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ABSTRACT

Smart hydroponic systems have been introduced to allow farmers to monitor their hydroponic 
system conditions anywhere and anytime using Internet of Things (IoT) technology. Several 
sensors are installed on the system, such as Total Dissolved Solids (TDS), nutrient level, and 
temperature sensors. These sensors must be calibrated to ensure correct and accurate readings. 
Currently, calibration of a TDS sensor is only possible at one or a very small range of TDS 
values due to the very limited measurement range of the sensor. Because of this, we propose a 
TDS sensor calibration method called Sectioned-Polynomial Regression (Sec-PR). The main 
aim is to extend the measurement range of the TDS sensor and still provide a good accuracy 
of the sensor reading. Sec-PR computes the polynomial regression line that fits into the TDS 
sensor values. Then, it divides the regression line into several sections. Sec-PR calculates 
the average ratio between the polynomial regressed TDS sensor values and the TDS meter 
in each section. These average ratio values map the TDS sensor reading to the TDS meter. 
The performance of Sec-PR was determined using mathematical analysis and verified using 

experiments. The finding shows that Sec-PR 
provides a good calibration accuracy of about 
91% when compared to the uncalibrated 
TDS sensor reading of just 78% with Mean 
Average Error (MAE) and Root Mean Square 
Error (RMSE) equal to 59.36 and 93.69 
respectively. Sec-PR provides a comparable 
performance with Machine Learning and 
Multilayer Perception method.

Keywords: Calibration, hydroponic, polynomial 
regression, TDS sensor 
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INTRODUCTION

Agriculture is one of the most productive sectors in Malaysia, especially palm oil. As of 
2021, Malaysia is the world’s second-largest palm oil producer and exporter after Indonesia. 
It is about 26% of world production and 34% of world export in 2020 (https://www.trade.
gov/malaysia-country-commercial-guide). As additional land for palm oil production is 
unavailable, the same goes for other types of agriculture, such as vegetables, paddy, rice, 
and fruits. Any large-scale deforestation for agriculture is prohibited due to the negative 
impact on nature. However, food security issues after covid-19 experienced by many 
countries caused shortages in the supply of food items such as chicken, vegetables, and 
cooking oil. As a result, the increase in food prices burdens Malaysians, and because of 
that, agriculture is one of the pillars of Malaysia’s economy.

A hydroponic system is a suitable solution to tackle this critical issue. Hydroponic is 
a subset of horticulture that uses mineral nutrient solution as a medium for the cultivation 
of crops instead of soil (Domingues et al., 2012; Maucieri et al., 2019). Any medium other 
than soil, such as sand, gravel, pebbles, perlite, rock wool, or aquatic medium, could also 
hold the plant (Garg et al., 2021). Hydroponics requires small space areas without the 
need for a large land clearing. Hydroponics can be installed in a small yard and a building 
with proper lighting for indoor farming. There are different types of hydroponic systems, 
which are the Nutrient Film Technique (NFT) (Alipio et al., 2019; Graves, 1983), Ebb 
and Flow system (Daud et al., 2018); Wick System (Dubey & Nain, 2020), Deep Flow 
Technique (DFT) (Pramono et al., 2020) and drip hydroponic (Olubanjo et al., 2022). It 
is very important to manage water and nutrients in the hydroponic system to achieve the 
optimum growth of crops (Son et al., 2020). The concentration of ions in the nutrient 
solutions reduces with time as it is absorbed by plants, which is measured according to 
electrical conductivity (EC) characteristics (Hosseini et al., 2021; Singh & Dunn, 2016). 
A high concentration of ions provides good electrical conductivity. Otherwise, a low 
concentration of ions provides poor electrical conductivity. Instead of EC, other parameters 
such as pH, dissolved oxygen, and temperature should be measured. Analysis of nutrient 
solutions and adjustment of nutrient ratios must be done every day for a correct nutrient 
reading. With the advancement of technologies, IoT technology could be implemented 
to ease collecting these nutrient parameters automatically, which can be viewed using a 
web server or phone app. IoT technology transforms conventional hydroponic into smart 
hydroponic systems (Modu et al., 2020; Munandar et al., 2018).

A smart hydroponic system can be realized and applied at all levels, whether on a 
small scale at home or a large scale commercially. Farmers can be anywhere away from the 
hydroponic farm but still be able to monitor the condition of their farm, and if needed, they 
can manually control it themselves. An IoT device is installed in an existing hydroponic 
system. Sensors are attached to the IoT devices, such as TDS/EC sensors, pH sensors, 
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oxygen sensors, and liquid level sensors, to measure the parameter of the hydroponic 
system. It is critical to ensure that these connected sensors are calibrated during the 
installation and while the system operates. Failure to ensure that each sensor is regularly 
and accurately calibrated will result in inaccurate sensor readings. If this situation occurs, 
the IoT device does not work properly, causing a failure to the entire smart hydroponic 
system that will cause decreases in crop yield.

Let us consider a TDS sensor, the easiest method to calibrate this sensor is using a 
reference TDS meter. Reference TDS meter means that this instrument has been calibrated 
using standard solutions (alkaline, neutral, and acidic solutions), which are normally 
included at the time of purchase. Several brands of TDS meters are available in the market, 
such as Hanna TDS instrument tester and Xiaomi portable TDS meter. Manual calibration 
of a TDS sensor is a simple process. First, use a TDS meter to prepare a nutrient solution 
at the required TDS value measures in ppm (part per million) units. Second, deep the 
uncalibrated TDS sensor into the solution and take the sensor reading. Third, calculate the 
offset by deducting the sensor reading from the TDS meter reading, and finally, add the 
offset to the sensor reading to make the sensor reading almost the same as the TDS meter 
reading. For example, if the required level is 1000 ppm, a nutrient solution is prepared at 
this level using the TDS meter. It means the TDS meter reading is also 1000 ppm. When 
the TDS sensor is deep into the nutrient solution, the sensor reading is 900 ppm. Here, 
the offset is 100 ppm should be added to the sensor reading to achieve the required level. 
However, this method is only valid at one TDS value. The calibration process must be 
repeated if the required TDS value is changed. 

Suseno et al. (2020) developed a calibration method for TDS sensors for nutrient 
concentrations up to 780 ppm. They characterized analog TDS sensor readings and standard 
TDS values. After that, the calibration is performed by comparing the data read by the 
analog TDS sensor with data from the standard TDS results. The characterization graph 
shows the linear equation between the x-axis variable, namely the ADC reading, and the 
y-axis, the standard multimeter voltage value. The relationship between the ADC reading 
with the standard voltage value produces an equation. 

Wibowo et al. (2019) proposed a nutrient dosing system for aquaponic that is very 
important to improve the quality of catfish and lettuce yield. The dosing system must ensure 
that the nutrient level is between 400 ppm and 500 ppm. The TDS sensor was calibrated 
so the TDS sensor reading is the same as the TDS meter. Then, the calibration accuracy 
is calculated by observing the systematic errors. The calibration range of the TDS sensor 
is up to 819 ppm.

Nguyen et al. (2018) shared a case study about calibrating conductivity sensors using 
Combined Algorithm Selection and Hyperparameter Optimization. A different model of 
calibration process was carried out by using the Gaussian process (Franchini et al., 2019; 
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Peršić et al., 2021; Urban et al., 2015), Simple Logistic (Zheng et al., 2019) and Linear 
Regression (Iida et al., 2020; Koestoer et al., 2019). Based on their finding, the calibration 
range of the TDS sensor is within 200 ppm to 2000 ppm only. At the same time, the 
uncalibrated TDS sensor has a minimum of 57 and a maximum of 1756.92. 

In this paper, we propose a new TDS calibration method called Sectioned-Polynomial 
Regression (Sec-PR) to extend the measurement range of the TDS sensor over the 
specification by the manufacturer. We just considered the calibration range from 0 to 3000 
ppm in this research work. However, the Sec-PR calibration range can be extended to 
more than 3000 ppm, depending on applications. It is expected that Sec-PR will be able 
to provide a good calibration accuracy when compared to the existing methods, such as 
linear regression, multi-layer perception, and the Gaussian process. In addition, Sec-PR is 
expected to be implemented easily into the programming code of smart hydroponic systems.

METHODOLOGY

The methodology in this work can be divided into three phases: the initial experiment, 
mathematical analysis, and implementation of Sec-PR. For the initial experiment phase, 
an experiment was conducted to compare the TDS sensor and TDS meter readings over 
different concentrations of fertilizer. This step is very important to determine the trend 
of the TDS sensor and TDS meter reading used in the next phase. In this mathematical 
analysis phase, the Sec-PR calibration method is designed to make the TDS sensor reading 
the same as the TDS meter reading over a wide measurement range. Microsoft Excel was 
used during the design to analyze the calibration accuracy of Sec-PR. Modifications to 
the Sec-PR design can be optimized to achieve its best performance. The next phase is the 
process where Sec-PR is applied to the program code, and the performance of Sec-PR is 
determined in the actual experiment, which is the same experiment as in the first phase. 
The TDS sensor reading from the Sec-PR is compared with the TDS meter reading, and 
the accuracy of the reading is determined. After that, the result is verified with the findings 
from the second phase, which is a mathematical analysis. Furthermore, in this phase, the 
performance of Sec-PR is compared with the existing calibration methods of the TDS 
sensor.

Figure 1 shows the experiment configuration to measure a TDS sensor and a TDS meter 
reading over different concentrations of fertilizer. The experiment configuration consists 
of a TDS sensor, ESP 32 dev kit, laptop, 25-liter container as the tank, TDS meter, water, 
and fertilizer AB. The TDS sensor is dipped into the tank, and the other end is connected to 
the ESP32 dev kit, which is a microcontroller. ESP32 reads the TDS sensor continuously, 
and the reading is sent to the laptop using serial communication. Then, the reading can be 
viewed using a serial monitor window. The experiment begins with the container filled with 
6 liters of water. Then, the initial reading of the water in the tank, where no fertilizer has 
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been added, is measured using the TDS meter and TDS sensor. After that, add 1 ml of AB 
fertilizer into the tank using a syringe and stir the solution well. The TDS reading of the 
nutrient is measured again using the TDS meter and the TDS sensor. This step is repeated 
by adding another 1 ml of fertilizer AB for fifteen different points until the TDS value is 
about 3000 ppm. This experiment is repeated five times to increase the accuracy of the data.

TDS value indicates how many milligrams of soluble solids are dissolved in one 
liter of water. Usually, the higher the TDS value, the higher the number of soluble solids 
dissolved in water, which means the concentration of the fertilizer is high. Therefore, the 
TDS value represents one reference point to reflect the fertilizer concentration used widely 
in hydroponic farms. In this work, we used Gravity Analog TDS Sensors, a consumer-grade 
product available in the market at an affordable price. The Gravity Analog TDS sensor 
costs a hundred times cheaper when compared to an industrial-grade TDS sensor. The TDS 
sensor measures the electrical conductivity of the solution, R, and then ESP32 converts 
the sensor reading into the TDS value in ppm unit using Equation 1.

𝑇𝑇𝑇𝑇𝑇𝑇 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = (133.42 × 𝑣𝑣3  − 255.86 × 𝑣𝑣2 + 8.57.39 × 𝑣𝑣) × 0.5 ppm  

𝑣𝑣 = 𝑅𝑅/(1.0 + 0.02 (𝑇𝑇 − 25.0)) 

 [1]

Where v is the compensation voltage calculated based on the sensor reading, R and 
temperature of the solution, T using Equation 2.𝑇𝑇𝑇𝑇𝑇𝑇 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = (133.42 × 𝑣𝑣3  − 255.86 × 𝑣𝑣2 + 8.57.39 × 𝑣𝑣) × 0.5 ppm  

𝑣𝑣 = 𝑅𝑅/(1.0 + 0.02 (𝑇𝑇 − 25.0))       [2]

Figure 2 shows the TDS sensor reading and TDS meter reading for different 
concentrations of fertilizer from the initial experimental phase. The TDS sensor provides 
a nonlinear increase in TDS value. As fertilizer concentration increases, the increment of 

Figure 1. Experiment configuration
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TDS value is reduced significantly. As expected, the TDS meter reading increases linearly 
with the increase in the concentration of fertilizer. Based on the graph, both devices give 
the same reading at one TDS value of about 2040 ppm. Otherwise, the TDS sensor reading 
deviates from the TDS meter for other TDS values. For TDS values below 2040 ppm, the 
TDS sensor reading is higher than the TDS meter reading. For TDS values over 2040 ppm, 
the sensor reading is lower than the TDS meter reading. The average deviation of the TDS 
sensor reading from the TDS meter is equal to 243.4 ppm value. Based on the trend of the 
graph, the deviation of TDS sensor readings from the TDS meter becomes larger for TDS 
values more than 3000 ppm.  

Figure 2. TDS sensor and TDS meter reading over different concentrations of fertilizer

Sectioned-polynomial Regression of TDS Sensor Calibration

A simple way to calibrate the TDS sensor is to offset the TDS sensor reading to make it 
equal to the TDS meter reading. For example, if the TDS sensor reading is 1440 ppm and 
the TDS meter reading is 1671 ppm, offset by 231 ppm is added to the TDS sensor reading. 
Although it is a simple method, this calibration method is suitable for just one calibration 
point or a very small calibration range of TDS values. For any changes to the calibration 
setting of TDS values, the TDS sensor must be recalibrated. Another calibration method is 
to model the TDS sensor readings using linear regression. Linear Regression is the process 
of finding a line that best fits the data points available on the plot so that we can use it to 
predict output values for inputs that are not present in the data set we have, with the belief 
that those outputs would fall on the line (Hope, 2020). While the Least Squares Regression 
Line is the line that makes the vertical distance from the data points to the regression line 
as small as possible. It is called a “least square” because the best line of fit is one that 
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minimizes the variance (the sum of squares of the errors) (Karunasingha, 2022). Figure 3 
shows a line graph computed using linear regression for TDS sensor reading. Deviation 
from the TDS meter is 210 ppm, which is slightly better when compared to the original 
sensor reading, which is 243 ppm; however, the deviation value still can be considered 
high due to the non-linearity characteristic of the TDS sensor reading. Because of that, 
Sec-PR uses the polynomial regression model that fits into the TDS sensor reading with 
R2 equal to 0.9946.

Figure 3. Polynomial regression of TDS sensor reading
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Let us consider Sec-PR with 3 sections, as shown in Figure 4. The total number of 
sections, n, equals 3, each labeled S1, S2, and S3. Range of TDS value for S1 is between and 
min1 = 98.2 ppm and max1 = 1309 ppm. Range of TDS value for S2 is between min2 = 1310 
and and max2 = 2081 ppm. Range of TDS value for S3 is between min3 = 2082 and max3 = 
2571 ppm. Then, Sec-PR calculates the average ratio between the polynomial regression of 
the TDS sensor with the TDS meter, Ri, for each section. The calculated results for R1, R2, 
and R3 are 1.54, 1.13, and 0.89. TDScal can be obtained by dividing the current TDS sensor 
reading with Ri. For example, if the current TDS sensor reading, TDSsensor, is 256 ppm, the 
reading falls into section S1. TDScal value is calculated by dividing 256 by 1.54, which equals 
166 ppm. Another example is if the current TDS sensor reading is 1500 ppm in section S2, 
the TDScal value becomes 1327 ppm, calculated by dividing 1500 by 1.13.  

Figure 4. Sec-PR for three sections

Table 1 
Sec-PR calibration algorithm

Sec-PR Algorithm
1 Parameters

n is the total number of sections
x is the volume of fertilizer

Si ith section
TDSmeter measured TDS value using the TDS meter

TDSsensor measured TDS value using the TDS sensor
TDScal calibrated TDS value from Sec-PR

yp = β0x + β1x + c the second-order polynomial regression line for the TDS sensor 
yp,i TDS sensor value on the polynomial regression line at ith section

mini is the minimum range of TDS value at ith section
maxi is the maximum range of TDS value at ith section
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RESULTS AND DISCUSSION

Figure 5 shows the TDS values of Sec-PR 
for the different number of sections over 
the different fertilizer volumes. Sec-PR (6 
sections) provides the best performance, 
with the TDS value being very close to 
the TDS meter. Sec-PR (6 sections) has 
recorded MAE and RMSE equal to 51.52 
and 62.37, respectively (Table 2). It is about 

Sec-PR Algorithm
2 Measure standard TDS meter reading

ys = msx + cs the linear line for TDS meter reading. 
3 Measure TDS sensor reading

yp = β0x + β1x + c the polynomial regression for TDS sensor reading
Divide TDS sensor reading into n section

4 Polynomial regression at ith section
yp,i = β0x + β1x + c
i = 1,2,3,4 ... ... , n

5 Mean ratio between TDS sensor value (on the line of the polynomial 
regression) and TDS meter for ith section, Ri

𝑅𝑅𝑖𝑖 = 𝑚𝑚𝑣𝑣𝑣𝑣𝑚𝑚 �
𝑦𝑦𝑝𝑝 ,𝑖𝑖(𝑥𝑥)
𝑦𝑦𝑠𝑠(𝑥𝑥) �  

6 Calculate the calibration value of the TDS sensor reading for ith section

𝑇𝑇𝑇𝑇𝑇𝑇𝑐𝑐𝑣𝑣𝑣𝑣  =
𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑖𝑖
  , 𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑚𝑚𝑣𝑣𝑥𝑥𝑖𝑖  

For n sections, the equation can be written as For 𝒏𝒏 sections, the equation can be written as  

𝑇𝑇𝑇𝑇𝑇𝑇𝑐𝑐𝑣𝑣𝑣𝑣  =

⎩
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎧  
𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅1
, 𝑚𝑚𝑖𝑖𝑚𝑚1 ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑚𝑚𝑣𝑣𝑥𝑥1

𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅2

, 𝑚𝑚𝑖𝑖𝑚𝑚2 ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑚𝑚𝑣𝑣𝑥𝑥2

𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅3

, 𝑚𝑚𝑖𝑖𝑚𝑚3 ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑚𝑚𝑣𝑣𝑥𝑥3
.
.
.
.

𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠
𝑅𝑅𝑚𝑚

, 𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚 ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑣𝑣𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑚𝑚𝑣𝑣𝑥𝑥𝑚𝑚

 

Table 1 (continue)

Table 2 
Mathematical calculation of MAE and RMSE for 
Sec-PR

Algorithm MAE RMSE
TDS Sensor 243.34 285.41
Polynomial Regression (PR) 301.12 415.71
Sec-PR (2 Sections) 141.06 182.26
Sec-PR (4 Sections) 66.60 84.99
Sec-PR (6 Sections) 51.52 62.37

a 78% improvement compared to the uncalibrated TDS sensor value, with MAE and RMSE 
equal to 243.34 and 285.41, respectively. Besides that, Sec-PR with a higher number of 
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sections provides better performance when compared to Sec-PR with a lower number of 
sections. That means Sec-PR (2 sections) provides the lowest performance with MAE 
and RMSE equal to 141.06 and 182.26, respectively, but still better when compared to the 
uncalibrated TDS sensor value.

Figure 5. TDS values of Sec-PR for different numbers of sections

Sec-PR was implemented in the experimental setup to determine its performance in the 
real environment. The findings of the experiment are shown in Figure 6. The graph shows 
that the performance of Sec-PR in the experiment is comparable with the mathematical 
analysis. Table 3 shows that Sec-PR has recorded MAE and RMSE equal to 79.94 and 
93.96, respectively, about a 67.8% improvement compared to the uncalibrated TDS value. 

Figure 6. Experimental results of Sec-PR for different numbers of sections
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The performance of Sec-PR is compared 
with other TDS sensor calibration methods 
(Table 4). Based on the literature, three 
calibration methods are considered for 
comparison: machine learning, Gaussian 
Process, and Multi-layer perception. The 
recorded MAE and RMSE values are taken 
directly from the literature. Sec-PR provides 

Table 3 
Experimental results of MAE and RMSE for Sec-PR

Algorithm MAE RMSE
TDS Sensor 254.16 292.82
Sec-PR (2 Sections) 117.09 161.02
Sec-PR (4 Sections) 82.34 97.80
Sec-PR (6 Sections) 79.94 93.69

comparable performances when compared to machine learning and multilayer perception. 
The RMSE value recorded by Sec-PR is just slightly higher when compared to machine 
learning and multilayer perception, which can be considered a variation in the different 
experimental setups. In terms of MAE, Sec-PR also gives comparable performance when 
compared to multilayer perception. Sec-PR and multilayer perception have recorded 
MAE equal to 79.94 and 40.6973, respectively. However, Sec-PR has recorded a better 
calibration accuracy when compared to Gaussian Process for both MAE and RMSE. Even 
though Sec-PR does not provide the best accuracy, Sec-PR covers a wider calibration range 
compared to other calibration methods.

Table 4
Comparison of Performance between Sec-PR and the existing calibration methods

Algorithm MAE RMSE Range
Sec-PR 79.94 93.69 0 to 3000 ppm
Machine Learning(Goparaju et al., 2021) - 27.93 0 to 400 ppm
Gaussian Process (Nguyen et al., 2018) 302.681 352.2483 0 to 2000 ppm
Multilayer perception (Nguyen et al., 2018) 40.6973 46.034 0 to 2000 ppm

CONCLUSION

Sec-PR is a calibration method of TDS sensor designed for smart hydroponic systems. 
Sec-PR aims to extend the limited measurement range of the TDS sensor and still provide 
a good accuracy of sensor readings. In addition, Sec-PR can be implemented easily into 
any programming code of smart hydroponic systems. Sec-PR computes a polynomial 
regression line for TDS sensor reading over different fertilizer concentrations collected 
from the initial experiment. In order to map the TDS sensor reading to the TDS meter 
reading, the graphs are divided into several sections. Then, the average ratio between the 
polynomial regressed TDS sensor value, and the TDS meter value is calculated for each 
section. This average ratio value is implemented in the program code that will be used to 
calculate the calibrated value of the TDS sensor. The actual TDS sensor reading is divided 
by the average ratio to ensure that the sensor reading becomes almost the same as the 
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TDS meter. The performance of Sec-PR was determined using mathematical analysis and 
verified using experiments. Sec-PR provides a good accuracy of about 91% compared to 
the uncalibrated TDS sensor reading of just 78% accuracy. Sec-PR has recorded MAE and 
RMSE equal to 59.36 and 93.69, respectively. Sec-PR provides a comparable performance 
with Machine Learning and Multilayer Perception method. However, Sec-PR provides 
better performance when compared to the Gaussian Process. For future work, Sec-PR can 
be implemented for other types of sensors.
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