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Note: GPRS DTU represents general packet radio system data transmission unit.
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Fig.1 System structure diagram of the mobile phone remote
monitoring device for the initiation and termination time of rainfall
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Fig.2 Structural diagram of rain sensing module
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Note: VCC is 5 V direct current; GND is ground; R is pull-up resistance; C is

filter capacitor; I and II are rain sensing conductors I and II, respectively; The
analog in is the analog signal input port.
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Fig.3 Schematic diagram of rain detection circuit
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Note: VCC is 5 V DC; GND is ground; TXD and RXD represent ports to
transmit data and receive data, respectively; D+ and D- are noninverting and
inverting input, respectively; R1-R5 are five matching resistors; C1 and C2 are
the filter capacitors; TVS1 and TVS2 are transient voltage suppressors.
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Fig.4 Schematic diagram of serial communication circuit
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Fig.5 Program flow chart of the mobile phone remote monitoring
device system for the initiation and termination time of rainfall
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WA PRFE N s, 5B F BB A 5. 10,
15, 20s, FHEE 3 K. EFERENRE /NN, RRGAR
RN TCRETN . PR RRSE. BRI IE 3 AL Bt
17 10 min, F£i% FH 2R I EE Y 3 mm. AR (8] 92 A
90° FI RN K IR B AR R AT AR08 o A, A s A 3
M EUE, 5 B T 1A 5 4 A A R 2R B A AN B R A
S TR AN 1R 22 £ /)N o

2) MK ) S B0 B0

BT SRR I B/NAIEE N 2 mm, (R H0R S 28 A s
[ BE K CTER E R 24 3 4 mme JERR A I 35 230 Bl A 0~
180° , Rl FEAR [A] T /KB N 60° « 90° 1207 .
MRPEA L R3S B R e 45 R, WK REN
ANF S PR K . 3 5 ) S A B A 0 S ) ) B AT
—“HAEREZAKFHERE, SHRKES 3K, 27
81 ke, AR E T T FE L R R IR AR (A
R EWER 1 Fron. BEie, #fe ekl &
DL ESFE B R KR A e R S B A, R R L
5T P B R R ARG, AR TR Lk B TR I R 22 B /N A
FooE M B Ut -

R FKBREERESBEFREFR
Table 1 Test schemes for parameter selection of rain
sensing module

1 )~y R LS

. . %Fﬁ F&E Di%sdtfji feltfvﬁelin A%g?e lt?e?fvffen
Bl Rainfall intensity () ends of wires (B) substrates (C)

fest e i AF O KE K

Value/(mm'min') Level Value/mm Level Value/(°) Level
1 0.3~0.5 1 4 1 60 1
2 0.3~0.5 1 4 1 90 2
3 0.3~0.5 1 4 1 120 3
4 0.3~0.5 1 3 2 60 1
5 0.3~0.5 1 3 2 90 2
6 0.3~0.5 1 3 2 120 3
7 0.3~0.5 1 2 3 60 1
8 0.3~0.5 1 2 3 90 2
9 0.3~0.5 1 2 3 120 3
10 1.5~2.5 2 4 1 60 1
11 1.5~25 2 4 1 90 2
12 1.5~25 2 4 1 120 3
13 1.5~2.5 2 3 2 60 1
14 1.5~2.5 2 3 2 90 2
15 1.5~2.5 2 3 2 120 3
16 1.5~2.5 2 2 3 60 1
17 1.5~2.5 2 2 3 90 2
18 1.5~25 2 2 3 120 3
19 3.8~42 3 4 1 60 1
20 3.8~42 3 4 1 90 2
21 3.8~42 3 4 1 120 3
22 3.8~4.2 3 3 2 60 1
23 3.8~4.2 3 3 2 90 2
24 3.8~4.2 3 3 2 120 3
25 3.8~4.2 3 2 3 60 1
26 3.8~42 3 2 3 90 2
27 3.8~42 3 2 3 120 3

4 EREHH

4.1 EHEMEEERERE

AR R ERN RS RWE 2 Pron. S4REKH,
LA E M 3 AR S A SRR 3 PR R SR E 4
FE/NR (LN 03~0.5 mm/min) « TR (I N 1.5~
2.5 mm/min) « K (7 A4 3.8~4.2 mm/min) 52475 H,
3 FPPE NSRS T A BN THIIIE R 80% A L FER 2]
J5E ARG SR . ABEADL A T 1 R i P AR B R Y R
KGR, 756 HIRFEN BT

2 RHUEMPHEREER
Table 2 Calibration results of simulated rainfall characteristics

% W RFAIE 1345 Type of needle
Rainfall characteristics 21G 19G 17G

JK-F-#H & Horizontal distance/m 3.00£0.01  4.00+0.02  4.50+0.02

[% 38 FF Rainfall intensity/(mm-min™) 0.44£0.02 2.35£0.03 4.12+0.08

F%FY) 21 Rainfall uniformity/% — 93.54+0.25 86.17+0.25 80.74+0.23
R R E AR

Mean diameter of raindrop/mm

W3 246 2

Terminal velocity of raindrop/(m- s

1.73£0.07 2.56+0.05 3.01+0.09

6.86+£0.01 7.76+0.02 8.26+0.02

M 3 R, AN [P R o R T FD R R o R AR A
fEENTERAE HRZEBOR,  H T ridefy R i
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[l — P R 9 P2 T B R ELAR AR AL BN, SRt PR R AR 1007 1%
PRARIE R S0%IT 4 R ELAR W AN, BT IR i P e
/N HRE, (ERLDLE R 0 W R BB AR R R
FUH [7) 3 W 2 52 1 2% e W O b B B PR A ) 80% LA

o

f=}
—
W

F 3% % Dectection error/s

(=
f=}
T

§
. o : —— i J0
R R W R SR 0 s R (B K T 2. Misstatemntrt
VAR, (EL R £ U OB K, R 3R 8 9 O 7 SR I A e H Petectionerror - |
T 52 S - 2%
B 80% AL JEF 4950 B A A I, (R N
K BB FU o B R R M T LA, R
| Tk SN " P N . = Qk 5 H] 5 1scriminant period/s
Mlzq:ﬂ:] E"Jl—_ﬁ/ﬁﬁ EF'%(E’TIYB j‘j 1.73~3.01 mm, fﬁfréﬁ/: AN a5 JE AT B T T A4 2 5 (s
WETLEN 6.86~8.26 m/s, 7L EH SRR/ E a. Influence of discriminant period on determination of rainfall initiation signal
A RO A TR 24 S TE AR A A T AT %, T 1%
30 B B i 4 8 I KBRS BUK e o //r’*/a 5 ¢
SRS B RE AT SR, PRI O AU R o e ey 10 8
T i R L 1) ALz M 00 e v it 5 40f ,
%3 TEMFEE FHWRRHERES < lo &
Table 3  Error analysis of raindrop characteristics under different g 0t E:’_g
rainfall intensities = 50l {5 &
P PR R 24 0 ) ) ) ) 10
[ Y B Mean diameter of raindrop Terminal velocity of raindrop i 0 5 10 15 20 25 i
Rainfall *poit g AR R gl MR 151 J#l WDiscriminant period/s
1ntens1.ty4 Measured Wi %7  Measured Theoretical iRZ b. ) JE W B R 15 1 EAE S ) E s
/(mm-min™") Theoretical - - 7 ; o . s
value value/mm Relative valuﬁ valuﬁ Relative b. Influence of discriminant period on determination of rainfall termination signal
/mm crron% M) Mws) orror% B 8 REIFISE M T MR 5 H R4 R
0.44 1.73 2.07 -1643 - 6.86 6.09 12.64 Fig.8 Results of determination of rainfall initiation and
i?j ig? zgg iji; ;;2 ;32 :;‘: termination signals under different discriminant periods

4.2.2 R BIBEATT ERSE

B FIZAT AT SR IR SE SRR 4 . R56 R IR
81 IRPBERNIIFE, RGuHE BT Aa RIS IR B 82 X,
FSHAREN 1.2%, FHLH APP BRI A aa A 11
AN 82 2%, HUSINZHAN 100%. il EIZ T 4E.
76 3 SikgGt, RGRAT 1 RFENRIESRE, XREN
ARG A PN SR BN . SR AR SR b A B
BR, /NFAITHAR R KA S 5 R 5 /KA R A 7K S
T/, ERUKR K kR, S ESER
KIBEERIB BN, 1E 747 s SRR /R 2UER(S 5 2 fi1 3
SERHIANE ST 10, SEARGRHINENEL; 7F
768 s [RIBT AR /R 29855 2 A1 3 KRG S1E
NF-10, SERGEFIAIEN IS, 2RI 9 FiR.

4.2 [EFGRLEREFHZIZIEN 5 E MRt iE
4.2.1 ME@AIEE 5 PR 69 0] 5] B It

Wi T LA 5 2R ) ) o S0 9 45 SR An 8
JIt7s o 0 JE S R A /D, B T L T PR 2 7
AN, LI A SRR o X B R LA S R ) A R R A
B, FUI IR 5 s I, 2 S R R RREERT B /NI A5
FWAIRADN RIS S, PO 20 s B, BT
ANFFIEE SRR PR ETHE, SRR TRE, A
P RN BRI AE S TE IR IE B S e R R,
GyIRAR BERI A 1EAE 5 P50 170 I 10 A1 15 s IR B
R TGN TR RS DU % 22 TG B 8 22 5, L0 ) e BT 10 s
F10 2% 9 5 LB TR A 28 22 B /0N o DR L 3 i DAE 41 ) o 441
10 s,

R4 ERELENEFINZEENREBTUSEES

Table 4 Reliability analysis of operation of mobile phone remote monitoring device for detecting initiation and termination time of rainfall

B T 4615 5 B9 53R Discrimination test of rainfall initiation signal P& R 45 145 5 5940 513 Discrimination test of rainfall termination signal

K45
Test BEHUKEL  FEkE  BlukE iR 2 % BAE FE s ok &S parik s
No. Simulation Discrimination Received Misstatement Success Simulation Discrimination Received Misstatement Success
count count count rate/% rate/% count count count rate/% rate/%
1 3 3 3 0 100 3 3 3 0 100
2 3 3 3 0 100 3 3 3 0 100
3 3 4 4 -33.3 100 3 4 4 -33.3 100
4 3 3 3 0 100 3 3 3 0 100
27 3 3 3 0 100 3 3 3 0 100
4.2.3 REBATRAHM L EALE WA ABUSME, FHERNE 5 s REY, B

Bl —AF 3 REL RGBT aa A IR AR IR A L FRAS I I (5] 2503 J5 TS 5 8] FERE T 46
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RELWRZES, HENRENLEERA 5~18.7 s,

BRI 5, PR OmBEBROK, ok D L ) S0 5% 22
/0N, RIS R . 7E 27 B g R, B ITAR I
5% b PR IR 22 B AR 22 VL B 73 3008 0~6+ 1~6s,
i 25 FAs e VLT

fffff JEPE LS 5 Kalman filter signal  ——— JIJ 5|5 % Discrimination signal
g g
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Fig.9 False alarm results of rainfall initiation and termination signals in test No.3

&5 FEME LR EFHIZE LN B RRNIRE 5
Table 5 Error analysis of mobile phone remote monitoring
device for detecting initiation and termination time of rainfall

A R Y FF U e ) % T 5% L i)
li?tﬁl\z Rainfall initiation time/s Rainfall termination time/s
¥f Mean %% Range ¥J{H Mean % # Range
1 16.3 4 14.7 3
2 15.0 6 15.7 3
3 14.0 5 15.3 5
4 14.7 2 15.3 3
5 14.0 2 16.0 3
6 13.3 1 17.0 3
7 11.7 3 18.3 2
8 11.0 3 18.3 6
9 11.0 2 18.7 3
10 8.7 6 5.7 1
11 8.3 6 6.0 2
12 8.0 4 6.3 3
13 7.7 5 5.7 6
14 7.3 6 5.7 2
15 7.3 3 6.3 1
16 6.0 2 8.0 3
17 6.7 4 7.7 3
18 6.3 3 8.3 3
19 7.0 2 5.0 2
20 6.7 3 6.0 2
21 6.3 4 5.7 1
22 5.7 1 5.7 2
23 5.0 2 6.0 3
24 4.7 1 6.0 3
25 43 2 7.3 3
26 4.0 0 7.7 1
27 4.0 2 8.0 2

M3 6 AIAL, FEARFRER AT, IR B X FE
RIS T 46 A5 LI TA) AR % 22 R S me ) 9 AR R 28, BT EATA
R LT B>C. K3 B A C 43 5] 55 B R T LA 8] 1)
RR 22 S IEA AN AR OGBS 2R i [ BB/ . 2

MR IE] e R, AR ZE ), o BB HERf, PR
FEUG B TR IR 22 B /NI R KN BsCs. TR ER B A
C 53 99) 5 % TR 457 L B 1 RO ARG D2 22 2 B RH S A IE AR 2, B
T 2R R i [F) PR RO L AR R) A ), i i 2= ),
g SR, BT DA R TR 155 L P TR ARG 35 2 A /N B TR 2K
PN B Cro A — &SR KR, BG4 A GRE 9.
18 F127) Bl 2 N9 -4 A4S L B [0 RS 00 35% 22 0 il 22
YIAKTF BCHAFTINEE R, B8 B,C; HAR AR E
B, Rl B KB N SE & RS EE A8 B,
RIS 28 A v [A) FE > 2 mm. JER A M 120° &

%6 FHXNER ST EERIIRESMERN R /REMEX
Table 6 Pearson correlation between each experimental factor
and mean detection error of rainfall initiation and termination time

2 T o . . FH 2% 2% Correlation coefficient
MRIRIL rgam L elficient
Ramfall g erimental  FFFIFFAARFERI  BERTAS L ARG T
y mter131-ty_ 1 factors Detection of rainfall Detection of rainfall
(mm-min~) initiation time termination time
0.44 B 0.898%* -0.911%*
’ c -0.341 0.256%*
535 B 0.952%* -0.816%*
’ c 0.127* 0.204
il B 0.955%* -0.883%*
’ c -0.248% 0.238*
VE: R*, FE0.01 A WUR) HISEMERZE, *, £ 0.05 25 (RUR) MM
B,

Note: **, Correlation is significant at 0.01 level (double tail); *, Correlation is
significant at 0.05 level (double tail).

5 I

EINGIERERER

4R B2 9 L L By ] T Loz 2 000 28 B S AT I A
e rtiAma R, MH 3 LR MRS 2 mm,
RIS 120° IR KBS AR T i5e, iR B
K10 Fis. 56T 2020 428 H 7 H—8 H 16 HTE R HHE
TRFLRN S &R FRRIR a7, W58 R B B A

5.1
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M2, FERNSRAFEE/NNAIR, H RN ER MER R
KAE T 0.45 A1 78.75 mm. K 7K S W A HU AT R B
[i] 52 7E J FE JCIE R B, IR 2 MG Skl B
M) AN R SR IR RS AR 08:00 H RV E A
LHER (NN 40 mm, WEIEREAN 0.05~10 mm) Wl
HET 24 h FPE GRS, FHEE LN = . FHLuG APP
O H B 11 B, 10 d HO0 30 15 kEER
R, SEFRRIE] 15 REERERE, FHL APP HAUE Tk
DN 100%.  Fa R ES LI () Rkl i 22 20 Al 45 SR k. 7
P, Hr 8 H 15 HIY 1 IREE/NWAMHEIL T 1 &iz
i, HEREEH 5.9%. MR EREGES, 1R EX BIRFEW
FEUG A LE R TR A B R Z2 5070 34 F1 29 s, Fe/his
ZE R T N9 so G B ERAR AWM O] 1, P& I R P AN )
Rof T 6 LB (DAL IR 22 B, 5 RIS 45 R A —
W SRKRY, REAESIIMEIMEHIBITEAE, BW
G 1 F TSI S5 HE A o

-

4

LRGSR 2 [ 38Rk 4 ML 53 eI
7RE 8FE M

1.Rain sensing module 2.Fixed base 3.Camera
5.Bracket 6.Control box 7.Antenna 8.Rain gauge

B 10 T ek bhEER

Fig.10 Photo of outdoor verification test device

4.Illuminating light

RES 11839 v
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2020-08-09 13:03:53 FriaMER
2020-08-09 13:45:09 {ZIERERT
2020-08-09 15:14:27 FroamER
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B 11 8 A 9 Bienfmieibafia ey APP & A
Fig.11 Screenshot of APP showing the initiation and termination
time of rainfall on August 9

5.2 SHMRENLER

K S HNIRAIE UG AT H A B R S L A5 5 B R AT B
FE LB TR R ZE 3 2 AMERR, ATk S
¥ Parsivel 55 LNM 2 Bt i iR OB A0 I 1 BE AT
XFEE, XFLEEERIER 8 . SREY], ZRERER
T e A5 L IR T 4 3 BEAI, e A ) S A 0 B
FIAE . 2k AR S A I B R 4 R, KRB EOL
T TS 2 g T 2 P B PR ARl N R R 40 52 9 AT 7
BERTE . EORIZ R B O AT AR AR SR AR U B R Y 4R
57, (HARE CFERT B B0 R EE R AN 7720
APMARVEOTS KN 5 AE 60 s YRR AN B RN I EER, Ui
2 B P MIT AR5 5 AT 7T S hn i

x=7 EIMNLIERELEER

Table 7 Test results of outdoor verification

S I R T4 I T P ARSI e R 457 LI TR] PR ARSI
[% R H 3 24-h [ & H BT - Detection of rainfall initiation time Detection of rainfall termination time
Rainfall date  24-h rainfal/mm O OF daily
rainfall e KA #E ZEH RriE #E
Reference Measurement Difference/s Reference Measurement Difference/s
08—07 0.45 1 11:19:41 11:19:54 13 11:53:19 11:53:34 15
1 13:03:29 13:03:53 24 13:44:41 13:45:09 28
2 15:14:1 15:14:2 10 16:11:12 16:11:27 15
08—09 11.7 7 7 6 6
3 17:21:29 17:21:38 9 19:41:53 19:42:09 16
4 20:19:33 20:19:45 12 21:13:07 21:13:30 23
1 11:21:45 11:21:59 14 11:42:56 11:43:12 16
08—13 19.93 2 15:48:48 15:48:55 7 16:53:22 16:53:31 9
3 20:09:22 20:09:33 11 20:57:50 20:58:03 13
08—14 0.48 1 20:36:19 20:36:32 13 20:58:37 20:58:49 12
1 14:11:42 14:18:34 412 14:30:46 14:25:27 -319
08—15 5.31
2 23:15:04 23:15:12 8 Null Null Null
0 Null Null Null 0:12:07 0:12:24 17
1 1:13:16 1:13:43 27 3:22:40 3:22:58 18
08—16 78.75 2 6:25:25 6:25:59 34 6:46:18 6:46:47 29
3 12:37:08 12:37:23 15 13:38:45 13:39:05 20
4 14:42:57 14:43:04 7 17:15:39 17:15:57 18
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Table 8 Performance comparisons of mobile phone remote

monitoring device and other raindrop spectrometers for detection of

initiation and termination time of rainfall

LR ES AR5 22 (R S5 E
o PR % Misstatement rate/% Mean of detection error/s
=
Model MUV SRS pbS RS @I
Initiation Termination Initiation Termination
signal signal signal signal
-3
Aﬁﬁ 15 5.9 59 14.6 17.8
Our device
Parsivel 38 13 23 -60 120
LNM 38 23 34 -240 240
6 % it

I 3 HURH R 2 HUK) R K S A B ) 2 o A

M Arduino UNO F f7 HLSE 3L R AR A5 5 KA. UK

= R AL BN B R AL LR AE 5 R, s H o oA R

2 B AL B . U BB (General Packet Radio System

Data Transmission Unit, GPRS DTU) iz £ JC £k 1% Hi b#

ML 5 )5, el Tl 72 B I B R 2 1 ], i

LY — b BEPREAS I | T 2 A% a0 Fae R S L N (] G2 7

M2 E
1) 7E25 A ] 0 A 30A P 2 BT e B P e kil

B, SRR, NI 10 s IR A5 )

PR, FERAC LIRS 5 AR 1.2%, FERTEIE

F I HBBURIIRE N 100%, REIBITREEE. AR

PR PR ARG FPE N 2 mm. SEAR A AN 120° |,

P B ISATRE T HERAVE IO 25 5 PERECAF 2 REAS /)N

Y S PA BB K N R I S U &

2) WAERIe 45 R W], 2 B R IT 4R [A] S5 10

B B PR 43 e S 7~34+ 9~29 s, EAMUHBL 1 U,

R, FERE LS S AR E T 5.9%, HCHAD RS

BRI B R 2 1 HLREAE 60 s AR TIFERT R ILM5 S, 2%

BVERERT G X B AR AR AT K
H T KRR 3 24 5 2 N TR N RIS 7B N A B 3 T

SR, MG R T2 E AW AR, HIE T AN TR,

PR] I J5 28 0 30 1o e R 7 U I AR B 6 Ay K 1 T 25k

v e R A LI T PR RS A
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Design of mobile phone remote monitoring device for the initiation and
termination time of rainfall based on Kalman filter

Zhou Ping*?, Yang Qiliang’, Li Jianian'*, Yang Jurui', Han Huanhao?, Liu Xiaogang®, Xiong Kai

(1. Faculty of Agriculture and Food, Kunming University of Science and Technology, Kunming 650500, China; 2. Sichuan Sanhe College of
Professionals, Luzhou 646200, China)

Abstract: The initiation and termination time of rainfall occurrences were essential to the rainfall process. In this study, a
novel remote monitoring device was designed to accurately detect the termination time of a rainfall in the facility agriculture.
This device was mainly composed of the rain sensing module, rain detection circuit, Arduino UNO microcontroller, GPRS
DTU module, a serial communication circuit, antenna, and mobile phone application. A total of 16 flumes were evenly spaced
parallel on the upper surfaces of two substrates in the rain sensing module. Two HDPE wires were embedded in the flumes to
ensure that the wires were separated from each other without connecting. The rain contacted the two wires when the rainfall
initialized, where the resistance value between the wires decreased rapidly. When the rainfall terminated, the water on the
substrates surface drained from the flumes, where the resistance value between the wires increased gradually. The rain
detection circuit converted the changes in resistance values between the wires into the changes in voltage values, then output
the rain detection signals. The rainfall process was detected simultaneously through 3 rain sensing modules with the same
specification. 3 Kalman filters were selected to simultaneously optimize the process, after reading the rain detection signals by
Arduino UNO. A discriminant model was used to determine the initiation and termination signals of rainfall. The detected
signals of rainfall were transmitted to the GPRS DUT module through the serial communication circuit, then to the cloud
server for storage. A reference time of rainfall was set according to the storage time of signals in the server and the device
system. The mobile phone was applied to receive and view the initiation and termination time of rainfall in the period. The test
factors were selected, including the rainfall intensity, the distance between the ends of wires, the angle between substrates, and
the discrimination period of the discriminant model, in order to determine the optimal parameters for the discriminant model
and rain sensor module. The performance of the device was evaluated using the evaluation indexes, such as the misstatement
rate of signal discriminant, the success rate of mobile phone reception, and time detection accuracy. The experimental results
showed that: 1) The discriminant model with a discrimination period of 10 s had the best discriminant effect; 2) The signal
misstatement rate was 1.2%, while the success rate of mobile phone reception was 100%, indicating the device operated
reliably; 3) When the distance between ends of wires was 2 mm and the angle between substrates was 120°, the stability and
accuracy of the device operation were better, indicating an optimal combination of parameters to detect the light rain. The
verification experimental results showed that the detection error range for the initiation and termination time of rainfall were
7-34 and 9-29 s, respectively, and the signal misstatement rate was 5.9%, which met the detection requirements of natural
rainfall, showing the device ran well. Therefore, the device can be expected to serve as the remote monitoring of the initiation
and termination time of rainfall.

Keywords: Kalman filters; sensors; mobile phones; rainfall; initiation and termination time; remote monitoring
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