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Abstract: To achieve precise measurement of moisture content in the substrate and intelligent
water-saving irrigation, a simple and low cost automatic irrigation control system based on ZigBee
wireless network has been developed. A software with irrigation strategy was proposed based on the
models of substrate wetting pattern, lettuce root zone and the evapotranspiration. The system could
detect substrate moisture in real-time and irrigate automatically according to the threshold of substrate
and the irrigation strategy. The average fresh weight per plant under intelligent irrigation are 16.60%
and 11.37% higher than manual control irrigation at least in different growth stages in spring and
summer, the average drainage rate of intelligent irrigation is 16.08% and 17.06% smaller than manual
control irrigation in spring and summer, and the irrigation water use efficiency of intelligent irrigation
is 68.03% and 98.61% higher than manual control irrigation in spring and summer. The results show
that the system is a promising tool for scientific and rational irrigation decision.
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1. Introduction

Lettuce, one kind of shallow rooted and moisture sensitive crop, is the most popular vegetable
with the highest consumption rate throughout the world [1,2]. Moisture stress is being crucial for yield
and quality [3], because of the water condition of the root zone is one of the most important factors for
lettuce cultivation.

Soilless culture is a promising technique largely applied in greenhouse horticulture due to its
multiple advantages [4,5]. In substrate culture, water must be precisely controlled to the crop because
the water holding capacity of the substrate is very low and substrate are usually inert [6,7].

Lettuce has been grown with substrate in greenhouse for many years [8,9]. However, most lettuce
growers tend to irrigate when they observe crop wilting during the day and the amount of irrigation
they apply is based on their experience [10]. Obviously, an adequate irrigation control is of great
importance to achieve a profitable production of lettuce with high yield and quality.

An automatic irrigation system was designed based on the potential evapotranspiration for
irrigation control under greenhouse climatic conditions [11,12], soil moisture sensors [13,14] and leaf
temperature sensor [15]. Due to the advantages of straightforward installation, and low cost in wiring
and piping in wireless technologies, autonomous irrigation with sensors in agricultural systems has
been intensively explored in the last years [16-19], however, most of these studies were conducted
on soil, the substrate physicochemical properties are significantly difference from soil, and these
differences have great impact on substrate water evaporation capacity, substrate moisture migration,
crop root growth in substrate, and substrate moisture detection, therefore, the automatic irrigation
control system for soil cause waste of water or water stress to crops in substrate cultivation. For better
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irrigation management, substrate water evaporation capacity, substrate moisture migration, crop root
growth in substrate, and substrate moisture detection are required.

The main objective of this study were (i) to develop an automatic irrigation control system applied
in soilless based on ZigBee wireless sensor networks; (ii) to evaluate the performance of the developed
automated system under greenhouse conditions. This low cost technology can easily be installed and
used in a variety of settings including greenhouse, home gardens and small farms.

2. Material and Methods

2.1. Configuration of the System

The irrigation control system is illustrated in Figure 1. The base station unit is the initiator of the
ZigBee network construction, which controls the entire network. The function unit (Zigbee terminal
and Zigbee coordinator) is responsible for collection and transition of the irrigation control signal and
substrate moisture signal, including air temperature, solar radiation and so on. The sensor unit is used
to measure the substrate water content, air temperature, and solar radiation.

Zigbee
terminal

| <

Zighee
coordinator

Computer

Solenoid
valve

Sensor

Figure 1. Schematic representation of irrigation control system.

2.2. Irrigation Control Strategy

The control strategy based on the crop root zone, substrate wetted zone, crop water evapotranspiration
and substrate moisture was proposed to achieve dynamic real-time measurement and irrigation control.

Irrigation begun when the substrate moisture content detected by sensors below the irrigation
threshold value (0.14 cm®/cm?). The crop water evapotranspiration, the substrate wetted zone and
root zone were calculated according to a predetermined interval. Combined with the irrigation volume,
crop water evapotranspiration, the overlap area of substrate wetted zone and crop root zone (overlap
(R, W)) to make co-decisions when the irrigation stopped, the conditions for stopping irrigation are
meet (i) the overlap area is more than 80%; (ii) the irrigation volume is greater or equal to crop water
evapotranspiration; and (iii) the water content in the root zone is higher than irrigation threshold value
at the same time. A control flow chart of the automatic irrigation control system is depicted in Figure 2.
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Figure 2. Flow diagram for the proposed control algorithm.

2.3. Irrigation Control Model

This work aims at testing the adequacy of the automatic irrigation control system to properly
manage the irrigation for soilless, the scheme of the model is as follows:

2.3.1. Substrate Moisture Sensor Calibration Model

To obtain reliable substrate moisture content, a compensation model based on temperature for
each EC-5 sensor (8.9 cm length, 1.8 cm width, 0.7 cm depth, METER, Pullman, WA, USA) can be

calculated as [20]:
U—alT —b

Gsensor = f (1)

where 0,101 is the substrate water content (%), U is the output voltage of EC-5 (mv), T is the substrate
temperature (°C), and 4,b and c are the constant.

2.3.2. Crop Water Evapotranspiration Simulation Model

A crop water evapotranspiration simulation model was developed to calculate the crop water
consumption cultivated with substrate for each irrigation interval. ET, ; is the water evapotranspiration
for periods shorter than a day and can be calculated as [7]:

ETc,t = ETc,dR ,d (2)
a,

where R, ; is the daily extraterrestrial solar radiation and R, ; is the daily extraterrestrial solar radiation
during the interval between irrigation, which can be obtained by PYR solar radiation sensor (METER,
USA), ET, 4 is the daily crop water evapotranspiration and can be calculated as [21]:

ET.; = ETy - K, 3)
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where K. is the crop coefficient, ET) is the reference evapotranspiration, which can be calculated as:
ETy = Kpan - Eo )

where Ky, = 0.79 is the pan coefficient for greenhouse climatic condition [22] and Ej is the evaporation
from a free water surface.

2.3.3. Crop Root Zone Simulation Model

A crop root zone simulation model was developed to calculate the root growth and distribution in
substrate. The root depth (Z) and root zone radius (R) under different depths can be used to describe
the root zone and expressed as [23]:

iz
o = (T —Th) Q)
R=dZ®+eZ’+ fZ +g (6)

where % is the growth rates of the root depth (cm/day), b, is a constant (cm/°C day), T, is the day
mean of air temperature (°C), T} is the minimum temperature for root growth (°C), Z is root depth
(cm), R is root radius (cm) and 4, ¢, f, g are the coefficient that could be described as:

C = hDp® +iDp? + jDp +k ?)

where C is undetermined coefficient and £, i, j, k are the constants, Dp is the cumulative temperature
(°C) and can be described as:

0 (T, > Tp)
DD:ZT: Ta_Tb (TbSTaSTm) (8)
Tw—Tp (Ta > T)

where T}, is the maximum temperature for root growth (°C).

2.3.4. Substrate Wetted Zone Simulation Model

A substrate wetted zone simulation model was developed to calculate the moisture migration in
substrate. The wetted radius (W) on the substrate surface and the wetted depth (D) in the substrate are
essential for the determination of the substrate wetted zone, which can be expressed as [24]:

K. (m—3)

W= A1V”1(q%z) ©)
(n—%)

D= szw([;f) 3 (10)

where W is the wetted radius (cm), D is the wetted depth (cm), V is the irrigation volume (L), K; is
the saturated hydraulic conductivity (cm/h), q is the emitter discharge (L/h), z is the depth of emitter
insert into the substrate (cm), A1, A are constants and ny, 1, are exponents of equation.

According to the experimental data, the whole wetted zone under substrate surface can be
expressed as [25]:

Y = (W = D)eos(a) + Dlsin(a) = [(4rv (50" — 4w (50)* Vycosta) + aave(8) ™ Vsina) (A1)

1

X = [(W — D)cos(«) + D]cos(a) = {(Alv”l(’%)("l’i’ - sz"z(%f)(”f%))cos(a) n sznz(’%)mz’ﬂ cos(a)  (12)
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where X and Y are the wetted radius and wetted depth at a specific application time and any position
of the wetting front. « is the angle between wetted radius (W) and wetted depth (D).

2.3.5. Overlapping-Degree Model

The overlap area of substrate wetted zone and crop root zone (overlap (R, W)) were calculated to
indicate the matching results and can be described as:

area(R, W)

overlap(R,W) = area(R)

(13)

where area(R, W) is the overlap area of substrate wetted zone and crop root zone (cm?), and can be
described by the minimal area of piecewise curve based on intersection points of Equations (6), (10)
and (11). Area(R) is the area of crop root zone (cm?) and can be described as:

z
area(R) = /Rdz (14)
0

where Z is root depth (cm), R is root radius (cm).

2.4. Crop Cultivation and Experimental Conditions

This experiment was conducted in a lettuce greenhouse, which can open the side wall
automatically when the temperature was higher than 26 °C. The grind vinegar residue (50%) and
peat (50%) paced to a bulk density of 0.184 g/cm? are used as growth substrate, and the saturated
hydraulic conductivity was found to be 0.051 cm/s, a flow rate of 1 L/h per dripper was operated
by the irrigation set, and the total volume of irrigation is measured by high precision water meter.
Lettuce seeds (High Vegetable Seed of China, Liertian Seeds limited company, Cangzhou, Hebei,
China) were obtained from a supermarket, and transplanted when it grows four leaves after planting,
the substrate was saturated with water before transplanting. Lettuces were planted on line spaced
0.2 m apart, and 60 lettuces were used for intelligent irrigation, other identical amount lettuces for
manual control irrigation with three replicates. The experimental treatments were applied 35 days
from transplanting, and the fresh leaves of lettuce were weight by balance every 6 days. The root depth,
root radius at different depth, the wetted depth, wetted radius at different depth were monitored by
dig methods in a previous cultivation experiment.

2.5. Analysis

Data were subjected to analysis of variance (ANOVA) for intelligent irrigation and manual control
irrigation analysis using Microsoft Excel to determine the statistical significance of the treatments at a
5% significance level.

3. Results and Discussion

3.1. Software Application Development

A software was designed to implement the proposed methodology, the irrigation strategy has
been pre-programmed and the substrate wetting pattern and crop root zone can be simulated. The user
interface designed and organized into several frames, it allowed users to choice irrigation mode,
substrate type and crop variety, input basic parameters, and real-time display the detected data from
sensors in real-time (Figure 3).
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Figure 3. Control interface.

3.2. Model Parameters

The model parameters are the core and key of the irrigation control system. The values of the
parameters can be obtained by experiments and radiation sensors. Tables 1 and 2 are the parameters
of EC-5 sensor, root depth model, wetting pattern model and the root zone radius model, and can be

defined as input parameters.

Table 1. The parameters of the EC-5 sensor, root depth model and wetting pattern model.

EC-5 Sensor Root Depth (Z) Wetted Radius Wetted Depth
a b C bz A1 ni Az ny
1.83 522.24 597 .41 0.014 0.15 1.01 2.96 0.28

Table 2. The parameters of the root zone radius model.

Root Zone Radius (R)

Coefficient
h i j k
d 5.04 x 10710 —5.61 x 1077 424 x 107> 0.08
e —1.15 x 1078 1.48 x 1075 —448 x 1073 —0.53
f 4.69 x 1078 —7.26 x 107° 2.98 x 1072 —-0.34
g —2.67 x 1078 3.58 x 1072 —9.95 x 1073 —0.46

3.3. Performance of the Control System

The automatic irrigation control system has been developed to assist those growers who don’t
know when and how to irrigate in soilless conditions. The friendly man-machine interface makes it
easy to use. The control system has two irrigation methods: manual control irrigation and intelligent
irrigation, the performance of the control system is validated by comparing intelligent irrigation and
manual control irrigation.
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3.3.1. Crop Performance

Aboveground average fresh weight (FW) per plant measured every 7 days after planting in spring
and summer, are summarized in Table 3. The average fresh weight (FW) per plant under intelligent
irrigation are at least 16.60% and 11.37% higher than manual control irrigation at different growth
stages in spring and summer. This fact can be related to the low water holding capacity of substrate
and also due to the intelligent irrigation method may detect and irrigate in real time and maintain
the water content at root zone meeting the plant demand in comparison with the manual control
irrigation method.

Table 3. The average fresh weight (FW) per plant.

FW in Spring/g FW in Summer/g
7day 14day 21day 28day 35 day 7day 14day 21day 28day 35 day

Intelligent irrigation 3.15a 10.14a 31.65a 9221a 211.20a 1.78 a 6.57 a 2096a 85.08a 178.52a
Manual control irrigation ~ 2.06 b 712b 1863b 76.18b 181.13b 1.37b 521b 1630b 63.71b 160.38 b

Irrigation Methods

Letters indicate statistical significance at « = 0.05 level within “a” and “b”.

3.3.2. Drainage Rate at Each Irrigation

Tables 4 and 5 show the detailed comparison of drainage rate at every irrigation pulse for 3 days
in spring and summer. The average drainage rates were 8.67% and 9.82% for intelligent irrigation,
24.75% and 26.88% for manual control irrigation in spring and summer, the average drainage rate
of intelligent irrigation is 16.08% and 17.06% smaller than manual control irrigation in spring and
summer, respectively.

Table 4. Detail comparisons of drainage rate at different irrigation control treatments for 3 days.

Sprin,
Irrigation Methods Irrigation Frequency prng
Irrigation Amount/m®  Drainage Amount/m3 Drainage Rate/%
Intelligent irrigation ! 0.224a 0.020a 8.93a
8 & 0.202a 0.017a 84la
Manual control irrigation 1 0.444b 0.110b 24.75b

Letters indicate statistical significance at « = 0.05 level within “a” and “b”.

Table 5. Detail comparisons of drainage rate at different irrigation control treatments for 3 days.

Summer
Irrigation Methods Irrigation Frequency
Irrigation Amount/m®  Drainage Amount/m®  Drainage Rate/%
1 0211a 0.020 a 9.48a
Intelligent irrigation 2 0.202a 0.021a 1040a
3 0.224 a 0.022 a 9.82a
4 0.219 a 0.021 a 9.59 a
1 0.444b 0.108 b 24.32b
Manual control irrigation 2 0.444 b 0.128b 28.83b
3 0.444b 0.122b 27.48 b

Letters indicate statistical significance at « = 0.05 level within “a” and “b”.

The intelligent irrigation can reduce the drainage rate effectively, the lower drainage rate of
intelligent irrigation can be due to reduce the irrigation depth, increase irrigation frequency and
decrease irrigation amount per irrigation. Nevertheless the average drainage rate in summer is higher
than in spring for intelligent irrigation and manual control irrigation, these is because the higher
temperature in summer lead to the upper substrate dry, and increase the substrate water repellency,
the irrigation water is easier to drainage during irrigation.

3.3.3. Irrigation Water Use Efficiency

The irrigation water use efficiency (IWUE) can be described by the fresh weight (FW) divided
irrigation amount [10]. Table 6 shows the total irrigation amount and drainage amount, crop fresh
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weight and IWUE in spring and summer. The intelligent irrigation reduce the irrigation amount,
drainage amount and increase the IWUE compared to the manual control irrigation, the IWUE of
intelligent irrigation is 68.03% and 98.61% higher than manual control irrigation in spring and summer,
respectively. This is because the intelligent irrigation of the irrigation control system realized the
accurate detection of substrate water content and precise control of irrigation volume, and the lettuces
grow well without water stress and wilt symptoms.

Table 6. Total irrigation, drainage, fresh weight and irrigation water use efficiency for 35 days.

Accumulated
Irrigation methods Spring Summer
Irrigation/m® Drainage/m®  FW/kg IWUE/kg m®  Irrigation/m® Drainage/m®  FW/kg IWUE/kg m®
Intelligent irrigation 6.18a 0.53 a 12,67 a 205a 748 a 0.736 a 10.71a 143 a
Manual control irrigation 8.89b 2.21b 10.87b 122b 13.33b 3.59b 9.62b 0.72b

Letters indicate statistical significance at « = 0.05 level within “a” and “b”.

4. Conclusions

A simple and low-cost automatic irrigation control system based on ZigBee wireless network has
been developed and tested for soilless cultivation in greenhouse. A software with friendly interface was
developed to simulate the irrigation, set parameters, and display real-time substrate moisture content,
substrate temperature and air temperature. The system performed well, as the average fresh weight
per plant under intelligent irrigation are 16.60% and 11.37% higher than manual control irrigation
at different growth stages, the average drainage rate of intelligent irrigation is 16.08% and 17.06%
smaller than manual control irrigation in spring and summer, and the irrigation water use efficiency of
intelligent irrigation is 68.03% and 98.61% higher than manual control irrigation in spring and summer,
however, the IWUE of intelligent irrigation have a room for improvement, further improvement to the
proposed model and irrigation control strategy should be introduced to solve the irrigation problem in
substrate cultivation.
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