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Construction and Verification of On-line Calibrating and Measuring
System about Nitrate N in Hydroponic Nutrient Solution
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Abstract; Efficiently obtaining the concentration of nitrate N ( NO, -N) in hydroponic nutrient solution is
essential for crop growth. However, it is difficult to realize on-line detection due to the separation of
electrode calibration and ion detection. In order to obtain the concentration of NO, -N promptly,
conveniently and accurately, an on-line calibrating and measuring system was established based on dual-
sensor redundancy control method and nitrate ion-selective electrode (ISE). When calibrating, screw
nuts were developed for driving ISEs to move in two degrees of freedom, for the purpose of rinsing
electrodes and getting standard voltages. Additionally, unknown parameters of the linear function between
collected voltages and logarithms of the ion concentrations were recognized under the least squares fitting
method. When measuring, a dual-sensor redundancy control method was applied to carry out periodically
calibrating and rinsing, as well as on-line measurement based on the principle of maximum error. To test
and verify the accuracy of this system, a no-load test and a production test were carried out. The former
was compared the on-line detection concentrations with the actual values of NO, -N in the 14 single-ion
(KNO,) solutions, and the latter continuously monitored the concentrations of NO, -N for 12 d in the
process of lettuce production. The results showed that the dual-censor redundancy control method was
reliable. The on-line detection measured by this system and the laboratory detection measured by ion
chromatography showed an extremely significant linear positive correlation (P <0.01), and the mean of
average relative error was merely 5.64% , and the mean of average absolute error was 1. 172 x 10 °.
Therefore, the system could realize the on-line detection of NO; -N under the continual consumption of
nutrient solution, which not only had strongly relation to those determined by laboratory instrument, but
also solved the problems of time-consuming and labor-intensive about manual calibration.
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Fig.3 Hardware structure diagram

2 WERBILRESTIE

LEK I 3 T A 2 A TR B T R T, R
5 3 T L BT R 4 1 R o B % TT Ao
it P B L 11 800k SR A P o R 0k
TV B R i
2.1 HEEE

S AT 0 SR P 54 T Nerst
AR S Fe R B T Bt B o T L 0
Tk I RO e M A SR P D T vk
TR BRSO 2 O R . J kB o R4
Sfe M DR T B 0 V1) 28 T o R A R 3
1 A Y W SR 40 T 44 3 [ 7 0 T U P A 1 B
BRI T DT U6 Fh B . RE A KR o 5 W o
ST M 7 2 9 E LT V() L2 V() V(i
1) V(e +2) /T R R (A4 0 k4 3 55 A
fE R R 22 ) AN RN BT RS, K
3 Yt 4 SR 3 AR K () F RO JE
Voo @EEBWD @, HH) 6 414 M o JE R 4
Sere, @ W R HHR .V, = KInC + b, % Jfl
SN TR TR B A E R A . ) A
HE K P AT 6 00 75 7 0 L 2 VK R E SR
.,
2.2 TABHEE

{5 FET T A% 7 o O 0 IR — ol 0t 5 b T
i R LT B i 4 B L % B B R S T
S, Bt — R T 05 5 25 BT 0 T A o v o
Ji vk, & AE R s HUKD A 2 8RB L 3
B SRR L SR R

k, b,
ﬁ%ﬁ@@%vmzbjmm.%yﬁ@%ﬁ

| 3 s 23 RV, () F Vo, (0) 5 R —
[ B0V, e+ DV, (+1);
D 3ok R ep AR VR R B R R 22O AL T R %)
2 MBI A Z 22 d =1V, (1) =V, (1) 1, 4
Vo (1) =0(k =1,2) B, 275 XF A% & 25 15 5 1B 25
MV, (1) <OCk =1,2) B, FIR R AR B 5l A% I8 4
WO s 2 V., (1) >0(k =1,2) I, R (E 5 IEH . 1
G IR R B OLT R R B AT IR AR
(1) d<A,, B, FR WAL G 1 B Z 25 78
R ZEARVHEE N, ROREGR N E 5 68, AW
Rl AR 4 15 5 B i O A Y. B S, =
Vo (8) =V, (0 =1) k=12, 85 §, <0,8 5, &
AR, B P 4R G 1 A5 T B A IR AR A5 T R AL
{338
(2) 4 d>A,, B, F7m 1% R a8 6 2 22 8

%
%



206 & A Bl B ¥ i

T R KR EFRREAE B Y d, >
30,0 e RS e SR £
WL b TR, AT R . TCARE
SR 4 R

AT AKN
RIE(E
A T
T
RS

[owi| [ | | mwie |
B4 TR LR

Fig.4 Flow chart of redundancy control algorithm

3 WIEKRSERSH

3.1 ZHWIERE

1 SR 1 TE B A o JE ME R A I B AT AR, B B bR
FE 7Y AR B e S el e g R . R H
M) RTEZS A DL T, 0 U bR 2 B 05 MU AR TR 1k

(OER
3011 I AR A

R HIE 23 F BT (KNO, ) 2580 5 L B 1
KA, Bl 6 A A H (NOy -N) bR 5 14 241
T 0 5 900 (R B R0 ) 5 g PR E b o Y £ 1) 5 B
25 28 b VB B L 43 ) R 2.5 x 1077 5.0 x
107°.1.0 x 107,2.0 x 107*,4.0 x 107*.8.0 x
107 JE A o 14 4LRF R REE M 2 DA T
e L A O 36 [ AST 22 ] 19 NO43 — A0001 7Y Hy
o
3.1.2 A%k S E S H

B 2 AR T B AOR AT B T R 1 [
—Tp IV TR, 3 5 M DM A2 Y i S R B Y B 3
Al RGEMREITUARE R, A S T B
TSR A (B 2R T b 2 R, LS AR 2k (il T
JCE IR AENE DU, B Bl & i 2 L R 5 5P
W 1) o HAERWERE G, WA Al 13 417F
WP SRR E, 7£ELE 3 d iR
(06:00—20:00) 45 3 J&5 , i i 50 Hr 5 5 K A2 1 I
20 o £ 7 A B A I L5 3 S (LAY UL R R B
(I RF T S
3.1.3 AR50

ARG EE R bR Al 3 W, A AE R e 3 A
1A BE . BERCH A 1 d,3 bR E 20 K AR 7E 10225
1408 #117:13,3 ZAUA ML UNIE Sa iR ;i sk 1
TE LA e S 5 31 5 o 2 AR P UL 5 45 R WA Sb

201 8 4
JIR o
1000
HHZR1 . y=-384.0x+1494
200 R*=0.996
2=
300 F k2 y=-311.5x+1151
R?=0.994
Z 700
g 600
==
& 500F @ 1k
2 A 2K
= 9
20T mman
300
1283 y=—-317.9x+1140
200F R?=0.995
100 L L 1 7
-5.0 -45 -40 -35 -3.0
FREIR RS A TR ST
(a) PRV R R IG5
9.0x10~
A
8.0x10 | !
’
’
7.0x10~F Ay o
@ 7 o
= 6.0x10F Vi
e X ,
H sox104f y ,0’0
£ ,
= 4.0x10°} 4
= 4
3.0x10 --o-- £k 1, R?=0.9935
N i --a-- 142, R2=0.9889
2.0x104F 4 --e-- 11283, R?=0.9898
2 1:][52
l’ 1 1 1 J
1.0x10™ 3.0x10°  50x10¢  7.0x10*  9.0x10
TRFR L B

(b) FFI 7 WO M 251
K5 28 g B e 2
Fig.5 Validation results of no-load test

1 P&l Sa Al [A] — bR THE IR, AS () Bf 220 R AR i
f FL AN [A] 5 [ — R B9 3 bR g, 20 2 AR g 55 1
UCHIER 3 UYL il 2k 28 S B0R, TAE 1 Wy it 4%
UGBS s A B bR 8 Ja SN2, 5 2 Wbs e R AR TEE
e WL B B e I, R W A g ol Tl RE TR AR T AR
ThREAT A, HAE T XML 8 1 TC A% 2 ) 550 125 T LA
PR RS IE B B8 dhARE TR . 3 A5 il
LT E RBCR HRFE 0.99 LI L, HEHLR RN
TE, FF & Nerst J7 &, 22 W] 5L T XML B &% 9 4R E 35
IEIERG . fr [ Sb Rl X AR S H A9 14 415
VR, BAR 3 WA A M A T 22 7 L B S R Y
R 5 2L S e R AR W AE 0.98 DL I3 JF HL
W BEAE 4.0 x 10 7 Lhpy i, i 25 AU B L 1Y B SR fE
ALK BT 4.0 x 10 7Y i AL
W 22, 3 W1 28 G2 A 0 UG I 2 B 7 0 A A RS B v
o e BE S SR, IR, O T Bk — P 4R R ORG B, n]
AR B 52 B 2 77 op 8 SR 0K BE , 3 25 440 /N s 9 9 TR
JETEE

25 b bR A 5 1k AT LLGE S K I A G ) i R
EERE R, HLAE w] 5, Al L2230 A 52 B AR
Fo



5 8 1) B S

IR B SR 25 AR E TR LR DI R G IE

207

3.2 ELRREFRIERE

EEFRRESHFEN SR, B TRk Z W%
FEN AL G LR 2% % H = 7E 5L b 2k
TE AR, B 2R G T P AR N o
3.2.1 RAE oy Rt

PSR EELFN RS (K 6), H i &
K07 O KB B IR T3 o SO g 22 e, it
WA F YA 1 5 B 0y 6 26 28 A s fE )R
R4 3R 2.0 x107° 4.0 x 107° 8.0 x 1077,
1.6 x107* 3.2 x 10 1 4.0 x 10 ~*; g & (9 ¥ M A%
T S TU A A% 8 g R 25 R g i i 5

TE A 28 78 Fl — BB )0, 22 2 A D P A B TC 2R
LR, s s il — IR L R, A48 Heorp— AN
B AR IR Sy w5 AT BE AR s T R G
H ST IESE 12 d B8 R BE Ar o FR I 4 2
ARG s T, AR 4 h X R I b e AR R AT R
FEFEA A7 AE B0 B R URORAE , IR I 10 S I R 48
TEL AT AR, B 250 45 0 .
3.2.2 WEmH KTk

T30 45 o R FH S 0 T i AR TR A i S Lk
JE S5 A A MR, O 5 300 0 ik Y A5 A B S i
P FL IR Y 7 2 A DN AE DL SOBUS - 3 B AR A T T 4%

3.0x10™

2.5x10 |

2.0x10 F

1.5x10

1'%
K6 AN RWIETELAA I RS

Fig.6  On-line calibrating and measuring system of nitrate N
P B il D I T SR I (LR AT PR, SR AR
&7 (Relative error, RE ) )~ 2 Fl i KM | 268 X %%

7% ( Absolute error, AE) [¥) - 35 {H F1 ¢ K AH X 7E £k K6
WA 55 52 56 == A5 AL 1 L5 BE R AT S 1 AT

3.2.3 ZHRH50H
(1) &G nl 1L b

FESLPRA = B IR BOE S HFERI I O T, A R
3K BI04 R ARG I R OU S 5 0k % R A
R I RGO (- 2 8 A O {1 A — B, AR
FARY RS DN A B 25 AR AR, RS T s R R S S
{1 G 01 80 AR /b (] Ta) s (29 0 12 d 9B 5
BAELAR I 7 rh, R 58 A Sh P i R bn 5E 40 1K,
WE 5 5 TR AT ARG, P AR T s v 9 P i o L T Y

—O— LINERIME  — W — FRHERAE  eoccBeess DRI G
LOXlOA 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
SRAEFE])/h
(a) RERVRE
500 ¢ ©2.0x10° o o°° 3.0x104
®4.0x10° °° ﬁE@jﬂy§1692x—1394
450 . - R>=0.745
A8.0x10° 2.8x10~ F
Al6x104 PO *oe ° ﬂﬁﬂ#&;yj}m%—sz.ss /
400 F : * ] R*=0.826 o o
03.2x10+4 ¢ © h 4 4
° § e © . 2.6x10* F K *&
350 F ©4.0x10 o N # i A
B v © % femtace ° 2
= o~ A ° 2.4x10 F 'y
L 300F00 Q%% ® * A o x
&} . .°° °. A AA = o
S ’A‘. AT A F b £
=) 250 o O L XY A " Am 2 2.2x10 % o
A A
5 200 “M.AA AAAAAAAAM A OOOA A 2.0x104 L ° x
G o4 x X
150 e p o “ Ll RFee 4 . s ¢ o T
O o, 80 ee Q033 1&A0T N X XULRES
100F o ®2° %2Q Seg ol - - - BT AR
% e L6x10“ e AL — WA
i x —_—
-~ A 1:14%
1 1 1 1 A 1 1 L J
0 10 20 30 40 1.4x10™ 1.8x10~ 2.2x10% 2.6x10~ 3.0x104
PREREL SEIE RNE
(b) RAEHHE (c) RHE 5 T SLAERT HL

P72 R A A I {5 % 3 = A M (B X b

Fig.7 Comparison of nitrate N concentration of online detection value and experiment result



208 & A Bl B ¥ i

2018 4

JE 3K (B 7h) 5 b o iy 4, B9 vk 3 o 4501 5 i
7 HLFE B P 52 R R SE X (E R 0.994, i K fEH N
0.999, Fie/IME M 0.979, X b, A B 5 € 7 1) fild 2
RWE LRI R B R Al H .

(2) 000 o A0 14 0 AT

W BB - B PR A A I RS - 3 B P AR
A Ja Wk DU AE 5 52 56 = K DU (8 2F 47 52 1 43 i, o
KR KERIAFHT L SRRV (B Te) , B
R R AR B 3k B AR S S 1) R
H 5 52 56 =5 46 I 2 5 B0 B & 2R M A o 6 &
(P<0.01) fHJ5% (R* 4 0.826) Al 56 74 1 1 &5
FHi#H (R H0.745)

1 EEZRNESXRERMNERESNW
Tab.1 Error analysis of online detection value

and experiment result

- AN 1R 22/ % ot % 12 2%
EE RORME CFHE R AH

PAE FEFEHR 9.08 26.12 1.877 x107° 4.929 x 10 ~°
B TRk 5.64 14.68 1.172x10°5 3.320 x10 3

BEXFLL SR, HERBPNE TRERZ
CGREEIRW) I, BARBEE & T EZ i 22 4, itk
By P S 0 5 B O {ELR O 2R R A SR R S
B S R P E RBON Y  IE EL WUE k
PR 5 P A A I (-1 5 3 2 R U 114
W e BB T R R BRI R RS, 5 KIM
S e s i N B IR BE AR 2, B A RE 05
A A FHER (AR T 15% ) o {HIE 765 IR 0E
SEHAEM PR A T, R G R A 3l e 3 AR b

FEWRBOCR 250 = 50 N 15 A%, 350 5 10 F A
HH FL PR S R A S KT i i LU 1 a2 5 v AR
AN A AL B 5 RE (9 fc RAEAS I 5 T 14. 68%
AR SN B SRR I, S T I R B2 A
B, Al DA o B 0 e R A — 2 A
TR T e B RO B R Ty ik o — R
IR

Li b TR SOR B R i T RS LA gk
SRR E , BEWS B i A T OR , HOOUE I IO AR 15
1 77 9 9 ARG DN KGR e A AT L AR AR 2R 7 R T
IE, 1% R G RE B 15 T AR E F AR I AL SE A%, ml
S BLE IR I A R Y SR AE LA

4 £

(1) FIFH 22 A1 3 B 2 1k 3 AR O A S IR 45
8] T BUBR & HLA, AT LIS FOUR PR A 1, fE 1R
FHLIRE T B i sh B AR AE 2 A A B BT
Bl IR A SR/ A vk 1 B — Uk R HIORE R ) R R S
o IRl A mbrdEd 4 R® iK% 0.99 YU B
DA 55 B Sl the i BB R 3K 8) 0.98 L) b, 5 4
WiRsSLIE

(2) JEST TR AR 22 G2 A S5 T HL R b
o AR AR o B IR R G T
HELE 12 d AR SR K B TR A VR B T AR A
BT ICAR T T v 0 76 SR B 5 52 50 2 A DU A 52
PR E R OC (P <0.01) , A XT3 22 °F- B (B AT
5. 64% , 3 HA B —Bore, il R 2 Rl
AR AR

& % x Wt

L EAX, Evfe. JAB R R (M. bt Bl 5 AR SR RAt: ,2005.
2 WANG Zigin, GAN Dexin, LONG Yuelin, et al. Advances in soilless culture research[ J]. Agricultural Science & Technology,

2013, 14(2) :269 -278.

30 KA REE, S P ERETE LR R RESLLT]. &l T %4 ,2001,17(1) : 10 - 15.
JIANG Weijie, LIU Wei, YU Hongjun, et al. Development of soilless culture in mainland China[ J]. Transactions of the CSAE,

2001, 17(1) :10 = 15. (in Chinese)

4 BRARIL, RN, Ak A — RO B R N —— R )] T AR AR 4 ,2006,11(7) :30 - 33.
XU Weizhong, WANG Libing, ZHAN Xifa, et al. Review on aeroponics—a new cultivation pattern|[ J]. Guangdong Agricultural

Sciences, 2006,11(7) :30 —33. (in Chinese)

5O R BAE, BEA K S IR SR MR BOR IS — M # Kl RGO R [T]. Rolk T 72 ,2017,7(4) 145 - 49.

XU Fan, ZHAO Qian, JIA Dongdong, et al. Integrated water and fertilizer equipment and control system in closed rook wool
cultivation[ J]. Agricultural Engineering, 2017, 7(4) :45 —=49. (iin Chinese)

AR BRIR TR AR S A B VBT R LN IR = B R A SR S s e [T ] ML B 3R 5 IR R4 4R L2006,
12(3) ;382 -387,393.

LI Dongmei, WEI Min, ZHANG Haisen, et al. Effects of NPK rates and rations on activities of metabolism enzymes in leaves of
cucumber in greenhouse[ J]. Plant Nutrition and Fertilizer Science, 2006, 12(3) :382 —387,393. (in Chinese)

R, B RN % 8 T AR T B AR 7 s e i s AR L) ] Rl T4 ,2011,27(12) 105 - 109.

NI Jiheng, MAO Hanping. Dynamic simulation of leaf area and dry matter production of greenhouse cucumber under different
electrical conductivity[ J]. Transactions of the CSAE, 2011,27(12) :105 - 109. (in Chinese)

DOMINGUES D S, TAKAHASHI H W, CAMARAL C A P. Automated system developed to control pH and concentration of
nutrient solution evaluated in hydroponic lettuce production [ J]. Computers and Electronics in Agriculture, 2012(84) ;53 - 61.
GEOFFREY R, DIXON M A, ARNOLD K E. Evaluation of sensor technologies for automated control of nutrient solutions in LSS



5 8 1) A S KRB SR O A AR TR AR R W 5T 209

using higher plants[ C] // Proceedings of the Sixth European Symposium on Space Environmental Control Systems, 1997, 400:851.

10 H/NVeE 2 e RBEPIE A 0K B A S AE R AN BT s mm [ 1] ARl TR 241 ,2008 ,24 (3 7 2) :265 - 269.

YANG Xiaofeng, BIE Zhilong. Effects of the amount of application of N, P, K on the growth and quality of lettuce [ J].
Transactions of the CSAE, 2008, 24 ( Supp.2) :265 —269. (in Chinese)

L E, a8 5. AN AR R R WO RS SR s B [T ] Rl T AR %4 ,2013,29(18) :99 - 108.
WANG Xin, MA Fuyu, DIAO Ming, et al. Simulation of critical nitrogen concentration, nitrogen uptake and nitrogen nutrition
index of processing tomato with drip irrigation[ J]. Transactions of the CSAE,2013,29(18) :99 - 108. (in Chinese)

12 GUTIERREZ M, ALEGRET S, CACERES R, et al. Application of a potentiometric electronic tongue to fertigation strategy in
greenhouse cultivation[ J]. Computers & Electronics in Agriculture, 2007, 57(1) :12 -22.

13 fRAEE. EIRR S4B S BEEOR B (D] A0 v BB A R R, 2011
XU Yajie. Research on the key technology of multi-component detection of nutrient solution[ D]. Hefei: University of Science and
Technology of China, 2011. (in Chinese)

14 BREUE B S IMAEAL, A BN B B SR I TELR AT [ T]. Alk T2 %44 ,2000,16 (1) :83 - 86.

QIU Xuefeng, XUE Meisheng, SUN Demin, et al. The on-line measurement of the nutritive medium ingredient in greenhouse
culture[ J]. Transactions of the CSAE, 2000,16(1) :83 —86. (in Chinese)

15 FMESG KA, EK,E. TR E BRI BERI[)]. AU ,2004,25(3) :281 - 283.

SUN Demin, ZHANG Li, WANG Yong, et al. Development of soilless culture nutrient solution measuring instrument[ J ]. Chinese
Journal of Scientific Instrument, 2004, 25(3) :281 —283. (in Chinese)

16 KIM H J, HUMMEL J W, BIRRELL S J. Evaluation of ion-selective membranes for real-time soil nutrient sensing[ C]. ASAE
Annual International Meeting, 2004 (101) :339 - 359.

17 BAMSEY M T, BERINSTAIN A, DIXON M A. Calcium-selective optodes for the management of plant nutrient solutions[ J].
Sensors & Actuators B—Chemical, 2014 (19) :61 - 69.

18 EJK, Al PMVEML . BT E RGN R G b B PR R AR R S [T ] ol T4 ,2003,19(4) .
230 -233.

WANG Yong, SI Wei, SUN Demin, et al. Modeling and measurement of ion-selective electrode of nutrient solution measuring
system in greenhouse[ J]. Transactions of the CSAE, 2003,19(4) :230 —233. (in Chinese)

19 KIM HJ, KIM W K, ROH M Y, et al. Automated sensing of hydroponic macronutrients using a computer-controlled system with
an array of ion-selective electrodes[ J]. Computers and Electronics in Agriculture, 2013, 93(4) .46 - 54.

20 BRAR, ZRHRHE, RWLGE. SRR AR B TR R @ B [T ] A R 23R , 2007 ,20( 1) < 14 - 17.

CHEN Wei, QIN Linlin, WU Gang, et al. Modeling of ion selective electrode[ J]. Chinese Journal of Sensors and Actuators,
2007,20(1) :14 = 17. (in Chinese)

21 SRA, PMEM, oK. —FOR B PR EERME T [T]. I S AR 2R ,2003,17(4) 4 - 8.

ZHANG Li, SUN Demin, WANG Yong. A new method to compensate the temperature excursion of ion instrument[ J]. Journal of
Electronic Measurement and Instrumentation, 2003,17(4) :4 —8. (in Chinese)

(#5244 TT)

14 Rk, SRR JEEE. 2 AT RE SR T 1K 2 S BUE L[ T]. £k T2 %4 ,2010,26(9) :40 - 45.
ZHANG Lin, WU Pute, FAN Xingke. Numerical simulation of soil water movement with drip irrigation of multiple point source
[J]. Transactions of the CSAE, 2010,26(9) :40 —45. (in Chinese)

15 ZHOU Q Y, KONG S Z, ZHANG L, et al. Comparison of APRI and Hydrus — 2D models to simulate soil water dynamics in a
vineyard under altemate partial root zone drip irrigation[ J]. Plant and Soil ,2007,291(1 -2) :211 —223.

16 FEDDES R A, BRESLER A E, NEUMAN S P. Field test of a modified numerical model for water uptake by root system[ J].
Water Resources Research, 1974, 10(6) . 1199 - 1206.

17 VAN GENUCHTEN M T. A numerical model for water and solute movement in and below the root zone[ D]. Research Report,
U. 8. Salinity Laboratory. 1987.

18 XUEH, SRR, R R L RO AR D], KRR | 1992, 3(4) 1255 - 263.
LIU Changming, DOU Qingchen. Evapotranspiration calculation in soil — plant — atmosphere continuum models [ J]. Advances
Water Science, 1992, 3(4) :255 -263. (in Chinese)

19 ALLEN R G, PEREIRA L S, RAES D, et al. Crop evapotranspiration guidelines for computing crop requirements[ M ]. Rome:
United Nations FAO,1998.

20 BELMANS C, WESSELING J G, FEDDES R A. Simulation model of the water balance of a cropped soil; SWATRE[J]. Journal
of Hydrology, 1983, 63(3) .271 —286.

21 HAY R K M, PORTER J R. The physiology of crop yield M]. Oxford: Blackwell Publishing, 2006.

22 VAN GENUCHTEN M T. A closed-form equation for predicting the hydraulic conductivity of unsaturated soil[ J]. Soil Science
Society of Anerice Journal, 1980,44.892 —898.

23 SRIELL, INEEIK, TIEE 4. B TR AR EREMBUKA S LR RHOKR IS HBT]. RS TRR YRR,
2010, 18(6) :1017 - 1026.
GUO Xianghong, SUN Xihuan, MA Juanjuan, et al. Inverse model estimating soil hydraulic parameters based on hybrid genetic
algorithms and ponding infiltration experiment[ J]. Journal of Basic Science and Engineering, 2010, 18(6) :1017 —1026. (in

Chinese)



