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Abstract: This study proposes a fuzzy logic controller for adjusting the electrical conductivity (EC)
and pH of the nutrient solution in a hydroponic system. The proposed control system detects the
EC and pH of the solution through sensors and adjusts the working time of the solution pump
through the fuzzy controller. Specifically, the EC and pH of the nutrient solution are maintained
at specific values. A Raspberry Pi3 development board is used in the proposed control system to
realize and solve the problem of adjusting the EC and pH of the solution. In the fuzzy controller,
the inputs are EC and pH sensors, and the output is the operating time of the pump. Experimental
results indicate that the proposed control system can effectively reduce the measurement burden and
complex calculations of producers by adjusting nutrient solutions.

Keywords: hydroponics; nutrient solution; fuzzy controller; electrical conductivity; pH

1. Introduction

Hydroponics technology is used throughout the world. Numerous methods and tech-
niques have been developed. However, most hydroponic nutrient solutions are prepared
in a traditional manner, with their electrical conductivity (EC) and pH manually measured
by producers, often daily. Adjustments are calculated to meet the needs of the plants.
This is a time-consuming and labor-intensive task, and a computational error can result in
plant death.

The conditions to be controlled to promote plant growth include ambient temperature,
light, water temperature, water oxygen concentration, humidity, water level, EC, pH, and
nitrate level [1-5]. These conditions have been closely studied, and manufacturers exhibit
equipment designed to address them at international exhibitions. However, the key to
stable hydroponic growth remains the balance of the nutrient solution. The solution is
formulated with the fertilizer required by the crop for optimal growth until harvest [6].
Nutrients must be controlled correctly and effectively.

The composition of the nutrient solution is responsible for half of the success of the
solution. Crucial to the suitability of a nutrient solution are its pH and EC [7]. Adjustments
to pH levels are frequently required, because pH affects photosynthesis. CO2 is readily
dissolved in water, and this lowers its pH [8]. The pH of a nutrient solution affects plant
growth, health, and yield [9]. EC is an indicator of the concentration of a nutrient solution
(and can also be said to be an indicator of the salt concentration of a solution). The EC
value represents the conductivity of ions per volume of solution. Ions can carry positive or
negative charges; as EC increases, resistance decreases. Therefore, a higher EC indicates a
higher ion concentration in the solution. High EC cases can result in plant death. The pH
and EC of a nutrient solution may be reduced due to environmental factors such as high
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temperature causing water evaporation or the absorption of nutrients by plants. The rise
and fall of pH and EC may exceed the range that the plant can withstand. Therefore, the pH
and EC of a nutrient solution must be controlled to create an environment suitable for plant
growth [10]. Measuring them daily for adjustment is a time-consuming and labor-intensive
task for producers [11,12].

In recent years, many researchers [13-18] have confirmed that the fuzzy logic controller
is effectively implemented in the hydroponic cultivation system. Ibrahim et al. [13] designed
a fuzzy logic control system for nutrient solution to maintain the EC of nutrient solution
using Arduino. Model of tomato cultivation based on certain reference was simulated with
scale 1:1440 for cultivation time. Yolanda et al. [14] implemented a fuzzy logic to control
the EC and pH condition of the nutrient film technique (NFT)-based hydroponic system in
internet of things (IoT) system environment. By implementing this method, the required
to complete the process and achieve the desired value does not exceed the limit tolerance
given is £15 min. The controller based on fuzzy logic [15] was designed and implemented
for pH regulation using a PLC as a processing element. The final error was established,
on average, at pH = 0.035 units. A Sugeno type fuzzy controller [16] was designed to
control a hydroponic germination chamber with the input from experts in Plant Biology
from the InBioMis. The results obtained show that the fuzzy controller is able to control
the environment inside the chamber to improve crop production. The fuzzy logic control
module [17] was utilized for finding optimal working level and operational duration to the
actuators with analyzing the current and optimized data of the water and humidity levels
in the experimental environment. The fuzzy logic [18] was implemented in the controlled
system for decision-making purposes. The efficient and precise smart-controlled system
helps in plant growth, which can be observed and measured though plant height, length,
and various other parameters.

The purpose of this study was to design a hydroponic system that uses fuzzy logic
control. The system can detect the EC and pH of a nutrient solution through sensors at any
time. Fuzzy control is employed to control the action of the nutrient solution pump; thus,
the EC and pH are automatically raised or lowered to encourage plant growth. This can
reduce the long duration spent by producers in measuring these quantities and avoid the
need for complex chemical calculations to adjust nutrient solutions. The system can reduce
the time burden of producers and provide superior accuracy and control.

The remainder of the paper is organized as follows. Section 2 introduces the Nutrition
Solution Regulating System. The experimental environment and results are presented in
Sections 3 and 4, respectively. Section 5 offers conclusions and future research directions.

2. Nutrition Solution Regulation System
2.1. System Architecture

Figure 1 shows a flowchart of the system architecture. The proposed fuzzy controller
including fuzzyify, inference engine, rule base, and defuzzifier in this study is embedded
in the Raspberry Pi3. The two inputs of the Raspberry Pi3 hardware are EC sensing value
and pH sensing value, and its output is four relays to adjust high EC solution, water, acid
solution, and alkaline solution. Finally, the system pumps the adjusted mixture fluid into
the nutrient solution adjustment tank.

2.2. Design of Hydroponic Fuzzy Controller

Fuzzy control technology has been widely used in agriculture, such as district irri-
gation intelligent system [19], electro-hydraulic suspension system [20], and autonomous
navigation of wolfberry picking robot [21]. In this study, we also adopted fuzzy control
technology for automating electrical conductivity and pH in hydroponic cultivation.
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Figure 1. System architecture.

The Raspberry Pi3 development board, Arduino Uno development board, EC and
pH sensors, handheld EC and pH sensors, pumps, relays, and other hardware used in this
study are described in this section. The following describes the output pins corresponding
to the development software and the bcm2835 library used by the Raspberry Pi3 as well as
the fuzzy control rules and fuzzy membership functions.

Fuzzy control program: The program was written directly using the Geany devel-
opment environment of the Raspberry Pi3. This fuzzy control program is written in C
language. Therefore, it must be compiled with g++ for the output of general-purpose
input/output (GPIO) pins. The bcm2835 library must be downloaded for pin settings;
Python pins must not be used.

Hydroponic fuzzy controller design flow: Figure 2 presents a schematic of a hydro-
ponic system with its basic operation and the flow of the pumps, the sensors, and the four
conditioning fluids. The design process and steps are as follows.

Rule Base
i mi g Nutrient
Fuzzifier Inference | )5y 6 sifier |—» pumpc || Solution
Engine PUMP D Adjustment
(Adjusting Time) Tank
EC Value
pH Value

Figure 2. Hydroponic fuzzy controller architecture.

Step 1: Through the hydroponic system diagram in Figure 2, the system’s input and
output relationships are confirmed. (1) Input: EC sensor and pH sensor. (2) Outputs: Pump
A (high EC solution), Pump B (water), Pump C (acid solution), and Pump D (alkaline
solution). Figure 2 illustrates the structure of the hydroponic fuzzy controller.

Step 2: The fuzzy set of inputs and outputs is defined. The conditions of control are
described in vague language. EC fuzzy set: EC = {NM, NS, Z, PS, PM}. pH fuzzy set:
pH ={NM, NS, Z, PS, PM}. Four pump (A-D) fuzzy sets: pump(A, B, C, D) = {Z, PS, PM},
where NM is negative medium, NS is negative small, Z is zero, PS is positive small, and
PM is positive medium.

Step 3: The membership functions of the hydroponic fuzzy controller are designed.
The purpose of fuzzification is to obtain the degree of membership of the input variables.
The membership function for each input variable and output variable is designed. The
errors obtained are divided into large, appropriate, and small errors. Therefore, a fuzzy
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membership function must be established. A fuzzy membership function is established for
pH (acidity and alkalinity), EC (high, medium, or low) and the pump. All designed fuzzy
membership functions must pass numerous tests, as depicted in Figures 3-5. In this study,
triangular membership functions, in spite of them being different from what we elicit from
the experts, have been successfully used. Furthermore, triangular membership functions
provide the exact reconstruction of the appropriate global characteristic of the signal.

A
NM NS

RN

Figure 3. Electrical conductivity (EC) membership function.

v

A
NM NS z PS PM

\4

v

PUMP A, PUMP B, PUMP C, PUMP D

Figure 5. Pump membership function.

Step 4: The fuzzy rule base of the hydroponic fuzzy controller is designed. Table 1
contains the fuzzy rule base established in this study. The definitions of steps 2 to 5 must
be followed. The membership functions and fuzzy rules establish fuzzy rule bases.

Step 5: A defuzzification process is used to convert fuzzy sets into crisp values. In the
process of defuzzification, the center of area method is employed. The formula is used to
calculate the explicit value in seconds; ypipp is the adjustment (s) output of the pump;
upump(x) is the membership value; and x is the corresponding number of seconds of the
membership value of the pump, as shown in Equation (1).

_ fx yPUMp(x)xdx
J; wpump (x)dx

)

Ypump
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Table 1. Hydroponics fuzzy rule base.

ABCD PUMP EC Value
Output NM NS Z PS PM
PUMPAPM  PUMPA PS PUMPA Z PUMPA Z PUMPA Z
v PUMPBZ PUMPB Z PUMPB Z PUMPBPS PUMPBPM
PUMPCPM PUMPCPM PUMPCPM PUMPCPM PUMPC PM
PUMPD Z PUMPD Z PUMPD Z PUMPD Z PUMPD Z
PUMPAPM PUMPAPS PUMPAPM  PUMPAZ PUMPA Z
Ns  PUMPBZ PUMPB Z PUMPB Z PUMPBPS PUMPBPM
PUMPCPS PUMPCPS PUMPCPS PUMPCPS PUMPC PS
PUMPD Z PUMPD Z PUMPD Z PUMPD Z PUMPD Z
PUMPAPM  PUMPA PS PUMPA Z PUMPA Z PUMPA Z
pHValue 7 PUMPB Z PUMPB Z PUMPB Z PUMPBPS PUMPBPM
PUMPC Z PUMPC Z PUMPC Z PUMPCZ  PUMPC PS
PUMPD Z PUMPD Z PUMPD Z PUMPD Z PUMPD Z
PUMPAPM  PUMPA PS PUMPA Z PUMPA Z PUMPA Z
pg  PUMPBZ PUMPB Z PUMPB Z PUMPBPS PUMPBPM
PUMPC Z PUMPC Z PUMPC Z PUMPC Z PUMPC Z
PUMPDPS PUMPDPS PUMPDPS PUMPDPS  PUMPDZ
PUMPAPM PUMPAPS PUMPAPM  PUMPAZ PUMPA Z
pyy  PUMPBZ PUMPB Z PUMPB Z PUMPBPS PUMPBPM
PUMPC Z PUMPCZ PUMPCPM  PUMPCZ PUMPC Z
PUMPDPM PUMPDPM PUMPDZ PUMPDPM PUMPD PM

3. Experimental Environment
3.1. Experimental Control

The experimental control includes manual adjustment control and automatic system
adjustment control. The manual adjustment control proves that the system can be adjusted
to the required EC and pH. The system automatically adjusts the control to verify that it
fulfils the designed function. The experimental environment of the experiment was indoors,
and the ambient temperature was approximately 24 to 25 °C. The water came from the
school setting. The measurement results are presented in Table 2. For the control conditions,
the conditions that the hardware and system could withstand had to be considered. The
required EC and pH for the growth of various plants are different, and Table 3 shows the
required EC and pH for Lettuce, Strawberry, and Broccoli. In this study, the designed
system will demonstrate the regulation process of the EC and pH for the three different
plants. Four basic adjustment solutions were used, namely a high EC nutrient solution,
water, and acidic and alkaline solutions. The high EC nutrient solution increased the
EC value (when the EC value drops). Water was used to reduce the EC value. Acidic
and alkaline solutions were used to adjust the pH (Table 4). The parameter settings were
established through experimentation (described in Section 3.2) and through consideration
of the hardware limitations.

Table 2. Basic water quality conditions.

Name Parameter
Room Temperature 24~25°C
Water Temperature 24~25°C
Water EC: 04 pH: 8.13
Table 3. The required EC and pH for different plants.
Plant EC pH
Lettuce 1.0 6.3
Strawberry 1.7 6.3

Broccoli 2.1 6.3
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Table 4. Parameter setting of hydroponic nutrient solution.

Name of Nutrient Solution Parameter
High EC Solution EC:45 pH: 6.12
Water EC: 04 pH:8.13
Acid Solution EC:04 pH: 4.0
Alkaline Solution EC: 04 pH:9.0

Four experimental tests were conducted. The first included preparation tests, testing of
the pump output, and preparation of the initial nutrient solution. In Experiment 1, manual
adjustment of the initial nutrient solution was performed. The upper and lower regulatory
controls were based on the EC and pH values required by the three plants. Experiment
2 was automatic system adjustment control of the initial nutrient solution to match the
EC and pH of the three plants. Experiment 3 involved actual planting of plants. In this
experiment, lettuce was cultivated, and the growth of the plants was observed.

3.2. Modulation of the Initial Nutrient Solution

The initial nutrient solution was prepared for subsequent experimental control. Four
3-L jars individually marked “high EC”, “water”, “acid”, and “alkali” were prepared.
The purpose of the labeling was to prevent mistakes and to facilitate observation of the
operation of the system. Water was necessary to modulate the values of the parameters
listed in Table 4. Handheld sensors were used to measure and record EC and pH values.
The first jar was filled with 1 L of water, and hydroponics balanced fertilizer was added
until the EC reached 4.5. The pH was recorded. The initial components of the used fertilizer
includes nitrogen (N), potassium (K), calcium (Ca), magnesium (Mg), phosphorus (P), and
sulphur (S), and smaller amounts of the micronutrients: chlorine (Cl), iron (Fe), boron (B),
manganese (Mn), zinc (Zn), copper (Cu), nickel (Ni), and molybdenum (Mo). The second
jar was filled with 1 L of water, and nothing was added. The third jar was filled with 1 L
of water, and nitrous acid was added until the pH was 4.0. The EC value was recorded.
The fourth jar was filled with 1 L of water, and potassium hydroxide was added until the
pH was 9.0. The EC value was again recorded. Next, 250 mL of each of the solutions was
collected and mixed for use as an initial nutritional solution. A handheld sensor was used
to measure and record the EC and pH (Table 5).

Table 5. Results of initial nutrient solution mixing.

Name Parameter
High EC solution EC:4.5 pH: 6.12
Water EC: 04 pH: 8.13
Acid solution EC:04 pH: 4.0
Alkaline solution EC: 04 pH:9.0
Separately take 250 mL for mixing. EC:1.5 pH: 6.43

4. Experiments and Results
4.1. Nutrient Solution Rise and Fall Test

In this experiment, manual tests to simulate the rise and fall of the EC and pH values of
nutrient solution were conducted. As described earlier, plants require suitable EC and pH
levels. However, these values increase or decrease due to environmental factors. Therefore,
artificial manual adjustment tests must be performed for these two main parameters. A
high EC nutrient solution, water, an acid, and an alkali were used for the initial nutrient
solution. The nutrient solution had an initial EC of 1.5 and a pH of 6.43. Fertilizer was
added until the EC reached 4.5, with the pH level recorded. Water was added until the EC
fell to 0.8 (Table 6). A comparable procedure was followed for pH (Table 7) using acidic and
alkaline solutions. This control system is designed to avoid the frequent operation of the
relay to cause that the adjustment liquid cannot be neutralized. Therefore, the adjustment



Appl. Sci. 2022, 12, 405

7 of 12

frequency is set on the controller to be once every 60 s, i.e., the time interval between every
two successive measurements is set to 60 s (Tables 6 and 7).

Table 6. Simulated EC rise and reduction experiments.

Rise Reduce

EC
EC pH EC pH
Initial Value 1.5 6.43 1.5 6.44
1 1.6 6.44 1.3 6.52
2 1.7 6.43 1.2 6.60
3 1.9 6.43 1.1 6.70
4 1.9 6.40 1.0 6.73
5 2.0 6.40 1.0 6.78
6 2.2 6.39 1.0 6.82
7 2.2 6.39 0.9 6.88
8 2.3 6.38 0.9 6.90
9 24 6.37 0.9 6.95
10 2.5 6.37 0.8 6.97

Table 7. Simulated pH rise and reduction experiments.

Rise Reduce
pH

EC pH EC pH

Initial Value 1.5 6.44 1.5 6.44
1 14 6.37 15 6.44
2 1.3 6.31 15 6.45
3 1.3 6.28 15 6.46
4 1.2 6.22 15 6.47
5 1.2 6.20 15 6.48
6 1.1 6.17 15 6.49
7 1.1 6.11 15 6.50
8 1.1 6.09 15 6.51
9 1.0 6.07 15 6.52
10 1.0 6.04 1.5 6.53

4.2. Control Results Using the Fuzzy Control Method

This experiment used 25 fuzzy rules for the regulation of EC and pH for growing
lettuce, strawberry, and broccoli. In Figure 6, the results indicate that the control of the
adjustments met the set requirements.

4.3. Hydroponic Cultivation Experiment

Lettuce was selected for planting experiments, and the 25 rules were employed to
control EC and pH levels. First, germination of the seeds was performed. When the
seedlings had grown to a length of approximately 2 cm, they were transplanted to a
controlled or uncontrolled system and observed.
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Figure 6. Results of the control of lettuce, strawberry, and broccoli by using 25 fuzzy rules. (a) Lettuce-
EC; (b) Lettuce-PH; (c) Strawberry-EC; (d) Strawberry-PH; (e) Broccoli-EC; (f) Broccoli-PH.
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4.3.1. Controlled Plants

The controlled system is depicted in Figure 7. A plant-specific light source with red
and blue (R: 660 £ 30 nm and B: 430 &+ 30 nm) ratios was installed above the plants for
photosynthesis. The plant’s growth is detailed in Figure 8 and Table 8. The maximum leaf
width of the controlled plants was 5.9 cm.

Figure 7. Planted in the system.

R

Maximum Leaf Width 5.9 cm

Figure 8. Results of initial nutrient solution mixing.
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Table 8. Controlled plant growth and systematic observation.

Number of  Average Number of  Average Length

Date EC (m/cm) pH

Plants Leaves of Plants (cm)
1 Day 5 2.8 14 1.0 6.6
3 Day 5 3.8 2.2 1.0 6.3
5 Day 5 4.0 2.96 1.0 6.3
7 Day 5 4.6 5.38 1.0 6.6
9 Day 5 54 6.32 1.0 6.4
11 Day 5 6.4 7.8 1.0 6.4
13 Day 5 7.0 8.4 1.0 6.3
15 Day 5 7.6 10.4 1.0 6.4
17 Day 5 8.4 12.2 1.0 6.4
19 Day 5 9.4 13.84 1.0 6.4

4.3.2. Uncontrolled Plants

Seedlings were also transplanted into an uncontrolled system for comparison. The
differences between the two groups are presented in Table 9. The maximum leaf width
of the controlled plants was 5.9 cm. Because there was no more water, nutrient solution
was added on the 15th day. Figures 9 and 10 present comparisons of the controlled and
uncontrolled EC and pH values. The results for the controlled system were more favorable.

Table 9. Uncontrolled plant growth and observation system.

Number of  Average Number of  Average Length

Date Plants Leaves of Plants (cm) EC (m/cm) pH
1 Day 5 3 1.48 0.9 6.50
3 Day 5 4 2.1 0.9 6.56
5 Day 5 4 2.82 1.1 6.52
7 Day 5 4.2 494 1.1 6.65
9 Day 5 5 5.88 1.1 6.68
11 Day 5 6 6.8 1.2 6.60
13 Day 5 6.8 8.58 1.2 6.62
15 Day 5 7.6 10.5 1.5 6.72
17 Day 5 8 11.9 1.1 6.82
19 Day 5 9 12.94 1.2 7.54

Lettuce Plant Controlled / Uncontrolled
1 .: T T T T T T

—e—Controlled
—Uncontrolled

1.41

EC Value

M 3 5 7 9 11 13 15 17 19
Day

o
(o]

Figure 9. Comparison of lettuce EC values over 19 days.
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Lettuce Plant Controlled / Uncontrolled
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pH Value

1 3 5 7 9 1" 13 15 17 19

Figure 10. Comparison of lettuce pH values over 19 days.

5. Discussion

This study proposes a fuzzy logic controller for adjusting the EC and pH of the nutrient
solution in a hydroponic system. Furthermore, a Raspberry Pi3 development board was
used in the proposed control system to realize and solve the problem of adjusting the EC
and pH of the solution. The advantages of this study are summarized as follows. First, this
study designed a fuzzy logic controller in hydroponic cultivation system. The inputs of the
controller are the EC and pH of the nutrient solution to infer the appropriate EC and pH by
the design fuzzy logic controller. Second, the designed fuzzy controller is embedded in
the Raspberry Pi3 hardware. The inputs of the hardware are connected to the EC sensor
and the pH sensor. The output is connected to four relays to pump high EC, water, acid
solution, and alkali solution to compound a suitable nutrient solution for plants. Third, it
can be shown that the designed fuzzy controller can successfully compound a suitable EC
and pH for plants and can grow larger leaf plants in the experimental results.

6. Conclusions

In this study, a hydroponic system was designed to control EC and pH values by using
a fuzzy logic controller. To enable plants to flourish, the EC and pH levels of the nutrient
solution must be maintained at specific values. The proposed system can detect the EC and
pH of nutrient solution in a storage tank through sensors at any time and thus reduce the
measurement burden on producers and the complex calculations required to adjust the
solution. The proposed system can provide producers with effective control and reduce
labor requirements.

In future work, we will consider the size and diversity of plants. Plants have different
EC and pH requirements at different growth stages. In addition, we will use image
technology to determine the plant scale and diversity in future work. Thus, after the
addition of image recognition, the system can be expanded, and two or more plant types
can be grown.
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