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Mass Flow Measurement System of Granular Fertilizer Based on
Microwave Doppler Method
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Abstract; In order to achieve accurate measurement of fertilizer mass flow, a mass flow measurement
system based on microwave Doppler method with a method for suppressing vibration interference was
proposed. The velocity and concentration of the fertilizer particles were obtained from the Doppler signal
of the granular fertilize, which was processed by using the fast Fourier transform, and the product of the
velocity and concentration was defined as the sensor output value. Then, a linear regression model of the
sensor output value and fertilizer mass flow was established by using the least squares method. By
analyzing the statistical law of the signal, the five times mean value of power spectral density was used as
the threshold to distinguish interference and signal. The fertilizer mass flow was changed by changing the
rotating velocity of the fertilizing shaft. For laboratory environment, the mass flow of two types of
fertilizers was measured. The experimental results showed that for two types of fertilizers, the max
measurement value of the system can reach 2 629.9 g/min, and the relative errors of the microwave
method were not more than 5% . In addition, the measurement system was installed on the fertilizing
machine. An experiment was carried out by using the third type of fertilizer on the cement road beside the
farmland. The analysis showed that the interference caused by vibration made the relative errors of
measurement larger. The maximum relative error reached 21. 57% . In order to improve the measurement
accuracy, the proposed vibration interference suppression method was used. After the interference
suppression, the fertilizer mass flow measurement range was between 1429. 1 g/min and 2 976. 9 g/min,
and the relative error was not more than 10. 04% . The constructed system can accurately detect the mass
flow of different fertilizers in the laboratory and under fertilizing machine conditions.
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Fig.1  Flow chart for microwave Doppler measurement

of granular fertilizer mass flow rate
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Fig.2 Frame work map for microwave Doppler

measurement of granular fertilizer mass flow rate

1.3 HiETELE

IR 2R P REDE N — RN I A 5E 42 Jf 35 W A
I B P 2R S AT RS RIRES o i TARRRGE A
FUT 5 o i 0 550, PR A B R L BTz
is T TR AR A5 S e 235 1 7 s e i E
(A5 5, 2 aed DR e T b A 40 ) R AT A9 15 5 2 ik
BB Z o N T X7 T PEHEAT 0 B0 R AN 1R
FCAt A B i) Zh 383, SR R K 2 08 B X 2h R BE AT
- Ak

%d%ﬁﬁﬁﬁ
AX,L . (7)
K o &——%kﬁm%y&ﬁMH@
X, —5 k-1 SIS ROk A A
IRAS R B A = [ 1]
7 9% N
P:=AP, A" +0Q, (8)
R Pk AR Ty 2
P, — k-1 SR R b g 22
Q,—— ik TR 7 95 L 0. 1
SRR G BG | /R B8 W Bk A o 5 5

%
P;H'
"“HP.H" +R %)
X,=X; +K,(Z, - HX;) (10)
P, —(I—K,:H)P; (11)
Rorh K, R 25 B
H——Z G500 )5 B 1 4 M B H = [1]
R—— L0 Wt 745 By )y 2%, JK 50
X,—55 k 5095 Rk S
Z,— RGN R Z, = (1]
P——%5 k SIS Bl Dy 22
B
L4 RHFHMHH %
S 5 1 B 5 0 ST LR /N
A S AAERES L kb W E A8 KL

it FES 5 56 39 16 by iR 3 5 L 1) A5 5 2 T 4L
o AR S AL JIE S 36 rp, R o R AL R A AR ST
T ZEES (o) TR

r(e) =s(1) +j(1) (12)
S s() —— BB 20 015 5 R 296 40 15
),V

JOO)— RS T (AR T,V
PR o G T Y o R i R ORE 1 22 35 315 5, B
LT RS AU ] A 25 1] [R) 1R B 4 BT o A3 1> i $2
SRR RARSC T R T — b A5 AR A R A 1)
ZE WG TR, W] LUK 28 5 S A E
R R, R

M

s(t) = 20cos(2ﬂfltl/+gob)+nl (13)
Ao f,_fiﬁf H 5 AR He
M—— [ IfF F R 3 PR T 5
o5 DRLT I 2 E W55 R R
L8 ] MR T ZEBE S FE TR, s
@5 ] KL 28 B {5 5 AL, rad




B

War s A TR 2 I A IS B I A I R S 213

r(0) SRR [T 1 3 O8O R T AEROR
H
r(m) =s(m) +j(m) (14)
Lf o s(m) —HBESEHFES,V
JOm) — BB,V
r(m) NG 5 BN R R LI AR R

R(k) =S(k) +J(k) (15)
Kb SCh)——28 i g B B2 e i 2 3% ) 15
B,V

J (k) ——Z 3ok BB LS e g T4, V
BRI B ] DR RS — 2 AR IR A
P, S Ch) BT LI N T A # s il 50 S(k)
MIELEE R R 1S (k) 1, I N B B 43 A1, A 2% 1) 7 JF
ISCh) 1? IRMAEEIT A, 1S (k) 1 B AL I A 3557 4
A o 8B AT BT R AR AT AR R Oy
E(IS(k)1?) =1/
{Var( IS(E)1?) =1/A°
K A 8B AT 1 S8
(BB AE AR A I o A B T, 1S (k) 1771
T T, Pl

PIS(k)1*<T,) = j Ne AN =1 — e A

-

(16)

(17)
MT R /A 2/0 3/0 4/0 5/) I, P 0.6321,
0.8647.0.9502.0.9817.0.993 3,
W RSB DA A 00 ] AL A Sy {135 A 36 ] A, AR
P LA B4y BT, FE MRS 5 20 B U L AR e 2
TSR AEFWAE 5 P B 28 T, 3 B A0 3 5 2k i
BET 5, o h J2 D R % i 2 i e (K T 5/0 B R
P4 0.0067, BPX}F & E MK a=0.0067, 4
FETEMEME R T 5/0 3Rk sk
S B pi Y 3 E T P A B i g 4
BRI L g, 2 g AT PR B I e 0 AR
RK (N >256) I, By 5845 135 2 0 {8 14 7 2 (6 7] LA
FBERG I EHMEECISE) 1) = 1/X 19 T A&
N

N-1
p= 3 IS(h) 1P =1/A (18)
N &

EEPUR UL NN R A S IR S 2§ RS
Ty, WITESE WS 5 b B A 788 T30, T LB T
TR FNRE o A3, BE R T S/A B B A £
PN NS T TR, L U RS . e T D
PR 5 HpH A S RIS L R = /A B9AG
HEp. BE LRGN, AR HAEREEDS T,
0 D ZEGETE L 1k o T PRSI0 A A B A B A D
BRUE .

()8 N R RGEREL WA, R G BR A N, 15
FIREA W T MEIAE R w = 17X WA THE wo

()R :T, =51,

(B I r g N i 2k o W SRAFAEAT A Ty R ik
ELRIREEL T, WA EREE T TIGES N

(4)RIFEER (L), FRHE 2t 4 3 1) 5
T LR S S, B — Ak 2 iR (E W OF
o Ty,
1.5 HZUE

TEAS I o 2 v, A 0 R 8 2 52 B [ AR AR RS
T3 V5 RIS T B0 B 52 e B AV 1A D 245 R ) v A
TESE B A A I ok A e A AR B RS (L) oo 1Y
Su XL (1) o B P, FF45 P 35 AH 3 31 15 1% Ik
A A S, o ¥ S, R E QA 15
TH MR RBER B AT ST R A

A /N AR i AT B R LA . TR
J7 R 22 1 S R I I S /N R i it T DA 4R B RO 1 i
FERRARIC AL . A SCHFZEXT Q, F1 S, AT — 2 £k 1k 4
B HEERRTRN

0,=aS,, +b (19)

FE AT [B]IH 2Z 117, o A I AN [a] g S 14 JIE ) ot
. MG, AT AL A LR E QM S, Z 1]
AR ZR o 2ot [l A R 3R 0

s

z SmuQ/i - ny Sm/ Q:
i=1
a = ” - (20)
> St = S
i=1
b=0,-aS,, (21)

Aop S, R T, W

Q,—— S B B i o B P, g/ min
ORI

TEA TR 9 TAEERBE v, 52 B K T 45 Sl 2 ATl
RBa b KR L I, T 4R R RS L 4
A [ F TR 88 v AT Ko 0 BT T Il 2 400

2 ERNZLW

2.1 ZBRMBEESE

S5 e R A Al Uk IR I L - s PR 1S -
15— 15 Ffal & 15 - 15 — 15 @ s AL A, &
FHFRI 15 — 15 — 15 B2 Bk 974 kg/m’ s 555 B4R Ny
3.61 mm;ERIEJE Ky 90.38% , HHIE B €0 5 A 1, 6 i I
HoAHRE o f8CAT & 15— 15— 15 N 1095 kg/m’ ;%6 4%
HARN 3. 45 mm BRIE S O 89. 86% KA 5 5 1
8, 1] T Hb A RS o

ny



214 & A Bl B ¥ i

2020 4

TERGENE 2530 & L BEAT 4 N S5, 1Al 3 s .

SENER S ST s e g
Fig.3 Experimental platform for mass flow measurement
of granular fertilizer in laboratory

Logksl 20 ghdbiese ® 3. @mitEE 4. SEREM T 5 %
BHESIL 6. FRtE 3 E 7 AL 8 HUIERER 9. WM %
2.2 IREXR®

R PR AR 5 AT AL TR bR R o 0 3 IO S Al
Jig B L of A A AR B i o R IE R T E Dy
30 mm , HEAL A 5% B2 20 v/ min B ] SO v/ min,
ARNS o/min, G T ASEEE o HEAS L Sl E] oy
60 s, 17 43 UCHE L 45 W J5 0 H2 bk 4% L 9 1 T s 2 A
R AR E R SR 4 WHCE S E, I i
/N TR AR A AT e S5 R A S s R A o )3
oo M4 PR, di B4 LA, 2 S 06 AR Y
SEREBR AR/ 0.986 7, F I 2 Sl R Fon 1%
TR 1 i L (L 0 R O AL 9 5% AR R R W AT
1

3500

PR 15-15-15

o 1. [ =1 o - -
3000 A e 15-15-15

= 1500 0=79.08_~210.1
: R>= 0.9867
1000

500 \—‘—‘—‘_—‘—‘_—‘
10 5 3 SR

20
(Rl B/ W

B4 A 15 - 15 - 15 ] 5 15 — 15 — 1S AL s
Yt (o
Fig. 4 Sensor output values-mass flow curves of Stanley

15 —-15—-15 and Sacf 15 -15—-15
2.3 IGESCIS
B Fh AR B SE I 1 IR, B NSRS
145 A ERY S, ARA S A 2 R BRI R 15 it
MEIFEA Q.. RIAEXTRZE AN

_10,-0.1
T

=

x 100% (22)

R 1 PR,

F1 EFFIS-15-15FAHAEI5-15-15 HRWER
Tab.1 Measurement results of Stanley 15 — 15 —15 and
Sacf15-15-15

HEAC b FFH 15-15-15 A E15-15-15
i/ Q./ Q/ 0./ Q./
/% /%
(rrmin~") (g-min~") (g-min~") (g-min~") (gemin~")
20 1315.5 1307.4 1.62 1120.7 1075.2 4.24
25 1663.8 1598.6 4.61 1301.0 1334.6 2.52
30 1854.5 1877.5 0.28 1515.1 1564.5 3.15
35 2011.5 2137.5 4.95 1886.8 1836.7 2.73
40 2313.9 2331.0 0.17 2068.8 2018.3 2.50
45 2529.1 2517.1 0.48 2359.5 2274.2 5.00
50 2618.9 2629.9 0.42 2488.9 2399.1 3.74

M1 AT LI % AN R i I, 76 A [A) 114 5t
R N R AR G4 BE A ME B S B AE R A A
LH UL A IR ZAEA KT 5%, e KK
IEL AT 35 2 629. 9 g/min, TE W] T 8 2 ) & 38 45
0 A5 AR P I Sl 0 R T AT Y

3 TeBBHLAEAE K3

3.1 XBMHERE

T S5 B e JE A oMl BF ] T A9 2 05 L 52 36 8 36
BEHME A2 Hoh EEM IOk B H LT 3
R RIRSh . Dy T R UE IR 3 T I i B A K
P, AR AE BT DE X B Al R~ b P S 6 o A K
Jests b EAT TR EHUMEIE 258, in ik 5 s

(a) Rt AEHL
S ORI BT 7 R E LB S 56 0 SC 0 -

Fig.5 Experimental platform for mass flow measurement of

granular fertilizer in vehicle experiment

LRl 2 g FIEsE S 3. MICEE 4. &bk E 5.8
PEREFR 6. Mk LZHHEL 7. BRI
3.2 REXLR

R HLER R 0 45 0F R AT AR LB i AE ML
ARSI SR FARCRT & 22 — 8 — 10 R N S a b1k, H
J N 1555 kg/m’ ;3 250 B AR N 3. 11 mm BRIE JE
84.36% o LNESE 0, 1 T HORLAE o AT SIER &%
P52 NI S PE AR . il T 3 B Al o o HE IR
)y 30 s, 3R 75 A4 I8 2 i Hh {2 — 5 % A il
H



BT

War s A TR 2 I A IS B I A I R S 215

Q, =290.2S,,-328.6
3.3 IGIEKIE

e AT it A ML i A S 56 A o — e A B 7
FLALAIIH TN o 78 B R 5255 546 B, B 9 1] R A
AR b, — BRI HL B 20 B 5 4R AR e, 1 R i
B G . MRIHLE R IS, I IR HERE R R R A
A it AE ALt S S5 56 v, 3l T B AR RN AR o HE
e T R R N CIES P WG 0 & | S RSt
BT FR A it AR AL AR 52 56 46 Fr AL A £ 07k B2,
XF R P G 5.5 km/hg RS HENE i SE g 2 /0
24

Hy T it S AL it S 52 3 A AE 4R 2 T4 i 3R
(4R 20 T 40 ) B3k X 23 A5 S AT A B, it A
Bt JIES 552 55 1) T 4 <6 i 0 9 43 D i an 141 6 B
o M 6 W] LLFE , 7E 55 %k 70 (140 160 Hz 4b
FELENR B B T4 . R2h THEAl 5848 2 Hz 2245, 1R
R TR 2 T, AR 5/0 BT
WS S T, T R T . R K Rk 4
0 ~ 120 Hz F1 120 ~200 Hz F #5453 #E47 40 F0 {8

(23)

20 40 60 80 100 120 140 160 180 200
(a) AN HIHT , 20 r/min
120 Harf

20~200 Hakf) {4
THRROLE

40 60 8( 120 140 160 180 200

20 40 60 80 120 140 160 180 200

TR AL T AT, T TSRS
FLARDYE], W E A A A T, i3 R AR (R R
FE T AR E . 0 ~120 Hz 2 (8] 59 Ih 233 N F77E
T 1 i 2 1) W E R BT R 0 ~ 120 Hz 22 J] 1) 3 6 3%
A2 E . T 120 ~200 Hz 22 8] (49 2 & 48% #1726 U0
(g Ab B, FESCPRSEg R, 5k I AR Bl AT 15
WAL T, G, 0 5300k A9 3 AR
WD E N 15,

B Pl i A0 i s 1 i i (EAR A (23)
TR A% B PR BB E, FHUAS(22) 315
A5 B BRI AR R 22 . SRR 2 R,

12 2 R4 BERE R o R R M O 1429, 1 ~
2976.9 g/min, 3l PR AT Y IR A I R 25
21.57% . WSS S A PG A 2R 5t RE 95 1
S Bt FEL S P9 ARG 5 KA X 2R 22 /N D 10. 04%
YEWIR Bl T P00 1 330 32 BE 408 A3 R0 20 3 437 AL A 3l )
25 RN P R o 25 IR Sl T A i 7 ik 1 Bk
e 223 A I A T 3 G T 2R 8 T 408 A A A 00 vt A
AL E A Jo 3

=3

0~120 117 1
120~200 Haff 54 &

20 40 60 80 20 140 160 180 200

il 5, 20 r/min

+heiA 7
120 Hzff|
120~200

20 40 60 8

100 120 140 160 180 200
FIH

(d)F

7,35 r/min

20 40 60 80 100 120 140 160 180 200
Hz
,50 r/min

(O T4

6 it AL AL it P S 36 v A [] R A i e s T A0k AR 5 B O A 5 B S R

Fig.6 Power spectrum of mass flow signal of granular fertilizer for different rotational velocities of fertilizing shaft



216

& BLOW o R 20204

R2 HEWE2-8-10 WKRNEER R R ER R RS, BB THEFEWAGENT
Tab.2 Measurement results of Sacf 22 -8 10 LI vk IR sh Il 5 vk . M RS RENS

A Q./Cgrmin ™) / /o HBRGLIN 55 9007 #3109 R ek 3

(r

o N N ! - > = SN Sy = SEN ./
TR TR TR TR g by R RS X R R
smin~') HHIET S SN U D, =

20 1737.3 1530. 1429.1  21.57  7.07 (2)WFFE T 3 Fh 52 e AL At kS5 o A
25 2037.9 1873. 1702. 19.69  10.04 e TRk h (R I B G 3R, ST T 3 i IE R A 24
30 2183.7 2081.7 2001 9.10  4.00 PIAEER, FF R T TRk .

35 2450.0 2348. 2259. 8.44  3.95 (B)FEWNLE 45 BFm], s R 15 -15 - 15
40 2565.2 2473, 2 520. 274 2.42 R 20 15 — 15 — 15 33 2 AR L B h I 5t o7 4 i
45 2703.2 2 693. 2755. 1.87  2.33 SR I TT 35 2 629. 9 o/min i Fo K T 2% % 5%

[c-BEES BV IRV Y B ]
=RV IS "IN BN |

4

[2]

[3]

[4]

[5]

(8]

(9]

[10]

[12]
[13]

[14]

50 2 823. 2 812. 2 976. 5.16 5.51

Jit NEATL it I S5 56 45 SR R W, FE 4R 2 TR ) 2 f5 , XoF
HoAT & 22 - 8 — 10, Mk} R & g & R I e A
1429.1 ~2 976.9 g/min 2 [a], fx K4 I 5% 22 M
(1) R FH e 22 35 )y 75 36 o D0t A &, #  T7 21. 57% Wk /Ny 10.04%

&t

2 % X W

A R AR A S LRGSR [T]. Rl L4, 1999,15(1) -1 - 10.
WANG Maohua. Development of “fine agriculture” and engineering technology innovation[ J]. Transactions of the CSAE,1999,
15(1): 1 -=10. (in Chinese)
BRI B E T S A AR TR 0 B0 M 5 [ 1. A TR 42003 ,19.(4) 17 — 12,
ZHAO Chunjiang, XUE Xuzhang, WANG Xiu, et al. Advance and prospects of precision agriculture technology system[ J].
Transactions of the CSAE, 2003, 19(4) . 7 —12. (iin Chinese)
LEE W S, EHSANI R. Sensing systems for precision agriculture in Florida[J]. Computers and Electronics in Agriculture,
2015, 112; 2 -9.
AR AR AL PERE P B BT 5 SEE I D). B AT B RUR L R 2, 2014,
TAN Xinxiang. The design and realization of performance testing platform for variable rate fertilization[ D]. Nanjing: Nanjing
Agricultural University, 2014. (in Chinese)
AUt TCHT B AR SE L T AL AT PR AR I 6 B R SR [T ] B et ARk R 4 ,2016,39(3) (511 - 517.
YU Hongfeng, DING Yonggian, TAN Xingxiang, et al. Design and experiments on equipment for detecting performance of
fertilizer applicator[ J]. Journal of Nanjing Agricultural University, 2016, 39(3): 511 -517. (in Chinese)
AUt AU IE % Fh— L A A S SeE A RE I [ D] B AT RUAR L R 2, 2016.
YU Hongfeng. Variable automatic transformation and performance test of mechanical fertilization and sowing machine [ D ].
Nanjing : Nanjing Agricultural University, 2016. (in Chinese)
YU H, DING Y, FU X, et al. A solid fertilizer and seed application rate measuring system for a seed-fertilizer drill machine
[J]. Computers and Electronics in Agriculture, 2019, 162, 836 —844.
ERTTAWBUE, B, AR PG AL 4 To e i W I R SE M F 58 [T ] R ML WF 5T ,2017,39(3) -84 - 88.
WANG Dake, YI Shujuan, ZHAO Xue, et al. Research on precise seeder wireless measurement monitoring system[ J]. Journal
of Agricultural Mechanization Research, 2017, 39(3) . 84 —88. (in Chinese)
5 AWUE , RO, % E RO RE LG A AR b P RE SE i W I R SE 5T [T ] R HLIL W5 ,2015,37(12) =20 - 22.
MA Xiulian, YI Shujuan, ZHAO Bin, et al. Research on fertilization operation performance of the real time monitoring system
of corn precision seeder[ J]. Journal of Agricultural Mechanization Research, 2015,37(12): 20 -22. (in Chinese)
B, E WAL, KA. R AR LAY EAE A e R A R S [T] . el TR 4R ,2010,26(2) 147 - 153.
ZHAO Bin, KUANG Lihong, ZHANG Wei. Seed and fertilizer intelligent gauging and monitoring system of suction precision
seeder[ J]. Transactions of the CSAE, 2010, 26(2) : 147 —153. (in Chinese)
FEL A AR, I 3, B0, 45 B T 80 ) ALt M AR o A% AR Vet SR [ 1] AR DL AT 5T ,2020,42(7) <105 - 110.
TIAN Ya’nan, QI Zengkun, WANG Xi, et al. Design and experiment of material level sensor for fertilizer tank based on single
chip microcompute[ J]. Journal of Agricultural Mechanization Research, 2020,42(7) :105 = 110. (in Chinese)
A T H A R B AR A U B B S IR TR D] R BRI A — R B R ,2019.
A, B N 45 BT COMSOL frpRH A I A% g AR 01 53R [T ] B HLIL %4 ,2019,40(4) :158 - 163.
ZHAO Mingyan, WANG Xi, QI Zengkun, et al. Design and test of electrode for material level detection sensor based on
COMSOL[ J]. Journal of Chinese Agricultural Mechanization, 2019,40(4) :158 —=163. (in Chinese)
AR, R S IEAE A OB R BT 5 IR [ T] . R BB BT ST ,2019,41(12) 151 — 155.



B

War s A TR 2 I A IS B I A I R S 217

[15]
[16]

[19]

[26]

[27]

[28]

ZHAO Mingyan, WANG Xi, QI Zengkun, et al. Design and test of material level detection sensor for fertilizer box based on
capacitance method[ J]. Journal of Agricultural Mechanization Research,2019,41(12) :151 - 155. (in Chinese)

AT, B, T Ak n. A AR AL AT Ay Bt A I A% 8% comsol 4 ELAMHT [T ] 9 7 R AL, 2019,50(1) :6 - 7.

o 9. U R S I R AL Rl OE AE P RE AL SR WSS [ D] LA - Yk FRAR L R 5% ,2016.

GAO Fuqiang. Optimization and experimental study on seeding and fertilizing performance of suction maize no-till seeder[ D].
Shenyang : Shenyang Agricultural University, 2016. (in Chinese)

BACK S W, YUSH, KIMY ], et al. An image based application rate measurement system for a granular fertilizer applicator
[J]. Transactions of ASABE, 2014, 57(2) : 679 - 687.

&85, B 3C, 5046, 55 2BF) — 24 BN RS T R A AR i EAL BT 5188 [ )/ OL ] Al ALKAE 4R ,2018,49(5) 84 - 92.

JIN Xin, LI Qiianwen, YUAN Yanwei, et al. Design and test of 2BF] — 24 type variable fertilizer and wheat precision seed
sowing machine[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2018, 49(5) . 84 - 92. http: //
www. j-csam. org/jcsam/ ch/reader/view_abstract. aspx? file_no =20180510&flag =1. DOI:10. 6041/j. issn. 1000-1298. 2018.
05.010. (in Chinese)

JEIRIT, TH U, 6 A, 4 R T AR S A R g B Sk [ ] R TR AR ,2017,33(24) 144 - 51

ZHOU Liming, MA Ming, YUAN Yanwei, et al. Design and test of fertilizer mass monitoring system based on capacitance
method[ J]. Transactions of the CSAE, 2017, 33(24);: 44 —51. (in Chinese)

HAN J, WANG X T, ZHOU Z, et al. Granular fertilizer mass predction for electric fertilizer distribution device based on
RANSAC[J]. Applied Ecology and Environmental Research, 2019, 17(4) . 7917 - 7925.

ELLERBRUCH D A. Microwave methods for cryogenic liquid and slush instrumentation [ J]. IEEE Transactions on
Instrumentation and Measurement, 1970, 19(4) . 412 - 416.

HARRIS J. Interrogating flow fields with radar and laser sources[ J]. Measurement and Control, 1970, 3(11): 188 —192.
HAMID A, STUCHLY S S. Microwave Doppler-effect flow monitor[ J]. IEEE Transactions on Industrial Electronics and
Control Instrumentation, 1975(2) ; 224 - 228.

ISA M, WU Z. Microwave radar sensor as solid flow counter[ C] // High Frequency Postgraduate Student Colloquium. IEEE,
2004 37 —-40.

ISA M, WU Z. Microwave Doppler radar sensor for solid flow measurements[ C] // 2006 European Microwave Conference.
IEEE, 2006 1508 - 1510.

GREVE D W, OPPENHEIM I J, CHORPENING B T, et al. Microwave Doppler flow sensor for chemical looping combustion
systems[ C] // Sensors. IEEE, 2013, 1 - 4.

WU Z, WANG H G, ISA M, et al. Laboratory evaluation of microwave Doppler velocimeter for solid flow measurements[ C] //
AIP Conference Proceedings. American Institute of Physics, 2014 57 - 62.

PANG L, SHAO Y, GENG C, et al. Measurement of solid mass flow rate by a non-intrusive microwave method[ J]. Powder
Technology, 2018, 323 525 - 532.

KA BE A, TR RS T B & N 2 T R A AR A A TR L) ] i T 5 6 B 4 ,2006,28 (3) 1461 - 465.
ZHANG Chunhai, XUE Lijun, ZHANG Eryang. Narrow-band interference suppression in transform domain based on adaptive
multi-threshold algorithm[ J]. Journal of Electronics and Information Technology, 2006, 28(3) : 461 —465. (in Chinese)
Z0U J, LIU C, WANG H, et al. Mass flow rate measurement of bulk solids based on microwave tomography and microwave
Doppler methods[ J]. Powder Technology, 2020, 360, 112 —119.

7Z0U J, WANG H, LIU C, et al. Real-time solid flow velocity measurement based on a microwave sensor[ J]. Transactions of
the Institute of Measurement and Control, 2019, 41(10) : 2699 -2707.

AEe i, 5T AR, SE BEPLAE ST (M) 5 . JEET: T 0k A, 2018.

SMRIC. P AU R S AL T R R ELLD ] AR - v TR R, 2013,

WU Linwen. Signal processing methods and simulation of microwave solid flow meter[ D]. Chengdu: University of Electronic
Science and Technology of China, 2013. (in Chinese)



