effective machine learning algorithm for classification 

tasks, including in natural language processing (NLP). SVM works by looking for hyperplanes that 

separate data from different classes by maximum margin, and is particularly effective for high-

dimensional data that is often found in text. In the context of NLP, SVM can be used for tasks such as 

text classification, sentiment analysis, and spam detection. These algorithms can handle non-linear data 

through the use of kernel functions, which transform the data into higher dimensions where it can be 

separated linearly. 

For SVM implementations in NLP, text is usually converted into numerical features using methods 

such as TF-IDF before being applied to SVMs. After that, the data was divided into training data and 

testing data with a ratio of 75% for training and 25% for testing. The SVM model is initialized with 

SVC(), trained using data training (X_train and y_train) with svm.fit(X_train, y_train), and used to 

predict the results on the test data with svm.predict(X_test). The model performance evaluation is carried 

out using metrics such as accuracy, precision, recall, and f1-score generated from 

classification_report(y_test, y_pred), to ensure the model performs well on the given NLP task. 

Furthermore, an evaluation was carried out on the model with the results as shown in Figure 12. 
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(a) (b) 

Figure 12. Prediction Results (a) Evaluation Results (b) 

Figure 12 (a) shows the prediction results (y_pred) and actual values (y_test) of the SVM model 

for bullying data. y_pred contains the model's predicted labels, while y_test contains the actual labels. 

Correct predictions occur when both values match; differences indicate errors. Classes include 0, 1, 2, 

3, 4, and 5. Analyzing these differences helps calculate accuracy and identify error patterns. Figure 12 

(b) presents the SVM model evaluation using a classification report with precision, recall, f1-score, and 

support metrics from scikit-learn's classification_report function. Precision ranges from 0.89 to 0.92, 

recall from 0.85 to 0.90, and F1-score from 0.88 to 0.90. Support shows instance counts, such as 34 for 

class 0 and 57 for class 1. The overall accuracy is 0.92. Macro and weighted average precision, recall, 

and f1-score are 0.90, 0.88, and 0.89. This report highlights the model's high accuracy and balanced 

precision and recall across classes. 

 

3.8 Interpretation of Results 

The final stage in our process is the "Interpretation of Results". This involves analyzing the 

output generated by the machine learning algorithms to derive meaningful insights and conclusions 

regarding the instances of bullying reported through the application. 

 

   

Figure 13. VoiceShield Application Implementation Results 

The mobile app "VoiceShield: Bullying Protector App with NLP" is designed to help high school 

students report bullying incidents and get support. The login page of this application displays a high 

school student icon above the login form, giving a special impression for high school students. After 

logging in, users are redirected to the home page which contains menus such as Home, Report Bullying, 

My Reports, Resources, Help & Support, Profile, Settings, Feedback, and Logout. On the complaints 

page, users can record their complaints using the voice recorder button, and the results of the recording 
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and transcription of the complaint are displayed for review. For example, the transcription shown in the 

image depicts the bullying incidents experienced by users in the field. In addition, there is an admin 

page that contains a list of incoming complaints with a "play" action button to process the complaint. 

With this application, users are expected to be able to report bullying incidents more easily and get the 

necessary support.  

 

4. CONCLUSION  

The "VoiceShield: Bullying Protector App with NLP" app is designed to help high school students 

report bullying incidents effectively and get the support they need. The app has several important 

features, including a login page, a main page with important menus, a complaints page that allows users 

to record and transcribe their complaints, and an admin page to process complaints. The main process 

in this application is the conversion of speech to text using Natural Language Processing (NLP), which 

is then further analyzed. The results of the performance evaluation of the SVM model applied in the 

application show very satisfactory results, with an accuracy rate of 92%, precision of 90%, recall of 

88%, and F1-score of 89%. This evaluation shows that the SVM model is able to classify bullying-

related texts with a high degree of accuracy, as well as a balance between precision and recall. As such, 

the app not only provides users with useful tools for reporting bullying cases, but also ensures that the 

generated reports can be processed and analyzed with high accuracy, providing more effective support 

for bullying victims. 
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 PT. PLN Nusantara Power UP Tenayan is a coal-fired power plant 

supplying electricity to the Riau region with a capacity of 2 x 110 MW. 

Operating 24/7, the plant faces frequent failures, particularly in the 

instrumentation components of the coal feeder. This research employs the 

Failure Mode and Effect Analysis (FMEA) method to identify and 

analyze these failures. The Risk Priority Number (RPN), calculated by 

multiplying severity, occurrence, and detection ratings, helps determine 

the failure level. Research stages include a preliminary study, problem 

identification, observations and interviews, data collection and 

processing, FMEA analysis, and conclusion drawing. The results indicate 

that the instrumentation components are generally reliable, with RPN 

values below the critical threshold of 200. The speed sensor, with the 

highest RPN value of 160, is still categorized as reliable. Failures in these 

components can lead to operational failures, suboptimal coal feeder 

performance, and monitoring difficulties. The study recommends 

preventive maintenance every six months to enhance reliability and 

minimize disruptions. 
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1. INTRODUCTION 

Electric energy is a renewable energy source that plays a very important role in the life and 

economy of a country. In several industries, including power plants, instrumentation systems have a 

crucial role in maintaining the performance and reliability of equipment. These instrumentation 

systems regulate critical parameters such as temperature, pressure, and vibration. Their function is to 

maintain the continuity of power plant operations by monitoring and controlling their conditions [1]. 

The Tenayan Steam Power Plant (PLTU Tenayan) is one of the main power plants that supply 

electricity needs in the Riau region and its surroundings. This company operates 24 hours a day by 

operating electricity with a capacity of 2 x 110 MW, organized by the government, and functions to 

distribute electricity needs in the Riau area [2]. 

PT. PLN Nusantara Power UP Tenayan operates through a complex process, utilizing various 

equipment and machinery. However, the production process does not always run smoothly due to 

frequent issues or failures in the machine components used. This results in disruptions in electricity 

production. Among the various machines used, one of the main components that experience failure is 
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the coal feeder. As a coal-fired power plant, PLTU Tenayan has a Coal Feeder system that functions to 

deliver coal from the bunker to the boiler. The boiler is equipment that can supply the energy needs 

designed to meet the company's electricity requirements. The Coal Feeder is a critical component in 

the electricity generation process because a disruption in the coal feeder can cause interruptions in the 

coal supply to the boiler, leading to disruptions in the overall power generation process. Therefore, 

more intensive maintenance is required to maintain its performance to work as desired [3]. 

Based on direct observations and interviews with the instrumentation and control team leader at 

PT. PLN Nusantara Power UP Tenayan, it was explained that failures in instrumentation components 

can have wide-ranging impacts. Several problems that occur in the coal feeder instrumentation are 

prone to failures that can cause performance disruptions in the coal feeder. Coal feeder instrumentation 

failures can be caused by factors such as component damage, installation errors, extreme 

environmental conditions, and others. 

One of the parameters that can be used to measure the performance reliability of the coal feeder 

instrumentation is by improving its reliability using the Failure Mode and Effect Analysis (FMEA) 

method. Failure Mode and Effect Analysis (FMEA) is a common approach used to analyze the risk of 

failure and to identify the causes of future failures [4]. Failure Mode and Effect Analysis (FMEA) 

qualitatively assesses the severity, occurrence, and detection of each activity for both the operational 

process and the equipment or components of a specific system. The three components that receive the 

highest Risk Priority Numbers (RPN) will be proposed for risk reduction strategies [5]. 

Previous research on reliability analysis was conducted by [6] with the title “Reliability Analysis 

of Instrumentation in the Central Mechanical Electrical Unit Using the Failure Mode and Effect 

Analysis (FMEA) Method.” The method used in their research was the failure mode and effect 

analysis method by identifying failure modes from a cause of failure and the impact of each 

component's failure on a system. The analysis results showed that the devices in PT. Telkom Area 

Network Riau Daratan Pekanbaru are reliable, with an RPN percentage not exceeding 200 [7]. 

In the research conducted by [8], the RPN values were calculated for the temperature sensor, 

steam flowmeter, control valve, white liquor flowmeter, gamma ray level, pressure transmitter, and 

kappa number, with all instrumentation exceeding the standard RPN limit of 200. Therefore, actions 

need to be taken on these instruments by recommending preventive maintenance, which is safe and 

reliable to use. In the research conducted by [3], the results significantly contributed to the 

implementation of water level and temperature data processing technology through RPN value 

calculation simulation using the FMEA method implemented in MPSA. The medium-risk values 

obtained from the RPN calculation ranged from 4 to 23. 

Research conducted by [9] based on the FMEA results identified components with a Risk Priority 

Number (RPN) > 300, namely the Dise Knife and bolt nuts. If the operator detects symptoms 

indicating problematic components, they fill out a damage form and send it to the mechanical 

department, which then performs a series of maintenance procedures to repair the components. 

By conducting Failure Mode and Effect Analysis (FMEA) on the coal feeder instrumentation at 

PLTU Tenayan, it is expected to obtain comprehensive information regarding potential failure modes, 

causes, and impacts, as well as recommendations for actions needed to improve system reliability. The 

results of this analysis can be used as a basis for making improvements and optimizations to the coal 

feeder instrumentation system, thereby enhancing the reliability and performance of the coal feeder 

and ultimately supporting a more efficient and reliable electricity generation process at PLTU Tenayan 

[10]. 

This study aims to analyze the reliability of coal feeder instrumentation using the Failure Mode 

and Effect Analysis (FMEA) method at PT PLN Nusantara Power UP Tenayan. By identifying 

potential failures and their impacts, as well as formulating appropriate preventive actions, it is 

expected that the reliability of the coal feeder system can be improved, ensuring a sustainable coal 

supply and reducing the risk of disruptions or failures in the electricity production process. 

 

2. RESEARCH METHOD 

Failure Mode and Effects Analysis (FMEA) is a systematic method for identifying and preventing 

potential problems in a product or process before they occur. This research was conducted at PT. PLN 
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Nusantara Power UP Tenayan, Pekanbaru. In the context of analyzing the reliability of coal feeder 

instrumentation, the FMEA method can be used to analyze potential failure modes in the coal feeder 

instrumentation components, as well as the effects of these failures. 

2.1. Research Design 

To facilitate the research process, the researcher created a flowchart to clearly outline each stage. 

The flowchart of the research process can be seen in Figure 1 as follows. 

Data Processing, Preparation, and Filling 

of FMEA Tables for Coal Feeder 

Instrumentation

Topic Selection

Literature Review

Data Collection

Calculation of RPN Value

Determination and Analysis of 

Prioritized Failure Modes

Finish

Start

 
 

Figure 1. Research Flowchart 

2.2. FMEA Analysis 

The initial step in conducting research is called a preliminary study. This preliminary study 

involves gathering initial reviews through written sources such as journals, articles, and books. After 

conducting the preliminary study, the researcher collects data by identifying issues through interviews 

and field observations. Through interviews and observations, data is gathered regarding the failures of 

instrumentation components, their causes, and the effects of these failures using the FMEA method. 

Failure Mode and Effect Analysis (FMEA) is a method implemented to determine the failure 

levels at a specific system level and to reduce a system to minimize the likelihood of critical issues in 

system components [11]. FMEA is a cyclical risk analysis technique used to identify the consequences 

arising from a failed piece of equipment, facility, or system [12]. 

The main objective of FMEA is to determine the level of failure based on the Risk Priority 

Number (RPN). The RPN value is obtained from the multiplication of severity, occurrence, and 

detection, and can be written using the following formula: 

                                      RPN =  𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 ×  𝑂𝑐𝑐𝑢𝑟𝑒𝑛𝑐𝑒 ×  𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛                   (1) 
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Description: 

• RPN : Risk Priority Number 

• Severity (Sev) : Severity Level 

• Occurrence (OCC) : Frequency of Failure 

• Detection (Det) : Detection of Failure Causes 

Severity represents the severity or effects inflicted on the entire machine by a failure mode. 

Occurrence refers to the frequency of failure or damage. Detection is the control system used to detect 

the causes or modes of failure [13]. A higher RPN value indicates a higher level of criticality or 

problem within the system. Conversely, a lower RPN value indicates a lower level of criticality [14]. 
 

3. RESULTS AND DISCUSSION  

3.1. Failure Mode and Effects Analysis 

Failure Mode Effect and Analysis is used to identify the coal feeder instrumentation components 

that are most vulnerable to failure during the electricity production process. The FMEA worksheet 

aims to assess severity, occurrence, and detection based on the potential impact of failures, their 

causes, and the control actions taken, resulting in a Risk Priority Number (RPN). The FMEA table can 

be seen in Table 1 below: 

 
Table 1. FMEA Worksheet for Coal Feeder Instrumentation at PT. PLN Nusantara Power UP Tenayan 

Component function Potential 

Failure 

Mode 

Potential 

Effect 

Failure 

S

E

V 

Potential 

Of Failure  

O

C

C 

Current 

Control 

D

E

T 

RP

N 

Recommended 

Action 

Load Cell Measures 

the weight of 

coal used 

Load cell 

position is 

unbalance

d 

Cannot read 

the load 

normally 

6 Uneven 

load cell 

mounting 

surface 

4 Checking 

the voltage 

at the sensor 

cable 

connection 

terminals 

4 96 Create a strong 

sensor support 

and perform 

maintenance 

every 6 months 

Sensor 

Speed 

Measures 

the speed of 

the coal 

feeder 

mechanism 

Measured 

speed is 

erratic 

Equipment 

operational 

failure 

8 Sensor 

overheats 

and fails to 

stop 

5 Speed 

readings per 

second on 

the display 

module are 

unstable 

4 160 Perform sensor 

maintenance 

every 1 month 

Pressure 

Transmitter 

Measures air 

or gas 

pressure for 

coal flow to 

furnace 

Discrepan

cy 

between 

local and 

DCS 

readings 

Uncontrolle

d coal flow 

to the boiler 

5 Corrosion 

at cable 

terminals 

4 Readings in 

the CCR do 

not match 

those in the 

local area 

5 80 Perform 

maintenance 

every 6 months 

Belt Sway Detects if 

the belt 

conveyor 

stays on 

track 

Belt sway 

switch 

failure 

Conveyor 

belt 

breakage 

7 Corrosion 

at switch 

terminal 

due to coal 

dust 

4 Belt sway 

sensor 

cannot cut 

off or stop 

the conveyor 

belt during 

jogging 

4 112 Perform 

maintenance on 

sensor terminal 

connections 

every 6 months 

Level 

Transmitter 

Measures 

the coal 

level in the 

bunker 

Sensor 

cannot 

accurately 

read coal 

level 

Equipment 

cannot 

operate 

normally 

8 Rusted 

cable 

terminals 

4 Display on 

the DCS is 

not accurate 

3 96 Perform zero 

calibration every 

6 months 
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Flow 

transmitter. 

Measures 

the rate of 

coal flow 

into the 

furnace 

Sensor 

fails to 

read coal 

flow 

Inaccuracy 

in 

measuring 

coal flow 

4 Rusted 

sensor 

7 Visual 

inspection in 

the local 

area 

4 112 Perform 

calibration every 

6 months 

Temperature 

Indicator 

Reads local 

temperature 

Temperat

ure 

reading 

error 

Operator 

cannot 

control 

effectively 

5 Weak 

spring 

5 Temperature 

readings are 

not accurate 

3 75 Verify sensor 

every 6 months 
 

 

The data on the instrumentation components of the coal feeder is as follows: 
 

1. Load Cell 

This component measures the weight or load of the coal to be used. The failure occurring is 

that the load cell position is unbalanced, preventing it from reading the load normally due to an 

uneven load cell mounting surface. This can be observed when checking the voltage at the sensor 

cable connection terminals. The team leader for instruments and control assigned a severity score 

of 6, an occurrence score of 4 due to the low likelihood of failure, and a detection score of 4 

because the failure can be detected. Therefore, the RPN value for the component is 96. 

 

2. Sensor Speed 

This component measures the speed of the coal feeder mechanism. The failure observed is that 

the measured speed is erratic, leading to operational failures because the sensor overheats and fails 

to stop working. This can be seen from the unstable speed readings per second on the display 

module. The team leader for instruments and control assigned a severity score of 8, an occurrence 

score of 5, and a detection score of 4. Therefore, the RPN value for the speed sensor is 160. 

 

3. Pressure Transmitter 

This component measures the air or gas pressure used to convey coal to the furnace. There is a 

discrepancy between readings in the local area and those in the Distributed Control System (DCS), 

resulting in uncontrolled coal flow to the boiler due to corrosion at the cable terminals. This 

discrepancy can be observed from the readings in the Central Control Room (CCR) not matching 

those in the local area. The team leader for instruments and control assigned a severity score of 5, 

an occurrence score of 4 due to the very low likelihood of failure, and a detection score of 5. 

Therefore, the RPN value for the component is 80. 

 

4. Belt Sway 

This sensor is used to detect if the belt conveyor stays on its track. The failure occurring is that the 

switch on the belt sway sensor is broken, leading to a conveyor belt breakage due to corrosion at 

the switch terminal caused by frequent coal dust ingress. This can be observed when the belt sway 

sensor fails to stop or shut off during jogging of the conveyor belt. The team leader for instruments 

and control assigned a severity score of 7, an occurrence score of 4 due to the very low likelihood 

of failure, and a detection score of 4. Therefore, the RPN value for the component is 112. 

 

5. Level Transmitter 

This component measures the height or level of coal in the bunker. The failure occurring is 

that the sensor cannot accurately read the coal level, preventing normal operation of the equipment 

due to rusted cable terminals. This is evident from the display on the DCS not reflecting the actual 

level. The team leader for instruments and control assigned a severity score of 8, an occurrence 

score of 4 due to the very low likelihood of failure, and a detection score of 3. Therefore, the RPN 

value for the component is 96. 

 

6. Flow Transmitter 
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This component measures the rate of coal flow into the furnace. The failure occurring is that 

the sensor fails to accurately read the flow, leading to inaccurate measurements of coal due to 

sensor rust. This is evident from visual inspections in the local area. The team leader for 

instruments and control assigned a severity score of 4, an occurrence score of 7 due to the sensor 

being corroded, and a detection score of 4. Therefore, the RPN value for the component is 112.  

 

7. Temperature Indicator 

This component is used to read the local temperature. The failure occurring is temperature 

reading errors, making it difficult for the operator to control effectively due to a weak spring. This 

can be observed from the temperature readings not being accurate. The team leader for instruments 

and control assigned a severity score of 5 because damage to the temperature indicator prevents the 

operator from controlling it effectively, an occurrence score of 5 due to the very low likelihood of 

failure, and a detection score of 5. Therefore, the RPN value for the component is 75. 

Based on the Risk Priority Number (RPN) analysis using the Failure Mode and Effects 

Analysis (FMEA) method, it can be concluded that the instrumentation components of the coal feeder 

at PT. PLN Nusantara Power UP Tenayan exhibit very good performance. The RPN values for each 

component are below the standard threshold of 200. According to the literature, a high RPN value 

indicates a more urgent need for maintenance, while a low RPN value, below 200, suggests that the 

components are still in good condition and do not require immediate maintenance. [13]. 

There is a Pareto chart of the Risk Priority Number (RPN) values as follows: 

 

Figure 2. Pareto Diagram 

From the Pareto diagram above, it is evident that the component with the highest RPN value is 

the speed sensor, which functions to measure the speed of the coal feeder mechanism. This component 

significantly impacts the continuity of electricity production, with an RPN of 160, indicating that this 

sensor frequently experiences failures, such as inaccuracies in speed measurement due to the sensor 

overheating. Conversely, the Temperature Indicator is a tool used to read local temperature and is the 

component with the least damage, having an RPN of 75. All these components are interdependent, so 

a failure in one component can cause the entire system to malfunction or trip until the damaged 

component is repaired and returns to normal operation. The Pareto chart is used to address major 

problems before minor ones and to identify failure points with significant contributions, allowing for 

optimal improvements by prioritizing resources for corrective actions [15]. 

 

4. CONCLUSION 

From the reliability analysis of the coal feeder instrumentation at PT. PLN Nusantara Power Up 

Tenayan, Pekanbaru, using the Failure Mode and Effect Analysis (FMEA) method, several 
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conclusions can be drawn. Firstly, the analysis identified various failure modes in the coal feeder, 

including discrepancies between local area and DCS readings, switch failures, and speed measurement 

issues caused by overheating sensors. Secondly, despite the high Risk Priority Number (RPN) of 160 

for the sensor speed, it is still categorized as reliable because it does not exceed the standard RPN 

threshold of 200. Finally, the ranking of instrumentation components based on their RPN values, from 

highest to lowest, is as follows: Sensor Speed (160), Belt Sway (112), Flow Transmitter (112), Load 

Cell (96), Level Transmitter (96), Pressure Transmitter (80), and Temperature Indicator (75). The 

effects of these failures include operational disruptions, suboptimal performance of the coal feeder, 

and challenges in monitoring the system effectively. 
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The capability of solar energy to produce electricity using 

Thermoelectric Generators (TEG) and Photovoltaic (PV) technology is 

significant. Therefore, it is important to understand how the technology 

works. This study aims to characterize the electrical generation of 12 

TEG modules type TEC1-12706 hybridized with 2 PV panels. One PV 

panel is left without a TEG module as a comparison. Meanwhile, on 

the cold side of the TEG attached to the PV, a heatsink with 3 fins is 

placed. The left and right fins are air allowed to flow naturally, while 

the middle fin flows with cold water fluid through a 0.01 m diameter 

water hose with 2 flow rates; 0.02 and 0.05 m/s. The study showed that 

the fluid flow rate 0.02 presented a better TEG performance effect than 

0.05 m / s at an irradiance of 450 W/m2. Different things are shown by 

PV solar panels, where the power generation and efficiency are better 

in TEG at a flow rate of 0.05 m/s compared to 0.02 m/s for the same 

irradiance. Overall, the performance of PV-TEG is better at a TEG 

cooling fluid flow rate of 0.05 m/s.  
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1. INTRODUCTION 

The study of electrical energy conversion is always interesting if it uses renewable energy as its 

source, such as solar energy. The abundant, non-polluting and available solar energy potential can be 

used as energy input for solar panel technology and thermoelectric generator (TEG) modules to 

generate electrical energy. Photon light emitted to the surface of the PV semiconductor will be 

converted into electrical energy. In contrast, solar thermal energy transmitted to the surface of the 

panel will affect the temperature difference on both sides of the TEG as the Seebeck effect is attached 

to the bottom surface of the PV, thus generating a difference in electrical voltage at both poles of the 

TEG. The electrical energy output of PV and TEG becomes a broad topic for researchers if combined 

into PV-TEG. Although the form of energy output is the same, the performance characteristics of the 

two technologies are different. Many researchers focus on the characteristics of PV cooled with 

various cooling modes, such as PCM [1-3] and thermoelectric [4-6]. 

Both PV and TEG use photon and thermal energy sources from the sun and other energy sources 

including light bulbs. However, light bulbs that have a spectrum similar to solar energy are only 

Halogen, Xenon, and Mercury as proposed by Doolittle [7]. This encourages researchers to test other 

types of bulbs including LEDs [8-12]. Although these types of bulbs have the visible light wavelength 

spectrum (300-700 nm) needed by PV and the near-infrared spectrum between 700 and 900 nm for 
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TEG needs, the ability of visible light waves in bulbs is relatively low to release covalent bonds of 

electrons in the valence band to the conduction band in semiconductor materials which produces very 

small electric currents [9]. Modification of PV and TEG materials is needed to increase their output 

power if they continue to use these bulbs. 

The main reason for combining PV and TEG is to maintain the PV surface temperature below the 

critical temperature between 60 till 80°C, both experimentally [13-17] and numerically [18,19]. 

Increasing the PV surface temperature beyond the critical limit will reduce its performance [20]. 

Therefore, to achieve this effort, a good understanding of the characteristics and performance of not 

only the PV panel but also the TEG module is required. Siregar [21] characterized the TEC1-12706 

type thermoelectric. Unfortunately, the characterization was limited to knowing the open circuit 

voltage (Voc) of two thermoelectric modules connected in series based on the temperature difference 

between the two sides of the module, without describing the P-V and I-V characterization in detail. 

Jaziri et al., [22] provided complete information about the fabrication technology and its 

implementation which can be used as a benchmark to see the performance of the Peltier module based 

on its operating conditions. 

 Based on the above research gap phenomenon, this study aims to characterize the output power 

and performance of TEG attached to the bottom surface of PV solar panels separately, so that the 

effects of photon light and solar thermal energy on the PV-TEG system can be widely seen. 

2. RESEARCH METHOD  

 Figure 1 shows the flow diagram of the TEG characteristic testing on PV compared to PV without 

TEG. There are 3 stages carried out starting from the experimental setup, temperature monitoring with 

the IoT platform using ThingSpeak application combined with digital multimeters for current and 

voltage. The last stage is data analysis and conclusion.   

 

 

 

 

 

 

 

 

Figure 1. Experimental flow-chart 

 

2.1. TEG and PV module specifications 

 In general, the main materials used in producing TEG modules are Bi2Te3, PbSe0.5Te0.5, Bi0.3 

Sb1.7Te3, and Zn4Sb3, as well as AIN [23]. Our research selected 12 TEG modules based on Bismuth 

Telluride (Bi2Te3) TEC1-12706 with an operating temperature of -30 to 70°C in white. For PV, three 

panels of 50 W polycrystalline were used as seen in Figure 2. Two TEG combined PV panels and one 

PV panel without TEG combined as a comparison. The specifications of the PV used are as in Table 1. 

 

 

 

 

 

 
 

 

                      

 

                                                      Figure 2. Experimental set-up 
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                                            Table 1. Specification of PV Polycrystalline 50 W 

Rate maximum power (Pmax) 5.0 Wp 

Voltage at maximum power (Vmp) 17.6 V 

Current at maximum power (Imp) 2.86 A 

Open circuit voltage (Voc) 21 V 

Short circuit current (Isc) 3.2 A 

Maximum system voltage 1000 V 

Twelve TEG modules are connected in series and form a circle configuration as shown in Figure 

3. The cold side of the module is attached to an aluminum heat sink that has three fins, where the left 

and right paths are permitted to have natural airflow, while the middle fin flows with cold water fluid 

with a flow rate of 0.02 m/s at PV2 and 0.05 m/s at PV3 which aims to maintain the constant 

temperature of the cold side of the TEG, as well as to obtain a greater temperature difference with the 

hot side. The greater the temperature difference on both sides of the module, the better its performance 

[23-25]. 

 

 

 

 

 

 

Figure 3. Configuration of 12 TEG modules on the bottom surface of the PV 

2.2 Monitoring and measurement instrument 

 During testing, sensors powered by IoT technology with the Thingspeak application were used 

to measure the upper and lower surface temperatures of the PV and the cold side temperature of the 

TEG, which can be monitored live at https://monitoring-pv-mustofa.blogspot.com. The Pasco SF-

9569A Digital Voltmeter and Ampere Meter are used to measure the output voltage and current of the 

PV and TEG, and the Solar Power Meter SM206-SOLAR is for sunlight irradiance. Furthermore, to 

obtain the characteristics of power (P) - voltage (V) and current (I) - V on the PV, the YOKOGAWA 

2791 shear resistor is used with a nominal resistance of 4.7Ω/10Ω, while the 10Ω potentiometer is 

used as a load on the TEG circuit module. 

3. RESULTS AND DISCUSSION 

3.1. PV1 characterization 

To examine the characteristics of the solar panel, the test was carried out on two irradiance points; 

a minimum of around 445 W/m2 and a maximum irradiance of minimum of about 1200 W/m2 at the 

time of observation. Figure 4 shows the I-V characteristics of PV1 without TEG at minimum and 

maximum irradiance. For the PV, the efficiency value is determined as the fraction of incident power 

that is converted to electricity and is defined as. 

FFIVP SCOC=max                                                                      (1) 

in

SCOC
PV

P

FFIV
=                                                                           (2) 

                     AGPin =                                                                                   (3) 

VOC is the open-circuit voltage, ISC is the short-circuit current, FF is the fill factor, A is the area of 

PV (0.41 m2) and G is the solar irradiance (W/m2). In this test, PV-TEG characterization was carried 

out using three shear resistors on the PV and two potentiometers for the TEG. 
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                                           Figure 4. I-V and P-V characteristics of PV without TEG 

Figure 4 shows the parameters for determining the results as in Table 2. It can be seen that 

14.91% is at the minimum irradiance of 445 W/m2 and 7.99% is at the maximum irradiance of 1200 

W/m2. 

Table 2. Characteristic parameters of PV without TEG for two irradiance points 

PV1 without TEG at minimum irradiance of 445 W/m2 

VOC (V) ISC (A) P (W) FF 
PV (%) 

21.4 0 0 

0.76 14.91 16.1 1.69 27.21 

0 1.67 0 

PV1 without TEG at maximum irradiance of 1200 W/m2 

22.6 0 0 

0.49 7.99 19.1 2.06 39.35 

0 3.5 0 

3.2. PV2 characterization 

The I-V characteristics of PV2 combined with TEG decreased in power at the beginning of the 

observation but increased by 4.67 Watts during the day compared to PV1 (Figure 2). Similarly, the 

solar panel performance value increased by 0.96% at maximum irradiance, as shown in Table 3. This 

suggests that attaching the TEG module to PV has begun to take effect. 

 

 

 

 

 

 

 

 

                                      

Figure 5. I-V and P-V characteristics of PV2 with TEG1 

Table 3. Characteristic parameters of PV2 with TEG1 (TEG cooling fluid flow rate 0.02 m/s) 

PV2 combined with TEG at minimum irradiance of 445 W/m2  

VOC (V) ISC (A) P (W) FF 
PV (%) 
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21.8 0 0 

0.78 13.83 15.2 1.66 25.232 

0 1.48 0 

PV2 combined with TEG at maximum irradiance of 1200 W/m2   

22.9 0 0 

0.58 8.95 20.1 2.19 44.02 

0 3.33 0 

3.3. PV3 characterization 

 Unlike the 2 PVs above, PV3 in Figure 6 and Table 4 shows the effect of the TEG combination on PV in 

terms of increasing actual power and efficiency when compared to PV without a waste heat absorption module. 

Power and efficiency characteristics increase simultaneously in PV.  In PV without TEG from 27.21 W to 

28.181 W in PV with TEG and from PV efficiency of 14.91%  to 15.54%  under the same conditions at 

minimum irradiance. Meanwhile, in the maximum irradiance conditions, the power increases from 39.35 W to 

45.70 W and from 7.99% to 9.29%. One of the factors is that the flow rate of the cooling fluid on the cold side of 

the TEG significantly increases the ∆T of the TEG module and the PV surface. 

 

 

 

 

 

 

 

 

 

 

 

                                   Figure 6. I-V and P-V characteristics of PV3 with TEG2 

Table 4. Characteristic parameters of PV3 with TEG2 (TEG cooling fluid flow rate 0.05 m/s) 

PV3 combined with TEG at minimum irradiance of 445 W/m2  

VOC (V) ISC (A) P (W) FF 
PV (%) 

21.8 0 0 

0.78 15.45 15.4 1.83 28.182 

0 1.67 0 

PV3 combined with TEG at maximum irradiance of 1200 W/m2   

22. 0 0 

0.57 9.29 19.7 2.32 45.70 

0 3.5 0 

 

 The figure and table above indicate that the efficiency and power of PV hybridized with TEG 

module circular configuration are better at a cooling fluid flow rate of 0.05 m/s compared to 0.02 m/s 

and with PV without TEG. This is also seen in the electrical power of the type of PV hybridized with a 

rectangular TEG module configuration [24]. One of the parameters that cause this to happen is the 

difference in PV surface temperature, where the upper surface temperature of PV2+TEG1 water 

cooling rate 0.02 m/s is higher than PV3+TEG2 with TEG water cooling rate 0.05 m/s (43.75°C> 

40.75°C at minimum irradiance and 60.125°C>47°C at maximum irradiance). Therefore, the 

combination of TEG modules and their cooling types provides good recommendations for improving 

the performance of the PV-TEG system. 

3.4. TEG1 and TEG2 characterization 

 The characteristics of TEG1 are different from PV2 even though they both produce electrical 

energy. The formulation used to calculate the efficiency of the TEG module is based on the maximum 
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conversion efficiency that could be expressed in the function of the Carnot efficiency ((Th−Tc)/Th) and 

the dimensionless figure of merit factor of the materials used as [26] with a ZT value of 0.7 or 1 for 

the type of TEG material used in this study [22][27]. 
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 Where Th and Tc are TEG hot side and cold side temperatures, simultaneously. Using equation (4) 

based on test data, the value of ηTEG1max at PV2 is 8.7% at ∆T 6°C. Furthermore, Figure 7 shows the 

general characteristics of the TEG module, where moderate increase in electric power accompanies the 

sharp decrease in TEG electric current. The increase in power continues until the maximum power 

point and decreases sharply after the peak until the voltage approaches the maximum. The figure also 

shows the magnitude of the equivalent power with the magnitude of the temperature difference 

between the two sides of the module. At ∆T 8°C, the TEG1 power is 0.006 W compared to 0.003 W at 

∆T 6°C. 
 

 

 

 

 

 

 

 

  
 

 

 

 

 

Figure 7.  I-V and P-V characteristics of TEG1 attached to PV2 

 

In contrast, Figure 8 shows the difference in characterization of TEG2 on PV3 with TEG1 on 

PV2. The output power of TEG2 increased by 0.0033 W/m2 or more than 50% compared to the 

generated power on TEG1 in maximum solar thermal radiation (1200 W/m2). Interestingly, at the 

beginning of the observation, the output power of TEG1 was actually greater than TEG2 (0.0026 > 

0.0013 W). This is likely due to the rate of water cooling on the cold side of the TEG which began to 

have an effect when the sun's intensity increased. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 8.  I-V and P-V characteristics of TEG2 attached to PV3 
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 Regarding the module's performance, TEG1 is better than TEG2 (8.07>6.71%) at minimum 

irradiance. The same thing happens at maximum irradiance (10.09>8.09%). The characteristics of 

TEG that occurred in this study are akin to the research results conducted by Piarah et al., [9], the 

difference lies in the thermal energy source used from a Halogen bulb with a power of only about 1 

µW. 

 In this research, the characteristics of TEG are visible where the increase in electrical voltage (V) 

is accompanied by a sharp decrease in current (I), while the output power increases to a peak point and 

decreases thereafter. Unlike TEG, the characteristics of PV show that the position of the electrical 

current tends to be flat when the voltage and electrical power increase. The decrease in current occurs 

when it reaches the maximum power point (MPP). 

4. CONCLUSION  

The characterization analysis of the thermoelectric generator type TEC1-12706 made from 

Bismuth Telluride (Bi2Te3) shows that the I-V and P-V generation are increasingly different from PV. 

The number and configuration of TEG modules attached to the bottom surface of the PV also have a 

major influence on PV performance. The more TEG modules with even circulation of cooling fluid on 

the cold side of the module, the better the effect on PV performance. This research also proves that 

using the Thingspeak platform as an IoT application is very accurate in helping to provide temperature 

data for the PV-TEG hybrid system. 

 

ACKNOWLEDGMENTS 

 Our highest gratitude to all parties who helped experimental set up of this research and writes the 

scientific paper, both in mechanical and electrical engineering UNTAD and mechanical engineering 

UNHAS. 

 

REFERENCES   

[1] A. N. Al-shamani, “Using Hybrid System Photovoltaic Thermal / Phase Change Materials / 

Thermoelectric ( PVT / PCM / TE ): A Review,” vol. 2022, no. 1365, pp. 1365–1400, 2022. 

[2] A. Makki, S. Omer, and H. Sabir, “Advancements in hybrid photovoltaic systems for enhanced 

solar cells performance,” Renew. Sustain. Energy Rev., vol. 41, pp. 658–684, 2015, doi: 

10.1016/j.rser.2014.08.069. 

[3] G. Muthu, S. Thulasi, V. Dhinakaran, and T. Mothilal, “Performance of solar parabolic dish 

thermoelectric generator with PCM,” Mater. Today Proc., vol. 37, no. Part 2, pp. 929–933, 

2020, doi: 10.1016/j.matpr.2020.06.123. 

[4] S. U. A and S. A. Jumaat, “The Hybrid Photovoltaic-Thermoelectric Generator Configurations 

for Energy Performance Improvement,” Int. J. Integr. Eng., vol. 14, no. 3, 2022, doi: 

10.30880/ijie.2022.14.03.001. 

[5] Mustofa et al., “Low Sun spectrum on simulation of a thin film photovoltaic, heat absorber, 

and thermoelectric generator system,” Nihon Enerugi Gakkaishi/Journal Japan Inst. Energy, 

vol. 99, no. 8, 2020, doi: 10.3775/jie.99.88. 

[6] R. E. Rachmanita, C. N. Karimah, and N. Azizah, “Experimental investigations on the 

performance of thermoelectric generator as energy conversion system,” IOP Conf. Ser. Earth 

Environ. Sci., vol. 672, no. 1, 2021, doi: 10.1088/1755-1315/672/1/012103. 

[7] A. Doolittle, “Lecture 2 : The Nature of Light Reading Assignment – Chapter 2 of PVCDROM 

The Nature of Light,” Nat. Light. Read. Assign., p. Chapter 2, 2007, [Online]. Available: 

http://users.ece.gatech.edu/~alan/ECE4833/Lectures/Lecture2_PropertiesOfSunlight.pdf 

[8] Mustofa, Z. Djafar, W. H. Piarah, and Syafaruddin, “A New Hybrid of Photovoltaic-

thermoelectric Generator with Hot Mirror as Spectrum Splitter,” J. Phys. Sci., vol. 29, pp. 63–

75, 2018. 

[9] W. H. Piarah, Z. Djafar, Syafaruddin, and Mustofa, “The characterization of a spectrum splitter 

of Techspec AOI 50.0mm square hot and cold mirrors using a halogen light for a photovoltaic-

thermoelectric generator hybrid,” Energies, 2019, doi: 10.3390/en12030353. 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&


 

  

Volume 11, Issue 2, October 2024, pp. 178-186 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v11i2.4522 

185 

 

 

 

The Characterization of a Thermoelectric Generator Type…(Arif, et al)  

[10] Mustofa, Basri, and Y. A. Rahman, “Experimental investigation from different focal length of 

Fresnel lens on thermoelectric generators performance,” in IOP Conf. Series: Earth and 

Environmental Science 175 (2018) 012004, IOP Conference Series: Earth and Environmental 

Science, 2018. 

[11] Mustofa, Iskandar, Muchsin, S. Suluh, and T. M. Kamaludin, “The effectiveness of a mini 

photovoltaic cell by using light LED bulbs as a source of photon energy,” IOP Conf. Ser. Earth 

Environ. Sci., vol. 926, no. 1, 2021, doi: 10.1088/1755-1315/926/1/012090. 

[12] Mustofa, S. P. Krisnawan, R. Hatib, Iskandar, Asmeati, and Hariyanto, “Harvesting of Photon 

Energy through PV on Building Envelope and Windows Canopy,” IOP Conf. Ser. Earth 

Environ. Sci., vol. 1157, no. 1, 2023, doi: 10.1088/1755-1315/1157/1/012036. 

[13] A. Abdo, M. Ahmed, and S. Ookawara, “Efficient Operation of Hybrid Photovoltaic- 

Thermoelectric System Combined With Micro-,” 16th Int. Conf. Clean Energy, no. May, pp. 

9–11, 2018. 

[14] D. Kraemer, L. Hu, A. Muto, X. Chen, G. Chen, and M. Chiesa, “Photovoltaic-thermoelectric 

hybrid systems: A general optimization methodology,” Appl. Phys. Lett., vol. 92, no. 24, 2008, 

doi: 10.1063/1.2947591. 

[15] H. Demir, “Application of Thermal Energy Harvesting from Photovoltaic Panels,” Energies, 

vol. 15, no. 21, 2022, doi: 10.3390/en15218211. 

[16] M. A. Qasim, V. I. Velkin, S. E. Shcheklein, S. A. Salih, B. A. Aljashaami, and A. A. 

Sammour, “Conversion of Heat Generated During Normal PV Panel Operation into Useful 

Energy via a Hybrid PV-TEG Connection,” Int. J. Renew. Energy Res., vol. 12, no. 4, pp. 

1779–1786, 2022, doi: 10.20508/ijrer.v12i4.13471.g8603. 

[17] M. A. Qasim, V. I. Velkin, and S. E. Shcheklein, “Experimental study on hybridization of a 

PV–TEG system for electrical performance enhancement using heat exchangers, energy, 

exergy and economic levelized cost of energy (LCOE) analysis,” Clean Energy, vol. 7, no. 4, 

pp. 808–823, 2023, doi: 10.1093/ce/zkad023. 

[18] J. Islam, “Numerically Performance Analyses of a PV-TEG System under Climate Condition 

of Chittagong ICMERE2023-PI-082 Numerically Performance Analyses of a PV-TEG System 

under Climate Condition of Chittagong,” no. January, 2024. 

[19] A. Das and S. Datta Peu, “Modeling of PV cell, PV Module, PV array and PV IV 

characteristics analysis using MATLAB/SIMULINK,” no. x, 2022, doi: 

10.20944/preprints202209.0304.v1. 

[20] R. P. Dewi and S. Rahmat, “Feasibility Analysis of the Implementation of a Photovoltaic Water 

Cooling System,” J. Ecotipe (Electronic, Control. Telecommun. Information, Power Eng., vol. 

11, no. 1, pp. 19–28, 2024, doi: 10.33019/jurnalecotipe.v11i1.4442. 

[21] A. R. Siregar, “Analisis Pengaruh Karakteristik Termoelektrik Generator Seabagi Peubah 

Energi Panas,” J. Pendidik. Sains dan Komput., vol. 2, no. 02, pp. 235–241, 2022, doi: 

10.47709/jpsk.v2i02.1530. 

[22] N. Jaziri, A. Boughamoura, J. Müller, B. Mezghani, and F. Tounsi, “A comprehensive review 

of Thermoelectric Generators : Technologies and common applications,” Energy Reports, vol. 

6, pp. 264–287, 2020, doi: 10.1016/j.egyr.2019.12.011. 

[23] P. L. Alluri, D. R. Alli, and D. V. R. K. Reddy, “Studies on the TEG with changes in 

temperature difference and material properties,” Int. J. Innov. Res. Sci. Stud., vol. 7, no. 1, pp. 

63–72, 2024, doi: 10.53894/ijirss.v7i1.2439. 

[24] Y. A. Rahman, M. Masarrang, K. Malvino, and T. Sau, “Enhanced of PV-TEG Performance 

and Water Cooling on TEG with Serial Different Configurations,” 2024. 

[25] T. Muhtar Kamaludin, S. Awal Syahrani, W. Danny Syamsu, Basri, and Mustofa, 

“Experimental study of cascaded thermoelectric generators with differences in focal length 

using LED lights energy radiation,” IOP Conf. Ser. Mater. Sci. Eng., vol. 909, no. 1, 2020, doi: 

10.1088/1757-899X/909/1/012023. 

[26] H. S. Kim, W. Liu, G. Chen, C. W. Chu, and Z. Ren, “Relationship between thermoelectric 

figure of merit and energy conversion efficiency,” Proc. Natl. Acad. Sci. U. S. A., vol. 112, no. 

27, pp. 8205–8210, 2015, doi: 10.1073/pnas.1510231112. 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&


 

  

Volume 11, Issue 2, October 2024, pp. 178-186 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v11i2.4522 

186 

   

    

The Characterization of a Thermoelectric Generator Type…(Arif, et al)  

[27] B. Beltrán-Pitarch, J. Prado-Gonjal, A. V. Powell, P. Ziolkowski, and J. García-Cañadas, 

“Thermal conductivity, electrical resistivity, and dimensionless figure of merit (ZT) 

determination of thermoelectric materials by impedance spectroscopy up to 250 °C,” J. Appl. 

Phys., vol. 124, no. 2, 2018, doi: 10.1063/1.5036937. 

 

 

 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&


 

    
Volume 11, Issue 2, October 2024, pp. 187-194 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v11i2. 4504 

187 

  

     

  

Homepage : https://ecotipe.ubb.ac.id/ Email: Jurnalecotipe@ubb.ac.id 
 

Reliability Analysis of Steam Turbine Instrumentation Using the 

Failure Mode and Effect Analysis (FMEA) Method at PT. PLN 

Nusantara Power UP Tenayan 
 

Anzhar Devalma1, Jufrizel2, Aulia Ulah3, Ahmad Faizal4 
1,2,3,4 Sultan Syarif Kasim Riau State Islamic University, Jl. HR. Soebrantas No. Km 15, Riau, 28923 

ARTICLE INFO  ABSTRACT 

Article history: 

Received : …/…/… 

Revised : …/…/… 

Accepted : …/…/… 
 

 PT. PLN Nusantara Power Unit Generation Tenayan is a company 

operating in the Steam Power Plant sector in Pekanbaru, Indonesia. One 

of the main components of a steam power plant (PLTU) is a steam 

turbine. A steam turbine is a machine that functions to convert kinetic 

energy into electrical current. Operational failures are often caused by less 

than optimal instrumentation in the steam turbine. This research uses the 

failure mode and effect analysis (FMEA) method with the aim of 

identifying the type of failure, the cause of the failure, the effect of the 

failure, and determining the RPN value. The analysis results from this 

research show that the turbine instrumentation components still meet 

performance standards because the risk priority number (RPN) value is 

less than 200. The conclusion from this research is that errors in steam 

turbine instrumentation are inaccurate sensor readings, switches cannot 

deactivate the equipment, and readings control room does not match local 

readings, the instrumentation component with the highest risk priority 

number (RPN) is the solenoid valve with a value of 140, and the 

instrumentation component with the lowest risk priority number (RPN) is 

the pressure indicator with a value of 30. The component given top 

priority in action The recommendation is for the solenoid valve 

component, namely to carry out maintenance every 6 months and add an 

overspeed protection system. 
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1. INTRODUCTION 

The type of secondary energy most commonly used by humans is electrical energy, electrical 

energy is produced from the conversion of primary energy sources such as water, wind, petroleum, 

coal, sunlight, gas, and others [1] . Electrical energy can be easily converted into various forms of 

energy and easily transferred from one form to another [2] . Therefore, electrical energy is mandatory 

for the production process to take place, both for large and small industries [3] . 

The need for electrical energy in Indonesia is increasing every year, one of which is Riau 

province. From data from the Central Statistics Agency, Riau province has an area of 87,023.66 km2 

with a population in 2016 of 6,500,971 people, in 2017 of 6,657,911 people, in 2018 of 6,814,909 

people, and in 2019 of 6,971,745 soul. This increasing population growth causes a very large need for 

electrical energy [4] . Therefore, PT. PLN Nusantara Power UP Tenayan built PLTU Tenayan Raya to 

overcome the electrical energy crisis that occurred in Riau (Fadilla et al., 2023). Steam power plants 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&


 

  

Volume 11, Issue 2, October 2024, pp. 187-194 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v11i2. 4504 

188 

   

    

Reliability Analysis of Steam Turbine Instrumentation… (Anzhar Devalma, et al) 

(PLTU) are plants that rely on kinetic energy from steam to produce electrical energy [1] . PLTU 

Tenayan has a capacity of 2 × 110 Mega Watt [5] . 

In carrying out the process, the Tenayan Steam Power Plant (PLTU) involves a series of complex 

stages, supported by various kinds of equipment and machines. However, the production process of 

Steam Power Plants (PLTU) is often hampered. This is caused by a failure in the instrumentation 

components on the machine used, which results in disruption of the electrical energy production 

process. One machine that often fails is the steam turbine. 

One of the main components in a steam power plant is a turbine [6] . A steam turbine is a 

machine that functions to convert kinetic energy into electrical current [7] . A simple steam turbine has 

one moving part called a rotor. When fluid flows into the turbine, the blades rotate, producing the 

energy needed to move the rotor [8] . In a steam turbine there are several instrumentation components 

such as temperature indicators, vibration sensors, resistance temperature detection, pressure indicators, 

temperature indicator switches, solenoid valves, limit switches, pressure transmitters. 

From the results of interviews and observations carried out directly with the instrumentation and 

control team leader at PT. PLN Nusantara Power UP Tenayan, it is known that failures that occur in 

steam turbine instrumentation components can cause damage to other components, and result in the 

performance of the steam turbine not being optimal. In order to ensure that the components in the 

steam turbine run well, it is necessary to prevent failure to identify potential causes of failure that will 

occur. One maintenance method that is able to identify failures is the Failure Mode and Effect 

Analysis (FMEA) method [9] . In the FMEA analysis process, there are three variables used to 

determine the problem, including severity, frequency and detection level [10] . 

In research [11] discussed the damage that occurred on the Al Pin 350 lathe machine, and 

succeeded in proving that the machine was still in the reliable category and was proven by calculating 

the risk priority number (RPN) value using the failure mode effect and analysis (FMEA) method, even 

though the machine there is damage with the highest RPN but it is still in the reliable category. 

Research [12] Analysis that was carried out using the Failure Mode and Effect Analysis (FMEA) 

method succeeded in obtaining important components in lubricant system failures that require high 

priority for maintenance activities in the lubrication system on ships. 

In research conducted by [13] using the failure mode and effect analysis (FMEA) method, it 

succeeded in identifying the failure mode and the failure effects resulting from the failure, and was 

able to provide recommendations for actions that the company should take to reduce the effects of 

failure. It was discovered that failures had an RPN value. The highest is still in the low category, but 

the frequency of damage occurs frequently and cannot be ignored. 

Another study [14] also discussed the reliability of thresher machine components using the 

FMEA method. The researchers succeeded in getting availability values for machine components and 

knowing which equipment required special maintenance. In another study [15] also analyzed the RPN 

value of double screw compressor machine components using the FMEA method, and it can be seen 

that the FMEA method is able to identify failures and analyze the RPN value on double screw 

compressor machines by getting the highest RPN value and getting the lowest availability of 

components. double screw compressor machine. 

Based on several related studies above, the FMEA method is able to identify failures and reduce 

the occurrence of failures by providing suggestions for preventive or maintenance actions for machine 

components that have the highest RPN values. The author is interested in conducting research which 

aims to determine the RPN value and analyze failures that occur in steam turbine instrumentation at 

PT. PLN Nusatara Power UP Tenayan using the failure mode and effect analysis (FMEA) method. 

 

2. RESEARCH METHOD 

2.1. Research Design 

This research is illustrated in a flow diagram which aims to explain the steps in conducting 

research, the research diagram is shown in Figure 1 Research flowchart. 
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Figure 1. Research Flowchart 

 

2.2. FMEA analysis 

Failure Mode and Effect Analysis (FMEA) is a method that can be used to identify and eliminate 

defects or failures in products during the production process. FMEA can be used to define the 

consequences of failure at each stage, then create priorities related to prevention and improvement 

efforts, with the aim that the products produced in the next production process can be in accordance 

with customer wishes. In the FMEA analysis process, there are three variables used to determine the 

problem, including severity, frequency and detection level [10] . 

In the FMEA method, the risk priority number (RPN) is calculated to determine the highest level 

of failure risk, by connecting three criteria, namely severity, occurrence and detection. The higher the 

RPN value, the lower the level of reliability of a system's components [15]. To determine the level of 

risk of failure, it can be written using the following equation 

 

RPN = Sev x Occ x Det        (1) 

Information 

RPN = risk priority number 

Sev = severity (level of damage) 

Occ = occurrence (frequency) 

Det = detection (detection level) 
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3. RESULTS AND DISCUSSION 

3.1. Failure Mode Effect And Analysis 

Failure mode effect and analysis is used to see the steam turbine instrumentation components that 

most often fail during the electricity production process. FMEA worksheet table which functions to 

provide severity, occurrence and detection values based on potential failure effects, causes of failure 

and control processes carried out, thus producing a risk priority number (RPN) value. The FMEA 

worksheet can be seen in table 1 below: 

 
Table 1. FMEA Worksheet 

No 
Compone

nt 
function 

Potential Failure 

Mode 

Potential 

Effect Failure 

S

E

V 

Potential Of 

Failure 

O

C

C 

Current Control 

D

E

T 

RPN 
Recommended 

Action 

1 Pressure 

transmitter

s 

Measurin

g pressure 

and 

carrying 

out 

monitorin

g 

Error sensor 

reading 

Damage to 

other 

components 

5 The sensor is 

infected with dirt 

or dust 

4 Readings on DCS 

do not match local 

4 80 Carry out 

preventive 

maintenance 

every 6 months 

and provide 

special 

protection so 

that it is not 

easily infected 

by dirt 

2 Temperatu

re 

indicator 

Temperat

ure 

measurem

ent in 

steam 

turbines 

Function failure The 

performance of 

the steam 

turbine is not 

optimal 

4 High temperature 5 The temperature 

indicator indication 

is not accurate 

3 60 Carry out 

preventive 

maintenance 

every 6 months 

and add a 

temperature 

protection 

system 

3 Temperatu

re 

indicator 

switch 

Controls 

the 

temperatu

re on the 

turbine 

The switch failed 

to turn off the 

equipment 

Trip units 8 Age of use 2 The equipment 

remains active at 

elevated 

temperatures 

7 112 Carry out 

checks and 

maintenance 

every 6 months 

4 Vibraton 

sensor 

Measurin

g 

vibrations 

in steam 

turbines 

Sensor readings 

are inaccurate 

Trip units 8 Corrosion sensor 

connector cable 

4 The reading in the 

control room is 

unreadable 

3 128 Carry out 

preventative 

maintenance 

every 6 months 

and provide a 

protection 

system to 

prevent 

excessive 

vibration 

 

5 Resistance 

temperatur

e detector 

Detect 

and 

monitor 

temperatu

re 

changes 

Overheating or 

excessive 

temperature in 

the turbine 

Damage to 

other devices 

5 Improper 

calibration 

5 Readings in the 

control room are 

local 

4 100 Recalibrate the 

sensor every 6 

months and add 

a protection 

system for 

overheating 

6 Solenoid 

valve 

Controls 

fluid flow 

automatic

ally 

Failure to 

control fluid 

flow to the 

turbine 

Fluid 

entering the 

turbine is 

excessive 

(overspeed) 

7 Damaged or 

disconnected 

connection cable 

5 Computers in the 

control room 

4 140 Carry out 

maintenance 

every 6 months 

and add an 

overspeed 

protection 

system 

7 Pressure 

indicator 

Pressure 

gauge on 

steam 

turbine 

The reading on 

the pressure 

indicator is 

inaccurate 

damage to 

other related 

devices 

5 Long service life 2 Readings on local 

indicators are 

inaccurate 

3 30 Carry out 

preventative 

maintenance 

once every 1 

year 
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1. Pressure transmitter 

This instrumentation component functions to measure pressure and carry out monitoring by 

sending electrical signals to the controller. Failure occurs when the reading from the sensor is 

inaccurate, causing damage to other components because the sensor is contaminated by dirt or dust. 

This can be seen from the reading on the DCS not matching the local reading. The instrument and 

control team leader gave a score of 5 for severity, gave a score of 4 for frequency of occurrence, and 

gave a score of 4 for level of detection. So the RPN value is 80. 

2. Temperature indicator 

This instrumentation component functions as a temperature measurement in the steam turbine. 

The failure that occurred was an error in the temperature sensor reading. So it can result in high 

temperatures and have an effect on non-optimal steam turbine performance. This can be seen from the 

inaccurate indication of the temperature indicator. The instrument and control team leader gave a score 

of 4 for severity, gave a score of 5 for frequency of occurrence, and gave a score of 3 for detection 

level. So the RPN value is 60. 

3. Temperature indicator switch 

This instrumentation component functions as a device that automatically activates or deactivates 

based on the temperature detected in the steam turbine. The failure that occurs in this component is 

that the switch fails to turn off the equipment when overheating occurs due to the lifetime of the 

temperature sensor, resulting in the unit tripping. This can be seen from the device remaining active at 

increasing temperatures. The instrument and control team leader gave a score of 8 for severity, gave a 

score of 2 for frequency of occurrence, and gave a score of 7 for detection level. So the RPN value is 

112. 

4. Vibration sensor 

This instrumentation component functions as a vibration measurement in the steam turbine. 

Failure occurs because the sensor readings are inaccurate, which can result in excessive vibration and 

the effect of the unit shutting down. This is caused by corrosion of the cable or connector and can be 

seen from the CCR (central control room) being unreadable. The instrument and control team leader 

gave a score of 8 for severity, gave a score of 4 for frequency of occurrence, and gave a score of 3 for 

detection level. So the RPN value is 128. 

5. Resistance temperature detector 

This instrumentation component functions to detect changes and monitor temperature changes 

and can be monitored from the DCS (distributed control system) room. Failure is overheating or 

excessive temperature in the turbine which occurs because the readings on the DCS do not match the 

local readings. This can result in damage to the related equipment and it not being able to work 

properly, which is caused by improper cable calibration and can be seen from the readings in the 

control room. The instrument and control team leader gave a score of 5 for severity, gave a score of 5 

for frequency of occurrence, and gave a score of 4 for detection level. So the RPN value is 100. 

6. Solenoid valve 

This instrumentation component functions to control fluid flow automatically. The failure that 

occurs is the inability to control the fluid flow due to damaged or disconnected cables or connections, 

causing the fluid entering the turbine to be uncontrolled, in other words, it can cause overspeed. This 

can be seen from the computer in the control room where the rotation of the turbine increases due to 

uncontrolled fluid flow entering the turbine. The instrument and control team leader gave a score of 7 

for severity, gave a score of 5 for frequency of occurrence, and gave a score of 4 for level of detection. 

So the RPN value is 140. 

7. Pressure indicator 

This instrumentation component functions as a pressure gauge in the steam turbine. The failure 

that occurs is that the pressure reading on the pressure indicator is inaccurate due to the age of the 

sensor, this can cause damage to other devices because the pressure exceeds the safe limit. This can be 
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seen from the indication on the pressure indicator which is not actual.sentence. The instrument and 

control team leader gave a score of 5 for severity, gave a score of 2 for frequency of occurrence, and 

gave a score of 3 for detection level. So the RPN value is 30. 

From the analysis carried out on the steam turbine instrumentation components at PT. PLN 

Nusantara Power Up Tenayan using the failure mode and effect analysis (FMEA) method has 

produced a risk priority number (RPN) value for the steam turbine instrumentation, and it can be seen 

from the FMEA worksheet table above, it can be summarized from highest to lowest as follows in 

table 2 below. The results of identifying the RPN value on steam turbine instrumentation show that all 

components of the steam turbine instrumentation have an RPN value below 200. Based on the 

literature, an RPN value that has a value range of less than 200 means that the risk of this condition is 

considered low, and the instrumentation can be categorized as reliable [ 16] . 

Table 2. Risk Priority Number Steam Turbine 

NO Component Risk Priority Number 

(RPN) 

1 Pressure transmitters 80 

2 Temperature indicator 60 

3 Temperature Indicator Switch 112 

4 Vibration sensor 128 

5 Resistance temperature detector 100 

6 Solenoid valve 140 

7 Pressure Indicator 30 

Based on the results of reliability analysis carried out using the qualitative FMEA method. So it is 

found that the instrumentation components have risk priority number (RPN) values from highest to 

lowest, namely solenoid valve 140, vibration sensor 128, temperature indicator switch 112, resistance 

temperature detector 100, pressure transmitter 80, temperature indicator 60, and pressure indicator 30. 

The following is a form of Pareto diagram that makes it easier for readers to briefly identify the 

components that have the highest RPN values and the components that have the lowest RPN values. 

 

Figures 2. Steam Turbine Pareto Diagram 

From the Pareto diagram above, it shows that the largest RPN value lies in the solenoid valve 

component which is useful for controlling fluid flow automatically. This component is very influential 

in the continuity of electricity production with an RPN value of 140, which means that this component 

often experiences failures such as failure to control fluid flow to the turbine. Meanwhile, the pressure 

indicator component is an instrumentation tool that is useful for measuring pressure in steam turbines, 

which is the component that experiences the least damage with an RPN of 30. All of these components 

depend on other components, because if one component is damaged then the system cannot run or can 

be said to trip until the damaged component can return to normal operation. 
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4. CONCLUSION 

Based on the results of the reliability analysis of the instrumentation system on the PT steam 

turbine. PLN Nusantara Power UP Tenayan Pekanbaru, using the faiure mode and effect analysis 

(FMEA) method, it can be concluded that. 

1.  After analyzing the instrumentation system on the steam turbine using the failure mode and 

effect analysis (FMEA) method, it can be seen that the instrumentation component on the 

steam turbine that has the highest RPN value is the solenoid valve with a value of 140, even 

though the solenoid valve component has the highest value but still in the reliable category. 

2.  The results of identifying the type of failure that occurred in the steam turbine were that the 

readings from the sensors were inaccurate, the switch failed to turn off the equipment, and the 

readings in the control room did not match local conditions. 

3.  The causes of failure are sensors contaminated by dirt, age, improper calibration, and corroded 

or disconnected connection cables. 

4.  The effects of failure caused by failure of instrumentation components are damage to other 

related components, the performance of the steam turbine is not optimal, excessive speed 

occurs and the unit shuts down. 
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 Sexual violence in the campus environment is a serious problem that 

requires an effective reporting and handling system. This research aims to 

develop a Natural Language Processing (NLP)-based system that can 

improve the process of reporting and handling cases of sexual violence on 

campus. The methodology used includes the application of NLP techniques 

such as sentiment analysis and entity recognition to automate the 

identification and handling of reports. The Support Vector Machines 

(SVM) algorithm is used for the classification of text in this system. The 

data is collected from various sources, pre-processed, and used to train NLP 

models. The results of the study show that the system developed has an 

accuracy level of 91%, precision of 93%, and recall of 87%, which 

illustrates its effectiveness in collecting reports of sexual violence 

anonymously and accurately. Feedback from early adopters shows that the 

system improves the efficiency and accuracy of the reporting process. The 

conclusion of this study is that the implementation of NLP can significantly 

improve the reporting and handling system of sexual violence on campus. 

Further research is suggested to expand the scope of the system and 

improve its analysis capabilities. 
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1. INTRODUCTION 

This research is motivated by the fact that sexual violence in the educational environment [1-3], 

especially on campus, has become one of the major sins that threatens the integrity and safety of 

educational institutions [4]. This problem not only violates human rights but also creates an unsafe 

environment, hindering the learning process and personal growth of students. Although many cases 

occur, most go unreported due to the lack of an accessible, anonymous, and sensitive reporting facility 

to the needs of victims [5]. Therefore, the purpose of this research is to develop a more effective 

reporting system that addresses these gaps by providing a platform that ensures anonymity and 

sensitivity to the victim's needs. This research seeks to fill the gap by focusing on the development of 

reporting mechanisms in educational institutions, particularly in higher education, which have not been 

adequately addressed in previous studies. 

Sexual violence in the campus environment is a serious problem that has a significant impact on 

the mental and physical health of the victim, and can damage the reputation of educational institutions 

[6]. According to data from https://databoks.katadata.co.id/There were many cases of sexual violence, 

namely 13,156 in 2023. Victims of sexual violence are reluctant to report such incidents due to fear, 
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social stigma, and distrust of the existing reporting system [7]. This situation demands a more efficient 

and reliable reporting system to ensure that all cases of sexual violence are handled appropriately. 

Current sexual violence reporting systems are often less effective in identifying and following up 

on reports [8]. Limitations in analyzing report data quickly and accurately lead to many cases that are 

not handled properly, leaving victims without adequate support. Therefore, a new approach is needed 

that can improve accuracy and efficiency in handling reports of sexual violence. 

Various studies have been conducted to overcome this problem with various technological 

approaches, including using text mining techniques to analyze reports of sexual violence, but facing 

obstacles in handling large volumes of data [9]. Developed a mobile application for reporting sexual 

violence, but still faced problems in validating report data [10]. Applied the Naive Bayes algorithm for 

text classification, but the results were less accurate in the context of sexual violence reports [11]. Using 

Random Forests to improve classification accuracy, but this model still faces challenges in interpreting 

the results [12]. Lastly, applying deep learning for sentiment analysis, but it requires high computing 

and is difficult to implement on a large scale [13]. While these approaches make a significant 

contribution, they still lack accuracy and scalability. This research offers a new approach by combining 

Natural Language Processing (NLP) and Support Vector Machines (SVM) algorithms to automate the 

process of reporting and handling cases of sexual violence on campus. SVM was chosen because of its 

strong ability to handle text classification with high accuracy and good interpretability [14]. This 

approach is expected to overcome the limitations of previous research and provide a more effective and 

efficient solution. 

The main purpose of this study is to develop and implement a reporting and handling system for 

sexual violence cases based on NLP and SVM in the campus environment. In addition, the study aims 

to increase the reporting rate of sexual violence cases, reduce social stigma, and provide better support 

for victims. This research makes a significant contribution to science by providing a new approach to 

dealing with sexual violence on campus through NLP and SVM technology. In addition, this research 

also opens up opportunities for further development in a more sophisticated and user-friendly sexual 

violence reporting system. Thus, this research is expected to be an important reference for researchers 

and practitioners in the field of campus security and information technology. 

This research seeks to fill the gap by focusing on the development of reporting mechanisms in 

educational institutions, particularly in higher education, which have not been adequately addressed in 

previous studies. The problem addressed in this research is the lack of a robust reporting system that can 

ensure both accessibility and protection for victims, which has led to underreporting and ineffective 

handling of sexual violence cases. The objective is to create a solution that improves the accuracy and 

efficiency of reporting, while fostering a safer environment for students. tranlateka 

 

2. RESEARCH METHOD 

Sexual violence on campus is a serious problem that requires special attention. To effectively 

address this problem, this study uses methodologies based on Natural Language Processing (NLP) and 

Support Vector Machines (SVM) in developing a system for reporting and handling sexual violence. 

The diagram below explains the stages of the methodology used in this study. Each stage is designed to 

ensure that the data is processed correctly and produce an accurate and reliable model. 
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Figure 1. Research Methodology 

The methodology of this research consists of several systematic stages, ranging from data collection 

to model evaluation. Each stage has an important role in the process of developing a system for reporting 

and handling sexual violence. Here is a detailed explanation of each stage: 

1. Start, this stage marks the beginning of the research process, where the research objectives and 

framework are established. 

2. Data Collection, Data collection on sexual violence reports is carried out through various 

sources, such as surveys, anonymous reports, or data from related institutions. The data 

collected must include the different types of sexual violence that occur on campus to get a 

comprehensive picture. 

3. Preprocessing 

a. Cleaning, the data cleaning process is carried out to remove irrelevant information or 

noise from the raw data. This includes the removal of unnecessary special characters, 

numbers, and punctuation. 

b. Case Folding, all text is converted to lowercase letters to ensure consistency in data 

processing. For example, the words "Violence" and "violence" are considered the same 

after case folding. 

c. Normalization, Text normalization is done by changing words into standard or standard 

forms. This can involve replacing abbreviations with full forms or changing non-

standard word forms to standard forms. 

d. Tokenizing, the process of tokenization breaks down text into smaller units, such as 

words or phrases. These tokens are then used in the next stage of analysis. 

e. Stopword Removal, Common words that do not provide significant information 

(stopwords) such as "and", "which", "with", are removed from the text to reduce noise. 

f. Lemmatization, Lematization transforms words into their basic form or lemma. For 

example, the words "run," "run," and "run" are all changed to "run." 

4. Data Splitting, the processed data was then divided into two sets: a training set of 80% data or 

3368 data and a testing set of 20% or 842 data. The training set is used to train the model, while 

the test set is used to evaluate the model's performance. 

5. TF-IDF Weighting, TF-IDF (Term Frequency-Inverse Document Frequency) It is used to give 

weight to words in text based on their frequency in the document and their relative frequency 

throughout the document. This weight helps in identifying the most relevant words in the 

classification. 
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6. Classification with SVM, Algoritma Support Vector Machines (SVM) used to classify text into 

appropriate categories. SVM was chosen because of its strong ability to handle text 

classification problems with high accuracy. 

Table 1.  Kernel Formula In SVM[15] 

Karnel Formula 

Polynomial[16] k(x, y) = (x. y + c) d 

Sigmoid[17] 𝑘(𝑥, 𝑦) = tanh(𝛾𝑥. 𝑦 + 𝑐) 

Linear[18] 𝑘(𝑥, 𝑦) = 𝑥. 𝑦 + 𝑐v 

Radial Basis Function (RBF)[19] 𝑘(𝑥, 𝑦) = exp (−𝛾||𝑥 − 𝑦|| 2 ) 

The SVM, as shown in Table 1, employs various kernel functions (Polynomial, Sigmoid, Linear, 

and RBF) to convert input data into a higher-dimensional feature space, facilitating the 

identification of a hyperplane separator. The choice of kernel function and its parameters is 

influenced by the nature of the data, as each kernel has its own strengths and weaknesses. For 

instance, the Polynomial kernel elevates a dot product to a specified power and adds a constant, 

the Sigmoid kernel utilizes a hyperbolic tangent function, the Linear kernel carries out a dot 

product operation, and the RBF kernel assesses distances using the Gaussian function. 

7. Evaluation, the evaluation stage is carried out to assess the performance of the classification 

model. Evaluation metrics such as accuracy, precision, recall, and F1-score are used to measure 

how well the model can identify and classify reports of sexual violence. 
a. Akurasi 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
TP+FP+TN+FN

TP+TN
       (1) 

In equation (1) it can be explained that, TP (True Positive) is the number of correct 

positive predictions, TN (True Negative) is the number of correct negative predictions, 

FP (False Positive) is the number of false positive predictions, FN (False Negative) is 

the number of false negative predictions. Accuracy provides an overview of how often 

classification models give correct predictions, but can be misleading if there is a class 

imbalance[20]. 

b. Precision 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =  
𝑇𝑃

𝑇𝑃+𝐹𝑁
        (2) 

In equation (2) it can be explained that, TP (True Positive) is the number of correct 

positive predictions, FP (False Positive) is the number of false positive predictions, 

Precision shows the proportion of correct positive predictions of all positive predictions 

made. High precision means that the model rarely makes positive mistakes [21]. 

c. Recall 

𝑅𝑒𝑐𝑎𝑙𝑙 =  
𝑇𝑃

𝑇𝑃+𝐹𝑁
        (3) 

In equation (3) it can be explained that, TP (True Positive) is the number of correct 

positive predictions, FN (False Negative) is the number of false negative predictions. 

The recall shows the proportion of correct positive predictions of all instances that are 

actually positive. High recall means that the model successfully captures most positive 

instances[22]. 

d. F-1 Score 

𝐹 − 1 𝑆𝑐𝑜𝑟𝑒 =  2 ∗
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 𝑥 𝑅𝑒𝑐𝑎𝑙𝑙

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛+ 𝑅𝑒𝑐𝑎𝑙𝑙
      (4) 

F1-Score achieves its best score of 1 and worst at 0, providing a balance between 

precision and recall, especially useful in cases with an unbalanced class distribution 

[23]. 

8. End, The final stage of the research process where the results of analysis and evaluation are 

collected and interpreted to make conclusions and recommendations. 
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With this structured methodology, the research is expected to produce a more effective, efficient, 

and accurate reporting and handling system for sexual violence in the campus environment. 

3. RESULTS AND DISCUSSION  

The results of the study will be discussed in depth to understand the implications of the findings, 

as well as to compare them with previous relevant studies. The analysis will include evaluation metrics 

such as accuracy, precision, recall, and F1-score to assess the performance of the classification model 

that has been developed.  

3.1. Data Collections 

The study used 3000 reports covering different types of sexual and non-sexual violence. The data 

is categorized into three main types: Non-Sexual Violence Data, Physical Sexual Violence Data, and 

Non-Physical Sexual Violence Data. Non-Sexual Violence data includes reports such as lost items or 

non-violent incidents. Physical Sexual Violence data involves reports of physical contact, such as 

physical harassment and rape. Meanwhile, Non-Physical Sexual Violence Data includes reports such as 

verbal, visual, and online harassment. Data collection is carried out through surveys, anonymous reports, 

and data from related institutions. Each report is anonymized to protect the privacy of the reporter and 

is processed through various stages of preprocessing before being used for training and evaluation of 

the classification model. The goal is to provide a representative dataset to train an SVM-based 

classification model that is effective in identifying and handling reports of sexual violence on campus. 

An example of the data used is shown in Figure 2. 

 

 
 

Figure 2. Data Collection Results 

This DataFrame contains 4,210 entries with three columns, namely "No", "Report", and 

"Category". The "No" column has an integer data type (int64) that serves as the sequence number or 

index for each entry. The "Report" column contains a description of the report, while the "Category" 

column contains the category or label associated with each report. There are no blank values in these 

three columns, so all entries are complete. The size of the memory used by this DataFrame is about 98.8 

KB, indicating that this dataset is light to process. 

 

3.2. Preprocesing 

Pre-processing is an important step in data analysis or machine learning workflows, especially 

when working with text data. The main purpose of pre-processing is to convert the raw data into a clean, 

structured format that is suitable for analysis. This step involves a series of operations that help improve 

data quality, reduce noise, and ensure that the resulting features are informative and representative of 

the underlying patterns in the data. 
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Figure 3. Data Cleaning 

 
Figure 4. Case Folding 

 

Figure 5. Normalization 
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Figure 6. Tokenizing 

 

Figure 7. Stopword Removal 

 
Figure 8. Lemmatization 
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The image shows the steps in the text cleaning and processing process in Natural Language 

Processing (NLP): 

1. Figure 3: Data Cleanup – Remove punctuation, contraction, and lower capital letters to get 

cleaner text. 

2. Figure 4: Case Folding – Lowercase all text for consistency. 

3. Figure 5: Normalization - Correcting spelling errors, removing unimportant words, and word 

duplication. 

4. Figure 6: Tokenizing - Breaks down the text into word units (tokens) for more detailed analysis. 

5. Figure 7: Stopword Removal - Removes common words that do not have significant 

informational value. 

6. Figure 8: Lemmatization – Converting a word to its basic form for consistency and reducing 

word variation. 

This process ensures that the text becomes cleaner and ready for further analysis in NLP 

applications. 

 
3.3. Data Splitting 

Data splitting is an important step in data analysis and machine learning that aims to separate the 

dataset into two main parts: training and testing. This data sharing ensures that the built model can be 

evaluated objectively and has good generalization capabilities against new data. Training sets are used 

to train models, where the model learns patterns and relationships from that data. The test set is used to 

evaluate the performance of a model after it has been trained, with the goal of measuring how well the 

model performs on data that has never been seen before. By dividing the data into training and testing 

sets, we can avoid overfitting and ensure a more robust and reliable model.  

 

3.4. TF-IDF Weighting 

TF-IDF (Term Frequency-Inverse Document Frequency) is a statistical method used to evaluate 

how important a word is in the context of a document relative to the document set (corpus). It helps in 

identifying keywords that have significant meaning in the text. 

 
Figure 9. TF-IDF Results 

Figure 9 shows a basic statistical table for some of the words in the dataset, including mean, 

standard deviation, minimum, maximum, and specific percentiles for the TF-IDF values of each word. 

For example, the word "accidentally" has a TF-IDF mean value of 0.0049 and a standard deviation (std) 

of 0.0540. 
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Figure 10.  Words with the highest average TF-IDF value in Corpus 

Figure 10. shows a bar graph showing 20 words with the highest average TF-IDF value in the 

corpus. These words include "make", "someone", "kept", "try", and others. The length of each bar 

represents the average TF-IDF value of the word, with the word "make" having the highest value. These 

graphs help in identifying the most significant words in the document set and provide insight into the 

keywords that may be relevant in further analysis. 

 

3.5. Classification with SVM 

After the data was divided into train and test data, TFIDF weighting was carried out and continued 

with classification using the Support Vector Machine (SVM) method. This study uses four SVM kernels: 

linear, polynomial, sigmoid, and RBF. The four kernels will be tuned to determine the best parameter 

value on each kernel using the Grid Search method by entering the hyperparameter value as the input. 

The Grid Search process will generate the best parameter values for each kernel. The parameter input 

values were processed and tested on the training data using grid search to obtain the optimal combination 

of parameter values. The best hyperparameters generated from each kernel are presented in Table 2. 

After determining the optimal parameter values for each kernel, the performance of each kernel is 

evaluated in terms of accuracy, precision, recall, and F1-Score. The RBF kernel achieved the highest 

accuracy, precision, recall, and F1-Score, with values of 0.90 0.89 0.88 0.885 respectively. 

 

3.6. Evaluasi 

After training the SVM (Support Vector Machine) model with various kernels, the next step is to 

evaluate the model's performance using several evaluation metrics such as accuracy, precision, recall, 

and F1-score. These metrics provide a variety of perspectives on the model's performance. Additionally, 

the confusion matrix is used to provide a more detailed picture of the correct and false predictions made 

by the model. The confusion matrix helps in identifying the types of errors made by the model, such as 

false positives and false negatives. Figure 11 will display the results of the confusion matrix for the 

SVM model. 
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Figure 11. Results of the Confusion Matrix of the Karnel Baningan 

Figure 11 shows a comparison of the performance of the SVM (Support Vector Machine) model 

using different kernel types: Linear, Polynomial, RBF (Radial Base Function), and Sigmoid. The 

evaluation was carried out based on the main metrics, namely accuracy, precision, recall, and F1-score. 

The RBF kernel showed the best performance with an accuracy value of 0.90, precision of 0.89, recall 

of 0.88, and F1-score of 0.89. This kernel is very effective in handling non-linear data. The Linear Kernel 

also performs quite well with almost balanced metric values, slightly below the RBF. Meanwhile, the 

Polynomial and Sigmoid kernels showed lower performance with all metrics being around 0.78 to 0.80 

for Polynomial and 0.73 to 0.75 for Sigmoid. From the results of this evaluation, it can be seen that the 

RBF kernel is the best choice for this scenario, as it provides the most accurate and consistent prediction 

and classification results among all the kernels tested. 

The novelty of this research lies in several key aspects that distinguish it from previous studies. 

First, this research combines Support Vector Machines (SVM) with Natural Language Processing (NLP) 

to handle sexual violence report data, an approach that has not been widely explored in earlier studies. 

This integration of technologies offers a more accurate solution for report classification while 

maintaining the anonymity of victims, which is a sensitive issue in this context. Second, this research 

conducts a comprehensive analysis of various SVM kernels (Linear, Polynomial, RBF, and Sigmoid) 

using several evaluation metrics such as accuracy, precision, recall, and F1-score. The findings 

demonstrate that the RBF kernel provides the best performance in handling non-linear data, with higher 

accuracy and consistency compared to other kernels. Third, this research offers real-world applications 

by developing a practical and scalable reporting system for educational institutions. Unlike previous 

studies, which tend to be theoretical, this study provides a concrete solution that can be implemented to 

more effectively address sexual violence cases. Finally, this research introduces data-driven 

improvements, where the use of the RBF kernel in the SVM model has proven to enhance the accuracy 

and efficiency of classification compared to traditional methods, offering a new contribution in handling 

sexual violence reports within the campus environment. 

4. CONCLUSION  

This research aims to develop a Natural Language Processing (NLP)-based system to improve the 

This research successfully developed a Natural Language Processing (NLP)-based system combined 

with the Support Vector Machines (SVM) algorithm to improve the reporting and handling of sexual 

violence cases on campus. The RBF kernel outperformed other kernels with an accuracy of 0.90, 

precision of 0.89, recall of 0.88, and an F1-score of 0.89, demonstrating its effectiveness in handling 

non-linear data. The model was trained on 3,000 reports, divided into 80% training and 20% testing 

data, ensuring that the system could generalize well.  

However, this study has several limitations. First, the dataset size was relatively small, and future 

research should include larger, more diverse data to ensure better generalization. Second, the scope was 

limited to textual reports, while future studies should consider incorporating multimedia elements such 

as images or videos for a more comprehensive analysis. Additionally, this research did not specifically 
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address the issue of imbalanced data, which may skew results in categories with fewer occurrences. 

Addressing this issue with techniques like oversampling or undersampling could improve the model's 

performance. Lastly, the computational resources required for deep learning models like this one are 

considerable, and future research should focus on optimizing the model for greater efficiency and 

scalability. Despite these limitations, this study provides a solid foundation for improving sexual 

violence reporting systems on campus, offering better support for victims while ensuring accurate and 

efficient classification of reports. 
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 The rapid digital transformation has fundamentally altered the retail 

industry, presenting challenges such as shifting consumer behavior and 

intensified market competition. This research explores the application of 

the K-Nearest Neighbor (KNN) algorithm for identifying consumer 

behavior and developing product personalization systems based on big data 

insights. Utilizing a dataset comprising 10,000 transaction records from 

January to December 2023 and 5,302 product types, we implemented the 

KNN algorithm to predict consumer purchases. The data was processed 

into 89,908 distinct transaction records. Our evaluation, using 5-fold cross-

validation, demonstrated that the optimal performance of the KNN model 

was achieved with 𝑘=10, yielding a precision of 0.8319, recall of 0.8311, 

and an F1-score of 0.8312. These findings highlight the effectiveness of 

KNN in enhancing consumer satisfaction through precise product 

recommendations. This study provides strategic insights for modern 

retailers aiming to leverage AI and big data to remain competitive and meet 

evolving consumer expectations. 
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1. INTRODUCTION 

The digital era has fundamentally changed the landscape of the retail industry, with rapid changes 

in consumer behavior and increasingly fierce market competition being the two main challenges [1-3]. 

Modern consumers want a more personalized, fast, and convenient shopping experience, triggering the 

need for continuous adaptation of retail businesses [4,5]. In this context, the use of Artificial Intelligence 

(AI) and big data analysis has become very relevant. These technologies offer the ability to understand 

and respond to consumer behavior more accurately and in a timely manner, enabling personalization of 

products and services that can improve the shopping experience and customer satisfaction [6-8]. This 

research aims to explore the potential of AI in identifying consumer behavior and developing a dynamic 

product personalization system based on big data insights. The urgency of this research lies in the urgent 

need of the retail industry to adapt to the rapid changes in consumer behavior and the intensification of 

market competition [9-11]. Without the use of technologies such as AI and big data, modern retail 

struggles to meet evolving consumer expectations, potentially losing market share and relevance 

[12,13]. 
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Some of the main problems that need to be addressed in the modern retail industry include a lack 

of understanding of consumer behavior, limited product personalization, inefficient data processing, and 

fierce market competition. Previous research has shown that the use of AI and big data in the retail sector 

can provide various significant benefits. For example, research by Sathyanarayana (2023) shows that 

big data analysis can improve understanding of consumer spending patterns and predict future needs 

[14]. Meanwhile, research by Krishnareddy et al. (2022) highlights how the implementation of AI in 

product personalization can improve customer satisfaction and loyalty levels [15]. 

This research is expected to provide strategic insights and practical solutions for the retail industry 

in utilizing technology to improve consumer satisfaction, as well as optimizing operations and marketing 

strategies. The development of innovative AI models and effective personalization systems is the main 

focus of this research. Using the K-Nearest Neighbors (KNN) method, this study offers a new approach 

in identifying consumer behavior that is more accurate and responsive to changes in shopping patterns. 

The advantages of this research include the use of the KNN method which is known for its high 

classification ability and flexibility in various types of data, a big data approach that provides deeper 

and more accurate insights into consumer behavior, innovations in product personalization that can be 

adjusted to specific consumer needs in real-time, and industry relevance that provides practical solutions 

that can be implemented by retail business actors to increasing competitiveness and sustainable growth 

in the digital era. Thus, this research is expected to help the modern retail sector in facing the challenges 

of the digital era, strengthening competitiveness, and encouraging sustainable growth. 

 

2. RESEARCH METHOD 

The development of a recommendation system requires several important stages to ensure that the data can 

provide accurate prediction results. This process includes data collection and processing, as well as the 

application of machine learning algorithms. The following is a flow chart that illustrates the stages of this 

research from raw data input to evaluation of prediction results. Shown in Figure 1. 

 

Figure 1. Research Methodology 

Here is a detailed explanation in paragraph form for each stage: 

1. Start: This process begins by marking the beginning of the entire procedure. 

2. Data Input: Raw data from purchase transactions is entered into the system. This data includes 

various important attributes such as IDTransis that uniquely identify each transaction, 

Transaction Date and TimeTransaction which records when the transaction was made, IDProde 

and Product Name that identifies the product purchased, Amount that indicates the quantity of 

the product, Discount given, Payment Method used, Subscriber ID that identifies the customer, 

AgeCustomer, GenderCustomer, LocationCustomer, Loyalty Points that the customer has,  

CouponsUsed in transactions, RatingFeedback from customers, and Total Spend that reflect the 

total value of spending in the transaction. 

3. Transform data into product, buyer, and transaction data: At this stage, the raw data that has 

been collected is broken down into several separate entities. Product data contains detailed 

information about each product such as Product ID, Product Name, and other attributes. Buyer 
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data contains information about each buyer such as Subscriber ID, Customer's Age, Customer's 

Gender, and Customer's Location. Transaction data records what products are purchased by 

each buyer in each transaction. At this stage, data that originally combined many products in a 

single transaction is broken down into a more structured format. 

4. Split purchase data into train and test data: Purchase data that has been split is then divided into 

two parts: training data and test data. This division is carried out in a certain proportion, for 

example 80% for training data and 20% for test data. The purpose of this division is to ensure 

that the model to be built can be tested for performance after being trained with training data. 

5. Convert purchase data to vectors: Transaction data that has been broken down is converted into 

vector representations. This involves the formation of a product-buyer matrix where the rows 

represent the buyer and the columns represent the product, with the values within the matrix 

indicating whether the buyer bought a particular product and how much. Each buyer and product 

is represented as a vector within a higher feature space, allowing for further mathematical 

analysis and the application of machine learning algorithms. 

6. Finding the similarity value with cosine similarity: At this stage, the similarity value between 

the products is calculated using the cosine similarity method. Cosine similarity measures the 

similarity between two vectors by calculating the cosine of the angle between them. It helps in 

identifying products that are often purchased together by buyers. 

7. KNN Model: The KNN (K-Nearest Neighbors) model is then built using processed data. The 

model is trained with training data to understand patterns in the data. The K-NN algorithm is 

used to make predictions based on similarities between buyer vectors, by using the K-values of 

the nearest neighbor to determine the prediction result. 

8. Testing Data: The testing data is used to test the KNN model that has been built. The model is 

tested with test data to assess its performance. The goal is to examine how well the model can 

predict the correct outcome based on data that has never been seen before. 

9. Prediction of purchase data: The KNN model predicts new purchase data based on test data. 

The model predicts what products a buyer is likely to buy based on patterns that have been 

learned from the training data, using similarities between buyer vectors to determine which 

products are most likely to be purchased. 

10. Evaluation: The evaluation stage is conducted to assess the performance of the model. Metrics 

such as accuracy, precision, recall, and F1-score are used to evaluate the prediction results. The 

prediction results are compared with actual data to measure how well the model performs 

predictions, and this evaluation provides insight into the model's strengths and weaknesses. 

11. Completed: This stage marks the end of the overall process. The results of the evaluation are 

used to make further improvements to the model if needed, ensuring that the model is 

continuously improved to provide more accurate and reliable results. 

 

3. RESULTS AND DISCUSSION  

3.1 Analysis 

This section discusses the results obtained from the research as well as the analysis and 

interpretation of existing findings. The latest input data is from 10,000 transaction data made at retail 

from January to December 2023, and product data of 5302 types of products. A sample of the data is 

shown in Figure 2. 
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Figure 2. Raw Data  

From the raw data input, data extraction will be carried out so that it can be broken down into 

several parts based on each product so that the data becomes 89,908 data as shown in Figure 3. 

 

Figure 3. Transaction Breakdown Data  

This step uses the scikit-learn library in Python, from the results of splitting the data by using the 

Interaction command on the train data: 390926.6666666667 (79.68%) and Interaction on the test data: 

99678.66666666666 (20.32%). Displays information about the user-product matrix, displays the 

number of features (unique products): 4876. For example, we display the first five products: ['0000' 

'0002' '0012' '0016' '0017'], then the result is as shown in figure 4.  

 

Figure 4. The first five lines of the user-product matrix 

Figure 4 displays the first five rows of a user-product matrix, representing the relationship between 

users and products. Each row, labeled with codes like "SRHJUY-6447000" to "SRHJUY-6447004," 

corresponds to a unique user within the system. The columns, labeled with numbers such as 0000, 0002, 

0012, up to 0039, represent specific products. The values in the table indicate the level of interaction or 

rating by users for each product. A value of 0 signifies that the user has not interacted with or rated the 
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product, while non-zero values, such as 0.087253529 or 0.084050319, indicate that the user has 

interacted with or provided a rating or preference for the product. This matrix offers a clear 

representation of user-product interactions and is typically utilized in recommendation systems to 

predict products that users might prefer based on their previous behaviors.  

 

Figure 5. Matrix Statistics 

In this stage, the purchase data has been converted into a vector representation using TF-IDF (Term 

Frequency-Inverse Document Frequency). The result is a user-product matrix with dimensions of 1000 

x 4876, where each row represents a customer and each column represents a product. The values in the 

matrix show how important a product is to a customer based on the frequency of purchases and the 

uniqueness of the product among all customers. This matrix has a high level of sparsity (97.95%), which 

means that most of the values in the matrix are zero. This is a common characteristic in recommendation 

data, where most customers only buy a small fraction of the total available products. This vector 

representation allows us to perform further mathematical analysis and apply various machine learning 

algorithms to the recommendation system. 

Furthermore, the KNN algorithm with the Collaborative Filtering, Content-Based, or Hybrid 

method is run to find top-n recommendations to a buyer. The Collaborative Filtering method uses 

similarities between buyers as the basis for recommendations. The Content-Based method uses 

similarities between products as the basis for recommendations. Meanwhile, the Hybrid method 

combines the results of Collaborative Filtering and Content-Based as the basis for recommendations. 

The test data from the 5-fold cross-validation process is used as input to make predictions. The results 

of the prediction are then calculated with precision, recall, and F-measure values to determine the 

performance of the method used in product personalization. 

The KNN model predicts new purchase data based on test data. The model predicts what products 

shoppers are likely to buy based on patterns learned from training data, using similarities between buyer 

vectors to determine which products are most likely to be purchased." With data: 

'UsiaPelanggan': 20, 

'JenisKelaminPelanggan': ''F, 

'LokasiPelanggan': 'Bukittinggi', 

'PoinLoyalitas': 10, 

'MetodePembayaran': 'Tunai', 

'KuponDigunakan' '1',. 

Based on the analysis of the nearest neighbors in the KNN model, here are the recommended 

products for these new customers: 

1. GREEN LEAF CETAKAN AGAR AGAR 0966 DORI 

2. AMSAFE BLUE PISAU CUKUR 

3. PERASAN JERUK PLASTIK LEMON SQUEEZER 

4. NAGATA SIKAT BOTOL 336 

5. ENFAGROW A+ 3 PLAIN 400GR 
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http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&


 

  

Volume 11, Issue 2, October 2024, pp. 207-215 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v11i2.4514 

212 

   

    

Application of K-Nearest Neighbor Algorithm for … (Sapta Eka Putra, et al) 

3.2 Recommendations 

1. Product Variety: Recommendations cover a wide range of product categories, including 

kitchenware, personal care, and baby products. This shows that customers with similar profiles 

have diverse interests. 

2. Customer Preferences: 

a. Kitchenware: GREEN LEAF CETAKAN AGAR AGAR 0966 DORI and PERASAN 

JERUK PLASTIK LEMON SQUEEZER show interest in kitchen appliances. 

b. Personal Care: AMSAFE BLUE PISAU CUKUR Demonstrate interest in personal care 

products. 

c. Baby Products: ENFAGROW A+ 3 PLAIN 400GR show interest in baby products. 

3. Marketing Strategy: 

a. Bundling: Consider creating a product package that combines multiple items from a 

recommended list, such as a kitchenware package or a personal care package. 

b. Targeted Promotion: Focus your promotion on the product categories that appear in the 

recommendations, especially kitchen appliances and baby products. 

c. Personalization: Use this information to personalize marketing offers and communications 

to customers. 

4. Improved Customer Experience: 

Given the high rating predictions (5), the main focus should be on maintaining a high level of 

customer satisfaction: 

a. Customer Service: Maintain a high quality of customer service to ensure a satisfying 

shopping experience. 

b. Product Education: Provide detailed information about the benefits and how to use the 

product, especially for kitchen and baby products. 

c. Loyalty Program: Leverage customer loyalty points (10 points) to provide special offers or 

discounts. 

5. Location Analysis: 

The customer is from Bukittinggi. Consider tailoring product recommendations to local 

preferences or trends in the area. 

6. Payment Methods: 

Customers use the Cash payment method. Consider offering incentives if using digital payment 

methods to improve transaction efficiency. 

7. Coupon Usage: 

Customers use coupons (KuponDigunakan: '1'). This shows that customers are responsive to 

promotions. Consider offering additional coupons or discount programs to increase loyalty and 

value of shopping. 

Taking all these factors into account, the main focus should be on maintaining a high level of 

customer satisfaction and offering products that match the preferences seen from the recommendations. 

3.3 Evaluation 

The test was carried out to evaluate the performance of the Collaborative Filtering method, this 

test was carried out by calculating the precision, recall, and F-measure values of each method. The 

testing process uses the 5-fold Cross-Validation method, which divides the data into five parts. In each 

iteration, one part is used as test data and the other four parts are used as training data. This process is 

repeated five times so that each piece of data is used as test data once. The percentage of data used in 

this study is 80% for training data and 20% for test data. In this study, there were 10,000 transactions 

that were processed and extracted into 89,908 transaction data. The test was carried out using k 

parameters, namely 10, 30, 50, 80, 100. 

The following are the results of the evaluation of the KNN model with various k values (10, 30, 

50, 80, 100) using the Collaborative Filtering method: 

1. k=10: Precision=0.8319, Recall=0.8311, F1-measure=0.8312 

2. k=30: Precision=0.5330, Recall=0.5326, F1-measure=0.5325 

3. k=50: Precision=0.4437, Recall=0.4437, F1-measure=0.4436 

4. k=80: Precision=0.3833, Recall=0.3831, F1-measure=0.3831 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&


 

  

Volume 11, Issue 2, October 2024, pp. 207-215 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v11i2.4514 

213 

 

 

 

Application of K-Nearest Neighbor Algorithm for … (Sapta Eka Putra, et al) 

5. k=100: Precision=0.3684, Recall=0.3683, F1-measure=0.3683 

 
Figure 6. Graph of Collaborative Filtering Evaluation Results 

Figure 6 shows a graph of the model's performance based on three main metrics: Precision, Recall, 

and F1-measure, with variations in k k values. At k = 10 k = 10, Precision reaches 0.8319, Recall 0.8311, 

and F1-measure 0.8312, indicating optimal model performance. However, when k k increases to k = 30 

k = 30, the values decrease to 0.5330 for Precision, 0.5326 for Recall, and 0.5325 for F1-measure. This 

decline continued as k increased: at k = 50 k=50, Precision, Recall, and F1-measure were all around 

0.4437; at k = 80 k=80, all three metrics were around 0.3831; and at k = 100 k=100, Precision dropped 

to 0.3684, while Recall and F1-measure were both around 0.3683. This decrease in performance 

indicates that a larger k value causes the model to become less accurate and more susceptible to noise, 

thus reducing the overall performance of the model. 
 

3.4 Discussion 

This study successfully shows that the application of the K-Nearest Neighbor (KNN) algorithm can 

make a significant contribution in understanding and predicting consumer behavior in the modern retail 

industry. With a dataset of 10,000 transactions and 5,302 product types, we were able to process the 

data into 89,908 more structured transaction records for further analysis. The results of the KNN model 

evaluation using 5-fold cross-validation showed that the value of k = 10 k = 10 produced the best 

performance with a precision of 0.8319, a recall of 0.8311, and an F1-score of 0.8312. These values 

indicate that the KNN model is able to provide accurate and consistent predictions in the context of 

product recommendations. An increase in k value above 10 indicates a decrease in performance, 

indicating that the model is becoming less accurate and more susceptible to noise in the data. Using the 

KNN method, we can identify products that consumers are most likely to buy based on previous 

purchase patterns. For example, the analysis shows that consumers with certain profiles are more likely 

to buy products such as kitchenware, personal care, and baby products. This information can be used to 

develop more targeted marketing strategies, such as product bundling and targeted promotions. This 

research makes several practical contributions to the retail industry, including improving customer 

satisfaction, effective marketing strategies, and operational optimization. More accurate product 

recommendations can improve the customer shopping experience, which in turn increases customer 

satisfaction and loyalty. Information on product preferences can be used to create more effective and 

targeted marketing campaigns, while the use of AI and big data allows retailers to optimize operations 

and reduce inefficiencies in inventory management and product offerings. Although this study shows 

promising results, there are some challenges and limitations that need to be considered. The quality and 

quantity of data greatly affect the performance of the model; Incomplete or unrepresentative data can 

reduce the accuracy of predictions. The implementation of the KNN algorithm also requires quite 

complex data processing and significant computing resources. In addition, models need to be constantly 

adjusted and updated based on changes in consumer behavior and dynamic market trends. This study 
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provides evidence that the KNN algorithm can be effectively implemented to identify consumer 

behavior and product personalization in the retail industry. Thus, the use of AI and big data not only 

increases customer satisfaction but also provides a competitive advantage for retailers in facing the 

challenges of the digital era. 
 

4. CONCLUSION  

This study successfully shows that the use of the K-Nearest Neighbor (KNN) algorithm can 

effectively identify consumer behavior and provide product personalization in the modern retail 

industry. Using a dataset of 10,000 transactions and 5,302 product types, we processed the data into 

89,908 more structured transaction records and found that a value of k = 10 k = 10 provided optimal 

performance with a precision of 0.8319, a recall of 0.8311, and an F1-score of 0.8312. These results 

show that KNN is able to provide accurate and relevant predictions in the context of product 

recommendations, which in turn can increase customer satisfaction and loyalty. The research also 

provides important insights for retailers on how to leverage AI and big data to optimize their marketing 

and operational strategies. However, the study also reveals several challenges, such as the need for 

quality and representative data, as well as the complexity in data processing and the computing resources 

required. Therefore, continuous adjustment and update of the model is essential to ensure the accuracy 

of predictions and relevance to changes in consumer behavior and market trends. Overall, this study 

proves that the application of KNN in big data analysis can provide practical and strategic solutions for 

the retail industry to remain competitive in the digital era. The use of this technology allows retailers to 

be more responsive to consumer needs and preferences, as well as improve a more personalized and 

satisfying shopping experience. 
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 One of the observation facilities available in Indonesia is Automatic 

Dependent Surveillance-Broadcast (ADS-B), a surveillance technology 

similar to Radio Detection and Ranging for monitoring air traffic. This 

system only received information transmissions from aircraft, broadcast on 

a frequency of 1090 MHz using a monopole antenna with large dimensions, 

ranging from 85 centimeters to 3,5 meters, and weighing between 1,5 

kilograms to 26 kilograms. As an alternative, a microstrip antenna was 

chosen to reduce the large size and weight of the monopole antenna. This 

research aimed to design a 2x1 rectangular patch microstrip array antenna 

with a proximity coupled feeding method at a frequency of 1090 MHz. The 

antenna was designed using Antenna Design Software and fabricated using 

Epoxy substrate material with a copper ground plane. Return Loss, VSWR, 

Impedance and Gain parameters meet the specifications required for ADS-

B receivers. However, the polarization parameters and radiation patterns do 

not yet meet the linear polarization and omnidirectional radiation patterns. 

And also array antenna design with proximity coupled supply can produce 

a high gain of more than 5 dBi, namely 6,4 dBi. The resulting antenna array 

has a bandwidth of between 20 – 30 MHz, namely 28 MHz. The test results 

demonstrated that the antenna successfully received signals from 32 

aircraft, with the longest reception distance reaching 172,5 Nautical Miles 

(319,4 kilometer) at a maximum altitude of 36,950 feet. 
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1. INTRODUCTION 

As technology develops, facilities that support flight navigation services have also increased. 

Automatic Dependent Surveillance-Broadcast (ADS-B) technology is an observation facility where 

each aircraft, via its transponder, sends information twice every second to ground stations and other 

aircraft[1]. ADS-B operates as a receiver on the 1090 MegaHertz (MHz) frequency, requiring an antenna 

as a receiver device for electromagnetic signals emitted by aircraft[2]. Generally, ADS-B receivers use 

monopole antennas with lengths ranging from 0,85 m to 3,5 m, weights between 1,5 kg and 26 kg[3].  

Monopole antennas which have quite large dimensions and weight provide opportunities for 

research and development with the aim of creating smaller antenna innovations. The microstrip antenna 

was chosen as the main variable in this research because microstrip antennas tend to be easy to 

manufacture, and have many other advantages[4]. The advantages of microstrip antennas include 

smaller size, light weight, and ease of manufacturing. Microstrip antennas are formed from three key 

components: radiating elements (patch), ground plane, and substrate. The ground plane is attached to 

the bottom of the substrate, while the metal conductor (patch) is attached to the top of the substrate. 
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With its compact size and light weight, microstrip antennas offer a solution that is simple and easy to 

implement[5].  

As a state of the art in this research, the design was carried out by combining antenna design 

methods that have been researched by previous researchers.  

Table 1. The position of research on ADS-B compared with similar research 

Reference Antenna Parameter 

Frequency 

(GHz) 

VSWR Bandwidth 

(MHz) 

Radiation Pattern Gain 

(dB) 

 Antenna Design 

[6] 1,09   1,11 15,48  Uni-Directional 3,7 Rectangular Patch 

with proximity 

coupled 

[7] 1,09 1,08 30  Unidirectional 4,01 Microstrip Circular 

Patch Array 4  

[8] 1,09 1,22 44 Omnidirectional 2,53 Triangular 

Microstrip Patch 

Back to Back 

Structure 

[9] 1,09 1,02 151 Omnidirectional 4,64 Microstrip Printed 

Collinear Dipole 

Array 

[10] 1,09 1,65 57,5 Omnidirectional 4,04 Mikrostrip Circular 

Array 4 with MIMO 

2x2   

[11] 1,09 1,16 41 Uni-Directional 4,4 Microstrip Array 

Rectangular Patch 

 

This 

research 

1,09 < 1,5 20 - 30 Omnidirectional > 5 Recatangular 

Array 2x1 

Microstrip Patch 

with Proximity 

Coupled 

 

2. RESEARCH METHOD 

In this research, a rectangular microstrip antenna array was designed using the proximity coupled 

feeding method for ADS-B receivers. The patch and groundplane use copper or copper material, while 

the substrate uses FR-4 material with a dielectric value of 4,4. The technique that will be applied in this 

research is ADDIE (Analysis, Design, Development, Implementation and Evaluation). This method is 

a scientific approach to obtain information with specific targets and benefits. ADDIE is a framework 

that is often used to design a product efficiently[12]. 

 

Figure 1. Flow Chart Antenna Design 
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2.1. Analysis 

In this section, a literature evaluation is carried out to explore reference parameters which will be 

the basis for designing the antenna being planned. This reference refers to regulation KP 331 of 2016 

concerning "Operational technical guidelines 171-08, Certification of ADS-B system equipment 

types"[13]. The following are standard parameter values that indicate good antenna performance. 

Table 2. Antenna Parameter 

Parameter Value 

Frequency of Work 1090 MHz 

Return Loss < -10 dB 

VSWR < 2 

Bandwidth 20 – 30 MHz 

Radiation Pattern Omnidirectional 

2.2. Design 

At this section, This design process was carried out using the Antenna Design Software application 

and a simulation was carried out to evaluate the performance of the antenna created.  

Table 3. Antenna Materials and Design 

Parameter Materials Design 

Patch Copper Array 2x1 Rectangular 

Feedline Copper Proximity Couple Feed 

Substrate FR-4 Epoxy Double Layer  

Ground Copper Rectangular 

Calculations are carried out to determine the length (L) and width (W) of the patch. Before 

calculating the length (L) and width (W), the length of the patch on the microstrip antenna must be 

adjusted carefully because it can impact return loss, while the width of the patch on the microstrip 

antenna affects the input impedance. Information regarding the material used such as dielectric thickness 

(h), dielectric constant (εr), and conductor thickness (t) must be known first. Therefore, With the values 

f = 1090 MHz, εr = 4,3, h = 1,6 mm entered into the equation, the patch dimensions can be calculated 

as follows: 

a. Patch Width (Wp) 

Wp = 
𝐶

2 𝑓𝑜 √
ε𝑟  + 1

2

   

Where : 

𝐶  = Speed of Light (3×108 m/s) 
𝑓𝑜  = Frequency of Work (MHz) 

ε𝑟 = Dielectric Constant 

(1) 

b. Patch Length (Lp) 

𝜆 =
𝐶

𝑓
 

(2) 

𝜀𝑒𝑓𝑓 =
𝜀𝑟 + 1

2
+

𝜀𝑟 − 1

2

[
 
 
 

1

√1 + 12 (
ℎ
𝑤)]

 
 
 

 (3) 

𝜆𝑓 =
𝜆

𝜀𝑒𝑓𝑓
 

(4) 

Where:  

𝜆 = Wave Length  
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𝜆𝑓 = Feedline Wave Length 

𝐶 = Speed of Light (3×108 m/s) 

𝑓 = Frequency of Work (MHz) 

𝜀𝑒𝑓𝑓 = Effective Dielectric Constant 

ℎ = Substrate Thickness 

Table 4. Calculation of Initial Parameters of Antenna Dimensions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.  Development 

The next step is the development stage. At this stage, the antenna with the best parameters will be 

manufactured in physical form according to the equipment specifications.  

2.4.  Implementation 

The next step is to carry out measurements and testing using a Vector Network Analyzer (VNA), 

Spectrum Analyzer, Signal Generator, and Antenna Tester. At this stage, the antenna will be measured 

in a laboratory to evaluate its physical performance after production. This measurement aims to obtain 

data regarding antenna parameters. This parameter data will be compared with the parameter values 

resulting from simulations using Antenna Design Software. Apart from that, the antenna will also be 

tested using an ADS-B receiver to test its ability to receive ADS-B signals at the 1090 MHz frequency 

and display targets or not. 

2.5.  Evaluation 

The final step is product evaluation. By carrying out measurements in the laboratory, we can 

evaluate whether the parameters measured using the VNA, Spectrum Analyzer, Signal Generator, and 

Antenna Tester match the planned requirements or not. Next, we will analyze the causes of differences 

in values between simulation results and direct measurement results in the laboratory.  

 

 

 

 

No Parameters Initial Size Information 

1 Wp 83,74 mm     Patch Width 

2 Lp 65,39 mm     Patch Length 

3 Wg 138,74 mm Groundplane Width 

4 Lg 120,39 mm Groundplane Length 

5 Wf 3,05 mm Feed Width 50 Ω 

6 Lf 33,45 mm Feed Length 50 Ω 

7 Wf2 1,53 mm T-Junction Feed Width 70 Ω 

8 ε𝑟  4,4 Relative Permittivity 

9 h 1,6 mm Thick Dielectric Substrate 

10 t 0,0335 mm Groundplane Thickness 

11 r 38,39 mm Distance between patches/feed 

length 70Ω 
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3. RESULTS AND DISCUSSION  

3.1. Single Patch Microstrip Antenna Design 

 

   
                                                     (a)                                              (b) 

Figure 2. (a) Single Patch Antenna Front View and (b) Single Patch Antenna Rear View 

This antenna has been made according to the initial calculations in Table 4. The simulation results 

of this design do not meet the ADS-B antenna parameter values which are limited by the maximum 

standards for an antenna. The following are the simulation results of the single patch microstrip antenna 

design.  

  
                                           (a)             (b) 

 
(c) 

Figure 3. (a) Return Loss Value of S11 (b) VSWR and (c) Radiation Pattern 

The illustration of Figure 3 indicates that the antenna has not achieved optimal performance at the 

desired frequency, namely 1090 MHz. Apart from that, the VSWR, Return Loss and radiation pattern 

values of the antenna do not match the expected specifications. 

3.2. Microstrip Array Antenna Design Without Proximity Couple 

 
Figure 4. 2x1 Rectangular Array Antenna Design Without Proximity Couple 
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                                               (a)              (b) 

   
                                             (c)             (d) 

Figure 5. (a) Return Loss Value of S11 (b) VSWR (c) Radiation Pattern (d) Gain 

 

In the picture of Figure 5, it can be seen that the return loss parameter value has reached -12,3 dB, 

and the VSWR value has reached 1,6, indicating that the antenna performance has improved compared 

to the previous design. Apart from that, the antenna radiation pattern has begun to form, although it is 

still bidirectional, whereas what is desired is an omnidirectional antenna radiation pattern. There is also 

an increase in the antenna gain value in this design, where the initial value of -2,73 dB increases to 2,98 

dB 

3.3.  Microstrip Array Antenna Design Using the Proximity Coupled Method 

 

Figure 6. Microstrip array antenna design using the proximity couple method 

 
                                   (a)       (b) 
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                                       (c)      (d) 

Figure 7. (a) Return Loss Value of S11 (b) VSWR Optimization (c) Gain (d) Radiation Pattern 

The illustration of Figure 7 shows the design and simulation results with optimization of a 

microstrip antenna that applies the proximity couple method and patch array configuration. By applying 

this technique, a return loss parameter value of -28,8 dB, a VSWR value of 1,07, a bandwidth of 28 

MHz, and a gain of 8,49 dBi were obtained. This indicates that the performance of the antenna is 

significantly superior to previous antenna designs.  

Table 5. Size Data Results After Optimization and Final Size Results for Antenna Dimensions 

 

 

 

 

 

 

 

   
                                                               (a)        (b) 

Figure 8. (a) Physical Antenna Front View and (b) Physical Antenna Rear View 

No   Symbol Initial Size Final Size               Information Deviation 

1 Wp 83,74 mm 62,56 mm  Patch Width -25,28 % 

2 Lp 65,39 mm 61,39 mm  Patch Length    -6,11% 

3 Wg 138,74 mm 250 mm  Groundplane Width   +44,5% 

4 Lg 120,39 mm 160 mm  Groundplane Length   +32,9% 

5 Wf 3,05 mm 2,95 mm  Feed Width 50 Ω   -3,28% 

6 Lf 33,45 mm 38,39 mm  Feed Length 50 Ω  +12,84% 

7 Wf2 1,53 mm 1,53 mm  T-Junction Feed Width 70 Ω - 

8 ε𝑟  4,4 4,4  Relative Permittivity - 

9 h 1,6 mm 1,6 mm  Thick Dielectic Substrate - 

10 t 0,0335 mm 0,0335 mm  Groundplane Thickness - 

11 r 38,39 mm 38,39 mm  Distance between 

patches/feed length 70Ω 

- 
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3.4  Results of Direct Measurements of Antenna Parameters 

   
                                     (a)                                      (b) 

Figure 9. (a) Return Loss Value on VNA and (b) VSWR on VNA 

 

In this test, we will discuss measurements of a rectangular patch array antenna with prefabricated 

proximity couple supply. The aim is to verify whether the manufactured antenna has properties that 

correspond to the initial parameters that have been set. 

   
(a) 

 
(b) 

Figure 10. (a) Azimuth Radiation Pattern and (b) Elevation Radiation Pattern 
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3.5  Antenna Test Results with RTL-SDR 

 
Figure 11. Display of Antenna Test Results using RTL-SDR 

Based on design testing with RTL-SDR, it shows quite good results. During testing, 32 aircraft 

were received, with the longest distance being 172,5 NM (319,4 km) and the maximum altitude achieved 

was 36,950 feet. 

3.6  Comparative Evaluation of Measurement and Simulation Results 

Table 6. Comparison of Parameter Values from Simulation Results and Measurement Results 

Parameters Spesification Simulation Measurement Information 

Return loss ≤ -10 dB -28,87 dB -30,78 dB Memenuhi 

VSWR ≤ 1,5 1,07 1,07 Memenuhi  

Impedansi ± 50 Ω 52,4 Ω 48,91 Ω Memenuhi 

Bandwidth ≤ 30 MHz 28,7 MHz 28 MHz Memenuhi 

Gain > 5 dBi 8,49 dBi 6,4 dBi Memenuhi 

 

Figure 12 shows a comparison between the graph of the measured return loss value and the 

simulated value resulting from the Antenna Design Software. 
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(b) 

Figure 12. (a) Comparison of Return Loss Results and (b) Comparison of Radiation Pattern Results 

4. CONCLUSION 

Based on research from studies that have been carried out, the following conclusions can be drawn: 

1. Obtaining a rectangular microstrip patch antenna array design using FR-4 Epoxy material using 

proximity couple feeding which operates at a frequency of 1090 MHz. 

2. Return Loss, VSWR, Impedance and Gain parameters meet the specifications required for ADS-B 

receivers. However, the polarization parameters and radiation patterns do not yet meet the linear 

polarization and omnidirectional radiation patterns. 

3. An array antenna design with proximity coupled supply can produce a high gain of more than 5 

dBi, namely 6,4 dBi. 

4. The resulting antenna array has a bandwidth of between 20 – 30 MHz, namely 28 MHz. 

Based on the conclusions above, there are several recommendations for further research that can 

be considered in order to achieve better antenna performance, including: 

1. Optimize and modify existing patch antenna designs, as well as designing antennas using other 

methods such as making them sectoral directional using three antennas combined into one to 

achieve an omnidirectional radiation pattern and linear polarization. 

2. Develop research by trying various types of substrate materials which have a big influence on the 

results of the simulation and design, even though some materials may have a high price. 

3. Carry out antenna trials in locations with minimal obstacles, to increase antenna power reception 

and widen the antenna coverage area. 
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 This research develops a Submersible Pylon Inspection Robot (SPIR) 

equipped with an Inertial Measurement Unit (IMU) and Extended Kalman 

Filter (EKF) to improve stability and depth control in dynamic underwater 

environments. The implemented control system uses a customized PID 

algorithm to optimize the depth response. Results show that SPIR is able to 

maintain depth well at shallow depths, but struggles to maintain stability at 

deeper depths, especially when encountering strong currents. Large 

fluctuations in the z-axis and position deviation at deeper depths indicate 

the need for refinement of the PID control algorithm, including the possible 

use of advanced control or prediction-based control to cope with dynamic 

environmental conditions. In addition, the integration of IMU and EKF 

showed good performance in reducing noise in the sensor data, but 

challenges arose in the early phase of measurement, where large 

fluctuations in the quaternion angle indicated the initial instability of the 

sensor. Therefore, it is recommended to make further adjustments to the 

EKF parameters to accelerate convergence and reduce sensor noise. This 

research shows that with further refinements to the sensor control and 

integration, SPIR can be an effective tool for underwater inspection 

operations at more extreme conditions. 
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1. INTRODUCTION  

In recent decades, advances in marine technology have triggered a growing interest in the 

exploration and exploitation of marine resources, especially in maritime countries such as Indonesia 

with vast marine areas [1]. However, the complexity of marine robotics, including high cost, large size, 

and significant weight, is a major obstacle in the development of this technology. The sinking of 

submarine 402 in April 2021, which was caused by natural factors such as underwater currents, shows 

the urgency of developing underwater technology to strengthen Indonesia's marine security [2]. Rapid 

advances in marine science and technology over the past two decades have fueled a growing interest in 

the exploration and exploitation of the oceans for scientific and commercial purposes. In this context, 

marine robotics has emerged as a key technology to carry out increasingly complex and challenging 

missions at sea. Although there have been significant advances in methodologies and applications, major 

challenges remain, requiring further research and development to meet the requirements of the next 

generation of marine robots and their support systems [3-5]. 

Despite the progress that has been made, major challenges such as depth control and stability still 

hinder the development of underwater vehicles. Some research, such as the development of the 
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Submersible Pylon Inspection Robot (SPIR), has focused on improving automation to reduce human 

involvement in hazardous conditions. SPIR uses SONAR-based navigation and 3D reconstruction, but 

still faces difficulties in controlling depth, especially in environments with strong currents [6]. In marine 

environments, effective depth control on underwater vehicles faces significant challenges due to the 

reliance on navigation and communication systems that often suffer from limitations in range and 

latency. The integration of unmanned systems, such as UAVs, can offer potential solutions to improve 

connectivity and resource management with great flexibility, but also introduces new complexities in 

data management and dynamic control. Despite the progress made in the automation of underwater 

vehicle docking and navigation systems, there is still an urgent need to overcome these constraints, 

including the adaptation to non-specially designed docking systems as well as the application of new 

technologies in extreme environments [7-8] 

Similar challenges are also encountered in the control of Remotely Operated Vehicles (ROVs), 

where reliance on limited sensors in a dynamic environment often leads to depth and position estimation 

errors [9-11].This paper highlights the importance of advanced methods and techniques for depth control 

in underwater Remotely Operated Vehicles (ROVs). Given the wide maritime and industrial 

applications, including repair, the maintenance of precise depth control is crucial. The methods proposed 

in this study, such as a robust H∞ depth tracking controller with an innovative event-triggering method, 

the use of a tether to measure hydrodynamic forces without interference, as well as a fuzzy PID strategy 

with dynamic compensation, all aim to improve ROV accuracy and stability under complex 

environmental conditions. Experimental results show that these approaches are effective in reducing 

depth errors, minimizing the influence of disturbances, and optimizing ROV performance, which are 

indispensable for meeting the requirements of practical applications in various sectors. 

The use of Inertial Measurement Unit (IMU) and Extended Kalman Filter (EKF) in depth control 

has been an active research area, but current technologies still face limitations in terms of accuracy and 

stability. In an effort to improve accuracy, several studies have proposed multi-sensor fusion systems 

that combine data from IMUs, pressure sensors, optical flow, and ArUco markers to obtain more precise 

positions and reduce location drift over time. In addition, techniques such as the combination of short 

baseline (SBL) and inverted ultrashort baseline (iUSBL) measurements using EKF have been applied 

in underwater mining scenarios to overcome localization challenges in confined environments. 

Orientation estimation with EKF is also used in Autonomous Underwater Vehicles (AUVs) to update 

position estimation under magnetic disturbance conditions, by combining data from GPS, Doppler 

Velocity Log (DVL), and Fiber Optic Gyroscope (FOG). Although these approaches show promising 

results, further development is needed to achieve more accurate and stable depth control in various 

environmental conditions [12-13]. However, these methods still have limitations in terms of accuracy 

and adaptability under rapidly changing environmental conditions. 

The use of MEMS-based nine-axis Inertial Measurement Units (IMUs) has been widely applied in 

various fields, such as underwater vehicles, unmanned aerial vehicles, and bionic robots. However, due 

to the noise in gyroscope sensors and errors in the solution process, the rotation angle estimated with 

only angular velocity data usually contains large accumulated errors and must be corrected by 

acceleration and geomagnetic measurements. A serious problem arises if there are strong magnetic field 

anomalies in the environment, which can degrade the performance of geomagnetic field correction and 

add errors. To improve the heading and attitude estimation accuracy of the nine-axis MEMS IMU in 

magnetic field anomalies, this study proposes the use of a partially adaptive Extended Kalman Filter 

(EKF) (PADEKF) with dual quaternions. To reduce the connected influence of magnetic measurement 

noise on attitude estimation in one quaternion, the heading angle and attitude are represented with two 

independent quaternions in the state vector. A self-adaptability design is adopted in EKF to improve 

robustness to spatially varying magnetic anomaly data. In the case of strong and fast-varying magnetic 

anomaly fields that cannot be well modeled by PADEKF, a combination algorithm of LSTM neural 

network and Runge-Kutta method is given to obtain a good heading estimation. Field experiments in 

various scenarios are conducted and verify the effectiveness of the proposed approach [14]. 

PID control methods are frequently used in autonomous underwater vehicle (AUV) depth control, 

but they are often unable to cope with significant depth fluctuations or adapt to dynamic changes in the 

underwater environment. For example, in the proposed study, PID control is used to regulate the 
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propeller rotation of a fast-moving AUV in a horizontal orientation and then rotate downward to float 

at the desired water depth. Although PID control can execute depth control maneuvers, this approach is 

not always effective in dealing with rapidly changing and dynamic conditions underwater. The 

optimization of inertia, propeller, battery capacity, and PID control characteristics proposed in this study 

shows that, although useful, PID control requires further adjustments to work efficiently under extreme 

environmental fluctuations. The numerical simulations performed also show that the AUV propeller 

often works in turbine mode, which requires additional protection for the AUV's electrical/electronic 

components, highlighting the need for more adaptive and robust control methods in underwater 

environments [15] 

Previous research shows that advanced methods such as PID, EKF, and IMU control can improve 

depth control, but are often not fully effective under complex and dynamic environmental conditions 

[9-11]. Recent advances in the application of Lie Groups to robotic localization, such as the use of the 

Invariant Extended Kalman Filter (InEKF), have significantly improved the accuracy of estimation and 

characterization of uncertainty in underwater navigation. InEKF, which utilizes the dynamic error in the 

Lie Groups matrix, offers linearity with minimal approximation error and excellent convergence, 

enabling more effective integration of sensors such as IMU and DVL in navigation systems. Recent 

research integrating IMUs with sensor fusion systems and Invariant Extended Kalman Filter (InEKF)-

based navigation techniques has shown improvements in stability and position estimation accuracy [16-

17]. 

Although many solutions have been proposed for depth control, there is still an urgent need to 

develop a more adaptive and robust system in the face of uncertain environmental conditions, especially 

in underwater robotic applications such as SPIR. This research aims to integrate IMU with EKF to 

improve depth estimation accuracy and stability, and apply more adaptive PID control to deal with depth 

fluctuations more effectively. With this technology, it is expected that SPIR can achieve better stability, 

making a significant contribution to the safety and efficiency of underwater missions. 

 

2. RESEARCH METHOD 

To control the motor as the movement of SPIR, this research uses sensor stages such as Inertial 

Measurement Unit (IMU) and Extended Kalman Filter (EKF). The IMU is used to measure the linear 

acceleration and angular velocity of the robot, which provides information about the robot's position and 

orientation in space. The data obtained from the IMU is then processed using the EKF, which is a 

probability-based estimation technique to reduce noise and produce more accurate estimates of the 

robot's position and orientation. Controlling the estimation and movement of the robot is assisted by the 

PID method so that SPIR can move by adjusting the actuators used. 

2.1. SPIR 

SPIR (Submersible Pylon Inspection Robot) is an advanced technology specifically designed to 

facilitate movement and inspection below the water surface, especially in conditions that are difficult to 

reach by humans. The main focus of SPIR is its ability to maneuver in the underwater environment, 

using a series of thrusters and sensors. Movement on the SPIR (Submersible Pylon Inspection Robot) 

uses a configuration of four DC motors. Each motor has a specific role in controlling the horizontal and 

vertical motion of the robot, with the aim of improving stability and precision during underwater 

operations. 

Motor 1 and Motor 2 (Horizontal Movement): The motors are placed at the back of the robot and 

configured to control forward and backward movements. The two motors work together to push the 

robot in a forward or backward direction, and differentially to perform turning maneuvers. Motor 3 and 

Motor 4 (Vertical Movement): The motors are mounted vertically and work to control the up and down 

motion of the robot. By varying the rotation speed of these two motors, SPIR can adjust its depth in the 

water. 

 

2.1. IMU 

The positioning designer of the SPIR uses control principles on the x, y, and z axes. The x-axis 

determines the position or motion of the SPIR to the right and left, called surge motion, as well as 
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rotation about the x-axis known as roll. On the y-axis, there is forward and backward movement called 

sway, and rotation about the y-axis called pitch motion. While in the z-axis, the SPIR position will form 

heave motion, which is the movement up and down in the z-axis direction, as well as rotation about the 

z-axis which determines the yaw position. 

 
Figure 1. Axis of the IMU sensor 

The propagation is described by a unit vector referenced to the sensor body frame and aligned with 

the transducer axis. The unit vector defines the relationship between these two velocities as 

𝑣𝑖 = 𝑒𝑖 ∙ 𝑣𝑥𝑦𝑧 (1) 

Where vi is a scalar value representing the speed measured by transducer I, ei is the unit vector 

corresponding to the same transducer and vxyz represents the vehicle speed in the sensor body frame: 

𝑣𝑥𝑦𝑧 = [𝑣𝑥 𝑣𝑦 𝑣𝑧 ] (2) 

In a three-transducer configuration, the unit vector is defined as 

𝑒1 = [𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃  − 𝑠𝑖𝑛𝜃 ] 
𝑒2 = [− 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽  𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝑐𝑜𝑠 𝛽   −𝑠𝑖𝑛 𝑠𝑖𝑛 𝜃  ] 

𝑒3 = [− 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽  𝜃 𝑐𝑜𝑠 𝑐𝑜𝑠 𝛽   −𝑠𝑖𝑛 𝑠𝑖𝑛 𝜃  ] 
(3) 

Then, the velocity measured on each beam can be obtained by substituting the unit vector: 

𝑣1 = 𝑣𝑥 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 − 𝑣𝑧 𝑠𝑖𝑛 𝑠𝑖𝑛 𝜃  𝑣2

= −𝑣𝑥 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽 + 𝑣𝑦 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽 − 𝑣𝑧 𝑠𝑖𝑛 𝑠𝑖𝑛 𝜃  𝑣3

=  −𝑣𝑥 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽 − 𝑣𝑦 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝑐𝑜𝑠 𝛽 − 𝑣𝑧 𝑠𝑖𝑛 𝑠𝑖𝑛 𝜃   
(4) 

Finally, these three equations can be used to determine the three unknown components of vehicle 

speed 

𝑣𝑥 =
𝑣1

𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 
+

𝑣3 + 𝑣2 + 2𝑣1 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽 

−2 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 − 2 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽 
 𝑣𝑦 =  

𝑣2 − 𝑣3

2 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝑐𝑜𝑠 𝛽  
 𝑣𝑧

=
𝑣3 + 𝑣2 + 2𝑣1 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽 

−2 𝑠𝑖𝑛 𝑠𝑖𝑛 𝜃 − 2 𝑠𝑖𝑛 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽  
  

(5) 

The navigator aims to estimate the position of the robot. To achieve this goal, an interface known 

as the Navigation Sensor of the IMU is used. This interface provides various methods to return position, 

velocity, and acceleration in 6 DOF (Degree of Freedom) as well as an estimation of the quality of its 

measurements.  

2.2. EKF 

Extended Kalman Filter (EKF) is used to estimate the position, velocity, and orientation of SPIR 

by combining data from IMU and other sensors. EKF is a method capable of handling non-linear 

systems, which are often encountered in underwater navigation. The state equation describes the 

evolution of the system over time. 

Extended Kalman Filter (EKF) is used to estimate the position, velocity, and orientation of an 

underwater vehicle (ROV) by combining data from IMU and other sensors. EKF is a method capable of 

handling non-linear systems, which are often encountered in underwater navigation. The state equations 

describe the evolution of the system over time: 

𝑥𝑘+1 = 𝑓(𝑥𝑘, 𝑢𝑘) + 𝑤𝑘  (6) 

Where 𝑥𝑘 is the state vector, 𝑢𝑘 is the input vector and 𝑤𝑘 is the process noise. 

The observation equation describes how sensor measurements relate to the system state:  

𝑧𝑘 = ℎ(𝑥𝑘) + 𝑣𝑘 (7) 
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Where  𝑧𝑘 is the measurement vector and 𝑣𝑘 is the measurement noise which is the algorithm of 

EKF with initialization 

𝑥0 = 𝑥0, 𝑃0 = 𝑃0  (8) 

Where 𝑥0 is the initial estimate of the state and 𝑃0 is the initial error covariance matrix, with 

prediction  

𝑥𝑘|𝑘−1 = 𝑓(𝑥𝑘−1|𝑘−1, 𝑢𝑘−1) 

𝑃𝑘|𝑘−1 = 𝐹𝑘𝑃𝑘−1|𝑘−1𝐹𝑘
𝑇 + 𝑄𝑘  

(9) 

Where 𝐹𝑘 is the Jacobian matrix of f with respect to 𝑥𝑘, and 𝑄𝑘 is the process noise covariance 

matrix. Update equations such as 

𝐾𝑘 = 𝑃𝑘|𝑘−1𝐻𝑘
𝑇(𝐻𝑘𝑃𝑘|𝑘−1𝐻𝑘

𝑇 + 𝑅𝑘)
−1

 

𝑥𝑘 = 𝑥𝑘|𝑘−1 + 𝐾𝑘 (𝑧𝑘 − ℎ(𝑥𝑘|𝑘−1)) 

𝑃𝑘|𝑘−1 = (𝐼 − 𝐾𝑘𝐻𝑘)𝑃𝑘|𝑘−1  

(10) 

Where 𝐻𝑘 is the Jacobian matrix of h exposed 𝑥𝑘 and 𝑅𝑘 is the measurement noise covariance 

matrix. 

2.3. Control System 

Movement control is performed according to the desired direction. Once the data from the IMU 

and EKF is processed to estimate the position and orientation of the SPIR, the next step is to drive the 

motor or actuator to achieve the set goal. A PID (Proportional-Integral-Derivative) controller is used to 

generate the control signals required to drive the SPIR. 

In this section, we define the basic parameters of SPIR (Submersible Pylon Inspection Robot) and 

the PID controller used in the simulation using MATLAB. The mass used is 10 Kg and with a damping 

coefficient that controls how fast the speed decreases due to friction or resistance of 0.5. The setpoint in 

this study is a depth of 5 meters. The simulation process is carried out in a loop with the following steps:  

Calculating error  

𝑒(𝑡) = 𝑑𝑒𝑝𝑡ℎ − 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑖 − 1) (11) 

Calculating integral and derivative errors  

Integral Error = ∫ 𝑒(𝜏)𝑑𝜏
𝑡

0

 

Derivative Error =
𝑑𝑒(𝑡)

𝑑𝑡
 

(12) 

Calculating the PID Control Signal 

𝑢(𝑡) = 𝐾𝑝 ∙ 𝑒(𝑡) + 𝐾𝑖 ∙ ∫ 𝑒(𝜏)𝑑𝜏
𝑡

0

+ 𝐾𝑑 ∙
𝑑𝑒(𝑡)

𝑑𝑡
 

(13) 

 

SPIR Dynamics Model 

𝑎 (𝑖) =
𝑢 (𝑖) − 𝑐 ∙ 𝑣(𝑖 − 1)

𝑚
 

𝑣 (𝑖) = 𝑣(𝑖 − 1) + 𝑎 (𝑖). Δ𝑡 

𝑥(𝑖) = 𝑥 (𝑖 − 1) + 𝑣(𝑖). 𝑑𝑡 

(14) 

 

(15) 

(16) 

The output of the controller is an 8 bit PWM signal with [0,255] or as 𝑝𝑤𝑚𝑟𝑎𝑛𝑔𝑒 with scale  

𝑠𝑐𝑎𝑙𝑒𝑑𝑜𝑢𝑡𝑝𝑢𝑡𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 =
𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑆𝑖𝑔𝑛𝑎𝑙 − min (𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑆𝑖𝑔𝑛𝑎𝑙)

max(𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑆𝑖𝑔𝑛𝑎𝑙) − min(𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑆𝑖𝑔𝑛𝑎𝑙)
 

(17) 

 

To make the duty cycle to signal the motor then  

𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 =  
𝑠𝑐𝑎𝑙𝑒𝑑𝑜𝑢𝑡𝑝𝑢𝑡𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟

𝑝𝑤𝑚𝑟𝑎𝑛𝑔𝑒
 

(18) 
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Figure 2. Overall Block Diagram 

 

3. RESULTS AND DISCUSSION  

In this chapter, we discuss the results of the analysis and implementation of controls for the 

Submersible Pylon Inspection Robot (SPIR) based on data obtained from various measurements and the 

mathematical equations used in the system. This discussion begins with an assessment of the system's 

accuracy in position estimation, continues with orientation and depth analysis, and concludes with an 

evaluation of the motor control. 

3.1 Z Axis Position Error 

Graph the position error on the Z-axis to evaluate the accuracy of the system in maintaining the 

desired depth. The equations used to calculate the velocity of the IMU, and the estimation results using 

the Extended Kalman Filter (EKF), will form the basis for understanding how this position error evolves 

over time. 

 
Figure 3. Error on the Z-axis 

This figure illustrates the position error in the z-axis. At the beginning of the measurement, the 

position error starts from a value close to 0.5 meters and shows a significant decrease with some large 

fluctuations. The position error reaches its lowest value of about -1.5 meters at the 100th step, indicating 

a large error in position estimation at that phase. After reaching the lowest point, the position error starts 

to increase again, albeit with smaller fluctuations.  The figure above shows that the system experiences 

large fluctuations in the early stages of measurement, both in quaternion angle and in position 

estimation. The correlation between quaternion angle fluctuations and position error may indicate that 

the stability of the quaternion angle contributes to the reduction of position error over time.  

3.2 Quaternion distance 

Furthermore, the quaternion angle graph is displayed to check the stability of the SPIR orientation. 

The quaternion angle provides information about the rotation and orientation of the SPIR during the 

simulation, which is a key factor in ensuring that the position and depth estimates are accurate. This data 

is important for understanding the effect of orientation on position error and how orientation stability 

contributes to depth control. 
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Figure 4. Quaternion distance 

In the analysis of the resulting data, it shows significant variations at the start of the measurement. 

The large fluctuations seen in this plot, with peaks reaching about 1.1 degrees, are due to the initial 

instability of the sensor. After the initial fluctuation period, the quaternion angle shows a tendency to 

stabilize with small fluctuations that persist until the end of the measurement. 

3.3 Depth Position 

The depth position graph shows the change in SPIR depth over time. This graph provides immediate 

context on how the system responds to depth control and relates it to previously identified position 

errors. The depth position analysis allows us to assess the effectiveness of the control in practice and see 

how the desired depth is achieved or maintained. 

 
Figure 5. Depth position 

In the initial phase of measurement (0 to 50 seconds), the actual depth generally follows the 

reference depth accurately, although there is a slight deviation. However, after 50 seconds, the deviation 

between the actual and reference depths began to increase, with the actual depth showing greater 

fluctuations than the reference. At a depth of about -6 meters, the deviation becomes more significant, 

and at a maximum depth of about -10 meters, there is the greatest deviation, with the actual depth far 

below the reference line. This shows the difficulty of the system in maintaining the desired depth at 

deeper depths. 

After reaching the deepest depth, both the actual and reference depths started to return to shallower 

depths, with the actual depth still showing fluctuations but getting closer to the reference depth. Overall, 

while SLAM can follow the reference depth at shallower depths quite well, the system shows limitations 

in maintaining a stable depth at deeper depths. 

In addition, the performance of the system combining the Inertial Measurement Unit (IMU) and 

Extended Kalman Filter (EKF) is shown to improve the accuracy of depth and position estimation. In 

the Z-axis position error graph, it can be seen that the large fluctuations in the initial phase of 

measurement are minimized over time thanks to better system calibration. The IMU is able to provide 

fairly accurate data on acceleration and angular velocity, while the EKF is effective in filtering out noise 

and integrating data from multiple sensors to provide more stable position estimation. Even so, 

challenges remain at deeper depths, where the deviation from the reference depth becomes larger. This 
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signals the need for further customization of the system to deal with more extreme environmental 

conditions. 

3.4 SPIR Robot Movement Depth  

This motor is for depth regulation, and this graph shows how the PID control signal is translated 

into motor motion. This evaluation helps in assessing how well the depth control is controlled by the 

motor. 

 
Figure 6. Depth movement of the SPIR robot 

The figure above shows the activity of the four motors depicted through the change in amplitude 

against time. In the first and second subplots, it can be seen that motor 1 and motor 2 show no significant 

change in amplitude, remaining around zero all the time. This indicates that motor 1 and motor 2 are 

inactive or stopped, with no PWM (Pulse Width Modulation) applied to them. 

In contrast, in the third and fourth subplots, there is a clear and oscillating change in amplitude, 

indicating that motor 3 and motor 4 are active. This changing amplitude indicates that the presence of 

PWM indicates that motors 3 and 4 are rotating. The activity of motors 3 and 4 indicates that they are 

operating to reach a certain depth according to the given PWM pattern, while motors 1 and 2 remain 

inactive. 

The motor activity in SPIR shows specific coordination for the stabilization and depth regulation 

tasks. Motor 1 and Motor 2 remain inactive during depth setting operations, as these motors function to 

maintain horizontal stability (roll and pitch). Meanwhile, Motor 3 and Motor 4 are active in controlling 

the vertical movement, which allows SPIR to achieve and maintain the desired depth. This pattern shows 

the logic behind the motor assignment, where the depth drive motors are focused on setting the vertical 

position, while the stabilization motors function in maintaining balance when there is no significant 

depth change. 

3.5 SPIR Robot Motion to Maintain Special Stability of Motors 1 and 2 

Analyze the motion graphs of motors 1 and 2 that stabilize the SPIR. This graph illustrates how 

these motors operate to stabilize the SPIR and maintain balance, as well as ensuring that the system can 

cope effectively with changes in position and depth. This evaluation provides a complete view of how 

position stabilization is maintained and how the overall control is implemented. 
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Figure 7: Movement to maintain depth position 

This figure shows the activity of four motors in an attempt to maintain a certain depth, focusing on 

motor 1 and motor 2. In the first and second subplots, it can be seen that motor 1 and motor 2 experience 

significant amplitude changes and oscillate between certain values. This pattern indicates that motor 1 

and motor 2 are active and rotating, following the given PWM (Pulse Width Modulation) signal. This 

activity of motors 1 and 2 indicates that they are functioning to maintain the desired depth by regulating 

their rotation speed and direction based on the PWM pattern. 

In contrast, the third and fourth subplots show that motor 3 and motor 4 were not active during this 

observation period, as the amplitude remained around zero all the time. The absence of amplitude change 

in motor 3 and motor 4 indicates that no PWM signal was applied. 

 

4. CONCLUSION  

This research has shown that the integration of Inertial Measurement Unit (IMU) and Extended 

Kalman Filter (EKF) as well as the use of customized PID control provide improvements in the depth 

control of the Submersible Pylon Inspection Robot (SPIR). However, test results show that large 

fluctuations at deeper depths, especially around 6 to 10 meters, require more specific refinement of the 

control algorithm. To improve stability and accuracy at more extreme conditions, refinements to the PID 

control algorithm are required. These enhancements could be the application of advanced control or 

even predictive model-based control to adapt the system response to rapid changes in underwater current 

and depth fluctuations. In addition, the performance of the IMU and EKF in this system shows good 

results under normal conditions, but significant challenges arise when the system encounters sensor 

noise, especially in the early phase of measurement. Large fluctuations in the quaternion angle due to 

the initial instability of the sensor contribute to the initial estimation error. To address this issue, it is 

recommended to make adjustments to the EKF parameters and consider the use of additional filters that 

can accelerate convergence and reduce noise in the sensor data. Overall, this research has contributed to 

developing more accurate depth control in SPIR. However, the next step involves improving the PID 

control algorithm as well as refining the integration of IMU and EKF, especially to deal with dynamic 

and fluctuating underwater environmental conditions at greater depths. 

 

ACKNOWLEDGMENTS 

This research is supported by funding from the Academic Directorate of Vocational Education and 

the Research and Service Center (P3M) of Cilacap State Polytechnic. We would like to thank all parties 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&


 

  

Volume 11, Issue 2, October 2024, pp. 227-236 

ISSN 2355-5068; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v11i2.4523 

236 

   

    

 Enhanced Dept Control and Stability in Submersible ….. (Hendi Purnata, et al)  

who have provided support and contributions in the implementation of this research. The support we 

receive is very meaningful in realizing the development of the technology we study. 

 
REFERENCES  

[1] E. Zereik, M. Bibuli, N. Mišković, P. Ridao, and A. Pascoal, “Challenges and future trends in 

marine robotics,” Annu Rev Control, vol. 46, no. October, pp. 350–368, 2018, doi: 

10.1016/j.arcontrol.2018.10.002. 

[2]  scmidt iotc 2021, Membaca Pesan Komandan KRI Nanggala-402. 2021, p. 6. 

[3] J. Collins, S. Chand, A. Vanderkop, and D. Howard, “A Review of Physics Simulators for 

Robotic Applications,” IEEE Access, vol. 9, pp. 51416–51431, 2021, doi: 

10.1109/ACCESS.2021.3068769. 

[4] C. Li et al., “An Underwater Image Enhancement Benchmark Dataset and Beyond,” IEEE 

Transactions on Image Processing, vol. 29, pp. 4376–4389, 2020, doi: 

10.1109/TIP.2019.2955241. 

[5] M. J. Islam, Y. Xia, and J. Sattar, “Fast Underwater Image Enhancement for Improved Visual 

Perception,” IEEE Robot Autom Lett, vol. 5, no. 2, pp. 3227–3234, 2020, doi: 

10.1109/LRA.2020.2974710. 

[6] K. Le, A. To, B. Leighton, M. Hassan, and D. Liu, “" The SPIR: An Autonomous Underwater 

Robot for Bridge Pile Cleaning and Condition Assessment,” 2021. [Online]. Available: 

https://www.youtube.com/watch?v=uz1ZXV5Oths 

[7] N. Nomikos, P. K. Gkonis, P. S. Bithas, and P. Trakadas, “A Survey on UAV-Aided Maritime 

Communications: Deployment Considerations, Applications, and Future Challenges,” IEEE 

Open Journal of the Communications Society, vol. 4, pp. 56–78, 2023, doi: 

10.1109/OJCOMS.2022.3225590. 

[8] P. Trslic et al., “Vision based autonomous docking for work class ROVs,” Ocean Engineering, 

vol. 196, p. 106840, 2020, doi: https://doi.org/10.1016/j.oceaneng.2019.106840. 

[9] Y. Batmani and S. Najafi, “Event-Triggered H∞ Depth Control of Remotely Operated 

Underwater Vehicles,” IEEE Trans Syst Man Cybern Syst, vol. 51, no. 2, pp. 1224–1232, 2021, 

doi: 10.1109/TSMC.2019.2896382. 

[10] R. Gabl et al., “Hydrodynamic loads on a restrained ROV under waves and current,” Ocean 

Engineering, vol. 234, p. 109279, 2021, doi: https://doi.org/10.1016/j.oceaneng.2021.109279. 

[11] M. Dong, J. Li, and W. Chou, “Depth control of ROV in nuclear power plant based on fuzzy PID 

and dynamics compensation,” Microsystem Technologies, vol. 26, no. 3, pp. 811–821, 2020, doi: 

10.1007/s00542-019-04605-x. 

[12] A. Bucci, L. Zacchini, and A. Ridolfi, “EKF on Lie Groups for Autonomous Underwater 

Vehicles orientation initialization in presence of magnetic disturbances,” in 2022 IEEE/OES 

Autonomous Underwater Vehicles Symposium (AUV), 2022, pp. 1–6. doi: 

10.1109/AUV53081.2022.9965905. 

[13] H. Xing et al., “A Multi-Sensor Fusion Self-Localization System of a Miniature Underwater 

Robot in Structured and GPS-Denied Environments,” IEEE Sens J, vol. 21, no. 23, pp. 27136–

27146, 2021, doi: 10.1109/JSEN.2021.3120663. 

[14] H. Li, S. Chang, Q. Yao, C. Wan, G.-J. Zou, and D.-L. Zhang, “Robust Heading and Attitude 

Estimation of MEMS IMU in Magnetic Anomaly Field Using a Partially Adaptive Decoupled 

Extended Kalman Filter and LSTM Algorithm,” IEEE Trans Instrum Meas, vol. 73, pp. 1–13, 

2024, doi: 10.1109/TIM.2024.3381659. 

[15] P. V. Patil, M. K. Khan, M. Korulla, V. Nagarajan, and O. P. Sha, “Design optimization of an 

AUV for performing depth control maneuver,” Ocean Engineering, vol. 266, p. 112929, 2022, 

doi: https://doi.org/10.1016/j.oceaneng.2022.112929. 

[16] E. R. Potokar, K. Norman, and J. G. Mangelson, “Invariant Extended Kalman Filtering for 

Underwater Navigation,” IEEE Robot Autom Lett, vol. 6, no. 3, pp. 5792–5799, 2021, doi: 

10.1109/LRA.2021.3085167. 

[17] P. Trslic et al., “Vision based autonomous docking for work class ROVs,” Ocean Engineering, 

vol. 196, p. 106840, 2020, doi: https://doi.org/10.1016/j.oceaneng.2019.106840.  

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&


 

    
Volume 11, Issue 2, October 2024, pp. 237-247 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v11i2.4528 

237 

  

     

  

Homepage : https://ecotipe.ubb.ac.id/ Email : jurnalecotipe@ubb.ac.id 
 

Control of Multi-Robot Arms in Object Retrieval Based on 

Human-Machine Interface  
 

Rendyansyah1, Hera Hikmarika2, Melia Sari3, M. Al Furqon Syaidin Fikri4, Ichlasul Akmali 

Rizky5 
1,2,3,4,5Departement of Electrical Engineering, Universitas Sriwijaya, Palembang-Prabumulih street KM. 32, Inderalaya,  

Ogan Ilir 30662, Indonesia 

 

ARTICLE INFO  ABSTRACT  

Article historys: 

Received : …/…/… 

Revised   : …/…/… 

Accepted : …/…/… 
 

 Multi-robot arm control is the result of the development of advanced 

robotics technology. With the advancement in the field of human-machine 

interface, controlling robot arms has become more efficient and can be done 

intuitively by humans. In this study, we designed three robot arms of 4-

DoF, each controlled by a computer in a visual program interface. This 

research aims to develop a human-machine interface-based multi-robot arm 

control system that allows humans to interact with the robots directly. The 

movement method of each robot uses Trajectory Planning, which works 

when the operator gives motion commands through the interface display. 

Multi-robot communication with a computer using USB hub serial format. 

The computer is the master, and each Arduino on the robot is the enslaved. 

The HMI computer has tested and controlled three robot arms, and all move 

according to the operator's commands. The time required by each robot to 

complete its mission is ± 10 seconds. The results of this study are expected 

to open new opportunities in the application of robotics in various fields, 

such as the manufacturing industry, health services, and transportation. 
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1. INTRODUCTION 

The development of robotics technology in the industrial field has experienced rapid growth over 

the past few decades. Robotics has significantly increased production efficiency, reduced labor costs, 

and improved work safety in various industrial fields. One example of robotics technology development 

in the industrial field is using robots in automated manufacturing processes [1]. Industrial robots can 

perform repetitive and dangerous tasks quickly and accurately, which is impossible for human labor. 

This robot technology has helped companies to increase their productivity and reduce the risk of 

workplace accidents. Robotics technology development has also enabled the creation of more intelligent 

and adaptive robots [2]. Cognitive and collaborative robots can work with humans in complex work 

environments [3, 4]. They can learn and adapt quickly to changes in the work environment, thereby 

increasing production flexibility and productivity. 

On the other hand, developing human-machine interaction is essential to developing robotics 

systems. In this context, human-machine interface (HMI) is a field that studies how humans and 

machines interact effectively and efficiently [5]. With the rapid development of technology in robotics, 

robotics system developers need to understand how humans can work together with robots to achieve 

desired goals. One of the main goals of HMI in robotics systems is to create an interface that is intuitive 

and easy for the user to understand. Using a good interface, humans can give instructions to the robot 
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clearly, and the robot can respond appropriately. For example, in robots used in industrial environments, 

human and machine interaction can be done through a graphical interface that allows the operator to 

control the robot easily through a control panel [6]. However, despite the importance of HMI in the 

development of robotics systems, some challenges still need to be overcome. One of the main challenges 

is the compatibility between the provided interface and the user's needs. Robotics system developers 

need to understand the needs and preferences of users well so that the interface provided can meet user's 

expectations. 

Some research related to robot arms has been carried out by Rokhim et al. (2021), discussing end 

effector control on robot arms for pick and place applications using the line equation method. The goal 

is to increase object retrieval accuracy by effectively detecting objects' position and orientation [7]. 

Ayega et al. (2023) also discussed the design of a prototype robotic arm manipulator with three degrees 

of freedom. This research includes several stages: mathematical modelling of motion kinematics, design 

and simulation using Matlab/Simulink and SolidWorks software, and hardware construction using 3D 

printing technology [8]. These papers have yet to present information about the user interface used in 

the robot arm system. Although there are physical control elements such as buttons and indicators, no 

explanation or illustration shows how the user interacts with the system visually. This situation can 

reduce understanding of the user experience and how data from the system is presented to the operator, 

an essential aspect of operating the robot effectively.  

In this study, we designed a visual display-based system to control multiple robot arms, each with 

4-DoF. This system develops our previous research on motion control of computer-based robot arms [9, 

10]. This research aims to facilitate the operator in controlling the motion of three 4-DoF robot arms 

based on the Human Machine Interface. This robot arm is in the form of a prototype on an educational 

laboratory scale. This HMI system consists of forward kinematics and cubic trajectory. Cubic trajectory 

makes it easy for the robot arm to move from one position to another [11]. This HMI also has an 

animation display that moves three robot arms. The motivation for making this system is based on the 

ease of an operator in monitoring multiple robots simultaneously for semi-automatic systems in industry.      

 

 

Figure 1. 4-DoF multi-robot arm (red, orange, and blue colors). 
 

2. RESEARCH METHOD 

2.1. Robotic Arm 

In this study, three 4-dof robot arms are used. Robot_1 with red color, robot_2 orange color, and 

robot_3 blue color. This study is a development of our previous research, namely the control of robot 

arms using visual computer programs. The physical form of the multi-robots is shown in Figure 1. These 

robots each have a length of d1 = 5 cm, a2 = 10 cm, a3 = 10 cm, and griper a4 = 5 cm.  There are four 

servo motors placed for the movement of each joint. The servo motor used is a standard type that can 

rotate from an angle of 0o to 180o. This robot arm is also linked to the computer program using an 

Arduino microcontroller. An IO board has also been added to connect several servo motors and their 

power supply terminals. Figure 2 shows the schematic diagram of controlling multi-robot arms using a 

human-machine interface. HMI runs in the computer as a control center for three 4-dof robot arms.  
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Figure 2. Schematic diagram of the 4-DoF multi-robot arm based on human-machine interface. 

 

2.2. Human-Machine Interface 

Three robot arms are connected to the computer using different ports, and the connection is done 

in a separate group for each robot connection. The robot moves based on commands from the computer 

either manually or automatically (see illustration Figure 2). The computer program, in the form of a 

visual display, is designed to adjust the sequence of robot movements, especially with servo motors. 

Interface forms are made separately for each robot, and this study used three forms for each robot. The 

robot arm in this HMI display applies the forward kinematic formula derived from the DH-parameter 

method [12, 13]. Figure 3 shows a trigonometric illustration of the angular direction in the movement 

of the robot arm. The joint_1 angle is formed from the total length of links a2, a3, and a4 concerning the 

x-axis. Joint_2 angles from link a2 to the horizontal position. Joint_3 from link a3 against the directional 

position of link a2. At joint_4 is the open and close position for the gripper; the smaller the angle value, 

the gripper closes to take the object, while the more significant the angle, the gripper opens to release 

the object.   

      
 (a) (b) 

Figure 3. Joint angles of the 4-dof robot arm, (a) top view, and (b) side view.  
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In Equation (1), forward kinematics receive input values as joint angles and produce output values 

in Cartesian. The x and y values illustrate the horizontal movement of the robot (Figure 3. a), and the z 

value on the vertical movement of the robot (Figure 3. b). These joint angle values are based on data 

provided by the HMI operator. The robot display in the HMI adjusts the movement route of the robot 

arm. The HMI sends data in 8-bit format for each robot.  The data is in the form of angle values arranged 

in order from joint_1 to joint_4, and the data ends with a "#" sign as a tail. When sending data for three-

robot arms, the HMI activates the trajectory command for all robots.     

 

 

Figure 4. Motion command button for the robot arm. 

 

Visualization forms have been designed for each robot arm. Each form has eight buttons as motion 

commands: movement to the left, right, forward, backward, up, down, take an object, and release. Figure 

4 shows the command buttons to move the robot arm.  Before giving commands to the robot, the robot 

must be activated by clicking the "Robot activated" button, and a visual simulation of the robot is 

displayed on the HMI. This button contains data as commands sent to the Arduino micro via USB serial 

communication. "Left" and "Right" commands to move the joint_1 angle. "Forward" and "Backward" 

commands to move the angle of joint_2 and joint_3. "Up" and "Down" commands to move the angle of 

joint_3. "Take an object" and "Release an object" commands to move the angle of joint_4 (gripper). The 

purpose of this button is to determine the robot's response and whether the robot's movement is by the 

user's wishes, including the direction of movement of both the display and the robot.  

2.3. Trajectory Planning 

This HMI has a feature for recording joint angle data and can be run for automatic movement using 

the cubic trajectory method. Cubic trajectory is one of the trajectory planning methods in path planning 

to move automatically from one position to another [14 - 16]. The cubic trajectory is obtained by solving 

the third-order polynomial formula, and the result is Equation (2). The variable qs is the initial position, 

and qf is the final position. The variable tf is the time duration for the robot to move from the initial to 

the final position.  
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 Figure 5. Visual form for running the trajectory function. 

  

Equation (2) is applied to the robot arm's automatic movement of the four corner joints. The cubic 

trajectory is activated when the operator clicks the "Trajectory" button, which reads the data from the 

record results. Figure 5 shows the visual form of the robot arm undergoing trajectory functions. There 

are four buttons: the start button for the Arduino micro connection and the record button functions to 

record joint angle data according to the user's wishes. The "Trajectory" button functions when running 

the robot arm based on the recorded joint angle path. The "Update data" button calls a text file, and the 

operator can update it manually. In this study, the Human Machine Interface is designed to manually 

and automatically control multiple robot arms.     

 

 

Figure 6. Experimental setup of the 4-DoF multi-robot arm. 

3. RESULTS AND DISCUSSION 

Three 4-dof robot arms have been designed in this study, robots in prototype form to be applied in 

picking up and moving objects. Experiments were conducted in the Control Engineering and Robotics 

Laboratory, Department of Electrical Engineering, UNSRI. First, three robotic arms were supplied 

through their respective adapters. The robot is connected to a computer via a USB hub, and the respective 

port settings detected by the system are Com5, Com6, and Com7. Figure 6 shows the setup of the multi-

robot arm experiment connected to the computer. The human-machine interface program is embedded 

in the computer. Each robot's interface is designed separately, and a connection management system 

includes data transmission. Figure 7 shows the human-machine interface to control the movement of the 

4-DoF multi-robot arm.  
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Figure 7. Human-machine interface for multi-robot arm control.. 

 

In Figure 7, an operator can choose which robot arm to activate and control; robot_1 is red, robot_2 

is orange, and robot_3 is blue. The visualization of the robot arm is activated when the operator presses 

the "Robot activated" button. By default, the original position of each joint angle is set at 90o. Figure 8 

visually shows the original position of each robot arm. The angle is chosen at 90o because the center 

position of the standard servo motor has an angle from 0o to 180o. This position allows the robot joints 

to move left or right, forward or backwards, and up or down. This HMI is designed to adjust the 

movement pattern of each robot arm. 

Experiment on the red robot arm; the robot is activated and runs to move left, right, forward, and 

backwards, take the object, and release the object. This experiment also applies to orange and blue 

robots. Table 1 shows the movement experiments of three robot arms controlled from the human-

machine interface. The HMI sends servo angle data to each robot arm. The robot arm moves to the left, 

activating joint_1, increasing its angle value, and moving right to decrease the value of joint_1. The 

robot moves forward, the value of joint_2 decreases, and joint_3 increases. The robot moves backwards, 

the value of joint_2 increases, and joint_3 decreases. In the robot, when the end-effector rises upwards, 

the value of joint_3 increases; when it goes down, joint_3 decreases. The robot picks up the object, and 

the value of joint_4 decreases. The robot releases the object, that is, joint_4 increases. This activity is 

the same as the movement and HMI on robot_2 (orange) and robot_3 (blue). The HMI can run and 

become a remote control in moving each robot. This HMI successfully controls the movement of robots 

based on commands given by the operator through the interface by pressing the command button. 
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 (a) (b) 

 

(c) 

Figure 8. Interface for each robot arm: (a) Robot_1 (Red), (b) Robot_2 (Orange), and (c). Robot_3 (Blue). 
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Table 1. Table 1. Movement trials of three robot arms. 

Commands 
Robot_1 

(Red) 

Robot_2 

(Orange) 

Robot_3 

(Blue) 
Information 

Left 

   

Movement ranging 

from joint_1 angle 

90o to 170o 

Right 

   

Movement ranging 

from joint_1 angle 

90o to 10o 

Forward 

   

Angle of joint_2 

(90o to 10o ) and 

joint_3 (90o to 

170o) 

Backward 

   

Angle of joint_2 

(90o to 170o ) and 

joint_3 (90o to 10o) 

Up 

   

Joint_3 angle 

ranging from 90o 

to 170o 

Down 

   

Joint_3 angle 

ranging from 90o 

to 10o 

Take an 

object 

   

Joint_4 angle 

ranging from 90o 

to 10o 

Release an 

object 

   

Joint_4 angle 

ranging from 90o 

to 170o 

 

In the next experiment, three robots were given the same joint angle movement command for each 

robot. The three robots have determined the joint angle value for each route in picking up and moving 

objects. Figure 9 shows the original position of each robot arm. The robot arm is activated to follow the 

trajectory recorded by this HMI system, as shown in Table 2. This trajectory data is given to each robot 

arm.  
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Figure 9. The original position of the 4-DoF multi-robot arm. 

 

Table 2. Trajectory of the robot in picking up and moving the object. 

Joint_1 Joint_2 Joint_3 Joint_4 Description 

90o 90o 110o 90o 
The robot is active, 

heading toward the object. 
165o 90o 110o 90o 

165o 41o 63o 90o 

165o 41o 63o 28o 
The robot picks up and 

moves objects. 
165o 88o 106o 28o 

37o 88o 106o 28o 

37o 53o 47o 28o 

The robot places and 

releases objects. 

37o 53o 47o 78o 

37o 86o 114o 78o 

90o 97o 115o 78o 

When the operator clicks the "Multi Robot Control" button (interface in Figure 7), the red robot arm 

activates and moves according to the route in Table 2. The red robot moves to the left towards the object 

and picks up the object. The robot moves the object to the right, places the object, and releases the object. 

After completing its task, the red robot returns to its original position. An illustration of the movement 

of the red robot can be seen in Figure 10. The red robot arm succeeds in carrying out the task of taking 

objects with the required time of ± 10 seconds. Then, the HMI system activates the orange robot arm to 

move towards the target, pick up and move the object, and return to the original position. Figure 11 

shows an illustration of the movement of the orange robot in picking up the object. Then, the blue robot 

arm moves towards the target, picks up and moves the object, and returns to its original position. Figure 

12 shows an illustration of the movement of the blue robot in picking up the object. The orange and blue 

robot arms also performed the task with the required time of ± 10 seconds. From the experiment, the 

robot runs and completes the task alternately due to communication via USB hub serially with sequential 

Comport. The HMI system on multiple robots can run well, and the robot's movement is by the 

predetermined route.     

 

   

 (a) (b) (c) 

Figure 10. The movement of the red robot in picking up objects, (a) the robot picks up an object, (b) moves the 

object, and (c) places and releases the object. 
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 (a) (b) (c) 
Figure 11. The movement of the orange robot in picking up objects, (a) the robot picks up an object, (b) moves 

the object, and (c) places and releases the object. 

 

   

 (a) (b) (c) 
Figure 12. The movement of the orange robot in picking up objects, (a) the robot picks up an object, (b) moves 

the object, and (c) places and releases the object. 

 

This study offers an intuitive Human-Machine Interface (HMI), making it easier for operators to 

control multiple robots simultaneously, while the previous study used a scrollbar for individual joint 

control. This study handles three robotic arms, making coordination more complex than the earlier study, 

which only dealt with a single robotic arm performing more straightforward tasks. In terms of 

performance, this robotic system completes tasks more quickly, taking 10 seconds per task, while the 

previous study required 100 seconds. The earlier study emphasized motion recording for playback, 

whereas this study focuses on real-time multi-robot control through HMI [10]. 

4. CONCLUSION 

Three robot arms were built in this study: robot_1 in red, robot_2 in orange, and robot_3 in blue, 

each with four degrees of freedom. The robots are connected to a computer via a serial USB hub. The 

computer's human-machine interface is designed according to the robot arm prototype. There are 

command buttons such as "Left", "Right", "Forward", "Backward", "Up", "Down", "Take an object", 

and "Release an object". The operator uses these commands to move the robot arm. The operator can 

also give automatic commands by recording robot movements and running them through the 

"Trajectory" command. The robot experiment went well; the robot moved according to the operator's 

commands. The robot also completes picking up and moving objects based on the route recorded in the 

HMI. The time required for the robot to complete the task is ± 10 seconds. In future research 

development, we will apply computer vision for object detection and recognition and provide 

information to the robot assigned to retrieve the object.     
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