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Fig.1 Structural schematic diagram of UPFC embedded
double-end power system
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Table 1 Settings of different typical system

operation conditions

RET.H 4 8/ rad
1 1.00 -m/8
2 1.00 ~m/24
3 0.90 -m/8
4 0.82 -7/2

— T, T BT £ CIV BE TR i g . i
F UPFC it 1 OSIV A CIV, 5 CIV,iX 2/~ CIV 7%
PR . PRI, JEiRE CIV TR TE RN 0~ 4 puu.,
M CIV, A JE o —m~mr, 4% & CIV, i 0 2 1R
—E ARG 4 pou B, CIV, 1] LL{% IR 2 Fh A
KB =S v, T R A, — PR CIV, A -7
IR — B KB 2w, Bz AR R 1 (R
PR Reg. 1) , T 5 —Ff & CIV, M w3 B8 — g A KB 4
I Il ZE -, R R IR 2 (R FR Reg.2) o 3X 2
P AR X AT IR 56 T CIV, A CLV, HE A % Hoi
B2 98 K T H A B A2 2% Bl R 1) 9 A
AR HAlE TR E 5 G A AR, R
PN R 57

D — WL, AT EK X T R st TN RS
A 22 6(CIV,) B & A TE —m~r 0 Bl N 1Y i 278
DI HT T CIV,BY PFG, 7EX RGO T , #7iX%
5 UPFC (1) OSIV M5 {E V,, (CIV,) 4k Z2 {3 55 J53k 1Y 14
AR AR BB K R A, DU AT DA Ak 9 OSTV #YAH



£ 18

XHERE , 5 SC T 4L [ AL BER TS A9 5 UPFC L ) R GERY I i A8 A R R &

£ 0(CIV,) A B R 2 BUEDR SR R G PRG, A
TN FR GEAH A 22 6 B9 . ZEAS ST SR
BEE T 5T CIV, Y 4N [R] R 35 K fi, dne 2 o
71 5 I ORE I T 4 Fif A 145G T CIV, 19 PRG 315 3
5t 1 —4(fAj PR Scen.1 —Scen.4) .
®2 XFCVHABFTHRIZT
Table 2 Design of typical regulation scenarios

regarding CIV,

P 6/ rad 8/ rad
1 /8
2 —/24
— T ~T
3 -1/24
4 —7/2

e, wrE A Y cIV, AR S K R
0.008 p.u., CIV, 55 CIV, B4 P K 4 0 /50, 2t
BT RS PFGEL2A BRI O T CIV, (CIV, B9 2 F i
AR LA T T CLV, 1 JE Y 3 5, ml LI S F A4
CIV B PFG ¥ 7 MR A A TR (R T 5
22 BZSCP AR PFGIKE RS 45

AT 3 i BUE T B B & UPFC R G878 A Tl
SCP b A PFG M 45 5, 6l 2 @ 7R T SCP, &b 5 F 4%
CIV B9 PFG ML R . K, dP, /dV,,.dQ,/dV,, .V,
dP,/d6.dQ,/d6 .dP,/d6.dQ, /6 ¥ bR £ AH , G Al .

2 LAF L AP,/ AV, F1dQ, /dV,, 2 30 H iE
TEAHALAY IE 5% B e, HUZ 45 H B 0EAE 73 A v B A
FEANTE 5dP,/d6 5 dQ, / d6 530 H A [] e i A0 A8 Ak B
i shh <k, Hob dp, /7 do % 1 2 R i 5 15 = i 2
AT G T 28 2o U oy B ARG 1T dQ, / dO 7E 2
i AT 9 AR ke il 26 5 T D o 3 ARUE e X R
IFH.dP,/d6 5 dQ, / dO AE 2 Fh i TR R i th £ AR e
IE 3 XA B AN RIUKOF I . 55— J7 i, 2
AT B Y dP, /Ao AT dQ,/ do - Z I8 B T %+
BRI A TR X815 2R G2 8 i 7 CIV, FT CIV, 19 2
FhE B AR REARAS Bz B Ve L A R T
W AEAR R GEE T TO0 T AR 75K, B i 385
T UPFC ZE3 37 8 77 Hp A a1 1 R 3 A vy v o

FHN AEARF R Gzt T F A dP,/ds 5
dQ, /s #f5 52 B 1 5% R 22, O HAE B g 47 B ok
ML —8. H FE A E Z A7 T, X 2o il 48
AN R G ia 47 00T A8 AT A [R] i e {l, & 9]
UPFC BEM% 52 5 Hi 5 35 PRG 19 1 (8 LA B A 638 17
TR . ARG (A3) AR 25 3 fE AN Rl is 47
TR dP,/ds X dQ, /1 ds % & i 2k 1 B B AR
ELEEGSIERN A

T ELAE A S, 24 PRG Y ) 5 5 A K SE
UPFC 1 i 8 5 300300 57 , B X R 45 B i 8T
A bk sl bR 7 S R ZY R X ) R G Sk

N
o
|
ST
>0
5 -1
Y T
0 0.1 0.2 0.3 0.4
V12
—dP/dVyp, o= dQl /dV,
(a) J&F CTV, ) APFG Y RPFG
e
b= e
S >
= >
> . r
% .
B T i e S
<
o " " L
—-m/2 0 w2 ™
0 /rad
——dP,/df (Reg.1),----- dP,/df (Reg.2)

e dQy 1 A0 (Reg.1), == dQ,/d0 (Reg2)
(b) XF CTV, i) APFG Y RPFG

—m/2 0 w2 ™

o /rad
——dP,/dé (Cond.1), ----- dQ,/dé (Cond.3)
(¢) &F CTV; i APFG 5 RPFG
0.8
<~ 04
o
~ 0
g
—0.4
-0.8 L L L |
-10 -05 0 0.5 1.0
dp, /46
——Reg.1,----- Reg2

do, 7 do

(e) XF CTV; ) APFG HIX} RPFG

B2 SCP&HXTFEA CIVHIPFGILKER
Fig.2 Test results of PFG to each CIV at SCP,

ol R PR R DL R e R SR E MR Bk
A
2.3 ZELZSCP,ARPFGIRE RS S

5 B3 AL, SCP, 4k 56 T FF A CIV Y
PFG W45 SR anfil s B B BL s . BB BL A AT,



190 L/ AR {7 G-

F41%

dP,/dV,, 5 dQ,/dV,, 2 B H (4 15 B A 5 7E SCP, Ab
FIFEAR ISR, T AR AT T80, FEAS [R]85 A =X
T dP,/d6 5 dQ,/ d6 AL FUEE N4 AHITF . B JE,
AFIE R A7 T.O0 N A [RE A58 dP,/ do 5
ARHRAE HFHE-0.2~0.2 p.u. (S ALTE B, ELER S 30
AL IE 52 AR £k . TiAE %45 i 4T 100 R o s
32 1 dP,/ d6 iy 22 g {E 0 B 538 K T 2~4 f%, R B
PR 2 T A9 ST CIV, IR I8 5 RCR 215 31 1
AR A RGOS TR ESR . dQ,/de ]
RGE Rl B AR BB 5 AP,/ do AL R T 28 b
FUEE SR Z AN T, 45 dQ,/ do il £k i B 5
dP,/ d0 A i ANTR] o itE— AR 4 dP,/ do A XT dQ,/ do
e T LIE AN F R GE 7 T8 T R 8 5
ARG AR 2 I R R G P G i 26, I
HAEESL BT TOL T AR 2 19 PRG B T
90 LB S A T At T 50 R VA AR G il £

AN TR dP,/ds 5 dQ,/ds, i T HEA 3
AR A R R B 3 A5 2 T 43 0 X 3 G
FCIV, AT R R 45 . AT LA W, A £k
5 SR AR 52 B IESZ AR AL LA (B AE RR A 5 T
1 PFG fh £k &R EL A X W AN 6] CIV, X 35k i AN [6] PFG
WRAE B W AE , 22 W 56 T CIV, B9 3 5 Y PFG e 1E 1%
FE IR AR 1 3 5 b 3RS 32 5 2R I R T ROR )
FiAe,
24 BZSCP,ARPFCIXE RS 45

SCP,4b 56 F HrAa CIV {4 PRG I3 25 J A 5 B
R B2 i . ARAER (A7) —(A9) RIS 43 #r, 56
T HrA CIV () PRG &84 A 3899 A i B,
SCP,Ab 1Y) PFG B A fe & M AR Ak B . i A
B2 0] A1, fEIE #1217 T.00 F 0 dP,/dV,, 5 dQ,/dV,, K
ZAEPHE-2~3 pou. BN (HAEE L BT TR
AR PRG 2 W 357 2 14 o, DT 5 381 5 s 19 360
TR RCR . TEARR RS To0F AR AT
dP,/d6 5 dQ,/ dO# -5 SCP, 4k iy +H 7 AL+ 23 30
[ A, ZEAS [ R 1 3 5 T 1Y AP,/ d8 5 dQ,/ ds 263
P& H BYREE XN, BT 2 0 R (BB X R
AR 22 BIAR /N AL R AR — B

F3HN,SCP AL AP,/ AV, AHXT dQ,/dV,, i1 £k 2 B
WA A IR, ELARAR A R A ] i 61 B DX 3k,
I HAERGUES TO0 T IR e B R FIER T
Mo [RIE, SCP AL AP,/ d6 5 dQ,/ d6 Bt 2E 54T
SRIE B T R B I A IR IR, OF BAE R G054 T
B VA 2 59 PRG I il 26 AR 5% BAT TR
FEL B4 173 Bl B s (]
2.5 BZSCP, AR PFCIXE RS 4

5 FScor e, i st B rRE B3 45 1 T SCp, Ak
KT HA CIV B PRG MR 25 S . MR 28 (A10) —

(A12) B B 204, dP,/ dV,, 5 dQ,/ AV, 304 2
AR B W, ARFRE T T A 2 4855 91
SR TPTESS A R X, FLARAT ALY 187 iR 1B B
X35 dP,/d0 5 dQ,/d6 BAT 34T | i, HAEAR
W2 17 00T R [RIJE 5 i 25 2Rt 5 SCp,
FSCP, A IR 2E S IEA AR . [RIRE 1, AEAS [F] 3]
W N HydP,/ds 5 dQ,/ ds ik 45 SR 5 Scp,
AZEAL, I 43 A T 4% B SR8 AR DX, [ s
QRS R EE (S S TR NN T E NS TR Y i A

FHN AEARF RGEAT TO0T 19 dP,/ dV,, #H X
dQ,/dVv,, i<k Z A FE HAEME S RE . FiE, 7
ANzt T AR5 80 dP,/d6 5 dQ,/ d6
2 S IR Rk B A BRI R IR I H R R A R 1
() PEG 9] 1 3 61w R F R 15 185 2 2 Ay 1, R B 7
F G532 b AR 16T IV, 19 PRG B H
R R A 3 DX

3 it

ARSCLAE UPFC 1 XUt L 2R 46 1Y) S B L B Ry
FEml, BT PRGE T Y 34 IV, BEE T A R i
WATELR A 5 AP R E LA SCP AL KT
BEAS CIV 1% PREG 7 R 1 47 B AR 0 B A
R, A EBEEE T H RS T .

(1) &% SCPAb & F A CIV 1 PFG #4 A B
Z 09 3R B, R A R e
FEu% i 2 24 19 5 & 48 SCP, AL HT SCP, Ak 5 T CIV, il
CIV, 1) PFG S AR L4047 349895 H i B,
52 7% AL T SCP, &b 5 2258 SCP, Ak i) PRG ¥4 5
JEd A ELE R AR R A e 1Y, L,
TE SCP, AL UPFC % H DI R P 1E T, R 5552 v
[) SCP, &b 55 SCP, Ak i i 244545 T =F & s s i
IR M R G0 SCP AL 1) I 58 18 4 15 AH X A2 e 1Y
BATIRE

() FEVBEE A 2 Fp R B0, 388 1 PRG 7K
XPRE T BT R TR . FEARRE R 81T Tl
TR REN R AR K B 56 TR TR CIV 1 PRG (AR fb £
FEAET T Ja B, I ELAR 2 ALY 1 5% 78 il
1B L AT TO0 N R AL 2 19 PRG 25
FBIBH 2 37, A R 38 N AN [ R Ge s 7 T 00 i s
R

GIHERGEAZEAT THF , AN [E SCP AL 2 Ff
WAL AY 5E T CIV, BY APFG A %F RPFG i £6 I ik
THRERA A GIRAR . [FIB, 78 SCP, Al SCPy Ak FH
B2 1 PRG A 25 R a5 Y [, i 7E SCP, 4k H
p IR W 3 O B B S R SN R T N P S
CIV, 1 APFG A XF RPFG Hi £ 7E AR 5t 38
SRR B AR A A R TR Hh 26



£ 18

XHERE , 5 SC T 4L [ AL BER TS A9 5 UPFC L ) R GERY I i A8 A R R o]

(4)45CF CIV 19 PFG AL T 5 2 B I 35 K0
FRGEIIR B VAT R Sy {EL I B G T A
B8 ik SR G 2 BRI 2L, JE X R E PR
RIS M A, o 7, AT X 4100 o 2R 6 s B R 9 1)
PRIPEER DL e R G P A SR i o vy o
WCAE ZR GE A 19 A P s LR MR U T
5 RGP AR E PR R BUE A R T M 28 5
FUE BT IESE

P s LA M 2518 (http : / www.epae.cn)

S Lk

[ 1] SCHAUDER C D,GYUGYI L,LUND M R,et al. Operation of
the Unified Power Flow Controller (UPFC) under practical
constraints[ J|. IEEE Transactions on Power Delivery, 1998, 13
(2):630-639.

(2] WRRI, ZEMS #5205 . MMC-UPFC 75 54 5% 75 55 19 (9 17 JH B L3
PR L1, W RS A 1k, 2016,40(7) :121-127.
CHEN Gang,LI Peng, YUAN Yubo. Application of MMC-UPFC
on Nanjing Western Grid and its harmonic analysis[J]. Auto-
mation of Electric Power Systems,2016,40(7):121-127.

[ 3] tbl, g FEMER, 5. 500 kV S5 fa il #2625 )N B el
WAy TR L] Ly, 2018,51(2):47-53.

YANG Lin, CAl Hui, WANG Weiyuan, et al. Application of
500 kV UPFC in Suzhou Southern Power Grid[J]. Electric Po-
wer,2018,51(2):47-53.

[ 4] CUI Yong,YU Yinghui, BAO Wei,et al. Analysis of applica-

tion effect of 220 kV UPFC demonstration project in Shang-

hai Grid[J]. The Journal of Engineering,2019(16):758-762.

GEORGILAKIS P S, HATZIARGYRIOU N D. Unified power

flow controllers in smart power systems: models, methods, and

future research[J]. IET Smart Grid,2019,2(1):2-10.

[ 6 ] ZARGHAMI M,CROW M L. The existence of multiple equi-

libria in the UPFC power injection model [J]. TEEE Transac-

tions on Power Systems,2007,22(4):2280-2282.

Broll &, ZEpRNT, 3k 05, 4% . B T8 A i AR 1 UPFC

TPERIHO BV )] B RGP S ], 2014,42(2)

69-74.

CHEN Yefei, LI Linchuan,ZHANG Fang,et al. Study on novel

power flow control method of UPFC based on bus current-

injection[.]]. Power System Protection and Control,2014,42(2):

69-74.

[ 8 ] ALOMOUSH M. Exact pi-model of UPFC-inserted transmission
lines in power flow studies[J]. IEEE Power Engineering Re-
view,2002,22(10) : 54-56.

[ 9] MARCOS P,LUIZ C. A current based model for load flow
studies with UPFC[J]. IEEE Transactions on Power Systems,
2013,28(2) :677-682.

[10] ABBAS R,MAHMUD F,MUHAMMAD O. Optimal unified

power flow controller application to enhance total transfer

[5

[

[

[7

capability[]]. IET Generation, Transmission & Distribution,
2015,9(4):358-368.

(11 B4 e, Bemk b, Ayt . e — 0 Ui 22 o 4 1 i A3 T 0 3 e
TioxRila ] i AR (A SRR ), 1999,39(3) £ 92-95.
CHEN Jinfu, DUAN Xianzhong, HE Yangzan. Load flow con-
trol capability analysis of UPFC[J]. Journal of Tsinghua Uni-
versily(Science & Technology),1999,39(3):92-95.

[12] XBAE, 25 . e — Wi g ol s 0 UL A 2 0 ) 3080 4 e J 43 A7

[J]. BURHLT7,2015,32(2) :43-49.

ZHENG Hua, GAO Fen. Analysis of unified power flow con-
troller model and its control capability of power flow[J]. Mo-
dern Electric Power,2015,32(2):43-49.

[13] ®hok, sk 75, 0 WY, A5 25 1 UPRC S 42 1l SR 174 v 19 2

P REAIWITELT]. ) TR, 2018,37(1):1-7.
HAN Bing,ZHANG Ningyu, HU Haoming,et al. Control capa-
bility analysis of unified power flow controller considering
real-time control strategy[J]. Electric Power Engineering Tech-
nology,2018,37(1 ):1-7.

[14] 2R I RAR, A5 . T 00 (B0 55 00380 WAt vl 42 91 [ 174

UPFC ISR IERT ST ) ]. LT A 8h ki 4, 2018,38(12) ;
67-72.
LI Shenghu, WANG Ting, WU Dong,et al. Power flow conver-
gence characteristic of UPFC based on initial value evalua-
tion and controllable range of power flow[]J]. Electric Power
Automation Equipment,2018,38(12):67-72.

[15] S, XI55 485, 45 . UPFC A Phfa il 5 | 9 58 T s i iF 52
). BBk ,2017,37(1):176-181.

MA Peng, LIU Qing,ZOU Jiaping, et al. Research on interac-
tion during active power-flow control of UPFC [J]. Electric
Power Automation Equipment,2017,37(1):176-181.

[16] Zehn, Bt i, 58 AL . kT 38 O & 15 58 SURRHI 1Y) UPFC 4211
PEREXTELLY]. HLJT A Sk 4, 2007,27(5) : 45-48.

CAI Song, DUAN Shanxu, CAI Li. Comparison of UPFC per-
formance between cross coupling and decoupling controls|]].
Electric Power Automation Equipment,2007,27(5):45-48.

[17] ILANGO G S,NAGAMANI C,SAI A V S S R,et al. Control
algorithms for control of real and reactive power flows and
power oscillation damping using UPFC[J]. Electric Power
Systems Research,2009,79(4):595-605.

(18] sk sKFRM, L5750, % GE— W4 il i 2 s bl I 42 ) 5

WERFSELT . AR, 2014,38(4) : 1008-1013.
ZHANG Man, ZHANG Chunpeng, JIANG Qirong, et al. Study
on multi-objective coordinated control strategy of unified power
flow controller[J]. Power System Technology,2014,38(4) : 1008-
1013.

[19] W HF Ak, RIGEE, 55 . B AP ER N UPFC /R L L2 RET 4
P prsE ()], LA, 2016,40(1) :92-96.

QI Wanchun, YANG Lin, SONG Pengcheng, et al. UPFC sys-
tem control strategy research in Nanjing Western Power Grid
[J]. Power System Technology,2016,40(1):92-96.

[20] LIU J, XU Z, XIAO L. Comprehensive power flow analyses
and novel feedforward coordination control strategy for MMC-
based UPFC[]]. Energies,2019,12(5) : 824.

x| A (1988 —), % b R A
AR A, ERARL T @A R IR R
#AEZ A (E-mail:1j10323@zju.edu.cn) ;

o B(1962—), F i in i T AL #K
BREEHRAAEFH , ZRFAATAA
HVDC.FACTS Z#7 888 5F M 22 &4 (E-mail:
xuzheng007@zju.edu.cn) ;

o 4(1992—), F T THMAL £

) 7 e
R A, BRI v A Fe e A R s AR & M A (E-mail :

yangjian_zju@zju.edu.cn)

(448 5%)

(F#% 210 W continued on page 210)



19 ® 0 & % L B ®41 %

Power supply scheme of traction cable co-phase connected power supply system for
heavy-haul railway powered by AT
ZHANG Heng',WANG Hui',LI Qunzhan',XIA Mengyi’,ZHANG Yu',SU Peng'
(1. School of Electrical Engineering,Southwest Jiaotong University,Chengdu 611756, China;

2. Electrification Department,China Railway First Survey and Design Institute Group Co.,Ltd.,Xi’an 710043, China)
Abstract: Aiming at heavy-haul railways powered by AT (AutoTransformer),in order to further improve its
capacity and the utilization rate of regenerative braking energy,a power supply scheme of heavy-haul railway
traction cable co-phase connected power supply system powered by AT is proposed. Firstly, the proposed
power supply scheme is introduced. Secondly,the power supply ability of the power supply system is studied,
the equivalent model of the power supply system is established,the current distribution of the power supply
system is analyzed, the equivalent impedance of traction network is calculated,and the mathematical model
of power supply ability is deduced according to its voltage distribution relationship, which provides basis
for the preliminary design of the scheme. Then, taking the transformation design of an actual heavy-haul
line as a case,the power supply ability and energy consumption of the existing scheme and the proposed
scheme are simulated and verified. Finally, the transformation cost and operation economy are analyzed.
The analysis results show that the proposed scheme can extend the power supply distance,reduce the energy
consumption of traction power supply system,improve the utilization rate of regenerative braking energy,and
save external power resources,having good economic benefit.

Key words: heavy-haul railway; AT power supply; traction cable co-phase connected power supply; power

supply ability ;regenerative braking energy;economic analysis
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Regulation principle of power flow gradient to multiple characteristic
independent variables in UPFC embedded power system

LIU Jinlian',XU Zheng', YANG Jian',ZHANG Zheren',SONG Pengcheng’
(1. College of Electrical Engineering,Zhejiang University, Hangzhou 310027, China;

2. National Power Dispatching and Control Center,State Grid Corporation of China,Beijing 100032, China)
Abstract:The power flow gradient or regulation efficiency of UPFC(Unified Power Flow Controller) embedded
power system are mainly dominated by the amplitude and phase angle of OSIV(Output Series Inserted Vol-
tage) of UPFC and the phase difference of system. The above three variables are chosen as CIVs(Charac-
teristic Independent Variables) for power flow regulation, and with the actual circuit of UPFC embedded
double-end power system as background,the mathematical models of active and reactive power flow gradient
for each CIV at different critical points are deduced. Based on the regulation freedom degree and efficiency
of system power flow,the regulation characteristics of power flow gradients are analyzed theoretically. A variety
of typical system operation conditions are set up,and two types of power flow regulation modes are designed
through two types of incremental combinations of OSIV amplitude and phase angle,and several typical regu-
lation scenarios for the phase difference of system are also designed. Finally,the case test and analysis are
performed regarding the characteristics of power flow gradients to each CIV at system ecritical points, and
the summarized conclusions are beneficial to coordinate the power flow regulation efficiency and the require-
ments of system protection and stability comprehensively, making the operation of power grid efficient and
stable.

Key words:unified power flow controller;output series inserted voltage;power flow gradient;characteristic in-

dependent variables;ecritical points;system operation conditions
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