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Fig.3 Equivalent circuit of inverter-side
harmonic current transmission

Xof T A NI T 5, S5 5 P, S A ol I o R e 3
Peas WA NAETE 2 B PRIGE 1 TR L Y5 A T
VERI AR AR, 300728 H, i i A PRI P Y 2 YOI o0 R T
T 8 A5 38 A AR R A AR T IR R A P RE

BB FL B 0 BELAT A
_(2Z,+7,) 72

=

o 273+ 2+ 2 (7
2= (Zu+Z12) 202

C ZatZp+Ze

Ho 7z, Z, FE W BRI BAT ; Z0y 2 FE U L2

IREPT, AT YT, H L,=L,=L,C,=C,=C,
A,

2

Zi= wf’fc(f_ 322%)“ (3)

M w=1.618/VLC Ml w=0.618/\VLC i}, 7, ¥

HE BV IR 0 | 07 RS o 3l AR R AT P VL A P I 114 1

W VR AE DL b 2 AR AR A A L TR Y 2




%44 B W] AT AH AR e U £ 5 4 167]

FE5 038 B oy e AE 2, LrE AR 2 AR R A o wy,, W0
(IR,

Ugo=Zogly2=—1Uy m*cos(2wipt+2@ip+@s)  (9)

2ZA
P 2 (9) AT, 2 A5 A F R A i 44 36 AR R KT O
PRI R A AR g A R D 0 i R 3 ORI A i 3
YRS I 43 SUTE EL IR 1 4 R A o0, AR L e |
LA B Bk SO oy IO i A AR
YRS A3 | AT S0 A AW AR A Pl V8 A i+ B (IR
Uity VS I8 3 e AR UK 12 ok | Bl 26 AR 3800 g
T 1) BELTC e A8 /0N AT 30 ity T8 D62 AR L 9 00 8 38 19 AR
AR AR B 0N
22 RGLESBERBE
TR E A A R R R (IR S0 oy R R K B
1) 08 U R I | I ) S A R I T R R A

~ Z ~
lp=——22 |,
‘ e Zat+ZptZe (10)
‘in #ilz
S 2+ I+ 2

Hrpr I, Rz NN s NG RO AR S I, Wi
DR L, E’JEE/JILQX/EZQ‘E In AL A T TR
L, WIS oy, 8 i JE i H sk 1, 9 s JR &L

Besri 1, 5028 o A A B IR P I B o 1, 2
R 5 Eﬁkk%é&tk A A& By, H L=
L,=L,C,=C,=C WA .

pola _ 1
I, ' L’C*-30*LC+1
M w=1.618/VLC Al w=0.618/\VLC I} it
T I LR L B’JEE/;IL%& MR BB IR TR
PL 2 58043 B R ) s R | i D el
L, B i M .

(11)

m*[cos =k cos Lot +2@ip+@y) ] (12)

Ly = 2Z/\
MU R BB k> cos @a B ig B9 2 505
HL UL SO A7 S W (ELR KT B A 5, FRLAL 4 o S 3
Wit 5 X4 R 2k I 4% 58 4 1 ik 22 4l L BH B cos @u=1, T
w=1/VLC w=\/2 /NLCFl w=\/3 /\VLC 3 i
R B RIR R B k=1,5 cos o) #H5 WGt
TEDY FEJER L, BY IR 4y A T3 S TN A I TR S
MHL i AT iE SR AT AR S0 o i DL
U FVRRAE YR I 1) 320 4 1 B = ) L 3B | R
EBE%E’J@/JILEHJ/\%(JIL}J(U a F M) .

— \/ u(l

ml—

cos @ sin(w,t+a) 4
It

®

cosgy > (-1 )”'lll—sin[h(wst+a) 1

RFAE VR

g—sin[ (w420t +a+2@p+@, ] _

B 14 AR5

%ﬂm[am—2wwﬁ+a—2¢w—¢d—~-

HE Y 11 AR 3

keos Loyl +20u+0)) S (—1)"%sin[h(wst+a)]—--~
h=6n+1

HEE VG 9 00
(13)
*HHSEILIE{}ILEE»E% AR A0 H, T A L 3 P A
I3 2 R e RIRR AR YRS I8 A1 | 7 TR R AR AIE R3S I8 T
LN SR (AW T B 18 A (1 7B K g tc i A D 3
W1 238 Ay () B 43 A 7 5 e RVRRAE U3 D BT, I AN R
E LI A A0 25 1 B RS AR | DA TR) 3RS I 1R JF 3K
I, RN R RS BTN AR i"‘ﬁ[lﬁ@%%%‘ﬁﬂ’]
ISP URE | B 2 T RE S A B AL R R A R
B R Gk AR R B IR
M iy AT WrRCIRAS R g, B E W AEL
P HL g TR AT A AR Y A U U A3 | ARG
TR Y A A EEL I P AR 300 4 S e A AR 5 A (]
3 A FE S I FVREAE YRS I8 BRI , A B8 401

3 HEHR

R T B R A SO I AR 5 43 B B IE B M 7ZE PSIM
BT A T KRR AR i Y AR AR | 32 B4 B
SHCIT R LR A AU ) 2000 V3 L
fith & 3R £f A 150, UEVEHLER L, L, 6 mH, JE I HL
2 C,.C, 0 5 mF,SPWM Bk 0.85,SPWM 2 i Jiil %
300 Hz, 2 B EH A 15 Q.

Ky A AR IR TAEFE 17 Hz B Y S8 5 8
WIE 4 Fros 30048 i A o i L 28l R & A B B i
2 FARIR S 4 1 AN 4(b) FTs , ARSI 18 5 g
T VX 246 A 5 2 P B R TG S S o ) P JE R O R
TS A AR 6 SO 47 i (300 Hz) Ab i85
F B 2 A5 AR R i (34 Hz), WK 4 () T
VAN (35971070 - R 2% S/ N SR S Il D = s SN
HE I A St ) A T FEL U AN P 4 () s AT DL E Y R
AR T I AE 50 Hz L% A1 250 Hz 350 Hz 550 Hz
650 Hz.850 Hz.950 Hz 55 ¢ 1 I8 I Bt b 7 8, B
i 16 Hz 84 Hz 216 Hz 284 Hz 316 Hz 384 Hz 516 Hz .
584 Hz 616 Hz 684 Hz.816 Hz.884 Hz 916 Hz 984 Hz
RIS B AN 4 (e) i o ARAII AT 1 8 5
W FVRRAE U 0 19 (B) B R 2 A5 IR0 %% (34 Hz)

B S EURA () M (1), v F5 98 I H %
RELAT Z, F1HL I3 S0 43 it K R 8K & Bl 1T AR Ji
RN TEN K 5 Fioax, IWER AT RLUE 2 4
£ 7E 9.0 Hz F1 23.5 Hz fA RIS IR G, 20 X Y. o =
0.618/VLC il w=1.618/\/LC iX 2 iR & 7



® R %1378
3000 x1 HEER
? Table 1 Simulative results
> 0
3 v oo wp B T [ up SO i D
o0 | | S N s
4.90 4.92 4.94 4.96 4.98 5.00 78 W 3t 20 170 W 37t
t/s 185 W 37 24 453 Wit
(a) AR 8 369 W 9t 28 139 pi32
2700 12 267 Wr 3 32 101 MELE
16 149 i34
i 2350
s X I TR P 06 2 1] ) 8 4 5 B0 4 =R AE 24 Hz VA LBl
2000 . ! L L ] 17 3% ” ik
490 492 494 496 498 500 ASHY i‘E' KL o ) ) )
F A EE % A o s E RO UL 4, YD L4 R 5L
KEEE WA A — % 330 o & i o o L JER e
1750 T i LA 28 Hz AR T T BB k<1, HL TR S i 4
< wrs RS 5 ZEARAT B v K 22 S AR A (k> 1), IL7E 2
. . . ! . . AR Z ] B9 16 Hz b NS Z0RER (k<)
4.90 4.92 4.94 4.96 4.98 5.00
4
t/s 4 ZH51e
(c) Wi Hh i P R 4, ‘ L
200 AR SCHEST. T AR AR L YR R B AR Y IR AT T
S M M M S P IR CE I o
3 0 ﬂw\&vﬂm ﬂW\J a. PRAPR DA FE Y00 A A A LU S A 2 A AU
L TR 3T IR I 7 2 1 U
' ' s ' ' b. 39 AR i A FL R AR RS U 4 AR B
(d) BEVH AT iy i i Tt U8 U L B BE BT b A A TR SO LR R S
10 HEL 28 536 735 B 8 O 98t 7 AU 503 A 7 3
10? N L NISUNITEN RN
< W, FEARAIEL B R B Y BT R R A AE 2 A4
< 10! R TR N N ”
mo\ ”““ d““ Lot VPR g | AEC B St VS R AR T A 00 80 % 1 A E R e B

0 0.2 0.4 0.6 0.8 1.0
f/kHz
(e) &40 A 0t 28 I HL L o, A

4 WRARSEBIRTIETE 17 Hz BRI B
Fig.4 Typical waveforms of ELF power-supply with
working frequency of 17 Hz

10
= 107
g— 10°
N 107
10—4 1 L L )
0 10 20 30 40
f/Hz

B 5 7,k BER ST T AR SR 2 B 2R 1K i 2%

Fig.5 Curves of Z; and k vs. low working frequency
14.5 Hz.20.5 Hz 1 25.2 Hz AL R R AL k=1, 53 5l %t

M w=1/NLC w=\2 /NVLC Ml w=\3 /VLC
X3 AR

AT Z AR ST B B e R W& 1,
A& ECHE TT LU Y 30 78 A ey F S LR wy, S
U R B BELATT 7, 1 78 A 34— 350, 00 A8 g A v P4 R
JE g FISCHE 43 AE 8 Hz LA Bl 25 49 5 14 438 K 1 Jon
K SO AE 8 Hz Al 24 Hz BFF 3T 3k 1) d5g AR, X1
El 4 iy 2 S IEHRIE  FF 16 Hz BT 800 43 38/

TE W BB , LI U D PR S BEL /0N AR S 348 I8 A L
U M S 9 AR EL A DA B 0k

c. WA A AL VA PR R BT A DA BR
AR IE B LRI 4 32 B DRI L B RS R |
DL i S 14 P JE P O 8098 3 B A AR BORE OO
HH R L YA T O PO AR 5 A e BB i i B
SN, LA i S 1) RS R TR SO 0 A A
MR EERE,

d. RO A FL AL A MRS 5 3 B LU g
I P B 20 P UL L T O R ) 7 O P e A AL TR
R JEFIRE A Y 38 D52 B ST A BSUARR A0 320 417 3 90, O s 4k
S 1] i 5 0%

AR SCIAFEEE X AR A BT A —E S 5
(B, {ELHE 00 BT a8 220 W 1 v IO 2 i BELAC ) 52 ), K
24 1 2 BELH7L B A0 24 1) 728 A o0 T 0 1 1) 52 T 3 A5 155
E— W5,

SETHK .

(1] Bl B AR S AR AR E 4R R (M. I 2K I 2K T 7
KA RHE 2013 :300-331.

(2] MR, 2oL, B AR AR A% 3 [ M]. UM 0 V2 A
2013:10-15.



g4 B W] AT AH AR e U £ 5 4 ®

(3] LA Al 0. B AR 4 b TR A U At R U
DS R )]. MATRREER 2010,32(6) :3-7.

ZHUO Xianjun,LU Jianxun. Application and prospect of WEM
to resource exploration and earthquake predication[J]. Ship Scien-
ce and Technology,2010,32(6):3-7.

[4] BARR R,JONES D L,RODGER C J. ELF and VLF radio waves
[J]. Journal of Atmospheric and Solar Terrestrial Physics,2000,
62(17-18):1689-1718.

[5] BERNSTEIN S L,BURROWS M L,EVANS J E,et al. Long
range communications at extremely low frequencies[J]. Proceedings
of the IEEE,1974,62(3):292-312.

[6] BANNISTER P R. Wisconsin test facility transmitting antenna
pattern and steering measurements[J]. IEEE Transactions on Com-
munication, 1974 ,22(4) :412-418.

[7] WHITE D P. Extremely Low Frequency(ELF) propagation mea-
surements along a 4900 km path[J]. IEEE Transactions on Com-
munication, 1974 ,22(4) :452-457.

(8] wibt %% Blidtoh WX 5% BB (WEM) TR [J]. P
TR 2011,13(9) :42-50.

ZHUO Xianjun,LU Jianxun,ZHAO Guoze,et al. The extremely
low frequency engineering project using WEM for underground
exploration[]J]. Engineering Science,2011,13(9):42-50.

(9] W4 AW B, 55, 1GCT TE MR D 2 J S BL v 4 1o HY
[J]. MEARHL T 172 ,2013,33(8):91-93.

HU Jinxi,ZHA Ming,PAN Rui,et al. Application of IGCT of
large power transmitter in ELF range[J]. Ship Electronic Engi-
neering,2013,33(8):91-93.
[10] Z4h. T HARS 0 T i CPS-SPWM HARBTSE (D], JEat,
i AR BT S B, 2012
LI Zong. Research on carrier phase shifted SPWM for ELF
geolgical detection [ D ]. Beijing : China Ship Research and
Development Academy,2012.

[11] JeAl. WEM % 5§ 2 Gt o U Re P 43 Br K FC I I v 2L OG S 4 R i
FE[D]. Abat. T E AT 5B, 2016.
LONG Gen. Characteristic analysis of WEM project’s power

system and the key technology research on harmonic manage-

ment [D]. Beijing:China Ship Research and Development Aca-
demy,2016.

[12] XURGE. 2 B BOR KR I [M ). dbat  HUR okt s
2007 :185-192.

[13] Remdl, B4 526 55 B SVC FI7 B S Sl i

BRI ]. My ABME B ,2015,35(2) :75-79.

XIONG Qiaopo,LUO An,HE Zhixing,et al. Derivation of zero
sequence circulating current and detection of reference current
for cascaded SVG with delta configuration[J]. Electric Power
Automation Equipment,2015,35(2):75-79.

[14] 87, 2R 5, it 55 A G 95U [T R0 1y 3% &
PRI A [)]. BT A S 2014,34(7) :43-49.
MIAO Qing,WU Junyong,Al Hongke,et al. Coordinated control
of hybrid cascaded megawatt power regulation device[]]. Elec-
tric Power Automation Equipment,2014,34(7):43-49.

[15] B2 b R BER 5 Sl f e o Db 2 (M. b
50U R 2005 :241-242.

[16] & LRI it = k. Z Rkt RER (1], By A s ki
#,2012,32(2):9-22.
MENG Fangang, YANG Shiyan,YANG Wei. Overview of mutli-
pulse rectifier technique[J]. Electric Power Automation Equip-
ment,2012,32(2):9-22.

EEE N

& OW(1974—), 5 AR FAEA R
I AL E BT R R E XA
& 4 B 50 T AF (E-mail ; chaming@126.com ) ;

REHFIE (1988—), B il G A, LRI
Wt FEZRNFRXIFEEL B FHARAALE A
I&IR A AZ % %6k 3T T4F (E-mail .403864117@
qq.com) ;

FEHF984—), 3 HdKkiFA T
oM E ERARAFRIEASRAHIGARLE LA T
(E-mail;258166709@qq.com) .

& W

Analysis on harmonic transmission of ELF power-supply
ZHA Ming,XIONG Qiaopo,LUO Zhiqging,Ll Zong,ZHAO Xiaobo,LONG Gen,LIU Qing
(Laboratory of Low-frequency Electro-magnetic Communication Technology with the 722 Research Institute,
CSIC, Wuhan 430205, China)
Abstract: ELF(Extremely Low-Frequency) power-supply plays an important role in underground resource ex-
ploration, earthquake prediction and military communication. It is difficult to filter the low-frequency harmonic
components generated at the inverter side of power-supply,which may induce the ripple voltage at the input
side of inverter to deteriorate the output harmonic characteristics of power-supply and,after transmitted via
DC filter network to the rectifier side and grid,cause the inductor current fluctuation at the output side of
rectifier and the low-frequency sideband harmonics near the fundamental and characteristic sub-harmonics of
grid-side current. A mathematical model of ELF power-supply is established,the capacitor voltage at the input
side of inverter and the inductor current at the output side of rectifier are researched,the transmission of
low-frequency harmonics is analyzed,and simulative verification is carried out for the theoretical analysis.
Key words: exiremely low-frequency power-supply; harmonic transmission; dual-LC filter; ripple voltage;

sideband harmonic



