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1. INTRODUCTION 

Indonesia, as a tropical country, experiences two main seasons: rainy and summer. [1] Prolonged 

rainy seasons accompanied by extreme weather have often caused extreme weather changes in recent 

years [2]. Unexpected high rainfall can cause flooding, as happened in Cilacap Regency in 2021 in 

Jeruklegi District and Kawunganten District in 2021 [3]. BMKG Climatology Station Semarang recorded 

rainfall with moderate to extreme intensity in the central and southern parts of the district. 

Concentrations of rainfall with extreme intensity exceeding 150 mm/min in 24 hours occurred [4]. The 

district had extreme rainfall causing the overflowing of existing rivers, so that many houses were 

submerged in water [5], [6]. 

The flood resulted in many houses being submerged and agricultural land damaged, causing huge 

losses to the community [7, 8]. In addition to physical damage, the flood also had an impact on economic 

and social aspects [7, 9]. Many farmers experienced crop failure, and small business owners suffered 

financial losses due to damaged or lost products [10]. Flooding also made access to health facilities 

difficult, disrupting community activities and increasing the risk of diseases such as diarrhea and dengue 

fever [11] 

Looking at the above cases to overcome this problem, the development of a more sophisticated 

Early Warning System (EWS) is needed [12]. An EWS that combines rainfall, water level and wind 

speed sensors, and using the Fuzzy Logic method, will provide more accurate early warnings. With this 

system, the community can be better prepared for flooding and reduce the impact caused. 
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2. RESEARCH METHOD 

2.1. Block Diagram 

The block diagram shown in Figure 1 is an overview of the Early Warning System (EWS) system 

for flood disasters using the Arduino Mega 2560 microcontroller. The system is designed to detect 

extreme weather conditions, such as high rainfall, temperature and humidity, wind speed, and water 

level, through connected sensors. The data collected is then sent through the LoRa communication 

module to be monitored and processed to provide early warning to the community. 

(a)                                                                                        (b) 

Figure 1. Block diagram of (a) transmitter and (b) receiver 

Figure 1 (a) explains that the system consists of several main components that work together. The 

solar panel is connected to the Solar Charge Controller (SCC) to charge the battery, which serves as the 

system's power source. The Arduino Mega 2560 acts as the main controller that collects data from the 

Rain Gauge sensor (rainfall), DHT11 (temperature and humidity), Anemometer (wind speed), and 

Ultrasonic sensor (water level). The data is then displayed on the LCD screen and sent through the LoRa 

Transmitter to the LoRa Receiver for further processing in Figure 1 (b). The keypad is used as a manual 

input tool if needed.. The sensor data is processed by Fuzzy Logic algorithms to obtain more accurate 

results and transmitted to the database for further analysis. The whole system is well integrated between 

hardware and software, and has redundancy in data transmission, ensuring high system reliability for 

web-based monitoring. 

The process starts with the initialization of the I/O pins, serial UART, and LCD in the system. The 

sensor then reads the environmental data, which is displayed on the LCD of the transmitter node before 

being sent to the receiver node. If the data is successfully sent, it is further processed by the Arduino 

Mega 2560 at the receiver node, and the data is sent to the Fuzzy Logic algorithm to get more accurate 

results. The processed data is displayed on the LCD and sent to the SIM900A module to be uploaded to 

the internet. If the internet is available, the sensor data is sent to the ThingSpeak database to be displayed 

on the web interface. If the data is received properly, the system will display the sensor data and output 

from Fuzzy Logic on the website for further monitoring. 

2.2. Block Diagram of Receiver Node 

The Receiver Node block diagram describes an Early Warning System (EWS) system for flood 

disasters that uses LoRa technology and an Arduino Mega 2560 microcontroller. This system is designed 

to detect and provide early warnings related to potential flooding through connected sensors and utilizes 

Solar Panel 
 

Battery 
 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
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the Fuzzy Logic method for data analysis. Data transmission is done wirelessly through the LoRa 

network and SIM 900A and displayed on the screen and user interface to increase community 

preparedness in the face of flood disasters. 

Figure 1 (b) explains that this system consists of two main parts, namely the transmitter and receiver 

units. The solar panel charges the battery through the Solar Charge Controller (SCC), which then 

supplies power to the Arduino Mega 2560 (MAIN) as the main controller. Data received from the LoRa 

Receiver is sent to the alarm (Toa) and displayed on the Liquid Crystal Display. The signal is forwarded 

to the Arduino Mega 2560 (SLAVE) which processes the data using the Fuzzy Logic algorithm, then 

sends the results via the SIM 900A module to the internet to be displayed on the user interface. 

2.3. Block Diagram of Fuzzy Logic On EWS 

The following block diagram illustrates the application of the Fuzzy Logic method to an Early 

Warning System (EWS) system for flood detection. Utilizing various sensors that measure rainfall, 

water level, and wind speed, the resulting data is analyzed using fuzzy logic to produce more accurate 

decisions in detecting potential flooding. The system is designed to provide early warnings to the 

community in order to take appropriate precautions. 

Data from ultrasonic sensors, anemometer, and rain gauge enter the fuzzification stage, where the 

data is converted into fuzzy values. Next, the predefined fuzzy rules are used in the fuzzy inference 

process to analyze the data. The results of this inference then go through the defuzzification stage to 

convert the fuzzy values into concrete values, which then produce outputs in the form of early warnings 

or other decisions related to flood potential. 

2.4. Tool Design 

1. The Overall Design 

Figure 2. Overall Design 

Figure 2 shows the overall design of the device used in the IoT-based monitoring and early warning 

system. The device is equipped with a solar panel at the top as a power source, which allows the device 

to operate autonomously in remote locations without relying on external power sources. There is a 

control box at the bottom of the panel that serves to control and display data from the sensors. It is 

designed with a sturdy iron frame structure to support the equipment and ensure its stability when 

installed in the field. 

 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
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2.5. Electrical System Design 
1. Electrical Design of Transmitter Node 

Figure 3. Transmitter Node Electrical Design 

Figure 3 shows the electrical system design of the transmitter node in the Early Warning System 

(EWS) development project. This transmitter node includes several main components, such as a solar 

panel used to charge the battery as a power source, an ultrasonic sensor, a rain sensor (rain gauge), a 

temperature and humidity sensor (DHT11), and an anemometer to measure wind speed. All of these 

sensors are connected to the Arduino Mega 2560, which serves as the data processing center. The 

Arduino is also connected to a LoRa communication module to transmit data to the receiving node, as 

well as an LCD screen and keypad as the user interface. This design enables the collection and 

transmission of environmental data to detect potential flood disasters. 

 
3. RESULTS AND DISCUSSION 

This research aims to design and develop an Early Warning System (EWS) system for flood 

detection using the Fuzzy Logic method. The system integrates various sensors, such as rain gauge, 

ultrasonic water level sensors, and anemometer, to monitor environmental conditions that could 

potentially cause flooding. The data obtained from these sensors is then processed using a Fuzzy Logic 

algorithm to provide more accurate predictions of potential flooding. 

3.1 Equation Result of Fuzzy Logic EWS Implementation with MATLAB 

The Mamdani method in the Early Warning System (EWS) for flood detection is used to improve 

accuracy in disaster detection, by utilizing ultrasonic sensors, wind speed sensors, and rainfall at the 

sending node (transmitter). Data from these sensors is sent to the receiver node and processed using the 

Mamdani fuzzy logic algorithm. The defuzzification process is carried out using the centroid (center of 

area) method, which aims to find the center point of the area under the fuzzy output curve. This technique 

calculates the ratio between the integral of the membership value multiplied by the output variable, and 

the integral of the membership value itself. The centroid method was chosen because it provides accurate 

and representative results. The stages start from fuzzification, which is the process of converting crisp 

input data into fuzzy input, with several variables used in this study. 

1. Fuzzification 

Fuzzification is a process where the input data of definite values (crips input) is entered into fuzzy 

input. In this study, several variables were used. 

 

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

Variables Sets Domains 
Membership 

Function 

 

Water Level 

Low [0 0 60 108] Trapezoid 

Medium [80 150 220] Triangle 

High [180 240 300 300] Trapezoid 

 

Wind Speed 

Low [0 0 6 12] Trapezoid 

Medium [10 12 14] Triangle 

Fast [12 22 50 50] Trapezoid 

 

Rainfall 

Low [0 0 12 25] Trapezoid 

Medium [15 35 55] Triangle 

Heavy [45 102 160] Triangle 

Extreme [150 175 180 180] Trapezoid 

 

Table 1 shows the fuzzification stage in the fuzzy system for flood detection, which includes three 

input variables: water level, wind speed, and rainfall. Each variable has several fuzzy sets, such as “low,” 

“medium,” and “high” for water level, “low” and “fast” for wind speed, and “low,” “medium,” “heavy,” 

and “extreme” for rainfall. Each set has a different domain with a trapezium or triangle-shaped 

membership function, which is used to convert the exact input data into fuzzy values. This process is 

essential for interpreting sensor data in a fuzzy logic-based flood detection system. 

2. Implication Function Application 

Tests that have been carried out, the Mamdani fuzzy logic system in the flood disaster EWS is able 

to integrate water level, wind speed, and rainfall data well, resulting in accurate predictions of safe, alert, 

or dangerous conditions. Using the centroid defuzzification method, this system can provide a more 

representative early warning according to the input from the sensor. 

Table 2. Rule Fuzzy 

No Water Level Wind Speed Rainfall Output 

1 Low Toned Heavy Safe 

2 Low Toned Extreme Safe 

3 Medium Low Low Safe 

4 Medium Low Medium Alert 

5 Medium Low Heavy Alert 

6 Medium Toned Medium Safe 

7 Medium Toned Heavy Alert 

8 Medium Toned Extreme Alert 

9 High Medium Medium Alert 

10 High Medium Heavy Danger 

11 High Medium Extreme Danger 

12 High Toned Low Alert 

 

Based on the data in Table 2, the Mamdani fuzzy logic system successfully classifies flood 

conditions into three main categories: safe, alert, and danger, taking into account the variables of water 

level, wind speed, and rainfall. In conditions of low to moderate water levels with wind speed and 

rainfall that are also low or moderate, the system outputs “safe”. However, when the different variables 

show higher values, such as moderate or high water levels and heavy to extreme rainfall, the output 

changes to “alert” or “danger”. The system shows good capability in providing early warning based on 

the environmental conditions measured by the sensors. 

3. Deffuzzification 

Defuzzification is converting the output fuzzy set to the form of firm numbers (crips). In the 

Mamdani method using the Centroid (Center of area) calculation method in Equation 1, 2, and 3. 

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

𝐴𝑟𝑒𝑎
                        (1)  

𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = ∫ 𝑥. 𝜇 (𝑧). 𝑑𝑥
𝑏

𝑎
                         (2) 

𝐴𝑟𝑒𝑎 =  ∫ 𝜇 . 𝑑𝑥
𝑏

𝑎
                          (3) 

Before performing defuzzification, the fuzzification process must be carried out first. This is 

because fuzzification changes clear (crisp) input data into fuzzy values that can be processed with fuzzy 

logic rules. After the fuzzy rules are applied and produce fuzzy values, then defuzzification is carried 

out to change the results back to crisp values that can be understood or applied in practical decisions. 

Thus, fuzzification is the initial step to prepare data in a form that can be processed using fuzzy logic, 

and defuzzification is the final step to change the results back into a useful form. Fuzzification of water 

level, wind speed, dan rainfall shown at Figure 7-9. 

Case example: The implementation case in this case takes an example, When the water level is 

(150) cm, wind speed is (25) m/s, and rainfall is (60) ml/min what is the output result? The water level 

can calculated by equation  4,5, or 6. The wind speed  can calculated by equation 7, 8, or 9. And the 

rainfall level can calculated by equation 10, 11, 12, or 13. 

a. Fuzzification 

 

Figure 7. Water Level Fuzzification 

Water Level  

Low     = 0                                                                                                                                                                                       (4) 

𝑀𝑒𝑑𝑖𝑢𝑚 =
𝑥−𝑎

𝑏−𝑎
=

150−80

150−80
                                                                                                                 (5) 

High         = 0                                                                                                                                                                   (6) 

 

 
Figure 8. Wind Speed Fuzzification 

 

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

Low = 0                                                                                                                                                              (7) 

Medium = 0                                                                                                                                                              (8) 

Fast = 1                                                                                                                                                              (9) 

 

 
Figure 9. Rainfall Fuzzification 

Rainfall                  

Low = 0                                                                                                                                  (10)                                                        

Medium = 0                                                                                              (11)             

Heavy = 
𝑥−𝑎

𝑏−𝑎
=  

60−45

102−45
 = 0.263                                                       (12) 

Extreme = 0                                                                                         (13) 

b. Inference 

After knowing the membership degree of each membership function, the next step is inference, 

which is taking the MIN output value of each membership function: 

[R23] = water(medium)&&wind(fast)&&rainfall(heavy)Then Caution. 
= MIN water(1) && wind(1) && rainfall(0.263) 

= MIN(1, 1, 0.263) = 0.263 

  

c. Deffuzification 

In the Mamdani method, affirmation uses the centroid (center of area) method. Calculated by 

Equation  14-18. Supervised output range = 4 – 6. 

𝐶𝑒𝑛𝑡𝑟𝑜𝑖𝑑    =
𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚

𝐴𝑟𝑒𝑎
                                                     (14) 

𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚 =  ∫
𝑎

𝑏
𝑥. 0.263 𝑑𝑥                                                                                                        (15) 

                           = 0.263(
1

2
)4

6 = 0.263 (
1

2
62 −

1

2
42 ) = 0.263 (

36

2
−

16

2
) = 2.63  

𝐴𝑟𝑒𝑎              = ∫ 0.263 dx
6

4
 = 0.263 [4] 6= 0.263 (6 − 4) = 0.526                                                                 (16) 

𝑂𝑢𝑡𝑝𝑢𝑡        =  
𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚

𝐴𝑟𝑒𝑎
                                                 (17)    

                                 =  
2.63

0.526
                         (18) 

                           = 5 (Manual calculation result) 

                              = 5 (Arduino program result) 

                              = 5 (Matlab result) 

http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&
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From this comparison, it can be concluded that manual calculations cannot be used as a reference 

because the difference between rule 1 and the others has almost the same difference. In the Arduino 

program results, a program is made that references calculations based on matlab. Thus, the Arduino 

generated program can be classified to distinguish the output shown in Figure 10-12. 

Figure 10. Results on Arduino IDE serial monitor 

Figure 11. Results in MATLAB 

From Table 2, there are 36 rows indicating there are 36 rules and there are 4 columns consisting of 

3 fuzzy inputs and 1 fuzzy output from each rule made. In the input column there is a red line indicating 

the value of the input rule, and there is the oldest color among the outputs that is the appropriate 

rule from the input that has been determined in the lower input column, the mark on each output rule 

indicates the membership of the resulting output. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Surface graph in MATLAB 
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From Figure 12, the surface graph in MATLAB shows that rainfall and water level are very 

influential in flood disasters, because the graph shows that when the water level increases and rainfall 

increases, the fuzzy logic output is also higher, while wind speed is not very influential in the occurrence 

of flood disasters. 

3.2 Fuzzy Logic Algorithm Testing with MATLAB 

The EWS that has been designed and has been completed is then tested and compared to the results 

of the Fuzzy Logic Algorithm with simulations in MATLAB. The results of the Fuzzy Algortima Test 

can be seen in the test images between EWS and MATLAB in attachments 2 and 3. From these 11 tests 

it can be concluded that there is a difference of 0%, so the Fuzzy Logic Algorithm on EWS is very good. 

 
4. CONCLUSION 

Rainfall and water level greatly affect the results of flood detection, while wind speed is less 

important while wind speed is not very influential in flood detection influence in flood disaster detection. 

This can be known from the rules and results of the Fuzzy Algorithm. The Fuzzy Logic algorithm that 

has been carried out and the results are very accurate with 11 data that has been tested with MATLAB 

software, while on the website when the water level is 157, the wind speed is 0, and the rainfall is 54.40 

has the same fuzzification value as the MATLAB software with a difference of 0 by 0. 
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 DC motors are widely applied in various fields due to their simple design, 

ease of control, and capability to generate high torque at low speeds. 

Position control of DC motors is crucial to ensure the performance and 

accuracy of the motorized electro-mechanical systems. The most common 

conventional control utilized in DC motors is the Proportional Integral 

Derivative (PID) controller. In this paper, the Linear Quadratic Regulator 

(LQR) approach is used to determine PID controller parameters for DC 

motors. The LQR approach, based on optimal control theory, offers a 

systematic alternative to traditional methods for tuning PID controllers. 

The results show that the designed controllers outperform the Ziegler–

Nichols tuned PID, with the recommended controller Ctrl 1, achieves a 

settling time of 1.2953 s, an overshoot of 0.5%, and a steady-state error of 

0.0043. 
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1. INTRODUCTION  

DC motors are electric motors that provide high starting torque and precise speed control by 

converting direct current electrical energy to mechanical energy [1−3]. Due to their simple design, ease 

of control, and capability to produce high torque at low speeds, DC motors are widely utilized in a 

variety of applications, including industrial automation, robotics, automotive, agriculture, and home 

appliances [4−7]. Since these motors are the main actuator component of the system, the appropriate 

controller should be designed to these motors to achieve good performance, precise speed and position, 

and efficient energy usage. 

There are numerous studies related to speed and position control for DC motors. The most popular 

control technique is the PID controller, with its simplicity, intuitive design, good performance in linear 

systems, and capability for real-time adjustment [8]. PID parameters can be decided by several 

techniques, such as classical methods like manual tuning [9], Ziegler–Nichols, and Cohen-Coon that use 

reaction curves or ultimate gain [10] and optimization methods by minimizing error for better 

performance [11]. Additionally, frequency domain approaches ensure robustness, while modern 

techniques, including trial-and-error, genetic algorithms, and fuzzy logic, adapt to complex systems 

[12]. The other techniques are machine learning methods [13], Model Predictive Control (MPC) [14], 

and software tools like auto-tuners to provide convenient automated tuning solutions [15]. 
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In this study, PID parameters will be selected using Linear Quadratic Regulator (LQR) approach, 

that offers a systematic framework for optimizing control gains. The LQR method is based on optimal 

control theory and offers a reliable alternative to the trial-and-error tuning methods often used in PID 

control design. By formulating the PID controller as a three-term structure compatible with the quadratic 

cost function of the LQR. This theory was first introduced in 1971 by Williamson and Moore [16].  

 

2. RESEARCH METHOD  

This research began with a literature study on DC motors and their control methods. It proceeded 

with mathematical modeling, followed by the design of the controllers. Simulations were then conducted 

using software to evaluate the performance of the designed controllers compared to Ziegler–Nichols 

method and analyze which controller is suitable for the system requirement. 

2.1. Mathematical Model 

 

Figure 1. Equivalent circuit of a DC motor 

DC motor is an actuator that uses the magnetic field force between the induced magnet from the 

winding, which is powered by an electric current flowing through the rotor, and the permanent magnet 

on the stator to transform electrical energy into mechanical energy [17]. Figure 1 illustrates a DC motor's 

equivalent circuit. The armature circuit's voltage equation can be expressed as the following equation 

using Kirchhoff's voltage law. 

𝑉 = 𝐼𝑅 + 𝐿
𝑑𝐼

𝑑𝑡
+ 𝑒 (1) 

Where 𝑉 is the voltage supply of DC motor, 𝐼 is electric current, 𝐿 is the inductance of the winding, 

𝑅 is resistance, and 𝑒 is back electromotive force voltage, which is the product of the angular velocity 

𝜔 and a constant 𝑘𝑒. Then, the electric circuit equation can be rewritten as equation (2). 

𝑑𝐼

𝑑𝑡
= −

𝑘𝑒

𝐿
𝜃̇ −

𝑅

𝐿
𝐼 +

1

𝐿
𝑉 (2) 

Meanwhile, the mechanical equation of the DC motor can be written as follows. 

𝜏 = 𝐽𝛼 + 𝑏𝜔 (3) 

With 𝜏 as the induced torque, 𝐽 as the moment of inertia, 𝛼 as the angular acceleration, 𝑏 as the 

friction coefficient, and 𝜔 as the angular velocity. The induced torque is the product of the torque 

constant 𝑘𝜏 and the electric current 𝐼 flowing through the rotor windings. Therefore, the mechanical 

equation can be expressed as: 

     𝑘𝜏𝐼 = 𝐽𝜃̈ + 𝑏𝜃̇      

  
𝑑𝜃̇

𝑑𝑡
= −

𝑏

𝐽
𝜃̇ +

𝑘𝜏

𝐽
𝐼 (4) 

Based on equation (2) and (4), by defining the state variables 𝑥1 = 𝜃, 𝑥2 = 𝜃̇, 𝑥3 =  𝐼, and 𝑢 =  𝑉, 

the system’s state space can be written as: 
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[

𝑥̇1

𝑥̇2

𝑥̇3

] =  

[
 
 
 
 
 
0     1 0

0 −
𝑏

𝐽

𝑘𝜏

𝐽

0 −
𝑘𝑒

𝐿
−

𝑅

𝐿]
 
 
 
 
 

[

𝑥1

𝑥2

𝑥3

] +

[
 
 
 
 
0

0

1

𝐿]
 
 
 
 

𝑢 (5) 

𝑦 =  [1 0 0] [

𝑥1

𝑥2

𝑥3

]                   (6) 

Table 1. Physical parameters of DC motor used in this study 

Parameter Value 

Friction coefficient, 𝑏 0.00105 𝑁𝑚𝑠 

Moment of inertia, 𝐽 0.0054 𝑘𝑔 𝑚2 

Torque constant, 𝑘𝜏 0.507 𝑁𝑚/𝐴 

Back emf constant, 𝑘𝑒 0.507 𝑉/𝑟𝑎𝑑/𝑠 

Inductance, 𝐿 0.0125 𝐻 

Resistance, 𝑅 7.102 Ω 

 

The physical parameters of the DC motor used in this study are shown in Table 1. Then, by 

substituting those physical parameters, the state space matrixes are obtained. 

𝐴 = [

0 1 0

0 −0.19 93.89

0 −40.56 −568.16

]            𝐵 = [

0

0

80

]           𝐶 =  [1 0 0]            𝐷 = 0 

 

2.2. Controller Design 

Before designing the controller, the controllability of the system is analyzed to determine whether 

the system is controllable. If the system is able to change from one state to another in a limited amount 

of time, it is said to be controllable [18]. The controllability matrix M can be expressed as follows. 

𝑀 = [𝐵 ⋮ 𝐴𝐵 ⋮ 𝐴2𝐵]                  

𝑀 = [

0 1 7511.11

0 7511.11 −4.27 × 106

80 −40.56 2.55 × 107

] 

The rank of the matrix was calculated as 3, matching with the system's dimension (𝑛 = 3). This 

indicates that the controllability matrix is full rank, and the system is fully controllable. Furthermore, in 

this article the controller to be designed is an LQR−tuned PID, which is a PID control with LQR as the 

parameter’s selector for PID gain values 𝐾𝑝, 𝐾𝑖, and 𝐾𝑑.  
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Figure 2. Block diagram of designed DC motor position control 

The block diagram of the designed system to control the position of a DC motor is shown in Figure 

2. Mathematical model of DC motor from equation (5) and (6) can be rewritten as follows: 

𝑥̇ = 𝐴𝑥 + 𝐵𝑢   𝑥(𝑡𝑜) = 0 

𝑦 = 𝐶𝑥                                                          (7) 

𝑥 is the solution of equation (7), 𝑢 is assumed as the output from the PID controller with input 𝑦, so that 

the output can be expressed as the equation (8). 

𝑢 =  𝐾1 ∫ 𝑦
𝑡

0

𝑑𝑡 + 𝐾2𝑦 + 𝐾3𝑦̇ (8) 

with 𝐾1, 𝐾2, and 𝐾3 are PID gains. 

𝐾1 = 
𝐾𝑝

𝑇𝑖
;       𝐾2 = 𝐾𝑝;       𝐾3 = 𝐾𝑝𝑇𝑑 

Where 𝐾𝑝 is proportional gain, 𝑇𝑖 represents time integral, and 𝑇𝑑 denotes time derivative from PID 

controller. Then, control law (8) is stated as state feedback control by using equation (7). From those 

equations, it can be obtained: 

                                             𝑦 = 𝐶𝑥 

𝑦̇ = 𝐶𝐴𝑥 + 𝐶𝐵𝑢 (9) 

                                             𝑦̈ = 𝐶𝐴2𝑥 + 𝐶𝐴𝐵𝑢 + 𝐶𝐵𝑢̇ 

by applying the equation (9) to equation (8), result in: 

𝑢̇ =  𝐾1𝑦 + 𝐾2𝑦̇ + 𝐾3𝑦̈                                                                  

(1 − 𝐾3𝐶𝐵)𝑢̇ = (𝐾3𝐶𝐴2 + 𝐾2𝐶𝐴 + 𝐾1𝐶)𝑥 + (𝐾3𝐶𝐴𝐵 + 𝐾2𝐶𝐵)𝑢 (10) 

The notation 𝐾̂ is used to denote the normalized value of 𝐾. 

𝐾̂𝑇 = [

𝐾̂1

𝐾̂2

𝐾̂3

] = (1 − 𝐾3𝐶𝐵)−1 [

𝐾1

𝐾2

𝐾3

]   (11) 

𝑢̇ = 𝐾̂𝑇 [

𝐶𝑇

𝐴𝑇𝐶𝑇

(𝐴2)𝑇𝐶𝑇

] 𝑥 + 𝐾̂𝑇 [

0

𝐵𝑇𝐶𝑇

𝐵𝑇𝐴𝑇𝐶𝑇

] 𝑢 (12) 

The equation (12) can be simplified as: 

𝑢𝑎 = 𝐾𝑎𝑥𝑎 (13) 

with 

       𝑢𝑎 = 𝑢̇,   𝑥𝑎 = [𝑥 𝑢]𝑇 
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𝐾𝑎 = [
𝐶𝑇 𝐴𝑇𝐶𝑇 (𝐴2)𝑇𝐶𝑇

0 𝐵𝑇𝐶𝑇 𝐵𝑇𝐴𝑇𝐶𝑇
] 𝐾̂ = 𝛤𝐾̂ (14) 

the augmented system equation based on equations (7) and (14) is as follows. 

𝑥̇𝑎 = 𝐴𝑎𝑥𝑎 + 𝐵𝑎𝑢𝑎 (15) 

𝐴𝑎 = [
𝐴 𝐵
0 0

] ;           𝐵𝑎 = [
0
1
] (16) 

By solving the Riccati equation (17), 𝐾̂  can be determined, and the values of 𝐾1, 𝐾2, and 𝐾3 can 

be calculated. In other words, the gains for PID control can be obtained. 

𝐴𝑎
𝑇𝑃 + 𝑃𝐴𝑎 − 𝑃𝐵𝑎𝑅−1𝐵𝑎

𝑇𝑃 + 𝑄 = 0 (17) 

𝐾̂𝑇 = −𝑅−1𝐵𝑎
𝑇𝑃 (18) 

 

3. RESULTS AND DISCUSSION  

To verify the feasibility of the designed controller, simulations were conducted by using the 

software. In these simulations, the matrices Q and R are chosen for the LQR parameters. Where 𝑄 

represents the weighting matrix for the state variables, influencing how deviations from desired states 

affect the control effort. Matrix 𝑅, on the other hand, specifies the weighting on control inputs, 

influencing how much control effort is penalized relative to the state deviations. 

𝑄 = 

[
 
 
 
 
 
𝑞1 0 0 0

0 𝑞2 0 0

0 0 𝑞3 0

0 0 0 𝑞4]
 
 
 
 
 

                 𝑅 = 1 

The fixed value for parameter 𝑅 is chosen, while parameter 𝑄 is varied by changing the values of 

elements 𝑞1, 𝑞2, 𝑞3, and 𝑞4. The elements of matrix Q are selected through the empirical approach of 

trial and observation. Initially, random values were set to test how they affected the system. The values 

are then improved in steps where each step response is compared, and the aim is to reach a reasonable 

trade-of between system stability, response speed, and the amount of control effort needed. While this 

approach does not rely on a systematic optimization method, it does provide a means of practical tuning 

according to how the system performs.  With these variations in the LQR parameters, different PID 

gains and step responses of the system are obtained, as shown in the following Table 2 and Table 3 

respectively. 

Table 2. LQR parameters and PID gains 

Controller 
LQR parameter PID Gain 

𝑞1 𝑞2 𝑞3 𝑞4 𝑅 𝐾𝑝 𝐾𝑖 𝐾𝑑 

Ctrl 1 0.0001 15 1 5 1 1.0514 0.0100 0.0019 

Ctrl 2 0.001 10 2 4 1 0.7640 0.0316 0.0014 

Ctrl 3 0.01 5 3 3 1 0.4405 0.1000 0.0008 

Ctrl 4 0.1 20 2 2 1 1.3686 0.3162 0.0024 

Ctrl 5 1 25 2 6 1 1.6644 1.0000 0.0030 

 

The relationship between the corresponding PID gains and the LQR parameters (𝑄 and 𝑅) is shown 

in Table 2. The diagonal elements of state cost matrix 𝑄 (𝑞1, 𝑞2, 𝑞3, 𝑞4) affect the weight given to state 

variables in the optimization process, while the control input cost matrix 𝑅, is kept constant at R=1 to 

maintain consistent penalty on control effort. These LQR parameters are used to tune the PID gains (𝐾𝑝, 
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𝐾𝑖, 𝐾𝑑), where 𝐾𝑝 adjusts the system's response to current errors, 𝐾𝑖 addresses accumulated errors to 

eliminate steady-state error, and 𝐾𝑑 mitigates future errors to reduce overshoot. 

As 𝑞1 and other elements of Q increase, the PID gains show a corresponding adjustment to achieve 

the desired control performance. Lower 𝑞1 values (e.g., Ctrl 1) result in more conservative gains, while 

higher 𝑞1 values (e.g., Ctrl 5) lead to higher gains, figuring responsiveness and control effort. This trend 

reflects a systematic method to tune the balance between system responsiveness, stability, and control 

effort, offering flexibility in designing controllers for various applications, from conservative to 

aggressive control strategies. Furthermore, the effect of other elements of Q must also be considered. 

The value of 𝑞2 primarily influences the integral gain 𝐾𝑖, which affects steady-state performance. A 

higher 𝑞2 tends to result in a higher 𝐾𝑖, improving steady-state accuracy but also increasing the risk of 

oscillations. The elements 𝑞3 and 𝑞4 impact the derivative gain 𝐾𝑑, which affects the damping 

characteristics of the system. Lower values of 𝑞3 and 𝑞4 may lead to a lower 𝐾𝑑, potentially reducing 

overshoot but also slowing down the response. On the other hand, higher values of 𝑞3 and 𝑞4 contribute 

to increased 𝐾𝑑, improving damping but possibly require higher control effort. The step responses of 

the designed controllers, compared with Ziegler–Nichols (ZN) tuned PID with gain 𝐾𝑝 = 175.8, 𝐾𝑖 =

3516, and 𝐾𝑑 = 2.1975 are displayed in Figure 3.   

 

Figure 3. Step responses of designed controllers and ZN-tuned PID 

Table 3. Comparison of step responses for different controllers 

Controller 

Step response performance 

Rise Time 

(s) 

Settling 

Time (s) 

Overshoot 

(%) 

  Steady-

State Error 

Ctrl 1 0.7947 1.2953 0.50 0.0043 

Ctrl 2 1.1133 9.9806 2.53 0.0200 

Ctrl 3 1.5050 11.8510 15.66 0.0388 

Ctrl 4 0.5219 6.8382 9.36 0.0089 

Ctrl 5 0.3930 3.7631 20.27 0.0002 

ZN 0.0197 0.6898 68.21 3.33×10−16 

 

For DC motor position control, choosing the proper controller is crucial, depending on the specific 

performance requirements of the application, including response speed, stability, and precision. Based 

on the step response data shown in Table 3, it can be seen that Ctrl 1 stands out with a balanced 

performance, featuring a moderate rise time of 0.7947 seconds and a settling time of 1.2953 seconds, 

with minimal overshoot at 0.50% and a very small steady-state error of 0.0043. This makes it a good 

option for applications where precision and stability are important. In other side, Ctrl 5 achieves the 
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fastest rise time of 0.3930 seconds and a settling time of 3.7631 seconds, with an impressive steady-

state error of 0.0002, however it comes with a significant overshoot of 20.27%. This indicates that Ctrl 

5 is more suitable for the system where a quick response is necessary, and the overshoot can be accepted. 

Meanwhile, Ctrl 4 strikes a balance with a relatively quick rise time of 0.5219 seconds, moderate 

overshoot of 9.36%, and a low steady-state error of 0.0089, making it suitable for applications that need 

a compromise between speed and precision.  

The other controllers, Ctrl 2 and Ctrl 3, show longer settling times, greater overshot, and higher 

steady-state errors, making them less suitable for precise position control tasks. In the other hand, ZN-

tuned PID controller provides the best response time with a very small steady-state error of 3.33 × 10−6 

which is almost zero, but with very high overshoot of 68.21%. This excessive overshoot makes the ZN-

tuned PID unsuitable for motor position control in this case. In summary, Ctrl 1 is recommended for 

applications that prioritize stability and accuracy, while is preferable for those emphasizing speed. 

 
Figure 4. Control signal of designed controllers 

 
Figure 5. RMS of control signal 

Additionally, the root mean square (RMS) values of control signal are shown in Figure 5, 

illustrating the value that is proportional with the energy required by each controller. Lower RMS values 

indicate less energy consumption, with Ctrl 3 being the most energy-efficient while Ctrl 5 consuming 

the highest energy. This highlights the trade-off between energy efficiency and performance, as more 

responsive controllers like Ctrl 5 tend to require greater control effort. For applications emphasizing 

energy savings, controllers like Ctrl 3 are more suitable, while high-performance tasks may justify 

higher energy consumption. Based on the step responses and control signal graphs, Ctr 1 is chosen for 

DC motor position control due to its good response and moderate energy consumption compared to 
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another designed controllers. Furthermore, the ZN-tuned PID controller is not chosen for this system 

due to its high control signal magnitude, with the RMS value of 22.49, indicating excessive energy 

consumption. The control signal of the ZN-tuned PID controller is shown in Figure 6. 

   
Figure 6. Control signal of ZN-tuned PID controller 

 

4. CONCLUSION  

This study demonstrates the effective tuning of PID controller gains using LQR parameters by 

varying the state weighting matrix Q while keeping R constant. The diagonal elements of Q significantly 

influence PID gains, shaping the system's response. Step response analysis highlights the controller’s 

suitability for various applications. Ctrl 1 delivers balanced performance with minimal overshoot, short 

settling time, and negligible steady-state errors, ideal for precision tasks. Ctrl 5 provides the fastest 

response with very low steady-state error but high overshoot, suitable for speed-prioritized tasks. Ctrl 4 

strikes a balance between quick response and moderate overshoot, suiting systems needing both speed 

and precision. In contrast, Ctrl 2 and Ctrl 3 exhibit longer settling times and higher errors, making them 

less effective for precise tasks. These results emphasize the effectiveness of LQR-based PID parameters 

selection to meet specific control objectives compared to the ZN tuning method. For future work, 

experimental validation on a physical DC motor system is recommended to validate the simulation 

results. Additionally, investigating these controllers under disturbances and model uncertainties could 

enhance their robustness for real-world practical applications. 
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The infusion pump is an intravenous injection machine for administering 

high-alert drugs. Failure to administer this type of drug can result in patient 

death. One cause of failure is interference with the flow rate of infusion 

fluid, which is influenced by the performance of the stepper motor. This 

study proposes a PI control design for controlling the stability of the flow 

rate in an infusion pump machine. The tuning method used is the Ziegler 

Nicholes type 1 tuning method, and the creation of a first-order transfer 

function using the Cian Cone method. The system is also applied directly 

to the hardware and tested using an Infusion device analyzer. The 

simulation results show that PI control can reach the set point and remain 

stable with a rise time of 19.49 seconds and a settling time of 32.39 seconds. 

In actual testing of the infusion pump machine with PI control, the average 

flow rate accuracy level reached 98%, and its stability reached below 0.3 

ml/hour. This proves that the infusion pump that was successfully created 

can be used to administer high-alert drugs appropriately according to the 

dose and can be used for a long time with constant delivery quality. 
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1. INTRODUCTION  

Hospital service quality assurance standards are implemented through inpatient safety regulations. 

This includes fully procuring medical equipment to support more optimal patient treatment. The act of 

administering medication, especially high-alert medication, must be considered an aspect of patient 

safety [1]. Nurses still make errors when handling patients, especially when administering drug 

injections. The number of cases of errors in administering drug doses is relatively high, which results in 

patient death. In the United States, these cases reach as many as 48,000–100,000 per year. Meanwhile, 

in Indonesia, the percentage of cases reached 24.8 percent of reported cases [2]. Therefore, when 

administering medication, you must follow the ten principles of correct medication administration [3]. 

The ten principles are drug, dose, patient, route, time, information, expiration, assessment, evaluation 

and documentation. 

One technique for administering high-alert-type drugs is through an intravenous infusion device. 

The action of administering high-alert drugs must be done carefully and precisely. On the other hand, 

until now, manual/conventional infusion models are still found and used in hospitals. This conventional 

infusion method has many disadvantages. These disadvantages include still using gravity, an arterial 
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drop rate of ≥ 20%, and a flow rate that is difficult to regulate accurately [4]. Based on this study, the 

manual infusion model is not appropriate when used for high-alert drug injection. 

Bright infusion is an infusion model that works automatically. This method uses an infusion pump. 

The tool works on the principle of a peristaltic pump to distribute infusion fluids [5]. The infusion pump 

must be WHO standard with a flow rate accuracy of at least ±5% [6]. Using non-standard infusion 

pumps results in system failure and the pump working uncontrollably [7]. The following are several 

failures in the infusion pump working system that were found. Using an infusion pump that is too long 

can cause heat and slow the rotation speed. Likewise, the condition of the infusion pump is old, which 

impacts inaccurate dosing. Apart from that, tools that do not comply with the specified test specifications 

are often found to have non-linearities. Based on the description of the failure of the infusion pump 

model. several researchers have innovated automatic infusion machines to improve the quality of 

administering high-alert drugs so that the dosage is correct. [8]. Previous research has been done on the 

innovation of automatic infusion machines to improve the quality of high-alert drug delivery so that the 

dose is correct. The working system uses a cuff pressure control system. The cuff is used to press the 

infusion bottle. The cuff pressure is adjusted based on the drip rate as a control reference. The control 

used is fuzzy logic control. The results are pretty good, with a precision of 96.75%. However, this design 

does not comply with the design required by WHO because this design has the potential to cause bubbles 

in the infusion line so that air enters the intravenous, which can cause death; this incident is called 

embolism [9]. The application of fuzzy logic for stepper motor speed control shows good results, but it 

was used for high speeds above 300rpm in this study [10]. The PI control method was chosen because, 

in several studies, motor controllers showed that PI control was better than PID controllers for control 

stepper motor [11]. Apart from that, this type of control is also easy to implement and develop for low-

speed control of stepper motors because it has been proven to eliminate resonance at low speeds and 

reduce vibrations at high speeds [12]. 

Referring to the problems and literature review, this research designs a PI control system for 

controlling low-speed stepper motors in the range of 0 - 100 RMP to determine the flow rate in infusion 

machines. This research implements a simulated and actual PI control system on hardware and is 

verified with a medical-grade standard calibration tool. This research aims to improve the stability and 

accuracy of the infusion fluid flow rate by looking at the performance results of the PI control system 

design applied to the infusion pump machine. 

 

2. RESEARCH METHOD  

This research aims to create an infusion pump machine based on Arduino nano control in a close 

loop using PI Control. The tuning method used is the Ziegler Nicholes type 1 method and the Cian Cone 

method to produce the system transfer function. The results of the PI constant tuning are applied to the 

Arduino microcontroller so that the microcontroller can work to control the infusion pump machine 

hardware. System testing takes data in real-time using the IDA analyzer measuring instrument and 

system simulation using Simulink Matlab. The speed control application on a stepper motor is done by 

adjusting the frequency of the square wave signal that enters the stepper motor driver; the higher the 

frequency, the faster the rotation speed will be [13]. In addition, motor speed control is also applied to 

molding; the control used is PID control. PID control works by regulating the PWM signal input that 

enters the motor driver to achieve a constant stepper motor speed during the printing process [14]. 

2.1. Block Diagram and Wiring Diagram of infusion pump 

The overall design of the system block diagram is shown in Figure 1. The infusion pump consists 

of several parts: a keypad to enter the desired set point value, an AS5600 speed sensor, a microcontroller, 

a TMC2088 motor driver, a Nema 17 stepper motor, and an LCD.  The AS5600 sensor is used because 

it works based on changes in angle, making it possible to read small changes in the stepper motor's 

rotation. The advantage of this sensor is that it is suitable for important parts in low-speed control of a 

stepper motor. 
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Figure 1. Infusion pump block diagram 

A 12V-3A DC power supply provides power to the infusion pump machine. The control center uses 

an Arduino nano-type microcontroller. Command instructions to determine the desired flow rate and 

volume of infusion fluid are used using a keypad. Meanwhile, to regulate the flow rate of infusion fluid 

using a Nema 17 stepper motor and TMC2088 as a motor driver. This infusion pump machine is built 

in a closed loop system with an AS5600 speed sensor as feedback. The display for monitoring the results 

of the process uses an LCD screen in digital form. Figure 2 shows a schematic form of an electronic 

circuit. To read low speeds below 50 rpm, a data smoothing method or average calculation is needed. 

The data for stable reading requires 200 samplings, and the average data sampling delay is 10ms. 

 
Figure 2. Infusion pump schematic circuit 

2.2. Infusion Pump System Mechanical Diagram 

The linear peristaltic pump mechanism is used in the proposed design. The main driver is a Nema 

17 bipolar stepper motor with a gear ratio of 16:40. The mechanical diagram and physical form of the 

Pump motor are shown in Figure 3 and Figure 4. 

 
 

Figure 3. Linear peristaltic pump 
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Figure 4. Linear peristaltic pump mechanics 

2.3. Convert RPM to ml/h 

The method for changing the RPM value to ml/h is done by conducting a trial set point RPM at 

several points, looking at the flow rate value read on the IDA, and then recording it. The following is a 

graph of the flow rate against RPM, shown in the Figure 5. 

 
Figure 5. RPM to ml/h conversion graph 

2.4. Transfer Function Design 

The transfer function of the infusion pump is obtained through experiment. The plant is given an 

input signal in the form of a step unit in an open loop position, and then the output signal is recorded. 

The transfer function is obtained using the the Cian cone method [15], using the first-orderthe  approach. 

Transfer function equation (1) is obtained from the result of response graph identification in Figure 6. 
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Figure 6. Open loop system response graph 

From the image above, it can be seen that the smoothing effect of data causes changes in flow 

velocity to experience a delay. L is the time delay when the flow velocity value begins to increase. T is 

the time delay from the first change in the flow velocity value until the flow velocity begins to experience 

a stable point. The red line is an aid line to draw the S graph. The green line is the maximum flow rate 

point that can be achieved. 
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Transfer function : 

𝐺(𝑠) =
1

8,925𝑠 + 1
  (1) 

  

The open loop response graph is also used to find the constant values of Kp and Ki using the 

Ziegler Nichols type 1 method. The following is a calculation to find Kp and Ki: 

Kp = 0.9 
𝑇

𝐿
 

 = 0.9 x 
14

2
 

 = 6.3  

 

Ti = 
𝐿

0.3
 

 = 
2

0.3
  

 = 6.66 

 

Ki = 
𝐾𝑝

𝑇𝑖
 

     = 
6.3

6.66
 

 = 0.945                         (2) 
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3. RESULTS AND DISCUSSION  

3.1. PI Control Simulation Result 

The system transfer function obtained using the Ciancone method is applied to PI control which is 

simulated in Simulink, the following is the Simulink block diagram shown in Figure 7 and the response 

graph is shown in Figure 8. 

 
Figure 7. Diagram block simulink simulation 

 

  

Figure 8. System response graph 

A response graph is obtained in the simulation, as shown in Figure 13. The response graph shows that the PI 

control system with Ziegler Nicholes type 1 tuning constants, namely with Kp = 6.3 and Ki = 0.945, can reach the 

stability point but still experiences a very high overshot. This is not allowed in the infusion pump working system 

because overshot occurs, resulting in an excess dose of medication entering the patient. Therefore, adjusting the 

PI constant with initial adjustments to Kp and Ki from the Ziegler Nicholes tuning results is necessary. 

Adjustments are made by trial and error, referring to the rules of the PID control system. The following trial error 

results are shown by the response graph in Figure 9. 
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Figure 9. Response graph from adjusting the PI constant 

In the trial-error process, a simulation is carried out by increasing and decreasing the Kp and Ki 

values. So, we get several response graphs. The first experiment was carried out by reducing the Kp 

value; the resulting impact was that the system experienced an overshoot and did not reach stability. The 

second experiment reduced the Ki value; the resulting impact was that the overshot decreased but did 

not wholly eliminate the overshot, and the system achieved stability. The third experiment reduced both 

values to Kp = 0.8 and Ki = 0.1. It produces pretty good results; for example, the response graph does 

not experience overshot and can achieve stability. This system cannot be maximized to the fastest rise 

time speed except with control modification. Because this system delays sensor reading when focusing 

on the rise time speed, the simulation and accurate measurement using IDA will not be synchronized. It 

would be better if the display and real-time IDA measurements were always synchronized with each 

change. The Kp = 0.8 and Ki = 0.1 is the fastest rise time point and is synchronous between the control 

system and accurate monitoring of IDA measurements. The following is a detailed response time shown 

in Table 1. 

Table 1. Response time 

Kp Ki Rise Time (s) Settling Time (s) Overshot Error Steady State (%) 

6.3 0.945 1.25 11.50 56.53 0 

4 0.945 1.86 12.86 32.50 0 

6.3 0.1 1.32 - - Not Achieved 

0.8 0.1 19.49 32.39 0 0 

 

3.2. Machine Design Results 
The following is a manifestation of the results of the tool that was successfully built. The tool is a prototype 

that has been neatly packaged and quickly set up by the nurse. The overall shape of the tool is shown in Figure 10. 

Moreover, the electronic part is also shown in Figure 11. 
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Figure 10. Infusion pump Prototype results 

    
Figure 11. Electronics Board 

3.3. Performance Testing 

Furthermore, the results of implementing the fuzzy-PI control design on the infusion pump machine 

were standardized measurements using the Infusion Device Analyzer (IDA) calibration measuring tool. 

Measurements were performed 5 times with a 10-minute break between each data collection. Figure 18 

shows the measurement technique; the results are recorded in Tables 2 and 3. 

 

Figure 12. Documentation of Flow rate data collection process using IDA 
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Table 2. Flow rate measurement results 

Set 

point 

(ml/h) 

Flow rate 

Tertampil 

(ml/h) 

Flow rate terukur (ml/h) 

1 2 3 4 5 

25 25 25,40 25,46 25,47 25,42 25,43 

50 50 50,44 50,48 50,31 50,25 50,31 

75 75 75,11 75,07 75,23 75,10 75,23 

100 100 100,11 100,01 100,05 100,04 100,04 

125 125 125,40 125,37 125,34 125,34 125,33 

150 150 150,98 151,09 151,21 151,24 151,27 

  

In Table 6a, the data is obtained by recording the flow rate on the infusion pump display and 

compared with the actual flow rate measurement using the IDA analyzer in real-time. Actual flow rate 

data was taken 5 times with a data collection range of 10 minutes. If we observe the tool's performance 

at each set point, the infusion pump can reach the set point and maintain the flow rate at the set point. 

This indicates that the PI control system on the infusion pump is working correctly. 

Table 3. Results calculation 

Mean 

(ml/h) 

correction 

value 

(ml/h) 

Relative 

Correction 

(%) 

Max 

(ml/h) 

Min 

(ml/h) 

Accuracy 

(%) 
Stability 

 

25,44 0,44 1,73 25,47 25,40 98,27 0,07  

50,36 0,36 0,72 50,48 50,25 99,28 0,23  

75,15 0,15 0,20 75,23 75,07 99,80 0,16  

100,05 0,05 0,05 100,1 100 99,95 0,1  

125,36 0,36 0,28 125,4 125,3 99,72 0,07  

151,16 1,16 0,77 151,3 151 99,23 0,29  

 

In table 3, data table 2 is processed to produce numbers used to analyze the system's success, 

namely accuracy, relative correction, and stability from 5 tests at the target value to be achieved. Relative 

correction is the correction value to the average value multiplied by 100%. The accuracy of the 

presentation calculation is obtained from 100 minus the relative correction value. Meanwhile, the 

stability value is the difference between the maximum data and the minimum data. 

From the data obtained, such as accuracy, relative correction, and stability, the Correlative 

correction obtained with the highest correction percentage permitted by ECRI is 10%. From the data 

above, the relative correction of measurements at each set of points is only 2%, far below the maximum 

limit. Accuracy is the ability of a tool to reach a target. If it is closer to the target, it is more accurate. 

The data above shows that the minimum accuracy is 98.26%, and the maximum accuracy is 99.95%. 

WHO recommends a maximum specification of ±5% of the set point. Compared with WHO provisions, 

the tool results show good accuracy—the more excellent the accuracy, the better the tool's performance. 

In terms of stability level, with a stability value of 0.29 at set point 150 and 0.07 at set point 25, the 

maximum flow stability allowed is 2 ml/h. This shows good stability. 
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4. CONCLUSION  

From the results obtained, it can be concluded that the PI control system applied to the infusion 

pump can work well, as proven by simulation results and direct application, and the machine can reach 

and maintain the flow rate at the set point. It has been proven that the relative correction value obtained 

is still far from the limit allowed by ECRI, namely 10%. In terms of accuracy, the infusion pump that 

can be made can reach an accuracy of above 98%, meaning that the greater the accuracy, the infusion 

pump can enter the drug dose accurately according to the patient's needs and, of course, avoid over-dose 

and under-dose. In terms of stability, it also shows good results, namely less than 0.3 ml/h, which means 

it is safe if used for a long time. Modifying the control or combining control methods allows for the 

optimization of rise time while still paying attention to overshot and real-time flow rate synchronization. 
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Puskesmas Banyumudal is a health care facility in Pemalang Regency, 

located at KM 1, Banyumudal, Jalan Raya Moga-Karangsari, Moga 

District, Central Java. This health center aims to improve the standard and 

equity of health services for all levels of society. one of the main obstacles 

that is often faced is the lack of management of patient queues that still use 

manual systems, causing long and irregular queues resulting in inefficient 

and ineffective patient waiting times. this research was conducted to build 

a more efficient and effective Banyumudal Health Center queue service 

system. by using the waterfall method, through this system, it is hoped that 

service efficiency will increase by reducing the duration of patient queues 

and improving better service quality. This method involves clear stages, 

starting from analyzing needs, designing designs, and testing. The results 

of the study show that the application of the waterfall method in the 

development of the Banyumudal health center queuing service system is 

able to improve queue management efficiently and effectively and provide 

information to patients regarding queue status, as well as facilitate health 

center officers and doctors in monitoring the queuing process. blackbox 

testing results show that all systems function properly according to 

predetermined specifications. thus, the queuing system designed is 

expected to have a positive impact on improving the quality of queuing 

services at the Banyumudal Health Center. 
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1. INTRODUCTION  

Banyumudal Community Health Center is a health care facility in Pemalang Regency, Central Java. 

The motto of the Banyumudal Health Center is “Healthy people, Happy people” with the intention of 

improving the quality and equitable distribution of health services so that it can be felt by all levels of 

society. in order to improve public services, all state institutions are required to build websites in 

accordance with Presidential Instruction Number 07 of 2003 establishing national policies and plans for 

building E-Government. therefore the quality of health services is needed to be better for an effective 

and efficient service system [1]. one of the main challenges faced by Puskesmas is patient queue 

management, which can affect the efficiency and quality of services provided. 

Queues are conditions in which several people or objects are in a certain order to wait for their turn 

and people often experience queues in public places such as banks and hospitals, as well as other places 

where they can get public services [2]. queues occur because the capacity of facilities and services 

exceeds the demand for services, so there will be queues. queuing situations are conditions that occur as 

part of random operational activities within a service facility. In addition, many health centers still use 
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manual methods in recording patient visits that come on that day, which has an impact on the 

performance and efficiency of the health center and reduces services to patients [4]. manual queues can 

cause inconvenience to patients seeking treatment. therefore, it is necessary to design and require a 

queuing system that can be organized and managed to be organized and comfortable [5]. 

At the Banyumudal Health Center, there is a problem in managing patient queues that still use a 

manual system, causing long and irregular queues that can result in inefficient and ineffective patient 

waiting times. the manual system also results in a lack of queue information so that patients do not know 

the order number that has been called, so patients have to stay around the registration area to make sure 

they don't miss their turn in the queue. thus, based on these conditions, there is a need for a solution that 

is more efficient and effective in managing the patient queue [6]. The website-based queuing system is 

expected to be an alternative solution to overcome the queuing problem at the Banyumudal Health 

Center, so as to improve service efficiency by reducing patient waiting time and providing a better 

experience for patients as a whole [7]. with this system, patients can register practically through the 

website, avoid long physical queues and allow them to get queue numbers digitally. 

Based on the above background, the purpose of this study is to design and build a system to improve 

the queuing service of Banyumudal Health Center which is more efficient and effective. the Waterfall 

method was chosen because it provides a structured and systematic framework. this method involves 

clear stages, starting from initial needs analysis, system planning, implementation, testing and 

maintenance. each step must be completed before going to the next step, to ensure every aspect of 

development gets enough attention. thus it is hoped that through this research, it can reduce patient 

waiting time, improve patient experience, and help Puskesmas officers manage queues better. 

 

2. RESEARCH METHOD 

This research involves several stages that must be passed. The following is a research flow chart 

that describes the research process for compiling this report. can be seen in Figure 1 

 

Figure 1. Research Flow Diagram 
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2.1. Problem Identification 

This stage is a step to identify problems that aim to identify obstacles in the queuing service used 

at the Banyumudal Health Center. This activity is carried out to analyze existing problems in depth, so 

that the designed solution can provide an improvement in the quality of queuing services at the 

Banyumudal Health Center. 

2.2. Literature Review 

At this stage, it is necessary to conduct a theoretical basis and references related to the design of 

information systems obtained from various sources, including previous books and journals. This 

literature study aims to add to the understanding of the concepts and theories needed for this research. 

2.3. Analysis 

In the analysis stage, data collection and evaluation are carried out to identify user needs and the 

required system. in this analysis stage includes identifying the process of collecting data to obtain 

information from user needs. the data collection method used in this analysis stage is through 

observation, and direct interviews with the Banyumudal Health Center. 

2.4. Design 

After analyzing the necessary requirements, the next step is the design stage which is the design 

stage in which the software structure is designed based on the previously identified requirements 

specifications. at this design stage, some important elements that will be explained include Use case 

diagrams, Activity diagrams, and basic user interface (UI) designs. these elements are designed to ensure 

each element of user requirements and functionality is met. 

2.5. Coding 

After the design step, the next stage is coding, at this stage, PHP will be used as a programming 

language and MySQL as a database management system. the coding stage will be implemented into a 

web-based system program that will be used by patients, doctors and Puskesmas admins. 

2.6. Testing 

In this step to ensure that the solution that has been created can operate effectively and provide the 

best results, testing is needed. at this stage, the method used is Black Box Testing. Black Box Testing is 

a test used to describe a system or element designed to perform testing, without the need to examine the 

details of the program implementation in it. As for testing the actors involved in this system, namely 

admin, doctor, and patient. 

Table 1. User Testing  

No User Description 

1. Admin 
Admin is a user who has full access to the queue service system. his duties 

include data management and system settings, 

2. Doctor 
Doctors are users who have access to view the patient queue list as a whole. 

In addition, doctors can see the status of the queue being handled. 

3. Patient 

Patients are users who can register queues independently through the 

system. In addition, patients can also see the available service schedule and 

see the history of previous queues. 

 

2.7. Maintenance 

At the maintenance stage is a system that has been developed. The main focus is to ensure the 

system continues to function properly, perform regular updates, and fix errors. 
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3. RESULTS AND DISCUSSION  

3.1 Analysis 

The analysis stage was carried out after conducting direct observations and interviews with 

Banyumudal Health Center officers. This process aims to understand real user needs and identify the 

main problems that occur in the current queuing system. Based on the results of data collection in the 

field, it was found that patient queue management was still done manually. Patients must come directly 

to the health center and register by showing an identity card, which often causes long lines and inefficient 

waiting times. These findings are the main basis for the need to develop a website-based queuing system. 

the proposed system offers a more effective and efficient solution, allowing patients to register and 

collect queue numbers online without having to come directly to the service location.  

This research applies a systematic approach in exploring user needs through direct interaction in 

the field, as well as designing digital technology solutions specifically aimed at solving problems at the 

Banyumudal Health Center. therefore, the development of this system is an innovative step that is 

expected to improve the quality of public health services at Puskesmas Banyumudal. With the 

implementation of this system, patients are expected to no longer experience long physical queues, so 

that the service process becomes efficient and organized. Based on these conclusions, the analysis of the 

needs required in the development of the queuing system for the banyumudal puskesmas is as follows: 

Table 2. Functional requirements 

Actor System Requirements 

Patient 

- Patients can create a new queue through the system 

- Patients can view information about queue numbers, queue status, and 

estimated waiting time. 

- Patients can view the service schedule 

- Patients can view queue history 

Doctor 

- Doctors can view a list of patients who are queuing. 

- Doctors can access detailed information on the queue of patients being 

treated. 

Admin 

- Admin have access to the dashboard to manage the system. 

- Admin can see the list of patients who are queuing. 

- Admin can provide information to patients regarding their queue status. 

- Admin can add new entries for admin, and doctor data into the system. 

- Admin can edit existing information for admin, patient, and doctor data. 

- Admin have the ability to delete entries that are no longer required from 

admin, patient, and doctor data. 

- Admin can access reports or history of completed patient queues. 

 

3.2 System Design  

System design is an important stage in the software development process, which aims to design the 

structure, workflow, and main components of the system so that it can run as needed. In this study, 

system design was carried out with a focus on developing a website-based queuing system that was 

tailored to the conditions and needs at the Banyumudal Health Center. 

This design process includes three main aspects, namely the design of Use Case Diagrams, Activity 

Diagrams, and Interface Design (Wireframe). These three elements are used to illustrate how the system 

will interact with users, as well as how the flow of the queue registration process takes place online. 

1. Use Case Diagram 

Use Case Diagram explains the intertwined relationship between users and the Banyumudal Health 

Center queuing service system. This diagram is a system analysis and design process, because it helps 

visualize the main functions and interactions that occur in system development. The following is a Use 

Case Diagram that is applied to the Banyumudal Health Center Queuing Service System. 
 

 

 

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


 

  

Volume 12, Issue 1, April 2025, pp. 31-42 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v12i1.4542 

35 

 

 

 

Development and Design A Queue Service System …  (Wifqi Wifakul Azmi, et al)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Use Case Diagram User Pasien, Doctor and Admin 

2. Activity Diagram 

Activity Diagram, also known as Activity Diagram, is a visual representation used to show and 

explain the stages in a process that takes place in a system. The following is an activity diagram applied 

to the Banyumudal Health Center Queuing Service System. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Activity  Diagram User Pasien 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4. Activity Diagram User Doctor  
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Figure 5. Activity Diagram User Admin 

3. Design Interface ( Wireframe ) 

The following are some pages in the basic design interface for the Banyumudal Health Center 

queuing system: 

 

Figure 6. Design Interface Patient, Doctor and Admin Login 

 

Figure 7. Design Interface Patient User Home Page 
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Figure 8. Design Interface Doctor User Home Page 

 

Figure 9. Design Interface Halaman dashboard Admin 

3.3 Results of the Health Center Queuing Service System Website 

The following is a view of the website of the queuing service system for puskesmas banyumudal. 
 

 

Figure 10. Page Login Patient, Doctor and Admin  

In Figure 5 is the login page for patients, doctors and admins to enter the puskesmas queuing 

system. on this page, User patients, doctors and admins are asked to enter email, password, and select a 

role. If the data entered is valid, the system will direct the patient to the home page. 
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Figure 11. Home Page User Patient  

In Figure 11 is a patient home page that displays a list of all existing queues. on this page, there is 

a button to register a new queue. 

 

Figure 12. Home Page User Doctor  

In Figure 12 is a doctor's home page that displays a list of all existing queues. on this page, doctors 

can see information about patients who are queuing. 

 

Figure 13. Admin User Dashboard Page 

In Figure 13 is the admin dashboard home page that displays information on the number of doctors, 

patients, and admins. on this page provides a summary of data that is easily accessible by the admin to 

see the total number of registered doctors, the number of registered patients, and the number of admins 

in the system. 
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Figure 14. Admin User Queue List Management Page 

In Figure 4.113 is the User admin queue list page that displays all patient queue lists. on this page 

displays all active patient queues, with related information such as queue number and patient status. 

admins can view the list to monitor ongoing patient queues. 

3.4 Blackbox System Testing 

After the system development stage is complete, a testing process is carried out to ensure that all 

system functions run as they should. Testing is carried out using the Blackbox Testing method, which 

is a test focused on observing system outputs based on certain inputs, without examining internal code. 

This method is used to identify logic errors, input-output flow errors, and ensure that key features 

such as registration, queue number retrieval, and login access run correctly. at this stage, structured and 

thorough test documentation is carried out on the puskesmas banyumudal queuing system, This process 

also ensures that the system is ready to be used directly by users. 

Table 3. Patient User Testing Table 

No Scenario  

Testing 

Test Case Expected  

results 
Results Conclusion 

1. Patient home page Patient home page 

displayed after 

successful login 

The system will 

display the patient's 

name, the “New 

Queue List” button, 

and display the list 

of active patient 

queues. 

 

Passed Valid 

2. New queue list Click the Register 

New Queue button 

The system will 

display a pop up 

modal form for 

queue registration 

 

Passed Valid 

3. Service Schedule 

Menu 

Click on the service 

schedule menu 

The system will 

display the service 

schedule page 

 

Passed Valid 

4. Menu Riwayat 

Antrian 

Click on the queue 

history menu 

The system will 

display the queue 

history page 

 

Passed Valid 

5. View queue history 

details 

Click or select the 

details button 

The system will 

display the queue 

history detail page 

 

Passed Valid 
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Table 4. Doctor User Testing Table 

No Scenario  

Testing 

Test Case Expected  

results 

Results Conclusion 

1. Doctor Home Page The doctor's home 

page is displayed after 

a successful login 

The system will 

display all active 

patient queue lists. 

 

Passed Valid 

2. My poly queue 

menu 

Click on My poly 

queue menu 

The system will 

display my poly 

queue page 

 

Passed Valid 

3.  Menu View patient 

queue data details 

Click or select the 

details button 

The system will 

display a pop up of 

patient queue data 

details 

 

Passed Valid 

 

Table 5. Admin User Testing Table 

No Scenario  

Testing 

Test Case Expected  

results 

Results Conclusion 

1. Admin 

Dashboard Page 

Admin Dashboard 

page displayed after 

successful login 

The system will 

display data on the 

number of doctors, 

number of patients, 

and number of 

admins 

Passed Valid 

2. Queue list menu 

to see the queue 

list page display 

Click the queue list 

menu 

The system will 

display the queue 

list page 

Passed Valid 

3. Patient data menu 

to display the 

patient data 

management page 

Click the patient 

data menu 

The system will 

display the patient 

data management 

page 

Passed Valid 

4. Doctor data menu 

to display the 

doctor data 

management page 

Click the doctor 

data menu 

The system will 

display the doctor 

data management 

page 

Passed Valid 

5. Admin data menu 

to display the 

admin data 

management page 

Click the admin data 

menu 

The system will 

display the admin 

data management 

page 

 

Passed Valid 

6. Report menu to 

display the 

Report page 

Click the report 

menu 

The system will 

display the 

completed queue 

report page 

 

Passed Valid 

 

Based on the results of tests that have been carried out on each user, accurate data and conclusions 

are obtained. This indicates that the system functions properly and in accordance with predetermined 

needs. 

3.5 Maintenance of the System 

At this stage, system maintenance is carried out to ensure that the system continues to run optimally 

and can adapt to changes or obstacles that may arise during use. The following are the maintenance steps 

that will be carried out regularly, including solutions to problems that may arise, such as errors on the 

login page, popups that do not appear, or home pages that cannot be clicked. 

Conduct periodic system evaluations to ensure that the Banyumudal Health Center queuing service 

system still meets user needs and meets the desired performance standards. This evaluation includes: 

a) Daily Evaluation: 
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Checking whether there are problems such as login errors or problems not being able to access 

the main page. 

b) Weekly Evaluation: 

Evaluate the performance of the queuing system so that it runs optimally and meets user needs. 

c) Monthly Evaluation: 

Evaluating user feedback and analyzing the overall performance of the system. 

Perform regular data backups by copying and storing data to a secure location. The goal is to prevent 

data loss or data corruption that can occur due to system failure The following is a backup schedule: 

a) Daily Backup: 

Stores constantly changing data, such as patient information and queue schedules, to avoid data 

loss due to technical difficulties. 

b) Weekly Backup: 

Performs a more complete backup that covers the entire system, including login settings and 

user data. 

c) Monthly Backup: 

d) Perform a full backup of the entire system and database to protect data from damage or loss. 
 

4. CONCLUSION  

Based on the results of the discussion related to the development of the banyumudal puskesmas 

queuing service system, the researchers concluded as follows:  

1. The queuing service system was successfully developed using the Waterfall method which is 

applied by going through the stages of needs analysis, design, and testing. Each stage is carried out 

sequentially to ensure that the system developed is in accordance with user needs. The queuing 

service system that has been designed is able to improve queue management, provide information 

to patients regarding queue status, and make it easier for Puskesmas officers and doctors to monitor 

the queuing process. 

2. Testing the system with a Black Box Testing approach shows that all functions in the system 

operate in accordance with predetermined specifications. This test involves the role of patients, 

doctors, and Puskesmas officers, where the results prove that each component of the system 

provides outputs that match expectations and function properly. 
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The coffee roasting process is essential for creating distinctive aromas and 

Flavors. Manual roasting often results in uncontrolled temperatures, 

resulting in uneven and burnt coffee beans. Therefore, an automatic 

roasting machine was developed to control stable temperatures at 

setpoints of 180°C (light roast), 220°C (medium roast), and 250°C (dark 

roast), with a monitoring system to ensure optimal results. Servo angle 

settings are used to optimize temperature stabilization, while a DC fan 

serves to remove excess heat from the machine. The system uses an 

Arduino Uno and ESP32, with a Thermocouple Type K temperature 

sensor and an I2C LCD display for real-time monitoring. Integration with 

IoT Blynk allows remote monitoring and control through a mobile 

application. Research shows that a servo angle of 140° provides the 

optimal temperature increase, while an angle of 100° is effective for 

lowering the temperature when it exceeds the setpoint. These angles are 

used in the system to keep the temperature controlled according to the 

specified target. 
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1. INTRODUCTION 

Coffee is a grain that comes from highland plantations and is the main ingredient in making a very 

famous drink, not only in Indonesia, but also in various parts of the world[1]. Coffee originated in 

Yemen, which developed coffee into powder and then brewed it to produce a distinctive aroma that no 

other beverage has. Coffee quickly spread throughout the world and evolved in various processing 

methods, leading to unique and delicious flavors [2].  

The coffee roasting process is an important stage that aims to produce the distinctive aroma and 

flavor of the coffee beans[3, 4]. The duration of roasting can be measured through changes in the color 

of the coffee beans, where a darker color indicates a longer roasting process[5]. The longer the roasting 

time, the darker the color of the coffee beans, this process involves heating green coffee beans to develop 

certain organoleptic properties through chemical reactions [4, 5].  

As coffee evolves, so does the roasting process. Initially, roasting was done manually using a pan 

and hand stirrer[6, 7]. However, this method resulted in heat wastage due to uncovered pans, and 

required more time and labor[8, 9]. Research by [1]   shows that the manual process causes uncontrolled 

temperatures, resulting in uneven roasting and burnt coffee beans. In addition, the manual process is less 

efficient when done on a large scale, which impacts the quality of the coffee.  
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Different degrees of roasting (light, medium, dark) are achieved by varying the temperature and 

time, which can be monitored by changes in the colour of the beans [10]. Optimal roasting temperatures 

range from 200°C to 300°C, with different profiles affecting the chemical composition and sensory 

qualities of the final product [11, 12]Roasting duration, including development time after the first crack, 

affects the flavour profile and chemical markers in coffee [4].  

The impact of roasting on coffee quality in Roasting affects the bulk density, hardness, moisture 

content, ash content, pH level, and caffeine content of coffee beans [13]. Sensory properties, such as 

aroma, bitterness, acidity, and sweetness, are also affected by the roasting method and degree [14]. 

To overcome these problems, various studies have developed automatic roasting machines [8], 

[15]. Some studies such as [16, 17] the importance of temperature control in coffee roasting with flavour 

quality where the roasting process significantly affects the flavour profile of the coffee. Proper 

temperature control is essential to achieve the desired degree of roasting (light, medium, dark) and to 

develop specific Flavors. In addition, in order to achieve high consistency, traditional roasting methods 

often result in inconsistent roasting due to manual temperature management. An automatic temperature 

control system can ensure uniform roasting, improving the consistency and quality of the final product 

[16, 18, 19].  

This technological solution by maintaining the temperature but ensuring that the actuator is a servo 

mechanism for the stirring mechanism ensures even heat distribution and uniform roasting. This reduces 

the need for manual intervention and minimizes the risk of uneven baking [20]. Therefore, for the 

development of making machines utilizing small-scale roasting machines which have accessibility are 

designed to be easy to use and do not require extensive training to operate, making them accessible to 

small business owners and home roasters [14].  

Developing a small-scale coffee roasting machine with precise temperature control and servo 

mechanism fulfils the need for consistency, quality, and economic viability in coffee roasting for small 

businesses. The machine is designed to automatically regulate temperature and time using a heating 

element, but the results are still limited as the temperature achieved is only around 130°C, whereas to 

achieve optimal light roast results, the required temperature ranges from 160°C to 180°C. Coffee 

roasting types, such as light roast, medium roast, and dark roast, produce different characteristics and 

Flavors. Therefore, the developed roasting machine must be able to control the temperature accurately 

in order to produce roasting quality that complies with the standard. 

 

2. RESEARCH METHOD  

This research aims to develop an automatic coffee roasting machine that can control temperature 

stably and allow remote monitoring. The method used includes designing the system with block 

diagrams and flowcharts to describe the workflow and relationships between components, such as 

thermocouple temperature sensors, servo motors, and DC fans. After the system is designed, 

experiments are conducted to collect temperature data and test the effectiveness of the system in 

maintaining the temperature at the desired setpoint, using the Blynk application to monitor the 

temperature in real-time and control the machine remotely. With this approach, it is expected that the 

developed coffee roasting machine can produce coffee beans with consistent quality according to the 

specified standards. 

2.1. Diagram Block 

In this study, two block diagrams were used to describe the workflow of the automatic coffee 

roasting machine system. In Figure 1, the block diagram explains the input part, namely there are 

temperature sensors, rpm sensors and switches or pushbuttons which are then processed with a 

microcontroller and continued with the output of actuators such as DC motors controlled by motor 

drivers, 12V DC fans regulated by relay modules, and servo motors or control valves that regulate the 

burner or heater section. 
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Figure 1. Actuator systems block diagram 

The use of two microcontrollers, Arduino Uno and ESP32, in this system is made to take advantage 

of their respective strengths. Arduino Uno functions to read data from the temperature sensor and display 

it directly on the LCD with a fast response. Meanwhile, the ESP32 is responsible for sending temperature 

data to the Blynk platform, enabling remote monitoring and control via a mobile application. By dividing 

these tasks, each microcontroller can focus on its respective role, namely Arduino Uno for local data 

processing and ESP32 for wireless communication. This separation also provides redundancy and 

reliability, so that if one of the microcontrollers has a problem, the system can still run properly. This 

structure also opens opportunities to develop the system further in the future without changing many 

parts of the overall system. 

Thermocouple 

Sensor

Arduino Uno

ESP32

LCD

Blynk

Input Process Output

 
Figure 2. monitoring system 

2.2. Research Flowchart 

Flowcharts in this study are used to describe the system workflow systematically and facilitate 

understanding of the processes that occur in automatic coffee roasting machines. Flowcharts are used to 

describe the overall workflow of the system, which includes the process of designing, testing, and 

controlling an automatic coffee roasting machine. The system starts with problem identification and 

literature study, followed by system design, assembly, and testing. The machine is then activated by 

selecting the roasting option (light, medium, or dark roast), followed by reading the input from the 

pushbutton and setting the temperature using a servo motor. Once the temperature reaches the desired 

setpoint, the blower activates to keep the temperature stable, and the roasting process continues until the 

coffee beans are inserted. In addition, the real-time temperature monitoring system uses a thermocouple 

sensor, with temperature readings displayed on the LCD and the Blynk app for remote monitoring.  

The process starts with turning on the system and selecting a roasting option (light, medium, or 

dark roast). Once the option is selected, the system reads the input from the push button and the Arduino 

controls the DC motor and servo to regulate the gas flow and ignite the lighter. The temperature will 

rise until it reaches the respective set point: 180°C for light roast, 220°C for medium roast, and 250°C 

for dark roast. Once the temperature is reached, the blower activates to maintain the temperature, and the 

coffee beans are inserted. After that, the system will automatically shut down. 
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Figure 3. Shows how the coffee roasting machine works 

2.3. Data Collection Method 

Data collection in this study was carried out through a series of tests to analyze the performance of 

the automatic system in controlling temperature and ensuring consistent coffee roasting results. The first 

test involved comparing the thermocouple sensor with a manual thermometer to measure the 

temperature inside the coffee roasting machine. The thermocouple was positioned at the same point as 

the manual thermometer, with temperature recorded every 10 seconds for 60 seconds. Next, a 

comparison was made between the temperature readings displayed on the LCD and the Blynk 

application for real-time temperature monitoring. The temperature was measured and displayed every 

10 seconds for 60 seconds. A servo test was also conducted to determine the effect of the motor servo 

rotation on temperature increase, with tests performed at 5, 10, and 15-minute intervals to observe the 

temperature changes. Additionally, a test was carried out to assess the temperature decrease by varying 

the servo motor rotation at different intervals (5, 10, and 15 minutes) to measure the effective decrease 

in temperature after exceeding the setpoint. Lastly, a temperature stabilization test was conducted where 

the machine was operated with the gas valve open at a 140° angle, and the servo continuously opened 

to maintain the temperature below 180°C. Once the temperature reached or exceeded the setpoint, the 

servo closed by 40°, and the DC fan was activated to dissipate heat. 
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2.4. Model Design 

The design of the hardware model aims to ensure efficient placement of the system components in 

order to function optimally. The main components in this system include thermocouple temperature 

sensors, servo motors, DC fans, and Arduino Uno as the microcontroller, as well as ESP32 for IoT 

communication. All components are placed with an eye towards ease of access and maintenance, as well 

as ensuring efficient energy and data flow between each component. The components are connected 

with appropriate cables and modules to support stable functionality during the coffee roasting process. 

This design also ensures that each part can be easily installed and accessed for replacement or 

maintenance, if required. 

  
Figure 4. Design of a small-scale roasting machine model 

2.5. Blynk App Design 

The Blynk app is designed to provide remote control of the coffee roasting machine system. The 

Blynk app interface allows users to select the roasting type (light, medium, or dark roast) and monitor 

the temperature of the machine in real-time. The app displays a temperature indicator that shows the 

current temperature in the machine, as well as the status of active roasting. Users can control the system 

directly from the app, such as starting or stopping the roasting process, as well as adjusting the 

temperature settings when necessary. The interface design uses contrasting colors for easy reading, with 

a simple yet informative look to ensure a comfortable user experience. 

 
Figure 5. Coffee roasting application 

 

3. RESULTS AND DISCUSSION  

The results of designing and making an automatic system and monitoring system that can be 

controlled through the Blynk application. Furthermore, testing is carried out after the system has been 

designed. This test aims to determine and analyze the level of success, weaknesses, and the process of 

making this system. Data management in this system aims to produce good roasting results based on 

predetermined standards.  

3.1   Sensor Analysis  

3.1.1 Comparison of Thermocouple and Thermometer Sensors  
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Temperature testing using a thermocouple and a manual thermometer was conducted to measure 

and compare the temperature in the coffee roasting machine. The thermocouple is installed inside the 

machine in the same position as the manual thermometer. The coffee roasting machine was turned on 

with a servo rotation of 60°. Every 10 seconds for 60 seconds, the temperature was recorded using both 

measuring instruments. The data obtained was used to calculate the error between the thermocouple and 

the manual thermometer, with the aim of ensuring the accuracy and consistency of temperature 

measurement in the roasting process. The results of this test can be seen in Table 1. 

Table 1. Sensor Testing Results 

Time 

(s) 

Thermocouple 

(°C) 

Thermometer 

(°C) 

Error 

(°C) 

0 29.25 29.00 0.25 

10 29.25 29.00 0.25 

20 29.50 29.00 0.50 

30 29.50 29.00 0.50 

40 29.50 29.00 0.50 

50 30.25 30.00 0.25 

60 31.00 30.00 1.00 

Average error 0.46 

 

Analysed from Table 1, the comparison temperature using the thermocouple shows an average error 

of 0.46°C compared to the manual measurement using a thermometer. Despite the slight error, with the 

highest error of 1.00°C at 60 seconds, the thermocouple sensor still shows good accuracy in temperature 

measurement. Overall, the thermocouple proved to be feasible for use in the coffee roasting machine 

monitoring system, although it needs periodic calibration to maintain its accuracy. 

3.1.2. Comparison of LCD and Display  
The display comparison test between LCD and Blynk application was conducted to monitor and 

display the temperature in the coffee roasting machine. The coffee roasting machine was turned on with 

a servo rotation of 60°. Every 10 seconds for 60 seconds, the temperature is recorded using both 

measuring instruments, which is then displayed on the LCD screen and also on the Blynk application 

connected via a smartphone. The data obtained from these measurements were used to compare the 

suitability and accuracy of the temperature display between the LCD screen and the Blynk application. 

This comparison aims to ensure that both display methods are able to show temperature data consistently 

and accurately, making it easier for users to monitor the coffee roasting process. The results of this test 

can be seen in Table 2. 

Table 2. Comparison of LCD and Blynk Display 

Time 

(s) 

LCD 

(°C) 

Blynk 

(°C) 

Error 

(°C) 

0 30.75 30.75 0 

10 32.50 32.5 0 

20 35.00 35.00 0 

30 36.25 36.25 0 

40 37.75 37.75 0 

50 39.50 39.50 0 

60 41.25 41.25 0 

Average error 0 

After testing and analyzing the temperature measurement using a thermocouple sensor displayed 

on the I2C LCD and Blynk application which can be seen in Table 2. The temperature displayed on the 

LCD display has a very fast response time because the data is sent directly from the thermocouple to the 

LCD. This is the same as the temperature displayed on the Blynk application, which has no delay even 

though it goes through the process of sending via the internet network. 
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3.2 Servo Turn Analysis  

3.2.1. Servo Testing Against Rise  

This test was conducted to show the relationship between the servo motor rotation and the time 

required in increasing the effective temperature. Tests were carried out at time intervals of 5 minutes, 

10 minutes, 15 minutes to see the temperature increase at each different time interval. The data can be 

used as a heating controller properly which can be seen in Figure 11. 

 
Figure 6. Rise graph The X-axis represents the rotation of the servo and the Y-axis  

represents the temperature 

The test results displayed in Figure 6 show that the larger the servo rotation, the faster the 

temperature increase in various time intervals. Larger servo turns result in a more significant temperature 

increase in less time, indicating better heating efficiency. The results of this test were incorporated into 

the program using a servo angle of 140° for a rapid and optimal temperature increase.  

3.2.2. Servo to Drop Testing  

This test is carried out to show the relationship between servo motor rotation and the time required 

for effective temperature reduction. Tests are carried out at time intervals of 5 minutes, 10 minutes, 15 

minutes to see the temperature drop at each different time interval. 

 
Figure 7. Drop graph The X-axis represents the time (minute) and the Y-axis 

represents the temperature 

The data in Figure 7 shows the temperature drop over a given time for various servo angles, with 

an initial temperature of 180°C. This test shows that the smaller the servo angle, the greater the average 

temperature drop, with a more significant temperature drop at longer time intervals. The results of this 

test were entered into the program using a servo angle of 100° to reduce the temperature if it exceeded 

the setpoint in the roasting process. 
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3.2.3 Stabilization Analysis  

The temperature stabilization test of the coffee roasting machine aims to assess the system's ability 

to maintain a consistent temperature during the roasting process. This test was conducted by monitoring 

the temperature at various levels of heating intensity to ensure the system could maintain the target 

temperature of 180°C. The machine is operated with the gas valve opening at an angle of 140°, and the 

servo will continue to open at that angle as long as the temperature is below 180°C. When the 

temperature reaches or exceeds the setpoint, the servo will close by 40°, and the DC fan will turn on to 

dissipate the heat inside the engine. These steps aim to keep the temperature stable around the setpoint. 

The data from this test is used to assess the efficiency of the temperature control as well as identify and 

correct potential unwanted temperature fluctuations. 

 
Figure 8. Stabilization Chart The X-axis represents the time (minute) and the Y-axis  

represents the temperature 

Figure 8 shows the change in measured temperature against time during the heating process. From 

the data provided, the measured temperature continues to increase from the beginning (30.25°C) until it 

reaches a peak at the 35th minute (185.25°C), before finally decreasing at the 40th minute (178.50°C). 

So that the temperature can be maintained at approximately 180°C. 

3.2.4 Motor Rotation Testing for Roasting  

In this test, experiments were carried out with DC motors at two different speeds, namely 68 RPM 

and 136 RPM, to see the relationship between the motor rotation speed and the time required to achieve 

optimal roasting results. Table 3 below shows the test data of the motor rotation with speeds of 68 RPM 

and 136 RPM, as well as the optimal roasting time at 7 minutes, which resulted in the smallest percentage 

of failure. 

Table 3. Motor Rotation Testing Against Time 

Motor Speed 

(RPM) 

 

Set Point (°C) Time 

(Minutes) 

Present Fail 

(%) 

68 Light Roast 4 10,7% 

5 7,1% 

6 4,3% 

7 3,9% 

Medium Roast 4 6,6% 

5 9,5% 

6 4,5% 

7 3,1% 

Dark Roast 4 6,4% 

5 5,4% 

6 8,8% 

7 4,3% 

136 Light Roast 4 53,1% 
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5 6,3% 

6 4,1% 

7 3,3% 

Medium Roast 4 5,8% 

5 8,7% 

6 4,3% 

7 2,4% 

Dark Roast 4 5,5% 

5 4,7% 

6 7,2% 

7 3,3% 

 

Table 3. it shows test results at motor speeds of 68 RPM and 136 RPM for three temperature point 

sets: Light Roast (180°C), Medium Roast (220°C), and Dark Roast (250°C). The smallest failure 

percentage is recorded at the 7th minute time, which is the optimal roasting time to produce the best 

quality coffee beans with minimal losses. To get a good analysis of roasting results, the next sub-chapter 

uses 4", 5" and 10" times as the best roasting results of the coffee color form.  

3.2.5 Analysis of Roasting Results  

This research is a coffee bean roasting process that includes the length of the process time, the 

temperature required, the type of coffee produced and the characteristics of the coffee roasting results 

using 140° servo rotation opening. The results of the type of coffee roasting obtained will be adjusted 

to the color according to the SCAA (Specialty Coffee Association of America) standard [9]. In the 

analysis below, 4 types of coffee are shown consisting of light roast with a temperature of 180 °C, 

medium roast with a temperature of 220 °C and dark roast 250 °C to find out the success of roasting 

results seen in color and displayed in RGB. 

Table 4. Coffee Roasting Color Results 

Type 
Roasting Temperature 

(°C) 

Time 

(Minutes) 

Color Code 

(RGB) 

Light Roast 180 

4" (248,221,136) 

5" (251,206,109) 

10" (120,88,63) 

Medium Roast 220 

5" (249,185,91) 

7" (240,142,62) 

15" (98,76,66) 

Dark Roast 250 

5" (203,126,37) 

7" (160,83,30) 

15" (70,67,66) 

 

The results of the coffee process can be seen in Table 4, explained based on the variables of 

temperature, time, and color of the coffee beans produced. Light Roast process with temperature 

between 160°C to 180°C, showing changes in coffee beans. The colour code in the light roast process 

that is closest to the SCAA standard is at minute 10. Medium Roast, with temperatures between 200°C 

and 220°C, shows changes in coffee beans. The colour code in the medium roast process   that is closest 

to the SCAA standard is at minute 15. While Dark Roast, at a temperature of 230 ° C to 250 ° C, shows 

changes in coffee. These results reflect the effect of temperature and time on the colour development of 

coffee beans, which directly affects the flavour profile and characteristics of the coffee produced from 

each type. 

 

4. CONCLUSION 

This research successfully developed a small-scale automatic coffee roasting machine with precise 

temperature control using a thermocouple and servo mechanism, which allows automatic temperature 

and roast time setting. Tests showed that the thermocouple had good temperature accuracy with an 

average error of 0.46°C, and that the LCD and Blynk app were able to display the temperature accurately 
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and consistently. Servo motor testing revealed that the larger servo rotation angle accelerates the 

temperature increase, improving the heating efficiency. This machine shows that the optimal roasting 

time for Light Roast, Medium Roast, and Dark Roast occurs at 7 minutes with the smallest failure 

percentage. Although the roasting results show quality consistent with the taste characteristics as 

standard, the maximum temperature achieved is still around 130°C, which is lower than the optimal 

temperature for Light Roast. Therefore, while these machines offer a consistent and economical solution 

for small businesses, improvements are needed to achieve higher temperatures to produce better quality 

coffee roasts. 
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 In the context of the Online Learning activity, where video content plays a 

crucial role in educational materials, the demand for effective video 

production systems has become essential. Traditionally, at least two people 

are needed to operate cameras, which poses a challenge due to limited 

human resources. This study addresses this issue by developing a Camera 

Position Tracking System using image processing, specifically utilizing the 

MediaPipe framework for real-time tracking of presenters. The system's 

mechanics enable a DSLR camera to automatically adjust its position based 

on the presenter’s movement, detected within a range of 1.5 to 8 meters. 

The light intensity required for optimal operation is between 125 and 190 

lux. The system's success lies in converting detected position data into 

motor stepper pulses that move the camera, ensuring efficient, cost-

effective video production with minimal human intervention. 
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1. INTRODUCTION 

The increasing reliance on video-based education has revolutionized the way knowledge is 

delivered, particularly in online learning environments[1]. High-quality educational videos enhance 

engagement, improve comprehension, and provide flexibility for both instructors and students. 

However, traditional video production methods require multiple camera operators, leading to increased 

costs and inefficiencies[2]. Manual camera handling also introduces inconsistencies in framing, limiting 

the overall quality of educational content. 

To address these challenges, this study proposes a autonomous camera tracking system using image 

processing for dynamic educational content creation[3]. By leveraging image processing techniques and 

artificial intelligence, the system can autonomously track and follow the movement of presenters without 

the need for human intervention. Utilizing the MediaPipe framework, the system processes real-time 

video data to detect and track human positions, ensuring smooth and professional video capture[4]. This 

innovation is particularly beneficial for educational institutions, online academies, and training centers, 

where high-quality instructional videos are essential yet often constrained by budget and manpower[5]. 

The integration of automation in video production not only reduces costs but also enhances 

efficiency by allowing educators to focus solely on delivering content rather than managing camera 

operations[6]. With real-time tracking capabilities and adaptive camera positioning, the system ensures 

that presenters remain in the optimal frame throughout the recording process[7]. This research 
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contributes to the advancement of smart educational technology by providing a scalable, cost-effective, 

and intelligent solution for modern video-based learning environments[8]. 

 

2. RESEARCH METHOD  

In This study employs an experimental and system development approach to design and evaluate 

an autonomous camera tracking system for educational video production[9]. The methodology consists 

of several key stages, including system design, data collection, system testing, and data analysis 

2.1. Hardware System Design 

The proposed automated camera tracking system consists of both hardware and software 

components that work together to enable real-time presenter tracking and dynamic camera positioning. 

The system is designed to optimize video production for educational purposes by automating camera 

movement based on the detected position of the presenter[10].  

 

Figure 1 Block Diagram System 

The hardware system consists of three main components: imaging devices, a motion control system, 

and a processing unit. The system employs two cameras a DSLR camera for high-quality video 

recording and a webcam for real-time presenter tracking. The webcam continuously captures video 

input, which is processed to determine the presenter’s position. To ensure accurate camera movements, 

a NEMA 17 stepper motor, controlled by a Raspberry Pi 4, is used to adjust the camera’s position along 

two axes (X and Y)[11]. The motor system is integrated with a lead screw mechanism and timing belts, 

allowing smooth and precise adjustments to keep the presenter within the optimal frame. The Raspberry 

Pi 4 serves as the central control unit, processing video data and converting detected movements into 

motor control commands. 

  

Figure 2 Mechanical Design and Application 
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The mechanical design of the autonomous camera tracking system features a rigid aluminum frame 

with dimensions 88 cm × 88 cm, ensuring stable and precise movement of the mounted DSLR camera. 

The camera is positioned on a linear rail system driven by a NEMA 17 stepper motor, which enables 

smooth horizontal tracking based on real-time image processing data. A timing belt and pulley 

mechanism facilitate motion transmission, ensuring minimal lag in response to presenter movement. 

This lightweight yet durable structure supports efficient tracking while maintaining stability, making it 

suitable for dynamic educational content creation[12]. 

The mechanical system of the automated camera tracking setup relies on precise stepper motor 

control to ensure smooth movement along both horizontal and vertical axes. The number of pulses 

required to move the camera is determined by the mechanical components used. For horizontal 

movement, which utilizes a timing belt and pulley system, the total required pulses are calculated using 

the formula: 

                  Pulse max = (belt length)/(Pulley circumference) x Pulse Stepper            (1) 

for vertical movement, controlled by a lead screw mechanism, the required pulses follow the equation 

Pulse max = (belt length Screw)/(Pulley circumference Screw)  x Pulse Stepper                         (2) 

Given the system specifications, where the timing belt spans 88 cm with a pulley circumference of 

4 cm, and the lead screw moves 0.8 cm per revolution, the calculated pulseMax values are 4,400 pulses 

for horizontal movement and 22,000 pulses for vertical movement. These calculations ensure that the 

system maintains accurate and stable tracking, allowing the camera to follow the presenter 

seamlessly[7]. 

2.2. Software System Design 

The software system is responsible for presenter detection, tracking, and camera movement control. 

The MediaPipe framework is employed for real-time human pose estimation, enabling the system to 

detect key landmarks on the presenter’s body and track movements accurately. The system is 

programmed using Python and OpenCV, which process video input from the webcam, extract positional 

data, and translate it into stepper motor commands. The tracking algorithm ensures smooth transitions 

and minimal delay, optimizing accuracy while preventing sudden or unstable movements[13]. 

 

Figure 3 Key Points/Markers of each body part of the MediaPipe Holistic framework 

By integrating AI-based image processing with automated hardware control, this system provides 

an intelligent, cost-effective solution for educational video production. It reduces the need for manual 

camera operation while improving video quality and consistency, making it highly beneficial for 

institutions, online learning platforms, and training centers[14]. 
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2.3. Mediapipie Framework 

MediaPipe is an open-source framework developed by Google for machine learning-based image 

processing. This framework is designed to operate in real time with low latency and is compatible with 

various platforms, including desktop and mobile devices. In this study, MediaPipe Holistic is utilized as 

it combines face, hand, and body detection models simultaneously to support presenter tracking in 

educational video production. 

MediaPipe employs several key algorithms for image processing. One of the primary models is 

BlazePose, a Convolutional Neural Network (CNN)-based algorithm capable of recognizing 33 

keypoints of the human body in 3D with high accuracy. Additionally, the system incorporates Face 

Mesh Detection, which uses landmark regression techniques to detect up to 468 facial keypoints, and 

the Hand Tracking Model, which operates with a multi-stage pipeline to accurately recognize hand and 

finger positions. In this study, MediaPipe Holistic leverages these techniques to ensure stable and 

accurate presenter tracking under various lighting conditions and camera angles. 

Once the image is captured by the camera, MediaPipe applies pose estimation techniques to analyze 

the presenter's position and movement. The process begins with pose detection, where the system 

identifies the presence of a human figure in the frame using deep learning-based models. Subsequently, 

the system performs keypoint localization, mapping the body's landmarks using Heatmap Regression 

techniques. To maintain tracking stability, the system integrates the Kalman Filter, which predicts the 

presenter’s position based on previous data, reducing noise and enhancing movement accuracy. The 

resulting coordinate data is then converted into X, Y, and Z references, which serve as input for 

automatic camera movement control. 

In this system’s implementation, MediaPipe processes data from a webcam through several key 

stages. First, the camera captures images at a resolution of 1280×720 pixels. The system then extracts 

the presenter's keypoints using the BlazePose model. Next, the body’s coordinates are analyzed to 

determine movement direction. Finally, the extracted coordinate data is converted into stepper motor 

control commands via a Raspberry Pi 4, allowing the camera to automatically follow the presenter and 

ensure optimal framing throughout the recording session. 

2.4. Data Collection 

To evaluate the performance of the automated camera tracking system, data was collected through 

a series of controlled experiments focusing on detection range, lighting conditions, and tracking 

accuracy. The detection range was tested by placing the presenter at varying distances from the camera, 

ranging from 1.5 meters to 8 meters, to determine the system’s optimal operational range. Additionally, 

lighting conditions were analyzed by adjusting the intensity between 125 to 190 lux, as this range was 

identified as ideal for maintaining accurate detection and reducing errors in tracking. The system’s 

tracking accuracy was evaluated by monitoring its responsiveness to different movement speeds and 

directions of the presenter. The ability of the system to consistently follow the presenter without lag or 

misalignment was assessed to ensure reliable real-time tracking. These experiments provided crucial 

insights into the system’s effectiveness and helped refine its ability to maintain smooth, automatic 

adjustments in educational video production[15]. 
 

3. RESULTS AND DISCUSSION 

To evaluate the performance of the Autonomous Camera Tracking System, a series of tests were 

conducted focusing on sensor accuracy, motion detection, tracking responsiveness, framework 

efficiency, and training improvements. The results are categorized into multiple sections for a detailed 

analysis. 

3.1. System Performance Evaluation 

The automated camera tracking system was tested under various conditions to evaluate its overall 

performance in tracking a presenter for educational video production. The evaluation focused on real-

time detection accuracy, response time, motor control precision, and system stability. The system was 

deployed in an indoor environment with controlled lighting conditions ranging between 125 and 190 

lux, as this range was identified as optimal for accurate tracking. The presenter moved within a 1.5 to 

8-meter range, and the system successfully adjusted the camera's position to maintain proper framing. 
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Figure 4 Mechanical of the Automatic Camera System 

Figure 4 illustrates the mechanical structure of an automatic camera tracking system designed for 

presenter tracking. The system features a horizontal rail that allows the camera to move autonomously, 

enabling smooth tracking of the presenter within a designated area. Stepper motors are likely employed 

to control the camera's movement with high precision. This structure ensures stability and smooth 

motion, which is crucial for maintaining clear and consistent video recording 

 
Figure 5 MediaPipe Implementation for Presenter Tracking 

Figure 5 demonstrates the MediaPipe Holistic framework in action, effectively recognizing and 

tracking the presenter's movement in real-time. During testing, the system exhibited high accuracy and 

minimal lag, ensuring precise detection of facial and body landmarks. The stepper motor's precision was 

evaluated to assess the system’s ability to adjust the camera position dynamically. The camera smoothly 

followed the presenter along both horizontal and vertical axes, keeping the subject centered within the 

frame. Additionally, response time analysis revealed that the system quickly detected movement and 

adjusted accordingly, maintaining stable and seamless tracking. These results highlight the system’s 

reliability in automated educational video production, offering a real-time, AI-driven solution for 

intelligent camera control. 
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3.2. Detection Accuracy Analysis 

The accuracy of the automated camera tracking system was evaluated based on its ability to detect 

and track the presenter at varying distances, angles, and lighting conditions. The system's performance 

was tested within a range of 1.5 to 8 meters, where accuracy gradually declined as distance increased. 

At 1.5 to 4.5 meters, the system achieved an accuracy of 98–93%, ensuring stable tracking and precise 

framing. However, at 6 meters and beyond, accuracy decreased, reaching 85% at 7.5 meters and at 8 

meters. This drop is attributed to lower resolution of the detected features and increased background 

noise, which affects the system’s ability to maintain reliable tracking.  

Table 1 Detection Accuracy Based on Distance 

Distance (m) Detection 

Accuracy (%) 

Remarks 

1,5 98 Optimal detection, clear landmarks 

3 96 High accuracy, stable tracking 

4,5 93 Slight decrease in accuracy 

6 90 Moderate tracking accuracy 

7,5 85 Still detectable, stable tracking 

8 85 Presenter fully detected 

 

 
Figure 6 Framework MediaPipie Distance Testing 

In addition to distance, the angle of detection also played a significant role in accuracy. The system 

performed best when the presenter was facing the camera directly, but accuracy slightly decreased when 

the presenter turned 30° to 60° from the camera, as some facial and body landmarks became partially 

obscured. At extreme angles (above 75°), tracking errors increased due to occlusions and incomplete 

landmark detection. 

Table 2 Detection Accuracy Based on Angle Presenter 

Presenter Angle (°) Detection Accuracy (%) Remarks 

0° (Front-facing) 98 Ideal detection, all landmarks visible 

30° 95 Slight accuracy drop, minor occlusion 

60° 88 Partial occlusion of facial landmarks 

75° 80 Significant tracking loss in side view 

90° (Side view) 70 Poor detection, many landmarks missing 
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Figure 7 Angle Testing 

Lighting conditions also impacted detection accuracy. The system was tested under different 

illumination levels, where the optimal detection range was observed between 125 to 190 lux. At lower 

light levels (below 100 lux), tracking performance degraded, leading to occasional misalignment in 

framing. Conversely, excessive brightness (above 250 lux) caused overexposure, reducing the contrast 

needed for effective landmark detection. These results indicate that maintaining a well-lit environment 

within the recommended lux range is essential for ensuring optimal tracking performance. 

Table 3 Detection Accuracy Light Intensity 

 

\  

Figure 8 Light Intensity Testing 

Overall, the system demonstrated high accuracy within ideal distance, angle, and lighting 

conditions, confirming its effectiveness for automated educational video production. Future 

improvements, such as adaptive lighting adjustments and multi-angle tracking, could further enhance its 

robustness in diverse recording environments. 

3.3. Response Time and Processing Speed 

The performance of the automated camera tracking system relies on two critical factors: response 

time and image processing speed, both of which determine the system's ability to track a presenter 

smoothly in real-time. The response time was measured as the delay between the presenter's movement 

and the corresponding camera adjustment, ensuring that the tracking remained fluid and accurate. Based 

Light Intensity (lux) Detection Accuracy (%) Remarks 

50 72 Too dark, poor landmark visibility 

100 85 Low brightness, minor tracking errors 

125 93 Optimal range, stable tracking 

150 96 Optimal range, high accuracy 

190 98 Ideal lighting conditions 
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on experimental results, the system achieved an average response time of 253.1 milliseconds, which is 

fast enough to maintain stable tracking. However, response time tends to increase when the presenter 

moves beyond 6 meters, where detection becomes less reliable due to reduced image resolution and 

increased background noise. 

In terms of processing speed, the system's frame rate (FPS) was tested under different lighting 

conditions to evaluate its ability to process and update tracking data in real time. Under optimal lighting 

conditions (125–190 lux), the system operated efficiently at an average of 30 FPS, ensuring smooth and 

continuous detection of the presenter's movement. However, when exposed to low-light conditions 

(below 100 lux), the frame rate dropped to 25 FPS, resulting in slight tracking delays. This reduction 

was caused by increased noise in the video feed, requiring more computational time for the MediaPipe 

framework to correctly identify key landmarks. 

To further refine the system's real-time tracking, the motor response delay was tested to determine 

the ideal time interval for stepper motor adjustments. The results showed that the optimal delay for 

motor movement ranged between 0.005 and 0.1 seconds, providing a balance between accuracy and 

movement smoothness. If the delay was too low, the motor movements became jerky, whereas a delay 

that was too high introduced noticeable lag in tracking. 

 
Figure 9 Sample Testing Respons Time with 2,78 Second 

Overall, the system demonstrated fast response times and reliable processing speeds, making it 

suitable for automated educational video production. The findings suggest that maintaining optimal 

lighting conditions and presenter positioning within 1.5 to 6 meters results in the best tracking 

performance. Future improvements could focus on hardware acceleration, optimized tracking 

algorithms, and adaptive lighting compensation to further reduce latency and improve real-time tracking 

accuracy. 

3.4. Motor Control and Camera Movement Precision 

The accuracy and stability of the automated camera tracking system rely heavily on the motor 

control system that adjusts the camera’s position in response to the presenter's movements. The system 

uses a NEMA 17 stepper motor with a lead screw mechanism for vertical movement and a timing belt 

with a pulley system for horizontal movement. The stepper motor is controlled by the Raspberry Pi 4, 

which translates tracking data from the MediaPipe framework into precise movement commands. 

To evaluate camera movement precision, tests were conducted by measuring the accuracy of motor 

steps per unit movement. The number of pulses required for movement was calculated using the 

following formulas: 

                Pulse max = (belt length)/(Pulley circumference) x Pulse Stepper                                (3) 

    Pulse max = (belt length Screw)/(Pulley circumference Screw) x Pulse Stepper                    (4) 
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Based on system specifications the horizontal movement used a timing belt system with a pulley 

circumference of 4 cm and a belt length of 88 cm, resulting in 4,400 pulses for full horizontal travel. 

The vertical movement used a lead screw with an 8 mm pitch, requiring 22,000 pulses for full travel of 

88 cm. 

During testing, the system demonstrated smooth and stable camera movements, ensuring that the 

presenter remained centered in the frame. However, minor vibrations were observed at higher motor 

speeds, which could be mitigated by optimizing the motor acceleration profile. The stepper motor delay 

was fine-tuned to 0.005–0.1 seconds, balancing tracking responsiveness and movement smoothness. 

The results confirm that the motor control system effectively maintains precise camera positioning, 

allowing the system to dynamically adjust the frame in real-time without noticeable lag or jitter. Future 

improvements may include damping mechanisms to reduce vibrations and the use of brushless DC 

motors for smoother transitions in high-speed tracking scenarios. 

3.5. Comparative Analysis with Manual Camera Operation 

To evaluate the effectiveness of the automated camera tracking system, a comparative analysis was 

conducted against manual camera operation. The comparison focuses on tracking accuracy, response 

time, movement stability, and operational efficiency, particularly in the context of educational video 

production. 

Tracking Accuracy: The automated system, powered by the MediaPipe framework, maintained an 

accuracy of 93–98% within an optimal tracking range of 1.5 to 4.5 meters. In contrast, manual tracking 

depends on the operator’s skill and reaction time, which can introduce inconsistencies in framing, 

especially during rapid presenter movements. At distances beyond 6 meters, the automated system 

showed a slight accuracy decline due to reduced image resolution and tracking stability, whereas a 

human operator could still make real-time adjustments. 

Response Time: The automated system demonstrated an average response time of 253.1 

milliseconds, ensuring fast and seamless camera adjustments. In comparison, manual tracking 

introduces human reaction delays, which typically range from 500 milliseconds to over 1 second, 

depending on the operator’s experience. The automation significantly reduces latency and human error, 

improving real-time tracking efficiency. 

Movement Stability: The automated system, utilizing stepper motors and optimized motion delay 

(0.005–0.1 seconds), provided smooth and stable camera movements without noticeable jitter. Manual 

tracking, however, is prone to sudden shifts and inconsistencies, especially during frequent camera 

adjustments. Although the automated system performed well under standard conditions, minor 

vibrations at higher tracking speeds suggest that further optimization could improve motion stability. 

Operational Efficiency: Unlike manual camera operation, which requires a dedicated operator, the 

automated system eliminates human dependency, allowing educators to focus entirely on delivering 

content. This makes it an ideal solution for e-learning platforms, lecture recordings, and self-produced 

instructional videos. Additionally, automation reduces production costs and labor requirements, making 

video creation more scalable and accessible for educational institutions. 

 

4. CONCLUSION 

This study successfully developed an automated camera tracking system for educational video 

production, integrating image processing and motorized camera positioning to enhance efficiency and 

reduce the need for manual operation. By utilizing the MediaPipe framework, the system effectively 

detects and tracks the presenter's movements in real time, ensuring smooth and professional video 

framing. The implementation of stepper motors with lead screw and timing belt mechanisms enables 

precise camera adjustments along the horizontal and vertical axes, maintaining stable and accurate 

positioning. Through extensive testing, the system demonstrated a high detection accuracy within an 

optimal range of 1.5 to 8 meters, with ideal lighting conditions between 125 and 190 lux. The stepper 

motor control algorithm effectively converted position data into movement pulses, ensuring that the 

camera seamlessly followed the presenter’s position. Additionally, performance evaluations showed that 

the system maintained a fast response time, minimizing tracking delays and enhancing video quality. 

Overall, this research contributes to the advancement of automated educational content creation, 
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providing a cost-effective, scalable, and intelligent solution for modern video-based learning 

environments. Future improvements may include multi-camera tracking, integration with AI-based 

speech recognition, and enhanced tracking algorithms to further optimize performance and expand its 

applications in various educational settings. 
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The increasing reliance on self-service systems in academic libraries 

necessitates robust service desk man-agement to ensure user satisfaction 

and operational efficiency. At the UIN Sunan Ampel Library, self-service 

systems provide convenient access to various services, but their 

performance remains underexplored. Evaluat-ing the library's service desk 

management using the ITIL V4 framework reveals critical insights into its 

effec-tiveness and areas for improvement. The framework’s Service Desk 

Practice Success Factors (PSF)—Acknowledge, Classify, Own, and Act—

are used to assess how well self-service systems align with ITIL best 

practices. This research adopts a qualitative descriptive methodology, 

utilizing interviews and data analysis to evaluate service desk processes. 

The findings indicate significant benefits in accessibility and user 

empower-ment through self-service features. However, challenges persist, 

including manual acknowledgment workflows, insufficient SLA 

implementation, and limited real-time monitoring capabilities. These issues 

hinder optimal service delivery and responsiveness. To address these gaps, 

the study recommends integrating automation for acknowledgment tasks, 

developing measurable SLA policies, and implementing comprehensive 

training for library staff. Additionally, real-time tracking tools should be 

incorporated to enhance system efficiency and user experience. Despite 

these challenges, the study underscores the potential of ITIL V4 to improve 

library service desk management, ultimately fostering better user 

satisfaction and operational excellence. 
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1. INTRODUCTION 

Libraries are essential facilities in supporting academic and research activities, providing access to 

relevant information and literature for their users[1]. With advancements in information technology, 

library services have undergone a transformation, including the implementation of self-service systems 

to enhance accessibility and operational efficiency[2, 3]. These self-service systems allow users to 

perform various activities, such as literature searches, book borrowing, and returns, without requiring 

direct interaction with library staff[4]. 
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At the Library of the State Islamic University (UIN) Sunan Ampel Surabaya, self-service systems 

have been implemented as part of efforts to improve service quality[5]. However, the success of this 

implementation is closely tied to the effectiveness of service desk management[6]. The service desk 

plays a crucial role in ensuring the smooth operation of self-service systems, addressing user complaints, 

and providing necessary technical support[7]. 

The ITIL V4 (Information Technology Infrastructure Library) framework offers a systematic and 

standardized approach to managing IT services[8]. Within this context, service desk practices focusing 

on Acknowledge, Classify, Own, and Act serve as a reference for evaluating the effectiveness of service 

management in libraries[9]. This evaluation is essential to determine the extent to which self-service 

systems meet user needs and how existing challenges can be addressed. 

This study aims to evaluate the management of the service desk in self-service systems at the UIN 

Sunan Ampel Library using the ITIL V4 framework[10]. Employing a descriptive qualitative approach, 

this research analyzes the strengths and weaknesses of the existing system while providing 

recommendations to improve the quality of IT services in the library. The findings are expected to 

contribute to the development of more effective and efficient technology-based library services. 

 

2. RESEARCH METHOD  

This study employs a mixed-method approach, integrating qualitative and quantitative methods to 

provide a comprehensive understanding of the self-service system at the UIN Sunan Ampel Surabaya 

Library. The combination of these methods ensures a more holistic evaluation of the effectiveness of 

Service Desk Management and allows for a deeper exploration of user experiences, challenges, and 

operational efficiency [11]. 

2.1. Research Approach 

The research is structured around a descriptive qualitative approach with supplementary 

quantitative data analysis. The qualitative component focuses on in-depth interviews and observations, 

while the quantitative aspect relies on structured surveys and data analytics to measure system 

performance and user satisfaction [12].  

 

Figure 1 Research Flow 
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Qualitative Method:  

1. Direct Observation: The research team conducted structured observations within the library 

environment to document real-time service operations, identify workflow inefficiencies, and 

evaluate user interactions with self-service systems. 

2. In-Depth Interviews: Semi-structured interviews were conducted with library staff and service 

desk personnel to gain insights into the existing challenges, service expectations, and 

operational bottlenecks. The interview process covered aspects such as system usability, issue 

resolution efficiency, and staff preparedness for handling technical issues. 

Quantitative Method:  

1. User Surveys: Structured surveys were distributed to 200 library users, including students and 

faculty members, to assess their satisfaction with the self-service system. The survey included 

a mix of Likert-scale questions (to quantify user satisfaction levels) and open-ended questions 

(to collect qualitative feedback on service challenges). 

2. Performance Metrics Analysis: System transaction logs were analyzed over a six-month 

period, focusing on parameters such as the average number of transactions, error rates, and 

resolution times. These data points provided quantifiable measures of the system’s efficiency. 

This approach ensures that the research findings are not only descriptive but also provide a data-

driven overview of the library’s readiness to adopt and enhance technology-based services. By 

integrating subjective perspectives (through qualitative methods) and objective metrics (through 

quantitative methods), this mixed-method approach strengthens the validity of the conclusions drawn. 

2.2. Method of Collecting Data 

The research was conducted in several stages to systematically collect and analyze data. These 

stages aim to provide a comprehensive understanding of the operational processes and user experiences 

within the UIN Sunan Ampel Surabaya Library[13]. Data collection followed a multi-stage process to 

ensure accuracy and reliability: 

1. Preliminary Observation Phase: Initial observations were conducted to familiarize researchers with 

system workflows and user behaviors. 

2. Interview and Survey Distribution: Library staff interviews were conducted over a four-week 

period, while user surveys were distributed electronically over eight weeks. 

3. Data Integration and Triangulation: Qualitative findings from interviews were cross-referenced 

with quantitative survey data to validate key themes and ensure consistency in the research 

conclusions. 

These stages are designed to capture both qualitative and quantitative aspects of the library's operations, 

ensuring a holistic analysis of its readiness for improvement. 

2.3. Evaluation Framework 

The evaluation framework in this study adopts the ITIL V4 framework, focusing on the Practice 

Success Factors (PSF) to assess and evaluate the performance and readiness of library services. The 

framework provides a structured approach to managing and improving service processes by addressing 

key operational aspects[14]. The evaluation is carried out through four primary components: 

1. Acknowledge 

This aspect focuses on recognizing requests or incidents reported by users or staff. In the context 

of library services, it includes acknowledging user feedback, service requests, and potential issues in a 

timely manner. The effectiveness of this step is measured by the responsiveness of the library in handling 

initial reports or inquiries. 

2. Classify 

The classification process involves grouping and prioritizing reported issues or requests based on 

their nature and urgency. This step is crucial to ensure that resources are allocated efficiently, and high-
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priority issues are addressed promptly. In library operations, classification may include distinguishing 

between technical issues, user complaints, or service improvement requests. 

3. Own 

This component emphasizes assigning responsibility for resolving the issues or fulfilling the 

requests. Clear ownership ensures accountability and proper follow-through in addressing user needs. 

In the library context, this may involve assigning tasks to specific staff members or departments to 

handle reported incidents or implement improvements. 

4. Act 

The final aspect involves taking concrete actions to resolve the issues or fulfill the requests. This 

step focuses on implementing practical solutions and ensuring that corrective measures are effectively 

carried out. It includes monitoring the progress and evaluating the outcomes to ensure the issues are 

fully resolved and user satisfaction is achieved. 

By applying the ITIL V4 framework, this evaluation provides a systematic approach to 

understanding the effectiveness of library service operations. The framework ensures that the library’s 

processes align with best practices in service management, facilitating continuous improvement. 

2.4. Research Location and Subjects 

This research was conducted at the UIN Sunan Ampel Surabaya Library, a higher education 

institution library committed to providing advanced information and technology-based services. The 

library serves as a crucial facility for academic resources, offering various services, including a Service 

Desk and self-service library systems. 

The research focuses on two primary subjects to comprehensively analyze the library's service 

readiness and operational effectiveness. 

1. Service Desk Staff 

The Service Desk staff plays a pivotal role in managing and delivering library services. They are 

responsible for handling user inquiries, addressing technical issues, and ensuring smooth daily 

operations. This group provides valuable insights into internal processes, operational challenges, and 

readiness to adopt service improvements or new technologies. 

2. Library Self-Service Users 

This group comprises library patrons, including students, faculty members, and general visitors, 

who utilize the self-service systems provided by the library. These users contribute quantitative and 

qualitative feedback on their experiences, satisfaction levels, and perceived ease of use. Their input is 

essential to evaluating the effectiveness and usability of the library's self-service technology. By 

involving both internal (staff) and external (users) stakeholders, the study ensures a holistic approach to 

understanding the library’s service delivery and identifying potential areas for enhancement. 

2.5. Data Analysis Process 

The data analysis process in this research is conducted in several stages to ensure the validity and 

relevance of findings. These stages integrate results from observations, interviews, and documentation, 

aligning them with the ITIL V4 framework to evaluate performance and formulate actionable 

recommendations[15]. The process begins with data processing from observations, interviews, and 

documentation. Observational data are systematically categorized to identify patterns, bottlenecks, and 

operational strengths. Interview data, gathered from Service Desk staff, are transcribed, thematically 

coded, and analyzed to extract qualitative insights on challenges, workflows, and service readiness. 

Additionally, supporting documentation, such as internal reports, service logs, and user feedback 

records, is reviewed and cross-referenced with observational and interview data to ensure a 

comprehensive understanding. 

The next stage involves analysis using ITIL V4 indicators, focusing on Practice Success Factors 

(PSF). The evaluation assesses several key aspects: Acknowledge, which measures the speed and 

consistency of recognizing user requests and incidents; Classify, which examines the accuracy and 

efficiency of grouping and prioritizing service requests or issues; Own, which evaluates the delegation 

of responsibilities and accountability in resolving issues; and Act, which determines the effectiveness 

of actions taken to address requests and their impact on user satisfaction. Through this structured 
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approach, the research identifies areas for improvement in library operations and provides evidence-

based recommendations to enhance service quality and operational readiness. 

2.6. Expected Outcomes 

The research aims to deliver tangible outcomes that address operational challenges and enhance 

library services at UIN Sunan Ampel Surabaya. These outcomes are designed to improve efficiency, 

user satisfaction, and technological adoption. One of the key outputs is the identification of challenges, 

where data analysis and evaluation using the ITIL V4 framework help uncover operational 

inefficiencies, delays in handling user requests, and limitations in the current technological 

infrastructure. 

Based on these findings, the research provides recommendations for technological implementation 

to address the identified challenges. These recommendations include the establishment of a Service 

Level Agreement (SLA) to set clear performance standards for library services, ensuring accountability 

and consistency in meeting user expectations. Additionally, the study suggests the implementation of 

Radio-Frequency Identification (RFID) technology to streamline inventory management, improve book 

lending and return processes, and enhance tracking capabilities. Furthermore, the development and 

integration of real-time monitoring systems are proposed to oversee library operations, track service 

usage, and enable proactive issue resolution. 

These outcomes aim to create a sustainable framework for continuous improvement, fostering a 

modern, efficient, and user-centric library environment. 

2.7. Expected Outcomes 

While this research provides valuable insights into Service Desk Management, certain limitations 

must be acknowledged.  

1. Limited sample size: The study is based on 200 respondents, which may not fully capture the 

diverse experiences of all library users. 

2. Potential response bias: Surveys and interviews rely on self-reported data, which may introduce 

subjective bias. 

3. Technology constraints: The assessment focuses on the existing IT infrastructure, meaning findings 

may not fully generalize to other libraries with different technological capabilities. 

 

3. RESULTS AND DISCUSSION 

This chapter discusses the findings of the evaluation of Service Desk Management on the self-

service system at the UIN Sunan Ampel Surabaya Library using the ITIL V4 framework. The analysis 

focuses on the Acknowledge, Classify, Own, and Act aspects and their contributions to the service value 

chain. 

3.1. Description of Research Object 

This study focuses on the Service Desk Management service in the self-service system 

implemented in the Sunan Ampel Surabaya State Islamic University (UIN) Library. This library acts as 

an information and learning center that provides various technology-based services to support the 

academic needs of the academic community. One of the innovations that has been implemented is the 

self-service system for borrowing and returning books, which allows users to make transactions 

independently through available computer devices. This self-service service is designed to improve the 

efficiency and convenience of users in accessing library facilities. Users can use this service by using a 

library membership card or Student Identity Card (KTM) which is integrated with the library system. In 

addition, this service is also supported by additional features such as online loan extensions, access to 

loan history, and late fine notifications 
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Figure 2 Library Member Loan History View 

Although this innovation has provided significant benefits, there are several obstacles that need to 

be considered. One of the main challenges is the acknowledgment process which is still carried out 

manually, so it has the potential to slow down the response to user requests. In addition, the lack of 

communication integration in the service flow and the inconsistency of the implementation of standard 

operating procedures (SOPs) are obstacles in ensuring smooth services. 

The ITIL V4 framework is used in this study to evaluate the performance of Service Desk 

Management. This framework provides a holistic approach that includes technical and non-technical 

aspects, such as Service Value Chain, Practice Success Factors (PSF), and maturity level. The focus of 

the evaluation includes the acknowledge, classify, own, and act aspects, which are important elements 

in ensuring the success of technology-based IT services. With this study, it is expected to obtain a 

comprehensive picture of the effectiveness of Service Desk Management services at the UIN Sunan 

Ampel Surabaya library, as well as strategic recommendations to improve efficiency and sustainable 

service quality. 

3.2. Result and Data Analysis 

Based on the results of observations and interviews, the following data were obtained regarding the 

performance of self-service services at the UIN Sunan Ampel Surabaya Library. 

Table 1. Identification of Self Service Performance 

Evaluation Aspect FINDINGS Percentage 

Average Number of 

Transaction 

Total Transaction for borrowing and 

returning books in the last six months 

1.200 Transaction/month 

Service success rate Successful transaction recorded without 

technical problem 

85 % 

Main technical constraints Errors in inputting transaction data 

(Manual Acknowledgment) 

15 % 

Real-time Monitoring 

feature 

Not available to staff in the system - 

Self-service services show good performance with a transaction success rate of 85%. However, 

technical constraints such as manual acknowledgment processes and lack of real-time monitoring 

features hinder efficiency. Based on the ITIL V4 framework, the solution to this requires improvements 

in the Information and Technology and Value Stream and Processes dimensions. 

Challenges in Request Management and Incident Resolution Interviews with users and library staff 

revealed the following challenges: 
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Table 2. Challenges in Request Management and Incident Resolution 

Challenge Category DESCRIPTION Frequency 

System technical errors Transaction data not synchronized 

between user devices and the main 

system. 

25% of total incidents 

User procedure 

misalignment 

Users lack understanding of system usage 

steps. 

20% of total incidents 

Slow response to incidents Staff takes a long time to respond to user 

reports. 

40% of users feel the 

response is slow 

The table highlights that most challenges arise from technical issues and a lack of user guidance. 

The Engage and Deliver and Support dimensions of ITIL V4 need to be strengthened through clear user 

guidelines, staff training, and automated incident status notifications. 

The maturity level assessment based on the ITIL V4 framework yielded the following results: 

Table 3. Evaluation of Maturity Levels 

Aspect Evaluated Maturity Level Findings 

Incident management Level 2 (Repeatable) Processes are structured but not fully 

documented. 

Service request 

management 

Level 3 (Defined) Clear operational procedures, but 

execution lacks consistency. 

Service communication Level 2 (Repeatable) Relies on manual I interactions between 

staff and users. 

The current maturity levels indicate that services are relatively well-organized but require 

improvements in documentation, automation, and communication integration. The Continual 

Improvement dimension of ITIL V4 is relevant to support ongoing enhancements. 

Based on the analysis, the following recommendations are proposed to address the identified 

challenges: 

Table 4. Recommendation for ITIL V4 

Recommendation Implementation Steps Recommendation 

Automating 

acknowledgment 

Integrating automation 

features to ensure 

transactions are directly 

recorded 

Automating acknowledgment 

Real-time monitoring Developing a real-time 

dashboard to monitor 

transaction and incident 

statuses. 

Real-time monitoring 

Staff training Providing intensive training 

to staff to improve response 

speed and quality. 

Staff training 

Developing Service Level 

Agreements (SLAs) 

Setting response time 

targets for each reported 

incident. 

Developing Service Level Agreements 

(SLAs) 

The above recommendations align with ITIL V4 principles, particularly in the Continual 

Improvement, Deliver and Support, and Engage dimensions. Implementing these measures is expected 

to enhance operational efficiency, improve user experience, and add value to the library services 

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


 

  

Volume 12, Issue 1, April 2025, pp. 65-76 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v12i1.4550 

72 

   

    

Improving the Effectiveness of Help Desk Service... (Muhammad Fawaid Al Ghifary, et al) 

3.3. Identifying Challenges and Issues 

Based on the results of observations, interviews, and data analysis, several challenges and issues 

were identified in the implementation of Service Desk Management in the self-service system at the UIN 

Sunan Ampel Library. These challenges affect the efficiency and effectiveness of service delivery. The 

details are summarized in the following table. 

Table 5. Identifying Challenge and Issues 

Challenge 

Category 
Description Impact 

Manual 

Acknowledgment 

process 

The acknowledgment process for 

transactions (e.g., book 

borrowing/returning) is still 

performed manually by staff. 

Slows down transaction processing and 

increases the risk of errors in recording 

transactions. 

Lack of real-time 

monitoring 

No realtime dashboard for staff to 

monitor transaction statuses or 

detect pending issues in the system. 

Limits the ability of staff to quickly 

identify and resolve system problems. 

Inconsistent 

application of SOPs 

Standard Operating Procedures 

(SOPs) are not consistently 

implemented across all staff 

handling the system. 

Results in varying service quality and 

response times for similar issues. 

Delayed response to 

incidents 

Staff response to user-reported 

incidents (e.g., failed transactions) 

is often delayed due to high 

workload or unclear prioritization. 

Reduces user satisfaction and creates 

frustration among users. 

Limited user 

guidance 

Users often lack understanding of 

how to operate the self-service 

system effectively. 

Leads to frequent errors during 

transactions, increasing the burden on 

support staff. 

 

The challenges faced in the Service Desk Management at the UIN Sunan Ampel Library highlight 

several areas for improvement. From a technical perspective, the manual acknowledgment process and 

the absence of real-time monitoring reveal a significant gap in the system’s technological capability. 

These issues hinder efficiency and increase the risk of errors in transaction handling. To address these 

gaps, automating processes and implementing a monitoring system would be critical steps, aligning with 

the ITIL V4 dimensions of Information and Technology and Value Streams and Processes. 

User-related challenges also emerge due to limited guidance provided to users, which often leads 

to procedural errors during self-service transactions. These errors increase the workload of support staff 

and reduce the overall effectiveness of the system. Creating user-friendly manuals, providing on-site 

assistance, or conducting workshops can significantly improve user comprehension and minimize 

mistakes, supporting the Engage dimension of ITIL V4. 

Operational challenges further compound the issues, including inconsistent application of Standard 

Operating Procedures (SOPs) and delayed responses to incidents. These issues indicate the need for 

clearer workflows and improved staff training. Establishing a Service Level Agreement (SLA) can 

standardize response times and ensure consistent service quality, aligning with ITIL V4’s focus on 

Deliver and Support. 

To overcome these challenges, several measures are recommended. First, automating 

acknowledgment processes and transaction recording can reduce manual errors and expedite service 

delivery. Second, the development of a real-time monitoring dashboard would enable staff to track 

system statuses and resolve issues proactively. Third, enhancing user education through step-by-step 

guides and workshops would empower users to navigate the self-service system effectively, reducing 

the frequency of procedural errors. Fourth, standardizing SOP implementation across all staff through 

regular training sessions would ensure uniformity in service delivery. Finally, introducing SLAs with 

measurable targets for response times would improve the timeliness of incident resolution and enhance 

user satisfaction. 
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By addressing these challenges systematically, the UIN Sunan Ampel Library can significantly 

enhance its Service Desk Management processes. These improvements would result in better service 

quality, increased operational efficiency, and higher levels of user satisfactions.  

3.4. Evaluation of ITIL V4 Framework 

The ITIL V4 framework plays a crucial role in analyzing and addressing the challenges identified 

in the Service Desk Management system at the UIN Sunan Ampel Library. By providing a structured 

approach to managing IT services, ITIL V4 ensures that processes align with organizational goals and 

user needs, enabling efficient and effective service delivery. The implementation of ITIL V4 in this 

study helps evaluate key aspects of the library’s service management processes, particularly in the 

context of its self-service system. ITIL V4 emphasizes flexibility and adaptability, which are essential 

for addressing technical, user-related, and operational challenges in a dynamic library environment. By 

leveraging its principles, the framework provides actionable insights into areas such as service 

acknowledgment, incident resolution, and system monitoring. Implementation of ITIL V4 Dimensions. 

1. Value Stream and Processes 

This dimension focuses on creating value through seamless and coordinated workflows. In the 

library’s self-service system, the acknowledgment process, user interactions, and incident handling were 

analyzed using this dimension. The lack of automation and real-time monitoring highlighted 

inefficiencies in the current processes, prompting recommendations to streamline workflows and 

improve service efficiency. 

2. Service Value Chain (SVC) 

The SVC model, which outlines six interconnected activities (Plan, Improve, Engage, Design and 

Transition, Obtain/Build, Deliver and Support), was applied to evaluate the lifecycle of service delivery. 

Specifically (Engage) Emphasized user interactions and feedback mechanisms to identify gaps in user 

support and communication, (Deliver and Support) Evaluated the effectiveness of daily operations, such 

as transaction recording and incident resolution, identifying the need for SLAs to standardize response 

times, (Improve) Addressed continuous improvement opportunities, such as enhancing user education 

and training staff to ensure consistent SOP implementation. 

3. Practice Success Factors (PSF) 

The PSF component of ITIL V4 was used to measure the maturity level of various service 

management practices, such as incident management and service request fulfillment. This analysis 

revealed that the library operates at a repeatable level (Level 2) in several areas, indicating structured 

but incomplete processes. Recommendations were made to elevate these practices to the defined level 

(Level 3) through documentation, automation, and process standardization. 

4. Information and Technology 

This dimension was critical in assessing the technological gaps in the self-service system. The 

absence of real-time monitoring tools and reliance on manual acknowledgment were key issues 

identified. Recommendations included implementing a dashboard for real-time monitoring and 

automating transaction processes to enhance efficiency and reduce errors. 

5. Continual Improvement 

ITIL V4's continual improvement principle was applied to identify opportunities for ongoing 

enhancements. The study proposed iterative evaluations and feedback loops to monitor the impact of 

implemented changes, ensuring that services remain aligned with user expectations and organizational 

objectives. 

The ITIL V4 framework provides a comprehensive approach to evaluating and improving the 

Service Desk Management processes in the library. By leveraging its dimensions and principles, the 

library can address its current challenges and achieve a higher level of operational excellence. Future 

efforts should focus on fully implementing the recommended changes, ensuring continuous alignment 

with the ITIL V4 practices to deliver value-driven and user-centric service. 
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3.5. Impact of Research Findings 

The findings of this research have brought significant positive impacts on improving services, 

enhancing system efficiency, and increasing user satisfaction at the UIN Sunan Ampel Surabaya 

Library. These impacts align with the research objectives and recommended best practices based on the 

ITIL V4 framework. 

1. Service Improvement 

Recommendations such as automating the acknowledgment process and developing a real-time 

monitoring dashboard enable the library to deliver faster, more accurate, and responsive services. These 

improvements provide users with not only more efficient services but also enhanced quality in every 

interaction with the self-service system. Relation to Research Objectives: The research objective of 

improving the effectiveness of Service Desk Management is achieved through the integration of 

technology and workflow optimization supported by the Information and Technology and Value 

Streams and Processes dimensions in ITIL V4. 

2. Operational System Efficiency 

Automation and consistent implementation of SOPs as recommended allow library staff to reduce 

time spent on manual tasks such as transaction verification. This enables staff to allocate more time to 

strategic tasks, such as managing collections and engaging directly with users. The implementation of 

SLAs also provides clarity in task prioritization, helping the organization manage resources more 

effectively. Relation to ITIL V4 Best Practices: This operational efficiency aligns with the Deliver and 

Support principle, which emphasizes the importance of maintaining service availability and 

functionality as per user requirements. 

3. Enhanced User Satisfaction 

With improved user education through guides and training, along with SLAs that ensure quicker 

response times, users experience a better service experience. A more transparent process and consistent 

service standards increase user trust in the system. Relation to ITIL V4 Dimensions: The Engage 

dimension is the focus here, where user feedback is integrated into the system to create a better and more 

relevant service experience. 

4. Application of Best Practices 

The recommendations derived from this research reflect the application of ITIL V4 best practices, 

such as the Service Value Chain, which guides every step of service delivery from planning to 

improvement. Continuous improvement processes are also implemented to ensure that every 

enhancement step is regularly evaluated and adjusted to organizational needs. Relation to Research 

Objectives: This research successfully connects the application of ITIL V4 dimensions to the specific 

context of the library, resulting in a more adaptive and relevant service model. 

5. Long-Term Contribution 

The long-term impacts of this research include fostering a culture of continuous improvement in 

managing the library's IT services. By leveraging these recommendations, the library can continuously 

innovate in delivering modern, user-focused services while enhancing staff capabilities in addressing 

evolving technological challenges Relation to ITIL V4 Practices: The Continual Improvement principle 

in ITIL V4 ensures that services are not only improved in the short term but are continuously developed 

to meet future demands. 

The impacts of this research demonstrate great potential in transforming Service Desk Management 

at the UIN Sunan Ampel Library. By following the ITIL V4-based recommendations, the library can 

not only meet its research objectives but also create a service system that is more efficient, measurable, 

and user-centered. This positions the library as a model for modern service management that can be 

applied to other educational institutions.  

3.6. Recommendations for Service Development 

Based on the findings, several strategies are proposed to enhance the quality and efficiency of the 

Service Desk Management system at the UIN Sunan Ampel Library. Automating transaction processes, 

particularly the acknowledgment system, can significantly reduce manual errors and speed up service 

delivery. By integrating automation technologies, transactions for book borrowing and returning can be 

recorded automatically, allowing staff to focus on more strategic tasks. Additionally, the implementation 
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of a real-time monitoring dashboard will enable staff to track system statuses and address issues 

proactively, minimizing downtime and improving responsiveness. To ensure consistent and reliable 

service delivery, establishing Service Level Agreements (SLAs) is recommended. SLAs will define 

clear response time targets for resolving incidents, providing users with measurable expectations and 

fostering trust in the system. 

User education is also a critical component of the proposed improvements. Creating user-friendly 

guides and conducting workshops will help users navigate the self-service system effectively, reducing 

procedural errors and enhancing the overall user experience. At the same time, staff training is essential 

to ensure consistent application of Standard Operating Procedures (SOPs) and to improve problem-

solving capabilities. Regular training sessions and scenario-based simulations will prepare staff to 

handle common issues efficiently. Finally, integrating a continual improvement process into the 

management system will ensure that services remain adaptive and aligned with user needs. This involves 

regular evaluations of service performance, gathering feedback, and implementing incremental changes 

to address emerging challenges. By adopting these strategies, the library can deliver a more user-centric, 

efficient, and sustainable service system. 

 

4. CONCLUSION 

The evaluation of Service Desk Management in the self-service library system at UIN Sunan Ampel 

Surabaya using the ITIL V4 framework highlights several key findings. While the self-service system 

provides adequate accessibility for users, there are notable challenges, such as the manual 

acknowledgment process, inconsistent incident classification, and the lack of sufficient monitoring 

tools. User satisfaction is generally positive, with an average score of 3.8 out of 5, though issues such 

as interface usability and delays in addressing technical problems were raised. The analysis using ITIL 

V4—focusing on Acknowledge, Classify, Own, and Act—identifies areas for improvement. To address 

these issues, the study recommends implementing automation technologies like RFID for inventory 

management, integrating real-time monitoring systems, and establishing Service Level Agreements 

(SLAs). Additionally, staff training programs are essential to enhance readiness for technological 

advancements. By adopting these solutions, the self-service library system is expected to provide a better 

user experience, improve operational efficiency, and support the library’s mission as a modern, 

responsive, and user-centric information hub. 

. 
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This study aims to investigate the impact of nanofluid concentration and 

panel tilt angle on the efficiency of photovoltaic-thermal (PV/T) systems, 

with the goal of optimizing energy performance. Numerical simulations 

were conducted using the Finite Element Method (FEM) to analyze the 

effects of varying nanofluid concentrations and panel inclination angles on 

PV/T system performance. The findings revealed that a nanofluid 

concentration of 20% provided the most uniform fluid flow. At an 

inclination angle of π/6, increasing the concentration to 20% reduced the 

PV cell temperature and enhanced photovoltaic efficiency to 12.04%, while 

also achieving the highest electrical power output of 36.71 W. The highest 

thermal efficiency of 69.5% was observed at a 20% concentration with a 

π/6 tilt angle, whereas the highest total efficiency of 81.7% was achieved 

at a π/3 tilt angle. The study demonstrates that optimizing the combination 

of nanofluid concentration and panel tilt angle significantly enhances the 

energy efficiency of PV/T systems. This advancement contributes to the 

development of more efficient renewable energy technologies. 
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1. INTRODUCTION 

Energy is the main pillar in driving economic development and social welfare, both in supporting 

economic activities and daily needs [1]. Most energy resources come from fossil fuels. Dependence on 

fossil fuels causes challenges in the form of depletion of reserves, a global energy crisis, and negative 

environmental impacts such as global warming, excess carbon emissions, and significant climate change 

[2]. The development of renewable energy sources, especially solar energy, is a solution to overcome 

dependence on fossil fuels [3]. The main technology for converting solar energy into electricity is 

photovoltaic (PV) panels, which convert solar energy into electricity. However, only about 20% can be 

converted, while 80% is wasted as heat [4]. The accumulation of heat can decrease the efficiency and 

performance of PV cells. An increase in temperature above 25°C can degrade the performance of PV 

modules resulting in reduced power output and efficiency decreasing by about 0.5% per degree Celsius 

against temperature increase [5]. The reduction in PV efficiency caused by rising temperatures can be 

mitigated by incorporating a cooling system into the PV panel. This technology, known as a 

photovoltaic-thermal (PV/T) system, converts solar energy into both electricity and thermal energy at 

the same time [6]. 

Because of the high efficiency of PV/T systems, extensive research has been conducted to further 

develop and improve them [7]. Many studies have explored ways to improve electrical efficiency, as 

well as designing and optimizing the operational parameters of PV/T systems. Previous research shows 
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that the temperature reduction of PV cells evaluated using PV/T technology with water as the cooling 

medium, results in a temperature reduction of up to 2°C, which contributes to a 3% increase in efficiency 

[8]. Furthermore, another investigation revealed that a PV/T cooling system employing water fluid in a 

laminar arrangement could decrease the PV cell temperature is reduted drop of 2°C [9]. The research 

additionally discovered that the base fluid (water) used in the solar collector outperforms the air system, 

the water temperature within the PV/T collector remains more stable despite variations in solar radiation 

levels, whereas the air-based collector is more prone to temperature fluctuations [10]. 

Cooling systems in PV/T can use various types of fluids, one of which is nanofluids. Nanofluids 

are fluids that have added nanoparticles with sizes between 1 and 100 nanometers, which can improve 

their thermal properties. Prior studies investigated the application of CuO-water nanofluids for cooling, 

resulting in a 51.22% overall efficiency and a 72.58% energy accumulation efficiency, surpassing that 

of Al₂O₃-water [11]. Moreover, additional studies discovered that CuO/water nanofluids exhibited 

superior performance compared to Al₂O₃/water and pure water [12]. Meanwhile, another study said that 

nanoparticles in nanofluids improve thermal conductivity and heat transfer, resulting in more optimal 

performance in PV/T systems [13]. The other research analyzed the combination of nanofluid flow rate 

and nanoparticle concentration to obtain maximum thermal efficiency [14].  

In PV/T systems, the use of nanofluids shows a positive impact on the efficiency of panels installed 

with various tilt angles [15]. The amount of solar radiation received is significantly influenced by the 

tilt angle, which directly affects system performance. Previous research revealed that at optimal tilt 

angles, the use of nanofluids can increase thermal efficiency by up to 35% compared to systems using 

plain water as the cooling medium [16]. In addition, the optimal tilt angle is important to maximize the 

energy received, as it affects the heat transfer and performance of the PV/T system. When the inclination 

angle is not optimal, the received solar radiation decreases, thus lowering the electrical and thermal 

energy conversion efficiency [17]. This suggests that optimization of the inclination angle of solar cell 

panels, along with the use of nanofluids, can make a significant contribution to the efficiency of 

renewable energy systems. 

A literature review indicates that utilizing nanofluids as a cooling medium in PV/T systems 

enchances thermal conductivity and energy efficiency compared to plain water, especially in the 

CuO/water nanofluid type [11, 12]. It was noted in earlier studies that the tilt angle of the panel 

influences the quantity of solar radiation it receives, thereby affecting system efficiency [16]. This 

research focuses on improving solar cell efficiency and electrical energy applied to PV/T systems 

through assessing the effects of nanofluid concentration and tilt angle variation. The Finite Element 

Method (FEM) was chosen for its ability to solve complex thermal analysis. The evaluation of the PV 

cell efficiency, electrical energy, thermal capability, and overall system efficiency will be grounded in 

the Second Law of  Thermodynamics. This law elucidates that energy transitions from high to low states, 

offering insights into the system's overall efficiency. 

 
Figure 1. Schematic Model of PV/T Solar Panels and Flow Channels Filled with Nanofluids 

 

2. RESEARCH METHOD 

Figure 1 illustrates the photovoltaic-thermal (PV/T) solar panel model used in this study. The PV/T 

system consists of multiple layers: the PV cell layer, a thermal paste layer, the reservoir wall, and a flow 

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


 

  

Volume 12, Issue 1, April 2025, pp. 77-86 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v12i1.4547 

79 

 

 

 

Effect of Tilt Angle on Solar Cell Efficiency and Electrical … (Fadilla Ananda, et al) 

channel within the reservoir that contains the nanofluid. The solar panel design features a side length of 

30.5 cm and a thickness of 0.27 mm. Monocrystalline silicon (c-Si) was chosen for the PV cell layer 

due to its superior heat absorption capacity compared to polycrystalline silicon (p-Si). Typically, c-Si 

cells exhibit a photovoltaic conversion efficiency of approximately 13% and a heat coefficient of 0.54. 

The thermal paste layer, a conductive material, measures 30.5 cm in length and 0.3 mm in thickness. 

The reservoir wall is constructed from aluminum, with a length of 30.5 cm and a thickness of 1 mm. 

The flow channel within the reservoir, designed for fluid circulation, has a length of 30.5 cm and a 

thickness of 15 mm. The nanofluid was prepared using a direct mixing method, combining a base fluid 

(water) with nanoparticles (solid) to achieve a stable mixture. The nanofluid flow was assumed to be 

laminar, with a velocity of 0.01 m/s. The reservoir wall thickness was set at 0.015 m for simulation 

purposes. This study investigates the effects of varying tilt angles (π/6, π/4, and π/3) and nanoparticle 

concentrations (1%, 10%, and 20%) on the fluid velocity profile within the channel. These parameters 

were systematically analyzed to asses their effect on the total efficiency of the PV/T system. 

The conjugate heat transfer approach has been used to develop heat transfer equations for the PV 

cell layer, thermal paste layer, reservoir structure, and flow channel. The temperature at the PV surface 

is considered fixed and uniform. In the analysis, the sky is assumed to be a black body that emits long-

wave radiation according to the environmental conditions. In addition, it is assumed that the environment 

is dust-free allowing full transmission of solar energy. Table 1 lists the physical properties of solar 

radiation as well as the relevant environmental condition parameters. 

Table 1. Nature of Incoming Energy from the Sun and Environmental Conditions 

Quantity Name Value Distance (m) 

Solar Irradiance 1.000 G (kg/m2) 

Heat Transfer Coefficient 6.5 Hc(W/(m2K)) 

Ambient Temperature 298.15 Tamb (K) 

Radiation Emissivity 0.3 ɛ (kg/m2) 

PV panels, as shown in Figure 1, receive energy from sunlight. A portion of the radiative energy is 

transformed into electrical power through the photovoltaic process, whereas the remaining energy is 

converted into thermal energy. Radiation affects the entire surface of the plate. Thermal paste applied 

under the PV array serves to effectively distribute the heat, thereby helping to improve the efficiency of 

electrical conversion. The following formula describes the convection heat transfer process at the PV 

panel's top and bottom interfaces.: 

𝑞_𝑐𝑜𝑛𝑣 =  − ℎ𝑐 𝐴 +  𝑇𝑝𝑣 –  𝑇𝑎𝑚𝑏    (1) 

Hc represents the heat loss caused by convection, while A represents the surface area. Heat transfer 

at the PV/T panel's top and bottom interfaces as well as the energy carried by the nanofluid flow inside 

the reservoir are both included in the total conjugate convection. The following formula can be used to 

describe heat loss from infrared radiation, which is electromagnetic radiation released by the atmosphere 

and surface: 

𝑞𝑙𝑤= ɛ. σ +(𝑇4
𝑝𝑣 _ 𝑇4

𝑎𝑚𝑏)  (2) 

Where σ stands for electrical conductivity and ε for radiation emissivity. An important 

consideration for modeling heat in participating media is the assessment of extinguishing, absorption, 

and scattering coefficients. The media extinguishing coefficient can be formulated as follows: 

𝐾𝑒 =  
1.5𝜙𝑄𝑒

𝑑
+ (1 −  𝜙) 

4𝜋 𝐾𝑏𝑓

𝜆
  (3) 

Where Q is the nanoparticle attenuation coefficient, λ is the wavelength of radiation, and 𝑑 denotes 

the diameter of the nanoparticle. The attenuation coefficient of water can be calculated using the 

following equation: 

𝐾𝑏𝑓 = 𝐾𝑎 + 𝐾𝑠   (4) 

Table 2. Basic Thermophysical Properties of Nanofluids 
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Properties Water Copper 

Cp (J/kgK) 4.179 383 

𝜌 (kg/m3 ) 997.1 8954 

K (W/mK) 0.605 400 

𝜇 (Ns/m2) 0.00108 - 

 

Table 3. Nanofluid Physical Properties 

Properties Copper 

Cp (J/kgK) 4027.2 

𝜌 (kg/m3 ) 1315.4 

K (W/mK) 0.608027 

𝜇 (𝑝𝑎𝑠) 0.001196 

 

In all layers, heat transfer occurs from the nanofluid to the solid, from the solid to the nanofluid, or 

flows through the solid layer via a conjugate convection mechanism. The nanofluid at the inlet is 

assumed to have a uniform temperature. This hybrid approach is applied to enable solar cells to convert 

transform solar radiation into electrical energy under optimal conditions. Most of the absorbed fraction 

of incident solar radiation is transformed into thermal energy, resulting in a rise in the solar cell 

temperatur. The increase in temperature is utilized through a cooling mechanism for the PV/T module 

using nanofluids, with the aim of maximizing the generated electricity. To calculate the efficiency, 

various equations are used. When PVs are exposed to solar radiation, the energy that is not fully utilized 

turns into thermal energy on the panel surface. The heat transfer across the PV cell, thermal paste, and 

reservoir wall is expressed by the following equation: 

𝛻 . (𝑘𝛻𝑇) = 0  (5) 

Inside the duct, heat transfer takes place through convection and conduction. The flow, at both inlet 

and outlet velocities, is assumed to be constant, incompressible, Newtonian, and laminar. The solid 

nanoparticles are assumed to have a uniform shape and size and maintain thermal equilibrium with the 

host fluid. The utilized particles are nano-sized aluminum oxide, with thermophysical values listed in 

Table 2. The difference in density versus temperature in relation to the gravitational force is considered 

linear according to the Boussinesq model. This model applies accurately when the density variation is 

small enough that it does not affect the convective flow, except for the gravitational effect. Taking these 

elements into account, the equations for continuity, momentum, and energy are articulated as follows: 

𝜕𝑈

𝜕𝑋
+

𝜕𝑉

𝜕𝑌
= 0                                                                                                                               (6) 

𝑈
𝜕𝑈

𝜕𝑋
+ 𝑉

𝜕𝑈

𝜕𝑌
=  −

1

𝜌𝑛𝑓

𝜕𝑃

𝜕𝑋
+

𝜇𝑛𝑓

𝜌𝑛𝑓
  (

𝜕2𝑈

𝜕𝑋2 +
𝜕2𝑈

𝜕𝑌2) −
1

𝜌𝑛𝑓
(𝜌𝛽)𝑛𝑓𝑔 𝑠𝑖𝑛 𝜑 (𝑇 − 𝑇𝐶)  (7) 

𝑈
𝜕𝑉

𝜕𝑋
+ 𝑉

𝜕𝑉

𝜕𝑌
=  −

1

𝜌𝑛𝑓

𝜕𝑃

𝜕𝑌
+

𝜇𝑛𝑓

𝜌𝑛𝑓
 (

𝜕2𝑉

𝜕𝑋2 +
𝜕2𝑉

𝜕𝑌2) −
1

𝜌𝑛𝑓
(𝜌𝛽)𝑛𝑓𝑔 𝑐𝑜𝑠 𝜑 (𝑇 − 𝑇𝑐)    (8) 

𝑈
𝜕𝑇

𝜕𝑋
+ 𝑉

𝜕𝑇

𝜕𝑌
= 𝛼𝑛𝑓 (

𝜕2𝑇

𝜕𝑋2 +
𝜕2𝑇

𝜕𝑌2) +
1

(𝜌𝐶𝜌)𝑛𝑓
 𝛻. 𝑄𝑟                                                                                               (9) 

Here, (U, V) refers to the velocity vector, T denotes the temperature, and P signifies the pressure. 

The subscript none indicates the bulk properties of the nanofluid, while g represents gravitational 

acceleration. Furthermore, μ, ρ, β, and α represent the dynamic viscosity, density, thermal expansion 

value, and thermal diffusion rate of the nanofluid at ambient temperature, correspondingly. The 

nanofluid density is expressed as the combined relationship between water and dispersed particles, 

𝜌𝑛𝑓 = (1 – 𝜙) 𝜌𝑏𝑓 + 𝜙𝜌𝑠𝑝  (10) 

Where φ is the volume fraction of nanoparticles. The symbol bf refers to the base fluid or water. 

The viscosity of the base fluid affected by the addition of nanoparticles can be written: 
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𝜇𝑛𝑓 =  
𝜇𝑏𝑓

(1−𝜙)2.5  (11) 

The thermal diffusivity of nanofluids, which is a measure of how quickly heat can spread through 

a material: 

𝛼𝑛𝑓 =  
𝑘𝑛𝑓

(𝜌𝐶𝑝)𝑛𝑓
  (12) 

Nanofluids' specific heat capacity is a combination of their base fluid and nanoparticles: 

(𝜌𝐶𝑝)𝑛𝑓= (1- ϕ) (𝜌𝐶𝑃)𝑏𝑓 +  𝜙(𝜌𝐶𝑃)𝑠𝑝  (13) 

The thermal expansion coefficient of the nanofluid, which describes how much the volume of the 

nanofluid changes as the temperature changes, can be calculated: 

𝛽𝑛𝑓 =(1-𝜙) 𝛽𝑏𝑓 + 𝜙𝛽𝑠𝑝  (14) 

The heat transfer capability of the nanofluid was calculated based on Maxwell's equations: 

𝑘𝑛𝑓 = 𝑘𝑏𝑓 [
𝑘𝑝+2𝑘𝑏𝑓−2(𝑘𝑝−𝑘𝑓)𝜙

𝑘𝑝+2𝑘𝑏𝑓 +(𝑘𝑝+𝑘𝑝)𝜙
]  (15) 

Equations (5) to (15) are analyzed using the finite element method (FEM). After solving these 

equations, the power conversion efficiency of the PV cell is evaluated using the following equation: 

𝜂𝑝𝑣 = 𝜂𝑟𝑒𝑓[1 − 𝛽𝑟𝑒𝑓(𝑇𝑝𝑣 − 𝑇𝑟𝑒𝑓)]  (16) 

The electrical energy produced is the total electrical potential energy transformed into dynamic 

energy in SI units of Joules per second (Watt). For PV/T (Photovoltaic/Thermal) systems, the electrical 

energy output can be calculated with the following formula: 

𝐸𝑝𝑣 = 𝜂𝑝𝑣 × 𝐴𝑚 × 𝐺  (17) 

PV cell efficiency, surface area, and solar radiation intensity all affect the electrical output. The 

following formula can be used to express the electricity generated by a PV module under exposure to 

sunlight: 

𝐸𝑖𝑛 = 𝐺. 𝐴𝑚  (18) 

The thermal energy obtained by using nanofluid serving as a heat dissipation agent in the PV/T 

system is calculated by: 

𝐸𝑛𝑓 = 𝑚𝑛𝑓𝐶𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)  (19) 

The percentage of thermal energy successfully converted into electrical energy can be calculated 

using: 

𝜂𝑡ℎ =
𝐸𝑛𝑓

𝐸𝑖𝑛
× 100%  (20) 

Total electrical and thermal energy output divided by total electrical energy received is the PV/T 

system's overall or global efficiency, and it is calculated as follows: 

𝜂𝑔𝑙𝑜𝑏 =  
𝐸𝑛𝑓+𝐸𝑃𝑉

𝐸𝑖𝑛
 × 100%  (21) 

The Finite Element Method (FEM) is used to numerically solve the continuity, momentum, and 

energy equations. This method operates by breaking down the problem domain into multiple smaller 

subdomains, making the computational process more manageable. In this study, the flow inside the solar 

collector is assumed to be an incompressible and laminar flow (spf) to solve equations (6)–(8), as well 

as heat transfer in fluids (ht) for equation (9). Irradiation is calculated assuming a constant heat flux as 

the boundary condition. 

As a validation step, the temperature values obtained were compared with the research data of 

Fontenault and Gutierrez-Miravete (2012), as shown in Figure 2. 
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(a) experiments conducted 

 
(b) Fontenault dan Gutierrez-Miravete (2012) 

Figure 2. Validation of current isotherms (a) with published work (b) 

 

3. RESULTS AND DISCUSSION 

Numerical calculations are carried out by considering an inlet temperature that is assumed to be 

uniform, which is equivalent to room temperature. This temperature selection aims to represent the 

condition the working fluid reached room temperature to facilitate heat transfer from the solar panel. 

Parametric studies were performed to examine different factors, such as PV cell temperature, efficiency 

PV cell, output electrical energy, efficiency thermal, and overall energy efficiency. The analysis was 

carried out with nanoparticle concentrations of 1%, 10%, and 20%. 

 

Figure 3. Fluid Velocity Profile 

Figure 3. velocity profile of laminar flow in a closed channel, according to Navier-Stokes theory. 

The fluid velocity is zero at the walls due to the no-slip effect and increases parabolically towards the 

center, where the maximum velocity is reached. The variation in velocity profiles for the three angle 

variations reflects changes in pressure gradient, viscosity or channel geometry. Larger angle values 

result in higher peak velocities, while smaller angle values result in lower peak velocities but wider flow 

profiles, indicating a more even distribution of kinetic energy. 
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Figure 4. PV Cell Average Temperature 

Figure 4. shows the correlation between concentration and PV cell temperature (Kelvin) for three 

angle values. Overall, the PV cell temperature decreases with increasing concentration values. This 

decrease in temperature is in accordance with heat transfer theory, where an increase in concentration ϕ 

often increases the efficiency of cooling or heat distribution, thereby reducing the heat trapped in the 

PV cell. Smaller α angles result in lower temperatures, which can be attributed to a more optimized 

radiation distribution, favoring thermal stability and improving PV cell performance. A slight drop in 

temperature will lead to a significant difference in thermal performance. 

 

Figure 5. PV Efficiency 

Figure 5. shows the correlation between concentration (ϕ) and photovoltaic (PV) cell efficiency in 

percent for three angle values. In general, the PV efficiency increases as the concentration increases 

reflecting that an increase in concentration enhances the conversion of light energy into electricity due 

to more optimized light absorption. In the three variations of tilt angle, it is seen that smaller angles 

result in higher efficiency. Thus, the efficiency of the PV cell is affected by the increase in nanoparticle 

concentration and the value of the flow inclination angle, where smaller angles provide more optimal 

efficiency. 
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Figure 6. Electrical energy output of PV/T 

Figure 6. shows the correlation between concentration (ϕ) and electrical power output (watts) of 

the PV cell for three angle values. The electrical power increases with increasing concentration. This 

increase in electrical power reflects that higher concentration allows more light energy to be converted 

into electrical energy. In addition, smaller angle α produces more power, this angle setting increases the 

efficiency of light incidence and heat distribution, supporting the theory that optical and thermal design 

have a significant impact on the performance of the PV system. 

 

Figure 7. Thermal Efficiency 

Figure 7. reflects that a higher concentration of ϕ allows for more optimal utilization of thermal 

energy, increasing the thermodynamic process efficiency. The higher efficiency at smaller angles α is 

in accordance with heat transfer theory, where a more focused energy path or optimal angle arrangement 

favors more effective heat transfer, thereby enhancing the system thermal efficiency. 
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Figure 8. Total Efficiency of PV/T System 

Figure 8. this increase in efficiency is in line with the theory of energy conversion, where higher 

concentration (ϕ) increases the density of energy converted into work. In addition, smaller values of 

angle α indicate more optimal thermodynamic performance, consistent with the theory that certain 

geometric arrangements angles can maximize efficient energy transfer and improve total thermal 

performance. 
 

4. CONCLUSION 

The main conclusion of this study shows that nanofluid concentration and panel tilt angle 

significantly impact the efficiency and performance of PV/T systems. An optimal concentration of 0.02 

results in an even distribution of fluid flow, while increasing the concentration to 0.2 at an inclination 

angle of π/6 lowers the panel temperature, increases the photovoltaic efficiency by 12.04%, and 

produces the best electrical power of 36.71 W. The system thermal and overall efficiencies improve 

with higher nanofluid concentration and optimal inclination angle, reaching the highest total efficiency 

of 81.7% at an angle of π/3. This study shows a significant effect of nanofluid concentration and tilt 

angle on PV/T performance, but is limited to low concentration variations and has not considered 

environmental factors, long-term durability, and economic analysis. Future research needs to explore 

and test the system in real-world conditions for more optimized efficiency. 
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This paper reviewed the advancements in DC-DC converter technologies, 

emphasizing their role in addressing the demands of high efficiency and 

high voltage gain in renewable energy systems, electric vehicles (EVs), and 

distributed energy networks. Advanced topologies, including hybrid, 

quadratic, triple-boost, coupled inductor, and voltage multiplier designs, 

were evaluated for their ability to overcome the limitations of traditional 

converters. Key findings highlighted significant improvements in energy 

efficiency, exceeding 95%, and a substantial reduction in voltage ripple. 
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component stress were analyzed, demonstrating the suitability of these 

designs for diverse applications. Comparative analyses illustrate the 

superiority of innovative designs in meeting the energy needs of emerging 

technologies. Applications in renewable energy, EV infrastructure, and 
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This review bridged the gap between theoretical advancements and 

practical implementations, showcasing the pivotal contribution of DC-DC 

converter to modern energy systems. 
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1. INTRODUCTION 

DC-DC converters represent a cornerstone in modern power electronics, offering indispensable 

functionality as intermediaries between generation systems and their load. Their critical role in 

regulating voltage ensures the seamless integration of renewable energy sources, electric vehicles (EVs), 

and DC microgrids. As the global adoption of photovoltaic (PV) arrays, fuel cells, and battery systems 

accelerates, the demand for efficient, reliable DC-DC converters has grown substantially. These 

converters must not only provide the necessary voltage step-up for low and variable input levels but also 

maintain high efficiency under diverse and challenging caused by variable solar irradiance, ensuring 

stable output and efficient power delivery to storage or grid systems. 

Traditional boost converters have been widely employed due to their simplicity and low cost. 

However, they face significant limitations in applications requiring high voltage gains and dynamic load 

regulation. As duty cycles approach extreme values, conduction and switching losses escalate, reducing 

efficiency and increasing thermal stress on components. These challenges highlight the need for 

advanced DC-DC converter topologies, including switched inductors, coupled inductors, voltage 

scalability, and significantly higher voltage gains, addressing the limitations of conventional design. 
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The innovations in DC-DC converter technology have far-reaching implications across multiple 

domains. High-efficiency converters in EV systems enable rapid charging, optimized energy utilization, 

and extended battery lifespan. In DC microgrids, the modular and scalable design facilitates stable 

voltage regulation and efficient power distribution, even under dynamic loading conditions. Advanced 

innovations such as coupled inductors, transformerless configurations, and hybrid topologies have not 

only improved efficiency but also reduced size and material costs, positioning these systems as vital 

components in next-generation energy architecture. 

This comprehensive review explores the state-of-the-art in DC-DC converter technologies, 

focusing on their operational principles, innovative topologies, and key applications. Through detailed 

analyses of their performance metrics and design advancements, this paper offers insights into the 

current trends and identifies pathways for further development and optimization. 

 

2. RESEARCH METHOD 

DC-DC converters are critical tools in power electronics, designed to convert input voltage into 

levels suitable for specific applications. These converters are categorized into isolated and non-isolated 

types, each offering distinct advantages and applications. This section also explores advanced 

configurations such as switched inductors, coupled inductors, and voltage multipliers, highlighting their 

operational principles, performance benefits, and challenges. 

2.1. Isolated and Non-isolated Converter 

Isolated converters employ transformers to achieve electrical separation between the input and 

output, ensuring enhanced safety and fault isolation. This feature makes them indispensable in high-

voltage and safety-critical applications, such as industrial power supplies, medical devices, and grid-

tied renewable energy systems. The flyback topology, illustrated in Figure 1a, exemplifies this 

approach, storing energy in the transformer’s primary winding during the switch-on phase and 

transferring it to the output during the switch-off phase. Despite their scalability issues, restricting their 

application to low-power systems [1]. 

    

 (a) (b) 
Figure 2. Isolated and non-isolated converter topology, (a) Flyback converter; (b) Boost converter  

Advanced isolated topologies such as push-pull, half-bridge, and full-bridge converters address the 

challenges. Push-pull converter, for instance, employs two switches to alternately drive the transformer 

windings, enhancing flux utilization and reducing core losses. Full-bridge converters, as depicted in [2], 

[3], leverage multiple switches and advanced control strategies to achieve superior efficiency and high-

power capacity. The modular resonant topologies presented by [4] also highlight the improvement in 

energy transfer efficiency for grid-connected renewable systems. 

Further research by [5] focuses on isolated bidirectional designs that ensure efficient energy transfer 

in high-frequency transformers in isolated designs, such as the work by [6], which enhances performance 

by reducing core size and improving power density in PV-fed microgrids. An isolated high-gain 

topology by [7] integrates magnetic flux balancing to mitigate transformer saturation, further enhancing 

efficiency and voltage regulation. 

Non-isolated converters are compact, cost-effective, and efficient, making them ideal for 

applications where electrical isolation is necessary. Examples include boost, buck-boost, SEPIC, and 

Cuk converters. The boost converter, shown in Figure 1b, operates by storing energy in an inductor 

during the on-state and releasing it into the load during the off-state. While effective for basic step-up 

applications, boost converters exhibit limitations such as high ripple and restricted voltage gain under 

extreme duty cycles [8]. 
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SEPIC converters address these constraints by enabling bidirectional energy flow and offering step-

up and step-down capabilities, making the battery management systems versatile. Similarly, Cuk 

converter excels in minimizing input and output current ripple, which is crucial for applications such as 

LED drivers and portable electronics. Research by [9] demonstrated how transformerless configurations 

improve efficiency and compactness, addressing the traditional limitations of these topologies. Voltage 

boosting techniques using cascade networks in SEPIC and Cuk designs have also been explored, 

achieving high efficiency in renewable systems [10]. 

2.2. Switched Inductor 

Switched inductor converters achieve substantial voltage gains by alternately configuring inductors 

for parallel charging and series discharging. This topology, illustrated in Figure 2, minimizes duty cycle 

requirements and optimizes transfer efficiency. These converters are particularly effective in medium-

voltage renewable energy systems and microgrids, where robust voltage regulation is essential under 

load conditions. 

 
Figure 2. Switched inductor converter topology  

Research [11] emphasizes the advantages of interleaved switched inductor designs in reducing 

ripple and thermal stress. Such configurations also improve power density and dynamic response, as 

highlighted by [12]. Advanced implementations like active clamping and dual-phase interleaving 

minimize switching applications such as EV charges and grid-connected PV [13]. Additional 

contributions by [14] showcase an optimized switched inductor topology integrating soft-switching 

mechanism to reduce noise and improve efficiency under high power loads. 

2.3. Coupled Inductor 

Coupled inductor topologies leverage magnetic coupling to achieve high voltage gain within 

compact designs. By integrating primary and secondary windings into a single core, these converters 

reduce core losses and enhance flux utilization [15]. Figure 3 depicts a coupled inductor-based boost 

converter with clamping circuits to suppress leakage inductance and improve efficiency [15]. Such 

designs are particularly advantageous in high-power applications such as grid-tied renewable systems, 

EV fast chargers, and DC microgrids [16]. 

 
Figure 3. Conventional boost converter using a coupled inductor 

Advanced coupled inductor configuration distributed power across multiple phases, reducing ripple 

and electromagnetic interference. Research by [17] explores the integration of high-saturation magnetic 

materials, enabling these converters to accommodate higher power densities. In [18], the researcher 

reviewed active flux balancing techniques, which ensure reliable performance in high-demand scenarios 

such as multi-source renewable energy setups. Recent contribution by [19] have expanded the 

applicability of coupled inductors in hybrid microgrid configurations, demonstrating their capability to 

handle variable renewable inputs while maintaining high system stability. 
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2.4. Voltage Multiplier 

Voltage multipliers amplify output voltage incrementally through cascaded diodes and capacitors. 

Figure 4 illustrates this approach, where each stage adds discrete voltage increments, achieving high 

gains in compact configurations [20]. Transfomerless designs address the complexity of traditional 

voltage multipliers, enhancing efficiency and reducing component counts. The designs are particularly 

effective in low-power applications, such as portable electronics, LED drivers, and compact renewable 

systems [21]. 

 
Figure 4. Non-isolated dc-dc converters based on the voltage multiplier 

A hybrid voltage multiplier combines switched capacitors and inductors to achieve higher gains 

and improve stability under dynamic loads. In [22] demonstrate these configurations in high-frequency 

applications, highlighting their adaptability and cost-effectiveness for compact systems. In other ways, 

[23] further analyzed a modular voltage multiplier design integrated into multi-input systems, enabling 

enhanced energy sharing and fault tolerance across diverse energy sources. 

2.5. Innovative Topologies 

Innovative DC-DC converter designs integrated features from multiple topologies to maximize 

performance. Quadratic and triple-boost converters, depicted in Figure 5a, utilize multi-stage inductor-

capacitor networks to achieve voltage gains exceeding 20x. These designs, evaluated by [24], are 

particularly effective for PV systems, energy storage, and PV power management, where high step-up 

ratios and low losses are paramount. 

Quadratic converter leverage cascaded inductor and capacitor arrangements to minimize 

component stress and increase energy transfer efficiency [25]. By employing stages, quadratic converter 

achieves stable output with reduced ripple, making them ideal for a renewable system. Triple-boost 

converter, on the other hand, expands upon this concept by integrating an additional stage, further 

enhancing voltage gain while maintaining a compact form factor. These designs have been pivotal in 

grid-connected applications where scalability and reliability are critical  [26]. 

  
 (a) (b) 

Figure 5. Innovative DC-DC converter, (a) Quadratic boost DC-DC converter using a coupled-inductor, (b) 

Hybrid zeta-boost converter 

A hybrid converter combines switched inductors, coupled inductors, and voltage multiplier 

elements, creating modular, scalable configurations. Figure 5b illustrates the hybrid topology’s ability 

to balance efficiency, fault tolerance, and adaptability, making it ideal for high-voltage DC applications 

and grid-connected renewable systems [27]. Recent study by [28] has emphasized the potential of hybrid 

designs in adapting to load variability in microgrids, ensuring consistent performance under fluctuating 

demand. 
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Hybrid design also facilitates seamless integration with multi-source energy systems, such as PV 

arrays and battery storage units, providing superior fault tolerance and adaptability. Advanced 

implementations include high frequency switching techniques and active component balancing, further 

enhancing reliability and scalability. These features make hybrid converters particularly suitable for 

high demand applications, including EV fast chargers and large-scale renewable installations. 

 

3. RESULTS AND DISCUSSION 

Performance evaluation of DC-DC converters is crucial to understanding their efficacy in real-

world applications. Metrics such as energy efficiency, voltage ripple, thermal management, scalability, 

and component stress are pivotal in determining their suitability for diverse applications. Each metric 

provides unique insights into how these converters perform under varying operational conditions. 

3.1 Energy efficiency 

Energy efficiency remains a cornerstone metric for DC-DC converters, particularly in renewable 

and battery-powered systems where energy conservation is paramount. Tradition boost converter 

typically achieve efficiencies around 85% - 90% under moderate load conditions  [12]. However, 

advanced topologies, such as hybrid design, interleaved converters, and quadratic configurations, 

routinely exceed 95%. These high-efficiency designs leverage soft-switching mechanisms, optimized 

magnetic material, and reduce conduction losses to deliver superior energy utilization [29]. For instance, 

hybrid converter employing coupled inductors minimize switching losses and magnetic saturation, 

making the ideal for high-frequency applications. 

3.2 Voltage Ripple 

Voltage ripple, a measure of output voltage stability, significantly impacts the performance and 

reliability of DC-DC converters. Applications such as electric vehicle (EVs) and sensitive electronic 

systems require converter with minimal ripple to ensure stable operation. Coupled inductor and 

interleaved topologies demonstrate ripple reduction of up to 50% compared to conventional designs 

[30]. Voltage multiplier configurations, particularly in hybrid converters, offer ripple levels below 2%, 

making them indispensable for applications demanding high precision [31]. 

3.3 Thermal Management 
Thermal performance is a critical aspect of converter design, influencing both efficiency and 

longevity. Advanced topologies incorporate features like interleaving, soft-switching, and active 

clamping to mitigate thermal buildup during high-power operations. Interleaved converters, for 

example, distribute power across multiple phases, reducing thermal hotspots and enhancing heat 

dissipation [32]. Hybrid designs integrate coupled inductors with advanced thermal management 

techniques to ensure consistent operation under high-load conditions [33]. 

3.4 Scalability and Component Stress 
Scalability is a defining characteristic of modern DC-DC converter topologies. Design such as 

modular hybrid converters and quadratic configurations enable seamless integration into large systems, 

including renewable energy farm and microgrids [34]. These scalable design address dynamic power 

requirements while minimizing component stress. Stress on components, including switches and 

capacitors, is mitigated in advanced design through techniques like flux balancing and active control, 

enhancing reliability and reducing maintenance costs [14]. 

3.5 Comparative Analysis 
Table 1 provides a detailed comparative analysis of converter performance metrics across different 

topologies. Each metric highlights the advantages and trade-offs associated with each design. 
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Table 1. Comparative analysis of different topologies converter performance  

Topology 
Efficiency 

(%) 

Voltage 

Ripple 

(%) 

Thermal 

Management 
Scalability 

Component 

Stress 
Cost 

Traditional Boost [35] 85-90 5-8 Basic Moderate High Low 

Hybrid Boost [36] > 95 < 2 Advanced High Low Moderate 

Coupled inductor [37], 

[38] 

> 92 < 3 Intermediate Moderate-

High 

Moderate Moderate 

Voltage Multiplier [39] 90-93 < 3 Limited High Moderate Low 

Quadratic [40], [41], 

[42] 

94-96 < 2.5 Advanced High Low Moderate 

Triple Boost [43], [44] > 96 < 2 Advance High Low High 

 

3.6 Application In Emerging Energy Technologies 

DC-DC converter plays a pivotal role in advancing modern energy systems, addressing a diverse 

range of applications across renewable energy, electric vehicles (EVs), and distributed energy networks. 

Their versatility and efficiency make them essential for emerging technological ecosystems. 

In renewable energy, DC-DC converters are integral to photovoltaics (PV) and wind energy 

systems, here they regulate variable input voltage and optimize power extraction through maximum 

power poin tracking (MPPT). Advanced technologies such as hybrid and quadratic converters achieve 

high voltage gains with reduced losses ensuring efficient power delivery to storage systems or grids 

[45]. Interleaved design with coupled inductors improve power density and minimize thermal stress, 

making them ideal for residential and industrial installations. High-efficiency converters, such as those 

employing voltage multiplier techniques, enhance the performance of microgrids by stabilizing output 

under dynamic loading conditions [46]. 

In EV infrastructure, DC-DC converters facilitate rapid charging and efficient power distribution. 

High-efficiency converters like triple-boost and interleave coupled inductor designs enable faster 

charging by minimizing voltage ripple and thermal stress on battery systems [47]. Transformerless 

topologies are gaining prominence for their compact form factors, crucial for onboard EV applications. 

Coupled inductor-based designs also enable bidirectional energy transfer, a critical feature for vehicle-

to-gris (V2G) applications, ensuring stability and efficiency in decentralized energy systems [48]. 

In distributed energy networks, the adaptability of DC-DC converter ensures seamless integration 

of multiple energy sources. Hybrid converters are particularly effective in managing diverse inputs, such 

as PV arrays and energy storage systems, optimizing power flow and enhancing fault tolerance [49]. 

Their modularity supports scalability, enabling efficient operation in large-scale renewable installations 

and microgrid configurations. Quadratic and triple-boost topologies have demonstrated exceptional 

performance in balancing high voltage gains and efficiency, critical for grid stabilization and energy 

storage management [50]. 

These advancements underline the transformative impact of DC-DC converter technologies in 

addressing future energy challenges. By offering scalable, efficient, and reliable solutions, the converter 

continues to drive innovation across multiple domains, supporting the transition toward a sustainable 

energy landscape. 
 

4. CONCLUSION 

This review underscores the critical role of DC-DC converters in enabling high-efficiency and high-

gain applications across renewable energy, electric vehicles, and distributed networks. Advanced 

topologies, including hybrid, quadratic, and triple-boost designs, demonstrated significant performance 

improvements in energy efficiency, scalability, and thermal management. These innovations provide 

robust solutions to contemporary energy challenges, ensuring optimized power delivery and supporting 

the global transition toward sustainable energy systems. 
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Three-phase transformers are integral components of modern electrical 

power systems, serving as the backbone of energy transmission and 

distribution networks. Their primary purpose is to step up or step-down 

voltage levels efficiently, enabling the transfer of electrical power over long 

distances with minimal losses. Due to their widespread use in industrial, 

commercial, and residential applications, understanding the operational 

characteristics of three-phase transformers is crucial for improving energy 

efficiency, ensuring reliability, and optimizing performance. The analysis 

of transformer characteristics, such as efficiency, voltage regulation, power 

losses, and behavior under varying load conditions. This research aims to 

analyze the characteristics of three-phase transformers using MATLAB. 

The results of the analysis obtained in the research of the characteristics of 

3-phase transformers produce an active power (P) of 6183.42 W, a reactive 

power (Q) of 3832.14 VAR, an apparent power (S) of 7274.61 VA and a 

transformer efficiency of 97.75% with a time of 0.02 s and produces losses 

in copper of 81.65 W which produces electromagnetic field radiation, with 

a polar graph representing the radiation pattern of the magnetic field (H 

field) and electric field (E field). 
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1. INTRODUCTION 

Three-phase transformers are vital components in the electric power system that function to 

transform voltage and current according to the needs of the distribution and transmission system. 

However, in its operation, three-phase transformers face various technical problems that can affect its 

performance. One of the main problems is power losses, which consist of copper losses due to winding 

resistance and core losses caused by hysteresis and eddy currents. These losses contribute to the decline 

in transformer efficiency, which needs to be analyzed to improve the performance of the electric power 

system [1][2][3].  In addition, the distribution of current and voltage in a three-phase transformer is often 

uneven due to load imbalance. This condition can cause power distortion which has an impact on the 

quality of the electrical power supplied. Therefore, it is necessary to analyze the characteristics of the 

transformer under balanced and unbalanced load conditions to understand how the system works under 

various operational conditions [4] [5]. Furthermore, modeling the equivalent circuit of a three-phase 
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transformer becomes an important aspect in the analysis of its characteristics. The equivalent circuit is 

used to determine key parameters such as impedance, leakage reactance, and winding resistance. 

However, manual calculations are often complex and require a more efficient method. By utilizing 

MATLAB, transformer characteristic analysis can be done more accurately and systematically through 

numerical modeling-based simulations.  

To overcome these problems, validation is needed with simulation using MATLAB, which can help 

interpret the characteristics of three-phase transformers more effectively. MATLAB provides various 

functions and toolboxes for power system analysis, allowing modeling and simulation that are closer to 

actual operational conditions. Thus, this study aims to develop a more systematic analysis method in 

evaluating the characteristics of three-phase transformers and provide optimization recommendations 

based on simulation results [6][7][8]. This research aims to analyze the characteristics of three-phase 

transformers using MATLAB, focusing on theoretical concepts, simulation, and performance 

evaluation. By leveraging MATLAB's computational strengths, the research will explore key 

transformer characteristics, investigate the effects of operational conditions, and validate theoretical 

results through practical simulation models[9], [10], [11]. The insights gained from this research will 

contribute to a deeper understanding of transformer behavior and demonstrate the significance of 

computational tools in modern electrical engineering practices. 
 

2. RESEARCH METHOD 

A transformer is an electrical device that uses electromagnetic induction and magnetic coupling to 

change the alternating current voltage from one level to another. The primary coil and the secondary 

coil are the two coils that form the laminated iron core of the transformer. One of the main factors 

contributing to the widespread use of alternating current in the production and distribution of electricity 

is the ease and reliability of using transformers, which allows the selection of the most cost-effective 

and appropriate voltage for any need. This research uses an analytical approach and MATLAB-based 

simulation to analyze the characteristics of a three-phase transformer. The method used consists of 

several main stages, namely mathematical modeling, simulation of transformer characteristics, and 

validation of simulation results against theory and experimental data. 

2.1 Voltage Transformation 

The core principle of voltage transformation relies on electromagnetic induction. Alternating 

current (AC) produces a fluctuating magnetic flux in the core of a transformer when it passes through 

the primary winding. Depending on the turn's ratio, this flux causes a voltage to be induced in the 

secondary winding that may be more or lower than the primary voltage [12]. The relationship between 

primary and secondary voltages is given by the turn’s ratio of the transformer can be calculate by 

equation 1 and despite changing the voltage, transformers conserve power (neglecting losses) between 

the primary and secondary circuits. This conservation of power is expressed as by equation 2. 

𝑉 𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝑉 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
 = 

𝑁 𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝑁 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦
          (1) 

   Vprimary x Iprimary = Vsecondary x Isecondary        (2) 

2.2 Transformer Efficiency 

A fundamental performance metric called transformer efficiency gauges how well a transformer 

minimizes losses when converting input electrical power into output electrical power. In an ideal 

transformer, the efficiency would be 100%, meaning that all the input power is transferred to the 

secondary side without any loss[13], [14]. The output power to input power ratio, represented as a 

percentage, is a transformer's efficiency (η). 

  η = 
𝑃 𝑜𝑢𝑡𝑝𝑢𝑡

𝑃 𝑖𝑛𝑝𝑢𝑡
 x 100%          (3) 

2.3 Voltage Regulation 

Voltage regulation refers to the percentage change in the secondary voltage of a transformer as the 

load changes from no load to full load. It is an indication of how much the voltage varies with the change 

in load. Mathematically, voltage regulation (VR) is expressed as: 
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   VR =  
𝑉 𝑛𝑜 𝑙𝑜𝑎𝑑−𝑉 𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑

𝑉 𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑
 x 100%       (4) 

2.4 Losses 

In transformers, losses are inevitable due to the inherent properties of the materials and components 

used. Understanding these losses is essential for optimizing transformer design and improving 

efficiency. The primary losses in a transformer can be categorized into core losses (also known as iron 

losses), copper losses, and stray losses. Each of these losses occurs due to specific factors such as 

resistance, magnetic flux, and leakage inductance.  

A. Core Losses (Iron Losses) 

Core losses, sometimes known as iron losses, occur in the transformer's magnetic core. The 

alternating magnetic field created by the current passing through the primary winding is what causes 

these losses. Energy is released as heat when the magnetic flow in the core shifts direction. Hysteresis 

loss and eddy current loss are the two primary components of core losses. As the transformer's 

alternating current (AC) reverses direction, the core material magnetizes and demagnetizes, causing 

hysteresis loss [15], [16]. The magnetic domains within the core material change direction in response 

to the applied magnetic field, which requires energy, causing heat to be generated. Circular currents 

called eddy currents are created inside the core material as a result of fluctuating magnetic flux. Energy 

losses result from the resistive heating caused by these currents flowing in loops within the core. 

B. Copper Losses (Winding Losses) 

The resistance in the transformer's primary and secondary windings is what causes copper losses. 

When current flows through the winding, energy is dissipated in the form of heat due to the resistance 

of the copper wire (or aluminum wire) used for the windings. These losses increase with the current, 

and therefore, are load dependent[17], [18]. The copper loss Pcopper in either the primary or secondary 

winding is given by: 

   Pcopper = I2R           (4) 

Copper losses are higher when the transformer is fully loaded and smaller when it is lightly loaded 

or not loaded at all because they are proportional to the square of the current. The resistance of the 

windings as current passes through them causes copper losses in transformers. The square of the current 

and the winding's resistance determines the copper loss exactly. The amount of copper loss in a 

transformer depends on a number of parameters. These variables mostly have to do with the 

transformer's windings' properties and the current passing through them. 

2.5 Power Handling 

The ability of a transformer to transfer electrical energy effectively and efficiently from the primary 

(input) side to the secondary (output) side is known as power handling. In AC circuits, transformers are 

used to increase or decrease voltage while maintaining power. However, its design, size, insulation, 

temperature limitations, and the load it handles are some of the elements that affect its power handling 

capacity. The voltage rating, current rating, frequency, and other characteristics of a transformer all 

affect how much power it can handle. The power handling capacity of a transformer is commonly 

measured in megavolt-amperes (MVA), kilovolt-amperes (kVA), or volt-amperes (VA). A transformer's 

ability to handle power is determined by its voltage and current ratings. The product of the maximum 

voltage and current determines the maximum power the transformer can handle. 

    Smax = Vrated x Irated          (5) 

A. Active Power (P) 

Active power in a transformer is the power used to do real work, that is, the power that can be used 

to drive a load connected to the electrical system, such as a motor, heater, or other electronic device. In 

a transformer, active power is calculated based on the relationship between voltage, current, and power 

factor, which reflects how the voltage and current are in phase with each other[19], [20],[21]. In a three-

phase transformer, active power can be calculated using the equation: 

   P = √3 x V x I x cos (θ)          (6) 

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


 

  

Volume 12, Issue 1, April 2025, pp. 95-102 

ISSN 2355-5068 ; e-ISSN 2622-4852 

DOI: 10.33019/jurnalecotipe.v12i1.4534 

98 

   

    

Analysis of Characteristic of Three Phase Transformer Using MATLAB … (Fakhri Ramadhan, et al) 

B. Reactive Power (Q) 

Reactive power is the power component that does not do any actual work but is needed to support 

the operation of the transformer and inductive loads (such as electric motors, the transformer itself, and 

other inductive devices). This reactive power is important for maintaining the magnetic field in the 

transformer and other inductive devices. Reactive power in a three-phase system is calculated by 

   Q = √3 x V x I x sin (θ)          (7) 

C. Apparent Power (S) 
Apparent power is the total power supplied by an electrical system, which includes both active 

power (which does real work) and reactive power (which does no real work). In the context of 

transformers, apparent power describes the total amount of power received and used by the transformer 

to drive the load and maintain the magnetic field in the system. Apparent power in a three-phase system 

is calculated by 

   S = √3 x V x I           (8) 

2.6 MATLAB 

MATLAB is a technical computing high-performance programming environment that is frequently 

used for method creation, data analysis, simulation, and numerical computing. It provides a vast range 

of tools and functions to help engineers, scientists, and researchers model systems, visualize data, and 

solve complex mathematical problems. For analyzing 3-phase transformers in MATLAB, MATLAB 

provides an easy interface to model and simulate electrical systems such as transformers. The analysis 

of 3-phase transformers typically involves simulating key characteristics like voltage regulation, load 

effect, efficiency, and losses. 

 

3. RESULTS AND DISCUSSION 

The results and discussion of the MATLAB simulation-based examination of a three-phase 

transformer's properties are presented in this part. The analysis involves computing and visualizing 

several key parameters of the transformer such as power, voltage regulation, efficiency, and losses. 

These results are obtained using MATLAB's built-in functions and custom code to model and simulate 

the behavior of the transformer under various operating conditions that can be seen in Figure 1 shows 

the three-phase voltage waveforms obtained from the MATLAB simulation. In this graph, there are 

three sinusoidal curves that represent the voltages of each phase (Va, Vb, and Vc). The three waves have 

a phase angle difference of 120°, which is a typical characteristic of a three-phase power system. From 

this waveform, it can be observed that the voltage amplitude remains stable, indicating that the 

transformer is operating under normal conditions without any significant disturbances. If there is a 

change in the load or an imbalance in the system, the voltage waveform may experience distortion or 

amplitude shift. The MATLAB simulation allows for accurate monitoring of these changes, which is 

useful in transformer performance analysis, and Figure 2 shows the three-phase current waveforms 

generated from the MATLAB simulation. Just like the three-phase voltages, the three-phase currents 

(Ia, Ib, and Ic) have a phase angle difference of 120° between each other, indicating that the system is 

operating under balanced load conditions. 

 

 

 

 

 

 

 

 

 
Figure 1. 3-phase voltage waveform 
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Figure 2. 3-phase current waveform 

In a three-phase transformer, there are three main channels for voltage and current, each of which 

has a different value and phase. The three-phase system can be described by the interconnected voltage 

and current vectors shown in Figure 3 where the three voltage vectors (A, B, and C) will be distributed 

at an angle of 120 degrees, forming a triangle on the phasor diagram, and the currents on the primary 

and secondary sides will describe a similar relationship, but with the influence of the turns ratio. Phase 

differences between voltage and current can occur, depending on the load impedance. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Vector on a 3-phase transformer (voltage and current) 

From Figure 1 to Figure 3 above, it can be seen that the research of the characteristics of the 3-

phase transformer produces an active power (P) of 6183.42 W, a reactive power (Q) of 3832.14 VAR, 

an apparent power (S) of 7274.61 VA and a transformer efficiency of 97.75% with a time of 0.02 s and 

produces losses in copper of 81.65 W can be seen in Figure 4 shows the simulation results of the power 

generated by a three-phase transformer under various operating conditions. In a three-phase power 

system, the power transferred can be calculated in several main forms, namely active power (P), reactive 

power (Q), and apparent power (S). This shows that the 3-phase transformer has met the applicable 

international standards.   

In a 3-phase transformer, it produces an electric field (E-field) and magnetic field (H-field) 

radiation pattern in the form of a polar graph. The electric field pattern (E-field) shows a cosine-based 

distribution, with maximum intensity on a certain axis and minimum intensity in other directions. The 

magnetic field pattern (H-field) shows a sine-based distribution, with maximum intensity in different 

directions from the electric field, indicating an orthogonal relationship between the E-field and H-field. 

The operating frequency (50 Hz) produces a radiation pattern with low frequency properties, where the 

effects of electromagnetic waves are still dominant at close range around the transformer. The field 

distribution shows a relationship between the intensity of the electric and magnetic fields with the 

angular position to the transformer core as shown in Figure 5 shows the electromagnetic field 

distribution generated by a three-phase transformer during operation. This electromagnetic (EM) field 

radiation occurs due to the electric current in the transformer windings, which produces a magnetic field 

around the core and windings. Electromagnetic field radiation can be analyzed to understand its impact 

on transformer efficiency, power losses, and potential electromagnetic interference (EMI) that can affect 

other electrical equipment in the vicinity. 
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Figure 4. Power generated by a 3-phase transformer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5. Electromagnetic field radiation in 3 phase transformers 

 

4. CONCLUSION 

The MATLAB-based analysis conducted in this study aims to provide a comprehensive 

understanding of the operating characteristics of a three-phase transformer, especially in relation to the 

voltage, current, and power generated. With this approach, various key parameters of the transformer 

can be accurately evaluated, allowing the identification of factors that affect efficiency and power losses. 

The results of the analysis show that the active power (P) generated by the transformer is 6183.42 W, 

which is the real power used by the load. The reactive power (Q) generated is 3832.14 VAR, which 

reflects the energy circulating in the system due to the inductive or capacitive components of the load 

and the transformer itself. The apparent power (S) generated is 7274.61 VA, which represents the vector 

combination of active power and reactive power in a three-phase system. With a transformer efficiency 

reaching 97.75%, it can be concluded that the transformer operates with high performance and only 

experiences minimal power losses. One important aspect in this analysis is the calculation of copper 

losses of 81.65 W, which occurs due to resistance in the transformer windings. These losses contribute 
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to the dissipation of energy in the form of heat and generate electromagnetic field radiation. The study 

of these radiation patterns shows that the electric field (E field) and the magnetic field (H field) form a 

polar graph, which describes the distribution of the direction and intensity of the fields in space. The 

electric field (E) distribution shows a cosine-based pattern, with maximum intensity in certain directions 

and minimum intensity in other directions. Meanwhile, the magnetic field (H) distribution shows a sine-

based pattern, with maximum intensity in different directions from the electric field. This indicates that 

the electric and magnetic fields have an orthogonal relationship with each other, as expected in the 

electromagnetic wave theory. With this understanding, it can be concluded that MATLAB-based 

analysis not only allows the evaluation of the operational parameters of the transformer but also provides 

deep insight into the interaction of electromagnetic fields generated during operation. These findings 

emphasize the importance of maintaining an ideal power factor to optimize transformer performance 

and minimize energy losses, so that the power system can operate more efficiently and stably. 
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The increasing number of users in a Long Term Evolution (LTE) network 

often decreases network performance. A cell that has high traffic 

experiences a decline in network performance due to unavailable resources 

for certain users, while in cells with low traffic, the use of resources in these 

cells is inefficient. The mobility load balancing (MLB) algorithm balances 

the intercellular loads in an LTE network and improves the performance by 

distributing part of the load in a high traffic cell to neighboring cells that 

have low loads. An activated MLB will detect the network load and 

calculate the available resource for each cell to determine which cells are 

overloaded. The MLB will consider the candidate cell where the load could 

be distributed. MLB simulation results show that the application of MLB 

has succeeded in reducing the percentage of unsatisfied users by 9.4% and 

increasing throughput system to 5.617 Mbps.  
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1. INTRODUCTION  

Long Term Evolution (LTE) is a telecommunication technology that offers a data rate of up to 100 

Mbps (downlink) and 50 Mbps (uplink), making it suitable to meet the demands of high data rate 

transfers [1]. However, as the number of users in an LTE network increase, it becomes difficult to 

achieve stable performance. Overload conditions on cells (congestion) will affect overall user access for 

both new users and active users and variations in usage time create an unequal load for each cell resulting 

in a decrease of the system’s Quality of Service (QoS)[2,3]. This encourages cellular operators to pay 

attention to resource blocks in cells to accommodate traffic and maintain a balanced network load.  One 

possible scenario to provide the same user experience to all users is to measure QoS performance by 

utilizing the Mobility Load Balancing (MLB) algorithm at the cell level [4,5]. The MLB algorithm will 

detect the load and then calculate the available resources in each cell to determine which cells are 

overloaded and consider candidate cells that will accept users from overloaded cells [6]. Ideally, 

optimization will automatically be carried out to balance the load between cells, where the load of cells 

with excess users will be transferred to cells with fewer users.  

In research [2], the decision to move the excess load automatically from the source cell to the 

neighboring cell is based on the hysteresis value of the MLB simulation analysis on call admission and 

user throughput. In the proposed work, we analyze the effect of the implementation of the MLB 

algorithm on network performance on LTE in time division duplex (TDD) access mode. The trigger to 

activate the MLB algorithm is based on the load and total resources on the cell. The MLB algorithm is 
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expected to increase network capacity and utilization of available resources which in turn will increase 

the throughput on LTE networks. 

The rest of the paper is organized as follows. The second section discusses the LTE network 

architecture, mobility load balancing scheme and the simulation setup. The simulations results are 

discussed in the third section, while the conclusion is given in the last section. 

 

2. RESEARCH METHOD  

2.1. LTE Network Architecture 

LTE consists of three main components, namely User Equipment (UE), Evolved UMTS Terrestial 

Radio Access Network (E-UTRAN) and Evolved Packet Core (EPC). An LTE network architecture is 

depicted in Figure 1  [7]. User Equipment (UE) consists of 3 main parts, namely mobile termination 

(MT) which serves for communication, Terminal Equipment (TE) which serves for disconnection of 

communication links and Universal Integrated Circuit Card (UICC) which serves to run the Universal 

Subscriber Identity Module (USIM).  USIM is used for identifying and authenticating subscriber devices 

and as a movable security key to protect radio transmission interfaces. The UE serves as a 

communication application platform, which can perform various functions required by the end user, 

such as signal and network regulation and maintenance, as well as communication link disconnection.  

The radio access interface from the UE to the core network is handled by E-UTRAN on the LTE 

architecture system. In the previous technology, node B and RNC were separate elements, in LTE 

architecture the two elements were only one component. The combination of the two elements is called 

Evolved Node B (eNode B), and functions to monitor and control signals for carrier delivery and 

authentication. In LTE technology, the EPC serves for end-to-end IP delivery services. 

 
Figure 1. LTE network architecture [7] 

The Physical Resource Block (PRB) is illustrated in Figure 2.  One resource block consists of 12 

subcarriers where the bandwidth of each subcarrier is 15 kHz and there are 7 OFDM symbols or one 

slot of 0.5 ms. This means in 1 resource block the bandwidth is 15 kHz x 12 subcarriers = 180 kHz. The 

smallest part of the resource block is the resource element or RE. In one resource block there are 12 

subcarriers x 7 OFDM symbols = 84 resource elements. In the LTE system, there are variations in 

bandwidth, such as 1.4 MHz, 3 MHz, 5 MHz, 10 MHz, and 20 MHz. The choice of bandwidth used by 

cellular operators will affect the number of resource blocks. The greater the bandwidth used, the greater 

the number of resource blocks and the maximum throughput generated [8]. Table 1 shows the number 

of resource block (RB) in accordance to the bandwidth used. 
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Figure 1.  Physical resource block [9] 

Table 1. Number of resource block vs channel bandwidth  

Number of Resource Blocks Channel Bandwidth  (MHz) 

6 1.4 

15 3 

25 5 

50 10 

75 15 

100 20 

In cellular networks, two full duplex techniques are generally used, namely Frequency Division 

Duplex (FDD) and Time Division Duplex (TDD). FDD allows sending and receiving data 

simultaneously using different frequencies. This technique requires a guard frequency as a separator 

between the sending and receiving frequencies and requires an accurate frequency filtering process. 

TDD uses one frequency for both sender and receiver simultaneously. The multiplexing process for each 

channel is done on a time basis so that each channel has a different time slot. In the 3GPP Release 8 

specifications for TDD and FDD access modes, there is no difference in the basic subframe format and 

configuration protocol for the OFDMA radio access scheme in the downlink and SC-FDMA in the 

uplink. 

2.2. Mobility Load Balancing (MLB) Algorithm 

The MLB  algorithm aims to balance the traffic loads between cells to increase system capacity. 

The algorithm ensures the user equipments (UEs) are distributed optimally across available neighboring 

cells. By keeping the UEs evenly distributed across the cells, frequent handover process can be avoided 

and thus drop-calls.  

To trigger the start of MLB algorithm, the load of a source cell must exceed a predetermined 

threshold value, and there must be a neighboring cell which load is low enough to handle the traffic 

from the source cell. When these two events exist, the source cell will choose several user candidates to 

be transferred to the neighboring cell [4]. Depending to the types of handover and the handover 

parameters, MLB can be categorized into three approaches, namely Intra-frequency, Inter-frequency, 

and Inter-Radio Acces Technologi (Inter-RAT). In Intra-frequency MLB, the handover occurs on 

systems with the same frequency. On the other hand, in Inter-frequency MLB, the handover process 

occurs between different frequencies on the LTE network if available. The Inter-RAT MLB is the same 

as inter-frequency, but the handover occurs between different Radio Access Technologies (RATs).  

Load balancing in LTE networks is done in several stages. In the first stage, the eNodeB performs 

traffic load assessment.  If a traffic overload is detected, the source cell and the target cell will exchange 

information using Resource Status Request, Resource Status Response, and Resource Status Update 

messages.  The next stage is the UE selection stage, where the number of UEs to be offloaded is 

calculated. If the traffic in a source cell exceeds its maximum threshold, an inter-frequency measurement 

report is triggered and UEs candidates are selected for handover.  Finally the UE offloading is done, 
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prioritizing UEs with non-Guarantee Bit Rate (GBR) to be transferred to the neighboring cell as to 

maintain the Quality of Service (QoS) of the network. 

The LTE systems, TDD attracts growing interests as it is better suited to data traffic, namely data 

downloading, video conferences and internet browsing. In the TDD-FDD convergence scenarios, load 

balancing is an important solution to maximize the radio resource utilization efficiency.   

The general algorithm mechanism of MLB is illustrated in Figure 3.  

A cell is overloaded if the following condition is satisfied [2] : 

𝑉𝐴𝑅(0)

𝑉𝑇𝑅(0)
< 𝑇ℎ𝑃𝑟𝑒𝑀𝐿𝐵     (1) 

where VAR (0) is the number of resources in each cell 0, VTR (0) is the total resource in cell 0, and ThPreMLB 

is the trigger to activate the MLB algorithm. 

The overloaded cell dynamically configures a new hysteresis threshold for different neighbor cells 

taking into account the relative amount of resources of the two cells available. The update of the 

hysteresis threshold is calculated according to the following equations [2]: 

 𝑇ℎ𝐻𝑦𝑠(0, 𝑖)  =  𝑖  . 𝑇ℎ𝐻𝑦𝑠(0),   (0  𝑖    1)  
  (2) 

 

 

𝑖 =

{
  
 

  
 0   𝑖𝑓 

𝑉𝐴𝑅(𝑖)

𝑉𝑇𝑅(𝑖)
> 𝑇ℎ𝑃𝑜𝑠𝑡𝑀𝐿𝐵


𝑖
  𝑖𝑓 𝑇ℎ𝑎𝑣𝑎𝑖𝑙𝑀𝐿𝐵   

𝑉𝐴𝑅(𝑖)

𝑉𝑇𝑅(𝑖)
𝑇ℎ𝑃𝑟𝑒𝑀𝐿𝐵

1  𝑖𝑓 
𝑉𝐴𝑅(𝑖)

𝑉𝑇𝑅(𝑖)
𝑇ℎ𝐴𝑣𝑎𝑖𝑙𝑀𝐿𝐵

 

 

 

 

(3) 

 


𝑖
= 1 −

𝑇ℎ𝐴𝑣𝑎𝑖𝑙𝑀𝐿𝐵 −
𝑉𝐴𝑅(𝑖)
𝑉𝑇𝑅(𝑖)

  

𝑇ℎ𝐴𝑣𝑎𝑖𝑙𝑀𝐿𝐵 − 𝑇ℎ𝑃𝑜𝑠𝑡𝑀𝐿𝐵  
 

 

(4) 

where VAR(i) is the available resources in the ith cell, VTR(i) is the total amount of resources in the ith cell,  

VAR(i)/ VTR(i) is the relative amount of available resources in cell i, ThpreMLB is the predefined threshold 

for triggering MLB, ThpostMLB is the threshold for disabling MLB, and ThavailMLB is the threshold to accept 

MLB.  

The variable ThHys (0) is the cell hysteresis threshold before MLB is run and ThHys (0, i) is the cell 

hysteresis threshold (with index 0) to neighbor cells with index i. The variable ThavailMLB is the effective 

threshold when MLB is running and ThpostMLB is the threshold for disabling MLB [2]. The cell updates 

the hysteresis threshold ThHys (0, i) and sends it to active UEs, namely the UEs residing in the cell. The 

UEs update the new hysteresis threshold until it returns to the default value. After reaching the MLB 

condition it will be disabled, namely if the following condition is met [2]: 

 
𝑉𝐴𝑅(0)

 𝑉𝑇𝑅(0) 
> 𝑇ℎ𝑃𝑜𝑠𝑡𝑀𝐿𝐵   (5) 

 

Equation 6 is the effective threshold value when MLB is running [2]. 

 
𝑉𝐴𝑅(𝑖)

 𝑉𝑇𝑅(𝑖) 
> 𝑇ℎ𝐴𝑣𝑎𝑖𝑙𝑀𝐿𝐵 (6) 
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Figure 2.  General concept of MLB [10] 

The performance of the MLB system is the measurement of the effect of MLB algorithm 

implementation on the LTE network. The parameters measured as a reference for the performance of 

the MLB algorithm are the number of unsatisfied user and throughput, which are explained in details in 

the following: 

1. Number of unsatisfied User 

Unsatisfied users are those denied an LTE service. This  occurs due to limited cell resources in the 

LTE network. The number of unsatisfied users on the network is the number of unsatisfied users 

per cell expressed as [6]: 

 𝑧 =∑𝑚𝑎𝑥 (0, |𝑈|. (1 − 1 𝑃𝑖
⁄ )

𝑐

 (7) 

where |U|  is the number of users in the cell, and Pi is the load of the 0th cell, and z describes the 

maximum number of users that will be allocated a resource. 

2. Throughput 

Throughput is calculated from the number of symbols per second of data that can be transferred 

between a UE and eNodeB, which is converted into bits per second depending on the number of 

bits carried in one symbol. The number of bits per symbol depends on the modulation scheme, 

namely QPSK, 16-QAM, and 64-QAM. For QPSK, each symbol contains 2 bits per symbol, 

whereas 16QAM and 64QAM carries 4 and 6 bits per symbol, respectively. User throughput is can 

be stated as [11] 

𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑖𝑡𝑠

𝑡𝑖𝑚𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
  =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑅𝑒𝑠𝑜𝑢𝑟𝑐𝑒 𝐵𝑙𝑜𝑐𝑘  84  𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

0.5 𝑚𝑠
 

(8) 

2.3. Simulation Setup 

The system simulates 6 hexagonal cells with uniform radius, as illustrated in Figure 4. The total 

number of users in the simulated system is 140, where the number of users in each cell has been 

determined but the distribution of users in each cell is random.  Data services are provided in the cell, 

with 64 Kbps data rate used by 50% of the users, 1280 Kbps used by 30% of the users and 1000 Kbps 

used by 20% of the users.  In the simulated system, one cell is overloaded, namely the total resource 

blocks used in the cell is more than 60% of the total resource provided.  In the simulated system the 

bandwidth channel is 15 MHz so that the total resource block is 75. 

The overloaded cell will be triggered to shift one or more users to other cells.  The MLB algorithm 

is used to determine target cell, namely the appropriate cell where the users from the overloaded cell 

can be transferred to. Consequently, the user from the overloaded cell will be moved to the target cell.  

RSRP value is used to determine the position of the user.  The user who is located at the edge of cell 
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will be selected as a candidate user to be moved to the target cell. If none of the users’ RSRP values 

meets the qualification for the move, the MLB cannot be performed.   

The flowchart of the MLB algorithm is given in Figure 5.  The simulations will be conducted based 

on the parameters given in Table 2. 

 
Figure 3. Simulated cells positioning 

Start

Load > 60%

MLB Algorithm 
Activated

Finish

Defining Target Cell

Hysteresis 
Calculation & 
Measurement 
Configuration

MLB Algorithm 
Activated

A

A

Finish

 
Figure 4.  MLB algorithm 
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Table 2.  Simulation Parameters 

Parameter Value 

Simulation time 300 s 

Number of cell 6 

EnodeB distance 500 m 

Downlink transmitter power 46 dBm 

Downlink bandwidth 15 MHz (72 PRB) 

Traffic type Data 

Data Rate 64 Kbps; 1000 Kbps ; 1280 Kbps 

SINR 0 ~ 15 dB 

RSRP -120 ~ -75 dBm 

Number of user 140 

Antenna type MIMO 

Default hysteresis value 3 dB 

Default Load 60 % (0.6) 

ThPreMLB 40 % (0.4) 

ThAvailMLB 30 % (0.3) 

ThPost 40 % (0.4) 

 

The simulation steps are as follows: 

1. Initialize according to Table 2, where all data are constant except for user position, data rate, RSRP 

and SINR 

2. Generate user positions and distribute the positions randomly within each cells, in accordance with 

the number of users in each cells 

3. Generate data rate 

4. Measure SINR and RSRP of each user, considering the user’s distance from eNodeB. The farther 

a user is from eNodeB, the lower its SINR and RSRP value 

5. Calculate resource block of each user 

6. Calculate the cell load, resource, and number of unsatisfied users 

7. Calculate the network throughput before MLB algorithm is implemented 

8. Run the MLB algorithm. The simulation time is 300 seconds 

9. Measure the SINR until the allocated user resource is transferred to a neighboring cell 

10. Calculate the load percentage and the resource of each cell after the MLB algorithm is implemented 

11. Calculate the number of unsatisfied users and the network throughput after the MLB algorithm is 

implemented 

12. Create the comparison graph for the conditions before and after the MLB algorithm is implemented 

MLB scenarios are applied to analyze network performance with and without the implementation 

of MLB algorithm. The throughput and number of unsatisfied users are analyzed. In this scenario, the 

number of cells is 6, and one of the cells is overloaded. The testing scenario is done based on the increase 

of the number of users in the overloaded cell, with the details as follows: 

a. Unsatisfied users 

The number of unsatisfied users is calculated based on (7) only for the overloaded cell 

b. Throughput 

The throughput depends on the number of resources allocated for each user, and the type of 

modulation used. QPSK modulation is used when a user’s SINR is between 0-5 dB.  If the SINR is 

between 5-10 dB, the modulation is 16-QAM. The 64-QAM scheme is used for user’s which SINR 

is between 10-15 dB. The throughput is calculated using (8). 

The simulation is carried out by increasing the number of users in cell 3 gradually with the scenario 

as in Table 3. Before the MLB algorithm is run, the number of users, load and available resources is 

calculated in each cell. Table 4 shows the calculation results for the parameters. 
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Table 1. Simulation scenario 

Number of users in observed cell Number of users in neighboring cells 

Cell 3 Cell 1 Cell 2 Cell 4 Cell 5 Cell 6 

35 20 10 15 20 15 

40 20 10 15 20 15 

45 20 10 15 20 15 

50 20 10 15 20 15 

55 20 10 15 20 15 

60 20 10 15 20 15 

Table 2.  System Parameters 

 

 

 

 

 

 

 

3. RESULTS AND DISCUSSION 

As shown in Table 4, Cell 3 has a load of 0.9867 which means that the resources in Cell 3 are used 

up to 99% of the total resources provided. Therefore, the user load in Cell 3 has passed the threshold 

specified in this simulation, which is 60%.  

The selection of target cell is done based on (1), the shortest distance between users in the 

overloaded cell and the target cell, and whether the target cell has available resources.  The cell target 

candidates are listed from one with the greatest number of available resources, to one with the least 

number of available resources. As seen in Table 4, the first candidate for cell target is Cell 2. The 

algorithm will try to find a user in Cell 3 to be moved to Cell 2. If no suitable candidate is found in Cell 

3, and the traffic condition in Cell 3 still satisfies (1), the algorithm will choose the next target cell, 

namely Cell 5. The user which is moved to the target cell will affect the hysteresis calculation for the 

next user.  Hysteresis is calculated repeatedly each time signal quality is measured by the available 

resource in the target cell. 

The simulation is done to analyze the network performance with and without MLB algorithm. 

During the simulation, the number of users in one of the cells is increased until the cell is overloaded. 

Some users do not obtain a resource block allocation, and therefore deemed as “unsatisfied users”. 

Unsatisfied users are only found in an overloaded cell.  The percentage of unsatisfied users before and 

after MLB algorithm is activated is given in Table 5.  

Table 3   Percentage of Unsatisfied Users 

Number of Users Percentage of Unsatisfied Users (%) 

Before MLB Activation After MLB Activation 

35 0 0 

40 0 0 

45 0,8 0 

50 10 1,3 

55 17 6,1 

60 24,6 15,2 

From Table 5, it is seen that when the number of users are 35 and 40, the percentage of unsatisfied 

users are 0, both before and after MLB algorithm is activated. This means all users are allocated resource 

blocks. When the number of users increases, the percentage of unsatisfied users also increases before 

the MLB is activated.  However, the percentage decreases after MLB is activated.  For instance, when 

the number of users is 60, the unsatisfied users before MLB is activated is 24,6%.  The percentage lowers 

to 15,2% when MLB is activated.  This means the activation of MLB algorithm will decrease the 

percentage of unsatisfied users by 9,4%. 

Cell ID Number of users Traffic Load Available Resource 

Cell 1 20 0.426667 0.573333 

Cell 2 10 0.226667 0.773333 

Cell 3 60 0.986667 0.013333 

Cell 4 15 0.32 0.68 

Cell 5 20 0.266667 0.733333 

Cell 6 15 0.333333 0.666667 
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Figure 6 shows the comparison of unsatisfied users percentage measured before and after the MLB 

algorithm is activated. The throughput measured in the simulations is the total throughput in the 

network.  Throughput is affected by several factors, namely the number of users, the type of services 

used and the users’ signal quality (SINR).  

 
Figure 5.  Percentage of Unsatisfied Users Before and After Activation of MLB 

The throughput will increase when more of the allocated resource blocks are used in the network, 

as shown in Table 6. In Table 6, it is seen that when the number of users is 35 and 40, the total throughput 

decreases as the MLB algorithm is activated. This decrease is because several users are moved to a target 

cell, which subsequently decreases the signal quality in the target cell.  The transfer of users is done to 

balance the network load.  When the number of users is between 45-60, the throughput increases after 

the MLB algorithm is activated.  For instance, when the number of users is 60, the throughput increases 

from 165.137 Mbps to 170.7552 Mbps. The increase of 5.617 Mbps is because the unsatisfied users in 

Cell 3 are moved to target cell. This consequently increases the number of users in the target cells and 

the number of allocated resources being used. The throughput comparison before and after the MLB 

algorithm is activated is given in Figure 7. 

Table 4.   Total throughput 

Number of Users Total Throughput (Mbps) 

Before MLB Activation After MLB Activation 

35 150.43392 150.23904 

40 158.31648 157.8864 

45 163.7664 164.32416 

50 163.35104 168.34432 

55 164.620 171.4272 

60 165.13728 170.7552 

 

 
Figure 6.  Throughput comparison before and after MLB activation 
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4. CONCLUSION 

Simulations have been done to analyze the impact of MLB algorithm in optimizing the user capacity 

for downlink data in LTE network.  Based on the simulations, it is shown that the use of MLB algorithm 

can decrease the percentage of unsatisfied users by 9.4%. This means several users which are denied 

service prior to the activation of MLB algorithm, can obtain resource block after the MLB algorithm is 

activated.  The network throughput increases by 5.617 Mbps after the activation of MLB algorithm, 

because the resource blocks available in cells with low traffic loads can be utilized by incoming users 

from the cells with high traffic loads. 

The simulations have been done with a limited number of cells and users. Therefore, further 

researches should be conducted to consider more realistic challenges typically found in real situations. 

These challenges include dynamic traffic fluctuations, as well radio interferences and channel fading 

effects. Further research should focus on integrating the LTE network planning and handover 

mechanism with MLB algorithm, and ideally also consider adaptive MLB based on machine-learning 

to improve the decision-making process during the MLB algorithm execution. 
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1. INTRODUCTION   

Current Transformers (CT) are one of the important components in power systems, especially in 

protection and measurement applications. CTs function to reduce high currents from the electrical 

network into lower, safe currents that can be measured or used by protection devices.  

Current Transformers operate based on the principle of electromagnetic induction, where a large 

primary current generates a magnetic field that is induced in the secondary winding. The resulting 

secondary current is then used for measurement or as an input for protection relays in the power 

system. One of the most critical parameters in CTs is the current ratio, which is the comparison 

between the primary current flowing through the CT and the secondary current produced. This 

parameter is essential in determining the performance of the transformation and the accuracy of the 

measurement. It ensures that the high current on the primary side is proportionally converted into a 

smaller, safe current for measurement and protection devices, so that the power system can accurately 

detect and respond to faults [1, 2, 3]. 

CTs used in protection must be capable of operating effectively under both normal conditions and 

during faults in the power system. Several factors must be considered in implementing protection CTs, 

including accuracy, knee point, safety factor, and burden. CTs must provide accurate current values 

even during current surges under fault conditions. The more accurate a CT is, the smaller its 

measurement error will be [4]. There are several common types of errors, namely ratio error, phase 

error, and composite error. Ratio error measures the difference between the actual secondary current 
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and the ideal value based on the CT’s transformation ratio, while phase error indicates the angular 

deviation between the primary and secondary currents that can affect the timing and accuracy of the 

protection system. Composite error is the combination of these two errors, providing an overall picture 

of the CT’s inaccuracy under certain load conditions [5]. 

Measurement errors in CTs can also be caused by saturation conditions. The saturation condition 

is influenced by the knee point voltage and the safety factor [6, 7]. The knee point voltage is the 

voltage at which the CT core begins to saturate, so that the relationship between the primary and 

secondary currents is no longer linear; a higher knee point indicates that the CT can withstand current 

surges during fault conditions for a longer period without distorting its measurements [8]. On the other 

hand, the safety factor (or accuracy limit factor) is a multiplier that describes how far the CT can 

operate beyond its nominal current before its accuracy starts to significantly deteriorate, essentially 

providing a safety margin so that the CT can continue to deliver reliable signals to the protection 

system [9, 10]. 

CT measurement errors are also influenced by the burden connected to the CT. The burden on a 

protection CT refers to the total impedance connected on the secondary side, usually measured in VA, 

and includes measurement equipment, relays, cables, and other connections. This burden is very 

critical because an excessively high burden can cause an increase in the secondary voltage, resulting in 

a decrease in measurement accuracy and potential errors, especially under high current fault conditions 

[11, 12]. 

The standard governing protection CTs is IEC 61869-2. This standard is designed to ensure 

accurate current measurements under both normal operating conditions and fault conditions by 

emphasizing important parameters such as transformation ratio, accuracy class, knee-point voltage, 

and secondary burden, so that CTs can deliver consistent and reliable signals to the protection system. 

This standard categorizes protection CTs into several classes, including the 5P and 10P classes. A 

comparison between these two classes is presented in Table 1 [13]. 

Table 1. Comparison of protection CT classes 5P and 10P 

Parameter Class 5P Class 10P 

Composite Error Maximum 5% Maximum 10% 

Ratio Error Maximum 1% Maximum 3% 

Accuracy Limit Factor (ALF) 5, 10, 20, etc. 5, 10, 20, etc. 

 

Given the crucial role of protection CTs, it is essential to conduct periodic measurements for each 

unit. These measurements help ensure that the protection CTs in use still comply with standard 

requirements. Additionally, the collected data can be utilized for estimation and analysis to determine 

whether the overall use of CTs remains within the specified standard limits.  

This study aims to: 

a. Assess whether the protection CTs meet the standard limits for ratio error and knee-point voltage. 

b. Estimate the allowable range of ratio error and knee-point voltage in protection CTs. 

c. Evaluate the significance of differences in ratio error and knee-point voltage between CTs with 5 

years of usage and those with 7 years of usage. 

 

2. RESEARCH METHOD  

Statistical methods are employed to analyze the data on ratio error and knee voltage in this study. 

The measured CT ratio errors are compared against established standards. In this research, the ratio 

error being evaluated is determined for a burden of 15 VA at secondary current levels of 100%, 120%, 

and 200% of the CT's nominal secondary current.  

Meanwhile, the knee voltage measurement results should be compared with the calculated values. 

The knee voltage (Vk) is determined using the Accuracy Limit Factor (ALF), the nominal secondary 

current of the CT (In ), and the burden resistance (RB), as shown in the following equation [11]: 

 Vk=ALF ×In × RB   (1) 
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           RB=
Burden (VA)

In 

                                                                                  (2) 

All CTs used in this study have a ratio of 400/5 (nominal secondary current of 5 amperes), class 

5P, an Accuracy Limit Factor (ALF) of 20, and a nominal burden of 15 VA. Based on the CT data, 

Equation 1, and Equation 2, the standard knee voltage of the CT is 60 V. 

The data analysis process is shown in Figure 1. 

Measurement & Data Collection
(CT Usage : 5 Years & 7 Years)

Normality Test 

Mean & Standard Deviation Calculation 

Confidence Interval Estimation.

T-Test

Conclusion

 

Figure 1. Data Analysis Process 

2.1. Measurement and Data Collection 

The first step is to collect measurement data on CT ratio error and knee voltage. These data were 

measured using a CT analyzer in 2024. The number of data points for CTs with a usage duration of 5 

years and 7 years is 20 each. The data were obtained from measurements of CTs located in medium 

voltage feeders (20 kV) at the Bangka transmission and substation service unit, specifically in the 

Pangkal Pinang, Air Anyir, Toboali, Kelapa, Muntok, Koba, and Sungailiat feeders. 

2.2. Normality Test 

After the data is collected, the next step is to perform a normality test to ensure that the data 

distribution approximates a normal distribution. The Kolmogorov-Smirnov test is applied to each 

group, and if the resulting significance value (typically > 0.05) indicates that the data meets the 

normality assumption, it qualifies for further parametric statistical analysis [14]. 

2.3. Mean and Standart Deviation Calculation 

The calculation of the mean (𝑥̅) and standard deviation (𝑠) is performed to describe the central 

value and data variation [14]. The mean is calculated as follows :  

 𝑥̅ =
1

𝑛
∑ 𝑥𝑖  (3) 

While the standard deviation is obtained from : 

 𝑠 = √
∑(𝑥𝑖−𝑥̅)2

𝑛−1
  (4) 

where 𝑥𝑖 represents each measurement value and n is the sample size. This calculation provides a 

comprehensive overview of the CT performance in both usage duration groups. 
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2.4. Confidence Interval Estimation  

Next, parameter estimation is performed by constructing a confidence interval for each variable. 

This estimation uses the following formula [14]: 

 𝑥̅ ± 𝑡
𝑠

√𝑛
  (5) 

where 𝑡 is the critical value of the t-distribution at a specific confidence level (e.g., 95%). This 

confidence interval range indicates the lower and upper bounds where the true population parameter is 

expected to lie, providing an estimate of the measurement error margin. 

2.5. T-test  

To determine whether there is a significant difference between CTs used for 5 years and 7 years, 

an independent t-test is conducted [14]. If the variances of both groups are equal, the t-value is 

obtained using the formula: 

 𝑡 =
𝑥1̅̅̅̅ −𝑥2̅̅̅̅

𝑠𝑝√
1

𝑛1
+

1

𝑛2

  (5) 

with 𝑠𝑝 as the pooled standard deviation, calculated using: 

 𝑠𝑝 = √
(𝑛1−1)𝑠1

2+(𝑛2−1)𝑠2
2

𝑛1+𝑛2−2
  (6) 

and the degrees of freedom are :  

df= n1+n2 – 2   (7) 

The t-value obtained from the equation above is compared with the critical value (from the t-

table) at a specified significance level (e.g., α = 0.05) to assess whether there is a significant difference 

between the CT groups with usage durations of 5 years and 7 years. If the t-value falls between -t table 

and t table, the conclusion is that there is no significant difference between CTs with 5-year and 7-year 

usage durations.  

In addition to comparing the calculated t-value with the t-table, conclusions can also be drawn 

based on the significance level. If the calculated significance is greater than 5%, then the conclusion is 

that there is no significant difference between CTs with 5-year and 7-year usage durations. To 

facilitate the analysis process, the statistical parameters in the equations above will be calculated using 

statistical software. 

 

3. RESULTS AND DISCUSSION   

Figure 2 shows the measurement of protection CTs using a CT analyzer. The measurement results 

for CTs with a usage duration of 5 years are presented in Table 2, while those for CTs with a usage 

duration of 7 years are presented in Table 3. 

 

Figure 2. Measurement of ratio error and knee voltage of protection CTs 
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Table 2. The measurement results of ratio error and knee point voltage on CTs  

with a usage duration of 5 years 

No Substation Feeder 

Current Ratio Error in % 

at % of Rated Current 
Knee 

Voltage 

(Volt) 100% 120% 200% 

1 GI 150kV KLP Bakik 0.177 0.18 0.189 71.58 

2 GI 150kV KLP Dalil 0.446 0.448 0.457 71.35 

3 GI 150kV KLP Mayang 0.415 0.421 0.437 71.83 

4 GI 150kV KLP Parit 3 0.451 0.454 0.456 72.40 

5 GI 150kV KLP Pelangas 0.425 0.431 0.446 72.22 

6 GI 150kV KLP Simpang Yul 0.438 0.444 0.449 73.57 

7 GI 150kV KLP Beriga 0.436 0.44 0.443 73.48 

8 GI 150kV MTK Kemang Masam 0.260 0.271 0.262 72.07 

9 GI 150kV MTK Menjelang 0.159 0.163 0.165 73.35 

10 GI 150kV SLT Gunung Muda 0.111 0.113 0.119 75.32 

11 GI 150kV SLT Parai 0.106 0.118 0.124 70.22 

12 GI 150kV SLT Air Ruay 0.334 0.341 0.343 73.05 

13 GI 150kV TLB Air Banten  0.338 0.35 0.355 74.82 

14 GI 150kV TLB Kaposang 0.227 0.234 0.237 73.17 

15 GI150kV  KOBA Padang Mulia 0.432 0.437 0.442 71.67 

16 GI150kV  KOBA Tungkal 0.429 0.434 0.439 75.22 

17 GI150kV  KOBA Paku 0.135 0.140 0.146 71.37 

18 GI150kV  KOBA Palas 0.234 0.235 0.245 73.36 

19 GI150kV  KOBA Terentang 0.344 0.346 0.350 71.90 

20 GI150kV  KOBA Tungkal 0.125 0.127 0.129 73.80 

 

Table 3. The measurement results of ratio error and knee point voltage on CTs  

with a usage duration of 7 years 

No Substation Feeder 

Current Ratio Error in % 

at % of Rated Current 
Knee 

Voltage 

(Volt) 100% 120% 200% 

1 GI 150kV PKP Batu Rusa 0.462 0.464 0.473 73.66 

2 GI 150kV PKP Pangkal Balam 0.205 0.213 0.214 74.43 

3 GI 150kV PKP Cengkong Abang 0.155 0.157 0.16 72.87 

4 GI 150kV PKP Air Itam 0.434 0.439 0.452 74.68 

5 GI 150kV PKP Eks Mendo Barat 0.439 0.444 0.457 73.42 

6 GI 150kV PKP Eks Sumerejo 0.350 0.354 0.357 72.3 

7 GI 150kV PKP Transmart 0.320 0.334 0.340 72.35 

8 GI 150kV PKP Kampung Jeruk 0.130 0.137 0.141 69.65 

9 GI 150kV PKP Jelitik 0.242 0.246 0.256 74.75 

10 GI 150kV PKP Bukit Intan 0.560 0.562 0.576 70.85 

11 GI 150kV PKP BTC 0.415 0.416 0.417 71.06 

12 GI 150kV PKP Depati Hamzah 0.386 0.393 0.396 72.65 

13 GI 150kV PKP Bukit Baru 0.316 0.319 0.320 72.15 

14 GI 150kV PKP Lampur 0.465 0.466 0.470 71.35 

15 GI 150kV PKP Lontong Pancur 0.416 0.418 0.419 71.41 

16 GI 150kV PKP Rangkui 0.146 0.147 0.150 70.22 

17 GI 150kV PKP Siloam 0.185 0.187 0.190 69.00 

18 GI 150kV PKP Simpang Katis 0.134 0.135 0.137 71.97 

19 GI 150kV AA Provinsi 0.382 0.389 0.392 74.61 

20 GI 150kV AA Soekarno Hatta 0.217 0.226 0.229 72.43 

 

From the results in Table 2 and Table 3, it can be seen that all CTs provide ratio errors that meet the 

standard, which is below 1% (0.01). Likewise, the knee voltage of all CTs also complies with the standard, being 
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greater than 60 volts. Next, we will discuss whether there is a significant difference between CTs that have been 

used for 5 years and those used for 7 years. 

Table 4. Results of Normality Test, Mean, Standard Deviation, and Estimation 

Parameter 

Usage duration of 5 years. Usage duration of 7 years. 

Current Ratio Error in % at % of 

Rated Current Knee 

Voltage 

(Volt) 

Current Ratio Error in % at % of 

Rated Current Knee 

Voltage 

(Volt) 
100% 120% 200% 100% 120% 200% 

Asymptotic Significance 

(Normality test results) 
0.355 0.345 0.247 0.965 0.849 0.800 0.854 0.988 

Mean  0.301 0.306 0.312 72.788 0.318 0.322 0.327 72.291 

Standart Deviatiom 0.131 0.131 0.132 1.367 0.132 0.131 0.134 1.667 

Confidence Interval 

Estimation (sig. 5%) 

0.301±0.

061 

0.306±

0.061 

0.312±0.06

2 

72.788±0

.640 

0.318±0.

062 

0.322±0.

061 

0.327±0.

063 

72.291±0

.780 

 

The results of the normality test using the Kolmogorov-Smirnov (K-S test), as shown in Table 4, 

indicate that all data have an Asymptotic Significance value greater than 0.05 (5%). Therefore, all data 

are normally distributed, and the t-test can be applied to these data. If we observe the mean error value 

of the CT ratio, it appears at first glance that the average for a usage duration of 7 years is higher than 

that of 5 years. However, this cannot be concluded as evidence that a CT with a usage duration of 5 

years is better than one with 7 years. 

Table 5. T-test results for the comparison between CT usage duration of 5 Years and 7 Years 

Parameter t-value Significance 

Ratio Errors at 100% Nominal Current -0.406 0.687 

Ratio Errors at 120% Nominal Current -0.384 0.703 

Ratio Errors at 200% Nominal Current -0.373 0.712 

Knee voltage 1.031 0.309 

 

Since the number of data points for the 5-year and 7-year usage durations is 20, the t-table value 

is 2.2024. The calculated t-values in the table 5, all fall between -2.2024 and 2.2024. Similarly, the 

significance values obtained are all greater than 5% (0.05). Based on these results, it can be concluded 

that there is no significant difference in ratio error and knee voltage between CTs that have been used 

for 5 years and those used for 7 years.  

 

4. CONCLUSION  

The protection CTs used on the 20kV feeder at the Transmission Service Unit and Bangka 

Substation remain within the standard requirements. The ratio error is below 1%, and the knee voltage 

exceeds 60 volts. Furthermore, there is no significant difference between CTs that have been in 

operation for 5 years and those used for 7 years.  
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