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Fig.2 Topology of MRPC and system equivalent circuit

20 2 i BH BT, AR A bR MR R 22 Auwgs
Auy s Du s ATFFBIE LR 22wy o 1 g, BOFRIR
BV il

U o = Dup — Duy
B (7

UM out =Auy — Auy

HREE 2 (b) B 45 R0 #5145 31 .

Biil

Jo 4 R TRl 2 h o 8 A A9 A2 51 I AR 4 e B AV B ik

di e dine 1
Ly TTL—Q—LN d:L—F(AuT*AuN)*?uT:O
dime di ne 1
Ly d“t“+LN d:‘+<AuM—AuV>—?uM:o
ine =— (e +imc)

(&
K ive I N LHR,

A =X (8) AT T, i o 45 ] 3 AN B A i R
VI S TR i R 4 KN L 3K B T R ) T
LI B TG Ty Ty 2R R 8 A% 4 19 BB IR R R MMC
LU R

i MRPC H #hZAG Ty B 3, A E2 L 3 T e
Iy RN AR TR, Z 0 T HPE S M R (5]
L A A E W E 3 R .

E 3 MRPC HEE
Fig.3 Vector graph of MRPC

HWARE 3 & MRPC 0 T /R, Al 45 4 1 i
JE U oo BT R B ) HE 30 A0 2SR M
JZ

dirc
Udc > 7UT7MAX +ﬁ14T d:

IN(LV[AX :«/?IMQMAX :\/?IT(LMAX -

ﬁ | I vax — Tri_max ‘
J—it':':' U’I;MAX ﬂ‘j T Eé EE Hi E"] Eli j({ﬁ, IM(;MAX’
Ire_ max ’IN(;MAXﬁ%U%f M, T 1 N M i 89 5 K i ih
EE/JZI{ H IMILMAX ’ I’I‘ILMAX é}%u j‘j M» T @ ﬁzl %‘A‘ EE /)ﬁ HE.i
PN

2 RGEEFIAE

2.1 RPC #MEIELHRMITE

4t RPC 45 7 X026 i i WA TIAITE
Ty 2R 43 1 o3 4R BBCHR R L 3 2K A A T T R 4y
WX 2EN /2, KA TG T TR 4y 5 T bR Y I 4
SVE R B AMER S . MY T NE BN —H 5%
BHEN) R MM — LR B0 —H L, (54 R
Ay AN R B T T R A 9 B A B AME TC T
FL I 6T A AH T R B Ol 1, 0 T T R AR R R — IR
M) 61 7 e TCT T3, % 3k S I ok T 4 il
A0 B T PR AR P R 22 RS
A T M5 A ) i 445 & 55 A TS L) 2 R A5 0
BN — AR AMERE S RS R R .
AR T B 0 2 PR A ) 38 I8 43 L 3 T B E AT AH N IR

9

http://www.aeps-info.com 175



2015, 39(11)

BRI D i B R M FRL I 4B O

B 1.1 5 B A AT TN P A Ak bR R T L S 3R
B A DR LN A ) 3 B B o i s TR
1E P TG I Dy 3R 3 B A TG ) HL I B TR R s R Y
J¥HL R B A Ty L B TE T L A R Bk B
)R 220k 20 M mT 20, BIL 42 B ™ A RS O 20+ 1
(n=1,2, )Y I LI 76 [F) 2D e 7 Ak bs R T R BL
HAENHER M BB LW 2n(n=1,2,) K
k3l .

M H RPC /) TAE J7 BE AT %0, RPC A9 in A Bl A8
T WA D H) R B AL, AR S RGBT R,
MRS TN T ORISR, BmA
RPC #MEJ5 o 78 i€ 75 e AR 32 T 43 BT 28 48 B0 10 HL 3
A Y bR B 5T 5 i KA IRk B Y kT
%, 7 Ty L 1) B A O S AR RN AR s JE T R Y
L AU A e B A% YR Ik S B L 2 B 3 L R G T
AR O,

AL AT DAAR Y, B FE Ak AR R T L RPC it A
Ty L Y A 158 2 B A T LU 10T 0 1 S 45 TR Tk B
i RPC fiy A9 JC Ty | 9 48 A 8 2 2k i JC )
. HUE, W B AT RLCR O A Ak B R O k. D
M JE T JE A AR H R 2% S 9 3 ok 52 1), 7 A 2R
LA R A AH R Ok AR bR R R M HL IR, &3 Park 4B
o A3 BN EFE AR R R B SR, R T IHBR A DI
T I AR Bh B i i 5 1R A U B f A TR
) LU e B U Ok (F R IE SR D) ) 5 gk s AR
22 A5 3 3R B B H TR B I R IR R L A S T
As bR R A D) AN s B0 TE T R
HE AT R T AR MR AR R T
LR, il Park A8 45, {8 0] 15 5] MRPC 1
T JE M JEH T4 .

i LA b 0 B BT e i AR AT R TR R A LT TR
1) S 7E 1 A B2 A ) P O A LU 40 2 R —
AT A i FE A . A R PR IOE
A58 DRG0 908 08 194 7 3 o (Lo D UG 3 908 U B BUKOOR 25
TR R RS W S I A b g ™ E . A SR
SOGI™ K B B 532 i) 8 19 L0 4 Dol 42 B 1Y
AR A B, A 4 iR .

S

iin’ + Q*T
U ELA S
|| EHEE MR Gy

|
|
|
/T
| ISR,

B4 AHECHERITHIER
Fig.4 Block diagram of active instruction
current calculation

176

- HAHEFE -

i A2 SOGT K — A% 45 bk sh 42 B Ok
PRI o AR A B A S W B B e
HEAfGSEZE, BAMAGS N, H
B4 HES T3 R AL R BN

Lot 1+G,

e 141G +G,

sV wokyst twls
P Cwok, +h)s? Fwls Fwok,

Kk ok, 43000 S BT R4 #5325 R A SOGI
HIBHJE R E s w0 H SOGT By 7 451 5%

WE w,=200 w rad/s .k, =5k, =235 &5
(P R AN 18 5 B

(10)

1.00
$E0.75¢
0.50}

025}

0 I I I

o 04r
£
Z .04

500 -300 -100 100 300 500
i /Hz

5 HERTHIRSE

Fig.5 Bode diagram of calculation link

I PR E T, RGEAE 100 Hz K DL b Ak i3
%5 R L RHAR R 0 1 AR 4G 45 o 05 i HLXF
100 Hz M DA L0y s A5 5, A Bty 07, Ul B 4
BT R DL R B R S A B T BRI
BB YE BRAR S5 1 B 4 i, B 100 Hz K A EAS 34y
S 1B B A A2 RN AZ 52 e . FR A TET A 40 AT R
AN B Y &5 R & 4 A A 100, 200,
300 Hz SR8 R AL L #nT LSE 1 3% 07 35 o ff i 32 B
BT D)3 A5 5 A I (S 5 AT SE A Ty 48 4
LI AT 57 =
2.2 MRPC =&l 52

SEFRES @ AL LM JRE HE R GE ) LR R R A
A Ak A A 2R T ARG T L A e A5 B L AR AR R R
B R GES . S TEDERGES i, T8
B IR R, SR i, — A
i B AR e A5 B P A LR AR AR R T A AR5 i e A
LMC o

MRPC 3 e 19 45 4 HL Ui 34 28 28 Ui 4, 3 i
P AR 2] 3 MR A FE A R L B AT SE A
W TCZEIE T . X T A ZE RN R, B
AR AR AR R R 0 HL U R T BT A A RH N
PRI P ZRED AT . 3 S HFE A 45 4 i H Pl 1
Uk A% AH A T SR W SRR R 2 Y R R R A
il i 45 ] MMC 4% A~ F 455 B 19 Bk 58 18 il
(PWMD ik M5 5 , % il MRPC T.AE.



o

Biil

BRSO A DY) #0E ik MRPC 75 P AR 2 [6]
Fe ¥ . MRPC %% B A By 4 23 W e sloRe i A D) 2 %
B MRPC B M F AN 7 24 % AR AR A A D RO
R M ] B X — 2598, HEPRRS
R TR SR B 28 S 223 i MRPC B R
CENEY 4 SR T &S e A RN R N IR S e
o B R R, 80 L - AR (PD S
LiRG I NERT NGNS N SR o = 3 | ISR e
A T LIE i A S e I /N A I R R F
Xt LI FA T SR A S B U R AR E

lo .

-
imctiTe -1
INC

dg [F——®—

aﬁ;,@_

r -? O

Jo 4 R TRl 2 h o 8 A A9 A2 51 I AR 4 e B AV B ik

FLE L G RPC R G0 K45 il i o 3 R A =
Wi B4 FD 25 K T DU 2 N0 ST B0 Rl G o Y
BL— ARk W AR R R R A AME R G
(UNTRR SR W0 BTN & R R i i W N AT
15 G 3 (144G ) LS L I T HRL O R R D L A 5 o 3
F SOGI 5 H Ao #% E 42 U 1 7 & 5,
AN 43 BB BRSO e, KK Tk T 48 4 i i 3
AL IFRE o M S BB R R B RS R . &8 BT
o L AT LA B R G0 0 A LN 6 TR

iML
PR, —5@—] | E/
+T =

PR M, imc l
frc B > 0
PR, ur | iTL

R l urp

R PWM Y MMC

PR,

B 6 MRPC = HliEE
Fig.6 Control block diagram of MRPC

3 MEEXRRHAR

MTHE&EI It REHEES. &2 K H
MMC 2802, M 2%, ok DL 3 52 b 2R S8 k47 56
WE, ACESEM T MMC BF 58 % % Y 565 T
H-——RT-Lab SEB i B &%, 8 0F T Z 5 09 0F 55 T
. ffi | RT-Lab 3 iF &5 8% 5 L 0 45 51 5 5L b
E | S TR

EP RGN WL E 2 (a), Scott 28 JE #% ¥
110 kKVIH = A L #5308 2 A 57 19 B A 55 kV
TS M JE, I8t 3RS 25 55 kV 284k
27.5 KV HE I HLEAER B R AR S 28 (9) 1
PR VEE N 65 kV, MMC HEh 25 9. 4050 4
TR ESE RO 51 B, R EE MMC ) T4
JREL AT AL BT E B R 2.6 kV., BT
RS FF A5 R 500 Hz, MRPC 2830 FF 05 % Hy
25 kHz., ffHEH RPC REGE FHEAHE AN 25 mF,
PR BRI 5 mHL 28 i O 4 mHL,

5 B fE 2 AL R e A SSA IR ML A,
L L I A A D R A O TR O A R 3R
BRI TR B AT R, DR E A 1, H &
25 P L R R R N R IR RS U . A e B I I
£ 1R,

0.05 s J&§ MRPC JF 4 T AE . 2 48 5 {4 1+ R2 5
EEERE 7 piR,

R1 BEHBERLE

Table 1 Load of each phase
fE HER REEDIRE/MW REED TR/ MW
M JiE 1 3 1
T Ji& 2 10 3
1000~ . .
< ML L
Sy
] 000 1 1 1 1 Il
0 0.02 0.04 Y 0.06 0.08 0.10
S
(a) PIFEALA T2 e
500 ) .
< itc Mc
20 W
-500 | | | | )
0 0.02 0.04 Y 0.06 0.08 0.10
S
(b) MRPCHi 4 9 A # M L I
200 i o e
2 0
2200 h h | | )
0 0.02 0.04 Y 0.06 0.08 0.10
S
() — WA = ARH I
g § 30
=3 EERYDIES
3 10 BIDIES
ey IS
R -10 L L L L )
R 0 0.02 0.04 Y 0.06 0.08 0.10
S

(d) RGEMA DRI
B 7 MRPCRZFINEEERIERIMEGERE

Fig.7 Simulation waveforms of power balance and
harmonic compensation of MRPC

http://www.aeps-info.com 177



2015, 39(11)

B 7 Ca) AT LAt PR JAE 28K PR O (AN [m] L
W A8 7, AMEE R S AILGE Bk R S B L T T A AR
s BB 7Co) AT DLE Y, R AT = AH L 3 ™ E AN X
PR H AL R I I AN IS ST HR AT B R AR
RIESZ; HIE 7(D AT LLAE W, AMEFT R T M B,
T () 17 AN AH (] A 2 Ty 238 ) T T Ty 32 AR A 7
NS SR B oA B T 2 (1 = K e B S R 1 Y )
O E AT VAW S TC D TRy 0, #ME IS A B )
F TR AR S ERIE B L OF B R G S TC )
FH 0; MRPC TAERTJG 28 FE a8 — WAl A AH H 3
AR (THD)Y W 2 frw, W AFE H . MRPC
TAEJG , RG = AHH GV, T DR gH B, H 3,
5,7, 9 YR AFAF YRS I LU K IR BE T B B8R THD
.3 2 BoK

&2 MRPC BBIEERIEHBREER THD

Table 2 THD and each order of harmonic current
comparison with/without MRPC

WIS /%
ik THD/ %
3K 5K T 9K ‘
KngEdl o 33.17 24.01 15.02 9.91 43.46
Jin A il 0.41 0.58 0.32 0.36 2.59

FIFH—4A 10 kW 1 9 HF =4 MMC FEHL,
Scott AF A5 RLC Al 4T T3080 . LB AR
G 2 iR, FIH Scoot AF H i W AH H. 22
90°1Y 220 V HL R M JE 1 A DI TR R 3 kW, JE T
UIRA 1 kW T JEEGEA YR N 6 kW, T YR
J 2 kW, SEEREERE 8 Frs .,

: VWV

100 120 140 160 180 200

HE/V

t/ms

(a) 2B R — UK AFRAR L R

i/

i

160 1ﬁ0 1210 160 1§0 260
t/ms
(b) 78 s — R = AHAH FL
B8 /NIHEILWHEEE

Fig.8 Waveform of small power experiment

0 20 40 60 80

MIEL 8 AT LA H - A2 AT = L 30 AS - i 7
HA AT Dy R 05 FME 5 = AH L I {8 5
A—ELHIE120°, H A MRS A MR, 3
WM B BR 1 007 RS R R

4 Z5iE

A SCEFXF R T Scott A5 4 A HL 8k A2 5 ik £
4, M MMC &3 T P A =478 19 RPC %5 & ; %)
AR AT T 40 07 . 78 e FE A b & T A SOGT

178

- HAHEFE -

L ER AR 2 S B T AR A i PR T S i T
HTH LB bR R B MRPC #6124, SE%M
RPC R G e FE il Ik A L i 07 S BB L1 17—
ASBEE R TT G AR S HL R 5 e RO N L AR
b IBR ARIOR 4

IRl ik RT-Lab S {7 B X% SE5 K0 IE T 454
P UL A 3 R AR e 4 ) O ik B AT R L L & MIRPC 3¢
B AMEROR L P =B MMC B8 4% 52 L AR [H]
(1 AR Ee RS L I HLRE S Ah 2 00 2R 9 T 2y D) 3 B I8
DRI B A8 R I — 0 19 R BB 5 o DR R/ T R Bk
5| i RGN T RGN

2 % x #

[1] skogfle B AR, £ T2, 5 OF 0 i A M0 Bk GE A il o 6 25 A /b A3

ARG W e TR LT ]l T8 AR 5 4, 2009, 24(3) .
193-196.
ZHANG Dinghua, GUI Weihua, WANG Weian, et al. Study
and application of a new power quality combined compensation
system for electrified railway [ J ]. Transactions of China
Electrotechnical Society, 2009, 24(3): 193-196.

[2] FA&, 530, 55 SC R AL BRI o0 R M2 mg [T 4k
#§,2004,32(11) :33-36.

ZHOU Jian, LU Zhihai, LI Jiwen. The impact of electrified
railway on electric power system [ ]J]. Relay, 2004, 32(11):
33-36.

[3] KUO H Y, CHEN T H. Rigorous evaluation of the voltage
unbalance due to high-speed railway demands[ J]. IEEE Trans
on Vehicular Technology, 1998, 47(4). 1385-1389.

[4] FHSEWI, 2206, Scott HELR 42 5178 H & A M 05 ELAR 5 L) 0. 8 g ol
KA. 2012,26(3) :72-75.

YANG Guiming, LI Guang. Simulation study on the
characteristics of Scott traction transformer [ J]. Journal of
Hunan University of Technology, 2012, 26(3): 72-75.

[5] J7 ot 42 5l ik o1 & 48 i 6 )5 o) R F 52 [ D, b at « 3 48 K 2%
2008.

L6 DR, B4, AT 5. V/V 2251 ks 8 50 P 8k i D) R 0 1 3%
B D7 iR R L) ] b [ UL T AR 241, 2011,31(13) :63-70.
MA Fujun, LUO An, WU Chuanping, et al. Control methods
of railway static power regulator for V/V electrified traction
railway[ J]. Proceedings of the CSEE, 2011, 31(13): 63-70.

L7 WEIK o 5 % - B 1 AR = 2 75 U 4% 10 i BTk B 670 )5 LI D

LR AR T R L) ] TR 241, 2012, 27(7) 1 257-266.
SHI Dafa, WU Chuanping. A novel integrated compensation
method of negative sequence and harmonic for high-speed
railway based on two-phase three-wire converter [ J J.
Transactions of China Electrotechnical Society, 2012, 27(7).
257-266.

[8] T RZE, B 42 AR5 55 K Iy IR & B o A0 Bk B 2l R A 226

(10 T AR 4] ,2011,26(10) :93-102.
MA Fujun, LUO An, XU Xianyong. High-power hybrid power
quality compensation system in electrified railway [ J J.
Transactions of China Electrotechnical Society, 2011, 26 (10)
93-102.

Lo VLA H Ak Bk 1% T AH 22 51 41 B 3R 48 1 - 45 P R 42 1R [ D] K 1
IR K2k, 2011,



o

B

[10] Z=H 0, A JE 4, 6 i A Ak 438 I 22 W SF o BB G o 94 9 2% I
Fe At sE L) ] i ) R GRS ], 2011,39(1) :104-110.

ZHOU WANG Fei.
multi-level power quality compensator for electrified railway
[J]. Power System Protection and Control, 2011, 39 (1):
104-110.

[11] SENINI S T, WOLFS P J. Novel topology for correction of

unbalanced load in single phase electric traction systems[ C]//

LI Xiangfeng, Longhua, Study on

IEEE 33rd Annual Power Electronics Specialists Conference,
June 23-27, 2002, Queensland, Australia: 1208-1212.
[12] MORIMOTO H, ANDO M, MOCHINAGA Y,

Development of railway static power conditioner

et al.

used at
substation for shinkansen[ C]// Power Conversion Conference
the Industry Applications Society of the IEEE, April 2-5,
2002, Osaka, Japan: 1108-1111.

[13] MOHAMMADI H P, BINA M T. A transformerless medium-
voltage STATCOM
multilevel converters[ J]. IEEE Trans on Power Electronics,
2011, 26(5): 1534-1545.

[14] SR 72, B 42, RE M Bl 46 — Tl A 4k A = ol 17 e 42k 5 ) R 0
Wl R4 A 8h1k,2012,36(16) :108-114.

MA Fujun, LUO An, XIONG Qiaopo, et al. A simplified
three-level power conditioner for high-speed railway system[]J].

2012, 36(16):

topology based on extended modular

Automation of Electric Power
108-114.

[15] SR ZE, B 22, E R, 45— P Bk 2y 3208 79 % 10 050k 00 ) 42 1)
Tk I 25 A 3k, 2012,36(5):96-102.
MA Fujun, LUO An, WANG Gang, et al. An improved

one-cycle control method of railway power static conditioner

Systems,

[J]. Automation of Electric Power Systems, 2012, 36(5):
96-102.

[16] FAM BRI A%, 22 5% o TR AL 45 14 1Y e <AL B % 8 — L g
Bzl a1 R R4 A 9H.2012,36(15) :101-106.
TIAN Xu, WEI Yingdong, JIANG Qirong. A railway unified
power quality controller based on modular structure for electric
railway[ ] ]. Automation of Electric Power Systems, 2012,
36(15): 101-106.

[17] KOURO S. ET A. Recent advances and industrial applications
of multilevel IEEE
Electronics, 2010, 57(8): 2553-2580.

[18] MARQUARDT R, LESNICAR A. New concept for high

converters [ ] ]. Trans on Industrial

]

Jo 4 R TRl 2 h o 8 A A9 A2 51 I AR 4 e B AV B ik

converter [ C]// IEEE Power

Electronics Specialists Conference, June 20-25, 2004, Aachen,

voltage-modular multilevel

Germany: 1-5.

ILVES K. ANTONOPOULOS A, NORRGA S, et al. A new

modulation method for

[19]

the modular multilevel converter
allowing fundamental switching frequency[ J]. IEEE Trans on
Power Electronics, 2012, 27(8) . 3482-3494.

SR A TR AR — b PR T Bk AR | A e il A T OB R A
B [1]. 840 L 47 ,2012,29(3) : 38-41.

QI Qingru, ZHANG Chunpeng. A novel compensator used in

[20]

traction substation for load balancing [ J]. Modern Electric
Power, 2012, 29(3): 38-41.

[21] E D% 4 DA WA 24 51t i R 46 i BB 0T & A TR 25 A 3R L4
ARBFFELT]RIE 24, 2013,35(9) : 3-7.
WANG Weian, GUI Weihua. Comprehensive active power

quality compensation technology for two phase traction power

U

supply system[]J]. Journal of the China Railway Society, 2013,
35(9) . 3-7.

[22] BEM T SR A BE 2T 2B T SCRR 3 45 1 25 Dk 0F 67U 43 12t 46 DU
JrElJ ] M A s e384 ,2011,31(11) :69-73.
XUE Shangqing, CAI Jinding. Detection

positive and negative sequence components based on second-

of fundamental

order generalized integrator [ J ]. Electric Power Automation
Equipment, 2011, 31(11): 69-73.

[23] # et BLHLA A 2 M AR e 27 (MMO) BF 58 [ D] b 5t b 5 sg
il KA, 2012,

[24] LUCANDRE G, LI Wei, JEAN B, et al. Validation of a
60-level modular multilevel converter model-overview of offline
and real-time HIL testing and results [ C]// IPST 2011
International Conference on Power Transients, June 14-17,
2011, Delft Netherlands: 14-17.

#oORAITT) . B L HFLEEHR T @ B S
F4# K, E-mail: ljing@bjtu.edu.cn

B 5984k BEEE L. EEM AT A0
heFEEhEH RALEL KM E%EEHF, Email
fent@bjtu.edu.cn

EZH(989—) . B M EARAE. LT EMAH & LA
e K, E-mail: 12121562@bjtu.edu.cn

(4EE LW )

A Power Quality Compensating Method for Traction Power Supply System Based on MMC

JING Long', TANG Fen', WANG Zhihe', LI Jinke', WU Xuezhi', WANG Weian*

(1.

National Active Distribution Network Technology Research Center, Beijing Jiaotong University, Beijing 100044, China;
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Abstract: For the high voltage and power of traction power supply system of railway, a two-phase three-leg power conditioning

unit is designed based on the modular multilevel converter (MMC) to eliminate the harmonic, reactive power, as well as the

negative sequence current. The load current characteristic in the synchronous reference frame, and the compensation signal is

calculated through second-order generalized integrator (SOGI) and DC integrator. A control system of MMC railway static

power conditioner is designed in the stationary frame. Finally, the effectiveness of the algorithm and the compensation

performance of the system are testified by real-time simulation and prototype test on the real-time digital simulation system.
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