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Calibration Method of Soil Moisture Capacitance Sensor Based on
Compensation of Electrical Conductivity to Relative Permittivity

ZHANG Xiliang' XIE Feiyang' SHENG Qingyuan’ NI Mengyao' ZHANG Jiagi' XU Yunfeng'
(1. School of Mechanical Engineering, Jiangsu University, Zhenjiang 212013, China
2. School of Mechanical and Elecirical Engineering and Transportation
Shaoxing Vocational and Technical College, Shaoxing 312000, China)

Abstract: Soil moisture capacitive sensors exhibited issues with low detection accuracy and limited
applicability of calibration models to saline soils. In order to solve these problems, a calibration method
for moisture capacitive sensors based on conductivity compensation of the relative permittivity was
proposed. Firstly, a logarithmic model between soil relative permittivity and sensor output was established
in the standard solution, and the R” of the model was 0. 983. Furthermore, a regression calibration model
of dielectric constant compensation for standard solution conductivity was established through the binary
quadratic regression analysis, and the R® of the model was 0.979. The calibration model was about
relative permittirity, the output voltage and conductivity. Secondly, the third-order polynomial calibration
model of the relationship between soil volume water content and relative permittivity was established
according to the special calibration of soil sensor in soil sample, and the R® of the model was 0. 996.
Finally, the above two-step calibration equation was verified by soil measurement. When the soil
conductivity ranged between 0 dS/m and 2 dS/m, the detection error range of soil volumetric moisture
content was reduced from 0. 038 3 m’/m’ 10 0. 0127 m’/m’, and the maximum relative error was reduced
from 12.020 0% to 6.224 1% . The results indicated that, in similar soils with different conductivities,
using the calibration method for moisture sensors based on conductivity compensation of the relative
permittivity can significantly improve the accuracy of soil moisture detection and the applicability to loess
soils with different conductivities.
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Tab.1 Calculation of relative permittivity of
standard solution
IR B o/ %

I Dmﬂm£w1¢ LT
Dioxane 100 0 2.2
Dioxane 98 2 3.1
Dioxane 95 5 4.1
Dioxane 90 10 6.4
Dioxane 85 15 9.2
i-C,E, 100 0 10. 8
Dioxane 78 22 13.8
i-C,E, 92 8 16.8
i-C,E, 85.5 14.5 21.6
i-C,E, 80 20 25.6
i-C,E, 76 24 28.5
i-CE, 72.7 27.3 30.9
i-C,E, 68 32 34.3
i-C4E, 58 42 41.3
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Tab.2 Standard solutions with different conductivities

o AR E o/ % AHXT A 5% g/ (dS m ™)
Dioxane/i-C,E, ik WH & K1 IKIFE 2 K3 K 4 K5 K6
i-C4E, 58 42 41.30 0. 50 0. 80 1. 10 1. 49 1.75 1.95
Dioxane 53 47 33.62 0.38 0.55 0.85 1.25 1.48 1.80
Dioxane 59 41 28.87 0.27 0.58 0.83 1.10 1.30 1.65
i-C,F, 80 20 25. 60 0.47 0. 65 0.93 1.25 1.48 1.55
Dioxane 74 26 17. 81 0.36 0.55 0.70 0.95 1. 10 1.38

WAL M B R U, 2B RERR o, B
2.2.1 143 B+ EE RO XS A L E B &, 0 & 7T
LR U FH 5% o ZInkE e, /)

e=f(U,o) (6)

LT SHEGEFE N E n D e KUHER ,m 4> o
REE R BB S @ A S R RS T R X A
B BN /(U o,) , R 0 Z KA T fEh

el=o,U +a,0; +a,Uo, +a,U, +a,0, +as  (7)
Hor,i=1,2,,n xm MG /N R, SIA 0 ox
m MHER . B AR R LA N e, 5
R /(U o) Z I8, KB iR 2% R N iZ /), B
R, =# ; (o, U +a,0; +a,U,o, +

a3Ui,+a40'i+as_‘9f,)2 (8)



R

FRVH R A JE T S A A HORM B A e S R R L AR IR AR E 5 1 347

R4 22 TCHL T A A S5 SR IBUH 2R B AL A, 73
R ) g ~ as i T8I S HOR 0, AT 15

nm 5 nm
z Z atBitwir = Z &,wy (9)
i=1 1=0 i=1

Hih By =18, =V ,Ba=0,.,B:=U, By =0,Bs=
lLw, ~ws 5 M5 R SETF By ~Biso
2.2.3 0-¢ LRAMENE

R T ARAS 1 KR AR A B ROCR R
2% 53 7 P AT A [R) R, SR ] R R o

T RER TR K, BRIy + (s U
BT 51RO 3. 04% M RL S i 534 R 69. 80% Kl
KL M8 27.16% ) o B BR A i LM e &0
KRR 3 W, A ABFKRDE W, TS LR
3 mm + 3G L, SRS B LR 1 mm
1. e AR 105°C TR TR 24 h R A
T J5 R 2 B K AR B K R
0.1.0.15.0.20.0.25.0.30.0.35 m’/m’ i + k£ % 1
Ty o FRIRECE 2R E, BT 1000 em’ BEf b, £
i 55 % B S 24 h SRJE AL A A RS TR
L8 3 W B BT BEAE A gs . e E S
PRB S KRG8 o TR T AR

PEEE S TOPP J7 2 25 Uy = B 2 3 XA AL X 60
5 & XRIATRERIFE o
2.2.4 fEIRER T TT &

Ry T TG b A R AR AR 2 5 TOPP 7 B2 R a2 A
BRI 2.2.3 1B R B[R 2SR R iR AT AR B
TR o K AL FR T L K 6 Fh KR AR
UL 45 30 b 8 SR B 8 KR R A I a5
2% \RMSE PRk bR E 5 TOPP J7 2 52 00 M RERCR .

T SRR E AR AE R 25 S (3 ) R T
BRI R B TR A NaCl, #3551 )5
BCHI AL 0 ~2 dS/m i Fl N, 5 A [6) HL S 2R 5
PN bR b 385 A T - T )R AR R K R AN
[ H SR A, 3t 10 £, ## & 24 h, Ff K50 5807
Sy UG 8 A A D e 1] SRR R F R, e
B SR, R K R R 1251+ R 4
WL

T 53 B bR TR A W) b BT Al A 4%
W bR AL B s 3 PR RS KR + o+ R
d Wb A T 12 £ PR R B RS AR
g 0 S AR S A R, ARG T 35 22 40 A s e A R A
NGBSz Ll bR ioalll Ve o

3 XBWHERELW

3.1 ¢-UXEBERE
X BERH XA AR A T L TR O &R

0

PEAT VA 5007, A 1 TR o JF ARG D R AL R A
1797 22 R PR X B ] 9 43 WA R

BT AR R b E R
Fig.1 Data diagram of sensor calibration
XL A BERS Ry 0. 983, #L4 J5 FE N

212.766 9

“In((U+1.10111)/0.7915) - l44.1615

&

(10)
3.2 s UXZBEEWME
AR 2N i I (10) 15 2 (Y 1 38 A X A
P B ORI 5% 25 T IRT 2 TR .

.
RF=

o2
=
2
Z

02 04 06 08 10 12 14 1.6 18 20
HLGR/(dS

PR 2 e AR A HL R T 56 22 5 RO Rl &

Fig.2 Relationship between measurement error of

Ag and electrical conductivity
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Tab.3 Relative permittivity in standard solutions with different conductivities before and after compensation

. M T WM JE
\ RWABIE  BE% o/ —— ——— s v
FEAC U 1 . KR 2% e KA K AR ST - KR 2% e Kl A K AR
J/ dS-m "~ ol & . for - & .
(dSem=) i Ae, R g, /% B Ae, 1825 m,/%
1.559 0.50 31.361 9.939 24.07 36.793 4.507 10.91
1.554 0. 80 31.634 9. 666 23.41 37.068 4.232 10. 25
1. 546 1.10 32.073 9.227 22.34 37.652 3. 649 8.83
BEA 1 (£ =41.30)
1.531 1.49 32.907 8.394 20. 32 38. 887 2.413 5.84
1.521 1.75 33.469 7. 831 18. 96 39.791 1.509 3.65
1.512 1.95 33.981 7.319 17.72 40. 633 0. 667 1.62
1.603 0.38 29.017 4. 603 13.69 33.622 -0.002 -0.00
1. 600 0.55 29.174 4. 446 13.23 33.761 -0. 141 -0.42
1.590 0. 85 29. 699 3.921 11. 66 34. 405 -0.785 -2.34
FEAR 2(e=33.62)
1.588 1.25 29. 805 3.815 11.35 34. 580 -0.960 -2.86
1.559 1.48 31.307 2.313 6.88 36. 766 -3.146 -9.36
1. 540 1.80 32.405 1.215 3.61 38. 367 -4.747 -14.12
1. 688 0.27 24.717 4. 153 14.39 28.023 0. 847 2.93
1. 681 0.58 25.099 3.771 13. 06 28.354 0.516 1.79
1.670 0. 83 25.635 3.236 11.21 29.019 -0.149 -0.52
REA 3(£=28.87)
1. 655 1. 10 26.373 2.497 8. 65 30. 007 -1.137 -3.94
1. 641 1. 30 27.072 1.798 6.23 30.977 -2.107 -7.30
1.615 1. 65 28.395 0.475 1. 65 32.894 -4.024 -13.94
1.797 0.47 19.772 5.828 22.77 21.888 3.712 14. 50
1.790 0. 65 20.078 5.522 21.57 22.233 3.367 13. 15
1.774 0.93 20. 785 4.815 18. 81 23.092 2.508 9. 80
FEAR 4(e=25.60)
1.747 1.25 22.000 3. 600 14. 06 24. 642 0.958 3.74
1.722 1.48 23.152 2.448 9.56 26. 158 -0.558 -2.18
1.712 1.55 23.620 1.980 7.73 26.775 -1.175 -4.59
1. 926 0.36 14. 450 3. 360 18. 87 16. 401 1.409 7.91
1.923 0.55 14. 567 3.240 18.21 16. 525 1. 285 7.21
1.919 0.70 14.724 3.086 17.33 16. 707 1.103 6.20
REA S5(£=17.81)
1.910 0.95 15.079 2.731 15.33 17. 139 0.671 3.77
1.902 1.10 15.397 2.413 13.55 17.522 0. 288 1.62
1. 885 1.38 16. 079 1.731 9.72 18. 380 -0.570 -3.20

333 0-cXEREERDN .

G S R B o RN A (= W (£ RoRbTE
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R e 1 HIEE SRR SRR S B e
KF,E 3 FiR

Z:7% TOPP J; 72 % A1 = Bir 2 101 =X #F 17 47 5K o

.05
2 . 5.0 10.0 15.0 20.0
A5 3 RS K R 5 R X A L O R P
25 N N

Ry 0.996, 15 J5 B3 R Sk A LA HOG R I 2
0= -0.2983 +6.461 x10 728 _ Fig.3 Relationship between soil volumetric water
2.16 x10 -382 +2.624 x 10 -583 ( 12) content and relative permittivity

3.4 EBETIER FEBE RN R 4 Fios , 45 38 0 R R AR i€ Jm J7 A A I

6 it AN [a] M KRR 5 K R AR A, 4 i ok RERE O, bR AR R B OK R B R K R =N
A (12) Brikbr € 5 TOPP J7 F2 48 & 3 47 bk 52, ¥t -0.014 m’/m’, RMSE 35 -0.01 m’/m’, TOPP J5
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Tab.4 Performance comparison of two models m’/m’
. FHAB G KRB IE/ (m® om ™)
fii 700 RMSE
0. 096 0.173 0.218 0.264 0.357 0.432
TOPP Jy F 1% 22 0. 058 0.019 0. 002 -0.001 0. 033 0. 047 0.034
F R E DR 22 0. 008 -0.009 -0.014 -0. 005 0.013 -0.009 0.010

T R B K SR AR KRG IR 25 4 0.058 m’/m’,
RMSE 7 0.034 m’/m’ , PRl 3R FH K (12) fORR 3R 52 o
T B0 UE R IR AR G D AR A I R T AR 4
HhHE AT S B AE T B b AR R 2R R g (#
B NG o R S e Y i L o A
MEHE GRS m G U S5LWHE SR o LA
LD TF 5 %k B2 A XA o 8 e, #% & £ A
3 (12) BI85 Jkes - AR R 5 /K 3R SEIE 6,
SCERZE RN 5 R, TS Ron A4l . AR T
RO ~2dS/m JEEIN, HFE T LS R - R AR 5

IR ERMGI 5% 2 7 10, T SR AME T A6, 4 0.018 8 m/m”,
FMEEJE A0, 0.012 7 m*/m’, 5 KA 12 2 7 L
AN A, N 9.253 0%, A A A, A
6.224 1% ; T4 2 e R T SRR B K S dar i) 12 22
FEHL TR AME AT A9, N 0.038 3 m*/m’  #ME S A6,
O 0.012 1 m*/m®, 5 KA R 25 16 1 TR AT A,
9 12.020 0% , #MEJ5 A, A 3.802 9% , AT B
PR 2] DA I AE 0. 013 m*/m” DL P, Bt KCAH i
ZEVEITE £6.23% , 35 K SR A MK B2 A W 5 42
T, BEAE B e A 2B 7 1 T 5K

RS ARIHBESEMEMESKERIMRE

Tab.5 Detection error of water content before and after compensation of different soil conductivity samples

b G I
R (r/(ds.;ni' | VVCRARMEE VWCRMWEK  VWCRKRNRE VWO EMEK
A6,/ (m*-m™?) HXTIR2ZE A/ % A,/ (m*-m™?) X IR2E A,/ %
0.206 0.001 8 0.8820 -0.007 4 -3.6137
R LR AR A ok R 0.576 0.0040 1.958 1 0.009 0 4.4387
% 0.203 7 Ry ) 0. 897 0.007 8 3.8370 0.0117 5.746 1
1.250 0.014 1 6.916 9 0.0127 6.224 1
1. 460 0.018 8 9.2530 -0.009 4 -4.596 8
0.342 0.002 6 0.818 8 -0.0115 -3.6107
TR 2 (AR A 0.735 0. 006 3 1.9712 -0.0109 -3.4254
%0'3]85m3/ms> 1.240 0.0155 4.8775 0.008 8 2.7522
1. 687 0.0280 8.7875 0.0121 3.8029
1.979 0.0383 12. 020 0 -0.008 1 -2.5533

SRS+ e R S5 SR a3k 6 R, i,
2 SR A A B e v ARG R 22 R AR N TR LB 2R
B v e RGN AR X % 22 T 31.86% , U W 2 Y 4 X
o KR AR R P A AR E T, RAE AR TR R R
R6 FTREBLEEARSAERMIRE
Tab.6 Detection error of VWC in different soil types

E ] FHRBIE K/ (m® em ) AH X R 22/ %
0.1456 5.01
[t 0.194 1 3.74
0.2583 2.38
0.163 8 -15.46
2+ 0.2029 -19.90
0.2454 -23.20
0.1687 31.86
2+ 0.2145 27.55
0.259 1 16. 06
0.1502 -9.53
Wt 0.197 6 -17.04
0.254 8 -7.87

H 00 KR ) o A B
SR LTS i

4 it

(1) SR W25 b5 vk, % RS KR 5 &
KR A A AR i ) B R OC R AT R E . L A
FH, S 258 0 R X6 A FL SO 1) b VA TR A T AH X A
PRI AL B i L R L S R R (R =
0.979) o X A HE AP E K 5 A2 5 AR XS A iR
BOCRIEATHRE (R =0.996) ,

(2) X b o€ J5 10 A% R BE AT 4 38 52 T O A
FROR AR A€ J5 7 B A MRS B2 LL TOPP Jr 72 81 3 5 1E
AN ) 26 A A o AR R A I R 2 R, W
PRE o

(3) T [F] a3 8 A v, 280k v S 38 X A
XF A B BORMES R A R AL, b SR B S K R
KA IMIR2Z M 0.0383 m’/m’FEE0.0127 m*/m’, &
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