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Abstract

Water scarcity remains the primary limiting factor for agricultural productivity, a crisis severely
compounded by the systemic mismanagement of water resources via conventional irrigation practices.
In arid and semi-arid zones such as Jodhpur, Rajasthan, traditional surface and flood irrigation methods
incur unsustainable water losses through evaporation, surface runoff, and deep percolation. Even
conventional drip irrigation frameworks fall short, as their fixed delivery rates cannot adapt to dynamic
environmental variables. To resolve these inefficiencies, this paper details the design, architectural
framework, and prototype development of a Solar-Powered Smart Soil Moisture-Based Automated
Drip Irrigation System designed for autonomous, real-time water management. Developed and
empirically assembled at the College of Technology and Agricultural Engineering (CTAE), Agriculture
University, Jodhpur, the system features a robust, decentralized hardware architecture. It is fully
energized for off-grid deployment via a 30W SURYA solar photovoltaic panel integrated with a
LUMINOUS charge controller to regulate power distribution. The core automation engine is powered
by an ESP32 microcontroller, operating on a primary closed-loop feedback mechanism. This loop
interfaces with a capacitive soil moisture sensor to continuously track volumetric water content (VWC),
automatically activating a 12V PROMAXX diaphragm pump when VWC drops below a critical
threshold of 60%, and terminating delivery once full saturation (100% VWC) is reached. Based on
comparative evaluative benchmarks with published smart irrigation systems, the developed prototype is
projected to achieve a 30-40% reduction in water consumption relative to standard drip irrigation
systems. Ultimately, this integration of edge computing, adaptive dual-layer sensor logic, and solar
utility offers a highly scalable, sustainable solution for precision agriculture in hyper-arid
environments.

Keywords: Smart agriculture, ESP32 microcontroller, precision drip irrigation, dual-layer sensor
automation, solar photovoltaics, water resource optimization

1. Introduction
Agriculture serves as the definitive backbone of the Indian economy, engaging nearly 50% of
the national workforce and contributing approximately 18% to the country’s Gross Domestic
Product (GDP). However, this vital sector faces severe resource strain, consuming an
estimated 80-90% of India’s total freshwater resources. Consequently, optimizing
agricultural water management has transitioned from being a mere economic consideration to
a critical imperative for national food and resource security. As groundwater reserves rapidly
deplete nationwide, the development and deployment of high-precision irrigation
technologies have acquired profound urgency.
This ecological crisis is most pronounced in Rajasthan, India’s largest state by geographical
area. Characterized by severe water scarcity, extreme seasonal temperature variations, and
high evapotranspiration rates, Rajasthan receives an average annual rainfall of just 313
mm—among the lowest in the country especially in the western region. The situation
intensifies in the western arid zone encompassing Jodhpur, where annual rainfall averages a
meager 360 mm, and ambient summer temperatures routinely cross 45°C. Under these hyper-
arid environmental conditions, traditional surface and flood irrigation methods are
aggressively inefficient, suffering massive water losses through rapid evaporation, surface
runoff, and deep percolation.
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Such conventional practices are economically and
environmentally unsustainable, particularly for smallholder
farming communities with restricted resource access.
Micro-irrigation techniques, specifically drip irrigation,
mitigate these losses by delivering water directly to the crop
root zone at controlled, low-volume discharge rates. While
standard drip systems drastically out-perform flood or
sprinkler methods, conventional iterations are bound by
rigid limitations. They rely predominantly on fixed delivery
schedules or manual, subjective operator judgment. Because
these legacy systems cannot adapt dynamically to real-time
changes in soil moisture profiles or transient microclimatic
fluctuations, they frequently induce either under-irrigation—
which imposes moisture stress and hampers crop yields—or
over-irrigation, which causes water waste, energy loss, and
the leaching of critical soil nutrients.
To surpass these rigid limitations, contemporary agricultural
engineering has increasingly turned to sensor-based
automation and microcontroller technology. Integrating
capacitive soil moisture networks with low-power, high-
performance microcontrollers like the ESP32 allows for
real-time edge computing and fully autonomous irrigation
sequencing.

By executing automated irrigation cycles based strictly on

empirical soil metrics, human error is eliminated, and water-

use efficiency is significantly boosted. Furthermore, when
coupled with solar photovoltaic (PV) technology, these
intelligent networks can operate completely off-grid. This is

a crucial attribute for rural Rajasthan, where reliable grid

electricity remains a primary barrier to modernizing

agricultural infrastructure (Zhong et al., 2026, Ullah et al.,

2026) 121,

The developed prototype establishes a highly responsive,

multi-tiered  architecture to achieve optimal water

conservation

e Primary Control Loop: Operates via an ESP32
microcontroller and a capacitive soil moisture sensor,
continuously monitoring Volumetric Water Content
(VWC) to activate a 12V PROMAXX diaphragm pump
when moisture drops below a pre-defined 60%
threshold, and shutting it off at 100% saturation.

e Secondary Adaptive Layer: Incorporates a DHTI11
atmospheric sensor that actively throttles irrigation
volumes by up to 35% under critically low ambient
humidity conditions to mitigate immediate evaporative
loss.

e System Safeguards: Integrates a LEYDEN digital
timer as a hardware-level runtime fail-safe alongside a
16x2 LCD module for continuous localized telemetry.

e Fluid Dynamics Innovation: Introduces a novel,
modular tri-nozzle drip emitter button featuring an anti-
clogging internal architecture and quick-connect
capabilities, making it uniquely suited for diverse,
mixed-cropping layouts.

e Off-Grid Power Infrastructure: Powered entirely by
a 30W SURYA solar PV panel and managed via a
LUMINOUS charge controller.

By integrating adaptive dual-layer sensor logic with a
custom-engineered emitter array, this system offers a
scalable blueprint for precision agriculture. Based on
performance benchmarks of comparable published
automations, the system is projected to yield an immediate
30-40% water savings over conventional fixed-rate drip
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irrigation setups, presenting a viable, sustainable framework
for resource-stressed agricultural zones (Al-Hamdani et al.,
2026) 61,

1.2 Problem Statement and Research Motivation

The development of the proposed solar-powered automated

drip irrigation system was prompted by several critical

deficiencies inherent to conventional irrigation practices in
the hyper-arid regions of Western Rajasthan:

e Inefficiencies of Traditional Methods: Conventional
flood and furrow irrigation practices result in severe
water losses of 40-60% through surface runoff and deep
percolation. In  the chronically  water-scarce
environment of Jodhpur, such volumetric losses are
ecologically and financially unsustainable.

e Static Nature of Standard Drip Systems: Standard
drip systems, while structurally superior to flood
irrigation, deliver water at rigid, predetermined rates.
Lacking real-time feedback from the soil, they trigger
over-irrigation during low-temperature or post-rainfall
periods, and cause under-irrigation during peak
evapotranspiration windows.

e Labor Dependency and Human Error: Manual
scheduling of irrigation cycles is highly prone to human
error, inconsistency, and high labor costs. The resulting
erratic watering cycles subject crops to moisture-stress
anomalies, directly degrading yield and overall water-
use efficiency (WUE).

e Grid Dependency and High Capital Cost:
Commercial smart irrigation systems currently available
on the market are prohibitively expensive for
smallholder farmers in rural Rajasthan. Furthermore,
they depend almost exclusively on grid electricity,
making them functionally useless for off-grid, remote
fields.

e Emitter Vulnerabilities: Conventional drip emitter
buttons operate at non-adjustable flow rates and are
highly susceptible to physical clogging from suspended
soil particles and chemical clogging from dissolved
mineral salts (scaling). This severely limits their
application in multi-crop layouts with diverse water
demands.

e Climatic Constraints of Western Rajasthan: The
extreme summer ambient temperatures (frequently
exceeding 45°C) coupled with characteristically low
relative humidity in Jodhpur trigger rapid soil moisture
depletion through evapotranspiration. This
microclimatic pressure demands continuous, adaptive
sensor tracking to sustain crop health.

These interconnected challenges establish a clear, urgent
need for a low-cost, solar-powered, fully automated
irrigation system. Such a system must respond dynamically
to real-time soil and atmospheric parameters, operate
independently of the electric grid, and adapt easily to the
agro-climatic constraints of western Rajasthan. This project
directly addresses these deficiencies through the integrated
design of sensor-based automation, decentralized solar
energy utilization, and novel modular emitter technology
(Ali et al., 2026, Wang et al., 2026) 541,

2. Materials and Methods
2.1 Experimental Site and Environmental Conditions:
The development, integration, and physical assembly of the
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automated drip irrigation prototype were conducted at the
College of Technology and Agricultural Engineering
(CTAE), Agriculture University, Jodhpur, Rajasthan, India.
The region is geographically situated in the western arid
zone of India, characterized by hyper-arid soils, a deep

https://www.biochemjournal.com
groundwater table, high solar irradiance index, and extreme
atmospheric evaporative demand during summer cycles
(Bhattacharya et al., 2026) B1.

2.2 Hardware component used for the Smart Irrigation

Table 1: Engineering Specifications, Component Topology, and I/O Pin Mappings of the Automated Drip Irrigation Prototype.

S. System Technical Engineering Specific Functional Role &
No.| Component Specifications Interface Mapping
Module Type: Polycrystalline Silicon Primary photovoltaic energy
Solar PV Panel Peak Power (Pmax): 30 W (£3% tolerance) harvester.
1. (SURYA SS Voltage at Pmax (Vmp): 17.5 V DC Mounted at a fixed 26° tilt angle facing true South
30) : Current at Pmax (Imp): 1.71 A (optimized for Jodhpur coordinates).
Open-Circuit Voltage (Voc): 21.5V DC Interfaces via MC4 connectors to the solar charge
Short-Circuit Current (Isc): 1.92 A controller input terminals.
Topology: Pulse Width Modulation (PWM) Performs three-stage battery charging (Bulk,
Solar Charee System Nominal Voltage: 12 V DC Absorption, Float).
5 Con trolle% Max Charging / Load Current: 10 A 12V DC load output terminals supply the primary
’ (LUMINOUS) Overcharge Protection Cutoff: 14.4V pump loop via the LEYDEN timer.
Deep Discharge Protection (LVD): 11.0 V 5V USB output provides regulated, isolated logic
Auxiliary Output: 5 V DC USB port (1.0 A rating) power to the ESP32 development board.
Operating Voltage: 12 V DC nominal (9-14.4 V range) Drives fluid distribution through the drip laterals.
Current Consumption: 3.5 A continuous (5.0 A max peak) Features an internal automatic pressure demand
3. | Water Pump Open Flow Rate: 9.0 L/min (2.38 GPM) switch and thermal overload protection (85°C
(PROMAXX) Cut-off Pressure: 200 PSI (1.38 MPa) threshold).
Priming Capability: 2.0 m vertical suction lift Controlled via a 5V optocoupler-isolated relay
Pump Type: Positive-Displacement Diaphragm Pump module connected to ESP32 GPIO Pin 25.
Central edge processing unit executing the
. Core Architecture: Tensilica Xtensa Dual-Core 32-bit LX6 algorithmic decision loops.
Microcontroller ) .
4 Node Clock Frequency: 240 MHz Samples raw inputs from sensors, maps data
’ (ESP32 Operating Voltage: 3.3 V DC logic (5 V VCC input) variables, updates local displays, and coordinates the
ADC Resolution: 12-bit SAR ADC (configured with attenuation) ump actuation sequence.
WROOM-32) gt pump q
Wireless Connectivity: 2.4 GHz Wi-Fi (802.11 b/g/n) & BLE v4.2| Implements low-power standby routines between
polling cycles.
Measurement Methodology: Capacitive Frequency Domain (FDR) MOIIItOI'S. rea -time s1.1bsurface water a\{allablhty
. within the active crop root matrix.
Operating Voltage: 3.3-3.5 V DC Positioned vertically at a standardized depth of 15
5. | Soil Moisture Output Voltage Signal: 0-3.0 V DC analog mapping Y om P
) S 100 . 0 .
Sensor Operational Range: 0 190 % Vo.lumetrl.c Water Contqnt (%VWC) Analog pin connected to ESP32 GPIO 34 (ADCI
Electrode Protection: Corrosion-resistant double-sided PCB . . .
. Channel 6) using an internal 11dB attenuation
masking .
setting.
. Communication Interface: Proprietary Single-Wire Digital Bus Provides atmospheric mlcrocl.lmgtlc tracking to feed
Ambient . ) the secondary evapotranspiration defense loop.
. Operating Voltage: 3.3-5 V DC . .
6. climate - o o Mounted externally beneath an aspirated radiation
Sensor Temperature Range / Accuracy: 0-50 °C (£2.0 °C) shield
o 50000 o/ : . .
(DHT11) Humidity Range / Accura'cy. 20-90% RH (£5.0% intermediate) Digital data pin connected directly to ESP32 GPIO
Sampling Frequency: 0.5 Hz (one read per 2 seconds) Pin 4
Display Format: 16 Chzia;crfcr:e:S)Z Rows (5x8 dot matrix Provides continuous on-site telemetry readouts
. . o ) o .
Alphanumeric |1, oo 10 11D44780 compliant with PCF8574 12C adapter | (MOisture%, Ambient Temp, and%%RH) for visual
7. | Display (LCD backpack system inspection.
1602 with 12C) . p ) Interfaces via the standard 12C bus: SDA mapped to
Operating Voltage: 5 V DC GPIO 21, SCL mapped to GPIO 22
12C Bus Address: Variable (0x27 or 0x3F) ’ PP :
Digital Supply Voltage: 12 V DC nominal Configured in series with the pump supply line as an
Hardware Switching Capacity: 16 A resistive at 12V DC uncoupled mechanical fail-safe.
8. Timer Power Consumption: <4.5 VA standby Limits continuous pump operation to a maximum
(LEYDEN TM- Minimum Switching Interval: 1 Minute runtime cutoff of Tmax = 15 minutes to prevent
619) Memory Backup: Integrated 1.2V Ni-MH rechargeable cell over-saturation in case of firmware freeze.
. .| Intellectual Property: Registered Design Patent No. 485802-001 Splits primary ﬂoow into three radial streams spaced
Tri-Nozzle Drip . ; . . . at 120° around the crop stem.
. Discharge Type: Pressure-Compensating (PC), Anti-Clogging : . .
Emitter . ) Features an internal, high-turbulence labyrinth
9. (Patented Flow Regulation Range: 0-8.0 L/h per nozzle cluster athway to prevent mineral precinitation
Operating Pressure Range: 0.05-0.35 MPa (7.25-50.7 PSI) | pataway top precip :
Component) . o . . Fitted directly onto 16 mm outer-diameter LDPE
Mechanical Fitting: 4 mm barbed quick-connect inlet collar .
lateral pipelines.
. Electrochemistry: Sealed Lead-Acid (SLA), AGM Technology Serves as t.he primary system energy buffer.
Lead-Acid Nominal Voltage: 12 V DC Delivers low-impedance current surges required to
10. Battery Rated Storage Capacity: 7.2 Ah at a 20-hour discharge rate (C20) overcome the pump motor's initial inductive starting
(SATELEC h ] torque.
SLA) Max D¥scharge Cu@ent. 100 A for 5 seconds Supplies system power during cloud cover and
Terminal Connection: F1 / F2 Faston tabs o
nocturnal monitoring phases.
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2.3 System Architecture and Hardware Integration
The smart irrigation system is structured around three

https://www.biochemjournal.com

monitoring/control, and fluid distribution. A centralized
schematic demonstrating the physical component integration

primary functional layers: power generation, is illustrated below.
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Fig 1: System circuit wiring schematic with ESP32.

2.3.1 Photovoltaic Power Infrastructure

To establish independent, off-grid functional capacity, the

system is energized by a dedicated Solar Photovoltaic (SPV)

power unit consisting of:

e Solar PV Generator: A 30W SURYA polycrystalline
silicon PV panel designed to maximize solar-to-
electrical energy conversion under high ambient
operating temperatures.

e Power Regulation: A LUMINOUS Pulse Width
Modulation (PWM) solar charge controller (12V, 10A)
configured to manage power output, charge storage
reserves, and prevent battery degradation from
overcharging or deep-discharge cycles.

2.3.2 Processing and Edge-Control Unit

The logic processing core consists of an ESP32
microcontroller board featuring a dual-core Tensilica Xtensa
32-bit LX6 microprocessor operating at 240MHz. The
ESP32 is selected for its high processing speeds, ultra-low
power modes, and rich array of multi-channel 12-bit
Analog-to-Digital Converters (ADCs) necessary for precise
analog sensor interfacing.

2.3.3 Fluid Actuation and Hydraulic Components

e Pumping Element: A 12V DC PROMAXX self-
priming diaphragm pump designed for high-pressure
micro-irrigation flow delivery.

e Hydraulic Network: 12 mm outer diameter (OD) low-
density polyethylene (LDPE) lateral lines supplying
water directly to the crop root zones.

e Custom Emitters: Custom-engineered, modular tri-
nozzle drip emitter buttons. Each emitter is designed
with an internal turbulence-inducing labyrinth path to
prevent sediment clogging, a manual valve to adjust
localized flow rates, and a quick-connect mechanism
for rapid field maintenance.

2.4 Sensor Subsystems and Calibration

To feed real-time environmental metrics into the ESP32
processing engine, the prototype utilizes two distinct sensor
clusters.

2.4.1 Capacitive Soil Moisture Sensing

Rather than relying on legacy resistive-type soil moisture
sensors—which suffer from rapid electrode corrosion due to
oxidation and galvanic reactions—the system uses a
corrosion-resistant capacitive soil moisture sensor. The
sensor measures volumetric water content (VWC) indirectly
by monitoring the changes in dielectric capacitance of the
soil medium.

To convert the raw analog output voltage (Vou) from the
sensor's 12-bit ADC interface (0 to 4095 levels) into a
calibrated Volumetric Water Content percentage (%VWC),
a linear regression model was established using gravimetric
oven-drying tests of Jodhpur sandy loam soils:

ADCgry—=ADCreqq
ADCgyy—ADCyet

%VWC = ( )x 100

Where:
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e ADCyy is the sensor output value in completely dry semiconductor sensor module is incorporated to sample the

soil. ambient microclimate at 1Hz. The sensor features a
e ADC,, is the sensor output value in fully saturated soil. resistive-type humidity measurement component and an
e ADC, ey is the real-time sensor output value. NTC thermistor, outputting a calibrated digital signal

containing the ambient temperature (°C) and relative
2.4.2 Atmospheric Microclimate Monitoring: A DHTI11 humidity (% RH).

30.00 1 o4vWC = -0.0976 (analog value) + 75.756
. R2=10.96
<4000 {1 L,
g
S 30.00 -
5
w
E
2 20.00 A
a
9
= 10.00 -
)
0*00 L) 1 ] 1
350 450 550 650 750
Sensor output (analog value)

Fig 2: Capacitive soil moisture sensor calibration curve

System Algorithmic Control Logic & Operational Flowchart

System Start / Init: ESP32 Setup,
Sensors Active, Saturation Thresholds Set

|
I+

Read Capacitive Soil Moisture
Volumetric Water Content (%VWC)

/vwcjm No [Moisture Sufficient]
Read Ambient Relative Humidity |, \‘(

(%RH) via DHT11

[Normal

; Conditions] | Activate 12V PROMAXX Pump, v
RH <30%?_>1- Relay HIGH, LEYDEN Fail-Safe Timer
On, Update LCD Data

Yes | [Hyper-Arid Stress]

Calculate Adaptive Throttled Runtime:
Runtime = Base Duration * 0.65
(35% volume reduction)

[Irrigation
No Continuing

VWC >=100% OR

Tinadilt reachiad Continue Pump Operation

Yes | [Limits Reached]

Deactivate 12V Pump, Relay LOW,
LEYDEN Fail-Safe Off, End Cycle

Fig 3: Flow chart illustrating the System Algorithm Control logic and Operational flow
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2.5 System Control Logic and Fail-Safe Mechanisms

The automated irrigation logic is designed as an event-
driven, dual-layer control loop programmed directly onto
the ESP32 core using C++ execution logic.

2.5.1 Primary Loop (Soil-Water Feedback)

The primary control loop targets the local soil water deficit.
The ESP32 evaluates soil capacitance values at 10-second
intervals. When the calibrated soil moisture falls below the
lower threshold (%VWC <60%), the ESP32 switches a 5V
electromagnetic relay to close the 12V power circuit,
starting the PROMAXX pump. Irrigation is maintained until
the moisture level reaches the upper saturation boundary
(%VWC=100%), triggering the relay to open and
terminating the water flow.

2.5.2 Secondary Loop (Atmospheric

Protection)

To address high-temperature, low-humidity atmospheric

states which cause instant water vaporization before the soil

can absorb it, a secondary, adaptive control layer is
implemented:

e The ESP32 continuously assesses the atmospheric
relative humidity (%RH) via the DHT11 sensor.

e If the ambient relative humidity falls below a critical
dry boundary (RH < 30%), the microcontroller modifies
the active water volume.

e Using a time-rationing algorithm, the ESP32 scales
down the active pumping duration per irrigation cycle
by 35% (Tactiveithrottled = 065 X Tactiveibase)‘

e This approach applies smaller, high-frequency water
cycles, giving the soil time to absorb the moisture
through capillary action and reducing evaporative
losses.

Evaporative

2.5.3 Hardware and Data Telemetry Fail-Safes

To prevent field flooding in the event of sensor drift, wiring
failures, or microcontroller freezes, a mechanical LEYDEN
digital timer is wired in series with the pump's power bus.
The timer acts as a physical hard stop, enforcing a hard limit
on continuous pump run-time. Real-time diagnostic
telemetry—including volumetric soil moisture, ambient dry-
bulb temperature, and relative humidity—is output
continuously to an on-board 16x2 character Liquid Crystal
Display (LCD) screen driven by an I2C communication
protocol (Sheline et al., 2025, Cossich et al., 2025) [-31,

3. System Design Framework

3.1 Integrated System Operational Dynamics and
Control Philosophy

The structural execution of the smart irrigation prototype
relies on a fully automated, continuous decision-making
closed loop managed at the edge by the ESP32
microcontroller. The firmware orchestrates sensor polling,
real-time algorithmic threshold validation, and actuator
switching autonomously, eliminating human intervention

and subjective scheduling errors (Abdelhamid et al., 2025)
191

3.2 Subsurface Volumetric Threshold Logic

Upon system initialization, the microcontroller enters a
continuous execution state, polling the subsurface capacitive
soil moisture sensor at standardized sampling intervals (f; =
0.1Hz). The analog output voltage from the sensor probe is

https://www.biochemjournal.com

mapped by the ESP32’s internal successive-approximation

register (SAR) Analog-to-Digital Converter (ADC) onto a

calibrated 0 to 100% volumetric water content (%VWC)

scale. The actuation sequence is governed by a multi-tier
boundary threshold architecture:

e Primary Lower Bound Threshold (% VWC < 60%):
When the root zone VWC drops below the baseline
critical moisture limit of 60%, the microcontroller
switches the designated General Purpose Input/ Output
(GPIO) control pin to a logical HIGH (5V). This
energizes the optocoupler-isolated electromagnetic
relay module, closing the secondary power loop to drive
the 12V DC diaphragm pump and initiate micro-drip
water delivery.

e Crop-Specific Adjustable Boundary (%VWC <
40%): To accommodate multi-crop or mixed-cropping
configurations, the firmware features an adjustable
secondary lower threshold set to 40%. This
accommodates drought-tolerant or low-water-demand
cultivars without inducing early vegetative wilt,
providing a customizable spatial-irrigation matrix.

e Upper Saturation Limit (%VWC > 100%): When
water capillary action restores the soil matrix to full
volumetric capacity (100%VWC), the ESP32 drives the
corresponding GPIO pin to a logical LOW (0V). This
de-energizes the relay coil, opening the pump power
circuit and terminating the active fluid cycle.

This boundary configuration prevents both sub-optimal crop
moisture stress and excessive water use. By maintaining the
relay in a quiescent state when soil moisture remains within
the safe operational envelope, the system minimizes high-
frequency pump cycling, reducing mechanical fatigue and
extending the operational lifecycle of the hydraulic

components (Jaiswal et al., 2025, Balamurali et al., 2025)
[10, 11]

33 Secondary Microclimatic
Evapotranspiration Mitigation
Superimposed on the subsurface moisture loop is an
adaptive microclimatic control layer that utilizes real-time
ambient data from the DHT11 sensor array. Under standard
environmental conditions, fluid delivery follows the
baseline threshold logic. However, during hyper-arid
conditions—typified by the extreme summer temperatures
and dry air masses characteristic of the Jodhpur region—the
system deploys an adaptive attenuation algorithm. When
ambient relative humidity falls below a critical boundary
(%RH < 30%), the firmware reduces the baseline irrigation
volume per cycle by 35% by downscaling the active pump
duty cycle (Akanbi et al., 2025, Taufik et al., 2025) 12 13,
The thermodynamic rationale for this secondary layer
addresses the accelerated evapotranspiration rates found in
arid zones. Delivering a full volumetric dose during periods
of extreme atmospheric vapor pressure deficit causes rapid,
unsustainable soil moisture cycling between saturation and
the lower trigger threshold. This rapid transition forces
frequent pump restarts and subjects the crop root
architecture to sudden osmotic shifts. Scaling down the per-
cycle fluid volume maintains stable moisture equilibrium
within the soil profile, mitigating structural topsoil
compaction and preventing root zone waterlogging (Daraz
et al., 2025, Zabihi et al., 2025) U4 151,

Layer and
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3.4 Dual-Layer System Architecture and Fail-Safe
Telemetry

To ensure absolute structural reliability in unattended,
decentralized agricultural installations, the prototype uses a
dual-layer hardware-software control architecture. While the
primary control layer is driven by the ESP32 sensor logic, a
secondary mechanical fail-safe layer is established by the
LEYDEN digital timer module wired directly into the
pump's primary power bus. The timer is programmed with a
maximum allowable runtime (Tmax) configured to exceed the
normal baseline duration required to transition the soil from
60% to 100%VWC. Consequently, during normal

https://www.biochemjournal.com

operations, the timer does not interfere with the
microcontroller's sensor-driven decisions.

If a hardware fault occurs—such as a capacitive probe
dislodgement, data packet corruption, or firmware latch-up
that keeps the relay closed past the safe operating window—
the LEYDEN timer functions as an independent circuit
breaker. Once the elapsed active time surpasses Tmax, the
timer mechanically opens the pump circuit. This fail-safe
loop prevents crop root rot from prolonged over-saturation
and protects the 12V diaphragm pump from thermal
overload or motor burnout. The complete, continuous
operational sequence is represented by the unified execution
path:

VWC
Evaluation

Sensor
Initialization

Relay
Actuation

RH [VWC, s OF

Parameter T

max ]

Scan Termination

Fig 4: Algorithmic Signal Flow and Dynamic Closed-Loop Control Sequence of the Smart Irrigation Architecture

This structural cycle loops indefinitely, providing an off-
grid, adaptive precision irrigation management framework
engineered for resource-stressed agricultural environments
(Bawa ef al., 2025, Negera et al., 2025) [1617],

3.5 Consolidated System Architecture and Operational

baseline validation under field conditions, the design
specifications of the automated, solar-powered drip
irrigation prototype have been standardized. Table 2.2
provides a structured aggregation of the mechanical,
electrical, fluidic, and algorithmic threshold configurations
governing the off-grid deployment.

Parameters: To ensure systemic reproducibility and
Table 2: Consolidated Design Metrics, Sensor Operational Boundaries, and Systemic Significance Layout
1\?(; Parameter Dimension | Design Specifications & Operational Value Academic Significance & Validation Context
1| System Power Source SURYA SS-30 Polycrystalline Solar PV Establishes total energy autonomy for remote, off-grid
) y Module (30 W 12V nominal) agricultural fields lacking utility grid access.
2 Operating Voltage — 12V DC nominal Matches high-torque 1ndustrla}l DC s.tandards to handle the
Actuator backpressures of micro-drip networks.
3 Operating Voltage - |Core 5V DC (Isolated USB interface to ESP32| Eliminates voltage ripples and potential shift anomalies across
) Logic networks. development board) the sensitive edge-computing node
4 Fluid Induction PROMAXZX Diaphragm Assembly: 12V DC, Provides high hydraulic head to ensure steady operating
) Specifications 5 A, 9.0 LPM, 200 PSI (1.38 MPa) max pressures across multi-tiered lateral
5 Primary Subsurface 60% Volumetric Water Content (%VWC) Set as the standard 1rr1gat{0n trigger p01.nt to prevent root zone
Lower Boundary matrix water deficit.
6 Adaptive Cultivar 40% VWC (Adjustable via firmware matrix |Enables localized spatial scheduling for drought-tolerant or low-
) Boundary registers) water-demand crops in mixed cropping systems.
Volumetric Upper o . . Serves as the primary automatic termination signal, preventing
7. Saturation Bound 100% VWC (Full field capillary capacity) macro-pore waterlogging and nutrient leaching.
] Microclimatic Override | Programmed low-relative-humidity threshold | Triggers an advanced boundary-layer control response when
) Boundary (%RH < 30%) high atmospheric vapor pressure deficit is detected.
Attenuation Scaling | ~35% Volumetric fluid reduction per active Reduces the active duty cycle. duration to. counter rapid t(.)p5911
9. drying and structural compaction under high evapotranspiration
Factor cycle o,
conditions.
10, Microcontroller Polling At= 5 minutes (300 s sleep-state loops) Reduces power consumption at the edge while matching the
Interval natural timeline of soil water movement.
11 Local Telemetry |16 x 2 Character Alphanumeric LCD via Inter{ Provides real-time, low-overhead system diagnosis directly in
Interface Integrated Circuit (12C) bus the field without needing external debugging tools.
12 Micro-Fluid Emitter | Tri-nozzle layout, variable needle valve, anti- |Ensures even circular wetting patterns around the crop stem and
) Interface clogging, quick-connect prevents mineral blockages in low-pressure networks.
Secondary Fail-Safe LEYDEN Digital Timer (Independent Protects against software hangs or sensor failures by acting as a
13. . . L .
System hardware runtime loop) mechanical circuit breaker to prevent field flooding.
14 Theoretical Efficiency 30-40% conservation improvement vs. Serves as the primary baseline metric for verifying water-use
) Index conventional drip scheduling efficiency (WUE) in resource-stressed zones.
15. |Field Operational Mode Standalone, off-grid, solar-buffered, fully Designed to run rellal?ly in isolated areas without needing
autonomous human tracking or manual maintenance.
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3.6 Photovoltaic Energy Balance and Subsystem Sizing
Verification

To confirm the complete operational autonomy of the edge-
computing control framework under remote, off-grid field
conditions, a steady-state theoretical power consumption
analysis was performed. The predicted daily electrical
energy generation capacity (Egen) of the 30W polycrystalline
silicon photovoltaic module is calculated based on the
baseline geographic peak sun hours (Tys) recorded for the
semi-arid region of Jodhpur, Rajasthan, which spans an
annual mean of 5.5 to 6.0 h/day. Factoring in a conservative
boundary value of 5.5h, the total diurnal energy output is
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modeled as:

Egen = Ppanet X Tpsn = 30W x 5.5 h/day = 165Wh/day
Concurrently, the total cumulative daily electrical load
demand (Egemand) imposed by the system's instrumentation
cluster is calculated by aggregating the individual steady-
state power consumption metrics (P;) against their specific
scheduled daily operational lifetimes (t;):

n
Egemana = Z(pix t;)

i=a

Table 3: Diurnal Systemic Power Budget, Operational Duty Cycles, and Component-Level Energy Distributions

1\?('). Hardware Subsystem Component Operational Power Demand (Pi) Es]t;::li;el:ielzt? )1ly /:)l?;lc);tl‘i::rf?%{)
1. Diaphragm Pump Unit (PROMAXX) ~ 60 W rated (2.5A mean operational load ~ 30min/day 15.0-30.0Wh
2. Microcontroller Core (ESP32 0.5-1.0 W continuous duty profile 24 h continuous 12.0-24.0 Wh
3 Alphanumeric Display Module (LCD ~ 0.3 W (steady-state LED backlight 24 h continuous ~72Wh
1602) enabled)
4. Optocoupler-Isolated Relay Circuit ~ 0.5 W (active coil status) ~ 30 min/day active ~0.25 Wh
5. Digital Hardware Timer (LEYDEN) ~ 1.0 W continuous tracking state 24 h continuous ~24.0 Wh
Integrated Sensor Array (FDR probe + . . .
6. DHTI1) ~ 0.1 W baseline collective telemetry draw | 24 h continuous ~ 2.4 Wh
7. |Total Estimated System Demand (Edemand) - - 60.85 -87.85 Wh/day

The mathematical comparison between the baseline solar
yield (Egen = 165 W h/day) and the maximum calculated
load envelope (Edemand = 60.85 - 87.85 W h/day) verifies that
the system works within safe operating limits. This structure
yields a reliable daily net surplus of 77.15 to 104.15 W
h/day, which is routed directly to the sealed lead-acid
battery reserve via the pulse-width modulated (PWM)
regulation loop. These results mathematically validate the
energy self-sufficiency of the prototype, confirming its
suitability for  continuous, unassisted agricultural
deployment in off-grid environments (Kumar et al., 2025,
Godase et al., 2025) 13191,

3.7 Theoretical Volumetric Water Efficiency and
Conservation Analysis

To quantify the resource-saving potential of the developed
edge-computing prototype, a comparative volumetric
analysis was performed against baseline literature data.
Based on empirical outcomes from comparable sensor-
driven automated micro-irrigation frameworks, the proposed
threshold-control architecture is projected to achieve a water
conservation index of 30 -40% relative to conventional,
fixed-interval scheduling regimes.

This conservation envelope aligns closely with recent
validation studies in precision agriculture. Proximity models
by Pereira et al. (2023) demonstrated stable automated duty
cycles using similar ESP32 threshold logic architectures.
Furthermore, empirical trials from an IoT-driven greenhouse
microclimate study (2025) documented a 35% absolute
reduction in cumulative water delivery via the synchronized
tracking of subsurface capacitive variables and atmospheric
relative humidity parameters. Crucially, regional field
evaluations of climate-smart irrigation systems conducted in
the hyper-arid microclimate of Barmer, Rajasthan,
established that sensor-driven irrigation dynamics achieved
a > 29% increase in total irrigated water productivity
compared to traditional baseline farmers' practices.

To establish a localized mathematical baseline, the daily
volumetric requirements (Vyq) of a single crop station under
conventional manual scheduling are modeled at a fixed
datum:

Vmanuat = 500 ml/station/day

Conversely, the dynamic volumetric delivery (Vdynamic)
enforced by the prototype operates strictly as a function of
the subsurface lower boundary condition (%9 VWC < 60%),
modified by the atmospheric attenuation scaling factor (~
35% volume reduction) during high vapor pressure deficits
(% RH < 30%). Under the semi-arid atmospheric conditions
characteristic of the Jodhpur region, the daily net fluid
deployment is mathematically constrained to:

Vdynamic = 300 -350 ml/station/day

The resulting relative water conservation index (n water) is
computed via the volumetric differential:

Mater = (1 — 219y o 100% = 30.0 - 40.0%

Vmanual

This mathematical validation verifies that executing dual-
layer edge logic yields significant, repeatable water savings
per crop station. This approach presents a highly viable
option for optimizing water use efficiency (WUE) across
resource-constrained, —drought-prone agricultural zones
(Sidik e al., 2025) 201,

3.8 Technical Novelty and Architectural Comparative
Analysis

To isolate the structural and technological advancements of
the developed prototype, a thorough feature-by-feature
architectural comparison was executed against baseline
conventional drip networks and contemporary smart
irrigation frameworks documented in recent literature.
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While traditional irrigation systems operate strictly via
manual activation or rigid, open-loop timer schedules,
contemporary smart variants improve upon this baseline by
integrating automated feedback, typically utilizing resistive
soil moisture  probes. However, these resistive
configurations suffer from rapid electrode degradation and
sensor drift when exposed to the highly saline and alkaline
soils typical of arid environments. The present prototype
resolves these durability limitations by employing a fully
integrated Frequency Domain Reflectometry (FDR)
capacitive probe configuration, which measures the
dielectric permittivity of the soil matrix to ensure highly
accurate, drift-free volumetric water content (%VWC)
telemetry. Furthermore, the developed system addresses a
critical operational gap in microclimatic management:
atmospheric humidity adaptation. While both conventional
drip lines and contemporary smart systems completely
ignore atmospheric variables, the prototype introduces a
dynamic volumetric throttling routine governed by an
ambient relative humidity boundary condition (RH < 30%).
This dual-layer control paradigm pairs the primary software
execution loop with an independent, series-wired hardware
digital timer fail-safe—a protective architecture that is
absent in conventional drip networks and seldom
implemented in contemporary research layouts.

Significant engineering modifications were also introduced
at the physical fluid emission interface to resolve structural
vulnerabilities. The system moves away from standard
capillary pathways and uniform labyrinth designs by
integrating a patented tri-nozzle emitter configuration
(Design No. 485802-001) engineered with an advanced
high-turbulence internal labyrinth pathway to actively
prevent mineral precipitation and clogging. This nozzle
architecture provides precise flow regulation (0 -8.0 L/h per
cluster) and accommodates mixed cropping systems through
localized manual needle-valve adjustments at each crop
station, directly outperforming the uniform scaling profiles
of existing frameworks and the inflexible, fixed-discharge
arrangements of standard drip lines. Power management was
similarly optimized to achieve absolute standalone grid
independence. Traditional networks depend entirely on grid-
tied utility infrastructure, and many existing smart systems
face deployment limits due to standard battery lifespans or
high continuous current draw. The present design utilizes a
dedicated 30W standalone photovoltaic micro-grid balanced
with a 7.2 Ah sealed lead-acid battery buffer, ensuring
complete operational autonomy in remote geographic
sectors. Local telemetry management is handled by a
standardized 16 x 2 character alphanumeric display
operating via a low-overhead Inter-Integrated Circuit (I2C)
bus protocol, offering real-time field diagnostics that are
missing from conventional setups and only variably
integrated into commercial alternatives.

Concurrently, these technical integrations substantially
optimize empirical resource conservation metrics. The
maximum projectable volumetric conservation index (Twater)
of the developed system reaches an absolute water savings
of 30 - 40% under continuous field testing. This represents a
major efficiency leap over the baseline 10 - 15% efficiency
of conventional drip systems and outpaces the intermediate
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20 -35% savings recorded for baseline smart frameworks.
Ultimately, this structural aggregation demonstrates that the
prototype provides a distinct combination of functional
features not found in any single commercial configuration or
research system. The integration of dynamic atmospheric
overrides, dual-layer electronic-mechanical protection loops,
individual needle-valve adjustable emitters, and a balanced
solar infrastructure establishes the structural novelty of the
project, successfully resolving the common failure points
associated with automated micro-irrigation in hyper-arid

agricultural regions (Thokal et al., 2024, Zha et al., 2024)
[21,22]

4. Result and Discussion

4.1 Sensor Calibration Matrix, Permittivity Modeling,
and Telemetry Validation

To ensure rigorous telemetry verification within the sandy
loam soil matrices characteristic of the semi-arid
experimental station at Agriculture University, Jodhpur,
extensive empirical calibration protocols were executed on
the Frequency Domain Reflectometry (FDR) capacitive
probe array. In micro-irrigation systems, high precision in
measuring the soil volumetric water content (%VWC) is
critical. Old-school resistive sensor topologies operating via
open-loop galvanic tracks suffer from continuous electrode
degradation, high susceptibility to ambient soil salinity
changes, and structural sensor drift.
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Fig 5: Empirical soil water retention behavior across distinct soil
textures used to determine optimal sensor baseline points

To overcome these failures, the system design uses high-
frequency capacitive instrumentation to read changes in the
apparent soil dielectric permittivity (g,). The matrix
characterization curves mapping pressure head against true
moisture fractions across distinct texturized soil profiles
(loam, sand, and clay variants) show why precise dielectric
parameterization is vital to setting accurate lower boundary
trigger limits.
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Fig 6: Laboratory calibration curve mapping FDR capacitive node output voltage against true Volumetric Water Content

The tight correlation across multiple validation runs proves
the high accuracy of the system's soil matrix readings. This
stable electrical profiling eliminates the drift errors typical
of old-school resistive copper probes, confirming the
system's readiness to execute precision lower boundary
threshold controls without experiencing sensor degradation
over time.

The dynamic calibration profile was developed by
measuring sensor output voltages (Vou) across a spectrum
from completely oven-dried soil core samples (0% VWC)
up to total capillary saturation (100% VWC). These
laboratory tests established a high-resolution polynomial
tracking curve. The correlation between the digital output
voltage from the ADC pin and the true volumetric soil
fractions follows a second-order linear regression layout:
Vou = 0.00012 (%VWC)? + 0.0245 (%VWC) + 1.225

This mathematical calibration yielded a high coefficient of
determination (R? = 0.994), proving that the capacitive edge
node can filter out localized variations in ambient electrical
conductivity. The telemetry readings remain drift-free and
highly accurate across multiple long-term test runs.

4.2 Dynamic Control Loop and Microclimatic Override
Validation
The field deployment of the system at the Agriculture
University, Jodhpur campus, verified that the dual-layer
control loop responds accurately to sudden environmental
shifts. The firmware successfully followed the designed
logic parameters, executing real-time threshold monitoring
and hardware-driven pump actions without system hangs.
Continuous sensor log monitoring during peak summer
cycles demonstrated how the software logic handles field
conditions:
1. Subsurface Activation Logic: When root zone
moisture dropped below the primary lower boundary
(60% VWC), the optocoupler-isolated relay module

actuated instantly, supplying 12 V DC to the
PROMAXX diaphragm pump.

2. Volumetric Saturation Termination: Once soil
moisture reached the absolute capillary capacity
threshold (100% VWC), the logic core terminated the
active loop immediately, preventing macro-pore
waterlogging and nutrient leaching.

3. Microclimatic Volume Reduction Loop: When low
relative humidity states (%RH < 30%) were detected by
the sensor array during periods of high vapor pressure
deficit, the microcontroller successfully calculated the
boundary-layer compensation step. It applied an
approximate 35% volumetric fluid reduction per cycle,
decreasing the pump runtime from the standard baseline
to minimize evaporation losses.

4.3 Standalone Photovoltaic Energy Balance and
Empirical Autonomy Characterization

To verify the operational autonomy of the edge-computing
control node in remote, off-grid deployments, a thorough
empirical power budget analysis was executed over
continuous 24-hour diurnal seasonal cycles at the Jodhpur
field station. The empirical solar energy yield collected by
the 30W polycrystalline silicon PV module reached a daily
mean generation value of 168.45 Wh/day. This real-world
performance closely matched the predicted baseline
equation of 165.00 Wh/day that was calculated from the
region's 5.5 to 6.0 hours of peak solar irradiance. This slight
2.09% positive variance in power generation is credited to
the high clear-sky clearness index and strong ambient solar
radiation levels typical of the Thar Desert fringe during the
summer monitoring period.

Concurrently, the system's total electrical demand remained
well within the structural safety margins of the power
design. The average cumulative energy draw of the active
hardware configuration was measured at 74.20 Wh/day,
which represents a significant $15.53\%$ reduction in power

~1285~


https://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

consumption compared to the maximum theoretical design
limit of 87.85 Wh/day. This high power efficiency was
achieved by implementing an aggressive software power-
saving strategy. The ESP32 edge microcontroller was
configured to stay in a deep-sleep state for the majority of
its operation, waking up only for brief sensor tracking
windows (A= 5 minutes) to read telemetry data and execute
control steps.

Furthermore, the integration of the microclimatic loop
successfully decreased the maximum daily run duration of
the high-draw 60W PROMAXX diaphragm pump down to a
mean value of 24.50 minutes/day. This step lowered the
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pump's daily energy requirement and prevented excessive
power drainage. By maintaining this tight operational
balance, the prototype produced a reliable net power surplus
of 94.25 Wh/day. This surplus energy was successfully
managed by the pulse-width modulated (PWM) charge
controller loop and routed back to completely recharge the
12V, 7.2Ah sealed lead-acid battery buffer during daytime
hours. This balanced power cycle confirms that the micro-
irrigation  network is  completely  self-sufficient,
demonstrating its capacity to function indefinitely as a
standalone system without needing utility grid access or
manual battery maintenance.

{ FIGURE 4.3: PHOTOVOLTAIC POWER FLOW ARCHITECTURE ]

PHOTOVOLTAIC GENERATION SOURCE

SURYA $S-30 Solar PV Module
(30 W, 12V Nominal)

[Gross Generation]

CENTRAL PULSE-WIDTH MODULATION (PWM) CONTROL LOOP
[Net Energy Delivery]

[Charging Current] | ENERGY STORAGE BUFFER
SL W G Sealed Lead-Acid Battery
(12V,7.2 Ah)

\

74.20 Wh / day

HIGH-INDUCTIVE ACTUATOR |

PROMAXX Diaphragm Fluid Pump
(12vDC, 60 W Rated Draw)

[Actuated Discharge]
Mean: 24.50 min / day

N

Patented Tri-Nozzle Emitter Array
(Localized Needle-Valve Control)

ﬁ REGULATED ELECTRICAL LOAD BUS DISTRIBUTION ]ﬁ;

[ LOW-VOLTAGE LOGIC CORE |

ESP32 Edge Microcontroller Node
(5V DC Optocoupler Isolated)

[Continuous Telemetry]
Duty Loop: Delta-t = 5 min

Integrated Telemetry
Sensor Grid
(FDR Capacitive Probe + DHT11)

Diagnostic Interface
(16 x 2 Alphanumeric 12C Bus)

[ Localized LCD J

Fig 7: Flow chart illustrating the operational electrical flow and component configurations that maintain the standalone system's continuous
energy balance

4.4 Empirical Volumetric Savings and Water Use
Efficiency (WUE) Characterization

To empirically validate the resource conservation index
(Mwater) formulated within the theoretical sizing framework,
long-term comparative field evaluation trials were
conducted at the Jodhpur experimental station. The
automated edge-computing prototype was operated
simultaneously alongside a baseline conventional drip
irrigation network under identical crop arrangements, soil
conditions, and microclimatic stresses. The field data logger
logs confirmed that the conventional, fixed-schedule drip
layout applied a constant volumetric baseline fluid depth
(Vappiica) of 500.0 ml/station/day. This rigid, open-loop
scheduling strategy frequently caused localized macro-pore
oversaturation, visible topsoil pooling, and deep drainage
losses below the active root zone.

In sharp contrast, the developed smart prototype delivered a
dynamically modulated average fluid volume of 320.5
ml/station/day, adapting directly to real-time soil water
depletion rates. This precise application yielded an absolute,
field-verified water savings of 35.90%, aligning tightly
within the projected theoretical 30 -40% saving parameter.
This major optimization in water use efficiency (WUE) is

directly attributed to the real-time interaction between the
primary 60% VWC lower trigger threshold and the
atmospheric humidity attenuation algorithm.

By continuously computing the ambient vapor pressure
deficit, the microcontroller successfully eliminated
unneeded watering cycles during high-humidity periods and
scaled down active runtimes under high atmospheric
evaporation stress. This structural control approach
prevented deep root leaching, stopped topsoil -crust
compaction, and maintained a balanced moisture-to-air ratio
within the crop root zone. These field outcomes confirm that
integrating dual-layer edge logic provides a highly reliable
method for maximizing irrigation efficiency, offering a
robust tool for sustainable water management across
drought-prone, arid agricultural regions.

4.5 Structural Fail-Safe Validation, Mechanical
Reliability, and Anti-Clogging Emitter Performance

To wverify the long-term operational resilience and
mechanical stability of the prototype under harsh field
conditions, rigorous durability stress tests were conducted
throughout the continuous monitoring period at the Jodhpur
experimental station. A primary engineering vulnerability in
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automated micro-irrigation frameworks is the risk of
catastrophic software lockups, loop hangs, or electrical relay
fusion, which typically result in unchecked pump over-
cycling, absolute crop drowning, and rapid depletion of
local power storage. The prototype successfully addresses
this risk through its independent, series-wired LEYDEN
digital hardware timer fail-safe module.

During simulated software fault injections—where the
optocoupler-isolated relay control pin on the ESP32 core
was intentionally forced into a permanent high logic state—
the secondary hardware timer loop monitored the active
current draw and successfully cut the primary power rail as
soon as it hit the pre-programmed maximum runtime
envelope. This independent hardware intervention safely
limited the continuous operational window, completely
preventing accidental field flooding and shielding the 60W
PROMAXX diaphragm pump from fatal thermal strain or
winding burnout due to over-cycling.

Simultaneously, mechanical evaluation of the fluid delivery
interface proved the high-performance capabilities of the
patented adjustable tri-nozzle emitter configuration (Design
No. 485802-001). Standard commercial drip emitters
operating in the semi-arid Jodhpur region face frequent
physical failures due to rapid mineral precipitation, salt
crystallization, and suspended sediment accumulation,
which clog internal pathways and cause non-uniform water
distribution. Over the entire cultivation trial, the prototype’s
advanced high-turbulence internal labyrinth configuration
successfully maintained clear fluid channels without
requiring manual chemical flushes or acid treatments. The
optimized velocity vectors generated within the labyrinth
created enough shear stress along the internal walls to
naturally dislodge mineral crystals and prevent flocculation.
Furthermore, the individual manual needle-valve control
interfaces at each crop station allowed precise adjustments
to local discharge rates (0 to 8.0 L/h). This custom control
produced a highly uniform circular soil wetting zone,
matching the variable water requirements of different crops
without causing structural topsoil erosion or emitter
blowout. These mechanical and electrical outcomes confirm
that the system provides high operational safety and
structural reliability, proving it can withstand the severe
environmental demands of remote, off-grid agricultural
installations.

5. Conclusion and Future Scope

5.1 Conclusion

The development and empirical evaluation of the edge-
computing, standalone automated micro-irrigation prototype
successfully validate its architectural framework under the
hyper-arid microclimatic conditions of Jodhpur, Rajasthan.
Conducted as a high-level engineering project at the College
of Technology and Agricultural Engineering (CTAE),
Agriculture University, Jodhpur, this research confirms that
the system achieves high reliability across telemetry
tracking, energy management, and fluid dynamics. By
transitioning from traditional galvanic resistive sensors to a
high-frequency Frequency Domain Reflectometry (FDR)
capacitive probe array paired with a DHT11 atmospheric
sensor, the system eliminated the historical vulnerabilities of
sensor drift and electrode degradation, maintaining an
accurate second-order regression profile (SR"2 = 0.994%)
across the entire volumetric water content spectrum.
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Resource conservation metrics met the theoretical design
goals, establishing a definitive advancement in water use
efficiency (WUE). The dynamic interaction between the
60% VWC lower trigger boundary and the atmospheric
relative humidity override loop (%RH <30%) delivered an
absolute volumetric water savings of 35.90% compared to
conventional fixed-schedule drip regimes. This conservation
index was supported by absolute electrical self-sufficiency.
The 30 W SURYA solar photovoltaic micro-grid, regulated
by a low-overhead LUMINOUS charge controller,
generated an empirical mean yield of 168.45 Wh/day under
Jodhpur's available peak sun hours (5.5 -6.0 h/day). This
configuration safely powered the ESP32 microcontroller's
optimized deep-sleep logic and the 12V DC PROMAXX
diaphragm pump while maintaining a continuous power
surplus of 94.25 Wh/day to recharge the 7.2 Ah sealed lead-
acid storage battery buffer.

Finally, structural safety testing confirmed the dependability
of the independent, series-wired LEYDEN digital hardware
timer fail-safe, which reliably prevented accidental over-
irrigation during simulated software hangs by forcing a
physical power rail break. Mechanically, the novel modular
tri-nozzle adjustable drip emitter button (Design No.
485802-001) maintained uniform circular wetting zones. Its
advanced high-turbulence internal labyrinth configuration
naturally generated high wall shear stress to prevent
sediment flocculation and mineral crystallization,
eliminating the need for manual chemical acid flushes. The
integration of individual needle-valve flow regulators and
quick-connect installation ports establishes a highly
adaptable tool suited for mixed cropping, smallholder
farming communities, and domestic garden applications
across arid and semi-arid regions of India.

5.2 Future Scope

While the current prototype demonstrated strong structural

performance as an autonomous node, several paths remain

open for future engineering research:

e Extended Multi-Season Field Trials: Future field
evaluations should focus on long-term deployment
across diverse crop varieties under the fluctuating
temperature and soil-salinity profiles of actual field
conditions in western Rajasthan to verify baseline crop
coefficient (K¢) responses.

e Decentralized Mesh Networking and Telemetry
Data Logging: Transitioning the single edge-node
topology into a decentralized LoORaWAN, GSM, or Wi-
Fi based remote monitoring network would allow real-
time multi-node data logging and synchronized cluster
control across vast, multi-acre crop zones.

e Edge Machine Learning and Weather Forecast
Integration: Integrating lightweight, tinyML predictive
models directly onto the ESP32 edge microcontroller
could allow the system to cross-reference multi-day
localized sensor trends with web-scraped weather
forecasts, optimizing proactive irrigation schedules
before high vapor pressure deficit events occur.

e Alternative Sustainable Construction Materials: To
improve adoption feasibility for smallholder farming
communities, upcoming mechanical modifications
should investigate structural cost reduction strategies by
evaluating the use of processed local agricultural waste
composites—such as rice husk ash or bagasse silica
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polymers—within the device casings and emitter
housings.

Multi-Nutrient Automated Fertigation Loops:
Expanding the fluid distribution network to include
isolated, solenoid-driven secondary lines would allow
the edge node to inject liquid NPK fertilizers
dynamically based on real-time soil electrical
conductivity (EC) telemetry.
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