#S245% 118
Vol.52 No.11

o otk AR

Infrared and Laser Engineering

2023 F 11 A
Nov. 2023

£ EPAEEL

RN, FALHE, K

(LYEBEFXFREEAFEIRS

2. PEMFR EERSE

EFERKFIR,
M BHMAT RPT = R RAT B

UL T kAR iR R E T AL

KSR, AR I AR RS AR A

*L}ﬁt)élﬁ

LA H B 2661005
NEE o]

B REE LT, EiE201800;
3L RBE RRGEFDAFEHMAENIREEE, LA F5 266237;

4. F BAEM A ¥

O EaERRRCHLR R RAEARAS &, WA A T ERFIG R R H T T it

W Bt g, AT 5 -FHBATEMEA L
7}:}14}—?6 /l%#%’fﬂ:-}i/@
D H T IRBL AT IR A A A R

SHBEATEAE, L& FEH 266100)

—F R

VR R F R, TR AL E 5REIE 8, APATE
Tk B W@ IRIE T IR AR B S A BT A, 28 it R R RO B 5 R
e, IT 5N 0 A A AR XY R 45 R I

SR B R T b, 4

stiaFg P R HVAS ) M IR R T AR R EIRME R E R A, @ BRI E AR E A B AL TR
PR AR A A S 7 kA% 5 0% B RURAG . AR B BRI WL 238 I6E %R AL ik 04 SR A 1R
B IR 2 2.8%, BIRE T 2.7%, B EF T 20.86%.

*ﬁilﬂ k%)"ﬁ#’;
FESES: TNISS

KRB AT,

0 35l

[l

RALE (LT RIFR IR FRpL3E b Tt 7=
Ao HIEPLRAFIHL R BRI, 2R TR
TG LG A LA A g 8 A o R AR A 25
4, E PR RATA S
ion, ICAO) & T IAIE Y fie KR K 504G CHLKI 4
3+1 2% (AL, Al FAY, A380), A X BB I 2 ]
SR A ] R /IME . B B HIL T AR
(& AL A 18 i T SR 19 55 H AR, ARHE L 451 1Y
PLALEUE AL I8 17 75 R B il 5 1) RAT 4 42 ] B s
WEIE A O AT BEECR & R (BRI 2 . XF ik, ICAO
A 2 B IR 25 Jm 5 BROM 45 1 Jmg 2 ) JF J 6 F 8
R 73 2SR AR i (RECAT)!,

RECAT 7 % ity EUE R AR A1 AH 48 CHLBLAL . #1475

(Internation Civil Aviation Organizat-

ks H#A:2023-03—22; &7 H#A:2023-06-02

E&H: HEAREFF AT (42106182, 61975191, 41905022); LA H AR H 4

LR R A 5
WHEkFRES: A DOI:

e ik 17 A
10.3788/IRLA20230160

KGR 0 B S5 S B A R 2 TR
(Y TRCATRRHE R A 2238 3 9O TRk A5 4R 0 B
I, SRR, A R U SR B, nT S L
IREE T R i i 7 B S R W U X RO TR R
LT B4 1) 2 R 7 B B U 1 433, T 4 S R A
TR DU it (45 96 AN T R A A 2R Y ik o

A5 R DT I A O 32 2 0 ST 5 IR E S B
S BB ASE Y, R a5 3 A SR A B AR A
LA, PR BARSECR A 775 . 2005 4F- R. Frehlich
SRR Y B R ABIAR T 1 2018 4F Gao H 251 4
A B8 E Tz k. B TRIRSRLH
S5 R0 1) 52 2% FE EL AR, 9228 0 1k B R 97 4 A X A
K, BT ICTE S EL R IR 15 B A DR A

BT HEEMKLN BT R %
T3 R A 3 A 4 2 Ao R T T A AN I

AETH H (ZR2021QD052)

REE RN 5, 6014, 2RO E IR AL TR AT IS o
SIME v A, 5, B, WL, RN IR ORISR 5 N7 TR B
BIRAEE: RIS, 55, RIZUR, [, BRSO RIEOR 5 R T T TS .

20230160-1



ISk A2

% 1147

www.irla.cn

% 52 %

filt b, DAG5 2 1 2 10 i A A v X6 A 1 SR A o
2011 4, Hadi S. Wassaf 255! 41 t i) 3L F ik vh 3806 75
K ZR G U 1) B BE IS N % R (DA R AR <D 1) 2
JE#L), 2015 4, Smalikho TN 2510 48 4 (4 F| FHAH T £
e MO IR R A R R e S HUn
12 1) TR O vk (AT R RRF ) B 74 ) . 2020 4F, Li
AUV B A R AR AR O R Wu S SEP AR H BT
AT 2235 SO B IR A B R AR ) IR Y T R
HAR BN T (LR R AR PR U Jr k) S5 R T %
Kok,

Wb, B LA 7 > BRI TR BB & g, ik
FRENLARAAY IR L0, B AN T2 M4 1Y
BRI BRI AN e U 22 I 4%
TRBLE T 7y 0 AE ARGk . i T AL ik
£ Y e P AT e R D R T R A 2 T TR I A R
T R I35 0 6 4% 28 1) T AT e 32 bRk Ak
Ttk

FEZE T, U ) R kB R K (/)
JEAL A R SR A A 1R . B R ARIE(E M L
T — 7 3 PRI P, 5 R T Y 0 3 BT e — e
AR 7 7 0 T B 1 2 52 80 00 AL B BB (Ui U
W) (T HE o A ) 3 36 R R 3 4 e 7 R A
3 1 A ) R 2 £ S B R T o R gt . (LR A
YRR R/ R RGeS B IR TG . AR
Va7 1T EU N 20 /5 5 R iy e i ey i L R SIDEE B
PR 7 20T 10 Y B 6 5 007 8 e Ak ol AR R i . HI
TE BT ARTER, HLAE— R0 0 7 B ARIE— 2 1Y
KR o PR 7 kS S5 5 T U ) o R Ik 5 AR 1)
JE W 0 O ait, B T PR SR A 2 e 7, ST 4 A XL
553 B T o AR T VR AE SR R AL i U
SOAEE A2 BRI R T R R iR A LA
TN IR ek i Y 15 2 K I

Switzer G 5 ' gt A R[] @142 Y ROI (Regions of
Interest) (M4, RV i %6 B 38 5 46 T DX 3800 ik /)N
I 305 18 e B 5 e MU I T4 . (R G /2 rh 5 1158
FM AR 2 S W E S, BRERENE
%%, Chun Shen %5 $ H JL T Gabor 3§ 1 #% 18 &
Sy CHLR IR P AP E ()5 1%, ol ad Gabor I #%
PV — 2 T 1) L A s XU (] B R R R B A

fiE, 1B Gabor 11 {5 i 3T A~ RE 410 1 5 i 1@ 7] 1r] f9 DR 32
T,

oy S B2 R AR 2 18 T S A R U ) K A
(4t e Ak 3, SCHoRk PR TR 5 2 Ak i X R
FET7 D S PR R R R B A s, [R5 AR
0 B B8 B R AIE, DX TR 25 SR B IE, LAt £ RO 25
R ATEEE

AW TA AL J5, P AF HIZ5 % 19 2 I 2 1 A AU SR
fifR 5 B, I LA B IRR R AE ., BH H 5~15m
AR N BB AR N B i i R =, fHx
i iR A g5 R A R it e 22, PRE R0 T 2 B
TEA1 48 1] B P 2 i AR A5, S A B R i TE A AR 4
A1 PN T R B R i R B A O 2 (B, S b U3 ok o
JRE 103 B8 3 A I Ok S AR i 4 R AL IE

AN, PR SR R U R A SR e o 15 L, R i
AL it 228 T8 BB i 2% 236 SR R4 SR 7 A T, X
AF AR AL KA IR LA OE, FL W AR AL
Lamb-Oseen (L-O) # %Y, Burnham-Hallock (B-H) #& 7!
1 Proctor B = . L-O A7 &l 12 Navier-Stokes Jr
PRI LSRR A5 2, 5 N H TR IR AL ALl b B-H A2
£ F Monostatic Acoustic Vortex Sensing System (MA-
VSS) Edla A 2, S B AT )2 R Z —, N
FHTHOETE RULI AL B R RASAD LS R 2 13 1
188 11 i 37 A s Proctor AU L TROG TR I WL £k
PRAT B, L T P B2 i s A 1Y) R TR AR AL 4]
itk P B-H RS py SN AR A5 2, A1 L L-O A
FMESE . Proctor 15 1 U B 5 5 T B2 i 1 4] 4 1k,
TE 5~15 m 42 P 119 2 B2 B 2 it FE A8 AL AN BURR . 7
OG TR IR RN Ab #E ) B-H AR ALK 5 R H U, S
T B-H BERALA RR T, DA G it 221
I

1 XHERFHESHORA %

SCH TR AR VARSI i pR s RO 7 B Y
Senh B Ak, HAPUN RN 1 R . JnETE R IRAL
UM PR 25 R E P D7 AL, 5afs T4 2R A ER
IR (B 1 EIRN A S RE BTk R —
B W E R AR A O . 28 AR B (R
JRi AR | SR E | RO fED) S A RO A A

20230160-2



s Gk A2

%114

www.irla.cn

/ Original data /

v

Data pre-processing

Regional agglomeration

Solution of wake vortex

position

Match condition?

Circulation of wake vortex

Circulation correction
(new method)

1 RN R AR

Fig.1 Process of wake vortex identification algorithm
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Fig.2 The enhancement of broadening effect under the influence of

wake vortex

40

Peak velocity

2 30t
=3
e .
S 20} Max velocity(V,) Max velocity(V;)
% (Low value) (high value)
= Noise threshold
s 10
2 /
a b e

-40 -30 -20 -10 0 10 20 30 40
Doppler velocity/m-s™!

Pl 3 BB 9 R R

Fig.3 Schematic diagram of spectrum width calculation
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Tab.1 Validation conditions and discrimination methods

Verification conditions

Judgment method

Proximity verification
Similarity verification

Size verification

There is no region between the identified two vortex core positions that conforms to the characteristics

of the wake vortex

The ratio of Dy value at the position of two vortex cores should be within a certain range

The number of elevation angles with high broadening at the identified two vortex cores should be

greater than a certain value
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Tab.2 Main technical indexes of 3D scanning coherent Doppler lidar

Parameter Technical parameter Parameter Technical parameter

Wavelength/um 1.55 Speed range/m-s " +37.5

Sampling frequency/GHz 1 Speed accuracy/m-s ' <0.1
Pulse repetition frequency/kHz 10 Scanning servo accuracy/(°) 0.1

Pulse energy/pJ 150 Scanning speed/(°)-s ™' 1-50

Pulse width/ns 100-400 Data refresh rate/Hz 1-10

Radial detection range/m 45-6 000 Power/W <300
Radial distance resolution/m 15-60 Weight/kg <90
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Fig.9 (a) Site observation of Chengdu Shuangliu International Airport;

(b) Observation scheme diagram
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Fig.10 The diagram of observation results. (a) Radial wind speed

diagram; (b) Spectrum width diagram
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Tab.3 Cause analysis of abnormal identification
Error type Cause Concrete analysis
Low strength Radial velocity component of wake vortex is close to background
(18 cases) wind speed
Dissipation Unpaired There is only one vortex in the scanning range
P (34 cases) y g rang
Low strength Tangential velocity is close to background wind speed
(31cases) g ¥ g P
Due to cross wind interference, the maximum
Crosswind interference (minimum) radial velocity found is independent of the wake vortex,
Misreporting (1 cases) and the characteristics of the wake vortex rotation are not correctly
identified
(93 cases) . Due to the decrease of wind speed at the ground, the maximum
Ground interference - S .
(2 cases) (minimum) radial wind speed is not related to the wake vortex, and
Interference the characteristics of wake vortex rotation are not correctly identified
lusi . .. .
(()3C CC;l::S))n Covered by aircraft, wake vortex feature destroyed, recognition failed
Wak t istorti . . .
ake vortex distortion Failed secondary verification
(3 cases)
Wind speed data anomalies Abnormal data at wake vortex position, resulting in failure to
(1 case) distinguish properly
False al . . L . .
alse alarm Data anomalies Existence of similar wake vortex structure by interpolation of some
2 cases abnormal data
(2 cases) ( )
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Optimization of aircraft wake vortex inversion algorithm near ground

based on Doppler lidar
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Abstract:

Objective Aircraft is one of the most important inventions in the early 20th century, which gave birth to the
development of air transport industry and changed the transportation, economy, production and daily life of
human beings. Subsequently, aviation safety issues have gradually become the focus of attention. The emergence
of heavy aircraft, especially the emergence of B747-100, makes the aviation safety problems caused by aircraft
wake vortex can not be ignored. Accurate identification of the position of the aircraft wake vortex core is the basis
for dynamically reducing the wake vortex spacing. At present, the vortex core position extraction and vortex
intensity evaluation based on coherent Doppler pulse lidar observation data have been realized with the algorithm.
However, the interference of the background wind field and the need for calculation speed are major technical
difficulties for the application of the existing wake vortex identification algorithm. In order to further improve the
environmental adaptability and calculation accuracy of the wake vortex identification algorithm, this paper

conducts corresponding research.

Methods Aiming at the requirement of near real-time output of lidar wake vortex detection results and the
problem of inaccurate vortex core positioning in the near-ground environment of existing algorithms, this paper
optimizes the previous identification methods. By referring to the tangential velocity method and the concept of
ROI (Regions Of Interest), the region is focused to reduce the introduction of interference. By referring to the
radial wind speed method, the rotation characteristics of the wake vortex are introduced into the solution to
improve the anti-interference ability of the algorithm. By referring to the fast identification method, the spectral
width information is combined with the radial wind speed information to improve the accuracy of the vortex core
location. The path integral method is used to reduce the influence of ground effect on the solution results. By
referring to the optimization method, the verification conditions of the solution results are set up to improve the
reliability of the solution results. Aiming at the problem that the deviation of some circulation calculation results
in lidar wake vortex detection is too large, this paper optimizes from two aspects. First, for the circulation
calculation deviation caused by the movement of the wake vortex during the scanning process, this paper proposes
a new correction method, that is, the displacement of the wake vortex is calculated to correct the velocity
distribution of the wake vortex, and then the circulation of the wake vortex is corrected; Secondly, the error
sources in the correction process of the idealized aircraft wake vortex model are analyzed to reduce the

introduction of errors in the fitting process.

Results and Discussions  The calculation time of this method on the standard personal computer is usually less
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than 2 s, and it is verified by the observation data of Chengdu Shuangliu International Airport. Compared with the
fast recognition method, the correct recognition rate of this method is increased by 2.8%, the false negative rate is
decreased by 2.7%, and the false alarm rate is decreased by 20.86% (Fig.18). When the wake vortex interaction is
strong, the consistency between the circulation correction method and the B-H model is stronger than that of the
fast identification method, which is closer to the calculation results of the circulation theory (Fig.15). At the same
time, this paper verifies that the introduction of near vortex core data will increase the correction error in the B-H

model fitting process (Fig.16).

Conclusions It has been verified that the optimization method proposed in this paper has significantly improved
the recognition accuracy under near-ground conditions. Due to the complexity of the real atmosphere and terrain
environment of the airport, the method still has a small amount of false identification, false alarm and missing
report (Tab.3). The circulation correction method proposed in this paper mainly focuses on the circulation
calculation problem caused by the stretching or compression of the wake vortex. In the future, it is necessary to
consider the circulation deviation caused by system factors such as measurement resolution and volume averaging
effect. NASA is also planning to quantify these errors to improve the ability of lidar to measure wake vortex
intensity. Continuing to optimize the performance of the algorithm will be conducive to the application of lidar in
airport security, aircraft design, air refueling, ship landing and other scenarios, and provide reliable data support

for the realization of intelligent aviation.
Key words: atmospheric optics;  aircraft wake vortex;  lidar;  aviation safety;  fast identification
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