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Design and Performance Analysis of Soil Moisture Sensor
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Abstract: A kind of non鄄contact sensor based on capacitance method was designed. With the aid of the network vector
analyzer, the probe of the sensor was measured in the organic solution with different dielectric constants, and the
capacitance variation range of the ring probe of the sensor was determined as 7郾 08 ~ 22郾 75 pF. This paper formed 11 high鄄
frequency ceramic capacitors with different capacitances respectively connected with 102 nH winding inductor in parallel
into resonance circuit. Using the circuit to carry out experiment, the decision coefficient of test results and simulation
results all reached 0郾 98. The measurement accuracy of the detection circuit met the sensor design requirements. Clay loam
in Beijing area was chosen as experimental sample. The output of sensor detection unit and the corresponding measured
values were carried out the polynomial fitting and linear fitting with a coefficient of determination of 0郾 995 9. The static and
dynamic performance of the system can meet the soil moisture detection requirements. The effect of temperature on the
output of the sensor was analyzed. The output of the sensor was fit with the temperature, and the coefficient was 0郾 987 9.
The energy index Ka was further proposed. By the experiment, the influence ranges of longitudinal and transverse were
identified as 10 cm and 5 cm. Finally, the comparison experiments showed that the proposed non鄄contact type moisture
sensor was similar to that of the foreign products. It met the requirements of non鄄contact measurement of soil, at the same
time, it had high cost鄄performance and laid the localization foundation for the similar products.
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0摇 Introduction

摇 The soil moisture content is the important factors that
affect plant growth[1] . Commonly used soil moisture
content detection methods are drying method,
resistance method, tension meter method, neutron
method and dielectric method, etc. Because of the
rapid response, high safety and reliable performance of
dielectric method, it has been widely used in
agricultural research[2 - 8] .
摇 The sensor in use of dielectric method to measure the
soil moisture content could be divided into contact
measurement sensor and non鄄contact measurement
sensor. Contact sensors in needle probe structure,
generally should be buried in layers accordance with
the depth of monitoring set. More typical sensors are
ML3 ThetaProbe sensor of Delta鄄t in British, ECH2O

series sensor of DECAGON in America, TRIME HD2
TDR sensor of IMKO in Germany and the DB 芋 soil
moisture content sensor based on SWR principle that
was independently researched and developed in Beijing
Forestry University in domestic. A non鄄contact sensor
uses a ring probe structure, which works in the pre鄄
buried PVC pipe[9 - 10], such as soil moisture expansion
line system of EnviroSCAN and soil moisture profile
instrument of Diviner2000 of Sentek company.
Compared with the contact measurement sensor, there
are many advantages in convenient installation, no鄄
damaged to the soil structure and easy replacement
when non鄄contact measurement sensor is used[11 - 16] .
However,it is difficult to analyze because of detection
area around the non鄄contact sensor probe is more
complex, therefore, the difficulty of product design is
increasing. Although the performance of such products



abroad has been recognized, but it is difficult to be
widely used because of the high price, so it is very
important to design non鄄contact sensor with high
performance and low price with for promoting the
application of sensors.
摇 Base on above consideration, was a non鄄contact soil
moisture sensor used the dielectric theory of
capacitance method was designed according to the
theory of parallel resonance.

1摇 Principle and structure of moisture
sensor

1郾 1摇 Measurement theory
摇 Using the capacitance method to measure the soil
moisture content actually reflected the change of
capacitance of ring probe in soil.
摇 Detection principle and working environment is
shown in Fig. 1.

Fig. 1摇 Test environment and principle of soil moisture sensor
1. Probe摇 2. PVC pipe摇 3. Electrode receiving port of copper摇 4. Test
soil
摇

摇 According to the parallel resonance theory[17 - 20]

f = 1
2仔 LC t

(1)

where f is resonance frequency; L is parallel resonant
inductance; C t is induction capacitance of ring probe.
摇 To characterize the change of capacitance of the ring
probe, the change of parallel resonant frequency
detection is needed. The capacitance of the non鄄
contact sensor is related to filled media, as

C t = g着r着0 (2)
where g is constants related to shape size; 着r is
dielectric constant of medium filled around ring probe;
着0 is dielectric constant in vacuum.
摇 Soil is a kind of porous media, and its relative
dielectric constant as in complex domain could be
calculated
摇 着r = 着忆 - j着义 (3)
where 着忆 is the real part of the dielectric constant

which represents energy storage; 着义 is the imaginary
part of the dielectric constant which refers to the loss of
total energy storage.
摇 The imaginary part of the dielectric constant is
mainly composed of dielectric relaxation loss coefficient
of 着义d and ionic conductivity of 滓, namely

摇 着义 = 着义d + 滓
2仔f着0

(4)

着r = 着忆 (- j 着义d + 滓
2仔f着 )

0
(5)

On both sides of Eq. (5) multiplied by g着0, the
following information were obtained

C t = C* (- j g滓
棕 + g着义d着 )0 (6)

j棕C t = j棕C* + (g滓 + g棕着义d着0) (7)
G = g滓 + g棕着义d着0 (8)
j棕C t = j棕C* + G (9)

where C* is the real part of capacitance of the ring
probe; G is dielectric loss the ring probe.
摇 The conclusion was arrived in the light of Eq. (8),
which revealed the dielectric loss was mainly affected
by conductivity and polarization of soil. According to
previous research, the influence of the dielectric loss 着
on the change of impedance of the probe could be
neglected during the analysis when the conductivity of
the soil leaching solution was very low. Since the
conductivity of the leaching solution of the test soil was
lower than 0郾 20 mS / cm, the dielectric loss 着 is
neglected.
摇 Taking the impact of stray capacitance and PVC pipe
on the circuit in measurement process into account, the
parameters CP and CS are added in the circuit. The
resonant circuit model of the moisture sensor is shown
in Fig. 2.

Fig. 2摇 Equivalent circuit for capacitance probe sensor
摇

摇 The capacitive reactance C t of the sensor ring probe
in Fig. 2 can be expressed as

摇 C t = CS +
CPC

CP + C (10)
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where CS is stray capacitance of the sensor ring probe;
CP is capacitance of PVC pipe.
摇 Further concluded

fo =
1

2仔 (L CS +
CPC

CP + )C

(11)

where f0 is output frequency of the sensor.
摇 The parallel resonant inductance and the induction
capacitance of the PVC pipe are fixed during the
measurement, which could be seen from Eq. (11). So
the change of output frequency is mainly affected by
the induction capacitance C* of soil.
1郾 2摇 Hardware circuit structure
摇 The non鄄contact soil moisture sensor designed
consists of two parts: sensor probe and detection
circuit. The sensor probe is cylindrical, the outside of
which embedded with two brass ring electrode, and the
two electrodes, the diameter and height of which are
25mm , were separated by 15mm. The detection
circuit board and the brass electrode are fixed to the
inside of the probe through the metal wire connected.
This non鄄contact sensor in the PVC pipe which
preliminarily buried in soil needs to be equipped with a
dedicated collection device to work[22] . The system,
which mainly consisted of the resonant unit made of
voltage鄄controlled oscillator, shaping circuit unit,
frequency division unit, STM8 microcontroller unit,
the temperature detection unit and D / A conversion
unit, is shown in Fig. 3.

Fig. 3摇 Principle diagram of test panel system
摇

摇 The ring probe, as a parallel resonant circuit
capacitor, generated high鄄frequency signal under the

action of voltage鄄controlled oscillator, the high鄄
frequency signal was turned into low鄄frequency signal
of 2 ~ 4 kHz and sent to the microcontroller by means
of the shaping and frequency dividing. According to
the normalized fitting model of the output frequency
and the volume moisture content and with the
compensation of temperature obtained by the
temperature detection unit, the microcontroller
commanded D / A module ( DAC7571 ) to convert
frequency output of the moisture detection circuit into a
voltage output of 0 ~ 2 500 mV.

2摇 Characteristics analysis for capacitive
reactance of soil moisture sensor

摇 In the design of soil moisture based on the
capacitance method, it is of great importance to run the
characteristics analysis for capacitive reactance of the
ring probe. In this paper, with the help of a high鄄
frequency vector network analyzer ( NA7300 type,
50 赘, Tianjin Deli Electronic Instrument Company,
the scanning frequency was 0郾 3 ~ 3 000 MHz and the
frequency resolution was 10 Hz ), the capacitance
characteristic of ring probe in 9 media were analyzed.
In the test, frequency was 100 MHz and the reflection
method was applied and the temperature was 20益 .
Totaly 9 kinds of media and its corresponding dielectric
constant were shown in Tab. 1.

Tab. 1摇 Dielectric constant of organic solution (20益)

Medium摇 摇 摇 Dielectric constant

Air 1郾 0

Ethylacetate 6郾 02

Isoamylol 15郾 19

N鄄butyl alcohol 17郾 51

Isopropyl alcohol 19郾 92

Alcohol 24郾 55

Alcohol:water(2颐 1) 43郾 6

Alcohol:water(1颐 1) 53郾 3

Distilled water 81郾 00

摇 Firstly, the reagent were put into a PVC testing
tube, which height and diameter were 20 cm, in which
a PVC pipe with height of 20 cm and diameter of
5郾 6 cm was fixed at the center. Then, the test cable of
the vector network analyzer and the ring probe were
connected using the connector. The vector network
analyzer was calibrated with a load of 50 赘 in open and
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short circuit after powered up for 1 h. Finally, the ring
probe was put into the PVC pipe to measure the
capacitance. In the experiment, the test result was
average of 5 times, thus reducing the operation error.
The test results were shown in Fig. 4.

Fig. 4摇 Effect of dielectric constant on capacitance
characteristics of ring probe

摇
摇 As can be seen from Fig. 4, capacitance of the ring
probe and the dielectric constant of the surrounding
filled showed a monotonic non鄄linear relationship.
When the range of the dielectric constant was 0 ~ 15,
the curve was sharply rose and the corresponding range
摇 摇

of capacitance of sensor was 7郾 08 ~ 16郾 5 pF, and then
curve change was significantly slowed. When the range
of the dielectric constant was 1 ~ 81, the changing
range of capacitance was 7郾 08 ~ 22郾 75 pF.

3摇 Measurement accuracy test of detection
circuit

摇 The sensor used the principle of parallel resonance to
detect the soil moisture content. The ring probe of
sensor was equivalent to a capacitor and resonant
inductance determined the test frequency. Taking into
account the probe capacitance and the test frequency
would be affected by the conductivity and other factors,
finally, the 102 nH high鄄frequency winding inductance
was selected as the resonant inductor. During the test,
11 kinds of high鄄frequency ceramic capacitors
simulated the sensor probe and placed in detection
circuit. The output frequency and capacitance were
shown in Tab. 2 and Fig. 5.

Tab. 2摇 Capacitance and resonance frequency

Capacitance / pF 5 10 12 15 18 20 22 30 33 39 47 56
Resonance frequency / MHz 220郾 750 150郾 546 138郾 336 128郾 042 113郾 250 110郾 920 110郾 161 90郾 682 85郾 588 79郾 384 73郾 701 67郾 464

Fig. 5摇 Test and operation results of resonance frequency
in different capacitances

摇

摇 It can be seen from Fig. 5, the determination
coefficient of the results was measured by detection
circuit and the simulation results of Eq. 1 was 0郾 98,
that indicated the detection circuit could accurately
measure the induction capacitance. The resonant
frequency decreased monotonically as the capacitance
increased. When the range of capacitance of sensor
probe was 7郾 07 ~ 22郾 75 pF ( the maximum variation
in soil), the range of resonant frequency was 188 ~
104 MHz. According to previous research, when
frequency was 188 ~ 104 MHz, the effect of soil
salinity on the measurement results could be
effectively reduced[24] .

4摇 Performance analysis of sensor

4郾 1摇 Test of dynamic response performance
摇 The dynamic response performance is an important
index of sensor in the application. It is the time that
the sensor output from changing to stable when the soil
moisture content changed around the detection area.
The test equipment was a PVC testing tube with a PVC
pipe fixed in the center. Firstly, place the sensor in
the PVC pipe and fill the PVC testing tube with water,
the time of the sensor output from the powered to the
stability was 50 ms, which was obtained by the rising
edge capture function of the oscilloscope single trigger.
Then, the sensor was quickly pulled out from the PVC
pipe, the time of the sensor output from changing to
stability was 150 ms.
4郾 2摇 Calibration of sensor
摇 In the sensor design, the calibration is a very
important part. The frequency signal of output from the
moisture detection circuit needs to be normalized before
the sensor was calibrated. The normalization method is
as follows

摇 VO = VC
fA - fM
fA - fW

(12)
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where fA is the frequency of outputs of the moisture
detection circuit when the sensor was respectively
placed in air; fW is the frequency of outputs of the
moisture detection circuit when the sensor was
respectively placed in water; fM is the frequency of
outputs of the moisture detection circuit when the
sensor was respectively placed in measured soil; VC is
reference voltage of 2 500 mV.
摇 The frequency signal of sensor output turned into
voltage signal of 0 ~ 2 500 mV after the normalization.
摇 The soil sample was a typical clay loam from the
nursery of Beijing Forestry University (116毅21忆14义E,
40毅0忆54义N) and conductivity of leaching solution was
0郾 20 mS / cm. The compositions of the sample were
11% of sand, 71% of powder and 18% of clay ( they
were mass fraction). The samples were firstly air鄄dried
and screened ( screen爷 s pore radius was 0郾 4 mm).
And then it was dried in a drying oven ( 105益,
24 h). Tatolly 9 kinds of the soil testing samples with
different volumetric moisture contents were prepared.
The samples, in density of 1郾 6 g / cm3, were uniformly
filled in 9 PVC test tube that height was 20 cm and
diameter was 30 cm. Each tube was placed with a PVC
pipe with height of 40 cm and diameter of 5郾 6 cm.
After standing for 48 h, to take off the soil samples,
the soil volumetric moisture contents of the 9 test tubes
were determined by the drying method, and the test
results respectively were 1郾 5% , 8郾 05% , 11郾 08% ,
18郾 02% , 23郾 56% , 28郾 77% , 33郾 58% , 36郾 75%
and 40郾 01% . The test ambient temperature was 10益 .
The calibration environment was shown in Fig. 6. The
sensor output voltage was run polynomial fitting that
collected by a dedicated acquisition device. The results
were shown in Fig. 7.

Fig. 6摇 Sensor calibration environment
1. Data logger摇 2. Ring sensor摇 3. PVC pipe摇 4. PVC tube
5. RS485鄄RS232摇 6. Computer摇 7. Power

摇 Fig. 7 revealed that the correlation between output of
the sensor and the soil moisture content was very tight,

Fig. 7摇 Calibration results of moisture sensor
摇

and the determination coefficient R2 reached 0郾 995 9.
At the same time, it obviously can be seen sensitivity
of the sensor was very high, that was, the soil
volumetric moisture content changed each of 10% there
was more than 600 mV voltage outputted.
4郾 3摇 Effect of temperature on sensor output
摇 Taking into account of the sensor in using, the
output voltage might be affected by the environment
temperature, in this paper, the sensor temperature
calibration was designed.
摇 Firstly, the distilled water were put into the PVC
testing tube, of which height and diameter were 20 cm,
in which a PVC pipe with height of 20 cm and diameter
of 5郾 6 cm was fixed at the center. The soil moisture
sensor was placed in PVC pipe and insulation cotton
was used at upper and lower ends of the PVC pipe to
prevent the heat from flowing.
摇 Next, the PVC test tube was sealed with a plastic
film, and a mercury thermometer was inserted into the
water. And then the PVC test tube was placed into an
oven.
摇 Finally, the oven爷 s temperature was adjusted to a
gradient of 10 ~ 50益 at mterral of 5益 . When the
temperature of the mercury thermometer was consistent
with setting temperature of the oven, the voltage of the
sensor was recorded. The test results were shown in
Fig. 8.
摇 As shown in Fig. 8, the output of the sensor and the
soil moisture content had good correlation and the
determination coefficient R2 reached 0郾 987 9. The
output of the sensor increases by about 2郾 903 3 mV for
every 1益 rising. The main reason for the voltage rise
was that the dielectric constant of the filled media
around the probe was affected by the temperature and
the change of electrical characteristics of the electronic
components in the circuit was caused by the change of
temperature. Considering the sensor output was
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Fig. 8摇 Changes of sensor output with temperature
摇

affected by temperature changes, the temperature
detection function was configured in the soil moisture
sensor. So that sensor output was corrected according
to the real鄄time temperature. In order to improve the
versatility of the sensor, because of the output interface
of moisture sensor didn 爷 t provide the temperature
output function, this design only for a single moisture
sensor compensated on the temperature. This solution
could only reduce the effect of temperature on sensor
output in a certain extent, in order to obtain more
accurate measurements, the user should establish a
mathematical model of different gradient of soil based
on the type of soil for analysis[22] .
4郾 4摇 Test for sensitivity of sensor
4郾 4郾 1摇 Longitudinal effect area of sensor
摇 The measurement sensitive area of sensor
represented measurement range, was an important
indicator of sensor performance. The test soils, with
volumetric moisture content of 16% , 20% and 25% ,
were prepared according to the method shown in Seition
4郾 2. The soil samples were sequentially loaded into
3 PVC test tube with height of 20 cm and diameter of
30 cm in which a PVC pipe with height of 20 cm and
diameter of 5郾 6 cm was fixed at the center. Using
plastic wrap sealed the PVC test tube to standing 64 h.
摇 The soil moisture sensor was placed in the PVC pipe
which was fixed in the center of PVC test tube in that
configured with the soil samples. The center of the
sensor was 10cm away from the upper surface of the
soil. The sensor was moved upwards at 1 cm gradient,
and the voltage of sensor at each gradient was
recorded. The test results of 3 soils with different
moisture contents were shown in Fig. 9.
摇 Fig. 9 showed that in the process of the sensor in the
PVC pipe moving up, the output voltage of the sensor
monotonically reduced with the increase of moving

Fig. 9摇 Experimental results of axial sensitivity for sensors
摇

distance. The soil volumetric moisture content didn爷 t
had much impact of the sensor蒺s longitudinal effect
area. The longitudinal effect area of the sensor was
10cm. 摇 In order to ensure the accuracy of the
measurement data, the sensor designed should be
placed at a distance of 5cm below the soil surface.
4郾 4郾 2摇 Lateral effect area of sensor
摇 The soil moisture sensor was placed in PVC pipe to
measure the moisture content of the soil in the test tube
that using a knife to change thickness ( the distance
from the wall of the PVC testing tube to the soil edge)
at gradient of 1 cm and the voltage of the sensor output
was recorded. The test process was shown in Fig. 10.

Fig. 10摇 Experiment of relative radial sensitivity
measurement of sensors

摇
摇 In order to more intuitively realize the effect of soil
thickness on the output voltage of the sensor, this
paper presented an energy index Ka to characterize the
energy distribution of the transverse radius of the
sensor, as

Ka =
VC - VPVC

Vsoil - VPVC
(13)

where Vsoil is the voltage of the sensor in soil with a
thickness of 12 cm, VPVC is voltage of sensor in the
PVC pipe (PVC pipe surrounded air), VC is the real鄄
time measured value of the sensor.
摇 The test results of the sensor in 16% , 20% and
25% volumetric moisture content were shown in
Fig. 11.
摇 Fig. 11 showed the energy index reduced with the
increase of thickness of the surrounding soil. The 99%
of the energy was distributed within 5 cm of the outer
wall of the PVC testing tube for all three gradient soils.
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Fig. 11摇 Experimental results of relative radial
sensitivity of sensors

摇
Therefore, the lateral effect area of the non鄄contact soil
moisture sensor designed in this paper was 5 cm.

5摇 Contrast test and result analysis

摇 In order to analyze the performance gap between the
soil non鄄contact sensor and such products abroad, the
sensor contrast test was designed. The sensor was
compared with soil moisture expansion line system of
EnviroSCAN with a range of 0 ~ 100% and an
accuracy of 依 2% . Toully 7 soil samples with the soil
volumetric moisture contents of 5郾 4% , 10郾 4% ,
16郾 3% , 23郾 9% , 28郾 6% , 32郾 3% , and 36郾 5% were
prepared according to the test process in Section 4郾 2,
two sensors were used for the measurement. The results
of soil non鄄contact sensor and EnviroSCAN were shown
in Tab. 3.

Tab. 3摇 Comparative experiments with EnviroSCAN
soil moisture systems %

No. 1 2 3 4 5 6 7
EnviroSCAN 5郾 32 10郾 61 17郾 11 24郾 51 27郾 65 33郾 56 36郾 22
Sensor 5郾 43 9郾 92 16郾 01 23郾 31 28郾 62 32郾 28 35郾 57
Absolute error - 0郾 11 0郾 69 1郾 10 1郾 20 - 0郾 63 1郾 28 0郾 65
Relative error - 2郾 1 6郾 5 6郾 4 4郾 9 - 2郾 3 3郾 8 1郾 8

摇 As it can be seen from Tab. 3, the absolute error of
the soil volumetric water content was - 0郾 61% ~
1郾 20% and the relative error was - 2郾 3% ~ 6郾 5% .
The absolute error between the two was less than 2% ,
indicating that the performance of the two sensors was
equivalent.

6摇 Conclusion

摇 (1) A non鄄contact soil moisture sensor was designed
to monitor the soil moisture in real time.
摇 (2) The capacitance characteristics of the ring probe
and the performance of the detection circuit were
studied. The capacitance of the ring probe was

analyzed using the network vector analyzer in 9 kinds of
organic solution, and it is determined that the
dielectric constant from 1 to 81 of ring probe presented
the range of capacitance was 7郾 08 ~ 22郾 75 pF. The
experiment results showed that the accuracy of the
sensor circuit was satisfied with the requirements of
sensor through the paralleled with 11 kinds of
capacitance of the high鄄frequency ceramic capacitor in
parallel resonant experiments.
摇 (3) From the calibration and correlation test results
it could be seen, the sensor accuracy, sensitivity and
dynamic response performance could meet the sensor
design requirements.
摇 ( 4 ) The energy index Ka was proposed. The
measuring range of the sensor was obtained by test.
The longitudinal range was 10 cm, and the lateral
effect range was 5 cm.
摇 (5) The comparison test showed that the detection
precision of the designed soil non鄄contact moisture
sensor was similar to that of the products at abroad.
The absolute error of volumetric moisture content was
- 0郾 61% ~ 1郾 20% , and the relative error was
- 2郾 3% ~6郾 5% .
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基于电容法的非接触式土壤水分传感器设计与性能分析

高志涛１，２　刘卫平１，２　赵燕东１，２
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摘要：针对接触式土壤水分传感器存在对土体破坏大及使用安装、更换困难等问题，设计了一种基于电容法的非接

触式土壤水分传感器。借助网络矢量分析仪对传感器环形探头在不同介电常数的有机溶液中进行测量，确定了传

感器环形探头电容变化范围为 ７０８～２２７５ｐＦ。选取 １１种不同电容值高频瓷片分别与 １０２ｎＨ的绕线电感进行并

联谐振试验，得到的测试结果与仿真结果的决定系数达到了 ０９８，检测电路的测量精度能够满足传感器的设计要

求。以北京地区粘壤土作为测试样本，对传感器输出与对应的测量值进行了多项式拟合，决定系数达到了０９９５９，

系统的稳态与动态性能均能满足土壤水分的检测要求。通过试验分析了温度对传感器输出的影响，将传感器输出

结果与温度进行线性拟合，决定系数达到了 ０９８７９。进一步提出了能量指数 Ｋａ，通过试验的方式确定了传感器的

纵向影响范围为 １０ｃｍ，横向影响范围为 ５ｃｍ。最后对比试验表明，所设计的土壤非接触式水分传感器与国外同类

产品性能相当，能够满足土壤非接触式测量的要求，但具有更高的性价比，为同类产品的国产化奠定了基础。

关键词：土壤水分传感器；电容法；非接触式；性能分析
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　　引言

土壤含水率是影响植物生长的重要因素
［１］
。

常用的土壤含水率检测方法有烘干法、电阻法、张力

计法、中子仪法和介电法等。介电法因其响应速度

快、安全性高、性能可靠等优点已经被广泛应用于农

业研究中
［２－８］

。

在利用介电法测量土壤含水率的传感器中，可

以依据使用方法分为接触式测量传感器与非接触测

量传感器。接触式传感器一般采用针式探头结构，

使用时需要按照监测深度分层埋设。比较常见的典

型传感器有英国 Ｄｅｌｔａｔ公司生产的 ＭＬ３ＴｈｅｔａＰｒｏｂｅ
型传感器、美国 ＤＥＣＡＧＯＮ公司生产的 ＥＣＨ２Ｏ系列
传感器、德国 ＩＭＫＯ公司的 ＴＲＩＭＥ ＨＤ２ＴＤＲ型土
壤水分传感器以及国内北京林业大学自主研发的基

于 ＳＷＲ原理的 ＢＤ ＩＩＩ型土壤水分传感器。非接
触传感器一般采用环式探头结构，其工作于预先埋

设 的 ＰＶＣ 管 体 中
［９－１０］

。 如 Ｓｅｎｔｅｋ 公 司 的

ＥｎｖｉｒｏＳＣＡＮ型土壤水分扩线系统与 Ｄｉｖｉｎｅｒ２０００型
土壤水分廓线仪。相比于接触式测量传感器，非接

触式测量传感器具有施工方便、不破坏土壤结构、传

感器损坏更换简单等优点
［１１－１６］

。但是由于非接触

式传感器探头周围检测区域比较复杂，很难用现有

的介电模型进行分析，因此增加了产品设计的难度。

国外的此类产品虽然在性能方面得到了认可，但是

因其价格高昂很难得到广泛应用，所以设计一款高

性能与低价格的非接触传感器对传感器的大面积推

广具有十分重要的意义。

基于以上考虑，本文利用介电理论中的电容法，

依据并联谐振理论设计一种非接触式土壤水分传感

器。

１　水分传感器的测量原理与结构

１１　测量原理
利用电容法测量土壤含水率实际上反映的是土

壤环境中环形探头容值的变化。检测原理与工作环

境如图１所示。
根据并联谐振理论

［１７－２０］
，有

ｆ＝ １
２π ＬＣ槡 ｔ

（１）

式中　ｆ———谐振频率　　Ｌ———并联谐振电感
Ｃｔ———环形探头的感应电容

图 １　传感器测试环境与原理图

Ｆｉｇ．１　Ｔｅｓｔｅｎｖｉｒｏｎｍｅｎｔａｎｄｐｒｉｎｃｉｐｌｅｏｆｓｏｉｌｍｏｉｓｔｕｒｅｓｅｎｓｏｒ
１．探头测量区域　２．ＰＶＣ管　３．黄铜电极　４．测量土体

　

通过检测并联谐振频率 ｆ变化来表征传感器环
形探头容值的变化。

非接触式传感器环形探头的电容与其内部的填

充物质的介电常数有关，即

Ｃｔ＝ｇεｒε０ （２）
式中　Ｃｔ———环形探头电容

ｇ———与形状尺寸有关的常数
εｒ———探头周围填充介质的介电常数
ε０———真空中的介电常数

土壤作为一种多孔介质，其相对介电常数 εｒ在
复数域内可表示为

εｒ＝ε′－ｊε″ （３）
式中　ε′———介电常数的实部

ε″———介电常数的虚部
介电常数的虚部 ε″主要由介电弛豫损耗系数

ε″ｄ与离子电导率 σ两部分组成，即

ε″＝ε″ｄ＋
σ
２πｆε０

（４）

则 εｒ＝ε′ (－ｊε″ｄ＋
σ
２πｆε )

０
（５）

对式（５）两边同时乘以 ｇε０，进一步得出

Ｃｔ＝Ｃ
 (－ｊｇσ

ω
＋ｇε″ｄε )０ （６）

ｊωＣｔ＝ｊωＣ
 ＋（ｇσ＋ｇωε″ｄε０） （７）

Ｇ＝ｇσ＋ｇωε″ｄε０ （８）

ｊωＣｔ＝ｊωＣ
 ＋Ｇ （９）

式中　Ｃ———环形探头电容的实部
Ｇ———环形探头的介电损耗

由式（８）可知介电损耗 Ｇ主要受土壤介质的电
导率 σ与土壤本身的极化作用两方面的影响。根
据前人研究结果，在土壤浸出液电导率很低的时候，

分析过程中可以忽略介电损耗 Ｇ对探头整体阻抗
变化的影响

［２１］
。因本文涉及试验土壤的浸出液电
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导率低于０２０ｍｓ／ｃｍ，所以忽略了介电损耗 Ｇ对测
量的影响。

考虑到在测量过程中 ＰＶＣ外管与电路杂散电
容对电路的影响，在电路中增加了参数 ＣＰ与 ＣＳ。
本文研究的水分传感器的谐振电路模型如图 ２所
示。

图 ２　电容式传感器等效电路图

Ｆｉｇ．２　Ｅｑｕｉｖａｌｅｎｔｃｉｒｃｕｉｔｆｏｒｃａｐａｃｉｔａｎｃｅｐｒｏｂｅｓｅｎｓｏｒ
　
图２传感器环形探头的容抗 Ｃｔ可表示为

Ｃｔ＝ＣＳ＋
ＣＰＣ
ＣＰ＋Ｃ

（１０）

式中　ＣＳ———环形探头所分布的杂散电容

Ｃ———测量土壤的表征电容
ＣＰ———ＰＶＣ管所表征的电容

进一步得出

ｆｏ＝
１

２π (Ｌ ＣＳ＋
ＣＰＣ
ＣＰ＋ )槡 Ｃ

（１１）

其中 ω＝２πｆ
式中　ｆｏ———传感器的输出频率

通过式（１１）可知，并联谐振电感 Ｌ与 ＰＶＣ管感
应电容 ＣＰ在测量过程中是固定不变的。所以输出

频率 ω的变化主要受土壤区域感应电容 Ｃ的影
响。

１２　硬件电路结构
本文所设计的非接触式土壤水分传感器由传感

器探头与检测电路两部分组成。传感器探头外形呈

圆柱状，其外侧嵌有 ２个黄铜制成的圆环电极（直
径２５ｍｍ，高２５ｍｍ），２个电极之间相距１５ｍｍ。检
测电路板与黄铜电极通过金属导线连接固定在探头

内侧。此非接触式传感器工作于事先埋设的 ＰＶＣ
管体中，需要与专用的采集设备配套使用

［２２］
。其系

统框图如图３所示，主要由压控振荡器谐振单元、整
形单元、分频单元、ＳＴＭ８微控制器单元、温度检测
单元与 Ｄ／Ａ转换单元组成。

作为并联谐振电路的电容器，环形探头在压控

振荡器 ＭＣ１６４８的作用下产生高频信号，该高频信
号经过整形与分频后变成 ２～４ｋＨｚ的低频信号传
送至微控制器。微控制器根据输出频率与体积含水

图 ３　检测板系统原理框图

Ｆｉｇ．３　Ｐｒｉｎｃｉｐｌｅｄｉａｇｒａｍｏｆｔｅｓｔｐａｎｅｌｓｙｓｔｅｍ
　
率的 归 一 化 拟 合 模 型，配 合 温 度 检 测 单 元

（ＤＳ１８Ｂ２０）获得的温度数据进行补偿后，通过数模
转换模块（ＤＡＣ７５７１）将水分检测电路的频率输出
转换成０～２５００ｍＶ的电压输出。

２　土壤水分传感器探头的容抗特性分析

在基于电容法的土壤水分设计过程中，环形探

头的电容特性分析至关重要。本文借助一台高频网

络矢量分析仪（ＮＡ７３００型，５０Ω，天津德力电子仪
器公司，扫描频率 ０３～３０００ＭＨｚ、频率分辨率为
１０Ｈｚ）在９种介质中对环形探头的电容特性进行分
析。其中测试频率选择 １００ＭＨｚ，测量方法采用反
射法，试验环境温度为 ２０℃。９种介质及其对应介
电常数如表１所示［２３］

。

表 １　有机溶液介电常数（２０℃）

Ｔａｂ．１　Ｄｉｅｌｅｃｔｒｉｃｃｏｎｓｔａｎｔｏｆｏｒｇａｎｉｃｓｏｌｕｔｉｏｎ（２０℃）

介质 介电常数

空气 １００

乙酸乙酯 ６０２

异戊醇 １５１９

正丁醇 １７５１

异丙醇 １９９２

乙醇 ２４５５

乙醇∶水（体积比２∶１） ４３６０

乙醇∶水（体积比１∶１） ５３３０

蒸馏水 ８１００

　　首先，将试剂放入高 ２０ｃｍ、直径 ２０ｃｍ，中心固
定有高２０ｃｍ、直径 ５６ｃｍＰＶＣ管的有机玻璃测试
桶中。其次，使用 ＳＭＡ连接头将矢量网络分析的测
试电缆与环形探头相连，矢量网络分析仪开机 １ｈ
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后利用开路、短路与５０Ω负载校准件进行校准。最
后将环形探头置于 ＰＶＣ测试管中进行电容值的测
量，试验中，采用测试５次取平均值的方式来降低操
作误差。试验结果如图４所示。

由图４曲线可以看出，环形探头电容值与周围

图 ４　介电常数对环形探头电容特性的影响

Ｆｉｇ．４　Ｅｆｆｅｃｔｏｆｄｉｅｌｅｃｔｒｉｃｃｏｎｓｔａｎｔｏｎｃａｐａｃｉｔａｎｃｅ

ｃｈａｒａｃｔｅｒｉｓｔｉｃｓｏｆｒｉｎｇｐｒｏｂｅ
　

填充介质的介电常数呈单调的非线性关系。介电常

数在０～１５区间内，曲线急剧上升，对应传感器的电
容变化范围为７０８～１６５ｐＦ，而后曲线变化明显减
缓。在介电常数为 １～８１区间内，确定传感器探头
的电容值在７０８～２２７５ｐＦ范围内变化。

３　检测电路的测量精度试验

传感器采用并联谐振的原理检测土壤体积含水

率的变化。传感器环形探头相当于电容器，谐振电

感决定着土壤测试频率，考虑到传感器探头电容变

化范围与测试频率受电导率等因素的影响，最终选

取１０２ｎＨ的高频绕线电感作为谐振电感。试验过
程中选取１１种高频瓷片电容模拟传感器探头接入
检测电路中，测得的输出频率与电容如表 ２、图 ５所
示。

表 ２　电容与谐振频率对应表

Ｔａｂ．２　Ｃａｐａｃｉｔａｎｃｅａｎｄｒｅｓｏｎａｎｃｅｆｒｅｑｕｅｎｃｙ

电容／ｐＦ ５ １０ １２ １５ １８ ２０ ２２ ３０ ３３ ３９ ４７ ５６

谐振频率／ＭＨｚ ２２０７５０ １５０５４６ １３８３３６ １２８０４２ １１３２５０ １１０９２０ １１０１６１ ９０６８２ ８５５８８ ７９３８４ ７３７０１ ６７４６４

图 ５　不同电容对应的谐振频率测试与运算结果

Ｆｉｇ．５　Ｔｅｓｔａｎｄｏｐｅｒａｔｉｏｎｒｅｓｕｌｔｓｏｆｒｅｓｏｎａｎｃｅｆｒｅｑｕｅｎｃｙ

ｉｎｄｉｆｆｅｒｅｎｔｃａｐａｃｉｔａｎｃｅｓ
　

　　由图５可以看出，测量电路测出结果与式（１）得
出的仿真曲线决定系数达到了 ０９８，说明测试电路
能够准确测量感应电容大小。谐振频率随着电容的

增大单调递减。传感器探头在 ７０８～２２７５ｐＦ变
化范围内（土壤中的最大变化范围），谐振频率的变化

范围为１８８～１０４ＭＨｚ。根据前人的研究，在这个频率
范围内可有效降低土壤盐度对测量结果的影响

［２４］
。

４　传感器性能分析

４１　动态响应性能试验
动态响应性能是传感器在实际应用中所关注的

重要指标，表现为当传感器周围检测区域的土壤含

水率发生变化时，传感器输出从变化到稳定所需要

的时间。试验设备为中间固定有 ＰＶＣ管的有机玻
璃筒。首先将传感器置于 ＰＶＣ管体中，测试筒中加

满水，使用示波器单次触发的上升沿捕获功能，获得

传感器从通电到输出稳定的时间为 ５０ｍｓ。然后将
传感器快速从 ＰＶＣ管体中拔出，测得传感器输出由
变化到稳定的时间为１５０ｍｓ。
４２　传感器灵敏度试验验证与标定

在传感器的设计过程中，标定是非常重要的环

节。标定之前需要对水分检测电路输出的频率信号

进行归一化处理。处理过程为

ＶＯ＝ＶＣ
ｆＡ－ｆＭ
ｆＡ－ｆＷ

（１２）

式中　ｆＡ———传感器在空气中时水分检测电路输出
的频率

ｆＷ———传感器在水中时输出的频率
ｆＭ———传感器在实测土壤中输出的频率
ＶＣ———２５００ｍＶ的参考电压

经过归一化处理后将传感器输出的频率信号转

换成０～２５００ｍＶ电压信号。
试验土样样本为取自北京林业大学苗圃

（１１６°２１′１４″Ｅ、４０°０′５４″Ｎ）的典型粘壤土，浸出液电
导率为 ０２０ｍＳ／ｃｍ，成分构成为：砂粒 １１％，粉粒
７１％，黏粒１８％（以上为质量分数），取回后首先自
然风干过筛 （孔径 ０４ｍｍ），然后利用干燥箱
（１０５℃，２４ｈ）干燥。计算出配比９种梯度体积含水
率试验样本所需水分，充分搅拌均匀，按照１６ｇ／ｃｍ３

的土壤容重均匀装入高 ２０ｃｍ、直径 ３０ｃｍ，中心固
定有高４０ｃｍ、直径５６ｃｍＰＶＣ管的９个 ＰＶＣ测试
桶中。静置４８ｈ后利用环刀取土，利用烘干法测得
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９个测试筒的体积含水率分别为 １５％、８０５％、
１１０８％、１８０２％、２３５６％、２８７７％、３３５８％、
３６７５％与 ４００１％。试验环境温度 １０℃。标定环
境如图６所示。采用专用采集设备采集传感器输出
的电压，对获取到的数据进行多项式拟合，其结果如

图７所示。

图 ６　传感器的标定环境

Ｆｉｇ．６　Ｓｅｎｓｏｒｃａｌｉｂｒａｔｉｏｎｅｎｖｉｒｏｎｍｅｎｔ
１．采集器　２．环形传感器　３．ＰＶＣ管　４．ＰＶＣ测试筒　５．ＲＳ４８５

转 ＲＳ２３２接口　６．便携式计算机　７．电源
　

图 ７　水分传感器标定结果

Ｆｉｇ．７　Ｃａｌｉｂｒａｔｉｏｎｒｅｓｕｌｔｓｏｆｍｏｉｓｔｕｒｅｓｅｎｓｏｒ
　

由图 ７可以看出，传感器的输出结果与土壤体
积含水率有良好的相关性，其决定系数 Ｒ２达到了
０９９５９。同时可以发现传感器具有较高的灵敏性，
即体积含水率每变化 １０％就有超过 ６００ｍＶ的电压
输出变化。

４３　温度对传感器输出的影响
考虑到传感器使用过程中，输出的电压受测试

环境温度变化的影响，本文设计了传感器温度标定

环节。

首先，将蒸馏水倒入一个直径 ２０ｃｍ、高 ２０ｃｍ
的 ＰＶＣ测试筒中（测试筒中心固定有高４０ｃｍ、直径
５６ｃｍ的ＰＶＣ管）。ＰＶＣ管内放置本文所设计的土
壤水分传感器，利用隔热棉将 ＰＶＣ管体的上下两端
堵死以防止热量的流动。

其次，利用塑料薄膜将 ＰＶＣ测试筒密封，将水
银温度计插入水中。并将 ＰＶＣ测试筒放置到干燥
箱中。

最后，调节干燥箱温度在１０～５０℃，以 ５℃为梯

度变化。使用水银温度计监测测试环境温度，当监

测到的温度与干燥箱设置温度一致时，记录传感器

的电压。试验结果如图８所示。

图 ８　传感器输出电压受温度变化的影响

Ｆｉｇ．８　Ｃｈａｎｇｅｓｏｆｓｅｎｓｏｒｏｕｔｐｕｔｗｉｔｈｔｅｍｐｅｒａｔｕｒｅ
　
由图 ８可以看出，传感器输出电压与温度之间

呈良好的线性关系，决定系数 Ｒ２达到了 ０９８７９，温
度每升高 １℃传感器大约有 ２９０３３ｍＶ的电压升
高。导致电压升高的主要原因在于探头周围填充介

质的介电常数受温度影响与温度变化导致电路中电

子元器件的电气特性变化。考虑到传感器输出特性

受温度变化的影响，本文所设计的水分传感器配置

了温度检测功能，通过实时获取环境温度对传感器

输出电压进行温度补偿。为了提高传感器的通用

性，水分传感器的输出接口并不提供温度的输出功

能，所以本设计只针对单一水介质对传感器进行温

度补偿。这种措施只能在一定程度上减小温度对传

感器输出的影响，为了获取更加精确的测量数值，使

用者应根据测试土壤类型建立不同梯度土壤的数学

模型进行分析
［２２］
。

４４　传感器测量敏感性试验
４４１　传感器的纵向影响区域

传感器的测量敏感区域表征的是传感器在测量

过程中的测量范围，是传感器性能的一个重要指标。

按照 ４２节所示方法配置体积含水率为 １６％、２０％
与２５％ ３种梯度的试验土壤。将配置好的试验土
壤依次装入高 ２０ｃｍ、直径 ３０ｃｍ的 ３个测试桶中
（中心固定有高 ４０ｃｍ、直径 ５６ｃｍ的 ＰＶＣ测试
管）。使用保鲜膜密封静置６４ｈ备用。

将本文所设计的土壤水分传感器置于配置好的

土体 ＰＶＣ管体中，传感器的中心距离土体上表面
１０ｃｍ，以１ｃｍ为梯度将传感器向上移动，并记录每
个梯度传感器的电压。３种不同含水率土体的试验
结果如图９所示。

由图９可以看出，传感器在 ＰＶＣ管体内上移的
过程中，传感器输出的电压随着距离的增加单调减

小，测试土壤的体积含水率对传感器的纵向影响区
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图 ９　传感器纵向影响范围的试验结果

Ｆｉｇ．９　Ｅｘｐｅｒｉｍｅｎｔａｌｒｅｓｕｌｔｓｏｆａｘｉａｌｓｅｎｓｉｔｉｖｉｔｙｆｏｒｓｅｎｓｏｒｓ
　
域并没有太大的影响，其纵向测试范围为 １０ｃｍ，为
了确保测量数据的准确性，本文所设计的传感器应

置于距离土壤表面５ｃｍ以下处进行测量。
４４２　传感器的横向影响区域

将本文所设计土壤水分传感器至于 ＰＶＣ测试
管中，以１ｃｍ为梯度利用土刀环周削薄测试筒中土
壤的厚度（ＰＶＣ测试管的管壁至土壤边缘的距离），
并记录传感器输出的电压。试验过程如图１０所示。

图 １０　传感器影响半径测量的试验过程

Ｆｉｇ．１０　Ｅｘｐｅｒｉｍｅｎｔｏｆｒｅｌａｔｉｖｅｒａｄｉａｌｓｅｎｓｉｔｉｖｉｔｙ

ｍｅａｓｕｒｅｍｅｎｔｏｆｓｅｎｓｏｒｓ
　
为了更加直观地表现土体厚度对传感器输出电

压的影响，提出能量指数 Ｋａ来表征传感器的横向半
径中能量的分布状况。

Ｋａ＝
ＶＣ－ＶＰＶＣ
Ｖｓｏｉｌ－ＶＰＶＣ

（１３）

式中　Ｖｓｏｉｌ———传感器在１２ｃｍ厚度土壤中的电压
ＶＰＶＣ———传感器在 ＰＶＣ管体中的电压（ＰＶＣ

管体周围为空气）

ＶＣ———传感器测量的实时值
传感器在体积含水率为１６％、２０％与２５％ ３种

梯度的试验土壤中测得的试验结果如图１１所示。
由图 １１可以看出，能量指数 Ｋａ随着周围土壤

厚度的增加而变大。对于 ３种梯度的试验土壤，
９９％的能量均匀分布在距离 ＰＶＣ测试管外壁 ５ｃｍ
左右的土壤范围内。因此本文所设计的非接触式土

壤水分传感器的横向影响范围为５ｃｍ。

５　对比试验与结果分析

为了分析土壤非接触式传感器与国外此类产品

性能差距，设计了传感器对比试验。对比的传感器

为澳大利亚 Ｓｅｎｔｅｋ公司的 ＥｎｖｉｒｏＳＣＡＮ型土壤水分

图 １１　传感器影响半径测量的试验结果

Ｆｉｇ．１１　Ｅｘｐｅｒｉｍｅｎｔａｌｒｅｓｕｌｔｓｏｆｒｅｌａｔｉｖｅｒａｄｉａｌ

ｓｅｎｓｉｔｉｖｉｔｙｏｆｓｅｎｓｏｒｓ
　
扩线系统，其测量范围为０～１００％，精度为 ±２％。

按照 ４２节的试验步骤配置体积含水率为
５４％、１０４％、１６３％、２３９％、２８６％、３２３％、３６５％
７种土样，利用２种传感器进行分别测量。土壤非接
触式传感器与 ＥｎｖｉｒｏＳＣＡＮ土壤水分扩线系统测得
的数据结果如表３所示。

表 ３　与 ＥｎｖｉｒｏＳＣＡＮ土壤水分扩线系统的对比

Ｔａｂ．３　ＣｏｍｐａｒａｔｉｖｅｅｘｐｅｒｉｍｅｎｔｓｗｉｔｈＥｎｖｉｒｏＳＣＡＮ

ｓｏｉｌｍｏｉｓｔｕｒｅｓｙｓｔｅｍｓ ％

　编号 １ ２ ３ ４ ５ ６ ７

ＥｎｖｉｒｏＳＣＡＮ ５３２ １０６１１７１１２４５１２７６５３３５６３６２２

自制传感器 ５４３ ９９２ １６０１２３３１２８６２３２２８３５５７

绝对误差 －０１１０６９ １１０ １２０ －０６３１２８ ０６５

相对误差 －２１ ６５ ６４ ４９ －２３ ３８ １８

　　从表 ３可以看出，体积含水率的绝对误差为
－０６３％ ～１２０％，相对误差为 －２３％ ～６５％。
两者间的绝对误差小于 ２％，表明 ２个传感器的性
能相当。

６　结论

（１）设计了一种土壤水分非接触式传感器，可
实现对土壤水分的实时监测。

（２）对传感器环形探头的电容特性与检测电路
的性能进行了研究，借助网络矢量分析仪，在９种有
机溶液中对环形探头的电容特性进行了分析，确定

了环形探头在介电常数从 １～８１的区间内，探头表
征电容变化范围为 ７０８～２２７５ｐＦ。通过与 １１种
容值高频瓷片电容的并联谐振试验，证明传感器的

检测电路精度能够满足传感器设计的要求。

（３）从试验标定与相关试验结果可以看出，传
感器的精度、灵敏度与动态响应性能均能满足传感

器的设计要求。

（４）提出了能量指数 Ｋａ，通过试验的方法得出
传感器测量范围，纵向影响范围为 １０ｃｍ，横向影响
范围为５ｃｍ。
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（５）传感器的对比试验表明，本文所设计的非
接触式土壤水分传感器的检测精度与国外同类产品

相当。体 积 含 水 率 的 绝 对 误 差 为 －０６３％ ～
１２０％，相对误差为 －２３％ ～６５％。
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