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2, RNEEEA . bk, AHT AR R i 5 A 2 A
7 o AR A A 2 A B, SR BT 0 BT OB FE 7K R 25 7K
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1.1 RERH

REKR SR FCAILRE 3 5, IRECGE B HARH T
IKFEVE RARIEFE S o KHRIGFE S BEHL A 120 ANFEAR,
BAFEAR 300 g KFE, 25T EAEPRAFAE 23 CHIE TR
W T
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1.2 ISR

PRER A H & IM3570 FHEL#rA CH B bk X2
#£) 101 B ARERTEAE (b W AROC B ERITAES
FRAwD « JI523BC 2% i R CEilgEiATiEs)
RGX-400 5856 N TS (g BB AE AR AR A A])
LA 1) [ [ A 2R P 25 0
1.3 HBAS[BEMSELIT

RIS LR A AR P 320 5 B8R A HE S R ) s
AR A A R R E AR A . S5 1 Frs.
() ey (530 A Y PR 8 T B Y AR . PRI AR . N AR TRD
OB MRS . N SRR ST,
BH&5 %8 80 mm. 30 mm. A 120 mm. EN 3 mm.
PIRRARCR F 80 mm B 1) 7 T4 96 R UG E P f A BE s A
I FH A B3B3 1) 468 2 R 1 SR 9/ s H, 2 56 DR 3 0T A L AR
HISZIA,  AARAR SR F AR 6 RG WG 7E A 5 £ R AS A BE s Y
PRSI b PR i T R RS UG 18 mm R H 7 (R4 F Al
DAYSH /I Sy 3500 S80S (R 52 o i i FEL A 22 5 AE AR R A
KUl /NHMINFF A U KA A BT B RER KT
TEA WLBEEEAR - N A ARAR 73 730 38 ek 4 §7 5 BEL BT 2 B A 1)
AL FAL A H A T s DR AR RN BF i H A 5 B
PO AT b i AH 3

LRI 24008 3. 9ARAR 4. LRI AR

1.Protective plate 2.External plate 3.Inner plate 4.Protective plate

BH1 wEREMTER

Fig.1 Capacitor structure diagram

1.4 REAHE
1.4.1 TREAKEHELGS &
WKFEEME T 105 CHRITRAE AT 24 h 2 &
TH 52, AR RS M5 22 T FOK R B KR,
Py RE I 3 RECTIE, WA KRR & KRR
11.04% o AFELHIAS [F] F 7K 2 BIRE i, B 120 4 CRE 300 2
IKFERE S, B FE I INAS R SR 1 253 1K, 732 120
HAF SRR RS CHRHIREAR S KR KT 16%HH,
T2 BB PO KR H AR N UZE &
A T SCHAERYF 2~3 d, WA RAEE 4~5 K,
fERERKIIE)) o RAMCTEST 120 ZKRERE S RFE
kG, BT & KRR S KRN 11.04%~23.70%,
PHEN 17.39%.
1.4.2 AdaBFon g5k
VMG =GN i e S S Rt /T VO E N |
[ FE TR L 25 9 DL R LSS A . DR, KB AT
AT 30 min, FHATHREKHATHRES . WiEEAIE LK 50 Q

. WER, ERBUiEEREN 1V, FHHTT
S HACIEAE 1 kHz~1 MHz P 201 AU T (1) 45 15
A Cor SRJEKGKFERE S CL At 5 7 BN iR 2%
I RSN, R EARE]SE, ISR HBEE (C)
KA FARFEMIEY) (tand) o FEASIKFERE FHU 3 RECEEY
e R ESE R, B () Al () HE A
W e A TRARAE R B &7

e (D
CO
g"=¢g'tand 2)
1.5 BURAIBREESE

151 FdBA ik

[R5 FT 4 A6 3 BB Y 1) &' (R e " AFAE — 32 HIAR S,
FEABZET N e (B e”) Bl AW TR & (Bie™
KFRR, ZWETHUNBESERANTRER, TTRE
BB AL AT 4 FECY L DR R 1) 45 2 AT O
W EE, KW ICRHIESL R EIE (successive
projection algorithm , SPA ) K {5 B A& & ¥ & %
(uninformative variables elimination, UVE) JRi% BURF/E AR
o SPA &P g O & A L2 M B /M T 1] AR i
BEE, RS IRIN AR U RHIEAR R, TR SR a6 4
AR TR R, RS R SL L P2, UVE
s R T i e ml H R AW B, BLHBRTCHE R
TEIEIZER, UVE 28555 7S H AR S KRG
B, EE sz
1.5.2 #Au*

AT VE R B Zu &R e/ 5
FE EREE. N TN SCREm LRI,
FRERN Z e M RNARIA 5, SR EAL RN AR
fRfe Jyk . BRI, ASHIE 55 73 30l 2K H 22 J0 41 181 U5 (multiple
linear regression, MLR) FI3Z#F [ &EAHLIE 4% (support
vector regression, SVR) SRHE L /KFE 7K 3 14 1 FE 48
PEFRINAE AL . LUAC D AT H BRI . DR IE SRR UE &
¥ (R FIRLIEH TR % (root mean square error of
calibration, RMSEC) K& Tl 4 1) vk sz 2% (R,”) AT
YRR Z (root mean square error of predication,
RMSEP) {ENVEA BRI PERE (6 hs . R AN R, 200 1,
RMSEC Fl RMSEP /), AR 2

2 HZRES

2.1 SRRGEKEKENESEBIFN

B AN [F) B K IR R &' % "B S i R i 2. 1
3 P

H& 2 74, 7E 1 kHz~1 MHz XN, ¢ BEEHI%
I3 KT kN s 30X 32 ZE R 2 A AL TN a2 it F 3z
HEmERERT. BT S EAEETFRA, 4
AR, AT ST ISR, S e M
AR (P HE TN o AEEAH [FI, TKFE K FHOK, o
Ko FEEMTEKEMIGKFBUKREEAQGM®E, N
R TS SRR, Rt e RBLHIE AR ROGY, m
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Fig2 Influence of frequency on ¢’ of rice at different moisture
contents
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Fig3 Influence of frequency on ¢” of rice at different moisture
contents

HIP 3 A%, 76 1 kHz~1 MHz BN, AREEKER
IKHE e BEANZARAHERA — B, SRR IR L % .
AEKEARN, KBENE KT EBIEAAR, FHA
KPP ATAIYE], RSB R ANE, T e "EA
BT H I . AR KT 300 kHz 1N, e BEAE SR 1
BERTIRDN, BEE KR RMG K. FEBE TS
T, HEMEN T, BT SEERE, o, i
Ji ZE W, AT K R OKTE e 5 W B R 25
(P<0.01) »

2.2 HARKHRKS

IR ISR AT B AR, BRI x-y BRES
% (sample set partitioning based on joint x-y distances,
SPXY) KXf 120 AR & KR FEA AT R 73 Kl LE A
3:2. SPXY Hy%k LI # Kennard- Stone B N3, 27A
EIEN S HON B /K R MRRER RS, AT 78 BAe A 55 1
Q5130 R e RN 1.

F1 RELNTNELKEGITER

Table 1 Statistic results of moisture content in calibration and
predication sets
i A PRRC g mokm g ERE
Index P Mean/%  Max/% Min/% L
number deviation/%

&E% 72 17.81 23.70 11.08 3.28
Calibration set

o »‘ﬂ :

RS 48 16.77 22.69 11.04 2.80

Predication set

R 1 AT LE H, RT3 72 MREARIE L IE
fE, 48 MNEEAME NTIIAE . K IFESE SR A 24K
RABWTEEECR, WHHAREARERS —ErRERME, WL
TN TR AR K ER I Y [ B A S A
2.3 HIETEHIEE
2.3.1 RAZETREZHKREARER

B, KM ILIE NIRAEEHE ¢, e"VA & ah &
AF B UVE 730 58 7+ 94 6. &) UVE #HL4E 3R
LA 4.

K€ & HStability index
b o

-10F

T4
|

=) 100 200 300 400
i N2 B Input variable  Bfifl % fiiRandom variables

B4 Ay A i &
Fig4 Stability distribution of &’

B 2 e A AN 4 S e N o % Tt AL AR R 1 A 1
MZk, e el el o"ah A48 B I Ae s oy A it 26 70 il
F6 201 (201 MF T R &)« 201 (201 MR AR
&)\ 402 MR NAZE (201 M SR ¢ Fl &™) F 201,
201, 402 NEEHLIAZE. BN TRIERNRE, 2 &R
LR BN S B R, 8 2 ZRELIIMIHA
BEAENFEL . RAWE &' " MHE S EZ RN
AR B0 % I A6 pi WK 2.

2.3.2 HEBFELRER

RNPRUERE R AT SEVE, WE SPA BUAREAR S [
N 2~20. LL RMSEC {AAENEEURFIEAR S5 TE 45 -
RMSEC Bfi SPA JEHURFIEAZ B4 AR b i 26 i 5 R

21r

o
19} o
% 1.7+ —— &
2 15f
2 13}
@ L1f
= o9t
=
& 07}
055 2 4 6 3 10

3 HURFIE A% 1 % Selected characteristic variables

B 5 RMSEC [ SPA IR 4089 TAb th 2%,
Fig.5 Change of RMSEC with selected characteristic
variables by SPA

HIE 5 WL BEAE RO RS N, RMSEC 32
/1N, LA RMSEC AP 25 el I )28 S UV R IE A
o BEIREERPLZ 2 FERMEEIRE BT, G4
WIE &'\ " KE LG L RS SPA LU RHEAS S04
N5 9 A6 ANy BT R IE 75 RR 23 N 0.555%

1.172%- 0.536%. HFAEAZ ST R AR WAL 2.
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%2 UVE 5 SPA EEIM4SEE 2
Table 2 Selected characteristic variables by SPA and UVE
BH o i
P " Selection Numbher of Selected fr JH
arameters methods variables clecte equency; z
1.04. 1.07. 1.15. 1.93, 2.07. 2.14. 2.29. 3.72. 3.85. 3.98. 4.12. 4.27. 5.25. 12, 12.4. 13.3. 13.8.
, UVE 54 33.9. 35.1. 36.3. 37.6. 38.9. 40.3. 43.2, 44.7. 46.2. 479, 49.5. 53.1. 55.5. 58.9. 126, 135. 140.
€ 145, 166, 172, 178, 184, 191. 197. 204, 211. 219, 243, 537, 556, 575. 596, 617. 966, 933, 1000
SPA 5 3.85. 10.5. 24.0. 871. 1000
2.07. 3.24, 3.72. 4.12. 427, 442, 473, 49. 525, 5.62. 582, 60.3. 9.12. 9.77. 105, 11.2. 12.4.
. UVE 48 13.3. 143, 14.8. 153, 158, 164, 17. 30.5. 31.6. 32.7. 33.9. 35.1. 36.3. 37.6. 38.9. 40.3. 41.7.
€ 43.2. 44.7. 47.9. 49.5. 55, 102, 106, 110, 140. 145, 150, 172, 484
SPA 9 1.19. 1.23, 1.74. 6.24. 18.2, 38.9. 178. 468. 1000
et 1.11. 1.23+ 1.27. 1.32. 1.36. 1.41. 1.51. 1.57. 537. 556, 575. 596. 617. 638. 661. 684. 708.
UVE 53 733, 759, 785, 813, 841. 871. 902. 933. 966. 1000
o & " e"s 1. 1.04. 1.07. 1.11. 1.15. 1.19. 1.23. 1.27. 1.32. 1.36. 1.41. 1.46. 1.51. 1.57. 1.62. 1.68. 1.8.
1.86. 226. 234, 251. 260. 269. 279. 288. 299. 309. 320. 331. 343
et 1.23. 501
SPA 6 ¢ 1.06. 1.62. 106, 331

2.4 %5TEIAREE FMLE R LB A
¢ &% SPA IR HVHEAE A5 BT 1O 42 o 2
045 1 MHz, 76 | MHZ 0% T, KR & K%K
e eI B R, HOETE | MHz fE Jy 00 5 A
CES
AR B R S M S, A S R

RREOR AL SVR AL, JEDURIESEFEA AT G, KA
ANHTAE SR E VAL AL SVR BB I AE T K 7 (o) AkAGh AR
® (), o gMMERWE3 P, HRICLEM. H AT
TN S () e, M e 458 LLKLZ SPA A1 UVE
I E 4 AE AR R N R AR B 57 MLR. SVR B, 4
RN 3 Fin.

®3 ZREEARBTNERRSHMMULICER

Table 3 Results of multiple regression model prediction and parameter optimization

SVR %! Model of SVR MLR £% Model of MLR

¥ RRIERTTE - R pammi?f,gfﬁizaﬁm ERS TN aRs TN
Parameters Variable Number of Calibration set Predication set Calibration set Predication set
selection method variables . . 22 RMSEC/ 22 RMSEP/ 22 RMSEC/ 22 RMSEP/
¢ % ? % ¢ % ’ %
AR 201 8 0.016 0.978 0.486 0.982 0.381 1.000 0.000 0.402 6.496
, UVE 54 64 0.156 0.975 0.513 0.980 0.409 0.989 0.339 0.555 2.929
¢ SPA 5 64 0.125 0.975 0.520 0.979 0.411 0.966 0.595 0.977 0.421
L 1 16 1.000 0.963 0.995 0.973 0.526 0.948 0.737 0.952 0.684
e 201 32 0.016 0.982 0.432 0.974 0.439 1.000 0.000 0.315 9.307
. UVE 48 512 0.031 0.982 0.440 0.970 0.480 0.948 0.748 0.353 3.573
¢ SPA 9 16 0.250 0.975 0.527 0.971 0.479 0.896 1.064 0.944 0.850
A 1 512 2.000 0870  3.639 0949 0974  0.702 1.801 0904  0.627
AR 201 2 0.016 0.983 0.431 0.983 0.373 1.000 0.000 0.544 4.202
ke UVE 58 512 0.001 0.974 0.527 0.980 0.393 0.997 0.178 0.756 1.686
SPA 6 128 0.031 0.976 0.511 0.980 0.403 0.968 0.576 0.976 0.426
L 2 16 0.125 0.964 0.520 0.976 0.499 0.950 0.737 0.953 0.652

MG EUAR 5 2R, SR FH AR B g 37 ) MLR A
A RZ1X%| 1, RMSEC )/, 1M R % R’ BEWML, *
LR RS 2 MR &, 35 MLR B8 H
P E LG, MM SFEUEANZ EE ) R, 6 F SVR
A, AR R AR BAOE 2, AL R, i, RMSEP
/N SR AR B L) SVR BRI TR et 3
FhA LS ETUNAE R, 73 BIAE] 0982, 0.974. 0.983, it
BH SVR f@ ¥l 7 445 MLR 8 A B0 f a0 A 1)
FCR ] A AR B T ) SVR AR R Bk, (R R %]
ST A KEINAGE, WARHEZEE, RNEX
H . UVE Hil SPA ¥JReA M BUR 462 B rh A HME &,
{H SPA % UVE RE 5 AR B A b (MR E AR i, 32 %2

SPA REAIBR KR ETHE R, R EFAF/ER LM
. 3RS (e, &) efle" G5E) RN
SRR TR R, B4R SPA PEEBURFAE AR B T AR T
MASEEA T R . MRS EIIMERE, o F "R
MK K BRI ¢ M e P 454 2o R AL T
KRR, SR T o — N S8, FERPE L
AR HEATE B E AN, RSB AN R . AT
KA, BERH SVR EAL M ZKFE & 7K S5 1Y (1) T v o
JELF MLR, {H MLR fBY R, HAR B G . M
BARR TN 34 S AR R, R e R &P 3 456 9
SPA JEHUAR 5 7 (¥ SVR AR AL T 0 SR s A, T4 R,
i5%] 0.980, RMSEP & 0.403%. [Kt, fH&EFE Al e”



18 M

TRAHESE . BT A HUAFIE S SPA-SVR BEAMIKAG & /K A 7772 241

FHEE G HE T SPA #07  SVR MR /E R M /K F 25 7K R
R . T4 25 /K 3R B T 45 SR A& 6 P
24
22 R =0.980
20 RMSEP=0.403%

3

K>

i

Predicted moisture content/%

12 14 16 18 20 22 24
S5 /K 2 Measured moisture content/%

B 6 &% e"Ma454-49 SPA-SVR A 4K EFRm 45 R
Fig.6 Moisture content predicted results of SPA-SVR model
combined &’ with and &”

2.5 IKIEEBEHMERIE

FEFNREN N BSEE R, TR ERT
B K TN AR B LR AR A, IR AR ) KR T
W2 AT R P M

RIGHRE 10 'C~30 °C, LL 5 CABLE T AR
JE, M S KRS KEMRTE 5 MAREE N/ E
28, R T SAS R R R SR KR, JF
5043 05 K SR SMME AT BB A . AN R
TNAKFE KR TR AR W 7 s o

£ i

=1 N X

g 18 Temperature/ C x
S +10 =15 .
=2 16l 420 x25 X
= x30 '
g i
e 14 %
Xz H
5 120 *

3 [

=10

2 14 16 18 20
B KRS Measured moisture content/%
B7 FERETEKEZGE
Fig.7 Variation curves of moisture content at different
temperature gradients

S IR ST Y- ST Rl i e &S TME VNS
FERFANIREERRE S, B 5 /K AR T AR 5 S S 2k
WRZR, KA &N ZRIEHAT AR, R
LML RE ks bo ANFHEFE T HIEHSE R ILE 4.

x4 FREEETHEER

Table 4 Regression coefficient at different temperature gradients

RIE EES HH

Temperature/'C Slope k Constant b
10 0.856 1.230
15 0.913 0.708
20 0.962 0.305
25 1.012 -0.064
30 1.056 -0.389

FK4PEES T ST, BRI 0.057,0.049,
0.050, 0.044, “F¥J{H 0.050; b AL ~-0.522, —0.403,
—-0.369, —0.325, “FIEH—-0.404. T1EAEET REH T

RIS N Ak=0.050, Ab=—0.404. i Ak, Ab T151 23 C
T ks by AFEKTE & RS TRMME I IR A AR
h, =[0.050(¢—23)+0.992 | h, +[-0.404( - 23)+0.084]
(3)
A

, =l +0.4040-9.376
" 0.0501-0.158
A e NS K EETRINE , Yo b, FiR M G BI5 K2R,
%; ¢t N, C.
2.6 FREVIGIE
SRR F o A T A 28 S%of AN (] it ot 7K R 3 7K 26 %) T
MR, A RICGER 15 ImFE. B 15 X R, BEALEC
il 158 A ANF S ARIIFE S, A KRIEH 9%~23%. {1
23 CF, MEAHSEIER A BB TS KE,
Bl 8 Giit T REAS S /K I TNE -5 200 43 () s
B4 iR 227K, HEXT IR ZE TR RN —1.14%~1.17%. & fE
AT 7K A B 7K ZE ) X iR Z B A A AE+0.5% N o T
BISRH e'F1 e"fHEE AR SPA $REURFEAS &2 3 1)
SVR HEEME AR R AR AL, 7K & 7K SR I e

4

i
151
.
10 . :
. . M .
o
< 05 L * *
. £ ¥
£ RV K AR B
3 AR IR A “‘o * K R .o
L2 .
2 ol ¢ ¢« (S + . ‘.,
o ¢ by et U R IR
2 ¢ 0 * TR N vt
.t ‘o0 ’ * "
< . . t e, PRI
He *
g 0.5 At
iy * * ¢
S
1.0F
.
1.5

20 40 60 80 100 120 140 160
FEA% Number of samples

e RO ARG A R AR, HUE£0.5% .

Note: Dotted line is the second-level accuracy standard of the national

capacitance method moisture analyzer. The value is £0.5%.

B8 AR AR fbAt KAG 6 TR % £ KT

Fig.8 Model prediction error level of different varieties of rice
3 &

1) 3B R TS K R A KRR A S E B
B, 7 1 kHz~1 MHz S35E Bl A, A0 A o B A0
SRy NIRRT i e S B N1y N B N
300 kHz 5, A5 53 4 [R50 Bt 5 006 (1 186 KT o8/ )s, Bl 27
V&SN NI T iR S0y DU PN o % IS
JORAGRE IR 51 52 M 2

2) BL 120 AN [F Bk ZE /K FERE SO i &, @
6 EEAS R A o S BE AS [RI AR T 4 S A 28 ) 5 2
R MHETHR—IE TR NS, FIHZHT
FEGE A B8 5ORN A 5 453 TR B50RH 45 6 TR AR AR D DR AR
BT AR LR AR RS ) T A B A A . 2SR AN A Ab 2R
J7 KRR A S AR A B, IR E
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AR BRVE BE AT RO L AR IR AR B, PR A

R o T T 0TS TR F) T A e

TN SRS

A EL BRI A SR A5 DR BURH &5 6 9 R i S 5 1 R B
R AIE A B 5 ST 1) SR ) B L I S AR AR P RS A A, T
AL R RBOAF] 0.980, T TR ZE N 0.403%.

3) S~ TR iR B A R TR &

IKEPMEBATIREABIE, R SRR T 158 4
AN R KA KRN, TS SRR, R TED
FHASEI B K FARLLRL, TR Z2 R h 73 AT E£0.5% N

(1]

[3]

[5]

(& £ x #
R, B, WA, A OBl M E SR R E
WA SR [T]. R R, 2010, 41(S1): 268—271,
276.
Zhao Bo, Mao Wenhua, Hu Xiaoan, et al. Design and
experiment of automatic quality grading equipment in grain
purchase[J]. Transactions of the Chinese Society for
Agricultural Machinery, 2010, 41(S1): 268—271, 276. (in
Chinese with English abstract)
A, P, R, % b ETEEREEYT R
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Rice moisture content detection method based on dielectric properties and
SPA-SVR algorithm

Zhang Benhua, Qian Changgian, Jiao Jinkang, Ding Zhaohe, Zhang Yang,

Cui Hongguang, Liu Cuihong, Feng Longlong
(College of Engineering, Shenyang Agricultural University, Shenyang 110161, China)

Abstract: Water content affects rice quality, which also has an important impact on rice storage, transportation, acquisition
and processing. The annual loss of production caused by grain deterioration was up to 10 million tons, and the economic loss
was up to 20 billion. Therefore, detecting rice moisture content accurately is beneficial to improve rice quality and reduce yield
loss. A new method based on dielectric properties was proposed to detect the moisture content of rice in this study. Firstly, the
dielectric properties (relative dielectric constant and dielectric loss factor) of 120 copies of rice of Japonica No.3 with different
moisture contents were measured with impedance analyzer and self-made coaxial cylindrical capacitor at 201 discrete
frequencies over the frequency range of 1 kHz-1 MHz, and the moisture contents of rice were measured by dry weight method.
Secondly, sample set partitioning based on joint x-y distances (SPXY) was used to subset partitioning. Uninformative variables
elimination (UVE) and successive projection algorithm (SPA) were applied to extract the characteristic variables of dielectric
parameters ((the relative dielectric constant, dielectric loss factor and relative dielectric constant combined with dielectric loss
factor). And the effect of SPA was compared with that of UVE to determine the optimal method for characteristic variable
selection simultaneously. Finally, the support vector regression (SVR) machine and multiple linear regression (MLR) were
adopted to establish the relationship models with two kinds of characteristic variables, single variables and full variables for
predicting rice moisture content. And the performances of all the models were evaluated by the determination coefficient and
root mean square error for calibration set and prediction set. The least square method was used for linear regression of
predicted moisture content and measured moisture content at different temperatures, and the temperature compensation was
carried out for the prediction results. The performances of the best model to predict different varieties of rice moisture content
were explored to determine the applicability of the model. The research results showed that the relative dielectric constant
decreased with the increase of the measurement frequency between 1kHz and 1MHz. When the frequency was greater than 300
kHz, the dielectric loss factor decreased with the increase of frequency and increased with the increase of water content. The
measurement frequency and moisture content had an obvious effect on the dielectric properties of rice. Based on SPXY, 72
samples were partitioned to a calibration set and 48 samples to a prediction set. SPA was more effective than UVE in selecting
useful information from the whole spectra of dielectric constant and dielectric loss factor. The model established by using the
combination of relative dielectric constant and dielectric loss factor at multiple frequencies had better performance in
predicting moisture content, which compared with the single dielectric parameter at a single frequency. Compared with MLR,
SVR had better performance in predicting moisture content. The results showed that the support vector machine regression
model based on the combination of relative dielectric constant and dielectric loss factor and SPA gave the highest correlation
coefficient of predication set (0.980) and the lowest root mean square error of predication set (0.403%). When the best model
was used to predict the water content of different varieties of rice, the prediction results were more accurate. Compared with
the measured water content by the drying method, the prediction error was concentrated within +0.5%. The study provided a
reference for improving the accuracy of the grain moisture detection device.

Keywords: water content; rice; dielectric properties; successive projection algorithm; support vector regression



