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ABSTRACT: Multi-dimensional holomorphic embedding
method (MDHEM) is a new method for solving the energy
flow of integrated energy systems (IES). This method boasts
two key advantages: freedom from initial value dependence
and non-singularity of the Jacobian matrix. However, it faces
notable challenges in probabilistic energy flow (PEF)
calculations, particularly the requirement for high-order power
series expansions and the resulting heavy computational
burden. In order to address the above issues, this paper
proposes a multi-germ solution and multi-dimensional
holomorphic embedding method (MG-MDHEM) to calculate
the PEF of IES via the semi-analytical solution characteristics
of HEM. Firstly, the MDHEM-based energy flow model of IES
is formulated. Then, the fluctuation range of the
multidimensional stochastic inputs in IES is divided into
multiple subintervals, and physical solutions of MDHEM in
each subinterval are set up. In each subinterval, the low-order
semi-analytical solution expressions for the variables can be
recursively obtained. Further, for the stochastic samples
obtained by Monte Carlo simulation, the samples are
preprocessed and substituted into the low-order semi-analytical
solutions of the variables in the subintervals, and the Pade
approximation is used to solve the low-order semi-analytical
formulations using parallel multi-dimensional difference
methods to achieve the energy flow result of IES in each
sample, and the probability distribution of PEF for the IES is
hereby obtained using the energy flow calculation results of
Monte Carlo simulation. Finally, the accuracy and effectiveness
of the proposed method are proved by the energy flow
calculation results of the E14-G6 and E118-G20 test systems.
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Table 2  Relative error comparison of mean and standard
deviation of voltage magnitude and pressure in
E14-G6 test system

sk JEAHRTRZE% FRAEZE AR IR 2%
A MDHEM  MG-MDHEM MDHEM  MG-MDHEM
Ud/pu 0.005 0.013 0.877 0.869
Us/pu 0.004 0.010 0.933 0.841
Uio/pu 0.010 0.022 1.033 0.802
Un/pu 0.006 0.012 1.240 0.750
Uso/pu 0.002 0.003 2.170 0.654
Usa/pu 0.001 0.005 1.657 0.876
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II:/Bar 0.059 0.040 0.160 0.502
I1,/Bar 0.067 0.041 0.356 0.350
IIs/Bar 0.062 0.040 0.223 0.479
IIs/Bar 0.083 0.041 0.610 0.147
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Table 4 Relative error comparison of mean and standard
deviation of voltage magnitude and pressure in E14-G6 test
system with 47% penetration of wind power

IR AR R 521% FRAE AR R 1%
kAR B
MDHEM MG-MDHEM MDHEM MG-MDHEM

Ua/pu 0.015 0.003 0.538 0.097
Us/pu 0.011 0.002 0.502 0.015
Uio/pu 0.024 0.005 0.539 0.133
Un/pu 0.012 0.003 0.566 0.512
Uso/pu 0.002 0.001 1.462 0.294
Uasfpu 0.002 0.001 1.058 0.742
Uwd/pu 0.016 0.003 0.427 0.208
IL,/Bar 0.044 0.011 0.510 0.285
I1;/Bar 0.043 0.009 0.552 0.114
11,/Bar 0.044 0.011 0.509 0.280
IIs/Bar 0.043 0.009 0.468 0.118
I1s/Bar 0.048 0.005 1.028 0.422
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Table5 ARMSs of voltage magnitude and pressure in
E14-G6 test system with 47% penetration of wind power
power in the E14-G6 integrated energy system
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T % H MG-MDHEM #i1 MDHEM 15 i) % 4% R Ap
s BRI 22 AT R 22 DL ARMS . FHEE 6 il
7 0[50, it MG-MDHEM 57 /) 2% 5 SR AR m 1 2
bR e Z B KA AR Z 25N 0.214% 1
0.998%, ARMS {E#x K 0.000048; MDHEM if
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#* 6 E118-G20 MK ARGk T EHER
FREERENIRE
Table 6 Relative error comparison of mean and standard
deviation of voltage magnitude and pressure in E118-G20
test system

B 1 BRI 2RI 0%

MDHEM MG-MDHEM  MDHEM MG-MDHEM
Uo/pu 0.002 0.002 0.176 0.881
Ua/pu 0.001 0.001 0.101 0.998
Uso/pu 0.001 0.001 0.643 0.952
Uai/pu 0.002 0.002 0.133 0.858
Ugo/pu 0.001 0.001 0.128 0.874
Uzs/pu 0.003 0.003 0.156 0.864
Uss/pu 0.001 0.001 0.670 0.881
I1;/Bar 0.002 0.003 0.847 0.421
IIs/Bar 0.196 0.214 0.584 0.504
II/Bar 0.162 0.179 0.619 0.586
ITo/Bar 0.016 0.018 0.752 0.525
IT4/Bar 0.052 0.056 0.693 0.493
IT¢/Bar 0.088 0.096 0.678 0.520
IT/Bar 0.135 0.143 0.612 0.576

R"7 ENS-G0 MHAARGZHEKREEWRHEHTELER
Table 7 ARMSs of voltage magnitude and pressure in
E118-G20 test system

R sRAR & MDHEM MG-MDHEM
Uz 0.000016 0.000 044
Ui 0.000015 0.000048
Uso 0.000035 0.000045
U 0.000020 0.000043
Uso 0.000019 0.000043
Urs 0.000017 0.000 042
Uss 0.000038 0.000 044
113 0.000 044 0.000028
1Is 0.000035 0.000030
i 0.000036 0.000038
Il 0.000040 0.000032
Im 0.000038 0.000029
s 0.000037 0.000032
Il 0.000031 0.000037

—BIIE T T4 MG-MDHEM 7] #E SR i K H S
CEE BRI R AR R I .
4.3 HEHESH
KA R T MG-MDHEM 47/ 3H47
PL AL SE MDHEM [ 530K
431 MG-MDHEM i, FEAT TR RN
TEVHS 1ES MERREM, F2 WAL i %
SRR R 557 &5 SRS & 2 AR AT AR 1Y) e B i
OME, HmfENFRSRE R

& 8 XILL T 7E E14-G6. E118-G20 Zi&Re il
RAGTHHIKH MG-MDHEM [ 47 fIFEAT 7
T EREZ BE SN IR AR LA KRB, 13 8 WA,
Ji#t MG-MDHEM J471HRITE WA A mi %
BRI E R, F E14-G6 WX R4+ MG-
MDHEM 471+ E ALY MG-MDHEM #3471t
AR T2 5.9 £%, 7E E118-G20 M R4+ MG-
MDHEM 47 1+ H AL AR B3 AT T R IR T2
9.8 fff, RUMBHECRIRTH BRI &L, 30 1 Py
$& MG-MDHEM JHATHHE I EE R AR ZR G eI &
SR RE BRI B BUE R

#*& 8 MG-MDHEM HHTiH B RaEER+

MAFE T I FERT
Table 8 Padéapproximation time comparison of

serial and parallel MG-MDHEM for solving
probabilistic energy flow

NN WAREN E14-G6 E118-G20
MG-MDHEM #:17/s 2.42 18.66
MG-MDHEM H:47/s 0.41 1.90

4.3.2 MG-MDHEM 5 MDHEM {52 %5+ b
# 9 %t 7 MDHEM 5 MG-MDHEM 7£it 5
E14-G6 11 E118-G20 £ Re i ik R 4t MM 2 Bt
IS 2 AT A T 5 R e B 2. BRER 9 WI AN, 3R
BTSSR, MDHEM IRt i o KT
B, S BCRIECR AR 2 i SR AR AR o vt
BRI 1 MG-MDHEM @it [ 3& N4y X 5 B %
A, 25 DX TE] R 2 T AN Dl — i e i 5 B T £
WEER, AR Tt EE.
%9 MDHEM # MG-MDHEM Fr E+E M #xttL

Table 9 Computational order comparison of between
MDHEM and MG-MDHEM

MDHEM MG-MDHEM
Y
FHL Y S EEN ] KM
E14-G6 3B 4B 2B(EE 2 2 B (BB 2

E118-G20 5§ 68 10 Br(FEBL2FY) 3 B(TEE 2 B)

10 @R T RHA R T EVHE IES #
RAEEEMMITEAEN, HER 10 /TR, ik
MG-MDHEM JGit kM AT iH RIS 2 IR A7 1R, 4
i34t MDHEM /b, Hiz/NF MCS 115 #E0; 78
E14-G6 Mk £ 44 MG-MDHEM FHAT 1S8R AN}
MDHEM FHATHHECRIETZ) 1.9 £%, 7E E118-G20
MR RS+ MG-MDHEM JEAT 5% A% MDHEM
HATHHERCRIETHY) 6.8 175, AlE T FTif 7 vkAe R
fift 1ES WHRMEZE o A1 i BA B v BEROE
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Table 10 Computational time comparison of different
methods for solving probabilistic energy flow

HHE S E14-G6 E118-G20
1E45 MCS /s 79.58 94.91
MDHEM H:1T/s 5.09 87.57
MDHEM F47/s 1.26 17.29
MG-MDHEM #:17/s 2.83 19.27
MG-MDHEM 317/s 0.68 2.53
5 &g

AR — PR LR A BRI R AR BEE I
(1) 2 W fife- 22 4 = Al i NTHE DTVE, it E14-G6 Al
E118-G20 Mk RGU0 i i ik AT 40 A s Joiik, 45
WUR:

1) Frit MG-MDHEM 78438 Bh 4= 4l N 115
JiE AT i e, B DR BEN L N AR 2 KT
e s X [ o 2 AT IX (A, RS F XM E
VB AR IS HESR R SR AT B MR AR, BRI T 45
SRAFE AR 2, TECRIE T RS E R 32 5
T AR R SR R LI SR AR RO .

2) fHXF MCS THHE 4R, it MG-MDHEM 1t
2R RE R R G & e SR A B B AN bR o 22 1) A
YR ZEY/NT 1% 73R8 5 R AR 7 A0 th 26
ARMS {1 #)/NF 0.000051, 3&AF 1 Fr4 77 25 m] S

3) #%F MG-MDHEM #4715 /7% MDHEM
BATHHE J7TVEMN MDHEM FRATHH 571, e
MG-MDHEM FHAT T 5 77 0] L 2 37 5 g fE i
MIFEI R AR, ©ERD T ARG ER RN
PITHEFERS, 42T+ 7R R R IR A TR
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ky=ny—1
_k‘g%D1YD(UeUe)[k1vk21"'ka]ve ePV

U, *W,[n,---,n, 1+ U, [n,---,ny W, =

ky=n,-1
fkﬂc::lgrjl\./D(UtWI MK, Ky, kp ] t & slack

A TARTE 0 AR R S I BLAR AR T 5ERAS; Conv 3K
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ky=n, -1
Conv_(AB)[k, k,. -+ k] =

n-1n,-1

ZZ S

t=lt,=1 =1

tD]B[nl_tll""nD_tD] (A2)

MiE B XASFEY MDHEM B ERMMIEERIAR
I[n,---,n,1=0, i=1

. iel,

D AR [N, M_o k=12,-,D

o 0, Hft

2ELE] [0+ M1 2R, [n-.n,] =

Conv (R, B )l ko] - Con (ETED Ik, -+ ko]

C, UL ILIN,, - N1 = 20T 1,0+, 0 ]) - (B1)
(R -]+ [y o JE) =

Con (R, ED)k, ko 1-C; Conv (11 71)lk, ko] +

C, Conv (77,17 )lk, ko]

ft‘:f:' IYiO‘ FbO‘ Ep bO %%’ﬁ%ﬂﬁff%@%ﬁﬁr Ik%/j—‘—\‘/fcﬁﬁ
AL

WRC STmEE

i % 2 WS AR B

(d® 0o 0o 0 0

dé“ ql“’) 0 0 0

T q® @ qo ® g
0 ql 1 q2

dé4) qfii) d1(2) q;l) déO)

i 228 T TR N (C2) s
d™ =0, m=0,1,-

€, N I8P} 53

_ neng=m+l

(m)
G = Z C[nl,...l

di” =g +d{"P g™, f =1,2,-;m=0,1,--
ais = ﬁ“HWWdWJ:szm=QL~

A de A1 g 73BN ZEIUN R, A28 IR R 22 R
c[ny, - ol NZ TCHHE AL m AR ZER PR H 2

- —, m 0,1,...
nD]SPSzz Sy (CZ)

PR 5255 f O 2R R AT ZE IS W 75
2.

WyER(C2) i r 2R 5, HrE
TERBINT A AR AU -
X, (8,,S,,++,Sp) =¢[0,0,---,0] +
c[L0,---,0]s, +---+¢[0,0,---,1]s,
1+ 1L+ —dP L+ - 1 L+ ]}

X(CI)™EIZTT

(C3)

MR D HoFFREELBITENERBALY
# Dl UMM+ RITREBREZRRLE

Table D1 Summary of power series coefficients of the

second order semi analytical solution of U,

R ARE TIX 1 FIX]A 2
U4[0,0,0] 1.011 3-j0.1655 1.0292-j0.1318
U4[1,0,0] -0.0401-j0.1052 -0.0339-j0.1056
U4[0,1,0] 0.009 7+j0.016 7 0.024 7+j0.052 9
U4[0,0,1] -0.0038-j0.0113 -0.0032-j0.0115
U4[2,0,0] —0.009 0+j0.000 2 —0.008 4+j0.000 0
U4[1,1,0] 0.0032-j0.000 3 0.0089-j0.0005
U4[1,0,1] —0.002 0+j0.000 1 —0.001 9+j0.0000
U4[0,2,0] —0.000 4+j0.000 1 -0.003 1+j0.000 5
U4[0,1,1] 0.000 3-j0.000 1 0.0009-j0.000 2
U4[0,0,2] —0.000 2-j0.000 1 —0.000 2—j0.000 1

#= D2 ILAZMFRRREBALLR

Table D2 Power series coefficients of the second order

semi analytical solution of IT;

R R KRS FIXIA 1 FIXH 2
15[0,0] 31.208 29.416
15[1,0] ~2.766 ~6.428
15[0,1] ~4.500 -5.800
115[2,0] ~0.759 —3.242
15[1,1] —2.461 —4.478
115[0,2] ~1.994 —2.343

o
Ly

FEL AR A EA: 2025-03-11.

WS HER: 2024-10-08.

fEE BT

4=%(1986), @, 4, #I%, 14k
FIW, FERR T MARAIRA TS
FROEM. MRS E . BT,
xli@neepu.edu.cn;

Z17(1998), 5, WiHBRTAE, W
MAGEREBERSGS A MHERRITH,
914389234 @aliyun.com;

EEVEE . 2 (1983), B, #E,
AR, EEFRTRNEIRALR
EMESREME. WTHAEREEMR. AR
AR5, electricpowersys@163.com;

Z[H[K(1963), 5, t#L, He, #HL
AR, EERFTCT MO Rgie At
et ZYHERRE. M E%
ZORA W, lgg@neepu.edu.cn.

(RfERwE ErmE)



