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ABSTRACT

This research demonstrates the design and implementation of an automated hydroponic system
allowing soil-less growth of crops for efficient resource consumption and improved yield and
productivity as compared to conventional farming. Hydroponics refers to the water-based
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cultivation method in which plants are grown in a solution with calculated nutrient quantities
for individual crops. With the increasing global demand for food security as well as the decline
in arable land, hydroponic systems offer a better alternative to meet agricultural needs in both
urban and rural settings. The designed system consists of sensors such as pH sensor and EC
sensor, an ESP32-WROOM32 microcontroller-based control unit, and automated actuators to
continuously monitor and regulate key parameters. Automation of the nutrient solution is done
through a closed-loop control of pH and EC of the solution where the sensors provide real-time
feedback to the controller, which compares measured values with predefined crop-specific
stan-dard EC and pH ranges. On the basis of these parameters, dosing pumps are used to add
required quantities of acid, base, or concentrated nutrient solutions to compensate for
deviations in the nutrient rich solution. Calibration routines are set at periodic time intervals to
ensure that the sensor accuracy and prolonged system reliability is attained. By minimizing the
amount of water used and optimized nutrient delivery, the proposed system presents a scalable
and sustainable solution for modern agriculture.

Keywords: closed loop algorithms, dosing, ESP32, EC, hydroponic, pH

1. INTRODUCTION

Hydroponics requires constant monitoring and utmost precision, which is difficult to achieve
through manual labour, but is generally done manually. Parameters such as pH, EC, and
humidity differ from plant to plant, which must be provided with a minimum tolerance. Even
small deviations, if unnoticed for a longer time, which is very likely with manual models, can
cause nutrient deficiencies, root stress, and ultimately crop loss. Also, in a manual system, logs
and feedback in real-time are unavailable. All the mentioned cases affect the overall efficiency
of crop production. Although automation in hydroponics has been around for some time, the
existing systems lack stability aware dosing methods and threshold-based control strategies
which is also suitable for low cost embedded systems.

Designed specifically for lettuce to ensure precise control during experimentation, this hydro-
ponic automation system utilizes a closed-loop pH and EC control mechanism to guarantee
accurate nutrient distribution. By integrating automated pumps and sensors, it significantly
minimizes human interaction, thereby reducing the potential for manual errors. This robust
system is highly applicable in regions facing land or water scarcity, while its affordability and
scalability make it an ideal solution for small farms, home systems, and educational institutions
alike. Ultimately, the system promotes sustainable farming practices through the highly
effective utilization of water and nutrients.

2. LITERATURE REVIEW

Gericke’s 1937 study [1] demonstrated that plants could grow and complete their life cycle
with roots submerged in a nutrient-rich solution, supporting the commercial feasibility of
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soilless farming. This study established the foundation for the field of hydroponics and laid the
foundation for modern Controlled Environment Agriculture (CEA). Through this foundation,
Savvas and Gruda [2] highlighted that soilless cultivation technologies delivered higher crop
production, uniform plant growth, and significantly reduced soil quality dependency. Barbosa
et al. [3] then conducted a comparative analysis of lettuce production, strengthening the case
for hydroponics. The comparison between hydroponic and conventional farming methods
showed that hydroponics can reduce water consumption by 70-90% through the recirculation
of nutrient solutions, minimizing losses from evaporation and percolation. Trejo-T¢llez and
Goémez-Merino [4] further elaborated on the principles of direct ionic nutrient delivery to the
roots and the formulation of nutrient solution, emphasizing the importance of maintaining the
pH of the solution within a slightly acidic range of 5.5 to 6.5 for most crops to achieve optimal
nutrient availability and overall plant performance.

Hansen [5] further investigated the operational complexity of hydroponic systems, analyzing
the interdependence between pH and Electrical Conductivity (EC), and warned that imbalances
in either parameter can result in osmotic stress, nutrient lockout, deficiencies, or toxicities that
directly affect yield and crop quality. Expanding the scope of comparison, Nam et al. [6]
investigated the effects of nutrient solution cooling on leaf lettuce in hydroponic systems. This
established the importance of precise environmental and solution parameter management to
maintain consistent root-zone conditions and healthy crop development. Finally, Kumar et al.
[7] provided a comprehensive review of IoT as a transformative technology, concluding that
IoT-based frameworks substantially enhance system traceability, offer robust decision—%giport
capabilities, enable continuous remote monitoring without physical presence, and open
pathways for integrating advanced predictive control techniques including machine learning
models for data-driven optimization in modern hydroponic applications.

3. METHODOLOGY

A. System Overview

The automated hydroponic system is designed to maintain nutrient level and environmental
conditions through continuous monitoring and closed loop control. It consists of three sensors
which are pH, TDS, and temperature and humidity sensors, an ESP32 based control unit, and
cloud-based monitoring to regulate pH, EC, and humidity for hydroponic crop cultivation. The
entire system is powered by an AC power supply.
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Figure 1. Block Diagram

B. Working Principle

The experimental procedure of the proposed design is performed using an automated setup that
operates in crop growth cycles of lettuce (Lactuca sativa). Lettuce is a suitable crop for
hydroponic cultivation as it has a short growth cycle, a comparatively low demand for nutrients,
and is resistant to significant parameter variations in nutrient solutions such as pH and EC. This
design consists of a closed-loop automated control of pH and EC based on the predefined
setpoints provided for the crop. Saplings are first transplanted into the hydroponic system.
During the experimental period, the system monitors the parameters of the nutrient solution in
intervals of 10 minutes and reacts autonomously through corrective dosing according to the
deviation from the specified range of pH and EC. Furthermore, stabilization delays are applied
after each dosing process to allow the nutrients to mix uniformly before measurements are
taken. During each dosing event, the system introduces a priority-based control sequence in
which EC is balanced before adjusting pH. This is because the concentration of nutrients in the
solution influences the acidity of the solution. Conventional IoT based hydroponic systems
generally enforce immediate threshold triggered nutrient dosing, where corrective dosing is
applied as soon as parameter deviations are detected. In such cases, the delay in mixing is
overlooked, leading to nutrient overshoot. To solve this problem, a stabilization delay and
threshold based control is implemented in the system.

C. Hardware Schematic Design
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Figure 2. Schematic Diagram

The hardware schematic shows the electrical connections between the sensing, control, actua-
tion, and power subsystems of the system. The ESP32 serves as the controller, which interfaces
with the sensors to acquire reading in real time . Based on these readings, the ESP32 controls
the nutrient dosing pumps and the exhaust fan through the MOSFET driver circuits. A 12 V
DC power supply and LM2596 buck converter provide the required operating voltages for all
components. The modular schematic design ensures reliable operation, ease of maintenance as
any component can be easily repaired or replaced, and future scalability of the system.

A PCB (Printed Circuit Board) was fabricated based on the above schematic, bringing all

electronic hardware components together for ease of debugging, and fast repair or replacement
if needed.

D. Implementation details

pH Monitoring and Calibration

Instead of measuring just the raw electrode voltage directly, we performed a three point
calibration by immersing the pen type pH meter into standard buffer solutions of pH 4.00, 6.86,
and 9.18 provided with the meter. Linear interpolation between the data points to calculate the
constants forms a line of best fit describing the relationship between the electrode voltage and
the actual pH of the solutions, the MID_PHyv i.e. measured electrode voltage at pH 7, was used

as such in the following equation to convert voltage readings from the ESP32’s ADC to
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corresponding pH: -

[P MID_PH v — pH_raw_v
P = 7 TTCALIBRATION FACTOR

where,

PpH = calculated acidity or alkalinity of the solution,
MID _PHyv = reference midpoint value in volts at ph 7,

pH rawv = raw sensor reading in volts,
CALIBRATION FACTOR = constant used for calibration.

The optimal pH range for lettuce was 5.5-6.5 pH but was kept at 6.0-6.5 pH to avoid
overdosing. A pen-type pH meter was used to measure the pH of the solution at any given time.
When the pH reading exceeded the threshold of 6.5, a certain amount of acid was automatically
dosed into the 15-liter reservoir that held the solution. The acid used to lower the pH was
Phosphoric acid solution with a pH of 1.4. The volume of acid to be dosed was calculated to
be 0.15 ml through the dosing pump runtime, the pH of the Phosphoric acid, and the volume
of the solution which were 250ms, 1.4, and 15 liters respectively.

TDS Monitoring

For TDS monitoring, a conductivity probe was connected to the TDS module, which outputted
an analog signal. The TDS sensor measured Total Dissolved Solids concentration by
converting the electrical conductivity measurement into TDS. The conversion of electrical
conductivity into TDS is done by:

TDS = EC * k )

Where, k = conversion factor ranging 0.4 to 0.7

The optimal TDS range for lettuce was 560-840 ppm but it was kept at 630-690 ppm to avoid
overdosing as well as constant dilution. When the TDS of the solution was lower than the
threshold of 630 ppm, dosing pumps were activated automatically. The nutrient solution dosed
to increase TDS was prepared from NPK 19-19-19, Calcium Nitrate, Epsom Salt and distilled
water. Two solutions A and B were prepared and stored in wash bottles.

A priority-based control strategy was implemented in which TDS correction was always per-
formed prior to pH adjustment. In this way, the interaction between changes in the
concentration of nutrients and the acidity of the solution is isolated, improving the stability of
the overall system and reducing the possibility of repeated corrective actions.

IoT Communication and Data Logging
To provide monitoring as well as analysis, an Internet of Things (IoT) communication frame-

work was integrated. The Wi-Fi module of the ESP32 microcontroller was used to establish
communication with a cloud-hosted backend. Sensor readings were transmitted in the periodic
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interval of 10 minutes using HTTP requests and stored using a cloud database. The record
consists of parameter values such as pH and TDS as well as timestamps, which helps to provide
information for the analysis of the system performance. Data collection also provides helpful
information for understanding nutrient consumption patterns and dosing activity during the
entire crop cycle.

A web-based dashboard acts as the user interface for monitoring the current parameters and
provides a control panel for the hydroponic system. It provides real-time sensor readings in the
form of cards and graphs as well as past readings to a certain extent. It also allows configuration
of the thresholds of control parameters and dosing pump duration.

4. RESULTS

The pH fluctuation graph recorded over 1 week (168-hour period) demonstrates that the closed-
loop control system works consistently within the optimal range of 6.0 to 6.5 for lettuce
cultivation. A recurring sawtooth pattern is observed, which is characteristic of threshold-based
control. In each cycle, the pH increases gradually due to the absorption of anions such as nitrate
and phosphate by the lettuce roots as a result of the nutrient dosing, which progressively
alkalizes the solution. When the pH reaches the set limit of 6.47, the acid dosing pump is
activated, which delivers a measured quantity of pH-down solution that brings the value down
to approximately

6.1 to 6.2 (dashed red line on the graph), then after some time the natural gradual upward drift
can be seen again after the observed sharp drop occurred due to adding acidic pH solution.

pH fluctuation over a week
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Figure 3. pH Fluctuation Graph over a week
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Figure 4. pH stability daily box plot distribution over a week

The following figure represents the interpolated line of best fit for pH estimation obtained by
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measurement of electrode voltages in 3 respective buffer solutions with values:

pPHa4.00 = 1.3353V, pHese = 1.1871V, pHog.13 = 1.0666V

y=-0.0649x+1.6256
08

2 4 3 8 10 12

Figure 5. Electrode voltage vs pH interpolation

By interpolation we obtained MID PHy = 2.08V which was later used to map voltage values to
pH using equation (1).

TDS deviation over a 1 week time period was studied. During the first 40 hours, a steep
continuous decline was observed from ~780 units to ~640 units i.e. a drop of ~140 units before
the first dosing correction event occurs. The decline is slightly steeper than the expected

~65 units drop per day for mature stages of lettuce, and is attributed to the initial TDS value
being in the upper quarter of the threshold range. From 40 hours onward, a sawtooth oscillation
is observed between the ranges of approximately 630 to 690 units, demonstrating activation of
the nutrient dosing pump at 640 units (dashed red line) to compensate for the decline caused
by plant uptake and evaporation. When a dosing event occurs, it produces a sharp upward
correction of 30 to 60 units. After some time, a gradual decline can be observed as nutrients
are consumed by the plants.
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Figure 6. TDS Fluctuation Graph over a week

The bar graph below shows the comparison between the performance of the hydroponics

system before and after automation. The comparison is done across four selected performance
indica-tors; pH deviation, EC deviation, monitoring frequency, and frequency of manual
intervention.
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Figure 7. Before vs After Automation - Performance Comparison
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The table below summarizes all obtained improvements of the designed system.

Table 1. System performance vs benchmark targets

. Manual System .
S.N. | Performance Metric (Reference) Designed System
pH deviation (% units)
1 0.6-12 0.30-0.38
EC deviation (+
2 eviation (3 ppm) 150 - 300 30 - 60
3 | Monitoring frequency 2 - 4x/day 144 x/day
pH correction time (min) 30-120 5-10
5 | EC correction time (min) 30-120 5-10
~(.3
6 | Human labour (h/week) 4-8
; Sensor accuracy - pH (%) +0.2 typical +0.1
+5% typical +2.5%
8 | Sensor accuracy - TDS (%)

5. FUTURE WORK

Future work will focus on upgrading the system by multiple crop support as well as adaptive
setpoints based on crop growth stages, which increases the applicability. Machine learning-
based predictive control can be added to predict nutrient consumption, optimize dosing
schedules, and detect sensor anomalies such as calibration drift before they affect the
performance. Additionally, integrating automatic calibration and using industrial-grade sensors
will improve measurement accuracy and reliability. Also, the development of a dedicated
mobile application with real-time monitoring, alerts, and remote control capabilities will
further enhance system usability and provide availability of scalable and practical hydroponic
applications.

6. CONCLUSION

The designed system for hydroponic crop production demonstrated the integration of
embedded systems, sensing technologies, and IoT based data management to mitigate the
drawbacks of traditional hydroponic systems. The developed system has managed to achieve
closed loop control to control key nutrient parameters, namely pH and electrical conductivity
(EC) with significantly reduced human interaction.

An important advancement made by this system is the implementation of a threshold-based
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closed loop control strategy with stabilization delay, which is most appropriate to use in the
hydroponic systems with a slow response. Compared to traditional PID-based techniques, the
offered method is simpler to compute and avoids issues such as overshoot and oscillations,
making it highly suitable for low cost microcontroller platforms.

Over a 1 week(168 hour) validation period of 1 week, the system maintained pH within a
deviation of +0.38 units and EC within £60 units of their respective setpoints compared to

+0.8 pH units and +£180 EC units for manual systems, satisfying the defined requirements of
+1.0 pH units and £200 EC units respectively. The correction response is applied correctly
across the week without any of the values crossing the defined boundaries for a prolonged
duration. Monitoring frequency increased from >4 manual checks per day to 144 automated
readings per day, while operator intervention was reduced from an estimated 4 - 8 hours per
week to 0.3 hours per week. Corrective response for both pH and EC deviations was
consistently achieved within 5 - 10 minutes of threshold breach.

Some hardware limitations like the instability of ADC pins and sensor drift during testing were
identified. The most significant of these was the progressive drift of the commercial pen-type
pH electrode under continuous immersion, which necessitated manual recalibration every four
days and poses the primary reliability risk for long term unattended operation of this whole
system.
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