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Analysis of power flow transfer characteristics and influence on the safety
operation of a flexible DC grid

WANG Ziwen, ZHANG Yingmin, LI Baohong, LIU Tiangi, LI Feng
(College of Electrical Engineering, Sichuan University, Chengdu 610065, China)

Abstract: The large-scale transfer of DC power flow may cause a converter station to operate outside safety limits. This
may cause cascading failures in the DC system. In order to clarify the power flow distribution and transfer characteristics
of a DC system under different conditions and its impact on safe operation, first, this paper analyzes the characteristics of
power flow transfer after removing the faulty line or changing the injected power of a converter station under master-slave
control and droop control. It obtains a quantitative calculation method for power flow transfer in different operational
modes. Then, based on PQ power domain, the safe operation boundary of each station in a complex DC grid is analyzed.
The rules of different operational and control modes affected by power flow transfer and safety boundary are clarified.
Finally, this paper simulates the proposed calculation method and the conclusion of security boundary analysis through the
CIGRE DC grid test model. The simulation results based on PSCAD software confirm the correctness of the theoretical
analysis.
This work is supported by the National Key Research and Development Program of China (No. 2018YFB0904600).
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Fig. 1 Network equivalent circuit after fault
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Fig. 2 Equivalent circuit at AC side of converter station
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Fig. 3 CIGRE flexible DC grid test model
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Table 1 Main parameters of converter station in DCS3
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Fig. 4 Safe operation boundary of converter station in DCS3
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Table 3 Control strategies of converter station
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Table 4 Initial power flow of line
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Table 5 Power flow transfer of each line after
removing the faulty line

s ZIsS DIk DIk DIk
D1-E1 Al-B1 Al-B4 B4-B2
Al-C2 -402.82 211.88 49.07 -46.16
C2-D1 -413.78 214.98 45.20 -50.32
D1-E1 -422.06 213.33 45.92 —47.46
E1-B1 -418.79 217.67 48.44 -39.14
B1-B4 -92.08 -561.74 472.11 -495.44
Al-B1 164.93%2 -384.712 216.48>2 —223.06>2
Al-B4 95.08 572.92 -478.47 -379.67
B4-B2 -1.112 0.29>2 -2.69>2 -437.88>2
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Table 6 Output power of the converter station after

removing the faulty line

—_— Ik Ik IS IS
D1-E1 Al1-B1 Al-B4 B4-B2

HME  918.84 912.73 900.91 25.40

Cb-Al  fiE{H  939.30 950.76 933.80 27.60
Rz 2.18% 4.00% 3.52% 7.97%

iHHME 286.25 300.31 293.34 293.05

Cb-C2  {jiH{4  300.06 299.99 300.00 300.07
R 4.77% 0.11% 2.22% 2.34%

TR 469.46 476.09 478.46 480.60
Cb-D1  {ijH{i  500.13 499.88 500.05 500.01
RE 6.10% 4.76% 4.32% 3.88%

M -776.22 -783.06  -782.36  -783.25

Cb-B1  {i#{4§ -750.07 -750.26  -750.11  -750.50
R 3.49% 4.37% 4.30% 4.36%

M5 -873.60  -876.4  -870.44 -0.06
Cb-B2  fi#{4§ -849.99  -850.04  -850.13 -0.06
R 2.78% 3.10% 2.39% 0
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Table 7 Whether the converter station exceeds safe operation

boundary after removing the faulty line
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Table 8 Power flow transfer of each line after changing the
injected power of converter station

- AP=50 AP=250 AP=-350 AP=-250
(Cb-C2) (Ch-D1) (Cb-B1) (Cb-B2)
AL-C2 -38.23 -110.15 33.92 18.92
c2-D1 12.16 -110.93 25.67 17.71
D1-E1 7.30 121.14 24.56 11.61
E1-B1 9.50 125.84 31.92 17.96
B1-B4 4.65 27.32 ~74.07 146.79
AL-Bl  -341% -45.892 130.75>2 68.58>2
AlL-B4 -391 -20.14 7253 111.90
B4-B2  -0.14% ~1.05% ~1.44>2 128.29>
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Cb-B1 0 0 0 0 Table 9 Output power of the converter station after changing
Cb-B2 0 0 0 0 the injected power of converter station
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Fig. 5 Output power of the converter station

5.0

(Cb-C2) (Cb-D1)  (Cb-Bl) (Cb-B2)

P 84839 66628 122030  1165.00

Cb-Al  fjE{4 87555 686.98 — —
W 3.10% 3.01% — —

M 34760 296.43 288.96 296.33

Cb-C2  fjHfH  349.92 299.93 — —
W 0.66% 1.17% — —

i 47288 709.81 476.63 471.64
Cb-D1  fiE{H  499.96 — — —
1R 5.42% — — —

W 77110 -779.81 -114056  -781.40

Cb-B1 fiHEfi -749.99 -750.21 — —
1R 2.81% 3.95% — —

iF5i{  -875.54 -873.72 -872.94 -1132.40
Ch-B2 {8 -850.09 -850.13 — —
WE 2.90% 2.77% — —
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Table 10 Whether the converter station exceeds safe operation
boundary after changing the injected power of
converter station

. AP=50 AP=250 AP=-350 AP=-250
gtk
(Cb-C2) (Cb-D1) (Cb-B1) (Cb-B2)
Cb-Al 0 0 1 1
Cb-C2 0 0 0 0
Cb-D1 0 1 0 0
Cb-B1 0 0 1 0
Cb-B2 0 0 0 1
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Fig. 6 Output power of the converter station
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Table 11 Control strategies of converter stations

Heipt il Pl SHAH(BER)
P=600 MW

Q=0 Mvar
P=300 MW
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Table 12 Initial power flow of line

2L ik A1-C2 C2-D1 D1-E1 E1-B1
HIUEFI -367.36 -75.04 -401.10 384.04
2L ik B1-B4 Al-B1 Al-B4 B4-B2

WG 333.50
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Table 13 Power flow transfer of each line after

291.94>2 366.64 347.68>2

removing the faulty line

sk DIgk DIgk DIgk DIgk
D1-E1 Al-B1 Al-B4 B4-B2
Al-C2 -388.08 157.63 33.24 62.28
C2-D1 -393.42 158.16 35.06 9.69
D1-E1 405.42 963.04 839.45 17.96
E1-B1 -396.33 163.61 37.18 -104.06
B1-B4 -89.84 -414.91 357.07 -528.56
Al-B1 15141 —291.94>2 165.50>%2 51.31%2
Al-B4 86.74 424.79 -365.54 -172.00
B4-B2 -3.02> 2.05>2 -3.34>2 —-347.64>2

A X e 2 it D) B i AR P kBRI RS
BT, FORAA B DR, R AR
SR ERATIOR, AR 14 Jros, D5
R MW, “—" FoRfiivhkas, WETIERRS.
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Table 14 Output power of the converter station after
removing the faulty line

Pk VKR Yk Yk

D1-E1 Al-B1 Al-B4 B4-B2

THHEAE 584.64 581.70 581.86 576.08
Cb-Al  fiHfH  599.97 599.99 599.75 —
R 2.56% 3.05% 2.98% —

W 286.98 292.73 294.14 239.73

Cb-C2 fi¥fH  300.06 300.01 300.10 —
R 4.36% 2.57% 1.99% —

THHEAE 472.78 478.82 478.33 448.49
Cb-D1  fiHfi  500.06 500.00 499.85 —
R 5.46% 4.24% 4.31% —
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Fig. 7 Output power of the converter station

® 16 MR EANTIRGREIRES

ﬁ%{ﬂ 03075 762906 764553 - 116155 Table 16 Power flow transfer of each line after changing
Cb-B1 fjE{i -61053  -634.53  -622.37 —
= 3.31% 0.86% 3.79% _ the injected power of converter station
IMHME  -689.32  -699.46  -688.68 -0.08 s AP=500 AP =50 AP=250
Cb-B2 ffififli -672.84  -655.89  -666.11 — (Cb-Al) (Cb-C2) (Cb-D1)
W 2.45% 6.64% 3.39% — Al1-C2 29.83 -32.92 -102.56
15 b L < . C2-D1 3341 12.80 -95.63
AR B DI i 4R e 1l D1-E1 836.94 814.81 938.67
IBATIH AT T 4001, “07 “17 43 IR s ik E1-B1 38.00 1432 139.00
W IR R . M R AE AT B1-B4 515 981 65,65
R 15 HrELRYIRERREETBHERSEITAHR AL-Bl 150.98>2 11072 253222
Table 15 Whether the converter station exceeds safe operation ALBA 151.76 1007 4713
B4-B2 119.812 11.35%2 55.77>2

boundary after removing the faulty line
#Hmul VI D1-E1

VIt AL-B1 V% AL-B4 Ik B4-B2

Cb-Al 0 0 0 0
Cb-C2 0 0 0 0
Cb-D1 0 0 0 0
Cb-B1 0 0 0 1
Ch-B2 0 0 0 0

R 14, R 15 nEH, HAETIRRITEELE M
B4-B2 J&, il DA AEER AL Wi
LAt 2 % 0 e 3003 i H D 2R AN K . DIBR 4R
B4-B2 J5, TiEy Co-B2 HiVIE RS, RGiHME—
()R dES Ch-BL £ 54N B WX 245 1 T 11l
[R] V- 7 37 T V253 A2 78 T 2R 0 00 T 7 oK i B R
IR, SERgGRE, HAa¥m sk s o &R b
PUBRIR, 4K R G R R 2 Fa e .

AL 35 s BFVIERZRES B4-B2 A, AL
Ty 7 20 VIR R LR R MMC 224518 1T R
M, Skt DR e 7 Fos. HE 7 APEH,
NV Ch-B2 # VIS R4, ey, Ch-BL KIJCvkif
B TE TR, A T 5 SR H DU, S B R G R

2) B R T N TR

B MU R RN TR, L R %
FKEMLRE FERE R, WK 16 frx, TR
1N MW,

A RN DY ZR AR o &2 LA b
IR RIS, ARG R Th R, R
TR RS 0 BT E R, RARsdEnR 17 fr
N, DIZBALH MW, “—7 FoR#umsikfs, b
([EP PR

N7 T HRUE NI R GHRIT U I
Table 17 Output power of the converter station after changing

the injected power of converter station

. AP=500 AP=50 AP=250
ik
(Chb-A1) (Cb-C2) (Ch-D1)
THEAE 1 066.35 582.45 578.37
Cb-Al 1 Al — 599.92 599.74
R — 2.91% 3.56%
THEAE 295.90 338.04 299.25
Ch-C2 1 EAH 300.09 350.06 300.04
R 2 1.40% 3.59% 0.38%
T 477.47 475.95 708.24
Ch-D1 1 EAH 500.04 500.07 —
R 4.51% 4.82% —
T -889.23 -661.07 -758.41
Ch-B1 1 EAH -857.53 -640.24 -732.82
W 3.70% 3.25% 3.49%
TR -934.98 ~718.06 -806.90
Ch-B2 1 FAH -906.60 -698.76 -786.47

R 3.13% 2.76% 2.60%
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Table 18 Whether the converter station exceeds safe operation
boundary after changing the injected power of
converter station

. AP =500 AP =50 AP =250
gt sk
(Cb-Al) (Cb-C2) (Cb-D1)
Cb-Al 1 0 0
Cb-C2 0 0 0
Cb-D1 0 0 1
Cb-B1 0 0 0
Cb-B2 0 0 0
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Fig. 8 Output power of the converter station
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