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Water flow rate control is crucial in applications where it determines 

operational efficiency in applications such as agriculture, hydroponics, 

industrial processes, and hydrology. This research presents two algorithms for 

a simple and reliable digital water flow control: Error-Sign-based Control 

(ESC) and Error-Value-based Control (EVC). These algorithms are equipped 

with a change rate limiter to avoid excessive control output increase. They 

were compared qualitatively with the conventional digital PID controller. 

Subsequently, they were implemented and tested in a water circulation system. 

The control loop consisted of a microcontroller, water flow rate sensor, and 

submersible DC water pump with a supporting motor driver. The controllers 

were given a control task to follow a 150-second reference trajectory with a 

changing set point every 30 seconds. The performance measures of Mean 

Absolute Error (MAE) and Root Mean Square Error (RMSE) were utilized to 

assess the performance of the control algorithms. EVC with a change rate 

limiter of 10% delivered the best performance with an MAE of 0.40 and 

RMSE of 0.97. EVC provides simple and reliable control of the water flow 

rate system due to its easy tuning, quick tracking response to set point changes, 

and solid regulating performance. Further work in the implementation of the 

control scheme in other applications is encouraged. 
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1. INTRODUCTION 

Digitalization and automation have significantly impacted all modern aspects of human life through the 

development of more reliable, and more automated daily-life support systems. Automated systems help humans 

monitor and regulate certain process quantities without the need for constant supervision [1]. Further, an 

automated system can be made adaptive to cope with changes within the system or its surroundings so that its 

outputs always follow the predefined reference values. Flow rate is one of the important process quantities that 

need to be controlled to match a certain set point [2]. Gas flow rate was monitored and controlled for the 

optimum operation of a coating furnace [3]. The water flow rate was precisely measured and verified [4]. A 

feedback control was implemented on a robot to control its liquid pouring flow rate, where complex modeling 

of the motor, pouring process, and load cell model were presented [5]. The environmental aspect of water 

scarcity has been addressed [6], where the need for dynamic water flow rate control was addressed. An accurate 

water flow rate is crucial to the efficiency of a UVC water disinfection system, which has been reported 

elsewhere [7]. This is true if the process is to be extended to a flowing system. Smart systems in agriculture 

were implemented to foster and sustain plant growth [8][9]. In hydroponics, necessary nutrients for the plant 

are supplied through a water circulation system.  

The water flow rate through the hydroponic pipes needs to be regulated to a specific value to optimize 

plant growth and improve resource usage efficiency [9][10]. If the water flow is too fast, it may cause plant 

damage and root foaming. On the other hand, when the water flow is not adequate, the plants may suffer from 

nutrient deficiency and become wilted and dwarfed [11][12]. The need for a regulated water flow rate in 

hydroponics applications has challenged the authors to develop a simple and reliable digital control system. 

Control algorithms based on error feedback were also proposed to control water flow rate [13][14]. The 

controllers were required to offer simplicity of tuning for the laymen with only one control parameter while 

fulfilling the accuracy requirement in water flow rate regulation. 

Firstly, a water circulation system was to be built as the platform to implement the digital control system. 

The system is a closed circulation system, which is used to emulate the common system used in hydroponics 

applications. The main parts of the control loop consist of a microcontroller, an actuating DC water pump, and 

a water flow sensor. The pump is commonly used in a hydroponics watering system, while the measurement 

range of the sensor fulfills the requirement for the aforementioned application. Two feedback control 

algorithms were devised and then tested to regulate the water flow rate at the test platform: a) the Error-Sign-

based Controller with change rate limiter (ESC) and b) the Error-Value-based Controller with change rate 

limiter (EVC). A number of tests with different controller parameters were conducted. The control performance 

was measured and analyzed using the two performance indexes: Mean Absolute Error (MAE) and Root Mean 

Square Error (RMSE) in order to determine the best controller settings. By taking the mean value, both indexes 

are normalized for each discrete time instant. Furthermore, MAE detects the average distance between the set 

point and the measurement point, while RMSE detects the presence of outliers in the implementation. The 

results of this study were expected to encourage future works in the implementation of the proposed control 

algorithm in applications that need a simple and reliable digital control system. 

 

2. METHODS 

2.1. Control Algorithms and Performance Measures 

A Proportional Integral Derivative (PID) controller is commonly deployed for regulation tasks in many 

applications [15]. PID controller is of linear origin where the controller output (𝑢) is calculated based on the 

magnitude, sum, and change of the control error (𝑒), which is the difference between the reference value or set 

point (𝑟) and the measured process output (𝑦). The discrete version of the PID controller is required in its 

digital implementation. This is obtained through the discretization of the continuous-time equation using Euler 

approximation or trapezoidal approximation [15][16]. Thus, the discrete PID controller has 4 parameters that 

need to be tuned: the proportional gain, integral gain, derivative gain, and sampling time.  

To avoid a complex tuning process of the aforementioned four parameters, a control approach based on 

the change rate of the controller output was proposed in this paper. The change rate limiter was introduced to 

avoid undesirable sudden changes in control output because it may lead to hardware malfunction or hazard for 

certain control applications [15][17]. A large change in controller output, theoretically, leads to a fast response 

of the system. However, from the practical point of view, it can cause unnecessary sudden power demand and 

current inrush to an electrical actuator [18][19].  

In this paper, two controller algorithms with the corresponding change rate limiters were proposed by the 

authors. The Error-Sign-based Controller with a change rate limiter, denoted by ESC, is shown in Equation (1). 

The Error-Value-based Controller with a change rate limiter, denoted by EVC, is shown in Equation (2). 

 𝑢(𝑘 + 1) = 𝑢(𝑘) + 𝑐 ⋅ sign(𝑒(𝑘)) (1) 
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 𝑢(𝑘 + 1) = 𝑢(𝑘) + 𝑐 ⋅ 𝑒(𝑘) (2) 

The variable u denotes a controller output, 𝑒 is a control error, and 𝑐 is a change rate limiter. The variable 𝑘 

indicates the discrete time instant. The control error is calculated for each value of time. The controller output 

for the next sampling period is determined based on: the current controller output, the change rate limiter, and 

the control error. The output of the ESC depends on the sign of the control error, which can be +1 if the control 

error is positive or −1 if negative, whereas the output of the EVC depends on the value of the control error.  

Compared to PID controllers, ESC and EVC only have 2 parameters to be tuned; the change rate limiter 

and sampling time. This leads to less time required to tune the suitable parameters, as has been proven 

elsewhere [20]. In order to tune the parameters of the proposed controllers, the sampling time needs to be 

determined first. Depending on the transient characteristics of the system, the value between 1/10 and 1/3 of 

the settling time is adequate. Subsequently, the change rate limiter can be first set to 1% for a less active control 

action and further increased to a higher value while monitoring the behavior of the controlled system.  

The performance of the proposed control algorithms was measured by using the Mean Absolute Error 

(MAE) and the Root Mean Square Error (RMSE) as shown in Equation (3) and Equation (4). 

 𝑀𝐴𝐸 =
1

𝑛
∑|𝑒(𝑘)|

𝑛

𝑘=1

 (3) 

 𝑅𝑀𝑆𝐸 = √
1

𝑛
∑{𝑒(𝑘)}2

𝑛

𝑘=1

 (4) 

where k represents discrete time instant and n is the data length under consideration. MAE measures the 

absolute distance between the set point and process output and serves as the first instrument for the performance 

comparison between ESC and EVC [18][21]. Due to the quadratic term, RMSE gives more emphasis on large 

control errors and is useful for detecting the existence of error outliers. If the MAE of the two controllers is 

very close to each other, then the RMSE can be used as the second instrument to determine a better controller 

[21]. 

 

2.2. System Design and Wiring Diagram 

Figure 1 shows the block diagram of the proposed water flow rate control system. The red arrows 

represent a high-current power flow, while the blue arrows show a low-current power flow or an information 

flow. Arduino Nano was employed as a microcontroller [22]. The YF-S201 water flow rate sensor with a 

measurement range between 1 to 30 L/min was used to detect the flow rate. A generic 24-V-DC submersible 

water pump with a maximum capacity of 13.33 L/min (800 L/hour) was utilized to pump the water. The 

microcontroller’s limited current delivery capacity (40 mA) necessitates the use of an L298N motor driver 

[23]. Arduino Nano was powered by an XL6009 voltage regulator. The KY-040 rotary encoder was used to 

adjust the flow rate manually in case it was needed. An LCD was installed as a user interface of which the 

brightness can be adjusted using a trimmer potentiometer. The overall system was powered by an external DC 

power supply.  

 

Rotary Encoder
Water Flow 

Rate Sensor

Microcontroller

LCD
Trimmer 

Potentiometer

Water Pump

DC Power Supply
Switching 

Regulator

Motor Driver

 
Figure 1. A block diagram of the proposed system 
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Figure 2 presents the control loop of the water flow rate control system. The sensor reads the flow rate 

and delivers the pulse count signal to the controller. This pulse count is read and converted to the flow rate 

using a calibration factor. The control algorithm calculates the controller output in the range of 0% to 100%. 

This percentage corresponds to the percentage of the maximum water pump voltage. Following that, Arduino 

converts the controller output to a Pulse-Width-Modulation (PWM) signal and sends it to the actuators. The 

actuator consists of a motor driver and water pump. The motor driver provides adequate power to the water 

pump so that it can flow the water at predetermined current and voltage values.  

 

Controller
Arduino Nano

Sensor
YF-S201 water flow sensor

Process
Piping system+

‒

Set point Output
Actuator

DC water pump  

Actuator
L298N motor driver

 
Figure 2. A control loop of the proposed system 

 

The control algorithms were programmed in Arduino Integrated Development Environment (IDE), which 

is specifically used to write and upload the code to the physical Arduino Nano board. The computational 

constraints in implementing the control program were negligible due to its simplicity and low-cost memory 

requirements. The flowchart of the control program is shown in Figure 3. The interconnection among the parts 

of the water flow rate control system is shown in Figure 4 in the form of a wiring diagram. 

 

Start

Read the pulse 
count from YF-S201

Convert the pulse 
count to flow rate 
and label as y(k)

Read set point r(k)

Reset timer

k = k + 1

Is reset button 
pressed?

End

Has 
sampling time 

elapsed?

No

Yes

No

Yes

k = 0

Calculate control 
error 

e(k) = r(k) – y(k)

Calculate control 
output u(k) 

Convert u(k) to PWM

Send the PWM to 
L298N

 
Figure 3. A flowchart of the control program 
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Figure 4. A wiring diagram of the proposed system 

 

2.3. Sensor Calibration Procedure 

The YF-S201 water flow rate sensor has a rotor that contains magnet pieces. As the water flows and the 

rotor rotates, an electric pulse is created when a magnet piece passes through a Hall effect sensor. Therefore, 

the number of pulses can be used to determine the amount of water flowing through the sensor. However, the 

correlation between the number of pulses and the flow rate is nonlinear due to the constructional design of the 

sensor. To overcome this problem, the sensor needs to be calibrated before usage in order to determine the 

exact flow rate at various pulse counts. 

For the calibration purpose in this study, the voltage supplied to the water pump was configured with an 

increment of 10%, starting from 0% to the maximum value of 100%. The 10% step was considered sufficient 

to cover the working range of the water pump. In each voltage setting, the water pump was first turned on and 

then turned off, 1 second after the first pulse count from the sensor was detected. The total pulse count and the 

amount of water that was pumped were obtained as the intermediate result. The measurement was repeated 

five times in each voltage setting to obtain and confirm a statistically convergent value. The final result of the 

calibration process was a calibration factor for each voltage setting, which is the quotient of the pulse count 

divided by the pumped water volume (L/min). 

 

3. RESULTS AND DISCUSSION 

3.1. Realization of the Test Platform  

The hardware components mentioned in the previous section were interconnected in this realization step. 

Most of the components were compactly placed in a utility box as shown in Figure 5 (a). The utility box has 3 

external connections to each of the following: the input AC voltage, flow rate sensor, and water pump. Figure 

5 (b) shows the 0.5” long water pipe with the installed flow rate sensor and water pump. During the integration, 

no issues related to compatibility, communication protocols, or signal conditioning were encountered, since all 

components were compatible with each other.  

 

 
(a) (b) 

Figure 5. Hardware setup: (a) Utility box and (b) Water pipe with  

a flow rate sensor and a water pump 



77 Buletin Ilmiah Sarjana Teknik Elektro  ISSN: 2685-9572 

 

 

Implementation of Digital Feedback Control with Change Rate Limiter (Erwin Sitompul) 

The fully installed water flow rate control system is shown in Figure 6 (a). In this condition, the system 

is ready to operate. Firstly, the water container needs to be filled with water. During the operation, water is 

circulated by the water pump, as shown in Figure 6 (b). Thus, there is no need to further refill the water 

container. 

 

 
(a) (b) 

Figure 6. Completely installed test platform for the water flow rate control system:  

(a) Overall view and (b) Close view showing circulating water 

 

3.2. Sensor Calibration 

Figure 7 shows the setup of the flow rate sensor calibration. The pumped water flows through the sensor 

into a measuring tube. The water volume in the measuring tube and pulse count were taken as the intermediate 

test results. The calibration is precise to the order of milliliters (mL), which is the resolution of the measuring 

tube. The issues associated with the measurement error and sensor accuracy were expected to be corrected by 

performing five measurement trials. If the pulse count reading is converging, no further consideration is needed 

on the repeatability of the calibration process.  

 

                     
Figure 7. Calibration of water flow rate sensor 

 

Table 1 shows the experimental data from the flow rate sensor calibration. The calibration factor is the 

ratio of the pulse count to the flow rate (L/min). The mean calibration flow rate was obtained by averaging the 

calibration factors of the same water pump input voltage. 

The input voltage, which was ≤ 4.8 V (20% of the maximum voltage of the water pump) was not adequate 

to flow the water within the sensor’s measurement range (1 L/min to 30 L/min). Thus, the set point of the 

control system had to be made greater than 1 L/min. 
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Table 1. Results of sensor calibration 

Input voltage (%) 
(max. 24 V DC) 

Output volume  
(mL/s) 

Flow rate 
(L/min) 

Pulse count 
Calibration  

factor 

Mean  

calibration  

factor 

100 

160 9.60 74 7.708 

7.604 

165 9.90 75 7.576 

160 9.60 74 7.708 
170 10.20 76 7.451 

165 9.90 75 7.576 

90 

135 8.10 66 8.148 

8.221 

135 8.10 66 8.148 

131 7.86 65 8.270 

131 7.86 65 8.270 
133 7.98 66 8.271 

80 

127 7.62 62 8.136 

8.122 

126 7.56 61 8.069 

127 7.62 62 8.136 

125 7.50 61 8.133 

127 7.62 62 8.136 

70 

120 7.20 56 7.778 

7.793 

120 7.20 56 7.778 

121 7.26 57 7.851 
120 7.20 56 7.778 

120 7.20 56 7.778 

60 

110 6.60 51 7.727 

7.715 

112 6.72 52 7.738 

110 6.60 51 7.727 

111 6.66 51 7.658 
110 6.60 51 7.727 

50 

105 6.30 49 7.778 

7.744 
104 6.24 48 7.692 
105 6.30 49 7.778 

105 6.30 49 7.778 

104 6.24 48 7.692 

40 

90 5.40 37 6.852 

6.926 

91 5.46 38 6.960 

89 5.34 37 6.929 
90 5.40 37 6.852 

90 5.40 38 7.037 

30 

60 3.60 26 7.222 

7.206 

62 3.72 27 7.258 

60 3.60 26 7.222 

60 3.60 26 7.222 
61 3.66 26 7.104 

20  

16 0.96 10 10.417 

10.334 
15 0.90 9 10.000 
16 0.96 10 10.417 

16 0.96 10 10.417 
16 0.96 10 10.417 

 

3.3. Control Algorithm Tests  
In this stage, the proposed digital control algorithms, ESC and EVC, were tested using the constructed 

test platform. For this purpose, a reference trajectory was designed to change a value every 30 seconds. The 

reference trajectory was chosen to test the ability of the control algorithms in terms of tracking ability and 

regulating ability. At 𝑡 = 0 s, the set point was set to 4 L/min. Then, it was changed to 6 L/min at 𝑡 = 30 s. 

Afterward, at 𝑡 = 60 s the set point was changed to 8 L/min before it was decreased to 3 L/min at 𝑡 = 90 s and 

back to 0 L/min at 𝑡 = 120 s. Thus, every test took 150 s to complete. The control algorithms were expected to 

regulate the system’s flow rate to quickly follow a new set point value and maintain the flow rate closely at 

that value.  

ESC and EVC were tested to follow the aforementioned reference trajectory in three different values of 

the change rate limiter (𝑐): 1%, 5%, and 10%. The larger the change rate limiter, the more active a controller 

will become and the faster it gets in responding to process changes such as set point changes or disturbances. 

On the other hand, an active controller may bring the process to an oscillating state and become susceptible to 

noise. The tendency of the control performance to have a negative or positive value due to the change rate 

limiter was to be detected by the chosen performance measure, MAE and RMSE. The experiment limited its 

coverage to one experiment per parameter setting. Further studies are encouraged to include statistical analysis 

to determine the significance and correlation of the observed differences. 
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Figure 8 shows the test result for 𝑐 = 1% (refer to Equation (1) and Equation (2)). Figure 8 (a) shows the 

set point (blue line) and process output using ESC (green line) and process output using EVC (red line). Here, 

the process output is meant as the flow rate with the unit of L/min. The corresponding controller output 

(% water pump voltage) can be seen in Figure 8 (b). The same test procedure was repeated for 𝑐 = 5% and 𝑐 = 

10%. The test results are shown in Figure 9 and Figure 10. 

 

 
 (a)  (b) 

Figure 8. Control algorithm test results with a change rate limiter of 1%:  

(a) Set point and the process outputs and (b) Controller outputs 

 

 
 (a) (b) 

Figure 9. Control algorithm test results with a change rate limiter of 5%:  

(a) Set point and the process outputs and (b) Controller outputs 

 

 
(a)      (b)  

Figure 10. Control algorithm test results with a change rate limiter of 10%:  

(a) Set point and the process outputs and (b) Controller outputs 

 

Table 2 summarizes the performance measures of MAE and RMSE for the control algorithms ESC and 

EVC in three different values of the change rate limiter: 1%, 5%, and 10%. All three numbers are obtained 

from the numerical data processing previously presented in the form of graphs in Figure 7, Figure 8, and Figure 

9. 

 

Table 2. Performance measures of ESC and EVC for three different values of change rate limiter  
Change rate  

limiter 

MAE (L/min) RMSE (L/min) 

ESC EVC ESC EVC 

1% 3.18 1.22 3.49 1.71 

5% 0.90 0.46 1.63 1.09 

10% 0.83 0.40 1.44 0.97 

 

  



80 Buletin Ilmiah Sarjana Teknik Elektro  ISSN: 2685-9572 

 

Buletin Ilmiah Sarjana Teknik Elektro, Vol. 6, No. 1, March 2024, pp. 72-82  

3.4. Discussion 

3.4.1. Sensor Calibration 

As presented in Table 1, the calibration process was considerably accurate where in five trials of the same 

input voltage the output volumes only differed by the maximum of 10 mL/s (between 160 mL/s and 170 mL/s) 

and the pulse counts only differed by the maximum of 2 counts (between 74 and 76), both occurred when the 

input voltage was set to 100% (24 V). In all other values of input voltage, the output volumes differed by less 

than or equal to 4 mL/s and 1 pulse count. 

Figure 11 shows the graph of mean calibration factor versus pulse count, as also given in Table 1. The 

graph shows the nonlinear relationship between the mean calibration factor and the pulse count. For the pulse 

count between 26 and 75, the mean calibration factor varies between 6.926 and 8.221. Thus, the pump operation 

within the range of 30% to 100% of the maximum water pump voltage is preferable to obtain a small variation 

of mean calibration factor and thus reduce measurement error.  

During the control algorithm implementation, the mean calibration factor was determined from the pulse 

count reading of the sensor. Firstly, the closest calibration pulse count in Figure 10 to the pulse count reading 

was selected. Then, the corresponding mean calibration factor of that calibration pulse count was used to 

convert the pulse count reading to the flow rate. The flow rate was given as the pulse count reading divided by 

the mean calibration factor. 

 

 
Figure 11. The relationship between the mean calibration factor and pulse count 

 

3.4.2. Controller Tests 

Figure8 suggests that the water pump voltage has to reach around 25%-28% before water flow can be 

detected (see the dashed indicator lines). The value of change rate limiter 𝑐 = 1% is too small to allow ESC to 

follow the increase and the decrease of the set point. With the same 𝑐, EVC performs better than ESC, but 

cannot reach the set points of 4 L/min, 6 L/min, and 8 L/min within 30 seconds. Figure 9 shows the controller 

test results when the flow rate was controlled by ESC and EVC where 𝑐 = 5%. Here, ESC is able to follow the 

set point but with oscillations around the set points. EVC performs better with less oscillation and more constant 

controller output. However, there is a big overshoot spike at the beginning, where the flow rate reaches 8 L/min. 

The performance of both controllers for 𝑐 = 10%, as shown in Figure 10 is marked by an increase in the 

oscillation around the set point for ESC, but a decrease for EVC. The overshoot spike at the beginning of EVC 

operation is reduced to 7 L/min. The controller output for ESC fluctuates heavily along the test, while EVC is 

able to maintain the controller output within a narrow range for most duration of the test. Oscillations and 

spikes can be tracked to the error windups effect due to the strong nonlinearity of the water pump in low 

voltages, which cannot be avoided. 

Analysis of the data in Table 2 suggests that the performance measures MAE and RMSE deliver a clear 

trend for the increasing value of the change rate limiter. For both controllers, MAE and RMSE decrease as 𝑐 

increases. Furthermore, EVC is always better than ESC, in terms of MAE and RMSE values. This may be 

traced back to the fact that the output of ESC can only change with a fixed percentage according to the value 

of 𝑐. For instance, if 𝑐 = 5%, then the controller output may only change by ± 5% of the current water pump 

voltage. On the other hand, the output of EVC may change freely according to the control error value, allowing 

the change within a fraction of 𝑐. Due to the bounded input bounded output (BIBO) property of the water 

circulation system, the control loop stability was not a concern and indeed the system was stable at all times in 

that respect. Furthermore, the transient response characteristics and the disturbance rejection in the form of set 

point changes were reflected in the magnitude of MAE and RMSE. 
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A low value of performance indexes of MAE or RMSE positively correlates with good tracking accuracy 

and good disturbance rejection. In this study, the MAE directly shows the mean control error in each second. 

Considering 5 changes of set point value along a test, the MAE values equaling 0.40 L/min and 0.46 L/min for 

EVC are excellent. This MAE will be significantly lower if the set point is held constant for the entire test 

duration. The simultaneous consistent decrease of MAE and RMSE values as the change rate increases 

indicates that the flow rate control system does not have any outlier problems [23]. In this case, no large control 

errors were compensated by small control errors to reach the lower mean of control errors. On the contrary, the 

control errors are collectively lower as 𝑐 increases.  

 

4. CONCLUSIONS 

Two digital control algorithms with a change rate limiter: Error-Sign-based Control (ESC) and Error-

Value-based Control (EVC) were proposed in this paper. The objective was to provide a simple and suitable 

control for applications that need a regulated flow rate such as resource rationing, chemical processes, 

agriculture, and farming. The control algorithms offer easy tuning with the change rate limiter as the only 

control parameter that concurrently features the negative effect restriction of excessive and sudden increases 

in controller output. A water circulation process to emulate a hydroponic process was constructed with the 

main components of an Arduino microcontroller, Hall effect water flow sensor, and submersible DC water 

pump. The controllers ESC and EVC were applied to regulate the process to follow a reference trajectory in 

three 150-s tests. The set point was changed every 30 seconds to check the tracking and regulating ability of 

the controllers. Two performance measures: Mean Absolute Error (MAE) and Root Mean Square Error 

(RMSE) were used to assess the controllers. The experiment results show that the MAE and RMSE decrease 

as the change rate limiter increases. Furthermore, EVC performed better than ESC for all values of the change 

rate limiter. The EVC with the change rate limit of 10% yielded the best result with an MAE of 0.40 and an 

RMSE of 0.97. The EVC with a 10% change rate limiter is recommended as the best to be implemented in 

water flow rate control within the test setup. Future works include more experiments for different values of the 

change rate limiter and the EVC implementation in other applications to confirm its generalization, simplicity, 

and performance. The versatility of the water circulation system can be increased by the integration of the 

Internet-of-Things (IoT) so that the users can monitor the process and conduct control adjustments anytime 

anywhere provided that the internet connection is available. 
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