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Power flow calculation of an AC-DC hybrid distribution network based on a network matrix
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Abstract: It is important to accurately analyze the power flow distribution of complex large-scale systems containing
distributed renewable energy and a new flexible load with integrated generation-use-storage. Considering modern urban
power distribution networks with characteristics of discreteness, dynamics, non-linearity, multi-objectiveness, and uncertainty,
a power flow calculation method of an AC-DC hybrid distribution network based on a network matrix is presented. First, a
steady-state power flow model of a Voltage Source Converter (VSC) is given according to the PWM modulation principle.
Secondly, based on a binary described network matrix, the power flow calculation model of the AC-DC hybrid distribution
network topology is established. Further, by modifying the Jacobian matrix for different control strategies the power flow
model is solved based on Newton-Raphson method. Finally, two examples are given, and the results of PSCAD simulation
are used to make a comparative analysis, which verifies the correctness, flexibility and convergence of the proposed power
flow calculation model.
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Fig. 1 Steady state model of VSC converter
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Fig. 3 Flow chart of AC/DC hybrid distribution network
power flow calculation based on network matrix
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Table 1 Data of each line of example 1

AL A HBQ BEUQ A j R I B
1 2 022180 036300 5 6  0.22080 —
1 9 022180 036300 6 13 0.44150 —
2 3 088700 1.45200( 7 8  0.44350 0.726 00
3 10 0.05000 0.75400| 7 12 0.05000 0.75400
3 11 0.05000 0.75400| 7 13 0.05000 0.75400
4 5 0.22080 — 8 9  0.44350 0.726 00
4 11 0.44150 — 10 12 0.88300 —

*®2 B 1 B DR B R AR
Table 2 Each node type and load power of example 1

Wadms(i)  WAFE PC/MW QF/Mvar P /MW
1 Slack 0 0 0
2 PQ 2 0.4 0
3 PV 1.5 0.2 0
4 P 0 0 1
5 \% 0 0 0
6 P 0.3 0.1 0.7
7 PQ 2.5 0.5 0
8 PV 1 0.1 0
9 PQ 2 0.34 0.51
10 PQ 0 0 0
11 PQ 0 0 0
12 PQ 0 0 0
13 PQ 0 0 0
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Table 3 Power flow results node voltage and power Table 6 PSCAD power flow results line power
supply of example 1 distribution of example 1
RS Vip.u. Olrad P/MW Q/Mvar SCBE i A i -] J T -
1 1.050 00 0.000 00 492079  1.23978 M5 A A PIMW  Q/Mvar P/IMW  Q/Mvar
2 1.012 57 -0.036 16 — — 1 1 2 218237 057351 -2.12318 -0.47663
3 1.00000  -0.04251 250000  0.52527 2 1 9 273822 066638 -2.64580 -0.51528
4 0.997 39 — — — 3 2 3 0.123 18 0.076 63 -0.12213 -0.07491
5 1.000 00 _ 1.870 42 _ 4 3 10 065585 0.23631 -065444 -0.21513
6 0.993 68 - - o 5 3 11 046628 016369 -0.46558 -0.15305
; 094556 011595 N N 6 4 5  -054572 — 0.547 15 —
8 1.00000  -0.05209 250000  0.42413 T4 s B 046558~ 0.15305
8 5 6  1.32347 — -1.315 10 —
9 1.00434 004638 - - 9 6 13 031510 — 030786 -0.10120
10 0.98820  ~0.07074 - - 10 7 8 -157303 022012 164535  0.33850
1 0.99172 -0.062 52 - - 1 7 12 -061944 -0.18373 0.62080  0.20407
12 095633  -0.086 69 — — 12 7 13 -030752 -009615 0.30786  0.10120
13 0.95103  -0.10137 — — 13 8 9 -014535 -001438 0.14589  0.01528
14 10 12 065444 021513 -0.62080 -0.20407
T4 B L HREREBRIZES
Table 4 Power flow results line power distribution of example 1 ;: 1’05 Pt
KEE i i 28 1 A A :
55 A PIMW  QMvar  PIMW  Q/Mvar 2 Ly
1 1 2 218257 057341 -212337 -0.47652 {E}%
2 1 9 273822 0.66637 -264589 -051527 X [
3 2 3 012337 007652 -0.12232 -0.07480 ’ 8
4 3 10 065602 0.23637 -0.65461 -0.21519 ACDC %DGZ
5 3 11 046630 016370 -046560 -0.15306 Vo099
6 4 5  -054570 — 0.547 13 — — |
7 4 11 -0.45430 — 0.46560  0.15305 AT 090 o
8 5 6 132329 — -1.314 93 — nc —
9 6 13 0.31493 — -0.30770 -0.10115 L[
10 7 8 -157302 -022013 1.64534 0.33851 —
17 12 -061961 -0.18377 0.62096 0.20413 vi=0.96 | A€
12 7 13 -0.30736 -0.09609 0.30770 0.10115 b
13 8 9 -0.14534 -0.01438 0.14589  0.01527 6
14 10 12 065461 021519 -062096 -0.20413 Fos =05 MW
# 5 Hfl 1L PSCAD HiRAERTB R ERBIFEINE B4 XEREAEBEM 13 T amiMEaE
Table 5 PSCAD power flow results node voltage Fig. 4 13-bus topology diagram of AC/DC hybrid
and power supply of example 1 distribution network
Y] Vip.u. Olrad P/MW Q/Mvar P LH Fllmfr “
1 1.050 00 0.000 00 492055  1.23994 —— R
2 101258  -0.03615 — — ol 1 rscan
3 1.00000  -0.04248 250000 052477
4 0.997 34 — — —
5 1.000 00 — 1.870 66 — 0.9
1 2 3 4 5 6 7 8 9 10 11 12 13
6 0.993 59 — — — ICTRE _;
7 0.94555  -0.1159 — — i _ EEEERIIER
8 1.00000  -0.052 09 250000  0.424 36 3 2| 5 :;ﬁ.ﬁf
9 1.004 32 -0.046 38 — — i
10 0.988 21 -0.070 71 — — E oo
11 0.991 69 -0.062 49 — — %
12 095635  -0.08670 — — S T 2 3 4 s 6 T s 9B
13 095110  -0.10140 — — R
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5 Table 10 Power flow results power distribution of
—;3 transmission line of example 2
b [ o P e
- T rscan b3 ) ) J AT AT
12 3 4 5 6 7 8 9 10 s S G | PIMW Q/Mvar PIMW Q/Mvar
S
S Ko BRI D A 1 1 2 -040000 -0.10675 0.40067  0.107 34
2 2 3 -031318 -007681 0.33005 —
3 2 8 -034749 -013556 0.34933  0.13739
- 4 3 4 011094 — -0.110 86 —
[ rscap
T2 3 4 35 ¢ 7 % 9 10 5 4 5 021956 — -0.219 39 —
S 6 5 10 012702 — -0.12063  -0.072 47
=R 53k 5 3 0
) =8 ﬁ_m 2ARXFES PSCAD_ %&?EXTt L 7 6 7 026975 013737 -025947 -0.13723
Fig. 8 Comparison between the method in this paper and the
8 7 8 005420 004263 -005417 -0.04259
PSCAD data of example 2
9 8 9 041749 020826 -0.41705 -0.20775
=7 B 2 BLBREE 10 9 10 011942 008758 -011937 -0.08750
Table 7 Data of each line of example 2 . .
— A % 11 E 2 PSCAD HiRLER T B EREIRINE
o . o N
ow HLFH/Q HLHTIQ R HIFH/IQ i Table 11 PSCAD power flow results node voltage and
1 2 059100 052600 5 10 1.00000  — power supply of example 2
2 3 149260 — 6 7 050750 0.25850 W Vip.u. lrad PIMW O/ Mvar
2 8 200000 2 7 8 097440 0.96300 N 0.97103 0.000 00 — —
3 4 257800 — 8 9 031050 0.36190 : :
4 5 146400 — 9 10 034100 0.530 20 2 0.97291 0.000 97 - -
. 3 0.983 00 — 0.501 06 —
8 EHfjl 2 RERBR A TR
%8 52 HHALBRATNE ) verir  — omsn
Table 8 Types of nodes and load power of example 2 5 0.981 68 B B B
g WEIH  RE/MW ©/Mvar  P*/MW '
HRMS() WAR E o e 6 098115 000380 034473  0.17236
1 PQ 0.4 0.2 0
2 PQ 0.26 0.105 0. 7 0.980 07 0.003 82 — —
3 DC Droop 0 0 0.06 8 0.979 47 0.003 75 0.882 59 0.353 03
5 P 0.045 0.02 0.045
6 AC Droop 0.085 0.035 0 10 0.97751 0.002 97 - -
7 PQ 0.1 0.06 0.1 . e i B 1
9 PQ 0.145 0.07 0.145 Table 12 PSCAD power flow results power distribution of
10 PQ 0.24 0.16 0 transmission line of example 2
F9 HH 2 WRERT S BERBFEHE T UL R

iR = TN e
Table 9 Power flow results node voltage and power WS W W PMW Q/Mvar PIMW Q/Mvar

supply of example 2 1 1 2 040000 -0.10672 040067  0.10733
i G Vip.u. Oirad PIMW Q/Mvar 2 2 3 031324 007682 033012 -
1 097131 0.00000 — — 3 2 8  -034744 013554 034927  0.13737
2 097319 0.00097 — — 4 3 4 011091 — -0.11083 —
3 0.983 20 - 0500 99 - 5 4 5 021954 — -0.219 36 —
4 0.982 52 — 0.168 70 —
s 0,981 76 B - B 6 5 10 012700 — -012061  -0.07248
6 098105 000380 034475 017237 7 6 7 025971 013736  -025943 013721
7 0.979 99 0.003 82 - - 8 7 8 0.054 16 0.042 60 -0.05413  -0.04258
8 097939 000375 088264 035306 9 8 9 041751 020826  -041707 -0.20775
9 097808  0.00318 — —
10 9 10 011944 008757 -011939  -0.08750

0.977 53 0.002 97 — —

=
o




- 60 - A &P D EH

5 g Generation, 2019, 48(10): 44-50.

il (7] WEEH, RSIAR, B A LU H A SR
A2 LA VR A5 T F P I T B FH DAAR RS B [ @A, 2014, 38(9): 2582-2589.

ARG ABIT IR S A S B, A ZENG Jiasi, XU Xidong, ZHAO Yuming. Reliability

SCNT H R YA 5 (VSC) W 48 46 [ A A R 2 81 7 comparison of AC and DC distribution network[J]. Power

MR ALIEAT A7, B2 T 3 T IR A R 22 System Technolagy, 2014, 38(3): 2582-2589.

BV A TC H I R A v, L T AR e [8] KUROHANE K, SENJYU T, YONA A, et al. A hybrid

Gi— i ACSR AR, LS IR o 1 % A AR F e smart AC/DC power system[J]. IEEE Transactions on

LU T S BT R A Smart Gid, 2010, 12 199208

BB T A S VSC LRI He [0 DAL AR D, S TR at e i

e IR A 2 LS s Ut i oo VL TR, 20

ﬁ%}JIW?%%E@?EEJ&KEXEY)’R%?I\%W; . !ETX‘HLT?E YANG Yanhong, PEI Wei, DENG Wi, et al. Method for

T ﬁj‘i@%@%ﬂ PR S 5 51 calculating power flow of hybrid AC/DC power distribution

FeAz, PRILBHRI R system with converter station operation mode[J]. High

£ 3Rk \loltage Engineering, 2016, 42(7): 2149-2157.

(1] haite, BUES, 25k, 45 402k BLVH o 25000 i [10] FE5Rh, Sk, Fpg, . HT-HHErT LR 22

e A v M R S WS B TE 0], F D 5 3 v AL U, BRI FIE ] B THR 4R, 2018, 33(6):
2018, 34(12): 20-26. 1382-1389.
ZHU Yihua, GUO Qi, LI Wei, et al. Research on security WANG Jiarong, Al Xin, WANG Kunyu, et al. A novel
and stability characteristics and control strategy of power AC-DC decoupled power flow calculation method based
grid with VSC-HVDC[J]. Power System and Clean on the augmented Jacobian matrix[J]. Transactions of
Energy, 2018, 34(12): 20-26. China Electrotechnical Society, 2018, 33(6): 1382-1389.

[2] CHAUDHARY S K, GUERREROJM, TEODORESCUR. ~ [11] #ROHf, ¥Rl IMRER, 5. WA REA R
Enhancing the capacity of the AC distribution system A EL UL P R SRR ] R BR, 2017, 41(5):
using DC interlinks—a step toward future DC grid[J]. 1484-1491.

IEEE Transactions on Smart Grid, 2015, 6(4); 1722-1729. ZHANG Xinyi, HAN Xueshan, SUN Donglei, et al. A

[3] GAO Yajing, XUE Fushen, YANG Wenhai, et al. Optimal hybrid AC/DC grid power flow algorithm with node
operation modes of photovoltaic-battery energy storage voltages as state variables[J]. Power System Technology,
system based power plants considering typical scenarios[J]. 2017, 41(5): 1484-1491.

Protection and Control of Modern Power Systems, 2017, [12] SEiE, sktre, WA & dRIRR A B IR
2(2): 397-406. DOI: 10.1186/541601- 017-0066-9. ¥4 1 52 ELURE A 2 ) A B AR ). 0 R G 2)
(4] HXk, TLIEX), 3. TR H M S5 B E B M 2 1¢, 2015, 39(7): 7-13.
DRIELCH[I]. HMEIA, 2013, 37(12): 3368-3374. CHAI Runze, ZHANG Baohui, BO Zhigian. Alternating
ZHENG Huan, JIANG Daozhuo, DU Yi. Economic iterative power flow algorithm for hybrid AC/DC
comparison of AC and DC distribution system[J]. Power networks containing DC gird based on voltage source
System Technology, 2013, 37(12): 3368-3374. converter[J]. Automation of Electric Power Systems,

[5] BOROYEVICH D, CVETKOVIC |, DONG D, et al. 2015, 39(7): 7-13.

Future electronic power distribution systems—a [13] Bedis, ki, TSR B R 7 &R
contemplative view[C] // 2010 12th International LT HD]. ARG AS)L, 2013, 37(5): 61-67.

Conference on Optimization of Electrical and Electronic XUE Zhenyu, FANG Dazhong. A power flow calculation
Equipment (OPTIM), May 20-22, 2010, Basov, Romania. algorithm for AC/DC interconnected power systems based

(6] L&, Wik, ik, 2. %E R DR on bi-directional iteration[J]. Automation of Electric Power
WA S R LR E (] A R, 2019, Systems, 2013, 37(5): 61-67.

[(14] LM, whml, VRS, 55 T ER R/

48(10): 44-50.

FENG Lei, YANG Shulian, XU Da, et al. Multistage
optimal capacity configuration of hybrid energy storage
considering wind power fluctuation[J]. Thermal Power

AJ LEAERE LS M R EE D], I RS E Bh ik, 2015,
39(7): 1-6.
WANG Yunpeng, HAN Xueshan, SUN Donglei, et al. A



T 0 23 R 1) 5 LA T A T PR B U O

- 61 -

[15]

[16]

[17]

[18]

[19]

[20]

power flow algorithm based on minimum Jacobian matrix
for AC/DC hybrid systems[J]. Automation of Electric
Power Systems, 2015, 39(7): 1-6.

RER, T&E, HE, & BTy EYAENZER
WRAHRMSG— R EED]. B RGE R 5 EH,
2018, 46(14): 40-47.

WU Sunong, YU Jinyi, TIAN Zhuang, et al. A unified
power flow algorithm for AC/DC hybrid networks using
modified augmented nodal analysis[J]. Power System
Protection and Control, 2018, 46(14): 40-47.

BREAR, T, TEWR, % —ME VSC Wit
B[] R G R S, 2019, 47(10): 7-13.
CHEN Yujie, WANG Chun, DING Mengni, et al. A new
VSC power flow calculation model[J]. Power System
Protection and Control, 2019, 47(10): 7-13.

GRAVIUS A, PIETRASZEKK M, SCHMIDT W J, et al.
A comparative study of a sequential and simultaneous
AC-DC power flow algorithms for a multi-terminal
VSC-HVDC system[C] // 2013 IEEE Innovative Smart
Grid Technologies-Asia (ISGT Asia), November 10-13,
2013, Bangalore, India.

JEVE, BRrp, @R, 4 & VSC-MTDC A2 Hif &
Gl H L D] b E AL TR 24k, 2019, 39(11):
3140-3149.

ZHOU Tao, CHEN Zhong, DAI Zhongjian, et al. An
AC/DC system power flow algorithm with VSC-MTDC[J].
Proceedings of the CSEE, 2019, 39(11): 3140-3149.

T3 5. BTk S HAE S B R A v S e
NI A EFE , 2018, 51(6): 107-112.

FANG Chaoxiong. Optimal multiplier method and its
application in power flow calculation for AC/DC power
grids[J]. Electric Power, 2018, 51(6): 107-112.

REE, BRIEN, BT JRA F RS B AR
WEIEDP]. o E LT REA4R, 2016, 36(4): 937-944.
WU Zhiyuan, YIN Zhenggang, TANG Xisheng. An AC/DC
decoupled hybrid power flow algorithm for hybrid power
system[J]. Proceedings of the CSEE, 2016, 36(4): 937-944.

[21]

[22]

[23]

[24]

[25]

AR, R, Bl TR N S
VSC-HVDC %¢ Hiit Rl ik 5 E[]. B RSk
P54, 2019, 47(20): 50-57.

XU Jingmin, XU Zaide, TONG Chao. Power flow algorithm
for VSC-HVDC AC/DC system based on fuzzy drop
control[J]. Power System Protection and Control, 2019,
47(20): 50-57.

iR, XFHER, XM, & KSR S Rk
R 25 e P T 73] LY S50V R U, 2018, 34(3):
71-78, 86.

YANG Jun, LIU Xiuliang, LIU Lijuan, et al. Research on
microgrid integrated control of charging stations for
electric vehicles[J]. Power System and Clean Energy,
2018, 34(3): 71-78, 86.

BEERTEN J, COLE S, BELMANS R. Generalized
steady-state VSC MTDC model for sequential AC/DC
power flow algorithms[J]. IEEE Transactions on Power
Systems, 2012, 27(2): 821-829.

AHMED H M A, ELTANTAWY A B, SALAMA M. A
generalized approach to the load flow analysis of AC-DC
hybrid distribution systems[J]. IEEE Transactions on Power
Systems, 2018, 33(2): 2117-2127.

LOH P C, LI D, CHAI Y K, et al. Autonomous operation
of hybrid microgrid with AC and DC subgrids[J]. IEEE
Transactions on Power Electronics, 2013, 28(5): 2214-2223.

WS HER: 2020-02-14;

&EIH#A: 2020-04-03

(=T

SEM1977), F, HE, ik, FLum A

BREREHAR . i MEKEI, € R &4, E-mail:
jgbjgb2005@126.com

& A(1993—), F, @4, MEFHTL, FHRLG

A X AR R A M AR, E-mail: 469344844@
gg.com

(%h#E KEH)



