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Abstract: In view of the large impact of traditional charging stations on the power grid and the in-
vestment in the construction of charging stations for electric vehicle infrastructure services, this paper
considers the configuration of optical storage equipment in charging stations from a practical point of
view and proposes an economic operation strategy for charging stations to meet the economically op-
timal requirements of different scenarios. First, we analyze the behavioral characteristics of multiple
types of electric vehicles, consider the influence of charging queues, and establish a daily load model
of charging stations by taking into account the daily monitoring load and nighttime lighting load of
charging stations. Then, considering the electric vehicle (EV) charging demand, photovoltaic (PV)
output and energy storage charging and discharging power, the daily economic optimal operation
problem based on the dynamic target tracking of charging stations is established; the objective is
to maximize the daily operating revenue of charging stations under the condition of satisfying the
EV charging demand and PV consumption. Secondly, the objective function is linearized, and the
economic operation model is transformed into a mixed integer linear programming model for solving,
and the simulation is verified under different scenarios. The results show that the economic optimal
operation strategy can adapt to the economic operation requirements of charging stations in different
scenarios and maximize the charging station revenue.

Keywords: electric vehicles; dynamic target tracking; 3D mapping; charging stations; optimal
operation strategy

1. Introduction

In recent years, electric vehicles have been widely promoted and used by virtue of
their environmental protection and pollution-free advantages, and the access of large-scale
electric vehicle charging loads has produced new challenges for the power grid [1,2]. In the
traditional slow charging mode, the charging load of EVs overlaps with the peak period of
residential electricity consumption, which easily causes problems such as the overloading
of grid components, voltage fluctuation, increase in line loss, and the aggravation of three-
phase imbalance in the distribution network; in the fast charging mode, the randomness
of EV access, the strong impact of the aggregation effect of fast charging piles on the
grid, and the limitation of the current distribution capacity will affect the safety of the
distribution network [3–5]. Therefore, in the actual operation of charging stations, it is
generally necessary to carry “economic optimization”, “peak shaving”, “planned power
tracking”, “power leveling”, etc. The economic operation mode is the main mode of daily
operation [6,7].

Many scholars have studied the dynamic target tracking and economic operation
of charging stations, and the literature [8,9] uses the Monte Carlo method to extract the
driving characteristics of electric vehicles, considering the autonomy of the user in terms
of driving time. The literature [10] proposes a bi-directional alternating current-direct

Electronics 2022, 11, 3175. https://doi.org/10.3390/electronics11193175 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics11193175
https://doi.org/10.3390/electronics11193175
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://doi.org/10.3390/electronics11193175
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11193175?type=check_update&version=1


Electronics 2022, 11, 3175 2 of 19

current (AC-DC) buck rectifier topology for a charging station interface that can operate
in grid-to-vehicle (G2V) and vehicle-to-grid (V2G) modes, including single-phase and
three-phase versions. The literature [11] also proposes an optimal EV charging regulation
method to analyze the impact of PV charging stations on the economic operation of the
grid, as well as carbon emissions, by comparing the disorderly charging situation. Also
proposed in the literature [12] is a multi-objective optimization method based on the
combination of non-dominated ranking genetic algorithm and fuzzy clustering and used
for the optimal operation of energy storage system, using a genetic algorithm to solve the
multi-objective model and fuzzy clustering method to screen the Pareto optimal solution
set, which improves the charging station economy and grid load level while meeting the
charging station load demand. Another proposal in the literature [13] is an intra-day
rolling optimization strategy for optical storage charging stations with the objective of
minimizing the operating cost of charging stations by considering the influence of ambient
temperature during the charging process of electric buses. Another study [14] proposes
a multi-objective planning model for distribution networks considering the impact of a
distributed energy storage optimization strategy and electric vehicle charging network,
which can effectively improve the relevant indexes and increase the benefits of distribution
network planning. In the literature [15,16], corresponding energy interaction strategies for
light storage charging stations are proposed for different time periods, and the economic
advantages in terms of the peak-valley difference of the power grid are fully utilized by
reducing the power purchase cost of charging stations through peak-shaving and peak-
valley arbitrage measures. The literature [17] also introduces aggregation agents according
to the electric bus light-storage charging station power-trading problem, establishes a
bilateral trading model with a station daily operation optimization strategy, and reduces
the deviation loss of monthly contract by controlling the charging and discharging strategy
of the energy storage system. In [18], an electric vehicle charging station charging and
discharging control strategy based on the maximum PV output and storage charge state
is proposed, which achieves the coordinated operation of PV equipment, energy storage
system, station load and power grid. The study of [19] establishes an optimal control
platform based on dynamic planning and a stochastic optimization model, and the platform
constructs a stochastic optimization model consisting of PV, energy storage system and
electric vehicle load. The literature [20] also integrates the degradation of the energy storage
system, the price uncertainty of the electricity market, and the stochastic charging demand
of electric vehicles, and proposes a bidding optimization strategy for storage charging
stations in the day-ahead electricity market, which maximizes the profit of investors while
mitigating the impact on the grid. Also considered in the literature [21] is the influence of
grid demand response and time scale, establishing a stochastic optimal scheduling model
for electric vehicle charging stations, which can effectively reduce the operating cost of
charging stations.

The above-mentioned literature includes studies on the operation of EV charging
stations with PV and energy storage equipment, but these have not fully considered the
impact of EV travel pattern on the charging station load, while in the actual configuration
planning of charging stations with energy storage and PV, the EV travel pattern will greatly
affect the fluctuation of charging station load and, thus, affect the capacity plan of energy
storage and PV equipment. In addition, the above literature does not consider the influence
of monitoring load and nighttime lighting load on the fluctuation of charging station load.

This paper addresses the uncertainty of electric vehicle access to the grid and the un-
certainty of charging load and photovoltaic equipment output; fully considers the influence
of electric vehicle travel pattern on charging station load modeling, incorporates the moni-
toring load and night lighting load in charging stations into the model construction; and
proposes an economic operation strategy for charging stations that meets the economically
optimal demand of different scenarios and optimizes the output of photovoltaic and energy
storage equipment to maximize the charging station revenue while meeting the charging
demand of electric vehicles.
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The rest of this paper is structured as follows. Section 2 analyzes the charging station
load characteristics, Section 3 proposes an economic operation model for charging stations
considering PV output uncertainty and energy storage device output, Section 4 considers
the arithmetic analysis under different PV output scenarios to verify the adaptability
of the economic optimal operation strategy under different scenarios, and finally, the
corresponding conclusions are drawn in Section 5.

2. Charging Station Load Characteristics Analysis

In order to accelerate the process of electrification in the automotive field and help
achieve the goal of “3060”, it has become an industry trend to promote the development of
electric vehicles and charging facilities industry. The factors that restrict vehicle owners to
switch to electric vehicles include vehicle range and charging time, etc. Solving the problem
of charging queues at charging stations can effectively relieve vehicle owners’ charging
anxiety, improve the utilization rate of charging facilities, enhance the satisfaction of electric
vehicle owners in charging and accelerate the promotion of electric vehicles.

2.1. Analysis of Travel Behavior of Different Types of Electric Vehicles

At present, electric vehicles are mainly developing rapidly in multiple fields such as
family passenger cars, cabs and special vehicles, and there are two ways of charging and
power exchange in the way of electric energy supplement. From the comparative analysis
of charging and switching modes, due to the unified power battery standard, rapid battery
technology iteration and upgrade, and large investment in switching stations, the current
switching mode is more applied in the field of public transportation, logistics and other
special vehicles, while other areas of electric vehicles are more suitable for charging mode.
Electric vehicle charging behavior is affected by vehicle type, driving habits, charging
methods and other factors, and there are two main methods of DC fast charging and AC
slow charging for vehicle owners to choose from. Among them, DC charging piles are fast,
which can significantly shorten the charging time and reduce the waiting time for vehicle
owners to charge; AC charging piles have a long charging time but have charging load
regulation potential, which can effectively avoid the impact of the large-scale charging of
EVs on the regional power grid, as well as provide scenario support for the application of
the orderly charging of EVs [22]. A comparison of typical vehicle parameters of different
types of electric vehicles is shown in Table 1.

Table 1. Comparison of electric vehicle parameters.

Category Manufacturer Vehicle
Number Vehicle Type Battery

Type
Battery Capacity

(kWh)
Service Range

(km)

Passenger Cars
Rongwei Ei5 Compact Cars Sankyo 52.5 420

BYD Qinpro500 Compact Cars Sankyo 56.4 420
Geely Dihao Gse Compact Cars Sankyo 52 353

Cabs
BYD e5 Compact Cars Sankyo 51.2 405

Geely Dihao EV500 Compact Cars Sankyo 52 400
Chang’an Eaton EV460 Compact Cars Sankyo 52.56 405

Buses
BYD K9 12 m passenger

car LiFePO4 324 350

Yutong E10i 10.5 m
passenger car LiFePO4 300.8 255

Xiamen Golden
Dragon

XMQ610
5AGBEVL

10.5 m
passenger car LiFePO4 326.73 330

(1) Electric passenger vehicle charging behavior analysis

Family passenger cars are mainly used for commuting or short-distance entertainment,
so the starting point of travel is mainly located in residential areas, entertainment areas and
industrial areas. According to the influence of the user’s occupation and living habits, the
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electric passenger car mainly travels to and from work during peak hours; the driving route
is relatively fixed; the average daily mileage is 32 km; the charging method is generally
AC slow charging, showing a certain degree of stability; and the vehicles do not have any
influence on each other’s travel and return. Combined with the vehicle parameters and
daily driving mileage in Table 1, users generally choose to recharge at night in residential
parking lots or public charging stations [23].

(2) Analysis of electric cab charging behavior

Cabs are characterized by a high daily mileage, long running time and short rest
time, and their daily mileage and charging time are less affected by the electricity price
factor. Cabs generally implement a two-shifts (day shift, night shift) operation, including a
handover system. According to market research, the average cab day shift runs 200 km,
while the night shift runs about 150 km, in order to achieve “people off the car does not
rest”. Due to the 24-h operation of cabs and the random operation of the line, the layout of
the construction of a dedicated cab exchange station generates difficulties; cabs do not have
a dedicated parking lot, only a short period of time parked on both sides of the road or in
the community parking lot. To avoid morning and evening peaks and reduce non-operating
hours, combined with Table 1 electric cab vehicle parameters, owners generally choose
the daytime meal break time of 11:30–14:30 and the night meal break time of 17:00–19:00,
opting for a single period of fast replenishment to meet the day’s operating needs.

(3) Analysis of charging behavior of electric special vehicles

Dedicated vehicles mainly include buses, logistics vehicles, sanitation vehicles, public
service vehicles, etc. The action track is distributed in industrial areas, commercial areas or
public service areas. Take the bus as an example: the bus takes the daytime cycle operation
mode with a fixed departure route and departure time, and the average daily mileage is
about 250 km. After market research, considering 10~13 m of pure electric bus battery
capacity of 300 kWh or more and a working range between 250 and 350 km, combined with
the parameters in Table 1, electric bus night vehicles, once full, can meet the bus all-day
mileage range demand. If we take electric public service vehicles as an example, public
service vehicles refer to the vehicles that are equipped by government finance for the staff
of party and government organs and institutions at all levels, in order for them to carry
out their official needs. These vehicles are mainly divided into two major categories: fixed
vehicles for leading cadres of party and government organs and institutions at all levels,
and vehicles for the official activities of public servants, which are mainly used for the
official travel of each unit. Most public service vehicles run during the day and rest at night
with sufficient time for charging.

2.2. Monte Carlo-Based Load Forecasting for Electric Vehicles

The current analysis methods for electric vehicle travel behavior can be divided into
the following types: direct limited exercise time; travel simulation using Monte Carlo and
statistical data-based travel chain analysis and control. The Monte Carlo method is an
ideological approach to simulate the exact logic with massive random data, and although
the travel behavior characteristics of a single EV are stochastic, studies have shown that the
charging behavior characteristics of a large number of EV clusters in a fixed area show a
certain probability distribution, and different EVs are distributed among each other [23].
Therefore, in this paper, a Monte Carlo stochastic simulation method is adopted to extract
the travel behavior of individual EVs, in order to determine the required parameters in
the model for EV charging load prediction calculation. The specific simulation calculation
steps are as follows.

Step 1. Initialize parameters such as the number of three types of electric vehicles,
charging power, electric vehicle battery capacity and the number of simulations according
to the electric vehicle research data of a city.

Step 2. Generates the starting charging moment and starting state of charge (SOC)
according to the starting charging moment and daily driving mileage probability function;
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pre-set the target SOC to 1.0; calculate the electric vehicle charging duration according to
Equation (1); and derive the electric vehicle charging end moment.

Step 3. Set the target SOC for the target peak-to-valley tariff period according to the
peak-to-valley tariff dynamic correction method in Figure 1; update the charging duration.
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Step 4. Calculate the single EV charging load and superimpose to obtain the total
charging load, i.e.,

P =
96

∑
j=1

N

∑
i=1

Pcij (1)

where P is the total charging load, kW; N is the number of EVs, units; 96 is the number of
periods divided into 24 h with an interval of 15 min; and Pcij is the charging power of the
ith EV at moment j, kW.

Step 5. Convergence judgment. Use the coefficient of variance β to determine the
accuracy of the calculation, i.e.,

βi =
σi(L)√

NLi
(2)

where βi is the coefficient of variance of the charging load for time period i, i = 1, 2, . . . , 96;
σi(L) is the standard deviation of the load at time i; Li is the expected value of the load at
time i. If Max {βi} < 0.05%, then the simulation results are convergent.

The flow of the simulation calculation using the Monte Carlo stochastic simulation
method [24] is shown in Figure 2.
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2.3. Electric Vehicle Charging Load Characteristics Analysis

Since dedicated vehicles have specific parking and charging locations, the main anal-
ysis is on the charging load of electric passenger cars and electric cabs. In this paper, the
probability distribution function of the return moments and travel moments of electric
passenger cars is obtained based on statistical methods with reference to the results of the
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2021 U.S. household travel survey [25,26]. The probability density function of the return
moments of electric vehicles is:

fs(x) =


1

σs
√

2π
exp(− (x−µs)

2

2σ2
s

)

(µs − 12) < x ≤ 24
1

σs
√

2π
exp(− (x+24−µs)

2

2σ2
s

)

0 < x ≤ (µs − 12)

(3)

where σs is the standard deviation; µs is the expected value.
The probability density function of electric vehicle travel moments is:

fe(x) =


1

σe
√

2π
exp(− (x−µe)

2

2σ2
e

)

0 < x ≤ (µe + 12)
1

σe
√

2π
exp(− (x−24−µe)

2

2σ2
e

)

(µe + 12) < x ≤ 24

(4)

where σe is the standard deviation; µe is the expected value.
If the owner’s desired SOC at the end of each charge is 1 and one charge per day, the

minimum charge time for each EV is:

tmin =
L ·W

Pc_max · ηc
(5)

where L is the daily mileage of the electric vehicle; W is the electricity consumption of
the electric vehicle, taken as 0.15 kWh/km; Pc_max is the maximum charging power of the
electric vehicle; and ηc is the charging efficiency of the electric vehicle.

For the above electric vehicle travel analysis and charging load forecast, the charging
load of 80 cabs and 60 passenger cars for one month is simulated without considering the
charging capacity, and the following conditions are satisfied.

(1) The arrival time (return time) of all electric vehicles is the charging time: for electric
passenger cars, σs = 3.4, µs = 17.41, σe = 3.2, µe = 8; for electric cabs, σs = 3.4, µs = 13.4.

(2) According to the electric vehicle parameters and the EV average daily mileage, the
daily mileage of each vehicle is simulated using Gaussian distribution, and the mileage
of passenger cars and cabs are, respectively N (32, 52) and N (300, 502).

(3) The charging process is approximated as constant power charging, in which the
electric cab adopts DC fast charging mode with a charging power of 60 kW, and the
electric passenger car adopts AC slow charging mode with a charging power of 7 kW.

The above conditions can simulate the charging moment and daily driving distance of
each EV with a step of 15 min, and the charging load curve of 140 EVs for one month is
calculated and superimposed, as shown in Figure 3.
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The small window in Figure 3 shows the charging load curve of electric vehicles on
the first day. According to Figure 3, the peak charging load of electric vehicles is basically
distributed around 12:00 noon and 17:00 without considering the charging capacity of the
region, which coincides with the peak moment of electric vehicle return. Combined with
the number of electric vehicles being charged at each moment of the first day in the region
in Figure 4, it can be seen that there are up to 24 vehicles charging together in one day.

Electronics 2022, 11, x FOR PEER REVIEW 8 of 19 
 

 

0 6 12 18 24 30
0

100

200

300

400

500

600

700

800

4 8 12 16 20 240

200

400

600

Time/day

Po
we

r/
kW

Time/h

Po
we

r/
kW

 
Figure 3. Monthly charging load curve for 140 electric vehicles. 

The small window in Figure 3 shows the charging load curve of electric vehicles on 
the first day. According to Figure 3, the peak charging load of electric vehicles is basically 
distributed around 12:00 noon and 17:00 without considering the charging capacity of the 
region, which coincides with the peak moment of electric vehicle return. Combined with 
the number of electric vehicles being charged at each moment of the first day in the region 
in Figure 4, it can be seen that there are up to 24 vehicles charging together in one day. 

Time/h

N
um

be
r o

f e
le

ct
ri

c 
ve

hi
cl

es
 ch

ar
ge

d 
sim

ul
ta

ne
ou

sly
 a

t e
ac

h 
m

om
en

t

 
Figure 4. Number of EVs charged by moment on a typical day for 140 EVs. 

2.4. Typical Charging Station Load Model 
In order to meet the charging demands of different users, the typical charging station 

studied in this paper is equipped with both DC charging piles and AC charging piles. 
Considering the EV charging queuing problem, a daily charging station load model is 
established by statistically superimposing the daily EV charging load and taking into ac-
count the daily monitoring load and night lighting load based on the EV charging load 
[27] characteristics and charging queuing method, and the charging station load construc-
tion method is shown in Figure 5 with a time step of 15 min. 
(1) Based on Section 2.3, use the EV charging load characteristics to generate EV infor-

mation, vehicle arrival time, vehicle mileage, vehicle departure moment and other 
key parameters, and the current moment t1 = 0, t2 = 0.25. 

(2) Judge whether the day is over or not; if the day is not over, select the time [t1, t2] when 
the electric vehicle enters the station according to the vehicle arrival time, and select 
the charging mode according to the vehicle charging demand. If DC fast charging is 
selected, move to Step (3); otherwise, move to Step (4). If the day has ended, skip to 
Step (7). 

Figure 4. Number of EVs charged by moment on a typical day for 140 EVs.

2.4. Typical Charging Station Load Model

In order to meet the charging demands of different users, the typical charging station
studied in this paper is equipped with both DC charging piles and AC charging piles.
Considering the EV charging queuing problem, a daily charging station load model is
established by statistically superimposing the daily EV charging load and taking into
account the daily monitoring load and night lighting load based on the EV charging
load [27] characteristics and charging queuing method, and the charging station load
construction method is shown in Figure 5 with a time step of 15 min.
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(1) Based on Section 2.3, use the EV charging load characteristics to generate EV informa-
tion, vehicle arrival time, vehicle mileage, vehicle departure moment and other key
parameters, and the current moment t1 = 0, t2 = 0.25.

(2) Judge whether the day is over or not; if the day is not over, select the time [t1, t2] when
the electric vehicle enters the station according to the vehicle arrival time, and select
the charging mode according to the vehicle charging demand. If DC fast charging is
selected, move to Step (3); otherwise, move to Step (4). If the day has ended, skip to
Step (7).

(3) If there is an idle DC charging pile at this time, the electric vehicle will be charged
directly, and parameters such as charging vehicle SOC and charging moment will
be recorded to calculate the departure moment; if the DC charging piles are all in
working condition, the electric vehicles will be queued in the order of arrival, the
queuing sequence will be updated, and it will be judged whether there is an electric
vehicle charging finished at the moment [t1, t2]. If an electric vehicle has finished
charging, move to Step (5); otherwise, move to Step (6). If an EV has finished charging,
enter Step (5); otherwise, enter Step (6).

(4) If there is an idle pile at the AC charging pile at this time, the EV will charge directly
and record parameters such as charging vehicle SOC and charging moment to calcu-
late the departure moment; if the AC charging piles are all in a working state, the EV
will sort based on the TOPSIS method, update the queuing sequence and determine
whether an EV has finished charging at the moment [t1, t2]. If an EV has finished
charging, move to Step (5); otherwise, move to Step (6).
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(5) Electric vehicles with the same replenishment demand are charged according to
the queuing sequence, and parameters such as charging vehicle SOC and charging
moment are recorded to calculate the moment of departure from the pile.

(6) Make the current moment t1 and t2, add 15 min, then move to Step (2).
(7) At the end of the day, the charging load of the day’s electric vehicles is statistically

superimposed, and the monitoring and night lighting loads are taken into account
to obtain the daily charging load of the charging station, so as to obtain the daily
charging station load model.

3. Economic Operation Model

After the charging station is equipped with optical storage equipment and entered into
operation, the charging load of electric vehicles and the power generation characteristics
of the photovoltaic equipment in the actual operation will be more complex. Further,
the operation mode of the station energy storage system will be adjusted accordingly. In
order to meet the different PV generation characteristics and diversified charging demands,
explore the “economically optimal” operation strategy of charging stations and improve
the charging station operation revenue [27], this paper establishes a charging station daily
operation revenue maximization based on the three-dimensional mapping of charging
stations, the predicted values of PV and charging loads before the day, the initial SOC of
energy storage and the safety constraints. Based on the three-dimensional mapping of
charging stations, the day-ahead forecast of PV and charging load, the initial SOC of energy
storage and the safety constraint information, this paper establishes a daily economically
optimal operation model with the objective of maximizing the daily operating revenue of
charging stations.

3.1. Objective Function

Charging station daily operating revenue includes charging station daily charging
revenue and daily power purchase cost.

(1) Charging station daily charging revenue

Ccb_day =
96

∑
t=1

(Cele(t) + Cs) ·
Pev(t)

′

ηev
· ∆t (6)

where Ccb_day is the daily charging revenue of the charging station; Cele (t) is the
electricity price at time t; Cs is the charging service fee. Take CNY 0.8/kWh: Pev
(t)′ is the charging load of the charging station at time t, excluding the monitoring
and lighting load of the station at this time; Pev (t)′ is the charging efficiency of the
charging post.

(2) Charging station daily power purchase cost

Cec_day =
96

∑
t=1

( Pev(t)
ηev
− Pb_best(t) · η′b

−Ppv(t) · ηpv) · Cele(t) · ∆t
(7)

where Cec_day is the daily power purchase cost of the charging station; Pev (t) is the
charging station load at time t, including the monitoring and lighting load of the
station; Pb_best (t) is the optimal energy storage charging and discharging power at
time t obtained by solving in the economically optimal mode; η′b is the charging
and discharging efficiency of the energy storage system (take 1

ηb_c
when charging

and ηb_d when discharging); Ppv (t) is the power dissipation of the PV equipment
output at moment t; and ηpv is the efficiency of the PV equipment output. This can be
expressed as:

Pb_best(t) · η′b = lo_c(t) · Pb_c(t)
ηb_c

−lo_d(t) · Pb_d(t) · ηb
(8)
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where lo_c(t) is the decision variable of charging the energy storage system at the mo-
ment (1 when charging, 0 otherwise) and lo_d(t) is the decision variable of discharging
the energy storage system at the moment (1 when discharging, 0 otherwise).

(3) The daily operating income was:

Coc_day = Ccb_day − Cec_day (9)

where Coc_day is the daily operating revenue of the charging station.

3.2. Binding Conditions

(1) System safety operation constraint

Once the external power grid fails, the charging station system will enter into island
operation. In order to ensure that the important local load can still operate normally in this
state, the new energy generation load ratio must be required when the charging station is
running on the grid, and the new energy generation-to-load ratio must not be lower than a
certain value in any hour.

Prep(t) ≥ αPtotal(t) (10)

where Prep is the new energy generation power at moment t; Ptotal is the total demand
load of the charging station at moment t; and a is the minimum self-generation rate of the
charging station system.

(2) Energy balance constraint

At any point in the day, the charging station needs to meet the power balance.

Pgrid(t) + Ppv(t) · ηpv =
Pev(t)

ηev
+ Pb_best(t) · η′b (11)

where Pgrid (t) is the power supply from the grid to the charging station at time t.

(3) Energy storage system power and power constraints

− Pb_max ≤ Pb(t) ≤ Pb_max (12)

SOCmin ≤ SOC(t) ≤ SOCmax (13)

where Pb_max is the maximum charge/discharge power of the energy storage; SOCmin is
the minimum value of the charge state of the energy storage system; and SOCmax is the
maximum value of the charge state of the energy storage system [28].

(4) Energy storage battery output power constraint

PB,min ≤ PB(t) ≤ PB,max (14)

where PB,min is the minimum charge/discharge power of the energy storage battery and
PB,max is the maximum charge/discharge power of the energy storage battery.

(5) Energy storage battery capacity constraints

According to the rated capacity and depth of discharge of the energy storage battery,
the range of the energy storage’s power variation needs to meet:

EB,min ≤ EB(t) ≤ EB,max (15)

where EB,max and EB,min are the upper and lower limits of the energy storage battery power,
respectively; set the rated capacity of the energy storage battery as EB,max, while EB,min
depends on the maximum depth of discharge of the energy storage battery.

(6) Photovoltaic power output constraint
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Ppv(t) < Ppv_max(t) (16)

where Ppv_max (t) is the PV power generation at time t.

3.3. System Model and Solution

(1) Energy storage operation model

The operation model of the energy storage nodes in the distribution network is estab-
lished, and the energy storage nodes are PQ type nodes. Considering the energy storage
with the ability of active and reactive power scheduling, the operation constraints shown
in Equations (17) and (18) are established [29,30].

Pi
ba(t)

2 + Qi
ba(t)

2 ≤ Si
ba(t)

2

−Qmax
ba (t)2 ≤ Qi

ba(t)
2 ≤ Qmax

ba (t)2 (17)

where Pi
ba(t) and Qi

ba(t) are the active and reactive power of energy storage at node i at
time t; Si

ba is the apparent power of energy storage at node i; and Qmax
ba is the upper limit of

the reactive power of energy storage [31].
The charge state of the energy storage is bounded by:

Pi
ba(t)η/Emax = SOCi

ba(t)− SOCi
ba(t− 1)(

Pi
ba(t) ≥ 0

)
Pi

ba(t)/η = Emax(SOCi
ba(t)− SOCi

ba(t− 1))(
Pi

ba(t) < 0
)

0.2 ≤ SOCi
ba(t) ≤ 0.9

SOCi
ba(0) = SOCi

ba(T)

(18)

where Pi
ba(t) and SOCi

ba(t) are the active power and charge state of energy storage at node i
at time t, respectively; Emax is the rated energy of energy storage; η is the operating efficiency
of energy storage. The first two equations indicate the dynamic transfer equation of the
charge state of energy storage, and the inequality indicates the upper and lower charge
limit constraint of the energy storage operation. In order to ensure the stable operation and
prolonged service life of energy storage, the charge amount should be controlled within a
certain range, and it is usually considered that the charge state is located at 0.2~0.9 as the
safe working range of energy storage. The last equation constraint indicates that the daily
charge of the energy storage is kept constant, and in order to ensure the long-time cycle
work of the energy storage, the charge state at the end of its dispatch should be equal to the
initial charge state [32,33].

(2) Photovoltaic operation model

Considering PV access, the PV generation unit is set as an uncontrollable resource that
always provides its own maximum supply to the system. The PV operation model can be
expressed as:

PPV(t) = PMPPT
PV (t) (19)

where PMPPT
PV (t) is the maximum output of photovoltaic power generation at time t.

When solving the above model, if the optimization algorithms such as particle swarm
are used, the results of each solution are inconsistent and difficult to apply to the actual
decision of charging and discharging energy storage days. In order to obtain the best
storage charging and discharging power in the economically optimal mode, this paper
transforms the economic operation model into a mixed integer linear programming model
to solve [34].
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First, it is necessary to linearize Equation (8), making ωc(t) = lo_c(t) · Pb_c(t) and
ωd(t) = lo_d(t) · Pb_d(t) and satisfies ωc(t)ωd(t) ∈ [0, Pb_max]. Introduce the following
auxiliary constraints: 

ω ≤ U · x
ω ≤ z

ω ≥ z−U · (1− x)
(20)

where ω is the auxiliary variable, U represents the maximum charge/discharge power of en-
ergy storage; x represents the shaping decision variable; and z represents the charge/discharge
power of energy storage. Therefore, the original model can be equivalent to the model in
Appendix A.

In order to reduce the number of times that the energy storage system is charged
and discharged so that it has charging and discharging priority on a continuous time
scale, a penalty is superimposed on the time-sharing tariff, a set of increasing minima
is superimposed on the tariff during the valley period, and a set of decreasing minima
is superimposed on the peak period. Further, a unique solution is generated without
changing the final target value [35].

The specific implementation process is as follows: by reading the day-ahead forecast
value of PV and charging load, time-of-day tariff, initial SOC and the safety constraint
information of energy storage, and importing this information into Equations (A1)–(A3)
for the optimization calculation, the optimized charging and discharging plan value of 96
moments before the energy storage day can finally be obtained.

4. Case Study

The article selects the typical daily load and PV output of the charging station as the
day-ahead prediction and uses the MATLAB toolbox YALMIP + CPLEX to solve Equations
(A1)–(A3), in order to obtain the optimal charging and discharging of energy storage under
different scenarios and propose the optimal operation strategy of the charging station.

(1) Scenario I

In Scenario I, the PV power generation is low, and the energy storage does not need to
consider the PV dissipation problem. The solved charging station load power, PV power, PV
power consumption, solved optimal storage charge/discharge power, grid power supply
and energy storage system SOC variation curve in Scenario I are shown in Figures 6–8.
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As shown in Figure 7, in Scenario I, the energy storage system first selects the 0:00~8:00
valley price period to continuously charge from initial capacity 0.1 to maximum power
0.9, and discharges to the minimum power during the 8:00~12:00 peak price period to
supplement the power shortage by the grid. In order to maximize the benefits of the
charging station, the charging station is continuously charged to the maximum power
during the parity period from 12:00 to 17:00 and discharges all the power during the
subsequent peak period to obtain the “peak-valley” and “peak-parity” price difference
revenue. This is in order to realize the charging station revenue and maximize the revenue
of charging stations.

(2) Scenario II

With the construction of a new power system that is mainly based on new energy, and
with increasing distributed photovoltaic access to the distribution network, the realization
of energy green low-carbon transformation at the same time causes a series of problems
such as serious tide return and voltage over the limit. Therefore, there is an urgent need
to analyze the higher PV generation and the need to consider the storage charging and
discharging in the case of PV consumption, as shown in Scenario II. Solving for the charging
station load power, PV power, PV power consumption, solved optimal storage charging
and discharging power, grid power supply and energy storage system SOC variation curve
in Scenario II is shown in Figures 9–11.
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As shown in Figures 9–11, the initial capacity of the energy storage system is 0.1,
which is continuously charged to meet the maximum capacity under the demand of the
day during the low tariff period, and to consume the excess PV power; at the 8:00~12:00
tariff peak section, the PV equipment power supply is first considered, and the excess PV
power is consumed by the energy storage to fill the shortage at the same time, as can be
seen from Figure 10, except for the 12:00 moment when the maximum discharge power of
the storage system cannot. In addition to 12:00, when the maximum discharge power of the
storage system cannot meet the load demand, the power supply from the grid is 0 at other
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times in the peak section of the tariff. The energy storage is used to consume excess PV
power, while releasing the consumed PV power if the capacity is full before the next peak
period and releasing all the power in the subsequent peak period. In addition, except for
13:00 and 14:00 when the maximum charging power of the energy storage system cannot
meet the PV power consumption, the PV power is completely consumed at other times.

In order to verify the economics of the current charging and discharging strategy
of the energy storage system, the daily operating revenue of the charging station under
the economically optimal operation strategy is compared with that of the optical storage
capacity configuration operation strategy, and the comparison results are shown in Table 2.

Table 2. Comparison result analysis under two operation strategies.

Running
Strategy

Charging
Revenue
(RMB)

Electricity
Purchase

Cost
(RMB)

Daily
Running
Revenue
(RMB)

Energy
Storage

Commutation
Life (year)

Charging
Station Day
Investment
and O&M

Costs (RMB)

Charging
Station Daily
Net Income

(RMB)

scenario I

Capacity con-
figuration
operation

policy

7098.1 2917.4 4180.7 15 1856.5 2324.2

Economic
optimal

operation
strategy

7098.1 2710.8 4387.3 7.12 1987.9 2399.4

scenario II

Capacity con-
figuration
operation

policy

7189.8 1462.2 5727.6 6.98 1993.1 3734.5

Economic
optimal

operation
strategy

7189.8 1367.3 5822.5 6.87 1997.3 3825.2

In Scenario I, the PV power generation is small, so there is no need to consider the
PV consumption problem. Further, solving for the optimal charging and discharging
power of the energy storage system shows that the economically optimal operation strategy
maximizes the revenue by obtaining the price difference between “peak-valley” and “peak-
even” hours and the daily operating. In Scenario II, the PV power generation is large, and
solving for the optimal charging and discharging power of the storage system shows that
the economically optimal operation strategy takes into account the subsequent PV power
consumption during the valley hours, as well as keeps the charging margin while ensuring
the maximum PV consumption, which finally maximizes the revenue and increases the
daily operation revenue by CNY 94.9.

According to the comparison results of charging station daily operation revenue
under two operation strategies in Table 2, the economically optimal operation strategy
can significantly reduce the power purchase cost of the charging station, improve the
charging station’s daily operation revenue and adapt to the economically optimal operation
demand under different scenarios. Moreover, the utilization rate of energy storage is
greatly improved. If the energy storage life loss cost is considered, the energy storage
charging and discharging cycle life is predicted according to the energy storage charging
and discharging SOC–time curves in different scenarios. It is then converted to the charging
station daily investment, operation and maintenance costs. The final results indicate that
the economically optimal operation strategy can maximize the charging station revenue.



Electronics 2022, 11, 3175 17 of 19

5. Conclusions

This paper proposes an economic operation strategy for charging stations to meet the
economically optimal demand of different scenarios. The strategy considers the behavioral
characteristics of multiple types of electric vehicles and establishes a daily economically
optimal operation model for charging station dynamic objective tracking based on the
results of optical storage capacity allocation, with the objective of maximizing the daily
operating revenue of charging stations. Further, it analytically constructs energy balance
constraints, storage system power, power and capacity constraints, and PV output con-
straints. Then, the economic operation model is transformed into a mixed-integer linear
programming model by linearizing the objective function and solving it. The economics of
the economically optimal operation strategy are verified by comparing the daily operating
revenue of charging stations under different scenarios. The final results show that the
economically optimal operation strategy can adapt to the economic operation requirements
of charging stations under different scenarios and maximize the charging station revenue.
This paper investigates the problem of the optimal allocation of light storage capacity and
daily economic operation strategy for a typical charging station, which has certain practical
significance and can provide a reference for charging station investment construction and
operation mode.
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Appendix A

In this paper, the economic operation model is transformed into a mixed integer linear
programming model for solving. The original model can be equated as follows.

max Ccb_day − Pv · Cele(t) · ∆t

Pv =
96
∑

t=1
( Pev(t)

ηev
−ω′)

s.t. 0 ≤ Pb_c(t) ≤ Pb_max
0 ≤ Pb_d(t) ≤ Pb_max
0 ≤ ωd(t) ≤ Pb_max

ωd(t) ≤ Pb_max · lo_d(t)
ωd(t) ≤ Pb_d(t)

ωd(t) ≥ Pb_d(t)− Pb_max · (1− lo_d(t))
0.1 ≤ SOC(t) ≤ 0.9

SOC(t + 1) = SOC(t) + (ωc(t)−ωd(t))·∆t
Eb_max

(A1)



Electronics 2022, 11, 3175 18 of 19

ω′ = (ωc(t)
ηb_c
−ωd(t) · ηb_d)− P′pv(t)

s.t. 0 ≤ ωc(t) ≤ Pb_max
ωc(t) ≤ Pb_max · lo_c(t)
ωc(t) ≤ Pb_max · lo_c(t)

ωc(t) ≤ Pb_c(t)
ωc(t) ≥ Pb_c(t)− Pb_max · (1− lo_c(t))

(A2)

P′pv(t) = Ppv(t) · ηpv

s.t. Pgrid(t) + Ppv(t) · ηpv

= Pev(t)
ηev

+ (ωc(t)
ηb_c
−ωd(t) · ηb_d)

0 ≤ Ppv(t) < Ppv_max(t)
0 ≤ Pgrid(t)

(A3)
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