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Abstract: This paper describes the design of smart irrigation control system for a 20-acre farm in
Alexandria, Egypt, based on a Graphical User Interface GUI, Supervisory Control and Data Acquisition
systems SCADA, Programmable Logic Control PLC, Fuzzy Logic Control FLC, and sensors. A
SCADA system with a local Human Machine Interface HMI screen, and remote control through a VPN
connection is applied to monitor and regulate the field sensors. There are various agricultural crops on
this farm which are affected by the environmental parameters. The measured input parameters are soil
moisture, wind speed, pressure, temperature, humidity, rain fall, and soil conductivity. The measured
data are extracted from the sensors. The output is then carried out based on the applied PLC, SCADA,
and fuzzy control which are designed and implemented to make a decision about the suitable operational
irrigation pumps can be used. The comparison between the total daily power consumption per day for
the traditional irrigation system which is 352 KWh/day, and the total daily power consumption per day
for the smart control irrigation system which is 242 KWh/day, resulting the reduction rate in power
and cost is 31.25%. PLC, SCADA, and fuzzy control ensure long-term water conservation in agriculture
and reduction in the power consumption.

Keywords: Artificial intelligent, Control system, Environmental parameters, Fuzzy control, Irrigation system, SCADA,
PLC, Smart control.

1. Introduction

Water usage annually is a challenge, particularly for the agriculture sector, which has been reported
to be in crisis. Water conservation in agriculture has grown increasingly important. PLC, SCADA
systems, and fuzzy control are regarded as intelligent controls for the regulation of irrigation systems.
The minimum and maximum humidity readings from the sensors were used for controlling the watering
of different kinds of plants, requiring the use of a PLC and SCADA system that determined humidity for
each field [17]. Measurement and control for cultivation based on temperature, humidity sensor, soil
moisture, and light intensity, which resulted in a saving in power consumption compared to the
traditional system based on PLC and SCADA to regulate irrigation, were utilized [27]. The
implementation of a Wi-Fi smart wireless sensor network for irrigation was conducted [37, [4]. In
agriculture, smart irrigation control systems based on the Internet of Things (IoT) and Raspberry Pi
technology were introduced based on data analysis collected from sensors that measured temperature,
humidity, and soil moisture [5]. A smart irrigation system based on the global system for mobile
communication (GSM) to assist farmers in watering their farms. This system sends out
acknowledgement signals describing the status of the task, including the soil's humidity level, the
ambient temperature, and the motor's condition in relation to the main power source or solar power.

The motor status outputs are produced by a fuzzy logic controller, which also computes the input
parameters such as soil moisture, temperature, and humidity [67, [7]. PLC/SCADA systems were
introduced in numerous studies to monitor and control a wide range of industries. The building of a
multi-stage flash brine recirculation BR desalination plant with a large number of inputs and output
signals based on eight main cycles: the sea water cycle, the brine recirculation cycle, the brine heater
cycle, the distillation cycle, the brine blowdown cycle, the steam cycle, the condensate cycle, and the
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pressure reduction cycle controlled by PLC and SCADA systems was presented [87. In an oil refinery
process, PLC and SCADA systems were used to monitor and control four primary units: a unit for
storing and pretreating crude oil, a unit for distilling crude oil, and a unit for storing and dispatching
products. diesel, naphtha, petrol, kerosene, and liquefied petroleum gas (LPG) [97]. One of the most
popular industrial systems was the steam boiler, which has several phases of operation that go into
converting a manually controlled boiler to a fully automated one based on control by using a
PLC/SCADA system [107]. Another study presented machine learning ML classifiers in conjunction
with PLC and HMI to forecast and autonomously manage petroleum product terminals depending on
their concentrations [117], [127]. Enhancing the identification and pattern recognition of individual gases
with low-cost gas sensors based on PLC Step 7-200 was used to monitor and control the gas detector
system to identify various gases as well as track and measure gas pollution emissions [137]. The
detection of harmful gases such as high concentrations of carbon monoxide CO, methane CH4, and
carbon dioxide CO2 in the air, which cause environmental pollution, was analyzed and presented [ 14—
[17]. Fuzzy logic was used to control the irrigation system based on a group of membership functions
for inputs and output variables. Three types of membership functions—triangular membership function,
trapezoidal membership function, and bell-shaped membership function—were analyzed [187], [197].An
artificial intelligence technique based on fuzzy logic was used in several studies to control and predict
the irrigation time for plants, which was necessary for the field of agriculture[207]. An OPC server
supported the agents via the local area network LAN and the human machine interface HMI was
implemented in a multi-agent system based on irrigation schedule agents, weather agents, plant watering
agents, and monitoring agents [217. It has been demonstrated that artificial intelligence models, in
particular fuzzy inference systems (I'IS), were applied for evaluating groundwater quality in complex
aquifers. Fuzzy set theory is applied to groundwater-quality-related decision-making in agricultural
production based on experimental data that is used to generate a number of new, generalized, rule-based
water quality evaluations [227]. An intelligent irrigation control system for the automated management
of water pumps in greenhouses and farms by considering the weather and soil moisture based on fuzzy
logic, which helped the user avoid overwatering and underwatering the crop while also saving water and
electricity, was recognized [237]. Electronic circuits were used to encapsulate the climate sensors with
Arduino and a Simulink model to interface the system as a whole. The Simulink model used the data
from these sensors to regulate the water pump's speed [247. A fuzzy modelling technique was applied
using data from an agronomic experiment. Soil water tension and salinity levels in the water were the
three fuzzy sets that made up the system input variables based on fuzzy rules. The biometric and
productivity analysis's output variables—plant height, stem diameter, leaf area, green biomass, dry
weight, number of fruits, average fruit weight, and percentage of disabled fruits—were defined [257. A
tfuzzy logic controller based on the Mamdani method was built on the Node MCU ESP8266 board
mounted with a DHT22, and soil moisture, temperature, and water content in the soil as input variables
to get the suitable irrigation time were introduced [267]. Another research investigation evaluated the
relationship between the wages of workers and their working hours in the industry, using Zigbee and
RFID transmitters and receivers for monitoring human activity and mobility within farms and factories

[27], [28].

2. Materials and Methods

The objective of this paper is to design and implement an autonomous smart irrigation system using
PLC, SCADA system, and fuzzy control system. The automatic irrigation control system is divided into
two parts that use measurements from sensors to determine the number of pumps required to operate:

2.1 Part 1: PLC and SCADA System Control

The collected data, such as humidity, soil moisture, soil conductivity (EEC), rain fall, wind speed, and
pressure, are based on different types of sensors as input variables to the PLC and SCADA systems. The
aim is to use the input data from the several types of field sensors to monitor and control the irrigation
process according to the system settings, which can be adjusted by the operator using the HMI screen.
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Figure 1 shows the flow chart of the automatic irrigation control system based on PLC and SCADA

control.
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Figure 1.
The flow chart of the automatic irrigation system.

2.1.1. The SCADA / HMI System

The SCADA system, which is based on the PLC, is intended to monitor and regulate the
agricultural field in order to minimise human tasks, water scarcity, and the increased need for skilled
farmers to do various irrigation activities. The most important parts of the SCADA system are the
master station, remote terminal unit RTU, programmable logic unit PLC, intelligent electronic devices
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(analogue and digital cards), and sensors. This allows the irrigation control system to be automated
without the need for human intervention. The PLC is used to gather data based on sensors, implement
tunctions like logic, sequencing, and timing, and regulate different types of machine processes, while the
SCADA system, which is based on the human machine interface HMI, is used to monitor the entire
process. The design and implementation of a PLC and SCADA system to control the automatic
irrigation system for a 20-acre farm in Alexandria, Egypt, as depicted in figure 2, There are various
agricultural crop varieties on this farm. A graphic user interface GUI is used in the design of a smart
irrigation control system that uses PLC controllers to facilitate monitoring and control of the irrigation
process.

Plant Overview

Figure 2.
The farm before implementing the automatic irrigation control system.

In order to collect data from the farm, the irrigation control system is built using a variety of
sensors, including pressure and level transmitters, wind speed, rainfall, temperature, humidity, soil
moisture, and soil conductivity (EC). Table 1 shows the lists of specifications for the components of the
control system.

Table 1.
Control system specifications.
S.N. Type Specifications
Siemens PLC Power supply: 24vdc
Series no. S7-1200 Digital inputs: 14 No.s , DC type
1 (Main PLC) Digital outputs: 10 No.s , DC type
Model no.: 1214C dc/dc/dc [297] Analog inputs: 2 No.s , With range 0 to 10 vdc
Communication port (s): 1 Ethernet port.
. Power supply: 24vdc
Sch.nelder PLC Digital inI}))IZI'C};: 14 No.s , DC type
Series No. M221 Dioi ]
igital outputs: 10 No.s , DC type
2 (Secdor{dary PLC) Analog inputs: 2 No.s , With range 0 to 10 vdc
Model no: TM221CE24T [30] Communication port (s): 1 Ethernet port,
1 Serial port.
Siemens HMI touch screen Power supply: 24 vdc
3 Model no.: KTP1200 Basic [81] Size: 12 inches.
Communication port (s): 1 Ethernet port
Siemens digital input module
4 Series no.: SM1221 No. of signals: 16 digital inputs 24 vdc
Part no.: 6ES7221-1BH32-0XB0 [297]
5 g;rizzr;sil%ﬁi ;);Qtp ut module No. of signals: 16 digital outputs 24vdc
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Part no.:6ES7222-1BH32-0XB0

[29]

Siemens analog input module
Series no.: SM1231

No. of signals: 8 analog inputs

6 Part no.: 6ES7231-4HF32-0XB0 Input range: 4-20 mA / 0- 10 vdc
[29
. ﬁggﬁiﬁ,%ﬁ?&?gm module i\To. of signals: is analog inputs
[50] nput range: 4-20 mA / 0-10 vdc

Power supply: 24 VDC

8 Pressure transmitter [32] M. range: O ~ 10 bar
Output: 0 to 10 VDC
Power supply: 24 VDC

9 Level transmitter [33] M. range: O ~ 1 bar
Output: 0 to 10 VDC
Power supply: 24 VDC

10 Soil moisture (34 M. range: 0 ~ 100 %
Output: 0 to 10 VDC
Power supply: 24 VDC

11 Soil EC [84] M. range: 0 ~ 1000 uS/cm
Output: 0 to 10 VDC
Power supply: 24 VDC

12 Air temperature [ 34 M. range: 0 ~ 100 °C
Output: Modbus RTU
Power supply: 24 VDC

13 Air humidity [347] M. Range: 0 ~ 100 %
Output: Modbus RTU
Power supply: 24 VDC

14 Atmospheric pressure [33] M. Unit: hPa
Output: Modbus RTU
Power supply: 24 VDC

15 Wind speed [33] M. Unit: m/s
Output: Modbus RTU
Power Supply: 24 VDC

16 Wind direction [837] M. Range: 0 ~ 360 Degree
Output: Modbus RTU
Power Supply: 24 VDC

17 Rain fall [33] M. Unit: mm

Output: Modbus RTU

2.1.2. GUI Design of the HMI Screen

The HMI screen with six pages is designed to monitor and control the irrigation process to achieve

tully automated smart irrigation control, which includes:

2.1.2.1. Main Menu HMI Screen
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Figure 3.
The main menu of SCADA system.

2.1.2.2. Pumps Overview HMI Screen
It is designed to monitor and control the operation of the main four irrigation pumps, pre-pump
water level transmitters, pressure transmitters, and filters, as shown in figure 4.
The screen includes:
e Operation status (run/stop) for all pumps.
e Pumps availability.
e [ilters availability
e Discharge pressure values before and after filters.
e Analogue and digital indications for the fresh water storage level and volume.
e Manual control for the pumps
e Manual control for the preparation of valves
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Figure 4.
HMI for system pumps.

2.1.2.8. Plant overview HMI Screen
Due to the large area of the farm, the irrigation control system is divided into two lines, right and

left, where each line has two pumps, as shown in figure 5. The area of land is divided into several parts,
and each of these parts is irrigated using one valve. Irrigation valves are controlled according to the
PLC programme, and the operator assigns settings through the HMI screen. The pumps work at full
speed; irrigation is started by one pump in each line; in the event of opening a large number of valves,
pressure will be dropped, which will make the control system start the second pump to reach the proper
irrigation pressure range. The Plant Overview screen supports the operator with the following data and
control facilities:

e Operation status (run/stop) for the irrigation valves.

e Soil moisture and soil conductivity (EC) readings.

e Manual control for the irrigation valves, which will be activated only in system manual mode.
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Figure 5.
Plant overview screen.

2.1.2.4. Pumps Conditions HMI Screen
It describes the status of all parameters that are affecting the availability of the system pumps, as
shown in figure 6, as follows:

e Screen Enable: Either the pump operation is enabled or not.

e Auto/Man. Switch: showing the status of the operation mode selector switches that are
available on the power panel.

e Overload: Status of the overload relay for each pump.

e  Start inhibit time: Protect the pumps from frequently restarting orders in a short time.

e  Water level: Indicates the availability of irrigation water (the limit is set by the operator).

e Head pressure: Indicates whether the pumps are running within healthy head pressure limits or
not (limits are set by the operator).

e Power supply: status of the three-phase power supply for the pumps.

e Weather station: Either the weather is suitable to run the pumps or not.

e Pump ready: Indicates that all the previous conditions for each pump are ready or not.
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Pumps Conditions
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Figure 6.
Screen of pumps conditions.

2.1.2.5. System Settings HMI Screen
System parameters can be set by navigating through two screens. system settings 1 and 2, as shown
in figures 7 and 8, respectively.

2.1.2.5.1. System Settings 1
Figure 7 shows the system, which contains the following:
e Operation mode.
e  Water source.
e Pumps starting time.
e Irrigation time.
e Pumps inhibit time.
e Pumps: Enable or Disable.
o  Weather station.
e Tilters DP setpoints.
e Pressure setpoints.
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Figure 7.
System settings 1.

2.1.2.5.2. System Settings 2
Figure 8 shows the system adjustment of parameters for all valves.
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System Settings 2

Figure 8.
System settings 2.

2.1.2.6. Weather Station HMI Screen
Figure 9 shows the design of a weather station to monitor and display live readings for air
temperature, air humidity, atmospheric pressure, wind speed, wind direction, and rainfall.

Weather Station

Air Humidity Atmospheric
Pressure

% hpa

Wind Speed

n iz Rainfall

Wind Direction
Figure 9.

Weather station control screen.
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2.1.8. System H/W and S/W structure

The implemented design is based on two PLCs: PLC S 7 1214C Siemens as a master and M221
Schneider as a slave. Figure 10 shows the block diagram for the system’s hardware H/W and software
S/W structures.

Control Room ] Field |
\7 Control Panel !
5‘ F gl ce o) o €V 1
[ 46 VPN couter | | M221PLC | ""' . l.il
. 2 E-L, Soil EC Sensors | J
| HMI Screen | fed  &==| S7-1200PLC |
| Power Panel |

\. AC Power Source

Figure 10.
The block diagram of the system’s H/W and S/W structure.

The connection between different parts of the system is implemented as follows:
e Connection between the 4G VPN router and network switch through an Ethernet IP connection.
e Modbus TCP data exchange occurs through an Ethernet connection.
e Profinet data exchange occurs through an Ethernet connection.
e Modbus RTU data exchange between the weather station and Schneider PLC M221 through an
RS485 connection.
e Hard-wired analogue signal (0 to 10 Vdc).
e Valve control signal (24 Vac).
e  Three-phase power cable.

2.2. Part 2: Fuzzy Logic Control for Irrigation System

Fuzzy logic control based on the Mamdani method and triangular membership functions are used. It
depends on a set of linguistic control rules obtained from the measured data from different sensors. IF
Then rules are built based on input variables, which are temperature, pressure transmitter, soil
moisture, rain fall, humidity, and wind speed, while the water pump state is considered the output
variable. Defuzzification is based on the centroid method to get the crisp value of the output.

3. Results and Discussion

This paper is divided into two parts as smart control system for irrigation to determine the number
of working pumps needed based on measurements of sensors:

Part 1: PLC and SCADA system control based on HMI screens: Figures 11 and 12 display the
actual measurement and the data gathered using field sensors, respectively. Figure 11 displays the
actual weather station measurements on an HMI screen, including temperature, humidity, pressure
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transmitter, soil moisture, wind speed, and rain fall. The farm is shown in Figure 12 after the
implementation of an automated irrigation control system. It is divided into two irrigation lines to
irrigate the farm, two pumps for each line, a total of four pumps for the entire farm, and several control
valves placed into the assigned green space to regulate the amount of water applied to a specific crop.
Table 2 provides an example of measurements taken over a period of four days for every sensor and the
appropriate number of operating pumps. The measurements indicate that in the absence of rain, the soil
is dry, the temperature is high, the conductivity is high, the wind speed is low, and the humidity is high.
To irrigate the land, the irrigation system requires two pumps for each line. When precipitation, damp
soil, low temperature, low conductivity, high wind speed, low humidity, and rain are present, all valves

are closed and the operating pumps are turned off.

Plant Overview

Mois.

EC

. Mols.
EC 388

Mols.
\ EC

Figure 11.
The farm after implementing automatic irrigation control system.
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Figure 12.
Weather station actual measurements.
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Table 2.
Sample of measurements.

Days Soil Rain fall |Pressure| Wind | Conductivity | Temperature | Humidity| Number of working
moisture mm PSI speed EC(nS/cm) C % pumps per line
% m/s
1 27 7 36 4 300 18 15 (6]
2 19 O 25 3 320 30 60 2
3 40 8 28 8 280 15 20 (6]
4 31 O 22 4 390 28 70 2

In the traditional control system for such irrigation plant, operator runs 2 pumps for each line (total
4 pumps) for 2 hours, 2 times per day (4 hours for each pump per day).

Power of each pump is 22 kw, which means that the total power is 88 kw for 4 hours daily.

By using our smart irrigation control system with the field measuring sensors (Pressure sensors,
Soil moisture, Soil EC and Weather station), we found a significant reduction in the power consumption
as follows:

e 2 Main Pumps run for 4 hours per day

e 2 Standby pumps run for 1.5 hour per day.
Power consumption and the cost for traditional system versus smart irrigation control system:
The pump in this situation uses 22 kW. To monitor the pump's power usage, conduct this test on a
regular basis, either throughout the season or anytime [357:
Reading an electronic meter:
1 reading = 1264.2 kWh
2" reading = 1262 kWh
Multiplier stated on power bill = 10 Power usage
Power usage = (1 * reading — 2 " reading) *multiplier stated on power bill (1)
Power usage= (1264.2-1262) *10 *3600 / 3600 = 22 KW
Power consumed based on the number of operating pumps= Power usage of each pump * No. of
operating pumps * working hours (2)
Total daily power consumption per day for the traditional irrigation system =
22KW * 4 pumps * 4 Hours = 352 KWh / Day.
Total daily power consumption per day for the smart irrigation control system =
(22 KW * 2 pumps * 4 Hours) + (22 kw * 2 pumps * 1.5 Hours) = 242 KWh / Day.
The percentage of power reduction per day = (Power consumption per day for the traditional irrigation
system - Power consumption per day for the smart irrigation control system) ¥100  (3)
The percentage of power reduction per day = (352 — 242) / 852) * 100 = 31.25%.
The pumping cost [357:

Evaluate the cost for pumping. Considering the cost per kWh to compute the power required for
pumping. If supplier charges have different rates during the day and night, it could be challenging to
calculate the exact charges per kWh.

If supply costs $ 0.5 per kWh: the irrigation system cost = Daily power consumption®* Supply cost (4)
The traditional irrigation system cost= 352 kWh x $0.5 = $176

The smart irrigation control system cost= 242KWh*$0.5= $121

The saving in cost per day= $176-$121 =$55

The percentage of cost reduction per day= (($176-$121)/$176) *100=31.25%

Part 2: Fuzzy logic control for irrigation systems: Based on the Mamdani type with triangular
membership functions, according to the measurements from different types of sensors, temperature,
pressure transmitter, soil moisture, rain fall, humidity, and wind speed are the input variables, while the
water pump state is the output variable. Figure 13 shows the fuzzy inference system with all inputs and
output variables. The membership functions are divided into four ranges for each input and output
variable, which are very low, low, medium, and high. Figure 14 displays the temperature range of 10 to
60 degrees Celsius.
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Pressure in the range of 20 to 40 psi is depicted in Figure 15. The range of soil moisture, from 0% to
100%, is displayed in Figure 16. The wind speed range is displayed in Figure 17, from 0 to 8 m/s. The
range of rain fall, from 0 to 8 mm, is depicted in Figure 18. The range of humidity, from 0% to 100%, is
depicted in Figure 19. The range of operational pumps, from zero to four pumps, is displayed in Figure
20. The measured data is transferred to fifty rules that are fired in parallel using I[FF THEN rules.
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Figure 13.
The fuzzy controller system.
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Soil moisture membership function.

plot ponts. 181

e tatien Hoction it ‘
—— '“ : - ¢
D> | Moot waiog sumps
]
B

Wind_spoed

WR"’.—“_ 0 1 2 3 4 s L3 7 8
prevd .
Figure 17.
‘Wind speed membership function.
pict ponts 131
FIS Variables T ; o T T
w L “ H

Figure 18.
Rain fall membership function.

Figure 19.
Humidity membership function.
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Figure 20.
Number of working pumps membership function.

The implemented design uses the centroid approach for defuzzification and is based on the
MATLAB fuzzy logic Mamdani type with a triangle membership function. According to the state of the
input parameters, the fuzzy rules viewer for the irrigation control system will predict the appropriate
number of operating pumps. The fuzzy rules for managing irrigation pumps are depicted in Figure 21.
In this scenario, the conditions of the inputs lead to the output variable of two operating pumps being
switched on. In the first scenario, if there is no precipitation, inadequate soil moisture, low wind speed,
high temperatures, a high-pressure transmitter, and high humidity, the field needs two working pumps
in each line for watering the farm.
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The fuzzy rules for controlling irrigation (First scenario).
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Figure 22.

The fuzzy rules for controlling irrigation pumps (Second scenario).

In the second scenario, as shown in figure 22, when there is a lot of precipitation, high soil moisture
content, high wind speed, low temperature, low pressure transmitter value, and low humidity, the
operating pumps switch off. Both scenarios demonstrate that the fuzzy control is capable of effectively
controlling the number of pumps required for irrigation. The output surface prediction using fuzzy
control and the relationships between the input parameters and the number of pumps as output
variables are depicted in Figures 23 and 24, respectively. The relationship between soil moisture, rain
fall, and the number of operating pumps as input and output variables is shown in Figure 23. It
demonstrates the operation of pumps shutting down when there is a lot of moisture in the soil and rain
talls. The two working pumps should be employed when the amount of moisture in the soil is at its
lowest level and rain is not expected. The relationship between wind speed and pressure transmitter as
input variables and the number of operating pumps as the output variable is shown in Iligure 24. It
illustrates that two working pumps activate when the pressure transmitter and wind speed are both low.
The pumps turn oft when the wind speed is high and the pressure transmitter is high.

. S
e

e

Figure 23.
The relation between soil moisture, rain fall and number of working pumps.
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Figure 24.
The relation between wind speed, pressure and number of working pumps.

4. Conclusions

This paper intends to design and implement a smart irrigation control system based on PLC,
SCADA system, fuzzy control, and various types of sensors in order to remove human contact and
prevent water waste from traditional irrigation systems. In order to monitor and control field sensors
and determine the number of effective operating pumps required to irrigate the area, six human machine
interface (HMI) screens have been designed. The water pumps are the output variables, and the six
input variables—temperature, humidity, soil moisture, pressure transmitter, and wind speed—have been
used. With the same input conditions, a fuzzy logic controller predicts an appropriate number of
working pumps, resulting in the same output from the PLC and SCADA control systems. The power
consumption per day for the traditional irrigation system is 352 KWh/day, while the total daily power
consumption per day for the intelligent irrigation control system is 242 KWh/day, achieving reduction
rate in power and cost is 81.25%.

Copyright:
© 2024 by the authors. This article is an open access article distributed under the terms and conditions
of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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