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ABSTRACT Integration of large-scale cluster electric vehicles (EVs) and their spatial-temporal transfer
randomness are likely to affect the safety and economic operation of the distribution network. This paper
investigates the spatial-temporal distribution prediction of EVs’ charging load and then evaluates the
reliability of the distribution network penetrated with large-scale cluster EVs. To effectively predict the
charging load, trip chain technology, Monte Carlo method and Markov decision process (MDP) theory
are employed. Moreover, a spatial-temporal transfer model of EVs is established, and based on which,
an EV energy consumption model and a charging load prediction model are constructed with consideration
of temperature, traffic condition and EV owner’s subjective willingness in different scenarios. With the
application of sequential Monte Carlo method, the paper further evaluates distribution network reliability
in various charging scenarios. In the evaluation, indices including per unit value (PUV), fast voltage stability
index (FVSI), loss of load probability (LOLP), system average interruption frequency index (SAIFI), system
average interruption duration index (SAIDI), and expected energy not supplied (EENS) are incorporated.
To validate the proposed prediction model and evaluation method, a series of numerical simulations are
conducted on the basis of taking the traffic-distribution system of a typical city as an example. The result
demonstrates that the proposed spatial-temporal transfer model is more practical in charging load prediction
than the popularly used Dijkstra’s shortest path algorithm. Moreover, high temperature, congestion and the
increment of EV penetration rate will further weaken distribution network reliability.

INDEX TERMS Electric vehicle, reliability evaluation, trip chain technology, Markov decision process,
sequential Monte Carlo method, spatial-temporal transfer randomness.

NOMENCLATURE PARAMETERS
AS\B}RE w’gé ga’i vehicle 7 Mean of the beginning time of each trip
.. o Variance of the beginning time of each tri
MDP  Markov decision process ij i £ £ o P
SOC  State of charge vmax ~ Maximum speed allowed at the road (i, j)
TNN  Traffic network node by EV’s position in the travel path
DNN Distribution network node D* Distance between the origin of the trip and x
DCP  Dispersion of charging power Cev  Capacity of EV battery
U™ Minimum value of Uy
The associate editor coordinating the review of this manuscript and U SIE?X Maximum value of Uy,
approving it for publication was Pierluigi Siano . Pslow Rated power of slow Charging
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Dfast Rated power of fast charging
SOC of EV when arrived at the iy, charging

init ) ) i

station in a trip

soceyy  Expected SOC of EV

SOChy Preset threshold of EV’s SOC

T,ziark Parking time of EV at the iy, charging station
in a trip

Dy, Distance that socy;,, can meet

[ Or operation

NEgv Total number of EVs connected to power grid

Di(t) Charging power for the ny, EV at DNN w
Total charging power of EVs in distribution

network
w Matrix composed of N,, rows and 96 columns
Prg(t)  Active power provided by the superior power
supply to distribution network at time ¢
Psr(t)  Total power load of distribution network at

time ¢

I. INTRODUCTION

With a new round of scientific and technological revolution
and industrial transformation, the EV industry is entering a
new stage of accelerated development. Especially in China,
staying committed to sustainable development, the govern-
ment has been making great efforts to speed up innovations
of EV technologies and popularize the EVs [1]. However,
the broadscale running of EVs is likely to result in signif-
icant impacts on both traffic network and distribution net-
work [2], [3]. One key fundamental to ensure the positive
effects of popularizing EVs is to effectively forecast the
spatial-temporal distribution of EVs’ charging load, while
the other is to further evaluate the reliability of distribution
network penetrated with large-scale cluster EVs.

Based on the National Household Travel Survey data
released by the U.S. Department of Transportation, the fitting
curves of departure time, connection time and daily mileage
have been gained and then the EV charging load has been
computed by Monte Carlo method in [4] and [5]. In [6]
and [7], considering the stochastic nature of EVs moving,
the spatial-temporal distribution characteristics of charging
load of various types of EVs in different regions and periods
have been studied. Further, Ul-Haq et al. [8] have explored
the influence of drive intention of EV owners and electricity
price on the spatial-temporal distribution of charging demand.
These studies have established EV charging load model and
analyzed its spatial-temporal distribution characteristics, but
the EV locations and EV charging periods are fixed, which
have failed to reflect the specific EV travel process and
ignored the mobility of EVs.

Taking into account the fact that EVs are coupled with
traffic network and distribution network simultaneously,
Luo et al. [9] and Shao et al. [10] have constructed a fusion
system integrated with ‘‘vehicle-traffic-distribution” and
solved the spatial-temporal distribution of EV charging load
by origin-destination matrix. In [11], a dynamic evolution
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model with EV spatial-temporal distribution has been pro-
posed on the basis of cell agent theory and Dijkstra method.
It aimed to plan EV trip path and predict EV charging load.
Furthermore, considering traffic energy consumption and
charging price, Chen er al. [12] have proposed a strategy
to optimize EV trip path, which is on the basis of origin-
destination matrix. Moreover, it acquires the charging load
by mixed integer programming. The works above have built
various spatial-temporal transfer models of EVs, which were
based on the shortest path algorithm or aimed to optimize the
EV path without taking into account traffic conditions [13].

Hence, to remedy the problem, trip chain theory has been
employed to simulate EVs’ dynamic driving process. To be
specific, based on random trip chain and MDP theory, an EV
spatial-temporal transfer model has been proposed in [14]
and [15]. With the incorporation of stochastic trip chain,
Tao et al. [16] have computed the spatial-temporal distribu-
tions of charging demands of EVs with the considerations
of different dates and regions. Besides, Markov chain Monte
Carlo method has been used to simulate EV travel and charg-
ing behavior in [17]. Despite the effectiveness and advantages
of the EV travel models presented in [14]-[17], various envi-
ronmental factors, including temperature, traffic congestion
and subjective charging willingness, have not been consid-
ered in the prediction of EVs’ charging load. It should be
noted that on high temperature day, EV users probably turn on
air conditioning, causing at least 20% increment in electricity
consumption [18]. Furthermore, traffic congestion can affect
charging behaviors and lead to the variance of connection
periods [19]. In addition, the subjective charging willingness
of EV users can give birth to extra charging demand [20].
Hence, these factors are of great significance for the predic-
tion accuracy of charging load and shall be carefully studied.

Besides, it has been shown that the uncertain character-
istics of EVs charging would be adverse to power system
reliability [21]. Thus, it is necessary to evaluate distribution
network reliability with the integration of EVs. Specifically,
Kamruzzaman and Benidris [22] have calculated the load
loss of distribution network with the maximum permissible
penetration level of EVs. In [14] and [23], different EV pen-
etration rates have been employed to compute correspond-
ing charging demand. Further, Wang and Infield [17] have
discussed the impact of various EV penetration levels on
the thermal performance of substation feeders. To reduce
the cost of EV aggregators and improve operators’ technical
problems, Clairand et al. [24] have proposed a smart charging
method with the deployment of different EV penetration
levels. It should be noted that the main ingredient among [14],
[17] and [22]-[24] is that they all have investigated the impact
of EV penetration level on power system. However, all of the
above works lack the systematic evaluation in the influence of
the variance of EV penetration rates on distribution network
reliability, which may create a barrier for the safe operation
of distribution system.

Apart from this, Liu ef al. [25] have carried out gener-
ation adequacy analysis in light of the connection of EVs.
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In [26] and [27], analytical methods have been proposed, and
the main ingredient is to assess the impact on grid reliability
caused by large-scale EVs integration. With the application
of quasi-dynamic simulation method, Zhang et al. [28] have
studied the influence of EVs penetration and their battery
capacities on the reliability of distribution network. However,
these works have failed to quantitively analyze the impact
of EVs charging load on the distribution network reliability
resulting from high temperature and congestion.

Subsequently, to address the aforementioned problems
with the above considerations, a novel method of EVs charg-
ing load prediction has been proposed. Specifically, the pro-
posed method has taken into account the spatial-temporal
transfer randomness in vehicle-road-grid mode. More-
over, the reliability of distribution network penetrated with
large-scale EVs has been further evaluated. The main contri-
butions of the paper can be summarized as follows:

1) A novel spatial-temporal transfer model: a novel spatial-
temporal transfer model for urban EVs has been proposed.
To be technically precise, the methods of trip chain, Monte
Carlo and MDP for the novel model have been incorporated.
Compared with the popularly used Dijkstra’s shortest path
algorithm, the proposed model has fully reflected the ran-
domness of EV’s movement, which shall make it substantially
more accurate in real applications.

2) A novel method for charging load prediction: Taking
into account temperature, traffic condition and EV owner’s
subjective willingness, a novel method of charging load pre-
diction has been proposed. Particularly, the method can be
employed in different scenarios, including weekday, week-
end, high temperature day and congestion day.

3) The comprehensive study on the effect of different
scenarios of reliability evaluation: to be specific, the impact
of charging load caused by various EV penetration rates, high
temperature and congestion on distribution network reliabil-
ity has been extensively studied. In particular, except for the
reliability indices including PUV, LOLP, SAIFI, SAIDI and
EENS, FVSI has been further proposed to reflect the voltage
stability of distribution network.

The rest of the paper is organized as follows: Section II
describes the EV spatial-temporal transfer model and energy
consumption computation process in detail, so as to calculate
charging load. In Section III, the reliability evaluation of
distribution network in different charging scenarios of EVs
has been fully investigated. Furthermore, the comparison and
analysis of numerical simulation have been conducted in
section IV. Finally, conclusion is drawn in section V.

Il. SPATIAL-TEMPORAL TRANSFER MODEL AND
CHARGING LOAD CALCULATION

In this section, the spatial-temporal transfer model is intro-
duced. In traditional transfer models, the shortest path plan-
ning algorithm such as Dijkstra is often applied to simulate
EVs’ driving path. However, due to the reason that EV users
may be affected by multiple environmental factors when
making path decisions, this kind of algorithm may fail to
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reflect the randomness of EVs mobility. Therefore, a novel
spatial-temporal transfer model to address the problem has
been proposed. The main ingredient is that the proposed
model has incorporated trip chain, MDP and Monte Carlo
method. On the basis of the proposed model, the EV charging
load prediction is further conducted.

A. EV TRAVEL MODEL

In general, EV travel destinations can be divided into five
categories, home (H), working unit (W), shopping and eating
places (SE), social and entertainment places (SR) and others
(O). It should be emphasized that these locations are also
provided with EV charging services. As shown in Figure 1,
the trip chain mainly consists of three types, including H-W,
H-SR/SE/O and H-W-SR/SE/O. In addition, the composition
and proportion of the trip chains are different on weekdays
and weekends, which are listed in Table 1 as follows [28]:

FIGURE 1. Trip chain structure.

TABLE 1. Trip chain composition and proportion on weekdays and
weekends.

Scenario day Trip chain Chain number Ratio/%
H-W 1 52.8
Weekdays H-W-SR/SE/O 2 24.1
H-SR/SE/O 3 23.1
H-SR/SE/O 4 35
Weekends H-SR/SE/O 5 35
No trip 6 30

Specifically, the beginning time ¢, of each trip follows the
normal distribution, with probability density function f{z;)
given as follows [29]:

1 (t; — )?
J2no 202

The value of © and o varies with trip chains, and different
scenarios and choices can be obtained in Table 2.

OES exp(— )- ey

B. SIMULATION OF EV RANDOM PATH BASED ON MDP

The EV travel model has been discussed in the last sub-
section, next the EV path simulation based on MDP is to
be explained. Specifically, since the travel path of EVs can
directly affect the spatial-temporal distribution of charging
load, MDP is employed to simulate the travel path of EVs.
Subsequently, standard MDP model can be described by a
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TABLE 2. The probability distribution of different trip chains.

Scenario day Chain AM. P.M.
number
1 N(6.92,1.24) N(17.47,1.80)
Weekdays 2 N(6.92,1.24) N(17.47,1.80)
3 N(8.98,3.24) -
4 N(8.98,3.24) -
Weekends 5 - N(16.47,3.41)
6 - -

|
| pJ-LM ipJ
‘RJ—Z,M RJ LM

FIGURE 2. Schematic diagram of the transportation network.

five-element group {T, S, A, P, R} [30]. The application is
illustrated in Figure 2.

Here, the parameters are illustrated as follows:

a) T represents the decision time set in a trip chain. In a
trip with J locations, #; € T is the moment when an EV
has passed j locations or started with the j 4+ 1 location,
jel{0,1,2,...,J —1}.

b) S denotes the state space set in a trip chain. For a
transportation network with L locations, s; € S indicates the
EV’s location at ¢;.

¢) A prescribes the action sets in a trip chain, indicating
the possible optional actions made at each decision-making
time. In addition, a policy = means a set of ordered deci-
sions from 7y to #;_1, which can be expressed by 7 =
{m(s),j = 0,1,2,...,J — 1,5; € S}. In other words,
a policy 7 can directly represent the specific path in a trip
chain. In Figure 2, the black blocks show where an EV
travels, i.e., the policy  or the EV’s path can be listed as
{LO,LJ{,[,LZ%I L e L LT L, M
is the total number of locations that can be selected when the
EV is at the ji, location.

d) It should be noted that a transition probability is needed
to embody the possibility of an EV moving from one TNN
to another one. To be specific, let P denote the set of state
transition probability. When an EV makes a path selection
action at time #;, it will move from current state s; to another
state sj+1. Subsequently, the transition probability between
the two states can be expressed as:

pe. =P =si41lS = 5N (s)) = a). 2)

Jitl

In the simulation of EVs random path, if s; = L],, the state
transition probability can be derived. To be precise, let G;-;l,q
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and V]{;l’q denote the distance and speed between location L,
and L™, M}, If the
EV can reach the next location Li, 1 with the shortest time,
the transition probability is set to be P’Jrl ' which is bigger
than the other transition probabilities 1 1n the same state, here
st € {1,2,...,M}. Then the selection probability P;J;nl 4

determined according to EV’s driving time between L}, and
L{I—H . The principle is that longer the driving time leads to the
smaller the transition probability, thus the probability can be
expressed as:

respectively, withm and ¢ € {1, 2, ...,

i+1.g _
Pt =1 M=1
M G;‘+1 k Gt
" kXII Vj-H Lk T m
g J.m
Pl = S M =2 3)
-1y Ge
k=1 "jm
P _tmax = max(P_r]/J’rn1 k),
i+1.g _ _
P =1 . 1 M=1
j+1,st j+ g
(1-P, "G 4
P! = (1 ijtn )vj’f‘q Mz2aq7st "
- max

e) Next, let R denote the reward set in a trip chain, which is
used to evaluate the advantage or disadvantage of EV actions
(i.e. path selection). In this paper, R refers to the driving time
of EVs. For instance, if an EV transfers from L}, to L}, +1

with transition probability P}, *14_the action will be evaluated

as reward R’ AR , as demonstrated in Figure 2. Note that the
greater the reward is, the shorter the driving time will be.

It is noteworthy that both P and R have a correlation with
driving time. The internal link between P and R is a causal
relationship. To acquire the maximum possible reward, the
transition probability of the path with the shortest driving time
is set bigger than that of others. In this way, both transition
randomness and optimal path (i.e. the least time consuming
path) have been taken into consideration in path simulation,
which is more realistic.

C. COMPUTATION MODEL OF ELECTRICITY
CONSUMPTION PER KILOMETER

In the urban traffic system, EVs’ speed is mainly affected by
road capacity and vehicle flow. To simulate the actual EV
speed within a day, a speed-flow model is introduced [31].
Specifically, let v/’ (x) denote the EV speed at x on a directly
connected road, where i and j are the two ends of the road,
respectively. Here, v;” (x) can be computed via (5):

ij vl
v (x) = — 3
1+ Xt
,3=011'-t-052'Xza3 ®)
_ 4’k
Xt = Trii

where: o1, oy and a3 are adaptive coefficients; d,i’j (x) is the
traffic flow at x of the road (i, j), and Tr*” represents the traffic
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capacity of the road; x, denotes the saturation degree of a
road at time ¢, which is the result of d,l’j (x) divided by Tri .
It should be noted that yx; is directly given out in Table 4 to
simplify the calculation [32].
Traditionally, EV electricity consumption per kilometer at
x,i.e., E;”(x), can be obtained via (6) [33].
5.492
vi’j (x)'
Additionally, the electricity consumption increases with
working air-conditioning because of high and low tempera-
tures. Therefore, incorporate another two parameters, namely
the probability of air-conditioning turning on Kp. and

energy proportion coefficient Ky, to compute the energy
consumption with different temperatures:

EMN(x) = —0.179 4 0.004v (x) +

(6)

erct = klU3 +k2U2 + k3U + ¢y

(7
Ktemp = ky(U + 62)2 +c3,

where: ki ~ k4 and ¢; ~ c¢3 are constant values; U denotes
temperature. In particular, Kp.., under different temperatures
is depicted in Figure 3. Moreover, the on-off decision for
air-conditioning is necessary to be discussed. Generate a
random number r submitted to uniform distribution for a
certain temperature. If r < Kp,¢ is satisfied, turn on air-
conditioning. Otherwise, air-conditioning remains off.

100

80

/%
pect

K

40t

20

5 10 15 20 25 30
u/eC

FIGURE 3. Kpect under different temperatures.

Consequently, the electricity consumption per kilometer at
x considering the impact of air-conditioning, i.e. E;(x), can
be derived more accurately via (8):

K" E (x)
E{'(x)

r =< erct

Ei(x) = ®)

r > Kpeer.

Subsequently, the actual SOC of EVs at location x can be
further acquired as follows:

IP E(x)d,
EV

socy = (S0Cinir —

) x 100%, C)

where d, represents an infinitesimal distance.
It should be noted in (9) that the SOC in the form cannot be
directly applied. Hence, in this paper, it is discretized for the
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fact that the accuracy of x is 1 km. Subsequently, the equation
in (9) is approximated as follows:

D*
ZEt(x)

socy = (S0Cinir — 0—) x 100%. (10)
Cey

D. CHARGING DEMAND CONSIDERING EV OWNER'S
SUBIJECTIVE WILLINGNESS

Now turn the attention to the charging demand. To start with,
the EV charging behavior is divided into two categories:

1) The SOC of an EV cannot guarantee the remaining
distance, and the EV owner chooses to charge at the current
charging station.

2) The remaining electricity is enough but the EV gets
charged at the end of the trip due to the owner’s anxiety about
the next trip. If the anxiety turns up, the owner will choose to
charge the EV out of subjective willingness. Moreover, there
is a negative correlation between the subjective willingness
of EV owner and EV’s SOC at the end of the finished trip,
i.e., the decrement of the latter will lead to the increment of
the former.

Additionally, the fuzzy theory is adopted and the index
“electricity satisfaction degree Uy, is employed to describe
the subjective willingness of EV owner to charge as follows:

Y

where: D,,,; denotes the distance of EV’s next trip.

Let Fyy; denote the fuzzy set of charging demand, then
its membership function Fy,;(Usa) can be expressed as fol-
lows [20]:

1 U < U;Ein
Ffuz(Usat) =T USIZin S Uy < Ugltax (12)
0 Uf > pymax

- sat
n U U U,y
T :s1n[Z(1+ ‘2 (— Umax_Uminl Nl (13)

sat sat

In (12), Fp;(Ugqe) indicates the charging probability of
EV owner, which can explicitly quantify the referred anxiety
about the next trip. To be precise, if Uy, < U ﬁ;”, there must
be charging demand for the reason that EV’s remaining elec-
tricity cannot meet the following trip. Conversely, if Uy, >
U, the charging probability decreases to O because the EV
has enough power to complete the next trip. Further, if Uy,
stays between U;};i“ and U;2%, the charging probability 7 is
determined via (13).

Once charging demand is confirmed, the EV owner needs
to choose charging mode which is mainly divided into slow
charging and fast charging [34]. Considering the charging
cost and battery loss, slow charging is the default option.
However, if the EV’s SOC cannot reach the preset expectation

within the parking time, which is described in (14), fast
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charging will be chosen:

PslowTi

P

+soct . < SOCexp. (14)

lnlt
Cgy

Furthermore, when the EV SOC on passage is lower than
socs,r, the EV will choose to charge at a certain charging sta-
tion L;’;’;‘!, and the charging time Ty, is further determined.

Specifically, L;,'}l’f and Ty, are given as follows:

Dy

> Eix) =
0

re

> Dy <Du, reef{l,2,....J}
r=1

Lyid = f(re),

re
Dyig = ZDr

5mid (16)
> Ei(x)—socini Cey
0

Cev (s0Cinir — SOCy)

(15)

Tchar =

(pfaxt [|Pstow)

where: Dy, means the distance that the EV drives from soc;y;
to socur; Y, Dy is the distance between the origin of the trip
and the ry, charging station that the EV has passed by; 7. is
the number of charging stations that the EV has passed by
when the SOC of EV decreases to socy,; f(r.) means the
TNN corresponding to 7.

E. IMPACT OF P’ 1.5t ON THE SPATIAL-TEMPORAL
DISTRIBUTION OF CHARGING LOAD

In this subsection, the impact of probability P’ LS o the
spatial-temporal distribution of charglng load w111 be fully
investigated for the reason that P/ AR change the driv-
ing path results. To embody the dlsperswn characteristic of
charging load in a whole area / (i.e. residential area (RA),
commercial area (CA) or working area (WA)), index / DCP is
proposed and can be identified via (17) and (18) as follows:

T Ny
X3 (P = P

i t=1 wl

Incr = ———a , (a7

> Y PL®O

=1 yl
T Nall

> Z (PL(1)

t=1
all
ng T

Py = (18)
where: N, ! is the total number of TNN in area [; P! (1) denotes
the chargmg load of TNN w!; Ny, @l means the total number
of TNN in all the three areas; P‘fvw is the average charging
load in all the three areas. In general, the essence that / ll)cp
can reflect the dispersion characteristecs of charging load is
because IDCP is determined by the sum of the differences
between P! W(t) and PO
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F. CHARGING LOAD CALCULATION OF

DISTRIBUTION NETWORK

It is needed to gather the charging load information of
the whole system. Firstly, compile statistics of the spatial-
temporal information of each DNN according to the cou-
pling relationship between TNN and DNN. Subsequently,
the charging load of DNN w can be expressed as:

Ngv
Py(t) =Y Pi(t). (19)
n=1
Furthermore, the total charging load of distribution network
Ppn(t) can be gained via (20):
NW'
Ppn(t) =Y pu(d). (20)
w=1
For the stopping criterion, let Ppy (¢) store in W. Then, when
the number of simulations y; reaches the maximum value Z;
or meets the convergence criterion (21) [35], the simulation
is terminated. Otherwise, repeat charging load prediction.

W,
max{ |4 — A" [} < ¢1. 1)
where: Wy is the by column vector in matrix W, A,‘;V b
denotes the mean value of Wy, in the ng, simulation; ¢ is the
convergence accuracy in the simulation. Figure 4 displays the

charging load calculation in detail.

IIl. RELIABILITY EVALUATION OF

DISTRIBUTION NETWORK

The charging load prediction has been studied in the previous
section. In summary, the charging load prediction enjoys
high prediction accuracy with consideration of multiple real-
istic environmental factors. In this section, the impact of
predicted charging load on distribution network reliability
will be mainly analyzed. Specifically, factors including EV
penetration rate, temperature and traffic congestion will be
comprehensively taken into account.

A. RELIABILITY EVALUATION INDICES
OF DISTRIBUTION NETWORK
Firstly, a series of indices are adopted to evaluate the dis-
tribution network reliability which is demonstrated as fol-
lows [36], [37]:
1) Per unit value (PUV) is given as follows:
Vl _ l_ra
Ipyy = v x 100%, (22)
1
where: V; is the real-time voltage at the iy, node; V/“
denotes the rated voltage at the iy, node.
2) Fast voltage stability Index (FVSI) is yielded:

4Zy)* Q)
(Vi2X;; '
where: Z; and X;; denote the transmission line

impedance and reactance, respectively; Q; means reac-
tive power at the receiving end.

Ipys = (23)
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Generate origin-destination, #; and soc; | 4
based on Monte Carlo method

v

MDP determines driving path and
calculate passing places J

A 4
Acquire D, ,compute Uy, and
charging demand based on (11)-(13)

v

Y Y
rg\(”)‘”Wﬁ

Fastly charge at the destination and
load charging and space information

Slowly charge at the destination and
load charging and space information

4}‘ Obtain v//(x) from speed-flow model ‘

Y N

Calculate E/(x) with air- Calculate E/(x) with air-
conditioning on conditioning on

I |

{

—— N

— SOCy<=50C.? =
Y

Charging midway, record charging
and space information , update ¢

Y

3 Calculate charging load of distribution
network based on (19)-(20)

— N>z =
Y

( End

FIGURE 4. Charging load calculation flowchart.

3) Loss of load probability (LOLP) can be obtained as

follows:
Np
1 .
Irorp = T 24)
Trotal _
np=1
Np
Tioal = Y, (Tythy + Thh), (25)
np=1

where: N is the total simulation times; 772 and T;’ri
denote the fault period and normal period, respectively;
Ttota1 1s the total period of Nj simulations.
4) System average interruption frequency index (SAIFI)
is presented as follows:
Np Ny
> 2 F
P (26)
SAIFI NeNo
where: Ng represents the total years applied for relia-

bility evaluation; F, denotes the interruption time at

DNN w.
5) System average interruption duration index (SAIDI) is
provided:
Np Ny )
Y 2Ty
Toupp = =20 27)
SAIDI NN,

124090

6) Expected energy not supplied (EENS) is derived:

Np W

N
IgENs = NLR Y Ep, (28)

np=1w=1

where: E is the load loss at DNN w in the n, s simulation.

B. RELIABILITY EVALUATION PROCESS BASED ON
SEQUENTIAL MONTE CARLO

Next, continue to study the specific process of reliability
evaluation. In the distribution network, each component has
a failure rate A and repair rate p. On the basis of this, employ
sequential Monte Carlo method to sample the component
sequence in the process of ‘“Normal-Fault-Normal”. Assume
that the duration of every component in each state follows the
exponential distribution [38]:

H(L) = re ™1

1
v = xln(pl
2
H(p) = pe P2 @9

vy = —Ingy,
P

where: ¢ and ¢; are both random numbers between 0 and 1.
Now it is in the position to discuss the calculation proce-
dure. According to the component state sequence and state
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duration, the operation state of the whole system can be
obtained. After that, the reliability indices are calculated
according to the equations (22)-(28). In general, it takes
5 years as the simulation period to evaluate the reliability
of the system. For convenience, summarize the computation
steps as follows:

1) Input the original data of the system, including the
topological connection relationship of distribution network,
basic load of each node and EVs charging load.

2) Sample the state sequence and state duration of compo-
nents so as to obtain the operation state of the system.

3) Judge whether the system state is in fault or satisfies the
condition listed in (30). If it is, calculate the system power
flow and the optimal load reduction:

Pr(t) < Pap(t). (30)

4) When the number of simulations y, reaches the maxi-
mum value Z, or the convergence condition equation (31) is
satisfied, terminate the simulation [35]:

n="2 < g, 31)

where: 1 is a variance coefficient; /(.) denotes variance func-
tion; U[.] prescribes the parameter expectation; vz means the
estimation of reliability indices after Zi simulations. And ¢»
indicates the convergence accuracy in the simulation.

IV. CASE STUDIES AND ANALYSIS

The method of charging load prediction and reliability eval-
uation of distribution network have been elaborated. In this
section, comprehensive experiments are conducted to verify
the effectiveness of the proposed method. To be technically
precise, take a typical urban traffic network as an example,
the simulation of EV charging load in this area is conducted
and then the corresponding results are discussed. The regions
in the traffic network are mainly divided into RA (including
TNN 1 to TNN 17), WA (including TNN 18 to TNN 22) and
CA (including TNN 23 to TNN 30). The coupling between
TNN and DNN is listed in Table 3. Road saturation in each
period and the road length are displayed in Table 4 and
Table 5, respectively. In addition, the transportation system
consists of 30 TNNs and 52 roads, which all belong to urban

TABLE 3. Coupling between TNN and DNN.

TNN DNN TNN DNN TNN DNN
1 1 12 12 23 4
2 2 13 13 24 9
3 3 14 14 25 11
4 6 15 15 26 25
5 24 16 16 27 26
6 19 17 29 28 10
7 20 18 28 29 8
8 21 19 5 30 7
9 22 20 23 31 -
10 30 21 18 32 -
11 17 22 27 33 -
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TABLE 4. Road saturation within a day.

Period X Period X
00:00—07:00 0.2 14:00—17:00 0.3
07:00—09:00 0.5 17:00—19:00 0.5
09:00—12:00 0.3 19:00—23:00 0.3
12:00—14:00 04 23:00—24:00 0.2

TABLE 5. Road length.
Road Length/ Road Length/ Road Length/
km km km
(1,2) 10.2 9,11) 10.1 (18,27) 9.7
(14) 10.4 (10,11) 9.0 (19,20) 10.0
23) 10.3 (10,21) 10.1 (19,24) 10.4
2,5) 10.5 (11,22) 10.2 (19,28) 8.8
2,6) 10.6 (12,13) 10.3 (20,21) 9.1
34) 10.4 (12,16) 10.6 (20,25) 10.5
3,7 10.7 (12,17) 10.7 (20,29) 8.9
(4.8) 10.8 (13,14) 10.4 (21,22) 10.2
49) 9.9 (13,15) 10.5 (21,25) 10.5
(5,6) 10.6 (14,15) 9.5 (22,30) 11.0
(5,23) 10.3 (14,28) 9.7 (23,24) 10.4
6,7) 9.7 (15,16) 8.6 (24,25) 9.5
(6,24) 94 (15,28) 8.8 (25,26) 9.6
(7.8) 10.8 (16,17) 10.7 (27,28) 9.8
(7,25) 9.5 (16,29) 8.9 (28,29) 8.9
(8,10) 10.0 (17,30) 11.0 (29,30) 11.0
(8,26) 9.6 (18,19) 8.9 - -
9,10) 9.9 (18,23) 10.3 - -

28 29 30 31 3233

FIGURE 5. Topology between traffic network and IEEE 33-bus system.

trunk roads so as to simplify the calculation complexity and
improve simulation efficiency. In regards to the structure of
distribution network, IEEE 33-bus system is adopted, where
6 positions are equipped with sectionalized switches. The
topology between traffic network and distribution network
is illustrated in Figure 5. Each switch is with a failure rate
of 0.0006 and an average repair time of 0.5h. For the feeders,
the failure rate and average repair time are 0.002 and 2h,
respectively.

In the simulation, the total number of EVs in the traffic net-
work is 15000, and all EVs are under the same specification
where Cgy is 32 kWh [39]. Additionally, psow and prs
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are 7kW/h and 30kW/h, respectively. Furthermore, soc;y;; is
randomly distributed between 0.85 and 1 and is generated
by Monte Carlo method. And U™ and UM are set to be
1.2 and 2, respectively.

A. SPATIAL-TEMPORAL DISTRIBUTION OF CHARGING
LOAD IN WEEKDAY AND WEEKEND

The charging load on weekday and weekend is conducted
numerically in the simulation, as illustrated in Figure 6. The
results demonstrate that during the weekday, the peak period
in WA mainly drops in 09:00 to 12:00, while that in RA and
CA is from 18:00 to 22:00. In other time slots, the charging
load of all the three areas keeps close to zero. Conversely,
on weekend, charging power in WA stays almost zero and that
of the other two areas performs more uniformly from 09:00 to
24:00. This temporal distribution is mainly determined by the
structure and trip time of trip chains, as shown in Table 1 and
Table 2. It can be concluded that the peak periods of the three
areas on weekday and weekend are all 1 to 3 hours later
than the beginning time of actual trips. Moreover, the time
difference is mainly caused by transportation between differ-
ent destinations. Additionally, the peak of charging load on
weekday is almost 1.5 times bigger than that on weekend.
This can be attributed to the fact that 30% of the total EVs
on weekend are not used for transportation, which causes no
charging demand for the system.
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FIGURE 6. Charging load on weekday and weel
(b) Weekend.

d. (a) Weekday.
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FIGURE 7. Charging load on high temperature day and congestion day.
(a) High temperature day. (b) Congestion day.

B. SPATIAL-TEMPORAL DISTRIBUTION OF CHARGING
LOAD ON HIGH TEMPERATURE DAY AND

CONGESTION DAY

To investigate the impact of temperature and traffic condition
on charging demand, the charging load on high temperature
day and congestion day is performed and the results are
depicted in Figure 7. It is worthwhile pointing out that the
parameters used for high temperature day and congestion
day are almost the same as those of weekday except tem-
perature and EVs’ driving speed. It can be seen that the
spatial-temporal distribution of charging load on high temper-
ature day is similar to that of weekday. However, the overall
amplitude of the former increases dramatically, whose peak
exceeds 80.59% of the peak of the latter. This is mainly
due to the reason that the electricity is not only used for
transportation, but also for air-conditioning working on high
temperature day. Moreover, compared with the charging load
on weekday, the peak of charging load on congestion day has
increased by 52.32%, and time latency of charging load in
RA and CA has happened. This is because congestion will
result in cluster EVs’ spending more time on transportation
and charging.

C. CHARGING LOAD OF WEEKDAY BY

THE SHORTEST PATH

Next, to clearly show the difference from the charging load by
random path on weekday, the shortest path planning method
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FIGURE 8. Charging load of weekday by the shortest path. (a) With
subjective charging willingness. (b) Without subjective charging
willingness.

(i.e. Dijkstra algorithm) is employed in the experiments and
the results are illustrated in Figure 8(a). It can be obtained
that the spatial-temporal distribution is completely different
from that by MDP. The charging load in CA and WA remains
lower than 100 kW, which is much fewer than that by MDP
illustrated in Figure 6(a). Furthermore, the charging load
mainly centers at RA after 20:00. The overall amplitude has
decreased sharply and the peak of charging load by Dijk-
stra has decreased by 28.4% compared with that by MDP.
The reason lies in the fact that EVs’ electricity consumption
caused by Dijkstra is fewer than that by MDP, which can be
generally satisfied by soc;,;;. Consequently, the frequency of
charging within a day will be cut down. Moreover, only a few
EVs choose to charge in RA when getting back home after
the day’s trip. In addition, to demonstrate the necessity of
subjective charging willingness, Figure 8(b) gives the case for
the charging load without considering this factor. The spatial-
temporal distribution is roughly the same as that considering
subjective charging willingness, charging load in which also
concentrates in RA during the period of 20:00-24:00. How-
ever, it can be seen that a significant drop occurs to the overall
charging load of the former, and the peak load only accounts
for 13.51% of that in the latter. This indicates the fact that
subjective charging willingness plays an important role in
guaranteeing the prediction accuracy of charging load.
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D. FAST CHARGING TIMES OF CA IN

DIFFERENT SCENARIOS

Generally, the probability of fast charging in CA is much
bigger than that in RA and WA. This is because T¢pyr in CA
is too short to satisfy EVs’ power expectation. Moreover, it is
helpful for the operation of charging station to figure out the
fast charging times of CA in different scenarios, as illustrated
in Figure 9. On weekdays, the fast charging times are mainly
from 18:00 to 21:00, due to the entertainment activities after
work. On the contrary, on weekend, fast charging is more
scattered in the period of 14:00 to 19:00. Moreover, the period
distribution of fast charging on high temperature day and
congestion day is similar to that on weekdays. However,
the peak number of the two kinds of days increases dramati-
cally because of increasing charging demand.

— Weekday
— High temperature day

—— Weekend

Congestion day

FIGURE 9. Fast charging times of CA in different scenarios.

E. STATISTICS OF CHARGING PILES IN

EACH PERIOD OF TNN

To provide further theoretical support for the planning of
charging stations in this area, the number of charging piles
required at all TNNs during the whole weekday is taken
into consideration and shown in Figure 10. It is noteworthy
that the statistics are on the basis of consumption that each
charging pile can only serve one EV during the charging
period of EVs. In other words, the statistics also reflect the
number of charging EVs during the same period. Specifically,
the result shows that the charging piles needed are not evenly
distributed in space. The charging pile number of WA is
almost 3 times more than that of RA and CA, especially
during the period of 08:00 to 16:00. Additionally, this also
explains the reason why the charging load of WA is much
higher than that of RA and CA on weekday, as exhibited
in Figure 6(a). Moreover, the demand for charging piles in
RA and CA performs similarly, both of which center at the
period of 16:00 to 24:00. Nevertheless, it should be noted
that the charging pile demand for RA is heavier than that
of CA.
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FIGURE 10. Statistics of charging piles in each period of TNNs.

F. RELATIONSHIP BETWEEN P’ +1:st AND DCP

To demonstrate the impact of Pj“ " on the spatial-temporal
distribution of charging load, index DCP is proposed and the
simulated results are shown in Figure 11. With the increment

of P, 15 the overall reduction occurs to the DCPs of RA
and CA but an opposite trend happens to the DCP of WA. The
change means that the charging load of RA and CA gradually
transfers to that of WA. However, the variation interval of the
three DCPs keeps within [0, 0.1]. It should be noted that the
sum of the three DCPs equals to 1. Consequently, the length
of the variation interval indicates that the impact of P’ "on
the spatial-temporal distribution of charging load is hmlted
which reflects the stability and accuracy of the prediction
method.
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FIGURE 11. Relationship between the probability of driving time path
option and the dispersion coefficient of charging load.

G. DISTRIBUTION NETWORK RELIABILITY

INDEX AND LOAD LOSS

In Figure 7, It can be drawn that high temperature and conges-
tion will lead to a higher charging load peak. To further study
the impact of the two factors as well as EV penetration rate on
distribution network reliability, the simulations about differ-
ent EV penetration rates on weekday, high temperature day
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and congestion day are conducted. Table 6 gives out related
reliability indices. As demonstrated in Table 6, the increment
of EV penetration rates can bring bigger values of all listed
indices. In addition, each reliability index on both high tem-
perature day and congestion day is much bigger than that of
weekday. This indicates that the increment of charging load
can result in more fragile distribution reliability. To be techni-
cally precise, Figure 12 shows the load loss of each DNN. The
results exhibit that the expanded range of DNNs with load
loss and rapid growth of load loss amplitude emerge along
with the rising EV penetration rates and the occurrences of
high temperature and congestion. Moreover, the DNNs with
load loss drop in the range of DNNs 15 to 17 and DNNs 28 to
30. It should be noted that if these DNNs are equipped with
corresponding emergency power supply, the reliability of the
system will be enhanced, which can provide data support for
the planning of distribution network.

TABLE 6. Reliability indices of distribution network in different charging
scenarios.

Reliability index

Charging scenarios I
gine Liorp S’;{;Eer Isupi/h Leens/MW
1 0,
Penctration rate 75% - 403773 145845 35946 36.1504
on weekday
1 0,
Penetrationrate 87.5% 4 503371 149243 3.8459  39.4831
on weekday
1 0,
Penetrationrate 100% 4 503401 156843 42137 461583
on weekday
High temperature day ~ 0.003513 15.9638 4.3844 55.8175
Congestion day 0.003487 15.9169 4.3233 52.7655
10000 % High temperature day
—=o— Congestion day
—#A— Penetration rate 100% on weekday
8000 | —w— Penetration rate 87.5% on weekday
Penetration rate 75% on weekday
»
Z 6000
2
]
3 4000
2000 [
0 S\
30

FIGURE 12. Load loss of DNNs in different charging scenarios.

H. PUV AND FVSI

To further evaluate the effect of charging load on the voltage
stability of distribution network, indices including PUV and
FVSI have been applied and Figure 13 displays their specific
values at each DNN in different charging scenarios. Due
to page limitation, Figure 13 is omitted here and interested
readers are referred to supplementary material for details.
It needs to be pointed out that FVSI close to 1.0 indicates
that the corresponding DNN is imminent to its instability
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point. In other words, the smaller value of FVSI leads to
the better voltage stability of DNN. It can be obtained from
Figure 13 (a)-(e) that the five charging scenarios share one
commonness that a serious voltage drop happens during the
period of 7:30 to 12:30 and 17:00 to 23:00. In addition,
the DNNs with such serious voltage drop in these periods
mainly concentrate on DNN 6-17 and 26-33. To be more
technically precise, quantitative data containing the average
value and minimum value of PUV is given in Table 7. It can
be known from Table 7 that the increase of EV penetration
rates and the emergence of high temperature and congestion
will lead to the continuous decline of PUV. Similarly, from
Figures 13 (f)-(j) and the average of FVSI in Table 7, it can be
seen that the overall uptrend also occurs to the values of FVSI.
Here, FVSI is accompanied by the rising EV penetration
rates and the appearance of high temperature and congestion.
In general, the decline of PUV and the growth of FVSI in the
five charging scenarios indicate that the voltage stability of
distribution network is debilitated to some extent.

TABLE 7. Data statistics of PUV and FVSI in different charging scenarios.

Charei . Average  Minimum  Average = Maximum
arging scenarios e pyv PUV of FVSI FVSI
1 0,
Penetration rate 75% - ge54 09269 00293 03891
on weekday
Penetration rate
§7.5% on weekday 09830 09159 0.0302 0.4085
Penetration rate
100% on weckdsy 09772 08566 0.0325 0.5642
High te;a‘geramre 09673  0.8385 0.0361 0.5572
Congestion day 0.9708 0.8210 0.0347 0.4720

V. CONCLUSIONS AND RECOMMENDATIONS

In this paper, the spatial-temporal distribution prediction
model of EV charging demand and reliability evaluation
method for distribution network penetrated with EVs have
been presented and analyzed. The prediction model seeks to
simulate the EVs’ spatial-temporal transfer randomness and
path selection probability. It can precisely compute the real-
istic EV charging load. In addition, the reliability evaluation
method enables to measure the impact of charging load in
different charging scenarios with various reliability indices
of distribution network. Designs and case studies have been
conducted and the results can be summarized as follows:

1) Compared with Dijkstra’s shortest path algorithm,
the proposed prediction model fully reflects EVs’ transfer
randomness. Moreover, the charging load prediction results
match reality much more. This is due to the reason that
temperature, traffic condition and EV owner’s subjective will-
ingness have been comprehensively considered.

2) The variance of trip chain composition can result in
significant distribution characteristics difference of charging
load between weekdays and weekends. Moreover, both high
temperature and traffic congestion will induce an amplitude
increment of charging load. Additionally, the time latency of
charging load also occurs on congestion day.
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3) High temperature, traffic congestion and the rising EV
penetration rates can undermine distribution network reliabil-
ity. This can result in corresponding growth of load loss so as
to guarantee the operation safety of the system.

This paper mainly focuses on the charging load predic-
tion and corresponding reliability evaluation of distribution
network. Under the premise that the number of charging
piles has been determined, there may exist queuing time for
charging. This is obvious in peak hours of charging demand.
Its impact on the distribution of charging demand will be
further simulated and discussed in detail in future work.
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