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Wind speed and direction measurement with array ultrasonic
sensors based on high-order cumulant
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Abstract: Aiming at the problems of poor environmental noise suppression effect and low accuracy of wind speed and direction
measurement in the existing ultrasonic wind measurement system in practical application, an array ultrasonic sensor based on high-order
cumulant is proposed to measure wind speed and direction. The proposed method adopts the structure of an ultrasonic wind measurement
system, which consists of an ultrasonic transmitting array and five ultrasonic receiving array elements. On the structure of the system,
multi-signal classification (MUSIC) algorithm based on the high-order cumulant is adopted to realize the effective measurement of wind
speed and direction under Gaussian white noise or Gaussian mixed noise, which can effectively suppress the interference of white
Gaussian noise and color noise. Compared with wind measurement method using correlation algorithm, the proposed method has higher
noise suppression ability and higher measurement accuracy of wind speed and direction. Finally, the effectiveness of the proposed method
is verified and analyzed through simulation experiments and measured data verification experiments. Experimental results show that the
measurement errors of wind speed and wind direction Angle are 2.3% and —2°, respectively, which basically meet the technical
requirements of ultrasonic wind measurement methods.
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Fig. 1 Array ultrasonic sensor structure
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array ultrasonic sensor

S PSR 1T 7 A 0 DX 1) £ S 4 4]
iR B RS TR =40 kHz, RHHE 514 s
B B S SR TT AL R=0. 1 m, R T W (R T4 e e
T T BB 7 A5, W A AR HE U [ 7 22 TRD 149 9
WEN a=15°, KBS EGEERCH 4 000,

SCHG 1 AN BT RO R ST, AR R
FMEAE A SR SR AT R T, B
V=20.0 m/s XA £A 6= 135° 43 B eI, 15 1 454
SNR=0 dB, K5 KU 4 R anE 3.4 & 5 iR,

30 X135
Y20
20 2217

40 500
A 20200
.- ~—"""100 1)
9 0 V\X‘i‘%

B3 T 0 s DXL X ) 4 2

Fig. 3 Measurement result under white Gaussian noise

or X135
20+ ¥:20

: 7:1923
10+ -

4 MR R R S

Measurement result under Gaussian colored noise

Fig. 4

M 3.4 K5 T LI T R A e S
PR SR A RS SRR, A SO T ik 24 T v AR AR
ARk X o] 0 B, LA PO 5 0 LSS B , Sl R A~
BE o0 P AR AR SORTR J7 VAN W i 1 Ik 7S, 1

301 X135

BS  mlriRA s KGR R

Fig.5 Measurement result under Gaussian mixture noise

St A LR e 0 9 5 R P g LA A 1 1 S8R, T
PASEB R iR 5 M P 1 5t B XU XL ) (194 280 &2

SR 2 i RS R AR D7 R REXT LSRG
FICHRL 6 ] ANSCHR[ 11 [ ] 55 B s 807 1 1R 7 15 5 T B
R DXL T AL R T R P Y R AR SO B T
S53CHRT6 I FISCRRT 1L B 05 ¥k b AT X U B Eit 06 . 26
HOAGH V=20.0 m/s ) 0=135° {5 LA -4 dB 2
10 dB #5356, B 25 64T 500 IR RE R I8 5050, KE
I T A0 B P 42 D7 AR ZE AN 6 I o

4%

—a— R TTVE
—o—SCER[L1]T
—v— SCHR[6] 7

(%)

BITRIRE (m s )

—4 -2 0 2 4 6 8 10
5k b /dB
(a) RN E B ITRRE
(a) RMSE of wind speedmeasurement
4‘-

—u— AT
—e— SCER[11)77 %
—v— XBR[6] T

%

S}
P

BT ROREN)

0 > 0 2 4 6 8 10
fZWth/dB
(b) R &R HRIRE

(b) RMSE of wind direction measurement
6 T MR TR AR RE
Fig. 6 Comparison of algorithm performance under

Gaussian white noise



284 S/ X £ % &

Ha2%E

A& 6(a) KUEI AT 6 (b) KU I i 1 5 HR 1R
ZME T AR ARSI AR SR AR ORI X
DR TR ] 00 P9 259 5 AR 0% 25 12 b SOk [ 6 ] RN Sk [ 11 ]
B0 B iR iR 22 BN, L R AR E R &4 T
B2 /INFSCHR 6 | Hp R P B OBL R T B W B 31 485 I XL
B, H R B AR SCRT 4R T v 0 v 30T R 1 40 e SR
588, %o XU AR XL i 300 2 PR R B

SEE 3 AR T XK B B R RE LR, 7R
BrElEs TR T, EBUAE V=20.0 m/s JKUa /i 9=135°,
fEMEE -4 dB~ 10 dB ¥4 84 i, &FXF 4 FpOR [ 18 &
—20%C ,0°C ,20°C ,40°C A3 A7 ML KUy i & i3, #HF
AR E T R AR R AR, ST AR 4 = (34) S
TR R P R A TEC B IE . AR RN, KU KU
WA AR TR 22 2 an &l 7 s .

051

f=1

-
T
]
("]
(=}
e

o
N

¥ RIRE/(m-s )

o
=

O*4 -2 0 4 6 8 10

2
fRMBRLL/dB
(a) RIER BRI T IRIRZE
(a) RMSE of windspeed measurement
207
—a—T=-207T
——T=0C
15 ——T=1+20 C
b A 140 C
py
B
3
=
ﬂ’

{4 t/dB
() RJA RS IRRZE

(b) RMSE of wind direction measurement

BT AR BT XU X e P
Fig.7 Performance of wind speed and direction estimation

at different temperatures

M 7(a) FI(b) PATLUE i T s i R A R4 T,
7 ST BT o RS A X e 0 R T A P 4 R R 22 T
AN AEANTRIRE T, I X 1] 00 5085 B2 A AL /N, JE LR
I 7 (a) WU R D7 AR TR 22 i T A, HfEMe LR T

0 dB Ay, M E FRIRZE/NT 0.2 m/s; HIE 7(b)
DRI £R B H AR R 22 i 2R T, S SRR T -2 dB
B, AU 38 5 iR AR 22 /N TF 10, AR L fE R e
WEFE P T, T R B SR AR MUSIC 5303 B XU PR ) 30
BT RS RERTE SRR AN FA R A R K )
I8 Pk

SR 4 ARG KU 25 1 R B R SL G, £
FET IR TR N HAS YR L SNR=5 dB, R T =K
SR MUSIC B kAT AR 5256 Kudi i 0 m/s 15738
JNE 60 m/s(4rBEER S m/s) WA ff th 0° 351 &
360° (4R 30°) A AT 300 IRSEFEFIE LR,
15 A [vd) JRUE B AN ) XL i) T 1787 PRk XL o) 000 2 34 7 AR 3 22
WA 8 B,

e
=

<
[

A BRIREE/ (ms?)
I I

(a) ROE BRI H R ZE

(a) RMSE of wind speed measurement

40

200
@/ﬁg.&]) 20

- 100 A0
(b) KT BRI 77 IR 22

(b) RMSE of wind direction measurement
8 AN 261 BBk RE
Fig. 8 Algorithm performance under different wind

speed and direction

M 8(a) AT LA H, A [R]RGE R 45 F T, KU
WA RRZE BN, e KA 0.2 m/s H X
AR HA RIS E , R U PTIR J5 v AT DL S X XU 58
WHE ARG R, A 8(b) TRTLIE 1, 4 R/
st DR e 00 4 459 AR 15 25 78 XL ) 6 R 90° T 270° i F
KB 1.5°, 8 KU A 2 0°F 180° Bf 34 7 HiR 1R



% 6 ]

FAEIY AF T R B B AR R 8 2R A e X X 285

EZHNe YRGER KRS, Km il & iR 2508, B
T 0°, FHH T $2 77 ¥ T DLSEBE 0° ~ 360° 4 £ 35 119 I i)
b

S S S R G IESL I . IR IEAR SCAT R O IR T
SEFR IR Fpof X R0 R peg 0 S A AP SR A R 1 K
S AL IR BRI R G 8 9 s . B i B PLEK
B R AL IR R BB P AR, O 7S B WAL AR
Mg eliE 25 B 0SS A B BE AT (5 B ok S5 gk Ab
P, BN B AT s, B e O AR S Y vk x4
BRI TAC TR . FR T I 8 D0 38 3 R AR A BRI i R
SRR DU T A R AR I 271 B OB AR

Ko skl RERS

Fig.9 Actual measuring system

TEIE A SE B 2 BT, 76 T KU T U I R 4
AT T AR ML . TR ERGE T 4. 8 m/s AU A
120° Je JGH 2 8. 6 /s XU 1 2 90° Y SE 36 25 14 F AT
SCM B R AR IR FIA SCR L 5 3 T AR S BRL X
D58 HEAT AL PR, 5 2475 20 X WU ) 00 345 2R 4n
# 1 Him.

1 BUEREIHERAS R
Table 1 Actual measurement results of wind speed

and direction

2 B &R PP SRS
RE Sz BRAE/ (m-s™") 4.8 8.6 4.8 8.6
MEE/ (m-s™") 4.7 8.4 4.6 8.3
AHXFIR2E/% 2.1 2.3 4.3 3.4
R SRR (°) 120 90 120 90
A/ () 118 88 117 87
MERE/ () -2 -2 -3 -3

i 1 SIS SR AT, A5 R AR S 305 04 Kt A1)
DB 7 AR L, A ST 2 97 32 0 XU XL i 00 62 190 A B
o5, UL S PR PRI 2 808 2% 2 ek e 7 41 ] 6E )
AR LR SR I B o AR SO ¥ o IR A T o e 22
92.3% , W A D JRUETUR 3% IR I e R 25 5K 5 XL

SRR 22 Ry -2, T L I DA 3 XL e A ) R 1R
FEEOR o AT ULR AR SCHR 3 (9300 5 07 R 7 W LA K )
PRI AV I B B B AR 2K

5 & #®

S0 204 T P B DXL AR M P A o] B ) 22 , T A
JEAR R IR, B2 T — AR T O B AR R RS R
FE A% RS KR KU B v . TR T R A 2 S
WM A% AR AL [ 30) 2R 75 e 0 IR 44, X6
e 4T R 7 R € R R ) B R M R B v B R AR E
SE T X AR RS AT R A T Ak B A DU 2k A S e A% i I 1), T
ARG B WU, OB X D5 Al T 22 &
B IAT 700 IR A T REREI BT R
RS ST SR R B, T 5 77 12 0 vey 0 P M A e MG
FE RN RE R0, BAT B0E I S B, T DL SE
Y0, ] 2 A Y DX XL ) R, i T L S B R R
ARSI R AT 1 SCI SR S0 E , 25 SRR W U
W B AR R 25 58 2. 3% , XU a8 ) 1R 25 O - 20, A
KBTI IR I BORZR . BRI M R E T
BRAR S EAEEE BHIHRRRKR, F—H L%
R R B R 4R D) R Oy s AT B b
P, ISz S EA BRI T
sEH
[ 1] MA B, TENG J, ZHU H, et al. Three-dimensional wind

measurement based on ultrasonic sensor array and
multiple signal classification [ J |. Sensors, 2020,
20(2) : 1-16.

[2] ZHAO C, CHEN Z, LI J, et al. Wind direction
estimation using small-aperture HF radar based on a
circular array|[ J|. TEEE Transactions on Geoscience and
Remote Sensing, 2020, 58(4) ;. 2745-2754.

(3] SR ERARLINVRRS, 55 BORFRCRMT 288

FOLFE BRI RERE T SIHKLT]. 45 806T
#£,2019,48(11) ;76-82.
ZHOU AN R, HAN Y L, SUN D S, et al. Wind
performance analysis and test of coherent doppler lidar
with high optical efficiency [ J]. Infrared and Laser
Engineering ,2019,48(11) .76-82.

(4] ZRUTHL. XU DN B &5 2R b 3¢ T /K IR IR 00 AY 52 i 43
Hr[J]. s 700 5024k, 2019,33(6) 1 103-111.
WEI M M. Influence analysis of water vapor correction
term in wind speed measurement results [ J]. Journal of
Electronic Measurement and Instrumentation, 2019,
33(6) :103-111.

[S] A2, RLE R, & Z4ER 7S I ae I X%
SUBESE [T]. XA AL 3R = i, 2017, 38 (12):



286

s XK 2 R

Ha2%E

(6]

[7]

[ 8]

[9]

[10]

[11]

[12]

(13]

[14]

2943-2951.

XINGHY, WUHJ, XW, et al. Study on ultrasonic
transducer array for three-dimensional wind[ J]. Chinese
2017, 38 (12):

Journal of Scientific Instrument,

2943-2951.

LIRES SV /i3 I e S D Il e
B B AU R [ T ] (SRR 2240, 2021, 42(2) :
228-234.

SHAN Z B, LIU X S, LU SH L, et al. Wind vector
measurement based on double array ultrasonic reception
array [ J ]. Chinese Journal of Scientific Instrument,
2021, 42(2) ;228-234.

R BUKE XIS, S BT 22 A R RS
Ayt SsE )], WIEEORY R, 2016, 35(1):
68-73.

LI Q, WEI Y X, LIU J, et al. Acoustic field analysis
and research of ultrasonic wind measurement system
based on temporal difference method [ J ]. Journal of
Oceanographic Technology, 2016, 35(1) :68-73.
XNHE R, A T M A U A% AR A KX e T R A
SELT]. IUFEE AR S5, 2018, 431(12); 105-108
+114.

LIU H X. Research on wind speed and direction
measurement based on ultrasonic sensor[ J]. Instrument
Technique and Sensor, 2018, 431(12); 105-108+114.
YANG P, XIAO C. Shadow effect compensation method
for ultrasonic  transducer array model [ J ].
Vibroengineering Procedia, 2019, 28.148-153.

LIUF A, YANG D S, SHI S G, et al. Augmented
subspace Music method for DOA estimation using acoustic
vector sensor array| J |. IET Radar, Sonar & Navigation,
2019, 13(6) : 969-975.

LI X, SUN H, GAO W, et al. Wind speed and direction
measurement based on arc ultrasonic sensor array signal
processing algorithm [ J]. ISA Transactions, 2016, 65:
437-444.

LI X, ZHU G, GAO W, et al. A novel ultrasonic array
signal processing scheme for wind measurement. wind
measurement| J |. ISA Transactions, 2018,81259-269.
FEpd b, FAAME, WA, & BFEARESPAA
WRES A B GE N BB (D] ot M TR, 2014,
22(12) :3377-3383.

CULY Y, WANG B X, LIU J N, et al. Adaptive
filtering of colored noise in digital ultrasonic signal [ J].
Optics and Precision Engineering, 2014, 22 (12);
3377-3383.

TR BRARAR, WARLL, S5, FURE IR MRS I RN
B R TT EAG T [T]. A2z 224l 2019, 44(6):

970-985.

ZHANG J, CHEN ZH F, CHANG J H, et al. Direction
of arrival estimation of higher order cumulant for acoustic
vector conical arrays[J]. Journal of Acoustics, 2019,
44(6) :970-985.

CHEN L H, CHEN K, LI C X, et al. On higher-order
moment and cumulant estimation [ J ].
Statistical Computation and Simulation, 2020, 90 (4) .
747-771.

STOICA P, ARYE N. MUSIC, maximum likelihood and
Cramer-Rao bound; Further results and comparisons[ J].

IEEE Transactions Speech & Signal

[15]

Journal of

[16]

on Acoustics

Processing, 1990, 38(12) ;2140-2150.
EEE T

B, 2016 4F TH MO FEAGH Lo
£, B KA BT PRI A A 0, I
FRIRAE TG H ARl 5,
EZEFE Iy ) A O H AR IS BAE 5 Ab
MR EEIE S A,
< E-mail: zbshan@ cust. edu. cn
Shan Zebiao received his Ph. D. degree from Jilin University
in 2016. He is currently a lecturer and a master advisor at
Changchun University of Science and Technology, and is a
postdoctoral fellow at Changchun Institute of Meteorological
Instruments and Jilin University. His main research interests
include acoustic and photoelectric detection, modern signal
processing, radar and array signal processing.
’ ERERE, 2019 SR T MAL LA Bk AT o
T, R EM TR ALHEAE, £
BHFRIT 0 ARSI E S Ab B
E-mail ; Islwey@ 163. com
Lu Shenglin received his B. Sc.

from Jilin University of Chemical Technology in

degree

2019. He is currently a master student at Changchun University
of Science and Technology. His main research interest is array
signal processing.

X CGEEEE) , 2016 4F F AR
SEIRAFE 2, B KA B TR 2R
AT I, BT 17 A5 SRS
Set IR, B A RGUEME (i 5 S
E-mail: liuxs@ cust. edu. cn

Liu Xiaosong ( Corresponding author )
received her Ph. D. degree from Jilin University in 2016. She is
currently a lecturer and a master advisor at Changchun University
of Science and Technology. Her main research interests include
information control  technology,

perception and  advanced

modeling, simulation and control of complex systems.



	Page 279
	Page 280
	Page 281
	Page 282
	Page 283
	Page 284
	Page 285
	Page 286

