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Modelling of extended Sen transformer for a unified iterative power flow solution

FENG Jinling, HAN Song, PAN Yuhang
(School of Electrical Engineering, Guizhou University, Guiyang 550025, China)

Abstract: In order to develop the theories and methods for load flow calculation of a power system with the Extended
Sen Transformer (EST), an EST model suitable for a unified iterative power flow solution is proposed from the
perspective of simplifying the power flow model of the EST. First, according to the working principle of the EST, the
series and shunt windings of the EST are both equivalent to a series-connected branch composed of a voltage source and
an impedance. As a result the EST becomes an equivalent circuit of a dual voltage source. Then, based on the solution
idea of the unified iterative method, a steady-state power flow model of the EST is established considering the operation
modes of the EST such as the voltage regulation, phase angle regulation and independent power flow regulation. Finally,
MATLAB software is used to carry out a simulation for the modified IEEE 6-machine 30-bus system. The magnitude and
phase angle of the node voltages obtained through the Matlab simulation and the proposed model can reach acceptable
agreement, confirming the effectiveness of the proposed model.
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Table 1 Series compensation voltage of EST

EST1 EST2
VcR/p-U- 5cR/(() VcR/p-U- 6cR/(3
i . 0.063 2 22.70 0.106 0 13.430
B n 0.0633 22.50 0.110 13.950
Y%lerror| 0.16 0.88 3.77 3.87
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Fig. 5 Comparison of nodal voltage magnitude for
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N EST1 EST2
i Vip.u. o/9 Vip.u. o/9
% 09943  -6.131  1.0482 -16.361
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series compensation voltage with out-phase action of EST

EST1 EST2
JAH
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= 4 RAMERT EST 2%, FiREE
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end without compensation
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ARAMEE
V/p.u. 019 Vip.u. /(9
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B g
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g
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V, Ve [Gyn €0S(6 — Seer) + By SIN(G, — O )] +
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(A-1)

Q, =-V/B, +VV, [G,,sin(6, —6,) - B,, cos(g, — 6,)]+
VkVScR [ka sin(&k - 5SCR) - Bkm COS(Qk - 53cR )] -
VkVEcR [ka Sin(gk - 5ECR) - Bkm COS(gk - é‘EcR )] +
VvaR [GVR Sin(ek - §VR) - BVR Cos(ek - 5VR )]

(A-2)
P, =V’G, +V.V,[G,, cos(d, —6)+B,,sin@, —6)]+
VmVScR [Gmm COS(Hm - 5SCR) + Bmm sin(é?m - 5SCR )] -
VmVEcR [Gmm COS(Hm - §ECR) + Bmm sin(@m - §ECR )]
(A-3)

Qm = _an Bmm +Vka [Gmk Sin(em - ek) - Bmk COS(Hm - Hk )] +
VmVScR [Gmm Sin(gm - 5SCR) - Bmm COS(gm - 5S|:R )] -

VmVEcR [Gmm Sin(em - §ECR) - Bmm COS(em - 5ECR )]

(A-4)
Por = Vsch G +VserVic[Gry €05(05 — 6) + By SiN(Fs — G)]+
VserVin[Gum €08(Fscr — 6r) + By SIN(Ssir — 6,)] -
VeerVeer [Crm €08(9ser — Feer ) + Bryn SIN(Jer — Fer )]
(A-5)
Qser = Ve Bun +Vaa Vi [y SIN(Ssi — 6,) = By 008(J — 6, )] +
VserVin[Grum SIN(FOser — G,) = By €05(Fser — G )] —
VserVeer [Gam SIN(Oscr — Oeer) — Brm COS(Fser — Oeer )]
(A-6)
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Pec =VEZCF\‘ G~ VerVin[Grm €0S(Seer = ) + Bry SIN(Ser — 61)1—
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QVR :va? BvR +VVRVk [GVR Sin(&VR - ek) B (A-lO)

BvR cos(évR - ‘9k )]
K, Spn~ Oon 77N EST H IEAHAME F YR )
RIS AH AR SORHAMEE S (R AH £

Yo =Gy + By = ZC_Rl + Z;é (A-11)
Ymm = Gmm + ijm = Zc_Fi (A-12)
Ykm = Ykm = ka + jBkm = _Z(;é- (A-13)

29 28
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Fig. A1 The modified IEEE30 bus system with EST

SEHR

(1] 329, MM, B%. S B L RE DI BOR MR 5 e
B[] FE BN TR, 2013, 33(28): 34-40.

Al Qian, YANG Xi, HE Xing. Research on technologies
for improving power grid transmission capacity[J].
Proceedings of the CSEE, 2013, 33(28): 34-40.

[2] LI Gengyin, LI Guodong, ZHOU Ming. Comprehensive
evaluation model of wind power accommodation ability
based on macroscopic and microscopic indicators[J].
Protection and Control of Modern Power Systems, 2019,
4(3): 215-226. DOI: 10.1186/s41601-019-0132-6.

[3] MA Zhaoxing, CHEN Hao, CHAI Yanli. Analysis of

[4]

(5]

(6]

[7]

(8]

[9]

[10]

voltage stability uncertainty using stochastic response
surface method related to wind farm correlation[J].
Protection and Control of Modern Power Systems, 2017,
2(3): 211-219. DOI: 10.1186/s41601-017-0051-3.

SRR, BN, 59— B XU A L XX R AL
DEE OGP R[] B RG R 5], 2017,
45(15): 1-7.

HAN Song, WANG Xinglong. Modeling of DFIG based
wind farm considering temporal and spatial non-uniformity
of wind speed in mountainous region and its applicability
analysis[J]. Power System Protection and Control, 2017,
45(15): 1-7.

g, B0, Sk, & FRmBE A ROUIRIIE R
B B 0 AR AG R B T VE[T]. H D R G AR S R,
2019, 47(18): 90-98.

LU Chang, GUO Li, CHAI Yuanyuan, et al. Day-ahead
optimal scheduling method for incremental distribution
network with high penetration of distributed photovoltaic[J].
Power System Protection and Control, 2019, 47(18):
90-98.

A, RUAR, 1RoREL, &5, &8 R8T A1 A AN RE IR
PN O TC A PR BE B AL [0]. R ) R GRS R,
2018, 46(20): 116-123.

LIU Yan, WU Yimin, XU Rongmin, et al. Research on
distribution network scheduling with smart load and
distributed energy access[J]. Power System Protection
and Control, 2018, 46(20): 116-123.

KGRI, S, ETE), 5. R T 2N R E
ZIRHANK BRI R L], B RGOS 542,
2019, 47(12): 73-83.

LIU Deshun, DONG Haiying, WANG Ningbo, et al.
Optimization scheduling for multi-source complementary
power plants group based on multiple temporal and
spatial scales coordination[J]. Power System Protection
and Control, 2019, 47(12): 73-83.

BT, SKEM, £, 5. R s 55—
R 2 A Sen Transformer (% EE[I]. HMELAR,

2016, 40(3): 868-874.

TAN Zhenlong, ZHANG Chunpeng, JIANG Qirong, et al.
Comparative research on rotary power flow controller,
unified power flow controller and Sen Transformer[J].
Power System Technology, 2016, 40(3): 868-874.

SEN K K, SEN M L. Introducing the family of “Sen”
transformers: a set of power
transformers[J]. IEEE Transactions on Power Delivery,
2003, 18(1): 149-157.

SEN K K, SEN M L. Comparison of the "Sen"
transformer with the unified power flow controller[J].

flow controlling



- 48 -

@ HERIEF DR

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

IEEE Transactions on Power Delivery, 2003, 18(4):
1523-1533.

MOHAMED G, JASNI S E, RADZI J, et al. Power
transistor-assisted Sen Transformer: A novel approach to
power flow control[J]. Electric Power Systems Research,
2016, 133: 228-240.

Wrarid, <8, RAGE, S5 RBOR G AU 8 A
AL KAz i[]. R HA, 2017, 43(4): 1086-1094
CHEN Baichao, LIU Lei, YU Mengze, et al. Ontology
optimization and control strategy of electromagnetic hybrid
power flow controller[J]. High Voltage Engineering, 2017,
43(4): 1086-1094.

MRAmER, 2eseml, Herte, & FRRE S Wiz
2% S TR AT [I]. =R BIR, 2017, 43(10):
3256-3264.

CHEN Baichao, FEI Wenli, TIAN Cuihua, et al. Novel
hybrid unified power flow controller and regulation
performance analysis[J]. High Voltage Engineering, 2017,
43(10): 3256-3264.

FREL, R, VFiE. AR AR R G O b 2 Ry
FE W 4% ) 3 B 5 5 9% R, 201510330860.6[P].
2016-01-20.

HAN Song, RONG Na, XU Kui. The power flow control
device and method for small numbers of inverting
secondary  windings  of  transformer: China,
201510330860.6[P]. 2016-01-20.

BERA, DRI, e AR I A T IR 4 1) 2 L 10 2 By
ek ¥tk HIE, 201510431561.1[P]. 2016-01-20.
HAN Song, RONG Na. Multi-step taps control method of
special transformer type power flow control device:
China, 201510431561.1[P]. 2016-01-20.

ASGHARI B, FARUQUE M O, DINAVAHI V. Detailed
real-time transient model of the “Sen” transformer[J].
IEEE Transactions on Power Delivery, 2008, 23(3):
1513-1521.

LIU J, DINAVAHI V. Nonlinear magnetic equivalent
circuit-based real-time Sen transformer electromagnetic
transient model on FPGA for HIL emulation[J]. IEEE
Transactions on Power Delivery, 2016, 31(6): 2483-2493.
KAMEL S, JURADO F, LOPES J A P. Comparison of
various UPFC models for power flow control[J]. Electric
Power Systems Research, 2015, 121: 243-251.

Wt REBHE, 4B & TH A UPFC #R 4 ) 3
Grmiit HITVE]. FIMECR, 2017, 41(3): 888-894
YANG Jian, SONG Pengcheng, XU Zheng. A load flow

calculation method for power systems with novel UPFC
topology[J]. Power System Technology, 2017, 41(3):
888-894.

R, R, RAR, S HETRE A EATE R T
Bl UPFC Wi siRe et AL 0], o0 A B ik 45,
2018, 38(12): 67-72.

LI Shenghu, WANG Ting, WU Dong, et al. Power flow
convergence characteristic of UPFC based on initial
value evaluation and controllable range of power flow[J].
Electric Power Automation Equipment, 2018, 38(12):
67-72.

NABAVI-NIAKI A, LRAVANI M R. Steady-state and
dynamic models of unified power flow controller (UPFC)
for power system studies[J]. IEEE Transactions on Power
Systems, 1996, 11(4): 1937-1943.

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

FARUQUE M O, DINAVAHI V. A tap-changing
algorithm for the implementation of “Sen” transformer[J].
IEEE Transactions on Power Delivery, 2007, 22(3):
1750-1757.

EBEED M, KAMEL S, YU J, et al. Development of
UPFC operating constraints enforcement approach for
power flow control[J]. IET Generation, Transmission &
Distribution, 2019, 13(20): 4579-4591.

SEN K K, SEN M L. Introduction to FACTS controllers:
theory, modeling, and applications[M]. New York:
Wiley-1EEE Press, 2009.

[20]

[21]

(22]

(23]

[24]

[25]

WS EHA: 2019-12-12;
EE BN

B4k (1996—), F, MEHMRE, TR TG HE
NAGBET S, FHAHELHEK;
2399268975@q(.com

3% o (1978—), F, @k, B, #R, RS
FAHRLARE A RADESH. AL B FREARRE
MHFLK]; E-mail: ee.hans@gmail.com

HFM1994—), F, MEHRL, TR2H5aA0HNE
GAREEER . EUEXAMOERARE HEGHG A,
E-mail: yhpan424@163.com

1&E HHA: 2020-04-02

E-mail:

(CE )



