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Abstract: To solve the problem, because of which conventional quick-charging strategies (CQCS)
cannot meet the requirements of quick-charging for multiple types of electric vehicles (EV) on
highways where vehicle inflow is excessive, this paper proposed a new quick-charging strategy
(NQCS) for EVs: on the premise of not affecting those EVs being charged, the remaining power of
the quick-charging pile with multiple power output interfaces is used to provide a synchronous
charging service for EVs waiting in the queue. To verify the effectiveness of this strategy, a power
distribution model of charging pile and a queuing model of charging station (CS) were constructed.
In addition, based on an actual highway service area where vehicle inflow is excessive during the
simulation period (0:00-24:00), charging situations of CQCS and NQCS were respectively simulated
in a charging station (CS), with different number of chargers, by basic queuing algorithm and an
improved queuing algorithm. The simulation results showed that when the relative EV inflow is
excessive, compared to CQCS, NQCS not only can reduce user waiting time, charging time, and stay
time, but also can improve the utilisation rate of charging infrastructure and service capacity of CS
and reduce the queue length of CS. At the same time, NQCS can reduce the impact on the power grid.
In addition, in NQCS, the on-demand power distribution method is more efficient than the average
power distribution method. Therefore, NQCS is more suitable for quick-charging for multiple types
of EVs on highways where vehicle inflow is excessive.

Keywords: highway; quick-charging; electric vehicles; power distribution; improved queuing algorithm

1. Introduction

Global climate change and severe environmental pollution have become important issues. Currently,
electric vehicles (EV), as a kind of low-carbon and environmentally friendly mode of transport,
have become a research focus [1,2] of concern to many national governments, vehicle manufacturers,
and energy enterprises. With large-scale popularisation of EVs, charging stations (CS) constructed on
highways will provide favourable conditions for long-distance driving of EVs [3,4]. Limitations in
charging time for EVs, which can affect the convenience of EV charging, are mainly caused by
the constraints of the power level of charging facilities [5] and acceptable charging profile of EV
batteries [6,7]. With the rapid development of quick-charging technology [8,9], as well as the
rapid development of EV battery technology [10-12], substantial reductions in charging time have
great significance for improving the operational efficiency of CSs and charging convenience of EVs.
Under the current fast-charging technology, EV charging and CS operation influence each other. If some
guiding measures are taken, they can effectively adjust interactions between EVs and CSs [13-17].
Beyond this, however, the parallel output characteristics and charging strategy of charging facilities
can also affect the EV charging and CS operation. Particularly, in the process of quick-charging for
multiple types of EVs on highways where vehicle inflow is excessive, there are some problems with
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conventional quick-charging strategies (CQCS) in terms of the parallel output characteristics and
charging strategy of charging facilities for EVs at a CS, which is an in-station issue.

At first, there is difference between battery capacities of multiple types of EVs driving on highways.
Therefore, the characteristic curves of corresponding battery quick-charging also differ. Generally,
the conventional quick CS takes the maximum quick-charging power of high-capacity battery as the
power limit on its charging piles. In addition, conventional quick CS is usually equipped with a
number of the same type of quick-charging piles (every quick-charging pile only has one power output
interface, permitting it to provide a charging service for only one EV at a time) to improve sharing
utilisation rate of charging infrastructure. However, low vehicle inflow, difference of multiple types of
battery capacities and the variable power charging phase of battery [6,7] can all reduce the utilisation
rate of charging infrastructure. Secondly, EVs in CSs on highways where vehicle inflow is excessive
usually have to wait to be charged, which means that EVs waiting in the queue are controllable
(i.e., they have potential utility value). However, the current CQCS does not recognise nor use the
potential value therein. This may cause excessive user waiting time. In addition, in the process of
charging EVs in the conventional quick CS, the intensive volatility of charging loads poses a greater
challenge to power supply adjustment on the power grid [14]. Furthermore, three problems concerning
resource allocation characteristics and operating mode of conventional quick CS arise: (1) the current
CQCS does not fill the power coast-down of EVs in the quick-charging progress under variable power
conditions, causing low utilisation rates of charging infrastructure; (2) it ignores the controllability
of electric vehicles waiting in the queue, causing excessive user waiting time; and (3) it affects the
power grid and poses a greater challenge to power supply adjustment on the power grid. Therefore,
CQCS cannot meet the requirement of quick charging for multiple types of EVs on highways where
vehicle inflow is excessive. It is thus necessary to seek out a new quick-charging strategy (NQCS) for
EVs to solve these problems.

There are at present two common EV quick-charging strategies: one is the inter-station EV-guided
charging strategy; the other is the in-station EV-coordinated charging strategy. The inter-station
EV-guided charging strategy means that EVs can charge different CSs by using the guiding method to
reduce user waiting time and improve the utilisation rate of charging infrastructure and reduce
the impact on the power grid. The guided method is sub-divided into the reservation guided
method [13-16] and electricity price-guided method [17]. A reservation-guided method means that the
user interacts with the platform that will then specify a CS for the user, which lays more emphasis on
how to offer suitable charging options for EV users, without considering either the effect of electricity
price on user choice or management of user charging process. The electricity price-guided method
means that the user actively selects the CS for charging or manages the EV charging process under
the guidance of current electricity prices. Current research mainly focuses on the reservation-guided
method and the ordered reservation algorithm employed by service platforms to specify CSs for the
users. Yang et al. [13,14] proposed a CS reservation strategy for urban areas where quick CSs are
highly concentrated. By using the optimal reservation algorithm, an ideal CS is allocated to the vehicle
with a reservation, improving the utilisation rate of charging infrastructure and reducing user waiting
time; however, the optimal reservation algorithm is executed at the price of selection of the user’s
driving ability (which can be reflected by the remaining range of the EV before charging the battery)
by multiple CSs, which means that unfairness may exist. Yan et al. [15] proposed an optimal path
recommendation strategy for urban EVs and made a comparison with the shortest path strategy to
verify the effectiveness of the optimal path recommendation strategy. However, this also comes down
to the issue of selection of CSs for EVs. Yang et al. [16] proposed a CS recommendation strategy for EVs
on highways. It adopted a global algorithm to allocate the optimal CS to EVs, which effectively reduced
user waiting time. Chen et al. [17] conducted an in-depth analysis of characteristics of charging demand
of EVs on highways and operating demand of CSs. To avoid unfairness of CS selection, it proposed a CS
selection strategy guided by state-based electricity prices. It adopted state-based prices to incentivise
the user to charge his/her vehicle in advance, so as to increase selective power of the corresponding CS.
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This can improve utilisation rate of charging infrastructure, reduce the user’s charging cost and waiting
time, and reduce the effects of EVs on power grid operation and highway traffic. The aforementioned
literatures mainly examined the problem of CS selection in different areas (urban and highway areas)
but did not study the charging process after an EV enters a quick CS.

The in-station EV-coordinating charging strategy means that EVs can charge in an orderly fashion
at a CS by using the coordinating charging method to reduce user waiting time and improve the
utilisation rate of charging infrastructure and reduce the impact on the power grid. The coordinating
charging method is divided into an inter-EV-coordinating charging strategy [18,19], a coordinating
charging strategy between EVs and the energy storage system [7,20], and a coordinating charging
strategy between EVs and new energy sources [6]. Of course, some reports cover the quick-charging
process of EVs in CS. Zhao et al. [6] gave comprehensive consideration to the characteristics of
photovoltaic power generation output, peak-and-valley electricity prices, and power outage of EVs,
before proposing a charging strategy integrating EVs with photovoltaic power generation output
and achieving the goal of stabilising fluctuations in charging load, thereby lowering charging cost for
users, and absorbing new energy as much as possible by partitioned optimisation of charging power.
Sun et al. [7] presented a control strategy for fast CS fitted with a flywheel energy storage system in
a quick CS; the fluctuation of charging load can be reduced by the energy storage system with the
proposed control strategy. Bodet et al. [18] proposed an in-station EV-coordinating charging strategy.
By coordinating, the charging power and service order among EVs are optimised, so as to improve the
utilisation rate of electric energy of the CS and reduce user waiting time and impacts of charging load
on the power grid. However, the literature offers a hypothesis that the service order of an EV can be
adjusted and interferes in the charging process of the EV; however, these methods are hard to realise
in practical application, hampering effective implementation of this charging strategy. Hu et al. [19]
proposed a charging power control strategy for EV quick charging, in which real-time chargeable
power output by the power grid would be allocated to EVs according to some power allocation method,
so as to reduce the impact of EV quick-charging on the power grid. This strategy also interferes in the
EV-charging process. Ding et al. [20] proposed a synergetic charging strategy of a quick CS and energy
storage system. By controlling charging and discharging of the energy storage system and tracking
quick-charging load of EV, the strategy reduces the impact of EV quick-charging on the power grid.
Although these reports covered the charging process of EV quick-charging, some [18,19] will incur
problems when they are used in quick-charging strategies for multiple types of EVs on highways.
Therefore, this paper will explore another inter-EV-coordinating charging strategy for EVs at a CS,
which cannot add other costs.

Generally, CSs and EVs on highways both have their own operating rules that have been agreed
upon, performed, and executed by both parties. For CSs, they have to arrange charging services
according to the user’s entrance order, charging needs, and instinct characteristics of the battery.
For EV users, once entering the CS, the user has to accept the charging service according to his/her
entrance order. If no unoccupied charging infrastructure is available, the user has to wait in the queue
and is not allowed to jump that queue; in the charging process, the user’s charging need is not allowed
to change and the EV is not allowed to leave the charging infrastructure; and after charging, the EV
should leave the CS as soon as possible so as not to affect the charging of other EVs. As these rules are
open and applied by all CSs and EV users, the EV quick-charging process is not controllable. Thus,
it is hardly practical to control the EV entrance order, charging needs, and characteristics of the battery.

To solve the problem in which the CQCS cannot meet the requirement of quick charging for
multiple types of EVs with different battery sizes on highways where vehicle inflow is excessive,
this paper proposed a NQCS for EVs, which is an inter-EV-coordinating charging strategy at a CS:
on the premise of not affecting the EVs being charged, the remaining power of the quick-charging
pile with multiple power output interfaces [21] is used to provide synchronous charging service
for EVs waiting in the queue. That is why this research discovered, and made use of, the potential
value of EVs waiting in the queue. Then, a solution for the analysis and verification of the NQCS is
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proposed, including a power distribution model for EVs while waiting, a queuing model for a CS,
and an improved queuing algorithm. The major contributions of this study are as follows:

e A new quick-charging strategy for multiple types of EVs with different battery sizes at a
highway CS (where vehicle inflow is excessive) is proposed for the first time, which is
summarised as follows: on the premise of not affecting the EVs being charged, the remaining
power in the quick-charging pile with multiple power output interfaces is used to provide
synchronous charging services for EVs waiting in the queue. This can reduce EV user waiting time,
charging time, and dwell time, but can also improve the utilisation rate of charging infrastructure
and service capacity of CS and reduce the queue length at the CS. At the same time, this can
reduce the effects on the power grid.

e A solution for analysis and verification of the new quick-charging strategy is proposed,
including the power distribution models for charging, the established queuing model of CS
according to statistics of multi-type gasoline vehicles on Jiangsu highway, and the improved
queuing algorithm, which can provide an important basis for the simulation.

2. New Quick-Charging Strategy and Power Distribution Model

The charging infrastructure system structure of the new quick CS established by this paper
is shown in Figure 1. The system consists of a power grid (PG), distribution transformer (DT),
fast-charging piles with multiple power output interfaces, a control unit, and EVs in the station.
In addition, EVs, regardless of where they are in the charging service queue—either charging or
waiting in the queue—are all connected to the corresponding charging pile. We assume that the control
unit and fast-charging piles can track the EV battery power and obtain the EV battery information.
The specific processes are as follows: at first, the recommended charging profile [6,7] of each EV can be
built into its battery management system (BMS) before leaving the factory. In addition, a charging-data
communication channel can be established between the BMS of EV and the connected fast-charging pile.
Secondly, the recommended charging profile of the charged EV can be transmitted to the connected
fast-charging pile via the charging-data communication channel. Thirdly, the connected fast-charging
pile, controlled and supplied with required electrical energy from the power grid by the control unit,
can collect the real-time EV charging profile and the state of charge (SOC) of the battery being charged
in the EV, which can output and adjust the charging power according to the real-time EV charging
profile and SOC of the EV battery.

Fast Charging Pile

Waiting Queue . R
EV in Charging DT

|—— Control Line

|
< |
| Control Unit
Charging Queue Charged EV
EV in Waiting
Energy Line

Figure 1. Charging infrastructure system structure of the new quick charging station (CS).
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Like conventional quick CSs, the new quick CS is also equipped with a number of the same
type of quick-charging piles to realise common utilisation of multiple types of EVs; the difference,
however, is that the charging pile of the new CS has a number of power output interfaces, which can
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provide charging services to EVs in the waiting queue without any effects on other EVs in the charging
process. In Figure 1, the number of output interfaces for charging piles depends on the specific
charging equipment. In addition, the charging pile can adjust the power allocation among several
EVs. There are thus four states for EVs in the quick CS: arrival state, waiting state, charging state,
and departure state. Generally, conventional quick CSs do not provide any services to waiting state
EVs. In contrast, this paper breaks out of such a conventional service mode and proposes a new
quick-charging strategy (NQCS) for EVs based on the charging infrastructure system structure of the
new quick CS: on the premise of not affecting any other EVs being charged, the remaining power of the
quick-charging pile with multiple power output interfaces is used to provide synchronous charging
services for EVs waiting in the queue. In the NQCS, one power output interface of the quick-charging
pile is configured as the main output interface for providing a charging service to the charging state
EVs; the remaining power output interfaces are configured as sub-output interfaces for providing a
charging service to waiting EVs; and the main and sub-output interfaces can all be set according to
state and entrance order of the connected EVs, so as to avoid the problem of non-continuity in the
charging process when an EV’s state turns from waiting into charging. In addition, the power of the
main output interface of each charger is offered according to the priority required to meet charging EV
needs: each charging pile allocates the remaining power to waiting state EVs on demand one by one
without interfering with the charging EV. There are two power distribution methods, i.e., the average
power distribution method and on-demand power distribution method [19], the mathematical models
of which are described below.

2.1. Average Power Distribution Model

In the NQCS, each quick-charging pile independently operates and corresponds to a number of
parking spaces for providing charging services to charging state, and waiting state, EVs. For each
quick-charging pile, it not only satisfies the charging demand of the charging state EVs, but also
allocates the remaining power to waiting state EVs on an average need basis. At the same time,
it restrains the charging power of waiting state EV's for not exceeding the quick-charging power limit
of the corresponding battery. Thus, the distribution power for each EV in waiting can be calculated as:

max C

—P
P (i,k) = Min | b & Rmax(50() 1)

n—1
where Min|[-] is the minimum value function; P3" (7, k) is the allocated power for the waiting state
EV i which is connected to quick-charging pile k; P3? is the maximum power of charging pile k;
P¢, is the power of charging EV connected to the quick-charging pile k; n is the multi-power output
quick-charging pile number; R7*(SOC) is the quick-charging power limit of the battery of the waiting
state EV i, which is a function of its state of charge as shown in Figure 2. Considering the battery
life [6,7], it is recommended that the remaining SOC of EV battery is not too low before charging.
Therefore, in this paper, the charging power limit between 0 to ¢ is not considered.

The recommended charging profile in Figure 2 is specific to the particular manufacturer of EV
battery, which generally contains two stages: constant power and variable power stages. To maintain
EV battery health, it is recommended that the charging power profile served by fast chargers not
exceed the charging profile defined by the manufacturer [6,7]. The charging power limit of the battery
is calculated as:

s _ | T i SOCE (e ,
B e SOC € (y, 1 ®
i , v, 1]

where P"® is the maximum charging power for battery of EV i; ¢, 3 and y are charging parameters of
the EV battery i; € or vy is the battery SOC level corresponding to the start/end of the constant power
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stage accepting the charging power profile; and { is a fitting parameter of the exponential function
used for the accepted charging power profile.

A Prmax

Pnax(kW)

P @A(s0C-y)
max

/

g r 1 soc
Figure 2. Maximum charging power of battery at different state of charge.

2.2. On-Demand Power Distribution Model

According to the operating mechanisms of highway CSs and EVs, EV users consciously accept a
charging service in accordance with the principle of “first in, first-charged”. In addition, the charging
state EV has the highest priority for a charging service; the EV following it has the second priority;
and the remaining waiting state EVs have the lowest priority. For each quick-charging pile, it allocates
the remaining power to waiting state EVs on demand. At the same time, it restrains the charging
power of waiting state EVs so as to not exceed the quick-charging power limit of the corresponding
battery. Thus, the distribution power for each EV in waiting can be calculated as:

PS(i, k) = Min [AP,@, R;naX(SOC)] 3)

where PS(i, k) is the allocated power for the waiting state EV i which is connected to the quick-charging
pile k; AP,i is the remaining power for the waiting state EV i, which is calculated as:

pmax_pc . if i=1

ev’
AP{ =< AP'—RMX(SOC), if API!> RMX(SOC), i > 1 )
0, if API' <RMX(SOC),i>1

3. Queuing Model for Charging Station (CS)

EVs in CSs on highways with heavy vehicle inflow usually have to wait to be charged. Every CS
and EV in the station constitutes a queuing system, which is shown in Figure 1. A queuing model for
the CS is established to verify the effectiveness of CQCS and NQCS, as described below.

3.1. Model of Pause Ratio for Electric Vehicles (EVs) on Highways

In the highway area, the utilisation rate of service area of different types of EVs is a statistical
value, which is usually affected by many factors such as EV type, inter-service area distance and user
physiological needs. We introduce and define a pause ratio (which is the ratio of the number of EVs
entering the service area to that of all the EVs passing the service area during a day). The pause ratios
in different types of EVs are different. Thus, according to [22], it is assumed that the pause ratio for
each type of EVs on a highway is calculated as:

Zor =

37 )
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where K is a coefficient value which can be calculated as in [23]; A is the inter-service area distance;
and V is average speed of the EVs.

3.2. Model of Daily Station Inflow

According to [22], we supposed that the daily station inflow of the same type of EVs is related to
the pause rate, charging proportion, and road section inflow. Thus, the daily station inflow of the same
type of EVs on highways is calculated as:

dr = Zerr (6)

where F; is the daily inflow of the same type of EVs in the road section where the service area is located.
Since there is a big difference in the vehicle flow during different time periods, the station inflow of the
same type of EVs on highways at different times is calculated as:

Dy(t) == Dy(t) + 1, lf pt*l < Ki < pt’i = ]., st ,dr (7a)

t
P0=0,0t=) pr, t=1---,s (7b)
k=1

where x; is a random number between 0 and 1; s is the number of segments of the uniform and discrete
probability density curve; p; is the cumulative probability of the t curve section for the flow of the
same type of EVs; py is the probability of the ¢ curve section for the flow of the same type of EVs.

3.3. Model of Arrival Time for EV's

Given highway users’ driving characteristics, we purposed that the arrival time of the same
type of EVs satisfies a uniform distribution within every time frame [24]. Thus, the arrival time is
calculated as:

T! =IntjwxUnfi(t—1,¢)], i=1---,n,if n >0 (8)

where Unfi(+) is a uniform random number generator; Int [-] is an integral function; w is a default
value which is a unit-converter coefficient; if the unit of each time frame is hours and the time step
unit is minutes, then w = 60; n; is the station inflow of the same type of EVs at time t.

3.4. Model of Waiting Time for EV's

Waiting time is one of the key factors influencing user satisfaction [25]. Thus, the waiting time of
the EV i is expressed as:

TV =T — T! )

where T7 is the starting time of EV charging.

3.5. Model of Charging Time for EV's

At present, the typical strategy of the EV battery charging is a two-stage method [6,7]. Since the
charging time of the EV is related to the initial state of charge (SOCS) of an EV, the expected state of
charge (SOCY) of EV as well as the charging curve of the EV battery, the charging time of the EV is
calculated as:

T = x(8OC}) —x(SOC;) (10)

where x(SOC;) is the innate charging characteristic function of the battery of EV i, representing the
charging time from referential state of charge ¢ to target state of charge SOC;. Since the remaining SOC
of an EV battery is not too low before charging, from 0 to ¢, the charging profile is not considered.
Therefore, the recommended charging profile at different times is shown in Figure 3.
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Figure 3. Maximum charging power of battery at different times.

Based on the parameters of recommended charging profiles in Figures 2 and 3, x(SOC;) is
calculated as:

th —t
Z—(SOC;—¢)+t, if SOCE (¢, V]
x(soc) =4 ' an
> —2(SOC; —vy)+t2, if SOCE (y, 1
1—7r

where f1, t; and f3 are charging parameters of the EV battery. Since the charging power in its variable
power stage is described by an exponential function, the parameters « and 3 are calculated as:

t3 — 1ty
p= x

L (12)
ex(ts—t) — (A=v)Qi I:mZ))(Qi a+1

where the parameter « is calculated numerically.

As no waiting state EV is charged, conventional quick-charging strategies do not affect the initial
state of charge of the battery of waiting state EVs. The initial state of charge is thus the state when the
EV enters the station. In contrast, the new quick-charging strategy makes full use of the waiting stage,
making the initial state of charge of the EV different from the state when it enters the station.

SOC: = SOC! 4 f PP (t)dt (13)
Qi’T,
where P{’(t) is the distribution power for the waiting EV i which is connected to quick-charging pile
k; T; which in turn is the starting time of EV charging; T/ is the arrival time of EV charging; Q; is
the capacity of the battery. As each waiting EV is charged before its main charging time, the new
quick-charging strategy can affect the remaining battery level of waiting EV.

3.6. Utilisation Ratios of Charging Facilities of CS

In contrast to [17], based on the total number of running piles and the utilisation ratio of output
power, the utilisation ratio of charging facilities of the CS can be calculated as:

1
Nth

> i i (14)

t=1k=
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where N; is the total number of time periods; N, is the maximum number of charging piles of the CS;
P} is the power consumed by running pile k at time ¢; PT1* is the maximum output power of charging
pile k at time ¢.

4. Improved Queuing Algorithm (IQA)

CQCS can be simulated and solved by the basic queuing algorithm [17]. However, NQCS has
its own unique modus operandi: it discovers, and makes use of, controllability of the waiting state
EVs to provide a suitable charging service to them as they wait. This increases the initial battery
power of waiting state EVs and reduces the charging time, so as to reduce waiting time of the next
EV. Because the basic queuing algorithm cannot simulate the charging of waiting state EVs this paper
proposes an improved queuing algorithm (IQA) to simulate charging of EVs in NQCS.

According to the literature [17], we define the minimum driving ability of the EV from the current
CS to the next CS, which is calculated as:

SOCE; = 25 5 (15)

i Lmax

where AL is the length of the road from the current CS to the next CS(km); Lmax is the maximum
mileage of the EV(km); and 6in is the minimum SOC of the battery, which is usually set to 0.05.

According to Equation (15), the charging EVs are divided into forced charging EVs and adjustable
charging EVs. A forced charging EV means that the EV has to charge because the remaining SOC of the
EV battery is insufficient to reach the next CS (SOC < SOCY, ). An adjustable charging EV means that
the EV can charge when the CS is idle. Otherwise, the adjustable charging EV can leave the CS because
the remaining SOC of the EV battery is sufficient to reach the next CS (SOC > SOCY,, ). The flowchart
of IQA is as shown in Figure 4 and the following are the specific procedures:

Step 1 Initialise the system’s operating cycle, time step, entrance list (where the vector of the arrival
customer in each line includes five variables such as the progress, duration and load in
charging, arriving, and waiting times of the EV), arrival list, charging pile lists, departure list,
and the maximum number of charging piles. Generate the arrival time of EVs entering the CS
in the system’s operating cycle by using related data and Equations (5) to (8), and add it to
the entrance list. Set the values of other variables to 0.

Step2 Assess statistics from the EV entrance list and judge if there are any EVs entering the CS
at that moment. If so, judge the charging type of EV users according to Equation (15) and
proceed to Step (2.a); otherwise, do Step (2.b). Step (2.a): if the type of the EV user is a forced
charging EV user, set the state of his/her EV to its arriving state, add one to the queue length
including charging EVs, and put the EV into the arrival list and delete it from the entrance
list. Otherwise, judge if there are any idle parking spaces in the CS; if not, let the adjustable
EV user leave the CS, and delete it from the entrance list; if so, set the state of his/her EV to
its arriving state, add one to the queue length including charging EVs, and put the EV on the
arrival list and delete it from the entrance list. Step (2.b): analyse the statistics of the current
EV arrival list and judge if there are any EVs in the arrival list; if there are any, the arrival list
should be sorted in ascending order in accordance with the EV arrival times.



Energies 2016, 9, 744

(2)

T (Start )
1)

s
| Initialise the parameters |

~~/ Set the number of charging

Step 3

Step 4

Step 5

Step 6

% Carry out statistics of entrance list |

No Arethere any aﬁi’\??a’f‘Estrx
~———atthe moment? ——
Yes,
Select EVs according to charging
type and update the data from

the entrance list and arrival list.

L Carry out statistics of arrival list |

Calculate the charging time and
waiting time for EVs. Perform an
ascending sort to charging piles

o b
No /lsﬂ're number ofEVs,mn\

~thatof charging piles 7

arrival list bigger than

EVs for each pile to one.
Add one to its progress.

Allocate power to the charging
EV and waiting EVs in each pile.
Calculate the queue length and
charging load of each pile.

Update the SOC of charging
EVs and waiting EVs, and
charging time of waiting EVs.

(7)

</,,lsrthe'}5?€g/f/é;s (;FE‘V’S‘,’ii’I'eaClL;tNO

""‘*fhargi;lg pilel@§j,,one2/"""'//

Yeil/

‘ Calculate the waiting time for EVs.

/—Is'fﬁ'éxﬁ;géress shorter—
—than charging time ?—

Nol

Insert EV into departure list and
delete it from charging pile list

N
)

Calculate the queue

length and load

. Yesl/ . N
Allocate arrival Allocate arrival “TAdd one time step to
EVs to charging EVs to charging the system progress
piles directly. piles in batches.
(5) b
ly _Arethere any Evré*fﬁ"theﬁ,,xx) -
~——charging pile lists 27—

NOJ/

Set queue length to 0.

Set the load to 0.
/Ar&th'éreﬁn,o\ No
—— EVsinany of th ———
charging pile Tists? Yes

Figure 4. The flowchart of the improved queuing algorithm (IQA).

Judge if there are any EVs in each charging pile list; if there are, successively calculate actual
charging time of every EV according to Equations (10)-(13), but do not update the charging
time. At the same time, calculate and record the waiting time of any EVs yet to be allocated
power. All charging pile lists should be in ascending order in accordance with the waiting
time of EVs to be allocated power.

Judge if the number of EVs in the arrival list is bigger than the total number of charging
piles; if so, allocate the arrival state EVs to charging piles in batches. Calculate and record
the waiting time of those EVs to be allocated. At the same time, all charging pile lists should
be sorted in ascending order in accordance with the waiting time of EVs yet to be allocated;
otherwise, directly allocate the arrival state EVs to charging piles in order.

Judge if there are any EVs in the charging pile lists; if not, set the number of charging state
EVs to 0, the queue length to 0, and the charging load to 0. Judge if there are no EVs in any of
the charging pile lists; if there are, turn to Step 8; otherwise, turn to Step 6.

Set the number of charging state EV of each charging pile list to one, and add one to its
charging progress. At the same time, set the state of remaining EVs as being in the waiting
state, calculate the queue length, and allocate power to the charging state EVs and waiting state
EVs in accordance with the on-demand or average power distribution method. In addition,
according to Equations (10)—(13), update the state of charge of the EVs in charging and waiting
states as well as the charging time of waiting state EVs.
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Step 7 Judge if the charging progress of each EV, in each charging pile list, is one; if so, calculate its
waiting time according to Equation (9) and set its state to charging state. Judge if the current
charging state EV has completed its charging process; if so, delete it from the charging pile
list, set its state as departing, and put it onto the departure list.

Step 8 Add the queue lengths of all charging pile lists as the station queue length. Add the charging
power of all charging pile lists as the station charging load. The utilisation rate of charging
infrastructure of the CS can be calculated according to Equation (14).

Step 9 Add one time step to the current analysis and judge if the result is smaller than the service
period; if so, turn to Step 2, otherwise, end the program and output the result.

5. Numerical Simulation
5.1. Parameter Settings

5.1.1. Daily Traffic Flow Data and Probability Distribution of EVs on Highway

There are five primary roads in the region of Changzhou, Jiangsu [26], among which roads
numbered 1 to 4 have a pair of service areas, respectively, as shown in Figure 5. This paper adopted
service area No. 1 of primary road No. 1 as the simulation scenario for this quick-charging
station operation.
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Figure 5. Primary roads in the region of Changzhou, Jiangsu.

According to statistical data [27] about Jiangsu’s highways, the average daily gasoline traffic
flow is calculated as 51,232 vehicles at all highway entrances in Changzhou. Therefore, the average
daily gasoline traffic flow of each primary road in 2014 is 10,246 vehicles, which can be used as the
simulation data baseline for daily gasoline traffic flow at the entrance of primary road No. 1. According
to statistical gasoline traffic flow data [28] of the Changzhou section of the Shanghai-Nanjing Freeway,
this paper assumed that the probability distribution curve of traffic flow of EVs on primary road
No. 1 is as shown in Figure 6. According to data from the south region of Jiangsu highways [29],
gasoline traffic growth rates in the future are as shown in Table 1 and can be used as gasoline traffic
growth rates in the future in the region of Changzhou. China’s vehicle stock (EV stock) will reach
400-523 million (60 million) in 2030 [30,31]. Accordingly, the calculated EV penetration rate is 0.11-0.15.
For the sake of conservative estimation, China’s vehicle stock is set to 400 million. Therefore, if
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we assume that the EV penetration is 0.15, the average daily EV traffic flow in 2030 is calculated
as 2547 vehicles on primary road No. 1 based on the average daily gasoline traffic flow (10,246 vehicles)
in 2014 and its growth rate. At present, EVs have different sizes of battery capacity. It thus follows that
EVs can be approximately divided into three types of electric vehicles, including oversized electric
vehicles, middle-sized electric vehicles and small electric vehicles. According to statistical data for
the southern network in Jiangsu [23], the proportions of oversized, middle-sized, and small gasoline
vehicles were assumed to be 27:18:55, which can be used as an estimate of the proportions of EV types.

Table 1. Gasoline traffic growth rate in the future.

Period of Time Year Traffic Growth Rate
1 2014-2015 5.4%
2 2016-2020 4.1%
3 2021-2025 3.1%
4 2026-2030 2.0%

e Distribution probability of EV flow

o
o
@

o
=3
s

o
o
=

o
o
]

Distrbution probability of
EV flow

(==}

1 4 7 10 13 16 19 22
Time of day(h)

Figure 6. Probability distribution curve of traffic flow of EVs on primary road No. 1.

5.1.2. Parameter Settings of EVs

According to EV type, this paper adopted battery parameters of three models of Tesla EV [32]
(capacity, maximum mileage, and maximum charging power) and survey statistical data of the three
types of gasoline vehicles [22] (average driving speed V and coefficient K) as simulation parameters of
the three EV models, as shown in Table 2. In addition, the initial battery power of each EV is set to
comply with the normal distribution N (0.3, 0.05), and the range of the initial SOC for EVs is set to
0.15-0.45. The expected SOC of each EV in the simulation is set to 0.9. According to the literature [32],
the charging parameters of a battery are set as follows: t; = 0.1667, t, = 0.6667, t3 = 1.25, ¢ = 0.1,
v = 0.8, The other parameters are calculated by Equation (12), as follows: & = —6.873, 3 = —20.046.
Due to the maximum mileage of the EV being related to factors such as EV speed, outdoor temperature
and air conditioning use, it is assumed that the simulated EVs are running on a sunny winter’s day
in highways with good traffic conditions, and this means that the maximum mileage of the EV is
obtained with these conditions, including the set vehicle speed, outdoor temperature of —10 (°C) and
air conditioning set to recirculate [32].

Table 2. EV parameters.

Type Battery Capacity Maximum Mileage \%4 Charging Power K
Oversized EV 85 kWh 369.5 km 70 km/h 120 kW 0.692391
Middle-sized EV 60 kWh 285.7 km 90 km/h 84.7 kW 0.573061
Small EV 40 kWh 200.0 km 110 km/h 56.5 kW 0.646392

In addition, the average distance between two service areas is 43.32 km [22]. The station inflow
of the different types EVs on highways at different time periods is calculated by Equations (5)—(7),
which are as shown in Figure 7. The arrival time for all EVs can be calculated by Equation (8).
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Figure 7. The station inflow of the different types EVs on highways at different time periods.

5.1.3. Parameter Settings of CS

Given the inherent charging characteristic parameters of batteries in multiple types of EVs on
highways and traffic inflow, this study set configurations of charging infrastructure of conventional CS
and new CS as shown in Table 3.

Table 3. CS parameters.

Type Number of Chargers Output Interfaces  Charging Power Limit = Parking Spaces
Conventional CS 4,5,6,7,8 1 126 kW 16, 20, 24, 28, 32
New CS 4,5,6,7,8 4 126 kW 16, 20, 24, 28, 32

NQCS mainly discovers, and makes use of, the potential value of waiting state EVs. To analyse its
effectiveness, the paper applied this strategy to quick CSs where there are multiple types of EVs and
high traffic inflow. In fact, the size of EV traffic inflow is relative to the size of total CS capacity [3,4].
When the traffic inflow is known, EV traffic inflow is greater and increases as the total CS capacity
decreases. Therefore, in order to analyse the NQCS better when traffic inflow is known, the number of
quick-charging piles in the new quick CSis set to 4, 5, 6, 7, or 8. The new quick CS is equipped with
quick-charging piles that have four power output interfaces, among which the main output interface
has a power output range set as the maximum charging power (120 kW, shown in Table 2) of the battery
of an oversized vehicle, and the three sub-output interfaces have the same minimum output power of
2 kW according to the slow charging level. The power limit of the charging pile is thus set to 126 kW.
Except when equipped with charging piles that have only one output interface, other configuration
parameters of the conventional CS are all the same as those of the new CS. In addition, if the current
queue length of EVs in a CS is more than the maximum number of the parking spaces of the CS,
this paper assumed that if the excess users of EVs are forced charging users; they can wait for charging
and park at the parking lot of the service area (these EVs are still counted in the queue length in
this simulation), and if the excess users of EVs are adjustable charging users, they can leave the CS.
Once the current queue length of EVs in CS is less than the maximum number of the parking spaces in
the CS, forced or adjustable charging EVs can all park in the parking spaces within the charging area
of CS in accordance with their order of arrival.

5.2. Results and Analysis

Based on the parameters in 5.1., in an actual highway service area where vehicle inflow is
excessive during the simulation period (0:00-24:00), the charging situations of CQCS and NQCS were
respectively simulated by a basic queuing algorithm and IQA: NQCS uses two power distribution
methods (average power distribution method and on-demand power distribution method). The effects
of different charging situations on EVs, CS, and power grid can be analysed as described below.
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5.2.1. Effects of Different Charging Situations on EVs

The average waiting time is used for evaluating the total waiting time level of all charged EVs
during the simulation period in different charging situations. Figure 8 shows the simulation result
from which it is seen that the average waiting time of charged EVs in different charging situations
increases as the number of chargers decreases (the relative vehicle inflow increases). The average
power distribution method in NQCS is called NQCSA and the on-demand power distribution method
in NQCS is called NQCSO. In terms of saving waiting time, NQCS is more efficient than CQCS,
and NQCSO is more efficient than NQCSA.

—8—CQCS —e—NQCSA —&—NQCSO

Average waiting time(min)

Number of chargers

Figure 8. Average waiting time of charged EVs for CSs with different numbers of chargers in different
charging situations.

The average charging time is used for evaluating the total charging time of all charged EVs during
the simulation period in different charging situations. Figure 9 shows the simulation result in which as
the number of chargers decreases, the average charging time of all charged EVs in NQCS decreases,
but the average charging time of all charged EVs does not change in CQCS. Therefore, NQCS can
significantly reduce user charging time, especially with four chargers of CS (for a relative vehicle
inflow which is excessive). Meanwhile, in terms of saving charging time, NQCSO is more efficient than
NQCSA. When the output maximum power of each charger is fixed, NQCS can reduce the charging
time of an EV due to the fact that the chargers with a number of power output interfaces are used to be
able to provide charging service to EVs in the queue.
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Figure 9. Average charging time of charged EVs during the simulation period in different
charging situations.

The average stay time is used for evaluating the total stay time of all charged EVs during the
simulation period in different charging situations. Table 4 shows the simulation result in which the
average stay time of charged EVs in different charging situations increases as the number of chargers
decreases. In terms of saving average stay time, NQCS is more efficient than CQCS, and NQCSO is
more efficient than NQCSA. NQCS can reduce the stay time of EVs due to the fact that NACS can
reduce user waiting, and charging times. In addition, NQCS saving stay time reflects the result in
which NQCS can improve the charging rate for a CS.
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Table 4. Average stay time of charged EVs for CS with different number of chargers in different
charging situations (unit: min).

Number of Chargers CQcCs NQCSA NQCSO

4 135.7 67.1 57.9
5 130.3 64.3 54.5
6 127.4 60.7 46.8
7 123.4 56.9 42.3
8 121.5 53.6 40.2

5.2.2. Effects of Different Charging Situations on CS

During the simulation period, Table 5 shows the simulation result of the utilisation ratios of
charging facilities of CS with a different number of chargers in different charging situations. As the
number of chargers increases, the utilisation rate of charging infrastructure in NQCS decreases, but the
utilisation rate of charging infrastructure in CQCS, which is small, does not change to any significant
extent. Therefore, compared to CQCS, NQCS can significantly improve the utilisation rate of charging
infrastructure, especially with four chargers of per CS (for a relative vehicle inflow which is excessive).
Meanwhile, in terms of improving the utilisation ratio of charging facilities of CS, NQCSO is more
efficient than NQCSA.

Table 5. Utilisation ratios of the CS with different number of chargers during the simulation period in
different charging situations.

Number of Chargers CQcCs NQCSA NQCSO

0.3096 0.5840 0.6208
0.3090 0.5373 0.5726
0.3146 0.4881 0.5049
0.3080 0.4324 0.4398
0.3039 0.3849 0.3849

O N O\ Ul =

During the simulation period, Figure 10 shows the number of charged EVs in a CS with a different
number of chargers in different charging situations. The number of EVs served for a CS in NQCS is
more than that in CQCS, and number of EVs served for a CS in NQCSO is more than that in NQCSA.
As the number of chargers increases, the number of EVs served for a CS in CQCS increases linearly,
but in NQCS, the additional number of served EVs per CS decreases. Therefore, NQCS can significantly
increase the number of served EVs per CS, especially when there are four chargers per CS (for a relative
vehicle inflow which is excessive). NQCS can increase the number of EVs served for CS due to the fact
that NQCS can improve the charging rate for CS, which can avoid the situation where more adjustable
charging users leave the CS.
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Figure 10. Number of charged EVs for a CS with different number of chargers in different
charging situations.
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When the CS is busy, owing to the limited number of parking spaces for EV charging, forced
charging users have to wait for charging in the parking spaces of the service area, but adjustable
charging users can leave the CS. During the simulation period, Figure 11 shows the simulation
result of the queue length of CS with different numbers of chargers (4, 5, 6, 7, and 8) in different
charging situations.
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Figure 11. Queue length given different numbers of chargers in different charging conditions:
(a) four chargers; (b) five chargers; (c) six chargers; (d) seven chargers; (e) eight chargers.

From Figure 11a to Figure 11e, the maximum queue lengths during the simulation period with
four to eight chargers in different charging situations are no more than the maximum number of
parking spaces at the CS (16, 20, 24, 28, and 32), which means that no forced EVs have to park at the
parking lot of the service area for charging in the simulation. As the number of chargers increases
from Figure 11a to Figure 11e, the reduction of the queue length (overloaded working burden) is not
significant due to the reason that more adjustable charging users enter the CS for charging. When the
number of chargers is fixed during a time interval, the overloaded working burden for a busy CS can
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be relieved by guiding adjustable charging users towards the next CS for charging with using the
status-of-use (SOU) charging prices [14]. In addition, from Figure 11a to Figure 11e, the area covered
by the queue length curve of CS and the time axis in NQCS is less than that of CQCS, and the area in
NQCSO is less than that of NQCSA. Therefore, compared to CQCS, NQCS can reduce the queue length
of CS. Meanwhile, in terms of reducing the queue length of CS, NQCSO is more efficient than NQCSA.

5.2.3. Effects of Different Charging Situations on the Power Grid

During the simulation period, Figure 12 shows the simulation result of the charging load on a CS
with different numbers of chargers (four, five, six, seven, and eight) in different charging situations.
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Figure 12. Charging load of a CS with different numbers of chargers during the simulation period in
different charging conditions: (a) four chargers; (b) five chargers; (c) six chargers; (d) seven chargers;
(e) eight chargers.

From Figure 12a to Figure 12e, as the number of chargers increases, the fluctuations of charging
load of CS in NQCSA and NQCSO are bigger, but the fluctuations in the charging load of the CS in
CQCS are not obvious. To conduct quantitative analysis of the fluctuations of charging load on the CS,



Energies 2016, 9, 744 18 of 20

which can be used to show the effects of different charging situations on the power grid, a variable o is
introduced to reflect the fluctuation of charging load of CS [33], which is calculated as follows:

LS ey 16
o= ﬁtt;(t_ i-1) (16)
where N; is the number of period of time; Pf is the charging load of a CS at time .

Based on the charging load of a CS from Figure 12a to Figure 12e, the fluctuations of charging
load on the CS with four to eight chargers in different charging situations are calculated by using
Equation (16). Table 6 shows the simulation result of the fluctuations in the charging load on a CS with
different numbers of chargers during the simulation period in different charging situations. Compared
with the CQCS, NQCS can reduce the fluctuations of charging load on a CS and effects on the power
grid. When the number of chargers per CS is four or five, in terms of reducing the fluctuations of
charging load of CS, NQCSO is more efficient than NQCSA. However, for more than five chargers per
CS, in terms of reducing the fluctuations of charging load on the CS, NQCSA is more efficient than
NQCSO. This is because NQCS can play a role in filling the power coast-down of EVs in progress under
variable power and solving the problem of charge diversity under constant power caused by capacity
variance when the relative vehicle inflow is excessive, but this role diminishes as the vehicle inflow
decreases. NQCS is therefore more suitable for quick-charging multiple types of EVs on highways
where vehicle inflow is excessive.

Table 6. Fluctuations of charging load on a CS with different number of chargers during the simulation
period in different charging situations (unit: kW).

Number of Chargers CQcCs NQCSA NQCSO

4 26.2 16.5 15.2
5 29.2 19.2 18.0
6 33.7 21.8 22.5
7 38.2 24.3 27.8
8 36.8 27.0 31.9

6. Conclusions

This paper proposes, for the first time, a new quick-charging strategy (NQCS) for multiple types
of electric vehicles (EVs) with different battery sizes at a highway charging station (CS), where vehicle
inflow is excessive. The strategy is as follows: on the premise of not affecting those EVs being charged,
the remaining power of quick-charging piles with multiple power output interfaces is used to provide
a synchronous charging service for EVs waiting in the queue. According to the statistics of multi-type
gasoline vehicles on Jiangsu highway and other related data, the EV traffic inflow on a selected highway
can be estimated. Then, based on the estimated EV traffic inflow and Tesla EV data, three types of
quick-charging strategies for EVs on highways have been studied in a CS with different numbers
of chargers during a single day by using power distribution models, the queuing model for the CS,
and an improved queuing algorithm. When the relative EV inflow is excessive (with four chargers in
the CS in the simulation), the following conclusions may be drawn:

e For EV users, in terms of saving waiting time, charging time, and dwell time for EVs in a
CS, NQCS is more efficient than conventional quick-charging (CQCS) and NQCSO is more
efficient than NQCSA. NQCS utilises the controlled characteristics of waiting EVs, charges them
appropriately, and effectively shortens the charging time by using chargers with multiple power
output interfaces. In this way, the waiting time of the next EV is reduced and thus the charging
time and dwell time are also effectively reduced, improving user satisfaction and the charging
efficiency of the CS.

e For aCS, in terms of improving the utilisation ratio of charging facilities and the number of EVs
served, and reducing the queue length at the CS, NQCS is more efficient than CQCS, and NQCSO
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is more efficient than NQCSA. NQCS effectively utilises the distributable power of each charging
pile, not only meeting the charge requirements of EVs in progress, but also simultaneously
allocating the rest of their available power to waiting EVs, thus improving the utilisation ratio of
charging facility. In addition, the service provided at the CS is better due to great improvement in its
charge efficiency, which can avoid the situation where more adjustable charging users leave the CS.

e  For the power grid, in terms of reducing fluctuations of charging load on the CS, NQCS is more
efficient than CQCS, and NQCSO is more efficient than NQCSA. NQCS fills the power coast-down
of EVs in progress under variable power, but also solves the problem of charge diversity under
constant power caused by capacity variations. Hence, the fluctuations of charging load of CS can
be effectively reduced and requirements imposed upon the adjustability of the grid are lower,
thereby decreasing the overall effect from then on.

Furthermore, in NQCS, on-demand power distribution maximises the use of residual power to
charge any waiting EVs and therefore is more efficient compared with the average power distribution.
Therefore, compared with CQCS, NQCS can be used to solve the quick-charging problem for multi-type
EVs on highways with heavier traffic.
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