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Abstract

The unified power flow controller (UPFC) is an important third generation of flexible AC transmis-
sion equipment which can comprehensively optimize the power flow and influence the reliability
of power grid. Considering the traditional 3-state model of UPFC ignores the independent opera-
tion of the converters, while the 4-state model does not take account of the practical application
structure of UPFC, an optimized four state model is proposed. Taking into account the three con-
verter mutual backup structure, and the principle of priority to ensure the realization of static
synchronous series compensator (SSSC) function while internal fault occurs, the model improves
the system utilization rate of UPFC as well as UPFC’s reliability. The ability of UPFC to achieve var-
ious states is calculated by the state space method and the hierarchical equivalence theory. The
influence of UPFC four operation states on the system reliability is verified in the example of Hefei
Southern sub area power grid.
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1. 5|

WRENRGECERERN—ANEERELEL, Bl AL SRR FAMO KB J ], X3RN &
LR A0 AT AT o SR AT AR S0 1) B H 2 58 o ARG L R ) T BB, O IR IE R A A HL T
R85, HTH T ) RGP W- R 05 22 i fan HL 2 4t (flexible AC transmission system, FACTS) M #fi A- «
FACTS HA ¥l v AT « o0 R Gufa e M LA B = F AR 0 IR0 3K Th g, e HL A A g AR o e
RG4S, BT W) RGIA BRI AR S HHE L] [2]

45— ¥ 5 %5 (unified power flow controller, UPFC){E N IhAE 4 Y FACTS 38, %A T #r LD
R I M32 35 (SSSC) R 11 [F] 25 M 25 (STATCOM) 4% il T Bt g okl R 3 1%t o1 ) RS0 AT | IR kb
PEFI LR R T[3] [4]. UPFC BSR4 ) RG] SE VP 5L NGB I . UPFC [ A SEPE L DL I
UPFC BEAL b xof % 45 o W9 m SEVE A S0, %) UPFC ] SEVERIF 506 1T A K vl W (1) 22 4 T S35 4T

UPFC RFSEMERERY B MRS . RS, DRGSR ANZES 5 WA I JUIRS AL .
BR[5] [6]32H T UPFC HIBRIRZASHAL, 434 1 HXd s W0 (g 52ma,  SCHR[7]7E BEIE Rl -4 UPFC HIW i 2 %
TR NN B AL S5 ¥ 5= T S S i i) e O A Ar MR AR o, 21 T —Fh UPFC IR B 7. =R
ABERUR ] T A -FEEIT A%, H T UPFC HIFRAIUIRES . (H'EBA % FE 2] UPFC 5 AU A 60 (1 4
SLIEAT K [8]. PPIRASBIALE UPFC @17 RAE 0 NIER . BB B TAE 1) SCCC 5. FRIBeM s b T
YEH) STATCOM Hx0AIF 32 DUFOIRAS, (H& L 208 T Bl 28 I PR AIUIRAS [9] [10]. 45475 18 = IRASFI IR
AR, SCHER[IL]AH T —FCIRSER . SRS HE T8 FERR RS 1) SMus T MR AUIRES, FIH
FEFEIE A F&D 5y, #AL T UPFC Al Stk RABE Al b i 7l

UPFC — &% F T 110 kV BL &%, MIE 110 kV M Lh F4RER 2 R AR ek 550, T8 —fhnf
eV AT RIEMAE UPFC G5 H sk Ak il R4umliai[12] [13]. 1448 UPFC [ RIS PR A4 X 2% fE B ]
g5k, ERT UPFC I SERRR GO, ASCHE tH— i@ i UPFC At Ak XU [nl 45 K iy mT SEPEAS A . S8 R o 7
4, LLSSSCHEAMCIZAT RN NHEAY, 12 H 5 /R ] FARA S [BVE[ 148045 |2 455 AR [15] [16]8E . —
AMEAL TR ZS W SEVERE AL, JEEE TS AULE Digsilent 4041 T UPFC 2R A Xt B 7 B 48 1) A S 520
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AEE. AU, RIGHIXE UPFC KRG MWIE 1 Bk IEFE T, —Agi st JpAs K
4 TLH R, MOTIE TR SEI STATCOM TRE, W2H i 45 i B3 AR FE 2% T2, T3 H N BN [m] 2k
P, MSTIEATIXSEIL SSSC Thik. — it ds BN, 4 H B A i a5 S, @i T
FHAE, UImT DASEIL UPFC #5r Thfe . FFICOHe i 25 R A FL . - JoThdssthl, A Beiudseim 2% % A P-Q &4,
A CARIN AMER By TEIHRTHE, SCHLDY R PRIZAT

3. UPFC AI 14 iEE

B AR S TS R e 0 e, % UPFC TR+ R4, ML &N T RAMRSE
FIEE, M2 ZEEBE, TBRENRGERIREA. TR S1 N=HE AL HHRES, TRS
S2 MR BRMAZ LS, T RS S3 NI B LA, T R4 S4 Wi Hm Az H R4t .

3.1. FRGIEIEN

UPFC — M HTE 110KV B LA RISt B e, X6k T ThTh 25 A0 e T 42 1) (0 75 SR 55 55, K AR S fRIE
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Figure 1. System structure diagram of double-circuit UPFC
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Figure 2. State-space model of subsystem S1
2. FHRY: SLRAE=EE

A
P sTaTCO
UPFC | o b
H1
A A
u
A, U, > L A,
\ 4 ) 4
As q
sssc | DOWN
-
H3

Figure 3. Equivalent state-space model of subsystem S1
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Figure 4. State-space model of UPFC
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Table 1. Table of UPFC operation state
# 1. UPFC BITRRE*

Fre S1 S2 S3 S4 RE
1 1 1 1 1 UPFC
2 1 1 0 1 SSSC
3 1 0 1 1 STATCOM
4 0.5 1 1 1 STATCOM
5 0.5 1 1 1 SSSC
6 0.5 1 0 1 SSSC
7 0.5 0 1 1 STATCOM
8 2z

4. 3+ UPFC B 7] SE 14 74

UPFC 5t 545 il 5 MERA W 19 56 76 B2 18 UPFC AN TR AS LA 40 B B AR 250 B B B
A A 1 AR A

1) AT

2) EELR GRS

3) AR T+

4) TR

AT PRI IO TSR PR SO B R B . RGOR AR 7 AR A MO RIS
L, A UPFC X 3 S5 T S MBI S R A MO, MOk S R, KRR R
SRR BB IE — MO T TR R GRS, TS — A RGOIRAS A0 th 7 136 0 17 76 1 s
THRREHRI, ARG PN

Py =T1a1R @)

X, m ARG, PAQ ARG i Aotk TAEFEZMIMER, n Al m-n 558 RG0R
A s RO R AL oA 4

RGUREEM T FIBZ BRI, HRBOUAT IR REEIE, WR BN D%, K80
B3k % UPFC S4B LR A7 HIl 98 o

AT BT SEME SRS RGO R AR SAIFL. RGFEE A SAIDI gLt i & ENS
[17], faifbigE AT

1) RGP R IEAR(SAIFD), S N[1CHr], FoanfEit SN, — NS FRZ AL —
RS

/11'Ci
smm:ng (8)

2) RGP s A FEFR[SAIDI], SR N[hClyr], Feom e T4 E 1 v B P i~ 4458 v R 82 0] 1)

T S L P A B el F PN

smmzz§gi 9)
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3) SOt E(ENS), FAN[MWhyr], x5 R P R T B R R S i v A

ENS=Y(P,-P,)-U (10)

A BN GUT 1T B AR, C R s | I P L U o i i B RN TR, By SR
Gifis AT AR, P, o A IRk ST i i R AT A

UPFC AR GUn T ML R G, HOE R R BB OL, BER ARG R, slb sk
B, ARG MK .

5. EH

ASCHT DigSilent /i 5P &, 88 T & UPFC 1A AR e 43 X FE X EASR R . i ik 1% UPFC 14
FhGERE, SEEL T UPFC (I&NSITIRAS, JEFIH DigSilent 34 FEIE 7 DPL, 18L& AR RGEHIRN o

A N T X R R B 20 RGeS A R AN 151 5 Fiross, B 20 IX LI A A 220 KV = RERY, XA £
AR A ARG B, R IRIRIE, ST ™ AR . o, BEPG- KAl 2k o (] 28 B Th 25 &l 450
MW. IE#IEITH, BB ERA TN 350 MW, K4 N-1 i#kFEnr, 53— Rt 214 AR B
143%, MHEBR, ERUFIE, HIRGH fm E A4 ] DLRE B gL . 7EAE PR I N X E] UPFC
Ja, MR RAE N-1 ks, BT LOE T UPFC B3l 240, i ) — Rl 2R Bl i 75 G DIARBR DL o

A HE R 0 2 DX B A2 2% TT SE PR AR AL A 3R 2 o

FENI UPFC 80N Hulfi 883 25 8 3%70 MVA;  #ilE B HLE 25 KV 4l 5E BLIRHLIA 1200 A,
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Figure 5. Hefei Southern sub area power grid
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Table 2. Reliability data of equipment
2 wEAUEMEER

Juft (s BE#(yr)
KL 0.3/yr 122

532 0.013/yr 438

i 0.1/km-yr 876
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Table 3. State probability of UPFC
% 3. UPFC RS R %

RE UPFC SSSC STATCOM DOWN
M 0.9283 0.0424 0.0269 0.0025

Table 4. Reliability index
= 4. FRMIERR

RE UPFC SSSC STATCOM DOWN
SAIFI (1/C/a) 0.037641 0.038014 0.040567 0.041343
SAIDI (h/Cla) 0.615 0.643 0.712 0.827
ENS (MWh/a) 1586 1651 2230 2970

HHRZE R RN UPFC J5 R S0 5 (44K 8.9%, R ZiHit i B ENS [ T 46%. iX/Z KN UPFC
BT DS R G PR AR R 0 (R, SR/ T R e e B 17 o 1) 67 A 11098 i« UPFC 4847 7E SSSC Al
STATCOM ARt 7] DAFE— @ FEFE B3 R Rl ek, H i T A S R UPFC BRI 7E 220 KV 53 HL M
i, XE IR TR E TR K, UPFC JE1T7E SSSC RA&M ARG I i m BUR B T 184715
STATCOM RART . X BIGIUE T UPFC R FEMEAR B h 4 it 25 55 B A2 S5 1247 SSSCORAS I B

6. &t

SRS T UPFC W] SEMERETY I AE A L L 0 S5 e AT 1 360E, A5 33 N 4518

1) ASCEAS UPFC 2T SEFRM I E LU XU Z5 4, $2 ) T UPFC RIOLAL PR AT SRR . Ja T 5
IR RS ANEI 4 & oy R SEE B, Bk UPFC SEIL A MRS E

2) LS5 R UPFC N LARRARS PR, oD 7 MU, W R 3R i R e T FE KT

3) SCAMAEEMERARARLL, ASCHr R M e PR, KSR

4) AT M ARl UPFC AT SEPEPF AR AT LUy UPFC £ i R 48 TP K Sk b TR M AR BERoR 2
%

Lk (References)

[1] HEMLIIRE R AT, G—nEh 2 AR RAEH[M]. B BRI /1A, 2015.

[21 ZEEER, RFH, 200, 1F & FACTS R & M n At ae 75 1J]. o E dpL LR34, 2009, 29(19): 36-42.
[8] K. S hI A R A 220 KV PUEA W FE[D]: (A2 Ay i 50). dbat: #edbel ke, 2015.

[4] wY%, Zfit, #FH, % PR UPFC THEE T 73], L7 L T.HE, 2015, 34(6): 36-40.

[5] Billinton, R., Fotuhi-Firuzabad, M., Faried, S.O., et al. (2000) Impact of Unified Power Flow Controllers on Power
System Reliability. IEEE Transactions on Power Systems, 15, 410-415. https://doi.org/10.1109/59.852152

[6] Billinton, R. and Cui, Y. (2002) Reliability Evaluation of Composite Electric Power Systems Incorporating FACTS.
Conference on Electrical and Computer Engineering. Canada.

[71 B, B, WIT5T. UPFC X F ) Al SEIE I RBUEZ 2 i LA B[], B0 248 B 31k, 2012, 36(1): 55-60.

[8] Aminifar, F., Fotuhi-Firuzabad, M. and Billinton, R. (2007) Extended Reliability Model of a Unified Power Flow Con-
troller. IET Generation, Transmission & Distribution, 1, 896-903. https://doi.org/10.1049/iet-gtd:20070089

[9]1 Rajabi-Ghahnavieh, A., Fotuhi-Firuzabad, M. and Feuillet, R. (2008) Evaluation of UPFC Impacts on Power System
Reliability. Transmission and Distribution Conference and Exposition, Chicago.
https://doi.org/10.1109/TDC.2008.4517173

[10] Hu, B., Xie, K. and Karki, R. (2010) Reliability Evaluation of Bulk Power Systems Incorporating UPFC. IEEE 11th
International Conference on Probabilistic Methods Applied to Power Systems, Singapore.

DOI: 10.12677/sg.2018.81004 32 B HE L


https://doi.org/10.12677/sg.2018.81004
https://doi.org/10.1109/59.852152
https://doi.org/10.1049/iet-gtd:20070089
https://doi.org/10.1109/TDC.2008.4517173

W %

[11] 2%, T, HEES] UPFC 5 Rtk 48 IR ALAE 40 0 T 4% ke 3 R HT S0A 0], o B bl TR
24, 2015, 35(S1): 44-51,

[12] vEWg, 2508, HIZS, . 3% T XU G 15— MR 5 R G A A AT, R G A Sk, 2015,
39(21): 113-119.

[13] SEME, ARJ5%, BRfhE, 55, G5 Wil 508 RO VU IO REF ], HL /0, 2015, 36(8): 73-78,

[14] WIFHE, SARAR, BIRE, . T TR A TR A 4 PR M A R G SR VAR O], HLRREER, 2011, 35(9):
71-78.

[15] TH, W85, Fak. BT FD BRBIRLLA b L T SR, s R GRS R, 2008, 36(21):
33-37.

[16] Lk, Ak, BRBS, 5. UHVDC REEATHLSASE T RBULIRIT. ) KGR SHEb, 2014, 42(22)
10-17.

[17] PRA R, 254, (75, S5 KM R SEVEIP M DIgSILENT ik LIS J77< 7, 2014, 27(7):
101-105.

L
Hans X
AP R KB 0T 3

1. FTJF40M T http://kns.cnki.net/kns/brief/result.aspx?dbPrefix=WWJD
TFRIAIRMEESE: [ISSN], HAWITI ISSN: 2161-8763, RlIH] #Arif)
2. FTFFENM T T http://enki.net/
Ao« EBRSCERAE” HEN, A SCERRRE, BT

PeREiE S http://www.hanspub.org/Submission.aspx
HAFIHEAS: sg@hanspub.org

DOI: 10.12677/sg.2018.81004 33 B HE L


https://doi.org/10.12677/sg.2018.81004
http://kns.cnki.net/kns/brief/result.aspx?dbPrefix=WWJD
http://cnki.net/
http://www.hanspub.org/Submission.aspx
mailto:sg@hanspub.org

	Reliability Evaluation of UPFC for Double-Circuit Lines
	Abstract
	Keywords
	适用双回线路的UPFC可靠性评估
	摘  要
	关键词
	1. 引言
	2. UPFC结构功能
	3. UPFC可靠性建模
	3.1. 子系统模型建立
	3.2. UPFC状态空间模型

	4. 计及UPFC的电网可靠性评估 
	5. 算例
	6. 结论
	参考文献 (References)

