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Chebyshev affine power flow calculation method for distribution networks considering correlation
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Abstract: To address the problem of solving affine coefficients in existing Taylor expansion-based affine power flow
methods, a Chebyshev affine power flow calculation method for distribution networks considering correlation is proposed.
First, Chebyshev polynomials are used to construct affine operators, and several interpolation points are extracted within the
interval ranges of the input variables to solve for the affine coefficients, thereby establishing a Chebyshev affine model.
Based on this model, the affine form of the variables to be solved is constructed and substituted into the original power flow
equations to reconstruct the equations, obtaining an affine optimization model with respect to the noise elements of the target
variables. The correlation of the distributed wind power output is described using the hybrid box-ellipsoid set, and through
coordinate transformation, the hybrid box-ellipsoid set is converted into new affine constraints and embedded into the affine
optimization model for simultaneous solution. Simulation results on two distribution network examples show that, compared
with the Taylor expansion affine model, the proposed model has higher calculation accuracy and efficiency, and is more
suitable for interval power flow analysis scenarios under larger fluctuation ranges. Meanwhile, the hybrid box-ellipsoid set
effectively reflects the impact of different correlation levels on the calculation results.
This work is supported by the National Natural Science Foundation of China (No. 52107122).
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# A1 IEEE33 T RELEM X RS
Table A1 IEEE33-bus distribution network branch number

G CBR | e SCBR | WS SCEE | RS SRR
1 33-1 9 8-9 17 16-17 25 5-25
2 1-2 10 9-10 18 1-18 26 25-26
3 2-3 11 10-11 19 18-19 27 26-27
4 3-4 12 11-12 20 19-20 28 27-28
5 4-5 13 12-13 21 20-21 29 28-29
6 5-6 14 13-14 22 2-22 30 29-30
7 6-7 15 14-15 23 22-23 31 30-31
8 7-8 16 15-16 24 23-24 32 31-32

5k A2

TSR | WS SCH | SRS SCEE | RS SOBR | RS SOE

7 6-7 22 2122 37 59-60f 52 841 | 67 11-56
8 7-8 23 22-23| 38 60-61| 53 41-42| 68 56-57
9 8-9 24 23-24| 39 61-62| 54 42-43| 69 10-65
10 9-10 | 25 24-25] 40 62-63| 55 43-44| 70 12-19
11 10-11| 26 25-26| 41 63-64| 56 44-45| 71 14-68
12 11-12| 27 227 | 42 64-65| 57 45-46| 72 26-53
13 12-13| 28 27-28| 43 65-66| 58 46-47| 73 38-47
14 13-14| 29 28-29| 44 66-67| 59 47-48| — —

15 14-15| 30 29-30| 45 67-68| 60 48-49| — —

R A3 HAYKIRERET IEEE33 T AEBEMAELERIZE
Table A3 Errors in the simulation results of the IEEE33-bus

distribution network under the rectangular coordinate system

JR PIEEFRIL EIETIRE
FoRACE . s s TN
BRIREY% PERZE%  BKIRZEY%  FRERZE Y%
MR 0.0380 0.0226 0.0322 0.0197
LA A 0.5760 0.3091 23.9599 9.5925
YA TThE 51267 0.4597 47770 0.3653
XHTEThThE  0.9763 0.1858 87.1729 5.9348

=AM RABFRRT IEEE33 BB BEMAELERIRE
Table A4 Errors in the simulation results of the IEEE33-bus

distribution network under the polar coordinate system

R DI KA i B ESIRUE
WKIREY%  FYRE/ Y% BKREY% PR ZE%
HL 0.0372 0.0224 0.1399 0.0844
AR A 0.7751 0.3673 45.4565 15.8185
WA ITHE 51498 0.5476 60.2038 3.6013
TERAETITHE 09406 0.1435 222.4497 403936

R A5 BHALKIRERT IEEE) T AR BEMAELERIZRE
Table A5 Errors in the simulation results of the IEEE69-bus

distribution network under the rectangular coordinate system

— YIS R4 bt E S IRUE )
BRIRE% FPHRE% BRKREE% FHRE%
F R B 0.0622 0.0249 0.0563 0.0252
HLEAR A 3.6201 0.3566 69.2670 18.0282
XA IIhE  5.2367 1.9863 14.0699 1.9389
XHETINIhE  4.7847 0.5690 163.6942 12.5831

# A2 1EEE69 11 SRR M iR im =
Table A2 IEEE69-bus distribution network branch number

Gy SCEE | gnS OB | GRS SCBR | g SOER | S SO

= A6 tRAARE T IEEEC B il M{TEERIRE
Table A6 Errors in the simulation results of the IEEE69-bus

distribution network under the polar coordinate system

1 69-1 16 15-16| 31 30-31| 46 3-35| 61 49-50
1-2 17 16-17( 32 31-32| 47 35-36| 62 50-51
2-3 18 17-18| 33 32-33|| 48 36-37|| 63 51-52
3-4 19 18-19| 34 33-34| 49 37-38 64 52-53
4-5 20 1920 35 2-58 | 50 739 | 65 10-55
5-6 21 20-21| 36 58-59| 51 39-40| 66 54-55

AN W B W

R YIS KA bt eI 5 5
BRIRE% FHRE% BRKREEY% FHRE%
L A 0.0372 0.0224 0.1399 0.0844
AR A 0.7751 0.3673 45.4565 15.8185
TEAEE  6.0632 2.0632 62.6288 10.0953

TR 4.0851 0.5569 499.4377 63.8627
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Table A7 Comparison of the average computation time of different algorithms

- F S A/
A1) X VIS R W RIT
X Jf] SRR
HAAIRR WAL b 2 HAAIRR P A b
+10% 242.4537 1.3206 1.1279 1.3001 1.3762
+20% 253.5333 13744 1.1424 1.4888 1.4252
IEEE33 +30% 261.114 1.425 1.2787 1.5963 1.4859
+40% 267.5012 1.5174 1.3089 1.6344 1.5834
+50% 272.4616 1.9298 1.7493 2.1246 2.0589
+10% 242.4537 3.4285 1.562 3.5199 3.2834
+20% 253.5333 3.5457 1.6862 3.612 3.7766
IEEE69 +30% 261.114 3.6203 1.9257 3.6904 4.0369
+40% 267.5012 3.7293 1.9877 3.8031 4.3563
+50% 272.4616 3.9443 2.0075 4.5371 4.8346

A8 HRAUIRATARIME k&Y IEEE33 T B MY B IEREHELER
Table A8 Simulation results of the voltage amplitude of some nodes in the IEEE33-bus distribution network

under the rectangular coordinate system with different orders of &

e k=2 k=3 k=4
T #/p.u. F5/pou T4 /p.u. 5 /pou T 5/p.u. 5 /pou
14 1.008 470 2 1.026 862 3 1.008 470 5 1.026 861 3 1.008 475 1 1.026 860 7
15 1.007 223 8 1.025 641 8 1.007 2270 1.025 640 7 1.007 231 6 1.025 6400
16 1.005 381 7 1.023 834 6 1.0053825 1.023 834 0 1.005 389 1 1.023 8320
17 1.004 833 4 1.023 295 4 1.004 8379 1.023 291 6 1.004 839 1 1.023292 5

® A9 HASIFRATARIME k& [EEE33 T aEEMIBIEERRHELER
Table A9 Simulation results of the voltage phase angles of some nodes in the IEEE33-bus distribution network

under the rectangular coordinate system with different orders of &

e k=2 k=3 k=4
TAC) EF() THI) E5(%) TAC) E5F(%)
14 2.0312558 25132029 2.0312583 2.513 198 1 2.0313590 2.513 1383
15 2.0120206 2.494 6470 20120232 2.494 6419 2.012083 4 24945827
16 1.948 184 3 2433073 6 1.948 1872 2.433 069 2 1.948 247 8 2.433 0643
17 1.940 264 0 24254350 1.940 267 1 24254306 1.940 327 4 24254301
xR MO HERLIRATAEME & IEEE33 T RELEMEBS X BRANNERAELER
Table A10 Simulation results of the active power of some branches in the IEEE33-bus distribution network
under the rectangular coordinate system with different orders of &
- A k=2 A k=3 A k=4
T4t/pou T5tpa. N 5t/p.u. 5t pa. T4t/pou 5.
11 0.0384555 0.058 201 2 0.038 456 9 0.058 200 7 0.038 458 1 0.058 200 7
12 0.044 490 4 0.064 279 8 0.044 490 8 0.064 279 2 0.044 490 8 0.064 279 1
13 0.050 670 4 0.070 647 0 0.050 671 7 0.070 647 0 0.050 672 3 0.070 647 0

14 0.062 755 2 0.082 809 4 0.062 756 2 0.082 809 3 0.062 757 6 0.082 809 1




_14- o ZGRP HiE4

F A BERLIRATAEME 89 IEEE33 T RECEMARS XA RFELER
Table A11 Simulation results of the reactive power of some branches in the IEEE33-bus distribution network

under the rectangular coordinate system with different orders of &

— k=2 k=3 k=4
T Hp.u. FHpa T #p.u. FHpa T #/p.u. L Hpu
11 -0.006 4723 -0.002 725 3 -0.006 471 8 -0.002 725 6 -0.006 470 4 -0.002 725 6
12 -0.002 962 1 0.000 800 5 -0.002 962 1 0.000 801 7 —-0.002 962 0 0.000 801 8
13 0.000 680 4 0.004 589 0 0.000 681 5 0.004 588 8 0.000 681 7 0.004 588 8
14 0.008 792 9 0.012 800 7 0.008 793 6 0.012 800 5 0.008 794 0 0.012 800 4
=T M2 RALFRRT AR & #9 IEEE33 T B MR EREHESER
Table A12 Simulation results of the voltage amplitude of some nodes in the IEEE33-bus distribution network
under the polar coordinate system with different orders of &
. k=2 k=3 k=4
T4 /p.u. F 5 /pu. T4 /p.u. F 5 /p.u. T4 /p.u. F 5 p.u.
14 1.008 469 0 1.026 850 1 1.008 469 2 1.026 850 0 1.008 469 3 1.026 850 0
15 1.007 226 1 1.025 629 6 1.007 226 8 1.025 629 3 1.007 226 9 1.025 629 1
16 1.005 383 8 1.023 8203 1.005 383 4 1.023 820 7 1.005 383 9 1.023 820 5
17 1.004 832 4 1.023 2792 1.004 832 6 1.023279 1 1.004 832 8 1.023279 1

= M3 MAFRRTAEIME kB9 [EEE33 T SR E MBS BEEERHELER
Table A13 Simulation results of the voltage phase angles of some nodes in the IEEE33-bus distribution network

under the polar coordinate system with different orders of £

e k=2 k=3 k=4
TAH(C) L5 TA(°) ) TAH(E) EAE)
14 2.0314817 25162956 2.0314819 25162947 2.0314828 25162917
15 2.0122469 24977447 2.012247 6 2.4977432 2.0122476 2.497742 6
16 1.948 409 4 24362131 1.948 4102 24362054 1.948 4107 24362043
17 1.940 489 7 2.428 5726 1.940 490 1 2.428 5709 1.940471 1 2.428 5705
R A4 LR TAEINE B9 IEEE33 T SECE MBS LR BN EFESER
Table A14 Simulation results of the active power of some branches in the IEEE33-bus distribution network
under the polar coordinate system with different orders of &
k=2 k=3 k=4
I
T 5t/p.u. 5 pou T4 /p.u. 5 pau T 5t/p.u. 5 pau
11 0.038 446 5 0.058 2162 0.038 447 4 0.058 2153 0.038 447 6 0.058 2151
12 0.044 465 1 0.064 319 3 0.044 465 7 0.064 319 3 0.044 466 1 0.064 3192
13 0.050 629 6 0.070 715 4 0.050 6302 0.070 715 3 0.050 6309 0.070 715 3
14 0.062 728 6 0.082 855 8 0.062 729 0 0.082 855 4 0.062 7292 0.082 855 4
& M5 RLFRRTAREIMNH & 89 IEEE33 15 SECREME D X XN RMELER
Table A15 Simulation results of the reactive power of some branches in the IEEE33-bus distribution network
under the polar coordinate system with different orders of £
k=2 k=3 k=4
S
T4 /p.u. 5 pa. T #p.u. 5 pa T /p.u. - Hpau
11 -0.006 444 1 -0.002 776 2 -0.006 444 0 -0.002 776 2 -0.006 444 0 -0.002 776 3
12 -0.002 941 1 0.000 7317 -0.002 940 7 0.000 733 7 -0.002 940 4 0.000 734 2
13 0.000 696 4 0.004 523 8 0.000 696 4 0.004 523 3 0.000 696 6 0.004 520 8

14 0.008 809 5 0.012 735 1 0.008 810 2 0.012 7349 0.008 810 4 0.012 7347




BN, 4

Py

% AR S (R IE v 0 D7) L 5 075 SRl T B 1%

- 15 -

SE 30k
(1] BUNE, kMg, M@, 55 BISIEA 73 ardfr it i s

(7]

HL I 007 5 R R AL TTVALT]. B RS RIS ),
2023, 51(8): 37-49.

LIAO Xiaobing, ZHANG Min, LE Jian, et al. Affinely
adjustable robust optimal operation strategy for an active
distribution network considering cycle life loss[J]. Power
System Protection and Control, 2023, 51(8): 37-49.

XU D, XU J, QIAN C, et al. A pseudo-measurement
modelling strategy for active distribution networks
considering uncertainty of DGs[J]. Protection and Control of
Modern Power Systems, 2024, 9(5): 1-15.

E G E, R, B, A5 TR Y e )
JORHC L 8 = AR LAL [T, F I RGEIRY S35,
2024, 52(8): 77-87.

GAO Xuehan, GAO Yuan, ZHAO lJian, et al. Three-phase
unbalanced optimization of a distribution network with a
high proportion of distributed photovoltaic energy based
on a data-driven power flow model[J]. Power System
Protection and Control, 2024, 52(8): 77-87.

WANG C, LIU D, TANG F, et al. A clustering-based
analytical method for hybrid probabilistic and interval
power flow[J]. International Journal of Electrical Power &
Energy Systems, 2020, 126.

B, ZEER, EBh, S 25 R TR 22 AN E VE AT D)
FHGFHIRC R B A EMT]. B RG R 5%
i, 2024, 52(24): 97-108.

CHENG Long, LI Guoqing, WANG Chong, et al. DC loop-
closed reconfiguration for distribution networks considering
prediction error uncertainty and power complementarity[J].
Power System Protection and Control, 2024, 52(24): 97-108.
TR, K, A, S TR AR -
DX TR T 55 S R 73 M (0], A L HOR 4R, 2022,
37(5): 1181-1193.

WANG Chenxu, TANG Fei, LIU Dichen,

Probabilistic-interval power flow and sensitivity analysis

et al

using double layer surrogate method[J]. Transactions of
China Electrotechnical Society, 2022, 37(5): 1181-1193.
YANG G, DONG P, LIU M, et al. Research on random
flow calculation of AC/DC hybrid
distribution network based on unified iterative method[J].
IET Renewable Power Generation, 2021, 15: 731-745.
BUNE, Sk, AEE R, S5 B A U R A
SRV G R XA R DX TR T 527794 (J/OL). B E
b4 1-22[2024-12-20]. https://doi.org/10.16081/;.
epae.202410008

LIAO Xiaobing, ZHANG Yiming, LI Zicheng, et al.

fuzzy power

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Probability interval power flow calculation method for
distribution network considering correlation of distributed
wind power output[J/OL]. Electric Power Automation
Equipment: 1-22[2024-12-20]. https://doi.org/10.16081/].
epae.202410008

wHtE, FREME, EP, F BRI A IER A
L MBI 78 H AT 70 A1 P ) A Y P PR AR U
[7]. HLEAR, 2024, 48(6): 2550-2563.

XU Yanchun, LI Sijia, WANG Ping, et al. Probabilistic
load flow of active distribution network considering
spatial-temporal correlation of distribution generation and

distribution characteristics of electric vehicle charging

load[J]. Power System Technology, 2024, 48(6):
2550-2563.
ZHANG J, XIONG G, MENG K, et al. An improved

probabilistic load flow simulation method considering
correlated stochastic variables[J]. International Journal of
Electrical Power & Energy Systems, 2019, 111: 260-268.
HET, REW, ANEM, & FBENG-EAE T
HIHT R L ) R RT]. 54k, 2024,
61(6): 87-93.

CAO Hongyu, LIANG Yanhe, LIU Huiying, et al.
Probabilistic power flow calculation of novel power
system considering uncertainty of wind-light-storage[J].
Electrical Measurement & Instrumentation, 2024, 61(6):
87-93.

FIEF, Ak, FOME, S 5T m ek - oK R
TERI AR IE I RG], B RGRT S
4, 2023, 51(20): 91-98.

WANG Zhengyu, ZHU Lin, HUANG Shiyu, et al.
Probabilistic load flow calculation based on Gaussian
function-maximum entropy expansion for a wind power
integration system[J]. Power System Protection and
Control, 2023, 51(20): 91-98.

BUNE, MR, SR, % B RGIX IR
ZRARLT). L TRE2AR, 2019, 39(2): 447-458, 642.
LIAO Xiaobing, LIU Kaipei, LE Jian,et al. Review on
interval power flow calculation methods in power
system[J]. Proceedings of the CSEE, 2019, 39(2):
447-458, 642.

ZHANG C, CHEN H, NGAN H. A mixed interval power
flow analysis under rectangular and polar coordinate
system[J]. IEEE Transactions on Power Systems, 2017,
32(2): 1422-1429.

Bk, ARPRE, s, S5 055 AL X () R Sk B
ISR -MECR, 2021, 45(7): 2675-2682.
HUANG Gengye, SHAO Zhenguo, HUANG Yuanhao, et al.

Application and prospect of interval power flow



- 16 -

W) R GRP bk

[16]

[17]

[18]

[19]

[20]

[21]

[22]

algorithm based on affine arithmetic[J]. Power System
Technology, 2021, 45(7): 2675-2682.
S, TR, RBLF, & BREERERSRSSX

B A R AR AR T VD). R E R A, 2024, 57(7):

203-213.

JING Weiwei, WANG Qiang, CHENG Hao, et al. New
rapid decoupling methods for calculating steady-state and
interval power flow of integrated electricity-heat energy
systems[J]. Electric Power, 2024, 57(7): 203-213.
VACCARO A, CANIZARES C A, VILLACCI D. An
affine arithmetic-based methodology for reliable power
flow analysis in the presence of data uncertainty[J]. IEEE
Transactions on Power Systems, 2010, 25(2): 624-632.
T, w5 BT XA NS B A E
HIREIET. BAIRGENME, 2012, 36(13): 51-55, 115.
DING Tao, CUI Hantao, GU Wei, et al. An uncertainty
power flow algorithm based on interval and affine
arithmetic[J].
2012, 36(13): 51-55, 115.

BUNE, XUTTHE, R, &5 T XIAZRERIT A
SEVERIRL I ATL]. T HR R, 2018, 33(4): 750-758
LIAO Xiaobing, LIU Kaipei, ZHANG Yachao, et al.

Uncertain power flow analysis based on interval Taylor

Automation of Electric Power Systems,

expansion[J]. Transactions of China Electrotechnical
Society, 2018, 33(4): 750-758.

BUNE, XIIFHE, ZRoRly, &5 TR AT AR X )
BRI EINED]. mEERAR, 2018, 44(10): 3417-3424.
LIAO Xiaobing, LIU Kaipei, LI Yuye, et al. Interval
power flow calculation method based on mixed power
flow equations[J]. High Voltage Engineering, 2018, 44(10):
3417-3424.

FRARIE, BBk, TRa5, 5. [ € B o -2 1
R 6 AR AR BVE (D] o L AR AR, 2021,
41(7): 2331-2341.

SHAO Zhenguo, HUANG Gengye, ZHANG Yan, et al. A
predictor-corrector affine power flow iteration algorithm
based on fixed noise element[J]. Proceedings of the CSEE,
2021, 41(7): 2331-2341.

LENG Shipeng, LIU Kaipei, RAN Xiaohong, et al. An
affine arithmetic-based model of interval power flow
with the correlated uncertainties in distribution system[J].
IEEE Access, 2020, 8: 60293-60304.

[23]

[24]

[25]

[26]

[27]

(28]

[29]

Zem, GkPE, ARG, S R R BENLE R 2 A TR
PO\ o I FL R AR B D VRS (D). FRLD R G IR S 4
i, 2024, 52(17): 150-160.

LI Xiang, ZHANG Dan, LI Qiuyan, et al. Hosting
capacity evaluation of distributed generators accessing a
medium voltage distribution network considering
randomness[J]. Power System Protection and Control,
2024, 52(17): 150-160.

LIS, MIN R, ZHANG J, et al. A digital signature scheme
based on general Chebyshev polynomial[J]. Journal of
Supercomputing, 2025, 81.

WU J, LUO Z, ZHANG Y, et al. Interval uncertain method
for multibody mechanical systems using Chebyshev
inclusion functions[J]. International Journal for Numerical
Methods in Engineering, 2013, 95(7): 608-630.

JIANG C, HAN X, LU G, et al. Correlation analysis of
non-probabilistic convex model and corresponding structural
reliability technique[J]. Computer Methods in Applied
Mechanics and Engineering, 2011, 200: 2528-2546.
PREDRAG M. VIDOVIC, ANDRIJA T, et al. A novel
correlated intervals-based algorithm for distribution
power flow calculation[J]. International Journal of
Electrical Power & Energy Systems, 2017, 90: 245-255.
JIANG C, FU C, NI B, et al. Interval arithmetic operations
for uncertainty analysis with correlated interval variables[J].
Acta Mechanica Sinica, 2016, 32(4): 743-752.

LIAO X, ZHANG Y, LI Z, et al. Probabilistic interval
power flow calculation method for distribution networks
considering the correlation of distributed wind power
output[J]. International Journal of Electrical Power and

Energy Systems, 2024, 157.

i HER: 2025-02-09;

&M@ HEA: 2025-04-20

EEEN:

Bol R (1989—), %, fetE#4, 4, sladk, IR

TR AR FRFHEMSH, Bl RREATERR,
HX|F; E-mail: Ixbwhu@126.com

A (2001—), J, MEAFRA, AR F & Ak E M

R M AT

FOARTTI-), K, ok, HMEEGIF, HLFGA

EHEER LR, whRTFTEHaAEF.

(%h#% # )



