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Abstract; Considering the many difficulties of installing the sensor for the soil temperature and moisture measurement,
such as miserable installation of the sensor and relatively large disturbance to the local soil, this paper designed a composite
sensor for multilayer soil profile in accordance with the principles of soil moisture measurement and temperature
measurement based on SWR and platinum resistance. A vector network analyzer and HFSS electromagnetic simulation
software were used to analyze impedance characteristic and electric field distribution of the sensor electrode. According to
the analysis result, the structure of copper detection probe was designed. The diameter of the probe is 5 ¢cm, the width is
2.5 cm, the thickness is 0. 09 cm and the excitation frequency of test circuit is 100 MHz. Three types of soil were chose as
experimental samples. The polynomial fitting and linear fitting were conducted on the output values of sensor detection unit.
The results correlation reached more than 0.99. The static and dynamic performance of the system met the detection
requirements of temperature and moisture of soil profile. Experiments was carried out in Xiaotangshan District, Beijing
City, and then effect of temperature and volumetric moisture content of soil on sensor outputs were analyzed and correction
models were established by using the statistical regression method at different temperatures. The sensor working in the PVC
pipe buried in the soil could obtain the information of temperature and moisture of the three layers, and its performance was

stable and the data was reliable. This study provides a highly efficient method for obtaining the real — time information of

multilayer soil moisture and temperature.
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0 Introduction

Soil moisture content is one of the key factors that
affect the growth and yield of agricultural crops'''. Tt is
very important to obtain the vertical distribution of soil
moisture content in real time for getting the distribution
of crop root, variation of soil moisture and regular rules

[2-6]

of crop water requirement Presently, the most

common method is burying the pin type sensor in
layered to acquire the vertical distribution of soil
moisture content. However, this method has the
disadvantages of inconvenient construction, damage to
the local soil structure, and difficulty of replacing the

[7-12]

unworkable sensor The layered non-contact

measurement technology of soil moisture content and

temperature has made great progress in both theory and

]

practice abroad'”~"*! | such as EnviroSCAN sensor and
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Diviner 2000. But the domestic research in this area is
still relatively defective. Principle of frequency domain
reflection ( FDR) is used in soil moisture content
measuring in abroad products. Its sampling interval is
10 cm. In the measurement of soil moisture content,
we must use the foreign manufacturers designed device
to get data. Usually the price of these devices is very
high. These products, at present, are not used widely.
Thinking the above shortcomings and comparing the
conventional soil moisture measuring methods'” ™' |
the feasibility of rapid detection of soil moisture content
in multi-layered soil profile using Bobbi principle of
dielectric theory'” ™' was analyzed. This paper
designed a composite sensor based on SWR for soil

profile to achieve measuring moisture and temperature

of multilayer soil in real time.
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1 Measurement principle and structure

1.1 Principle of moisture sensor

Using SWR method to measure soil moisture content
was actually demonstrated via variation of characteristic
impedance of the probe in the soil environment. Due to
the mismatching of probe impedance and the
characteristic impedance of the transmission lines,
when high frequency electromagnetic waves transmitted
along the line to the probe, a standing wave was
produced on transmission line, which caused voltage
amplitude change of transmission line ends. The

principle of moisture sensor is shown in Fig. 1.
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Fig.1 Test environment and principle of

soil moisture sensor

According to the theory of transmission line'™’ | the
difference of transmission line ends AU is described as
AU =24p =24 Zr =2 (1)
Z,+7Z,

Where p is the reflection of a transmission line index;
A is the oscillation amplitude of high frequency
oscillator; Z, is the probe impedance; Z, is the

transmission line impedance.

If Z, = Z,, transmission line will not produce
standing wave, so the voltage of transmission line ends
are zero.

The impedance characteristics of the ring probe are
related to the dielectric constant of the material filled in
it. The capacitance value of ring probe is described as

C=ge.e&, (2)

Where g is the constants related to shape size; &, is

the dielectric constant of medium filled around ring

probe; &, is the dielectric constant in vacuum.

If taking the structure in Fig. 2 as the detection
impedance model of the ring probe, then expression of
its characterization capacitance is shown below

c.c’
C,+C”

Where C, is the characterization capacitance of ring

C.=C, + (3)

probe; C* is the characterization capacitance of
measured soil ; C, is the spurious capacitance generated

by electric field.

Detection
circuit

Fig.2  Circuit model of ring probe detection impedance

It can be concluded from Eq. (2) that C* and C,
can be calculated by C* =g, &, ,&,and C, =g, &,
Where the subscript m denotes the medium, and the
subscript p denotes the plastic access tube; detection
impedance Z, and admittance Y of ring probe are
expressed by
joC,joC”

Y:sza)(]x =joC, +

7 (4)

joC, +joC”

Where w is the test angular frequency of sensor.

In the detection process, the electrical conductivity
of the soil will have an effect on the impedance of the
probe ')

joC" =jwC + G (5)
Where G is the impedance produced by ionic
conductivity of soil.

Due to the fixed-point measurement way that sensor
adopts, it is considered that the disturbances from PVC
pipe and spurious capacitance are fixed values. So
sensor impedance is mainly decided by probe size and
dielectric constant and working frequency.

In 1980, Topp et al.'”' obtained a single-valued
mathematical relationship between soil dielectric
constant and soil moisture content through the test
method.

f=-53x107+2.92x10 ¢ -
5.5x107%e* +4.3x10°°¢’ (6)
According to the above theories, soil moisture

content can be measured by testing the change of

sensor probe impedance.
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1.2 Measurement principle of temperature sensor

The design of temperature measurement depended on
the theory of platinum resistance, namely to reflect
change of environmental temperature measured via the
change of platinum resistance. Platinum resistance

detection principle was shown in Fig. 3.
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Fig.3 Block diagram of soil temperature sensor

The 2.496 V reference voltage, namely V ;, was
generated by REF3025 chip, is exchanged to constant
current source(1 mA) by operational amplifier.

When the current of constant current source flows
through theplatinum resistance will produce pressure
drop, then through differential operational amplifier
ADG623 the voltage signal of platinum resistance was
picked up, and ultimately voltage signal output will be

converted into 4 ~20 mA current signal.

Vr(‘
Vou = RilfRPTIOOAl (7)
[oul = VoulAZ <8)

Where V_,
2.49 V reference voltage; R, is the 2. 49 k() resistor;
of PT100; A, is the

of differential

is output voltage values of sensor; V,, is the
Ryng 1s  the  resistance
magnification operational  amplifier
AD623; A, is the factor of voltage-current conversion.
1.3 Configuration and structure of multilayer
composite sensor for soil profile

Composite sensor for soil profile is made up by
collecting main-board, moisture sensor, temperature
sensor, connecting cable, PVC bracket and PVC
sleeve, etc. , as shown in Fig.4. H is space of sensor
probe (the shortest distance is 10 ¢cm ). The copper
probe is layered muff-coupled on the PVC bracket,
cylindrical in shape cylindrical shape. The copper
probe interval conventional is 10 cm and it is
adjustable. There are two moisture detection circuits
internally and two copper electrodes embedded external
using to receive/transmit electromagnetic signals. The

number and location of moisture probe are determined

according to actual needs (installing up to eight sensor

probes). The temperature sensor board and moisture
sensor circuit are connected by a connector, plugging
in connecting cable. Sensor collecting main-board
executed control and data collection to the sensors of
each layer through connecting cable. In order to reduce
the power of overall sensors and avoid the
electromagnetic interference between the moisture
sensors, time-sharing power supply mode of the sensor
collecting main-board was taken for moisture and

temperature sensor collecting board.
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Fig.4 Schematic of system configuration
1. Communication interface of power supply and RS =485 2. SD card
storage module 3. Main-boardof sensor collecting part 4. Bottomed

cable connector 5. PVC support frame 6. Connecting cables

7. Temperature sensor board 8. Main-board connector of moisture and

temperature 9. Copper detection probe 10. PVC tube

Before using sensors, PVC pipe needed to be buried
in the test point by specified tool. In the testing,
position and number of moisture probe needed to be
adjusted to meet the actual needs. Inserting the sensor
PVC pipe, connecting to the power and data line and
closing block button, online real-time measurement of
temperature can be

soil moisture content and

implemented in different depths of soil.
1.4 Hardware circuit design of sensor

Measurement system diagram was shown in Fig. 5.
The system mainly contained soil moisture detection
unit, soil temperature detection unit and sensor
collecting main-board. The sensor collecting main-

up by using STM32F103RBT6

board is made
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microcontroller, SD card storage unit, current signal
conversion unit, clock module, power conversion unit,

power control unit and RS —485 interface unit.
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Fig.5 Schematic diagram of measurement system

The system can set two kinds of working via the RS
- 485 interface mode, namely, independent working
mode and sub-equipment working mode. Under the
independent working mode, the sensor can carry out
12V power supply to independently collect soil
information. According to system setting time interval
(default is 10 min) , each layer of soil moisture and
temperature information time-sharing was collected by
power control unit when it is powered up. The
collected information is stored to the SD card in the
form of TXT. In the sub-equipment working mode, the
controller of sensor ran the standard MODBUS sub-
equipment communication protocol. The MODBUS
master device with a RS - 485 interface peripheral
could control sensors to collect soil information in

specified data frame.

2 Research on factors influencing soil

moisture sensor impedance

2.1 Testing frequency, probe structure and
dielectric properties of soil

It is important to research the impedance

characteristics of moisture sensor probe in designing

soil moisture sensor. The conventional moisture sensor

probe is pin type structure, and its impedance

characteristic mathematical model can be set up by the

transmission line theory'”’.

Compared to the pin type
structure, the proposed impedance model of ring
structure has some difficulties, such as, the probe
shape is irregular and the boundary conditions of

electromagnetic distribution is complex, it is difficult to

find out analytic solution. With the help of a high

frequency  vector network analyzer, impedance
characteristics of the ring electrode in four kinds of size
were analyzed, eventually structure and working
frequency of ring probe was determined. Taking the
soil from the Beijing Forestry University experimental
nursery (116°21'14"E,40°0'54"N) as samples, which
were dried by oven (105 °C, 24 h) , we calculated the
soil sample required moisture of soil different
gradients. According to the calculated result to prepare
soil, the 1.6 g/cm’ bulk density soil was evenly loaded
into seven PVC test buckets. The PVC test bucket’ s
height were 50 em, diameter was 40cm and in its
central was fixed a PVC pipe with height of 50 cm and
diameter of 5. 6 cm. Seal and put it aside for 48 h to let
soil moisture to migrate evenly. Take off the soil using
ring knife and adopt drying method to measure the
moisture contents of each test tube were 1.5% , 8% ,
15% , 20% , 26% , 33% and 26% .

In order to test the effect of ring width, testing
frequency and soil dielectric properties on probe
impedance, four kinds of ring probe were selected to
test. Their testing frequencies and widths respectively
were 30, 100, 200, 300 MHz and 2.0, 2.5, 3.0,
3.5 cm,

thickness were 0. 09 c¢cm. The tested soil sample was

and their diameters were 2.5 cm and

typical clay loam, its ingredient was 11% sand, 71%
powder, and 18% sticky particles. The paper put
forward using the three-dimensional simulation model to
calculate the impedance characteristics of the
capacitance probe, in the cases of the electrical
conductivity of soil leaching liquor was very low, the
effect on the change of overall probe impedance of real
part was ignored ™’ | the electrical conductivity of the
soil was only 0.20 mS/cm, the real part of the
impedance characteristics was neglected. So paper only
analyzed the imaginary part of the impedance of the
ring probe. The vector network analyzer was used to
measure the impedance of the probe. 1In the
experiment, the single point was tested 10 times and
the average value of the impedance was got to reduce
the measurement error.

(1) Influence on impedance characteristics ( Z,)
from testing frequency and width of the probe

In order to analyze the influence on probe impedance

characteristics by change of testing frequency and size,
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on the premise that the probe diameter and thickness
were determined, we selected the copper ring electrode
with width of 2.0, 2.5, 3.0, 2.5 cm to test the
change of probe impedance with change of soil moisture

content under different frequencies (30, 100, 200,
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el * 4 Probe width:2.5 cm
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300 MHz) , finally, obtained 112 sets data. Using the
orthogonal method to carry out polynomial fitting
between the data and the impedance of the probe, the
fitting results was shown in Fig. 6 and Tab. 1.
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Fig.6 Impedance curves of ring probe at different frequencies

According to Fig.6 and Tab.1, with a fixed
structure of ring electrode, the impedance of the ring
electrode was increased with the increasing frequency.
However, with the fixed working frequency, the
impedance was also positively correlated with the width
of the copper ring electrode. When the working
frequency was 100 MHz, the ring probe impedance was
increased about 8 ) with each 0.5 cm widened. The
fitting curve showed that the determination coefficient
(R*) was more than 0.95. But when the frequency
was 30 MHz, the fitting curve was not monotonous,
which showed that the soil moisture content and the
probe impedance were not single valued relationship,
so soil moisture content could not be obtained directly
by the probe impedance. When the frequency reached
30 MHz, the impedance of the ring probe was changed
into the mutual conversion between the capacitive and
inductive. This feature also leaded to the failure of
direct get soil moisture by the probe impedance.
Considering that in the low frequency, the soil was
more easily influenced by soil electrical conductivity
and the difficulties in realizing high frequency
electronic circuit, 100 MHz was selected as sensor

testing frequency.

(2) Influence on impedance of soil dielectric
properties

In order to analyze the ring probe impedance
characteristics affected by the soil dielectric property,
taking clay loam in the Beijing City as the testing
sample to prepare moisture gradient from air-dried soil
to saturation moisture capacity ( volumetric moisture
content was about 40% ). Sun et al. '®*' presented a
kind of determinations of soil dielectric constant using
the principle of standing-wave ratio. In this paper, BD
— IT - type soil moisture sensor that independently
developed in Beijing Forestry University was used to
calculate dielectric constant, which corresponding with
soil moisture gradient. The contrast results of
calculation and TOP equation were shown in Tab. 2.
From Tab. 2, as we can see, there was a significant
correlation between the experimental calculation and
TOP equation results, it’s proved that the experimental
calculation results rightly illustrated out the dielectric
properties of soil. The polynomial fitting was carried
out between the calculated results and measured probe
impedance using network analyzer. The fitting results
were shown in Fig. 7. The probe width was 2. 5 ¢cm and

working frequency was 100 MHz.
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Tab.1 Impedance fitting results of ring probes with Tab.2 Soil dielectric constant
different widths at different frequencies Diclecti Diclect
1electric 1electric
Working  Electrode determination Polynomial constant of constant
; i ; Medium o o
frequency width coefficient fitting experiment of TOP
/MHz /cm R? results . .
calculation equation
20 oo VT 0.2440% + 14.826 23x —
. . 504. 985 43 Air 1. 00 1. 00
y= —0.256 08+ +15.420 43x — Volumetric soil moisture content of 2% 2.40 2.63
25 0.969 26 0.256 08 Volumetric soil moisture content of 9% 5.50 5.42
30 V= —0.257 32 +15.518 02x - Volumetric soil moisture content of 16% 9.10 8.58
3.0 0.969 42 457. 7405 7 Volumetric soil moisture content of 22% 10. 61 11. 69
y= —0.243 64 + 15.022 5x — Volumetric soil moisture content of 27% 15.02 14. 62
3.5 0.971'13 Volumetric soil moisture content of 30% 17.30 16. 54
433. 630 69
y= —0.045 24 +3.368 84 — Volumetric soil moisture content of 35% 21. 80 20. 36
20 0.99059 215725 Volumetric soil moisture content of 39% 25.10 23.89
s 0,085 % Y= —0.048 168 +3.595 9x — Water 81. 00 81. 00
100 149. 066 85 g
3.0 0,990 34 y= —0.049 78x* +3.366 464x —
' ' 143.068 17 e '
— lm . L
y = —0.056 25x* +4.064 lx - J
3.5 0.982 46
140.4119 .
G ~150 4
20 0,951 21 y=—0.023 726 +2.127 04x — 5y »
' ' 80.338 76
)5 oy T 00 I +2.604 v - B
200 78.162 48 2 " -
3.0 097671 = ~0-02 665 +2.558 68 - 0 10 20 30 40 S0 60 70 80
’ ’ 73.793 34 Dielectric constant
3s e 0.030 1722 +2.593 67x — Fig.7 Impedance curve with variation of dielectric constant
) ) 69. 160 17 of 2.5 ¢m ring probe at frequency of 100 MHz
= -0.023 8% + 1.873 08x — . s .
2.0 0.9856 ° N N 2.2 Electric field distribution of ring probe
31.690 57
y= 0,025 94 + 2079 08 - A model of ring probe was established by using
- 25 0.99278 28,247 49 electromagnetic field simulation software, namely
20 P 26 +2.091 23x — HFSS. The solution frequency was 100 MHz.
25.38258 Excitation was lumped port. Probe diameter was
- _ 2 — . .
35 09857 ° 0.027 327 + 2.211 9x 2.5 cm and widths, respectively, were 2.0, 2.5,
21. 84583

From the change of Fig. 7, it can be seen that the
change of the port impedance of the probe and the
change of dielectric constant were strong nonlinearity
relationship. Dielectric constant in the range of 0 to
11, for example, the curve fell sharply, and then the
curve changed obviously slowly. The soil dielectric
constant was 25. 1, which corresponding with saturated
moisture content of tested soil. The volumetric moisture
content of the dry soil was about 2% , corresponded
dielectric constant was about 2. 4. When the dielectric
constant was between 2.4 and 25.1, the change of
impedance was obvious. Therefore, the sensor probe
could meet the detection needs of volumetric moisture

content of the clayey soil.

3.0, 2.5 cm. Dielectric constant of medium filled
around the ring probe was setted as 21 ( corresponding
to the soil volumetric moisture content was 36% ). The
dielectric constant of installed PVC pipe and copper
ring stent were 4. The medium in the PVC pipe was set
to air and its dielectric constant was 1. The copper ring
electrode was set in an ideal electric field boundary,
and a cylinder with diameter of 12 e¢m and height of
13 em were used as the radiation boundary condition.

some conclusions were obtained.

From Fig. 8,

Moisture content detection areas were mainly

distributed among the probes, and the electric field was
compacted and no separation phenomenon appeared.
The ring probe with different widths mainly affected the

longitudinal range and the horizontal range of the
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electric field distribution in soil monitoring area. The
electric field intensity was 104.9 V/m in light green
areas of figure. The action scope of electric field
strength which vertically reached to light green area of
probe was increased with the increasing width of the
copper ring, respectively, 9.5, 10.0, 10.5, 11.0 cm.
Contrarily, the action scope of electric field strength
which horizontally reached to light green area of probe
reduced with the increased of the width of the copper
ring, respectively, 10.5, 10.0, 9.5, 9.0 cm. From
the above phenomenon it could be drawn that the four
widths of the ring electrode were suitable to apply as

the detection probe of sensor. In the application, the
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appropriate width of the ring electrode could be
selected through the comprehensive consideration of the
horizontal and vertical detection region. Considering
that the conventional interval in the agricultural
detection is 10 ¢m, the copper ring with the width of
2.5 cm was taken as the sensor electrode in this paper.
From Fig.8, we could see that the PVC pipe
attenuated electric field intensity and the electric field
intensity of inner copper ring was higher than that in
the soil out of PVC pipe. Considering the influence of
moisture testing board in copper ring on the electric
the metal shell

field distribution, shielding was

designed on the moisture testing main-board.

3.0cm 35em

Fig.8 Simulation of electrical field distribution of a ring probe

According to above analysis, the conclusion was
proposed, namely the impedance of soil moisture
sensor was related to its structure, measurement
frequency and soil dielectric properties. But after the
completion of the system structure design, the two
parameters-structure and measurement frequency would
no longer change, the impedance of the soil moisture
affected by the

sensor was only soil dielectric

properties.
3 Performance test of sensor

3.1 Dynamic response performance test of sensor

(1) The dynamic response performance of the
sensor, which was mainly manifested by the time
required for complete response of the sensor when the
moisture content changed in the sensor detection area.
The experiment was divided into three steps. First of
all, the probe of moisture sensor was loaded into PVC

pipe, and it was put in PVC test barrels filled with

water. An oscilloscope was used to measure the needed
time just from powered sensor to its output stabilized
was 1. 28 ms. Then the sensor was raised from the PVC
test pipe to the air. The time from sensor output to
achieve stabilization was 500 ms. Finally, the sensor
was put into PVC test pipe again, when sensor’ s
outputs reached stabilized, the total time spent was
480 ms.

(2) The temperature detecting element adopted
sheathed platinum resistance. The principle of the
response time of the temperature measurement circuit
was similar to that of the above. The dynamic response
time of the test was 38, 720, 800 ms.

3.2 Calibration experiments and results of sensor

According to the measurement principle of
temperature, the sensor output results were more
susceptible to the effects of the accuracy of the
components. So it needed to be calibrated before use.

The SHP — 450 experimental boxes of Beijing Boyu
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Baowei Experimental Equipment Co., Ltd. were
adopted to calibrate the part of above 0°C. The boxes
specific parameters constant temperature range was 0 to
60 C and the accuracy was 0. 1°C. Qingdao Haier
group DW — 40W255 type ultra cryopreservation box
( —40 ~0°%C) was used to calibrate the section of
temperature below 0°C. The mercury thermometers
with the precision of 0. 1°C were set in two devices as
the reference temperature to improve the accuracy of
sensor measurement results. The temperature ranged
from —20°C to 40°C, after heating and cooling, a
mean value of each gradient, with 2°C for gradient,
was calculated and 29 sets of data were got. The
temperature value of collector handled and mercury
thermometer were fitted using the least square method.

The output results were shown in Fig. 9.
504
40 4 -
10] ¥=1.03x—0.853 .
r=0999 -

20 at

104 -
0_ -

Sensor output values/°C

-101 -

201 ="

-30 T T T T T T T
20 -0 0 10 20 30 40
Mercury thermometer output values/°C

Fig.9 Temperature sensor calibration curve

As can be seen from Fig. 9, the coefficient of
determination r was 0. 999, the output of the designed
temperature sensor and mercury thermometers had a
significant linear relationship with.
3.3 Calibration test and result of moisture sensor

(1) Experimental verification of sensor adaptability
and sensitivity

The experiments were carried out in laboratory
environment and the temperature was 25°C. Three
kinds of different soil texture components, clay soil,
sandy soil and clay loam, were used. The method of
Section 2. 1 was used to prepare these three kinds of
test samples. Because of different saturation moisture
capacities of soil, clay and clay loam in the 2% ~40%
volumetric water content was set in ten gradients and
sand in 2% ~ 30% was set in eight gradients. The
data were voltage value that converted by collector.
The data were carried polynomial fitting and the results
were shown in Fig. 10.

Fig. 10 shows that there was a good correlation
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Sandy soil: 4 Clay soil
. b —0.1819x2+23.996:+342.56
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‘g 4 - y=—0.1783x2+18.22x+263.6
5 n R*=0.9993
A 3004«
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Soil volumetric water content/(cm*-cm™)

Fig. 10 Calibration curves of moisture sensor
between the output of sensor and soil volumetric water
content in three kinds of soil,. Their determination
coefficients, namely R®, respectively were 0.997 4,

0.995 5 and 0.999 3.
increased by 10% , correspondingly, the voltage would

When moisture content

change more than 100mV, which was voltage of the
sensor output current after the conversion of the collector.
This suggested that the sensor has good sensitivity.

(2) Calibration experiment and compensation mode
on the influence of temperature

Temperature had a great effect on both soil dielectric
properties and measurement accuracy. It was important
to compensate measurement accuracy of the composite

three kinds of

different soil texture components, clay soil, sandy soil

sensor using effective ways. The

and clay loam, were used to conduct an experiment.
The three kinds of soil were arranged into the soil
samples in four kinds of different volumetric moisture
content taking the method of Section 2.1. The
volumetric moisture content of the clay loam were

8% , 15% , 26% , 37% and clay soil volumetric
moisture content were 10% , 18% , 24% , 39% and
sandy soil volumetric moisture content were 5% ,
10% , 16% ,25% . In turn, the soils were loaded into
four PVC test buckets with height of 20 e¢m and
diameter of 20 c¢m (its central fixed a PVC pipe with
20 cm height and 5. 6 cm diameter). The plastic wrap
was sealed and put aside for 48 h to let soil moisture
migrate evenly. The composite sensor probe developed
in this paper was placed in the PVC pipe filled with
soil sample, and then sealed with heat insulation cotton
to prevent heat Incoming from the PVC pipe. The PVC
test buckets were placed in the drying box. When the
temperature change rang of the drying box was 25 ~
50°C and the change of gradient was 5°C, the soil

temperature was detected by using the temperature
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detection unit of the composite sensor probe. When the
the
temperature set by the drying box, the output voltage of

detected temperature was  consistent  with

the moisture detection unit of the composite probe was

samples of the other two samples were measured, and
the 72 sets of data were produced. To take off the soil
using ring knife after test, the moisture content of each

soil samples was measured by using the drying method.

recorded. According to the above method, the soil Experiment results were shown in Fig. 11 and Tab. 3.
1200 : 1200 v 10%
1100 vsﬂ,g; . ]gn/: o ¥ 5%
~ _— & 150'0 = 11001 e a2y > 700 A 10%
£ 1000 — sX% o] —" w3y £ . o16%
5 - 37% 3§ L — e
2 % . £ o0/ : o001 i
€ 800 : > g g ; a
g ——w s 1 - > .-
5 700 g 3 500
B E E
3 600 —— g - S 400 =
500 """ 6001
20 30 40 50 60 20 30 40 50 60 20 30 4 S0 60
Soil temperature/°C Soil temperature/°C Soil temperature/°C
(a) Clay loam soil (b} Clay soil (c) Sandy soil

Fig. 11

Tab.3 Fitting results of determination coefficient

Soil Volatile water ) Linear relevant
type content/ % fitting result
8 0.9823  y=3.84x +388. 67
15 0.9885 y=3.9829x +507. 81
Clay loam soil 26 0.9871 y=3.24x +681.33
37 0.9891 y=3.691 4x +858.9
10 0.9917 y=4.32x +467.33
' 18 0.9968 y=4.2057x +624. 95
Clay soil 24 0.9772  y=3.977 1x +710. 19
39 0.9762  y=3.914 3x +905. 38
5 0.9808 y=2.754 3x +279. 71
. 10 0.9983  y=3.1829x +340. 14
Sandy soil 16 0.9858 y=2.845 7x +439. 29
25 0.9885 y=2.988 6z +524. 1

of

sensor in

It’ s known that from Fig. 11, output voltage

moisture detection unit in composite

measurement of the three kinds of soil and the soil
temperature of the composite sensor in the increasing of
soil temperature were positively correlated. The main
reason was that the increasing temperature would
increase the degree of polarization of the molecules and
the movement of the moisture molecules in the soil,
resulting in the increase of the dielectric constant of the

the

temperature also affected the output characteristics of

soil. In addition, change of environmental

electronic components in the sensor. These results
showed that the change of soil temperature had a
certain effect on the output of the water detection unit
in composite sensor. In order to eliminate the influence
of environmental temperature on sensor output, the
data of three kinds of soil were analyzed by SPSS
software using linear regression method. Based on the

experiment soil, the relationship between temperature ,

Relationship between sensor output and soil temperature

soil moisture content and output voltage of the sensor
was obtained according to the experiment results. The

model was shown in Tab. 4.

Tab.4 Linear regression model of three kinds of soil

Adjustment
Soil F test
value Model of linear regression
type p value
(p=0.05)
Clay Vou =1568.8320, +3.689T +
0 0.9823
loam soil 271. 88
Vo =1 112.5626, +4. 1047 +
Clay soil 0 0.9917
448. 889
Vo =1263.4380, +2.943T +
Sandy soil 0 0.980 8

218.928

From Tab. 4 it can be seen that the F values of
measured soil were 0. When the significance level was
0.5, adjustment R* was more than 0.98. It suggested
that the

relationship between the output voltage of the sensor

two regression models well reflected

and the moisture content and temperature in the soil.

3.4 Analysis of anti-interference in layer-to-layer
of composite sensor

In order to eliminate the influence on the sensor
output of the interferences between the sensor probes,
this paper used the time-sharing power mode, that
means, the power mode was controlled by using sensor
collecting main-board for realizing that at the same time
only one sensor was working.

The test object was a soil profile composite sensor
withtwo detection probes. The soil samples, of which
volumetric water content was 28% , was prepared by
using the method and container. The sensor was
inserted into the test soil. The lower edge of the upper

probe was adjusted to approximately 1 ~20 em above
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the top edge of the under probe. The output value of
the two sensor probes were measured with 1em as the

step size. The output results were shown in Fig. 12.

800 - .
= First layer sensor
* Second layer sensor
?80“-.. "Ry EEN -GN g
> - -
£
%?60-
E s e et aegrnrnennnen,
E.MJ_
3
720 4
700

0 2 4 6 8 1012 14 16 18 20 22
Probe center separation/cm

Fig. 12 Relationship between sensor output

voltage and probe spacing

Fig. 12 showed that the output values of the two
sensor probes were not changed with the change of
distance. Because the time-sharing method was
adopted on the powered sensor probe, the spacing
between sensor probes had no effect on the sensor

output.
4 Dynamic test in field

In order to verify the reliability and adaptability of
the soil composite sensor, experiments were conducted
in  Xiaotangshan National Precision Agriculture
Demonstration Base, Changping District, Beijing City,
in March, 2014. The experiment field was a lysimeter
with volume of 1 m x 1 m x2.5 m. The soil was clay
loam soil, and the experiment field was planted with
winter wheat. The PVC test pipe was installed in the
lysimeter. Before the test, the sample soil was
collected and calibrated using method in Section 3. 2.
And then the specific installation tool was punch and
embedded into the PVC test pipe with length of 1 m, as
far as possible to avoid destruction of soil samples to
reduce the disturbance to the minimum. The
installation depth of the composite sensor probe was
30, 60, 90 cm. The whole test system used solar
power to drive. The interval of data collecting was
30 min. Fig. 13 showed the test environment.

The detection data from the April 15 - 22, 2014
were shown in Fig. 14. As you can see by the figure,
the temperature and volumetric moisture content of soil
presented continuous cycle variation over time. In the
shallow layer soil (30 c¢m ), the temperature and
volumetric moisture content were affected by the

change of day and night. At the same time, because

Fig. 13 Field test site

1. Solar power system 2. Soil planning surface composite sensor

the wheat were at heading stage, and the water needed
was bigger, that further leaded to the change of soil
volumetric moisture content more strongly in area of
wheat root (30 cm). As the water in the root zone was
lacking, the soil moisture would be added to the root
zone due to the capillary phenomenon and the
absorption of the crop root, so the soil volumetric
moisture content of 60 cm was lower than that of

30 cm.

30 em volumetric soil water content

30 em soil temperature ic s0i
60 cm volumetric soil water content

——— 60 cm soil temperature

=90 ¢m soil temperature —90 ¢m volumetric soil water content
141 40 &
o M e L,
124 & 5
s 5 A 30 2
o 1 {r— g
2104 . g
WW\J k20 B
2 M s
i+
8 £
7] L 10 E
6 2
=
5 T T T g

04-15 04-17 04-19 04-21 04-23

Date
Fig. 14  Dynamic change curves of soil moisture and

temperature at different depths

As the test pipe was installed in the lysimeter, there
was no supplement of the underground water source.
The soil volumetric moisture content of 90 cm was lower
than that in the field saturation moisture capacity, it
was not enough to add water to 60 cm. So the soil
volumetric moisture content of 60 cm was lower than
that of 90 cm.

The effect of plant root zone on the output of soil
composite sensor was not considered in design.
However, in practical application, many plant
rootswere distributed in soil, which would affect the
output of the sensor. The sensor can be corrected by

the method of establishing regression model of the root
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zone density and the corresponding sensor output. This

also needs to be improved in the design.
5 Conclusions

(1) A soil profile composite sensor was proposed to
realize the real-time detection of temperature and soil
moisture content of multi-layer soil profile. It has great
significance for the detection of soil volumetric moisture
content and temperature in plant root zone. And it is
also very important to study the migration of soil
moisture and temperature.

(2) In depth studied of the sensor testing frequency
and probe structure. With the aid of network vector
analyzer, the impedance characteristics of the four
dimensions of the ring probes at different gradient
moistures were analyzed. The electric field distribution
of the ring electrode was simulated by the HFSS.
Finally, parameters of the sensor were determined ; the
diameter was 5 cm, the width was 2.5 cm, the
thickness of the copper ring structure was 0. 09 em and
the test frequency was 100 MHz.

(3) From laboratory calibration and experiment
results, characteristics of proposed sensor can be drawn
as: high accuracy, adaptability, sensitivity and
eminent dynamic response performance. In moisture
detection part of the composite sensor in three different
textures soil experiments showed that the proposed
sensor has a high adaptability, the determination
coefficients of the polynomial fitting of clay, clay loam
and sandy soil were 0. 9974, 0.9955 and 0.999 3. In
temperature detection part, the output of the composite
sensor temperature detection unit and the measured
value were linear fitted and the correlation reached
0.999.

(4) The effects of temperature and volumetric
moisture content of soil on the output of the sensor were
analyzed by means of experiments. The models of the
sensor at different temperatures were established using
statistical regression method.

(5) Continuous experiments in field showed that the
soil profile composite sensor can correctly reflect the

information of temperature and moisture in soil profile

and it has high reliability.

References

[1] Li Lianjun, Sun Yurui, Lin Jianhui. A wireless-sensor

(2]

(3]

[4]

(5]

(6]

(7]

(8]

(9]

[10]

(1]

(12]

[13]

for soil water content powered by solar energy [ J].
Journal of Jiangsu University: Natural Science Edition,
2009, 30(6) : 541 —=544. (in Chinese)

Kang S, Zhang J. Controlled alternate partial root-zone
irrigation; its physiological consequences and impact on
water use efficiency[ J]. Journal of Experimental Botany,
2004, 55(407) . 2437 - 2446.

Hutton R J, Loveys B R. A partial root zone drying
irrigation strategy for citrus-effects on water useefficiency
and fruit characteristics [ J ]. Water
Management, 2011, 98(10) ;1485 — 1496.

Hedley C B, Yule I J. A method for spatial prediction of
daily soil water status for precise irrigation scheduling
[J]. Agricultural Water Management, 2009, 96 (12) .
1737 - 1745.

Thompson R B, Gallardo M, Valdez L. C, et al. Using

plant water status to define threshold values for irrigation

Agricultural

management of vegetable crops using soil moisture sensors
[J]. Agricultural Water Management, 2007, 88 (1/2/
3).147 - 158.

Gao Xiaodong, Wu Pute, Zhao Xining, et al. Estimating
the spatial means and variability of root-zone soil moisture
in gullies using measurements from nearby uplands[J].
Journal of Hydrology, 2013, 476(1) . 28 —41.

Sheng W, Sun Y, Lammers P S, et al. Observing soil
water dynamics under two field conditions by a novel
sensor system [ J]. Journal of Hydrology,2011,409 ( 1/
2) :555 - 560.
Li Xiaodong, Wu Yongfeng, Li

Development of wireless soil moisture sensor based on

Guanglin, et al.

solar energy[ J|. Transactions of the Chinese Society of
Agricultural Engineering, 2010,26 (11):13 - 18. (in
Chinese )
Zhao Yandong, Ma Yangfei, Wang Yongzhi. Green land
precision irrigation control system and analysis of optimal
irrigation amount[ J ]. Translations of the Chinese Society
for Agricultural Machinery, 2012, 43(3) .46 —50. (in
Chinese )
Steven R, Robert C, Joaquin J, et al.
sensing for water balance, ET and WUE [ ] ].
Agricultural Water Management ,2012,104(2) ;1 -9.
Zhao Yandong, Wang Yiming. Intelligent system of

Soil water

measuring the spatial distributions of Soil moisture[ J].
Transactions of the Chinese Society for Agricultural
Machinery, 2005,36(2) :76 —78. (in Chinese)

Peng Zengyu, Zhao Yandong. A monitoring system of
real-time soil water content based on wC/0S- I operating
system [ J ]. Journal of Beijing Forestry University,
2010,32(6) :114 = 119. (iin Chinese)
Dean T J, Bell J P, Baty AJB.

Soil moisture

measurement byan improved capacitance technique: Part



12 TRANSACTIONS OF THE CHINESE SOCIETY FOR AGRICULTURAL MACHINERY 2016
I Sensor design and performance [ J ]. Journal of [22] Topp G C, Davis J L, Annan A P. Electromagnetic
Hydrology, 1987 93 . 67 —78. determination of soil water content; measurements in

[14] Paltineanu I C, Starr J L. Real-time soil water dynamics coaxial transmission lines [ J ]. Water Recourse

[15]

[16]

[17]

(18]

[19]

[20]

(21]

using multi sensor capacitance probes: laboratory
calibration[ J]. Soil Science Society of America Journal ,
1997,61.:1576 - 1585.

Zhang Xueli, Hu Zhenqi, Chu Shili. Methods for
measuring soil water content: a review [ J ]. Chinese
Journal of Soil Science, 2005, 36(1): 118 - 121. (in
Chinese)

Cai Kun, Yue Xuejun, Hong Tiansheng, et al. Design
of soil water content sensor based on phase-frequency
characteristics of RC networks[ J]. Transactions of the
Chinese Society of Agricultural Engineering, 2013,
29(7): 36 —43. (in Chinese)

Ortuani B, Benedetto A, Giudici M, et al. A non-
invasive approach to monitor variability of soil water
content with electromagnetic methods [ J ]. Procedia
Environmental Sciences, 2013, 7(19) ; 446 —455.
Cardenas-Lailhacar B, Dukes M D. Precision of soil
moisture  sensor irrigation controllers under field
conditions[ J]. Agricultural Water Management, 2010,
97(5) : 666 —672.

Zhao Yandong, Wang Yiming. Study on the
measurement of soil water content based on the principle
of standing-wave ratio[ J|. Transactions of the Chinese
Society for Agricultural Machinery, 2002,4(33) :109 -
111,121. (in Chinese)

Fan Shoukang, Lu Chunlan, Li Pinghui.
technology and microwave circuit[ M ]. Beijing: China
Machinery Industry Press,2003. (in Chinese)

Hilhorst M A. Dielectric characterization of soil [ D ].

Microwave

Wageningen Univ., Wageningen,  The

Netherlands , 1998.

Agric.

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Research, 1980, 16(3) . 574 —582.

He Shusen, Huang Muli. The application of micro-
computer in the testing of field water depth [ J].
Transactions of the Chinese Society for Agricultural
Machinery, 1998, 29(1) ;130 - 135. (in Chinese)
Zhang Daohui, Zhao Hongjun, Zhou Guangfang, et al.
Drift of the temperature-controlled instrument for the
farm products storage [ J ]. Transactions of the Chinese
Society for Agricultural Machinery,2010,41(6) ;108 —
112. (in Chinese)

Zhao Yandong, Nie Mingjun. Optimal analysis for
determining the dual-pin length of soil moisture probe
[ J]. Transactions of the Chinese Society for Agricultural
Machinery, 2011,42(11) :39 —43. (in Chinese)

Ma Daokun, Sun Yurui, Wang Maohua, et al. Three-
dimensional numerical modeling of a four-pin probe for

soil water content [ J ]. Australian Journal of Soil

Research, 2006,44 .183 - 189.

Zhao Yandong. Study on fast-measurement of soil water
content and application technology [ D ]. China
Agricultural University,2002. (in Chinese)

Sun Yurui, Wang Baohua, Zhao Yandong. A kind of

determinations of soil dielectric constant using the

principle of standing-wave ratio[ J ]. Transactions of the

Chinese Society of Agricultural Engineering, 1999,
15(2) :43 —47. (in Chinese)
Guo Wenchuan, Zhang Peng, Song Kexin, et al.

Dielectric properties of Lou soil and moisture content
detection affected by frequency and temperature [ J ].
Machinery

Journal of Drainage and

Engineering,2013,31(8) ;713 —718. (in Chinese)

Irrigation



201641 f Z?ﬂ[im‘ *ﬂﬁ%iﬂi AT &L

doi:10.6041/j. issn. 1000-1298.2016.01. 015
ZEIRANBEESERSFITSHEED T

mAEET AMIE RERT a7

(L AEEMOE R 22 T 2B, b st 1000835 2. Jb st ok K3k & A= B B L st S g %, b st 100083)

FEE . B0 3 1R B 5 K o3 A DU A A A% B 2 A TR X A - 3P B L R R A Im) A, B T — i T A
K 43I0 i A R LU VRL R 1 2 2 I R S AL IR A o B R R 45 AT A HIFSS ML 1 B
A X A i P A 1 PELBE A 5 L 3 A AR DL HEAT T 20 0T, i T AR R DR Sk 254 R HAR 5 om (BEJE 2.5 em |
JEEE 0..09 em , i H B R) A3 S 100 MHz, LA 3 Al AS [w] J5 b - 3 7 S 0 A s, %o 1 380K 43 5 08 B R B0 5T 19
i L 5 0F o A A A 3 B AT T 2 IS SR LG AR PE A ] 0.99 DL B RGBS KA AR R L
ST I BE 5 KA MR R, Sl BRI A3 A T SRR R 5 AR S K R A% IR L S e, R T e i el A T ik
ST T AR IBRARAE AN R BE B A B TE R R , AR A U N 1L B AR AR R R AL IR TAE T R PVC R,
[F) I 3R 3 2 L e il B 5 K 43 TR B B T A PERE AR E , D SE I BRI 2 1 A M IR B R T — s
B o

KW LHOKS; DR A GG MmN e

hES %S S237 XEKFRIAED : A XEHES: 1000-1298(2016)01-0108-10

Design and Performance Analysis of Composite Sensor for Multilayer Soil Profile

Gao Zhitao'” Liu Weiping'® Zhao Yandong'? Zhang Chaoyi'”
(1. School of Technology, Beijing Forestry University, Beijing 100083, China
2. Beijing Laboratory of Urban and Rural Ecological Environment, Beijing Forestry University, Beijing 100083, China)

Abstract; Considering the many difficulties of installing the sensor for the soil temperature and moisture
measurement, such as miserable installation of the sensor and relatively large disturbance to the local
soil, this paper designed a composite sensor for multilayer soil profile in accordance with the principles of
soil moisture measurement and temperature measurement based on SWR and platinum resistance. A
vector network analyzer and HFSS electromagnetic simulation software were used to analyze impedance
characteristic and electric field distribution of the sensor electrode. According to the analysis result, the
structure of copper detection probe was designed. The diameter of the probe is 5 c¢m, the width is
2.5 cm, the thickness is 0. 09 ¢m and the excitation frequency of test circuit is 100 MHz. Three types of
soil were choosen as experimental samples. The polynomial fitting and linear fitting were conducted on the
output values of sensor detection unit. The results correlation reached more than 0.99. The static and
dynamic performance of the system met the detection requirements of temperature and moisture of soil
profile. Experiments was carried out in Xiaotangshan District, Beijing City, and then effect of
temperature and volumetric moisture content of soil on sensor outputs were analyzed and correction models
were established by using the statistical regression method at different temperatures. The sensor working

in the PVC pipe buried in the soil could obtain the information of temperature and moisture of the three
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layers, and its performance was stable and the data was reliable. This study provides a highly efficient

method for obtaining the real-time information of multilayer soil moisture and temperature.

Key words: soil moisture; soil temperature; composite sensor; profile detection; performance analysis
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Fig. 6 Impedance curves of ring probe at different frequencies
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of 2.5 cm ring probe at frequency of 100 MHz
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Fig. 8 Simulation of electrical field distribution of a ring probe
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