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Abstract: To address the issue of waveform distortion in differential currents of transformers
within flexible low-frequency transmission systems leading to the failure of traditional second
harmonic restraint principles, a novel protection method for low-frequency transformers based on
empirical mode decomposition (EMD) and time-domain projection area is proposed. This method
first uses EMD to adaptively decompose the differential current into a series of intrinsic mode
functions (IMFs) and a residual component. Subsequently, the time-domain projection area of
each IMF component is calculated to construct fault identification features. Based on theoretical

analysis, threshold criteria are set to accurately distinguish between magnetizing inrush currents
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and internal fault currents. A simulation model of an offshore wind power flexible low-frequency

transmission system was established using PSCAD/EMTDC for validation. The results show that

the proposed method can achieve accurate identification within 60 ms after a fault occurs,

demonstrating significantly higher reliability compared to traditional methods. No misjudgment

occurs under various interference conditions, including different closing angles from 0° to 90°,

typical harmonic distortion rates of 3%, 5%, and 7%, and Gaussian white noise with signal-to-

noise ratios of 20, 25, and 30 dB. The proposed method effectively overcomes the shortcomings

of traditional approaches, exhibits strong robustness, and provides a feasible solution for transformer

protection in offshore low-frequency transmission systems.

Keywords: flexible low-frequency transmission system; low-frequency transformer protection;

inrush current; empirical mode decomposition; time-domain projection
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Fig. 1 Low-frequency AC transmission system for offshore wind power
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Fig. 2 A-phase differential current second harmonic content
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Table 1 Results of second harmonic braking of low-frequency

transformers under different operating conditions

BRI WIS R % il 3h 4% R
AR B2 b >15 IR
P AR 3 >15 IR E
A 8] e >15 R S
= B >15 R
= A >15 E 3 1E

3 RMIAR e R4 5 ik

H i, 5 T35 5 20 A a9 U3 O ik 32 24K T4
HLE AR 5N AR e SR T, AR B AR 4 AR —
4 JRy W3R o3 A 5 v ME U B 45 5 0 R I SRR AE
T Dl 0 3R 1) Al ST e AR M 1 1 88 SR A B A s N 2R A 7
KEA BT . /N ik AR 4 B HL A — 8 1 B0 SR B AL g
I A A BT R AEAR KRR BE b AR T /0N I 56 pR %k
RO TS0 4 L X A T UL T RE S ECRRAE 4R B SR
AFE ., TR PR TR A 2 A SCHE
& B RS R A PR 22 S LA 5 .

3.1 ZHRESHIBERFIE

2RI A o R A% O AR R Bl N B —
B ARG S o) g — A B R A
TERES BREL by (1) 5 —DFRRTr, (1) ZH, HA R
Vo e BPS AU S L e R NI N N CTDAN: ¢33
S E BBk KRBT

() = D h() +r, () 3
K. i IRPEA IMF 4y &0 R IMF 2 &1
S

FE AL BRAE 5 B, U I B A A SR AR R A AR
JIMEL S I = RO 2597 {1k 3% 1 T A B WA SO
[ SN TS5 = Nl N N S S5 iU AN R R (P
H L 2% 28 (9 SE A e, (0 R

my (1) = %[m(z) + o (D] 4)

:T?tq:‘ v (1) vy (1) y‘:’ %%L\T@éﬁ'éfo

zkxb. xjtu. edu. cn

SKEUIME Z3 S 00618 2y (0

(@) —m, (t) = h, (1) (5)

P SO ERE NS A SN0k & €k T FN R IEiS

AMED 5 3 Y B 0 U A B 2 A 2E

TEAT: FE I TR] 8, Fh Ry BB AR AR E SO b A 4 22 i
JRFR R /IMEE L TN RN 0.

W Ay ) [RIBHHE DL BB AS o 8K %5 5
LRSS 1A IMF g3 & R AN LLIZR 5 o
filt s BB . IMF 233 19 2K BB 8 75 2445 T Ik
iy AR

hiy (O = x() —my, (D)
Jhlz(w = hy (&) —my, (D)
< . (6
‘h,-k (1) = hige (1) —my (O
bk RoRE IR, (H 2 2 i B AN S
A BRI R Sy AT R
- hig—1 — hu z
= 3 [ o]

t=0

Sp JE?*T?EME%J 0.2~ 0. 3‘,%,[ hig %Elﬁ%ﬁ“ﬁﬂlﬁ%
14~ IMF 73524

D)

hy = C, ®
A F T EORAYEE 14 IMF 4 )s , B n R
Bk A4y (1)
() —C, = r () 9
PRI o (O BG5S ERE LR TR 15 305
R IMF 435 .Y r (o) T SR i 52 i, BI
F () R,
3.2 IMF S =mEERITE
ARG HE AL 45 IME 43 i 6 I 06 15 5 19 57 ik
JE 38 2o 1 A R L A B R RS o i
TEJR IG5 5 BE 1t 4 A0 T 9 VA o L

Sy = ﬁ" | h: () | de (10)

0

S, — J o | de an

A Sy A1 S, 733010 IMF 73 Fi1A% 22 26 36 6 1 A1
OF st ~ t, ARAEBEEE A 1A I E

TEAR 5 20 Hr 01 10 0 326 5 b, 7 SRl Bt e iR
B HCEY I 25 P 5 o0 B O D0 L ok O R R
— ™ JE A 18] 45 2 23 A 2 B 1. 00~ 1. 06 s, A
T IMF 73 B 7EIZ 0 B A 0 8 A KR iF {61 o FR BE
RE B IS Hilf P2 P 25 A B 5 LB 5€ B BT i R ik
Ji 4




%5 31

o R S A5 < 3 P T b XU AR B T A B PR A T R AT S 189

3.3 RIPAE
FIHR (D), X IMF 438 h LR R BN
S,

Zs +S,
qrb: K, J& IME Jp a5 85 5 i AR A,
P E

K, (12)

Koo = Ko (13)

s Ko FEAS IMF X 19 K, R RAH s Ko b
50 e B 4R v RE A RS E (A

HY T il 6 T A R R R S L 4
LA AT R IMF 43 5 00 8 & 4 A B
FEPE SO R G AR S LG AR X AN . AR AL
F B E I IMF 43 ik BB 4 9T Ry 4 p, X R 3 5
SRS B E R, B RS IMF iR
AEXF 46 ) IR S0, B OB AT A T 2.£, (100/3
Hz) Bt i IMF 43 &5, BE AT RO0AE T S0 Uil I 4
LRI T £, (50/3 Hz) BT /) IMF 434, B AT
SCHEYE 29 57 1

A5 IMF 435t 5 B 06 15 5 76 i (]l E i 5%
SR 58 Lo K, THR SR NAE L0, 1] 2 1],
FF LRFEAE AT, IR B AR B i T S L e B
HEAEP SRR BN IE A BE N 0.5, HAM R
B S R R P R AE R A KL PR ) i
K iH8EARXH

= 0.5K. s

K. MREAB Ko — BB 1.1 ~ 1.2, R CHCH
1.1, Wk A S E Ky = 0.55,

MEWAF A TR L (13 I HE Sy R
LI 5 2 LR A Joh W . 5 LD 4 2R SR
BH 2 B8 A 1) 1 A2 BB A% A5 80 X 40 Jil % I S R
LRI
3.4 RIPEZEREE

5T EMD-IMF I 5 45 5% T AR 2 i AR 28 He
T4 5 35 W AR A0 1 4 B

4 fiEHT

TE PSCAD fff B AFrh 5t 181 1 Jros (93 1R
FL AL AT i PR 2R B, T T T 2 I Y R
£1 78 HE 25 6 21 I (1) i s, £2 O 28 P 28 DX P 0 s
WO T 1 s il & FREEERI 2 1.5 s 850 TR U8R
WA 1.00~1. 06 s, B IR0 AR R 28 HLAR S
B 2,

zkxb. xjtu. edu. cn

2 PR AL 75 PR ?

JB B FIHE

[ smmmsznfso |
!

[ mwesirempam |

!

TS B RS IME 5
BRI 7 Heky

[ wmobi, e | | mEomi, g et
[

L
€

B4 ARIAE e g AR 3P 7 vk i AR
Fig. 4 Protection flowchart of low-frequency transformers
A2 HKAEERLHK

Table 2 Parameters of low-frequency transformer
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different noise influence
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