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Fig.3 Switch topology of secondary winding of ST
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Fig.4 Switch action sequence when the
positive winding is connected
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Fig.5 The equivalent circuit when switch VT1 is on
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Fig.7 The equivalent circuit of transient process
when cutting out the winding
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Fig.8 Control strategy of HUPFC
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VT2 when switching directly

B ST IRGLEH a, b, e 1Y 0.4U,,, —H L4 $%
AJRIFRE %, 20 (13) b A48 5 88 U gk Ly, B[
5% WA arctan(wL,/R) = 10, i AR i Al
FED 4 5 A

wt + 0 — arctan(wL,/R) =0 (18)
i(t,) ==i(t,) (19)

RAFIHHEARIF 5 VT FI VT2 Y5 27 3R
WEATEEE, bRzt IF S EFT P i o i
B , 50 S8 2H 2 H, T R AT M 00 >R 4 ) O 5 )
e, BT ERAL G SR G R 10°, AT AR Sk 4 )

B4 A IS SE R i A %, FRAE M 0.5 ms 45 1
VT1 h/E, 376 VT1 8 0.1 ms J5fasiH] VT2 &,
BT



2 HEHEAR 192

i(t) =i(t,) =i(t,)=0 (20)
A GERL R 6] B S (AR 0, Al A T
AR, R AR A, diy/de A2l R, REE R IE
TR A A i s
IRRGRH a, b, o, NG AHL K, 2 IR A
JiE LA VT BEAE G Hoid ZAE R 0.5 ms Jo I,
PR 2m/5 Ja ] VT2 S, Bk s I 56 2 2
A (19), AT SEBUARIR G Ao V)4 s IR s
by e A RTAIZ i, VT £ Head AT/} 0.5
ms Jo T, 283 2a/3 il T 56 VT2 Bl SEBL
RIS U4, DL A FHGEEH ), 181 15 45 i
TR [ B 1] V) I T G 5C W ) 2, ]
FIARE) A FHSE2H B 1] e AERAE 7] BT HE O O 5C e
A2, WL 16, o iy iy i D = AHZR LI o

1

>Z
E 15 A %4 IE [N/ R m ) H B FF Y5z

Fig.15 The switching time when A-phase windings
are connected forward or cut out in reverse

wt

i

X

o

/

B 16 AMBSGAEEYIH/ KEENRF XL
Fig.16 The switching time when A-phase windings
are cut forward or connected in reverse

AR LA AR ER A I U7 AR ay 1Y
0.4U e ra &, HIF5& VT2 F A oL 3 AR TR IR 4
K17 frs, SR 14 0 Lea] DU AR ER i it
Fs U RE A7 20 i I S U e A r A B0 30 A
Fe , RAETT SR IE 7 2 4 T A

FHWRGEAN 0.1U,,, — RS AR i i
W AR AN SR VI T ko o 3R oAl A,
AR R GELH b TP RIS Z0AN [+, B[] — I 2 5

200 1

100 [

0

/A

—-100 [

-200 . . . .
147 148 149 150 1.51

R
(a) VT2

200
1000 O
,2(X) L
,4“) L
| =600 ¢

500 L . . . =
1.514 1.516 1.518

1.52 1.53 1.54 1.55

HLE/V
o

=500

—1 000

1.48 1.50 1.52 1.54 1.56 1.58
I 8] /s
(b) VT2 HL K IE
17 RIRRFL E DIt VT2 BB [EF BB iR 7
Fig.17 Voltage and current waveforms of switch du-
ring low circulation and overvoltage switching

N — R 6 f B B B FhL TR AR ), PRI 2 B3 =
o TS S5, 5 AT g 3 A9, S B KR S 1
BUHE 2R 2 S HUPFC 2440 B4Rt i A
IVELE LR N 6.3 KV, = A5 Py 4
U, =(U, +U, +U;)/3=222.1kV (21)
mﬂWr%AMA%mM%—%MX
o U,
100% = 1.9% (22)
A U, Uy | Uo BRI ML EIRE; U, N
AL .
th T HL 3 HL T OLTC Wi R iR 33 , 4> 4 46 1o 72
TE—J e P9 58 B, 6 P ) A B RS P A 38 S 1o
4% , NE8 BB R AT
5.2.3 P @it HUPFC P83 87
Pk B @ 5% HUPFC i Fil 421 J7 f 7 OLTC ]
SIS R T Sk £ B SR SC T BT A
(9 FF S 2, T A AR K 1 28 2L A S i )
W T OLE B T B A ) 284 S B
LKA RS N T RGN B . 2B 2
VI Un 18 JE s, 0 0 R 40 EL S S an A 19 7
o SR 12 FIE 13 HEATXE L, AT A ST SR 4
HL 7 FL TG I o R O e L AR P A 2
PN,




193 XK 45 BE T4 5 OLTC ) HUPRC G847 Rk 0 KA il

1500
1 000
500

0
—500 |
—1 000

-1 500
1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70

5 1) /s

E 18 £RNBFAXBERAERLE 2 BiRKE

Fig.18 Line 2 current waveforms regulated by
full-power electronic switch

AM — B —CHl

/A

3507 e ] 350
300 300
250t F 250
E 200 1200 §
fg 150 150§
g 100 1100 g
sof Fohsh |50
0 \ 0
-50 -50

1.0 1.5 2.0 2.5 3.0 3.5
I 7)/s

19 2BHEFARBETHIIEREE
Fig.19 Power waveforms regulated by
full-power electronic switch

6 it

(1) SCHPERXIEF 42 Jy L7 OLTC [ Pk i
fi =X HUPFC G4k ] #5JF J& 7 0F 5%, W f i 7
OLTC W] #5 9% i F&. e o 2 B PR, 285 65 ST IR Ge 4l
ARG e, B H A 4548 1 T SRS He g o /e
FEYI , {45 ST 7648 [l 4 =k %5 Fn TAER T T
PR RGN, A 3K T L %
(2) LR T 42 J B OLTC [ T AR Ff
P, X FF U e st A 8 25 5 R 0k liflﬂéﬂ‘ﬁ I 4
B TARIR RN e V48 5 i o Simulink {7 HLZ5 R 5%
BH {5 3 U048 G T A R R AR D) 48 3 7 v 1)
IR AT R PRAIETT S I 4 & T TAE
(3) TEFHARFRASHIE Sk e B i
H bR H ) T s A 3, S 4R I S Bl fE R
e/ D il Sk P B R G . 12 TR W R A o D B A
T B AR R B IR OQ SR IR B U > il Sk A B IR 4
R HiN GIRRE R A= oY PA oI K (RIDP T P
ALy R S SR AR 1 2218, 45 A A
WA AL T 58 A RS 1 2 O U ) , B
JEEE XA IR BB, 735 24 1 sf [ ik 2 F G B AR
PTIL . A5G SRR Simulink {7 B, 255K

B, S MU OLTC AH L, R4 FL 7R T LU

PR RERF I TR L SO R Y Bl S RE

S 0k

[1] IMDADULLAH, AMRR S M, JAMIL ASGHAR M S, et al. A
comprehensive review of power flow controllers in interconnect-
ed power system networks [ J]. IEEE Access, 2020, 8. 18036-
18063.

[2] RELI F,MARI P,GLAVAS H et al. Influence of FACTS device

[}

implementation on performance of distribution network with inte-
grated renewable energy sources[ J]. Energies,2020,13(20) .
5516.

B PR, R, 4. T8 — 0 U 7 e 1 B B R PR
THIEARTEWT L R R A SRS [T ). v ) i 8% 55 TE S b
[%,2021,42(5) . 168-172.

ZHOU Hua, XIE Dong,SONG Meiya, et al. Study on application

[3

[}

of short-circuit current limitation technology with unified power
flow controller in Zhejiang power system[ J]. Power Capacitor &
Reactive Power Compensation,2021,42(5) :168-172.

[4] YANG J,XU Z. Power flow calculation methods for power sys-
tems with novel structure UPFC[ J]. Applied Sciences,2020,10
(15):5121.

[5] HUANG H,ZHANG L,O0GHORADA O, et al. Analysis and con-
trol of a modular multilevel cascaded converter-based unified
power flow controller[ J]. IEEE Transactions on Industry Appli-
cations,2021,57(3) :3202-3213.

(6] ¥EH, 3%, N, % WEREHE— W H defa s i
BB T]. WD RGP 515, 2022,50(1) : 148-157.
LUO Yuchun, WANG Yi,SHAN Xin,et al. Realization of steady
state modeling of unified power flow controller in a control
system[ J |. Power System Protection and Control ,2022,50(1) ;
148-157.

[7] FENG J L,HAN S,PAN Y H,et al. Steady-state modelling of
extended Sen transformer for unified iterative power flow solution
[J]. Electric Power Systems Research,2020,187.106492.

[8] GASIM MOHAMED S E,JASNI J,RADZI M A M, et al. Power
transistor-assisted Sen transformer: a novel approach to power
flow control[ J]. Electric Power Systems Research,?2016,133;
228-240.

[9] BEHERA T, DE D. Enhanced operation of 'Sen’ transformer
with improved operating point density/area for power flow con-
trol[ J]. IET Generation, Transmission & Distribution, 2019, 13
(14) .3158-3168.

[10] KUMARI D, CHATTOPADHYAY S K, VERMA A. Improve-
ment of power flow capability by using an alternative power
flow controller [ J ]. IEEE Transactions on Power Delivery,
2020,35(5) :2353-2362.

[11] GASIM MOHAMED S E,JASNI J,RADZI M A M, et al. Im-
plementation of the power transistor-assisted Sen transformer in
steady-state load flow analysis[ J]. IET Generation, Transmiss-
ion & Distribution,2018,12(18) :4182-4193.

[12] SONG J Y,YU Z Y,XIE W,et al. Hybrid unified power flow
controller topology and control strategy optimization[ C]//2019



2 HEHEAR 194

[13

(14

IEEE 2nd International Conference on Automation, Electronics & Energy Systems,2021,130.107024.
and Electrical Engineering ( AUTEEE ). Shenyang, China. [19] DHANAMJAYULU C,PADMANABAN S, RAMACHANDAR-
IEEE,2020.6-11. AMURTHY V K, et al. Design and implementation of multi-
| EAEE, E e, Jhad ) S, IR A T 45— 3 UL 4 1 2 40 ) XL level inverters for electric vehicles[ J]. IEEE Access,2020,9:
HUR IR R P Sems [ T]. WL D e, 2021,42(9) :53-64. 317-338.
GAO Benfeng, WANG Xiao, LIANG Jifeng, et al. Control stra- [20] R&L,FE W, ZME, %, VLRIREGUE 808 ik
tegy of hybrid unified power flow controller to suppress wind RIS T]. B ERAR,2020,46(6) :2164-2175.
power sub-synchronous oscillation [ J]. Electric Power Con- SONG Dongdong, DONG Biao, LI Pengcheng, et al. Arc cur-
struction,2021,42(9) :53-64. rent transfer process in hybrid electromechanical on load tap-
] BRI, RSB, & — MR M 2L RIE S S changer[ ] ]. High Voltage Engineering,2020,46 (6) :2164-
—WAE R AR [J]. B ) TRAR 2023 ,42(1) :2-10. 2175.
YUAN Jiaxin, XU Shunkai, YU Mengze, et al. A multi-line hy- [21] REEK, Tk, F 1%, % WA BT uit %
brid unified power flow controller for distribution network [ J]. it 55T ], S ER AR ,2019,45(7) :2141-2149.
Electric Power Engineering Technology,2023,42(1) :2-10. SONG Dongdong, DING Laiwei, DONG Biao,et al. Design and
1 . TRA G0 — 50U s i 7% d A T Hops il SR mg BT 9% research on the improvement scheme of purely mechanical on-
[D]. b5t A4k o 1 k%, 2021 . 40-60. load tap-changers [ J ]. High Voltage Engineering, 2019, 45
CHEN Kailong. Research on modeling and control strategy of (7):2141-2149.
hybrid unified power flow controller[ D]. Beijing: North China [22] FANG Z,LIN Y Z,SONG S J,et al. State estimation for situa-
Electric Power University ,2021 ;40-60. tional awareness of active distribution system with photovoltaic
] PAN Y H,HAN S,FENG J L, et al. An analytical electromag- power plants[ J]. IEEE Transactions on Smart Grid,2021,12
netic model of "Sen" transformer with multi-winding coupling (1) :239-250.
[J]. International Journal of Electrical Power & Energy Sys-
tems, 2020, 120:106033. TEH A
1 AR, R BRI, 45 36 P T TG R ) 25 2 i 1 B v XK (1980) , 55, i+, @I #0852, 52 5 1)

57 Sen A FEZR [ T]. R EH AR ,2021,47(2) .564-573.

YUAN Jiaxin, YIN Shan, YIN Hongshun, et al. Fast electro- 55 B3 AR ( E-mail ; liuxinhust@ 163.com) ;
magnetic Sen-transformer suitable for multi-line distribution
network [ J]. High Voltage Engineering,2021,47(2) :564-573.

] PAN Y H,HAN S,ZHOU C,et al. On switching transient mo-

FL TR PSS A AR

deling and analysis of electronic on-load tap-changers based

Sen transformer[ J ]. International Journal of Electrical Power

Operation characteristics analysis and control of HUPFC

based on full-power electronic OLTC
LIU Xin, MU Hengling
(School of Electrical and Electronic Engineering, North China Electric Power University , Baoding 071003, China)
Abstract ; Flexible alternative current transmission systems ( FACTS) devices such as the hybrid unified power flow controller
(HUPFC) can adjust the line power flow and effectively increase the transmission capacity of the transmission network. To
solve the problems caused by the mechanical on-load tap changer ( OLTC) used in the traditional HUPFC, a fast
electromagnetic HUPFC based on full-power electronic OLTC is proposed in this paper. Firstly,the operation characteristics of
HUPFC are studied,and a method to suppress the overvoltage generated in the switching process is proposed. At the same time,
a tap selection strategy with the least switching times is realized by using the asymmetric stage voltage Sen transformer with the
existence of degrees of freedom in the synthesis method of operating points, and the detailed steps from power flow instruction
change to switching voltage regulation are given. Finally,the 220 kV double-loop circuit simulation model is built in Simulink,
and the power flow regulation process and results of the fast electromagnetic HUPFC are compared with those of the traditional
HUPFC. The results show that the full-power electronic switch has more advantages in response speed and reducing the power
fluctuation in the adjustment process than mechanical OLTC,and the feasibility of the fast electromagnetic HUPFC is verified.
Keywords : power flow regulation ; electromagnetic hybrid unified power flow controller ( HUPFC) ;Sen transformer ; full-power

electronic on-load tap changer;switching transient modeling;tap switching strategy
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