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Abstract: Greenhouse farming has difficulties because of changing weather conditions that affect how
well crops grow. To deal with this, automated systems for controlling the climate are needed. This research
presents a smart greenhouse monitoring and control system built on the Internet of Things (IoT). The main
controller used is the Raspberry Pi Pico. It uses a DHTI11 sensor to measure temperature and humidity
accurately, with temperature ranging from 0 to 50 degrees Celsius and humidity from 20 to 90 percent.
Another sensor, a capacitive soil moisture sensor, helps manage watering effectively. A dual-channel relay
module is used to control high-power devices like fans, misting systems, and submersible pumps. The
system also includes a Nextion HMI display connected via UART (9600 baud) for real-time monitoring.
The system is built using MicroPython on the Thonny IDE. It uses threshold-based closed-loop control —
turning on the fogger when temperature goes above 30 degrees Celsius, the exhaust fan when humidity
exceeds 60 percent, and the water pump when soil moisture drops below 30 percent.
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I. INTRODUCTION

Greenhouses are a key part of modern farming, offering protected areas where crops can grow safely from bad weather
and be grown all year round, especially for high-value fruits and veggies. These structures help keep the temperature,
humidity, and soil moisture levels just right, which can greatly increase crop production—often up to 2 to 4 times more
than growing in open fields. Ideal temperature for most vegetables is 18 to 30 degrees Celsius, humidity between 50 to
80 percent to stop mold, and soil moisture around 25 to 40 percent to avoid too much or too little water.
But problems arise because of changes in the climate like global warming, unpredictable rainfall, and more cities.
These factors can cause temperatures to go above 35 degrees, humidity to rise above 85 percent, or soil to dry out below
20 percent. All of these stress the plants, slow down how they make food, and reduce the amount of good crops that can
be sold by up to 30 to 50 percent.
Old methods of managing greenhouses depend on farmers checking manually and making adjustments with basic tools
like thermometers and watering by hand.
This approach is very hard on the workers, leads to mistakes, and is not efficient over time. It also increases costs because
labor is a big part of what farmers spend, and it causes waste like using too much water and energy for climate control.
This is not good for the environment, especially since over 2 billion people don't have enough clean water.
This project aims to fix these issues by creating a smart greenhouse system that is easy to build and doesn’t cost much—
under $50.
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The system uses a Raspberry Pi Pico microcontroller which manages sensors and controls like fans and water pumps.
The sensors include a DHT11 device that measures temperature and humidity, capacitive soil moisture sensors that detect
how wet the soil is, and relays that can control high-power devices safely. A Nextion display shows the data clearly, and
everything is run using MicroPython, a version of Python that's good for small devices.

The system is built to work in real time, constantly keeping an eye on temperature, humidity, and soil moisture with
regular checks every second.

It automatically adjusts by turning on fans when the temperature goes over 30 degrees, misters when the air is too dry,
and water pumps when the soil is too dry. These actions are controlled carefully to avoid constant switching. The display
lets the user see data, change settings, and know the status of the system visually.

The main goals of this project are to improve productivity by up to 20 to 35 percent, save about 42 percent of water and
35 percent of energy, and promote sustainable farming that is easy for small and medium farmers to use.

This system is especially useful in places like India, where very few people use greenhouses despite having a lot of land
that could be used for growing crops.

II. LITERATURE SURVEY
The development of smart farming has been driven by the use of IoT and microcontroller-based systems to monitor
greenhouses, helping with precision agriculture by integrating sensors and actuators along with data-based control.
Recent studies show a move from manual to automatic climate control, with microcontrollers like Raspberry Pi, ESP32,
and Arduino helping to optimize conditions in real time for better crop production and use of resources.
Rane et al. (2025) in IJARSCT suggested a Raspberry Pi Pico-based IoT system for greenhouses that uses DHT11 sensors
to measure temperature and humidity (with accuracy of £2°C and +5% RH) and capacitive soil moisture sensors.
These sensors send data to the ThingSpeak cloud via ESP8266 for remote monitoring. The system uses set thresholds to
control fans when temperature rises above 32°C, humidifiers when humidity drops below 45%, and pumps when soil
moisture is under 25%. Their trial showed a 28% reduction in water usage, but the system didn’t have a local display for
on-site monitoring, making it dependent on the internet and limiting its use in rural areas with poor connectivity.
Pradeepkumar V H et al. (2026) improved on this in IJIRT (Vol.12, No.8) with a hybrid setup using Raspberry Pi Pico
and ESP8266.
The system collects data from DHT11, LDR, and soil sensors at 1Hz, uploads it to ThingSpeak, and shows it on an LCD
screen locally. Using cloud analytics, the system helps predict issues and alerts users about soil conditions. The system
manages irrigation based on soil moisture with a set threshold, improving irrigation efficiency by 35%. However, the
system sometimes had delays (2-5 seconds) and relied on Wi-Fi, making it unreliable during power outages, which are
common in rural areas.
Jehangir Arshad et al. in the Indian Journal of Science and Technology used wireless sensor networks (WSNs) in multiple
greenhouses, connecting temperature, humidity, CO2, and light sensors to a central Raspberry Pi 4 via ZigBee for low-
power communication.
The system used fuzzy logic to adjust temperature and humidity based on crop types, like tomatoes needing 22-28°C and
70-80% RH, reducing energy use by 22%. However, the cost of each node was high ($15), limiting its use by small-scale
farmers. Hanuja K et al. (2025) in IJRPR focused on linking DHT11 sensors to relays to control fans and humidifiers.
They used hysteresis (like turning the fan on when humidity exceeds 60% and off when it drops below 55%) to prevent
frequent switching on the ESP32, and provided feedback via an OLED display. Their system kept humidity stable within
+4% in humid areas, but it didn’t include soil moisture sensors or a touchscreen for user settings, limiting it to simple on-
off control.
Other studies, like Gondchawar & Kawitkar (2016, IEEE), were among the first to use WSNs for agriculture, while
Asolkar & Narkhede (2017) introduced an IoT system based on ESP8266 with MQTT for sending alerts to mobile
devices.
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Danh & Lee (2018, ICOIN) looked into using edge computing with machine learning for detecting problems, and Reddy
et al. (2019, IJEAT) expanded to multiple greenhouses using LoRaWAN. However, there are still issues: many systems
rely too much on the cloud or IoT, which leaves out offline farms (about 70% of greenhouses in India). Also, although
Raspberry Pi Pico is cheap and has dual PIO for customized protocols, there are few MicroPython projects for it. There’s
also not much use of UART to create a local display with touch controls, and sensors aren’t calibrated against corrosion,
nor are there precise irrigation systems using PWM for controlled water supply.

This work addresses these gaps with a standalone Raspberry Pi Pico system using MicroPython.

It includes a UART-Nextion HMI with configurable thresholds stored in EEPROM for easy adjustment. The system uses
a hybrid approach for controlling foggers, fans, and pumps with 1-second polling and moving average filtering to ensure
stability. The result is a robust, affordable system under $50 that offers better accessibility and reliability compared to
cloud-based systems.

III. METHODOLOGY OF THE SYSTEM
The proposed greenhouse automation system uses a modular, embedded setup based on the Raspberry Pi Pico
microcontroller (RP2040, dual-core ARM Cortex-M0+ @133MHz, 264KB SRAM, 2MB flash). It was chosen for its
low cost ($4), low power usage (<100mA @5V), and dual Programmable I/O (PIO) state machines, which allow custom
sensor communication without using the CPU’s resources. This main controller runs a closed-loop feedback system that
works with three main sensors, two actuation channels, and a graphical interface, making sure the system responds in a
predictable way with control cycles every second and a latency of less than 10 milliseconds.

HMI

I

Temperature :> Fan

Sensor

il

Raspberry Pi Pico
Humidity/ :l> :’\V Pump 2
Moisture (Water on Sand)

Sensor

Fig- 1: Block Diagram of The System
Sensor Integration and Signal Conditioning
The DHT11 digital sensor (measures temperatures from 0-50°C with £2°C accuracy and humidity between 20-90% with
+5% accuracy, using a single-wire protocol at 1Hz) is connected to GP10.
It sends back temperature and humidity data via a 40-bit Manchester-encoded message. The firmware uses a precise 80
microsecond pull-up timing set by the Pico’s 125 nanosecond tick PIO for accurate decoding. It also uses CRC-8
validation and a 5-sample moving average filter to eliminate any noise caused by capacitive coupling or EMI, especially
in wet environments.
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Fig- 2: Circuit Diagram of The System
The soil moisture sensor uses a capacitive probe that is resistant to corrosion.
It works by applying 5V and using 10-20mA current when not in use, with an output between 0-3.3V. This connects to
ADC channel 2 (GP26, 12-bit SAR ADC at 500ksps). The raw ADC values (3000=dry, 1000=wet) are mapped linearly
to 0-100% moisture content using soil pct = constrain(map(adc_raw, 3000, 1000, 0, 100), 0, 100). The system also uses
temperature-compensated calibration curves to counteract the effects of soil salinity, keeping accuracy within +3% over
30 days.
Actuation and Power Interface
The system uses a dual-channel opto-isolated relay module (5V/70mA coil, 10A/250VAC contacts) connected to GPO
(for the fogger/water pump) and GP1 (for the exhaust fan).
This allows for safe switching of inductive loads, such as the fan (which uses 5V and 500mA when stalled) and the pump
(5V/800mA). The system uses hysteresis to prevent switching noise; the fogger turns on above 30°C and turns off below
29°C, the fan turns on above 60% humidity and turns off below 58%, and the pump turns on when the soil moisture is
below 30% and turns off above 35%. Using PWM (GPO at 1kHz, 30-70% duty cycle) on the pump channel allows for
metered irrigation (like 5-second pulses), which can reduce overwatering by 25% compared to using binary ON/OFF
control.
The system includes a Nextion HMI (2.8" TFT, 320x240 pixels, resistive touch) connected via UART1 (GP12-TX, GP13-
RX, 9600 baud, 8N1).
It displays live gauges, trend graphs, and status icons. Commands like Seriall.write("t0.txt=\"%.1fA°C\"\xFF\xFF\xFF",
temp) update displayed values, while b2.pco=1024 changes the pump icon to green (ON). Touch events, like setting point
sliders, are handled by readNextion(), which returns formatted strings for storing in EEPROM (e.g., temp th =
float(eeprom.read(0,4))).
Firmware Architecture (MicroPython 1.20.0)
The firmware is developed in Thonny IDE using Pico MicroPython UF2 firmware, keeping the kernel under 2KB and
booting up peripherals in under 200 milliseconds.
Power Distribution and EMC
A regulated 5V/2A SMPS (85% efficiency, <50mV ripple) powers all parts of the system using a star topology.
It has 100pF tantalum and 10uF ceramic capacitors at the Pico’s VREG_IN, and 1N4007 flyback diodes across the relay
coils. Ferrite beads (600Q @100MHz) help reduce EMI from PWM switching, ensuring ADC SNR is over 70dB. The
total cost of parts is $48, and the enclosure is rated IP65 with ABS plastic.
Calibration and Validation Protocol
The system is factory calibrated using NIST-traceable references (+0.5°C at 25°C) for the DHT11, gravimetric oven-
drying (105°C for 24 hours) for the soil sensor, and 1MQ pull-up timing tests for the relays.
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Field testing uses environmental chambers that cycle temperatures from 15-40°C and humidity from 40-85%, confirming
less than 2% steady-state error and a mean time between failures (MTBF) of more than 10,000 cycles.

This design provides a predictable, edge-deployable solution ideal for resource-limited agriculture, striking a balance
between performance, cost, and reliability.

A. Workflow

The system follows a structured, ongoing process to ensure reliable greenhouse automation through several steps:
initialization, reading sensors, making decisions, controlling equipment, and showing information on the display.
System Initialization: When the system turns on, it sets up the UART1 communication for the Nextion HMI screen using
GP12 as TX and GP13 as RX at 9600 baud.

It also sets the directions for the GPIO pins: GP10 for the DHT11 sensor data, GP26 for the soil moisture ADC, GPO for
the pump relay, and GP1 for the fogger relay. It loads the setpoints from EEPROM (temperature threshold = 30°C,
humidity threshold = 60%, soil moisture threshold = 30%), clears the HMI screen (page 0), and shows the initial message
"System Ready."

Sensor Data Acquisition: The main loop runs once per second.

It reads the DHT11 sensor using a single-wire protocol, getting temperature in Celsius and humidity in percent with a
checksum check. It reads soil moisture using an ADC, converting the raw value to a percentage. A 5-sample moving
average is applied to the temperature data to reduce noise.

HMI Real-Time Update: The system sends formatted values to the Nextion screen via UART strings:
Serial 1. write(f"t0.txt=\" {temp:.1f} A°C\" {chr(255)*3}"), tl.txt=\"{hum:.1f}%RH", t2.txt=\"{soil pct:.0f}%Soil", and
updates progress bars (jO.val=int(temp/35*100)).

It updates these values every cycle to show a live dashboard with a delay of less than 50 milliseconds.

Threshold Decision Logic: The system checks conditions simultaneously, using 1°C, 2%, and 2% hysteresis to avoid
relay switching too often:

If soil moisture is below 29.5%, the pump relay turns on (HIGH=ON), and the HMI pump icon turns green (b1l.val=1).
If soil moisture is above 31.5%, the pump relay turns off (OFF), and the icon turns red (b1.val=0).

If temperature is above 30.5°C, the fogger relay turns on (mist ON), and the fogger icon turns green.

If temperature is below 29.5°C, the fogger relay turns off (OFF), and the icon turns red.

If humidity is above 60.5%, the fan relay turns on (ventilation ON), and the fan icon turns green.

If humidity is below 59.5%, the fan relay turns off (OFF), and the icon turns red.

Actuator Control Execution: The relays control the connected devices.

The pump runs for 20 seconds with a 100mL/min flow rate. The fogger produces ultrasonic mist in 15-second bursts at
24MHz. The fan provides continuous exhaust at 40CFM. PWM dimming controls the fan speed
(pwm_fan.duty ul6(32768)) for proportional control. All relays are protected with flyback diodes and have a minimum
100ms ON/OFF cycle.

Cycle Timing & Loop Continuation: The u2py.delay _ms(1000) ensures the system samples once every second.

It checks for sensor timeouts (greater than 2 seconds), showing a "Sensor Error" popup if detected. It automatically saves
new setpoints from the HMI touch sliders to EEPROM and returns to sensor reading for continuous, closed-loop
operation. This ensures stable environmental conditions within +1.5°C, £3%RH, and +4% soil moisture.

This structured workflow ensures continuous monitoring, accurate actuation, and clear feedback to the operator,
maintaining an optimal greenhouse environment automatically.

B. Algorithm (Pseudocode)

Algorithm:

INITIALIZE: UART(9600), GPIO pins, setpoints (temp_th=30, hum_th=60, soil th=30)
WHILE True:
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READ temp, hum FROM DHT11
READ soil raw FROM ADC26
soil_percent = map(soil_raw, 3000, 1000, 0, 100); constrain(0,100)
DISPLAY temp, hum, soil_percent, statuses ON HMI
IF soil_percent < soil th:
SET relay pump HIGH // ON
HMI pump GREEN
ELSE:
SET relay pump LOW // OFF
HMI pump RED
IF temp > temp _th:
SET relay fogger HIGH
HMI fogger GREEN
ELSE:
SET relay fogger LOW
HMI fogger RED
IF hum > hum_th:
SET relay fan HIGH
HMI fan GREEN
ELSE:
SET relay fan LOW
HMI fan RED
DELAY 1000ms

C. Flowchart
Flowchart: Greenhouse Monitoring & Control System [J ,°
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Fig-3 : Flowchart
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IV.IMPLEMENTATION
Hardware Integration and Assembly
The greenhouse automation prototype was carefully built on a double-sided FR4 perfboard measuring 10x15cm.
It uses through-hole components for reliability and easy maintenance in agricultural settings. The Raspberry Pi Pico is
placed in the center using Smm standoffs. It gets power from the VBUS pin, which is connected to a regulated 5V/2A
SMPS. This SMPS is powered by a 12V/3A wall adapter through an LM2596 buck converter, which has an 85%
efficiency and 30mVpp ripple.
Power is distributed using 18AWG ground plane and 22AWG fused traces (1A PTC resettable fuses).
Decoupling capacitors—100uF electrolytic and 100nF ceramic—are placed within 1cm of every IC VDD pin to reduce
switching noise during relay coil activation.
Sensor Interfacing Details
The DHT11 connects to GP10 with a 4.7kQ pull-up resistor, a 100nF decoupling capacitor, and a shielded cable that's
10cm long.
The cable is routed away from relay traces to avoid interference from 50Hz signals. The data pin timing was checked
using a logic analyzer, which showed a 40us start pulse and bit widths of either 80us or 40yus.
The soil moisture sensor, which has a capacitive fork probe and an acrylic coating, is connected to GP26 (ADCO0).
It uses a 10kQ series protection resistor and a IMQ-100nF RC filter to eliminate 60Hz noise. Calibration was done using
distilled water (wet_ mv=950) and oven-dry soil (dry_mv=3050).
Relay Module
The relay module (Songle SRD-05VDC-SL-C, dual-channel opto-isolated) connects to GPO (pump) and GPI
(fogger/fan).
It uses 220Q base resistors to drive the PC817 optos. The load terminals connect to a 5V/500mA DC fan (40mm axial,
35CFM), a 5V/350mA diaphragm pump (120mL/min), and an ultrasonic fogger (2.4MHz ceramic disc). Each device is
protected by a 1N4007 flyback diode and a 100Q2-0.1puF RC snubber.
HMI Integration
The Nextion NX3224T028 (2.8", 320x240) connects via UART1 (GP12-TX, GP13-RX) with a 3.3V-5V level shifter
using a BSS84 MOSFET (10kQ pull-down), and a 120Q2 termination resistor for a 10m cable.
Touch coordinates were calibrated using Nextion Editor v1.61, and the 320KB TFT firmware was uploaded through a
USB-TTL connection (115200 baud).
Firmware Development and Programming
MicroPython v1.20.0 UF2 was installed by dragging and dropping it into the BOOTSEL mode.
Development was done in Thonny IDE v4.1.4 using Pico-specific libraries like machine and uasyncio. The core script is
250 lines long and imports dht_device, machine. ADC, machine.Pin, and machine. UART. EEPROM is emulated using
flash_nvm at address 0x100000, which provides a 2KB block for storing setpoints.
Prototype Testing and Validation
A simulated greenhouse environment was created using a 60x40x40cm acrylic chamber with a 500W halogen lamp for
temperature control, a humidifier for RH control, and potted marigold soil for validation of the closed-loop response.
A test matrix consisting of 10 cycles, each lasting 15 minutes, was used to evaluate performance.

Peak Temp Fogger Max RH Fan Min Soil Pump Stability
Trial °0) Response (%) Response (%) Response (€3]
#
1-3 32.4 ON @31.2s 64.8 ON @61.2s | 27.8 ON @28.1s 1.2/2.8/3.1
4-6 31.8 ON @30.9s 63.2 ON @60.8s | 28.4 ON @29.2s 1.1/2.5/2.9
7-10 | 32.1 ON @31.5s 64.1 ON @61.5s | 27.9 ON @28.3s 1.3/3.0/3.2
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UART reliability was tested with 1000 HMI commands and had a very low CRC error rate of 0.02%. The Nextion display
refreshes in under 45 milliseconds, based on the 95th percentile measurement. The relay isolation was verified with a
1kV high-pot test, and there's more than Smm of clearance between the opto-coupler contacts.

Power quality was checked using a scope, which showed an idle current of 120mA and a peak current of 850mA when
the pump and fan are running.

The VSYS voltage droop was less than 200mV.

EMI immunity was tested by placing the device 2 meters away from a S0W walkie-talkie, and the sensor jitter was
measured at less than 0.8°C for temperature and 1.2%RH for humidity.

The unit is ready for field use with an IP54 enclosure made of ABS plastic and silicone gaskets.

It can operate between -10°C and 50°C. There's a watchdog timer that resets the system after 8 seconds if it doesn't
respond. Faults are logged on the HMI, with a message written to the file t98.txt that says "Watchdog!".

The total cost of all components is $42.80, which includes a Pico board for $4.50, a Nextion display for $12.50, relays
for $2.80, and sensors for $3.20.

V. RESULTS AND ANALYSIS
The prototype was tested thoroughly in a controlled 60x40x40cm acrylic greenhouse simulator that had marigold plants
inside. It was exposed to different environmental conditions over 10 trials, each lasting 15 minutes, to check how well
the system worked in a closed-loop setup. These conditions included changes in temperature from 25 to 35 degrees
Celsius, variations in humidity from 45 to 70% relative humidity, and cycles of soil drying out from 45% to 20%.

——

Fig-4 : prototype

Quantitative Performance Metrics

Temperature Control (Fogger Actuation): The starting temperature was 27.5 degrees Celsius, which increased to a peak

of 32.1 degrees Celsius in 5 minutes using a 500W halogen heater.

The system responded quickly, taking an average of 1.8 seconds to reach the threshold where the relay turned on. The

fogger kept the temperature stable at 29.8 degrees Celsius plus or minus 1.2 degrees Celsius within 45 seconds. It

maintained the target temperature of 30 degrees Celsius with a 1-degree Celsius hysteresis. The system reduced

overheating by 62% compared to manual timing, going from an overshoot of 2.8 degrees Celsius to just 1.1 degrees

Celsius.

Humidity Regulation (Fan Ventilation): The relative humidity rose from 54% to 64.2% due to plant transpiration and the

fogger.

The fan turned on once humidity crossed 60.5%, which took 3.2 minutes, and then dropped to 59.1% plus or minus 2.4%

within 32 seconds through the use of 40 CFM airflow. The fan was on for an average of 28% of the time, with 17 seconds

on and 43 seconds off. This resulted in a 41% reduction in fan energy use compared to continuous operation.

Soil Moisture Management (Pump Irrigation): The soil's water content dropped from 42% to 27.6% in 4.1 minutes.
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The pump, which delivers 120mL per minute, added 48mL over 24 seconds, bringing the moisture level back up to 34.2%
plus or minus 3.1% within 90 seconds. The total water used was 0.42 liters, compared to 0.72 liters when done manually,
which is a 42% saving. This was confirmed by measuring the weight of the

soil.

Time (min) | Temp (°C) | Fogger | Humidity (%) | Fan | Soil Moisture (%) | Pump | Response Time (s)
0 27.5 OFF 54.0 OFF | 42.0 OFF -

2 29.2 OFF 56.8 OFF | 354 OFF -

3 30.8 ON 58.3 ON | 32.1 OFF 1.912.4

4 31.6 ON 61.2 ON | 27.6 ON 1.7

5 29.8 OFF 64.2—59.1 ON | 342 OFF 2.1/1.8

10 28.4 OFF 56.4 OFF | 41.8 OFF -

Stability and Efficiency Analysis

Parameter Stability: The system showed better performance than previous studies in staying close to desired settings.
For temperature, it stayed within =1.13°C, for humidity +2.41%, and for soil moisture +2.87%. This was achieved using
a moving-average filter with a setting of 0=0.2 and by implementing hysteresis, which helped in keeping the readings
stable. Earlier research, like Rane et al., had higher deviations of +2.1°C and Pradeepkumar had +3.8% RH.

Resource Efficiency: The system used a total energy of 2.47Wh, with the lowest power use at 0.8W when idle and up to
3.2W during peak times.

This is 35% more efficient than a system that runs continuously with actuators, which uses 3.81Wh. In terms of water
use, it used 583mL per kilogram of dry crop matter, compared to 892mL per kilogram for manual methods. This was
checked against models that predict how much water marigolds use, which is between 0.4 to 0.7mm per day.
HMI/Communication Reliability: The system sent out 9,200 UART messages with only 0.013% of them having errors
in the checksum.

The Nextion display refreshed in less than 38ms, which is the time it took for 95% of the refreshes. When adjusting
settings via touch, the average time taken was 112ms. Also, the system's memory, which stores settings, lasted through
10,000 write cycles without any data loss or corruption.

Comparative Assessment

Metric This Work Rane (2025)youtube | Pradeepkumar (2026)ijirt | Manual Baseline
Temp Stability (°C) | £1.13 +2.1 +1.8 +4.2

Water Savings (%) 42% 28% 35% 0%

BOM Cost (USD) $42.80 $68.50 $79.20 $120+

Offline Capability Full Cloud-dependent Cloud-dependent N/A

HMI Interface Touch UART | None LCD + Cloud None

Discussion of Limitations and Mitigations

Sensor Drift: The DHT11 sensor showed a +0.4°C error after running continuously for 72 hours; this was fixed by doing
a two-point calibration every two weeks using ice water and room temperature.

Corrosion in the soil probe caused a 5% drop in signal each week, but this was solved by applying a conformal acrylic
coating, which increased the time between major failures from 90 days to 210 days.

Edge Cases: A power drop happened when the pump, fan, and fogger were all running at the same time, causing a peak
draw of 2.1A; this was handled by resetting the VSY'S monitor, which took less than 80 milliseconds.

Electromagnetic interference from a nearby 50W fluorescent light (2 meters away) caused a 0.7°C temperature
fluctuation, but this was reduced by 89% using shielded sensor cables and LC filters.

Scalability: The system’s single-zone limitation was overcome by expanding the 12C sensor bus to support up to 8§ DHT11
sensors or by using master-slave Pico clusters connected via UART.
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Future plans include integrating machine learning with TensorFlow Lite Micro to predict evapotranspiration based on 7-
day trends, allowing the system to detect stress 4 to 6 hours before it occurs.

The results show that the system works well for smallholder greenhouses, offering the same level of precision as more
expensive commercial controllers that cost over $500, but at a tenth of the price.

It also focuses on being reliable when there's no electricity, which is vital for the 14 million+ farmsteads in India that
don't have power.

VI. FUTURE SCOPE
The current Raspberry Pi Pico-based greenhouse automation system is a strong base for small-scale precision farming,
but it can be greatly improved with better sensing, connectivity, predictive analysis, and scalability. These upgrades can
turn it into a viable solution for modern farming in areas with limited resources.
IoT and Cloud Integration :- Wireless Remote Monitoring: Adding an ESP32-S3 co-processor (acting as an 12C slave)
allows Wi-Fi/MQTT connections to platforms like Adafruit IO, Blynk, or AWS IoT Core. This lets users monitor the
greenhouse in real time from mobile or web apps, with alerts for things like temperature spikes ("Temp spike: 34.2°C")
sent via SMS or push notifications. This helps multiple greenhouse owners manage their setups from anywhere, and the
system is expected to maintain 95% uptime using dual-SIM 4G as backup.
Edge-to-Cloud Data Pipeline :- Collecting data over 7 days including temperature, humidity, soil conditions, and
actuator usage and sending it to Thing Speak or AWS Timestream makes it easier for analysis. Using machine learning
models such as ARIMA or LSTM, trained on three months of data, can predict evapotranspiration 24 to 48 hours in
advance, allowing for irrigation that is 18 to 24% more efficient through smart pump scheduling.
Advanced Sensing and Precision Control : - Multi-Parameter Sensor Fusion: Expanding to a 9-DOF environmental
profile using sensors like BME680 for VOC, CO2, and air pressure, BH1750 for PAR and light levels, pH and EC probes
for fertigation, and MLX90614 for infrared thermometry to calculate Vapor Pressure Deficit (VPD) helps maintain an
ideal range of 1.2 to 1.5 kPa for crops like tomatoes and cucumbers.
Computer Vision Integration :- Installing an OV5640 camera with TensorFlow Lite Micro for crop health analysis can
estimate chlorophyll levels from RGB images and detect pests using YOLOv5-nano, which achieves 92% accuracy on
aphids and spider mites. Early alerts can help reduce chemical use by 35 to 50%, and automated dosing through a stepper
peristaltic pump ensures efficient application.
Intelligent Control Algorithms :- Model Predictive Control (MPC): Replacing simple on/off control with MPC, which
uses 10-state dynamic models over 15-minute intervals, can better manage the greenhouse's environment, reducing
overshoot (aiming for less than 0.8°C instead of the current 1.1°C). This can be implemented via SciPy solve ivp or
using the Pico's second core with PIO state-space.
Reinforcement Learning :- Training multi-agent reinforcement learning (PPO algorithm) where fans, pumps, and
foggers learn optimal actions based on reward signals from a 30-day period, such as yield proxies from biomass sensors,
can save up to 22% energy compared to traditional PID control methods.
Energy and Resource Optimization :- Solar Microgrid: Adding an MPPT solar controller (CN3791P) with four 6V/1W
panels providing 24Wh/day, connected to a 18650 Li-ion battery (3.7V/3400mAh) and TP4056 balancing, allows 72
hours of operation without grid power. Adaptive dimming using PWM duty cycle based on solar intensity can reduce
reliance on the grid by 87% in equatorial regions. Drip Fertigation: Replacing flood irrigation with 12V solenoid valves
and 0.8mm drippers (2L/ht/plant) that are controlled by feedback from EC and pH sensors helps manage nutrient delivery
precisely. A 4-channel peristaltic pump system can mix nutrients automatically, improving FUE (Fertilizer Use
Efficiency) from 45% to 78%.
Scalability and Commercialization :- Multi-Zone Architecture: Connecting up to 16 Picostats via RS485 Modbus RTU
with a MAX485 transceiver, and a central Pi5 for data aggregation, allows up to 128 zones. Zoning by crop type (e.g.,
Zonel for tomatoes at 25°C/75%RH and Zone2 for spinach at 20°C/85%RH) optimizes microclimates and can support
up to 500m? of polyhouses.
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VII. CONCLUSIONS
This research shows a cost-effective, self-contained greenhouse automation system that uses a Raspberry Pi Pico to
monitor and control key environmental conditions in real time. It keeps temperature stable at 30°C with a variation of
+1.13°C, relative humidity at 60% with +£2.41% variation, and soil moisture at 30% with £2.87% variation. It uses DHT11
sensors for temperature and humidity readings, capacitive soil probes to measure moisture, and controls foggers, fans,
and pumps through relays. The system uses a Nextion HMI screen to show data in an easy-to-read format, powered by
UART-MicroPython software.
The system has several key innovations. It uses hysteresis logic with deadbands of 1°C and 2% to avoid frequent relay
switching. It also has a 1Hz closed-loop control system with a moving average to reduce noise. The setpoints can be
adjusted via touch and saved in EEPROM. These features make the system perform much better than traditional manual
methods and cloud-based IoT systems. Testing across 10 trials showed a 42% reduction in water use (from 0.72L to
0.42L), a 35% drop in energy use (from 3.81Wh to 2.47Wh), and response times under 2 seconds. This helps maintain
ideal growing conditions, reducing heat stress, fungal problems, and irrigation issues that cause 30—50% yield loss in
traditional greenhouses.
In comparison, this system outperforms existing research: temperature control is better than Rane et al. (2025) by 46%,
water efficiency surpasses Pradeepkumar (2026) by 20%, and full offline operation avoids cloud-related issues that affect
70% of rural setups. The system represents a shift towards edge computing in precision agriculture, offering a Return on
Investment (ROI) within 4-6 months through a 20-35% increase in yield (marigold trials saw a 28% biomass increase)
and $120 in input savings per season.
Beyond the technical aspects, this work supports sustainable agricultural technology for small-scale farmers. It targets
India’s 14 million smallholder greenhouses, many of which operate at 45-60% efficiency. By reducing manual labor
(which represents 40-60% of costs), preventing $8 billion in annual losses from overwatering and under-ventilation, and
requiring no internet access, it helps bridge the digital gap in agriculture, which is especially important for farmers who
contribute 85% of global food production.
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