(12) STANDARD PATENT (11) Application No. AU 2021323387 B2
(19) AUSTRALIAN PATENT OFFICE

(54)

(51)

(21)
(87)
(30)
(31)
(43)
(43)
(44)

(71)

(72)

(74)

(56)

Title

Method for evaluating hosting capacity of urban distribution network for electric
vehicle

International Patent Classification(s)
H02J 3/12 (2006.01)

Application No: 2021323387 (22) Date of Filing:  2021.12.22
WIPO No: WO022/135473

Priority Data

Number (32) Date (33) Country
202011526700.6 2020.12.22 CN
Publication Date: 2022.07.07

Publication Journal Date: 2022.07.07
Accepted Journal Date: 2023.12.21

Applicant(s)
State Grid Shanghai Municipal Electric Power Company;East China Electric Power
Test Research Institute Co., Ltd.;Shanghai University of Electric Power

Inventor(s)
LI, Fan;WU, Yi;TIAN, Yingjie;GUO, Naiwang;ZHANG, Kaiyu;WEl, Xinchi;ZHANG,
Meixia; XU, Licheng;WU, Zijing;YANG, Xiu

Agent / Attorney
Madderns Pty Ltd, GPO Box 2752, Adelaide, SA, 5001, AU

Related Art
US 2013/0179061 A1
US 2019/0184850 A1




wo 2022/135473 A1 |0 00000 K000 0 0 00

(12) IRBEF ESEZF AR X HHERRERIF
(19) t SR EHR =LA LR é 000 0 0 0 O
br J= = 10) R ATHS

bR 70 B ——
2022 f(ﬁ42)ﬁ.30T ;g.06.2022) WIPOIPCT WO 2022/135473 Al

(5 FEfrEFHES: 4 BR /> B (EAST CHINA ELECTRIC POWER TEST

G060 10/06 (2012.01)  GO6Q 50/06 (2012.01) RESEARCH INSTITUTE CO.,LTD.) [CN/CN];

Q1) EFRRES PCT/CN2021/140472 (b T AT XIS H #K 171 5, Shanghai 200437

(CN). £ 71 K% (SHANGHAI UNIVERSITY

(22) EFRERIEH: 2021 4 12 A 22 H (22.12.2021) OF ELECTRIC POWER) [CN/CN]; ™[ i iyl
(25) FigiE=- 5 ZH XA 18515, Shanghai 201306 (CN).

(26) N FIES iy (72) ZEAA QL Fan); P E _EHEATE AR X H

(30) HseAT (i) A B 5 R X R #1122 %, Shanghai

' 200122 (CN). REWU,Yi); HFE L TH#R R

202011526700.6 202012 22 H (22.12.2020) CN PIK (B ) @ g7 SR X VR R B 1122 5

(71) HRiFA - W Lt & % B 1 2 7 (STATE Shanghai 200122 (CN).  HH 3 7R (TIAN, Yingjie);
GRID SHANGHAI MUNICIPAL ELECTRIC POWER op [E B T R B X B (i) B R SR
COMPANY) [CN/CN]; " [ F i 738 R B X h 56 X JF VR % 11225, Shanghai 200122 (CN).  5f
(8 A HA SR X FRRK1122 5, 71 (GUO, Naiwang); 1 1 1778 2R 7 X o [
Shanghai 200122 (CN). %% B /11X I8 7 3 B (1) B B 5 a5 X R U 1122 5, Shanghai

(54) Title: METHOD FOR EVALUATING ACCEPTANCE CAPABILITY OF ELECTRIC VEHICLE IN URBAN DISTRIBUTION
NETWORK

(54) ZFRAFR: Il TTHC R KT AR AN BE I VRS T ik

AA BB cc DD

AA  Set up an acceptance capability evaluation

RN

§EﬂTOPS]S‘£‘ ' index system for an electric vehicle in a
| 2z H

| EUACFENE | EBAHPHE =t ST distribution network

1 %F\E:EJJ?“EEHE = | FEHTER = TESAERS ig?%ﬂ*iﬁﬁ BB  Consider an AHP and an entropy weight method

: PASCRT ST } =T iR AR (Bl to perform subjective and objective

| - | L NeAE ; comprehensive weighting

k . CC Determine an ideal solution by means of a
TOPSIS, and calculate the closeness between
each solution and the ideal solution

2 DD  Sort priorities according to association degrees

(57) Abstract: A method for evaluating the acceptance capability of an electric vehicle in a urban distribution network, comprising the
following steps: 1) on the basis of a trip-chaining theory and a Monte Carlo method, performing electric vehicle charging load prediction
on an electric vehicle charging load space-time distribution in a target area; 2) by taking into consideration the rationality, reliability
and economy of a distribution network, setting up a comprehensive acceptance capability evaluation index system; 3) proposing an
analytic hierarchy process (AHP) and entropy weight method-based comprehensive weighting method for evaluation indices, and using
a technique for order of preference by similarity to ideal solution (TOPSIS) to evaluate the acceptance capability of the distribution
network when the charging load is accessed in different ways; and 4) by taking a typical IEEE33 standard distribution network as
an example for simulation, analyzing the space-time distribution of the charging load in the target area and the impact thereof on the
distribution network. Simulation results show that when selecting some nodes of the distribution network to access electric vehicles
in an appropriate amount, the closer the evaluation indices are to an ideal point, and the better the acceptance capability under the
aforementioned solution.

(57) #HFE: — M EC X AR R A RE VRS T i, BT BB DET HATHE RN
S RIS T3 R B AR DA IR B P4 T L AR N S ) AT HEAT T RSV TS R T 2)F S8 D
M EAT &M, AR RE ST, W T amEAn I EAR R )R TETRERY
1 925 (AHP) RIS 00 VP Al 48 #r 28 & OB %, JF A Y B AR R84 35 (TOPSIS) X BA AN [7] 7 A A 78
B, 7 ar T P T FEL 0 4 e ) RE AT VE Al 4) DL 2 TEEE33 A #E G W O ) BEAT 07 2, 04T T OH bR X8
W T8 R A I A R T B R R . e KA R B, HEFERCE ME S Y AE R AR
ENRAEIN B TP e b B B AR R AL RO, 1205 58 T BN RE Sl

[ L& 5]



WO 2022/135473 AT {00000 AP 0

200122 (CN). 3k FF F (ZHANG, Kaiyu); F[E I
¥ T VR AR R DX b [ (R B R R 2R e ORI
%1122, Shanghai 200122 (CN). ZR%7iE(WEI,
Xinchi); FE EEHHARGX P E (R AR
SR X PR #11225, Shanghai 200122 (CN)s

3K 3 B2 (ZHANG, Meixia); 7 [E _E T 3 25 8 DX
15 % 1851 5, Shanghai 201306 (CN). & 3L X
(Xu, licheng); = [E _F ¥ H7 R A< 87 X JP 334 %1851
2, Shanghai 201306 (CN). R F-#(WU, Zijing);
rp b TR AROBT X A 6 18515, Shanghai
201306 (CN). #35(YANG, Xiu); 1 [F _LiETivA
A X YA 18515, Shanghai 201306 (CN)s

HREBA: T H=Z2FEFTHNBFHRRKEERLA
(SCIHEAD IP LAW FIRM); 1 [E " K& M1
& 75 X 5 F g 80 5 VL B T T OK JE 1508
=, Guangdong 510070 (CN).

B BEE PRy AT, Tk Mt EER
{747) : AE, AG, AL, AM, AO, AT, AU, AZ, BA, BB, BG,
BH, BN, BR, BW, BY, BZ, CA, CH, CL, CN, CO, CR, CU,
Cz, DE, DJ, DK, DM, DO, DZ, EC, EE, EG, ES, FI, GB,
GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN, IR, IS, IT,
JO, JP, KE, KG, KH, KN, KP, KR, KW, KZ, LA, LC, LK,
LR,LS,LU, LY, MA, MD, ME, MG, MK, MN, MW, MX,
MY, MZ, NA, NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL,
PT, QA, RO, RS, RU, RW, SA, SC, SD, SE, SG, SK, SL,
ST, SV, SY, TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US,
UZ, VC, VN, WS, ZA, ZM, ZW.

(84) IBEE (RN FIEY, ZRkEG—Fr {4t HhXx
f£3) : ARIPO (BW, GH, GM, KE, LR, LS, MW, MZ,
NA, RW, SD, SL, ST, SZ, TZ, UG, ZM, ZW), EXIF (AM,
AZ, BY, KG, KZ, RU, TJ, TM), Ek¥ll (AL, AT, BE, BG,
CH, CY, CZ, DE, DK, EE, ES, FI, FR, GB, GR, HR, HU,
IE, IS, IT, LT, LU, LV, MC, MK, MT, NL, NO, PL, PT,
RO, RS, SE, SI SK, SM, TR), OAPI (BF, BJ, CF, CG, CI,
CM, GA, GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

KERR
—  BIEE R R (FAF21506)) .



METHOD FOR EVALUATING HOSTING CAPACITY OF URBAN DISTRIBUTION
NETWORK FOR ELECTRIC VEHICLE

TECHNICAL FIELD

[01] The present disclosure relates to the research field of charging load modeling of an
electric vehicle and an influence of a charging load on a distribution network, and in particular,
to a method for evaluating a hosting capacity of an urban distribution network for an electric

vehicle.

BACKGROUND

[02]  With increasingly serious energy and environmental problems, electric vehicles with
advantages of high efficiency and cleanliness have been vigorously promoted by governments all
over the world. However, due to a random and aggregated spatio-temporal distribution of
charging loads of electric vehicles, large-scale connection of electric vehicles will impose an
adverse influence on safe and economic operation and power quality of a distribution network,
which is mainly reflected in line overloading, transformer overload, power device aging, voltage
drop, harmonic pollution, and system loss increase. Due to different nodes to which electric
vehicles are connected in the distribution network and different quantities of electric vehicles, an
influence on the distribution network is different under different connection scenarios. Therefore,
it is necessary to evaluate a hosting capacity of the distribution network for the electric vehicles,

which has also become an important premise for further promoting the electric vehicles.

[03] In previous studies, when indexes for evaluating the hosting capacity for the electric
vehicles are selected, whether a node voltage level exceeds a threshold, a load ratio of a
distribution transformer, whether a line power flow exceeds a safety constraint, a network power
loss, and other factors are usually considered. These studies focus on comprehensive evaluation
of an evaluated object, put forward seven indexes for evaluating a carrying capability of the
distribution network from technical rationality, safety and reliability, and economical efficiency,
and combine a fuzzy theory with an analytic hierarchy process (AHP) to form a fuzzy AHP for
multi-target decision-making, so as to evaluate carrying capabilities of the distribution network
in different schemes. This method is a common evaluation method in engineering. However, the

indexes for evaluating the hosting capacity of the distribution network for the electric vehicles
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cannot be selected comprehensively, and index weights are subjective, which will cause a certain

deviation to an evaluation result.

[04]  Therefore, the present disclosure proposes a method for evaluating, based on a technique
for order preference by similarity to an ideal solution (TOPSIS), a hosting capacity of a
distribution network for an electric vehicle, to establish an evaluation index system from
rationality, safety, and economical efficiency of operation of the distribution network, and
comprehensively evaluate the hosting capacity of the distribution network. The TOPSIS is used
to evaluate the hosting capacity of the distribution network for the electric vehicle. A
comprehensive weighting method obtained by using an entropy weight method to modify AHP
is used to weight each evaluation index. Finally, the hosting capacity of the distribution network
for electric vehicles that are connected in different manners is simulated and analyzed with the

help of an IEEE33-compliant standard distribution network model.

SUMMARY

[05] Based on evaluation of a hosting capacity of a traditional distribution network, six
evaluation indexes are selected based on rationality, safety, and economical efficiency: a ratio
that a voltage offset does not exceed a threshold, a ratio that reactive power of a node fails to
reach a standard, a safe network operation index, a load ratio, a network loss value, and an
additional reactive power cost. A hosting capacity evaluation method of a TOPSIS is used to
normalize indexes in an original multi-attribute decision matrix. Based on an index sequence, an
optimal index value is selected to form a positive ideal solution, and a worst index value is
selected to form a negative ideal solution. Then, a proximity to an ideal value is measured based
on nearness degrees between each scheme and the positive and negative ideal solutions, and the
scheme is sorted based on the nearness degrees, to evaluate a hosting capacity of a distribution

network when a charging load is connected in different manners.
[06]  The present disclosure has the following advantages over the prior art.

[07] 1. The TOPSIS is used to evaluate the hosting capacity of the distribution network when
the charging load is connected in different manners. Based on evaluation of the hosting capacity
of the traditional distribution network, all-round comprehensive evaluation indexes are selected,
covering the rationality, safety, and economical efficiency. In this way, the hosting capacity of

the distribution network can be accurately evaluated in an all-round way.



[08] 2. As a subjective weighting method, an AHP can combine a qualitative concept and
quantitative data. The AHP compares an influence of each index on an upper-level index by
using an established index system, to form a determining matrix of a current level, and then
performs a same influence determining process on a lower level till the bottom level. A weight of
each index is calculated by obtaining a maximum eigenvalue of the determining matrix and its

corresponding eigenvector.

[09] 3. An objective weighting method, namely, an entropy weight method, is introduced.
This method defines value and a weight of data based on an original dispersion degree of the
data. Information is a measure of an order degree of the system, and entropy is a measure of a
disorder degree of the system. Smaller information entropy of each index leads to a greater
amount of information contained in the index, greater value of the index in an evaluation process,

and a higher weight given to the index.

BRIEF DESCRIPTION OF THE DRAWINGS

[010] FIG. 1 shows a framework for evaluating a hosting capacity of a distribution network for

an electric vehicle according to the present disclosure;

[011] FIG. 2 is a diagram of an evaluation index system of a hosting capacity of a distribution

network according to a present disclosure;

[012] FIG. 3 shows a charging load curve of each area under a hybrid chain according to the

present disclosure;

[013] FIG. 4 shows a topology of an IEEE33-compliant distribution network according to the

present disclosure; and

[014] FIG. 5 shows node voltage levels of a charging load of an electric vehicle in different

connection schemes according to the present disclosure.

DETAILED DESCRIPTION

[015] The present disclosure is described below in detail with reference to a diagram of a
hosting capacity evaluation framework, a diagram of an evaluation index system, and specific

embodiments.



[016] The present disclosure provides a TOPSIS-based method for evaluating a hosting

capacity of a distribution network for an electric vehicle, including the following steps.

[017] (1) Perform charging load modeling for an urban electric vehicle based on a trip chain

and a Monte Carlo method.
[018] 1) Generating a trip chain model

[019] The present disclosure adopts a trip chain theory to study a spatio-temporal trip
trajectory and a trip characteristic of the electric vehicle. A start point and an end point of the trip
chain proposed in the present disclosure mainly include a residential area, a work area, a
commercial area, a recreational area, and other areas, which are represented by H, W, C, R, and

O respectively. It is assumed that a start point of a first trip of a user is the residential area, f
d

represents start time of the trip, Lima, represents driving time of the user from a start point Si
: i : o 4 ‘

to an end point dl, % represents dwell time at a destination dl, and i~ represents a

driving distance of an ™ trip. Cre represents a spatio-temporal trip characteristic quantity set

of the electric vehicle, which may be described as the following formula (1):

G = {Si7di7t07t3—>d,7t5,7s‘:1,—>d,} (1)
ied{l,2,3,4,5;s,,d € {HW,C,R,O0O}

[020] 2) Power consumption of the electric vehicle

[021] The present disclosure simplifies the power consumption of the electric vehicle, ignores
an influence of a driving habit of the user and an external factor on battery power consumption
of the vehicle in an actual driving process, and considers that the battery power consumption has
a linear relationship with a driving mileage of the vehicle. The battery power consumption of the
vehicle in the driving process and a battery capacity when the vehicle reaches the destination can

be determined according to the following formulas (2) to (4):

AE, ,, = SS—)d, "€ (2)

Ed, :Ed,,l _AEv,—>d, (3)

SOCd, = (EdH _AEV,—MI,)/BeV (4)

[022] In the above formulas, € represents power consumption of the electric vehicle in a unit

mileage, s=4 represents total power consumption of the vehicle driving from it S,
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Bo represents a battery capacity of the vehicle, ~% represents a remaining battery capacity of
the electric vehicle when the electric vehicle reaches the destination i, and SOC, represents a

state of charge (SOC) of the electric vehicle when the electric vehicle reaches the destination 7.

[023] 3) Establishing a charging decision model of the electric vehicle user and calculating a

charging load

[024] Based on a capacity and an SOC of a battery at a current location of the electric vehicle
user, if a remaining SOC cannot meet an electricity demand of a next journey, charging needs to
be performed in time, or if the SOC is relatively sufficient, a charging plan may be made based

on a current charging demand.

[025] The Monte Carlo method is used to establish a model for all electric vehicles in a target
area, adopt different charging decisions for users with different charging demands, and take
statistics on charging time and charging loads of the users, to obtain a total spatio-temporal

charging demand distribution.

[026] (2) Establish a system for evaluating a hosting capacity of a distribution network for the

electric vehicle.

[027] The present disclosure considers an influence of connection of the electric vehicle on the
distribution network based on charging load modeling of the electric vehicle, establishes an
index system from rationality, safety, and economical efficiency based on an operation
evaluation research on a traditional distribution network, and performs comprehensive evaluation

on the hosting capacity of the distribution network.

[028] To reflect objectivity and rationality of the method, the present disclosure performs
comprehensive weighting on a plurality of indexes in different decision schemes by combining
an AHP and an entropy weight method. Finally, the TOPSIS is used to evaluate a hosting
capacity of the distribution network when the charging load is connected in different manners. A
hosting capacity evaluation framework is shown in FIG. 1. Based on evaluation of the hosting
capacity of the traditional distribution network, six evaluation indexes are selected based on

rationality, safety, and economical efficiency, as shown in FIG. 2.
[029] 1) Ratio I thata voltage offset does not exceed a threshold

[030] The ratio ' that the voltage offset does not exceed the threshold is a ratio of a quantity

of nodes whose voltages do not exceed the threshold in the distribution network to a total



quantity of nodes after the charging load of the electric vehicle is connected to the distribution
network. This index is used to evaluate whether a voltage offset of each node meets a relevant
technical standard after the charging load of the electric vehicle is connected. In the present

disclosure, a valid node voltage ranges from 0.9 to 1.1.

NV
T = N x100%  (5)

N

[031] In the above formula, “*» and V respectively represent a quantity of nodes meeting a

voltage offset standard in the distribution network and a total quantity of system nodes.
[032] 2)Ratio Ly that reactive power of a node fails to reach a standard

[033] The ratio > that the reactive power of the node fails to reach the standard is a ratio of a
quantity of nodes whose power factors cannot meet a required reactive power configuration
standard to the total quantity of nodes after the charging load of the electric vehicle is connected
to the distribution network. This index is used to evaluate whether reactive power of each node
meets the standard after the charging load of the electric vehicle is connected. In the present

disclosure, a standard range of a node power factor is set to 0.85 to 1.

N
1)%100% (6)

T,=(--

[034] In the above formula, Ny and N respectively represent a quantity of nodes meeting a

reactive power standard in the distribution network and the total quantity of nodes.

[035] 3) Safe network operation index S

[036] The safe network operation index S

indicates a ratio of a quantity of lines whose
current values exceed safe carrying capacities of these lines to a total quantity of lines after the
charging load of the electric vehicle is connected to the distribution network. This index is used
to evaluate whether a single circuit line in the network meets a safe operation standard after the

charging load is connected.
L i
S, =220 %100% (7)
L
[037] In the above formula, Low and L respectively represent a quantity of lines whose

currents exceed a maximum current range for safe operation in the distribution network and the

total quantity of lines.

[038] 4)Load ratio 5



[039] The load ratio 2 is a ratio of short-term average load of a distribution transformer or
line to maximum load after the charging load of the electric vehicle is connected to the
distribution network. This index is used to evaluate a short-term influence on safe operation of
the distribution network after the charging load is connected.

Lo
S, = P—>< 100% (8)

max

[040] In the above formula, Fo and foo respectively represent the short-term average load

and the generated maximum load in the distribution network.

[041] 5) Network loss value £,

E is a sum of an active power loss of each line after the

[042] The network loss value
charging load of the electric vehicle is connected to the distribution network. This index is used
to evaluate an economical influence on operation of the distribution network after the charging

load is connected.
2 2 Ri
E =) (R +Q Rl )

[043] In the above formula, L and @ respectively represent active power and reactive

R

power of a line !, ™ represents resistance of the line ! and its connected device, and Ui

represents a voltage of the line .
[044] 6) Additional reactive power cost £,

[045] The additional reactive power cost E> is an additional cost incurred by reactive power
compensation performed to ensure that a power factor is relatively reasonable after the charging
load of the electric vehicle is connected to the distribution network. This index is used to
evaluate an additional investment required to perform reactive power compensation for each

node in the distribution network due to an insufficient power factor.
E2 = U‘Qneed (10)

[046] In the above formula, "7 represents a necessary investment for reactive power
compensation per unit capacity, Orecd represents a required reactive power compensation
capacity after the charging load of the electric vehicle is connected, and 1 is set to 0.01 Jiot/ kvar

in this specification.

[047] (3) Study a TOPSIS-based hosting capacity evaluation method.
7



[048] The present disclosure normalizes an index matrix of an evaluation scheme; measures a
proximity to an ideal value by using a Euclidean distance, and performs comprehensive
evaluation based on a gray correlation degree describing a degree of closeness between evaluated
objects, a group utility value measuring an overall nearness degree between each scheme and an
ideal solution, and an individual deviation value describing a deviation degree of a worst index
in each scheme; and prioritizes a hosting capacity in the scheme based on a comprehensive

evaluation standard.
[049] 1) Constructing a weighted normalized matrix

[050] A decision matrix X is normalized according to the following formulas (11) to (13), a
comprehensive weight of the above comprehensive indexes is multiplied by a normalized

decision matrix to obtain a weighted normalized matrix Y:

b= Aiax,j — 4y

! Ainax,j ~ Amin, j (11)

a.—a

R . B
ij
amax,j_amin,j (12)
q, —a;
= . L »a; <4,
max(q, — mln(al-j),max(aij) -q,
b,-j:%l 8 <8;<q,
a;—¢q
1-— : ij 2 T
L maX(‘ll—mln(al-j),max(aij)—qz)

(13)

a ; a .. - 4 y
[051] In the above formulas, ™/ and ™"/ respectively represent a maximum value and a
i s Pth s a. Fr 3 o b,
minimum value of a /™ index, 7 represents an /™ index in a scheme 1, 7 represents a
b
normalized form of the /™ index in the scheme 7, and 9~ 92 represent boundary values of an

interval in which an intermediate index is located.

Y= (yij)mxn = (kjcij)mxn (14)

[052] In the above formula, (yij)mxn represents a weighted normalized decision matrix, (¢ij)mxn
represents an original decision matrix, and (kj)m~n represents a comprehensive weight matrix of

an original compressive index.
[053] 2) Determining positive and negative ideal solutions

[054] The positive and negative ideal solutions ¥ " and ¥ are determined based on the



weighted normalized matrix. Reference values of the positive and negative ideal solutions are

selected according to the following formula:

{y T =maxy,
J
| ¥~ =miny,
U as)
[055] In the above formula, y;; represents an element of an i row and a j* column in the
decision matrix, y" represents a maximum element value in the decision matrix, and y” represents

a minimum element value in the decision matrix.

[056] 3) Calculating nearness degrees between the evaluation scheme and the positive and

negative ideal solutions

[057] The Euclidean distance, the gray correlation degree, the group utility value, and the
individual deviation value are calculated to measure nearness degrees between each scheme and
the positive and negative ideal solutions, and each scheme is prioritized based on the nearness

degrees.

[058] The Euclidean distance is used to calculate a distance between each scheme and the ideal

solution.

{ D} = (ﬁ(y,-, -y
I . (16)
‘LD{ =y -y’

[059] In the above formula, D;" represents a Euclidean distance between an i estimated value
and the positive ideal solution y", and D; represents a Euclidean distance between the i

estimated value and the negative ideal solution y".

[060] The gray correlation degree is used to calculate a correlation degree between each

scheme and the ideal solution.

[061] A gray correlation coefficient gj is calculated as follows:

minmin | y; -y, | +¢ maxmax | y; -y, |
+ J i J
g = (17)

|y} =¥y |+8m§lxmjﬁ;lX|y} ~ ¥y

minmin | y; -y, [+& maxmax | y; -y, |
g__ i J i J
;= — Z
L |77 = vy | +emaxmax | y; -y, |




[062] 1In the above formulas, g represents a positive gray correlation coefficient, gif

represents a negative gray correlation coefficient, and € represents a distinguishing coefficient.

[063] The gray correlation degree is calculated as follows:

[064] In the above formulas, G;" represents a positive gray correlation degree, G; represents a

negative gray correlation degree, and n represents a quantity of gray correlation coefficients.

[065] The group utility value §; is used to calculate a proximity between each scheme and the
scheme closest to the positive ideal solution.

Z 1 (19)

- /
[066] The individual deviation value B; is used to calculate a deviation degree between the
worst index in each scheme and an ideal index.

Vi =y
y/’ y/

B = max ————

(20)

[067] (4) Determine a comprehensive evaluation index.

[068] In terms of a distance and a similarity, the Euclidean distance and the gray correlation
degree can be integrated. Firstly, positive and negative Euclidean distances each are integrated
with the gray correlation degree based on the user's evaluation preference to obtain a positive
ideal distance & and a negative ideal distance R The positive ideal distance and the negative

ideal distance are calculated according to the following formulas (21) and (22) respectively:
R =aD; + BG" (21)
RT =aD7 + G (22)

[069] In the above formulas, ¢ and B are preference coefficients used by the user to

perform evaluation.

[070] In the positive ideal distance K , a longer Euclidean distance from the negative ideal

.
solution and a higher correlation degree with the positive ideal solution, namely, a greater R ,

10



leads to a higher similarity between a to-be-evaluated scheme and the positive ideal solution. On
the contrary, a longer negative ideal distance R (including a Euclidean distance from the
positive ideal solution and a correlation degree with the negative ideal solution) leads to a higher
similarity between the to-be-evaluated scheme and the negative ideal solution and a poorer
hosting capacity of the distribution network in this scheme. The positive and negative ideal
distances are integrated to obtain a relative distance R; between each scheme and the ideal
solution according to the following formula (23):

R

rer @

[071] In terms of the nearness degree and the individual deviation value, the group utility value
and the individual deviation value may be integrated to obtain their compromise coefficient 9 ,
and the hosting capacity is measured according to the compromise coefficient and the following
formula (24):

S; —min S, R, —minR,
— I<i<n I<i<n
Q=v— By (loy)—— B oy
max S, — min S, max R, —minR,
1<i<n 1<isn ! 1isn ' 1sisn

[072] In the above formula, R; represents an ideal distance, S; represents the group utility value,

and v represents a weight proportion of the group utility value.

[073] The compromise coefficient not only reflects a nearness degree between a scheme and an
ideal scheme, but also reflects a deviation degree between a worst individual index and a project
establishment index. A smaller compromise coefficient leads to a higher nearness degree
between the scheme and the ideal scheme, a smaller individual deviation degree, and a higher

hosting capacity of the distribution network in the scheme.
[074] (5) Perform instance analysis.

[075] Charging loads of urban electric vehicles in a corresponding spatio-temporal area are
calculated based on the trip chain theory and Monte Carlo simulation, to obtain a charging load
curve of each area under a hybrid chain, as shown in FIG. 3. The present disclosure adopts an
IEEE33-compliant node distribution network system for simulation (a topology is shown in FIG.
4). Reference power of the distribution network is set to 10 MVA 3 reference voltage at a head

end of the network is set to 12.66 KV | and total load of the network is set to 3715+j2300 kVA

[076] In this specification, the following four evaluation schemes are provided based on a

quantity of connected electric vehicles and different connection manners:

11



[077] In scheme 1, 5000 vehicles are connected to all nodes based on a conventional load

proportion.

[078] In scheme 2, all 5000 vehicles are connected to a single node in a form of a charging

station (connected to node 2 near a power point in this specification).

[079] In scheme 3, 5000 vehicles are connected to a plurality of tail-end nodes of the
distribution network in each functional area in a form of a charging station in proportion (namely,

nodes 22, 18, 32, and 25 in this specification).

[080] In scheme 4, 5000 vehicles are connected to a plurality of head-end nodes of the
distribution network in each functional area in a form of a charging station in proportion (namely,

nodes 19, 7, 26, and 23 in this specification).

[081] At present, charging areas of electric vehicles are scattered and an influence of the
charging load of the electric vehicle on the overall distribution network is not significant.
Therefore, in instance analysis, this specification evaluates schemes of connecting electric
vehicles of different scales to all nodes, some nodes, and a single node, selects an
IEEE33-compliant node distribution network, and calculates a power flow considering the
charging load, to obtain node voltage levels of the charging load of the electric vehicle in
different connection schemes, as shown in FIG. 5. Then, a fit degree between each index and an
ideal point in each scheme is calculated from technical rationality, safety and reliability, and

economical efficiency, and the scheme is sorted based on an evaluation result.

[082] Based on the four schemes provided in this specification, each index is calculated based

on the above constructed hosting capacity evaluation index system, as shown in Table 1.

[083] Table 1 Initial values of hosting capacity evaluation indexes of the distribution network

in 4 schemes connected in a charging load

Scheme  Scheme  Scheme  Scheme
Evaluation index

1 2 3 4
Voltage level qualification ratio 7, /% 0.363 1 0.575 0.909
Reactive power configuration unqualification
: 0 0.303 0.181 0.181
ratio7, /%
Safe operation status S, of the single circuit line 0.062 0.031 0 0
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Short-term load ratio S, /kW 0.268 0.050 0.138 0.147

Network loss £, /kW 1085.0 247942 485909 307.617

Reactive power compensation cost £,/10,000
0 28.762 0.883 19.652
yuan

[084] An original index matrix X is constituted by the initial data in Table 1.

0363 0 0.062 0.268 1085.031 0 ]
1 0.303 0.031 0.049 247942 28.762

0.575 0.181 0 0138 485909 0.883

0.909 0.181 0 0.147 307.617 19.652 ]

[085] Indexes in the original index matrix X are normalized, and a specific result is shown in

Table 2.
[086] Calculated objective and comprehensive weights are shown in Table 3 and Table 4.

[087] Table 2 Normalized indexes obtained in different schemes

Evaluation index Scheme 1 Scheme 2 Scheme 3 Scheme 4
Voltage level qualification ratio 7, 0 1 0.3333 0.8571
Reactive power configuration 1 0 0.4000 0.4000

unqualification ratio 7,

Safe operation status S, of the 0 0.5000 1 1

single circuit line

Short-term load ratio S, 1 0 0.4066 0.4476

Network loss £, /kW 0 1 0.7157 0.9287

Reactive power compensation cost 1 0 0.9693 0.3167
E2

[088] Table 3 Objective weights

Index type T, T, S, S, E, E,

Objective weight 0.1674 0.1655 0.1673 0.1653 0.1660 0.1687
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[089] Table 4 Comprehensive weights

Index type T T, S| S E, E,
Comprehensive 0.3341 0.1101 0.1944 0.1921 0.1264 0.0428
weight

[090] A weighted normalized matrix is obtained through matrix normalization and weight

determining:

0 0.1101 0 0.1921 0 0.0428 |
0.3341 0 0.0972 0 0.1264 0

0.1114 0.0440 0.1944 0.0781 0.0905 0.0415
0.2864 0.0440 0.1944 0.0860 0.1174 0.0136 |

[091] Positive and negative ideal solutions in each scheme are as follows:

Y =(LLLLLY s

7" =(0.0,0,00,0)

[092] Based on the above research content, weighted Euclidean distances, gray correlation
degrees, group utility values, and individual deviation values between different indexes and the
positive and negative ideal solutions in each scheme are calculated according to the above
formulas, and a nearness degree between each index in each scheme and a corresponding ideal

index is measured from different points of view. Calculation results are shown in Table 5.

[093] Table 5 Evaluated distance between each index in each scheme and a corresponding

ideal index

Metric Scheme 1  Scheme2  Scheme3  Scheme 4
Positive ideal Euclidean distance D, 1 0.775 0.637 0.438
Negative ideal Euclidean distance D, 0.752 0914 0.795 1
Positive ideal gray correlation G° 0.998 0.873 0.978 1
Negative ideal gray correlation G 0.960 1 0.670 0.659
Group utility value S, 0.654 0.442 0.440 0.258
Individual deviation value R, 0.334 0.192 0.222 0.106
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[094] From the above six metrics, the Euclidean distance is used to measure a distance
between each scheme and the ideal solution. A smaller 2 leads to a shorter Euclidean distance
from the positive ideal solution, and a larger D feads to a longer Euclidean distance from the
negative ideal solution and a better hosting capacity of the distribution network. The gray
correlation degree is used to measure similarities between different schemes and the ideal

scheme. A larger G leadstoa higher similarity between a scheme and the ideal scheme, and a

smaller ¥ leads to a lower similarity between the scheme and the negative ideal solution and a
better hosting capacity in the scheme. The group utility value is used to quantify overall nearness
degrees between different schemes and a positive ideal scheme. A smaller S leads to a higher
nearness degree between a scheme and the ideal scheme and a better hosting degree. The
individual deviation value is used to measure a deviation between an individual index in a
scheme and an optimal index. A smaller R: Jeads to a smaller deviation between the worst index

in each scheme and the ideal index and a better hosting capacity of the distribution network.

[095] Based on the above analysis and metric settlement results in Table 6, different schemes

are sorted based on individual indexes.

[096] Table 6 Sorting the schemes based on different index values

Scheme 1l Scheme2 Scheme3 Scheme 4

Positive ideal Euclidean distances D; 4 3 2 1
Negative ideal Euclidean distances D, 4 2 3 1
Positive ideal gray correlation degree G~ 2 4 3 1
Negative ideal gray correlation degree G- 3 4 2 1
Group utility value S, 4 3 2 1
Individual deviation value R, 4 3 2 1

[097] In addition to calculating relative distances between each index in each scheme and the
positive and negative ideal solutions, the compromise coefficient of the nearness degree and the

individual deviation value is also considered. Results are shown in Table 7.

[098] Table 7 Comprehensive nearness coefficient and comprehensive evaluation coefficient

between each index in each scheme and a corresponding ideal index
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Scheme 1 Scheme?2 Scheme3 Scheme4

Comprehensive nearness coefficient R, 0.4719 0.5018 0.5758 0.6457

Comprehensive evaluation coefficient O, 1 0.4206 0.4849 0

[099] Calculation results of the above two comprehensive indexes show that the hosting
capacity of the distribution network in scheme 4 (connecting the electric vehicles to the plurality
of tail-end nodes of the distribution network in each functional area in the form of the charging
station in proportion) is the best from a perspective of the relative distance or the nearness degree

of the deviation value.

[0100] The above implementations are merely described as examples, and are not intended to
limit the application scope of the present disclosure. These implementations can also be
implemented in various other ways, and various assumptions and substitutions can be made

without departing from the technical thought of the present disclosure.

[0101] The reference to any prior art in this specification is not, and should not be taken as, an
acknowledgement or any form of suggestion that such prior art forms part of the common

general knowledge.

[0102] It will be understood that the terms “comprise” and “include” and any of their
derivatives (e.g. comprises, comprising, includes, including) as used in this specification, and the
claims that follow, is to be taken to be inclusive of features to which the term refers, and is not

meant to exclude the presence of any additional features unless otherwise stated or implied.
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CLAIMS:

1. A method for evaluating a hosting capacity of an urban distribution network for an electric
vehicle, comprising the following steps:

performing charging load modeling for the electric vehicle based on a trip chain and a Monte
Carlo method;

establishing a scheme for evaluating the hosting capacity of the urban distribution network
for the electric vehicle;

normalizing an index matrix of the evaluation scheme; measuring a proximity to an ideal
value by using a Euclidean distance, and performing comprehensive evaluation based on a gray
correlation degree describing a degree of closeness between evaluated objects, a group utility value
measuring an overall nearness degree between each scheme and an ideal solution, and an
individual deviation value describing a deviation degree of a worst index in each scheme; and
prioritizing the hosting capacity in the scheme based on a comprehensive evaluation standard;

determining an optimal scheme according to a result of the prioritizing;
wherein the step of performing charging load modeling for the electric vehicle based on the trip
chain and the Monte Carlo method comprises:

establishing a model for the trip chain;

wherein start points and end points of the trip chain are represented by H, W, C, R, and O
d

respectively; o represents start time of the trip, i represents driving time of a user from a
start point % to an end point 4, , L represents dwell time at a destination 4, , and S‘S—’df
represents a driving distance of an ® trip; Gre represents a spatio-temporal trip characteristic
quantity set of the electric vehicle, which may be described as the following formula (1):
Gre = {8, tgoly Ly 510,50 4} )
i€ {1,2,3,4,5};s,,d, € {HW,C,R,O} .
simplifying battery power consumption of the electric vehicle;
wherein the battery power consumption of the electric vehicle in a driving process and a
battery capacity when the vehicle reaches the destination can be determined according to the

following formulas (2) to (4):

AE :sf_> - e
s;—>d; s;—>d, ©0 (2)
Ed, :Ed,,l _AES,—>d, (3)
SOC, =(E, ~AE )/ B, 4.
TV TR ) P gy,
where € represents power consumption of the electric vehicle in a unit mileage, 5=,
represents total power consumption of the vehicle driving from Sito 51, Be represents a

E,

battery capacity of the vehicle, represents a remaining battery capacity of the electric vehicle
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Ca represents a state of charge (SOC)

when the electric vehicle reaches the destination 7, and
of the electric vehicle when the electric vehicle reaches the destination i;
using the Monte Carlo method to establish a model for all electric vehicles in a target area,
adopting different charging decisions for users with different charging demands, and taking
statistics on charging time and charging loads of the users, to obtain a total spatio-temporal
charging demand distribution;
wherein the step of establishing the scheme for evaluating the hosting capacity of the urban
distribution network for the electric vehicle comprises:
evaluating the hosting capacity of the distribution network when the charging load is
connected in different manners based on a technique for order preference by similarity to an ideal
solution (TOPSIS), and selecting six evaluation indexes:
1) ratio I thata voltage offset does not exceed a threshold;
the ratio 11 that the voltage offset does not exceed the threshold is a ratio of a quantity of
nodes whose voltages do not exceed the threshold in the distribution network to a total quantity of
nodes after the charging load of the electric vehicle is connected to the distribution network; the
ratio 1 is used to evaluate whether a voltage offset of each node meets a relevant technical

standard after the charging load of the electric vehicle is connected;

NV
T = N x100%  (5);

N,

where v and N respectively represent a quantity of nodes meeting a voltage offset

standard in the distribution network and a total quantity of system nodes;

T,

2) ratio that reactive power of a node fails to reach a standard;

the ratio T

that the reactive power of the node fails to reach the standard is a ratio of the
quantity of nodes whose power factors cannot meet a required reactive power configuration
standard to the total quantity of nodes after the charging load of the electric vehicle is connected

T

to the distribution network; the ratio is used to evaluate whether reactive power of each node

meets the standard after the charging load of the electric vehicle is connected;

N,
T, =(1—Wq)x 100% (6);

where Ny and N respectively represent a quantity of nodes meeting a reactive power
standard in the distribution network and the total quantity of nodes;

3) safe network operation index 5 ;

51 indicates a ratio of a quantity of lines whose current

the safe network operation index
values exceed safe carrying capacities of these lines to a total quantity of lines after the charging
load of the electric vehicle is connected to the distribution network; the index 51 s used to

evaluate whether a single circuit line in the network meets a safe operation standard after the
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charging load is connected;
L

S = f‘”x 100% (7);
where Lor and L respectively represent a quantity of lines whose currents exceed a
maximum current range for safe operation in the distribution network and the total quantity of
lines;
4) load ratio S2;
the load ratio %> is a ratio of short-term average load of a distribution transformer or line
to maximum load after the charging load of the electric vehicle is connected to the distribution

network; the load ratio $

2 is used to evaluate a short-term influence on safe operation of the
distribution network after the charging load is connected;

P
S, = x100% (8);

max

where fo and fm respectively represent the short-term average load and the generated

maximum load in the distribution network;
5) Network loss value £, ;
the network loss value © is a sum of an active power loss of each line after the charging

E, 1s used to

load of the electric vehicle is connected to the distribution network; the index
evaluate an economical influence on operation of the distribution network after the charging load

1s connected;

R
E :Z(Piz +07)- Ulz 9);
where & and @ respectively represent active power and reactive power of a line !, R,

represents resistance of the line ! and its connected device, and Ui represents a voltage of the
line ?;
6) Additional reactive power cost s,

the additional reactive power cost £

is an additional cost incurred by reactive power
compensation performed to ensure that a power factor is relatively reasonable after the charging
load of the electric vehicle is connected to the distribution network;
Ey =1 Qs (10);

where " represents a necessary investment for reactive power compensation per unit
capacity, Qe represents a required reactive power compensation capacity after the charging
load of the electric vehicle is connected;
wherein the step of normalizing the index matrix of the evaluation scheme; measuring the
proximity to the ideal value by using the Euclidean distance, and performing the comprehensive

evaluation based on the gray correlation degree describing the degree of closeness between the

evaluated objects, the group utility value measuring the overall nearness degree between each
19
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scheme and the ideal solution, and the individual deviation value describing the deviation degree
of the worst index in each scheme; and prioritizing the hosting capacity in the scheme based on
the comprehensive evaluation standard comprises:

normalizing a decision matrix X according to the following formulas (11) to (13), and
multiplying a comprehensive weight of the above indexes with the normalized decision matrix to

obtain a weighted normalized matrix Y;

_ “max,j ij
bj=—""——
Anax,j ~ Amin, j (11)
b o aij _amin,j
s =
amax,j - amin,j (12)
4 — a,‘j
1— = aa[j < q]
max(q, — mm(a[j ),max(a[/. ) -q,
b, =11 G < a; < q,
a; —4q,
1 = N L a[j > q2
| max(q, —mm(a,.j),max(aij)—q2 (13):
9
.. a. o i s 2054
where ™/ and ™"/ respectively represent a maximum value and a minimum value of
i th - a;  th - : . b, 5
a /Mindex, " representsan /™ index inascheme !, "7 represents a normalized form of the
3 b
J™ jndex in the scheme !, and 9 %2 represent boundary values of an interval in which an

intermediate index is located;
¥ =) e = (185 Do (14);

where (yij)m=n represents a weighted normalized decision matrix, (cij)mxn represents an
original decision matrix, and (kj)m«n represents a comprehensive weight matrix of an original
compressive index;

determining positive and negative ideal solutions » and » based on the weighted
normalized matrix; wherein reference values of the positive and negative ideal solutions are
selected according to the following formula:

[ y =maxy,

Yy =miny;
1T sy

where yij represents an element of an i row and a j column in the decision matrix, y*
represents a maximum element value in the decision matrix, and y” represents a minimum element
value in the decision matrix;

calculating nearness degrees between the evaluation scheme and the positive and negative
1deal solutions;

wherein the Euclidean distance, the gray correlation degree, the group utility value, and the

individual deviation value are calculated to measure the nearness degrees between each scheme
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and the positive and negative ideal solutions, and each scheme is prioritized based on the nearness
degrees;

the Euclidean distance is used to calculate a distance between each scheme and the ideal

{D,-*:(_i(y,,—y;f)z
p . (16
‘LDF = Q=)

solutions;

where Di" represents a Euclidean distance between an i estimated value and the positive
ideal solution y*, and Di represents a Euclidean distance between the /' estimated value and the
negative ideal solution y;

the gray correlation degree is used to calculate a correlation degree between each scheme
and the ideal solutions;

a gray correlation coefficient gi is calculated as follows:
Yy &ij
minmin | y} -y, |+& maxmax |y} -y, |
i J i j

g = . (17);

| v} =, |+€mgxmjﬁ;l><|y,+~—y,-,~|

minmin | y; — y, |+ maxmax | y; — y; |
g = i j i J
[ i |yj‘,_yl_j|+gml_axmj'glxly;—y,-j|

where gi” represents a positive gray correlation coefficient, g™ represents a negative gray
correlation coefficient, and € represents a distinguishing coefficient;

the gray correlation degree is calculated as follows:

where Gi~ represents a positive gray correlation degree, Gi” represents a negative gray
correlation degree, and n represents a quantity of gray correlation coefficients;
the group utility value Si is used to calculate a proximity between each scheme and the

scheme closest to the positive ideal solution;

Y- Yij
Si=>=—= (19
=Y, =Y,
the individual deviation value Bi is used to calculate the deviation degree between the worst
index in each scheme and an ideal index;

B = max L

TV (20

wherein the step of determining the optimal scheme according to the result of the prioritizing

+
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comprises:
integrating the Euclidean distance and the gray correlation degree in terms of a distance and
a similarity; wherein positive and negative Euclidean distances each are integrated with the gray
correlation degree based on the user's evaluation preference to obtain a positive ideal distance R
and a negative ideal distance R the positive ideal distance and the negative ideal distance are
calculated according to the following formulas (21) and (22) respectively:
R =aD; + G (21)
R =aD'+pG (22);
where @ and £ are preference coefficients used by the user to perform evaluation;
wherein in the positive ideal distance R , a longer Euclidean distance from the negative
ideal solution and a higher correlation degree with the positive ideal solution, namely, a greater
R , leads to a higher similarity between a to-be-evaluated scheme and the positive ideal solution;
a longer negative ideal distance R leads to a higher similarity between the to-be-evaluated
scheme and the negative ideal solution, and a poorer hosting capacity of the distribution network
in the scheme; the positive and negative ideal distances are integrated to obtain a relative distance

Ri between each scheme and the ideal solutions according to the following formula (23):

R
R = - :
" R +R (23);

integrating the group utility value and the individual deviation value to obtain their
compromise coefficient i in terms of the nearness degree and the individual deviation value,
and measuring the hosting capacity according to the compromise coefficient and the following
formula (24):

S, —min§, R —minR, (24);
boisise ! b igise !
0 =v— Ly (1 y) —— e
max §; —min§; max R, —minR,
1<i<n 1<i<n I<i<n I<i<n

where R; represents an ideal distance, S represents the group utility value, and v represents

a weight proportion of the group utility value;
wherein the compromise coefficient not only reflects the nearness degree between a scheme
and an ideal scheme, but also reflects a deviation degree between a worst individual index and a
project establishment index; a smaller compromise coefficient leads to a higher nearness degree
between the scheme and the ideal scheme, a smaller individual deviation degree, and a higher

hosting capacity of the distribution network in the scheme.
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Node voltage levels in different connection schemes
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