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ARSI AT TR B, KR LA ) B A BIUR 808 2 58U 1 X008 B AR 2 500 m E 5 H X,
H UG 5 3 &6 B AT I8 30 dBCRE IR AR, 20200 . 2R, O A W 58 78 F B B 0 5 S 2o i i = 18] —
FOME IS UE T A7 AR W35 2R, FRR N b 2 AR BUN RN @R A Rt — PR

25 ML H B B o0 AT T VA B R R AT B W A 20 tE ] i BRAR AR R BEEE T Br . [H 4h %3 Harrington
(1968) 61 37. T 41 & 7% (Method of Moments, MoM), TR SEM T SA B A ™K B 25, B
Kouyoumjian( 1974) & f& T JL{A %8 5F B & ( Geometrical Theory of Diffraction, GTD), N & 7% &5 ¥ #L 5T 4
PFriffit 7 s S ok 7 5 XS PR AE SR AR JR T S SR B R & 1) TR A EE, a0y PEC2021) 8 H G
TR 2 T R R M IR AT IR BRI B R e BN RIS 2 A s S5k R R 35 R T A Bk
(MoM) )T &%, S IAWANEER . #— P, T CPU-GPU 7 & IFATHLI, A
A RBIRTE T FE AT RO, B T HAE KA F R T AR A B N Y

JRE 22 IR R BT T VA AR R E S s N BT R R AR A, G [ AR R A AT ) £ 3 AR
HLRGECSS A, RIAE: O FEIE(MoM)/E GHz B FITHE E 44 2 oVv) K, B kAR K
ML B 75 B8 10* CPU /M (Fu et al, 2023) ;5 @ %3 )t % (Physical Optics, PO) J7 4 X} 11 4 i1 4 2%
O f) 220 6% S ST i 8 BRRE T +15%s @ LA S 5 B8 ( GTD) 7835 3 X 1 2k 20 1) Rt v % 52 4 i v,
R ) e AR I B R A IX R ZE I 8 dB(Ke et al, 2015) .
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SIS W B A — MR T L AR R o L S AL, AR AN [ F SRR R o TN Ak U A T
(Radar Cross Section, RCS) 4 14 1] ZUAH B 48, 77 7% (Zhang, 2011), HIEARGEREME 1 s . 1Z G EER
K A 790 e WL 25 R I LT R AR R AT i 2 AL, R 4 LU B R B T o S SE IR IS R g AT & . R
1M, HFFt(Zhang, 2011) KB, 4 LA AL () 5000 45 5 5 52 brovl il 8 A7 76 2 3 I 22, 32 SEU5 T 9 J7 1 =)
BRME: B, EPXT KRB MR MENT T EZ R TR ERE, OEH TR B i 5 T 10
( Electromagnetic Interference, EMD 37 5t BUFR AR I v 40 s Lok, A0ORHRR M I RORE 45 28006 46 1 oK 4
FEHEMBRAR. HAEFENLE, BIEHEM LI RR S 2 RS RS0 B 5% S8 g,

(DNGUYEN M D, 2021. Accuracy evaluation of physical optics approximation for edge diffraction by conducting wedge. Annual
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Fig.1 Flow sheet of experimental measurement method
TESZIG I Sy A FE b, 10 T I A 4 R T & 4t (full-scale system, ] 5 N ) 5 4 i Y
2 4i (scaled model system, fi] 5 8 m) Z (B IR R . & RF RS2 SEPR B A H bR, 1048 OB 8 R
G TSR B E T RNAAM 4. BT EEN 2 RS RGH#ATLmMN EEA R AR, BIER
2%, DRLE T 7T IR 3 R R 4 TRORE TR AR G RS AU S B 0, AT P R ST 56 B A I 2 v s A AT
FERI A O T R g, LRG3 2 8O A e s W B S B Cln LT RUSE S R RHRR P AT b 5 5D
7 N A R 2 40 %% #1i1 >K (Sinclair et al, 1948) o AR AH AL R 8, AR AL 25K 2 s e I & R 1
ol , IR BETT DURA PR 5 HE AR Y 1 0 2 25 SR RE A A SO T HE M 4 RS R G A S B e RGOS R, A
17 52 e S 36 1A YR A P O 18 9 LA T RE N R R R R EEE . D T OR A RO R R 8 E 1 P L & RT &
R R R, AR R AL E R E . HIIRE E B8 He TR o, LRSS u.
I HLH B e L3 3R o SEPRES Bl Z00 A2 — € B4 TR A (655, 2004) , iZ 40 R RN
rn =kr;
W = k,w
E, =kE;
H,=k,H;, (D
o =k,0y
&m = ke&r
Mm = Ky s
KA rg A 2 BN AR R G RSP RGIAL B R T wn Moy 73 73 8 TEOREHY & 48 M4 R
ARG TAEFE; E M E5 3 NGO R M 4 RS RG R R BB Ho A H 7y 50 O 4 TSR 2
RGEMAERST RGN BRI oMo A AT RGEM 4 RS RGBT enlle N
AR R G4 KT RGN R i M 73 N AT T R G0 4 ROSF RGO RG-S 55 koA
JURT L1 B ke, J9 PR LB 8 K ke NI BB R B ke T3 BB W K ke, O HL 5 8 BB
ko 99 L B W R kNS TR ) R X G ) R O R A AR T 4 RO R AE R R e
AR RS R G, SCie I & 245 A% B 5 2 R KRG M B EBUN R, HEUE 2
AR 5 S 56 BT AN ) PR B AR 08 (Y, O R 8 I 46 LR R 5 4 RO R R 2 1) R 3 [ S8 B EE R AR .
BEAh, PIAS FGE B3 A2 22 5 3 O R (e i R A%, 2012)
V. XE;(r) =—jou (r)H;(r;), (2)
VixX H;(r;) = o (r) E;(r;) + joiy; (r) Ei (r7) » (3)
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X iAW ARBRGERES, W Flim: VxXE@E) ARG EAME R IRE: VixH, (r) N9 H,
NALE s AR, TR BB K B EOE . B i RARATE R RS (mO I, #H X
(DAANINB), AR R & b RECZ R AR
ku
(r=m

k. = o (4

M HE OB Tk REBO Z B BIR R, R 7RIS H B E 2R KRG HE LB
BE NS AZ N TEG], BREMRIMEHAEER B, 80T R & ke = ky» FF Hkik, =10
RGeS RE MG R G 230 (4), AT LL4 R ~F & 4010 5 18 B8 #1f (Radar Cross Section, RCS)
5 g B A RCS A LR K &R

Om =Kot (5
1.2 SREMEXENNAE

TE AR SO0 S5 AR RO I, 7 A 1) 2 56 A A B AR LA R 0 2 L e s RO HLAE Y, R 7
PR A R X Y BRI R R T HIL G A R B RS o s G E AT e R 3 H R T B
T E R, SRR IE SRR ST SR MORMRR D AT S LU 48 B0 S, Rl ik B AL
R 428 1 U WL Fr B i e B S A R, LR T BB R IR SR PR R MLE AT RS . AT, TR
S R 15 % 1 P B RN 4 OB AR R PR R PR A, 12 VR A I AR B

W EXRIHLE T HRBS RS, R BRI SR AR e BN . A, % ik
SR AR T I 3 B AT TR B, AT AR JE VR HE R I 2 X MLTE T 3% Y B PN R R R, B e
Yo By A . BUS Rl E SR . DRk, S0 S I B 0T 3% B4 BR O TT AT (9 46 78 T Bt (Bienkowski et al,
2001; Trzaska, 2001; Wei et al, 20200, 7] F§ T30 UEFIX L BUEAR IR S @ it 4 R .

T R HL 3y H R RS A I BT I, SEIR B M TR A RIS . B, EEEE
Kong(2011) A1 _E i 58 S A% 28 45 BR 2 &) (AT — 19, 2015) 5% I S 06 W0 B 3k 47 M40, L 8 45 L 5 s b
UL R 2 /N T 5%, K EEELE - Zhang(201 1) 4 HY T — Fi J - 55 B A5 48 OB 28 119 4 R ~F X 77 AL Fa
HO SRR T 779, R WA S HMEN T, R =48 0F AL AL S A A [F) W Rl oK A 2% 3E AT 1
S, DA R 79 AL B IA B AT (RCS)D .
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WA TH L ECR A BB SR AN A e, 2R BUE T SO VAR AR, I T2 R T AL
SYRFPE D BT, HE R A A A B TS T, 3K e TR O AT R R DA i R B T R R S
HCS 7 TSR 7 OB A BEAS SCHE, Ko BUE U VR S A B BUE U7 iR U N LR, AT AR A 1 )
PTG R P T T R A R R AR o AT R G B A T SR AR R S Blb R
2 b R 37 R R SO R R A R B SR L, O E RO B R B 0L iR S e AR U ik &
PEA TSRS, DO A REUE VSR 25, Dile X B etk S A e BB R ST
21 SSUETEE
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TIEMA, HaRETEniEal, S e e EA, FEARERZE MM, JLE
2% 7% (Geometrical Optics, GO) . # B 2275 (PO) . JL Ml 48 5 # i (GTD) . %) B 4% ) # i (Physical
Theory of Diffraction, PTD) LA K& U 55 B LAY vE o IR B8 VA E R S5 I %A M E: GO M1 PO
T P 2 Se S AN, & TR R T GTD A PTD @ i & 1IE 8 e R TH RS B, EiH 5
AR Fait E R,
211 HEERE

VL (MoMD [0 BAR R BUE LA, SRR EE A Ok Ew s LRI, @i
SR AT B AR B T R AR A e AR R B, WA B R A BRI AU AR o X R v E Ak B R R O
I R A A B 2 4 g I R O I R, B8 PR ORI B R . R R R B A
ECREAS WU FH AR B SR = AN FE AR R . S BN 7 U P R B E M 5 M LR MR R
o, PR RERIERBCR RN ER B LA S, FIHE TR R RS 57 7 R R 2 .
EOURE A U ok R 7 R AR B N R B — AL R 1 TE SR OB BR B, X BRSO B I R AT NV
YA FERL S, TR A 551 100 28 1R A0 P ARLIG AR oK N Ok RS 1) N B O RR R LR R B O R . R SR
ok FR R Aoy T FR AN R 22 4y T R B R o 7 RR AL A O A BR SRR, T R SE AR T FR A I R
% R 3 A B R S G R SR AR AR FR A

MoM A7 1 A B 32 38 I 1, R 00 T A A A L ART 45 F4 RN 22 b e 1 1 R S )
A, Rk, FEE R RIS I R A S B AN . A, MoM STz B T H bR T I B
BIE(RCS)HH5 . BB R BRI BR B it K H AR R ) 25 408 . 3 3K 0 SR i A 4y
J5 PR B B N FE T FE, MoM BE 5 B2 Ak RS A I SR A, 8 SR L A 45 A %) P R R e
N

ANEBAM R, MoM BAFTEE — Lotk o, oo d5 S 98 1 1) 7 1 3L T H 550 005 R0 A7 i 9 THI 1)
7oK o MoM A= B I BH B0 o B 9 #8235 B, A7l B 2 O(N?), 185 A FH a2k ARV SR A XA 119 MoM i
JifE, HiMHEHZ KON, o Ny MoM K i F o 25 B ks iR AR A ISR, K
RNIER S W KRN EE SR Z 7 MoM N VG, WXt iFEHLEERE 7
M EER . BEETHE H AR IR SFIE 6 K, MoM Wi SRR H SR R M, o Ae kS i,
T A G Bk T v Ay, L R AR RN IR B R R 1 TE R 2R B 43 B O(VE) OV, BT LA
TR AR K. Ak, Q02 FEH T — Al T S0 B 0 R L TG YR P 1 R R IO R
THE I, XN T E TR R RS R s KRG LB AR eI g R, SRR, %Ok
THE 45 S Sl B A RN — 8 BAE TR R A s SRS EEA L, 1%
JFVEAE SRR T R A A A B BRARN E ORI 1/34.64, MR TR SR MBCRIET 7 37.95 1%, BERE
TR, FF R JE 8 s ) T KR 3 O XL R Z 20 7 A B i AL B e T B
FEAR S At
212 YEAFE YRS

VI EL S 5 (PO & — P TE g AR ALk o ) 2 A58 FH ) F G R o b 7 v, LB AR R B A S AR
R T A M B B B R Y SR A b TV, SRR N S B R R TR, WAk 3R T 4
MR FLE ,  IX e YA D IR R IR, TR S R T U Y . BRI IO TE T
R LI B I S ON B i R R AT B, R LR 3 AT DA A X SN R R A 3 1
BN ZITERERIE T RO . RFRR IR, ik B X7 X T R B LI R RS AR

PO VLA 5 78 T HAH H AR, U e B KR g . A BT 49 Bl v, PO VAT LL
REWOIEFEMMFE, WHZTEETERNDEMSS, 5 TEMEMNSI. ERHEHT,
PO VESRAL T — Rl LML, REOE AL HR I K 5 WM R T AH M B NS oL, X 15 € 78 /b Bk
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DA HE, 37 S5 DK TR 5 K (1) R G RS ) R RS A o YR SR (201700 $E Y T — ol R T AR T A A R (R
T RCS tHH I, 2 7R R L3S B2 &5 40 SR 25 RO 2 A Al i 5 R B8 RR ) Tl Ak s g, L
THER AR AL G A W BN 22 ik 4 T 2 88% (T H AR BE YR W AR W 2 PR o AR, il U Y A& T 3
WEIFBH 5, EM RGN B 41 % 58 55 55 k5 90 Ak o i U e Ve SR i b A7 A2 B B R
FR M, 2454 B 18A BR % 43 (Finite Difference Time Domain, FDTD) ¥k 8k £ |2 4R # £ )k + 5 1 (Multi
Level Fast Multipole Method, MLFMM ) % 4=y #0877 V5 SE Iy K FE 20 o AR HE 28 55 (2014) #2 Hh )
F B W) B 22 R 45 G i ENLEOR, ik 5l NGRS RN B IE M = s A A, RE R R AR B AR
HONCER A € I A

SR, PO VELEDN R I 52 X 3k 19 B AFAE R BR M, 3 R TR H PO v JE v H 5 B 52 X 358 1) Jk 87
WA, 5RO 3 1E SR UE 6 R B K (Grande et al, 2015) o 7E 11 5537 37 F G ST A R ) SRR R
HT R RBAEASRG R, HEEEJUMEEIEK, WM 7ot B8 RE. EHEE
B AE, POVEA L H 5 B, BN I FEC 37 2 TR B9 58 &R FF AR X AR, 1% in) AE B 52 X 38008
R, WX PO VERIIX — 6B, Ufimtsev T 2007 S 42 ) 7 3 22 4 2118 (PTD), HPIE I 5] Nl & %8
B HL IR TR A IE PO ¥ 7E B 52 X 38 1) oF 5% 2 (Ufimtsev, 2007) . 5148 PO VL AHEL, PTD it B &
FEZH ARSI, IS TR B G, 18k T AT A8 DR 7 B0 m I oH SRS B2

PTD ) 5 A J5 BE 2 4 1 G AN 2R s WL 9 SR SR, 38 0 5] N30 5 v Y R T s PR W 4 38, 8 A 3K 48
DX 358 P 5 AR e o P O B A AR ) 0 R A R A 7 A A R R S AR, 3K A R N o A ) R
YA A E RN TR, JCH AR Y 3O 2 TG VR AR TR0 B 52 X S T O G R T A ) L AR R
PTD tH5H AN 560 240, XS K5 PO LA R BUR M &, M1 3 5 58 21
S 3 TR o 3X T 77 ¥ R A Ak i Ak B R A YL ) PR R U BSOS ) R T A AL B R A TR R (0 W A
), PTD et 42ttt POVETEHEMA I 45 R .

Yy PR GROp BAR AR RE T L RE RS SR Ik LU BEOG Sk B s I RORS JE, JU AR A P B R B &
AT LB AR 15 DL o PTD Re 8 v 50 H ] 52 XIS 80U 3, X2 DR 2k i Bk 20 i . k4t
PTD 1 &b B 1y A0 L 0 5 IO 1) AINE, BRSO MERR I 25 S, X Tilg B LI 5 B AR 45 i 1)
FAL ik HACO R P A AT L R B

VPG BAS WAFE R R . E %6, PTD MR B 0%, & 2k SATAh i34 2k v i A T
RUELL, SR T U S M BE AR (] o H YR, PTD X TR AIE LN YRR B ) R T B AN
MM, HovEEEENEMEL NS EISR. %, PTD M HEE 2R T HE R EE, T
e AW LA 25 /) B AR 3 S M B S SR SRR R 15 L, PTD ml e Lk R i s & . Bk, R’
& PTD 1E & i WU 3 OIS FE 05 i B W AL Sy, EAESEBr R H bl g /5 22 5 HoAh 7y ik & H
DL e i G R BIR A I 4 v 2 i 1 4 A e
2.1.3  JUAT 6 % 3k fu JUAT 48 4t ok

JUART 6 5 (GO VE (1) Fk A4 AR 22 ol T vy A0 P 0 9 (%) A 8 0 0L 006, T 9 (%) A 3 i i ] DA SR P S
238 5% (Ray-Tracing) , P HR 9% Uk 1 26 171 () TR R SR 1 08 S O AR R (H2, {8 GO ¥ 22 1 BB 52 X 45
H e A NE R X SR I RN B AR S S RS E N, YRR
EBRATH e 2B . S AMARGAEY I AESE: — RS X AP X Z [ iR,
NGt B 5214 5t (Incidence Shadow Boundary, ISB); 5 — &b J& 75 & & X A1 ¢ 5 AN B8 21 2 1) [X 35 2 [
M5, RO A B 52 [X (Reflection Shadow Region, RSB) .

GO MM mAE T HatE 7M. M) 7 Hol %, USR] 7 Z M. A1, GO LA i
SRR, e EE TR A, RS OGS, AR A B B AT IR T I RN TR N T .
AN, GO VEAE TN G o R 5 0045 38 I RN A7 AE — 58 R 22, R R 2 e Al i /) L Bl i kK R
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SRR, X Rh R ZE ARG TN

JUAT G255 B8 (GTD) 2 2 T JUFDGZIE I T R B, B AR IR JLARDG 2 75 23 B e 58 IR N 14 =)
PRAE, HoAZ O BB ARG R S 2R ML ST B G b, G 51N GG N 2 2R 4 0 R R B U AE 8
BIBRAS W IA S . R, i AN 8255 S5 M I I SE AT AT o IX P SR S 5 26 W] DAAE BN R R i B A L
) BE 2 BN E S R DX A, e n] DA AR T R B BON S AL . GG A A I RE S IE N
JURDE2A TR, WAt N JLRDE A AR AL, X0 BB T Bk 5 LA ' 22 A e A7 72 19 B 5% X 1Y
Y. B, GTD SCik 1 JLARI G 52 A5 B 52 XR R SR s, [R] B (56 BB DX o (i S I e 3 . &1 2 2
BN IR LA SR A AR

/
\ |
\ /
//// INTE

(a) [ G A L 5 (b) FHiLE
B2 ERE/ LTSS R

Fig.2 Common models of geometric diffraction

SR, X PP AL TG 26 2 B, 7R JLART o 2 1) BE B IXORI B 5% X 3l Ak 2k 3. IRk, 7R R R
~FH bR I RO R T R LA B A . o an, SR AR (2023) 7E XU AT B B 1) FR G O R
PG FC R AR LRI e A M B 2 . BRSO R B S, A S RS R B A T B —
FVERA s 2R 007 7E JUMT S BHE R BERE b, SR — 80 J U S8 5 ik 58 il 1 % 58 36 WM 6 T8
it [ 2% 1 e 5 75 3w A AL AR, il b XU HE 3 A RO R ST B A I R RS R A M B A TR Y
B,

214 WA KRB MR E

BT A B IR L v e K g X I SR AR B, S ST SO R R X (R AT B T
gify b, W BRI E R SERE RIS A s R s LR, RO T DLIE AUl D A K B A A, B
BH— RFN S B H B, KB B H O A — R B G B2 % 22 O s, i TR S K
N 2 I R R K N . S SRR ML AR S5 RO B s H bR, HLER A R A M 5 v S R TR A [ 1
ST ITIEARL . BOES A B A A vk R YR T BT HL . R A5 R R ST B Ak R IA 1R 4
CH MR T 45, 2014; BRAK W25, 2016), %7 M B RAE WA 3 Fin.

Rashid % (2007) f5 -6 S5 5O 55075 51N 21 BRI 7AW T 5, 0B R LSRN
— RGBS HHUR A, X RCS BEAT SR AR, A X KUER 37 B 1 RE P HEAT 0 BT . RAZ S (2013) 7
WS — R IA BT T, I e A O SR R4S B T A S XU 3 A T TR — S T
Tk R, JECAL N SR, BEAT IR A, M1 R S (2015, 2017) 3 i ek B A B i A
X E Ik 5 R b T AN [ SF TH 0) FR OA [ AT U B, R TR B AU I Y (Y B b, oK B ]
AR T A B OOUE M R, b T 4 A B AU Y 5 0 A RO A, SEBRAS (R A 1) R R RO
PETHSER 2 385 B R Ve 20 M o R (20190) JE ST T R 505 A0 SR OB R, R T U RO AR () R
PEH T RO O MR, R PRI R A [ 8 S5 RO 3 T O O 1B S D AR, SRR AU T A [l
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Fig. 3 Flow sheet of calculation and analysis of the scattering point model
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Progress on the Method for Studying Electromagnetic Scattering
Characteristics of Offshore Wind Farms

LIU Rongda', LIU Zunnian', JIANG Jie’, SONG Haonan’, LIU Jing', ZHANG Ruiqi', LU Yihong'

(1. School of Science, Qingdao University of Technology, Qingdao 266033, China;
2. Yantai Communication Center, Beihai Navigation Support Center, Ministry of Transport, Yantai 264000, China)

Abstract: With the rapid construction and deployment of offshore wind farms, large number of wind power related facilities such as
wind turbines, substation platforms and power collection systems can generate electromagnetic interference to the surrounding
environment during their operation. To mitigate the negative impacts of such interference, it is crucial to focus on the
electromagnetic characteristics of wind turbines. Therefore, the analysis of electromagnetic scattering characteristics of offshore wind
farms is focused on and the main methods currently used for this analysis are systematically reviewed. These methods include
experimental measurement methods, high-frequency approximation methods (such as method of moments, physical optical method,
physical diffraction method, geometrical optical approach and geometric diffraction method) and full-wave numerical methods (such
as finite element method and time-domain finite-difference method). Through comparative analysis of the applicable characteristics
of several methods and for improving the computing efficiency as well, it is proposed to introduce multipath effect analysis, expand
the scope of model application and combine deep learning techniques, and it is also proposed that the future research direction should
be to combine multiple methods to achieve more accurate electromagnetic characteristic analysis. All these can provide important
references for the optimization of offshore wind farm deployment and the study of electromagnetic compatibility, thus facilitating the
intelligent and sustainable development of offshore wind power technology.

Keywords: electromagnetic characteristics; scattering point superposition method; method of moments; physical optics; finite
element method
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